Downloaded from orbit.dtu.dk on: Jan 08, 2023

Complete long-term corrosion protection with chemical vapor deposited graphene

Yu, Feng; Camilli, Luca; Wang, Ting; Mackenzie, David M.A.; Curioni, Michele; Akid, Robert; Bøggild,
Peter

Published in:
Carbon
Link to article, DOI:
10.1016/j.carbon.2018.02.035
Publication date:
2018
Document Version
Peer reviewed version
Link back to DTU Orbit

Citation (APA):
Yu, F., Camilli, L., Wang, T., Mackenzie, D. M. A., Curioni, M., Akid, R., & Bøggild, P. (2018). Complete longterm corrosion protection with chemical vapor deposited graphene. Carbon, 132, 78-84.
https://doi.org/10.1016/j.carbon.2018.02.035

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
 Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
 You may not further distribute the material or use it for any profit-making activity or commercial gain
 You may freely distribute the URL identifying the publication in the public portal
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Accepted Manuscript
Complete long-term corrosion protection with chemical vapor deposited graphene
Feng Yu, Luca Camilli, Ting Wang, David M.A. Mackenzie, Michele Curioni, Robert
Akid, Peter Bøggild
PII:

S0008-6223(18)30159-3

DOI:

10.1016/j.carbon.2018.02.035

Reference:

CARBON 12871

To appear in:

Carbon

Received Date: 30 November 2017
Revised Date:

25 January 2018

Accepted Date: 6 February 2018

Please cite this article as: F. Yu, L. Camilli, T. Wang, D.M.A. Mackenzie, M. Curioni, R. Akid, P. Bøggild,
Complete long-term corrosion protection with chemical vapor deposited graphene, Carbon (2018), doi:
10.1016/j.carbon.2018.02.035.
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

ACCEPTED MANUSCRIPT

Complete long-term corrosion protection with

RI
PT

chemical vapor deposited graphene
Feng Yu a,*, Luca Camilli a, Ting Wang a, David M. A. Mackenzie a, Michele Curioni b,

a

SC

Robert Akid b, Peter Bøggild a,*

CNG – DTU Nanotech, Department of Micro- and Nanotechnology, Technical

School of Materials, The University of Manchester, Manchester, M13 9PL, UK

Corresponding Author:

Prof. Peter Bøggild
Department of Micro- and
Nanotechnology
Technical University of Denmark
Ørsteds Plads, Building 345C, Room
223E
2800 Kgs. Lyngby, Denmark
Phone +45 45 25 57 23
Mobile +45 21 36 27 98
E-mail: Peter.Boggild@nanotech.dtu.dk

EP

TE
D

Feng Yu
Department of Micro- and
Nanotechnology
Technical University of Denmark
Ørsteds Plads, Building 345C, Room
253E
2800 Kgs. Lyngby, Denmark
Phone +45 45 25 67 42
Mobile +45 53 88 11 26
E-mail: fengy@nanotech.dtu.dk

AC
C

b

M
AN
U

University of Denmark, Kgs. Lyngby, DK-2800, Denmark

AC
C

EP

TE
D

M
AN
U

SC

RI
PT

ACCEPTED MANUSCRIPT

ACCEPTED MANUSCRIPT

Complete long-term corrosion protection with

RI
PT

chemical vapor deposited graphene
Feng Yu a,*, Luca Camilli a, Ting Wang a, David M. A. Mackenzie a, Michele Curioni b, Robert
Akid b, Peter Bøggild a,*

CNG – DTU Nanotech, Department of Micro- and Nanotechnology, Technical University of

Denmark, Kgs. Lyngby, DK-2800, Denmark

School of Materials, The University of Manchester, Manchester, M13 9PL, UK

M
AN
U

b

SC

a

ABSTRACT: Despite the numerous reports on the topic, examples of chemical vapor deposited
(CVD) graphene-based anticorrosive coatings able to provide long-term protection (i.e., several

TE
D

months) of metals are still unavailable. Here, we finally present a polymer-graphene hybrid
coating, comprising two single layers of CVD graphene sandwiched by three layers of polyvinyl
butyral, that provides complete corrosion protection to commercial aluminum alloys even after

EP

120 days of exposure to simulated seawater. The essential role played by graphene in the hybrid
coating is evident when we compare the results from a polymer-only coating of the same

AC
C

thickness, which fails in protecting the metal after barely 30 days. With the emergence of
commercially available large-area CVD graphene, our work demonstrates a straightforward
approach towards high-performance anticorrosive coatings, which can be extended to other twodimensional materials and polymers, for long-term protection of various relevant metals and
alloys.

*Corresponding author. E-mail: fengy@nanotech.dtu.dk (Feng Yu),
Peter.Boggild@nanotech.dtu.dk (Peter Bøggild)
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1.

Introduction
The reliability and long-term durability of metal components is critical in many industrial

RI
PT

sectors, such as aerospace, marine, transportation, construction, energy and manufacturing.
Corrosion protection of metals is therefore vital to ensure useful component and system
lifetimes, therein preventing economic loss, corrosion-induced catastrophic disasters and

SC

reducing negative impact on the environment. A well-established strategy for corrosion
protection is to apply coatings on metal surfaces. Such anticorrosive coatings can consist of
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several layers, each with a specific function.[1, 2] Barrier layers, in particular, serve to separate
metals from the external environment. Graphene, being highly impermeable to gases[3] and
chemically inert[4], has been long considered a promising candidate as a physical barrier for
corrosion protection,[5-9] following the seminal article by Ruoff’s group.[4] While initial
successes for graphene corrosion-inhibiting coatings have been reported,[4-7, 10] there are still

TE
D

several issues preventing the practical use of graphene in corrosion protection applications. For
instance, high quality graphene is very challenging to grow directly on many commercially
relevant metals and alloys (e.g., steel, Al and Mg alloys). Moreover, steels and other relevant

EP

alloys cannot in general withstand the high temperature needed for continuous graphene growth

AC
C

via CVD process), as they may undergo segregation when heated[11, 12]. Alternatively,
graphene coatings could be grown on a suitable growth substrate and subsequently transferred to
a target metal surface. However, bare graphene coatings directly applied on metals show no or
limited improvement in terms of corrosion protection[5, 13-15] due to weak adhesion of
graphene on metals[16, 17], galvanic corrosion issues introduced by noble graphene [13, 14, 18,
19] and direct corrosion attack at sites where graphene defects located.[20-22] Using a graphene
composite coating, where graphene-based nano-fillers (e.g. graphene oxide or reduced graphene
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oxide) are dispersed in a coating matrix is an alternative strategy.[23-29] Here, the fillers provide
a tortuous diffusion pathway for corrosive species, thus enhancing the overall barrier
performance of the coating. However, it is generally difficult to control the stacking of graphene-

RI
PT

based nano-fillers in the coating matrix, and their agglomeration can ultimately limit the barrier
performance of the coating by allowing, in fact, more diffusion pathways through the matrix.
Here we report on hybrid anticorrosive coatings consisting of alternating CVD single layer

SC

graphene (SLGr) and polymer films. A systematic study performed on coatings with a different
number and combination of layers allows us to understand the specific function of each layer
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comprising the hybrid coating and identify whether the behavior and performance of such hybrid
coatings is critically dependent on its overall structure. In this study, a commercial aluminum
alloy(AA) AA2024-T3, is the substrate of choice as it is used extensively in the aerospace
industry, due to its excellent strength-to-weight ratio.[30] We have found that the best

polymer

layers.

TE
D

performance is provided by coatings made up of two graphene layers sandwiched by three
More

specifically,

when

AA

is

coated

with

a

polymer/SLGr/polymer/SLGr/polymer coating, its impedance at 0.01 Hz remains at 109 Ω·cm2

EP

for up to 120 days of immersion in 3.5 wt% NaCl solution. Although several discouraging
reports have previously questioned the suitability of graphene-based coatings for corrosion

AC
C

protection in practical, long-term applications,[13, 14] here, by combining the adhesive[31] and
insulating properties of polymer layers with the impermeability of continuous CVD-grown
graphene sheets, we demonstrate a facile and ultimately scalable method, which can be applied
to any realistic metal substrate, to make coatings that exploit graphene's excellent barrier
properties, while avoiding its intrinsic drawbacks, such as poor adhesion, galvanic corrosion and
fast diffusion through defects.
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2.

Experimental
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PT

2.1. Growth of graphene and preparation of polymer-graphene hybrid films
A copper foil (25µm-thick, Part No. 13382, Alfa Aesar) was electrochemically polished in a
solution with a volume ratio of 15% absolute ethanol (Millipore Corporation) and 85%

SC

concentrated phosphoric acid (Millipore Corporation) with magnetic stirring. A voltage of 4-5 V
(corresponding to a current density of ~0.04 A·cm-2) was applied (Keithley 2400) on the copper
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foil for 3 minutes to reduce the surface roughness. The sample was then rinsed with deionized
water and blow dried with nitrogen. The copper foil was loaded in a commercial rapid thermalCVD system (AS-ONE, Annealsys), placed on a 4-inch graphite sample holder and thermal
annealed at 1000 °C in Ar atmosphere (1000 sccm) for 10 minutes at 25 mbar. The graphene

TE
D

growth was carried out at atmospheric pressure for 15 minutes, with a co-flow of Ar (900 sccm),
H2 (60 sccm) and CH4 (2 sccm). After growth, the samples were cooled down to room
temperature at a rate of ~20 °C s-1.

EP

The polymer used to transfer graphene is a co-polymer of Polyvinyl butyral (PVB) (Mowital
B 60 H, Kuraray Europe). The as-prepared graphene-covered copper foil was spin-coated with

AC
C

12 wt% PVB ethanol solution at 1000 rpm for 1 minute and cured at 60 °C for 2 hours. The
copper substrate was chemically etched in a mixed solution of 100 ml 5 wt% HCl (Millipore
Corporation) and 3 ml 30 wt% H2O2 (Sigma-Aldrich). The polymer-graphene (P-G) films were
then rinsed with deionized water, to remove any residue of the etchant solution. The preparation
process of P-G film is illustrated in Fig. 1. The quality of as-grown and transferred graphene on
SiO2 or PVB was assessed by optical microscopy and Raman spectroscopy (Fig. S1-4,
Supplementary Material).
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2.2. Fabrication of polymer-graphene hybrid coatings on aluminum alloy
Firstly, a clean AA surface was prepared. In particular, AA (Wilsons metals, UK) was ultra-

RI
PT

sonicated in acetone, de-smutted (1 minute at 60 °C) in 10 wt% NaOH (Sigma-Aldrich), etched
(1 minute at 25 °C) in 50 wt% HNO3 (Millipore Corporation), rinsed with deionized water and
finally blow dried with N2. Then 12 wt% PVB ethanol solution was spin coated (1000 rpm,1

SC

minute) on AA and cured at 60 °C for 2 hours to coat the PVB primer on AA (AA-P). PVB is
widely used for corrosion protection[30, 32] and is chosen here as it exhibits strong adhesion to
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the surface of AA.[31] The P-G film obtained as described above was then dried and transferred
onto either AA or AA-P, using a polydimethylsiloxane (Dow Corning Corporation) stamp for the
mechanical transfer. Thermal annealing was then applied at 100 °C for 10-15 minutes to prepare
AA-P-G, AA-G-P and AA-P-G-P. Two layers of P-G film could also be transferred onto AA-P
to prepare AA-P-G-P-G-P (or AA-P-P-G-G-P). Fig. 1 shows the fabrication procedures of these

TE
D

coatings. The reference samples for AA-P-G-P and AA-P-G-P-G-P (or AA-P-P-G-G-P) were
prepared by transferring one or two layers of PVB, which were obtained after etching the PVB
spin-coated copper, to AA-P and then thermal annealed. Such reference samples are denoted as

EP

AA-P-P and AA-P-P-P, respectively. Both the PVB primer directly spin-coated on AA and the

AC
C

PVB layer used for graphene transfer have a similar thickness, ranging between 4 µm and 5 µm
(Fig. S6, Supplementary Material).
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Fig. 1. Schematic illustration of preparation steps for the investigated polymer-graphene hybrid
coatings on AA.
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2.3. Electrochemical tests

All electrochemical measurements were conducted at room temperature in a custom-made
three-electrode Teflon cell using the studied samples as the working electrode, a Ag/AgCl

EP

reference electrode and a platinum counter electrode. The electrolyte of choice is a 3.5 wt%
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C

NaCl solution (i.e., simulated seawater). A Gamry Reference 3000 potentiostat and an ECM8
Electrochemical Multiplexer were used for the electrochemical measurements. Electrochemical
impedance spectroscopy (EIS) were recorded at a frequency range from 100,000 Hz to 0,01 Hz
with 10 points per decade under ±10 mV sinusoidal perturbation at the measured open circuit
potential of the sample. Potentiodynamic scans (PDS) were performed with a scan rate of 1 mV/s
starting from -500 mV (or -300 mV) to +500 mV (or +300 mV) vs OCP (or Ag/AgCl). Values of
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corrosion rate are calculated using Faradays’ law from corrosion current density, which is
obtained from Tafel analysis on PDS curves.
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PT

2.4. Additional characterization techniques
Optical images were collected using a Nikon Eclipse L200N optical microscope, whereas
the scanning electron microscopy (SEM) images were taken with a Quanta 200 FEG

SC

environmental scanning electron microscope. While optical images were collected on the
samples without removing the coating, SEM micrographs were obtained after all coatings were
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dissolved and removed with acetone. The Raman spectroscopy data were collected by a DXR
Raman microscope (Thermo Fisher Scientific) using 455 nm laser with 8 mW power and 50X
objective. The analysis of the Raman peaks was carried out as described by Larsen et al.[33]

Results and discussion

TE
D

3.

3.1. Electrochemical testing of the coating performance

EP

Electrochemical impedance spectroscopy (EIS) is a powerful tool to evaluate the corrosion
performance of coatings and provides insight into the corrosion behavior of coated metals as well

AC
C

as the barrier properties of anticorrosive coatings. A higher magnitude of impedance at low
frequencies (e.g. |Z|0.01Hz) is associated with increased anticorrosion performance, while a slow
decrease of its value with elapsed time generally indicates high resistance to environmental
degradation of the anticorrosive coatings.[34]
As the thickness of SLGr is negligible when compared to the thickness of the polymer
layers, in our tests we consistently compare bare PVB layered reference coatings to their
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graphene-enhanced counterparts of nominally same thickness (for instance, we use AA-P-P as a
reference for AA-P-G-P and so on).
Fig. 2a, b show respectively representative Bode and phase angle plots of both coated and

RI
PT

uncoated samples after 1 day of immersion in 3.5 wt% NaCl solution (the complete set of data is
provided in the Supplementary Material). The system AA-P-G-P, |Z|0.01Hz shows a value of
1.4×107 Ω·cm2, i.e., 500 times higher than uncoated AA (2.8×104 Ω·cm2) and 20 times higher

SC

than the polymer-coated sample (AA-P-P) used as reference (8.0×105 Ω·cm2). This result proves
the enhancement provided by a single graphene sheet (which is one-atom-thick) to the overall

M
AN
U

barrier properties of a ~10 µm thick polymer coating at short term. When the top polymer layer
is absent (AA-P-G), we observe that |Z|0.01Hz decreases by an order of magnitude with respect to
AA-P-G-P, (|Z|0.01Hz=1.8×106 Ω·cm2), but is still 2 times higher than that of AA-P-P. Here it is
worth pointing out that just replacing the 5µm-thick PVB top-layer with a one-atom thick

TE
D

graphene sheet leads to slightly better short-term anticorrosion performance. When the polymer
primer is absent (AA-G-P), the value of low-frequency impedance becomes lower than the bare
AA (|Z|0.01Hz=2.5×104 Ω·cm2). The reduced performance of AA-G-P is attributed to galvanic

EP

coupling between the AA and graphene. This last result is in apparent disagreement with that
reported by Yu et al.,[35] where a coating of CVD graphene covered with polymethyl

AC
C

methacrylate layer offered effective corrosion protection of a copper substrate. However, it is in
agreement with recent findings[13, 14, 36] reporting that graphene layers directly in contact with
metal substrates indeed accelerate the corrosion process due to the formation of a galvanic
coupling between the noble and electron-conductive graphene sheet and the metal substrate. We
therefore conclude that the insulating PVB, as it electrically separates graphene from the metal
substrate, avoids the galvanic coupling.
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Additionally, we test different coatings with two layers of graphene. An improvement of
50,000 times of the magnitude of |Z|0.01Hz with respect to uncoated AA is achieved by AA-P-GP-
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PT

G-P (1.4×109 Ω·cm2) after 1 day of immersion. In contrast, the polymer-only reference sample of
AA-P-P-P (8.3×107 Ω·cm2) showed only 3000 times improvement over that of uncoated AA
after 1 day of immersion. Once again, the significant improvement to the overall barrier

SC

performance of the hybrid coating provided by graphene is demonstrated. EIS data recorded after
short-term exposure to a corrosive agent may reflect the intrinsic barrier performance of
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coatings, but long-term tests are needed to evaluate the environmental degradation of the coating
and explore its potential for real applications. Therefore, EIS tests are performed on AA, AA-PG-P, AA-P-P-P, AA-P-G-P-G-P at 30 days (Fig. 2c, d) and on AA-P-G-P-G-P at 120 days (Fig.
2e, f).
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After 30 days of immersion, the magnitude of |Z|0.01Hz for AA-P-G-P drops to 7% of the
value (from 1.4×107 Ω·cm2 to 9.2×105 Ω·cm2), while the value for AA-P-P-P drops to 3% (from
8.3×107 Ω·cm2 to 2.4×106 Ω·cm2), suggesting that both coatings undergo severe degradation and

EP

therefore are not effective for long-term corrosion protection of AA. On the other hand, AA-P-GP-G-P shows only a minimal decrease of the magnitude of |Z|0.01Hz, which even after 120 days of

AC
C

immersion remains in the 109 Ω·cm2 range, indicating both excellent barrier performance and
high resistance to environmental degradation.
We have also performed EIS measurements on some of our coatings applied to brass and
steel. The data is reported in Supplementary Material (Fig. S13) and shows that our hybrid
coating system can indeed provide effective protection when applied to other substrates as well.
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This clearly highlights the flexibility of the presented approach. A complete set of EIS data for
all studied samples are presented in Supplementary Material (Fig. S8, S10, S12, S13, S15, S18).
From the phase spectra reported in Fig. 2b, d and f, one can notice that an additional time
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constant (evident as a peak in the medium frequency range in the phase spectrum and a plateau
in the impedance modulus spectrum) is observed for AA-P-G-P and AA-P-G. This time constant
appears to be associated with the presence of a graphene layer within the film, and it is possibly

SC

related to the presence of the graphene-polymer interface. The specimens with three layers of
polymer, even when they contain graphene layers, do not show such an additional time constant
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constant cannot be resolved.
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since they are considerably more resistive than the others and therefore the additional time
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Fig. 2. Bode plots and phase diagram after 1 day (a and b, respectively), 30 days (c and d), and
120 days (e and f) of immersion in 3.5 wt% NaCl solution of tested samples. Note legends for
each plot are identical: AA (black square), AA-G-P (red x), AA-P-G (red +), AA-P-P (green
triangle up), AA-P-G-P (green diamond), AA-P-P-P (blue triangle down) and AA-P-G-P-G-P
(blue circle).
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Although potentiodynamic scans (PDS) have intrinsic limitations when used on coated
metals and should be used with caution in such cases, they have been carried out on all samples,
as this technique has often been used to test corrosion inhibition performance of graphene-coated
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samples.[5, 7, 26, 27]

Representative PDS measurements for the samples AA, AA-P-P-P and AA-P-G-P-G-P after
1, 30 or 120 days of immersion in 3.5 wt% NaCl solution are displayed in Fig. 3, while the

SC

complete set of data (for the other samples as well) is provided in the Supplementary Material.
When AA is covered by P-P-P coatings, it exhibits a corrosion rate after 1 day of immersion that
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is two orders of magnitude lower than bare AA (20 nm/year for AA-P-P-P vs. 4 µm/year for bare
AA). However, the corrosion rate of P-P-P coated AA increases by one order of magnitude after
barely 30 days of immersion (0.3 µm/year for AA-P-P-P at 30 days vs. 20 nm/year for AA-P-P-P
at 1 day), indicating the degradation of P-P-P coating. On the other hand, the PDS curves for

TE
D

AA-P-G-P-G-P remain in the relative low current range with the corrosion rate consistently
below 2 nm/year over 120 days of immersion, suggesting no degradation of the coating within
the tested timeframe. Overall, the PDS measurements are in agreement with the results from the
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EIS experiments.

M
AN
U

SC

RI
PT

ACCEPTED MANUSCRIPT

Fig. 3. Typical potentiodynamic scans for AA (black), AA-P-P-P (red) and AA-P-G-P-G-P

TE
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(blue) after 1, 30 or 120 days of immersion in 3.5 wt% NaCl solution.

To better visualize our results, we plot the open circuit potential (OCP) and the corrosion

EP

current density vs low frequency impedance (|Z|0.01Hz) for coated and uncoated samples in Fig. 4.
Both OCP and impedance values are obtained from raw data of the electrochemical
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measurements, while corrosion current densities (corrosion rates) are obtained from PDS curves
with Tafel analysis.

One realizes that we can cluster our data into three groups. Group 1 consists of AA and AAG-P. Both samples have no polymer in direct contact with the AA (i.e., they do not have the
polymer primer layer), and are characterized by small |Z|0.01Hz, large corrosion current density
and OCP in the range -600 mV to -800 mV.
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Fig. 4. Grouping of all tested samples and summary of the results from electrochemical tests.

In Group 2 we have polymer-only coatings and hybrid coatings with only one graphene
layer, that is AA-P-G, AA-P-P, AA-P-G-P and AA-P-P-P. Although they show some

ACCEPTED MANUSCRIPT

differences, their overall behavior is similar. In particular, they do offer some protection, but they
cannot prevent the electrolyte from attacking the substrate, leading to OCP values comparable to
that of uncoated sample. Furthermore, the arrows in this group are indicating the degradation of

RI
PT

AA-P-G-P and AA-P-P-P from 1 day to 30 days (empty vs filled symbols, respectively).

Group 3 consists of AA-P-G-P-G-P, which shows a behavior that is completely different
from the samples in Group 1 and 2. Indeed, the P-G-P-G-P coating shows excellent barrier

SC

properties, with an OCP value in the range 600 mV to 900 mV, approximately 1.5 V higher than
that of AA. In addition, AA-P-G-P-G-P exhibits the highest |Z|0.01Hz values and lowest corrosion
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current density, which, most importantly, remain almost unchanged within the 120 day-long
experiment.

We want to emphasize that AA-P-G-P-G-P is the first CVD graphene-based coating that
maintains high-performance in terms of |Z|0.01Hz, corrosion current density and OCP over 120

TE
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days or, in other words, it is the first successful long-term anticorrosive coating based on CVD
graphene thus far developed.

EP

3.2. Characterization of corrosion morphology
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Furthermore, we characterized all samples using optical and scanning electron microscopy
(SEM), in order to give additional information about the nature of corrosion. Notably, the
corrosion morphologies of AA-P-G-P, AA-P-P-P after 30 days and AA-P-G-P-G-P after both 30
days and 120 days of immersion in 3.5 wt% NaCl solution are displayed in Fig. 5. Both optical
and SEM images of AA-P-G-P and AA-P-P-P coatings after 30 days of immersion show heavy
corrosion of the two samples, in agreement with electrochemical measurements. In all reported
examples, the areas shown represent the highest level of damage found on the sample.
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Fig. 5. Corrosion morphology of bare polymer and polymer-graphene hybrid coatings, where
areas with most damage have been selected when possible a) – d) Optical and e) – h) SEM
images of a), e) AA-P-G-P, b), f) AA-P-P-P and c), g) AA-P-G-P-G-P after 30 days and d), h)
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AA-P-G-P-G-P after 120 days of immersion in 3.5 wt% NaCl solution. Scale bars in a) – d) are
500µm and e) – h) are 50µm.

EP

A complete set of images for all the samples is reported in Supplementary Material. While
AA covered with P-G-P coating shows very mild corrosion at 1 day of immersion (Fig. S11b, e),

AC
C

the situation changes dramatically after 30 days of immersion, as concentrated pitting corrosion
at millimeter scale is clearly observed. The corrosion for the sample AA-P-P-P develops on a
large scale after 30 days of immersion, as seen from the filiform corrosion in Fig. 5b, f. Filiform
corrosion is also observed for the sample AA-P-P at 1 day of immersion (Fig. S11a, d). For AAP-G-P-G-P coatings at 30 and 120 days of immersion, as presented in Fig. 5c, d, no visible
corrosion can be observed from the optical images. Even from SEM examination, the surface of
P-G-P-G-P coated AA after 30 and 120 days of immersion is homogeneous and smooth, similar
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to that of unexposed AA surface. In summary, the morphological investigation further confirms
the limited protection performance of AA-P-P-P and AA-P-G-P samples for long-term exposure,
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while highlighting the excellent performance provided by AA-P-G-P-G-P.

3.3. Corrosion protection mechanism

SC

Defect-free graphene is known to be impermeable to any molecule[3]. CVD graphene,
however, naturally exhibits defects and tears through which molecules and other chemical
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species can easily pass through. When CVD graphene is applied to a metal substrate to protect it
from environmental degradation, the corrosive and oxidizing agents will pass through graphene’s
defects and start the corrosion of the underlying substrate (Fig. 6a). Owing to graphene´s high
electrical conductivity, the corrosion started locally under graphene’s defects and will eventually
spread throughout the whole metal substrate.[13, 14] On the other hand, although they are
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insulating, thicker and may offer good adhesion to metal substrates, polymer anticorrosive
coatings are not as impermeable as graphene, therefore they are finally bound to fail over time
(Fig. 6b). Hence, adding a continuous single sheet of graphene to a polymer coating greatly

EP

enhances its barrier properties, and provides effective corrosion protection at short term. Yet,
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over time, the corrosive species absorbed by the topmost polymer film will pass through
graphene defects and tears, diffuse through the bottom polymer layer and eventually reach the
metal surface, thus initiating its degradation (Fig. 6c). On the other hand, diffusion of corrosive
species can be dramatically limited and retarded by adding two SLGr sheets to a polymer
coating. (Such coatings can have either P-G-P-G-P or P-P-G-G-P structure, see Supplementary
Material) The resulting coating indeed provides outstanding protection of aircraft aluminum for
as long as four months of immersion in simulated seawater (Fig. 6d).
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Fig. 6. Schematic illustration of the corrosion protection mechanism of a) as-grown graphene

4.

Conclusion
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(G), b) bare polymer (P), c) P-G-P and d) P-G-P-G-P coatings on metal substrate.

EP

In summary, we have prepared a polymer-graphene hybrid anticorrosive coating that
optimally exploits the highly impermeable nature of graphene, and studied in detail the
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importance and function of both graphene as well as polymer layers within the hybrid coating.
While a single layer CVD graphene between two polymer films (P-G-P) provides corrosion
protection only for short-term (30 days), complete long-term (120 days) corrosion protection is
achieved by sandwiching two single layers of CVD graphene between three polymer films (P-GP-G-P or P-P-G-G-P). It may be argued that our coatings are, in essence, polymer coatings, but
the improvement of the graphene-containing coatings compared to the graphene-free variants,
which were used as reference, highlights the substantial contribution provided by graphene,
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which turns out to make a crucial difference after 120 days of exposure to 3.5 wt% NaCl
solution.
Finally, by reporting for the first time effective long-term (i.e., four months) protection of

RI
PT

anticorrosive coatings based on CVD graphene, our findings may pave the way for the
application of CVD graphene in the field of corrosion protection. In particular, since CVD
graphene can be prepared via roll-to-roll processes, and roll-based lamination or processing has

SC

been demonstrated to work in practice,[37] we anticipate that this type of polymer-graphene
hybrid could provide a high performance coating that can be applied as a dry foil to many

M
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different surfaces.
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