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ABSTRACT 
The corrosion of metals can be induced by different environmental and operational conditions, and protecting metals from corrosion is a 
serious concern in many applications. The development of new materials and/or technologies to improve the efficiency of anti-corrosion 
coatings has attracted renewed interest. In this study, we develop a protective coating composed of a bilayer structure of reduced graphene 
oxide (RGO)/graphene oxide (GO) applied to Cu plates by spray-coating and subsequent annealing. The annealing of the GO/Cu plates at 
120 °C produces a bilayer structure of RGO/GO by the partial reduction of the spray-coated GO layer. This induces superior corrosion 
resistance and adhesion strength compared to those of GO/Cu and RGO/Cu plates because of the hydrophobic nature of the RGO surface 
exposed to the surroundings and the formation of Cu–O bonds with the O-based functional groups of GO. This approach provides a viable 
and scalable route for using graphene coatings to protect metal surfaces from corrosion. 
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1 Introduction 
Metals and metal alloys are used extensively in electronics, 
automobiles, airplanes, and many other machines essential to 
modern life. In general, most metals are chemically unstable in the 
environment and corrode over time, especially when exposed to 
saline solutions like in the sea or coastal environments; corrosion 
degrades their structures and mechanical strengths. Preventing 
corrosion is a major challenge for the metallurgical community; 
the most popular method adopted is the application of protective 
coatings. Considerable efforts have been made to develop new 
anti-corrosive coating materials, including inert metal and polymer 
coatings [1−3]. However, the incorporation of these protective 
coatings often disrupts the physical properties and dimensional 
tolerances of the underlying metals because of the thickness of the 
coatings, which ranges from several to hundreds of micrometers. In 
addition, inert metal coatings are typically expensive and toxic [2], 
whereas polymer coatings suffer from poor adhesion to metal 
surfaces [3]. 

Since the first isolation of graphene, an atomically thin two- 
dimensional sheet of carbon atoms, by mechanical exfoliation from 
graphite in 2004, graphene has drawn significant interest for many 
applications, including electronics, catalysts, batteries, high-strength 
composites, and surface coatings [4−9]. This widespread interest 
mainly arises from the high electrical and thermal conductivity, 
optical transparency, large surface area, excellent mechanical 

strength and flexibility, remarkable chemical inertness, and complete 
impermeability of graphene. Recently, graphene has been considered 
as an alternative to conventional coating materials because of these 
advantages [6−9]. Ruoff et al. directly grew graphene films on Cu 
and Cu/Ni by chemical vapor deposition (CVD); the films were 
subsequently used as diffusion barriers against oxidation [7]. 
Furthermore, Bolotin et al. used graphene layers either directly 
grown by CVD or transferred onto Cu and Ni as protective coatings 
against corrosion [9]. The direct coating of graphene on target 
metals by CVD is limited because the target metal must be able to 
catalyze graphene growth [10]. The transferring of graphene causes 
damage to the graphene structure, such as tears and rips; transferred 
graphene also often shows poor adhesion [11, 12]. Compared to 
CVD, solution-based methods for applying graphene coatings are 
facile and cost-effective [13]. Recent studies have demonstrated 
that solution-processed graphene layers show good anti-corrosion 
performance, similar to that of CVD-grown graphene [8, 14]. To 
improve the corrosion and adhesion properties, Bohm et al. 
chemically bound graphene to metals through functionalization 
with 3-(aminopropyl)triethoxysilane (APTES) [8]. However, it is 
difficult to achieve uniform coatings of graphene layers via chemical 
functionalization with linkers over large areas. 

In this study, graphene oxide (GO) sheets were deposited as an 
anti-corrosion protective coating on Cu plates by spray-coating, 
and then annealed to partially reduce the GO and to form Cu–O 
bonds by reacting the O-based functional groups of the remaining 
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GO sheets with Cu without the addition of linkers for chemical 
functionalization. Spray-coating is advantageous for fabricating 
large-area films with homogeneous spatial distributions over entire 
substrate surfaces using nanomaterials such as graphene [13], 
carbon nanotubes [15], and nanowires [16]. By controlling the 
annealing temperatures, highly structured reduced graphene oxide 
(RGO)/GO/Cu was created, which exhibited superior adhesion and 
anti-corrosion properties compared to GO/Cu and RGO/Cu plates. 

2 Experimental 

2.1 Preparation of GO sheets 

GO sheets were prepared from graphite powder (~ 325 mesh, Alfa 
Aesar) using a modified Hummers method [17, 18]. Briefly, graphite 
powder was added slowly to a mixture of H2SO4 with K2S2O8 and 
P2O5 for pre-oxidation. This mixture was reacted at 80 °C overnight 
and vacuum-filtered through a nylon filtration membrane. After 
drying at room temperature, the pre-oxidized graphite was dispersed 
and stirred in a H2SO4 solution in an ice bath. KMnO4 was 
subsequently added slowly to the solution, and the resulting solution 
was reacted at 35 °C overnight for the complete oxidation of graphite. 
After adding deionized water and H2O2 to the solution, the 
resulting mixture was purified by rinsing several times with 10% HCl 
solution and deionized water, and then dialyzed against deionized 
water to remove the remaining impurities. Finally, the solution was 
dried at room temperature, producing GO sheets. 

2.2 GO coating onto metal plates 

For spray-coating, the GO films were dispersed in deionized water 
at the final concentration of 1 mg·mL–1 by bath sonication. Using 
this GO dispersion, homogeneous GO films were spray-coated onto 
1 in × 1 in Cu plates that were heated to 70 °C on a hotplate, at the 
vertical distance of 15 cm. The film thickness was controlled by the 
amount of GO solution sprayed. To completely reduce the GO films 
coated on the metal plates, thermal treatments were performed at 
150 °C for 6 h under a gas flow mixture of Ar/H2. To enhance the 
adhesion between the GO or RGO film and the Cu surface, the 
GO- or RGO-coated metal plates were annealed at 90–120 °C for 
1 h in air. 

2.3 Corrosion and adhesion tests 

Corrosion tests of the GO- and RGO-coated metal plates were 
performed by immersion in 5% aqueous NaCl solution at 35 °C for 
up to 96 h while monitoring for surface changes every 12 h. The 
adhesion between the GO or RGO and metal plates was evaluated 
by cross-cut tests. Using a knife and cutting guide, a lattice pattern 
with eleven cuts in each direction was made through the coating 
into the substrate at intervals of 1 mm. After applying and removing 
a standard adhesion tape (CT-24, Nichiban) over the lattice, the cut 
areas were inspected. 

2.4 Characterization 

The thicknesses of the films were measured by a surface profiler 
(DektakXT, Bruker). The surface morphologies of the films were 
analyzed by field-emission scanning electron microscopy (FESEM, 
JSM-7500F, JEOL). The presence of GO and RGO and the oxidation 
of the underlying metal plates were investigated using X-ray 
diffraction (XRD, D/Max-2500, Rigaku) with Cu Kα radiation (λ = 
1.541 Å). The contact angles of water on the GO- or RGO-coated 
metal plates were measured using a contact angle analyzer (Phoenix- 
300, SEO). To investigate the interfacial states between the graphene 
layers and the underlying Cu, 10 nm-thick GO or RGO layers were 
spray-coated on the Cu plates. From these samples, the degree of 
reduction of the GO films and the oxidation degree of the underlying 

Cu plates were evaluated by X-ray photoelectron spectroscopy (XPS, 
K-Alpha, Thermo Scientific). The chemical bonding characteristics 
of the samples were analyzed using XPS as a function of etching 
depth. The presence and distributions of GO and RGO in the 
layers were investigated by high-resolution transmission electron 
microscopy (HRTEM, Technai G2 F30, FEI) with energy-dispersive 
X-ray spectroscopy (EDS). 

3 Results and discussion 
Figure 1(a) shows a schematic of the fabrication process of GO- or 
RGO-coated metal plates by spray-coating, which is a scalable 
technique for fabricating nanomaterial-based networked films. The 
GO solution with a concentration of 1 mg·mL–1, prepared by a 
modified Hummers method, was spray-coated onto metal plates at 
the substrate temperature of 70 °C [17, 18]. The thicknesses of the 
GO films coated on the metal plates were linearly increased with 
the amount of GO solution used for spray coating (Fig. S1 in the 
Electronic Supplementary Material (ESM)). Although the surfaces 
of the Cu plates are rough, the FESEM images reveal that the GO 
films are uniformly deposited with thicknesses of 500 nm on the 
Cu plates by spray-coating (Figs. 1(b) and 1(c)). Therefore, this 
thickness was used; it is one to three orders of magnitude smaller 
than those of conventional metal or polymer coatings [1, 3]. These 
results demonstrate that spray-coating provides good uniformity 
and controllability of film thickness. When the GO films were 
reduced thermally, the thickness of the RGO films was decreased 
by approximately 20% because of the removal of O-containing 
functional groups from the graphene surface, inducing closer packing 
of the RGO laminates (Fig. S1 in the ESM) [19]. To enhance the 
adhesion between GO or RGO and the metal plates, annealing 
treatments were performed between 90 and 120 °C after coating 
with GO or RGO. At the annealing temperature of 120 °C, the color 
of the sample surface was slightly darker compared to that of the 
90 °C-annealed GO/Cu plates, but was lighter than that of RGO/Cu 
plates, where GO was reduced to RGO at 150 °C (Fig. 2(a)). This 
indicates that higher annealing temperatures promote the reduction 
of GO [20]. 

The corrosion protection properties of the GO and RGO 
coatings on the metal plates were investigated by immersing the 
samples in a 5% salt solution (Fig. 2(a) and Fig. S2 in the ESM). The 
surfaces of the Cu and the as-coated GO/Cu plates show stains with 
a blue-green color after immersion for 12 and 36 h, respectively, 
indicating the oxidation of the Cu surfaces beneath the GO layers. 
The GO/Cu plate annealed at 90 °C exhibits similar corrosion 
behavior to the as-coated sample, while the sample surface remains 
unchanged even after immersion for 96 h for the GO/Cu plate 
annealed at 120 °C. Moreover, there is no visible change in the 
surface of the RGO-coated Cu plates after the corrosion tests. To 
identify the byproducts created on the sample surface, XRD 
measurements were performed (Fig. 2(b)). After immersion in the 
salt solution for 96 h, additional peaks are observed for the Cu, 
as-coated GO/Cu, and 90 °C-annealed GO/Cu plates in addition to  

 
Figure 1 (a) Schematic of the preparation process for GO- and RGO-coated 
metal plates by spray-coating. FESEM images of (b) Cu and (c) as-coated 
GO/Cu plates. 
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Figure 2 (a) Photographs of Cu, as-coated GO/Cu, 90 °C-annealed GO/Cu, 
120 °C-annealed GO/Cu, and RGO/Cu plates before and after immersion in salt 
solutions for 96 h (scale bar: 5 mm). (b) XRD patterns of Cu, as-coated GO/Cu, 
90 °C-annealed GO/Cu, 120 °C-annealed GO/Cu, and RGO/Cu plates after 
immersion in salt solutions for 96 h, together with the XRD pattern of the 
pristine Cu plate for comparison. 

the peaks arising from Cu; the additional peaks correspond to the 
Cu2O phase. This confirms the surface oxidation of the underlying 
Cu. In contrast, the 120 °C-annealed GO/Cu and RGO-coated Cu 
plates show only peaks arising from Cu. This demonstrates that the 
surface oxidation of the underlying metals is effectively prevented 
when the GO coating is annealed above 120 °C. 

To further investigate the thermal annealing effects of the GO 
coatings of metal plates on corrosion protection performance, the 
water wettability of the graphene surfaces was determined by contact 
angle testing (Fig. 3). The water contact angle on the surface of the 
pristine Cu plate is 95°, indicating that the pristine Cu plate is 
hydrophobic. The surface becomes more hydrophilic upon GO 
coating because GO contains many O-related functional groups 
such as hydroxy, epoxy, and carboxyl groups [21]. When the GO/Cu 
plates are annealed at 90 °C, the water contact angle remains low 
(35°), comparable to that of the untreated GO/Cu plate (39°). This  

 
Figure 3 Water contact angles on the surfaces of (a) pristine Cu, (b) as-coated 
GO/Cu, (c) 90 °C-annealed GO/Cu, (d) 120 °C-annealed GO/Cu, and (e) RGO/Cu 
plates. (f) Comparison of water contact angles for all the samples. 

indicates that thermal treatment at 90 °C does not change the 
surface characteristics of GO. However, with increasing annealing 
temperatures, the water contact angles are increased toward 90° 
and the sample surfaces become more hydrophobic because of the 
removal of O-related functional groups. These results demonstrate 
that the hydrophobic surfaces of 120 °C-annealed GO/Cu and 
RGO/Cu plates protect the Cu surface against the salt solution by 
repelling water molecules, yielding superior corrosion inhibition. 

In addition to corrosion inhibition, it is also important to determine 
whether the coating that protects the metal surface is adhered 
properly to the substrate to which it is applied. Figure 4 shows cross- 
cut adhesion test results for the as-coated GO/Cu, 90 °C-annealed 
GO/Cu, 120 °C-annealed GO/Cu, RGO/Cu plates, and 120 °C- 
annealed RGO/Cu, evaluated according to American Society for 
Testing and Materials (ASTM) standards. For the as-coated GO/Cu, 
most of the GO coating is peeled away from the Cu surface during 
the adhesion test. This is indicative of poor adhesion due to physical 
contact between GO and Cu. After the annealing of the GO/Cu 
plates at 90 and 120 °C, the adhesion properties are greatly improved, 
with the adhesion strength of 4B (that means that small flakes of 
the coating are detached at intersections; less than 5% of the area 
is affected) according to ASTM standards. This is likely due to the 
interactions between the graphene sheets and Cu surface induced 
during the thermal treatments. This mechanical robustness enables 
the use of the graphene coating for the protection of metals against 
corrosion. However, regardless of annealing, the RGO/Cu plates 
show poor adhesion between RGO and Cu. 

To characterize the interactions between the graphene sheets 
and Cu surface, the chemical states of the graphene sheets and 
underlying Cu were investigated for the samples with 10-nm-thick 
graphene layers by XPS (Fig. 5). In the C 1s spectra, peaks arising 
from O-related bonds (i.e., C–O, C=O, and C–OH) in the GO/Cu 
plates are decreased upon thermal treatment, and the RGO/Cu plate 
shows very weak peaks (Fig. 5(a)) [22, 23]. In the Cu 2p spectra, a 
Cu1+ peak appears when the samples are annealed at 90 and 120 °C, 
but the peak intensity is decreased for the RGO-coated metal plate 
(Fig. 5(b)) [22]. These results indicate the partial removal of 
O-containing functional groups from the graphene surface and the 
formation of Cu–O bonds at the interface between graphene and 
Cu during the thermal treatments. To further obtain depth-resolved 
information of the samples, XPS measurements for the samples with 
500-nm-thick graphene layers were conducted with Ar+ etching. 
For the as-coated GO/Cu plate, the peaks in the C 1s spectra and 
the atomic percent areas of the subpeaks ascribed to C–C/C=C and 
C–O/C=O/C–OH remain almost unchanged regardless of the etching 
depth (Fig. 5(c)) [22, 23]. On the other hand, for the 120 °C-annealed 
GO/Cu plate, the atomic percent areas of the subpeaks assigned to 
C–C/C=C are decreased from 75% to 67%, but those of the subpeaks 
related to C–O/C=O/C–OH are increased from 25% to 33% when 
approaching the interface between graphene and Cu. This indicates 
the surface reduction of the GO layer by the thermal treatments. In  

 
Figure 4 Photographs of as-coated GO/Cu, 90 °C-annealed GO/Cu, 120 °C- 
annealed GO/Cu, RGO/Cu, and 120 °C-annealed RGO/Cu plates before and 
after cross-cut tests (scale bar: 5 mm). 
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Figure 5 (a) C 1s and (b) Cu 2p XPS spectra of as-coated GO/Cu, 90 °C- 
annealed GO/Cu, 120 °C-annealed GO/Cu, and RGO/Cu plates. C 1s and Cu 2p 
XPS depth profile spectra of (c) as-coated and (d) 120 °C-annealed GO/Cu plates. 

the depth profiles of the Cu 2p XPS spectra, a distinct peak appears 
near the interface between graphene and Cu for both as-coated and 
120 °C-annealed GO/Cu plates [22]. However, the peak for the 
120 °C-annealed sample is shifted to a higher binding energy than 
that of the as-coated sample, and is deconvoluted into two subpeaks 
corresponding to Cu0 and Cu1+. The appearance of the Cu1+ peak 
is most likely related to Cu–O bonds. Therefore, the improved 
adhesion strength for the 90 °C- and 120 °C-annealed GO/Cu plates 
is attributed to the formation of Cu–O bonds. Conversely, for the 
RGO-coated metal plates that were prepared by annealing at 150 °C, 
O-containing functional groups are removed completely, and no 
Cu–O bonds are formed, as no O-containing functional groups 
remained to interact with the Cu surface, resulting in poor adhesion 
properties. 

The annealing treatments at 90 and 120 °C both induce out-
standing adhesion performances for the resulting composites, but 
the corrosion resistance in salt solution for the 120 °C-annealed 
GO/Cu plates is significantly higher than that of the 90 °C-annealed 
GO/Cu plates. To further examine this phenomenon, we compared 
their water wettability and XPS spectra, both of which are useful for 
analyzing surface characteristics. For the 90 °C-annealed GO/Cu 
plate, the O-containing functional groups are only partially removed, 
and its surface remains hydrophilic. On the other hand, the 120 °C- 
annealed GO/Cu plate shows a more hydrophobic surface with 
fewer O-containing functional groups. Considering the corrosion 
and adhesion results, it is likely that in the graphene layer, the 
O-containing functional groups exposed to the surroundings are 
removed during the thermal treatment at 120 °C, causing the 
graphene surface to become hydrophobic while maintaining some 
O-containing functional groups within the graphene layers. Some 
of the remaining O-containing functional groups close to the Cu 
surface react to form Cu–O bonds, yielding a RGO/GO/Cu structure 
(Fig. 6). Another possibility for Cu–O bonds is the formation of Cu 
oxides on Cu by reacting O-containing functional groups and/or 
desorbed water molecules with Cu, without covalent bonds of 
RGO/GO and Cu. To address this possibility, the surface of a Cu plate 
was oxidized and GO was spray-coated onto the CuOx/Cu. After  

 

Figure 6 Schematics for the lamellar structures of graphene sheets coated on Cu 
plates, showing oxygen-based functional groups and Cu–O bonds formed upon 
post-annealing treatment: (a) as-coated GO/Cu, (b) 90 °C-annealed GO/Cu, and 
(c) 120 °C-annealed GO/Cu plates. The 120 °C-annealed GO/Cu plate creates a 
RGO/GO/Cu structure by partial reduction of the GO layer, leading to superior 
corrosion resistance and adhesion strength. 

the annealing treatment, the GO/CuOx/Cu plate showed poor 
adhesion (Fig. S3 in the ESM). This indicates that the formation of 
Cu–O bonds at the interface between graphene and Cu imparts robust 
adhesion for the samples. The removal of O-containing functional 
groups near the sample surface causes increased hydrophobicity of 
the graphene sheets, leading to the drastic improvement in corrosion 
resistance for the 120 °C-annealed sample. Shin et al. reported that 
ten layers of RGO were required to act as a diffusion barrier for gas, 
which strongly supports our finding that metals are protected by 
the surface reduction of the GO coating [14]. 

To further support the formation of this proposed structure, 
TEM and EDS analyses were performed (Fig. 7). The HRTEM 
images revealed that the GO exhibits an amorphous and disordered 
structure [24]. On the other hand, the RGO regions in the 120 °C 
-annealed GO/Cu and RGO/Cu plates show crystalline structures 
with the interplanar distance of 0.34 nm, which corresponded to 
the d spacing of graphene [24]. In the EDS profiles based on the 
elemental line-scanning mode, uniform C and O concentration 
distributions are observed for the as-coated GO/Cu, 90 °C-annealed 
GO/Cu, and RGO/Cu plates. However, for the 120 °C-annealed 
GO/Cu plate, the O concentration is gradually increased while the 
C concentration is decreased toward Cu surface, demonstrating the 
structure of RGO/GO formed by the partial reduction of the GO 
layer. This is consistent with the XPS depth profile results. 

 
Figure 7 Cross-sectional TEM images and EDS line-scan profiles of carbon 
and oxygen in (a) as-coated GO/Cu, (b) 90 °C-annealed GO/Cu, (c) 
120 °C-annealed GO/Cu, and (d) RGO/Cu plates. (e) Cross-sectional HRTEM 
images of GO and RGO regions. 

4 Conclusions 

In conclusion, we fabricated a RGO/GO bilayer structure on Cu 
metal plates by spray coating and subsequent annealing. This layer 
acted as an anti-corrosion coating, protecting the underlying metals 
from corrosion with excellent adhesion strength. The GO coating 
on the Cu plates did not protect the underlying Cu from corrosion 
despite its good adhesion, while the opposite behaviors were shown 
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for the RGO/Cu plates. The degree of reduction of the GO coated on 
the Cu plates was modulated by varying the annealing temperature, 
and the RGO/GO/Cu structure was successfully fabricated by 
annealing treatment at 120 °C. In this structure, the presence of RGO 
near the surface of the coating imparted a more hydrophobic surface, 
contributing to the improved corrosion resistance. Simultaneously, 
the GO adjacent to the Cu formed Cu–O bonds through the reaction 
of the O-containing functional groups with the Cu, resulting in 
improved adhesion strength. The process demonstrated in this study 
is an effective practical route for applying robust graphene coatings 
to protect metal surfaces, and has potential applications in various 
metal products. 
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