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Abstract 

Large-area single layers of graphene were synthesized using chemical vapor deposition 

techniques and were assembled onto steel substrates that were finished with a thin layer of 

electrodeposited zinc-nickel (ZnNi). Atomic force microscopy combined with Raman 

spectroscopy was used to determine the number of the assembled graphene layers and to 

characterize the defects in their crystal structure. The graphene-ZnNi-steel layered specimens 

were exposed to a salt-fog environment. The defects in the structure of the graphene single layers 

were found to accelerate corrosion and the formation of a resistive oxide layer. The chemical 

composition and element map of the reacted surfaces were studied by x-ray photoelectron 

spectroscopy. The electrical properties of the samples before and after the salt-fog testing were 

evaluated using sheet resistance measurements. 

 

1. Introduction 

 Corrosion and associated maintenance costs are major concerns when metallic surfaces 

are exposed to environmental conditions.[1−4] For example, electrically conductive components of 

power systems and electrical equipment are vulnerable to corrosion, and the buildup of oxide 

layers increases electrical resistance and can cause electrical failures. Coatings based on 

hexavalent chromium and cadmium can provide sufficient corrosion resistance while 

maintaining low electrical resistance. However, their use is limited due to the health and 

environmental concerns related to waste generation and to the hazardous nature of those 

materials. Coatings based on zinc-nickel (ZnNi) are commonly being used to protect electrical 

components from corrosion. Although their corrosion resistance needs to be improved, they are 

considered a substitute for the hexavalent chromium and cadmium coatings. 
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 Graphene is a conductive two-dimensional (2D) material with excellent barrier properties 

and chemical resistance.[5] It has a wide range of potential applications as an ultrathin conductor 

in electrical and electronic components. The anticorrosion properties of the graphene are of 

significant technological importance. Coatings based on graphene have shown promising anti-

corrosion properties.[6−9] However, the formation of defects and cracks in the structure of the 

coatings can accelerate corrosion because graphene is cathodic to several metals.[10,11] 

Graphene coatings produced by chemical vapor deposition (CVD) have several 

advantages over graphene paints, which are based on aggregates of exfoliated graphene 

nanoplatelets. CVD is a facile method that can be scaled to synthesize high-quality, large-scale 

single layers of graphene.[12] We report our studies on the corrosion mechanism of graphene-

based coatings that we assembled by applying onto a conductive substrate single-layer graphene 

sheets that we synthesized by CVD techniques. The synthesized graphene sheets were assembled 

on top of steel substrates that were finished with an 8 µm thick layer of electrodeposited ZnNi. 

The structures were subjected to salt-fog testing. The formation and electrical properties of the 

resistive reacted layer were investigated. 

 

2. Experimental 

 Large-area single-layer graphene sheets were synthesized using CVD techniques. The 

CVD setup and synthesis procedure as well as a description of the x-ray photoelectron 

spectroscopy (XPS) and scanning electron microscopy (SEM) setup are provided 

elsewhere.[13−15] Wide-energy-range XPS survey scans and narrow-energy-range core level 

spectra were acquired to determine and analyze the elements on the surface of the samples. The 

surface composition was also measured after approximately 280 nm of surface material was 

removed by etching with Ar ions (the Ar ion energy was 2 kV). The distribution of C, O, Cl, and 
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Zn was measured in an area approximately 3 × 4 mm in the mid-region of each sample. An array 

of 130 (10 × 13) analysis points was defined in the center of each sample, and the C 1s, O 1s, Cl 

2p, and Zn 2p3/2 core level spectra were acquired at each point. Element maps were obtained 

before and after the salt-fog testing. A Horiba atomic force microscope (AFM) equipped with a 

Raman spectrometer (AFM-Raman) was used for the surface characterization of the assembled 

graphene sheets. Steel substrates (1018 grade) were custom-ordered with and an 8 µm thick 

coating of ZnNi according to ASTM B-841. Three single-layers of graphene were transferred 

and assembled onto the ZnNi-steel substrates. Salt-fog experiments were performed according to 

the ASTM B-117 protocol. A Jandel four-point probe was used to measure the sheet resistance of 

the coatings. The sample designation is as follows: ZnNi-steel with three single layers of 

graphene (ZnNi-Graphene); ZnNi-steel without graphene (ZnNi). 

 

3. Results and discussion 

 Single layers of graphene were grown on a copper foil catalyst. Poly(methyl 

methacrylate) (PMMA) was used to spin-coat the graphene layers and transfer them onto the 

ZnNi substrates after the copper was dissolved. The samples were rinsed with acetone and were 

annealed to remove the PMMA.[14] The process was repeated to assemble three single layers of 

graphene onto three 1 × 1 in. ZnNi substrates. SEM images of the ZnNi surface prior to the 

assembly of the graphene layers are shown in Figures 1a and b. After the annealing and thermal 

degradation process the PMMA was not entirely removed from the surface of the assembled 

graphene layers. 
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Figure 1. (a,b) SEM images of the ZnNi substrates. (c,d) SEM images of the assembled 

graphene layers on the ZnNi substrates. (e,f) AFM topography and phase imaging of the copper 

foil with graphene and PMMA after annealing. 

 

PMMA residues less than 100 nm in size remained on the surface of the assembled graphene 

layers (Figures 1c and d). Copper foil with graphene and PMMA was annealed to verify that the 

particulate clusters on the graphene surface were not associated with surface contamination 

during the transfer process. The AFM topography and phase imaging of the annealed copper 
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(Figures 1e and f, respectively) show similar clusters of the same size; those clusters are 

attributed to PMMA residues that could not be completely removed.[16−18] 

 

 

Figure 2. Raman-AFM measurements of large-area single-layer graphene sheets assembled onto 

the ZnNi layer. (a) Raman map for a single layer of graphene. (b) A comparison plot for the 

Raman spectra of the three marked areas in the Raman scan. (c) AFM micrograph showing the 

surface topography of the assembled three graphene layers. (d) Surface profile for the line scan 

across points A and B in the AFM micrograph. 

 

 AFM-Raman measurements were performed on the assembled layers. The Raman scan 

for a single layer of graphene is shown in Figure 2a. A comparison Raman plot for three areas 

with markedly different spectra is shown in Figure 2b. The peaks around 1,599 and 2,665 cm-1 

are closely positioned to the characteristic G and 2D bands for a single layer of graphene.[19,20] 

The peak at 1,346 cm-1 is associated with the formation of defects and structural disorders in the 
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graphene crystal.[21,22] The intensity of that peak was found to vary among the measured areas. 

Areas where the D band is absent are defect-free (e.g., area 1 in Figure 2a). The formation of the 

D band (areas 2 and 3 in Figure 2a) is associated with the onset of the defect formation. The 

intensity ratio of the D and G bands is associated with the characteristic length scales for the 

defect sizes and the distances between defects.[21−24] Structural defects are expected to form 

during the synthesis and transfer of the large-scale graphene single layers. A three-layer 

graphene configuration was used to provide better protection of the ZnNi-steel substrates against 

corrosion. The topography of the three assembled graphene layers is shown in the AFM 

micrograph in Figure 2c. The surface features are pronounced and vary in height by a few 

hundred nanometers (see Figure 2d, a line scan from point A to point B in Figure 2c). This rather 

high value is attributed to the surface features of the ZnNi substrate (Figure 1a, b), the PMMA 

residues on the surface of the graphene, and the formation of surface wrinkles during the transfer 

and assembly process. 

 The survey spectra and the measured surface composition of the sample with three single 

layers of graphene (ZnNi-Graphene) are shown in Figure 3a. Spectra were acquired before and 

after the surface of the sample was etched with Ar ions. Optical images of the measured areas are 

also shown in Figure 3a. Carbon and oxygen are the most prevalent elements on the surface of 

the pristine ZnNi-Graphene sample. The surface of the sample was etched with Ar ions to 

remove surface contaminants. After etching, the surface concentrations of Zn, Ni, O, and C were 

63.3, 32.4, 3.2, and 1.1 at. %, respectively. The depth profile of the coating composition is shown 

in Figure 3b. 
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Figure 3. (a) XPS survey spectra and surface composition for the ZnNi-Graphene sample before 

and after etching with Ar ions. The optical images of the samples are also shown. The green oval 

with the cross symbol is the approximate size of the x-ray spot on the sample and the measured 

composition is an average of that area. (b) The depth profile of the coating composition 

according to the XPS measurements. 
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Figure 4. Optical images of the samples before and after 48 h exposure to salt fog. (a) ZnNi-

Graphene before testing. (b) ZnNi after the salt-fog test. (c) ZnNi-Graphene after the salt-fog 

test. The scale bars are 5 mm. 

 

 Corrosion testing of the samples was performed in a salt-fog chamber. Optical images of 

the samples’ surfaces are shown in Figure 4. The pristine (prior to testing) ZnNi-Graphene is 

shown in Figure 4a. The ZnNi-steel without graphene (ZnNi), and the ZnNi-Graphene after 48 h 

exposure in the salt-fog chamber are shown in Figures 4b and c, respectively. The graphene was 

found to accelerate the corrosion of the ZnNi layer. The formation of a reacted (corroded) layer 

was more pronounced for the ZnNi-Graphene sample (Figure 4c) than it was for the ZnNi 

sample. The chemical compositions of the samples’ surfaces was calculated using XPS 

measurements. The XPS survey spectra for the ZnNi specimen after 48 h of testing are shown in 

Figure 5. After etching the sample with Ar ions to remove surface contaminants, the predominant 

elements on the surface are Zn, O, and C, and the respective concentrations are 46.0, 46.6, and 

5.1 at.%. Similarly high Zn and O concentrations were calculated for the ZnNi-Graphene sample 

that was etched with Ar ions after the completion of the salt-fog testing (Zn: 37.2 at.%, O: 46.0 

at.%, C: 6.1 at.%; the XPS data are not presented here). 

 

 

(a) (b) (c)
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Figure 5. XPS survey spectra and surface composition for the ZnNi sample after 48 h of testing 

in the salt-fog chamber. Measurements were performed before and after the surface was etched 

with Ar ions. 
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Figure 6. Element maps for the C, O, Zn, and Cl on the surface of the pristine ZnNi-Graphene, 

ZnNi, and ZnNi-Graphene after the salt-fog testing. The scale bars to the right are atomic percent 

and were selected to be the same for each of the three samples so that they could be directly 

compared. 
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 The element maps for the C, O, Zn, and Cl on the surface of the samples are shown in 

Figure 6. There is an inhomogeneous distribution of the surface composition, with regions of 

lower and higher C content, lower and higher Zn-O content, and spots of observable Cl. As 

expected, C is the predominant element in the pristine (prior to the salt-fog testing) ZnNi-

Graphene sample. The maps for O and Zn clearly show a correlation between those two 

elements. After the salt-fog testing, O and Zn are the elements with the highest atomic 

percentages across the surface, indicating that the reacted surface is primarily ZnO. The small 

amount of Cl can be attributed to residues that contaminated the surfaces of the samples while 

transferring the graphene layers onto the ZnNi substrates (FeCl3 was used to dissolve the Cu foil 

prior to the graphene transfer). In addition, Cl could have contaminated the surface of the 

samples during the salt-fog experiments. 

 A comparison plot for the C 1s spectra is shown in Figure 7. Two peaks are present in all 

samples. The peak at approximately 285 eV is attributed to surface-adsorbed C species, whereas 

the peak at approximately 290 eV is attributed to carbonate species, such as zinc-carbonate.[25] 

After the samples were etched with Ar ions, the C and carbonate species were removed from the 

surface of the pristine ZnNi-Graphene sample. For the reacted ZnNi, C that was adsorbed to the 

surface was mostly removed after the ion etching; however, the carbonate species were still 

present, which indicates that they were part of the reaction layer. For the reacted ZnNi-Graphene 

sample, there was still a significant amount of surface C even after the ion-etching, which 

indicates that the graphene was incorporated into the reacted layer. The peak that is attributed to 

the carbonate species is more pronounced than the peak attributed to the reacted ZnNi sample, 

even after the ion etching of the surface. The graphene layers accelerated the corrosion of the 

ZnNi layer and resulted in the formation of a thicker corroded layer, which is clearly shown in 

Figure 4c. 
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 The sheet resistance of the reacted layer was measured using a four-point probe. The 

sheet resistance of the pristine ZnNi and ZnNi-Graphene samples was varied from a few to 100 

W/sq across the surface. The measured values are similar to the sheet resistance values of single-

layer and multilayer graphene configurations reported in the literature. Approximately 30 W/sq is 

the theoretical resistance value for a single layer.[26,18] The measured sheet resistance values for a 

 
Figure 7. A comparison plot for the C 1s spectra for the pristine ZnNi-Graphene, ZnNi, and 

ZnNi-Graphene after the salt-fog testing. 
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single layer and a few layers of graphene range from 100 to a few hundred W/sq.[27−30,18] After 

the salt-fog testing, the sheet resistance values were increased significantly. The values of the 

ZnNi sample were heterogeneous and varied across different areas. The lowest measured values 

were less than 100 W/sq, whereas the sheet resistance values in areas with more evident 

oxidation were in the kW/sq range or even a few MW/sq. This noticeable variation can be 

attributed to the heterogeneous growth of the reacted layer due to the inhomogeneous element 

composition across the surface as well as to variations in the thickness of the reacted layer. The 

progression of the corrosion for the ZnNi-Graphene sample was more evident. The entire surface 

was corroded, and the sheet resistance was several hundred MW/sq or higher. 

 A schematic illustration of the corrosion mechanism is shown in Figure 8. Defect sites in 

the assembled graphene layers can form hydrophilic gates that allow the diffusion of water 

molecules, oxygen, and salt ions. The defects can induce or accelerate corrosion.[31−34] The pore 

size that is required for the water and ion transport is in the sub-nanometer range according to 

computer simulation studies of desalination membranes.[35] Oxygen radicals on the graphene 

surface can also assist the transport of water and ions between the graphene layers; that 

mechanism is similar to the transport mechanism of hydrated ions in graphene oxide 

membranes.[36] Recent studies of polycrystalline graphene-Cu substrates indicate that the grain 

boundaries can play a significant role in the oxidation of the metal substrate through the 

inversion of the epoxide groups in the presence of OH and O atoms.[37] 
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Figure 8. Schematic illustration of the water and ion diffusion through the defects in the 

structure of the graphene layers. 

 

4. Conclusions 

The corrosion resistance of large-area graphene was investigated. Three single layers of 

graphene were assembled onto steel substrates that were finished with electrodeposited ZnNi. 

AFM-Raman measurements on the surface of the assembled layers showed the formation of 

defects and structural disorders in the graphene crystal. Such defects can be formed during the 

synthesis and transfer of the graphene layers. Graphene-ZnNi-steel specimens and ZnNi-steel 

substrates were tested in a salt-fog chamber. The corrosion and the formation of a resistive oxide 

layer was found to be accelerated on the graphene-ZnNi-steel substrates. XPS measurements 

showed an inhomogeneous distribution of the surface composition, with O and Zn being the 

elements with the highest atomic percentages. 
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