
 Journal of Coating Science and Technology, 2021, 8, 18-28  

 
E-ISSN: 2369-3355/21 https://doi.org/10.6000/2369-3355.2021.08.02 18 

 

 

Journal of Coating Science and Technology 
http://www.lifescienceglobal.com/journals/journal-of-coating-science-and-technology 

 

Protection of Aluminum Foils against Environmental Corrosion 
with Graphene-Based Coatings 

George Paterakis1,2, George Anagnostopoulos1,*, Labrini Sygellou1 and Costas Galiotis1,2,* 

1Institute of Chemical Engineering Sciences, Foundation for Research and Technology – Hellas (FORTH/ ICE-HT), 
Patras 265 04, Greece 

2Department of Chemical Engineering, University of Patras, Patras 26504, Greece 

Abstract: Commercial aluminum foils were coated by graphene oxide, and its functionalized derivatives 
and the corrosion performance of the coated specimens were examined in acidic conditions (lithium 
perchlorate and sulfuric acid). Electrochemical experiments have shown that all graphene oxide-coated 
specimens provided up to 96% corrosion inhibition efficiency with a corresponding lower corrosion rate 
compared to the bare aluminum foil. Our results clearly show that graphene-related materials offer viable 
alternatives for the protection of aluminum, and this opens up a number of possibilities for its use in a 
number of commercial applications. 
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1. INTRODUCTION* 

One of the major challenges of the modern world is to find a 
way to inhibit the process of metal corrosion, a problem that 
is triggered by environmental factors such as the presence of 
oxygen [1], water [2], ultraviolet (UV) [3] and electrolytes [4]. 
According to the IMPACT study, released in 2016 by NACE 
International—The Worldwide Corrosion Authority [5], the 
global cost of corrosion is estimated to be US$2.5 trillion. 
Therefore, innovative and long-lasting solutions are needed 
to overcome the effects of corrosion on the metallic 
infrastructure of everyday life, from pipelines to bridges and 
from transportation to material storage.  

Up to now, several techniques have been employed for the 
protection/prevention against corrosion, such as passivation, 
cathodic protection, coating coverage [6-9], etc. Regarding 
the latter, corrosion protection involves the shielding of the 
metal surface by the use of a protective coating made of 
materials such as inert metals or organic layers (polymers) 
[10, 11]. The main requirements for corrosion-resistant 
coatings are high service life even under extreme 
environmental conditions. However, there are limitations on 
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their performance, which has to do with the alteration of the 
physical properties of the metal substrate [8, 12] as well as 
their impact on human life and the environment [4, 13].  

Over the last few years, the usage of carbon-based materials, 
either alone or encapsulated in polymer matrices, as anti-
corrosion coatings, for metal surfaces has been studied [14, 
15]. Besides being the thinnest and strongest known material, 
graphene can be employed in nano-coatings for anti-
corrosion applications due to its chemical stability and the 
very low molecular permeability even for He atoms [13, 16-
18]. The introduction of graphene, as well its derivative such 
as graphene oxide (GO) and/or reduced graphene oxide 
(rGO), seems to open a whole new perspective in the field of 
anti-corrosion applications [13, 18-21]. 

Recently, the pioneering work of Chen et al. [8] showed the 
ability of graphene, produced by chemical vapor deposition 
(CVD), to act as a passivation layer protecting metallic 
substrates such as copper (Cu) or copper/nickel (Ni) alloys 
against oxidizing gas and liquid solutions. Moreover, Prasai 
et al. [12] demonstrated that CVD graphene, either grown 
directly on metal substrates or mechanically transferred to 
them, can effectively prevent short-term corrosion. While 
Kirkland et al. [22] and Raman et al. [23] have confirmed the 
potential for graphene coatings to serve as a barrier to 
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aggressive aqueous salt solutions on Ni and Cu. However, as 
is reported by Schriver et al. [24] and Zhou et al. [25], the 
presence of defects, as well as grain boundaries in the CVD 
graphene membrane, can act as promoters of corrosion (by 
atmospheric oxygen and water agents) in the long term (> 6 
months), even at ambient temperatures. 

As established in work mentioned above, corrosion inhibition 
can be further enhanced if the deposited graphene has 
higher purity to achieve a more homogeneous coating 
structure, especially in aluminum (Al) surfaces, where 
galvanic corrosion is promoted [26]. Immersion tests have 
revealed that the metal corrosion is mainly due to graphene 
defects [27].  

By sealing those defects with poly-pyrrole using 
electrodeposition, the produced hybrid coating, after 
immersion in a salt solution for 65 h, not only cover the small 
areas of bare copper at the defect sites of graphene but also 
act as a passive layer counteracting the diffusion of corrosive 
species and markedly reducing the corrosion rate of the 
substrate. On the other hand, by modifying the hydrophobic 
graphene surface, it was found that the anti-corrosion 
property of Al alloy is improved [28, 29].  

Based on the above, an effective coating against corrosion 
ought to have the ability to be in intimate contact with the 
metallic substrate. At the same time, to exploit graphene's 
anti-corrosion performance, it is necessary to apply an 
effective and more homogeneous deposition method so that 
all kinds of metal substrates can easily be coated. 

Electrophoretic deposition (EPD) is currently the most 
common technique applied for coating metals using graphene 
derivatives, such as GO and rGO [30-32] since it has the 
ability to form a relatively dense and homogeneous packed 
layer on any electrically conductive surface [33].  

Particularly, it was found by tailoring graphene coating in 
tandem with EPD, the corrosion rate of Cu was reduced by 
10 times [34]. Similarly, a crack-free GO-polymer composite 
coating of 45 nm thickness has been found to provide 
shielding under harsh environmental conditions [33]. At the 
same time, mild steel coupons coated with nickel/graphene 
hybrid film showed excellent anti-corrosion performance, 
mechanical durability, and long-term stability [35]. Also, it was 
found that GO, due to its high functionality, enhances the 
EPD process and facilitates the formation of an underlying 
anti-corrosive layer, for instance, on mild carbon steel [36].  

Herein, we present a comprehensive experimental 
investigation of the protection of Al foils, the most accepted 
cathode current collector for Lithium-ion batteries (LIBs), in 
corrosive environments using graphene-related materials 
(GRMs) [37]. We employed easy-to-apply conformal thin 
coatings (up to 6 nm) to Al foils of graphene oxide (GO, dip-
coating, and EPD), functionalized lithium-graphene oxide 
(GO-Li), and electrochemically reduced forms of them (erGO, 
erGO-Li). With a custom-made galvanic cell potentiostatic 
and potentiodynamic polarization, we experimentally 
evaluated the degree of protection against corrosion of 
commercial Al foils coated with the GRMs as above.  

Table 1: The Materials as well the Conditions of the Measurements Employed for the Evaluation of Anti-Corrosion Performance of 
the Examined GRMs 

Materials  Conditions/Synthesis/Preparation  

Commercial graphene-based 
coatings on Al foils  

Specimens SA, SB and Sc were all commercial specimens that can be purchased via the internet.  

Synthesis of graphene oxide (GO)  
The GO is synthesized from natural graphite flakes (NGS Naturgraphit GmbH, Germany) by a two-step oxidation 
process, based on Kovtyukhova et al. method [38]. The steps followed are presented below:  

• 10 gr of natural graphite flakes are added in 75 ml concentrated sulfuric acid (H2SO4 96%) in a flask. The 
flask is placed in a bath and heated at 80 ˚C.  

• 5 g potassium persulfate (K2S2O8) and 5 g phosphorus pentoxide (P2O5) are added to the solution. The 
mixture is stirred for 1 h at this temperature and then is allowed to cool at room temperature for a period of 5 
h. The reaction is terminated by carefully adding deionized water (DW), followed by several steps of vacuum 
filtration with DW and drying.  

• The oxidized graphite is then subjected to oxidation.  
• The powder is stirred continuously into a flask with 220 ml H2SO4 96%, in a water bath under 20 ˚C.  
• 26.7 g potassium permanganate (KMnO4) was added to the mixture.  
• The mixture is heated to 40 ˚C for 2 h, where 1.8 liters DW is added carefully, followed by 22 ml hydrogen 

peroxide (H2O2 30%).  
• Filtering and washing with 1:10 HCl solution in order to remove most of the metal ions. The solid product of 

this process is re-dispersed in DW and subjected to dialysis until the pH is naturalized.  
Finally, single and few layers of GO are collected by a combination of ultrasonication and centrifugation steps.  

Synthesis of lithium functionalized graphene oxide (GO-Li)  
For the synthesis of Li-GO, 100 mg of Li2CO3 (Sigma-Aldric) is added in a baker with 100 ml of GO dispersion (1.5 
mg/ml). The mixture is left to react for 2 hours under stirring at RT. Finally, the by-products of the reaction are removed 
by repeated steps of centrifugation and re-dispersion in DW. 

Graphene-based coatings produced 
in this work 

Samples preparation  
GO and GO-Li were coated over aluminum foils by dip coating of corresponding dispersion of 0.5 mg/ml of each of them. 
After the process, the samples were left to dry under N2 flow for several hours. For the electrochemically reduced 
samples 
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According to the results shown in the subsequent sections, 
the functionalized GOs provided a corrosion inhibition 
efficiency of up to 90% in aggressive environments such as 
lithium perchlorate (LiClO4 – 1M), which simulates the 
conditions of LIBs, and sulfuric acid (H2SO4 – 0.5M). In 
contrast, the corrosion rate is almost reduced by order of 
magnitude. Moreover, the post-electrochemically reduced 
GOs, provided higher corrosion protection. Finally, by 
comparing their performance with the commercial GRMs 
coated specimens, it is found that the latter is inferior not only 
in the level of coverage and uniformity but also in the degree 
of corrosion protection, indicating that the corresponding 
market is filled with products of questionable quality and 
performance that need to be evaluated. 

2. MATERIALS AND METHODS 

The materials and methods [38, 39] used in this work are 
described in Table 1. 

3. EXPERIMENTAL 

The characterization techniques employed for the 
performance evaluation of the GRM coatings are depicted in 
Table 2. 

4. RESULTS AND DISCUSSION 

4.1. Characterization of Commercial Al Foils Coated with 
GRMs 

Commercial Al foils coated with GRMs (SA, SB, and SC) were 
studied using Raman spectroscopy. In Figure 2, the obtained 
Raman spectra for the examined samples are presented. 
Judging from the characteristics values of the Raman spectra 
(2D/G intensity ratio and the shape of the 2D peak), we 
conclude that the GNP used in this work have layers n >10, 
so they are classified as nano-graphites [40]. Furthermore, 
the Sc sample seems to show the lowest degree of peeling of 
the graphitic structures, as the width and shape of the 2D 
peak bear greater similarity to the corresponding graphite 
peak as compared to the other two samples. Also, a D peak 
(~ 1300 cm-1) is present in all samples, indicating defects in 
the hexagonal graphene network. These defects can be 
attributed either to edges of broken nano-graphite particles 
and/or due to potential mild chemical treatment [41].  

The strong presence of the Al2p peak in the aluminum XPS 
spectra indicates that the coating in all samples is either very 
thin or exhibits vacancies since the penetration depth of the 
XPS method is only 10 nm (Figure S3). Initially, the analysis 

Table 2: The Methods and their Corresponding Conditions Followed for the GRM Anti-Corrosion Coatings Examined 

Method  Acronym  Conditions 

X-ray photoelectron 
spectroscopy  

XPS  The photoemission experiments were carried out in an ultra-high vacuum system (UHV) which consists of a fast 
entry specimen assembly, a sample preparation and an analysis chamber equipped with a dual anode (Al/Mg) X-
Ray gun and an LH10 electron analyzer. The base pressure in both chambers was 1×10−9 mbar. 
Unmonochromatized MgKα line at 1253.6 eV and an analyzer pass energy of 36 eV, giving a full width at half 
maximum (FWHM) of 0.9 eV for the Au 4f7/2 peak, were used in all XPS measurements. The XPS core level 
spectra were analyzed using a fitting routine, which can decompose each spectrum into individual mixed 
Gaussian-Lorentzian peaks after a Shirley background subtraction. The sample was mounted onto a Si substrate 
with dimensions 1.5x1.5cm2.  

Raman spectrsocpy  Raman  Spectra were taken with a 514 nm (2.41 eV) laser using a MicroRaman (InVia Reflex, Rensihaw, UK) set-up. The 
laser power was kept below 1.5 mW on the sample to avoid laser induced local heating, while an Olympus 
MPLN100x objective (NA = 0.90) was used to focus the beam on the samples.  

Scanning Electron 
Microscopy  

SEM  The surface analysis of the samples were studied by using Field-Emission Scanning Electron Microscopy 
(FESEM, Zeiss SUPRA 35 VP).  

Atomic Force 
Microscopy  

AFM  AFM images were collected by a contact mode (Bruker, Dimension-Icon). Images were obtained using 
ScanAsyst-Air probes (silicon tips on silicon nitride cantilever, Bruker) with 0.4 N m-1 nominal spring constant of 
the cantilever.  

UV-vis and IR 
spectroscopy using the 

Attenuated 
Reflectance Technique 

(ATR)  

UV-vis/IR  UV-Vis absorbency spectra were recorded using a Hitachi U-3000 reverse optics spectrophotometer, while the 
IR spectra were measured using Attenuated Reflectance Technique (ATR) of Bruker Equinox FTIR 
spectrometer.  

X-ray Diffraction  XRD  XRD measurements were obtained by Bruker D8 advance XRD diffractometer with CuKa radiation (λ= 1.5406 Å, 
40 kV, 40 mA).  

Corrosion 
measurements  

Corrosion  The electrochemical corrosion of the samples was separately measured using potentiostatic and 
potentiodynamic polarization methods using three-electrode cells (Figure S1). The electrochemical cell was 
consisted of a silver/silver chloride (Ag/AgCl, KCl 3 M) electrode and a platinum sheet as reference and counter 
electrodes, respectively. The sample to be tested was sealed on the base of the cell to make corrosion possible 
only on the coated side with an active area of 1 cm2, acted as the working electrode. All the samples were tested 
in 2 different electrolyte environments, namely 
(i) 0.5 M sulfuric acid (H2SO4, Sigma Ardrich) aqueous solution and 
(ii) 1 M lithium perchlorate (LiClO4, Sigma Ardrich) in 1:1 (w/w) mixed solvent of ethylene carbonate (EC, 
99.95%, Sigma Ardrich) and 1,2-dimethoxyethane (DME, 99.5%, Sigma Ardrich). 
The corrosion measurements were performed on each sample, first by recording the open circuit potential (OCP) 
during a stabilization period of 30 min, followed by potentiodynamic polarization measurements at a scan rate of 
0.3 mV/s within a scan range of ±250 mV vs. OCP. 
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of the Al2p peak for each sample revealed that all three had 
the presence of aluminum oxide (Al2O3) (Figure S3), with a 
characteristic peak at 76 eV. In addition, the analysis of the 
C1s peak spectra for each sample (Figure 1) shows that SB 
and SC have a higher oxidation rate than SA. In general, the 
presence of oxygen in the graphene coatings of the samples 
appears either circumferentially forming carboxyl groups  
(-COOH) or on the surface of the matrix forming C = O, C-OH 
bonds. Based on the images obtained by optical microscopy 
(OM) (Figure S4), it is assumed that the surface coverage of 

the samples examined is incomplete. Since graphene layers 
with thickness lower than 3-5 sheets are quite difficult to be 
traced by OM, especially when the substrate’s surface is 
rough, the degree of coverage of Al foils with GRMs was 
examined in detail by spatial Raman mapping. 

In Figure 2, Raman mapping based on the intensity of the G 
peak is shown. As it is evident, all samples investigated show 
vacancies (black-colored areas). These areas, where the 
intensity of the G-peak is zero, correspond to the areas 
where the aluminum surface (substrate) is strongly 

 

Figure 1: Deconvoluted C1s peak of (a) SA, (b) SB and (c) SC. 

 
Figure 2: Surface Raman maps of (a) SA, (b) SB and (c) SC based on the intensity of the G peak.  
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distinguished by optical microscopy. Similarly, by employing 
Scanning Electron Microscopy (SEM) (Figure S5) and Atomic 
Force Microscopy (AFM) (Figure S6), we provide further 
confirmation of the incomplete coverage of all commercial Al 
foils samples by the nano-graphite coatings.  

Finally, a quantitative analysis based on the Raman maps 
yields a degree of coverage of 70%, 78%, and 87% for the 
SA, SB by, and SC samples, respectively. It is worth noting 
here that the coating surface roughness was uneven at each 
examined sample material. Both SEM and AFM images show 
several folds of the nano-graphitic structures, which appeared 
to have insufficient contact with the aluminum surface. Thus, 
there are vacant areas, which can act as charge movement 
blockers within the aluminum foils.  

For further investigation of the structure of the commercially 
available Al foils coated with GRMs, a comparison is made 
using bare Al foil in tandem with X-ray diffraction (XRD). As 
can be seen in Figure S7, the typical graphite peak at 26° is 
observed in all coated samples, while their corresponding 
peak intensities of crystalline aluminum planes are variable 
among the specimens examined, attributed to the crystalline 
structure of the foils [42].  

4.2. Characterization of Prototype Al Foils Coated with 
Graphene Oxide-Based Coatings 

Following the characterization of commercially available 
samples, we have produced prototype Al foils coated with GO 
and rGO and their derivatives modified with Li. The XPS 
maps (Figure 3a) provide evidence for the presence of 
epoxides (C-O-C) and hydroxyls (-OH), usually appeared in 

the main structure of the matrix, as well as carboxyl groups (-
COOH) detected at the edges [43]. It is worth mentioning that 
the corresponding sp3 hybridization increases due to the 
introduction of the above groups and the simultaneous 
reduction of C = C [44]. Subsequently, after the chemical 
modification of GO with Li, the GO-Li system was also 
characterized by XPS, and the presence of Li1s peak of 
lithium at 55 eV was verified (Figure 3b). 

Both GO and GO-Li were evaluated using UV-vis 
spectroscopy and Attenuated Reflectance IR (ATR) 
spectroscopy (Figure 3c). The UV-vis spectra show a shift of 
the GO-Li spectrum relative to that of GO by 8 nm. The peak 
shown at 232 nm for GO (240 nm for GO-Li) is attributed to 
the π -π * transitions appearing in the C = C bonds of the 
lattice grid, while the second peak at ~ 300 nm is due mainly 
to the n-π * transitions of the C = O bonds [45]. The above 
shift has been observed in GO suspensions that had 
undergone different reduction levels, during which part of the 
oxygen groups had been removed [44].  

Similar behavior is observed in the ATR spectra (Figure 3c), 
where variations occur between the samples in a series of 
peaks: 1730 cm-1 (C = O), 1625 cm-1 (C = C), 1380 cm-1 (O-
H) and 1080 cm-1 (C-O) [46]. In Figure S8 characteristic 
Raman spectra for GO, rGO, GO-Li, and rGO-Li are shown. 
By comparing the spectra of pristine materials and those after 
reduction, certain differences are evident; the ratio of the 
intensities of D (~ 1350 cm-1) to G (~ 1580 cm-1) peaks 
appears to increase [47] (Table 3), while the intensity of 2D 
(~2700 cm-1) peak is increased as the reduction takes place 
[48]. As for the coating thickness employed was found to vary 
between 4-6 nm according to the AFM technique (Figure S9).  

 
Figure 3: (a) Deconvoluted C1s peak of GO sample, (b) Li1s peak of GO-Li, (c) UV-vis absorption spectra of GO and GO-Li aqueous 
suspensions. The inline diagram shows the IR permeation spectra (using the attenuated total reflection technique ATR) for the same samples.  
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In Figure S10, the G-peak intensity Raman maps are 
presented. As it seems, all the produced samples are fully 
covered. Any difference in the intensity values observed 
among the samples and the different areas of each specimen 
is attributed to the fact that a different GO derivative type of 
GRM is applied on the aluminum substrate foil (Al). 
Furthermore, morphological differences between different 
specimens are observed by OM, SEM, and AFM (Figure 4). 
In fact, the GO seems to follow the surface morphology fully, 
and the characteristic rolling lines emanated from the 
production process are clearly evident.  

4.3. Corrosion Measurements 

Corrosion measurements were carried out on the completion 
of sample characterization using sulfuric acid (H2SO4, 0.5 M) 
and lithium perchlorate (LiClO4, 1 M) as corrosion 
electrolytes. Sulfuric acid is a widespread electrolyte [49] 
often chosen for corrosion tests. At the same time, lithium 
perchlorate is an ideal electrolyte for studying the behavior of 
the samples in a Li salt environment [50], such as that 
encountered in a Li-ion battery. 

In both cases, the anodic corrosion of Al in the liquid 
electrolytes can be summarized in two steps. First, the 
formation of Al3+ occurs in the electrochemical process [51-
54]: 

Al(S ) ! Al 3+ + 3e"             (1) 

Subsequently, the unstable Al3+ tends to form complexes with 
ions or solvent molecules (X): 

Al 3+ + X! AlXn
(3"n)+ (1# n # 3)           (2) 

These reactions occur simultaneously with the effect of 
complex and interdependent factors, such as the composition 
of the electrolyte, the applied anodic voltage, etc. In addition, 
they are significantly affected by the coverage of the metallic 
surface with a protective layer. 

The corrosion rate (CR) calculation is based on Faraday’s 
Law, according to the following expression [55]: 

CR = K !EW Icorr
"

            (3) 

Table 3: The Ratio of the Intensities of D to G Peak as well the Intensity 2D to D+G Peak for the Various GRM Coatings 

Sample  I(D)/I(G)  I(2D/D+G)  

GO  0.91 ± 0.03  0.72 ± 0.1  

rGO  1.03 ± 0.02  0.75 ± 0.04  

GO-Li  0.94 ± 0.03  0.74 ± 0.1  

rGO-Li  1.03 ± 0.02  0.77 ± 0.08  

 

 
Figure 4: (a), (b) SEM images (the scale bar is at 1 µm), (c) AFM topography 3D-image (the scale bar is at 1 µm) and (d) OM image (the scale 
bar is at 1µm) for the case of GO coated on bare Al1000 substrate foil.  
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where K is the corrosion constant (327,2 mm Kg A-1 m-1 yr-1), 
EW is the equivalent weight, and ρ the density of the Al, 
respectively.  

In addition, for the evaluation of the corrosion inhibition 
efficiency η, the following expression is used [34]: 

! =
Icorr ,sub " Icorr ,coat

Icorr ,sub
           (4) 

While, the polarization resistance Rp is estimated based on 
the Stern-Geary equation[56], using the anodic (ba) and 
cathodic (bc) slopes of the Tafel plots: 

Rp =
babc

2,303 ! Icorr (ba +bc )
           (5) 

Figures 5 and 6 show the corresponding potentiodynamic 
polarization curves for all the examined samples (commercial 
and prototypes) for the H2SO4 and LiClO4 as corrosion 
electrolytes, respectively. Similarly, in Tables 2 and 3, the 
corrosion rates (CR), the corrosion inhibition efficiency (n), 
the polarization resistance (Rs) as well the corrosion current 

density (Icorr), and the corrosion potential (Ecorr) are 
presented.  

According to the potentiodynamic polarization curves of 
Figure 5, the Ecorr of all coated Al samples is shifted towards 
more positive potentials compared to the untreated aluminum 
foils. Such a shift implements that all coated samples appear 
to have a stronger resistance to corrosion [34, 57]. In 
addition, all coated samples show a reduction of Icorr values 
compared to bare Al, where the Al samples coated with GOs 
are more pronounced. A summary of all the results presented 
in Figure 5 is given in Table 4 below.  

It seems that all Al foils coated with graphene materials act 
as a protective barrier, with the results consistent with those 
in literature [12, 34, 58, 59]. For all coated samples, the η 
values increase significantly compared to bare foil. Such 
behavior is even greater for the oxide-coated and modified 
graphene oxides (GOs) samples, reaching up to 96.1% for 
the rGO-coated sample. Such a performance is probably 
attributed to the packing of the GOs sheets together as a 
result of the coating process. 

 
Figure 5: Tafel curves obtained using H2SO4 0.5M as corrosion electrolyte for (a) the commercially available materials and (b) for the GRMs 
(GO, rGO, GO-Li and rGO-Li) applied on the bare Al foil.  

 

 

Figure 6: Tafel curves obtained using LiClO4 1M as corrosion electrolyte for (a) the commercial available materials and, (b) (c) for the GRMs 
(GO, rGO, GO-Li and rGO-Li) applied on bare Al substrate foil.  
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As for the commercially available samples, the sample with 
the lowest CR value is SC. It is noted that the values obtained 
cannot be completely compared due to differences in the 
initial aluminum substrate foil. However, they are higher than 
the GOs coatings produced in this work, which implies that 
the latter exhibit a superior anti-corrosion performance vis-à-
vis the current commercial products. As explained earlier, the 
examined commercial coatings contain high vacancies; thus, 
they are prone to pitting [24]. In fact, the corrosion rate for 
commercial samples seems to decrease as the surface 
coverage increases. 

In Figure 6, the corresponding potentiodynamic polarization 
curves for LiClO4 as a corrosion electrolyte are presented. 
The results of the analysis of these curves are summarized in 
Table 3, where CR, η, and Rp were calculated, respectively, 
and the values for the Ecorr and Icorr measurements of the 
samples were also recorded. The shift of the curves of the 
coated specimens to zero values is also evident in this case, 
indicating greater resistance to corrosion than the bare foils.  

Based on the results of Table 5, it is evident that the 
graphene materials employed are also acting as anti-
corrosion barriers. An increase in corrosion protection is 
observed for GOs samples, with the highest value (83.2%) 
obtained for the case of rGO, which can be again attributed to 
the higher packaging of the rGO layers on the completion of 
the reduction process [47].  

On the other hand, Li functionalized GOs show higher 
corrosion resistance in the aqueous electrolyte solution. 
However, the recorded Icorr values are higher compared to 
non-functionalized GOs. Such behavior implies that a 
reaction between the Li-functional groups with the ions of the 
non-aqueous electrolyte solution takes place. As for the 
commercially available samples, their performance is similar 
to those obtained with H2SO4, where SC has the lowest CR. 

The corrosion measurements with LiClO4 1M confirmed again 
that the graphene oxide-based coatings on Al foils produced 
in this work have clearly better anti-corrosion performance. 
This behavior confirms the fact that the continuity of the 
protective layer is one of the most critical parameters. As 
postulated elsewhere [51], the coating of the cathode 
electrode appears to be beneficial in increasing other 
parameters such as the charge-discharge cycles and 
providing good electrochemical performance. Thus, it can 
help the Al substrates be more stable as a cathode electrode 
and increase their service life.  

5. CONCLUSIONS 

GO, rGO, and functionalized GOs were coated on Al foils to 
study the degree of corrosion they can provide in aqueous 
(0.5 M H2SO4) and non-aqueous (1 M LiClO4) corrosive 
environments. In addition, commercial GRM coated Al foils, 

Table 4: Corrosion Results Obtained for all Samples Examined for the Case of H2SO4 0.5 M 

Sample  
 

Ecorr  
(mV) 

Icorr  
(µA cm-2) 

bc  
(V dec-1) 

ba  
(V dec-1) 

CR  
(mm yr-1) 

Rp  
(Ω cm-2) 

η  
(%) 

Bare Al  -615.5  117.9  0.259  0.814  1.286  724  0  

SA  -537.1  71.7  0.293  0.149  0.782  599  39.2*  

SB  -503.0  45.3  0.593  0.191  0.494  1385  61.6*  

SC  -465.8  44.0  0.389  0.219  0.479  1385  62.7*  

GO  -459.3  42.9  0.369  0.097  0.468  778  63.6  

rGO  -451.0  4.6  0.115  0.120  0.050  5566  96.1  

GO-Li  -408.4  7.8  0.192  0.086  0.085  3303  93.4  

rGO-Li  -398.7  11.6  0.112  0.137  0.126  2309  90.2  

*These values are obtained by using as a reference the bare Al. 
 

Table 5: Corrosion Results Obtained for all Samples Examined for the Case of LiClO4 1 M 

Sample 
Ecorr 
(mV) 

Icorr 
(µA cm-2) 

bc 
(V dec-1) 

ba 
(V dec-1) 

CR 
(mm yr-1) 

Rp 
(Ω cm-2) 

η 
(%) 

Bare Al -505.4 7.38 0.681 0.479 0.0805 16567 - 

SA -427.8 2.87 0.545 0.362 0.0313 32925 61.1* 

SB -335.1 2.97 0.579 0.481 0.0324 38362 59.7* 

SC -343.8 2.53 0.291 0.479 0.0276 30995 65.7* 

GO -204.7 2.19 0.363 0.340 0.0239 34812 70.3 

rGO -179.5 1.24 0.291 0.262 0.0135 48360 83.2 

GO-Li -285.5 2.31 0.442 0.380 0.0252 38414 68.7 

rGO-Li -227.4 2.42 0.353 0.350 0.0264 31569 67.3 
*These values are obtained by using as a reference the bare Al. 
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which are already used as electrodes in LIBs, were tested in 
parallel and under the same corrosive environments. From 
the morphological and spectroscopic characterization 
methods employed, it is evident that the GO coated samples 
provide a thin homogeneous coating up to 6 nm, in contrast 
to the commercial coated specimens investigated here, in 
which the graphitic materials form an inhomogeneous coating 
up to few µm, that contains pits and gaps in various locations.  

The corrosion behavior of the specimens was evaluated 
electrochemically by measuring the corrosion current density 
and potential and by subsequently estimating on both 
corrosive environments the corrosion rate, the polarization 
resistance, and protection efficiency factor. From the results 
obtained, it appeared that all coated specimens provided 
lower CR and higher Rs in comparison to the bare Al foil. 
However, the functionalized GOs showed better 
characteristics as a consequence of their coating on the Al 
foil, providing η values greater than 90% in H2SO4 and 80% 
in LiClO4, respectively. All these results substantiate our 
initial premise that functionalized GOs can be used as 
corrosion protection coatings of Al foils in LIBs applications. 
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