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A B S T R A C T

In this work the influence of graphene oxide (GO) coating on the corrosion inhibition of Al substrates (7049 alloy
with fifteen elements) in 0.6 M NaCl solution is reported. According to the Raman spectroscopy results GO was
formed on the Al. Surface morphology of both untreated Al and the GO coated Al (GO/Al) sample was studied by
atomic force microscope (AFM). AFM results showed that by coating the Al alloy surface with GO, the surface
becomes smoother and the needle like surface structure of Al changes to strains/lines of grains with valleys
between them. Corrosion resistance of the samples was studied by the electrochemical impedance spectroscopy
(EIS) which showed a great enhancement in the corrosion resistance of GO/Al sample relative to that of un-
treated Al (1237 times). The equivalent circuit for GO/Al sample, using the EIS data showed omission of in-
ductance element that obtained for the untreated Al sample. Further investigation on obtaining relationship
between corrosion inhibition and equivalent circuit elements was carried out.

1. Introduction

Aluminium and its alloys are used in excess in different industries
due to their lightness, sheer strength, electrical and high thermal con-
ductivity and corrosion resistance [1,2]. However, their use is limited
because of their low hardness and low resistance. When the surface of
Al is exposed to the atmosphere a thin oxide layer forms on the surface
which in fact protects it from further oxidation and also enhances its
corrosion resistance. However, when metals and in particular Al is ex-
posed to a polar environment/solvent (water or alcohol) or electrolyte
solution (salt, acid or alkali dissolved in water) the surface of metal
acquires electric potential because water polar molecules have a ne-
gative extra charge on the oxygen atom and a positive charge on the
hydrogen atoms, electric forces from water molecules and metal atoms
force the metallic ions to leave the metal and move towards the solution
as cations. This process is the mechanism of corrosion of a metal in the
presence of an electrolyte such as sea water.

The corrosion process is the interaction between a material, usually
a metal, and its environment that results in deterioration of the material
[3]. Hence, protection of metal surface from corrosion in different en-
vironments is of prime importance which may be achieved by different
coatings on the surface or surface modification using different methods
[4–6].

In recent years the researchers in the field of material science have

been attracted towards the use of graphene [7–11] as a coating can-
didate for corrosion inhibition of metals/materials because of its high
corrosion resistance which is due to strong coupling of carbon atoms in
two dimensional configurations that in turn makes it chemically inert
and thermally stable [12]. On the other hand, defect free graphene
monolayer is non-penetrable material for gases and liquids [13]. It also
shows high resistance against aggressive acids such as HF and ag-
gressive anions such as chloride, Cl− [14]. Perhaps the most important
property of graphene is that it transmits 97% of the incident visible
light [15]. This means that only a few atomic layer of graphene not only
can retain the original appearance of the object but also can enhance its
corrosion resistance remarkably. However, it is worthwhile to mention
that production of defect free graphene in large sizes for industrial
applications is a nontrivial and almost impossible task. Therefore, one
should seek a more achievable alternative. Different researchers have
shown that graphene oxide (GO) may be the best candidate because of
the strong interaction between metal surface and GO [16–18]. In ad-
dition, apart having two dimensional graphene plane structure, func-
tional groups such as epoxies and hydroxyls are also attached to these
planes which give additional super features to graphene [19].

Graphene oxide (GO) is used as a protective coating to inhibit the
corrosion of aluminum current collector used in lithium ion batteries
[20]. Dedkov et al. [21] reported that GO with a range of reactive
oxygen functional groups (polar in nature) can behave as negative
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charged species when exposed to an electrolyte (e.g., NaCl in this
work). Hence, the electrostatic repulsion between the negative charges
on GO and electrolyte anions (e.g.Cl− in this work) can impede the
access of the anions responsible for pitting corrosion to a metal surface.
All of the above mentioned properties of graphene oxide provide sui-
table condition for its use in the field of corrosion inhibition of metals.

In this work we have used GO coating on Al alloy to investigate the
degree of enhancement of corrosion inhibition of this alloy in 0.6 M
NaCl solution. GO was synthesized using the modified Hummers
method [18], then using the lift up method, GO was lifted by Al sample
from the solution and dried in an oven. Hence, Al was covered with GO.
Raman spectroscopy showed the proper formation of GO on Al alloy
(7049 with fifteen elements in its composition). Electrochemical im-
pedance spectroscopy (EIS) test was carried out on uncoated and GO
coated Al samples in 0.6 M NaCl solution that is considered in the lit-
erature as corresponding to the sea water NaCl concentration. Different
corrosion parameters were obtained from the simulated equivalent
circuits for the EIS results.

2. Experimental details

Commercial aluminum alloy as received (7049 with fifteen elements
in its composition) with 3 mm thickness were prepared in 20☓20 mm2

dimensions. The X-ray fluorescence (XRF) method (Philips PW2404)
was used to determine the composition of Al and data is given in
Table 1. The surface of Al samples were polished using emery papers
grades 600, 800, 1500, 3000 and 5000, respectively. After thorough
cleaning of the samples in ultrasonic bath with heated acetone then
ethanol, they were coated with graphene oxide using the lift up method;
graphene oxide was lifted by Al sample from the solution and dried in
an oven. This method is almost the same as that mentioned by Lin et al.
[22] as immersion and subsequent thermal treatment for obtaining
good adhesion of GO sheet on metals. This can be either due to the
existence of large amount of oxygen functional groups in a 2D GO sheet
which has strong adhesion to the hydrophilic surface [23] or due to the
chemical interaction between metal and GO sheets (metal and metal
ions can chemically bond with GO sheets) [24–26] where the positive
charge on the metal surface promotes the formation of the interaction.
In addition, many researchers have reported that hydrophobicity
strongly depends on the surface roughness [e.g., 27]. The AFM mea-
surement resulted in a surface roughness value of 10.76 nm for the Al
samples after polishing which indicates low surface roughness. Hence,
it can be assumed as hydrophilic surface. However, using the procedure
described in [27] a contact angle of 70.34° was obtained, for a droplet
of distilled water (10 mg) on the polished Al substrate (Fig. 1) which
confirms the hydrophilic behavior of Al surface used in this work. This
result agrees well with Moon et al.’s results [23]: GO sheet has strong
adhesion to the hydrophilic surface.

Table 1
Chemical composition of Al (7049) used in this work.

Element (wt%)

Ti Ga P Mn Ca K Cl S Fe Si Cr Cu Mg Zn

0.050 0.015 0.014 0.040 0.029 0.017 0.035 0.10 0.22 0.23 0.31 2.1 4.1 8.2

Fig. 1. Contact angle for a 10 mg distilled water on polished surface of Al.

Fig. 2. The obtained OCP values for the bare Al and GO coated Al.
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Graphene oxide was synthesized using the modified Hummers
method [18]. In this method 2 g of graphite powder, 1 g of NaNO3 and
46 ml of H2SO4 were mixed together, then the mixture was placed in an
ice bath until its temperature reduced to 10 °C. In the next step, 6 g of
KMnO4 was slowly added to the mixture so that the temperature of the
solution did not rise above 20 °C. The resulted solution was kept in a
fixed temperature of 35 °C for 12 h, then 92 ml of de-ionized water was
slowly added to the solution and 340 ml of H2O2 was added to the
obtained solution. Finally the solution was filtered using a suitable
filter. The filtered sediment was washed with de-ionized water and HCl
periodically so that no trace of acid remained in the remaining sedi-
ment. The obtained dough was dried at 65 °C for 24 h. 0.1 g of the re-
sulted graphite oxide was dispersed in 50 ml of de-ionized water and
was well stirred for 3 h, then the obtained solution was placed in an
ultrasonic bath for 2 h. In the last stage the graphene oxide solution was
placed in a fixed place for 48 h so that no movement occurs in it.

Thickness of the prepared GO sheet depends on the exfoliation step
in the mentioned Hummer’s method. In the method used in this work
the thickness of the obtained GO sheets varied between 1–4 nm corre-
sponding to 1–5 GO layer. The GO thickness is estimated from the
height profile of selected line(s) of selected area(s) of AFM images.

Surface physical morphology/nanostructure and roughness of the
samples was obtained by means of AFM (Nt-mdt scanning probe mi-
croscope, BL022, Russia; with low stress silicon nitride tip of less than
200 Å radius and tip opening of 18°) and FESEM (Hitachi S-4100 SEM,
Japan) analysis. Root mean square (rms) and average surface roughness
as well as average grain size of the samples were obtained from the 2D
AFM images using Nova and JMicroVision softwares, respectively.
Several samples were used in all analysis to guarantee reproducibility of
the results.

Electrochemical impedance spectroscopy (EIS) was performed using
a potentiostat coupled to PC (Ivium, De Zaale 11, 5612 A J Eindhoven,
Netherlands) with reference to the open circuit potential (OCP) (Fig. 2)
and in the frequency range of 100 KHz to 0.01 Hz with a voltage am-
plitude of 0.01 V with respect to the open circuit potential. The open
circuit potential was monitored for 1 h to obtain three electrode cell
stability before performing electrochemical test. The analysis of the
impedance spectra was performed using Zsim software and the
equivalent circuit fitted to the experimental data was obtained.

All measurements were performed at 298 K. An initial delay of one
hour for the samples to reach a steady state condition was considered
before electrochemical impedance spectroscopy (EIS) test.

Fig. 3. Raman spectrum of Al alloy (7049) coated with graphene oxide. a) shows the high intensity peaks and b) shows the low intensity peaks.
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In order to carry out this analysis only an area of 1 cm2 was exposed
to the 0.6 M NaCl corroding medium. The samples (working electrode)
were mounted in an inert fixture (polyamide). This allowed an elec-
trical contact to be supplied to the sample, without being influenced by
undesirable effects on the working electrode. A saturated calomel
electrode was used as a reference electrode and a platinum electrode

used as auxiliary one.
The Raman spectroscopy of the samples was carried out using the

(SENTERRA 2009 spectrometer, Germany) that uses a laser with
785 nm wavelength.

3. Results and discussion

3.1. Raman spectroscopy

Raman spectroscopy is a non-destructive technique that is widely
used to obtain structural information about carbon based materials
[28]. The Raman spectrum of graphene oxide on Al sample (GO/Al) is
given in Fig. 3 which confirms the formation of GO on Al. Two peaks
can clearly be observed (Fig. 3(a)) at 1314.32 cm−1 (D band) and

Fig. 4. 2D and 3D AFM images of; a, b) untreated Al alloy (7049) samples, c, d) Al alloy (7049) samples coated with graphene oxide.

Table 2
Average and Root mean square surface roughness obtained from AFM analyses.

Sample Rave (nm) Rrms (nm)

Al 10.76 14.38
GO/Al 5.51 6.9
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1594.69 cm−1 (G band) characteristics of structural imperfections cre-
ated by the attachment of oxygenated groups on the carbon based plane
and all sp2–hybridized carbon networks, originated from the first order
scattering from the doubly degenerate E2g phonon modes of graphite in
the Brillouin zone center, respectively [29–32]. It should be mentioned
that the position of the D peak depends on the energy of the laser used.
Higher the energy of the laser the higher Raman shift for the D peak is
observed [33]. In addition, the G peak also shifts towards red wave-
lengths by increasing the number of layers in the structure of GO [34].
The 2D peak (Fig. 3(b)) at 2620.84 cm-1 is a second order peak which
appears as a result of zone boundary phonons. Because zone boundary
phonons do not satisfy the Raman fundamental selection rules, they are
observed only in resonant conditions. The low intensity of the 2D band
in the spectra in Fig. 3 indicates the high number of defects in the
graphene coating, while combination of the D and G peaks leads to an
S3 peak at higher wavenumber of about 2910.32 cm-1.

3.2. AFM and FESEM

The surface morphology of Al and GO/Al samples were analyzed by

AFM. In Fig. 4 the 2D and 3D AFM images of the untreated Al and GO/
Al samples are given. AFM images of untreated Al sample (Fig. 4(a and
b)) show very small needle-like grain structures which are patched at
different areas of the surface and may indicate the bimodal distribution
of grains on the surface of the Al sample (see 2D image of this sample)
while after coating with GO (Fig. 4 (c and d)) larger grains are formed
with deep valleys between strains/lines of grains. Covering of the
needle-like patches of the untreated sample by GO should have filled/
covered the very small gaps between the needle-like grains and
smoothed these areas of the surface of the sample, while between these
areas groove like valleys are formed.

Average (Rave) and root mean square (Rrms) surface roughness re-
sults obtained from the AFM measurements for both untreated Al and
the GO/Al samples are given in Table 2. It can be seen that the surface
roughness is decreased when Al is coated with GO which can be the
result of the procedure mentioned above.

Fig. 5 shows different scale FESEM surface images of Al coated with
graphene oxide. Al surface scratches/grooves remained from polishing
process and wrinkles/kinks of graphene oxide can also be observed on
these images.

3.3. Electrochemical impedance spectroscopy

Results of electrochemical impedance spectroscopy (EIS) analysis of
the untreated Al sample and the GO/Al sample are given in Fig. 6. In
Fig. 6(a–c) the Nyquist plots, Bode and phase diagrams are given, re-
spectively. These plots can be related to the simulated equivalent cir-
cuits and the components of the equivalent circuits are indicative of the
physical, chemical or electrochemical process(s) in the corroding en-
vironment. It can be observed that the GO/Al sample show much better
corrosion behavior than the untreated sample.

In Fig. 6 the Nyquist plot of the untreated Al sample consists of two
semi-circles each of which are in different direction with respect to Z'
axis and are also formed above and below the zero value of –Z” axis.
The first semi-circle which is above zero axis of –Z” (which occurs at
higher frequencies) is indicative of capacitance behavior of the sample
(as a result of positive phase difference of 90° between current and
voltage), hence an RC circuit should explain this behavior with a con-
stant phase element called double layer capacitor CPEdl with an im-
pedance (charge transfer resistance) Rct [35]. The double layer capa-
citor is related to the interface between the metal and the solution
(NaCl) and is formed by the ions adsorbed on the metal electrode sur-
face, so that the charged metal electrode is separated from metallic ions
by an insulating space of a few angstroms. The value of this double
layer capacitor depends on several factors such as potential of the
electrode, temperature, ionic density of the electrolyte solution, type of
ions, and surface adsorption of impurities. The second semi-circle
which is below zero axis of –Z” (which occurs at lower frequencies) is
indicative of inductance behavior of the sample (as a result of negative
phase difference of 90° between current and voltage) RL at low fre-
quencies. The appearance of constant phase element semi-circle before
the inductance semi-circle is due to its smaller time constant. The
equivalent electric circuit for the untreated Al sample is given in
Fig. 7(a).

Interpretation of inductance behavior in the EIS spectrum is one of
the most difficult problems for corrosion systems. However, it is be-
lieved that the inductive loop observed is associated with the weak-
ening of the protective effectiveness of the aluminum oxide layer due to
the anodic dissolution of aluminum alloy [36].

Further and more careful analyses of the results may be achieved
from the Bode and phase diagrams which can be obtained from the best

Fig. 5. FESEM images of the surface of Al alloy (7049) samples coated with
graphene oxide.
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Fig. 6. a, b and c) Experimental Nyquist, Bode and phase diagrams for Al, and Al coated with graphene oxide samples, respectively.

Fig. 7. Electrical equivalent circuits of; a) untreated Al alloy (7049) and, b) graphene oxide coated Al alloy (7049) samples.
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fit procedure between experimental and the equivalent circuit.
The Bode diagram of the untreated Al sample in Fig. 6(b) shows that

at high frequencies the impedance is almost constant while the phase
diagram of this sample (Fig. 6(c)) at high frequencies decreases. These
results are indicative of a resistance response and show that a resistance
due to presence of electrolyte solution (i.e., NaCl solution) is acting on
the system as Rs.

The Nyquist plot of GO/Al sample (Fig. 6(a)) shows two semi-circles
above the zero axis of –Z”. The first semi-circle has a very small radius
and does not reside on the horizontal axis. These characteristics can be
related to the deviation of ideal capacitor behavior and assigned as
constant phase element and we show it by CPE. The equivalent electric
circuit for the GO/Al samples can be designed as shown in Fig. 7(b).
The electrolyte resistance is represented by Rs, the metal/electrolyte
interface is represented by a capacitance CPEdl, and a resistance (charge
transferred resistance) Rct, while the surface coating is represented by a

constant phase element CPE and a pore resistance Rpo.
In Table 3 the quantities obtained from the fitting of equivalent

circuits of Fig. 7 to the experimental results are given. These values are
obtained using the simulation procedure by the aim of Zsim software.
These results show that by coating of Al with GO the inductance values
of the equivalent circuit (Fig. 7(a)) disappeared while the charge
transfer resistor Rct, increased relative to the untreated Al. In Fig. 8
results of fitting procedure to the experimental data (Nyquist plots)
clearly confirm this analysis.

4. Conclusion

Graphene oxide was prepared using Hummers’s method and used as
a coating for the Al (7049 alloy with fifteen elements) surface. AFM
analysis of the surface of untreated Al and GO coated Al (GO/Al)
showed improvement of the surface roughness of Al after GO coating by
a factor of 2. The EIS and the results of simulation for the equivalent
circuits showed an inductance element for the untreated Al which was
disappeared after GO coating of the Al sample. A high degree of cor-
rosion enhancement (a factor of 1237 times) was achieved for GO
coated Al sample relative to the untreated Al.
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Table 3
Electrochemical parameters of Al (7049) and GO/Al samples subjected to cor-
rosion test in 0.6 M NaCl, obtained from the simulation procedure using the
Zsimsoftware.

GO/Al Al

34.9 26.5 Rs (Ω. cm2)
14 × 10−6 34.5 × 10−6 CPEdl (F. cm−2)
0.68 0.88 n
61860 50 Rct (Ω. cm2)
25 × 10−6 – CPE (F. cm−2)
0.47 – n
274 – Rpo(Ω. cm2)
– 100 L (H. cm2)
– 900 RL (Ω. cm2)

Fig. 8. Nyquist diagrams of untreated Al alloy (7049) and graphene oxide coated Al alloy (7049). (Solid line) experimental; (dashed line) simulation.
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