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Abstract. In this study, one-step electrodeposition method was used to achieve a superhydrophobic and superoleophilic
coating. Since the obtained coating was magnetic, superhydrophobic and superoleophilic, it was evaluated from the
viewpoint of anti-corrosion and oil cleanup applications. The Fourier transform infrared spectra (FTIR) and X-ray
diffraction (XRD) results indicated that the superhydrophobic surface was composed of c-Fe2O3 and Fe(CH3(CH2)12COO) compositions. The water and oil contact angles on the coating were as large as 160 and approximately 0,
respectively. Using the potentiodynamic polarization test, it was found that the corrosion rate of the superhydrophobic
surface was reduced by more than five orders of magnitude than the bare carbon steel in NaCl solution. The electrochemical impedance spectroscopy results demonstrated that the total impedance of the superhydrophobic surface significantly increased when compared to the bare carbon steel. Moreover, a powder was obtained by detaching the coating
from the surface. The resulting powder was superhydrophobic and superoleophilic and also had magnetic properties. The
results showed that the polyurethane sponge modified by the obtained powder could separate oil from water.
Keywords.
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Introduction

Preventing the corrosion of metals, especially steel, is of
crucial importance since steel is among the more practical
alloys in the industry. Different techniques have been used
to protect steel from corrosion and material loss decrease.
Superhydrophobicity is a promising phenomenon that could
be used to hinder the corrosion of steel. Superhydrophobicity has been discovered in nature, such as lotus leaves,
butterfly wings, as well as strider legs and can be attained
by a combination of low surface energy and multi-scaled
hierarchical surface structure [1,2].
Inspired by the natural phenomena, fabricating a superhydrophobic surface and, consequently, decreasing the
contact area between the corrosive medium and the substrate can effectively decrease the corrosion phenomena. In
addition to the anti-corrosion property, the superhydrophobic surface has other applications, such as self-cleaning,
anti-icing, oil/water separation, anti-biofouling, drag
reduction, etc. A surface with the water contact angle
(WCA) [ 150 and the sliding angle (SA) \ 10 is considered as a superhydrophobic surface. Due to the larger
WCA and smaller SA, a water droplet takes on a near-

spherical shape, slides downward, and results in a nonwetting state [3,4].
Various methods have been used to obtain superhydrophobic surfaces; however, most of them are complex
and time-consuming and also use expensive materials.
Electrodeposition is a simple and cost-effective method,
which has been used to obtain superhydrophobic surfaces
[5]. Chen et al [6,7] reported the fabrication of superhydrophobic Ni myristate and Mn myristate by one-step
electrodeposition method on a copper substrate using the
solution containing NiCl2 and MnCl2, respectively.
Oil/water separation is another application of superhydrophobic materials. The development of industry has led to
oil spills, which can be harmful to the environment and
threaten the human health. Some strategies have used Fe3O4
as the magnetic material to obtain a magnetic superhydrophobic and superoleophilic sponge [8,9]. Developing a
facile and cost-effective method to fabricate a magnetic
superhydrophobic and superoleophilic sponge is of paramount importance.
In this study, a rapid one-step electrodeposition method
with inexpensive materials was used to fabricate a superhydrophobic and superoleophilic coating on a steel
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substrate. Direct current was applied between two steel
electrodes in an alcoholic solution containing only stearic
acid. The purpose of this research is to prepare a superhydrophobic corrosion-resistant surface and a magnetic
superoleophilic sponge. The anti-corrosion property of the
superhydrophobic and superoleophilic coating was examined using Tafel extrapolation method and electrochemical
impedance spectroscopy (EIS). The magnetic superhydrophobic and superoleophilic powder was prepared by
detaching the coating from the substrate. The modified
polyurethane sponge by the obtained powder was examined
to separate oil from water. A noteworthy point in this study
is the non-use of Fe3O4 and eliminating the complex steps
of making Fe3O4 hydrophobic.

2.
2.1

Material and methods
Materials

Stearic acid (analytical grade) was used as received. St37
steel with the chemical composition of C 0.07, Mn 1.76, Si
0.1, Ni 0.154, Cr 0.016, Mo 0.2, V 0.005, Cu 0.243, Al
0.027, S 0.005, P 0.018 and Fe balance (all in wt%) was
obtained from a local store. Specimens with the dimension
of 10 9 10 9 1 mm3 were mounted into a polyester resin
and, then, sequentially ground by emery papers up to 800
grits. Next, they were cleaned in a detergent and acetone
using an ultrasonic bath, rinsed with deionized water, and
dried with a hairdryer.
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MDKB, Iran, Magnetic Daghigh Kavir) in the magnetic
field of ± 14 kOe. The corrosion properties of the superhydrophobic surface were evaluated using potentiodynamic
polarization and EIS at the ambient temperature in the
3.5 wt% NaCl solution. The electrochemical tests were
carried out using an Autolab potentiostat (PGSTAT204)
controlled by Nova (ver. 1.11) software. A three-electrode
system with the Ag/AgCl electrode as the reference electrode, Pt sheet as the counter electrode, and the sample with
the exposed area of 1 cm2 as the working electrode, was
employed for the electrochemical tests. Prior to the electrochemical measurements, the samples were kept in the
3.5 wt% NaCl solution for 10 min to stabilize the open
circuit potential (OCP). The potentiodynamic polarization
curves were subsequently measured at the scanning rate of
0.1 V s-1 from – 300 to ? 300 mV with respect to the
OCP. The corrosion potential (Ecorr) and corrosion current
density (icorr) were obtained using the Tafel extrapolation
method. EIS was performed at OCP in the frequency range
of 100 kHz–0.1 Hz with the AC sine wave perturbation of
10 mV. The EIS data were analysed in NOVA (ver. 1.11)
software. The experimental EIS spectra were interpreted on
the basis of equivalent electrical analogues using NOVA
(ver. 1.11) program to obtain the fitting parameters.

2.4 Preparing magnetic superhydrophobic
superoleophilic sponge

Stearic acid (0.56 g) and two droplets of HCl were added to
ethanol (20 ml) to form an electrolytic solution. Two
cleaned specimens of St37 steel were used as the anode and
cathode electrodes. A direct current (DC) at the constant
potential of 30 V was applied between two electrodes for 1
and 5 min. Then, the coated specimen was held in an oven
at 80C for 30 min.

The coating was scratched and separated from the substrate
and, then, ultrasonically dispersed in ethanol. The result was
a superhydrophobic, superoleophilic and magnetic powder.
A piece of polyurethane sponge (1.0 cm 9 1.0 cm 9 1.0
cm) was ultrasonically cleaned with ethanol and distilled
water for 30 min. Then, the sponge was dried in an oven at
60C. The cleaned sponge (0.06 g) was dipped into a dispersion of the obtained powder (0.1 g) in ethanol (50 ml)
under ultrasonic agitation for 10 min, followed by drying in
an oven at 80C for 10 min. The prepared sponge was used
to absorb the engine oil dyed with Oil red O from the
surface of water.

2.3

3.

2.2

Preparing superhydrophobic surface

Characterization

The obtained surface was characterized by means of the
scanning electron microscope (SEM) (VEGA\\TESCANLMU), Atomic force microscope (AFM, Ara Research Co.,
0101/A), Fourier transform infrared spectra (FTIR, Spectrum Two, USA, Perkin Elmer), X-ray diffraction (XRD,
X’PertPro, Panalytical), contact angle measurements,
potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) techniques. Contact angle measurements were performed using IRASOL (CA-500A) with
a 3 ll water droplet as the indicator. The magnetism was
studied using a vibrating sample magnetometer (VSM,

Results and discussion

To obtain a superhydrophobic surface, a hierarchical surface morphology with low surface energy should be prepared [10]. In this study, a simple method, i.e.,
electrodeposition without using a complex solution was
used to obtain a superhydrophobic surface (Multimedia S1).
Figure 1a indicates both carbon steel substrate and superhydrophobic brown coating on the substrate. Electrodeposition was carried out at the constant potential of 30 V for 1
and 5 min. AFM was used to evaluate the surface roughness
of the coatings. The roughness of the coatings was not
measured. The reason is that the height of the
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Figure 1. (a) Camera image of the coated sample. SEM image of the electrodeposited sample at the constant
potential of 30 V for (b) 1 and (c) 5 min.

microstructures of the coating exceeded the Z scanning
range of AFM. Therefore, the roughness of the coatings was
in the micrometre range. Figure 1b and c indicates the SEM
images of the electrodeposited surfaces for 1 and 5 min,
respectively. Figure 1 shows the surface morphology in
different magnifications. Generally, both samples demonstrated a hierarchical micro-nano structure which was a
prerequisite for superhydrophobicity. Although the general
surface morphology was the same for both samples, there
was a slight difference between them in the nano scale.
Nanoplatelets were obvious in the sample electrodeposited
for 1 min, whereas porous nanoparticles were detectable in
the sample electrodeposited for 5 min.
The surface chemical composition of the sample was
characterized using the FTIR and XRD techniques. To
eliminate the effect of carbon steel substrate in the XRD
pattern, the superhydrophobic coating was scratched and
collected to take the XRD test. Figure 2 shows the
diffraction pattern of the superhydrophobic coating. As it is
obvious from the diffraction pattern, three characteristic
diffraction peaks were observed at 2h values of 21.5, 34.3
and 43.4 corresponding to the reflections from the (200),
(310) and (400) planes, respectively. The diffraction peaks
were in good agreement with c-Fe2O3 (maghemite) with the

Figure 2. XRD pattern of the superhydrophobic coating
electrodeposited at the constant potential of 30 V for 1 min.

cubic structure (ref. code 00-004-0755). Chemical composition analyses of the coating were studied by FTIR.
Figure 3 indicates the FTIR spectra of stearic acid and the
prepared coating. Plots a and b are related to the FTIR
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spectra of stearic acid and the prepared coating, respectively. In plots a and b, the two adsorption peaks at 2919
and 2850 cm-1 in the high-frequency region belong to
methylene- and methyl-symmetric stretches, respectively.
The peak at 1701 cm-1 in plot a in the low-frequency
region was no longer present in plot b and became 1532 and
1460 cm-1 corresponding to the symmetric and asymmetric
stretches of –COO group, respectively [6,11–13]. Based on
the FTIR and XRD analyses, it can be deduced that the
prepared coating had the composition of c-Fe2O3 and
Fe(CH3(CH2)12COO)2, and existence of the –CH3 and
–CH2– groups significantly reduced the surface free energy
of the coating and made it superhydrophobic. Based on the
XRD and FTIR results, the following mechanism could be
expressed. When the DC voltage was applied to the two
carbon steel electrodes, an oxidation reaction occurred at
the anode surface and Fe2? ions were produced. At the
cathode surface, three reduction reactions occurred simultaneously and resulted in the porous micro-nano morphology with superhydrophobicity [6,11]. The reaction
processes can be formulated as follows:
Fe ! 2e þ Fe2þ
Fe2þ þ 2e ! Fe
Fe

ðAnode surfaceÞ;
ðCathode surfaceÞ;

ð1Þ
ð2Þ

2þ

þ 2CH
 3 ðCH2 Þ12 COOH

! Fe CH3 ðCH2 Þ12 COO 2 þ2Hþ
ðCathode surfaceÞ;

2Hþ þ 2e ! H2

ðCathode surfaceÞ:

ð3Þ
ð4Þ

After electrodeposition, the prepared coating was put into
an oven at the temperature of 80C for 30 min. This heat
treatment process oxidized the Fe particles and transformed
them into the c-Fe2O3 composition [14].
Contact angle measurements were used to study the
surface wettability of the electrodeposited coating. Figure 4
shows the images of (a) water, (b) formamide and (c) diiodomethane droplets on the coating. The contact angles
were determined using the drop analysis plugin of ImageJ
software. The contact angle of the three different liquids
(polar and non-polar) was measured to obtain the surface
free energy of the superhydrophobic surface. The contact
angle of water, formamide and diiodomethane was determined to be 161, 157 and 104, respectively. The superhydrophobic behaviour of the coating can be explained by
the Cassie–Baxter model in which water droplet was held
by the heterogeneous composite surface in micro-nano
structures composing c-Fe2O3, Fe(CH3(CH2)12COO)2 and
air trapped inside these structures.
Steel is rusted in corrosive media, thereby imposing costs
associated with corrosion to the economy of society.
Therefore, the corrosion protection of highly used steel is of
paramount importance [15]. Superhydrophobicity is an
interesting phenomenon with numerous applications.
Superhydrophobic coatings on the metal surfaces reduce the
affinity of water, thereby preventing the contact of corrosive
media with the substrate. As a result, the metal surface is
protected from corrosion [16]. In this study, a superhydrophobic coating was prepared on the mild steel using the

Figure 3. FTIR spectra of (a) stearic acid and (b) the prepared coating.
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Figure 4. Droplet of three different liquids on the superhydrophobic surface electrodeposited for 1 min; (a) water,
(b) formamide and (c) diiodomethane.

one-step electrodeposition method to protect the mild steel
surface from corrosion. The potentiodynamic polarization
and EIS techniques were employed to examine the corrosion properties of the superhydrophobic coating. icorr, Ecorr
and polarization resistance are important parameters to
evaluate the anti-corrosion performance of materials, as
higher polarization resistance, lower icorr, and positive Ecorr
values indicate higher anti-corrosion properties [17].
Figure 5 indicates the potentiodynamic polarization curves
vs. the potential of bare carbon steel and the superhydrophobic surface. Before the electrochemical measurements, the samples were stabilized in 3.5 wt% NaCl
solution for 30 min and the steady-state open circuit
potential was determined. As is obvious from figure 5, there
was a significant shift in the Ecorr of the superhydrophobic
coating to more positive values and the icorr of the superhydrophobic coating to lower values than those of carbon
steel. The corrosion data of bare carbon steel and the
superhydrophobic surface were obtained from the polarization curves using NOVA software and are listed in
table 1. The corrosion rate of superhydrophobic coatings
decreased by two and three orders of magnitude and the
polarization resistance increased by three orders of magnitude compared with those of the bare carbon steel. Moreover, the Ecorr of superhydrophobic coatings increased

Figure 5. (a) Potentiodynamic curves of bare carbon steel and
the superhydrophobic coatings electrodeposited at the constant
potential of 30 V for (b) 1 and (c) 5 min.

about 600 mV towards the positive values compared with
that of the bare carbon steel.
EIS studies were performed to evaluate the corrosion
protection ability and quantify the corrosion-resistant performance of the superhydrophobic surface. Figure 6 depicts
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Corrosion data of bare carbon steel and superhydrophobic coatings.
OCP
(V)

Carbon steel
– 0.51
Superhydrophobic - 30V – 1 min
0.04
Superhydrophobic - 30V – 5 min
0.09

Ecorrosion (mV)

icorrosion

Corrosion rate
(mm year-1)

Rp

– 582
35.9
87.8

5.63 lA cm-2
12.19 nA cm-2
7.62 nA cm-2

0.065
0.00014
0.000088

10.26 KX
6.57 MX
19.12 MX

the Nyquist plots recorded for bare carbon steel and the
superhydrophobic surface in 3.5 wt% NaCl solution. The
inset of figure 6 demonstrates the enlarged Nyquist plot of
the bare carbon steel. The Nyquist plot of the bare carbon
steel substrate exhibits a single capacitive loop with low
impedance, whereas the superhydrophobic surface demonstrates a semicircle with high impedance. To understand the
mechanism of the corrosion behaviour, the experimental
data were fitted by the appropriate equivalent electric circuits in NOVA software. The equivalent circuit related to
bare carbon steel consisted of the solution resistance (Rs)
and charge transfer resistance (Rct) in parallel with the

Figure 6. Nyquist plots of bare carbon steel (enlarged) and
superhydrophobic surfaces in 3.5 wt% NaCl solution.

Figure 7.

ba
bc
(mV dec-1) (mV dec-1)
88.53
185.05
346.87

267.01
184.15
324.64

double-layer capacitance (figure 7). As shown in figure 7, a
model of [R([R(RQ)]C)] was used to fit the EIS data of the
superhydrophobic surface, in which Rs is the solution
resistance; Cc is the capacitance of the coating (depending
on factors, such as film thickness and defect structure) and
Qdl is the constant phase element representing the capacitance of the double layer; Rpo could be related to the
resistance of the ion-carrying pathways in the coating (depending on the pore dimensions); and Rct is the charge
transfer resistance, simulating the electrochemical process
at the metal interface. The admittance of constant phase
element (Qdl) is given as Y0(jx)n, where j is the imaginary
number, j = (- 1)0.5, x is the angular frequency, x = 2pf,
Y0 is a constant, and n varies between 0 and 1, 1 for ideal
capacitive behaviour and 0 for ideal resistive behaviour.
According to the Nyquist plot (figure 6) and table 2, the
charge transfer resistance of the superhydrophobic surface
was four orders of magnitude higher than that of the bare
carbon steel, indicating that the superhydrophobic sample
had excellent corrosion resistance.
It is believed that low surface energy and surface
roughness are the main factors contributing to the superhydrophobicity of the surface. Air is trapped within the
grooves and hinders the penetration of the corrosive media
toward the substrate. Moreover, the contact area of the
corrosive media with the surface is considerably reduced in
the superhydrophobic samples. Therefore, the superhydrophobic surface reduces the contact area, prevents the
penetration of the corrosive solution, and so inhibits the
corrosion of the underlying steel. Using the charge transfer
resistance of the superhydrophobic sample (Rct) and bare

(a) Equivalent circuits of bare carbon steel and (b) superhydrophobic surface.
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Parameters obtained by fitting the equivalent electric circuit.

Carbon steel
Superhydrophobic - 30 V - 1 min
Superhydrophobic - 30 V - 5 min

Figure 8.

Rs
(X)

Rct
(kX)

Cdl
(lF)

Qdl
(pS)

Rpo (kX)

Cc
(pF)

11.5
—
—

1.12
10,500
10,800

134.7
—
—

—
684 (n = 0.79)
690 (n = 0.77)

—
20.4
25.3

—
156
105

SEM image of the modified sponge and a droplet of water on the modified sponge.

carbon steel (Rct0), the inhibition efficiency of the superhydrophobic surface can be calculated by the following
equation [18]:
Rct  Rct0
IE ¼
 100:
ð5Þ
Rct
The inhibition efficiency of the superhydrophobic surface
was calculated to be 99.99%, indicating the superior corrosion protection performance of the obtained superhydrophobic surface.
The coating was detached from the surface and a magnetic
superhydrophobic and superoleophilic powder was obtained.
A polyurethane sponge was modified by the obtained powder
and a superhydrophobic and superoleophilic sponge was
obtained (Multimedia S2). Figure 8 shows the SEM images
of the modified sponge and a droplet of water on the superhydrophobic sponge. According to the contact angle measurement, the water and oil contact angles of the sponge were
151 and * 0, respectively, suggesting that the surface was
superhydrophobic and superoleophilic.
The magnetic property of the modified sponge was
measured by VSM at room temperature. As shown in

figure 9, the magnetic hysteresis loops of the modified
sponge displayed paramagnetic behaviour from 14000 to

Figure 9. Magnetic hysteresis curve of the magnetic sponge at
room temperature.
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Figure 10. Optical images of the cleanup of engine oil (stained with oil red O) from water using
the superhydrophobic and superoleophilic sponge.

-14000 Oe. To qualitatively prove the oil absorption ability
of the modified sponge, one experiment was conducted
using the engine oil in red colour dyed with oil red O as an
oily model. It was found that the modified sponge displayed
high water repellency and floated on the surface of water
(figure 10). When the modified sponge approached the red
oil, the oil was rapidly absorbed into the sponge. After
removing the sponge from the water, no trace of the dyed
oil could be seen on the surface of the water. The sponge
could also be used again after squeezing or distilling it and
removing the oil. Therefore, the sponge that could be
recycled is to be used for oil separation applications.
Moreover, the magnetic property of the sponge made it
possible to magnetically remove it after absorbing the oil.
As a result, the recyclability of the sponge and the magnetic
separation made it a promising candidate for oil cleanup
applications [19,20].

4.

Conclusion

In this study, a superhydrophobic coating and a magnetic
superoleophilic powder were prepared by the one-step
electrodeposition method for anti-corrosion and oil cleanup
applications, respectively, and the following results were
obtained:
• XRD and FTIR results showed that the superhydrophobic coating was composed of c-Fe2O3 and
Fe(CH3(CH2)12COO)2 compositions.

• The water and oil contact angles on the coating
electrodeposited for 1 min were 161 and 0, respectively, demonstrating the superhydrophobicity and
superoleophilicity.
• The potentiodynamic polarization and EIS results
indicated that the corrosion resistance of the coating
increased by five orders of magnitude compared with
the bare carbon steel.
• A magnetic superoleophilic sponge was made by
modifying it by the obtained powder.
• The magnetic superoleophilic sponge was used to
separate oil from water.
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