
coatings

Article

Super-Hydrophobic Co–Ni Coating with High
Abrasion Resistance Prepared by Electrodeposition

Yanpeng Xue 1,*,†, Shuqiang Wang 1,†, Peng Bi 1, Guochen Zhao 2 and Ying Jin 1,*
1 National Center for Materials Service Safety, University of Science and Technology Beijing,

Beijing 100083, China; s20171185@xs.ustb.edu.cn (S.W.); s20161187@ustb.cn (P.B.)
2 Shandong Provincial Key Laboratory for High Strength Lightweight Metallic Materials, Advanced Materials

Institute, Qilu University of Technology (Shandong Academy of Sciences), Jinan 250000, China;
zhaogch@sdas.org

* Correspondence: yanpengxue@ustb.edu.cn (Y.X.); yjin@ustb.edu.cn (Y.J.)
† These authors contributed equally to this work.

Received: 19 February 2019; Accepted: 29 March 2019; Published: 2 April 2019
����������
�������

Abstract: Although super-hydrophobic surfaces have great application prospects in industry, their
preparation cost and mechanical durability have limited their practical utilization. In this work,
we presented a new low-cost process preparation for super-hydrophobic Co–Ni coating on carbon
steel substrate via an electrodeposition route. The deposited Co–Ni coating with cauliflower-shaped
micro-nano structures exhibited high super-hydrophobic properties with water contact angles over
161◦ after modification with 1H,1H,2H,2H-Perfluorooctyltrichlorosilane (PFTEOS). Evaluated by the
linear abrasion methods, the super-hydrophobic coating can maintain super-hydrophobicity after
abrasion distance of 12 m under the applied pressure of 5 kPa, which was attributed to the high cobalt
content of the Co–Ni coating. Moreover, electrochemical tests showed that the super-hydrophobic
Co–Ni coatings exhibited a good anti-corrosion performance thus providing an adequate protection
to the carbon steel substrates.

Keywords: electrochemical deposition; Co–Ni coating; super-hydrophobic surface; mechanical
durability; corrosion protection

1. Introduction

Biomimetic materials with hierarchical structures, which are compatible with environmental
requirements, have become a major concern in the scientific community recently [1,2]. It is well
known that many naturally occurring surfaces, including lotus leaves and water striders, possess
super-hydrophobic and self-cleaning properties, having water contact angles (WCA) greater than
150◦ and a small contact angle hysteresis of less than 10◦ [3,4]. Super-hydrophobic coatings have
received extensive research attentions due to their potential applications in corrosion protection [5],
anti-icing [6], water/oil separation [7] and drag reduction [8]. Generally speaking, the wetting property
of a solid surface is determined by the combination of chemical compositions and microstructures. To
fabricate the super-hydrophobic surface, a large number of techniques have been developed, such as
etching [9], femtosecond laser machining [10], chemical vapor deposition [11], anodic oxidation [12] and
colloidal coating [13]. Certain fabrication techniques to develop super-hydrophobic surfaces have been
limited in industrial applications because they are relatively expensive and time-consuming. Generally,
the electrodeposition method represents a lower cost technique being well adapted towards industrial
applications so that it is considered suitable to be applied to build large-area super-hydrophobic
surfaces [14].
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Until now, in spite of the various preparation techniques, the commercialization of
super-hydrophobic surfaces have been significantly limited due to their poor mechanical abrasion
resistance and surface chemical stability, as well as the fragility of their microscopic roughness
features [15]. Mechanical strength and durability of super-hydrophobic coatings are, therefore,
of considerable focus in recent studies [15,16]. The robust super-hydrophobic coating of contact
angle above 163◦ was fabricated by She et al. on a magnesium alloy substrate via the combination
of electrodeposition and chemical modification technique [17]. After mechanical abrasion for 0.7 m
with the 800 grit SiC sandpapers under applied pressure of 1.2 kPa, the as-prepared sample with
pinecone-like hierarchical structure could maintain the contact angle above 150◦ [17]. Electrodeposition
of Mg–Mn–Ce magnesium plate in the ethanol solution of cerium nitrate and myristic acid was
used by Liu et al. to construct a super-hydrophobic surface with a maximum contact angle of
158◦ that lose the super-hydrophobicity after abrasion for 0.4 m under the pressure of 1.3 kPa [18].
A super-hydrophobic Ni coating with pinecone-like hierarchical micro-nanostructure was prepared by
Su et al. [19], which involved electroplating in a Watts bath and heat-treatment with triethoxysilane
(AC-FAS). The deposit was found to possess super-hydrophobicity and a good mechanical abrasion
resistance after mechanical abrasion against 800 grit SiC sandpaper for 1.0 m under the pressure
of 4.80 kPa [19]. Jain et al. [20] prepared a durable copper-based super-hydrophobic surface with
cauliflower shaped fractal morphology via an electrodeposition route which lost its non-wetting
nature after being dragged on 800 grit sandpaper for a distance of 2.0 m under the applied pressure
of 3 kPa. Tam et al. fabricated super-hydrophobic nanocrystalline Ni–PTFE composite coating by
co-electrodeposition process [21]. On the 800 grit sandpaper, the water contact angle of the Ni–PTFE
composite coating can remain above 150◦ after 50 m of abrasion under the applied pressure of
2.0 kPa [21]. Until now, the abrasion resistance of super-hydrophobic surfaces is still not satisfactory,
thus more research attention should be paid to improve its mechanical durability.

In this work, robust super-hydrophobic Co–Ni coating with cauliflower-shaped micro-nano
structures was fabricated on carbon steel via a low-cost electrochemical deposition process. In the
linear abrasion test, the super-hydrophobic properties can be maintained after abrasion distance of
12 m under the applied pressure of 5 kPa, which was significantly improved compared with the
previous reports [19,20]. Moreover, electrochemical tests demonstrated that the super-hydrophobic
Co–Ni coating possessed good corrosion resistance for carbon steel substrate.

2. Materials and Methods

Nickel chloride (NiCl2), cobalt chloride (CoCl2) and boric acid (H3BO3) were bought from Sino
pharm Chemical Reagent Co., Ltd. (Beijing, China). The low surface energy material (1H,1H,2H,2H-
Perfluorooctyltrichlorosilane, PFTEOS) was provided from Beijing Bai Ling Wei Technology Co., Ltd.
(Beijing, China). The chemical reagents were of analytical grade and used as-received.

A conventional three electrode configuration was used to prepare the samples. Carbon steel
substrate in a square shape was used as working electrode. A platinum sheet with a size of 30 × 30 mm2

worked as counter electrode while saturated calomel electrode (SCE) was used as the reference electrode.
Before electrochemical deposition, the carbon steel substrate was sealed in epoxy with an exposed
surface area of 1 cm2. Afterwards, it was mechanically polished down to 2000 grit size by SiC
sandpapers and rinsed with deionized water. The mixed solution was selected based on our previous
report [22] and improved for the purpose of abrasion resistance. The solutions with CoCl2 (0.1 mol/L),
NiCl2 (0.03 mol/L) and H3BO3 (0.1 mol/L) were prepared and used directly. The cyclic voltammograms
of carbon steel were recorded in the solution of CoCl2 0.1 mol/L + H3BO3 0.1 mol/L, NiCl2 0.03 mol/L +

H3BO3 0.1 mol/L, CoCl2 0.1 mol/L + NiCl2 0.03 mol/L + H3BO3 0.1 mol/L with a scan rate of 10 mV/s.
The Co–Ni coatings were deposited at a constant potential of −1.0, −1.4 and −1.7 V for 3000 s at
room temperature in mixed solution CoCl2 0.1 mol/L + NiCl2 0.03 mol/L + H3BO3 0.1 mol/L. After
electrochemical deposition, the as-prepared samples were treated with 5 wt.% PFTEOS ethanol solution
for 1 h at room temperature, then rinsed and dried for investigations.
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To test the wetting property of the as-prepared samples, the water contact angle and water
sliding angle (WSA) were measured by an Automatic Contact Angle Meter (Model SL150 Series, USA
KINO, Boston, MA, USA) at ambient temperature using 5 and 12 µL distilled water, respectively.
During the measurement of water sliding angle, the inclination of the slope was controlled by the
cornering device. For accuracy, the different samples were measured under the same condition for
three times in order to obtain the average values reported. The surface morphologies of all samples
were obtained by scanning electron microscope (SEM, EVO MA 25/LS 25, Carl Zeiss, Opokochen,
Germany). The chemical compositions and chemical states of the top coating surface were characterized
by EDS (X-flash-Detector 5010, Bruker, Karlsruhe, Germany) and X-ray photoelectron spectrometer
(XPS, Kratos Axis Ultra DLD, Kratos Analytical, Hadano, Japan). The linear abrasion test with
800 grit SiC sandpaper was carried out to evaluate the mechanical durability of the as-prepared
samples [23]. The laser scanning confocal microscopy (LSCM, LEXTOLS4000 OLYMPUS, Tokyo, Japan)
was employed to investigate the surface roughness of the as-deposited coatings.

The electrochemical corrosion resistance was evaluated by a conventional three electrode system,
in which the as-prepared sample, a platinum plate and a saturated calomel electrode (SCE) were used as
the working electrode, counter electrode and reference electrode, respectively. The test was conducted
with an electrochemical workstation (Gamry-Reference 3000, Gamry Instruments, Warminster, PA,
USA) in 3.5 wt.% NaCl solution at room temperature. The potentiodynamic polarization curves were
recorded from −1.3 to 0.0 V with a scan rate of 0.5 mV/s. The Tafel extrapolation method was used to
extract the corrosion potential (Ecorr) and corrosion current density (Icorr) from the polarization curves.
Electrochemical impedance spectroscopy (EIS) measurements were performed at open circuit potential
(OCP) under the employed amplitude signal of 5 mV in the frequency range from 105 to 10−2 Hz.
Software ZSimpWin (version 3.3) was utilized to fit the obtained impedance data.

3. Results and Discussion

3.1. Surface Morphology of the As-Deposited Co–Ni Coating

In order to determine the applied deposition potentials, the cyclic voltammograms of carbon
steel were recorded with a scan rate of 10 mV/s in different solutions (Figure S1). Accordingly,
the applied potentials for metal electrodeposition should be more negative than its equilibrium
potential. The higher over-potential will lead to larger deposition driving force, which will favor the
formation of hierarchical structures. Figure 1 shows typical morphologies of the bare carbon steel and
electrodeposited Co–Ni coating under different applied potentials for 3000 s in the mixed solution with
CoCl2 (0.1 mol/L), NiCl2(0.03 mol/L) and H3BO3 (0.1 mol/L). For the bare carbon steel, the polished
surface displayed lots of scratches (Figure 1a). After electrochemical deposition under the applied
potential at −1.0 V for 3000 s in the above-mentioned solution, the carbon steel surface was covered by
uniform granular structures containing average size of sub-micrometer in diameter and the as-polished
scratches were covered completely (Figure 1b). As shown in the cross-section view, the thickness of the
coating is around 26 µm for the deposition time of 3000 s, and the EDS result showed that the cobalt
content is around 93.8%, which is higher than that of the initial electrolyte (77%, CoCl2 0.1 mol/L NiCl2
0.03 mol/L). After the deposition at −1.4 V for 3000 s, the coating surface evidenced lots of spherical
humps with an average size of 33 µm and a large number of cracks (Figure 1c), which may be attributed
to the internal stress generated during the electrochemical deposition process. The cross-section image
revealed that the thickness of the coating was around 40 µm and the large spherical humps grew
from the thin layer composed of small irregular crystals. Increasing the applied potential to −1.7 V,
the cauliflower-shaped micro-nano structures with multiscale fractal nature were obtained (Figure 1d).
The EDS result shows that the cobalt content decreased to around 77.7% as presented in Table 1,
which is similar to that of the initial electrolyte (77%). The anomalous Co–Ni deposition behavior
can be attributed to the formation of Co hydroxyl precipitate, which could hinder the subsequent Ni
deposition at the solid/electrolyte interface [24]. Under different thermodynamic and kinetic conditions,
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the various external crystal morphologies including powder [25], film [26] and dendrite shapes [27,28]
could be generated during the electrodeposition process. In our case, increasing the over-potential can
favor the development of protrusions in the direction of increasing concentration, therefore leading to
the formation of cauliflower-shaped micro-nano structures.
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Table 1. EDS results of the deposited Co–Ni coatings under different applied potentials for 3000 s in
the mixed solution.

Potentials
Coating

Ni (at.%) Co (at.%)

−1.0 V 6.2 93.8
−1.4 V 19.0 81.0
−1.7 V 22.3 77.7

3.2. Structure of As-Deposited Co–Ni Coating

To identify the crystal structure of the deposited coatings, the XRD technique was conducted.
Figure 2 shows the XRD patterns of the bare carbon steel substrate and Co–Ni coatings prepared
at the applied potentials of −1.0, −1.4 and −1.7 V, respectively. For the bare carbon steel substrate,
the diffraction peaks in 2θ of 44.5◦, 65◦ and 82◦ can be attributed to the existence of Fe (JCPDS file No.
870721) (Figure 2a). After electrochemical deposition, the diffraction peaks located at 44.5◦, 75.9◦, and
84.1◦ correspond to the peaks of (002), (110), and (103) crystalline faces of close-packed hexagonal (hcp)
Co (JCPDS file No. 040850) (Figure 2b–d); the diffraction peaks near 44.2◦, 51.5◦, and 75.9◦ can be
assigned to the peaks of (111), (200), and (220) crystalline faces of face-centered cube (fcc) Co (JCPDS
file No. 897093) (Figure 2b–d). In the XRD patterns, no pure nickel can be detected, revealing the
formation of homogeneous solid solutions of Co–Ni alloy under the deposition conditions [29,30].
When deposited at the applied potential of −1.0 V, the Co–Ni coating shows completely a hexagonal
structure with the cobalt content of around 93.8% according to the EDS results (Table 1). By increasing
the applied deposition potential, the cobalt content decreases. As the cobalt content on the coating
obtained at the applied potential of −1.7 V decreases to around 77.7%, the face-centered cubic structure
becomes dominant.
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applied potential of (b) −1.0 V, (c) −1.4 V, and (d) −1.7 V in the mixed solution at room temperature.

3.3. Surface Wetting Property of As-Deposited Co–Ni Coatings

Before the wetting property measurement of the as-deposited Co–Ni coatings, the surface
roughness of these coatings was evaluated by the laser scanning confocal microscopy. As shown in the
Figure S2, the Co–Ni coating deposited at −1.4 V showed the Ra of around 1.71 µm, which was higher
than that of Co–Ni coating deposited at −1.0 V. Meanwhile, the Co–Ni coating with cauliflower-shaped
micro-nano structures deposited at −1.7 V showed the highest surface roughness with Ra of 7.77 µm.
By adjusting the applied potential to a more negative direction, hierarchical structures with higher
surface roughness can be favored to be generated.

To examine the surface wetting property of the as-prepared Co–Ni coatings, the water contact
angle tests were conducted. Figure 3 depicts the contact angle variations of the Co–Ni coatings with the
applied potentials before and after modification by PFTEOS in ethanol solution. For bare carbon steel
substrate after polishing, and Co–Ni coating deposited at the applied potential of −1.0 V, the contact
angles were around 20◦. After modification by PFTEOS, the water contact angle reached 95◦ and the
surfaces displayed a hydrophobic property. After electrodeposition at the applied potentials ranging
from −1.4 to −1.7 V, the water contact angles of the Co–Ni coatings with spherical humps structures
and cauliflower-shaped micro-nano structures decreased to almost zero, showing the super-wetting
properties of deposited Co–Ni coatings. However, after modification by 5 wt.% PFTEOS in ethanol
solution for 1 h at room temperature, the water contact angle increases drastically to 140◦ for the sample
with spherical humps structures, and to 161◦ for the sample with cauliflower-shaped micro-nano
structures deposited at −1.7 V, respectively.

The above results indicate that the wetting properties of the deposited hierarchical Co–Ni coating
with cauliflower-shaped micro-nano structures converted from super-wetting to super-hydrophobic
behaviors during the PFTEOS modification process. The super-hydrophobic behavior on Co–Ni
coating with cauliflower-shaped micro-nano structures was endowed with a high surface roughness
and low surface energy materials achieved by the combination of electrodeposition process at higher
overpotential and surface modification by PFTEOS. The super-hydrophobicity of the as-deposited
Co–Ni coating can be explained by the Cassie-Baxter model. Based on the Cassie-Baxter Equation [31]:

cos θ = fsl

(
cos θy + 1

)
− 1 (1)

where, θy and θ are Young’s contact angle and liquid–gas contact angle, f sl is the contact area fraction
of solid–liquid interface, the area fraction of water-air interface calculated is around 94%, suggesting
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that the water droplet was sustained by the heterogeneous composite surface consisting of Co–Ni
cauliflower-shaped micro-nano structures and air cushion among these structures.
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3.4. Surface Composition of the Super-Hydrophobic Co–Ni Coating

X-ray photoelectron spectroscopy (XPS) was utilized to confirm the adsorption of the PFTEOS
molecules on the Co–Ni coating with cauliflower-shaped micro-nano structures deposited at the
applied potential of –1.7 V. As can be seen in Figure 4, before PETEOS treatment, the strong signals
of Co 2p and Ni 2p core levels reveals that the formation of Co–Ni electrodeposits (Figure 4a–c).
After treatment by PFTEOS ethanol solution for 1 h, strong signal of F 1s and Si 2p core levels can be
observed (Figure 4a,d,e). Figure 4f depicted the high-resolution C 1s core level spectra. The peaks
at binding energy of 293.6, 291.1 and 288.7 eV can be ascribed to the –C–F3 group, −C–F2− group
and –C−CF2– group respectively [19,32]. These results demonstrated that the PFTEOS molecules
adsorbed successfully on the Co–Ni coating with cauliflower-shaped micro-nano structures after
treatment. Accordingly, the Co–Ni coating with cauliflower-shaped micro-nano structures prepared
by electrochemical deposition exhibits higher surface roughness Ra of 7.77 µm. After PFTEOS
treatment, the fluorinated components with low surface energy endowed the rough Co–Ni coating
super-hydrophobic properties, which is similar to the observed lotus leaves with dual micro and
nano-scale structure covered by a wax layer [3].
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3.5. Abrasion Resistance of the Super-Hydrophobic Co–Ni Coating

Due to the special features (such as dual micro-nano structures and modification by low
surface energy materials) which is essential for fabricating super-hydrophobic surfaces, such
surfaces are susceptible to mechanical abrasion. At present, to enhance the abrasion resistance
of super-hydrophobic coatings has become the main concern for their practical applications [23].
Recently, Ras et al. [23] suggested that linear abrasion should be adopted to assess the mechanical
durability of the super-hydrophobic coating because this wear-test method is accessible to most lab
researches, applicable in most industrial production, and able to generate a large uniformly surface
suitable for wetting measurements. Therefore, in this work the linear abrasion test was conducted,
which is shown in Figure 5. The 800 grit SiC sandpaper was placed face up and used as abrasion
surface. The super-hydrophobic Co–Ni coating was tested under the applied pressure of 5 kPa at a
speed of 5 mm/s.

Coatings 2019, 9, x FOR PEER REVIEW 7 of 14 

 

 

 
Figure 4. XPS spectra before and after modification of the Co–Ni coating deposited under the applied 
potential at −1.7 V in the mixed solution: (a) XPS survey spectra; (b) Co 2p spectra; (c) Ni 2p spectra; 
(d) F 1s spectra; (e) Si 2p spectra; and (e) high resolution C 1s spectra. 

3.5. Abrasion Resistance of the Super-Hydrophobic Co–Ni Coating  

Due to the special features (such as dual micro-nano structures and modification by low surface 
energy materials) which is essential for fabricating super-hydrophobic surfaces, such surfaces are 
susceptible to mechanical abrasion. At present, to enhance the abrasion resistance of super-hydrophobic 
coatings has become the main concern for their practical applications [23]. Recently, Ras et al. [23] 
suggested that linear abrasion should be adopted to assess the mechanical durability of the 
super-hydrophobic coating because this wear-test method is accessible to most lab researches, 
applicable in most industrial production, and able to generate a large uniformly surface suitable for 
wetting measurements. Therefore, in this work the linear abrasion test was conducted, which is 
shown in Figure 5. The 800 grit SiC sandpaper was placed face up and used as abrasion surface. The 
super-hydrophobic Co–Ni coating was tested under the applied pressure of 5 kPa at a speed of 5 mm/s. 

 

Figure 5. A scheme for linear abrasion test. 

  

Figure 5. A scheme for linear abrasion test.



Coatings 2019, 9, 232 8 of 14

Figure 6 depicts the SEM images for the super-hydrophobic Co–Ni coating deposited at −1.7 V
before and after linear abrasion tests and the relationship between contact angles and abrasion distance.
As shown in Figure 6a, the Co–Ni coating with cauliflower-shaped micro-nano structures shows
contact angle of 161◦ and water sliding angle of 1◦ before linear abrasion tests, exhibiting greater
super-hydrophobicity. After abrasion distance of 1.5 m under the applied pressure of 5 kPa, few
prominent cauliflower-shaped micro-nano structures were worn and obvious scratches appeared on
the top of these structures (Figure 6b). It is obvious that the cauliflower-shaped micro-nano structures
were well preserved and the water contact angle maintained around 160◦ with water sliding angle
of 2◦. After increasing the abrasion distance to 6 m, large cauliflower-shaped structures were worn
more seriously, and the water contact angle dropped to 158◦ and the water sliding angle increased to
5◦ (Figure 6c). When abrasion distance reaching 12 m, all the large cauliflower-shaped microstructures
appeared different degrees of wear and the water contact angle dropped dramatically to near 150◦

(Figure 6d). With the increase of abrasion distance, the water sliding angle increases to 8◦ after 12 m of
abrasion. When the abrasion distance increased to 24 m, the large cauliflower-shaped microstructures
were almost completely worn away. The water contact angle dropped to near 143◦ and the sliding
angle increased to 12◦ (Figure 6f). With the increase of abrasion distance, the wetting properties of
deposited hierarchical Co–Ni coating with cauliflower-shaped micro-nano structures transited from
super-hydrophobic behaviors to hydrophobic behaviors.
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Figure 6. SEM images for (a) super-hydrophobic Co–Ni coating before abrasion and after abrasion
under the applied pressure of 5 kPa for (b) 1.5 m, (c) 6 m, (d) 12 m, and (e) 24 m; (f) The water
contact angle and water sliding angle variations on these surface with the abrasion distance. The insert
images in (a) to (e) are the profiles of a water droplet sliding on the Co–Ni coating with different water
sliding angles.
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Moreover, the mechanical durability, which was tested under the similar conditions by the
linear abrasion method, of the electrodeposited super-hydrophobic coatings including nickel [19],
copper [20] and cobalt [33] was summarized in Table 2. As compared to the electrodeposited coatings
in the literatures, our Co–Ni coating with cauliflower-shaped micro-nano structures exhibits longer
abrasion distance before the water contact angle drops to 150◦ except the Ni–PTFE composite coating
tested under lower pressure. When the as-prepared Co–Ni coating loses its super-hydrophobic
properties, the water sliding angle increases to 8◦, which is better than other electrodeposited coatings.
These results demonstrated that our prepared super-hydrophobic Co–Ni coating has great abrasion
resistance. And the great abrasion resistance can be attributed to the high cobalt content which
possesses higher hardness. This comparison implies that, to further increase the abrasion resistance of
super-hydrophobic coating, the co-electrodeposition of Co–Ni coating with PTFE particles maybe a
good choice.

Table 2. Abrasion distances leading to the loss of super-hydrophobic properties. Abrasive medium:
800 grit SiC sandpaper.

Materials Pressure
(kPa)

Abrasion
Length (m)

Initial WCA
(◦)

Final WCA
(◦)

Initial WSA
(◦)

Final WSA
(◦)

Co–Ni coating
(this work) 5.0 12.0 161 150 1 8

Ni–PTFE [21] 2.0 50.0 156 150 3 52
Cu [20] 3.0 2.0 162 143 3 18
Ni [19] 4.8 1.0 162 150 3 15

Mg−Mn−Ce [18] 1.3 0.4 160 150 2 Not given
Co [33] 1.5 1.1 156 148 1 40

Cu compound [34] 1.2 0.7 163 140 1 Not given

3.6. Corrosion Resistance of the Super-Hydrophobic Co–Ni Coating

The anti-corrosion performance of the super-hydrophobic Co–Ni coating was evaluated by
electrochemical methods. Figure 7 depicts the potentiodynamic polarization curves of carbon
steel substrate, Co–Ni coatings deposited under the applied potentials of −1.0 and −1.4 V, and
super-hydrophobic Co–Ni coating obtained at the applied potentials of −1.7 V with a sweep rate of
0.5 mV/s in 3.5 wt.% NaCl solution after immersion for 1 h, respectively. Tafel extrapolation method
was applied to extract the corrosion potential (Ecorr) and corrosion current density (Icorr), which was
summarized in Table 3.Coatings 2019, 9, x FOR PEER REVIEW 10 of 14 
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Table 3. Extracted corrosion potential (Ecorr) and current density (Icorr) from the potentiodynamic
polarization measurements presented in Figure 6.

Sample Ecorr (mV) Icorr (A/cm2) Corrosion Rate (mm/a)

Bare carbon steel −459.4 1.23 × 10−5 0.137
Co–Ni coating at −1.0 V −522.7 5.08 × 10−6 0.057
Co–Ni coating at −1.4 V −359.4 1.50× 10−6 0.017

Super−hydrophobic
coating −303.3 5.87 × 10−7 0.0066

Revealed from the Figure 7, the carbon steel substrate displayed negative corrosion potential
(Ecorr = −459 mV vs. SCE) with high corrosion current density (Icorr = 1.23 × 10−5 A/cm2). After
electrodeposition under the applied potential of −1.0 V, the corrosion potential of Co–Ni coating shifted
negatively to −522 mV, which indicated that the Co–Ni coating with uniform granular structures
displayed a higher corrosion susceptibility compared with the carbon steel substrate. The corrosion
potential of Co–Ni coating deposited at −1.4 V shifted 100 mV toward positive direction compared with
carbon steel with lower corrosion current density of 1.50 × 10−6 A/cm2. For the super-hydrophobic
Co–Ni coating deposited at −1.7 V, the corrosion potential and corrosion current density are −303 mV
and 5.87 × 10−7 A/cm2 respectively. The corrosion current density of as-prepared super-hydrophobic
Co–Ni coating was 20 times lower than that of bare carbon steel substrate, demonstrating the
significantly improved anti-corrosion performance of the super-hydrophobic Co–Ni coating with
cauliflower-shaped micro-nano structures.

To further evaluate the corrosion resistance of the superhydrophobic Co–Ni coating,
electrochemical impedance spectroscopy (EIS) was applied. Figure 8 displays the EIS results of
the carbon steel substrate, Co–Ni coatings deposited at −1.0 and −1.4 V, and super−hydrophobic
Co–Ni coating at −1.7 V in the form of Nyquist plots and Bode plots. From Figure 8a,b, it can
be noted that the super−hydrophobic Co–Ni coating exhibits a larger semicircle in Nyquist plots,
revealing a higher charge transfer resistance compared with other Co–Ni coatings. Figure 8c shows
the corresponding impedance modulus versus frequency plot. The impedance modulus value of
the super−hydrophobic Co–Ni coating (4.6 × 105 Ω cm2) is larger than those of the Co–Ni coating
deposited at −1.4 V (4.5 × 104 Ω cm2), Co–Ni coating deposited at −1.0 V (4.2 × 103 Ω cm2) and carbon
steel substrate (3.5 × 103 Ω cm2) at the frequency of 0.01 Hz. The higher impedance modulus at low
frequency domain could be attributed to the super−hydrophobic behavior of the Co–Ni coating,
which barriers the infiltration of aggressive medium liquid into the substrate, indicating a better
anti−corrosion performance of the as−prepared super−hydrophobic Co–Ni coating. The impedance
modulus of the coatings decreased with the increase of the frequency, finally reached to a value of
around 60 Ω cm2 at the high frequency domain which indicated that the coatings could allow the
aggressive species inside the electrolyte infiltrate the coatings easily. As it can be seen from Figure 8d,
two time constants exist within the testing frequency range for the super−hydrophobic Co–Ni coating,
corresponding to the electrochemical process at high frequency range and the film/metal interface at
low frequency. For the other Co–Ni coatings and carbon steel substrate, only one time constant can be
observed, which reveals only one electrochemical process occurring within the testing frequency range.

In order to further understand the electrochemical process, equivalent circuit models were
applied to fit EIS results. The simple Randles circuit shown in Figure 8e was used to analyze the EIS
results of carbon steel substrate, where Rs and Rct stand for the solution resistance and the charge
transfer resistance respectively, the constant phase element CPEdl models the non-ideal capacitance
at solid/electrolyte interface as a result of the inhomogeneous current distribution. According to the
literature, the impedance of CPE was defined as follows:

ZCPE = 1/Y0(jω)n (2)
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where ZCPE represents CPE impedance, Y0 represents modulus, ω represents angular frequency and n
is the exponent of the CPE varying between 0 and 1. The equivalent electrical circuit shown in Figure 8f
was used to analyze the EIS results of the Co–Ni coatings deposited at −1.0 and −1.4 V as well as
the super-hydrophobic Co–Ni coating deposited at −1.7 V, where Rc and CPEc represent the coating
resistance and non-ideal capacitance at coating/electrolyte interface, respectively. The electrochemical
parameters acquired through simulating with the equivalent circuit are presented in Table 4. From the
obtained results, the Rct value of the super-hydrophobic Co–Ni coating is three orders of magnitude
higher than that of carbon steel substrate. Generally, the inhibition efficiency (η) was computed with the
equation as follows [35]: η(%) = (1 − Rctb/Rctc) × 100%, where the Rctb and Rctc are the charge transfer
resistance of bare carbon steel and the super-hydrophobic Co–Ni coating, respectively. Based on the
values in Table 4, the inhibition efficiency of the as-deposited super-hydrophobic Co–Ni coating can be
calculated as 99.3%, suggesting that the electrochemical charge transfer process of super-hydrophobic
Co–Ni coating is very difficult to occur under the tested conditions.

The EIS results were in agreement with the potentiodynamic polarization curves, which indicates
that the as-prepared super-hydrophobic Co–Ni coating with cauliflower-shaped micro-nano structures
has a larger charge transfer resistance and exhibits excellent anti-corrosion performance. The lower
corrosion probability and corrosion rate of the super-hydrophobic Co–Ni coating could be attributed to
the trapped air among the hierarchical cauliflower-shaped micro-nano structures, which can work as
corrosion barrier effectively through limiting the lower contact area of solid coating with the electrolyte
solution at the interface, therefore providing better protection for the carbon steel substrate.
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Figure 8. EIS results of the bare carbon steel, Co–Ni coating deposited at −1.0 and −1.4 V, and
super-hydrophobic Co–Ni coating deposited at −1.7 V in 3.5 wt.% NaCl solution after immersion for
1 h: (a) Nyquist plots; (b) high-resolution Nyquist plot in (a) marked with red box; (c) bode −|Z| versus
frequency plots; and (d) bode-phase angle versus frequency plots. (e) Equivalent circuits for simulating
EIS results of bare carbon steel. (f) Equivalent circuits for simulating EIS results of the Co–Ni coating
deposited at −1.0 and −1.4 V, and the super-hydrophobic Co–Ni coating deposited at −1.7 V.
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Table 4. The impedance parameters of bare carbon steel, Co–Ni coating deposited at −1.0 and−1.4 V,
and super-hydrophobic Co–Ni coating deposited at −1.7 V extracted by fitting the EIS results recorded
in 3.5 wt.% NaCl solution (Figure 8) with the corresponding equivalent circuits. The units of Rs, Rct, Rc

and CPE are Ω·cm2, kΩ·cm2, kΩ·cm2 and Ω−1
·sn
·cm−2, respectively.

Fitted Parameters Rs CPEdl ndl Rct CPEc nc Rc

Bare carbon steel 8.42 1.08 × 10−3 0.659 2.40 − − −

Co–Ni coating deposited at −1.0 V 10.75 3.59 × 10−5 0.983 4.65 2.83 × 10−4 0.729 0.116
Co–Ni coating deposited at −1.4 V 11.68 3.06 × 10−5 0.629 26.4 1.00 × 10−5 0.816 16.1

Super−hydrophobic coating 23.82 1.43 × 10−6 0.582 369.1 1.78 × 10−7 0.868 98.9

4. Conclusions

Mechanical durability and corrosion resistance are of great importance for the real industrial
applications of super-hydrophobic surfaces. In our work, a super-hydrophobic coating with a
contact angle around 161◦ was successfully fabricated on a carbon steel substrate by electrochemical
deposition. The super-hydrophobicity of the constructed coating derived from the cauliflower-shaped
micro-nanostructures and the low-surface-energy PFTEOS layer with fluorinated components.
In addition, the Co–Ni coatings possessing different surface microstructures were prepared using
electrochemical deposition by varying the applied potentials at room temperature. The as-prepared
super-hydrophobic Co–Ni coating with cauliflower-shaped micro-nanostructures exhibited excellent
mechanical abrasion resistance. The linear abrasion test revealed that the super-hydrophobic properties
were maintained well after abrasion distance of 12 m under the applied pressure of 5 kPa, which
was significantly improved by the increase of cobalt content in the Co–Ni coating. Furthermore,
electrochemical tests indicated that the super-hydrophobic Co–Ni coating showed lower corrosion
current density and a higher charge transfer resistance as a result of limiting the contact area of the solid
coating with the electrolyte solution at the interface, providing excellent protection for the carbon steel.
In summary, through a combination of electrodeposition and the modification by low surface energy
materials, this facile and low-cost preparation process offers an effective technique and promises the
practical applications of super-hydrophobic coatings.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/9/4/232/s1,
Figure S1: Cyclic voltammograms of carbon steel obtained with a scan rate of 10 mV/s in the solution of CoCl2
0.1 mol/L + H3BO3 0.1 mol/L, NiCl2 0.03 mol/L + H3BO3 0.1 mol/L, CoCl2 0.1 mol/L + NiCl2 0.03 mol/L + H3BO3
0.1 mol/L; Figure S2: Surface roughness of Co–Ni coatings deposited under the applied potentials of (a) −1.0 V,
(b) −1.4 V, and (c) −1.7 V for 3000 s in the mixed solution at room temperature.
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