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Introduction 
 

Super-hydrophobic surfaces inspired by biological species have 
been extensively concerned due to their potential applications in 

corrosion protection [1,2], anti-icing [3,4], water/oil separation 

[5] and drag reduction [6]. Techniques to make 

superhydrophobic surfaces can be simply divided into two 
categories: making a rough surface from a low surface energy 

material or modifying a rough surface with a material of low 

surface energy [7,8]. Many methods have been developed to 
produce rough surfaces, including plasma etching [9], chemical 

vapor deposition [10], solgel method [11], and electrodeposition 

[12]. Most of these methods involved multi-step procedures and 

harsh conditions, or require specialized reagents and equipment. 
In contrast, electrodeposition has been used as a one step, simple 

and economic method to fabricate superhydrophobic surface on 

different substrates. Up to now, a few papers have been 
published on superhydrophobic nickel films produced by 

electrodeposition without applying low surface energy materials 

[13,14]. These researches have usually studied the morphology 
and wetting behavior of the coatings. Ni coatings prepared by 

electrochemical deposition have been studied extensively, which 

exhibit excellent corrosion protection [15].  

 
S. Esmailzadeh et al. [1] fabricated hierarchical nickel films on 

copper substrate by two-step electrodeposition process. In this 

work, the corrosion resistant and superhydrophobic nickel films 
with a hierarchical structure were synthesized by directional 

electrodeposition process. The relationship between the 

wettability and surface morphology was studied under different 
deposition current densities.  

 

However, only limited studies were concerned about the Ni-Co 

alloy coatings with micro-nanostructures. Silva et al. [16] 
deposited Ni-Co surfaces with a 3D hierarchical open porous 

structure by applying a square current wave form on austenitic 

stainless steel substrates. Xue et al. [17] prepared bimetallic Ni-
Co coating with novel hierarchical micro-spherical structures on 

carbon steel substrate. The properties including surface 

morphologies, structures, chemical compositions, wetting 
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properties, as well as the growth mechanism of the 

electrodeposited hierarchical structure were observed. However, 
one of the major drawbacks to overcome for practical 

applications of super-hydrophobic coating, is its mechanical 

durability due to its fragile micro-nano structures, which is 

behind the surface super-hydrophobic property [18,19]. 
 

In our works, to improve the mechanical durability of the Ni-Co 

superhydrophobic coating, many attempts have been made such 
as increasing the cobalt content and adding the second particle 

WC and CeO2 on the electrolyte solutions.  

 

Preparation of Co-Ni based Superhydrophobic 

Coating  
Co-Ni Superhydrophobic Coating  
 

A new low-cost process preparation for super-hydrophobic Co-

Ni coating was prepared on carbon steel substrate via an 
electrodeposition route [20]. 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. 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 
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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. Under 

thermodynamic and kinetic conditions, 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. 

 

 
 
Figure 1: SEM images of (a) the bare carbon steel and the Co–Ni coatings 
under the applied potential of (b) −1.0 V, (c) −1.4 V, and (d) −1.7 V for 3000 s 
in the mixed solution at room temperature. The insets show the corresponding 
cross section. 

 

After electrochemical deposition, the as-prepared samples were 

treated with 5 wt.% 1H,1H,2H,2H-Perfluorooctyltrichlorosilane 
(PFTEOS) ethanol solution for 1 h at room temperature, then 

rinsed and dried for investigations. Figure 2 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 



Surfaces, Interfaces and Coatings Technology 

5                                                                                www.videleaf.com 

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. 

 

 
 

Figure 2: The water contact angles of the samples deposited at different 
potentials before and after modification by PFTEOS. 
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Co-Ni/WC Superhydrophobic Coating  
 

In order to further improve the mechanical durability of the Co-

Ni coating, robust super-hydrophobic cobalt-nickel coatings 

reinforced by micro-nano tungsten carbide (WC) particles were 
achieved on carbon steel substrate by electrochemical deposition 

from the mixed solution [21]. In order to prepare Co-Ni/WC 

composite coating by co-electrochemical deposition method, 
micro-nano WC particles were added into the deposition 

solution. Figure. 3 shows the SEM images of the as-received 

micro-nano WC particles with low and high magnification. It can 

be observed that the particles have irregular shape and a given 
size distribution varying from a few hundred nanometers up to a 

few micrometers. 

 

 
 

Figure 3: SEM images of micro-nano WC particles (a) low magnification and 
(b) high magnification. 

 

And the electrodeposition was achieved under the constant 

current density of 65mA/cm
2
 and the deposition time of 3000 s. 

The Co-Ni electrodeposits were obtained using the mixed 

solution of CoCl2·6H2O (0.1 mol/L), NiCl2·6H2O (0.03 mol/L) 

and H3BO3 (0.1 mol/L). Figure 4 presents the typical surface 

topographies of Co-Ni coating and Co-Ni/WC composite 
coatings electrodeposited in a mixed solutions of different 

concentrations of micro-nano WC particles, around 1.96, 3.92, 

and 5.88 g/L. The Co-Ni coating electrodeposited in the mixed 
solution under the applied current density of −65 mA/cm

2
 for 

3000 s, displays cauliflower shaped micro-nano structures 

(Figure 4a). These structures are similar to our previous Co-Ni 
coating obtained at the constant potential of−1.7 V for 3000 s in 

the same electrolyte [22]. 
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Based on the mixed solution, different contents of micro-nano 

WC particles were added to prepare Co-Ni/WC composite 
coating. In the mixed solution containing 1.96 g/L WC particles, 

the micro-nano particles were entrapped in the Co-Ni coating 

during the co- electrodeposition process (Figure 4b). It can be 

observed that micro-nano WC particles are trapped in the 

electrodeposited Co-Ni coating, and that large cobalt‑ nickel 

grains grow without being hindered by WC particles. Further 

increasing of the micro-nano WC particles to 3.92 g/L, Co-
Ni/WC composite coating with micro-nano cauliflower 

structures was realized on the substrate. By increasing the micro-

nano WC particles added amount to 5.88 g/L, the agglomeration 
takes place during the co-electrodeposition process and some 

colonies with the size of tens micrometers could be seen on the 

substrate (Figure 4d). Indicated by the cross section images, the 

thickness of the Co-Ni coating and Co-Ni/WC composite coating 
deposited in the mixed solution with micro-nano WC particles 

contents of 1.96 g/L and 3.92 g/L was determined to be around 

40 μm. While, the thickness of Co-Ni/WC composite coating 
with micro-nano WC particles content of 5.88 g/L was 

determined to be around 50 μm under the same deposition 

conditions. The EDS mappings of the Co-Ni/WC composite 

coatings show homogeneous distribution of micro-nano WC 
particles within the composite coatings when the WC particles 

content is below 3.92 g/L. When the WC content increased to 

5.88 g/L, the micro-nano WC particles aggregated together, 
resulting in the uneven distribution of micro-nano structures. As 

indicated by the EDS results, the WC contents in the 

corresponding Co-Ni/WC composite coatings were around 5.3 
wt.% (Figure 4b), 9.8 wt.% (Figure 4c) and 19.1 wt.% (Figure 

4d), respectively. 
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Figure 4: SEM images of (a) the Co-Ni coating in the mixed solution and Co-
Ni/WC composite coatings in the mixed solution by adding WC particles: (b) 
1.96 g/L; (c) 3.92 g/L; (d) 5.88 g/L under the applied current density of -65 
mA/cm2 for 3000 s at room temperature. The inset shows corresponding high 
magnification. 

 

For the surface modification, the as-deposited samples were 

maintained in 20 mL 5 wt.% PFTEOS ethanol solution for a 
period of 1 h around 30 °C. After modification, the samples were 

cleaned for observation. Figure 5 shows the transition of wetting 

properties during the modification process by PFTEOS in 
ethanol solution. It can be observed that all the electro-deposited 

Co-Ni alloy coating and Co-Ni/WC composite coatings 

exhibited super-hydrophilicity before the modification process 

(Figure 5b). However, after the modification process by 
PFTEOS in ethanol solution, the electro-deposited Co-Ni alloy 

coating and Co-Ni/WC composite coatings with the WC content 

around 5.3 wt.% and 9.8 wt.% displayed the contact angle above 
150° and became super-hydrophobic surfaces (Figure 5a). 

Meanwhile, low WSA values were obtained after the PFTEOS 

modification process (2° for the electrodeposited Co-Ni coating 

and 5° for the Co-Ni/WC composite coatings with the WC 
content around 5.3 wt.% and 9.8 wt.%) (Figure 5c). For example, 

when the micro-nano WC particles with concentration of about 

3.92 g/L were added in the mixed solution, the as-prepared Co-
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Ni/WC composite coating with WC content of around 9.8 wt.% 

display excellent super-hydrophobicity with WCA of 162° and 
WSA of 3°, which could be attributed to the homogeneous 

distribution of micro-nano cauliflower structures and fluorinated 

solution treatment. However, when the concentration of micro-

nano WC particles in the mixed solution was increased to 5.88 
g/L, the WC particles content of the Co-Ni/WC composite 

coating is increased to 19.1 wt.%. A great quantity of WC 

particles induces the formation of particle aggregates in-
homogeneously distributed in the coatings, which explain the 

lower measured WCA (around 145°) and higher WSA (around 

16°) values of the composite coating. These results demonstrated 
that the super-hydrophobicity of the as-electrodeposited Co-

Ni/WC composite coatings was influenced by the surface 

topography variations which were induced by the micro-nano 

WC particles content added in the electrolyte solution. 
 

 
 

Figure 5: (a) and (b) The water contact angle (WCA) variations with WC 
particles of Co-Ni/WC composite coating before and after PFTEOS 
modification. (c) The water sliding angles (WSA) of the CoeNi/WC composite 
coatings after PFTEOS. The WC particles were 0, 5.3 wt%, 9.8 wt% and 19.1 

wt%, respectively. 
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Co-Ni/CeO2 Superhydrophobic Coating  
 

Up to now, Rare-earth oxides (REOs) as a second phase particles 

received less attention on the preparation of super-hydrophobic 

coatings. Metal atoms in REOs have a lower tendency to 
exchange electrons and form a hydrogen bond with interfacial 

water molecules, which is an effective way to build super-

hydrophobic surfaces. Because of their unique electronic 
structure, Rare-earth oxides (REOs) have been proven to be 

intrinsically hydrophobic [23]. Herein, cerium oxide particles 

(CeO2) are added to the coating by co-electrodeposition. The Co-

Ni/CeO2 composite coatings are obtained in the mixed solution 
with CoCl2·6H2O (0.1 mol/L), NiCl2·6H2O (0.03 mol/L), H3BO3 

(0.1 mol/L) and different amounts of CeO2 particles in the 

solution [24]. To ensure uniform distribution of micro-nano 
CeO2 particles in the coating, the magnetic stirrer (Model SH-2, 

Input 220 V 50/60 HZ) is used and adjusted to approximately 

800 rpm. At first, the morphologies of the used CeO2 particles 
were characterized. By the low magnification SEM image 

(Figure 6a), the CeO2 ceramic particles are irregular in shape 

with the sizes ranged from a few micrometers to a few tens 

micrometers. From the high magnification SEM image 
(Figure6b), it is noted that the large particles are loose with the 

surfaces attached with a great amount of nano-sized CeO2 

particles. 
 

 
 
Figure 6: Surface morphology of CeO2 particles (a) low enlargement and (b) 
high enlargement. 

 
Figure 7 illustrated the surface topography variation of Co-

Ni/CeO2 composite coatings electrodeposited at constant current 

density of -65 mA/cm
2
 with different contents of CeO2 particles 
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added in the above-mentioned mixed solution. When the content 

of CeO2 particles in the electrolyte solution was 1.72 g/L, 
irregular diamond-like structures having a diameter of about 

several micrometers were aggregated to form a larger-sized 

irregular structure, and distributed uniformly over the entire 

surface (Figure7a and 7d). After doubling the CeO2 content to 
3.44 g/L, parts of the diamond structures were replaced by the 

flaky fish scale structures, and further aggregated into the 

flower-like micro/nano hierarchical structures (Figure 7b and 
7e). With the CeO2 content rose to 6.88 g/L in the mixed 

solution, the flower-like micro/nano hierarchical structures were 

replaced by locally aggregated CeO2 clusters, which were 
distributed inhomogeneously on the surface (Figure 7c and 7f). 

According to the cross section images, the thickness of the 

composite coating electrodeposited in the mixed solution 

containing CeO2 particles of 1.72 g/L was around 15 μm after the 
deposition time of 2000 s. With the increase of the CeO2 

particles to 3.44 g/L, the thickness of the electrodeposited 

composite coating increased to 20 μm. However, by adding the 
CeO2 particles to 6.88 g/L, the electrodeposited coating’s 

thickness decreased to 16 μm, which could be attributed to the 

difficulty of co-electrodeposition due to the large amount of 
CeO2 particles. According to the EDS analysis, the CeO2 

contents were around 12.4 wt.% (Figure7a), 15.6 wt.% 

(Figure7b) and 19.1 wt.% (Figure7c) in the corresponding Co-

Ni/CeO2 composite coatings respectively. Under the same 
deposition conditions, the CeO2 content in the coatings gradually 

increased while the nickel in the composite deposits content 

decreased.  
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Figure 7: SEM images of Co-Ni/CeO2 composite coatings in the mixed 

solution by adding CeO2 particles: a) 1.72 g/L; b) 3.44 g/L; c) 6.88 g/L under 
the applied current density of -65 mA/cm2 for 2000 s at room temperature. 
a’,b’,c’) Corresponding high magnification. 

 

In order to obtain super-hydrophobicity, PFTEOS 
(C48H4Cl3F13Si) was used to decrease the surface energy and the 

variation of the wetting properties was displayed in Figure 8. 

After modification, the self-assembled film was formed due to 
the reaction of PFTEOS molecules with the -OH groups on the 

composite coating surface, which reduce the polar sites, leading 

to its super-hydrophobicity [25]. As can be seen in Figure 8, the 

Co-Ni/CeO2 coating electrodeposited in the electroplating 
solution with the 3.44 g/L CeO2 particles exhibits a better super-

hydrophobicity (WCA=160.7°, WSA=2°), revealing that the 

flower-like hierarchical micro/nano structures could lead to a 
better super-hydrophobicity.  
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Figure 8: The WCA and WSA variations with CeO2 contents before and after 

modification by PFTEOS molecules.  

 

Mechanical Durability  
 
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 
[26,27]. Recently, Ras et al. [28] 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 the work the 

linear abrasion test was conducted, which is shown in Figure 9. 
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. 
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Figure 9: A scheme for linear abrasion test. 

 
Figure 10 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 10a, 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 
(Figure10b). 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° 
(Figure10c). 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° (Figure10d). 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° (Figure10f). With the increase of abrasion 

distance, the wetting properties of deposited hierarchical Co-Ni 
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coating with cauliflower-shaped micro-nano structures transited 

from super-hydrophobic behaviors to hydrophobic behaviors. 
 

 
 

Figure 10: 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. 

 
The Co-Ni/WC composite coating with 9.8 wt.% WC particles 

content was selected for linear abrasion test. The SEM images in 

Figure 11a displays the typical surface morphologies with 

cauliflower-like structures of the Co-Ni/WC composite coating 
with different abrasion distances. Before the abrasion test, the 

electro- deposited Co-Ni/WC composite coating exhibit a super-

hydrophobic behavior with WCA over 162° and WSA around 3° 
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(Figure11a). In the linear abrasion test, localized friction loss 

was produced on the cauliflower-like structures by choosing the 
abrasion distance of 3 m (Figure 11b). When the abrasion 

distance is increased to 9 m and 32 m (Figure 11c and 11d), the 

composite coating surface loses some of cauliflower-like 

structures, but most of undamaged micro-nano structures with 
small sizes were maintained. As a result, the WCA value 

decreased and WSA value increased slightly, and the composite 

coating surface is still exhibiting the super-hydrophobic 
behavior. However, when the abrasion distance is continually 

increased to 41 m (Figure 11e), more scratches were found and 

the small size cauliflower-like structures were removed partially. 
As a result, the WCA is decreased to 148° and WSA is in- 

creased to 18°, and therefore, the as-prepared composite coating 

can't maintain its super-hydrophobic behavior. From Figure 11f, 

it can be observed that the linear reduction of WCA and the 
increase of WSA take place with the increase of the abrasion 

distance. From the obtained results, it can be observed that the 

critical value of the abrasion distance from which the loss of 
super-hydrophobicity takes place is approximately 34 m. 

Meanwhile, it can be noted that the WSA rose sharply when the 

abrasion distance is over 30 m. Moreover, the Co-Ni/WC 
composite coatings with 9.8 wt.% WC particles were scratched 

by the knife. After the strong knife-scratch process for 10 times, 

the average contact angle of the Co-Ni/WC composite coating 

was around 160.5°, which further demonstrated its great 
mechanical durability. 
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Figure 11: SEM images of the super-hydrophobic Co-Ni/WC composite 
coating with 9.8 wt% WC under the load pressure of 5 kPa after abrasion for 
(a) 0 m, (b) 3 m, (c) 9 m, (d) 32 m, (e) 41 m and (f) WCA and WSA variations 
with the abrasion distances. The insert images are profiles of water contact 
angles and water sliding angles on the coating surface. 

 

Figure 12 showed the loss of the hierarchical structures on the 

superhydrophobic Co-Ni/CeO2 coating surface during the linear 
abrasion test, in which the super-hydrophobic property degraded 

gradually with the decrease in WCA and the increase in WSA. 

When the abrasion distance was within 1.5 m (Figure12b), very 
few flaky fish scale structures were worn out due to the existence 

of convex structures and most hierarchical structures were 

preserved during the abrasion test, which explained the fact that 
the super-hydrophobic nature of our coating was hardly affected. 

Those air cushions trapped among the gaps prevented the 

droplets from permeation. When the abrasion distance increased 
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to 18 m, large area flaky fish scale structures were worn out by 

about half but the second level structures were still preserved 
(Figure12c). The preserved micro-nano structures were still 

capable of trapping air within the flaky fish scale structures. As a 

result, the WCA reduced by about 7 degrees and the WSA 

increased by 6 degrees. The super-hydrophobic behavior was 
still maintained. With the increase of the abrasion distance to 30 

m, the hierarchical structures were worn out (Figure12d). The 

WCA decreased to around 150° and the WSA increased to 19°, 
indicating the loss of super-hydrophobicity. From Figure 12e, it 

could be noted that WCA decreased and WSA increased linearly 

with the increase of the abrasion distances. Towards the loss of 
super-hydrophobic property, the critical abrasion distance was 

around 22.5 m. Meanwhile, the surface roughness was measured 

to characterize the surface wear loss during the linear abrasion 

test (Figure12f). The surface roughness decreased linearly with 
the abrasion distance and the Ra value was close to 5 μm when 

the abrasion distance was 22.5 m. In comparison to the initial 

value before the linear abrasion test, the surface roughness value 
decreased by 5.4. 
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Figure 12: (a-d) SEM images for the abrasion test and the responding WCA 
and WSA; a) as-deposited super-hydrophobic Co-Ni/CeO2 composite coating 
and after abrasion under the applied pressure of 5 kPa for b) 1.5 m, 

WCA=160°, WSA=2°; c) 18 m, WCA=153.1°, WSA=8°; d) 30 m, 
WCA=150.6°, WSA=19°; e) the different abrasion distance to the variations of: 
e) WCA and WSA; f) the roughness after the abration test.   

 

Evaluated by the linear abrasion methods, the super-hydrophobic 
Co-Ni 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. 
Adding the WC particles, the linear abrasion test indicated that 

the as-prepared super-hydrophobic Co-Ni/WC composite coating 

with 9.8 wt% WC content, displayed excellent wear resistance 

with super-hydrophobic property for abrasion distance up to 34 
m. The Co-Ni/CeO2 composite coating from the electrolyte 

containing 3.44 g/L possesses a flower-like hierarchical 
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structures, displaying a super-hydrophobic behavior after the 

modification by PFTEOS. More importantly, excellent 
mechanical durability with critical abrasion distance of 22.5 m is 

achieved under a 5 kPa fixed normal pressure in the liner 

abrasion test before the loss of super-hydrophobicity. We have 

found that some features were of vital importance for the wear 
resistance of superhydrophobic coatings, such as the micro–nano 

hierarchical structures and microhardness. As indicated by the 

results, microhardness and roughness showed a positive 
correlation with the abrasion distance of the superhydrophobic 

composite coatings. To improve the wear resistance of the 

superhydrophobic coating, its microhardness was improved by 
adding second-phase particles, which was proved effective 

through our works. 

 
Table 1: 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  

5.0 12.0 161 150 1 8 

Co–
Ni/WC 
coating 

5.0 34.0 163 150 3 10 

Co–
Ni/CeO2 
coating 

5.0 30.0 160 150.6 2 19 

 

Corrosion Protection  
 

The potentiodynamic polarization curves of the bare carbon 

steel, as-prepared super-hydrophobic Co–Ni coating, super-
hydrophobic Co-Ni/WC composite coatings with different WC 

contents and super-hydrophobic coating with different CeO2 

contents were measured at a scan rate of 0.5 mV/s in 3.5 wt.% 

NaCl solution, and shown in Figure 13.  
 

The carbon steel substrate displayed negative corrosion potential 

(Ecorr = −459 mV vs. SCE) with high corrosion current density 
(Icorr = 1.45 ×10

-5
 A/cm

2
). The corrosion potential of Co-Ni 

coating deposited at −1.4 V shifted 100 mV toward positive 
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direction compared with carbon steel with lower corrosion 

current density of 1.50×10
-6
 A/cm

2
. 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/cm
2
 

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. 
 

Generally, the positive shift of the corrosion potential and the 

low corrosion current density are a signature of a better corrosion 
resistance. As shown in Figure 13b, the Co-Ni/WC composite 

coatings show a better corrosion resistance compared both to the 

carbon steel substrate and the super-hydrophobic Co-Ni coating 

according to these characteristics. The anodic polarization 
current density measured for super-hydrophobic Co-Ni/WC 

composite coating with the WC particles content of 9.8 wt.% 

(Icorr=1.29×10
-7 

A/cm
2
) decreases by about two orders of 

magnitude compared to bare carbon steel (Icorr=1.45×10
-5 

A/cm
2
). 

In addition, although the composite coating with the WC 

particles content of 19.1 wt.% exhibits hydrophobic property 
with WCA of 145º, its corrosion current density (Icorr=1.78×10

-6 

A/cm
2
) was one order of magnitude lower than that of the bare 

carbon steel. Compared with the carbon steel substrate, both the 

anodic and cathodic branches of the as-prepared coatings show 
lower current density, indicating that the as-prepared super-

hydrophobic Co-Ni/WC composite coating provides great 

corrosion protection performance. 
 

As shown in Figure 13c, for the super-hydrophobic Co-Ni/CeO2 

composite coating (1.72 g/L CeO2 and 3.44 g/L CeO2), the 

corrosion potentials shift positively about 109 mV and 142 mV 
respectively. Due to the adding of CeO2 particles, the corrosion 

probability of the as-prepared super-hydrophobic coatings 

decreases. The as-prepared super-hydrophobic coatings 
electrodeposited with the CeO2 particles of 1.72 g/L and 3.44 g/L 

exhibited a two orders of magnitude reduction in corrosion rate, 

which could be attributed to their super-hydrophobicity that the 
trapped air as a barrier decreased the solution/solid contact area 
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effectively. However, with the increasing of micro-nano CeO2 

particles to 6.88 g/L, corrosion potential shift negatively a little 
and the corrosion current density (icorr) was smaller than those of 

the aforementioned composite coatings, which could be 

attributed to the formation of holes based on the difficulty of co-

electrodeposition under the deposition conditions of large 
amount of CeO2 particles in the mixed solution.  

 

These results clearly show that the as-prepared super-
hydrophobic Co-Ni coating, super-hydrophobic Co-Ni/WC 

composite coatings and super-hydrophobic Co-Ni/CeO2 

composite coatings exhibit higher corrosion resistance than 
carbon steel substrate. The air entrapped in the cauliflower like 

structures can prevent the super-hydrophobic composite coating 

from being wetted by the corrosion medium through the limited 

solid contact area, endowing the coating larger charge transfer 
resistance and lower corrosion rate, and then better corrosion 

protection performance [29]. 

 

 
 

Figure 13: Potentiodynamic polarization curves of (a) Super-hydrophobic Co–
Ni coating, (b) Super-hydrophobic Co-Ni/WC composite coatings with 
different WC contents and (c) Super-hydrophobic coating with different CeO2 

contents in 3.5 wt% NaCl aqueous solution at the scan rate of 0.5 mV/s. 

 
Table 2: Derived results from the potentiodynamic polarization measurements. 

 
Sample Ecorr 

(mV) 
Icorr 
(A/cm2) 

Corrosion 
rate(mm/a) 

Bare carbon steel -459.4 1.45 ×10-5 0.162 

Superhydrophobic Co-Ni coating -303.3 5.87×10-7 0.0066 

Superhydrophobic Co-Ni/WC coating -286.3 2.48×10-9 0.000028 

Superhydrophobic Co-Ni/CeO2 
coating 

-316.9 1.24×10-7 0.0014 
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Long-Term Durability  
 

The long-term durability for two kinds Co-Ni based robust 
coatings, Co-Ni super-hydrophobic coating and Co-Ni/WC 

super-hydrophobic coating, was analyzed by immersion test in 

3.5 wt.% NaCl solution. The immersion test displayed that two 

kinds of robust super-hydrophobic coatings have long-term 
durability, where the Co-Ni super-hydrophobic coating loses 

super-hydrophobicity after immersion for 20 days and the critical 

immersion time of Co-Ni/WC super-hydrophobic coating was 12 
days, respectively. The loss of super-hydrophobicity could be 

attributed to the corrosion damage of the micro-nanostructures 

on the coating and the decomposition of low surface energy 

materials. In the early stage of immersion, the decomposition of 
hydrophobic groups occurred firstly. In the later stage, it 

appeared as corrosion damage of micro-nano structures on the 

coatings. 
 

 
 

Figure 14: Wettability variations (WCA, WSA) with immersion time of (a) 
Co-Ni superhydrophobic coating and (b) Co-Ni/WCsuperhydrophobic 
composite coating.  

 

Conclusion  
 

The Co-Ni based composite coatings were prepared on carbon 
steel by the co-electrochemical deposition process by adding 

different micro-nano particles in the mixed solution. During the 

modification process, the PFTEOS molecules can induce the 
transit from super-hydrophilicity to super-hydrophobicity of the 

as-prepared composite coatings. The linear abrasion test revealed 

that the super-hydrophobic Co-Ni based composite coatings 
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displayed excellent mechanical durability at 5 kPa load pressure 

and Co-Ni, Co-Ni/WC, Co-Ni/CeO2 superhydrophobic coating 
can keep their super-hydrophobicity for the abrasion distance of 

12 m, 34 m, 22.5 m, respectively. The higher abrasion resistance 

of the deposited Co-Ni based composite coating was attributed to 

the combination of micro-nano particles addition with high 
cobalt content inside the coating. Moreover, the corrosion 

current density of the super-hydrophobic Co-Ni based coating 

was decreased by more than two orders of magnitude compared 
to that of bare carbon steel, exhibiting great corrosion protection. 

With the robust mechanical durability, the as-prepared super-

hydrophobic Co-Ni based composite coating could be excellent 
alternative technique for real applications in the future. 
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