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Abstract 

One of the main problems of superhydrophobic coatings is the low mechanical and chemical 

stability, which limits the industrial applications of these coatings. The purpose of this 

research is to create Ni-PTFE (Polytetrafluoroethylene) composite coatings with hierarchical 

morphology by electrodeposition method, in order to increase the corrosion resistance, and to 

improve the mechanical and chemical stability. Ni-PTFE Composite coatings were fabricated 

by adding different concentrations of PTFE particles (5, 10, 15, 20, 30, and 40 g/L) into the 

Ni electrodeposition bath. The effect of PTFE concentration on morphology, wettability, and 

corrosion resistance of the coatings was investigated. The results showed that when an 

optimum concentration of PTFE (15 g/L) is introduced in the electrodeposition bath, not only 

the hierarchical morphology of the Ni coating is preserved; but also the maximum contact 

angle of 158° and the minimum corrosion current density of 0.03 µA/cm
2
 was achieved. The 

long-term chemical and mechanical stability tests showed that by embedding of PTFE 

particles with hydrophobic nature, into the hierarchically structured superhydrophobic nickel 

coatings, higher mechanical and chemical stability is obtaind.  
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1. Introduction 

Solid surface wettability has attracted much attention in basic research and practical 

applications. Considerable research has been done on superhydrophobic surfaces since 2004, 

and superhydrophobic coatings have found many industrial applications, such as easy-to-

clean and self-cleaning coatings, anti-fog coatings, antifreeze surfaces, isolation of water and 

oil, antibacterial surfaces, and medicine [1-3]. Various reviews have been published on 

different aspects of superhydrophobic surfaces [4-6]. Generally, superhydrophobic surfaces 

are expressed by a steady-state contact angle higher than 150 ° and a slip angle of less than 

10°. It is well-known that the wettability of a solid surface is a function of two main factors: 

surface chemistry and surface roughness [7]. The chemical composition of the surface 

determines surface energy and has a strong impact on the solid surface wettability. But, 

generally a surface cannot be superhydrophobic only by changing the surface chemistry [8]. 

In fact, it is better that the two factors simultaneously exist. 

Several methods have been developed to create superhydrophobic surfaces such as structural 

patterns, electrospinning [9], sol-gel [10], etching [11], electrochemical deposition [12], etc. 

Compared to other methods, electrodeposition is a simple, economical and versatile method 

that have been used for fabrication of superhydrophobic surfaces by many researchers. Using 

electrochemical method and by adjusting the operation parameters, the hierarchical micro-

nanostructure can be obtained, which could trap a large number of air, leading to creation of 

superhydrophobic surfaces [13]. 

One of the most important problems of the current industry and society is corrosion, which 

causes a lot of damage. Generally, corrosion cannot be stopped completely, but many 
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methods have been applied to reduce corrosion [14-18]. One of the important methods for 

protecting metallic surfaces from corrosion is the use of superhydrophobic coatings. 

Electrodeposited superhydrophobic coatings with a hierarchical structure have been 

developed in recent years by many researchers to prevent corrosion; examples include Ni 

[13-21], Co [22], Cu [23,24], Ni-Co [25], Ni-Cu [26], Ni-P [27], etc. It is believed that the 

superhydrophobic coatings reduce contact between corrosive species and the metallic 

substrate, by creating a layer of air between them. Thus, the corrosion protection performance 

is improved. 

One of the factors that has limited the practical use of the superhydrophobic surfaces with 

hierarchical structure is the lack of long-term mechanical sustainability. Many super-

hydrophobic surfaces, when exposed to mechanical damages, lose their hierarchical structure. 

Hence, their superhydrophobic properties are decreased. Since the coatings are exposed to 

various environmental damages, strategies for improving long-term mechanical and chemical 

stability are very important challenges today. Accordingly, in this work for the first time 

PTFE (Polytetrafluoroethylene) particles are incorporated in the hierarchical micro-

nanostructure of electrodeposited nickel coating. Due to the hydrophobic property of PTFE 

particles, their embedment can enhance the super-hydrophobicity of the nickel coating. 

Moreover, in case of mechanical damage and loss of the hierarchical structure, the 

hydrophobic properties of the coating can be still maintained due to presence of hydrophobic 

PTFE particles. Thus, long term mechanical stability is achieved.   

 

 2. Experimental details 

2.1. Fabrication of samples 
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All chemicals used in this work was purchased from Merck and used without further 

purification. PTFE particles with average particle size of 1 µm (quoted by the manufacturer) 

was supplied by Sigma-Aldrich. Low carbon steel (ST37) samples were used as substrates in 

this study. Surface preparation was performed according to the following steps. First, the 

samples were polished by using 800 up to 2000 grit sand papers. Then, the samples were 

degreased ultrasonically in acetone for 30 minutes. After that, the samples were immersed in 

10 wt.% HCl solution for 20 seconds, rinsed with DI water and immediately placed in an 

electrodeposition bath. The composition of the electrodeposition bath is indicated in Table 1. 

Nickel anode was used for electrodeposition. The bath temperature was kept constant at 60 

°C and pH=4. The electrodeposition process was performed in two steps. In the first step, 

electroplating process was carried out at 3 different current densities 20, 40 and 60 mA/cm
2
 

for 10 min. In the second step, the constant current density of 50 mA/cm
2 

was applied for 1 

min. To prepare Ni-PTFE composite coatings with hierarchical micro-nanostructure different 

concentrations of PTFE particles (5, 10, 15, 20, 30 and 40 g/L) were added to the 

electrodeposition bath. Hexadecyl trimethyl ammonium bromide (CTAB) as cationic 

surfactant was used for two purposes: first, to disperse PTFE particles; and second, to charge 

the particles, helping with the deposition of the cationic particles on the cathode substrate. 

After electrodeposition, all samples were immersed in a solution of 0.1 M myristic acid in 

ethanol at room temperature for 6 hours.  

2.2. Characterization 

The microstructure and morphology of the coatings was investigated by field emission 

scanning electronic microscope (FESEM, TESCAN MIRA3) at a voltage of 15 kV. X-ray 

energy dispersive spectroscopy (EDS) was also used to determine the chemical composition 

of the coatings. Surface chemical composition was studied by Fourier transform infrared 

spectroscopy (FTIR, Frontier PerkinElmer Spectrum). The crystal structure of the samples 



5 
 

was analyzed by X-ray diffraction technique (XRD, Philips X'Pert MPD) using a voltage of 

40 kV and a 40 mA current. For collecting data on each sample the scanning angle was from 

30⁰ to 90⁰ , with a step size of 0.02⁰ and the time per step was 40 seconds. The wettability of 

the surfaces was examined by contact angle measurement. To perform this test, Dinolite 

microscope (AM-413ZT), Hamilton syringe (with volume of 10 μl) and deionized water were 

used. The thickness of the coatings was measured by a digital coating thickness gauge model 

Elcometer 456. Corrosion behavior was investigated using potentiodynamic polarization 

technique and electrochemical impedance spectroscopy (EIS). The corrosion tests were 

carried out using a potentiostat EG & G Model 273A with platinum auxiliary electrode, and 

saturated calomel electrode (SCE) as reference electrode. Sodium chloride solution (3.5 

wt.%) was used as a corrosive media. Polarization curves in the range -250 to 750 mV were 

obtained vs open circuit potential at a scanning rate of 1 mV/s. For EIS studies the frequency 

range was from 100 kHz to 10 mHz using an AC sine wave with the amplitude of 10 mV. 

Typically 10 frequencies were assessed per decade. 

 

 3. Results and discussion 

3.1. Wettability and surface morphology 

The morphology and properties of the coatings prepared by electrodeposition are a function 

of operational variables such as applied current density, deposition time and variables related 

to the coating bath, such as bath composition and pH. Among these variables, the applied 

current density is of particular importance [13]. Fig. 1(a-c) presents the FESEM images of the 

micro-nano hierarchically structured nickel coatings deposited at various applied current 

densities (20, 40 and 60 mA/cm
2
). According to the FESEM images, the microstructures 

consist of several nano-cones formed randomly on micro-cone structures and a hierarchical 

morphology is obtained. Such hierarchical morphologies are deposited in two steps. At first 
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step, a layer of microcones array is deposited at current densities of 20, 40 and 60 mA/cm
2
 

for 600 seconds. Then, the nanocones are deposited on the surfaces of previously formed 

microcones at current density of 50 mA/cm
2
 for 60 seconds. As observed in Fig. 1 the size of 

microcones generated at the current density of 20 mA/cm
2
 is slightly lower than that of the 

coating produced at the current density of 40 mA/cm
2
. It is also observed that by increasing 

the applied current density up to 60 mA/ cm
2
, the growth rate, and consequently the size of 

the formed microcones is increased. Similar results were achieved by Hang et al [28]. They 

proposed that the mechanism of the formation of these micro-nanostructures can be described 

by the tip-discharge theory. When electrodeposition starts, a great amount of Ni nuclei forms 

simultaneously onto the metallic substrate, and Ni mostly precipitates as nanoparticles. Then, 

the larger pyramid shaped nanoparticles, serve as the seeds for the growth of nanocones. In 

the second step, as the original cones were growing bigger, some secondary nuclei are also 

formed on the surface of the cones. Hence, the micro-nanocone hierarchical structure is 

developed.  

It is also important to note that in the present work ethylenediamine dihydrochloride was used 

as a crystal modifier in the electrodeposition bath. In a work by Barati Darband et al [29] 

nickel nanocone structure was fabricated via a single step electrodeposition technique by 

using proper amount of crystal modifier. It can be explained as follow: While the growth of 

conventional coatings by electrochemical deposition method occurs in both horizontal and 

vertical directions; But, the crystal modifier used in the deposition bath encourages the 

growth of the coating in a vertical direction, delaying the growth in a horizontal direction, 

which results in the creation of nano-micro cones. 

Current density not only affects the surface morphology of the coating, but also influences 

the surface energy. The wettability of the nickel coatings was studied by contact angle 

measurement. As depicted in Fig. 2, the static contact angle of the Ni films prepared at the 
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current densities of 20 and 40 mA/cm
2
 was 155° and 157°, respectively. However, the contact 

angle of the sample deposited at the current density of 60 mA/cm
2
 was 131°. It can be due to 

the bigger microcone structure of this sample. With reference to Fig. 1, it can be seen that the 

surface of the coatings deposited at the current densities of 20 and 40 mA/cm
2
 has a micro-

nano hierarchical structure. Based on Cassie’s theory [30], when water is dropped on the 

surface of such coatings, air pockets are trapped underneath water. Therefore, the highly 

rough, micro-nano hierarchical structure of the coating allow the water to partially sit on the 

air pockets trapped inside the grooves, reducing contact area between water and surface. 

However, for the specimen formed at the current density of 60 mA/cm
2
 the sharp points are 

dropped, which probably led to a reduction in the contact angle. According to the FESEM 

and wettability test results, in the next part of the work the current density 40 mA/cm
2 

was 

chosen for further investigations based on the incorporation of PTFE in the coating. 

Incorporation of PTFE particles into the hierarchical micro-nanostructure of electrodeposited 

nickel coating can improve the superhydrophobic properties of the coating, due to the 

hydrophobic nature of PTFE particles. Moreover, in case of mechanical damage and loss of 

hierarchical structure, it is expected that the hydrophobic property of the coating is still 

maintained, as a result of the presence of hydrophobic PTFE particles. For this reason, PTFE 

particles with concentrations ranging from 5-40 g/L were introduced into Ni 

electrodeposition bath. Microstructure and morphology of the coatings deposited with 

different PTFE concentrations in electrodeposition bath is shown in Fig. 3. The EDS spectra 

of the corresponding samples are also shown in Fig. 4. It can be seen from Fig. 3 that the 

PTFE particles are successfully participated in the coating structure. Moreover, the micro-

nano hierarchical structure of nickel coatings is well preserved. When the concentration of 

PTFE particles in the deposition bath was 5 to 15 g/L, a well distribution of PTFE particles in 
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the coating is observed (Fig. 3 a-c). But, by increasing the PTFE content in the deposition 

bath up to 40 g/L agglomeration of the particles increased (Fig. 3 d-f). 

The results of EDS elemental analysis (Fig. 4) showed that the main components of the 

coatings were nickel, iron, and fluorine. Detection of iron is caused by the substrate. Presence 

of fluorine (F) in the coatings is related to PTFE particles. It indicates that PTFE particles are 

successfully participated in the Ni coatings. Fluorine concentration can be a measure of the 

concentration of PTFE incorporated into the coating. Fig. 5 shows the changes of Fluorine 

concentration in the coating (obtained from EDS results), as a function of PTFE 

concentration in the deposition bath. It is observed that with increasing the concentration of 

PTFE particles in the deposition bath to a value of 20 g/L, the PTFE content in the coating 

increases, and then it reaches a constant value. Actually, by increasing the PTFE 

concentration in the deposition bath, the probability of agglomeration of particles increases. 

Agglomeration of particles at higher concentrations is an important factor preventing their 

participation into the coating. 

Contact angles of different nanostructured Ni-PTFE composite coatings are shown in Fig. 6. 

It is observed that by increasing the concentration of PTFE from 5 to 15g/L, the contact angle 

increases. By further increase of PTFE concentration in electrodeposition bath, the contact 

angle of the electrodeposited samples decreases. The maximum contact angle of 158° is 

achieved for the sample deposited at a concentration of 15 g/L PTFE. As stated before, there 

are two important factors to create superhydrophobic surfaces: low surface energy, and 

micro-nano roughness. The contact angle changes for coatings created at different 

concentrations of PTFE particles can be explained as follows. PTFE particles can have two 

functions. The first function is the reduction of surface energy due to their hydrophobic 

nature, and the second function is to influence the surface micro-nano roughness [31]. With 

respect to SEM images (Fig. 3), it can be seen that when the concentration of PTFE is up to 
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15 g/L, the micro-nano surface roughness of nickel coating is maintained. Therefore, the 

micro-nano hierarchical structure of nickel coating, together with the reduction of surface 

energy due to the presence of hydrophobic PTFE particles, results in minor increasing of the 

superhydrophobicity of the coatings compared to Ni sample. However, for the coatings with 

concentration of PTFE higher than 15 g/L in deposition bath, the presence of large 

agglomerated PTFE particles in the composite structure may have reduced the contact angle, 

considering that the contact angle of pure PTFE is about 108° [32]. Moreover, the micro-nano 

hierarchical structure is almost eliminated for the coatings with concentration of PTFE higher 

than 15 g/L, which can reduce the contact angle. 

3.2. Crystal structure 

The crystal structure of the coatings was investigated using X-ray diffraction (XRD) 

technique. The XRD spectra of Ni sample and Ni-PTFE composite coating deposited at PTFE 

concentration of 15 g/L in electrodeposition bath are shown in Fig. 7. The diffraction peaks in 

44.5⁰ , 52.0⁰ , and 76.5⁰  are corresponding to nickel (JCPDS No.65-2865), and the peaks in 

44.5⁰ , 65.0⁰ , and 82.5⁰  are related to Fe (JCPDS No.65-4899). The presence of iron peaks 

is originated from the steel substrate. The presence of peaks related to iron and nickel 

indicates that the surface is not oxidized. However, in the XRD spectrum of the Ni-PTFE 

composite coating, only nickel diffraction peaks are observed. This can be due to an increase 

in the coating thickness by incorporation of PTFE particles. The thickness increased from 

5.9±0.2 µm for Ni coating, to 8.4±0.3 µm for Ni-PTFE composite coating. These results are 

in accordance with the results reported by Iacovetta et al [33].  

3.3. FTIR 

Surface chemical composition of the coatings was investigated by FTIR method. The FTIR 

spectra of Ni and Ni-PTFE composite coating deposited at PTFE concentration of 15 g/L in 
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electrodeposition bath are shown in Fig. 8. As mentioned in the experimental section, the 

samples were treated in myristic acid solution after electrodeposition in order to decrease the 

surface energy. Almost same absorbing peaks related to myristic acid is observed for both 

samples. The peaks at 2849 cm
-1

 and 2917 cm
-1

, are attributed to the methylene (-CH2) and 

methyl (-CH3) symmetric stretch. The absorbing peaks at 1471, 1573 and 1702 cm
-1

 are 

related to carboxyl groups (-COO) [22, 34]. This results indicate the successful formation of 

the myristic acid layer on the surface of the coatings. Some extra peaks are observed for the 

Ni-PTFE composite sample at 1190 cm
−1

, and 1151 cm
−1

 which are attributed to 

asymmetrical and symmetrical CF2 stretching of PTFE. A weaker peak corresponding to the 

CF2 wagging is also observed at 688 cm
−1

 [35].  

3.4. Corrosion resistance 

3.4.1. Polarization 

Polarization curves of hierarchically structured Ni coating and Ni-PTFE composite coatings 

deposited at various concentrations of PTFE particles from 5-40 g/L are shown in Fig. 9. The 

corrosion parameters extracted from polarization curves by Tafel extrapolation method is also 

shown in Table 2. According to Fig 9 and Table 2, it is observed that with increasing PTFE 

concentration in the coating from 5 to 15 g/L, the corrosion current density decreased from 

3.1 to 0.03 µA/cm
2
, and then with increasing particle concentration up to 40 g/L, the 

corrosion current density increased up to 3.6 µA/cm
2
. This means that the highest corrosion 

resistance amongst composite coatings is related to the coating produced at a concentration of 

15 g/L PTFE particles. This can be due to the relationship between hydrophobicity and 

corrosion resistance. In fact, the super-hydrophobic coating supply a barrier between the 

electrolyte and the substrate, resulting in increased corrosion resistance. This is in agreement 

with water contact angle test results; where the greatest contact angle amongst different 
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composite coatings was achieved for Ni-PTFE- 15 g/L sample. Therefore, it is suggested that 

the more superhydrophobic surfaces can have higher corrosion resistance. By increasing the 

water contact angle, the surface is less under attack by corrosive ions. Actually, very small 

part of real area of a superhydrophobic surface is in contact with corrosive solution and hence 

the corrosion protection performance is improved. These results are in agreement with the 

findings of other researchers [13, 36, 37]. Furthermore, when comparing the sample with 

optimum concentration of PTFE (15 g/L) with Ni sample (0 g/L PTFE), the corrosion current 

densities are 0.03 and 2.28 µA/cm
2
, respectively. This is due to the fact that by creating a 

composite coating, the corrosion resistance of the coating is improved. 

3.4.2. EIS 

Electrochemical impedance spectroscopy (EIS) was also used to investigate the corrosion 

behavior of hierarchically structured Ni coating and Ni-PTFE composite coatings deposited 

at various concentrations of PTFE particles from 5-40 g/L. Nyquist and bode curves are 

shown in Fig.10. The equivalent circuit shown in Fig. 11 was used to fit the results. In this 

equivalent circuit, Rs is the solution resistance. Rc and CPEc are the coating resistance and the 

constant phase element of the coating, respectively. Rp is the polarization resistance, and 

CPEdl is the constant phase element of the electrical double layer. In this study, due to surface 

roughness, a constant phase element was used instead of a capacitor [38]. The data extracted 

from the modelling of EIS curves are shown in Table 3. One of the most important 

information obtained from the Nyquist curves and can be used to verify the corrosion 

behavior is the charge transfer resistance. Generally, the charge transfer resistance is directly 

related to the diameter of the Nyquist curves. For the composite coatings, it is observed that 

with increasing PTFE concentration from 5 to 15 g/L, the polarization resistance increased, 

and then it decreased by increasing particle concentration up to 40 g/L. From the Bode plots 

of Fig. 10 it is also observed that the highest values of low frequency impedance is related to 
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Ni-PTFE-15 g/L coating. The low frequency impedance is directly related to the corrosion 

resistance. These results are in accordance with the results of polarization studies and shows 

that the highest corrosion resistance is associated with the coating deposited in the bath 

containing 15 g/L PTFE particles. Moreover, it could be seen from Table 3 that the double 

layer capacitance for the sample created at PTFE concentration of 15 g/L has the lowest value 

among other systems. Thus, the superhydrophobic coating provides a successful corrosion 

protection for the substrate. Many researchers have reported similar results [13, 21, 25, 26]. 

This is due to the air pockets stabilized within the grooves of the coating, which remarkably 

reduces the penetration of aggressive solution to the surface and improves the corrosion 

resistance [39]. Besides, by comparing the hierarchicallly structured Ni coating and Ni-

PTFE-15 g/L sample it is suggested that the incorporation of PTFE particles into the Ni 

coating can increase the repulsion of water and corrosive solution, improving the corrosion 

resistance of the coating.  

3.5. Durability  

One of the most important problems of superhydrophobic coatings limiting their industrial 

use is their weak chemical and mechanical stability. Recent efforts have been made to 

improve long-term chemical and mechanical sustainability. One of the most important 

fundamentals for superhydrophobicity is the surface roughness. The loss of surface roughness 

by electrolyte diffusion results in the loss of stability. In this case, the coating may enter the 

chemical reaction with the environment after exposure to the corrosive media. Therefore, a 

coarse material forms on the coating, and eliminates its initial roughness over time. Hence, 

the contact angle of water droplets on the surface decreases, and even the coating may find a 

hydrophilic character [40].  In general, to achieve optimal superhydrophobic coatings, efforts 

to increase stability are of great importance. One of the main goals of this study was to 
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increase chemical and mechanical stability. At first, chemical stability and then mechanical 

stability are investigated. 

3.5.1. Chemical stability 

The long-term chemical stability was investigated by measuring the water contact angle as a 

function of immersion time in a solution of 3.5 wt% sodium chloride. The changes of contact 

angle with immersion time for Ni sample and the composite coating containing PTFE are 

shown in Fig. 12. It is observed that for both samples the contact angle decreases with 

increasing immersion time. However, the reduction of contact angle occures with much lower 

slope for the coating containing PTFE particles. After 96 hours immersion, the contact angle 

of the PTFE-free sample  decreases from 157 to 79 degrees, and the sample is no more 

hydrophobic. But, the contact angle of the Ni-PTFE composite coating is reduced from 158 to 

133 degrees, keeping its hydrophobic behavior with time. The reason for the increase of 

chemical stability due to the addition of PTFE particles can be described as below: When 

PTFE particles enter the coating system, the reaction between the corrosive environment and 

the surface is reduced due to hydrophobic effect of PTFE. Moreover, since the hydrophobic 

property of PTFE particles is not influenced by immersion time in corrosive media, they can 

help to improve surface chemical stability. 

3.5.2. Mechanical stability 

One of the most frequently used tests to evaluate the mechanical stability of 

superhydrophobic coatings is mechanical abrasion method. In this test, the superhydrophobic 

sample is placed on a sandpaper, with a certain weight on the sample. Then the sample under 

pressure is drawn on the sandpaper and after different distances, the contact angle is 

measured. In this study, 800-grit sandpaper was used, and the applied load on the 

superhydrophobic samples was 1500 Pascal. The curve of variations of contact angle with 
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distance traveled is plotted in Fig. 13. Small variations of contact angle indicates a higher 

mechanical stability. It is found that the contact angle changes are less for Ni-PTFE coating 

compared to Ni sample, indicating an increase in mechanical stability by incorporation of 

PTFE into the Ni coating. In a work by Tam et al [39] superhydrophobic Ni-PTFE 

electrodeposits showed a very good wear stability, due to presence of PTFE particles in the 

coating.   

By embedding of PTFE particles with hydrophobic nature into the hierarchically structured 

superhydrophobic nickel coating, after surface abrasion, a new hydrophobic surface in 

exposed to the environment. Therefore, the mechanical stability is maintained. This 

mechanism is illustrated schematically in Fig. 14. As shown in Fig. 14a after mechanical 

damage of Ni sample, the surface will no more be superhydrophobic, due to the destruction 

of its hierarchical structure. But, for a composite coating containg PTFE particles (Fig. 14b), 

even after mechanical damage and destruction of hierarchical structure, the presence of PTFE 

particles give the surface a hydrophobic character, improving the mechanical stability of the 

coating. 

 

Conclusions 

In this study, superhydrophobic Ni-PTFE composite coatings with hierarchical morphology 

was applied on carbon steel substrates using electrodepsoition method and various coating 

properties were investigated. For this purpose, initialy the effect of the applied current density 

on the morphology and properties of the electrodeposited Ni coatings was studied. The results 

showed that the optimum current density to achieve the best wettability and corrosion 

resistance of nickel coatings with a hierarchical structure was 40 mA/cm
2
. Then, different 

concentrations of PTFE (5, 10, 15, 20, 30, and 40 g/L) was added to the Ni electrodeposition 
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bath. The results showed that the highest contact angle was achieved when 15 g/L PTFE 

particles were introduced into the electrodeposition bath. Moreover, the best corrosion 

protection performance was obtained for the mentioned coating, and the relationship between 

microstructure, wettability and corrosion resistance was discussed. The mechanical and 

chemical stability results showed that PTFE particles in the coating contribute to improved 

stability due to the hydrophobic nature of PTFE.  
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Figure Captions 

 

Fig. 1 FESEM images of micro-nano hierarchically structured nickel coatings 

electrodeposited at current densities of: (a) 20, (b) 40, and (c) 60 mA/cm
2
 

Fig. 2 Contact angle of different hierarchically structured nickel coatings electrodeposited at 

current densities of: (a) 20, (b) 40, and (c) 60 mA/cm
2
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Fig. 3 FESEM images of Ni-PTFE coatings fabricated at different PTFE concentrations in 

electrodeposition bath: (a) 5, (b) 10, (c) 15, (d) 20, (e) 30, and (f) 40 g/L   

Fig. 4 EDS spectra of Ni-PTFE coatings fabricated at different PTFE concentrations in 

electrodeposition bath: (a) 5, (b) 10, (c) 15, (d) 20, (e) 30, and (f) 40 g/L   

Fig. 5 Variation of Fluorine in the Ni-PTFE coating as a function of PTFE in the deposition 

bath 

Fig. 6 Contact angles of Ni-PTFE composite coatings deposited at different PTFE 

concentrations in the electrodeposition bath: (a) 5, (b) 10, (c) 15, (d) 20, (e) 30, and (f) 40 g/L 

Fig. 7 XRD spectra of: (a) Ni coating, and )b) Ni-PTFE composite coating deposited at PTFE 

concentration of 15 g/L in electrodeposition bath 

Fig. 8 FTIR spectra of (a) Ni coating, and (b) Ni-PTFE composite coating deposited at PTFE 

concentration of 15 g/L in electrodeposition bath 

Fig. 9 Polariation curves of Ni coating and Ni-PTFE composite coatings fabricated in the 

electrodeposition bath with varying PTFE concentrations 

Fig. 10 (a) Bode and (b) Nyquist plots of of Ni coating and Ni-PTFE composite coatings 

fabricated in the electrodeposition bath with varying PTFE concentrations 

Fig. 11 The equivalent circuits used to fit the EIS data 

Fig. 12 Variation of water contact angle as a function of immersion time for Ni and Ni-PTFE 

composite coating 

Fig. 13 Variation of water contact angle as a function of abration length for Ni and Ni-PTFE 

composite coating 
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Fig. 14 Schematic illustration of the mechanism of mechanical stability improvement for a 

superhydrophobic coating by embedding of PTFE particles 

 

 

Table Captions 

 

Table 1. The bath composition used for electrodeposition 

Table 2. The corrosion parameters extracted from the polarization curves  

Table 3. Corrosion data extracted from the EIS curves  
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Fig. 1  
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Fig. 2  
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Fig. 3  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

a b 

Elt Line Int Error K Kr W% A% ZAF Pk/Bg Class LConf HConf 

C Ka 15.0 35.8117 0.0212 0.0189 8.43 28.11 0.2240 8.34 A 7.78 9.07 

F Ka 108.8 16.1036 0.0514 0.0456 6.51 13.72 0.7014 10.13 A 6.32 6.69 

Fe Ka 34.7 0.8908 0.0393 0.0349 2.84 2.03 1.2309 4.36 A 2.69 2.98 

Ni Ka 502.7 0.9129 0.8881 0.7892 82.23 56.13 0.9597 41.36 A 81.14 83.33 

 

Elt Line Int Error K Kr W% A% ZAF Pk/Bg Class LConf HConf 

C Ka 18.0 34.4147 0.0255 0.0220 9.67 29.89 0.2273 9.64 A 8.99 10.35 

F Ka 166.2 13.7564 0.0789 0.0680 9.78 19.11 0.6950 13.12 A 9.55 10.00 

Fe Ka 23.0 0.7653 0.0262 0.0226 1.84 1.23 1.2248 3.57 B 1.73 1.96 

Ni Ka 489.0 0.7843 0.8693 0.7483 78.71 49.77 0.9508 41.27 A 77.65 79.77 
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Fig. 4  

 

 

 

 

 

 

 

 

 

Elt Line Int Error K Kr W% A% ZAF Pk/Bg Class LConf HConf 

C Ka 16.2 31.0372 0.0232 0.0201 8.87 27.54 0.2268 7.55 A 8.21 9.52 

F Ka 184.8 9.4669 0.0887 0.0767 10.92 21.44 0.7024 11.44 A 10.68 11.16 

Fe Ka 21.8 0.9469 0.0251 0.0217 1.77 1.18 1.2254 3.60 B 1.66 1.88 

Ni Ka 480.4 0.9704 0.8630 0.7463 78.45 49.84 0.9514 41.33 A 77.38 79.51 

 

Elt Line Int Error K Kr W% A% ZAF Pk/Bg Class LConf HConf 

C Ka 18.6 33.7070 0.0278 0.0235 10.23 30.32 0.2298 7.87 A 9.53 10.94 

F Ka 197.2 9.8008 0.0983 0.0833 12.01 22.49 0.6933 12.50 A 11.75 12.26 

Fe Ka 22.4 0.8669 0.0267 0.0226 1.87 1.19 1.2139 3.61 B 1.75 1.98 

Ni Ka 453.9 0.8884 0.8472 0.7174 75.90 46.00 0.9452 39.74 A 74.83 76.96 

 

Elt Line Int Error K Kr W% A% ZAF Pk/Bg Class LConf HConf 

C Ka 19.9 35.6428 0.0302 0.0253 10.90 31.43 0.2319 9.05 A 10.17 11.63 

F Ka 210.5 11.3305 0.1066 0.0893 12.94 23.59 0.6897 14.41 A 12.68 13.21 

Fe Ka 26.9 0.9337 0.0327 0.0274 2.27 1.41 1.2025 3.92 B 2.14 2.41 

Ni Ka 438.0 0.9569 0.8305 0.6955 73.88 43.57 0.9414 38.14 A 72.83 74.93 

 

Elt Line Int Error K Kr W% A% ZAF Pk/Bg Class LConf HConf 

C Ka 20.1 35.8007 0.0305 0.0256 11.02 31.92 0.2327 8.80 A 10.28 11.75 

F Ka 198.4 10.1081 0.1007 0.0847 12.29 22.51 0.6892 13.78 A 12.03 12.55 

Fe Ka 43.1 0.8492 0.0524 0.0441 3.71 2.31 1.1882 4.91 A 3.54 3.88 

Ni Ka 429.8 0.8703 0.8165 0.6870 72.98 43.25 0.9414 37.82 A 71.93 74.03 
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Fig. 5  
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Fig. 6  
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Fig. 7  
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Fig. 8  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



29 
 

 

 

Fig. 9  
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Fig. 10  
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Fig. 11  
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Fig. 12  
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Fig. 13  
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Fig. 14  
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Table 1.  

Component Amount (g/L) 
NiCl2.6H2O 238 

H3BO3 31 
C2H10Cl2N2 200 

CTAB 0.1 
PTFE particles 5, 10, 15, 20, 30, 40 
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Table 2.  

PTFE (g/L) βa (mV/decade) βc (mV/decade) Ecorr (mV.vs.SCE) icorr (µA/cm
2
) 

0 96.5 140 -29 2.28 

5 31 69 -244 3.1 

10 68 69 -335 2.2 

15 73 67 -180 0.3 

20 63 61 -189 0.54 

30 70 68 -244 2.9 

40 104 55 -261 3.6 
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Table 3.  

PTFE 

(g/L) 

Rs  

(Ω.cm
2
) 

CPEc 

(µF/cm
2
) 

nc Rc 

(Ω.cm
2
) 

CPEdl 

(µF/cm
2
) 

ndl Rp 

(Ω.cm
2
) 

0 11.3 21 0.62 322 185 0.92 6125 

5 11.2 62 0.72 112 236 0.92 3123 

10 12.3 36 0.71 412 126 0.86 5846 

15 10.4 16 0.62 612 59 0.81 9236 

20 10.6 23 0.67 592 67 0.79 8426 

30 13.2 32 0.61 389 156 0.75 6124 

40 12.3 53 0.52 126 192 0.71 5423 
Rs: Solution resistance; Rc: Coating resistance; Rp: Polarization resistance. 

CPEc: Constant phase element of the coating;  

CPEdl: Constant phase element of the electrical double layer. (n is the CPE exponent) 

 


