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Design and fabrication of a stable Ni-PTFE-SiC
superhydrophobic anticorrosive coating by electrodeposition
Jianguo Liu 1✉, Xiuting Fang1,2, Huixiang Ma2, Jie Cheng3, Xiao Xing1, Gan Cui1✉ and Zili Li1

Superhydrophobic coatings show great application potential in many fields, but they have not been widely used due to poor
stability. A Ni-PTFE-SiC composite coating was proposed in this paper. Firstly, the Ni-PTFE-SiC coating structure was designed by
molecular dynamics simulations. The feasibility of superhydrophobic effect of this structure and the adsorption stability of the
composite coatings were proved. This approach can also be used to avoid trial and errors when selecting other similar candidate
substances. Then, the Ni-PTFE-SiC superhydrophobic coatings were successfully prepared by composite electrodeposition, with the
water contact angle of more than 155° and the sliding angle of close to 0°. The effects of current density, deposition time and
nanoparticle concentration on the wettability and morphology of the coatings were also investigated. Through comparative
experiments, the best preparation parameters were: PTFE 14 g L−1, SiC 6 g L−1, primary current density 7 A dm−² (10 min) and
secondary current density 15 A dm−² (5 min). This preparation method doesn’t need additional modification with low surface
energy substances like the traditional preparation process, and greatly improves the corrosion resistance, wear resistance and
durability of the coatings.
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INTRODUCTION
In recent years, superhydrophobic coatings have attracted
considerable attention because of their potential in many fields1,
such as anti-corrosion2–4, oil-water separation5, prevention of
biofilm6, anti-icing7, anti-fogging8 and so on9. However, super-
hydrophobic coatings have the fatal defect of poor stability, which
prevents them from being widely used in practical applications.
On the one hand, the realization of the superhydrophobic effect
usually relies on the micro-nano structures on the surface, but
these structures are relatively fragile and easily destroyed by
external forces7,10,11. On the other hand, existing preparation
processes often require surface modification with low surface
energy substances, while these substances will peel off under
slight abrasion, resulting in loss of superhydrophobicity. Therefore,
improving the stability of superhydrophobic coatings has become
the key technology these days.
Composite electrodeposition undoubtedly provides a way to

solve the problem of poor stability of superhydrophobic coatings,
including corrosion resistance, wear resistance and durability. The
so-called composite electrodeposition is that some particles with
special properties are added to the plating bath and co-deposited
with the matrix, so that the coating can have the advantages of
both matrix and particles12. The most common matrix is metal. For
example, Zhou et al.13 prepared Ni-based composite coatings
embedded with MoS2 nanoparticles, a solid lubricant, which had
been proved to achieve a lower coefficient of friction and
enhanced wear resistance. By controlling the current density
during the electrodeposition process, Wang et al.14 prepared Cu-
CNTs composite coatings with carbon nanotubes uniformly
distributed in the Cu matrix, which obtained high strength and
good ductility. Based on the advantages of WC and WS2
nanoparticles, the Ni-WC-WS2 coatings prepared by composite
electrodeposition simultaneously obtained high hardness, self-

lubricity and excellent corrosion resistance15. In this way, if two
different particles with wear resistance and low surface energy are
added to the matrix at the same time, the good hydrophobicity
and high stability of the coatings can be achieved by one-step
electrodeposition without surface modification.
As a substance with a hardness slightly lower than that of

diamond, SiC particles have been widely utilized to co-deposition
with metals to improve their tribological properties16–20. Zhang
et al.16 prepared Ni-SiC composite coating by ultrasonic electro-
deposition, exhibiting a microhardness of 715.7 HV, while the
microhardness of pure Ni coatings was only 485.8 HV. Wasekar
et al.20 found that the maximum hardness of Ni-W-SiC composite
coatings increased by 25% compared with Ni-W alloy. Polytetra-
fluoroethylene (PTFE) is the self-lubricating material with the
lowest friction coefficient found so far, which makes it extensively
used to prepare self-lubricating coatings with good wear
resistance. Meanwhile, PTFE has the lowest surface energy with
surface tension of only about 0.019 Nm−1, which is beneficial to
the manufacture of superhydrophobic surfaces. Jiang et al.21

prepared Ni-PTFE-SiC composite coating, the adhesion strength
and corrosion resistance were enhanced by multi-physics coupled
deposition, the surface wettability of the coating was not
considered. Wu et al.22 prepared Ni-P-PTFE-SiC composite coating,
which demonstrates a combination of the advantages of the Ni-P-
SiC in high hardness and wear resistance, and of the Ni-P-PTFE
coating in a low friction coefficient, lower surface energy. The
contact angle was 103°. Huang et al.23 prepared Ni-P-PTFE-SiC
composite coating, the contact angle was 101.7°. Daniel et al.24

prepared Ni-PTFE superhydrophobic coatings on copper sub-
strates by adding PTFE nanoparticles to Watts bath, and the
maximum contact angle reached 152°. Later, they proved that the
Ni-PTFE superhydrophobic coatings had good abrasion resistance
and thermal stability through linear wear test25 and heat
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resistance test26 respectively. Other literatures27–29 have also paid
attention to the superhydrophobicity of metal-based-PTFE com-
posite coatings fabricated by one step electrodeposition.
With the development of computer technology, molecular

dynamics (MD) simulations have played an important role in
exploring surface and interface properties, analyzing reaction
mechanisms, guiding substance synthesis, drug design and other
fields. By simulating the wetting behavior of droplets on the
surface of certain material, it can provide a powerful guidance for
structural design of coatings. For instance, Sethi et al.30 simulated
the wetting configuration of water droplets and oil droplets on the
coatings composed of PDMS and different hydrolysis contents of
PVAc by MD simulations. They also calculated the contact angle of
droplets and the adsorption energy between coatings and
substrates to determine the best coating composition. Kitabata
et al.31 simulated the wetting behavior of water droplets on both
crystal and amorphous PVDF surfaces to explore the effect of
microstructure on surface wettability. In addition, MD simulations
can also be used to explore the adsorption stability and self-
diffusion of membranes32.
This paper aims to prepare Ni-PTFE-SiC anticorrosive super-

hydrophobic coatings with high stability by electrodeposition
without surface modification. Firstly, the preliminary design of the
coating was carried out using MD simulations, including the

wetting behavior of water droplets on the surface of Ni, SiC and
PTFE to investigate the effect of these two kinds of nanoparticles
on the wettability of coatings. Secondly, the adsorption of Ni-
PTFE-SiC film on Fe matrix was studied by MD simulations to find
out whether the composite coatings can adsorb stably on the
substrate. Then, the superhydrophobic coatings were fabricated
by controlling the current density, the deposition time and the
content of nanoparticles in the bath. In addition, a modified
coating was made using myristic acid as surface modifier, which is
often used to create superhydrophobic surface due to its low
surface energy. Finally, the stability of the modified coatings and
the Ni-PTFE-SiC composite coatings were compared, including
their corrosion resistance, wear resistance and durability.

RESULTS AND DISCUSSION
Wetting behavior of water droplets
The dynamic wetting behavior of water droplets on the surface of
three pure substances at different times is shown in Fig. 1. It can
be seen from Fig. 1a, d, g, j, m, that the water molecules on the
smooth nickel surface spread down rapidly, and a water film had
been formed on the surface at 500 ps. Subsequently, water
molecules continued to migrate on the nickel surface, which
indicated that the smooth nickel matrix itself had strong

Fig. 1 Wetting stater of water droplets on the different surface. Wetting stater of (a) Ni matrix, (b) SiC matrix and (c) PTFE matrix at 0 ps, (d)
Ni matrix, (e) SiC matrix and (f) PTFE matrix at 50 ps, (g) Ni matrix, (h) SiC matrix and (i) PTFE matrix at 100 ps, (j) Ni matrix, (k) SiC matrix and (l)
PTFE matrix at 500 ps, (m) Ni matrix, (n) SiC matrix and (o) PTFE matrix at 1000 ps; (p), (q) and (r) are the corresponding top views of (m), (n)
and (o).
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hydrophilicity. When the water droplet was on the SiC surface, as
shown in Fig. 1b, e, h, k, n, the spreading speed of water molecules
was relatively slow and the final WCA was obviously less than 90°,
which proved that the hydrophobicity of smooth SiC surface was
slightly stronger than that of metal Ni, but it was still hydrophilic.
When the water droplet was located on the surface of PTFE, as
depicted in Fig. 1c, f, i, l, o, the water molecules only moved very
slowly downward under the action of gravity, but hardly spread
along the matrix. The hydrophobic long chain of PTFE molecules
inserted into the water droplet and prevented the water
molecules from migrating on the surface of the matrix, resulting
in the final WCA much greater than 90°, indicating that PTFE had
strong hydrophobicity. Figure 1p illustrate the top view of the
water droplets when they reached equilibrium on the surface of
the three substances. Obviously, the spreading area of water
droplets on the Ni surface was large, followed by SiC, while the
spreading area of water droplets on the PTFE surface was very
small and the water molecules were still closely adsorbed
together.
Figure 2 shows the concentration distribution of water

molecules on the surface of different substrates along the Z axis.
It can be seen that the peak point of water molecules appeared at
about 11.8 Å from the Ni surface and the relative concentration
was as high as 80%, that is, a large number of water molecules
gathered in a very narrow height range close to the Ni substrate to
form a water film. On the SiC substrate, water molecules were
mainly distributed in the range of 14 Å to 29 Å from the surface,
accompanied by the first high concentration peak at 15.2 Å and
the second peak at 18.8 Å. On the surface of PTFE, the
concentration distribution of water molecules did not show a
clear peak, but rather evenly distributed in an extremely wide
range of 20.5 Å to 55 Å from the surface, indicating the strong
hydrophobic ability of PTFE.
The interaction energy between the droplet and the surface of a

certain material is also an important parameter that affects its
wetting behavior. It is generally believed that the smaller the
interaction energy, the more difficult it is for water molecules to
adsorb on the substrate, indicating that the surface of the material
is more hydrophobic33. Therefore, calculating the interaction
energy between water droplets and the substrate can also provide
a theoretical basis for predicting the wettability of a certain
material. The interaction energy between the droplet and the
substrate can be calculated according to Eq. (1):34

Einteraction ¼ Etotal � Esurface þ Eliquid
� �

(1)

where Einteraction is the interaction energy between the droplet and
the substrate. Etotal is the total energy of the whole system. Esurface
is the energy of the substrate without adsorbing the droplet and
Eliquid is the energy of the droplet. Similarly, the van der Waals
interaction Evaw and electrostatic interaction Eele between droplets
and matrix can be obtained by the same algorithm.
Table 1 shows the calculation results of Einteraction, Evaw and Eele

between water droplets and different substrates. It can be seen
that the energy between the water droplets and the surfaces of
the three substrates was all negative, indicating that there was an
attraction between them. The interaction energy between the
water droplet and the Ni matrix was as high as
−1626.960 kcal mol−1, much higher than that between the water
droplet and the other two substrates, which were
−251.339 kcal mol−1 and −28.036 kcal mol−1, respectively. There-
fore, with the decrease of Einteraction value, the spreading ability of
the water droplet on the surface of the three kinds of matrix
decreased successively. In addition, the data in Table 1 shows that
the energy composition between the water droplet and the
substrate mainly came from the van der Waals force between the
molecules, while the electrostatic interaction accounted for a very
small proportion.
In summary, the hydrophobicity of SiC and PTFE was stronger

than that of metallic nickel, so the introduction of these two kinds
of nanoparticles in the coatings would be more conducive to the
realization of the superhydrophobic effect.

Adsorption stability of coatings
Figure 3 shows the adsorption process of myristic acid molecules
on the Ni surface. It can be seen that the myristic acid molecules
were disorderly distributed at the initial moment, and then
gradually move downward, forming the first regular molecular
layer next to the Ni matrix. Later, the excess myristic acid
molecules continued to adsorb above the first adsorption layer to
form the second adsorption layer. As shown in Fig. 3b, the first
dense adsorption layer had been formed at 250 ps, but the
distribution of top molecules was still disordered. From 500 ps, as
shown in Fig. 3c, d, the long chain of myristic acid molecules
gradually spread out until the formation of the second adsorption
layer. However, compared with the first layer, the density of the
second adsorption film had decreased visibly.
Figure 4 shows the adsorption process of Ni-PTFE-SiC composite

film on the Fe surface. Compared with Fig. 4a, b is the simulation
system after structural optimization, from which it can be seen
that the obvious gap between the Fe matrix and the composite
layer had disappeared, indicating that there was a strong
attraction between iron atoms and nickel atoms. Subsequently,
the three substances all showed a tendency to continue to move
towards the surface of the Fe matrix, especially the nickel atoms,
which were rapidly deposited and arranged regularly, and metal
bonds were formed between the Ni-Fe, as shown in Fig. 4d.
Similar to Eq. (1), the adsorption energy of the myristic acid

adsorption film and the metal nickel surface was calculated to be
−2208.215 kcal mol−1, all from the intermolecular force—van der
Waals interaction, and the electrostatic attraction between the
two was also 0. In other words, the myristic acid molecules cannot
form chemical bonds with the nickel surface, but only relied on

Fig. 2 Concentration of water molecules along the Z axis on
different substrates.

Table 1. Interaction energy between water droplets and different
substrates.

matrix Ni SiC PTFE

Einteraction(kcal mol−1) −1626.960 −251.339 −28.036

Evaw(kcal mol−1) −1626.955 −251.293 −22.466

Eele(kcal mol−1) −0.004 −0.045 −5.570
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van der Waals force to form physical adsorption, which also
revealed the inherent reason for the poor durability of the
modified superhydrophobic coatings. While, SiC and PTFE
particles were tightly wrapped by nickel atoms, which then
formed stronger metal bonds with iron atoms, so the composite
film could be more stably adsorbed on the substrate.
The self-diffusion of the coatings is another important factor

affecting their stability. Taking Ri(t) and Ri(0) as the positions of
particle i at time t and 0 respectively, the average square of
displacement is called mean square displacement (MSD)35,36, as
shown in Eq. (2). The small slope of the MSD curve means that the
material diffuses slowly and the coating is more stable. Conversely,
the larger the slope of the MSD curve is, the more intense the
particle diffusion is, which means that the stability of the film is
worse.

MSD ¼ Ri tð Þ � Ri 0ð Þ½ �2
D E

(2)

Figure 5 shows the MSD curves of myristic acid molecules, Ni
atoms, PTFE and SiC particles in the Ni-PTFE-SiC composite
coatings, respectively. It can be observed that there was a clear
difference between the migration process of the myristic acid
molecules and the substances in the composite coatings. First, the
MSD curve of the myristic acid molecules was apparently divided
into two segments, which corresponded to the layered adsorption
observed in the adsorption configuration. Secondly, the MSD
curve of the myristic acid molecules was always above the curves
of the other three molecules, indicating that the migration
amplitude of the former was greater than the latter. Last but

not least, the MSD curves of Ni atoms, PTFE and SiC particles had
similar trends, and their slopes had little difference and were
much smaller than that of myristic acid, indicating that the three
substances did form a complete composite film and the diffusion
rate of this film was significantly lower than that of the modifier
one.
The self-diffusion coefficient D of the film can be calculated by

the Einstein diffusion formula (Eq. (3)), where Na is the number of

Fig. 3 Adsorption process of myristic acid on Ni matrix. Adsorption at (a) 0 ps, (b) 250 ps, (c) 500 ps and (d) 1000 ps.

Fig. 4 Adsorption process of Ni-PTFE-SiC layer on Fe matrix. Adsorption (a) before structural optimization, at (b) 0 ps, (c) 500 ps and (d)
1000 ps.

Fig. 5 Mean square displacement curves of different substances.
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diffused particles. By calculation, the diffusion coefficient of the
myristic acid modified layer (average of two segments) was
6.793 × 10−10m² s−1, while the diffusion coefficient of the Ni-PTFE-
SiC composite coating (average value of Ni, PTFE and SiC) was only
2.591 × 10−11m² s−1, which was about 1/26 of the former,
suggesting that the composite coating diffused much more
slowly.

D ¼ 1
6Na

lim
t!1

d
dt

XNa

i¼1

Ri tð Þ � Ri 0ð Þ½ �2
D E

(3)

To sum up, the adhesion between the myristic acid modified
film and the Ni surface was small and the self-diffusion was
intense, while the Ni-PTFE-SiC composite film had a large adhesion

to the Fe matrix and slow self-diffusion, which would make the
stability of the Ni-PTFE-SiC superhydrophobic coatings much
higher than that of the surface modified superhydrophobic
coatings.
The MD simulation results of the wetting behavior of water

droplets on different substrates show that the water droplets
spread on the metal Ni surface to form a water film, while the
contact angles formed on the surface of SiC and PTFE were acute
and obtuse angles, respectively, and the adsorption energy
between water molecules and the surface of Ni, SiC and PTFE
decreased sequentially. Therefore, the hydrophobicity of the three
substances ranging from strong to weak was PTFE > SiC > Ni. The
embedding of PTFE and SiC nanoparticles contributed to the
superhydrophobicity of the coating.

Fabrication of superhydrophobic coatings
MD simulations proved the advantages and feasibility of Ni-PTFE-
SiC composite coating structure from two aspects of wettability
and adsorption stability, and then the superhydrophobic coatings
were successfully prepared by electrodeposition. At the same
time, the effects of different process parameters on the properties
of the coatings were investigated.
Figure 6 shows the WCA and SA of pure nickel coatings without

nanoparticles prepared at different current densities, in which the
horizontal axis coordinate “7+ 15” represents a current density of
7 A dm−² for 20 min, followed by a secondary electrodeposition
for 5 min at a current density of 15 A dm−² Other groups were only
electrodeposited for 20 min at the corresponding current den-
sities. When only one-step electrodeposition was carried out, the
WCA increased at first and then decreased with the increase of
current density. Correspondingly, the changing trend of SA was
just the opposite. Specifically, the WCA of the nickel coatings was
only about 55° and the SA was nearly 40° at a current density of
1 A dm−². As the current density increased to 7 A dm−², the WCA
reached more than 90°, and the coatings changed from

Fig. 6 WCA and SA of pure Ni coatings at different current
densities. The error bars indicate standard deviations.

Fig. 7 SEM images of pure Ni coatings at different current densities. SEM images at current densities of (a) 1 A dm−², (b) 7 A dm−², (c)
9 A dm−², (d) 7+ 15 A dm−².
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hydrophilic to hydrophobic. When the current density continued
to increase to 9 A dm−² the WCA began to drop to about 85° and
the SA was slightly increased. When the secondary electrodeposi-
tion was adopted, the WCA of the obtained coatings was the
largest, reaching about 95°, and the SA was reduced to less than
30°, which proved that the method of secondary electrodeposition
was beneficial to improving the hydrophobicity of the Ni coatings.
Figure 7 shows the SEM images of the Ni coatings under

different current densities. On the whole, the microscopic
morphology of the pure nickel coatings exhibited sharp cone-
like structure. As shown in Fig. 7a, when the current density was
only 1 A dm−², the arrangement of the sharp cone structure was
disorderly, and the height difference between the top “peak” and
the lowest “valley” of the sharp cone was not obvious. It was
difficult for such a structure to trap air to form an “air cushion”,

and according to the results of MD simulations, metallic nickel
itself had strong hydrophilicity, so the prepared coating had poor
hydrophobicity at low current density. At 7 A dm−², it can be seen
from Fig. 7b that micron sharp conical nickel crystals were closely
arranged and a small number of nanoscale nickel crystals were
scatteredly attached to micron nickel cones, so the WCA of the
coating increased to more than 90°. When the current density
continued to increase to 9 A dm−², due to the further increase of
the driving force of the cathodic reaction, the cathodic over-
potential increased. In the case of long electrodeposition time, the
cathode surface lacked sufficient discharge metal ions, which led
to obvious hydrogen evolution reaction, so a large number of
porosity defects appeared on the conical structure of the coating
as shown in Fig. 7c, which was also the reason for the decrease of
the WCA. Figure 7d depicts that a large number of smaller (nano-
scale) nickel grains were attached to the larger (micron-scale)
sharp cones under secondary electrodeposition, which was due to
the grain refinement effect of high current density37,38. The micro-
nano dual-scale surface structure further enhanced the hydro-
phobicity of the coating.
Figures 8, 9 show the wettability and SEM images of Ni-PTFE-SiC

composite coatings at different current densities, respectively,
when the content of both particles in the bath was 10 g L−1. The
sum of the weight percentage of F and Si elements obtained by
EDS test is also shown in Fig. 9, which can be used to indirectly
estimate the composite amount of PTFE and SiC nanoparticles.
Obviously, compared with the pure nickel coatings, the hydro-
phobicity of the composite coatings had been significantly
improved after adding two kinds of nanoparticles, with the
maximum WCA reaching close to 120° and the SA lowering to less
than 20°. It is found from Fig. 9a that only a small amount of
particles were included in the coating at low current density, and
the weight percentage of F and Si was only 2.1%. Nanoparticles
wrapped by metal cations or surfactants37,39 need stronger driving
force than Ni2+ to achieve the same migration speed during the
electrodeposition process40. Therefore, in comparison, more Ni
ions were reduced and fewer particles were co-deposited at lower

Fig. 8 WCA and SA of Ni-PTFE-SiC coatings at different current
densities. The error bars indicate standard deviations.

F+Si=2.1 wt.% F+Si=3.8 wt.% 

F+Si=9.7 wt.% F+Si=6.1 wt.% 

Fig. 9 SEM images of Ni-PTFE-SiC coatings at different current densities. SEM images at current densities of (a) 3 A dm−², (b) 7 A dm−², (c)
9 A dm−², (d) 7+ 15 A dm−².
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current densities due to insufficient driving force. As the current
density increased, the amount of inclusions of nanoparticles in the
coating increased, as shown in Fig. 9b, the content of F and Si
increased to 3.8% and the hydrophobicity also gradually
increased. However, when the current density reached 9 A dm−²,
although the content of F and Si elements increased sharply to
9.7%, the hydrophobicity of the coating decreased slightly. As the
current density increased, the electrostatic gravitation between
the cathode and Ni2+ increased and the reduction rate of Ni2+

became faster, enhancing the ability of metal ions to “capture”
nanoparticles41,42. Coupled with enough deposition time (20min),
a large number of nanoparticles were deposited, eventually
leading to irregular agglomeration of particles on the surface of
the composite coating, as shown in Fig. 9c, which made the
hydrophobicity of the coating slightly reduced. Compared with
one-step electrodeposition, the hydrophobicity of the coating was
the strongest under the secondary electrodeposition, indicating
that the composite amount of nanoparticles in the coating under
secondary electrodeposition was the most reasonable. At this
time, the weight percentage of the F and Si elements in the
coating was 6.1%, and since the high current density lasted only

5 min, the nanoparticles were not able to agglomerate in large
quantities, as shown in Fig. 9d.
Figure 10 shows the distribution of elements in the composite

coatings. The peak value of Ni element in EDS diagram was the
highest, indicating that nickel was still the main component of the
composite coatings. A trace amount of O element was detected,
which came from the partial oxidation of metallic nickel. F element
and Si element were detected, which proved that SiC and PTFE
nanoparticles were successfully embedded in nickel matrix.
Figure 11 illustrates the WCA and SA of samples under different

primary electrodeposition time at 7 A dm−², with the secondary
electrodeposition time remaining constant at 15 A dm−² for 5 min,
and both PTFE and SiC particle contents were 10 g L−1. When the
first electrodeposition time was 5min, the WCA of the coating was
only about 100° and the SA was above 30°. When the
electrodeposition time was increased to 10 min, the WCA of the
coating suddenly increased to 130° and the SA dropped to less
than 20°, meaning that the hydrophobic performance of the
coating had been greatly improved. However, as the primary
electrodeposition time continued to increase, the hydrophobicity
of the coating began to decrease, especially when the primary
electrodeposition time reached 30min, the WCA of the coating
decreased to 110°, and the SA increased to more than 20°.
Figure 12 reveals the micromorphology of the composite

coatings at different electrodeposition time. When the deposition
time was short, the nanoparticles didn’t have enough time to be
embedded in the coating, so the hydrophobicity of the coating
was poor at this time. When the electrodeposition time was
increased to 10 min, there had been already a large number of
nanoparticles in the composite coating, and the particles of
different scales were dispersed with each other and evenly
distributed in the nickel-based metal, as shown in Fig. 12a, so that
the hydrophobicity of the coating had been greatly improved.
However, the continuous increase of deposition time would lead
to the agglomeration of particles. As shown in Fig. 12b, when the
electrodeposition time reached 30min, the agglomeration of
nanoparticles had become very serious. It can be observed that a
large number of particles gathered together to form pieces of
aggregates, which absorbed on the surface of the coating,
resulting in the further weakening of the hydrophobic perfor-
mance of the composite coatings.

Fig. 10 Distribution of elements on the surface of the Ni-PTFE-SiC coatings.

Fig. 11 WCA and SA of Ni-PTFE-SiC coatings at different
electrodeposition time. The error bars indicate standard deviations.
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The WCA and SA of the Ni-PTFE-SiC coatings under different
nanoparticle concentrations are shown in Fig. 13. It can be found
that, when two types of nanoparticles were not added to the bath
(0/0), the WCA of the coating was only slightly greater than 90°,
and the SA was greater than 30°. Both SiC and PTFE nanoparticles

could improve the hydrophobicity of the coatings, especially the
content of PTFE played a decisive role in the wettability of the
coatings. As the concentration of PTFE increased, the hydro-
phobicity gradually enhanced. When the PTFE concentration was
greater than 14 g L−1 (14/6), the coating surface reached super-
hydrophobic state with the WCA more than 155°. When the
droplet touched the surface of the coating, it would bounce
immediately, that is, the SA was close to 0°. After that, when the
concentration of PTFE particles was further increased to 16 g L−1

(16/4) and 18 g L−1 (18/2), the hydrophobicity of the coating
surface remained relatively stable. But when the concentration of
PTFE particles in the plating solution increased to 20 g L−1 (20/0),
the WCA dropped below 140°, and the SA increased to about 15°.
The wettability was actually determined by the composite

amount and distribution of PTFE nanoparticles in the coatings.
Figure 14 shows the variation of the weight percentage of
element F in the coatings with the concentration of PTFE particles
in the bath. With the increase of the PTFE concentration in the
plating bath, the content of F element in the coatings showed an
upward trend first, reaching a maximum of 15.61%, and then the
content of F element decreased on the contrary. The reason for
the decrease in the amount of F element embedded is that, on the
one hand, the concentration of PTFE nanoparticles in the bath was
too large, and agglomeration occurred, so large aggregates were
difficult to move to the surface of the cathode. On the other hand,
due to the good insulation of PTFE, the conductivity of the bath
became worse with the increase of PTFE concentration, and the
cathodic overpotential decreased, which led to hydrogen evolu-
tion reaction. This side reaction would affect the co-deposition of
metals and nanoparticles43. In addition, this phenomenon may
also be caused by saturation adsorption effect44, that is, when the
concentration of nanoparticles in the bath reached a critical value,
the adsorption capacity of nanoparticles on the cathode surface
would reach saturation, so the composite amount of nanoparticles
in the coatings cannot continue to increase.
Figure 15 shows the distribution of F element in the coatings

under different PTFE nanoparticle concentrations in bath. It can be
seen from Fig. 15a that when the concentration of PTFE
nanoparticles in the bath was 14 g L−1, the particles in the coating
were dispersed with each other without agglomeration. When the
concentration of PTFE nanoparticles in the plating solution
increased to 16 g L−1, as shown in Fig. 15b, although the F
element content in the coating increased significantly (15.61%), it
gathered together in pieces. This agglomeration weakened the
hydrophobic effect of PTFE slightly. Therefore, in order to achieve
the strongest hydrophobicity of the composite coatings, two
conditions must be met, one is that there is sufficient content of
PTFE in the coatings, and the other is the uniform distribution of
nanoparticles in the coatings.
Figure 16 shows the SEM images of the composite coating

when it reached the most superhydrophobic state (PTFE/SiC= 14/
6 g L−1). As shown in Fig. 16a, the two nanoparticles embedded in

Fig. 12 SEM images of Ni-PTFE-SiC coatings at different electrodeposition time. SEM images at electrodeposition time of (a) 10 min, (b)
30 min.

Fig. 13 WCA and SA of Ni-PTFE-SiC coatings at different
concentrations of nanoparticles. The error bars indicate standard
deviations.

Fig. 14 The content of F element in the coatings at different PTFE
concentrations in bath.
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the coating provided adsorption sites for the crystallization and
growth of metallic nickel. Especially under the condition of
secondary high current deposition, nickel atoms were rapidly
grafted on the particles with very fine crystals, forming micro-nano
dual-scale structure. In Fig. 16b, a number of micro-pores were
observed on the surface with such structure. These pores could
trap air to form an air cushion, preventing water droplets from
penetrating into the surface, as illustrated in Fig. 17b, thus greatly
improving the hydrophobicity of the coating. Figure 17a shows
the 3D morphology of the coating, consistent with Fig. 16a. The
surface of the coating was obviously distributed with protrusions
of different sizes, which were two kinds of particles embedded in
the coating, and the average roughness Ra of the coating surface
was tested to be 0.47 μm.

The current density, electrodeposition time and the concentra-
tion of nanoparticles in the bath affected the hydrophobicity by
influencing the composite amount, distribution state of nanopar-
ticles and morphology of coatings. When the concentrations of
PTFE and SiC nanoparticles in the bath were 14 g L−1 and 6 g L−1

respectively, the current density of 7 A dm−² was used for primary
electrodeposition for 10 min, and then the current density of
15 A dm−² was used for secondary electrodeposition for 5 min. At
this time, the nanoparticles were uniformly distributed in the
coating, and the coating was superhydrophobic with the WCA of
more than 155°.
Figure 18 shows the polarization curves of bare substrate,

ordinary Ni coating and the most superhydrophobic Ni-PTFE-SiC
coating (SH coating) after soaking in corrosion medium for 0.5 h.

Fig. 15 The distribution of element F in the coatings under different PTFE nanoparticle concentrations in bath. The distribution of
element F under the concentration of PTFE nanoparticles was (a) 14 g L−1, (b) 16 g L−1.

Fig. 16 SEM images of superhydrophobic Ni-PTFE-SiC coatings (PTFE/SiC= 14/6 g L−1) with different magnifications. SEM images with
magnification of (a) ×10,000, (b) ×40,000.

Fig. 17 3D topography of the superhydrophobic coating and schematic diagram of water droplets on the coating. a 3D topography of
superhydrophobic coatings, (b) Schematic diagram of water droplets on micro-nano hierarchical structure.

J. Liu et al.

9

Published in partnership with CSCP and USTB npj Materials Degradation (2023)    90 



Based on this, the corrosion potential Ecorr and corrosion current
density icorr of each sample were obtained by Tafel extrapolation
and listed in Table 2. The anti-corrosion efficiency η of samples
was calculated according to Eq. (4), where icorr,sub and icorr,coated
respectively represent the corrosion current density of the bare
substrate and the coated sample.

η ¼ icorr;sub � icorr;coated
icorr;sub

´ 100% (4)

It can be found from Fig. 18 and Table 2 that compared with the
bare carbon steel substrate, the Ecorr of the sample with ordinary
nickel coating was significantly positive and the icorr was slightly
reduced, indicating that the ordinary Ni coating could enhance
the corrosion resistance of the substrate, but the calculated anti-
corrosion efficiency η was only about 43.0%. In contrast, the Ecorr
of sample with superhydrophobic Ni-PTFE-SiC composite coating
was the most positive, and the icorr was only approximately 1/20 of
bare substrate and 1/11 of Ni coating. The anti-corrosion efficiency
of superhydrophobic Ni-PTFE-SiC composite coating was as high
as 95.0%, which indicated that the superhydrophobic coating had
excellent protection effect.
The Nyquist plots of different samples after soaking in corrosion

medium for 0.5 h are shown in Fig. 19. Clearly, the capacitive arc
radius of the sample with the superhydrophobic coating was
significantly larger than that of the bare carbon steel substrate and
the nickel coating, a symbol of the excellent anti-corrosion effect.
The equivalent circuits shown in Fig. 20 were used to fit the EIS

data and the fitting data are shown in Table 3. Rs, Rc and Rct are
solution resistance, coating resistance and charge transfer
resistance respectively. CPEdl and CPEc are constant phase angle
elements to simulate the capacitance at the interface of solution/
substrate and solution/coating45. Considering the roughness and
energy dissipation of the electrode surface32, the constant phase
angle element is often used to replace the ideal capacitance, and

its impedance is defined by Eq. (5):

ZCPE ¼ 1
Y0

jωð Þ�n (5)

In the formula, Y0 is a constant, sn Ω−1 cm−2. ω is the angular
frequency, rad s−1. j is an imaginary number and n is a dispersion
index.
Table 3 reveals the internal mechanism of the excellent anti-

corrosion effect of superhydrophobic coatings. First of all, the film
resistance Rc of the ordinary Ni coating itself was only 51 Ω·cm2,
while the Rc of the superhydrophobic composite coating reached
1.289 × 103 Ω·cm2. The reason was that the coating was
embedded with chemically inert SiC and PTFE nanoparticles, thus
enhancing the corrosion resistance of the coating itself. On the
other hand, the Rct of bare carbon steel substrate and Ni coating
was only 1.989 × 103 Ω·cm2 and 6.740 × 103 Ω·cm2, respectively,
while the Rct of the superhydrophobic composite coating was as
high as 3.088 × 105 Ω·cm2, which was two orders of magnitude
higher than that of the nickel coating. The significant increase of
Rct indicated that the strong water repellent capacity of the
superhydrophobic surface hindered the penetration of the
corrosion medium into the coating and contact with the substrate,
which greatly increased the resistance of the corrosion reaction
and dramatically improved the anti-corrosion effect of the coating.
To compare the wear resistance of the composite coatings, the

modified superhydrophobic coatings were prepared by soaking
the ordinary nickel coatings in myristic acid, and Fig. 21 shows the
WCA and SA of two kinds of superhydrophobic coatings at
different wear distances. From Fig. 21a, it can be found that after
modification with myristic acid, the nickel coating presented
superhydrophobic state with the WCA up to 156° and the SA of 0°.
After only 120 cm of abrasion, the WCA of the coating had
dropped to 150° and the SA had increased to 4°. When the wear
distance reached 160 cm, the WCA decreased sharply to less than
140° and the SA increased to more than 10°, which meant that the
hydrophobicity of the coating began to decrease sharply. When
the wear distance reached 400 cm, the WCA and SA became less
than 120° and nearly 20° respectively, so it was difficult to
maintain good hydrophobicity for modified coatings.
In contrast, it can be seen from Fig. 21b that for the Ni-PTFE-SiC

composite coating, the WCA was still more than 150° and the SA
was less than 5° until the wear distance reached 200 cm, that is to
say, the coating was still superhydrophobic. When the wear
distance exceeded 280 cm, although the hydrophobicity of the
coating continued to decline, the rate of decrease became

Fig. 18 Polarization curves of bare substrate, Ni coating and
superhydrophobic coating.

Fig. 19 Nyquist plots of bare substrate, Ni coating and super-
hydrophobic coating.

Table 2. Data fitted according to polarization curves.

Samples Ecorr/mV icorr/A·cm−2 η

Bare Substrate −530.0 8.580 × 10−6 —

Ni Coating −436.7 4.891 × 10−6 43.0%

SH Coating −396.0 4.348 × 10−7 95.0%
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relatively slow. The WCA of the coating remained above 142° and
the SA was below 15° until the wear distance reached 360 cm.
Then, the hydrophobicity of the coating changed little with
increasing the wear distance. Therefore, compared with the
modified coatings, the wear resistance of the composite coatings
had been greatly improved.
Figure 22 depicts that the surface morphology of these two

kinds of coatings after the sand abrasion experiment was greatly
different. As shown in Fig. 22 (a) and (a–i), the wear marks on the
surface of the modified coating were very obvious, wide, deep and

numerous in number due to the poor hardness and adhesion of a
layer of modifier on the surface, which constantly fell off in the
wear process, forming a large number of irregular wear marks and
leading to the rapid deterioration of the hydrophobicity. However,
very slight wear marks could be observed on only part of the
surface of the composite coating, as shown in Fig. 22 (b) and (b–i).
On the one hand, due to the high hardness of SiC, on the other
hand, the self-lubricity of PTFE also reduced the friction coefficient
of the coating, resulting in light wear of the composite coating.
Moreover, because the two kinds of nanoparticles were

Fig. 20 Equivalent circuit diagrams for impedance spectrum fitting. Equivalent circuit diagrams applicable to (a) bare substrate, (b) coated
samples.

Table 3. Data fitted according to the impedance spectrum.

Samples Rs/Ω cm2 CPEdl Rct/Ω cm2 CPEc Rc/Ω cm2

Y0/s
n Ω−1 cm−2 n1 Y0/s

n Ω−1 cm−2 n2

Bare Substrate 5.6 5.383 × 10−4 0.759 1.989 × 103 — — —

Ni Coating 5.9 1.360 × 10−4 0.664 6.740 × 103 3.766 × 10−5 0.933 51

SH Coating 5.9 2.080 × 10−6 0.843 3.231 × 105 3.846 × 10−6 0.506 1.289 × 103

Fig. 21 WCA and SA of samples under different wear distances. WCA and SA of (a) modified coatings, (b) Ni-PTFE-SiC composite coatings.
The error bars indicate standard deviations.
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embedded in the coating, as the wear distance continued to
increase, the nanoparticles were continuously exposed, so that the
hydrophobicity of the coating kept relatively stable.
Figure 23 shows the corrosion morphology of the modified

superhydrophobic coating and Ni-PTFE-SiC composite superhy-
drophobic coating immersed in 3.5 wt.% NaCl solution for 840 h.
After 168 h of soaking, the surface morphology of both the two
coatings hardly changed. But after 336 h, the difference began to

Fig. 22 Surface morphology of different samples after wear. Surface morphology of (a) modified coatings, (b) Ni-PTFE-SiC composite
coatings, (c) and (d) are the corresponding SEM images.

Fig. 23 Corrosion morphology of samples changing with immersion time. Surface morphology of (a) modified coatings, (b) Ni-PTFE-SiC
composite coatings.

Fig. 24 Schematic diagram of water droplets model.
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show up. The corrosion of the composite superhydrophobic
coating was very slight only in the weak area of the interface
between the epoxy resin and the sample, while a layer of myristic
acid molecules on the surface of the modified coating had visibly
fallen off in the local area. When the immersion time continued to
increase, the corrosion of the composite coating almost did not
develop, while the peeling off of the modifier on the surface of the
modified coating became more and more serious. The modifiers
that originally fell off in spots were gradually connected into
pieces, and large exposed areas developed into weak corroded
areas. By contrast, the composite superhydrophobic coating
obviously showed better durability. After immersing for 840 h,
most areas still maintained good corrosion protection effect.
The anti-corrosion efficiency of Ni-PTFE-SiC superhydrophobic

coatings reached 95%. They also had better wear resistance and
durability compared with the modified coatings. Through MD
simulations, the good stability of the Ni-PTFE-SiC composite
coatings was due to the fact that SiC and PTFE nanoparticles
moved to the substrate together under the tightly entrapment of
Ni, forming metal bonds with the substrate. The composite film
had strong adhesion, low diffusion coefficient and slow diffusi-
bility, so that the composite coatings could be stably adsorbed on
the substrate.

METHODS
Design of superhydrophobic coatings
In order to explore whether the addition of SiC and PTFE is
beneficial to the improvement of the hydrophobicity of Ni-based
coatings, we first simulated the wetting behavior of water droplets
on the surface of these three different materials.
The commercially purchased software, Materials Studio (MS),

was used to build initial configuration and run MD simulations.
The SPC model46 was chosen to describe the interactions between
water molecules. Then, the Amorphous Cell module in the
software was utilized to construct a cell composed of 1000 water
molecules with a density of 1 g cm−³, followed by the construction
of spherical water droplets with a diameter of 30 Å using
Nanocluster build function, as shown in Fig. 24.
The Ni crystal cell structure was imported from the crystal

library of MS with lattice parameters of a= b= c= 3.524 Å and
α= β= γ= 90°. After the geometry optimization of the cell
structure by using the CASTEP module, the lattice parameters

were changed to a= b= c= 3.547 Å. Subsequently, the crystal
cell was cut along the (1 0 0) plane47 using the Cleave Surface tool
and the Thickness was set to 3. Then, the crystal plane was
expanded into a supercell with U × V= (40 × 40), and the Build
Vacuum Slab tool was used to add a vacuum layer with a thickness
of 80 Å on top of the supercell. At this time, a 3D cuboid box with
the size of (100.3 × 100.3 × 88.9) Å was constructed. Eventually, the
droplet model shown in Fig. 1 was placed directly above the Ni
matrix and the initial configuration of the droplet-Ni matrix was
successfully established, as shown in Fig. 25a. Similarly, we
constructed the initial model of water droplet-SiC matrix with a
size of (123.6 × 123.6 × 92.0) Å by the same method, as depicted in
Fig. 25b.
Figure 26 shows the molecular structure of PTFE consisting of

ten repeating units constructed by the Build Polymer function in
MS. Based on this, the supercell composed of PTFE molecules was
built followed by the addition of the vacuum layer and the
placement of the water droplet, and then the droplet-PTFE matrix
model with a size of (90.0 × 90.0 × 89.2) Å was completed, as
shown in Fig. 25c.
All the MD simulations were carried out by using the COMPASS

force-field in the Forcite module of MS. It should be noted that
geometry optimization by Smart algorithm30 was required after
each model was established to save subsequent simulation time.
The canonical ensemble (NVT) was employed at 298 K for each
simulation system and the temperature control was achieved by
Andersen method48. The electrostatic interaction was calculated
by the Ewald method49, while for van der Waals interaction, the
atom-based method was applied with the cutoff distance set to
15.5 Å.
Following this, the MD simulations lasted for 1000 ps in total

with a time step of 1.0 fs. One frame of image was exported every
5000 steps, that is, a total of 201 frames of image were exported in
the whole process of each simulation, and the convergence
accuracy was set to Fine.
The stable adsorption of the coatings on the substrate is the key

to improving durability. Therefore, we explored the interaction
between the Ni-PTFE-SiC composite film and the substrate by MD
simulations to find out whether it could be stably adsorbed. Since
the traditional preparation process of superhydrophobic coatings
requires surface modification with low surface energy substances,
we also simulated the interaction between modifier molecules
and the substrate for comparison.
Myristic acid, commonly used in the preparation of super-

hydrophobic coatings11, was selected as modifier. The Amorphous
Cell module was used to construct an amorphous cell containing
40 myristic acid molecules with a density of 0.862 g cm−³. Then, a
double-layer structure with Ni as the first layer and myristic acid
amorphous cell as the second layer was constructed by Build
Layer function, and a 50 Å vacuum layer was added at the top. In
this way, a simulation system of myristic acid-Ni superhydrophobic
coatings had been constructed, as shown in Fig. 27a.

Fig. 25 Initial configuration of different matrix. Initial configuration of (a) water droplet-Ni matrix, (b) water droplet-SiC matrix, (c) water
droplet-PTFE matrix.

Fig. 26 PTFE molecular structure after geometry optimization.
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Similarly, the amorphous cell with 10 SiC particles and 10 PTFE
particles embedded in nickel atoms was constructed and placed
on the Fe substrate which was used to replace the carbon steel
matrix. Among them, SiC and PTFE particles were clusters with a
diameter of 1 nm, drawn through the Nanocluster Build function
in MS. After adding a 50 Å vacuum layer, the interaction system
between Ni-PTFE-SiC composite film and Fe matrix was com-
pleted, as shown in Fig. 27b. The simulation details were set as
described in section 2.1.2.

Fabrication of superhydrophobic coatings
A two-electrode system was used for the electrodeposition
process, in which the cathode was ASME A106B steel substrates
(50mm× 25mm× 2mm) with the compositions (in wt.%): 0.19 C,
0.28Si, 0.52Mn, 0.25Cr, 0.3Ni, 0.25Cu, 0.035 P, 0.035 S and balance
Fe. The anode was Ni plates (60mm× 40mm× 2mm) with a purity
of 99.96%. Only one side of the cathode plate was exposed and the
other five surfaces were encapsulated with non-conductive epoxy
resin, that is, the area to be plated was 12.5 cm2. The exposed
surface of the cathode was polished with 180, 400, 600, 800 and
1200 grit SiC sandpaper in turn and then ultrasonically cleaned in
ethanol. During electrodeposition, the two electrodes were kept
parallel to each other with a distance of 6 cm.
The chemical composition of the plating bath included 250 g L−1

NiSO4·6H2O, 40 g L−1 NiCl2·6H2O, 40 g L−1 H3BO3 and 50 g L−1 of
NH4Cl as crystal modifier37. The contents of PTFE particles
(0.7–0.9 μm) and SiC particles (0.5–0.7 μm) added into the bath were
0–20 g L−1 and 0–10 g L−1, respectively. In order to ensure the stable
dispersion of nanoparticles in the bath, they were added to
deionized water containing cationic surfactant cetyltrimethyl ammo-
nium bromide (CTAB)50 at a concentration of 0.05 g g −1 particles,
followed by ultrasonic dispersion of 30min and high-speed magnetic
stirring of 30min. Once dispersed, the dispersion system was mixed
with other components and the plating solution was prepared.
Before electrodeposition, the sample needed to be degreased

with alkaline washing solution (12 g L−1 NaOH, 60 g L−1 Na2CO3

and 30 g L−1 Na2SiO3·9H2O) at 75 °C for 10 min and then activated
with 10 wt.% HCl for 1 min at room temperature. The stable DC
current was provided by a DC power supply. Electrodeposition
process was carried out in a constant temperature water bath at
50 °C and the pH of the bath was maintained at about 4 with
dilute sulfuric acid or ammonia, assisted by magnetic stirring at
1300 revolutions per minute to ensure the stable dispersion of
nanoparticles and timely mass transfer. The applied current
density was 1–9 A dm−² and the electrodeposition time was

5–30min. Further, some samples were subjected to secondary
electrodeposition for 5 min at a current density of 15 A dm−². After
the electrodeposition, the samples were ultrasonically cleaned in
ethanol for 3 min, and then fully dried in air for subsequent
characterization. Samples with a pure nickel coating without
nanoparticles were immersed in molten myristic acid for 2 h at
60 °C, hereafter referred to as a “modified superhydrophobic
coating”, as a comparison to test the performance of the
composite coating.
The water contact angle (WCA) and sliding angle (SA) of the

coating surface were measured by a fully automatic contact angle
measuring instrument (SDC-350, SINDIN, China) to characterize
the wettability of coatings. The volume of deionized water
droplets used in the measurement of WCA and SA were 5 μL
and 8 μL respectively, and the average value of five points on the
surface was taken as the final results. The surface morphology of
coatings was observed by field emission scanning electron
microscope (SEM, GeminiSEM 300, ZEISS, Germany), which was
equipped with energy dispersive X-ray spectroscopy (EDS) to
analyze the chemical composition of coatings. White light
interferometer (WLI, Contour GT, Bruker, Germany) was used to
test the 3D topography of the coatings.
The corrosion resistance of coatings was characterized by

electrochemical test51 using a potentiostat (PARSTAT 2273,
America). A standard three-electrode system was adopted with
the samples as working electrodes, a saturated calomel electrode
and a platinum electrode as reference electrode and counter
electrode, respectively. The corrosive medium was 3.5 wt.% NaCl
solution, and the working area was 1 cm2. Before the test, the
sample was immersed in the solution for 0.5 h to reach a stable
state. The frequency range of the electrochemical impedance
spectroscopy (EIS) test was 105–10−2 Hz with a sinusoidal
amplitude of 10 mV. Zsimpwin software was used to fit the EIS
data. For the Tafel polarization curve test, the potential range was
±250mV versus open circuit potential (OCP) with a scan rate of
0.5 mV s−1, and the data was fitted with Power Suite software.
The wear resistance of samples was tested by self-made sand

abrasion experiment25,52–55. According to Fig. 28, the sample was
put face-down to 400 grit SiC sandpaper with a 100 g weight
placed above the sample. Then, the sample was dragged on the
sandpaper at a constant speed of 1.6 cm s−1 to measure the
change of WCA and SA at different abrasion distances. To ensure
the accuracy of the experiment, a motor that could rotate at a
uniform speed was used to pull the rope, and then the rope would
drag the sample at a uniform speed of 1.6 cm s−1. The durability of
coatings was characterized by observing the corrosion morphol-
ogy of samples immersed in 3.5 wt.% NaCl solution for 840 h.
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