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Abstract: A fluorine-free cerium palmitate superhydrophobic surface on an aluminum plate was
fabricated via a two-step electrodeposition method. The mechanical durability, anti-corrosion per-
formance, water repellency and drag reduction properties were tested. The results indicate that a
superhydrophobic surface with a densely packed convex island shape with micro-pores and nano-
scale strips was formed on the aluminum plate. Furthermore, the as-prepared surface exhibits
excellent water-repelling ability with a water contact angle of 162.3◦ and a sliding angle of 1.5◦.
Owing to the protective effect of the convex island structure on the surface, the surface also shows su-
perb mechanical durability, which is a shortcoming of ordinary electrodeposited surfaces. Moreover,
compared with bare aluminum, the corrosion inhibition efficiency of the superhydrophobic surface
is 99.55% and the surface drag decreases by 65.3% at a lower flow rate. Therefore, it is believed
that the environmentally friendly fluorine-free superhydrophobic surface has promising potential
applications in marine engineering.

Keywords: superhydrophobic surface; electrodeposition; SiC particles; corrosion resistance; drag
reduction

1. Introduction

Superhydrophobic surfaces have attracted considerable attention in various fields due
to their specific properties, such as anti-corrosion [1], self-cleaning [2], oil/water separa-
tion [3] and drag reduction [4]. Among them, anti-corrosion and drag reduction properties
are regarded as some of the most promising for applications in marine engineering and
military fields for improving the efficiency of energy utilization under global resource
shortages, and also for increasing the speed of speedboats and small underwater vehicles
under some emergency conditions [5,6].

Aluminum and its alloys are commonly used materials for some marine sensors, speed-
boats, marine structures and small pieces of underwater equipment due to their particular
properties, such as low density, high strength and high ductility [7]. However, because of
the corrosive working environment, these aluminum devices are easily damaged, leading to
the loss of the material and huge maintenance costs. Therefore, superhydrophobic coatings
have begun to be fabricated on aluminum surfaces to meet practical applications. For ex-
ample, machine cutting [8], hard anodization process [9], hydrochloric and nitric acid etch-
ing [10], ammonia etching [11] and high-speed wire electrical discharge machining [12] are
also adopted to fabricate the micro–nano structure on the surface of aluminum and its alloys.
As for the low surface energy materials, 1H,1H,2H,2H-perfluorodecyl-triethoxysilane [11],
hexadecyltrimethoxysilane [10], 1H,1H,2H,2H-perfluorooctyltrichlorosilane [13] and other
long-chain perfluorosilanes are commonly employed. In addition, some studies show that
the superhydrophobic property can also be achieved by mixing perfluorosilane-modified
nanoparticles in a solution or resin and spraying them on the aluminum surface [14,15].
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However, these methods all use long-chain perfluorosilanes with very low surface
energy, which are recognized as pollutants of high global concern due to their toxicity, high
persistence and bioaccumulation properties [16]. Moreover, these chemical compounds are
ubiquitous in the environment, biota and humans [17]. Therefore, from the perspective of
sustainable development, the preparation of fluorine-free superhydrophobic surfaces with
low surface energy has greater development prospects.

Currently, there are some reports on the production of fluorine-free superhydropho-
bic surfaces via an electrodeposition approach. For instance, Liu et al. [18] and Zhang
et al. [19] used one-step electrodeposition to fabricate fluorine-free superhydrophobic sur-
faces on magnesium and aluminum, respectively. All these superhydrophobic surfaces
show excellent anti-corrosion properties.

However, although the one-step electrodeposition approach is facile and rapid, the
electrodeposition coating is relatively soft, lacks robustness, and is easily damaged. Fur-
thermore, most of the research on the electrodeposited superhydrophobic surface mainly
focuses on anti-corrosion, anti-bacterial adhesion properties, and so on. There are seldom
investigations on the drag reduction performance of an electrodeposited superhydrophobic
surface on an aluminum substrate, which is also mainly related to the low robustness
property.

Inspired by the concept of hard supporting points in coatings in the field of tribology,
which adds hard particles into the soft coating to improve the hardness and wear resistance
of the coating [20], hard SiC particles were incorporated into an electrodeposited coating
in this study. This can be achieved by adding SiC particles directly to the electrolyte and
allowing them to deposit on the aluminum surface along with the electrodeposited coating.
Furthermore, in order to enhance the supporting effect of the hard particles, thereby
increasing the robustness of the electrodeposited coating, a two-step electrodeposition
method was adopted. In the first step of electrodeposition, an electrodeposited coating
containing a high content of SiC particles was formed on the aluminum surface as a
transition coating to increase the bonding strength between the outer layer and the substrate.
In the second step of electrodeposition, a low surface energy substance with a micro–nano
structure was mainly fabricated.

Consequently, different electrodeposition methods were employed to fabricate fluorine-
free superhydrophobic surfaces in this work. The two-step electrodeposition method and
the function of the SiC particles were investigated. The mechanical durability, anti-corrosion
performance, water repellency and drag reduction performances were studied. All the
results show that the fluorine-free superhydrophobic surface with SiC particles prepared by
a two-step electrodeposition approach has high mechanical durability and drag reduction
effect. We believe the environmentally friendly fluorine-free superhydrophobic surface has
promising potential applications in marine engineering and military fields. However, due
to the particularity of the electrodeposition method for metals, this method is difficult to
apply on non-metallic surfaces and big-size objects at present. In addition, compared with
the normal one-step electrodeposition method, although the mechanical durability of the
electrodeposited superhydrophobic surface is greatly improved due to the two-step elec-
trodeposition method and the incorporation of the hard particles, there is still a certain gap
compared with the mechanical durability of a ceramic-based superhydrophobic coating.

2. Materials and Methods
2.1. Preparation of Fluorine-Free Superhydrophobic Surfaces

Prior to the fabrication of the superhydrophobic surface, the original aluminum plate
(99.99%, 40 mm× 20 mm× 2 mm) was ultrasonically cleaned with ethanol (99.9%, Aladdin)
for 5 min and then dried in warm air. Furthermore, in order to increase the bonding
strength of the electrodeposited coating, the aluminum plate was electropolished in dilute
hydrochloric acid (0.5 mol/L, HCl, Aladdin) for 8 min to remove the oxide layer. After that,
ultrasonic cleaning of the aluminum plate with ethanol was carried out again for 10 min.
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As for the one-step electrodeposition process, the electrolyte was prepared by dis-
solving 10.2 g palmitic acid (>99%, CH3(CH2)14COOH, Aladdin), 4.3 g cerium nitrate
hexahydrate (99.5%, Ce(NO3)3·6H2O, Aladdin), 2 g SiC particles (<50 µm, Aladdin) and
0.02 g hexadecyl trimethyl ammonium bromide (99%, CH3(CH2)15NBr(CH3)3, CTAB, Al-
addin) in a mixed solution of 160 mL ethanol and 40 mL deionized water. CTAB was mainly
used as a cationic surfactant to charge SiC particles [21]. Then, a uniform solution was
obtained by magnetic stirring at 70 ◦C for five minutes. All reagents were received from
Shanghai Aladdin Industrial Corporation and employed without further purification. The
platinum plate (Pt) and the electropolished aluminum plate were placed oppositely in the
electrolyte as anode and cathode, respectively. The distance between the two electrodes was
2 cm. According to the results of our pre-experiment, the electrodeposition experiment was
performed at a constant voltage of 50 V and under a temperature of 70 ◦C with magnetic
stirring for 4 min. After electrodeposition, the specimens were rinsed with ethanol, dried
in warm air and marked as ED1.

In addition, a two-step electrodeposition process was also adopted to fabricate the
electrodeposited surfaces. The electrodeposition process was carried out in two steps of
2 min each. In the first step, only cerium nitrate hexahydrate (Ce(NO3)3·6H2O), hexadecyl
trimethyl ammonium bromide (CH3(CH2)15NBr(CH3)3) and SiC particles with the same
concentration as above were added in the mixed solution. Then, palmitic acid was added
to the mixed solution for the second step of electrodeposition. The prepared specimens
were marked as ED2. Furthermore, according to the preparation process of the ED1 sample,
the electrodeposited surfaces without SiC particles were also prepared for comparison and
were marked as ED3. Figure 1 shows the schematic of the fluorine-free electrodeposition
process on the aluminum plate.

Figure 1. The schematic of the fluorine-free electrodeposition process.

2.2. Characterizations and Performance Tests

The water contact angles (CAs) and sliding angles (SAs) were characterized via a water
contact angle measurement system (SL200KS, Boston, MA, USA) at room temperature, and
the volume of the water droplets was 4 µL. All the angles were measured at least five times
at different positions and the average value was adopted in this manuscript.
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The surface morphologies were characterized using a scanning electron microscope
(SEM, Hitachi, S8100, 5 kV, Tokyo, Japan), and the elemental compositions were character-
ized using an energy dispersive spectrometer (EDS, Bruker, Quantax 200, Germany). The
chemical bonding information of the electrodeposited coatings was analyzed by Fourier
transform infrared spectroscopy (FTIR, Thermofisher, Nicolet iS50, Waltham, MA, USA),
Raman spectroscopy (Horiba, HR-800, Kyoto, Japan), X-ray photoelectron spectroscopy
(XPS, PHI5000 Versa Probe, Kanagawa, Japan) and X-ray diffraction (XRD, PANaylti-
cal Empyrean, The Netherlands). The wavenumber range of FTIR measurements was
400–4000 cm−1 with a resolution of 4 cm−1. The X-ray source was a monochromatic Al Kα

beam. The binding energies were calibrated with the saturated C1s peak at 284.8 eV. XPS
Peak Fit software was selected for processing XPS data and fitting the curve of the peaks.

Sandpaper abrasion and rolling tests were carried out to examine the mechanical
durability of the electrodeposited coatings. For the sandpaper abrasion test, one side of the
prepared samples was located on the sandpaper (Grit No. 1000), and a 50 g standard weight
(a pressure of about 2 kPa) was placed on the other side. The sample and the standard
weight were fixed. The CAs and SAs were recorded after the sandpaper was pulled to
move 200 mm. As for the rolling test, a 2 kg steel rod was rolled from one end of the surface
to the other, and the CAs and SAs were recorded after each rolling movement.

The liquid impalement resistance was tested by droplet impact experiments. A droplet
with a fixed volume (10 µL) was released from different heights to achieve different impact-
ing speeds. The impact process of the droplet was recorded using a high-speed camera.

The chemical stability of the electrodeposited coatings was tested by electrochemical
measurements and immersion tests. The electrochemical measurements were carried
out in 3.5 wt% NaCl aqueous solutions using an electrochemical workstation (Gamry
Reference 600, US) based on a three-electrode system with a frequency range of 10−2

to 105 Hz. The sample acted as the working electrode, a saturated calomel electrode
was used as the reference electrode and a platinum sheet was adopted as the counter
electrode. The prepared samples were stabilized at an open circuit potential for 60 min
before measurements with an exposed area of 1 cm2. Polarization curves were plotted
at a rate of 1 mV/s. The corrosion potential (Ecorr) could be obtained directly from the
intersection of anode and cathode polarization curves. The logicorr could be derived from
the Tafel region in the cathodic polarization curves by Tafel extrapolation, and then the
corrosion current density (icorr) could be calculated. As for the immersion tests, the prepared
surfaces were immersed into 3.5 wt.% NaCl aqueous solution and brought out every 24 h,
and then the CAs and SAs of the electrodeposited coatings were measured after washing
with pure water.

The drag reduction performance of the electrodeposited coatings was assessed using a
self-designed experimental apparatus.

3. Results
3.1. Microstructure Morphology

The structures and morphologies of different electrodeposited coatings are shown
in Figure 2. It can be seen from Figure 2a,b that the surface of the ED1 sample showed a
cockscomb-like micro–nano structure with a size of about 10 µm. Numerous nano-scale
protrusions also appeared on the pistil in the center of the flower. In addition, SiC particles
were scattered on the surface, mostly deposited at the bottom and beside the cockscomb-
like structure due to the electrophoretic force, as shown in the yellow area in Figure 2a.
These can be confirmed from the EDS results shown in Figures 2c and S1, where the main
components were C, O, Ce and Si.
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Figure 2. Surface morphologies of different electrodeposited coatings: (a,b) the surfaces of one-step
electrodeposited surface with SiC particles (ED1); (c) the EDS results of the ED1 surface; (d,e) the
surfaces of two-step electrodeposited surface with SiC particles (ED2); (f) the EDS results of the ED2
surface; (g,h) the surface of one-step electrodeposited surface without SiC particles (ED3); (i) the EDS
results of the ED3 surface.

However, after two-step electrodeposition, the microstructure of the surface of the ED2
sample became densely packed convex islands with a size of about 30 µm. Moreover, there
were many micro-pores and nano-scale strips on the islands, as shown in Figure 2d,e. The
formation of these structures may be related to the electrodeposition process. The micro-
scale pores may be formed by the shock of the gas generated during the experiment [19].
The EDS results of the ED2 sample showed that a small amount of SiC particles were
distributed inside and between the islands, as exhibited in Figures 2f and S2. However,
the surface morphology after the first step of the two-step electrodeposition process was
relatively flat, and many SiC particles and cracks appeared on the deposited layer, as shown
in Figure S3a in Supplementary Materials. The EDS results (as shown in Figure S4) showed
that the main constituent element was Ce, which was different from that of the ED1 sample.
Furthermore, the content of SiC particles was also higher than that of the ED1 and the ED2
samples. Therefore, it can be deduced that most of the SiC particles were deposited inside
the island rather than on the surface through the first step of two-step electrodeposition.

As for the surface of the ED3 sample, micro-scale fibrous-like structures were formed
on the surface, and some of the fibrous-like structures formed a chrysanthemum-like struc-
ture, as shown in Figure 2g,h. In addition, the EDS results (as shown in Figures 2i and S5)
illustrated that the main components of the coating were C, O and Ce. The content of the Al
element was very small, indicating that the electrodeposited coating covered the aluminum
substrate uniformly.

In general, a micro–nano structure can be formed on the surface of the aluminum
substrate by the electrodeposition method, and the SiC particles can also be adsorbed on
the surface or in the coating during the electrodeposition process. The deposited coatings
were mainly composed of C, Ce and O and did not contain the F element.

3.2. Water Contact Angles

The results of CAs and SAs of the electrodeposited coatings are revealed in Figure 3.
It can be seen that the three electrodeposited coatings all reached a superhydrophobic
state with static contact angles of 160.3◦, 162.3◦ and 152.2◦, respectively, and sliding angles
of 2.5◦, 1.5◦ and 2.3◦, respectively. The ED2 sample exhibited better superhydrophobic
properties. The superhydrophobicity of electrodeposited coatings may be attributed to the
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micro–nano structure of the surface and cerium palmitate which has low surface energy [19].
Moreover, the variations of contact angles and sliding angles also indicated that the coating
prepared by the two-step electrodeposition process had an outstanding surface wettability.
According to the Cassie–Baxter theory, the proportion of the actual contact area to the
total contact area between a droplet and a solid surface can be reduced by adjusting the
microstructure of the solid surface [22]. Due to the structure of the islands formed on
the ED2 sample surface, as well as the micro-pores and nano-scale strips on the island
making the fraction of solid/liquid interface less than that of the other two electrodeposited
coatings, a large amount of air can be reserved in the gaps between the islands on the
surface, which results in a larger contact angle and a smaller sliding angle.

Figure 3. The contact angles and sliding angles of different electrodeposited coatings; ED1 means
one-step electrodeposited surface with SiC particles, ED2 means two-step electrodeposited surface
with SiC particles, ED3 means one-step electrodeposited surface without SiC particles.

3.3. Chemical Composition

The XPS curves and the associated fine spectrum curves are exhibited in Figure 4. It
can be observed from Figure 4a–c that all three electrodeposited superhydrophobic surfaces
have strong peaks of Ce, C and O. Among them, C1s, O1s and Ce3d emerged as the typical
peaks, and the peak intensities and locations of the three elements are very similar.

For the Ce element, the XPS spectrum is extremely intricate due to the existence of
the 4f orbit [23]. Thus, the typical spectra of Ce 3d5/2 and Ce 3d3/2 appear on all three
electrodeposited superhydrophobic surfaces. Moreover, two spectral line structures of
Ce3+ ions and Ce4+ ions are simultaneously presented in the electron energy spectrum of
Ce3d. For the ED1 sample, the peaks situated at 885.3 eV and 903.8 eV are attributed to
the Ce 3d5/2 and Ce 3d3/2 peaks of Ce3+, respectively. The peaks located at 899.8 eV and
916.6 eV represent the Ce 3d5/2 and Ce 3d3/2 peaks of Ce4+, respectively [24]. Similarly, the
Ce 3d5/2 and Ce 3d3/2 peaks of Ce3+ and Ce4+ of the ED2 sample are found at 885.1 eV,
902.8 eV, 898.6 eV and 916.2 eV, respectively [23]. The series of peaks at 885.7 eV, 904.5 eV,
900.6 eV and 916.9 eV belong to the Ce 3d5/2 and Ce 3d3/2 peaks of Ce3+ and Ce4+ of
ED3 sample [25]. Furthermore, the satellite peak at 881.7 eV of Ce3+ also appears on the
three electrodeposited superhydrophobic surfaces [24]. It can be seen from the above that
the peaks of Ce appear at almost the same position. However, the peak intensity of Ce3+

ions is higher than that of Ce4+ ions, indicating that the main valence state of Ce in the
as-deposited coating will be in the form of Ce3+ ions. Nevertheless, the peak intensity at
898.6 eV belonging to Ce4+ of the ED2 sample has increased compared with that of the
other two samples, revealing that the content of Ce4+ ions in the coating of the ED2 sample
has increased.
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Figure 4. The XPS results of the electrodeposited coatings.

In addition, the results of the fine spectra of C1s and O1s on the three electrodeposited
surfaces are basically the same. For C1s, the two peaks at 284.6 eV and 288.4 eV are related
to the methylene (-CH2) and carboxyl (O=C-O-) groups in palmitic acid, respectively [19].
For O1s, the peak located at 528.9 eV can be assigned to the -C-O bond, and the peak at
531.3 eV is due to the C=O bond in palmitic acid [18]. The results of the fine spectra of
C1s and O1s indicated that the palmitate group (CH3(CH2)12COO-) in palmitic acid did
not change during the electrodeposition process. Therefore, the above results indicate that
cerium palmitate with superhydrophobic properties is produced by the chemical reaction
between palmitate and cerium ions in the electrolyte during the electrodeposition process.

To further analyze the chemical composition of the surfaces, FTIR and Raman spec-
troscopy results are displayed in Figure 5. It can be seen from Figure 5a that the absorption
peaks at 722.3 cm−1, 1443.5 cm−1, 1524.5 cm−1, 2849.3 cm−1 and 2916.6 cm−1 are all
observed on the three electrodeposited superhydrophobic surfaces.

The typical peaks at 722.3 cm−1, 1443.5 cm−1 and 1524.5 cm−1 in the low-frequency
region are assigned to the bending vibrations of the methylene group (-CH2) and car-
boxyl group (COO-) existing in carboxylate (cerium palmitate), respectively [26]. In the
high-frequency region, the strong absorption peaks at 2849.3 cm−1 and 2916.6 cm−1 are
attributed to the symmetric and asymmetric stretching vibrations of the C-H bond, respec-
tively [18]. These are all signs of the successful incorporation of cerium palmitate into the
electrodeposited surface, which is consistent with XPS results.
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Figure 5. The FTIR and Raman spectra of the surfaces: (a) the FTIR results of the samples; (b) the
Raman spectrum results of the samples.

Furthermore, the Raman spectrum results (as shown in Figure 5b) showed that the
strong peaks at 2848.7 cm−1 and 2884.3 cm−1 belong to the stretching vibration of the C-H
bond and the -CH2 bond in palmitate [27]. The peaks at 1296.2 cm−1 and 1435.6 cm−1

are attributed to the vibration of the Ce-O bond [28]. However, compared with the ED3
sample, there are two typical peaks at 787.6 cm-1 and 966.3 cm−1 that appeared on the
electrodeposited surface of the ED1 and ED2 samples and are attributed to the C-Si bond
of hexagonal SiC [29]. This also confirmed the existence of SiC in the electrodeposited
coatings of the ED1 and ED2 samples. Moreover, the intensities of the peaks on the surface
of the ED1 sample were stronger than those on the surface of the ED2 sample, indicating
that there are more SiC particles exposed on the surface of the ED1 sample. The results are
also consistent with the SEM and XPS data provided above.

3.4. Electrodeposition Process

To analyze the electrodeposition process in detail, XPS analysis was also performed
on the first-step electrodeposited coating of the ED2 sample; the results are displayed in
Figure S6. The differences in the Ce element from Figure 4d–f can be clearly seen. The
peak intensities of Ce4+ 3d3/2, Ce4+ 3d5/2 and Ce 4d5/2 on the first-step electrodeposited
coating were obviously stronger than those on the three electrodeposited superhydrophobic
surfaces, indicating the higher content of the Ce4+ ionic compound in the coating.

According to the above analysis results, the electrodeposition process of the ED2
sample can be summarized. During the first step of electrodeposition (without palmitic
acid in the electrolyte), the anions and cations moved towards the anode and cathode,
respectively. Ce3+ ions in the solution were oxidized to Ce4+ ions near the platinum anode.
Water in the electrolyte was first electrolyzed to form H+ and OH− near the aluminum
cathode. Then, H+ was reduced to H2 due to the electric equilibrium and overflowed from
the system. At this point, the reactions in the solution were mainly the oxidation of Ce3+

ions and the reduction of H+, which can be verified by the experimental phenomenon. For
example, the color of the electrolyte around the platinum electrode began to turn yellow
(the color of the Ce4+ ion solution), and bubbles overflowed from the aluminum substrate.
At this time, a large number of OH- ions remaining near the cathode combined with Ce3+

and Ce4+ ions in the solution to form compounds and deposited on the surface of the
aluminum plate. For Ce3+ and Ce4+ ions, the charge densities are 0.68 e (µc pm−3) and 1.45
e (µc pm−3) and the radii are 102 pm and 87 pm, respectively [18]. Therefore, the Ce4+ ions
will preferentially reach the cathode and react with OH- to form Ce(OH)4 deposited on the
surface of the aluminum substrate due to a higher electric field force. However, Ce(OH)4
will present in the form of CeO2·nH2O due to its instability, which can be confirmed by
the strong diffraction peak of CeO2·nH2O (111) at 28.44◦ in the XRD results [30] (as shown
in Figure S7) and the peak at 530.4 eV related to Ce-O in the XPS results (as shown in
Figure S6).

After palmitic acid (CH3(CH2)14COOH) was added into the electrolyte for the second
step of electrodeposition, it began to ionize near the cathode to form a mass of H+ ions and
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CH3(CH2)14COO- ions. Hence, more free H+ was converted into H2 and released from the
electrolyte, leaving a large amount of CH3(CH2)14COO- which reacted with the Ce3+ and
Ce4+ in the electrolyte to synthesize cerium palmitate. Similarly, Ce(CH3(CH2)14COO)4 was
first synthesized and deposited on the inner layer of the coating, and Ce(CH3(CH2)14COO)3
was synthesized and deposited on the outer layer of the coating. This also explains the
high intensity of Ce4+ in Figure S6 and the high intensity of Ce3+ in Figure 4.

Therefore, the whole process is as follows:

H2O→ H+ + OH− (1)

Ce4+ + 4OH− → Ce(OH)4 → CeO2 · 2H2O (2)

Ce3+ + CH3(CH2)14COOH → Ce(CH3(CH2)14COOH)3 + 3H+ (3)

Ce4+ + CH3(CH2)14COOH → Ce(CH3(CH2)14COOH)4 + 4H+ (4)

2H+ + 2e− → H2 ↑ (5)

In the first step, the Ce(OH)4 layer was formed first, and then the cerium palmitate
layer was formed in the second step. The Ce(OH)4 layer acted as a transition layer, in-
creasing the bonding strength between the cerium palmitate layer and the aluminum
substrate. Moreover, during the formation of the coating, the SiC particles which were
positively charged by the modification of CTAB were deposited together into the coating
under the action of the electric field force. The SiC particles in the coating acted as hard
supporting points which could increase the structural strength of the coating. The release of
H2 promoted the formation of micro–nano structures (micro-pores on the convex islands),
resulting in excellent superhydrophobic properties.

3.5. Mechanical Durability Performance

The results of the mechanical durability of the electrodeposited superhydrophobic
surfaces are revealed in Figure 6. In the sandpaper abrasion test, the CAs of the ED1 sample
decreased from 160.4 ◦to 139.6◦ and the SAs increased from 1.5◦ to 16.5◦ after an abrasion
distance of 1600 mm. The CAs of the ED2 sample decreased from 163.2◦ to 135.4◦ after an
abrasion distance of 3000 mm, and the SAs rose from 1.5◦ to 10.2◦ after an abrasion distance
of 2600 mm. However, the abrasion distance was only 800 mm when the CAs of the ED3
sample decreased from 162.5 ◦to 137.1◦ and the SAs increased from 2.1◦ to 14.2◦. In the
rolling experiment, after 10 and 3 rolling cycles, respectively, the CAs of the ED1 and ED3
samples were lower than 150◦. After 18 rolling cycles, the CA of the ED2 sample was less
than 150◦.

The results illustrated that the surface prepared by the two-step electrodeposition
exhibited better mechanical durability than that of the one-step electrodeposition. The
reasons may be related to the structure of the electrodeposited surface. For the ED2
sample, only the top structure of the densely packed islands was destroyed, as shown
in Figure 6d,g. However, the cockscomb-like structure on the surface of the ED1 sample
and the chrysanthemum-like structure on the surface of the ED3 sample were completely
ruined, as shown in Figure 6c,e,f,h.

This also demonstrated that the densely packed islands with higher structural strength
can protect the micro–nano structure between the islands (the red area in Figure 6g). In
addition, SiC particles in the coating (the yellow area in Figure 6g) acted as hard supporting
points, similar to the stones in concrete, which can further improve the structural strength
of the coating to resist the abrasion of sandpaper and the rolling movement of the iron
stick. Moreover, the transition layer of Ce(OH)4 formed in the first step of electrodeposition
enhanced the bonding strength of the outer layer and the aluminum substrate, improving
the damage resistance of the outer layer.
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Figure 6. The mechanical durability test of samples: (a) CAs and SAs with moving distance; (b) CAs
and SAs with rolling cycles; (c) morphology of ED1 sample after abrasion test; (d) morphology of
ED2 sample after abrasion test; (e) morphology of ED3 sample after abrasion test; (f) morphology of
ED1 sample after rolling test; (g) morphology of ED2 sample after rolling test; (h) morphology of
ED3 sample after rolling test.

3.6. Anti-Corrosion Performance

The results of anti-corrosion properties are displayed in Figure 7a. The corrosion
potential (Ecorr) and the corrosion current density (icorr) are listed in Table 1.

Figure 7. Anti-corrosion test: (a) the potentiodynamic polarization curves of the samples; (b) the
immersion experiment of the ED2 sample.

Table 1. The corresponding polarization parameters of Al substrate and ED1, ED2 and ED3 samples.

Samples Ecorr (V) icorr (Acm−2)

ED1 −0.946 2.924 × 10−8

ED2 −0.755 5.224 × 10−9

ED3 −0.917 1.799 × 10−8

Al substrate −1.587 1.159 × 10−6
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It can be seen that the Ecorr and icorr of Al substrate were −1.587 V and 1.159 × 10−6

Acm−2, respectively, while the values of the ED2 sample were −0.755 V and 5.224 × 10−9

Acm−2. The corrosion current density dropped by more than 3 orders of magnitude. As for
the ED1 and ED3 samples, the values of Ecorr and icorr were almost the same. They were
−0.946 V and −0.917 V, 2.924 × 10−8 Acm−2 and 1.799 × 10−8 Acm−2, respectively. This
also means that the ED2 sample has the lowest corrosion rate. The corrosion inhibition
efficiency of the ED2 sample was calculated to be 99.55% according to the following
equation [31]:

η(%) =

(
1− iED2

ibareAl

)
× 100 (6)

The saltwater immersion experiment results are displayed in Figure 7b. It can be seen
that the CAs decreased from 162.5◦ to 147.5◦ after 9 days of immersion. The SAs increased
from 1.7◦ to 10.5◦ after 8 days of immersion. These results also revealed better corrosion
resistance of the ED2 sample.

3.7. Liquid Impalement Resistance Property

A series of pictures of the droplet contacting the surface, expanding to the maximum
diameter, beginning to bounce, bouncing to the highest point and finally falling back to
the surface were recorded during the droplet impact test of the two-step electrodeposition
surface, and the results are illustrated in Figure 8. The Weber number (We = (2ρv2R)/σ),
which is the ratio of inertial and surface tension forces, was adopted to quantify the degree
of the impact [13].

Figure 8. Droplet released from different heights to impact on the ED2 sample: (a) from the height
of 20 mm (v = 0.625 m/s, We = 14.378), (b) from the height of 30 mm (v = 0.766 m/s, We = 21.568),
(c) from the height of 40 mm (v = 0.885 m/s, We = 28.757), (d) from the height of 50 mm (v = 0.989 m/s,
We = 35.946) and (e) from the height of 100 mm (v = 1.399 m/s, We = 71.892).

The larger the We, the easier it is for droplets to penetrate into the surface microstruc-
ture and for the liquid puncture phenomenon to occur, leaving residual droplet on the
surface [32]. It can be seen in Figure 8 that the droplets spread into a pancake structure after
impacting the surface, and the shape of the pancake structure became irregular with the
increase in the We. In addition, after the droplet bounced up, there was no residual droplet
on the surface, even with a larger We (up to 72), indicating the Cassie–Baxter state of the
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ED2 surface was not affected by the impact speed of the droplet. This may be attributed
to the low surface adhesion force caused by the cerium palmitate. During the shrinkage
process, when the adhesion force of the electrodeposited superhydrophobic surface was
less than the surface tension force of the droplets, the volume of the droplets above the
island on the ED2 surface would take away the volume of the droplets that penetrate into
the gaps between the islands. Then, the droplets could bounce off the surface completely
with no liquid impalement occurring.

Furthermore, when the droplet fell from a height of 50 mm, a satellite droplet was
detached from the main droplet after bouncing off the electrodeposited superhydrophobic
surface. Satellite droplets will be produced only when the surface energy exceeds the
surface tension of the droplet. It is well known that more surface energy is converted from
the kinetic energy of the droplet due to a higher impact velocity. The degree of conversion
of kinetic energy to surface energy is related to surface viscous dissipation during the
spreading and shrinking of the droplet. It can also be seen from Figure 8 that as the impact
velocity increases, the time consumed on the spread and shrinkage of the droplet decreases,
leading to a decrease in the surface viscous dissipation. These phenomena indicated that the
prepared electrodeposited surface had lower surface adhesion and better liquid impalement
resistance property.

3.8. Drag Reduction Property

The drag reduction property of the electrodeposited superhydrophobic surfaces was
investigated using a self-made experimental apparatus according to the previous work [4].
Figure 9a illustrates the schematic of the apparatus. The samples were bonded at the
bottom of the force transmission mechanism with an angle of 3◦ to the horizontal direction.
The force transmission mechanism was an equilateral “L” shape. A stainless steel nozzle
with a caliber of 0.6 cm was adopted to spray water on the surface. A flow meter and a
globe valve were employed to adjust the flow rate. A high-precision electronic balance
was used to measure the total force between the water flow and the fixed electrodeposited
surface. Thereby, the friction drag of the solid–liquid interface could be calculated by the
decomposition of the total force, which could be read directly on the electronic balance.
The decomposition of force is also shown in Figure 9a.

Figure 9. The schematic of the drag reduction apparatus and the results: (a) schematic of the drag
reduction apparatus; (b) drag reduction results of different samples; (c) morphology of ED1 sample
after drag reduction test; (d) morphology of ED2 sample after drag reduction test; (e) morphology of
ED3 sample after drag reduction test.
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The results of surface drag under different flow rates are shown in Figure 9b; the
drag reduction effect of all three superhydrophobic surfaces was significantly better than
that of the aluminum substrate, and the ED2 sample possessed the lowest surface drag.
Compared with the aluminum substrate, when the flow rate was 5 m/s, 5.6 m/s, 6.7 m/s,
7.8 m/s and 8.5 ms−1, the surface drag decreased by 65.3%, 61.2%, 55.9%, 56.7% and 55.7%,
respectively. Furthermore, it can also be seen that the drag reduction effect was better at a
lower flow rate.

The difference in drag reduction performance may be related to the different surface
wettability caused by the special structure on the surface. The aluminum substrate was in
direct contact with the spray water, and the contact state was a stable Cassie state. However,
for the superhydrophobic surfaces, there would be a discontinuous air film between the
spray water and the surface The air film maintained the surface contact state in a Cassie–
Baxter state, leading to the water slipping on the surface for better drag reduction. In
addition, the mechanical durability of the micro–nano structure on the ED2 sample surface
was higher than that on the ED1 and ED3 sample surfaces, which means the micro–nano
structure on the ED1 and ED3 sample surfaces may be more easily damaged under the
impact of spray water, especially at a high flow rate. This also can be confirmed by the
surface morphologies of the samples after the test, as shown in Figure 9c–e. The nano-strip
structures on the surfaces of the ED1 and ED3 samples almost disappeared. However, the
densely packed convex islands with micro-pores still existed on the surface of the ED2
sample. Therefore, the drag reduction effect of the ED2 sample was greater than that of the
ED1 and ED3 samples.

4. Conclusions

In summary, a fluorine-free cerium palmitate superhydrophobic surface on an alu-
minum substrate was fabricated via a two-step electrodeposition method. During the
electrodeposition process, modified SiC particles were added to the electrolyte. The follow-
ing conclusions were made:

(1) Double layers with gradient structure were electrodeposited on the aluminum
substrate to form a superhydrophobic surface which has densely packed convex islands
with micro-pores and nano-scale strips. In addition, SiC particles were also electrodeposited
on and inside the islands to increase the structural strength of the surface.

(2) The electrodeposited superhydrophobic surface exhibits excellent water-repelling
ability with a water contact angle of 162.3◦ and a sliding angle of 1.5◦. Furthermore, the
surface also shows superb mechanical durability owing to the protective convex island
structure on the surface and the hard SiC particles in the coating.

(3) Compared with the aluminum substrate, the corrosion inhibition efficiency of the
electrodeposited superhydrophobic surface is 99.55%, and the surface drag decreases by
65.3% at a lower flow rate of 5 m/s.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse11030520/s1, Figure S1: The EDS results of the surface of
the ED1 sample; Figure S2: The EDS results of the ED2 surface; Figure S3: The surface morphologies
of sample; Figure S4: The EDS results of the first-step electrodeposited surface of the ED2 sample;
Figure S5: The EDS results of the surface of the ED3 sample; Figure S6: The XPS results of the
first-step electrodeposited surface of the ED2 sample; Figure S7: The XRD results of the first-step
electrodeposited surface of the ED2 sample.
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