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Abstract: Weak hierarchical rough structures on superhydrophobic surfaces hinder
their practical industrial applications. This paper reports a strategy to fabricate robust
nickel-based superhydrophobic coatings via the codeposition of nanosized WS, and
WC particles. The Ni/WC/WS, composite coatings were synthesized on mild steel
substrates by one-pot electroplating followed by the adsorption of stearic acid self-
assembled monolayers to modify the surface wetting. The particle concentration in the
bath was investigated and the maximum water contact angle of approx. 170 deg was
achieved by optimizing the particle contained. Hardened by WC and lubricated by WS;
inclusions the superhydrophobic coatings showed remarkable abrasive resistance with
a bearing capacity > 10000 mm abrasion length. The coatings also showed aerophilic
behavior and good environmental stability over more than 6 months.
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1. INTRODUCTION

Surface engineering offers enormous potentials on improving the corrosion and wear
resistance, enhancing mechanical properties, providing antifouling or antimicrobial
properties on the surfaces as well as transforming electronic and aesthetic properties
[1]. Coatings, enabling surface robust against wear and tribocorrosion, are the most
important part of surface engineering. The functional coatings which possess a
combination of the above properties have been extensively sought after in recent years.
One of the most characteristics - superhydrophobicity was widely investigated due to

wide potential applications such as self-clean, anti-corrosion, antifouling, energy



conversion and catalysis [2-9]. These advanced materials have also significantly
contributed to progress in surface science.

The recent extensive research of superhydrophobic coating was inspired from lotus
leaf wetting, known as the “lotus effect” [10]. The water-proofing coatings which has
large contact angle with water (at least 150 deg) and small water sliding angle
(maximum 5 deg) allow water droplets to rapidly roll off the surface instead of wetting.
According to the Wenzel-Cassie approach [11, 12], superhydrophobicity results from
two factors, namely a low interface energy (hydrophobic or aerophilic behavior) and a
rough surface (hierarchical micro and nano structures). With a continuous “air cushion”
formed and entrapped between solid and liquid phase, the water droplet tends to
maintain its shape with high contact angle. A lower energy surface facilitates rapid
water roll off or rebound, maintaining the falling droplet [13].

Currently, the most common problem for superhydrophobic coatings is lack of a
compact, dense structure for wear resistance [14]. Superhydrophobicity can be
diminished quickly if the hierarchical micro and nano structures are worn by surface
abrasion, which is a main challenge in practical applications. Work to improve abrasion
resistance in recent years has focused on fluorine-containing chemicals such as
(heptadecafluoro-1,1,2,2-tetradecyl) triethoxysilane modified nickel coating [15],
fluorooxysilane [16], perfluorooctyltriethoxysilane modified silica-based coatings
[17], and also includes using fluoro-free chemicals like micro-porous PDMS [18],
organosilanes [19]. Such coatings showed excellent superhydrophobicity and abrasive

resistance, which presented potential usage in many applications. In our previous study,



we successfully fabricated a Ni-WS; superhydrophobic coating which had a contact
angle of 158.3 deg and a sliding angle of 7.7 deg [20]. The coating showed positive
shifted corrosion potential at -0.162 V vs. SCE and low corrosion current density about
2.07 x 107" A cm?, and excellent self-cleaning property. However, because of its porous
structures, the rough surface showed a limited abrasive resistance to hold its
superhydrophobic. The physical modelling proved that the porous coating possesses a
lower hardness than a dense one [20a] where the wear rate is proportional to hardness
according to the Archard’s law. Thus, a compact coating is beneficial to enhance wear
resistance properties, which are main concerns for most superhydrophobic coatings.

The fabrication of composite coatings with inclusion of single-phase particles is well
established. The co-deposition of the varied inclusions with different physical and
properties has been anticipated more effective in practice [21]. Such particles are either
soft and lubricating, e.g. PTFE or C or hard and wear resistant, e.g. SiC, WC. Use of
nanosized particles may further control the diverse surfaces of coatings [22]. It is
important to consider combining different types of particles, e.g. soft and hard,
lubricating and wear resistant [23], but few have been reported.

The roughness and compactness of composite electrodeposits could be improved by
ultrasonic assistance [24], high shear mixing [25], adding refiner [20] and alloying [26].
In this study, we propose a strategy to fabricate coatings with robust superhydrophobic
surface, by co-deposition of Ni-WC-WS; composite followed by an organic
modification. WS, nanoparticles (WS, NPs) as solid self-lubricant can significantly

reduce the coefficients of friction between solid-solid contacts [20, 26]. WC



nanoparticles (WC NPs) are hard materials to increase the abrasive resistance [23]. The
combination of these two types of particles ensures maximum anti-abrasion.
Electroplating is well known as a facile, cost-effective method to fabricating coatings.
Stearic acid as the surface energy modification agent has the advantages of (a)
environmental friendly and low-cost properties compared with fluorine-containing
chemicals, (b) strong absorption on the surface of nickel (as the C-O-Ni11) bond
formed bidentate interaction [27]). Based on the above design we successfully prepared
a robust Ni-WC-WS; coating showing strong superhydrophobicity (maximum contact
angle up to 170 deg and sliding angle as low as 0 deg), abrasive resistance (10000 mm
abrasion length) and long-term stability (at least 6 months). We believe that this
approach could provide a crucial step in bringing robust superhydrophobic surfaces to
practical engineering applications.
2. EXPERIMENTAL DETAILS
2.1 Materials and coating deposition

AISI mild steel was used as substrate and machined to the dimensions of 90 mm x
10 mm x 3 mm, prepared as cathode. The substrate (i.e. cathode) was low hardenability
and low tensile AISI 1020 mild steel with Brinell hardness of 119-235 and tensile
strength of 410-790 MPa. This steel responds well to cold work and heat treating.
Weldability is fair and mainly used as shafts, gears, pins and chains etc. Nickel plate
with the same dimensions was used as anode. All the electrodes were polished with 240
and 800 grit SiC sandpaper. The electroplating bath was based on Watts Bath, with the

addition of hexadecyl trimethyl ammonium bromide (CTAB, CH3(CH2)15sN(Br)(CHs3)3,



99%, Shanghai Aladdin Bio-Chem Technology Co., Ltd), WSz NPs (200 nm, Shanghai
ST-NANO Science & Technology Co., Ltd) and WC NPs (400 nm, Aladdin). The
concentration range of components can be found in Table 1. Ultrasonic cleaner was
deployed for 20 minutes to assist the dispersion of nanoparticles in bath before use.

The chemical compositions of substrate, anode and nanoparticles were analyzed by
EDS. As shown in Fig. S1, the mild steel plate is composited by Fe, Mn, Al, C with a
Fe content of 97.7 wt.%. 98.0 wt.% nickel plate was used as anode. The WC and WS>
NPs have little O element as impurity was probably resulted from the fabrication
process of particles. Nevertheless, the atomic ratio of S and W in WS, NPs is equal
t01.86:1, while this value of C:W in WC NPs is calculated as 1.14:1, which are
generally consistent with the theoretical values.

Before electroplating, the electrodes were rinsed in distilled water and immersed in
hydrochloric acid for 10 seconds to remove oxides and organic films on the surface,
then washed with acetone and distilled water. The electrodes were covered by polyester
tape leaving an area of 4 cm x 1 cm exposed for deposition. In the two-electrode cell,
the electrodes were parallel to each other held by an electrode holder. A cylindrical
PTFE-coated steel magnetic follower of 6 mm diameter and 25 mm length was applied
for bath agitation. The electroplating parameters were as following: current density of
4 A dm, temperature of 40 °C and stirring speed of 600 rpm over a plating time of 30
minutes.

After electroplating, the fabricated Ni-WC-WS; coating was sufficiently cleaned by

distilled water and acetone, followed by ultrasonic agitation (59 kHz, 100 W) for 30



minutes in 2 mM stearic acid — acetone solution. The sample was then dried in vacuum
at room temperature (20 °C) for 3 hours.
2.2 Characterization of the coatings

The surface morphologies of the coatings were investigated by scanning electron
microscopy (SEM, ZEISS, EVOMAL0). The composition and elements mapping were
determined using an energy dispersive spectrometer (EDS, Oxford) in the SEM mode.
3D surfaces were constructed by Alicona 3DMeX surface profilometer analysis. The
wettability of the coating surface including water contact angle and sliding angle was
analyzed by an optical contact angle measuring system (EASTERNDATAPHY OCA
15EC). The volume of water droplet was 6 pL. The angles were measured by
DropSnake which is a plugin of ImageJ (software) to shape the drop. Surface roughness
was measured by a surface roughness tester (TR221, TIME Group Inc.). X-ray
diffraction (XRD) experiments were performed on X'Pert POWDER. The images in
long-term stability test were captured by a digital camera (12-megapixel) and the videos
were taken at 240 frames per second.

The linear abrasion test was carried out to evaluate abrasive resistance of
superhydrophobic Coating 15-5. In the test, the 360# grit aluminum oxide paper was
horizontally placed on a smooth laboratory bench, which was selected as the abradant.
After that, put the sample face-down to sandpaper, with the plane contact, as shown in
Video S2. 100 g weight was place on the back of sample. Considering the weight of
sample (20.67 g), the total counter weight was calculated as 120.67 g, which provided

vertical pressure of ~ 3 kPa (2.956 kPa). The coating faced to sandpaper and moved



along ruler for 100 mm as one cycle. The total abrasion length was 14,000 mm (i.e. 140
cycles). The contact angle was measured after each cycle in the first 21000 mm abrasion,
and each 5 cycles for the remaining.

3. RESULTS AND DISCUSSION

3.1 Electrodepositing arrangement and mechanism

Fig. 1a and Fig. 1b show the set-up and mechanism involved in the deposition of
superhydrophobic composite coatings. As can be seen in Fig. la, the arrangement
consists of four components, namely, the electrodes, cell, heater and stirrer. The planar
nickel anode provides nickel ions to maintain a constant concentration of Ni?*. Nickel
and particles were co-deposited on the mild steel cathode surface. The electrode holder,
which was designed and 3D printed, was mounted on the top of beaker to secure the
cathode and anode. The interelectrode gap was fixed at 30 mm. The electrolyte was the
Watts bath mentioned above. The temperature of the bath was measured by a
thermometer and controlled 40~42 °C by a circulating water bath. The solution was
continuously agitated by magnetic stirring.

A key factor in realizing micro/nano hierarchical is to make optimum use of the
surfactant and nanoparticles. CTAB is a cationic surfactant. Positive charges are
conferred to the nanoparticle surface by adsorption, as shown in the inset of Fig. 1b. In
this study, after prolonged agitation and ultrasonic dispersion, the surfaces of WC NPs
and WS> NPs were mostly covered by CTAB forming cationic particles. Under the
effect of electric field, WC NPs and WS> NPs migrated to the cathode, adsorbed, then

co-deposited into the growing nickel matrix. The primary reactions at the cathode and



the anode are shown below as equation (1) and (2). Two kinds of particles were co-
deposited for which different growth rates contributed to the micro/nano rough surface.
The WC NPs and WS, NPs improved abrasive resistance of coatings; the combined
effects are discussed below. The mechanism on one type of particle has been considered
in our previous studies [20, 25, 26, 28, 29]. In addition, the current density of
electrodeposition was fixed at 4 A dm? to avoid the hydrogen evolution reaction
(equation (3)) at anode which was harmful to coating.

Equation (1): Ni?* + 2e~ > Ni

Equation (2): Ni - Ni?*t + 2e~

Equation (3): 2H* +2e™ > H,
3.2 Surface morphologies, roughness and wettability

According to the Wenzel approach, the wettability of the surface can be enhanced if

its roughness increases [11]. Hydrophobicity would follow the same principle. Fig. 2
shows SEM images of selected samples. The samples were fabricated from a bath
containing 5 g dm= WS, NPs (Fig. 2a, 0-5), 10 g dm™ WC NPs (Fig. 2b, 10-0), 20 g
dm= WS, NPs and 5 g dm= WC NPs (Fig. 2c, 20-5), 10 g dm WS, NPs and 15 g dm
3 WC NPs (Fig. 2d, 10-15). The only WS; nickel deposit, as shown in Fig. 2a, has large
and irregularly clusters randomly located on the surface of the coating. The lengths of
clusters were measured (Fig. 2a-i) maximum up to 56.79 pm, minimum as low as 21.44
um. The Coating 10-0 was fabricated from 10 g dm WC NPs in the nickel bath.
Clusters still emerged on the surface, but they seem regularly shaped and have more

uniform distribution than 0-5, as can be seen in Fig. 2b & 2b-i (about 43.24 pm in



length). Dramatically, the clusters have disappeared in Coatings 20-5 and 10-15. Fig.
2¢ & 2d show that the coatings fabricated from WS, & WC have more compact, fine
surface morphologies than the other two, which indicates WS> NPs and WC NPs
contribute to refining surface structures. Just like demonstrated by Fig. S2 and Fig. S3
in supplementary, this phenomenon is not incident: as dissimilar particle gradually
added in bath, the surface structures are refined step by step.

Fig. 3 illustrates the growth mechanism of rough surface. Since nanosized particles,
such as WS, and WC, are electrically conductive, the nickel ions can be reduced both
on the nickel deposits and on the surface of nanoparticles. This growth mechanism has
been investigated and described in the previous studies, such as Co/WS; [30], Ni/WS;
[20, 24], Ni/WC [29, 31], Ni/P/WS> [26] and Ni/MoS> [25]. In this study, we found the
surface morphology closely depended on the type and concentration of nanoparticles.
As showed in Fig. 3, the CTAB capped particles and Ni?* transports to electrical double
layer from bulk solution by both convective-diffusion and electrophoretic migration.
Because of the differences in electrical resistivity of nanoparticles and nickel matrix,
the distribution of surface potential is irregular once particles touch the surface of
cathode. The electrical resistivities of nickel (pnicke1), WC (pwc) and WSz (pws, (ab):
are 69.3 nQ m, 200 nQ m and 2.4x108 nQ m (parallel to ¢ plane, higher in perpendicular
[32]), respectively. Fig. 2a & 2b show the different surface morphologies of Ni/WS;
and Ni/WC coatings. Considering much higher pws, than pyjcker, the current
distribution around WS; particles attached on the cathode is changed significantly. The

intensity is much stronger than that caused by WC, since WC NPs has approximately
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the same electrical resistance as the nickel matrix. Thus, a higher current density is
formed on WS> NPs. After long term deposition, clusters are generated on Coating O-
5, and the coating has more rough structures than Ni/WC (10-0). The refining
mechanism of Ni/WC/WS; coating is complicated (Fig. 2¢ & 2d), and will study in the
further. Probably, nickel ions, WC NPs, WS, NPs are deposited on the surface of each
other and subsequently the rough structures are combined together, as in the
crosslinking effect in a hydrogel.

Although the samples obviously produced different surface morphologies, the
distinction in wettability after modified by stearic acid was not significant. Images of
water contact angles in Fig. 2 demonstrate all the samples as superhydrophobic. The
measurements of contact angles are listed in Table 2. The data (statistical average) are
distributed between 160 deg and 170 deg. Among them, the minimum is 155.3 deg on
the surface of Coating 0-5, and maximum are 170.4 deg of Coatings 10-15 and 171.0
deg of Coating 20-5. The differences in morphologies do not have much contribution
to contact angles. As smooth surface has stronger abrasive resistance than rough
surface, the refining effect of these two nanosized particles will be beneficial to
fabricate robust superhydrophobic surface by electroplating.

In order to analyze the surface roughness and demonstrate the effect of refining by
nanoparticles, the 3D SEM images and stereoscopic images of Coatings 0-5, 10-0 and
10-15 were constructed by Alicona 3DMeX, as seen in Fig. 4. Irregularly located
clusters are visible on the surface of Coating 0-5 (Fig. 4a). The clusters are not uniform

with different heights (Fig. 4a-i). The morphologies of clusters are improved on Coating
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10-0 in Fig. 4 b & b-i. For Coating 10-15, there is no apparent cluster observed and the
surface shows a smooth feature. The parameters of surface roughness of the three
samples are listed in Table 3. Sa (arithmetical mean height) of Coating 10-15 are
obvious smaller than that of 0-5 and 10-0, which demonstrates that the co-deposition
of these two kinds particles contribute to fabricate smooth surface without big clusters.
Coating 10-15 has the smallest maximum height (S;) among the three coatings, which
means 10-15 is mechanically stable since high structure is easy to fragment from the
root under external force. The value of skewness (Ssk) represents the degree of bias of
the roughness shape. Coating 10-15 had smallest absolute Ssk and largest contact angle
among the coatings as a symmetrical height distribution (Rsk close to 0) is expected to
enhance superhydrophobicity [26, 33]. Finally, the height distribution of 10-15 is
normal according to the value of Sk, (close to 3), while 0-5 is skewed (Sku<3) and 10-0
is spiked (Sku>3). From the discussion of the surface parameters above, it suggests that
Ni/WS, and Ni/WC tend to grow sideways and lengthways, respectively. The
synergistic effect of WS, NPs and WC NPs in electrodeposition contributes to a fine
surface morphology with little cluster of Coating 10-15.

The roughness average (Ra), as the most commonly used surface parameter, was
applied to investigate the effects of nanoparticles on surface profiles. Ra of all the as-
prepared composite coatings were measured by stylus tracing method with a
measurement length of 1.25 mm. The results were statistically analyzed as 3D surface
and contour using Design-Expert (software) and shown in Fig. 5. From the analysis of

variance table, the model F-value of 7.67 is significant. The value of “Prob>F” of WC,
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WS; and WC-WS, (WC and WS; interaction) are 0.003, 0.0172 and 0.0012,
respectively, which can be decided as significant model terms. From Fig. 5a, it can be
directly found that the deposition of single particle increases the surface roughness
dramatically, from 0.653 pm to 20.047 um for WS, (0 - 20 g dm™®), and from 0.653 pm
to 8.059 um for WC (0 - 20 g dm3). According to the analysis of this figure, there are
two conditions for the R variation. At low concentration of WC (< 8.378 g dm™®) and
WS, (< 4.595 g dm®), R increases with the inclusion of second phase particle. On the
contrary, at high concentration of particles, Ra is reduced by increasing concentration
of second phase particle. Roughness in examples given in Fig. 5b (Curve I & II) show
downtrends with the inclusion of different particle. In curve I, as WS, concentration
fixes at 5 g dm=, R, decreases from 4.366 pm to 1.892 pm with increasing WC
concentration. Similarly, R also can be reduced by WS, when WC concentration is
fixed at 10 g dm, as shown in curve II. These phenomena are in agreement with the
analysis results, which can be referred for further electroplating.

The experiments of wire cutting and polishing were carried out to prepare the sample
for cross-section observation, which were used to evaluate the compactness of
superhydrophobic coatings. In order to eliminate the effect of HAZ, careful polishing
was carried out before observation. As demonstrated by Fig. S4, ~1 mm depth of
polishing was enough to neglect the effect of HAZ. Fig. 6 shows the cross sections of
Coating 0-5, 10-0, 10-15. A loose and irregular coating can be found on the surface of
Coating 0-5 (Fig. 6a), while Coating 10-0 (Fig. 6b) exhibits more uniform but porous.

However, the layer on Coating 10-0 is not much close to the mild steel substrate. Under
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the same electrodeposition conditions, a compact layer without void close to the mild
steel substrate can be found for Ni/WC/WS, composite coating (Fig. 6c), which
demonstrates the co-depositing of WC and WS: nanosized particles refine the surface
structures and improve the adhesion of coating.
3.3 Surface element analysis and wettability

To investigate chemical composition on the surface of coatings, EDS test was carried
out. The area selected for EDS analysis was 35200 pm? (220 pm x 160 um, full screen),
magnification was x500. The percentage of S was used to calculate the WS content
and the WC% was obtained by remain W. Moreover, the particles’ structures in coating
were further study by XRD analysis in the following section. In order to enhance
believable degree of EDS results, we prolonged the live time to detect more counts. As
shown by Fig. R2, the counts are 200,196, then the relative error can be calculated as
0.22% (1/3/200196).

Fig. 7a and Fig. 7b show the content of WC and WS on the coatings fabricated
against their concentration in bath. Initially there is an increase in the WC particle
content with the bath loading of particles, maximum at 23.4 wt.% (Coating 10-5). After
that, a downward trend can be seen. In comparison, the content of WS is slightly
decreased from 5.22 wt.% to 0.69 wt.%. As the concentration of WC fixed at 10 g dm"
3, showed by Fig. 7b, the addition of WS, NPs in bath effectively enhances the
deposition of WS». Then the content of WS, keep stable though a slight reduction can

be witnessed after the concentration bigger than 10 g dm™. The content of WC in Fig.
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7b has a similar change with Fig. 7a. In our opinion, the phenomenon can be explained
by considering three aspects:

(i) The two particles are competitive for their transportation to the cathode during
electroplating. WC NPs are hydrophilic, whereas WS, NPs are hydrophobic [20]. The
charged WC NPs are much more flexible in the diffusion process than WS, NPs, which
results plentiful WC NPs diffuse to electrical double layer and deposit in coating by
purely mechanical entrapment. This contributes to high WC and poor WS; in coatings.

(it) A maximum particle content is achieved when a saturation point is reached [23].

(iii) Since no further surfactant added (CTAB=0.1 g dm), high concentration of
nanosized particles in bath causes agglomeration, especially for the hydrophobic WS;
NPs in aqueous solution, which is harmful for the incorporation of particles.

Surface energy of WC is 1.7 J m2 [34], which is about 25 times higher than that of
WS; (in the range 0.065-0.075 J m [35]). The calculated value of surface energy is
20.35 J m*2 for plane (111) of nickel deposits [36]. As showed by Fig. 7a &7b, all the
Ni/WC/WS; coatings have little WS, content on surfaces. Because of the high surface
energy of Ni and WC, the coatings are hydrophilic or even superhydrophilic on the
rough surface, as the experiment demonstrating. Video S1 shows the
superhydrophilicity on the surface of dry Coating 10-5. After modified by stearic acid,
the samples’ wettability was switched from (super) hydrophilic to superhydrophobic.
Fig. 7c & 7d reveal the hydrophobicity affected by the content of WC & WS>
respectively. As can be seen from Fig. 7c, firstly the contact angles increase with WC

content since proper hierarchical morphology is forming. Then high WC content results
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to high surface energy, which contributes to a slight decrease of contact angles. For
WS, content in Fig. 7d, the contact angles remain high, fluctuating between 160 deg
and 170 deg, indicating WS> have little effects on wettability after modification.

The EDS element maps on the surface of coating reflect their nucleus and growth
during electroplating process. Coating 15-5 was taken for the elemental mapping. The
selected area was about 988 um?. Fig. 8 shows the distribution of nickel (Ni), tungsten
(W) and sulfur (S). The map of element S represents the position of WS, NPs while the
map of W is from both WC and WS:. It shows that nickel cover both smooth area and
the hierarchical micro-nano structures. The nanosized particles prefer to deposit on the
top of the lotus-like clusters. This is coincident with the analysis of electroplating
mechanism in Fig. 3: high current density occurred surrounding the nanosized particles
offer an opportunity of priority growth. Therefore, the hierarchical structures are
formed after the long-time deposition.

3.4 Orientations of coatings

The crystal planes of coatings were investigated by X-ray diffraction. Fig. 9 shows
the XRD patterns of the selected samples. All the peaks are indexed referring to
standard Powder Diffraction Files, i.e. JCPDS 04-0850 for nickel, JCPDS 84-1398 for
WS, and JCPDS 72-0097 for WC. As shown in Fig. 9a, the intensity of peaks diffracted
by nickel crystals on pure nickel deposits are relatively sharper and stronger than the
other samples, which indicates the pure nickel coating may have large crystallite size.
According to Debye-Scherrer equation, the crystallite sizes of nickel deposits are

calculated as 56.2 nm for (111) and 80.9 nm for (200). The strongest peak on (200)
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indicates the minimization of elastic strain energy is the driving force for the pure Ni
coating. The crystallite sizes of coating were reduced by the incorporation of WS NPs
and WC NPs. For instance, nickel crystallite sizes of Coating 20-5 are 31.0 nm of (111)
and 22.1 nm of (200). All the results of crystallite sizes calculated from Fig. S5 & S6
are listed in Table 4. With the incorporation of the nanosized particles, the preferred
orientation of nickel crystal in composite coating is changed from (200) to (111). The
similar phenomena were also observed in Ni/WS; [24], Ni/WC [29] and Ni/Al203 [37].
The dominated (111) plane of nickel crystal is reported to minimize the surface energy
[36], The presence of strongest (111)ni peaks indicates the surface energy will decrease
with the plating progress. This also proves that the particles help to fabricate robust
superhydrophobic coatings. The strong absorption of stearic acid (low surface energy
modifier) by C-O-Ni bonds will also enhance this effect [27].

Fig. 9b shows the details of XRD pattern on Coating 10-15, with Miller index. The
peaks of (111) and (200) belong to fcc nickel. The corresponding (002), (004), (100),
(101), (103), (110) confirm hcp WS», while (001), (100), (101), (110), (111) are
consistent with the hcp WC.

3.5 Abrasive resistance

Fig. 10 shows the results of abrasion test on the Coating 15-5. In Fig. 10, the variation
tendency of contact angles can be divided into three stages, fluctuated decline in the
primary stage (abrasion length in the range of 0 mm - 2000 mm), kept in stable in the
secondary stage (2000 mm — 10000 mm), and sharp decrease in the tertiary stage (10000

mm to the end). In the primary stage, the contact angels slightly decrease from about
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166 deg initially to 160 deg at 2000 mm length, as shown in Fig. 10b. In the early run-
in period, the surfaces of coating and paper adapt to each other results in a minor
damage to the as-prepared hierarchical rough structures of coating. Afterwards, the
contact angle remains in the range of 153 deg to 156 deg. This stage is relatively long-
lasting since a stable tribofilm is formed by the self-lubricating WS, NPs (Fig. 10c).
Gradual exfoliation of the inorganic fullerene-like onions and transfer of
monomolecular WS sheets onto the metal surface is the major role to alleviate friction
and wear [38]. The coefficient of friction of nickel based WS composite coating could
be as low as 0.17 in our previous study [26]. The self-lubricating effect is failed and
WS, NPs lose function started from 10000 mm abrasion length with a dramatical
decrease in contact angles. Nanostructure is essential for superhydrophobic surfaces
with high contact angle, while the hierarchical structures contribute to low droplet
sliding angle [39]. We believe the hierarchical structures are worn in this stage, as
illustrated in Fig. 10d.

SEM images and EDS test were analyzed in order to investigate the failure in
superhydrophobicity of the coating after abrasion. Fig. 11 shows the surface
morphology after abrasion. As can be seen in Fig. 11a, at low magnification the surface
shows smooth but porous morphology. Several nonconducting particles (black area
indicated by arrow) appears, which is characterized as aluminum oxide by EDS spectra
(Al Ko=1.486 keV). The particles have the size in the range of 30-40 um, which can be
confirmed as separated from the abrasive paper and absorbed on the coating. In

addition, some abrasive traces are found on the surface. Fig. 11b is the SEM image in
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high magnification. After abrasion, the top parts of hierarchical structures are worn and
removed by the polish powders, which is in agreement with the mechanism illustrated
by Fig. 10d. The feature is typical morphology of abrasive wear as the scratch can be
clearly seen.
3.6 Long-term stability and aerophilic behavior

Long-term stability is one of the key indexes to evaluate the quality of
superhydrophobic coating. Fig. 12 shows the 6-month stability test of Coating 10-15.
The coating exhibits uniform surface and dark color in air presented by the optical
photograph in Fig. 12a. By injecting pure water into the beaker, a shining layer is
formed on the surface of coating, with clear boundary (Fig. 12b). This is so called “air
cushion” anchored by the superhydrophobic coating. A great deal of air is captured and
anchored in the gap between micro/nano structures and an extremely small area of
coating contacts with water. According to the Cassie-Baxter equation [12], the solid-
water contact area only accounts for 2.60% of the solid surface, i.e. 97.40% of the
coating surface is in contact with air. After the 6 months standing at room temperature
(18~24 °C), the substrate of sample has been corroded, as seen in Fig. 12c; brown rust
is formed on the mild steel substrate. There is no color change on the coating (Fig. 12c)
and the air cushion is still obviously preserved after immersing the sample into water,
indicating that the as-prepared coating is able to retain its superhydrophobicity for at
least 6 months.

In order to characterize the long-term stability of the superhydrophobic coating, the

surface morphologies and chemical composition were studied by SEM and EDS, as
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shown in Fig. 12a & 12c. The surface morphology of rust is scaly and porous which is
not compact and cannot hinder further corrosion. Showed by EDS analysis, the rust is
mainly composed by the elements of Fe, O. A spot of elements such as Cl, Ca, Na also
can be detected in the corroded area which is from the tap water. For the coating, there
is no obvious change in surface morphology. However, the coating is slightly oxidized
as the content of O is increased from 1.36 wt.% to 2.73 wt.%, showed by EDS analysis
in Fig. 12c. But a stable air cushion still can be observed on the surface of coating. The
contact angle is decreased from 168.8 deg initially to 157.8 deg finally. Such change in
hydrophobicity is caused by the oxidation of nickel coating. Nevertheless, the
superhydrophobic coating still shows strong water repellent property.

The long-term stability is affected by the capability of gas absorption on the
superhydrophobic surface. Fig. 13 shows the underwater gas bubble adhesion on the
surface of Coating 10-15. The surface exhibits a rapid absorption of air bubble once the
bubble contacting solid surface (Fig. 13a & 10b). A large bubble (Fig. 13e) of diameter
of 9.5 mm separates from the surface after several air injections. Then, the air cushion
still adhered to the surface following another cycle of injection (Fig. 13 f - h). The whole
process can be seen in Video S3. The water contact angle is measured as 171.0 deg
while the air bubble contact angle is around 15.0 deg in Fig. 14. The sample shows a
strong aerophilic behavior, which contributes to preservation of a stable, long-term air
cushion on the surface.

4. CONCLUSIONS
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The Ni/WC/WS, composite coatings were fabricated successfully on mild steel
substrate by a simple one-pot electroplating followed by fluorine-free surface
modification. The results are highlighted below:

a) The Ni/WC/WS, composite coating achieved a smooth surface, regular rough
structure without presence of clusters, which was resulted from the synergistic effect of
two types of particles. It also possessed a dense and high superhydrophobicity after
surface modification with water contact angles up to 170 deg. The cross-section
revealed inclusion of both WC NPs and WS, NPs contributed to fabricate compact
coating.

b) The particles tended to deposited on the top of roughness structures. The WC NPs
deposited faster than WS> NPs, and the percentage of WC NPs mainly affected the
superhydrophobicity of coating.

¢) XRD analysis conformed fcc nickel, hcp WC and hcp WS: deposited on the
surface. With the incorporation of WC NPs and WS; Nps, the orientation preference of
nickel deposit was changed from (200) to (111), and the crystallite size of nickel was
reduced for 2-4 times.

d)Abrasive test and long-term stability test showed the superhydrophobic
Ni/WC/WS; coating obtained remarkable abrasive resistance with a bearing capacity >
10000 mm abrasion length and at least 6 months stability with strong aerophilic
behaviour. With the lubricative effect of WS, NPs, the distance holding
superhydropicity for Ni/WS,/WC coating increased 2.5 times than Ni/WC coating.

SUPPORTING INFORMATION
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The supplementary material is available at DOI: XXXXXXXX.

EDS analysis of substrate, nickel anode, WS> NPs, WC NPs (Figure S1), SEM images
of samples fabricated from various electrolytes (Figure S2 & Figure S3), surface
morphologies around cutting area (Figure S4), XRD patterns of coatings (Figure S5 &
Figure S6), superhydrophilicity of coating (Video S1), the method of abrasion test
(Video S2), aerophilic test (Video S3).
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