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Abstract: It is still a challenge to achieve large-area preparation of robust superhydrophobic surfaces with strong 

mechanical stability. Here, a simple and low-cost method to prepare robust decoupling superhydrophobic 

coatings on aluminum (Al) alloys substrate has been presented. The superhydrophobicity and robustness of 

decoupling coatings are realized by structuring surfaces at two different length scales, with nanostructures for 

superhydrophobicity and microstructures for robustness. This prepared decoupling coating shows promising 

superhydrophobicity, with water contact angle (CA) of ~158.4° and roll off angle (RA) of ~3°. It also exhibits 

high repellency for impacting water droplets. Notably, the decoupling coating processes outstanding adhesion 

strength on the substrate after tape-peeling and cross-cut tests, also with promising wear resistantance after 

sandpaper abrasion and wear test. The friction coefficient of this decoupling coating is only ~0.2. In addition, 

the robust decoupling superhydrophobic coating is applied to underwater buoyancy enhancement and fluid 

resistance reduction (drag reduction rate ~30.09%). This decoupling superhydrophobic coating also displays 

promising self-cleaning and antifouling properties. Moreover, benefitting from the photocatalytic property 

of TiO2, this decoupling coating is also exploited for degrading organics to achieve seawater purification. This 

obtained decoupling superhydrophobic coating is expected to apply on other solids in marine fields, and the 

simple and eco-friendly method develops the potential practical application. 
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1  Introduction 

Inspired by natural superhydrophobic materials such 

as lotus leaves [1], researchers fabricated numerous 

superhydrophobic surfaces for self-cleaning [2], 

antifouling [3], drag reduction [4], etc. The chemical 

composition with low surface energy and micro/nano 

structures are two factors for superhydrophobicity [5]. 

Various approaches are applied to fabricate 

superhydrophobic surfaces such as spraying [6], 

electrodeposition [7], sol–gel method [8], etc. Nevertheless, 

some superhydrophobic coatings on the metal 

substrate are susceptible to damage because their 

microstructures are subject to mechanical abrasion, 

also with impossibility for large-scale fabrication [7, 9]. 

Therefore, it is desired to improve the durability of 

superhydrophobic coatings and provide a simple 

method for large-scale fabrication. 

To improve robustness of superhydrophobic 

coatings, methods such as nanosecond laser ablating 

or etching metal substrate were applied to increase 

the wear resistance of micro/nano structures [10, 11]. 

Moreover, Wang  et al. [11] recently fabricated 

interconnected micro-structures as armors to protect 

hydrophobic nanostructures from mechanical damage, 

which inspired our study. Thus, there is an impetus  
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to improve the robustness of superhydrophobic 

coatings by fabricating micro-nano structures, in which 

the microstructure promises the robustness, and the 

nanostructure provides the hydrophobicity (namely 

“decoupling”). Although these methods prominently 

promoted wear resistance of superhydrophobic 

coatings, they are expensive and not enable for large- 

scale production. Several papers demonstrated that 

the robust superhydrophobic coatings were achieved 

by the one-step spraying method without introducing 

fluorine [12, 13]. For example, Li et al. [12] fabricated 

a robust superhydrophobic coating by one-step  

spraying a fluorine-free suspension composed of 

epoxy resin (EP), polydimethylsiloxane (PDMS), and 

modified silica (SiO2) on various substrates. Nevertheless, 

for the one-step spraying method, the adhesive material 

also subjects to modify in the mixed suspension [13], 

which increases material usage and costs. Thus, 

there is an impetus to fabricate a robust decoupling 

superhydrophobic coating by spraying modified 

micro/nano particles on the adhesive layer without 

modification, which is more competitive in 

applications.  

Possessing low density and high strength, aluminum 

(Al) and its alloys are widely used in marine fields, 

such as ships, submarines, underwater detectors,  

and other navigating bodies [14]. Nevertheless, it is 

subject to large seawater frictional resistance during 

navigation [15]. In addition, biofouling on Al (and 

its alloys) imposes negative impacts in marine 

environments, and thus limits their usages [3]. 

Superhydrophobic coatings show promising drag 

reduction, antifouling, self-cleaning, and other properties 

[16, 17], which is often desired to solve the above 

problems. Moreover, there are undegraded organics 

in seawater, which seriously affect the environment 

and aquatic organisms [18]. Recently, photocatalysis 

receives great attention due to its eco-friendly and 

sustainable route [19, 20]. Photodegradation of organics 

is the promising method for reducing water-soluble 

organic dyes in wastewater [21, 22]. Thus, it is 

anticipated that the fabrication of a robust decoupling 

superhydrophobic coating on Al alloy substrate   

for antifouling property, drag reduction, and 

photodegradation by spraying modified micro/nano 

TiO2 particles on the adhesive layer. 

In this study, we fabricated a robust decoupling 

superhydrophobic coating on Al alloy substrate. The 

unmodified micro SiO2 particles were sprayed    

on the EP adhesive layer, which promised the 

robustness. Then, the modified nano TiO2 particles 

were quickly sprayed on the surface, which provided 

the hydrophobicity. The adhesion strength of the 

prepared decoupling superhydrophobic coating was 

characterized via tape peeling and cross-cut tests. 

The wear resistance of this decoupling coating was 

verified by sandpaper abrasion and wear test. The 

hull loading experiment and the fluid drag reduction 

experiment were also conducted. Moreover, the 

obtained decoupling superhydrophobic coating was 

tested for self-cleaning, antifouling, and photocatalytic 

degradation properties. 

2 Experimental 

2.1 Chemicals and materials  

The 5052 Al alloy samples (30 mm × 30 mm × 5 mm) 

were used as the substrate, which were first abraded 

by SiC papers of 400#, 1000#, 1500#, and 2500#,   

and then subsequently cleaned by absolute ethanol 

(C2H5OH) with ultrasonics for 10 min. EP and curing 

agent were supplied by Shanghai Nalle New 

Material Co., Ltd., China. Micro SiO2 particles (10 μm, 

99.0%) and nano TiO2 particles (25 nm, 99.0%) were 

purchased from Aladdin Co., Ltd., China. Stearic acid 

(CH3(CH2)16COOH), sodium chloride (NaCl), sodium 

hydroxide (NaOH), concentrated sulfuric acid (H2SO4), 

glycerol (C3H8O3), and absolute ethanol (C2H5OH) 

were all analytical reagents (ARs) and purchased 

from Sinopharm Co., Ltd., China. All the reagents 

were used as received. Seawater was obtained from 

the Yellow Sea in Qingdao, China. 

The unmodified micro SiO2 particles suspension 

was obtained by dispersing 6.0 g of micro SiO2 

particles into 50 mL of ethanol with ultrasonics for  

20 min. The nano TiO2 particles were modified by 

stearic acid to improve their hydrophobicity. The 

suspension was obtained by adding 6 g of nano TiO2 

particles into 100 mL of 1 wt% stearic acid ethanol 

solution. Then, the mixed solution was dispersed 

ultrasonically for 20 min and magnetically stirred  
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for 2 h. In addition, the modified micro SiO2 particles 

suspension was fabricated by adding 6 g of micro 

SiO2 particles into 50 mL of 1 wt% stearic acid ethanol 

solution with ultrasonics for 20 min and magnetic 

stirring for 2 h. The modified SiO2 and TiO2 mixed 

suspension was prepared by dispersing 4 g of micro 

SiO2 particles and 2 g of nano TiO2 particles into 100 mL 

of 1 wt% stearic acid ethanol solution, and then treated 

it with the same method as above. 

2.2 Preparation of decoupling superhydrophobic 

coating 

The mixed solution of EP (4 g), curing agent (2 g), 

and absolute ethanol (20 mL) was dripped onto the 

pre-treated Al alloy surface as the adhesive layer. 

After the EP adhesive layer reaching the semi-cured 

state (60 °C, 20 min), the prepared micro/nano particles 

suspension was quickly sprayed onto the semi-cured 

adhesive layer. 

For fabricating the decoupling superhydrophobic 

coating (Fig. 1(a)), the prepared unmodified micro SiO2 

particles were sprayed onto the semi-cured EP using 

0.4 MPa compressed air, with the spraying distance 

of ~15 cm and the spraying time of ~10 s. Then, the 

prepared modified nano TiO2 particles was quickly 

sprayed onto the SiO2–EP coating. After dried in an 

oven at 60 °C for 2 h, the decoupling superhydrophobic 

coating was obtained on the Al alloy sample. 

To compare and verify the robustness of the 

decoupling superhydrophobic coating, three other 

superhydrophobic coatings—micro coating, nano 

coating, and coupling coating were also prepared. For 

the micro coating, only modified micro SiO2 particles 

were sprayed onto the semi-cured EP (Fig. 1(b)). For 

the nano coating, only modified nano TiO2 particles 

were sprayed onto the semi-cured EP (Fig. 1(c)). For 

the coupling superhydrophobic coating, the modified 

micro SiO2 and nano TiO2 particle-mixed suspension 

was sprayed onto the semi-cured EP (Fig. 1(d)). Other 

conditions are the same as the fabrication of the 

decoupling superhydrophobic coating. 

2.3 Characterizations and tests 

The surface morphologies of the samples after Pt 

sputtering were investigated by the field emission 

scanning electron microscope (FE-SEM; FEI, Nova 

Nano 450, USA). The energy-dispersive X-ray 

spectroscopy (EDS; matched with the FE-SEM) was 

applied to analyze the element composition. The 

X-ray diffraction (XRD) patterns obtained by the X-ray 

diffractometer (D/Max2500PC, Japan) characterized 

the phase compositions of the samples. The Fourier 

transform infrared spectroscopy (FT-IR; NICOLET- 

SDXFl-IR, USA) was employed to analyze the chemical 

compositions of samples to determine the presence 

of low-energy materials. A multifunctional wear 

tester (CETR-UMT-3MO, USA) was used to test the 

robustness of samples. A three-dimensional topography 

(Zeta-20, USA) was used to obtain the three-dimensional 

morphology after wear test. The absorbance of solution 

was evaluated by the UV-visible spectrophotometer 

(EU-2600D, China). Water contact angles (CAs) on 

 

Fig. 1 Schematic illustration of the fabrication process for (a) decoupling coating, (b) micro coating, (c) nano coating, and
(d) coupling coating. 
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the sample surface were measured by a CA meter 

(JC2000C1, China) in the air. To study the repellency 

for impact water droplets of the prepared samples, 

12 μL (~3 mm in diameter) of water droplets were 

free-fall on coatings. A high-speed camera (Photron- 

FASTCAM UX 100, Japan) was used to record dynamics 

of droplets at 8,000 fps. 

2.4 Robustness tests 

To evaluate the adhesion strength between coatings 

and the substrate, tape peeling (3M 1500 tape) and 

cross-cut (ASTM D3359) tests were carried out. After 

peeling multiple times, CAs and roll off angles (RAs) 

of water droplets on coatings were measured. In   

the cross-cut test, a sharp knife was applied to cut 

crosshairs on coatings to ensure that coatings have 

been cut through. In addition, the samples were also 

immersed into 3.5 wt% NaCl solution and heating at 

150 °C for different time. Different pH droplets and 

irradiation with UV-light (power 40 W) were applied 

to verify the chemical stability of coatings. 

The mechanical durability of coatings was tested 

by the sandpaper abrasion. The sample was placed 

on the sandpaper (400#) and beneath a 200 g weight. 

The sample was pushed at different distances and 

CAs, and RAs after abrasion were measured to verify 

the wear resistance. To further evaluate the mechanical 

durability of coatings, a multifunctional wear tester 

for linear wear testing was employed, with a steel 

ball as the standard friction pair (GB308-84, diameter 

of 9.5 mm), a pressure of 5 N, the wear distance of 

5 mm, and the wear time of 5 min. 

2.5 Buoyancy increase and drag reduction tests 

To study the carrying capacity of prepared coatings 

in water, different numbers of clips were placed on 

coatings to maintain a balance. The weight of a clip is 

~0.45 g. The maximum load and the depth of water 

penetration of samples under different weights were 

recorded. 

The drag reduction was carried out in a plastic 

tank (1.9 m × 0.45 m × 0.24 m). To investigate the drag 

reduction of the prepared coatings (Video S1 in the 

Electronic Supplementary Material (ESM)), each ship 

carried a 3 V battery as a power system and with 

the same weight. The time of the 1.7 m voyage was 

recorded, and the average speed (v) of the model ship 

was calculated. This test was repeated 10 times. 

2.6 Self-cleaning, photodegradation, and antifouling 

tests 

Methylene blue (MB) powder was used for the 

self-cleaning test. MB powder was first distributed  

on the inclined decoupling coating (~RA), and then 

water droplets (~6 μL) were gently dropped on the 

contaminated surface. MB was also selected as an 

organic pollutant to evaluate the photodegradation 

property of the decoupling coating for organics. 

Coatings were immersed into a 0.0015 mol/L MB 

solution and irradiated under UV-light (power 40 W) 

for different time. To characterize the anti-biofouling 

property of the decoupling superhydrophobic coating, 

the sample was immersed into seawater for 7 days. 

3 Results and discussion 

3.1 Characterizations of decoupling superhydrophobic 

coating 

It is well known that surface wettability is closely 

inseparable from low-surface-energy chemical 

compositions and micro/nano structures [23]. As shown 

in Fig. 2(a1), there are many micro-scale spherical 

protrusions covered with nano-scale particles on the 

decoupling coating, forming the micro-nano structure. 

The cross-sectional SEM image of the decoupling 

coating exhibits that the thickness of the EP adhesive 

layer is ~34 μm, and that of the sprayed micro-nano 

particles is ~18 μm (Fig. S1(a) in the ESM). It also 

indicates that the thickness of the EP adhesive layer 

and the micro-nano particle layer is uniform. As 

shown in Fig. 2(a2), the CA of water droplets on the 

decoupling coating is ~158.4°, with the RA of ~3° 

(Video S2(a) in the ESM), showing superhydrophobic. 

Bright “mirror” due to the total internal reflection at 

air–water interfaces was observed after the decoupling 

sample was immersed into water (Fig. 2(a4)), which 

is attributed to the air trapped among micro-nano 

structures [24]. In addition, the CA of glycerol 

droplets on this decoupling superhydrophobic coating 

is also more than 150° (Fig. 2(a3)), with the RA of ~5°, 

showing oleophobic. The chemical composition of the  
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decoupling superhydrophobic coating was verified by 

the EDS, XRD, and FT-IR. Elements of C (13.90 wt%), 

O (43.10 wt%), Si (21.25 wt%) and Ti (21.76 wt%) in 

the EDS spectrum (Fig. S2(a) in the ESM) and TiO2 

and SiO2 peaks in the XRD patterns (Fig. S3 in the 

ESM) show that the micro-nano particles of the 

decoupling superhydrophobic coating are actually 

SiO2 and TiO2. Moreover, as shown in curve (I) of  

Fig. S4(a) in the ESM, the unmodified SiO2 exhibits 

only two peaks of attributing bending and stretching 

vibrations of Si–O–Si bond at 1,092 and 802 cm−1, 

respectively [12]. It indicates that the micro SiO2 

particles are unmodified. Curve (II) in Fig. S4(a) is 

TiO2 nanoparticles modified by stearic acid. The 

characteristic peak of TiO2 is at 520–880 cm−1, indicating 

the stretching vibration of the Ti–O bond [25]. The 

peak at 3,423 cm−1 corresponds to the hydroxyl (–OH) 

involved in the adsorption of H2O [26]. There are 

sharp peaks near at 2,880 and 2,925 cm−1, attributing 

to the C–H bonds in methyl (–CH3) and methylene 

(–CH2), respectively [12]. The asymmetric and 

symmetric stretching vibrations of carboxylate (COO–) 

are observed at 1,635 and 1,472 cm−1, respectively [27]. 

It shows that the sprayed nano TiO2 particles in the 

decoupling superhydrophobic coating were successfully 

modified by stearic acid. Thus, the low-surface-energy 

chemical compositions and micro-nano structures 

(unmodified micro SiO2 and modified nano TiO2) 

of the decouplig coating contribute to its promising 

superhydrophobic property. 

 

Fig. 2 SEM images of (a1) decoupling, (b1) micro, (c1) nano, and (d1) coupling coatings. Optical photographs, CAs, and RAs of
water and glycerol droplets on (a2, a3) decoupling, (b2, b3) micro, (c2, c3) nano, and (d2, d3) coupling coatings. Optical photographs
of (a4) decoupling, (b4) micro, (c4) nano, and (d4) coupling coatings immersion into water. 



Friction 11(5): 716–736 (2023) 721 

www.Springer.com/journal/40544 | Friction 
 

Compared the decoupling coating with other three 

coatings: micro, nano, and coupling coatings, the 

micro coating in Fig. 2(b1) shows that there are many 

microspheres, with water CA of ~121.3° (Fig. 2(b2)) 

and glycerol CA of ~109.6° (Fig. 2(b3), without bright 

“mirror” (Fig. 2(b4)). The chemical composition of 

micro coating in Figs. S2(b) and S4(b) in the ESM 

shows the modified SiO2 on this coating. For the nano 

coating, there are many protrusions agglomerated by 

modified nano TiO2 particles (Fig. 2(c1)), with water 

and glycerol CAs of ~153.8° (Fig. 2(c2)) and ~149.3° 

(Fig. 2(c3)), respectively. Water droplets quickly roll 

off on this coating with the RA of ~2° (Video S2(b) in 

the ESM). The chemical composition of nano coating 

in Figs. S2(c) and S4(c) in the ESM shows the modified 

TiO2 on this coating. The coupling coating also shows 

micro-nano protrusions (Fig. 2(d1)), which is not 

obvious compared with the decouplig coating. These 

microspheres are almost covered by the nanoparticles, 

only with slight fluctuations under high-magnification 

images. This coating shows water and glycerol CAs of 

~157.7° (Fig. 2(d2)) and ~150.9° (Fig. 2(d3), respectively, 

and bright “mirror” (Fig. 2(d4)) also shows promising 

superhydrophobic property. Water droplets quickly 

roll off on this coating with the RA of ~3° (Video S2(c) in 

the ESM). The elements of the coupling coating shown 

in Figs. S2(d) and S4(d) in the ESM are the same as 

the decoupling coating, but with modified SiO2. 

Thus, the decoupling coating as well as nano 

coating and coupling coating exhibit promising 

superhydrophobicity, while the micro coating shows 

hydrophobicity. We only compared other properties  

of the decoupling superhydrophobic coating with 

nano superhydrophobic coating and coupling 

superhydrophobic coating in the following. 

The water repellency of the decoupling 

superhydrophobic coating was further investigated. 

As shown in Fig. 3(a) and Video S3(a) in the ESM, 

when the droplet impacts on the decoupling coating 

surface, the droplet first deforms to multi-layer, and 

then spreads to the maximum diameter at 5.3 ms.  

In this process, the kinetic energy of the droplet is 

converted into the surface energy [28]. Once the 

droplet reaches the maximum contact diameter, as 

the surface energy converted into the kinetic energy, 

the droplet retracts [29]. Figure S5(a) in the ESM 

shows that the maximum contact diameter of droplet 

on the decoupling coating is 4.34 mm. Finally, the 

droplet bounces off the surface at 15.2 ms, and shows 

the maximum rebound height of 4.85 mm at 39.4 ms, 

with heights of 3.16 mm and 1.97 mm in the next two 

rebounds. During the first retraction, its receding 

velocity reaches the maximum of 0.44 m/s (Fig. S5(b) 

in the ESM). Compared with the nano coating (Fig. 3(b) 

and Video S3(b) in the ESM) and the coupling coating 

(Fig. 3(c) and Video S3(c) in the ESM), the maximum 

 

Fig. 3 Selected snapshots showing water droplet impacting on (a) decoupling, (b) nano, and (c) coupling coatings (v = 0.44 m/s).  
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retracted heights of these two coatings are 3.10 and 

3.96 mm in the first retraction, respectively, which  

are prominently smaller than that of the decoupling 

coating. Moreover, Fig. S5(a) in the ESM displays 

the maximum contact diameter of the droplet on the 

decoupling coating is 4.34 mm, which is larger than 

that on the nano coating (3.53 mm) and the coupling 

coating (3.84 mm). It indicates that the energy 

consumption of the decoupling coating surface is the 

lowest [30]. This is because the micro-nano structure 

on the surface is prominent, with lots of air trapped 

in gaps, which protects water droplets penetrate into 

gaps, reducing the energy consumption [31]. Thus, 

the prepared decoupling superhydrophobic coating 

shows promising repellency for impacting water 

droplets. 

3.2 Robustness of decoupling superhydrophobic 

coating 

Robustness is important for superhydrophobic coatings 

in application. The damage of micro-nano structures or 

chemical compositions imposes negative impacts in its 

superhydrophobicity, and thus limits their usages [32]. 

The adhesion strength of superhydrophobic coatings 

were usually characterized via tape peeling and 

cross-cut experiments [33]. Figure 4(a) shows the 

schematic illustration of the tape peeling test. The 

CAs and RAs of water droplets on these three 

superhydrophobic coatings (decoupling, nano, and 

coupling coatings) were measured after multiple cycles. 

Figure 4(b) shows that CAs and RAs of them are all 

remained above 150° and below 5°, respectively, after 

19 tape peeling cycles. It indicates that these three 

coatings all possess robust adhesion strength. Moreover, 

the cross-cut test is applied to further evaluate   

the adhesion strength of these superhydrophobic 

coatings. Figure 4(c) shows the grid patterns of  

three coatings after cross-cut 100 times. There are no 

peeling marks on the grid edge of three coatings after 

the tape removed, without grid detached, and three 

coatings remains intact. Based on the standard ASTM 

D3359 [33], the adhesion of three coatings is all 5B. 

Compared with the other reports (Table 1), these 

three superhydrophobic coatings show prominent 

adhesion strength to substrate. This is because that 

EP as the adhesive layer with highly cross-linked  

three-dimensional network [12], and part of micro/ 

nano particles were immersed into the semi-cured 

 

Fig. 4 (a) Schematic illustration of tape peeling test for coatings; (b) CAs and RAs of water on the decoupling, nano, and coupling
coatings after 19 tape peeling cycles; and cross-cut test performed following ASTM standard D3359 for three coatings: (c) optical
photographs of three coatings after cross-cut test and (d) three coatings showed 0 damage with ranking 5B. 



Friction 11(5): 716–736 (2023) 723 

www.Springer.com/journal/40544 | Friction 
 

EP adhesive layer, with the upper part exposed to 

air for superhydrophobic. In addition, as reported 

in Ref. [34], the chemical stabilities of these three 

coatings were studied by different pH droplets, UV 

irradiation for 24 h, immersion into 3.5 wt% NaCl 

solution for 9 d, and heating at 150 °C for 9 h. As 

shown in Figs. S6 and S7 in the ESM, the CAs and RAs 

of them are all ~150° and < 10°, respectively, showing 

stable chemical stability. 

The wear resistance of these three superhydrophobic 

coatings was verified by sandpaper abrasion (Fig. 5(a)) 

and wear test (Fig. 7(a)). The CAs and RAs are 

measured as a function of the abrasion distance in 

Fig. 5(b). It shows that the decoupling coating 

maintains superhydrophobicity, with CA > 150° and 

RA < 5°, even after abrasion of 21 cm. The coupling 

coating loses its superhydrophobicity, with CA < 150° 

and RA > 5°, after abrasion of 19 cm. Nevertheless, 

the CA of the nano coating reduces to < 150° after 

abrasion of 13 cm, with RA > 5°. Optical pictures  

(Fig. S8 in the ESM) of three coatings after abrasion 

are also provided. There is damage on the surface   

of the nano coating (Fig. S8(b) in the ESM) and the 

coupling coating (Fig. S8(c) in the ESM) after abrasion 

of 5 cm, prominent after abrasion of 9 cm, while the 

decoupling coating retains intact (Fig. S8(a) in the 

ESM). It indicates that the decoupling coating displays 

better wear resistance of sandpaper abrasion than the 

coupling coating and the nano coating. Figure 5(c) 

shows the surface morphologies of three coatings after 

abrasion of 9 cm. There are still many rough structures 

on the decoupling surface (Fig. 5(c1)). Although many 

nanostructures on the top of the surface are rubbed 

off, microstructures are still intact. Prominently, these 

microstructures effectively protect the lower body, 

and the entire surface shows a typical micro-nano 

structure. It is important for the superhydrophobicity 

of the coating. Nevertheless, the surface of the coupling 

coating is relatively flat (Fig. 5(c3)), with obvious 

scratches, and the original micro-nano structure is 

destroyed. Nanoclusters on the nano surface are 

worn prominently (Fig. 5(c2)), also with the obvious 

scratch. Thus, the decoupling superhydrophobic 

coating shows outstanding robustness for sandpaper 

abrasion compared with the nano and coupling 

superhydrophobic coatings. 

Figure 6(a) shows the wear mechanism of three 

coatings. The micro SiO2 particles immersed into the 

EP adhesive layer of the decoupling coating effectively 

protect the lower body (Fig. 6(a)I), which results in 

that only nanoparticles on top of the surface are 

damaged during abrasion. These microstructures 

enhances the wear resistance, and the entire surface 

maintains a typical micro-nano structure after abrasion. 

There are many nano TiO2 particles agglomerated on 

the surface of the nano coating (Fig. 6(a)II). However,  

Table 1 Comparison of robustness exhibited by our prepared superhydrophobic coatings with those of the other reports when the 
samples subjected to cross-cut and wear tests. 

Cross-cut test Wear test 
Coating/surface Fabrication method 

Rating Friction coefficient 
Ref. 

AP, HDTMS, SiO2 Spraying — — [35] 

Polyvinylidene fluoride (PVDF), EP Paint 4B — [36] 

EP, Al2O3, KH560 Inverse infusion 4B — [9] 

EP, SiO2, KH570 Paint 4B — [37] 

CP, MgO, AOP Self-polymerization 4B — [38] 

TiO2/polysiloxane resin Mixed paint — — [39] 

Ti/Cr Plasma reverse sputtering 
process — 0.528 [10] 

ZIF-8, HDTMS, SiO2 Etching — 0.288 [40] 

316L stainless steel Laser melting — 0.2228 [41] 

Nano coating Spraying 5B 0.6 This work 

Coupling coating Spraying 5B 0.3 This work 

Decoupling coating Spraying 5B 0.2 This work 
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Fig. 5 (a) Schematic diagram of sandpaper abrasion test; (b) CAs and RAs of water droplets after abrasion for different distances; and
SEM images of (c1) decoupling, (c2) nano, and (c3) coupling coatings after abrasion for 9 cm.  

 
Fig. 6 (a) Schematic mechanism of three coatings before and after abrasion; (b) schematic mechanism of wear resistance on the decoupling 
superhydrophobic coating before and after abrasion; and (c) cross-section schematics of the decoupling superhydrophobic coating. 
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some of nanoparticles are damaged after abrasion, 

reducing the hydrophobicity. Micro SiO2 particles 

covered by TiO2 nanoparticles in the coupling coating 

are also damaged during abrasion (Fig. 6(a)III). As 

shown in Fig. 6(b), the mechanism of wear resistance 

on the decoupling coating is further explored. The 

surface of the unmodified micro SiO2 structure exhibits 

superhydrophobic property after integrating the 

modified nano TiO2 particles. It is worth noting that 

the wear test removes the modified nano TiO2 particles 

from the top of the micro SiO2 structure, which 

changes the local wettability of the surface from 

hydrophobic to hydrophilic [42]. The fractal nano 

structures between the micro structure frameworks 

remain intact. Wang et al. [11] pointed that the 

micro-scale gas–liquid–solid composite interface is 

prominently stable because the three-phase contact 

line is supported by local hydrophilic sites. Moreover, 

hydrophobic nano structures prevent the liquid–gas 

interface from sagging due to Laplace pressure [43], 

and the entire system remains in a constrained 

equilibrium Cassie state [44]. Figure 6(c) displays   

a schematic cross-section of the decoupling coating 

before and after sandpaper abrasion. As mentioned 

earlier [28], water droplets on the decoupling 

superhydrophobic coating show the Cassie state, and 

thus it is expressed as Eq. (1): 

* micro micro nano nano

before before r before r
(cos 1)cos cos( 1) 1f f         

(1) 

where *

before
  is the apparent CA, micro

before
f  and micro

rcos  

are defined as the liquid–solid contact fraction and 

Young’s CA of microstructures, respectively. Moreover, 
nano

before
f  and nano

r
cos  are the liquid–solid contact fraction 

and Young’s CA of nanostructures, respectively. 

These nanostructures on the microparticles are subject 

to wear when rubbing. Thus, the liquid–solid contact 

fraction before and after abrasion could be assumed 

unchanged. The nano structure is simply represented 

as a hemispherical model: 

2 2y a x                 (2) 

where x is the radial coordinate (the radius of the 

abrased surface on the nano structure, 0 < x≤ a), y is 

the vertical coordinate measured downward form the 

apex (the abrasion height, 0 < y <
2

a
), and a is the  

radius for the selected nano structure. Before abrasion, 

the top of the nano structure is hemisphere, thus the 

liquid–solid contact fraction nano
beforef  is 




2 2
nano

before 2

2π

π

a a x
f

a
               (3) 

After abrasion, the Cassie state of the decoupling 

coating surface is [11, 28]: 

   * micro micro nano nano

after after r after r
cos cos 1 cos 1 1f f          

(4) 

The top of the nano structure is flat after abrasion, 

and thus nano
afterf  is 
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Based on the above equations, it shows  
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Thus, 

 * * * *
after before after before(c )os cos i.e.,          (6) 

The apparent θ* of water droplets on the decoupling 

coating slightly decreased after abrasion (from 158.4° 

to 148.5°). Although it is desired to improve the wear 

resistance of this decoupling coating compared with 

that of Wang et al. [11], this method is prominently 

convenient and fast, and is suitable for real-world 

large-scale production. 

The wear resistance of the prepared decoupling 

coating was verified by wear test (Fig. 7(a)). Figure 7(b) 

shows the friction coefficients of the bare Al alloy, EP 

coating, nano coating, coupling coating, and decoupling 

coating. The friction coefficient of EP coating (~0.6) is 

significantly lower than that of the bare Al alloy (~1.0), 

indicating the enhancement of the wear resistance. The 

friction coefficient of the stabilized EP coating (~0.4) 

is close to that of the nano coating. This is because these 

self-assembled clusters by nano particles are easily  
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rubbed off, also indicating that the wear resistance 

of the nano coating is weak. This is because these 

self-assembled clusters by nano particles are rubbed 

off after 50 s, also indicating that the wear resistance 

of the nano coating is weak. The friction coefficients 

of the coupling coating (~0.3) and the decoupling 

coating (~0.2) with micro-nano composite structure 

are prominently lower than those of the EP coating 

and the nano coating within 300 s. There is few reports 

measuring the friction coefficient of superhydrophobic 

coatings by wear test. As shown in Table 1, researches 

on measuring the friction coefficient are the fabrication 

of superhydrophobic coatings by high-cost methods 

such as laser and templating [10, 38, 39], in which 

the friction coefficients are larger than that of this 

decoupling coating. It indicates that the decoupling 

coating improved the wear resistance via convenient 

and efficient fabrication method. Moreover, optical 

pictures of coatings after the wear test is shown in 

Fig. S9 in the ESM. The wear traces of the decoupling 

coating are the weakest (Fig. S9(a) in the ESM), followed 

by the coupling coating (Fig. S9(c) in the ESM), and 

the wear traces of the nano coating are noticeable 

serious (Fig. S9(b) in the ESM). Moreover, the SEM 

images of coatings after the wear test are shown in 

Figs. 7(d1)–7(d3). These low-magnification SEM images 

show abraded areas of micro-nano structures on all 

three coatings (within red boxes) after 300 s of wear 

test. However, the scratched area of the decoupling 

coating is observed at the high-magnification SEM 

image (Fig. 7(d1)), and these microsphere particles 

are not completely damaged. In contrast, the scratched 

region of the nano coating shows flat, without 

prominent micro/nano structures (Fig. 7(d2)). The 

micro-nano structure of the coupling coating is also 

damaged, and there are some wear pits on the coating 

surface (Fig. 7(d3)). Figure S10 in the ESM shows the 

three-dimensional topographies of three coatings after 

the wear test. There are bright white depressions in 

the middle of surfaces, which are scratches after the 

wear test. It is worth noting that the depression of 

the nano coating reaches 1,003.24 μm, followed by 

the coupling coating of 897.80 μm, and the concave 

depth of the decoupling coating is the smallest 

(501.54 μm). It also indicates that the excellent wear 

resistance of the decoupling coating. It is because of 

 

 

Fig. 7 (a) Schematic illustration of wear test for coating; (b) friction coefficients of bare Al alloy, EP, nano, coupling, and decoupling 
coatings; CAs and RAs of water on the (c1) nano, (c2) coupling, and (c3) decoupling coatings after wear test; and SEM images of
(d1) decoupling, (d2) nano, and (d3) coupling coatings after wear test. 
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the synergistic effect of the EP adhesive layer and 

unmodified micro SiO2 particles immersion into the 

adhesive layer with modified nano TiO2 particles 

for superhydrophobicity. Thus, it confirms that 

the decoupling superhydrophobic coating shows 

outstanding wear resistance by comparing with the 

nano superhydrophobic coating and the coupling 

superhydrophobic coating. 

3.3 Buoyancy increase and drag reduction of 

decoupling superhydrophobic coating 

The unique wettability of superhydrophobic surfaces 

could effectively enhance the loading capacity of 

objects floating on the water [15]. To investigate the 

ability of the decoupling superhydrophobic coating 

in increasing the loading capacity, glass slices were 

used as the samples, and paper clips were as the load. 

As displayed in Fig. 8(a), the coated and uncoated 

samples are placed horizontally on the water surface.  

 
Fig. 8 Floating mechanism of a superhydrophobic body on the 
water surface based on surface tension. (a) Schematic diagram  
of the buoyancy test for uncoated and coated samples. (b) Optical 
image of top surface-coated glass slides floating on the water 
surface: cross-section. (c) Relationship between surface tension and 
wettability: hydrophilic and hydrophobic. Fb denotes buoyant force. 
(d) Schematic diagram of hydrophobic objects pressing into the 
water surface. 

The uncoated (hydrophilic) sample directly falls down 

into water, while the coated (superhydrophobic) 

sample still floats on water due to the surface tension 

of the water. Figure 8(c) shows the mechanism of 

difference in buoyancy between the uncoated and 

coated samples, which is related to the watergassolid 

contact interface [45–57]. When the uncoated sample 

is put into water, the water surface is concave, and  

the interfacial tension direction (
WA
 ) is downward  

due to the uncoated sample is hydrophilic (θ < 90°) 

(Fig. 8(c)I). Conversely, the coated sample surface 

shows a large water CA (θ > 150°), which results in the 

water surface convex and the upward of 
WA
 (Fig. 8(c)II). 

When the superhydrophobic sample floats on the water, 

a liquid–air interface forms at the sample wedge.  

As the load weight increases, the arc of interface is 

more curved (Fig. 8(b)). The gravitational force of the 

discharged water in the water–air–solid triple contact 

regions and the surface tension even in the vertical 

direction are main reasons for the increased buoyancy 

of the superhydrophobic coating [45–47]. The vertical 

force (supporting force, FL) of the superhydrophobic 

sample is described as [45–47]: 

L WA
4 ( )F abcg abH a b              (7) 

where a, b, and c is the geometric parameters of the 

sample, H is the distance between water surface and 

sample surface, and 
WA
  is the water surface tension. 

Thus, when the sample size is constant, FL in the 

vertical direction is related to the load weight. As the 

load weight increases, the support force induced by 

the surface tension decreases. As shown in Fig. 8(d), 

the support force induced by surface tension no 

longer exists, and the superhydrophobic sample sinks 

into water when the inclination angle ( ) eventually 

becomes parallel to the water surface. 

Moreover, the load-carrying capacity of three 

superhydrophobic coatings were investigated. As 

shown in the Fig. 9 and Fig. S11 in the ESM, when the 

load of the decoupling coating increases to 2.70 g, the 

sinking depth reaches 4.43 mm, with the sample 

floating on the water surface. This is because the air 

trapped among gaps of micro-nano structures, which 

prevents water from penetrating into the void [46]. 

The sinking depth of the nano coating is 2.74 mm 

when the load is 1.35 g. Moreover, the sinking depth  
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of the coupling coating is 3.87 mm as the load is 2.25 g. 

Nevertheless, the nano and the coupling samples 

would sink if the load continues to increase. Notably,  

the buoyancy increase of the decoupling coating is 

promising. 

To demonstrate the drag reduction of the prepared 

decoupling coating in water, we conducted sailing 

experiments of model ships (Figs. 10(a) and 10(b) and 

Video S4 in the ESM), in which the bottom of model 

ship was with different coatings (Fig. 10(c)). The main 

reason for the drag reduction on the superhydrophbic 

coating is summarized as follows [49]: (1) When the 

superhydrophobic surface is in contact with water, 

the micro-nano structures on its surface forms an air 

film. The original solid–liquid interface converts into 

a gas–liquid interface and a solid–gas interface, 

thereby reducing friction caused by the liquid–solid 

contact. (2) The air trapped among gaps of micro-nano 

structures forms the gas–liquid interface with the 

external water flow, which causes interface boundary 

slip and reduces the friction between water and ship 

surface (Fig. 10(d)). 

As shown in Figs. 11(a) and 11(b), compared with 

the drag reduction rates of ships uncoated (namely 

0%, Video S4(a) in the ESM), coated with the nano 

coating (~20%, Video S4(c) in the ESM) and the 

coupling coating (29.26%, Video S4(d) in the ESM), 

the drag reduction rate of the ship coated with the 

decoupling coating reaches up to 30.09% (Video S4(b) 

in the ESM), showing promising drag reduction, which 

is consistent with the aforementioned load-bearing 

experiment. Here, the equation for calculating drag 

reduction rate is 

Coated Uncoated

Uncoated

–V V
D

V
             (8) 

Here, D is drag reduction rate, VCoated is velocity of 

coated ship, and VUncoated is velocity of uncoated ship. 

Figure 11(c) displays other researches on the drag 

reduction rates of superhydrophobic coatings in recent 

years. It demonstrates that drag reduction rates of 

most superhydrophobic coatings present below 25% 

[4, 13, 14, 50–55], while the drag reduction rate of this 

prepared decoupling coating reaches 30.09%. Thus, 

the prepared decoupling coating shows an outstanding 

improvement in drag reduction. 

 

Fig. 9 (a) Optical images of maximum load carried by the decoupling, nano, and coupling coatings; (b) optical images of maximum depth
of three coatings sinking into water; (c) carrying capacity of three coatings; and (d) depths of samples sinking into water as a function of load.
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3.4 Self-cleaning property of decoupling  

superhydrophobic coating 

The self-cleaning property as one of the most desirable 

performances of superhydrophobic coating shows  

effectively paved ways to clean the surface various 

contamination [7, 56–58]. Here, to investigate the  

self-cleaning property of the prepared superhydrophobic 

coating, MB powder was used as the simulated 

 

Fig. 10 (a) Boat model and (b) model ship sailing in water, (c) model boats with and without coating, and (d) drag reduction mechanism
of coating underwater at air–water interface. θ  is the solid–gas contact angle, b is slip length, and d  is no slip length. 

 

Fig. 11 Sailing tests of ships with and without coatings: (a) velocity; (b) drag reduction rate. (c) Comparison of drag reduction rate of
superhydrophobic surfaces in recent years [4, 13, 14, 50–55]. 
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contaminant. As displayed in Fig. 12(a), water droplets 

were gradually dripped onto the slightly tilted 

decoupling superhydrophobic coating, where some 

MB powder was sparsely deposited. The powder was 

immediately carried away by rolling water droplets, 

and no traces of water were left behind, contributing 

to a cleaned surface. These water droplets retained 

spherical shape during rolling. Thus, the decoupling 

superhydrophobic coating exhibits promising self- 

cleaning ability. In addition, nano coating and coupling 

coating also show outstanding self-cleaning property 

(Figs. 12(b) and 12(c), respectively). The self-cleaning 

mechanisms of three superhydrophobic coatings 

are shown in Fig. 12(e). Yu et al. [59] explained the 

self-cleaning property of the superhydrophobic surface 

was related to the surface force. Inspired by this, as 

shown in Fig. 12(d), the interface force ( )F  on a 

superhydrophobic surface is inclined upward. The 

vertical component of F  would partially or fully 

counteract the adhesion force and gravity of the 

particle, while the horizontal component of F  drives 

particles to move along with the water droplet. Both 

horizontal and vertical components of F  contribute 

to self-cleaning. It is clear that when θ > 90°, the larger 

the CA, the greater the vertical component force 

of .F  Thus, these pollutant particles are quickly 

driven off three superhydrophobic coatings by water 

droplets, all showing promising self-cleaning property. 

In addition, there are often organics dissolved in 

seawater, and these water-soluble dyes often disrupt 

the balance of aquatic ecosystems [60]. On account  

of the inherent photosensitivity of some hazardous 

organics, the photocatalytic degradation of organics 

is ideal for the efficient treatment of polluted seawater. 

TiO2 is a desirable photocatalyst, which is widely 

applied in liquid purification due to its excellent 

photocatalytic performance and chemical stability  

[21, 22]. Here, MB powder was selected as the organic 

contamination to investigate the photocatalytic 

degradation of the decoupling coating. By immersing 

the decoupling superhydrophobic sample in MB 

solution, the absorption spectrum in Fig. 13(a) 

demonstrates that the absorbance at 664 nm decreases 

with the increase of the irradiation time. It is shown 

prominently in Fig. 13(b), and it can be observed that 

the colors of MB solutions gradually become lighter 

in turn. Figure 13(c) displays the variation of CAs of 

the decoupling coatings with the immersion time in 

MB solution. It is still above 150° after immersion for 

24 h. The photocatalytic degradation of the decoupling 

coating is explained as follows (Fig. 13(d)) [61]: The 

electronhole pairs generates and migrates to the  

 

Fig. 12 Self-cleaning processes of (a) decoupling, (b) nano, and (c) coupling coatings. (d) Force analysis of a particle leaving off a
superhydrophobic surface. Reproduced with permission from Ref. [59], ©American Chemical Society 2017. (e) Self-cleaning mechanism
of the superhydrophobic surface. 
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TiO2 particle surface after irradiated by high-energy 

UV light. They react with O2 and H2O of the external 

environment to transform into a mass of reactive 

radicals. These reactive free radicals decompose 

organics in seawater into small molecules such as 

CO2, H2O, etc., achieving photocatalytic degradation. 

Thus, the decoupling superhydrophobic coating shows 

outstanding photocatalytic degradation due to the 

existence of TiO2 nano particles, which improves its 

self-cleaning property. 

3.5 Antifouling property of decoupling  

superhydrophobic coating 

Biofouling imposes negative impacts on Al alloy 

substrate and is related to surface wettability [62, 63]. 

To characterize the anti-biofouling property of the 

decoupling superhydrophobic coating, the decoupling 

and coupling samples were both immersed into 

seawater. Figure 14(b) shows the SEM image of the 

decoupling coating after immersion in seawater for 7 d. 

There are no microbial impurities on the surface of the 

decoupling coating. Moreover, the superhydrophobicity 

of the decoupling coating maintains, with the CA still  

above 150° and the RA below 5° (Fig. S12 in the ESM). 

It indicates that the decoupling superhydrophobic 

coating effectively inhibits biofouling. In addition, the 

coupling coating also shows noticeable antifouling 

property (Fig. 14(d)). The proposed mechanism for  

 

Fig. 14 Antifouling mechanism of (a) decoupling coating and 
(c) coupling coating; SEM images of (b) decoupling coating and 
(d) coupling coating after immersion into seawater for 7 d. 

 

Fig. 13 (a) Absorption spectra of MB solution exposing UV at different irradiation times. (b) Absorption and colors of MB solution
as a function of time. (c) CAs of the decoupling coating after immersion in MB solution for different times. (d) Mechanism of
photocatalytic degradation for MB solution by the decoupling coating. 
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antifouling is shown in Figs. 14(a) and 14(c). The 

superhydrophobic decoupling and coupling coatings 

both exhibit micro-nano composite structures, which 

contributes to a large amount of air trapped into gaps 

of micro-nano structures. The trapped air reduces 

the surface-liquid area and prevents the penetration 

of microbial impurities into the gaps of micro-nano 

structures [62, 63], endowing the coating with its 

outstanding antifouling property. Thus, the decoupling 

coating and the coupling coating both show promising 

antifouling property. 

4 Conclusions 

In summary, to improve robustness of the 

superhydrophobic coating and expand its application, 

we demonstrated a simple method to fabricate a 

robust decoupling superhydrophobic coating on Al 

alloy substrate. The EP coating was first dripped on Al 

alloy substrate as the adhesive layer. After reaching 

the semi-cured state, unmodified micro SiO2 particles 

were sprayed on the adhesive layer, which promised 

the robustness. Then, the modified nano TiO2 particles 

were quickly sprayed on the surface, which provided 

the hydrophobicity. We confirmed the water repellency, 

adhesion strength, wear resistance, drag reduction, 

self-cleaning, and antifouling properties of the prepared 

decoupling superhydrophobic coating by comparing 

with other two superhydrophobic coatings—nano and 

coupling superhydrophobic coatings. The decoupling 

superhydrophobic coating exhibits high repellency for 

impacting water droplets. Notably, this decoupling 

coating shows outstanding adhesion strength on 

substrate after tape peeling and cross-cut tests, and 

displays promising wear resistant after sandpaper 

abrasion and wear test, with the friction coefficient 

of only ~0.2. Moreover, the robust decoupling 

superhydrophobic coating is applied to underwater 

buoyancy enhancement and fluid resistance reduction 

(drag reduction rate: ~30.09%). This decoupling 

superhydrophobic coating also shows promising 

self-cleaning and antifouling properties. Moreover, the 

decoupling coating is also exploited for degrading 

organics to achieve seawater purification due to the 

photocatalytic property of TiO2 nano particles. We 

believe that this decoupling superhydrophobic 

coating is expected to provide new solutions for drag 

reduction, self-cleaning, and antifouling properties 

of metal materials in marine fields, and the simple 

and eco-friendly method develops potential practical 

application. 
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