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Abstract: Flexible superhydrophobic surfaces have been attracting more and more attention due to 15 

their foldable property. However, the superhydrophobic structure was easily damaged or destroyed 16 

owing to their poor interfacial force between substrate and superhydrophobic coating.  Herein, 17 

fluorinated silica nanoparticles (F-SiO2) were sprayed onto the wet poly(amide–imide) (PAI) 18 

surface, which made F-SiO2 easily went into PAI substrate to enhance the durability of 19 

superhydrophobic surface. The PAI/F-SiO2 flexible surface exhibited a water contact angle (CA) 20 

of beyond 160 ° and a sliding angle (SA) of as low as 3 °, while the tensile strength (34 MPa) 21 

was comparable to that of PAI substrate (35.8 MPa). Encouragingly, the superhydrophobicity and  22 

hierarchical porous  structure of PAI/F-SiO2 surface were maintained even they were folded by 23 

5000 times or underwent sandpaper abrasion test (500 cm of wear on a 1200 grit sandpaper under 24 

50 g load), while the nanocomposites failed the sandpaper abrasion test when F-SiO2 were sprayed 25 

onto completely dried PAI surface.  More importantly, the CA and SA just slightly decreased when 26 

PAI/F-SiO2 surfaces were heated at 300 °C for 24 h due to the unique surface morphology and 27 

high thermal stability of PAI, which is one of the highest thermal stabilities for flexible 28 

superhydrophobic films. In addition, PAI/F-SiO2 surfaces maintained superhydrophobic after hot 29 

water jet impact, acid–base immersing, UV irradiation, and ultrasonic treatment, indicating the 30 

fabricated surfaces could be used for practical application especially under harsh conditions. 31 

Furthermore, the superhydrophobic surfaces possessed icephobic properties. It should be noted 32 

that PAI/F-SiO2 surfaces showed such excellent properties, although their fabricating procedure 33 

did not undergo any optimization. This wet spraying method was also used to fabricate flexible 34 

superhydrophobic surfaces with other polymers as substrates such as poly(acrylic acid) (PAA), 35 

thermoplastic polyurethane (TPU), polystyrene (PS), and poly(vinyl alcohol) (PVA). Therefore, 36 
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the simple strategy provided a general route to prepare flexible superhydrophobic films with high 37 

durability. 38 

 39 
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1. Introduction 42 

Surface wettability is a significant characteristic of polymer films. For example, poly(amide-43 

imide) (PAI) as one kind of high-performance polymers has been widely utilized in our daily life 44 

and industries owing to its unique properties such as excellent thermal stability, high mechanical 45 

property, and good processability [1-3]. Just like other commercial polymer materials, PAI films 46 

are also easily contaminated by liquids and attached onto their surfaces, which impacts adverse 47 

effects on their properties. It is well known that when the water contact angle (CA) is higher than 48 

150 ° and sliding angle (SA) is lower than 10 °, the surface can be considered as 49 

superhydrophobicity. Superhydrophobicity, as a special state of wettability, can make the water 50 

droplets quickly roll off from polymer surface, and decreases the negative impact on the 51 

performances of polymer films. In addition, because of its rough structure and low surface energy, 52 

superhydrophobic surface also played a very important role in other fields such as anti-icing [4], 53 

drag reduction [5], anti-corrosion [6], self-cleaning [7], oil/water separation [8], and so forth. 54 

Therefore, developing flexible superhydrophobic surfaces have been attracting more and more 55 

attention. 56 

Various methodologies have been proposed to prepare superhydrophobic surface including 57 

sol-gel method [9], chemical vapor deposition (CVD) [10], template method [11], laser etching 58 

[12], electrospinning [13], brush-painting [14], and spin-coating [15]. However, these methods 59 
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always went with some common limitations involving strict requirements on manufacturing 60 

equipment and environment, or complicated manufacturing process. Spraying method also has 61 

been used to fabricate superhydrophobic surface [16-23], it just only needs a pump and a spray 62 

gun. Furthermore, this method is not sensitive to the environmental condition. Thus, spraying 63 

method is considered as an ideal way for industrial applications. For example, Allahdini et al. 64 

sprayed methoxy-functional silicone resin, fumed silica nanoparticles, and methyltriethoxysilane 65 

on various substrates such as glass and metals [19]. The spray-coated surfaces superhydrophobic 66 

characteristic with water CA of about 160 o. Furthermore, the superhydrophobic surfaces could 67 

shed various contaminants in both wet and dry conditions, and improve the freezing delay times. 68 

Despite these advantages, it remained a challenge to prepare flexible superhydrophobic materials 69 

with high durability. For example, Kim et al. chemically modified silicon dioxide (SiO2) with 70 

perfluorooctyltriethoxysilane (PFOTES), and sprayed poly(vinylidene fluoride) (PVDF) and 71 

PFOTES-SiO2 nanoparticles on poly(methyl methacrylate) (PMMA) substrate [24]. The prepared 72 

FSM-PMMA surface showed a high CA of 163 o and low SA of 7 o, but CA significantly decreased 73 

to below 150 o and SA sharply increased to far beyond 10 o after moving for 110 cm on the 74 

sandpaper. 75 

To strength the interfacial adhesion between the coating and substrate, lots of binders were 76 

incorporated into the spraying suspensions [25-29]. For example, Zhang et al. used epoxy resin 77 

(EP) and polydimethylsiloxane (PDMS) as binders to prepare robust superhydrophobic surfaces 78 

[26]. With the synergistic effect of PDMS and EP, SiO2 particles were firmly attached to the 79 

substrate, and the coating remained superhydrophobic even after 7.5 m abrasion on a sandpaper 80 

(800 Cw) under 50 g of weight or exposed to harsh environments (strong UV irradiation for 2 h 81 

and chemical solution corrosion for 1 h). Another strategy is to construct double or multilayer 82 
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structures [30-34]. For example, Yu et al. adopted two-step spraying method to fabricate 83 

superhydrophobic surfaces with polydopamine (PDA) as intermediate layer [32]. Compared to the 84 

superhydrophobic materials without PDA intermediate layer, the superhydrophobic materials with 85 

PDA intermediate layer exhibited improved water repellence, durability, and mechanical stability. 86 

It is obvious that although the performances of superhydrophobic materials were improved, these 87 

approaches also made the low-cost and simple spraying method expensive and complicated.  88 

In this study, spraying approach has been used to fabricate flexible superhydrophobic surface 89 

with high durability. Firstly, nano-SiO2 particles were fluorinated by trimethoxy(1H,1H,2H,2H-90 

heptadecafluorodecyl) silane (FAS-17) to decrease the surface energy of coating. Then, the 91 

fluorinated silica (F-SiO2) nanoparticles were sprayed onto the wet PAI surface to fabricate PAI/F-92 

SiO2 flexible superhydrophobic films. This made F-SiO2 tightly embedded into PAI substrate. In 93 

addition, the control samples (Spraying F-SiO2 onto the completely dried PAI surfaces) were also 94 

prepared. The surface wettability, mechanical, and icephobic properties were investigated. 95 

Moreover, the durability of the fabricated flexible superhydrophobic films were investigated using 96 

sandpaper abrasion tests, hot water jet impact, acid-base immersing, UV irradiation, and ultrasonic 97 

treatment. To find out the origin of the excellent properties of PAI/F-SiO2 flexible 98 

superhydrophobic films, surface chemistry was investigated by Fourier-transform infrared spectra 99 

(FTIR), X-ray photoelectron spectroscopy (XPS) and energy dispersive spectroscopy (EDS). 100 

Morphologies were researched by atomic force microscopy (AFM) and scanning electron 101 

microscopy (SEM). Another purpose is to develop a universal strategy for fabricating flexible 102 

superhydrophobic surface with good durability, and thus the surface wettability of composites with 103 

other polymers as substrate such as poly(acrylic acid) (PAA), thermoplastic polyurethane (TPU), 104 

polystyrene (PS), and poly(vinyl alcohol) (PVA) were also researched.  105 
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2. Materials and Methods 106 

2.1. Materials  107 

Silica nanoparticles (R974 type, ~12 nm) were purchased from Shaoxing Lijie Chemical Co., 108 

Ltd. 4,4'-Diaminodiphenylmethane (DCP) was obtained from Tokyo Chemical Industry (TCI) Co., 109 

Ltd. FS-3100 was obtained from Guangzhou Jieluhua Biotechnology Co., Ltd. 110 

Trimethoxy(1H,1H,2H,2H-heptadecafluorodecyl)silane (C13H13F17SiO3, FAS-17), 1-methyl-2-111 

pyrrolidinone (NMP), ethanol, trifluoroacetic acid-d (d-TFA), triphenyl phosphite (TPP), 1-112 

aminoundecanoic acid (AU), pyridine (Py), 4,4'-oxydiphthalic anhydride (ODPA), calcium 113 

chloride (CaCl2), lithium chloride (LiCl) were obtained from Aladdin Industrial Corporation.  114 

 115 

2.2. Synthesis of flexible polymer substrate 116 

Diimide diacid (DIDA) monomer was obtained by the condensation reaction of ODPA and 117 

AU through dehydration cyclization as shown in the Fig. 1. The target polymer PAI was prepared 118 

through Yamazaki–Higashi phosphorylation reaction between DIDA and 4,4'-119 

diaminodiphenylmethane (DCP) [35-39]. The detailed synthetic procedure was offered in the 120 

Supplementary Information. The FTIR and proton nuclear magnetic resonance (1H-NMR) spectra 121 

of DIDA and PAI are collected in the Fig. S1 and Fig. S2, respectively.  122 
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 123 

Fig. 1. Synthetic route of DIDA monomer and PAI polymer. 124 

 125 

2.3 Preparation of fluorinated silica dispersion 126 

Silica nanoparticle (1 g) and nonionic fluorinated surfactant (FS-3100, 0.4 g) were added into 127 

distilled water (60 mL). The silica suspension was vigorously shaken by sonication shaker for 20 128 

min and ultrasonic cell crusher for 30 min, respectively. Finally, FAS-17 (1 mL) was added into 129 

silica suspension, and then vigorously stirred for 24 h to obtain fluorinated silica dispersion. 130 

 131 

2.4 Fabrication of PAI/F-SiO2 surfaces and control samples 132 
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PAI (0.2 g) was added into NMP (5 mL). The solution was cast onto the glass plate, and  dried 133 

at 90 °C for 3 h. The superhydrophobic F-SiO2 dispersion was sprayed on PAI wet surface before 134 

NMP was completely evaporated (distance between polymer substrate and gun was 15 cm, 135 

pressure was 0.7 MPa). Finally, the samples were dried at 80 °C for 6 h to obtain PAI/F-SiO2 136 

flexible superhydrophobic films. The control samples were prepared with similar method of 137 

PAI/F-SiO2 surfaces, except that F-SiO2 dispersion was sprayed onto the completely dried PAI 138 

surfaces. 139 

2.5 Materials characterization 140 

Samples for FTIR spectra were measured with a spectrometer (Avatar 370, Thermo Nicolet) 141 

in the range of 500–4000 cm−1 with resolution of 0.1 cm−1. The 1H-NMR spectra were measured 142 

with a Bruker 500-MHz instrument by using TFA containing tetramethylsilane (TMS) as internal 143 

reference. The thermal stability of samples was researched by thermogravimetric analysis (TGA 144 

4000, PerkinElmer) in the temperature range from 30 to 700 °C with a heating rate of 10 °C min−1 145 

under nitrogen atmosphere. The mechanical property of samples was investigated with a tensile 146 

apparatus (WDT-10, KaiQiangLi) at a drawing rate of 5 mm min−1, the size of samples was 20 147 

mm long and 10 mm wide, and an average of at least five individual data was used to determinate 148 

the mechanical property. XPS was performed on an ESCALAB 250XI system using Al-Kα 149 

radiation (hν = 1486.6 eV). The AFM (SPM-9700, Shimadzu) surface images were researched 150 

using contact mode with Au-coated silicon probe. SEM with EDS was performed with a field 151 

emission scanning electron microscope (SUPRA55, Zeiss) and X-ray energy spectrum. The 152 

contact and sliding angles of samples were evaluated by a contact angle meter (JC2000D1 153 

Shanghai Auto-Lab Technology), and the contact and sliding angles were calculated from the 154 

average of five values at different positions. 155 
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 156 

3. Results and Discussion  157 

3.1 Design and preparation of flexible superhydrophobic surfaces 158 

 159 

Fig. 2. Schematic representation of the fabrication of flexible superhydrophobic surfaces. 160 

Fig. 2 shows the key steps of fabrication of PAI/F-SiO2 flexible superhydrophobic surfaces. 161 

For the preparation of F-SiO2 dispersion, a nonionic surfactant (FS-3100) was used, which played 162 

a very important role in fabricating homogeneous dispersion of silica nanoparticles in water. Then, 163 

a fluorine containing silane coupling agent (FAS-17) was added into the silica dispersion to bind 164 

the adjacent SiO2 nanoparticles together. More importantly, FAS-17 can be grafted on the surface 165 

of silica nanoparticles to decrease the surface energy of SiO2 nanoparticles. The successful 166 

modification of SiO2 was confirmed by FTIR spectra (Fig. S3), in which the band at 1208 cm−1 is 167 

ascribed from the C–F stretching vibration of FAS-17 [40]. Because of the similar structure of FS-168 

3100 and FAS-17, they can be intertwined to form a network structure, which is helpful for further 169 

lowing the surface energy of the particles. For the flexible polymer substrate, a high-performance 170 

polymer (PAI) was designed, in which the repeating unit contains imide ring and suitable aliphatic 171 
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chain, and simultaneously was endowed with good thermal stability, mechanical property, and 172 

solubility. A selective solvent (N-methylpyrrolidone, NMP) with high boiling point was used to 173 

prepare PAI solution, although many other solvents such as tetrahydrofuran (THF), and 174 

chloroform also can dissolve PAI. This is because the solvent is evaporated slowly, and gives 175 

enough time for F-SiO2 going into polymer substrate, which is the key to successful preparation of 176 

flexible superhydrophobic surfaces. Finally, F-SiO2 dispersion was sprayed on the wet surface of 177 

PAI substrate before the solvent was totally evaporated. In order to discuss the advantages of this 178 

method, control samples (Spraying F-SiO2 onto the completely dried PAI surfaces) were also 179 

prepared. 180 

 181 

3.2 Surface wettability 182 

Surface wettability was determined by water contact angle measuring equipment with 5-μL 183 

of water droplets on the different surfaces. As shown in the Fig. 3a, CA on the surface of PAI neat 184 

film was 76 °, and water droplets wet the pristine material surface completely owing to the polar 185 

amide group in the PAI main chain. After spraying F-SiO2 coating, CA of PAI/F-SiO2 surface 186 

obviously increased up to 154 ° as shown in the Fig. 3b. In order to investigate the adhesion of the 187 

flexible surfaces, SA was also measured, it was found that the SA of PAI/F-SiO2 surface (3 °) 188 

sharply decreased compared to PAI substrate (90 °), suggesting a much lower adhesion between 189 

water and PAI/F-SiO2 surface. For control samples, they showed similar surface wettability with 190 

a CA of 154 o and SA of 4 o as shown in the Fig. S4. In addition, wettability in various environments 191 

is also very important for the application of superhydrophobic materials. Encouragingly, PAI/F-192 

SiO2 superhydrophobic films also had good resistance to wetting by various liquids in our daily 193 

life including coffee, milk, and tea as shown in the Figure 3c. On the other hand, other polymers 194 
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were also chose as substrates to fabricate flexible superhydrophobic surfaces, such as TPU, PS, 195 

PVA, and PAA. Like PAI/F-SiO2 superhydrophobic surface, the wettability of TPU/F-SiO2, PS/F-196 

SiO2, and PVA/F-SiO2 surfaces was also significantly improved and satisfied the 197 

superhydrophobic requirement as shown in the Fig. 3b, although TPU, PS, and PVA neat films 198 

showed different polarity. More interestingly, PAA as one kind of strong water absorbing polymers 199 

also can be used as flexible substrate to prepare superhydrophobic surface as shown in the Fig. S5. 200 

These results suggested that the wet spraying method was a universal strategy for fabricating 201 

flexible superhydrophobic surface in spite of the polarity of polymer substrate.   202 
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 203 

Fig. 3. Digital photographs of water droplets on the surface of polymer substrates (a) and flexible 204 
superhydrophobic films (b). Digital photographs of different liquids on the PAI/F-SiO2 and PAI surfaces (c). 205 
Schematic illustration of the wetting state of PAI/F-SiO2 superhydrophobic surface (d). 206 

In order to describe the wetting behavior of droplets on the superhydrophobic surfaces, 207 

squeezing experiment was conducted. Firstly, a water droplet was laid on the PAI/F-SiO2 surface 208 

(surface A), and the water droplet showed a spherical shape as shown in the Fig. 3d. Then, another 209 

superhydrophobic surface B squeezed the water droplet, the droplet became ellipsoid from 210 

spherical shape rather than wetting surface A. When surface B moved away, the water droplet 211 
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returned to its original spherical shape. This phenomenon suggested that the contact between 212 

PAI/F-SiO2 superhydrophobic surface and water droplet was Cassie’s state rather than Wenzel’s 213 

state [41]. 214 

 215 

3.3 Surface chemistry and morphology  216 

 217 

Fig. 4. XPS survey (a) and high resolution Si2p (b), C1s (c), and F1s (d) spectra of PAI/F-SiO2 flexible 218 
superhydrophobic surfaces. 219 
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 220 

Fig. 5. EDS mapping of C (a), O (b), F (c) and Si (d) elements of PAI/F-SiO2 superhydrophobic surface. 221 

In general, superhydrophobic surface can be obtained by the combination of chemical 222 

composition with low surface energy and micro/nano scale roughness. Micro/nano scale roughness 223 

structure with low surface energy can decrease the liquid–solid contact area by forming trapped 224 

air pockets, resulted in increase of CA and decrease of SA [42]. For the surface chemistry, XPS 225 

was used to research the chemical components of flexible superhydrophobic surfaces. Fig. 4a 226 

shows the overview scan of photoelectron peaks from Si2p, C1s and F1s. In more detail, as shown 227 

in the Fig. 4b, peaks at 103.2 eV and 101.2 eV in the Si2p spectra were attributed to hydrophobic 228 

SiO2 nanoparticles and the peak at 102.7 eV was ascribed from Si–C group of FAS-17. As shown 229 

in the Fig. 4c, peaks at 285.6 eV and 284.1 eV in the C1s spectra were respectively derived from 230 

C–O and C–C groups of FS-3100 and FAS-17. Moreover, the peaks at 293.4 eV and 291.3 eV 231 

were originated from –CF3 and –CF2 groups. The –CF3 and –CF2 groups were confirmed again by 232 

the peak at 688.4 eV in the F1s spectrum as shown in the Fig. 4d [21], which played a very important 233 

role in achieving superhydrophobic property. On the other hand, the elemental distribution of 234 

PAI/F-SiO2 superhydrophobic surface was investigated by EDS elemental mapping as shown in 235 
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the Fig. 5. It was found that C, F, O, and Si elements were uniformly located on the PAI/F-SiO2 236 

superhydrophobic surface, suggesting F-SiO2 nanoparticles were uniformly distributed in the 237 

superhydrophobic surface, and the whole surface can be expected to possess the same 238 

superhydrophobic behavior. 239 

The surface morphology was firstly researched by SEM. As shown in the Fig. 6a, PAI/F-SiO2 240 

superhydrophobic surface exhibits a hierarchical porous and clustered-like structure. Such 241 

structures favor the entrapment of air pockets and production of a layer of air cushion underneath 242 

the water droplets, which is in charge of the superhydrophobic behavior of PAI/F-SiO2 surface. 243 

For control samples, they showed similar surface morphology as shown in the Fig. S6. Fig. 6b 244 

shows that F-SiO2 nanoparticles are bound to each other, and many nanoparticles are partially 245 

embedded in the flexible PAI substrate, since the F-SiO2 was sprayed on the wet PAI surface under 246 

positive pressure, which is vital for the durability of superhydrophobic surface. In order to 247 

quantitatively investigate the surface roughness and visualize the surface texture, PAI/F-SiO2 248 

superhydrophobic surfaces were observed by AFM. It is well known that arithmetic average 249 

roughness (Ra) representatives the average roughness between peaks and valleys while the root 250 

mean square roughness (Rq) means the standard deviation of the distribution of surface roughness 251 

height. As shown in the Fig. 6c and 6d, PAI pristine film showed relatively smoother surface with 252 

Rq and Ra values of 4.8 and 4.0 nm, respectively. After spraying F-SiO2 on the surface of PAI, Rq 253 

and Ra values of PAI/F-SiO2 flexible superhydrophobic surfaces sharply increased to 187.6 and 254 

138.4 nm as shown in the Fig. 6e. Moreover, AFM 3D image of PAI/F-SiO2 superhydrophobic 255 

surface exhibits an uneven mountain-like structure as shown in the Fig. 6f. The unique structure is 256 

helpful for facilitating air pockets located under the water droplets, and formation of liquid–air–257 



 16 

solid interface, which is beneficial for decreasing the contact area between PAI/F-SiO2 258 

superhydrophobic surfaces and water droplets [43]. 259 

 260 

Fig.6. SEM images of surface (a) and cross section (b) of PAI/F-SiO2 superhydrophobic material. AFM 2D (c, 261 
e) and 3D (d, f) images of PAI pristine surface (c, d) and PAI/F-SiO2 superhydrophobic surface (e, f). 262 

 263 
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3.4 Flexibility and mechanical robustness  264 

 265 

Fig.7. Stress–strain curves of PAI pristine (black line) and PAI/F-SiO2 superhydrophobic (red line) films (a). 266 
CA and SA as a function of fold times (b). Photograph illustrating the sandpaper abrasion test (c). CA and SA 267 
as a function of mechanical abrasion cycle number (d). AFM 3D (e) and SEM (f) images after sandpaper abrasion 268 
test. 269 
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The mechanical property of PAI pristine and PAI/F-SiO2 superhydrophobic films was 270 

investigated in terms of tensile testing. The tensile strength of PAI/F-SiO2 superhydrophobic film 271 

(34.1 MPa) is comparable to that of PAI pristine film (35.8 MPa) as shown in the Fig. 7a, 272 

suggesting that the high mechanical property of flexible polymer substrate was not effected using 273 

this wet spraying method. On the other hand, the flexible superhydrophobic surfaces for practical 274 

applications should maintain a high water-repellency even after severe mechanical deformation. 275 

In order to investigate flexibility of the fabricated superhydrophobic surfaces, PAI/F-SiO2 films 276 

were peeled from glass substrate for bending test. As shown in the Fig. 7b, PAI/F-SiO2 flexible 277 

surface still shows superhydrophobic property with a CA of 156 ° and SA of 5 ° even after it was 278 

folded by up to 5000 times with a bending angle of 180 °, suggesting that PAI/F-SiO2 279 

superhydrophobic films possesses excellent flexibility. Moreover, crease was not observed after 280 

this severe mechanical treatment, indicating interface adhesion between PAI substrate and the 281 

superhydrophobic coating was high enough to prevent F-SiO2 from peeling from PAI. For further 282 

researching mechanical robustness, PAI/F-SiO2 superhydrophobic films were adhered to the glass 283 

substrate, and evaluated by sandpaper abrasion test using 1200-grit sandpaper and a load of 50 g, 284 

and the superhydrophobic films as shown in the Fig. 7c. The wettability of the PAI/F-SiO2 surface 285 

was recorded after every 20 abrasion cycles (each cycle is 50 cm). It is found that CA and SA of 286 

PAI/F-SiO2 surface were nearly unchanged after 100 abrasion cycles (500 cm) as shown in the Fig. 287 

7d while CA of control samples obviously decreased to 134 o and their CA significantly increased 288 

to 15 o even after one abrasion cycle (50 cm) as shown in the Fig. S7. These results demonstrated 289 

that this wet spraying method did effectively improve the mechanical robustness of 290 

superhydrophobic surface. Furthermore, even if F-SiO2 nanoparticles on the outer surface was 291 

rubbed off, the F-SiO2 nanoparticles embedded in the polymer substrate would form a much 292 
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stronger protective layer to prevent the surface from being damaged. Therefore, as shown in the 293 

Fig. 7e and 7f, the roughness (Rq: 186.1 nm, Ra: 136.6 nm) and micro-clusters structure were kept 294 

when it was rubbed many times. The excellent mechanical robustness of PAI/F-SiO2 295 

superhydrophobic surface was also investigated by ultrasonic treatment (50 W, 40 kHz). It was 296 

found that the surface morphology exhibited no obvious change after 30-min shaking as shown in 297 

the Fig. S8, and the superhydrophobicity was still kept after the flexible surfaces suffered from 10 298 

cycles treatment. 299 

 300 

3.5 Thermal/cooling stability  301 

 302 

Fig. 8. CA and SA as a function of temperature (a). The TGA curves of PAI/F-SiO2 superhydrophobic (b) and 303 
PAI pristine (c) films. The morphology of PAI/F-SiO2 surface after thermal treatment under 300 °C for 24 h (d). 304 
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Fig. 8a shows the wettability change with varying temperature. Encouragingly, PAI/F-SiO2 305 

surfaces exhibited CA > 150 ° and SA < 10 ° even after they were treated at a wide temperature 306 

for 24 h ranging from −10 to 300 °C. It is worth pointing out that thermal stability of PAI/F-SiO2 307 

films at 300 °C with such a long time is one of the highest values for flexible superhydrophobic 308 

film as we know [44-46]. With further increasing temperature to 350 °C, although the 309 

superhydrophobicity was sustained, PAI/F-SiO2 film became yellow. In order to disclose origin of 310 

the excellent thermal stability, thermogravimetric analysis (TGA) was performed. As shown in the 311 

Fig. 8b, the weight of PAI/F-SiO2 superhydrophobic film is nearly unchanged with increasing 312 

temperature from 30 to 300 °C owing to the unique thermal stability of PAI. Indeed, as shown in 313 

the Fig. 8c, the initial decomposition temperature (temperature at 5 wt% loss) of PAI is as high as 314 

453.6 °C. In other words, the substrate polymer played a key role in the thermal stability of 315 

superhydrophobic film. Combing advantages of the excellent thermal stability of PAI and silica 316 

nanoparticles, no obvious morphology changes were found after the extreme thermal treatment as 317 

shown in the Fig. 8d.  318 

 319 

3.6 Chemical and UV durability 320 

Chemical stability is an important characteristic of flexible superhydrophobic surfaces, 321 

particularly when they are applied in extreme conditions. Herein, the flexible superhydrophobic 322 

coating was completely immersed in various acid/base for 6 h, and the wettability was tested to 323 

discuss its chemical resistance. As shown in the Fig. 9a, the change in CA and SA of PAI/F-SiO2 324 

flexible surface is not large even it was exposed to such extreme conditions of pH = 1 or 13. CA 325 

is still beyond 150 °, and SA is lower than 5 °. In addition, the water droplets on the PAI/F-SiO2 326 

surface retained their spherical shape after strong acid or strong alkali corrosion. These results 327 
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suggested that PAI/F-SiO2 flexible superhydrophobic surface was able to resist strong acid and 328 

strong alkali. This is because that low surface energy coating with the air pocket structure can 329 

prevent acid–base solution immersing into the superhydrophobic surface [47]. 330 

It is well known that large quantities of organic components in superhydrophobic materials 331 

would be oxidized, and facilitate formation of some hydrophilic groups when they are subjected 332 

to UV-light exposure. Therefore, another focus of the PAI/F-SiO2 flexible superhydrophobic 333 

surface is its UV resistance. In this study, the CA and SA just slightly decreased even UV 334 

irradiation time extended to 175 h as shown in the Fig. 9b, suggesting that PAI/F-SiO2 surface still 335 

met superhydrophobic requirement owing to the UV-resistance of C–F and Si–O groups in F-SiO2 336 

nanoparticles [48]. 337 

 338 

Fig. 9. CA and SA as a function of pH value (a) and UV irradiation time (b). 339 

 340 

3.7 Dynamic impalement resistance 341 

Superhydrophobic surfaces those can effectively repel hot water jet impacting is a special 342 

characteristic for many usages including heat exchange, and hot-fluid transportation [49]. 343 

Unfortunately, most of traditional superhydrophobic surfaces are not able to resist hot water, since 344 
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the delicate air pockets are easy to be destroyed owing to the fast evaporation and the reduced 345 

surface tension [50]. To research this durability, an impact experiment was designed. As shown in 346 

the Fig. 10a, boiling water was pour on the PAI/F-SiO2 superhydrophobic surface from a height 347 

of 15 cm by using a beaker, and the angle between superhydrophobic surface and horizontal base 348 

line is 20 °. CA and SA were recorded after pouring every 200 mL boiling water as shown in the 349 

Fig. 10b. It was found that with increasing amount of splashing water, CA just slightly decreased 350 

while SA increased, but the superhydrophobicity was still kept even the volume of splashing water 351 

increased up to 1600 mL. Moreover, the morphology after hot water jet impacting was researched. 352 

As shown in the Fig. 10c and 10d, the roughness (Rq: 208 nm) and clustered-like structure with 353 

hierarchical porous were remained. These results suggest the fabricated PAI/F-SiO2 flexible 354 

superhydrophobic surface possesses good dynamic impalement resistance.   355 

 356 

Fig. 10. Photograph illustrating hot water jet impacting onto superhydrophobic surface (a). CA and SA as a 357 
function of volume of hot water jet impact (b). The AFM 3D (e) and SEM (f) images after hot water jet impact. 358 
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 359 

3.8 Icephobic properties 360 

Icing is a serious problem around the world, especially for cold regions, which can cause 361 

disasters in many fields including power line, aircrafts and so on. Therefore, prevention or delay 362 

of ice formation has been attracting more and more attention [51]. It is well known that the time 363 

that freezes water droplet on cold surface is mainly controlled by the heat transfer rate between 364 

water droplet and the surface. In general, the freezing process involves two steps: precooling and 365 

ice growth. From macroscopic viewpoint, the time that completes precooling process Δtprecooling is 366 

expressed as shown in the equation 1 [4]: 367 

∆𝑡precooling = (𝜌w𝐶w∆𝑇) 𝑞⁄                  (1) 368 

where ρw and Cw are density and specific heat of water, ΔT is temperature change of water droplet, 369 

and q is heat transfer cooling rate per unit mass. The time that completes ice growth phases Δtice 370 

growth can be expressed by the equation 2: 371 

∆𝑡ice growth = (𝜌w∆𝐻) 𝑞⁄                  (2) 372 

where ΔH is enthalpy change of droplet, which involves sensible and latent heat components. 373 

Therefore, it is obvious that decreasing heat transfer rate can delay the freezing process.  374 

The icing delay test was performed by placing the water droplets on the cold surfaces of PAI 375 

pristine and PAI/F-SiO2 flexible superhydrophobic films those were precooled and maintained at 376 

this subfreezing temperature. Firstly, precooling process started when the droplets were placed on 377 

the PAI and PAI/F-SiO2 cold surfaces. Then, ice growth process started, and freezing front began 378 

to spread until it reached the tip of the droplets. It should be noted that although PAI pristine and 379 

PAI/F-SiO2 superhydrophobic surfaces showed similar patterns, the duration of precooling process 380 

and the speed of freezing front were quite different. It is found that PAI/F-SiO2 superhydrophobic 381 
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surface exhibited an obvious delay (~302 s) in the freezing process compared to PAI pristine 382 

surface (~30 s) at −20 °C. This is because that higher CA of PAI/F-SiO2 superhydrophobic surface 383 

reduced the contact area between the droplet and solid surface, and reduced the heat transfer rate 384 

[52]. Moreover, hierarchical porous and clustered-like structures of PAI/F-SiO2 superhydrophobic 385 

surface further reduced the heat transfer rate owing to the lower thermal conductivity of air [53]. 386 

 387 

Fig. 11. CA and SA as a function of icing/deicing cycles (a). The SEM surface image after seven 388 

cycles of icing/deicing. 389 

The cyclic process of icing/deicing may damage the surface morphology, leading into a loss 390 

of superhydrophobicity. In this study, the wettability of PAI/F-SiO2 superhydrophobic surface was 391 

evaluated after icing/deicing process as shown in the Fig. 11a. It is found that CA and SA were 392 

evaluated to be 152.5 ° and 2 ° respectively, suggesting the superhydrophobicity of PAI/F-SiO2 393 

flexible surface is not affected even after seven cycles of icing/deicing process. In addition, the 394 

surface morphology after icing/deicing treatment was also investigated. As shown in the Fig. 11b, 395 

the hierarchical porous and clustered-like structures were still observed. These results further 396 

confirmed the effectiveness of the wet spraying method to fabricate superhydrophobic surface with 397 

high robustness. 398 

 399 
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4. Conclusion 400 

In summary, this study demonstrated a simple and effective method for fabricating 401 

superhydrophobic surfaces with high mechanical flexibility and excellent durability. Comparing 402 

with directly spraying F-SiO2 on the completely dried PAI surface, this wet spraying method made 403 

F-SiO2 easily embedded PAI substrate to enhance the interfacial force between flexible substrate 404 

and nanoparticle coating. Therefore, the mechanical robust of PAI/F-SiO2 surface was obviously 405 

improved compared to control samples. In addition, PAI/F-SiO2 surface exhibited excellent 406 

durability during sand abrasion test, strong acid or strong alkali treatment, UV irradiation, and hot 407 

water jet impacting. Most importantly, the surface still kept superhydrophobic even after it was 408 

heated at 300 °C for 24 h, which is one of the highest values for flexible superhydrophobic films. 409 

Moreover, the surface also possessed good icephobic properties, which can obviously delay the 410 

icing process, and the unique superhydrophobic structure was nearly unaffected even after 411 

icing/deicing process. We also confirmed that this method was generally applicable to fabricate 412 

other flexible superhydrophobic surfaces. Therefore, this work provides a simple and universal 413 

route to prepare flexible superhydrophobic surfaces with versatile properties.  414 
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