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Superhydrophobic coatings have been regarded as potential promising solutions to many problems, 

e.g., ice accumulation in the winter seasons. To be practically useful and economically attractive, it is 

necessary to fabricate such coatings using facile methods, i.e., with minimal steps and low cost. In this 

work, a polyvinylidene �uoride (PVDF)/SiO2 coating is successfully prepared with a simple dip coating 

method. It shows impressive superhydrophobic properties with a large water contact angle (WCA) 

of 159° and a small sliding angle (SA) of less than 3°. Meanwhile, its superhydrophobic properties are 

robust in a large temperature range of – 30 to 350 °C and in various environments. Moreover, it shows 

remarkable anti-icing properties by delaying the freezing time (4 times) and reducing (40%) the adhesion 

of the ice on the substrate. Therefore, this work has displayed a promising approach for fabricating 

superhydrophobic coatings towards anti-icing applications.

Introduction

Ice accumulation in winter seasons can cause severe problems 

for roads, automobiles, airplanes, and electrical transmission 

lines [1–4]. For example, it can lead to the collapse of the electri-

cal transmission lines and towers, resulting in the loss of elec-

tricity [5], and the corrosion of metals in long-term exposure. 

�erefore, it is necessary to reduce ice accumulation [6, 7]. Over 

the past few decades, two methods have been investigated for 

this purpose: namely, passive [8] and active de-icing methods. 

�e latter mainly includes manual washing, salt melting and 

hot melting [9], which although are e�ective, but consume a lot 

of manpower/resources. Passive methods includes the develop-

ment of icephobic coatings to reduce the adhesion between the 

ice crystals and the substrate by making the surface of the sub-

strate as waterless as possible [10].

One way to doing that is to make the surface water-repel-

lent or superhydrophobic. Inspired by the lotus leaf in 1997, 

Barthlott et al. [11] showed a superhydrophobic surface, which 

led to the hope for anti-icing [12–15].

Superhydrophobic surfaces have been prepared with many 

methods such as chemical vapor deposition (CVD) [16], elec-

trospinning, etching [17], layer-by-layer deposition [18], and 

sol–gel methods [19], and have displayed promising results in 

self-cleaning [20], anti-icing [21], anti-fog [22], anti-corrosion 

[23], oil–water separation [24] and so on. In spite of the much 

progress in anti-icing [25–27], problems remain for practical 

applications due to high cost of raw materials, poor weather 

resistance, unrobust performance, and complicated fabricating 

methods.

In this paper, a facile one-step dip-coating method is 

reported in making such a superhydrophobic coating with a 

PVDF/SiO2 composite. PVDF is chosen for its good chemical 

aging resistance, fatigue resistance and processibility [28–35]. 

Superhydrophobic coatings have been reported with PVDF/SiO2  
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composite [32, 33]. For example, superhydrophobic PVDF/SiO2  

coatings were reported using electrospinning method by Sun 

et al. [32] and using a nonsolvent-induced phase inversion pro-

cess by Toh et al. [33]. �ese coatings showed impressive per-

formance for anti-icing applications, and inspired us to develop 

cost-e�ective methods since those methods were either compli-

cated or very costly for large-scale applications. It is known that 

dip coating is a straightforward method and can be applied to 

a large surface with low cost. �erefore, in this study, a PVDF/

SiO2 coating is explored with dip-coating and its superhydro-

phobic properties are studied in details, eyeing towards anti-

icing applications.

Results and discussion

Structural and chemical properties of the PVDF/SiO2 

composite coating

�e surface morphologies of the pure PVDF coating and the 

superhydrophobic  SiO2/PVDF coating were shown in Fig. 1. �e 

PVDF coating (Fig. 1a) was featured with a three-dimensional 

(3D) porous network structure having pore sizes ranging from 

tens of nanometers to a few micrometers (Fig. 1b) and wall 

size of tens of nanometers. In contrary, the PVDF/SiO2 coat-

ing showed a complete coverage with small  SiO2 nanoparti-

cles which segregated to form larger domains of various sizes 

(Fig. 1c), on the 3D backbone of the PVDF (Fig. 1d), thus hav-

ing a nano-micro hierarchical structure with a double rough-

ness. �e distributions of C, O, F, and Si were uniform, and F 

appeared in PVDF/SiO2 coating as shown in the elemental map-

ping in Fig. 1e–h. To assess the roughness uniformity of the 

PVDF/SiO2 coating, the root mean square (RMS) roughness of 

the sample was obtained with AFM measurements, as shown 

in Fig. 2. As observed, the RMS value were 180.1, 174.5, and 

170.2 nm at three di�erent locations of the sample, showing an 

average RMS value of 174.9 nm. �ese AFM images indicated 

that a large surface roughness was achieved for the PVDF/SiO2 

coating, which was bene�cial for the superhydrophobicity of 

the coating. 

�e FTIR spectra of PVDF and PVDF/SiO2 solution were 

displayed in Fig. 3. �e absorption peaks at 2710, 1755 and 

1340 cm−1 were related to the stretching vibrations of amides 

groups in DMF. �e absorption peaks at 910 and 850 cm−1 were 

the Si–O–Si anti-symmetric and symmetric stretching vibrations 

of  SiO2. Compared with the pure PVDF solution, the new peaks 

Figure 1:  The morphologies of the surfaces under di�erent magni�cations: (a) SEM image of the PVDF coating, (b) The enlarged view of the red box in 

(a), (c) SEM image of the PVDF/SiO2 coating, (d) The enlarged view of the red box in (c). the element mapping analysis of PVDF/SiO2 coating; (e): C. (f ): F. 

(g): O. (h): Si.

Figure 2:  3D (a, b, c) AFM images of PVDF/SiO2 coating at three di�erent locations.
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of Si–O–Si groups demonstrated that the  SiO2 NPs and PVDF 

was well bond together.

Surface wettability, weather resistance and thermal 

stability of the PVDF/SiO2 coating

In this part, the influence of amount of  SiO2 on hydrophobic-

ity of PVDF/SiO2 composite coating was studied. As shown 

in Fig. 4a, along with the increase of  SiO2, the WCA increased 

and the sliding angle decreased, regardless of the type of the 

substrate: glass, aluminum or plastic. On the plastic coating, 

the WCA increased from 95° to 110, 150 and 159° when the 

content of  SiO2 increased from 0 to 1.0, 1.97 and 6.5 wt%, 

respectively. Meanwhile, the sliding angle decreased from 40° 

to 35, 15 and 2°. Similar results were observed on the coat-

ings on the aluminum and glass substrates. The slight dif-

ference in the WCA of the PVDF/SiO2 composite coatings 

on these substrates might be due to the slight variation of 

surface roughness resulted from the variation of the rough-

ness of the substrates. Regardless of that small variation of 

the WCAs, superhydrophobicity was consistently observed on 

those various substrates. The enhanced hydrophobicity per-

formance with the content of the  SiO2 was likely due to the 

increased roughness of the formed nano-micro hierarchical 

structure when the  SiO2 content increased. The increase in the 

WCA and the decrease in the SA of the substrates were insig-

nificant after the  SiO2 concentration greater than 6.5 wt%. 

While the  SiO2 concentration was greater than 10 wt%, cracks 

were observed on the surface of the coating, resulting in a 

slight decrease in WCA and a slight increase in SA. Therefore, 

when the  SiO2 content was 6.5 wt%, the coating had the best 

performance.

Figure 3:  FTIR of PVDF (the top line) and PVDF-  SiO2 (the bottom line) 

solution.

Figure 4:  In�uences of (a) the  SiO2 content and (b) the outdoor exposure time on the wettability of the PVDF/SiO2 composite coating. E�ect of treating 

temperature on the coating; (c): The change of WCA with the treating temperature of the sample, (d): thermogravimetric analysis curve of PVDF-SiO2.
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To evaluate the adaptability of the PVDF/SiO2 coatings 

to the outdoor environment, a long-term test was conducted 

from June 2019 to September 2019. �e changes in WCAs and 

SAs over time were shown in Fig. 4b for the coatings on the 

glass, aluminum and plastic substrates. A�er 100 days outdoor 

exposure, the WCA remained above 153° even though small 

decreases were also observed (from 159° to 153° for the coating 

on the glass and plastic substrates, from 159° to 155° for the 

coating on the aluminum substrate), and the SA value increased 

over time (from 2° to 11° for the coating on the glass and plastic 

substrates, from 2° to 5° for the coating on the aluminum sub-

strate). �e coating on the aluminum substrate showed slight 

better performance than on the glass and plastic substrates 

(larger WCA and smaller SA). �e changes of the WCAs and 

SAs over time were likely due to the UV irradiations and dust 

accumulations in the outdoor environment, where the summer 

climate in Yichang, central China, was characterized by strong 

sunlight, large air pollution, high temperature, high humidity 

and frequent rainstorms. Nevertheless, the results exhibited 

that a good hydrophobicity was maintained on the PVDF/

SiO2 coating in a real, harsh and constantly changing outdoor 

environment.

Due to the high stability of PVDF at low and high temper-

atures, the PVDF/SiO2 coating was expected to have a stable 

hydrophobicity performance against temperature change. To test 

that, 16 samples were placed in a thermostat in the temperature 

range of -30 ℃ to 350 ℃ with a step of about 20 ℃ for half 

an hour, and WCAs and SAs were measured a�er the samples 

were cooled to room temperature. Figure 4c showed that as the 

treating temperature decreased from room temperature, WCA 

decreased and SA increased, likely due to vapor condensation 

on the surface under the high humidity of the air [36]; as the 

temperature increased from room temperature, WCA slowly 

decreased and SA gradually increased, partially due to gradual 

thermal deformation of the PVDF in the lower temperature 

range and thermal decomposition of PVDF in the higher tem-

perature range. As seen from the TGA analysis in Fig. 4d, a small 

weight loss below 200 o C was likely due to the escape of the 

trapped DMF molecules and a larger weight loss above 200 o C 

was likely due to the thermal decomposition of PVDF. In spite 

of the slight decrease of the hydrophobicity at the very low and 

high temperature ranges, WCA larger than 150°and SA less than 

10° were maintained a�er the coating was treated in the large 

temperature range of – 30 to 350 °C, displaying a robust super-

hydrophobicity against temperature variation.

Anti‑icing performance of the PVDF/SiO2 coating

To evaluate the ability of PVDF/SiO2 coating to reduce ice accu-

mulation, freezing weather was simulated at-20 °C and super-

cooled water (1 °C) was completely dropped on the treated and 

untreated substrates at a speed of 3 mL/min (an area of 24  cm2 

for a single sample) until the surface of the untreated sample was 

completely frozen (about 10 min’s spraying time). Such method 

has been demonstrated in our previous work [37].

Figure 5a showed the corresponding mass changes over 

time. �e mass increased almost linearly on both surfaces. �e 

mass of ice on the untreated aluminum increased to about 3.5 g 

a�er 6 h, while it only increased to about 1.0 g on the treated 

surface. �erefore, the coating reduced about 71.4% of ice for-

mation on the surface. Figure 5b showed the surface ice forma-

tion rate. �e treated surface had a rate of about 3.0 mg/min, 

only 30% of that of the untreated surface. To reveal the icing 

characteristics properties, the growth characteristics of ice were 

observed on a low temperature chamber. As shown in Fig. 5c, 

Fig. 5d showed the corresponding digital pictures. A�er 6 h, the 

untreated substrate was completely covered with ice, however, 

there was little ice on the treated aluminum.

To evaluate the in�uence of freezing/melting cycle on the 

hydrophobic performance, the WCA and SA of the PVDF/SiO2 

coated aluminum were measured a�er frozen at − 20 °C for 

2 days and then melted at room temperature for several cycles. 

As shown in Fig. 6a, even though WCA gradually decreased 

from 159° to 148° and SA gradually increased from 2° to 13.5°, 

as the number of freezing/melting cycle increased to 18, a good 

stability was still maintained. To reveal the ice adhesion prop-

erties, the escape velocity of ice was observed on a rotator. As 

shown in Fig. 6b, 0.5 mL water droplets were frozen on the sur-

face, and their escape velocity were measured. Figure 6c showed 

the relationship between the escape velocity of ice and the num-

ber of cycles. Although, the ice escape velocity to both the coated 

and uncoated surface slowly increased as the number of cycle 

increased, it was only about 40% on coated surface of that on 

the uncoated surface. �erefore, the ice adhesion strength to the 

coated surface was reduced to only 40% of that of the untreated 

surface [10].

�e freezing process was studied to understand the ice for-

mation process of ice particles. Figure 6d showed that the drop-

lets began to freeze a�er 25 s and were completely frozen a�er 

65 s on the uncoated Al surface; in comparison, it only started 

to freeze a�er 116 s and were completely frozen a�er 273 s on 

the coated Al surface. �us, the freezing time on coated surface 

was delayed more than 4 times than on the untreated surface.

�e rate of ice formation on the surface was determined with 

the rates of nucleation and crystal growth. Since the nucleus 

was formed on the solid surface in contact with the liquid, 

the Gibbs free energy barrier ΔG forming the liquid core was 

closely related to the inherent wettability of the surface. �e 

free enthalpy change of the entire crystal nucleus system can be 

expressed as [38–40]:

(1)�G = V�GV + γLXALX − πr2γLX cos θ
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Figure 5:  Icing properties (a): The mass changes of icing with time; (b): comparison of the growth rate of ice on untreated and treated substrates 

surfaces; (c): The device to measure icing characteristics of ice ; (d) Comparison of the growth rate of ice on untreated and treated substrates surfaces.

Figure 6:  (a): The change of WCA of the PVDF/SiO2 coating in 18 freeze/break cycles; (b): The device to measure ice escape velocity. (c): The ice escape 

velocities of the untreated (the red) and treated coating’s (the black) in 18 freeze/break cycles. (d) The freezing process of 400 μL water droplets on the 

untreated and treated at − 20 °C.
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In the Eq. (1): �GV is a free enthalpy in unit volume outside 

the interface energy, V  is the volume of the droplet, γLX is the 

liquid-nuclear interface energy, and ALX is the area of the liquid-

nucleation interface, r is the radius of the droplet, θ is the contact 

angle on the substrate surface in ambient water.

In the Eq. (2): R∗ is the critical radius of the nucleus.

Substituting Eqs. (2) into (1), Eq. (3) can be obtained as 

following:

In the Eq. (3): �G
∗

h
 is the free energy required for nucleation.

When θ θ = 0, �G
∗

h
 = 0, meaning that no external energy is 

needed to form a critical ice core. When θ = 180°, meaning that 

it takes a lot of energy to form an ice core, which is equivalent 

to a homogeneous nucleation process. �erefore, the larger the 

θ , the larger the �G
∗

h
 required for nucleation. In other words, 

the greater the contact angle θ , the more di�cult is to nucleate. 

�erefore, according to the nucleation theory [39, 40] and the 

heat transfer between the surface and water droplets, the super-

hydrophobic surface would have the function of delaying icing.

In addition, the Cassie state between the rough superhy-

drophobic surface and the drop indicated the presence of air 

pockets between the rough surface and the water drop. �ese 

air pockets could reduce the heat transfer between the water 

(2)R
∗

=

2γLx

�GV

(3)�G
∗

h
=

16πγ 3
LX

3�G
2
V

(2 + cos θ)(1 − cos θ)2

4

droplets and the surface during cooling. According to Fourier’s 

law [41], the heat transfer between solid surface and water drop 

was proportional to the liquid–solid area, which was minimized 

on a superhydrophobic surface. �erefore, the icing process was 

expected on a superhydrophobic surface as well.

Acidic and alkaline resistance of the PVDF/SiO2 coating

�e wettability of the surface could be an important parameter 

for the acidic and alkaline resistance. Generally, when the sur-

face has a WCA value above 150° and a low SA, it is di�cult for 

droplets to stay on the surface. �e acidic and alkaline resist-

ance was usually evaluated with the WCA and SA values a�er 

immersed in the corrosive solution [42, 43]. In this work, the 

PVDF/SiO2 coated Al was immersed in aqueous solutions with 

a large range of pH value from 1.0 to 12.0. Figure 7a showed 

that the WCA was between 151° and 158° and SA was less than 

3°, when over the pH range of 1.0–12.0. WCA did not change 

apparently, although SA increased slightly, a�er 24 h soaking. 

A�er soaked for 120 h, a good superhydrophobicity remained 

although WCA decreased slightly to 148–155°, and SA increased 

to 5°–8°. �is was also seen from the nearly spherical shapes of 

the water drops on the coated surface shown in Fig. 7b which 

displayed the pictures of the surfaces a�er 120 h of immersion 

in solutions with pH of 1.0, 7.0, and 12.0 (the pH was tuned with 

HCl, NaCl or NaOH).

�e apparent nano-micro hierarchical structure of the fresh 

PVDF/SiO2 coating (Fig. 7c) was largely maintained a�er 5 days’ 

Figure 7:  Acidic and alkaline resistance. (a): WCAs of the substrates with solutions of di�erent pH. (b): Water droplets on the surface after 120 h of 

soaking in acidic, neutral, and alkaline solutions. Surface morphology of the coating: (c): before soaked in the solution, after soaked for 120 h in (d): 

0.10 M HCl, (e): 3.5wt% NaCl, (f ): 0.10 M NaOH.
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immersion in 0.10 M HCl solution for (Fig. 7d), in 3.5 wt% NaCl 

solution (Fig. 7e), and in the 0.10 M NaOH solution (Fig. 7f). 

�erefore, the good resistance of this structure to the exposure 

in alkaline and acidic solutions likely enabled the robust hydro-

phobicity of the PVDF/SiO2 coating.

Conclusions

In summary, a superhydrophobic PVDF/SiO2 composite coating 

is prepared with a one-step dip-coating method, showing a WCA 

lager than 159°and an SA smaller than 3°. Its superhydrophobic 

properties are maintained a�er exposed in outdoor environment 

for extended periods (e.g., 100 days), in strong corrosive envi-

ronment (e.g. pH range of 1.0–12.0), over a wide temperature 

range (e.g., − 30 to 350 °C), and a�er multiple icing/melting 

cycles. It has also displayed impressive promise in extending the 

freezing time (e.g., fourfold increase) and reducing the adhesion 

between the ice and the Al substrate (e.g., 60%). �erefore, this 

coating is expected to be potentially attractive for outdoor anti-

icing protections, e.g. over towers, bridges and other important 

objects through harsh and icy winter seasons, especially with the 

one-step dip-coating, facile fabrication method.

Experimental section

Materials

Aluminum, glass and polymer plastics (polyester resin) were 

purchased from local store and used as substrates. PVDF 

(HSV900, Mw = 6.85 × 105) was purchased from Suzhou 

JILONG energy technology Ltd, China. Hexadecyltrimeth-

oxysilane (HDTMS, ≥ 85%) was obtained from Shanghai 

Macklin Biochemical Technology Co., Ltd..  SiO2 nanoparticles 

(25-35 nm) were purchased from Shanghai KEYAN Chemical 

Reagents Ltd, China. Absolute ethyl alcohol (EtOH, ≥ 99.5%) 

was purchased from Tianjin TIANLi Chemical Reagents Ltd, 

China. N, N-Di-methyformamide (DMF) was purchased from 

Sinopharm Chemical Reagent Co., Ltd. Ultrapure water with 

a resistivity higher than 18.2 MU cm was obtained from a 

three-stage Millipore Mill-Q Plus 185 purification system 

(Academic) and was used in all experiments.

Preparation of PVDF/SiO2 composite coating

The substrates were first cleaned with distilled water and abso-

lute ethanol, and then dried before use. 0.30, 0.60, 1.50, 2.10, 

3.0, or 3.60 g  SiO2 was stirred in 30 mL DMF for 6 h, then 

1.50 g PVDF was added and stirred for 5 h. The substrates 

were immersed in this solution, then taken out, dried at 60 o C 

for 30 min, and sprayed with a HDTMS/EtOH solution, dried 

at room temperature for 20 min and then at 120 o C for 2 h. 

The HDTMS/EtOH solution was prepared by stirring 5 mL 

HDTMS in 95 mL EtOH at room temperature for 2 h. The 

preparation process is shown in Fig. 8.

Figure 8:  Schematic illustration of PVDF-SiO2 composite coating preparation.
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Characterization

�e morphologies of PVDF/SiO2 coating were studied using 

a scanning electron microscope (FE-SEM, JSM7100F, JEOL, 

Japan) at 5 kV. �e weight loss with temperature of coating 

were measured with a Synchronous thermal analyzer (TGA, 

STA-449-F5, Germany). �e chemical property was probed with 

a Fourier transform-infrared spectrometer (NEXUS, �ermo 

Nicolet Corporation, Madison, Wisconsin) using KBr method in 

transmission mode in the range of 300–4000 cm−1. Static WCAs 

were measured at ambient temperature on a Sci3000F contact 

angle/interface system (Beijing Zhongchen Digital Technique 

Apparatus Co.,Ltd.). �e surface morphology and roughness 

were probed with atomic force microscopy (AFM, VEECO, 

America).

�e anti-icing properties were studied as follows. First, the 

substrates were cooled at – 20 °C for 60 min, and then tilted at 

an angle of about 20° to the horizontal plane. 100 mL supercool 

(0 °C) water was poured on the substrates within 1 min from a 

bottle located about 20 cm above. �is was repeated every 30 min. 

�e substrates’ pictures were taken every hour, and the substrates 

were weighed to determine the amount of ice le� on the sub-

strates. Second, the substrates were added with 400 μL water drop-

lets, then cooled at − 20 °C to monitor the icing time. �ird, a�er 

the water droplets were completely frozen, the speed of the ice 

falling o� on the substrates were measured with a rotator.

�e corrosion resistance was evaluated as followed. First, 

WCAs of the substrates were measured with solutions of pH 

from 1.0 to 12.0 (adjusted with HCl or NaOH). Second, WCAs 

were measured with stained water a�er the substrates were 

immersed in 0.10 M HCl, 3.5 wt% NaCl or 0.10 M NaOH for 

5 days. �e weather resistance were examined by measuring 

WCAs and SAs for over 100 days a�er exposed in outdoor envi-

ronment. �e thermal stability was examined by measuring the 

WCA a�er the samples were treated at certain temperature for 

30 min.
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