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Abstract We present the excellent anti-icing perfor-

mance for a superhydrophobic coating surface based on

ZnO/polydimethylsiloxane (ZnO/PDMS) composite. The

superhydrophobic ZnO/PDMS coating surface was pre-

pared by a facile solution mixing, drop coating, room-

temperature curing and surface abrading procedure. The

superhydrophobic ZnO/PDMS composite coating pos-

sesses a water contact angle of 159.5� and a water sliding

angle of 8.3� at room temperature (5 �C). The anti-icing

properties of the superhydrophobic coating were investi-

gated by continuously dropping cold-water droplets (about

0 �C) onto the pre-cooled surface using a home-made

apparatus. The sample was placed at different tilting angle

(0� and 10�) and pre-cooled to various temperatures (-5,

-10 and -15 �C) prior to measure. The pure Al surface

was also studied for comparison. It was found that icing

accretion on the surface could be reduced apparently

because the water droplets merged together and slid away

from the superhydrophobic surface at all of the measuring

temperatures when the surface is horizontally placed. In

addition, water droplet slid away completely from the

superhydrophobic surface at -5 and -10 �C when the

surface is tilted at 10�, which demonstrates its excellent

anti-icing properties at these temperatures. When the

temperature decreased to -15 �C, though ice accretion on

the tilted superhydrophobic coating surface could not be

avoided absolutely, the amount of ice formed on the sur-

face is very small, which indicated that the coating surface

with superhydrophobicity could significantly reduce ice

accumulation on the surface at very low temperature

(-15 �C). Importantly, the sample is also stable against

repeated icing/deicing cycles. More meaningfully, once the

superhydrophobic surface is damaged, it can be repaired

easily and rapidly.

1 Introduction

Ice formation and accumulation on key parts of many

essential infrastructures such as aviation, power lines,

insulators, wind turbine blades and helicopter blades will

lead to severe accidents, damaging problems, economic

losses and serious safety issues [1–5]. For example, ice

formation on helicopter blades results in the change of the

airfoil shape and the degradation of performance because

of blade vibration, increased drag, increased torque and

decreased lift [4, 6]. Ice accretion on insulators and over-

head transmission lines in transmission system cause seri-

ous accidents such as tower toppling, wire breakage and

flashover, as reported in Eastern Canada of 1998 and in

South China of 2008. The statistics indicated that the 2008

ice disaster in South China led to an economic loss of 7.9

billion US dollars (53.7 billion China Yuan) in transmis-

sion system [1, 2]. Various methods and technologies have

Electronic supplementary material The online version of this
article (doi:10.1007/s00339-015-9525-1) contains supplementary
material, which is available to authorized users.

& Fajun Wang

jjbxsjz@foxmail.com

1 School of Materials Science and Engineering, Nanchang

Hangkong University, Nanchang 330063, People’s Republic

of China

2 Key Laboratory for Microstructural Control of Metallic

Materials of Jiangxi Province, Nanchang Hangkong

University, Nanchang 330063, People’s Republic of China

3 Department of Mechanical Engineering, University of

Alberta, Edmonton, AB, Canada

123

Appl. Phys. A (2016) 122:1

DOI 10.1007/s00339-015-9525-1

http://dx.doi.org/10.1007/s00339-015-9525-1
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-015-9525-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-015-9525-1&amp;domain=pdf


been used to resolve the problem of ice accumulation, such

as thermal deicing, electric deicing, mechanical deicing

and the use of deicing fluid [7–11]. However, the disad-

vantages of these deicing methods are obvious, ranging

from expensive, energy consumption to environmentally

harmful. Therefore, developing of cheap and environmen-

tally friendly materials or techniques for insulators, avia-

tions, helicopter blades, etc., is highly desirable.

It is well known that water droplets freeze and form ice

on solid surface when the surface temperature is below

0 �C [12, 13]. If water adhesion on solid surface could be

avoided, the ice formation on the surface could be elimi-

nated. Superhydrophobic surfaces possess extremely high

contact angle (CA,[150�) for water as well as very low

sliding angle (SA, \10�) [14–16]. Water droplets on the

superhydrophobic surface are instable and easy to leave the

surface when the surface is slightly tilted or blew by natural

wind due to the low SA of the surface [17–19]. Based on

these considerations, superhydrophobic coatings or sur-

faces have received considerable attention due to their

suppositional anti-icing/icephobic characteristic during the

last decades [20–24]. For example, Wang et al. [24] pre-

pared four surfaces based on Al substrate with different

surface wettabilities, i.e., superhydrophilic, hydrophilic,

hydrophobic and superhydrophobic surfaces, by a two-step

etching and surface modification method. Overcooled

water left the superhydrophobic surface of Al under a

relative humidity of 90 % and a temperature of -10 �C.
Cao et al. [23] prepared superhydrophobic surface based on

particle/polymer composite coatings and investigated the

anti-icing properties by using supercooled water in labo-

ratory as well as in practical freezing conditions. The

superhydrophobic coating on Al substrate exhibited effec-

tive anti-icing properties in comparison with the uncoated

Al surface. In addition, the results also indicated that the

anti-icing performances of the superhydrophobic compos-

ites were influenced not only by the superhydrophobicity

but also by the particle sizes. Guo et al. [8] fabricated ZnO

nanohair structures on stainless steel plate via a

hydrothermal synthesis method. After being modified with

FAS-17, the ZnO surface exhibited superhydrophobicity.

Water droplets on the surface delayed to freezing for a long

time larger than 185 min. Though anti-icing/icephobic

performance of various superhydrophobic coatings and

surfaces has been successfully demonstrated, the aging

problem and mechanical stabilities of these surfaces

against normal contact and repeated freezing and thawing

cycles have not been investigated yet.

In this work, we fabricated superhydrophobic ZnO/

PDMS composite coating via a simple method. The ZnO

particles were first modified with 1-dodecanethiol (DT) to

improve the surface hydrophobicity of the particles. Then,

the modified ZnO particles were mixed with PDMS in

hexane and drop-coated on Al sheet. After curing at room

temperature, the ZnO/PDMS composite was abraded with

sandpaper to generate superhydrophobicity [25, 26]. The

anti-icing and/or icing performances of the horizontal and

tilted samples were studied at various temperatures of -5,

-10 and -15 �C. The superhydrophobic ZnO/PDMS

composite coating could reduce ice accumulation on the

horizontal surface at all of the measuring temperatures and

on the tilted surface at -15 �C. In addition, the tilted

surface could completely eliminate ice formation on the

superhydrophobic surface of ZnO/PDMS composite at -5

and -10 �C. Importantly, the superhydrophobicity of the

composite is stable against abrading and repeated icing/

deicing cycles. Furthermore, the superhydrophobicity of

the ZnO/PDMS composite can be restored quickly anytime

anywhere. Moreover, the fabrication method could be

extended to other particle/polymer composite system. The

findings demonstrate that the superhydrophobic surface of

ZnO/PDMS composite could be used in future anti-icing

coatings.

2 Experimental

ZnO particles were purchased from Shanghai Chaowei

Nanotechnology Co., Ltd (China). DT was purchased from

Sigma-Aldrich. Polydimethylsiloxane (PDMS) was

obtained from Hubei WD Silicon Co., Ltd (China).

Tetraethoxysilane (TEOS) and dibutyl tin dilaurate were

obtained from Shanghai Silicon Mountain Co., Ltd

(China). Hexane was purchased from Xiya Chemical

Reagent Co., Ltd. Sandpaper (320 #) was obtained from

3 M Co., Ltd (China).

The surface modification of ZnO particles was achieved

as per the reported method [27, 28]. Typically, 10 g of ZnO

particles was suspended in 100 mL of hexane under

ultrasonification for about 10 min. Then, 20 lL of DT was

quickly added into the suspension. The suspension was

magnetically stirred for about 30 min and aged overnight.

Finally, the modified ZnO particles were obtained by

centrifugation from hexane suspension. The ZnO/PDMS

composite coatings were prepared by a drop-casting

method. Briefly, ZnO particles, PDMS and hexane were

mixed in a planetary ball mill for 2 h to form a homoge-

neous suspension. Then, TEOS (curing agent) and dibutyl

tin dilaurate (accelerating agent) were added into the sus-

pension. After continuous ball-milling for another 10 min,

the suspension was drop-coated onto Al sheets. The ZnO/

PDMS composite coatings were obtained after being cured

at room temperature overnight. The superhydrophobic

ZnO/PDMS composite coatings were prepared using a

simple abrading method as reported in the literatures [25,

26].
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The Fourier transform infrared (FTIR) spectra were

measured using an infrared spectrometer (VERTEX 70,

Bruker, Germany). The surface microstructures were

obtained on a field emission scanning electron microscope

(FESEM, FEI, Nova NanoSEM 450). Water CAs and SAs

were obtained using a CA measurement apparatus (Krüss

DSA 100, Germany) according to the reported method

[25]. The icing behaviors of the superhydrophobic coating

surfaces were recorded using a home-made apparatus (see

Fig. 1). Cold water (about 0 �C) was added dropwise onto

the surface of sample. The sample was stuck to the surface

of a thermoelectric cooler (TC) using a thermally con-

ductive adhesive. The water droplet was added onto the

sample surface every 2 s. The sample was pre-cooled for

about 10 min prior to measuring. The tilting angle of the

sample could be adjusted form 0� to 90� by using the tilting
stage. The distance from the bottom of the dropping funnel

to the sample surface is fixed at about 5 cm. Once the

falling droplet makes contact with the sample surface, it

either sticks to the surface or rolls away from the surface,

which exhibits different icing behaviors of the surface. The

icing behaviors were observed and recorded by a digital

camera (EOS 7D). The ambient temperature is 5 �C, and
the relative humidity is about 75 % for all of the icing

behavior measurements.

3 Results and discussion

Figure 2 shows the FESEM image of the as-received ZnO

particles. One can see that the ZnO particle shows mainly

square-like shapes with typical size ranging from several

hundred nanometers to about 1 micrometer. Figure 3

shows the FTIR spectra of the ZnO particles before and

after DT modification. Two new peaks at 2933 and

2857 cm-1 were clearly observed from the FTIR spectrum

of the modified ZnO particles, which is attributed to the

stretching vibration of CH3 and/or CH2. The result indicates that the groups of –C12H25 were successfully self-

organized on the surface of the ZnO particles. The existing

of surface DT on the ZnO particles could also be proved by

wettability measurement. Figure 4a, b shows the shapes of

water droplets on the surface of 5 g ZnO particles before

(Fig. 4a] and after (Fig. 4b) DT modification. Apparently,

water wets the unmodified ZnO particles easily when it

makes contact with the particles (Fig. 4a). However, water

droplets either show ball-like shapes on the modified ZnO

particles or roll away from the surface (Fig. 4b), which

demonstrates the highly hydrophobicity of the ZnO

particles.

Figure 5 shows the influence of ZnO weight fraction on

water CAs and SAs of the ZnO/PDMS composites. Overall,

the CAs increase and the SAs decrease with increasing ZnO

weight fraction. Particularly, the ZnO/PDMS composite

Fig. 1 a Illustration for the measurement of icing behaviors using a

home-made apparatus; b cooler was horizontally placed; c cooler was
vertically placed

Fig. 2 FESEM image of the as-received ZnO particles

Fig. 3 FTIR spectra of ZnO particles; a as-received ZnO particles;

b modified ZnO particles
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begins to exhibit superhydrophobicity when ZnO content is

equal to 30 wt%, i.e., with a CA of 159.5� and a SA of 8.3�
(see inset). Further increasing ZnO content to 40 wt% is

beneficial to improve the superhydrophobicity of the com-

posite. However, both the increase in CA and the decrease in

SA are not significant. On the contrary, high filler content on

the PDMS matrix results in the increase in brittleness of the

ZnO/PDMS composite. Hence, the superhydrophobic ZnO/

PDMS composite with ZnO content at 30 wt% was chosen

for the characterization of its icing behavior.

The microstructures of the ZnO/PDMS composite sur-

face with different ZnO weight fraction are shown in

Fig. 6a–f. From the low-magnification images in Fig. 6a–c,

the surfaces exhibit irregular topographies, with lots of

grooves and protrusions spreading all over the surfaces.

The rough microstructures are attributed to the surface

abrading process. The ZnO particles homogeneously dis-

tribute throughout the surfaces without apparent

agglomeration, as can be seen from the high-magnification

images in Fig. 6d–f. The surface wettability of the ZnO/

PDMS composite (30 wt% ZnO) is shown in Fig. 7b. The

pure Al sheet surface is also investigated for comparison

(Fig. 7a). One can see that the pure Al surface is hydro-

philic (contact angle = 84.3�) and water droplet sticks

firmly to the surface even when the surface is vertically

placed (not shown in this figure). The surface morphology

of pure Al surface is shown in supporting information [SI,

Figure S1]. A relatively smooth surface of Al [Fig-

ure S1(a)] and some micrometer scratches [Figure S1(b)]

can be observed in the FESEM images in comparison with

the surface of ZnO/PDMS composite. In contrast, water

droplet showing ball-like shape sits on the surface of the

composite (Fig. 7b). The composite possesses a high CA of

159.4� and a low SA of 8.3� for water [also see Fig. 6],

which demonstrates the superhydrophobicity of the ZnO/

PDMS composite.

The freezing processes of water on the hydrophilic Al

surface (denoted as Al hereafter) and the superhy-

drophobic surface of ZnO/PDMS composite (denoted as

ZnO/PDMS hereafter) were systematically studied. The

water droplets fall onto the Al surface, adhere to the

surface and gradually freeze at different temperatures of

-5, -10 and -15 �C when Al surface is horizontally

placed (see Fig. 8a1–h1). The freezing speed increases

with increasing temperatures. A similar phenomenon

could also be observed when the Al surface is slightly

inclined at 10� (see Fig. 8a2–h2). The results suggest that

the Al surface does not possess the anti-icing properties.

In contrast, the ZnO/PDMS composite still shows high

hydrophobicity at -10 and -5 �C. Water shows spherical

shapes when the falling droplets are in contact with the

surface at -5� and -10�, and is apt to sliding. When the

temperature decreases to -15 �C, the CA of the sample

surface seems to be lower and the water adhesion can also

be observed. However, water droplet does not freeze on

all of the above surfaces between the temperature of -5

and -15 �C. The phenomenon that water froze quickly on

Al surface while not easy to freeze on the superhy-

drophobic surface of ZnO/PDMS composites was mainly

attributed to the difference of the thermal conductivity

between Al and the composite, and the area of water

droplet in contact with the surface of Al and the com-

posite. As we know, the thermal conductivity of metal Al

is significantly higher than that of the ZnO/PDMS (metal

oxide/polymer) composite. Additionally, the contact area

of surface water with Al substrate (hydrophilic, CA is

lower) is significantly higher than it with the ZnO/PDMS

composite surface (superhydrophobic, CA is larger).

According to Cassie and Baxter equation [29, 30]:

cos hr ¼ f1 cos h� f2 ð1Þ

Fig. 4 Digital pictures of water droplets added on the surface of ZnO

particles; a as-received ZnO particles; b modified ZnO particles

Fig. 5 Influence of ZnO weight fraction on water CAs and SAs of the

ZnO/PDMS composites. The inset shows the magnified image
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Here, f1 is the fraction of solid surface in contact with

water; f2 is the fraction of air in contact with water; h is

the CA of water droplet on the smooth solid surface; and

hr is the CA of water droplet on the rough surface of the

same solid. From Eq. (1), we can calculate the value of f1
and f1 = 0.127, which means that only 12.7 % of the

surface area of the ZnO/PDMS composite is in contact

with water. Hence, the low thermal conductivity of the

ZnO/PDMS composite combined with the low contact

area with water delayed the freezing of water on the

superhydrophobic surface of ZnO/PDMS composite.

Moreover, when the ZnO/PDMS composite is tilted at

10�, water droplet rolls away rapidly without any residual

at -10 and -5 �C. Additionally, although most of the

water rolls away from the sample surface at -15 �C,
adhesion of water on the surface could also be noticed

occasionally.

The icing behaviors of the Al and ZnO/PDMS samples

at -15 �C are depicted in Fig. 8 for the purpose of clear

comparison. Figure 8a1–h1 shows the freezing process of

surface water droplets on the horizontal Al substrate. Water

droplet froze quickly when it made contact with the cold

surface of Al (Fig. 8b1). The following water droplets

continually iced up on the Al surface without sliding

(Fig. 8c1–h1). When the Al surface was slightly tilted

(10�), water droplet was still stuck to Al surface and froze

rapidly (Fig. 8b2). The subsequent water droplets accu-

mulated on the iced water surface and continued to freeze

(Fig. 8c2–h2). Hence, the pure Al sheet could not prevent

ice from accretion on its surface. Apparently, the super-

hydrophobic ZnO/PDMS composite surface possessed the

desirable anti-icing properties, as depicted in Fig. 8a3–h3

and a4–h4. When the superhydrophobic surface is hori-

zontally placed, the first water droplet formed ball-like

shape on the surface without freezing (b3). The following

water droplets also showed spherical shape sitting on the

surface or occasionally merged together to form large

droplet (Fig. 8c3–g3). It was noted that either the small

water droplet (Fig. 8b3–d3) or the merged large water

droplet (Fig. 8e3–g3) did not freeze. Importantly, the

merged big water droplet spontaneously slid away from the

surface, which could apparently reduce the volume of the

surface water, consequently reducing the amount of ice

accumulation on the surface (Fig. 8h3). More importantly,

when the superhydrophobic surface is tilted at 10�, water
droplets rolled away fast from the surface (Fig. 8a4–c4).

Occasionally, the water droplet adhered to the surface

without rolling (d4). However, it could be taken away by

Fig. 6 SEM images of ZnO/SR

composite coating. a and d ZnO

weight fraction at 10 %; b and

e ZnO weight fraction at 20 %;

c and f ZnO weight fraction at

30 %; a–c at low magnification;

d–f at high magnification

Fig. 7 Digital pictures of water droplets sit on the surfaces of the

samples. (a) Al sheet; (b) Al sheet coated with superhydrophobic

ZnO/PDMS composite
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the following water (d4, e4). Finally, after the measuring

period of about 161 s, only a small amount of ice formed

on the bottom of the surface (h4).

The influence of both temperature and tilting angle on

the icing behaviors of the pure Al and the superhy-

drophobic ZnO/PMDF surfaces was summarized in SI

Fig. 8 Icing and/or anti-icing

properties of different samples

at -15 �C; a1–h1 horizontally

placed Al sheet; a2–h2 tilted Al

sheet; a3–h3 horizontally

placed superhydrophobic ZnO-

SR composite; a4–h4 tilted

superhydrophobic ZnO/SR

composite; a1–a4: at 0 s;

b1–b4: at 1 s; c1–c4: at 11 s;

d1–d4: at 21 s; e1–e4: at 41 s;

f1–f4: at 71 s; g1–g4 at 131 s;

h1–h4: at 161 s, respectively
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[Figure S2 and S3]. The figures were obtained by taking

photos after continuously dropping water onto the sample

surface for about 3 min. It is clearly observed in Figure S2

that ice always froze on the pure Al surface at temperatures

from -5 to -15 �C whether the surface is horizontally

placed or slightly tilted. Comparatively speaking, the

superhydrophobic ZnO/PDMS surface exhibits much better

anti-icing properties. As shown in Figure S3, water freez-

ing could not be observed on the surface of the superhy-

drophobic sample when the surface is horizontally placed

even at a low temperature of -15 �C after 3 min [Fig-

ure S3 (c)]. Water slid on the surface and left the surface

slowly, which results in the reduction the surface water

accumulation on the sample surface. Hence, the possibility

of subsequently occurred ice formation on the surface

should be remarkably reduced. However, ice still formed

on the interface between the ZnO/PDMS composite and the

cold metal fastener [see Figure S3(a)–(c)] when the

emerged big water droplet slid toward the fastener and

eventually captured by the fastener, which could be

attributed to the high adhesion force between water and the

fastener (stainless steel material, not superhydrophobic). In

addition, when the ZnO/PDMS composite sample is tilted

at 10�, ice accretion on the surface could be completely

avoided at -10 and -5 �C [see Figure S3(b) and (c)]. This

phenomenon could be interpreted by the superhydropho-

bicity of the ZnO/PDMS composites. Superhydrophobic

surfaces exhibited very high CA ([150�) and simultane-

ously very low SA (\10�) for water. As a result, water

droplets rolled away the surface composite rapidly because

the surface is tilted at 10�. At the measuring temperature of

-15 �C, water droplet could not slid away completely from

the surface, as shown in Figure S3(f). This result could be

interpreted by the temperature dependence of the super-

hydrophobicity of a surface [24, 31]. The ZnO/PDMS

composite maintained its superhydrophobicity at room

temperature or when temperature was slightly decreased,

i.e., -5 and -10 �C. However, when temperature is

obviously decreased to -15 �C, its superhydrophobicity

could be immediately changed. In other words, the CA

could decrease and the SA could increase. Table 1 shows

the dependence of CAs and SAs of the sample surface on

temperature. One can see that the sample is still superhy-

drophobic at -5 �C, with a surface CA of 157� and a SA of

7.7�. However, the CA decreases to about 126� and 78� at
-10 and -15 �C, respectively. In addition, the SAs are

also very high (see Table 1). As a result, water droplet

could not roll away readily from the tilted surface. How-

ever, even at a low temperature of -15 �C, only a small

amount of ice accretion could be observed on the ZnO/

PDMS surface [Figure S3(f)]. The icing delay time of the

sample surface at different temperature and different tilting

angle was tested and is shown in Table 2. As can be seen,

water droplets did not freeze on the ZnO/PDMS sample

surface at -5 �C even after a measuring time of 2 h. The

horizontal surface still possessed a high icing delay time of

about 1380 s at -10 �C, and the tilted surface can prevent

water from freezing for 2 h. While at the measuring tem-

perature of -15 �C, water freezing could not be prevented

on the surface. However, the icing delay time increases

apparently, which is about 210 s for the horizontal surface

and 870 s for the tilted surface.

One major shortcoming of the superhydrophobic sur-

faces which hindered their practical applications is the

bad mechanical stability. Mechanical contact with the

surface either destroyed the fragile microstructures or

peeled off the surface modifying agent, both of which can

lead to the degradation of the superhydrophobicity [31,

32]. However, our superhydrophobic ZnO/PDMS surface

was prepared by abrading with sandpaper, which means

that the surface is robust against abrasion [25, 26]. In

addition, an alternative method to resolve the aging

problem of the superhydrophobic surfaces is to endow

their recoverability when the superhydrophobicity of the

surface is degraded under severe conditions, such as oil

fouling. Fortunately, our preparation method of the

superhydrophobic ZnO/PDMS surface is so simple that

the damaged position of the surface could be easily

recovered with few minutes using sandpaper. Figure 9

illustrates the recoverability of the superhydrophobic

ZnO/PDMS surface. As shown in Fig. 9a, the right

position of the superhydrophobic surface was deliberately

damaged by using a knife and then the CA for water is

lower than 150�. When the sample was slightly tilted

(Fig. 9b), water droplet rolled away quickly from the

undamaged positions, while stuck to the damaged posi-

tion. The water droplet firmly adhered to the damaged

Table 1 CA and SA measurements for the ZnO/PDMS composite

surface at different temperature

–5 �C –10 �C –15 �C

CA 157.2� ± 2.2� 126.3� ± 2.4� 78.4� ± 3.2�
SA 7.7� ± 1.7� None None

Table 2 Icing delay time for the ZnO/PDMS composite surface at

different temperature and different tilting angle

(�C) Horizontal surface Tilted surface

-5 [1800 s [1800 s

-10 1380 ± 30 s [1800 s

-15 210 ± 25 s 870 ± 42 s
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position even when the surface was vertically placed

(Fig. 9c). However, after a simple and short repair pro-

cess, the sample recovered its superhydrophobicity

(Fig. 9d). Water droplet showed a CA larger than 150�
(Fig. 9d), and the easy-to-roll properties were also

renewed (Fig. 9e).

Moreover, at extremely condensing conditions (e.g.,

very low temperature), water droplets will freeze and the

formed ice in the cavities of the superhydrophobic surface

could suppress the protrusions and grooves, which causes

the damage of the surface rough structures of a superhy-

drophobic surface. As a result, the surface superhy-

drophobicity could be immediately changed after ice

melting. Therefore, the stability against icing/deicing

cycles for a superhydrophobic surface is also a critical

parameter in determining the practical application of its

anti-icing performance. Hence, a freezing test was carried

out to investigate the stability of the superhydrophobic

ZnO/PDMS composite coating. A piece of ZnO/PDMS

composite coating was immersed in deionized water and

placed in a cryogenic refrigerator at -20 �C overnight.

Then, the sample was taken out and placed at ambient

temperature until the ice completely melts. Afterward, the

CA and SA of the sample were measured. Figure 10 shows

the variations of CA and SA of the sample after different

increasing freezing and thawing cycles (FTC). It could be

observed that the CA slightly decreases with the increase in

FTC. After 20 FTC, the sample still exhibits a CA larger

than 150�. In addition, the variations of SA after 10 FTC

are not conspicuous. The robust stability of the superhy-

drophobic ZnO/PDMS composite could be interpreted by

the elastic feature of the PDMS-based composite. It will be

compressed through elastic deformation when loaded with

external force. Once the external force is withdrawn, it will

recover its original shape [33]. However, the SA is more

than 10� after 15 FTC and even more than 15� after 20

Fig. 9 Recoverability of the

superhydrophobic ZnO/PDMS

coating

Fig. 10 Stability of the superhydrophobic ZnO/PDMS coating after

freezing and thawing cycles
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FTC, which indicated the degradation of the superhy-

drophobicity. But it does not matter because the degraded

superhydrophobicity could be easily renewed by a simple

abrading process (see Fig. 9).

In summary, superhydrophobic surface of ZnO/PDMS

composite coating based on DT-modified ZnO particles

and PDMS matrix was fabricated via a simple surface

abrading method. The as-prepared ZnO/PDMS composite

coating possesses a high water CA of 159.5� and a low

water SA of 8.3�. The anti-icing properties of ZnO/PDMS

composite coating were investigated using a home-made

apparatus. The influence of temperature and tilting angle

of the surface on the icing behaviors of pre-cooled water

droplet on the superhydrophobic surface was systemati-

cally studied. The results indicated that water accumula-

tion on the horizontally placed superhydrophobic surface

at all of the measuring temperatures from -5 to -15 �C
could be reduced apparently because the dropping water

merged together on the surface and subsequently slid

away from the surface due to the continuous impinging of

the dropping water. In addition, the tilted superhy-

drophobic surface exhibited excellent anti-icing properties

at -10 and -5 �C because water droplet slid away from

the surface very quickly without any residual due to the

low SA of the superhydrophobic surface. Furthermore, the

ice accretion on the tilted superhydrophobic surface could

not be avoided completely at an even lower temperature

of -15 �C. However, only a small amount of ice formed

on the surface, which indicated that the tilted superhy-

drophobic surface could reduce ice accumulation

remarkably at -15 �C. As a comparison, ice always

accumulated on the pure Al surface, whether the surface

is horizontally placed or inclined�. Moreover, the super-

hydrophobic possesses stability against 10 cycles of

freezing and thawing which is also a critical characteristic

for its practical uses. Importantly, once the surface

microstructures of the ZnO/PDMS composite are dam-

aged, it could be recovered easily. The preparation

method of the superhydrophobic ZnO/PDMS composite

coating could also be extended to other polymer-based

composites, such as SiO2/PDMS, TiO2/PDMS, Al2O3/

PDMS, ZnO/PMMA (polymethyl methacrylate) and

CaCO3/PS (polystyrene). Therefore, the above-mentioned

superhydrophobic materials could be useful candidates for

various icephobic/anti-icing applications in engineering

materials, such as aircrafts and power lines.
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