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Abstract In this work, we demonstrated the anti-icing
properties of a transparent and superhydrophobic coating
surface based on the octadecyltrichlorosilane-modified
silica nanoparticles. The surface was prepared via a simple
condensation polymerization followed by a spray-coating
process. The surface exhibited a high contact angle of
157.5° and a low sliding angle of 6.5° at ambient tem-
perature. The icing behavior of the surface was investigated
by successively dropping the 0 °C of water droplets onto
the superhydrophobic coating surface at various low tem-
peratures, i.e., =5, —10 and —15 °C with the help of wind
action. The surface displayed excellent anti-icing proper-
ties at =5 and —10 °C. Water droplets bounced off or slid
away the surface before freezing under wind action at the
above temperatures. The icing delay time is larger than
2500 s at =10 °C and 5 m/s of wind blow. While at even
lower temperature of —15 °C, water froze on the surface
quickly. The icing and/or anti-icing mechanisms of the
superhydrophobic surface at different temperatures were
interpreted by the variation of the surface wettabilities with
decreasing temperatures. Specifically, the humidity in air
condensed and consequently formed a layer of frost
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covering the superhydrophobic surface, which has sig-
nificant influence on the moving abilities of the surface
water droplets. As a result, the anti-icing properties of the
coating surface changed with the decreasing of
temperatures.
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1 Introduction

In nature, many surfaces exhibit superhydrophobicity, such
as lotus leaf and the wings of butterflies [1-4]. On such
surfaces, the contact angle for water is larger than 150° and
the roll-off angle is lower than 10° [5, 6]. Various artificial
superhydrophobic surfaces have been fabricated by either
enhancing the roughness of a hydrophobic surface or
modifying a hierarchical structure with low-surface-energy
material [7-11]. Superhydrophobic coatings have received
much attention over the past decades for their speculated
anti-icing and/or icephobic performance and potential ap-
plications on aircraft, power lines, insulators, wind turbines
and windshields [5, 12-16]. Recent literature survey
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indicates the anti-icing and/or icephobic properties of su-
perhydrophobic surfaces were mainly evaluated by the
following characteristics. The first is that water (or water
droplets) could leave the precooled surface before icing
and accumulation [5, 17]. The second is that ice formation
on these surfaces could be apparently delayed in compar-
ison with the common surfaces [16—19]. The last is that the
ice adhesion between ice layer and the surface is weak and
the ice layer could be easily peeled off from the surface
[22, 23]. For examples, Cao et al. poured supercooled
water at a temperature of —20 °C onto a superhydrophobic-
coated Al plate and a pure Al plate (both of the two plates
were precooled at —20 °C), respectively. It was observed
that ice formed on the pure Al plate immediately upon
impinging the surface. While on the superhydrophobic
surface, ice formation could not be observed [17]. Zheng
et al. prepared a superhydrophobic composite based on
ZnO and poly(vinylidene difluoride) (PVDF). Water dro-
plets did not freeze on the surface at a temperature of
—20 °C until about 7360 s [18]. Kulinich et al. compared
the ice adhesion strength of a superhydrophobic coating on
Al alloy plate and a pure polished plate. It was observed
that the ice adhesion strength on the superhydrophobic
surface was about 5.7 times lower than the pure polished
surface of Al alloy [20]. Till now, most of the anti-icing
properties were tested under self-designed freezing condi-
tions due to the limitation of standard apparatus for char-
acterizing the performance [12-20]. Other researches
studied the icing and/or anti-icing behaviors of superhy-
drophobic surfaces under natural freezing environment or
in a climate-controlled room [17, 22-26]. However, little
paper investigating the anti-icing properties under wind
action of a transparent and superhydrophobic coating sur-
face has been reported. Compared with the common su-
perhydrophobic coating surfaces, the transparent and
superhydrophobic coating surface could be applied in
windshields of aircraft for anti-icing because of its trans-
parency. In addition, the actual natural freezing weather
conditions often accompanied with wind action, such as the
helicopter and fixed wing aircraft in flight and the power
lines under rainstorm condition. Most of the icing proper-
ties in the literatures were measured under static air con-
ditions, which was different from the actual circumstance.
Therefore, it is significant to investigate the anti-icing be-
havior of a transparent and superhydrophobic coating sur-
face under wind action.

In this work, a transparent and superhydrophobic coat-
ing surface based on OTS-modified silica NPs was pre-
pared on glass substrate via a simple spray-coating method.
The surface morphology, chemical composition, wetta-
bility and transparency were studied. In addition, the icing
and anti-icing of the coating surface were tested by suc-
cessively dropping precooled water droplets onto the cold
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superhydrophobic surface (precooled at -5, —10 and
—15 °C) under wind action. Moreover, the variation of the
room-temperature superhydrophobicity of the coating sur-
face with decreasing temperatures was measured and ana-
lyzed. Finally, the icing and/or anti-icing behaviors of
surfaces with different wettabilities were proposed ac-
cording to the moving abilities of the water droplets on the
surface. It is demonstrated that the coating surface exhibits
desirable anti-icing performance at cold temperature of —5
and —10 °C with the help of wind compared with the
hydrophobic glass surface.

2 Experimental section
2.1 Materials

Octadecyltrichlorosilane (OTS, 97 %) was obtained from
Xiya Chemical Industry Co., Ltd. Ethanol (EtOH, 99.5 %)
was purchased from Sinopharm Chemical Reagent Co.,
Ltd. Silica (SiO,) nanopaticles (NPs) with average particle
size of about 15 nm were purchased from Shanghai Cabot
Chemical Corporation. Glass sheet was obtained from the
local market.

2.2 Preparation of silica coating

The silica coating was prepared according to the method
reported in the literature [27]. Briefly, 2 g of silica
nanoparticles was added into 50 mL ethanol and sonicated
for about 30 min. Then, 20 L. OTS was carefully added
into the dispersion dropwise within 5 s. The dispersion was
subjected to magnetic stirring for about 2 h. Finally, a
transparent and viscous sol solution was obtained. The sol
solution was mixed with ethanol to tune the viscosity of the
sol solution (closed to pure water) and then spray-coated
onto a clean glass slide or glass sheet using a simple spray
bottle [see supporting information (SI, Movie S1)]. After
coating, the sample was dried at 140 °C for 2 h and
naturally cooled to the ambient temperature. It should be
mentioned that the simple spray-coating method could be
applied on various surfaces with large size and complex
shape.

2.3 Characteristics

The water contact angle (CA) and water sliding angle (SA)
were measured using a Kriiss DSA 100 apparatus (Ger-
many) with 4 pL. of water droplet according to the reported
method [13]. The shape and aggregation state of silica NPs
were examined by transmission electron microscopy
(TEM, FEI Tecnai G20, USA). The surface microstructure
of the superhydrophobic coating was measured with a
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field-emission scanning electron microscopy (FESEM,
NanoSEM-450, FEI-Nova, America). The surface asperity
was measured using an atomic force microscope (AFM,
D3000, Veeco, Inc., USA). The light transmittance was
measured using an ultraviolet and visible spectrophotometer
(UV-3100PC, Shimadzu, Japan). The icing performance of
the sample was measured using a homemade apparatus as
depicted in Fig. 1a. The temperature of the thermoelectric
cooler (top surface) could be tuned from room temperature
to =24 °C. For the icing performance measurement, the
temperature of the cooler was precooled to a certain tem-
perature (i.e., -5, =10, —15 °C). Then, a sheet of sample was
placed onto the surface of the cooler to precool the sample
surface. Afterward, water droplets (precooled, tem-
perature = 0 °C, volume = ~8 pl) were successively
dropped onto the sample surface from a height of 3 cm at a
speed of 2 drops per second (see SI, Movie S2). All the icing-
behavior measurement was taken under predetermined
conditions, i.e., temperature of 0 & 2.5 °C and RH of
35 £ 6.7 %. Particularly, wind action (with a speed of
0 m/s, 1 m/s, 3 m/s and 5 m/s, respectively) was generated
using an electric fan to help the movement of water droplets
on the cold surface of the sample (see Fig. 1b). The process
of water droplets continuously impinging onto the sample
surface was recorded with a camera.

3 Results and discussion

The TEM image of the as-received silica NPs was shown in
Fig. 2a. One can see that the silica NPs show spherical
shape with particle size ranging from 12 to 30 nm. In ad-
dition, the silica NPs were stringed together and formed
aggregates. Figure 2b shows the schematic illustration of
the aggregate structures of silica NPs with various shapes
and sizes [6, 27-29]. In addition, the surface of silica NPs

is full of hydroxyl groups [27-29]. Figure 3a shows the
hydrolysis and condensation reactions of OTS with
adsorbed moistures (i.e., H,O from air) in ethanol solu-
tion. During the condensation reactions, polyhydroxy
polysiloxane with different molecular weight and structure
are formed (different n, Fig. 3a) [5, 27, 28]. The reactions
between the hydroxyl groups of the silica NPs and the
polysiloxane could also occurred (Fig. 3b, c, e). As a result,
even larger aggregate of silica NPs is formed (Fig. 3c).
After spray-coated on glass substrate and then dried, su-
perhydrophobic coating surface was obtained (Fig. 3d).
Importantly, the coating and the glass substrate are also
chemical bound (Fig. 3f). The superhydrophobic coating
was immersed in ethanol under ultrasonication (120 W,
40 kHz and 60 °C) for 30 min. It was found that the
coating keeps its superhydrophobicity (CA > 150° and
SA < 10°) after ultrasonic treatment, which demonstrated
the stability of the coating.

The surface wettabilities of the superhydrophobic coat-
ing on glass slide and the pure glass slide are shown in
Fig. 4. The pure glass is hydrophilic. Water droplet ex-
hibits CA of 42.7 £ 3.2° on the pure glass surface (Fig. 4a)
and without sliding even when the surface is tilted at 90°.
In addition, CA 157.5 + 2.3° and SA 6.5 + 1.7° for water
droplet are observed on the coating surface, showing its
superhydrophobicity (Fig. 4b). In addition, Fig. 4 also
shows the transparency of the superhydrophobic coating.
The superhydrophobic coating is optically transparent, as
can be seen in Fig. 4a. The words on the typing paper could
be clearly observed through the glass slide and the super-
hydrophobic coating. The transmittance of the glass sub-
strate and the coating are shown in Fig. 4c. One can see
that the transmittance of the coating is slightly lower than
the bare glass in low wavelength range (380-550 nm) and
slightly higher than the bare glass in high wavelength range
(550-790 nm) [27]. However, the transmittance of the

(1) Cooling fan (2) Ice-salt bath (3) DC power
(4) Thermoelectric cooler (5) PWM voltage regulator
(6) Submersible pump (7) Temperature controller

(b) Camers Ambient temp=0+2 °C
Water RH=35+4.5%
droplet

#-’ <@, Contacting

Wind
action

T A
\ --I--bCooler %
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Sample control

Fig. 1 a The composition of the homemade icing-behavior measuring apparatus and b the schematic illustration of the measuring method
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Fig. 2 a TEM image of the
as-received silica NPs.

b Schematic illustration for the
aggregate structures of the silica
NPs and the surface chemical
hydroxyl group
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Fig. 3 Schematic illustrations of synthesis silica sol solution and the
preparation of silica coating by spray coating. a The hydrolysis and
condensation reactions between OTS and adsorbed water in ethanol;
b the as-received silica NPs and the hydrolysis and condensation

superhydrophobic coating is always larger than 81.5 % in
the whole wavelength range of visible light (380-790 nm).

It was generally believed that the superhydrophobicity
of a surface was determined by two factors, i.e., surface
roughness and surface chemical composition. The artificial
superhydrophobic surfaces were usually prepared by two
methods [1, 7, 8]. One is creating micro- and/or nanos-
tructures on intrinsically hydrophobic surface [27]. The
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products of OTS; c the structure of sol; d the structure of silica
coating on glass substrate; e the chemical bond between two silica NP
aggregates; f the chemical bond between the coating and the glass
substrate; g the surface chemical composition of the silica coating

other is modifying a rough surface with low-surface-energy
material [28]. Hence, the surface morphology, topography
(asperity) and chemical composition were investigated.
Figure 5a shows the FESEM image of the superhy-
drophobic coating. Silica NPs form large amount of dense
and continuous aggregates covering the surface of glass
slide. The typical sizes of the randomly dispersed silica
NPs were mainly in the range of 50-200 nm. In addition, a
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Fig. 4 Digital pictures of water droplet (dyed with color) on different
sample surface. a The bare glass slide; b the superhydrophobic
coating on glass slide; ¢ UV-Vis transmittance of glass slide and the

100
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superhydrophobic coating
on glass slide
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superhydrophobic coating on glass slide. The insets show the
measurement of CA and SA
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Fig. 5 a FESEM image of the superhydrophobic coating; b a cross section of the FEM image; ¢ corresponding AFM image of the

superhydrophobic coating

large number of micropores were also revealed in the
FESEM image. The thickness of the coating on the glass
substrate is about 400-600 nm (Fig. 5b). The AFM ana-
lysis of the coating surface was shown in Fig. 5c. The re-
sults indicated that the root-mean-square roughness (R,) of
the surface is 64.7 nm, the mean roughness (R,) is 51.7 nm
and the roughness factor is 1.42, respectively [6, 27-29].
Hence, the roughness of the coating is much lower than the
wavelength of visible light (380-790 nm), which could
interpret the transparence of the superhydrophobic coating
[6, 32]. The XPS spectrum reveals the existence of the
element of C, O and Si (Fig. 6a) [33, 34]. The element of C
is assigned to the modification of OTS on the coating
surface. The elements of O and Si are attributed to the O
and Si of silica NPs and the chemical bound OTS. The
high-resolution XPS spectra of the sample at C 15, O 1 s
and Si 2p region were also measured and are shown in
Fig. 6b—d, respectively. C1 s peak centered at bind energy
of 284.7 eV, O 1 s peak at 532.7 eV and Si 2p at 103.6 eV

were detected by XPS, indicating the existence of OTS on
the sample surface. Therefore, the rough microstructures of
the coating surface combined with the surface chemical
bound low-surface-energy OTS are responsible for the
superhydrophobicity of the coating.

The icing and anti-icing behaviors of the superhy-
drophobic-coated glass substrate at a temperature of
—10 °C were investigated and depicted in Fig. 7. The
freeze of water droplet on the cold surface can be judged by
the shape and the movement of water droplet on the sur-
face. As can be seen in Fig. 7al-h1, water droplets were
adsorbed and gradually accumulated on the superhy-
drophobic surface without the help of wind. The spread
water will freeze quickly due to the low surface tem-
perature (—10 °C) and the large contact area (see Fig. 7hl).
Movie S2 shows the icing and/or anti-icing behaviors of
the superhydrophobic coating surface at different tem-
peratures, i.e., =5, —10 and —15 °C. As can be seen from
Movie S2(a), the coating surface at -5 °C is still
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Fig. 6 XPS spectrum of the superhydrophobic coating. a Survey spectrum; high-resolution spectra of b C 1 s region; ¢ O 1 s region; d Si 2p

region

superhydrophobic. Water droplet bounced off the surface
as soon as it impinged on the surface. After successively
adding water droplets onto the coating surface for about
30 min, the surface was still clean, without any water and/
or ice remained on it. However, the superhydrophobicity of
the coating surface could be changed at a lower temperature
of —10 °C, as can be seen in Movie S2(b). Water droplets
exhibited large CA on the surface but could not slide im-
mediately away the surface under wind action. However,
with continuously adding of water droplets, the droplets
merged together and formed larger droplets. Consequently,
the large droplets slid away the surface successfully with the
help of wind (also see Fig. 7a2-h2). Importantly, water
droplets showed apparent CA lower than 150° could be
observed by naked eyes (Fig. 7b1, c1, b2, cannot roll off),
which revealed that the room-temperature superhydropho-
bicity of the coating surface was changed at the temperature
of —10 °C. However, the surface water droplets could roll
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away the surface readily under wind action (Fig. 6a2-h2).In
addition, ice formation on the coating surface could also not
be observed even after 30 min, which demonstrated the ic-
ing delay performance. At even lower temperature of —
15 °C, water droplet with an apparent CA lower than 90°
always adhered to the coating surface firmly without sliding
under wind blow [Movie S2(c)]. As a result, water froze
quickly on the coating surface.

The variation of CA of the coating surface with tem-
perature was carefully investigated using the CA measur-
ing apparatus, and the results are shown in Fig. 8. Water
droplet on the coating surface at the temperatures of -5,
—10 and -15°C exhibited a CA of 158.8 £ 2.3°,
127.3 £ 3.1° and 79.5 & 2.8°, respectively. The variation
of CA could be interpreted by the formation of condensed
water and frost on the coating surface [5, 13, 35, 36]. In the
present case, the coating surface was at temperatures sig-
nificantly lower than 0 °C, while the ambient temperature
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Fig. 7 Icing and anti-icing processes of superhydrophobic sample at —10 °C. al-h1 without wind blow; a2-h2 under wind blow

was about 0 °C. As we know, water vapor in air could
condense and consequently form frost on the coating sur-
face [13, 18]. Figure 8a shows the magnified image
recorded by the CA measuring apparatus (optical micro-
scope) at a temperature of —5 °C. Condensed small water
droplets could be observed on the surface. However, the
condensed small droplets could be merged by the
impinging droplets and then slid away the surface under
wind action. At lower temperature of —10 °C, the con-
densed small droplets could not be observed, while a layer
of frost was appeared on the coating surface. The
impinging warm water droplet melted the cold frost par-
tially upon contacting and adsorbed by the adjacent frost.
As aresult, CA reduced to 127.3 £ 3.1° (Fig. 8b). At even
lower temperature of —15 °C, the frost formed on the
coating surface was denser and the temperature was much
lower, as shown in Fig. 8c. The impinging water droplet
could not melt the frost effectively, but froze on the frost
surface upon the interchange of heat. Therefore, the CA
further decreased to 79.5 &+ 2.8° on the coating surface at
the temperature of —15 °C. In addition, the contact area
increased apparently with the decreasing of temperature
(see Fig. 8a—c). Both the increasing of contact area and the
decreasing of temperature resulted in the decrease of

freezing time of water droplet on the surface (i.e., delay ice
formation).

Figure 9 shows the icing delay time of water droplet on
the superhydrophobic coating surface at different tem-
peratures and various wind velocities (i.e., 0, 1, 3 and 5 m/
s). It is observed that the delay time depends on both
temperature and wind velocity. As can be seen in Fig. 9, at
the measuring temperature of -5 and —15 °C, the delay
time is about 522 and 2 s, respectively, which is nearly
constant with decreasing temperature. However, at the
measuring temperature of —10 °C, the delay time increases
sharply with the increase of wind velocity. The delay time
achieves above 2500 s at a wind velocity of 5 m/s. The
significant increase of delay time with the increase of
temperature can be interpreted by two factors: Firstly, the
ambient temperature (0 °C) is higher than the sample
(=10 °C). Therefore, the wind is warm and can increase the
temperature of the water droplet. The higher the wind ve-
locity is, the warmer the water droplet is. Secondly, the
water droplet can slide on the sample surface with the help
of wind, which can decrease the contact time between
water droplet and the surface. The results revealed that the
superhydrophobic surface could delay ice formation on its
surface due to the low contact area and/or low contact time
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CA=158.8+2.3°

CA=127.3£3.1°

© |

CA=79.5£2.8°

Fig. 8 CA measurement of the coating surface at different tem-
peratures and the corresponding optical image of the condensed water
and/or frost formed on the coating surface. a At =5 °C; b at —10 °C;
and ¢ at -15 °C
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Fig. 9 Freezing delay time of water droplet on the superhydrophobic
coating surface at different temperatures and wind velocities

(see Fig. 9a, b). However, at even lower temperature of
—15 °C, the water droplet spreads on the sample surface
and cannot move even with the help of wind, which results
in larger contact area and longer contact time. Therefore,
the water droplet freezes quickly.

The variation of CA on a solid surface with temperature
could be used to interpret the icing and/or anti-icing
properties of a solid surface. Figure 10 shows the icing and
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anti-icing mechanisms of samples with different surface
wettabilities under wind action. As we all know, solid
surfaces are divided into three types according to the sur-
face CA for water, i.e., hydrophilic surface (CA < 90°),
hydrophobic surface (90° < CA < 150) and superhy-
drophobic surface (CA > 150°) [2]. When water droplet
makes contact with a hydrophilic surface, both the contact
area and the adhesion strength are high. As a result, surface
water cannot move away easily even under wind action and
finally froze on the hydrophilic surface (Fig. 10a, b) [18].
On the contrary, when the cold surface is superhydrophobic
at the temperature of -5 °C, ie., CA > 150° and
SA < 10°, both the contact area and the adhesion force are
small; thus, water droplet is easy to roll away under wind
blow, or even bounced off the surface spontaneously
without the help of wind action [37, 38]. Hence, water
droplets have little chances to ice up, and the surface is
anti-icing (Fig. 10c). At temperature of —10 °C, the coating
surface is hydrophobic due to the formation of a layer of
frost (Figs. 8b, 10d). Water droplet sticks to the coating
surface and cannot roll away spontaneously. However, with
the help of wind, water droplet slid slowly and finally left
the surface before freezing (Fig. 10d). At a much lower
temperature of —15 °C, the coating surface is hydrophilic
due to the dense frost on the coating surface (Fig. 8c).
Hence, the adhesion force between the droplet and the
surface is much stronger. As a result, water droplets con-
tinuously accumulated on the coating surface without
moving even under wind action and consequently froze on
the coating surface (Fig. 10f).

4 Conclusion

A transparent and superhydrophobic coating surface was
fabricated based on OTS-modified SiO, particles via a
simple spray-coating method. The coating surface exhibits
a transmittance above 81.5 % in the whole wavelength
range of visible light (i.e., 380-790 nm), high CA of 157.5°
and low SA of 6.5° simultaneously. In addition, water
droplets were successively dropped onto the precooled
coating surface (-5, —10 and —15 °C) under wind action to
evaluate the anti-icing properties of the coating. It was
revealed that the coating surface exhibited anti-icing
properties at the temperatures of -5 and —10 °C. Water
droplets bounced off the surface quickly at -5 °C and slid
away the surface at —10 °C with the help of wind. Ice
formation could be delayed on such surface for more than
2500 s at the measuring temperature of —10 °C and a wind
velocity of 5 m/s. However, at even lower temperature of
—15 °C, water accumulated and iced up on the coating
surface quickly. Furthermore, the icing and anti-icing
mechanisms of samples with different surface wettabilities
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Fig. 10 Icing and anti-icing
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under wind action were proposed. It was suggested that the
condensed water and a layer of frost formed on the coating
surface played an important role in determining the icing
and/or anti-icing properties of the coating surface. There-
fore, the transparent and superhydrophobic coating surface
could be applied on the windshields of aircrafts and auto-
mobiles for self-clean and anti-icing application.
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