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ABSTRACT: A robust prototypical anti-icing coating with a
self-lubricating liquid water layer (SLWL) is fabricated via
grafting cross-linked hygroscopic polymers inside the micro-
pores of silicon wafer surfaces. The ice adhesion on the surface
with SLWL is 1 order of magnitude lower than that on the
superhydrophobic surfaces and the ice formed atop of it can be
blown off by an action of strong breeze. The surface with self-
lubricating liquid water layer exhibits excellent capability of
self-healing and abrasion resistance. The SLWL surface should
also find applications in antifogging and self-cleaning by rainfall, in addition to anti-icing and antifrosting.
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■ INTRODUCTION

Icing on exposed surfaces leads to operational difficulties and
high maintenance efforts for power networks, aircrafts, ships,
ground transportation vehicles, and house-hold refrigerators, to
name but a few. In extreme cases, icing on surfaces causes
disastrous events such as crash of aircrafts and collapse of
power networks, which result in severe economic impact and
large loss of life.1−8 Over the last several decades, a large
number of investigations have been carried out focusing on
anti-icing surfaces,9−20 but few surfaces have been found
optimal for technological applications.21−30 In real subfreezing
environments, icing on surfaces occurs easily, for example the
freezing rain drops freeze to form ice upon impact with any
surfaces with temperature below 0 °C.31,32 Therefore, ideal
anti-icing surfaces should be that the ice adhesion on these
surfaces is so small that ice formed on them can be shed off
merely due to its own weight or a natural wind action. The
adhesion strength between the skate blades and the ice
decreases substantially due to the existence of a self-lubricating
liquid water layer between the ice and the blades,33 as such
people can skate on the ice with grace and elegance. Inspired by
ice skating, we report in this communication a robust
prototypical anti-icing coating with a self-lubricating liquid
water layer (SLWL) between the ice and the sample surface.
The prototypical anti-icing coating shows a mechanical
robustness to resist abrasion by a sandpaper and capability of
self-healing.

■ RESULTS AND DISCUSSION

Figure 1a illustrates the fabrication of the robust prototypical
anti-icing coating with a self-lubricating liquid water layer. A
micropore arrayed silicon wafer surface is first prepared via a
photolithographic process. Then cross-linked hygroscopic
polymers synthesized by free radical polymerization are grafted
inside the micropores. When the temperature is lowered, the
hygroscopic polymer network inside micropores deliquesces
and swells due to water absorption or condensation. If the
temperature is sufficiently lowered and enough water is
absorbed, the water swollen polymer network inside the
micropores bulges out of micropores. The swollen polymers
merge together due to molecular attractions between
molecules, and a self-lubricating liquid water layer forms.34

We want to point out here that the temperature range, where
the self-lubricating liquid water layer exists, could be tuned by
the water activity of the lubricating layer according to Koop et
al.35 One has to note that the inorganic material (here the
silicon matrix for demonstration) endows the self-lubricating
liquid water layer with a mechanical endurance and capability of
self-healing, which are desired for technological applications. By
introducing the self-lubricating liquid water layer between the
ice and the sample surface, the ice adhesion on the sample
surfaces is more than 1 order of magnitude lower than that on
the superhydrophobic surfaces and the ice on this surface can
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be blown off with an action of strong breeze wind. Moreover
the fabricated anti-icing surface exhibits an excellent capability
of self-healing and abrasion resistance, on which the ice
adhesion strength remains almost the same after several tens
cycles of abrasion with a sandpaper. This work will certainly
serve as a guideline for materials scientists to design organic/
inorganic composite anti-icing coatings with an optimum
performance.
Figure 1b shows the details of the grafting. After treated with

a piranha solution (1:3 w/w H2O2/H2SO4), 3-(methacrylox-
ypropyl)-trimethoxysilane (MPS) was attached on the
hydroxylated silicon wafers.36 Then the cross-linked poly-
(acrylic acid) (PAA) was grafted inside the silicon wafer by free
radical polymerization.37 Here we used water-soluble poly-
ethylene glycol diacrylate (PEGDA) as the cross-linker. Figure
1c and Figure 1d show the scanning electron microscope
(SEM) images of the representative micropore arrayed silicon

wafer surface before and after grafting with the cross-linked
hygroscopic polymer, where the pore is square column shaped
with a side length of 5 μm and a depth of 5 μm and a spacing
between two neighboring pores of 2 μm. Insets in panels c and
d in Figure 1 are the fracture-view SEM images of a micropore
arrayed silicon wafer surface before and after grafted with cross-
linked hygroscopic polymers. The cross-linked hygroscopic
polymer can be obviously observed inside the micropores after
grafting. Furthermore, confocal microscopic images of
representative micropore arrayed silicon wafer surface after
grafting also demonstrate that the PAA was successfully grafted
inside the pores (shown in Figure S1 in the Supporting
Information).
Ice adhesion tested in a wind tunnel may mimic the

environmental icing conditions. However, it is not practical for
most academic laboratories because it requires a cold room and
a complex system as well. Therefore we used another method
to investigate the ice adhesion (see details in the Supporting
Information). This method has been widely used in the
literatures and gives a reproducible value of the ice adhesion on
various surfaces, while the tests under freezing rain conditions
(in a wind tunnel) are to be undertaken in the future. The
variation of the ice adhesion strength with the area fraction, ϕ,
is shown in Figure 2a (ϕ = a2/(a + b)2, where a is the side

length of the pore and b is the space between two neighboring
pores). Ice adhesion on the self-lubricating liquid water layer
surface decreased sharply as the ϕ value increased from 0 to 0.2,
and then maintained a constant value (60 ± 16 kPa) when the
ϕ is higher than 0.2. This can be rationalized by the formation
of a continuous self-lubricating water layer. When ϕ is smaller
than 0.2, the surface cannot be fully covered by the swollen
polymer network. When the temperature is lowered below the
freezing point, the liquid water on the uncovered surface
freezes, as such a continuous self-lubricating liquid water layer
cannot form between the ice and the sample surface, which
leads to a sharply increased ice adhesion strength. This regime
was defined as mixed lubrication by Hersey.38 When the ϕ
value is greater than 0.2, a continuous lubricating film forms
between the ice and the sample surface, probably entering a
regime of thick-film lubrication.39 It is interesting to note that
ice adhesion on an equivalent hydrogel grafted flat surface was
113 ± 21 kPa. It is understandable when one considers that ice
adhesion on hydrogel grafted flat surface could be further varied
by the thickness and viscosity of the hydrogel, which is
currently under investigation.

Figure 1. (a) Schematic illustration of the preparation of the self-
lubricating liquid water layer surface. (1) Fabrication of micropore
arrayed silicon wafer surfaces via a photolithographic process. (2)
Grafting the micropore arrayed silicon wafer surfaces with cross-linked
hygroscopic polymers. (3) Self-lubricating liquid water layer forms on
micropore arrayed silicon wafer surfaces when condensation or
deliquesce occurs. Inset is the magnified image of self-lubricating
liquid water layer. (4) Ice formation atop of the self-lubricating liquid
water layer. (5) Ice shed off with a wind action. (b) Preparation
process of the micropore arrayed silicon wafer surface impregnated
with cross-linked poly(acrylic acid) (PAA). Top view SEM images of
representative micropore-arrayed silicon wafer surface (c) before and
(d) after being grafted with crossed-linked hygroscopic polymers.
Insets are the fracture-view SEM images of c and d.

Figure 2. (a) Plots of the measured ice adhesion strength on the
micropore arrayed silicon wafer surfaces impregnated with cross-linked
hygroscopic polymers as a function of the area fraction, ϕ. The ice
adhesion strengths on these surfaces were measured at −15 °C with a
probe speed of 0.5 mm s−1. (b) Average ice adhesion strengths on four
different test surfaces. Insets are the profiles of water droplets on the
corresponding surfaces.
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Ice adhesion strength on the surface with a self-lubricating
liquid water layer was further compared with other three
surfaces (superhydrophilic, superhydrophobic and flat hydro-
philic) with different chemical compositions and physical
morphologies (Figure 2b). Superhydrophilic and superhydro-
phobic surfaces have the same morphology as the surface with
the self-lubricating liquid water layer before grafting, i.e., they all
consist of micropore array of 20 μm in width, 5 μm in depth
and 2 μm in space between neighboring micropores (ϕ is 0.82,
bigger than 0.2). Superhydrophilic and superhydrophobic
surfaces were obtained by treating micropore arrayed silicon
wafer surfaces with a piranha solution and (heptadecafluoro-1,
1, 2, 2-tetradecyl)-trimethoxysilane, respectively. Water contact
angles (CA) on the superhydrophilic and superhydrophobic
surface are 2.8 ± 0.5° and 152.0 ± 1.3°, respectively. The
sliding angle for a 5 μL drop on the superhydrophobic surface
was only 6.3°, indicating a low contact angle hysteresis on the
superhydrophobic surface. Flat silicon wafer was treated by the
piranha solution to have the flat neat hydrophilic surface (CA =
8.5 ± 1.2°). Surfaces with the self-lubricating liquid water layer
(CA = 8.7 ± 1.4°) were fabricated by grafting the micropores
with cross-linked poly(acrylic acid) as shown in Figure 1b. The
insets of Figure 2b show the profiles of water droplets on the
corresponding surfaces. The ice adhesion strengths on the
superhydrophilic sufaces and superhydrophobic surfaces are
almost the same, i.e., 1273 ± 212 and 1192 ± 195 kPa,
respectively, which is six times as large as that on the flat neat
hydrophilic silicon wafer surface, i.e., 202 ± 34 kPa. This could
be explained when the mechanical interlocking between the ice
and the surface textures of the superhydrophobic and
superhydrophilic surfaces is considered. When the temperature
is lowered, water molecules adsorb at the wall of the surface
texture, which makes the surfaces more hydrophilic. At the
same time, condensation occurs inside the surface texture.
Then the liquid water is not at the Cassie state anymore, i.e., it
penetrates partially or even completely into the surface
texture.40 We have measured the water contact angles on the
surface at 25 °C (it is superhydrophobic at the room
temperature), and found that the water contact angle decreased
from 152.7° ± 1.0° at the room temperature to 126.3° ± 3.8° at
the 2 °C, which clearly show that the liquid water drop is not at
the Cassie state anymore. When the temperature is sufficiently
lowered, partially or completely penetrated liquid water
transforms to ice and the mechanical interlocking are formed
between the ice and the surface texture, thus the ice adhesion
increases greatly.41 Therefore, the ice adhesion strengths on the
superhydrophobic surface and superhydrophilic surface with
the same physical morphology are almost the same.29 The ice
adhesion strength on the self-lubricating liquid water layer
surfaces is the smallest, 55 ± 15 kPa, which is more than 20
times smaller than those on the superhydrophilic and
superhydrophobic surfaces and is almost four times smaller
than that on the flat neat hydrophilic silicon wafer surface. It is
worthwhile to mention that the ice on the self-lubricating liquid
water layer surface can be blown off with a wind speed of 12 m
s−1, whereas the ice on the other surfaces remains still as shown
in Movie S1 in the Supporting Information. According to
Beaufort’s scale of wind force, this wind force is grade 6, the
strong breeze.42

The existence of the self-lubricating liquid water layer is
consolidated by investigating the temperature dependence of
ice adhesion strength on this surface as shown in Figure 3. Ice
adhesion strength on surfaces with self-lubricating liquid water

layer remained almost the same (67 ± 8 kPa) as the
temperature was lowered till −25 °C. When the temperature
was further decreased, the ice adhesion increased sharply and
reached another value of 1156 ± 152 kPa around −30 °C.
Below this temperature the ice adhesion strength remained
constant again. The evolution of the value of the ice adhesion
strength (τ) with the temperature (T) can be very well fitted
with a sigmoid function (solid line) of the following form

τ = + + +T63 1099/(1 exp(( 28)/1.26)) (1)

sigmoid functions are quite common in the first order phase
transition.43 In our case the lower adhesion strength above −25
°C signifies the existence of the self-lubricating liquid water
layer. The sharp increase of the ice adhesion strength represents
the onset of the mechanical interlocking between the ice and
the surface texture as a result of the phase transition of the
liquid water to the ice. According the fitting equation, the phase
transition temperature is −28 °C, which could be further
lowered if the type and concentration of hygroscopic polymer
networks in the micropores varied. For example, the phase
transition temperature was as low as −60 °C for the
polyacrylamide gel with 30% (w/w).44 In the case of polyvinyl
alcohol (PVA), the water could be kept liquid even at −100 °C
when the PVA concentration reaches 80% (w/w).45

The durability of anti-icing performance of the SLWL surface
was studied via icing/deicing as shown in Figure S2 in the
Supporting Information. Ice adhesion strengths on SLWL
surfaces are nearly constant after the icing/deicing test. We
further investigated the capability of abrasion resistance and
self-healing of the anti-icing surface with a homemade setup,
where a sandpaper (10 000 mesh) was used as an abrasion
media (see Figure S3 in the Supporting Information). The
silicon wafer was glued to a 500 g weight with the self-
lubricating liquid water layer in close contact with the
sandpaper. The gravity of the weight can be transferred to a
pressure of 12.5 kPa, with which the sandpaper applied to the
self-lubricating liquid water layer surface. The weight together
with the silicon wafer was then dragged back and forth against
the sandpaper with a speed and length of 0.5 mm s−1 and 10
mm, respectively (one back and forth cycle with a distance of
10 mm represents one abrasion cycle).
Figure 4 shows the evolution of the ice adhesion strength

with the abrasion cycle. Although the average surface roughness
of the area between the pores on the silicon wafer surface
changed greatly from 9.48 nm (Figure 4a) to 72.47 nm (Figure
4b) and the depth of hole was reduced from 5 μm to 1.38 ±

Figure 3. Ice adhesion strength on the self-lubricating liquid water
layer surface versus the supercooling. The sharp increase of the ice
adhesion at −25 °C signifies the disappearance of the self-lubricating
liquid water layer due to the phase transition of the liquid water to the
ice.
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1.02 μm, the ice adhesion strength on the self-lubricating liquid
water layer surface maintained almost the same even after 80
cycles of abrasion, 63 ± 11 kPa. This can be rationalized by the
self-healing capability of the self-lubricating liquid water layer.
When the surface was abraded with the sandpaper, only the top
surface of the pore is in close contact with the sandpaper. The
hygroscopic polymer network inside the micropores was
protected from being removed during the abrasion. The self-
lubricating liquid water layer forms and covers the roughened
surface when the polymer network deliquesces, swells and
finally merges under the action of the capillary force.34

It is interesting to note that Wong and co-workers recently
reported slippery liquid-infused porous surfaces (SLIPS) as
omniphobic surfaces, which was inspired by the surface of the
insect-eating pitcher plant Nepenthes.46 These surfaces repel
pure liquids (water, oil), complex liquids (crude oil, blood), ice
and even to insects. Moreover SLIPS integrate the capabilities
of self-lubricating, self-healing and self-cleaning. The SLIPS are
not only of fundamental interest but also have promising
applications. However, the SLIPS are compromised by the
strict restrictions on the infused liquids, i.e., the porous
substrates must be wetted preferentially by the infused liquid
and at the same time the infused liquid must be immiscible with
the water and oils.47 Moreover, the durability of the SLIPS is
limited by the evaporation of the perfluorinted liquids.48 In our
work, a layer of liquid water was introduced between the ice
and the substrate, which is certainly eco-friendly and does no
harm to the environment. Furthermore, whenever ice or frost is
placed atop of the coating, the part of the ice or frost in contact
with the fabricated surface melts and forms a self-lubricating
liquid water layer. As such, our anti-icing surface should have
long durability and it is viable in both low and high humidity
environments. It is worth to mention that the rim of Nepenthes
pitcher plants is slippery because of condensation of water on
the hygroscopic nectar at the peristome surface, which causes
insects to fall into the trap.49

■ CONCLUSION
In conclusion, we have fabricated a robust prototypical anti-
icing coating with a self-lubricating liquid water layer between

the ice and the sample surface via grafting cross-linked
hygroscopic polymers inside the micropores at the surface of
inorganic materials. The ice adhesion strength on the surface
with self-lubricating liquid water layer is 1 order of magnitude
lower than that on superhydrophilic or superhydrophobic
surfaces. The accumulated ice on the surface with a self-
lubricating liquid water layer can be blown off by an action of
strong breeze. Moreover, the self-lubricating liquid water layer
surface exhibits excellent mechanical endurance and capability
of self-healing. The self-lubricating liquid water layer coatings
should also find applications in antifogging and self-cleaning by
rainfall, in addition to anti-icing and antifrosting.
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