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ABSTRACT: Sol−gel coatings with different roughness and
surface energy were prepared on glass substrates. Methyl
triethoxysilane (MTEOS), 3-Glycidyloxypropyl trimethoxysi-
lane (GLYMO) and fluoroalkylsilane (FAS) were used to
obtain a mechanically robust icephobic coating. Different
amount of hydrophobic silica nano particles was added as
fillers to introduce different roughness and surface energy to
the coatings. The microstructure, roughness, and surface
energy, together with elemental information and surface
chemical state, were investigated at room temperature. The
contact angle and sliding angle were measured at different temperatures to correlate the wetting behavior at low temperature with
the anti-icing performance. The ice adhesion shear strength was measured inside an ice chamber using a self-designed tester. The
factors influencing the ice adhesion were discussed, and the optimum anti-icing performance found in the series of coatings. It
was found that lower surface energy leads to lower ice adhesion regardless of the roughness, while the roughness plays a more
complicated role. The wetting behavior of the droplet on surface changes as temperature decreases. The anti-icing performance is
closely related to the antiwetting property of the surfaces at subzero temperatures.
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■ INTRODUCTION

Ice accumulation can be a serious problem for the performance
of outdoor structures, such as pavements, aircrafts, ships, locks
and dams, offshore platforms, solar panels, power lines, etc. Ice
formation can either lower the performance of the devices, or
lead to total dysfunction of the whole equipment and system
and result in great disasters in some cases. For example, the
power loss because of ice accretion on wind turbines can reach
up to 50% of the annual power production for certain
locations.1 The ice accumulation on power lines resulted
from icy rain can cause the mechanical failure of the lines or
collapse of power transmission towers, and resulted in serious
electricity blackouts as happened in Southern China in early
2008.2

People have been trying to solve the ice accumulation
problem for a long time. A lot of methods have been attempted,
including heating, applying chemicals, using flexible materials,
and coating a thin layer of organic materials, etc. However,
most of them have their limitations, such as additional cost,
efficiency, durability, and environmental problems.3 New
coatings that are mechanical robust and durable are needed
to eliminate the limitations of the traditional anti-icing

methods, and intensive research has been carried out in recent
decades.
There are mainly two approaches leading to icephobic

coatings. One incorporates a hydrophilic component into the
coating. The absorbed water forms a thin lubricating film
between ice and substrate so that the ice adhesion is
significantly reduced.4,5 One of such reports found that the
low ice adhesion can be maintained for temperatures as low as
−53 °C.5 The other approach makes use of the conventional
superhydropbic surfaces which usually show good self-cleaning
property. This kind of coating can be achieved either by
roughening a hydrophobic surface or decorating a rough surface
with a low surface energy layer. In many cases, lithography6−8

has been used for the fabrication of rough surfaces because of
its ability to accurately control the surface morphology. This
method, however, has its limitations, such as complicated
procedure and high cost. In some other cases, chemical
etching9−11 was used especially for metal substrates, and thus
set a limit for the choice of substrate and has additional
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constraint for large scale application. There are also other
processes utilized for production of superhydrophobic and
icephobic surfaces like laser irradiation,12 liquid-infused porous
surface,13 chemical/physical vapor deposition,14 etc. All these
methods, however, either require special equipment or have
high cost and potential mechanical limitations, rendering them
unsuitable for mechanically robust, large scale applications. In
contrast, sol−gel coatings, with the ability of easily adjusting
surface energy and roughness through different precursors,
surface decoration with self-assembled layers, addition of fillers
of different sizes, etc.,15−17 are a more promising way to
develop large scale, mechanically durable, easy to apply, and
low-cost superhydrophobic and icephobic coatings that can be
applied in a wide range of substrates.
There are quite a number of sol−gel coatings developed to

achieve superhydrophobicity or self-cleaning performance.
However, there are limited investigations on the use of sol−
gel coatings for icephobic purpose. It might be tempting to
simply correlate self-cleaning with icephobicity because water
repellence seems to be a common requirement for both.
However, it has been shown that superhydrophobic materials
do not always display good anti-icing performance.18−22

Generally, icephobic coatings should display delayed ice
formation, as well as reduced adhesion once the ice is formed.
As far as the coating surface is concerned, there are mainly two
factors that are related to its icephobic performance, which are
the roughness and surface energy. Their roles in the anti-icing
performance have been investigated in some literature.19,23−28

Certain points have been well-accepted such as lower surface
energy is favorable for better anti-icing performance.19,28

However, usually very limited range of roughness was involved
in previous reports and sometimes the investigations were not
properly carried out. Ice nucleation is a process which happens
at subzero temperatures. Thus, icephobicity is supposed to be
more directly related to the wetting behavior of surfaces at low
temperatures while this point was ignored by many authors,
which might have contributed to the controversial conclusions
in the past. There are a number of reports about the wetting
behavior of surfaces at low temperatures, covering surfaces from
superhydrophilic to superhydrophobic.21,23,24,29,30 However,
the investigations on the role of roughness and surface energy
usually lack coherence between different samples, and some-
times the characterization methods were different from each
other which makes it difficult for summary and comparison
between each other. As a result, it remains unclear how these
two factors affect the final anti-icing performance of surfaces. It
is necessary to have a comprehensive investigation on the
correlation between wettability and icephobicity especially at
low temperatures. This forms the motivation of current work.
In this paper, a series of sol−gel coatings based on methyl

triethoxysilane (MTEOS), 3-glycidyloxypropyl trimethoxysi-
lane (GLYMO) and 1H, 1H, 2H, 2H-perfluorodecyltriethox-
ysilane (FAS) were developed. MTEOS was used as the cross-
linker, GLYMO the coupling agent, and FAS the functional
group to lower the surface energy of the base gel. Different
content of hydrophobic silica particles were added as fillers to
introduce different roughness to the surfaces as well as the
surface energy. Surface roughness and apparent surface energy
of the coatings were reported and correlated with the measured
ice adhesion strength as a measurement of icephobicity.

■ EXPERIMENTAL SECTION
Preparation of Samples. Two group of coatings with different

roughness and surface energy were prepared. The common sol for
both groups were prepared as follows. 9.961 mL MTEOS (99%,
Sigma-Aldrich, USA) and 33.132 mL GLYMO (≥98%, Sigma-Aldrich,
USA) were mixed in 3.91 mL Ethanol (absolute for analysis, EMD
Millipore Corporation, Germany) under stirring, and then 5.406 mL
deionized (DI) water was added to the solution dropwise. After 1 h
stirring, 3.55 g of itaconic acid (≥99%, Sigma-Aldrich, USA) was
added to the solution to catalyze the hydrolysis process. The molar
ratio of MTEOS, GLYMO, ethanol and water is 1:3:1.34:6.

After stirring for 1 h, solutions with different content of silica
particles were prepared. The first group of solutions was prepared as
follows. Hydrophobic fumed silica particles (AEROSIL R972, 16 nm,
Nippon AEROSIL Co. Ltd., Japan) were first dispersed in ethanol
(each gram of silica in 15 mL ethanol), and ultrasonically treated for
half an hour to disperse the nanoparticles. The common sol was then
added to the silica-containing ethanol to make solutions with a
different weight percentage of silica particles. The final coatings
contain 5, 10, 15, and 20 wt % silica particles, respectively. These
samples are denoted as M-x where x stands for the weight percentage
silica content in the coatings (Table 1). The second group of solutions

with FAS were prepared similarly, except that part of the ethanol for
dispersing silica particles was replaced by FAS (97%, Sigma-Aldrich,
USA) and DI water. The molar ratio of added FAS, DI water and
MTEOS in the common sol was kept at 1:3:2 in all solutions of this
group in order to make sure the base gel have the same surface energy.
However, because of the difference in the amount of added fumed
silica, the intrinsic surface energy of the final coatings may differ. This
group of samples are named as F-y where y is the percentage of added
silica in the final coating as shown in Table 1. Assuming all the FAS
remains in the coating after calcination, the same amount of silica filler
per unit of sprayed solution will lead to slightly decreased silica
percentage in the FAS-containing coatings. However, by keeping the
same amount of silica in the (unit volume) coating solution was found
to keep similar roughness of the coatings, which will be reported later.

The finally mixed solutions were stirred for another 48 h for better
hydrolysis before they were spray-coated onto glass slides. The glass
substrate were cleaned with acetone, ethanol and DI water in
sequence, and dried with hot air. After the spray coating, the samples
were dried at room temperature for 1 h, followed by curing at 120 °C
for another hour. For comparison, FAS monolayer decorated glass
slide (without the sol−gel coating) was prepared as well. The
decoration process is shown in the Supporting Information.

Materials Characterization. The roughness of the surfaces ware
measured by a Surface Profiler (Alpha-Step IQ Surface Profiler, KLA
Tencor). The surface morphology and elemental analysis were
examined using a field emission scanning electron microscope
(FESEM, JEOL JSM-6340F, Japan) and attached energy dispersive
X-ray (EDX) spectroscopy. FTIR spectra were measured on a Frontier
FTIR spectrometer (PerkinElmer Inc.). The contact angle and sliding
angle at different temperatures, and the apparent surface energy of the
samples at room temperature were measured with an OCA20 contact
angle device (Dataphysics, Germany). In order to avoid a deformed

Table 1. Coating Compositions

sample
ID

content of fumed silica filler in the final
coating (wt %)

FAS content in the sol
(μmol/g)

M-5 5 0
M-10 10 0
M-15 15 0
M-20 20 0
F-4 4 0.31−0.35
F-8 8 0.31−0.35
F-12 12 0.31−0.35
F-16 16 0.31−0.35
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shape of the water droplet during the contact angle measurement, 4 μL
of DI water was used to make sure its dimension is smaller than the
capillary length which is around 2.7 mm for water at room
temperature. The sliding angles were measured with 4 and 10 μL
droplets, respectively. All the measurements were conducted at least 5
times for each sample. As for the surface energy measurement, DI
water, glycerol and diethylene glycol were used, and the Owens,
Wendt, Rabel and Kalble (OWRK) method was utilized for the
calculation.
The ice adhesion was measured with a self-designed adhesion tester

which consists of a weather chamber, an air compressor, an air cylinder
combined with a force gauge on the tip of the pole, and a customized
sample stage, as shown in Figure 1. The moving speed of the piston

was around 1.3 mm/s before it touched the ice mold. After the contact
was established, the push force, driven by compressed air, increased at
a rate of 12.5 N/s until the ice was sheared off. The data recording of
the force gauge was conducted at 1000 records per second. The ice
was formed in a customized Teflon mold which has an inner diameter
of 18 mm, and a slope opening to minimize the adhesion between
Teflon itself and the coatings. The mold was first filled with DI water,
covered by the coatings, turned upside down, and then left in the
weather chamber at −10 °C for at least 3 h to ensure the ice
formation. The force F needed to push the mold off the coatings was
recorded. The stand-off height was 0.5 mm during the shear test. The
ice adhesion strength in shear can be calculated by

τ = F
A (1)

where A = π × 92 mm2 is the contact area between ice and the coatings
in current study. The ice adhesion on bare glass and FAS decorated
glass was also tested for comparison. The ice adhesion was measured
at least 8 times on the same spot for each sample to get authentic
results as well as to test the durability of the coatings.

■ RESULTS AND DISCUSSION
The surface morphology of the two groups of coatings are
shown in Figure 2.
From the FESEM images, it can be clearly seen that the

particles were dispersed well in the coatings. And the two
groups of samples show similar surface morphology. As the
content of silica particles reaches above 10 wt %, the surface
becomes rougher, and starts to form a hierarchical structure
with nanosized pores. The trend of the roughness increases
with silica content is shown in Figure 3, and detailed data (root-
mean-square, rms) are given in Table 2.
The contact angle and sliding angle of the samples, measured

from room temperature (RT) down to −10 °C, are shown in
Figure 4. Detailed data are reported in the Supporting
Information, Table S1.
As seen in Figure 4, the contact angle of the coatings

increases with the roughness. In the first group of samples (M
series, without FAS addition), the contact angle at room

temperature can reach up to 164.4°, and sliding angle around 8
and 3° for 4 and 10 μL droplet respectively, which indicates a
Cassie wetting mode. However, when the temperature
decreases, all the contact angles would decrease because of
the condensation of vapor on the sample surface. And the
superhydrophobic sample M-20 immediately loses its super-
hydrophobicity and becomes fully wetted as the droplets would
not slide off the surface even when the sample is tilted at 90°.
The contact angle of the other coated samples also decrease as
temperature goes down, but at a much slower rate or even
nearly no change for the M-5 sample. This is because these
samples (M-15, M-10, M-5) have better wetting at room
temperature, and they would not change much when the vapor
condenses at lower temperatures.
For FAS containing samples, they show much higher contact

angle than their counterparts with similar roughness in the first
group because of the introduction of the C−F functional group.
As can be seen from the FTIR spectra in Figure 5b, samples F-4
and F-8 show a strong absorption peak at 1238 cm−1, which
corresponds to the stretching mode of the C−F bond.31 For
samples F-12 and F-16, the absorption peak is relatively weak
because of the decreased amount of FAS-treated common sol
in the solid coating content. However, as can be seen in Figure
6, the fluorine element can still be detected with EDX even for
F-16, while there is no trace of fluorine in the sample M-20.
The full elemental analysis for all the coatings is shown in the
Supporting Information (Figure S1, Table S2).
The introduced C−F functional group in the base gel not

only increases the contact angle of the coatings, but also
improves the antiwetting performance especially at subzero
temperatures, which is more related to the anti-icing perform-
ance of coatings. As can be seen in Figure 4b, the contact angle
of FAS-containing coatings can reach up to 172.7° at room
temperature with sliding angle of 0.8° for a 10 μL droplet and
1.7° for a 4 μL droplet. The contact angle decreases and sliding
angle increases as temperature goes down similar to the M
series. However, the slope for contact angle change is very small
for all samples in this group, and the contact angle remains
above 150° even at −10 °C for samples F-12 and F-16.
Nevertheless, the increase of sliding angles for these two
samples are different. For sample F-12, the sliding angle
increases quite a bit as temperature goes down, and reaches up
to around 68° at −10 °C for a 10 μL droplet (and no sliding for
the 4 μL droplet). This suggests a Cassie−Wenzel mixed
wetting mode. For sample F-16, the sliding angle increases only
a little as temperature goes down, and remains below 10° at
−10 °C, which shows a good Cassie wetting mode.
The ice adhesion strength is shown in Table 2 and Figure 7.

Comparing the two groups of samples, it is noticed that for the
samples with similar roughness, the lower the surface energy,
the lower the ice adhesion. This observation applies to all the
samples, and is in agreement with results obtained by other
authors.19,28

Inspecting the first group of samples without the FAS
addition, the ice adhesion strength increases from 0.44 MPa to
above 1 MPa when the silica content increases from 5 to 20 wt
%. Notice that the roughness has increased drastically with the
silica addition. The ice adhesion strength of M-20, the one with
the highest roughness in the series, is even higher than the one
on glass substrate without coating. For a low silica content
sample like M-5, the surface is relatively smooth, and its surface
energy is much lower than the bare glass (Table 2). In such a
case the ice adhesion on the coating is lower than on the bare

Figure 1. Schematic of ice adhesion tester.
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glass, reflecting the effect of intrinsic lower surface energy. For
this group of coatings, the intrinsic surface energy, which could
probably be best estimated from the relatively flat M-5 sample,
is around 31 mJ/m2 (Table 2) or lower with more hydrophobic
silica addition. Unfortunately we are not able to provide such
an estimate when the roughness increases with more silica
addition. For such (relatively) high surface energy coatings, the
surface morphology plays a dominant role. With increasing

silica content, none of the surfaces are able to keep the Cassie
wetting mode at subzero degrees. This means that the highly
roughened coatings were fully wetted and thus when the water
freezes, it forms stronger bonding with the substrate because of
the mechanical interlocking effect between the ice and
substrate, leading to higher adhesion strength.21,26,32,33 Under
this circumstance, the rougher the surface, the greater the

Figure 2. SEM micrographs showing the surface morphology of the coatings: (a) M-5, (b) M-10, (c) M-15, (d) M-20, (e) F-4, (f) F-8, (g) F-12, and
(h) F-16.
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anchor effect. That is why the ice adhesion on sample M-20 is
the highest, even higher than the uncoated bare glass.
For the second group of samples with addition of FAS into

the coating formulation, the surface energy decreases
drastically. On the basis of the smooth sample F-4, the intrinsic
surface energy is around 10 mJ/m2, much lower than the M-
series. Because of the low surface energy of the coating, the ice
adhesion is lower than on the FAS decorated glass substrate.
Referring to Figure 3b, both F-4 and F-glass have very low
roughness compared with other samples in the group. As the
content of the silica increases, the roughness increases, and the
mechanical anchoring effect may start to influence the ice
adhesion. This explains the slight increase in ice adhesion of F-8
sample. However, the ice adhesion strengths of all coated
samples remain lower than on uncoated bare glass. For F-12
and F-16, the hierarchical porous coating structure with a
hydrophobic base gel contributes to greater water repellence
even at low temperatures. Although the sliding angle of F-12
rises to around 68 degrees at −10 °C (10 μL droplet), which
likely indicates a Cassie−Wenzel mixed wetting mode with
partially wetted surface, the remaining trapped air is still
functional and contributes to the relatively lower ice adhesion
than F-8 and F-4. The sliding angle of F-16 is 4.4° for the 10 μL

droplet and 8.4° for the 4 μL droplet at −10 °C, which shows
great superhydrophobicity and stable Cassie wetting mode at
subzero temperature. This translates into the lowest ice
adhesion strength at 0.075 MPa (Table 2).
The trapped air in the Cassie wetting mode may contribute

in several ways to the good icephobic performance. First, it
prevents the droplet to be in contact with the concave part of

Figure 3. Surface roughness of coatings. (a) samples without addition
of FAS; (b) samples with FAS.

Table 2. Surface Roughness, Apparent Surface Energy, and Ice Adhesion Strength

samples roughness (rms, μm) apparent surface energy (mJ/m2) disperse interaction (mJ/m2) polar interaction (mJ/m2) ice adhesion strength (MPa)

glass 0.001 ± 0.000 61.99 11.69 50.30 0.820 ± 0.096
M-5 0.078 ± 0.005 30.92 15.87 15.05 0.421 ± 0.053
M-10 0.741 ± 0.058 24.33 14.16 10.17 0.550 ± 0.107
M-15 1.183 ± 0.079 11.93 3.08 8.86 0.659 ± 0.099
M-20 1.730 ± 0.097 1.25 0.88 0.37 1.144 ± 0.214
F-Glass 0.001 ± 0.000 11.69 10.75 0.94 0.552 ± 0.062
F-4 0.006 ± 0.001 9.64 8.29 1.36 0.317 ± 0.082
F-8 0.365 ± 0.038 6.72 6.22 0.50 0.464 ± 0.073
F-12 1.194 ± 0.100 0.85 0.63 0.22 0.170 ± 0.066
F-16 1.817 ± 0.140 0.24 0.17 0.07 0.075 ± 0.019

Figure 4. Water contact angle (solid symbol and line) and sliding
angle (dashed line if applicable, open symbol for 4 μL droplet or half
open symbols for 10 μL droplet) at different temperatures on (a)
samples without FAS: only the M-20 sample displays water droplet
sliding; (b) samples with FAS: F-12 and F-16 display water droplet
sliding, whereas the others do not.

Figure 5. FTIR spectra of the samples.
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the asperities of the surface, i.e., the droplet can only lay on the
top of the convex particles. According to the classical nucleation
theory,34−37 the heterogeneous nucleation is more difficult on a
convex surface than on flat or concave surfaces.
Second, it reduces the contact area between ice and the

coating surface, which minimizes the mechanical anchoring
effect. According to Cassie’s law,38 the relationship between the
apparent contact angle and surface feature can be described as

θ θ θ= +f fcos cos cos1 1 2 2 (2)

where θ is the apparent contact angle, f1 and f 2 the areal
fraction of component 1 and 2, θ1 and θ2 the corresponding
contact angle of component 1 and 2. When air is trapped, θ2 =
180°, and f 2 = 1 − f1, the equation reduces to cos θ = f1(cos θ1
+ 1) − 1. For sample F-16, the apparent contact angle θ =
163.5° at −10 °C, and assuming the contact angle for a pure flat
coating θ1 is around 110°, then the fraction of the area
contacting water is f1 = 6.26%. Such low contact fraction,
together with the minimized interlock effect, would decrease
the ice adhesion dramatically. At the same time, it also
minimizes the damage to the coating surface during ice
removal, and thus helps maintain the coating durability.
Third, as the volume of water expands upon freezing, the

trapped air in enclosure would be compressed and exert a
counter-force on the ice block. This will reduce the ice
adhesion to certain extent as well as make the structure of the
formed ice at the interface less dense. As can be seen in Figure
8b, the residual ice crystals left after the adhesion test on
sample F-16 are not many and very small, which indicates a
loose ice structure at the interface between the ice block and
the substrate. In contrast, there is usually a large fraction or full
coverage of solid ice left on the Wenzel wetting mode rough
surfaces because of the interlock effect (Figure 8a).
All these factors contribute to good durability of the

icephobic coating as indicated by the narrow error bar of the
ice adhesion strength on sample F-16 as shown in Figure 7b.
The change of the shear strength with the number of icing/
deicing cycles is shown in Figure S2 in the Supporting
Information, and it can be seen clearly that the ice adhesion
strength of F-16 does not change much during these cycles.

■ CONCLUSION

Two groups of samples with different surface energy and
roughness were prepared and investigated. It was shown that
the intrinsic surface energy and surface morphology of the
coatings play important roles together. With only the addition
of hydrophobic silica particles (M-series), the intrinsic surface
energy is around 31 mJ/m2, which is about half of the uncoated
glass slide. In this series, low surface roughness combined with
the reduced surface energy (e.g., M-5) leads to decreased ice
adhesion compared with the uncoated bare glass. Increasing
surface roughness by adding more silica particles increases the
ice adhesion because of the interlocking effect. The addition of
FAS reduces the intrinsic surface energy of the coating to
around 10 mJ/m2. Such low surface energy coatings are
probably intrinsically icephobic. In such a case, increasing
surface roughness enhances the icephobicity as indicated by the
decreasing trend of ice adhesion strength.
This work has identified that not all superhydrophobic

surfaces, as indicated by the water contact angle at room
temperatures, could remain water repellent at low temper-
atures. Therefore, when correlating the water contact angle
with icephobic performance, the angle should be measured at
low temperatures. FAS could effectively reduce the surface
energy of the base gel, and contributes to the super-
hydrophobicity at subzero temperatures. The trapped air
between water and the superhydrophobic substrates can
effectively reduce the ice adhesion and contribute to good
durability of the icephobic coating. The best anti-icing
performance was achieved on FAS dosed coating with 16 wt
% silica, which has a sliding angle as low as 4.4° for a 10 μL
droplet at −10 °C.

Figure 6. Element detection by EDX for samples (a) M-20 and (b) F-
16.

Figure 7. Ice adhesion strength of coatings (a) without FAS; (b) with
FAS.
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