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Abstract: The limited durability of slippery lubricant-infused porous surfaces (SLIPS) restricts their
practical applications. Inspired by the epidermal glands of skins, we developed a facile approach
to durable SLIPS with gland-like storage and release functions for icephobicity. By introducing a
hybrid surfactant as a lubricant into the polydimethylsiloxane (PDMS) matrix, lubricant capsules
were formed and mono-dispersed in the matrix, working as gland-like structures to release lubricant.
The obtained SLIPS showed durable low ice adhesion strength and thermal durability simultaneously.
In detail, the enhanced durability for icephobicity was demonstrated by 20 icing/deicing tests, in which
the lubricant remains on the surface; the coatings showed negligible weight loss when stored at
100 ◦C for 60 h, displaying pronounced thermal durability of the slippery effect. Our current strategy
sheds new light on a facile fabrication of mechanically and thermally durable SLIPS for icephobicity.
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1. Introduction

Ice formation and accretion is a severe hazard for transportation and infrastructures, causing events
such as the collapse of infrastructure and traffic accidents [1–4]. The current deicing methods, including
heating, salting and mechanically removing ice, are either eco-unfriendly or energy-intensive [5–9].
Passive icephobic materials are then developed, as they can mitigate and even prevent ice accretion
without energy input [10–13]. For example, the accreted ice on some passive surfaces with low ice
adhesion can be removed under the action of the gravity of ice or by natural winds [3,7,11,14–16].

So far, intensive studies on passive icephobic materials have led to the discovery of various
strategies, including superhydrophobic surfaces and lubricant-infused surfaces [7,16–21]. Although
the superhydrophobic surfaces have been successfully utilized for delaying water droplet freezing
time and/or reducing water droplet contact area [20,22–25], they display mechanical weakness and/or
the interlocking effect in harsh humidity, owing to hierarchical surface structures [26,27]. Slippery
lubricant-infused porous surfaces (SLIPS) have attracted great attention and have been widely
developed for high-performance icephobic materials [28–30]. In detail, such surfaces have excess
lubricant infused into their pores, resulting in the liquid layer on the top [22,30,31]. This liquid layer
not only prevents the ice from mechanically interlocking with the solid substrate, but also displays
high mobility, which makes the ice detach easily remove from the surfaces. However, the lubricant may
evaporate from the surfaces and be quickly depleted in cycles of the mechanical deicing process [32,33],
following a reduction in the icephobicity of the SLIPS. The ice adhesion strength may quickly increase
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after only one icing/deicing cycle [2,32]. Hence, enhancing the durability is a key and urgent issue for
the icephobic SLIPS.

Some strategies have been developed to increase the durability of SLIPS, including enhancement
of physical interaction between the lubricant and the porous substrate, covalent immobilization of the
lubricant and reduction of lubricant evaporation [34–37]. However, the durability of the SLIPS with low
ice adhesion still needs to be studied further [29,37,38]. Recently, a concept was proposed for creating
low ice adhesion surfaces with long-term infusion stability based on elasticity, superhydrophobicity
and SLIPS [37]. Very recently, UV-cured siloxane resins in the porous anodic aluminum oxide structures,
which are used to enhance the icephobic durability of the SLIPS surfaces, have been reported [32].
The ice adhesion was tested by removing the ice in a centrifuge at −15 ◦C. After eight icing/deicing
cycles, the ice adhesion strength of the SLIPS increased from about 8 to 50 kPa. The icephobic durability
of the SLIPS still needs to be further improved. Frogs, earthworms and some fishes are known to have
durably slippery skins because of their self-lubricating mechanism (Figure S1) [39–41]. Their epidermal
glands can continuously secrete mucus and result in durable lubricating surfaces [42,43]. Sun et al.
obtained the antifreeze-secreting coatings by spraying a hierarchical polymeric superhydrophobic shell
onto a nylon membrane [43]. Another such self-secreting SLIPS was prepared by casting a mixture
that consists of a copolymer of urea and polydimethylsiloxane, silicone oil and THF [41]. Alternatively,
a sandwich SLIPS was introduced to enhance the surface stability, in which a middle lubricant layer
could self-secrete lubricant to the surface once the surface lubricant layer was depleted [44]. These
approaches to the secreting SLPS need either multistep or extra organic solvent. Moreover, there are
only a few studies about SLIPS with durable low ice adhesion strength through the self-secretion or
resupply of the lubricant.

Herein, we imitated the functions of the epidermal glands and developed a facile approach to
SLIPS coating with gland-like storage and release function for icephobicity. Hybrid surfactant was
encapsulated into the polydimethylsiloxane (PDMS) matrix, working as a gland-like structure to
release lubricant. The obtained coatings displayed a durable slippery effect that was derived from
the self-releasing of the lubricant on the surfaces. The surface of the optimized coating still contained
lubricant after 20 icing/deicing cycles, where the ice adhesion strength slightly increased from 28.7 to
40.8 kPa. The coatings showed negligible weight loss when stored at 100 ◦C for 60 h, demonstrating
the high thermal durability of the slippery effect. This novel strategy sheds new light on a simple
fabrication method for durable icephobic surfaces.

2. Materials and Methods

2.1. Materials and Chemicals

Sylgard 184 kits were purchased from Dow Corning. It is a silicone elastomer kit and contains
two chemicals, the Base (part A) and Curing Agent (part B), which are mixed in 10:1 mass ratio. Span
80 (viscosity 1000–2000 mPa·s at 20 ◦C), Tween 80 (viscous liquid), hexane (anhydrous, 95%), ethanol
(99.8%) and other solvents were purchased from Sigma-Aldrich (Saint Louis, MO, USA). All chemicals
were used without further purification. Ultrapure water with a resistivity higher than 15.0 MΩ cm
was used in all experiments. Glass substrates were purchased from Glass Master K. Larsen & Co AS
(Trondheim, Norway) and cut into 5 cm × 5 cm × 2 mm.

2.2. Preparation of Hybrid Precursors

First, a silicone base and a curing agent of Sylgard 184 silicone elastomer with a weight ratio of
10:1 were mixed and stirred vigorously for 10 min, and then degassed for 30 min. Span 80 and Tween
80 with a weight ratio of 4:1 were mixed in the ultrasonic bath for 5 min, thus enabling the formation
of hybrid surfactant. The PDMS component and the hybrid surfactant with different weight ratios
10%–40% were mixed, stirred vigorously for 10 min, and degassed for 30 min to remove air bubbles.
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2.3. Preparation of Icephobic SLIPS Coatings

The SLIPS coatings were prepared by the following procedures. A certain weight of hybrid
precursor was drip-coated on the Petri dishes and then cured at 65 ◦C for 4 h. The thickness of all the
samples were controlled to ca. 2 mm. The four obtained coatings were marked as 10%, 20%, 30% and
40% samples based on the weight ratio of surfactant to the precursors. The pristine PDMS was also
prepared for comparison. To observe the structure of the SLIPS coatings, the lubricants were removed
for convenience. In detail, the SLIPS coatings were soaked in the mixture of water and ethanol (the
volume ratio 1:1) for 6 h at 65 ◦C three times in order to remove the lubricant.

2.4. Characterization

The surface morphology of the coatings was revealed by the Scanning Electron Microscopy (FEI
SEM APREO, Waltham, MA, USA), Atomic Force Microscopy (AFM, Veeco Metrology, Plainview,
NY, USA) and optical microscopy (Carl Zeiss, Oberkochen, Germany). Before testing, the samples
were all cleaned with dry paper to remove the superficial lubricant. All samples were sputter-coated
with a 10 nm platinum/palladium layer before the SEM images. The surface morphology of the
coatings was recorded by using AFM PeakForce Quantitative NanoMechanics and tapping mode.
The in situ observation of the lubricating releasing process of the sample was conducted on the optical
microscope (Zeiss AxoScope A1 for Reflected light BF-DIC/POL). The sample was wiped with lens
paper several times and then placed on the stage of the microscope for observation of the surface
morphology. The elastic modulus was measured by Quasi-static nanoindentation tests conducted
in a TriboIndenter® 950 (Hysitron Inc., Billerica, MA, USA) using a cylindrical diamond flat punch
with 53.70 ± 0.06 µm in diameter. The samples were loaded to the maximum load (Pmax) in 5 s and
then held in the Pmax for 10 s, followed by unloading in 5 s. The Pmax for each sample was 10 µN.
The static water contact angle was measured on a Drop Shape Analyzer (DSA100, KRÜSS, Hamburg,
Germany). A measure of 5 µL of deionized water was dropped on the surfaces of the samples and
the water contact angle was recorded as a function of time. The ice adhesion strength was measured
by a universal mechanical tester (Instron Model 5944) equipped with a homemade cooling chamber,
as described in previous reports [16,19]. A polypropylene tube with a 1 mm thick wall and 15.3 mm
inner diameter was placed onto the coatings acting as an ice mold, and then 5 mL deionized water was
syringed into the tube. The sample was transferred into a freezer at −18 ◦C for more than 3 h to ensure
complete freezing. Before the test, the samples were placed into the cooling chamber and stabilized at
−18 ◦C for 5 min. During the ice adhesion tests, a force probe with a 5 mm diameter propelled the
tube-encased ice columns under a velocity of 0.01 mm s−1, with the probe aligned close to the tested
coating surface (less than 2 mm) to minimize the torque on the ice cylinder. The loading curves were
recorded, and the peak value of the shear force was divided by the ice contact area on the coating
surface to obtain the ice adhesion strength. In the icing/deicing cyclic tests, the same procedure as the
described ice adhesion test was applied for each cycle, and the water with the tube was always placed
to the same position on the sample surface immediately after one cyclic ice adhesion test. Thermal
durability of the coatings was evaluated by keeping it in the oven at 100 ◦C for 60 h, in which the
optical images and weight of the coatings were recorded before and after tests for comparison.

3. Results and Discussion

3.1. Morphology and Structure

The skins of some animals (e.g., frog) have epidermal glands with lubricant (mucus) in them
(Figure S1). Figure 1b reveals the working mechanism of such skins. When the surface lubricating
layer of the skin is depleted, the glands secrete mucus and repair the lubricating layer. Inspired by
skins with epidermal glands, the coatings with lubricant capsules are designed and fabricated, and are
marked as a 0%–40% sample corresponding to the weight ratio of lubricant to the total mass of coatings.
The schematic for fabricating the SLIPS is shown in Figure S2. In contrast to the previous SLIPS,
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which was done by first fabricating a porous structure and then infusing the lubricant, the current
strategy directly mixes the lubricant and matrix precursors. The micellar emulsion formed in the
Sylgard 184 precursor after stirring and the micelle acted as the lubricant capsules, as the lubricant
consists of amphiphilic surfactant. The mixture was deposited on the substrate and then cured for
further characterization. The morphology and structure of the coatings with gland-like storage and
release functions are revealed by the characteristic 30% sample. The top-view and cross-sectional
SEM images (Figure 1c,d) show that the surface of the coating has no obvious holes or gaps, and
lubricant capsules with an average width of ca. 1.2 ± 0.3 µm are dispersed in the inner structure of the
coating. If the lubricant is removed, the pores with an average width of ca. 579 ± 145 nm are well
dispersed in the inner structure of the coating (Figure 1e and Figure S3), which is derived from the
removal of the lubricant. The AFM height images (Figure 2a–e) and corresponding phase images
(Figure 2f–j) further reveal that the surfaces are flat and that the lubricant exists on the surface of the
SLIPS samples (Figure 2). As shown in Figure 2a–e, in contrast to the pristine PDMS with a smooth
surface without anything (Figure 2a), the liquid droplets on the surfaces of the 10%–40% samples can
be seen as white parts (red arrows) on the height AFM images (Figure 2b–e) and as protrusions on
the phase AFM images at the same position (Figure 2g–j). Furthermore, comparing the AFM phase
and height images (e.g., circular part in Figure 2d,i) reveals that the surfaces as a whole have similar
viscoelasticity, indicating that the lubricant exists over all the surfaces of coatings.
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Figure 2. AFM (a–e) height and corresponding (f–j) phase images of pristine polydimethylsiloxane
(PDMS), 10%, 20%, 30% and 40% coatings, respectively. The arrows and the circular parts indicate the
white bulge of the coatings. The scale bar in (j) applies for the AFM images (a–j).

3.2. Chemical Composition

The variable weight ratio of the hybrid surfactant and PDMS components of the 10%–40% samples
was confirmed and characterized by attenuated total reflection infrared spectroscopy (ATR-IR; Figure 3).
The ATR-IR spectra of the hybrid surfactant and PDMS were also shown separately for comparison.
In detail, the infrared spectra (IR) of the 10%–40% samples with variable content of surfactant are
distinguished by a characteristic absorption at about 1736 cm−1 (dotted ellipse in Figure 3a), denoted as
the ester stretch of surfactant (the chemical formula are shown in Figure S4). In contrast to no observed
peak for PDMS at about 1736 cm−1, the intensity of the peaks for the 10%–40% coatings progressively
heightens, derived from the increasing surfactant (lubricant) content. The existence of groups from
the PDMS matrix is identified at wavenumbers of 1258 cm−1 (CH3 symmetric bending in Si–CH3),
1063 cm−1 and 1014 cm−1 (Si–O–Si) and at 792 cm−1 (CH3 rocking in Si–CH3) (Figure 3b and Figure S4).
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3.3. Self-Repairing Property

The self-repairing property of the SLIPS coatings was revealed by in situ observation of lubricant
self-releasing behavior once the lubricant on the surface was removed. Before observing, the surface
of the prepared 30% coating had plenty of lubricants (Figure S5). Then the surface was wiped with
the lens paper several times to remove the lubricating layer. In Figure 4a–e, the evolution of the
lubricant on the surface of a 30% coating at 20 ◦C is shown in the optical micrographs. The as-prepared
samples were wiped with dry paper and then observed in the initial state (0 h, Figure 4a), in which the
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majority of the lubricant was removed after wiping. Compared to the micrograph at 0 h (Figure 4a),
the morphology of the lubricant on the surface changes from an isolated spherical structure to a chain
structure with the increase of time. The size of the lubricant increases from 2.9 to 11.7 µm, and the
area ratio of lubricant on the surface increases from 3.6% to 75.7% as time increases from 0 to 60 h
(Figure 4f), indicating the self-repairing of the lubricating layer after wiping. The mechanism of the
self-releasing behavior is ascribed to the change in the free energy of mixing (∆G) before and after
solidification of the coatings [45]. In detail, the Sylgard 184 kits and lubricant phases are miscible with
each other in the precursor state, and the free energy of mixing is negative (∆G < 0) [45]. However,
the cross-linking of Sylgard 184 kits results in an increase in ∆G based on the Flory–Huggins solution
theory [46], which can lead to demixing (if ∆G becomes >0). Thus, the liquid phase can spontaneously
release from the surface after curing.
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3.4. Wettability, Mechanical Properties and Ice Adhesion Strength

According to the adhesion failure mechanism, the ice adhesion strength is related to the wettability
and the elastic modulus of the materials [2]. The static water contact angles, advancing/receding contact
angles and water contact angle hysteresis of the samples were investigated to reveal how the lubricant
influences the wettability (Figure 5 a,b and Table S1). Figure 5a and Figure S5 show the variation of
water contact angles for all tested surfaces within 80 s. While the water contact angle for PDMS is
approximately stable throughout the period, that for the 10%–40% samples significantly decreases
from a hydrophobic to a hydrophilic state within 80 s, due to the spread of water droplets on the
lubricant-infused surfaces. Moreover, the decreasing speed of the water contact angle increases with
the increase of lubricant in the coatings, implying an increase of the amount of amphiphilic lubricant
(surfactant) that interacts or contacts with water droplets on the surfaces. In addition, the 10%–30%
samples show similar wettability at 0 s and 80 s. This similarity may be ascribed to the identical
chemical composition (surfactant with hydrophobic groups on the outside) and a sufficient modulus
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for holding the water droplets. The 40% sample, however, shows a remarkably lower water contact
angle than the other samples both at 0 s and 80 s, possibly due to the abundance of the surfactant
on surface. Figure 5b shows the advancing/receding contact angles and contact angles hysteresis of
the samples. In contrast to the advancing/receding contact angles of pristine PDMS (127.5◦/68.1◦),
the advancing and receding contact angles of the 10%–40% coatings reduce a lot, where they change
from 75.1◦/15.0◦ to 80.2◦/12.0◦ with the increase of lubricant. The contact angles hysteresis of PDMS
and the 10%–30% coatings are close to each other (ca. 60◦), while that of the 40% coating is a little lower
because of its abundance of surfactant.
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Figure 5. (a) Evolution of water contact angles for the 10%–40% samples and pristine PDMS.
(b) Relationships between weight ratio of surfactant and advancing contact angles, receding contact
angles and contact angle hysteresis of the samples. (c) Load-displacement curves of coatings from flat
punch nanoindentation tests. Relationships between weight ratio of surfactant and (d) stiffness, shear
modulus, (e) ice adhesion strength and (f) the normalized ice adhesion strength.

The ice adhesion decreases with the decrease of the modulus for elastic materials [14]. The modulus
of the elastomeric coatings was investigated by the flat punch nanoindentation tests, and the resulting
load-displacement curves are shown in Figure 5c. The unloading stiffness S of the SLIPS coatings
is obtained by linear fitting of the initial portion of the unloading curve, as illustrated by the black
fitting lines in Figure 5c. The obtained stiffness, Young’s modulus and apparent shear modulus are
then displayed in Figure 5d and Table 1. (The calculation processes for apparent shear modulus
is shown in the supporting information). Compared to the stiffness of 86.6 N/m and the apparent
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shear modulus of 0.403 MPa for pristine PDMS, both the stiffness and apparent shear modulus of the
10%–40% samples gradually decrease from 77.3 to 24.3 N/m and 0.360 to 0.113 MPa with the increased
content of surfactant, respectively. In particular, the loading and unloading curves of the 10%–30%
coatings display very small hysteresis, indicating excellent elastic properties. As the content of the
hybrid surfactant in the PDMS framework reaches 40%, less content of PDMS leads to an obvious
hysteresis behavior and to a low modulus, which is detrimental for practical applications.

Table 1. Mechanical properties of coatings prepared from varied weight ratios of hybrid surfactant.

Samples Stiffness (N/m) Reduced Modulus (MPa) Young’s Modulus (MPa) Apparent Shear Modulus (MPa)

PDMS: 0% 86.6 1.613 1.210 0.403
10% 77.3 1.440 1.080 0.360
20% 51.6 0.960 0.720 0.240
30% 35.2 0.656 0.492 0.164
40% 24.3 0.453 0.340 0.113

High-performance icephobicity is one of the reported properties of SLIPS surfaces [2]. Herein,
we demonstrated the possible application of our coatings for icephobicity. As shown in Figure 5e,
the ice adhesion strength of the coating decreases from 46.2 to 18.0 kPa with the weight ratio of hybrid
surfactant increasing from 10% to 40%, outperforming the ice adhesion strength of more than ca.
60.7 kPa for the pristine PDMS. The low ice adhesion (the lowest value: 18.0 kPa) of the coatings is
favorable for practical applications, which is similar to some other SLIPS with low ice adhesion. (It
should be noted that the ice adhesion strength of different studies could not be compared directly
because of different testing methods) [47]. Furthermore, the relationship between ice adhesion strength
and the weight ratio of the surfactant is revealed by their normalized function τ*

ice = 0.95–1.59φ,
as illustrated in Figure 5f, where the normalized ice adhesion strength of pristine PDMS sample is
denoted as 1. The reduction of the ice adhesion strength is ascribed to the lubricant on the surface and
the decrease of the shear modulus (Table 1 and Figure 5d) of the coatings. According to the interfacial
adhesion mechanics, the ice adhesion strength is positively correlated to the interfacial energy and
the shear modulus of the coatings [48]. Hence, the low ice adhesion of the surfaces is attributed to
the following two parts. On one hand, the lubricant reduces the interaction between the ice and the
surface. On the other hand, the introduction of lubricant leads to the reduction of the elastic modulus
of the coatings, resulting in a decrease of the ice adhesion strength (Figure 5d and Table 1) based
on the interfacial adhesion failure theory [14]. If the ice adhesion and mechanical properties of the
coatings are considered simultaneously, the 30% coating is the optimal sample that has relatively good
mechanical properties and low ice adhesion simultaneously.

3.5. Icephobic Durability

Poor mechanical durability of the liquid lubricant on surfaces is a severe problem for SLIPS
materials, particularly for icephobic applications. When water or ice is removed from the surface,
the liquid lubricant layer will be depleted. Consequently, the properties based on the lubricating layer
degrade and even disappear. The mechanical durability of the SLIPS coatings was evaluated by the
continuous icing/deicing cyclic tests. During the whole icing/deicing cyclic process, the samples were
handled at −18 ◦C with no waiting in between each cycle. As shown in Figure 6a, the ice adhesion
strength of the optimal sample (30% coating) increases from 28.7 kPa to 40.8 kPa after 20 icing/deicing
cycles, in which the durability tested by the icing/deicing tests is much better than the SLIPS with
several or even only one cycle [2,49]. Remarkably, compared to the abundant lubricant on the surfaces
of the coating before the icing/deicing cycles (Figure 4), sufficient lubricant (red arrows in inset of
Figure 6a) for slippery effect still exists on the coating surface after 20 icing/deicing tests (the inset
in Figure 6a), demonstrating mechanical durability of the lubricating layer. The excellent durability
is attributed to the self-releasing ability of the lubricating layer in addition to the properties of the
material and lubricant (Figure 4). In detail, since the lubricant inside the coating structure diffuses
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gradually on the coating surface, the lubricating layer on the surface is recovered when the surfactant
is depleted. The self-repairing and mechanically slow loss of lubricant indicates that the coatings have
high-performance mechanical durability for the icephobic property.
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3.6. Thermal Durability

Liquid lubricants are prone to substantial evaporation from the opened porous structure over
long periods of time in the evolving environment (e.g., changeable temperature), resulting in poor
durability [50]. Herein, excellent thermal durability of the coatings was confirmed by the normalized
change in weight for the 30% sample, where the initial normalized weight of the coating was donated
as 1. As shown in Figure 6b, the normalized weight of the coating barely changes when the coating
is kept at the temperature of 100 ◦C for 60 h, demonstrating good thermal durability of the coating.
Meanwhile, compared to the initial surface (0 h) with abundant surfactant droplets (the left inset in
Figure 6b), the surface still contains surfactant after storing for 60 h (the middle inset in Figure 6b).
After the heated coating is stored in the ambient environment for 5 days, the content of the lubricant
on the surface increases, indicating that the surfactant in the inner structure of the coating diffuses to
the coating surface (the right inset in Figure 6b). In detail, the heat-treated coating needs ca. 5 days if
the size of the lubricant droplet increase to ca. 3.1 µm (the right inset in Figure 6b), whereas it needs
less than 12 h if the size of droplet increase to 3.1 µm (Figure 4f). The reduction of the repairing speed
may be due to the fact that surficial lubricant in the coating evaporates during the heat treatment.
As a result, much time is needed for the lubricant inside of the coating to diffuse on the surface.
The high-performance thermal durability may be ascribed to the lubricant capsules packaged into the
PDMS matrix, resulting in a low diffusing rate.

4. Conclusions

In summary, inspired by the epidermal glands, we developed a facile approach to durable SLIPS
with lubricant storage and release functions for icephobicity. The lubricant capsules via the hybrid
surfactant were formed and dispersed in the PDMS matrix, working as the gland-like structures to
release lubricant. The releasing of lubricant enabled the self-repairing lubricating layer. The surface of
the optimized sample still released lubricant after 20 icing/deicing test, and the ice adhesion strength
increased from 28.7 kPa to 40.8 kPa, outperforming the pristine PDMS. In addition, after storing
at 100 ◦C for 60 h, the weight loss of the coating was negligible and the lubricant still existed on
the surfaces, showing a thermally durable slippery effect. The high-performance durability was
then demonstrated as PDMS protecting the surfactant from evaporating in addition to an initial low
evaporating rate of the lubricant. The current strategy provides a facile approach to mechanically and
thermally durable SLIPS for icephobicity.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/9/10/602/s1,
Figure S1: Cross-sectional image of frog skin, Figure S2: Schematic of fabricating the coatings, Figure S3: Pore size
distribution of the 30% coating after removing the surfactant, Figure S4: Chemical structural formula of Tween 80,
Span 80 and PDMS, Figure S5: Optical micrograph of 30% coating before being wiped with lens paper, Figure S6:
Digital images of the water contact angels of the samples at 0 and 80 s, respectively, Table S1: Properties of coatings
prepared from varied weight ratio of hybrid surfactant.
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