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ABSTRACT Enabling surfaces with passive anti-icing prop-
erties is an emerging, facile, economical, and energy-saving
strategy to mitigate the harm caused by ice accretion. How-
ever, the combination of icephobicity and robustness remains
a daunting challenge. Herein, we present an ultra-robust
transparent icephobic coating with high toughness, strong
substrate adhesion, and self-healing capability. Hydro-
phobicity, smoothness, and softness of the coating guarantee
low ice adhesion strength. By incorporating a spongy struc-
ture, the ice adhesion strength of the coating is lowered further
down to 26.7 + 1.1 kPa. Importantly, the coating exhibits high
toughness, strong adhesion to the substrate, and self-healing
capability due to the presence of multiple hydrogen bonding.
Consequently, the coating maintains its icephobicity after 35
icing/deicing cycles and 600 abrasion cycles, is resilient to
delamination, and is able to heal and recover its icephobicity
from the mechanical damage introduced by both cuts and
abrasions. Moreover, the coating sustains its icephobicity after
eight months of immersion in saltwater, as well as exposure to
the near-arctic weather in Trondheim (Norway). This work
presents new insights into the design of robust icephobic
coatings that can sustain severe mechanical loading for use in
real complex environments.

Keywords: robust, icephobic, adhesion, toughness, self-healing

INTRODUCTION

The excess accumulation of ice on the exposed surfaces of air-
craft, ship hull, power line, pavement, windmill, and offshore
platform, may cause enormous economic loss, as well as
casualties [1-4]. Traditional active methods, such as the use of
heating, mechanical force, and anti-freezing agents, have been
applied to prevent ice accretion and protect infrastructure and
transportation. Nevertheless, in general, these active processes
are energy-intensive, time-consuming, costly, and environmen-
tally harmful [5]. As an alternative strategy, using passive ice-
phobic materials which can repel the incoming water droplets
before freezing, delay or prevent ice formation, and reduce ice
adhesion strength for easy removal by natural forces has drawn
widespread attention [6-10].

Superhydrophobic surfaces (SHSs), which possess a chemical
composition of low surface energy, combined with a hierarchical
micro-nano structure, present a remarkable ability to repel water
droplets and decrease ice adhesion strength [11-13]. However,
vapor can condense within the micro-nano structure of SHS in a
humid environment, which can lead to the formation of Wen-
zel-state water and ice, and thus induce mechanical interlocking
which increases the ice adhesion strength considerably [14,15].
Moreover, durability is another critical issue that hampers the
application of SHS for icephobicity, since the surface texture can
be easily destroyed during ice removal and by abrasion [16].
Lubricant-infused surfaces display low ice adhesion strength
because of the presence of a slippery liquid film on the surface;
however, it is well known that this film can be depleted by ice
and water [17]. Hydrophilic polymer networks, such as hydro-
philic self-assembled monolayers [18], hydrogels [19,20], and
ionogels [21], can suppress the ice formation and reduce the ice
adhesion strength because their functional groups and ions can
restrict the rearrangement of water molecules during freezing
[22]. However, these functional groups and/or ions can be easily
removed by mechanical wear and exhausted during cyclic
applications, resulting in poor durability [20,21]. Hydrophobic
soft coatings with sub-surface structures acting as macroscale
crack initiators show ultralow ice adhesion strength, resulting
from the formation of multiple cracks at the ice interface during
loading due to deformation incompatibility [23-25]. However,
mechanical robustness remains a common challenge to the
current soft coatings [1,26]. This work reports an endeavor
toward the development of robust icephobic materials that can
sustain severe mechanical loading and harsh environments.

To design a robust icephobic coating (RIC), it is crucial to
understand the failure process during deicing. As shown in
Fig. 1, the detachment of ice from the surface can occur in the
form of (i) cohesive failure of ice, (ii) adhesive failure between
ice and the coating, (iii) cohesive failure of the coating,
(iv) adhesive failure between the coating and substrate, or as a
combination of them [27]. In order to continuously protect the
surface from excessive ice accretion, adhesive failure between ice
and the coating is favored, while the other three failure modes
should be avoided (Fig. 1). Therefore, low ice adhesion strength
is the key to ensure such an adhesive failure. Soft coatings are
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one of the best candidates since they demonstrate great promise
for ultra-low ice adhesion [23,24]. The low ice adhesion strength
of soft coatings is mainly attributed to the mismatch of the
elastic modulus between ice and the coating [28]. It is known
that the ice adhesion strength (7) strongly correlates with
Young’s modulus (E) of the coating (T~\/E) [29]. It should be
noted that low modulus does not mean low mechanical endur-
ance, which also depends on the toughness of the coating. A
coating with high toughness shows enhanced wear resistance
and can prevent cohesive failure during the icing/deicing pro-
cess. In addition, strong adhesion between the coating and
substrate is vital to avoid delamination, although only a few
studies have focused on this topic [1].

Supramolecular silicones containing polydimethylsiloxane
(PDMS) segments and reversible cross-linking segments, exhibit
unique features of the intrinsic damage-healing function and
tuneable mechanical properties, including stiffness and tough-
ness [30-33]. Multiple hydrogen bonding has been introduced to
serve as reversible cross-linking segments for enhancing the
toughness of supramolecular silicones [34]. Most recently,
supramolecular silicones with hydrogen bonding sites have also
demonstrated strong adhesion to substrates, owing to the for-
mation of hydrogen bonds at the interface [30,32]. These char-
acteristics meet well with the requirement of RICs.

Herein, we present a supramolecular silicone elastomer con-
taining octuple hydrogen bonding as the icephobic material
(Fig. 1). The prepared RIC exhibits low ice adhesion strength,
especially when a spongy structure is incorporated (26.7 +
1.1 kPa). Thanks to the octuple hydrogen bonding, the RIC
shows extremely high fracture toughness (16.43 k] m™2) and tear
strength (9.63 kN m™), which can ensure coating integrity
under various forms of stress, such as mechanical loading and
harsh environments. As a result, RIC remains icephobic even
after 35 icing/deicing cycles and 600 mechanical abrasions. The
hydrogen bonding sites of RIC can also form hydrogen bonds
with various substrates (Fig. 1), thus enhancing interfacial
adhesion. Consequently, the chopped small piece of RIC keeps
adhering to the substrate after ice adhesion testing. In addition,
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the reversible nature of the hydrogen bonding endows the RIC
with self-healing properties, which helps to recover the coating
from cuts and abrasions. RIC also demonstrates stability during
saltwater immersion, and exposure to near-arctic weather (in
Trondheim, Norway). This work introduces a toughening
mechanism into soft icephobic coating and uses hydrogen
bonding to enhance substrate adhesion of icephobic coating for
the first time.

EXPERIMENTAL SECTION
Preparation

Synthesis of RIC solution

The synthesis route of RIC is shown in Fig. S1. Bis(3-amino-
propyl)-terminated PDMS (NH,-PDMS-NH,, 25.000 g, 5 mmol,
100-120 cst, DMS-A21, Gelest) in tetrahydrofuran (THF, 50 mL,
Sigma-Aldrich) was dropwise added into isophorone diisocya-
nate (IDI, 2.2228 g, 10 mmol, Sigma-Aldrich) in THF (15 mL)
under vigorous stirring, and then stirred for 2 h. Afterward, 1,2-
bis(2-aminoethoxy)ethane (0.741 g, 5 mmol, Sigma-Aldrich) in
THF (10 mL) was added into the mixture under vigorous stir-
ring and kept stirring at room temperature for two days before
further preparation and testing.

Preparation of RIC

RICs with different thicknesses were prepared by solvent casting.
The above solution or diluted solution (Table S1) was poured
onto a glass surface, which was installed into a homemade mold
[25], and then covered by Petri dishes and allowed to dry under
ambient conditions for three days.

Preparation of spongy RIC (RIC-S)

RIC-S was prepared by using the template method [29]. Edible
fine salt was kneaded by spraying water, cast in a cuboid mold to
shape the salt template into a size of 6 cm X 6 cm x ~0.15 mm,
and dried at 80°C for 6 h. Then 10 mL of the above RIC solution
was diluted by 15 mL of THF. Afterward, 15 mL of the diluted
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Figure 1

Design principle of an RIC. (i) Cohesive failure of ice, (ii) adhesive failure between ice and the coating, (iii) cohesive failure of the coating, or

(iv) adhesive failure between the coating and substrate, may occur during ice removal. Supramolecular silicone, forming the basis of the RIC, contains
hydrogen bonding sites leading to high toughness and the possible formation of hydrogen bonds with the substrate. This prevents the occurrence of cohesive

failure in the coating, and adhesive failure at the coating-substrate interface.
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solution was poured into the mold. After evaporation for three
days, the salt-RIC mixture was demolded. To remove the salt,
the salt-RIC mixture was then soaked in deionized water with
ultrasonic treatment. The water was changed every day. After 3-
day treatment, RIC-S was then dried at room temperature and
adhered to the glass surface by using RIC solution. The as-
prepared RIC showed a thickness of 1722 + 30 pm.

Preparation of Sylgard 184 coating

Sylgard 184 coatings (base/curing agent: 10/1) with different
thicknesses were prepared by drip coating or spin coating
(Table S1). The coatings were cured at 65°C for 4 h.

Characterization

The molecular structure of RIC was confirmed by 'H nuclear
magnetic resonance (NMR, Bruker Avance III 400 MHz) and
Fourier transform infrared (FT-IR, Thermo Nicolet Nexus FT-
IR spectrometer). Water contact angles (WCAs) were measured
on a drop shape analyzer (DSA100, KRUSS). Deionized water
(5 puL) was placed on the surface to obtain the static WCA. To
measure the dynamic contact angles, 5 uL of deionized water
was placed on the surface, followed by expanding and shrinking
of deionized water at a rate of 0.1 mL min~" via the needle of the
syringe. Quasi-static nanoindentation measurement was con-
ducted in TriboIndenter 950 (Hysitron, Inc.) by using a cono-
spherical diamond indenter with a radius of 2.40 um. The
samples were loaded to the maximum load (75 uN) in 5, fol-
lowed by holding for 2's, and then unloading for another 5 s.
Surface topography was recorded by atomic force microscopy
(AFM, Bruker Dimension Icon) or there-dimensional (3D)
optical profiler (Bruker). Optical microscopy images were
recorded by a differential interference contrast (DIC) micro-
scope (AxoScope Al, Carl Zeiss). Fracture toughness, tear
strength, and shear strength of RIC to the different substrates
were tested in an Instron mechanical testing system (model
5944). Fracture toughness was tested according to our previous
report [33]. Tear strength was tested according to the standard
ISO 34-1 by using a type of angle with a nick. For the shear
strength of RIC to another different substrate, RIC solution was
deposited onto a strip substrate (5cm x 1cm), followed by
pressing another substrate above it with an overlapping area of
(1 cm?). After evaporation for two days, the specimen was
subjected to a tensile test with a strain rate of 10 mm min~". The
peak value was recorded and divided by the overlapping area to
obtain the shear strength. Ice adhesion strength was tested by the
vertical shear method at —10, —18, or —26°C with a velocity of
0.01 mm s™' [25,28]. Deionized water (10 mL) was poured into a
tube mold sealed on the coatings and kept at a specific tem-
perature (—10, —18, or —26°C) for at least 4 h. Afterwards, the
specimen was transferred into the testing chamber with a spe-
cific temperature (—10, —18 or —26°C) and stabilized for 15 min.
During the test, the probe with a distance to the surface of
~1 mm propelled the ice cylinder at a velocity of 0.01 mm s~
The samples were abraded by a 400-grit sandpaper at a pressure
of 1.5 kPa with a linear back-and-forth motion. The ice adhesion
strength of the abraded sample was recorded every 200 cycles
[35]. For the durability test, RIC samples were immersed in
1 mol L' saltwater as well as exposed to the outdoor environ-
ment in Trondheim, Norway from 15" Aug. 2020 to 15™ Apr.
2021. Afterward, the samples were subjected to an ice adhesion
test.
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RESULTS AND DISCUSSION

The RIC polymer containing octuple hydrogen bonding was
synthesized by a chain extension reaction according to our
previous report (Fig. S1, preparation details are shown in Sup-
plementary information (SI)) [33]. RIC and reference Sylgard
184 coatings with different thicknesses were prepared by solvent
casting, drip coating, and spin coating (Table S1). The chemical
structure of RIC was confirmed by 'H NMR (Fig. S2) and FT-IR
spectroscopy (Fig. S3). RIC shows high optical transmission
(Fig. S4a), which makes it readily suitable for applications that
require light transparency, such as windows, sensors, and solar
panels.

It is known that surface wettability can affect the ice adhesion
strength [36]. To study the wettability of different surfaces, we
measured the static and dynamic WCAs of our RIC and com-
mercial Sylgard 184 coatings (Fig. 2a and Fig. S5). As shown in
Fig. 2, RIC shows a WCA of 112.1°, which is close to that of
Sylgard 184 (115.1°), demonstrating the hydrophobicity and thus
low surface energy of RIC. This is attributed to the identical
backbone of RIC and Sylgard 184, which are mainly composed
of PDMS. Their advancing contact angles (ACAs) also show
similar values, while the receding contact angles (RCAs) exhibit
a distinct difference. The RCA of RIC (48.1°) is ~38% lower than
that of Sylgard 184 (77.2°), because of the presence of hydro-
philic segments (ureido) in RIC. When the RIC is exposed to air,
the PDMS parts tend to arrange themselves on the top of the
surface to lower the surface energy. As the RIC contacts with
water, the hydrophilic parts will rearrange to the water-coating
interface, resulting in a lower RCA [37,38]. Nevertheless, at a
lower temperature, the mobility of the molecular chain will be
restricted, which will hinder the rearrangement of polymer
chains. Hence, the lower receding WCA may not imply the
higher work of adhesion at low temperatures.

To investigate the mechanical properties of the coatings, we
used nanoindentation with a cono-spherical indenter (Fig. 2b
and Table S2). The elastic moduli of the coatings can be obtained
from the load-depth curves (Fig. 2b). The calculated values are
3.95 and 2.12 MPa for RIC and Sylgard 184, respectively. Values
for the stiffness, reduced modulus, and hardness are also
reported in Table S2. Although the elastic modulus of RIC is
higher than that of Sylgard 184, it is still 2-3 orders of magni-
tude lower than that of ice [39]. Such a large mismatch in elastic
modulus will result in deformation incompatibility at the
interface during ice removal, which is in favor of the detachment
of ice from the coating [24,29].

The influence of surface roughness on the ice adhesion
strength is multifaceted [40]. The introduction of surface texture
may increase the hydrophobicity of the surface; however, it may
also lead to mechanical interlocking and increased ice adhesion
strength [4]. The topography of RIC was obtained by AFM, as
shown in Fig. 2c. Our RIC shows an ultra-smooth surface, with a
root-mean-squared roughness of 0.567 nm (Table S2), effectively
avoiding the mechanical interlocking between the formed ice
and coating.

Toughness is the ability of a material to absorb energy up to
the point of fracture. In this study, we used fracture toughness
and tear strength to characterize the mechanical properties of
RIC (Fig. 2d). For comparison, we also conducted the same tests
for pure Sylgard 184. The fracture toughness was tested by the
shear-test method, which has been widely used for soft materials
[33]. As shown in Fig. 2d, the fracture toughness of RIC is
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Figure 2 Characterizations of RIC and various reference materials. (a) Static WCAs, ACAs and RCAs of RIC and Sylgard 184. (b) Load-depth curves of RIC
and Sylgard 184 obtained from nanoindentation. (c) AFM height image of RIC indicates an ultra-smooth surface. (d) Fracture toughnesses and tear strengths
of RIC and Sylgard 184. (e) Shear strengths of RIC and reference materials on various substrates. Al: aluminium, PMMA: polymethyl methacrylate, PU9-CI:
mucus-inspired supramolecular adhesives [32], PE: polyethylene, PDMS-Cat1-Zn: dual-cross-linked supramolecular polysiloxanes with zinc ion [41], PDMS-

Catl-Ca: dual-cross-linked supramolecular polysiloxanes with calcium ions [41].

16.43k] m™, ~46 times higher than that of Sylgard 184
(0.35 k] m™?). The tear strength was measured according to the
testing standard ISO 34-1 by using an angle test piece with a
nick. The tear strength of RIC is 9.63 kN m™, about 8 times
higher than that of the commercial Sylgard 184 (1.24 kN m™).
The high toughness of RIC is attributed to the octuple hydrogen
bonding and the corresponding nanodomains, which can dis-
sipate a large amount of energy under loading.

Supramolecular silicones have been demonstrated to strongly
adhere to various substrates, which can avoid delamination in
practical applications [30,31,41]. We evaluated the interfacial
adhesion of our RIC to metal (steel and aluminum), inorganic
non-metal (glass), and polymer (polymethyl methacrylate) sur-
faces by measuring the shear strength. As shown in Fig. 2e, the
orange columns present the shear strength of RIC to the various
surfaces. RIC exhibits significantly higher shear strength to these
surfaces in comparison with the commercial 3M double-side
tape and other reported supramolecular silicones [32,41]. Such a
high adhesion strength is ascribed to the formation of hydrogen
bonding between RIC and these surfaces.

Self-healing, one of the characteristics of many supramole-
cular polymers, has been introduced to enhance the mechanical
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(f) Self-healing process of RIC at 100°C.

durability of icephobic coatings [25,28]. Herein, we applied a cut
in the RIC with a scalpel and let it heal at 100°C to study the
healing process (Fig. 2f). The cut can be clearly observed by
optical microscopy at the beginning of the healing process. As
time elapses, the two edges of the coating move closer together.
After 6 h, there is only a small visible indentation mark. The self-
healing capability of RIC results from the flexibility of polymer
chains and the reconfiguration of hydrogen bonds at the cut
interface.

Ice adhesion strength has been widely used to evaluate ice-
phobicity, which is defined as the ability of a surface to reach an
ice adhesion strength below 100 kPa [42]. In this work, we
characterized the ice adhesion strength of surfaces by the vertical
shear test. As shown in Fig. 3a, the adhesion strength of ice to a
bare glass surface is as high as 460.0 kPa. After being coated with
RIC, the ice adhesion strength dramatically falls to 84.7 kPa,
showing an 82% reduction. This value is slightly lower than the
ice adhesion strength of commercial Sylgard 184 (103.5 kPa).
The icephobicity of RIC results from the ultra-smoothness, low
modulus, and low energy of the surface. During ice removal, the
mismatch in elastic modulus between ice and RIC results in
deformation incompatibility at the ice-RIC interface, conse-
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Ice adhesion strengths of RICs and reference surfaces. (a) Ice adhesion strengths of glass, Sylgard 184 (316 + 22 pm), RIC (470 + 15 pm), and RIC-S
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All ice adhesion strengths were measured at —10°C. (c) Ice adhesion strengths of RIC (470 + 15 pm) and Sylgard 184 (316 + 22 um) coatings increase with

decreasing temperature.

quently inducing the interfacial voids. The formed voids can
thus promote the adhesive failure of the ice-RIC interface [23].
In order to further reduce the ice adhesion strength, we prepared
a coating with a spongy structure (RIC-S) as a representative
demonstration by adopting a salt-based (NaCl) template, as
shown in the inset of Fig. 3a. The spongy structure of RIC-S
further decreases the elastic modulus of the coating, and in
addition, such sub-structure promotes the deformation incom-
patibility, and thus the formation of cavities at the ice-coating
interface, which will serve as macro crack initiators that further
facilitate the detachment of ice [23,29]. As a result, the RIC-S
presents a remarkable icephobicity, exhibiting a very low ice
adhesion strength of 26.7 kPa.

To further investigate the influence of the coating thickness on
the ice adhesion strength, we prepared RIC and Sylgard 184
coatings of different thicknesses (Table S1). As shown in Fig. 3b,
the ice adhesion strengths of both RIC and Sylgard 184 show a
reduction trend from ~160 to ~50 kPa with thickness increasing
from ~80 to ~1000 um. This trend coincides with the previous
finding [43], i.e., increasing the soft coating thickness leads to a
reduction in ice adhesion strength.

Since temperature is known to play an important role in the
ice adhesion strength of coatings, the ice adhesion strengths of
RIC and Sylgard 184 were measured at —10, —18, and —26°C
[44]. As shown in Fig. 3c, Sylgard 184 shows an increase in ice
adhesion strength from 103.5 to 126.1 kPa as the temperature
drops from —10 to —26°C, while RIC exhibits an even more
pronounced increase. This increase in ice adhesion strength is
attributed to the increased number of hydrogen bonds at the
interface, leading to a higher elastic modulus. Because of the
presence of hydrogen bonding sites in RIC, the reduction of
temperature will raise the number of hydrogen bonds between
polymer chains, therefore inducing a more significant increase
in modulus in comparison with Sylgard 184 [28]. Raising the
temperature will increase the kinetic energy of molecules and
thus lead to weakening hydrogen bonds. Hydrogen bonds are
more stable and thus have a longer lifetime at low temperatures.
For a certain period, the monitored number of hydrogen bonds
should thus increase with decreasing temperature [45].

Besides the ice adhesion strength, durability is another key
aspect in the field of icephobic materials [25]. As mentioned
previously, one of the challenges in developing icephobic coat-
ings is the combination of icephobicity and durability. Herein,
the durability of RIC was investigated by monitoring the ice
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adhesion strength during icing/deicing cycles, cut/healing tests,
abrasions, water immersion, saltwater immersion, and outdoor
exposure. As shown in Fig. 4a, during 35 icing/deicing cycles, the
ice adhesion strength stays below 80 kPa, because the high
toughness helps to maintain coating integrity during ice
removal.

Substrate adhesion is one of the critical parameters that can
directly affect the coating’s durability. To verify the strong
adhesion of RIC to the substrate during deicing, we cut the
coating into square pieces on the substrate (Fig. S4b) and then
performed the ice adhesion test. During the test, the small square
pieces under the ice will undergo the shear force. Without strong
adhesion, delamination will occur instantaneously during dei-
cing. The ice adhesion strength of the cut sample shows only a
slight increase (Fig. 4b). Notably, the cut coating keeps adhering
to the substrate after the ice adhesion test (Fig. 4c, upper photo),
indicating excellent adhesion and the prevention of adhesive
failure between the coating and substrate. Furthermore, thanks
to the self-healing capability, the sample can fully self-repair the
cut after four days of healing at 100°C (Fig. 4c, lower photo).
Remarkably, the healed coating presents similar values of ice
adhesion strength as the original coating.

To further study the mechanical durability of RIC, we mea-
sured the ice adhesion strength after mechanical abrasions [46].
The coating was subjected to linear back-and-forth motion of
abrasion under the pressure of 1.5 kPa (Fig. S6), followed by the
ice adhesion test every 200 abrasions. Notably, the ice adhesion
strength of RIC keeps steady at around 80 kPa, even after 600
abrasions, because of the high toughness of the coating. After
800 abrasions, the ice adhesion strength of RIC increases to
above 100 kPa. This loss of icephobicity is ascribed to the
increased roughness and abrasion-induced ice interlocking. The
RIC is rendered translucent after 1000 abrasions, because of the
rough surface which scatters light to a greater extent, as shown
in Fig. S4c. The roughnesses of the coating before and after 1000
abrasions were further characterized by 3D optical profilometry,
as shown in Fig. 4e (left panel and middle panel). The surface
becomes uneven after 1000 abrasions (Fig. 4e) with the root-
mean-squared roughness increased from 7.9 to 1127 nm
(Table S3). Unavoidably, such high roughness leads to
mechanical interlocking during ice removal which increases the
ice adhesion strength. Nevertheless, the abrased coating is cap-
able of self-healing the damage induced by mechanical wear, as
shown in Fig. S4d. The hazy abrasive RIC turns clearly trans-
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deicing cycles. (b) Ice adhesion strengths of RIC before cut, after the cut, and after self-healing. (c) RIC self-heals the cuts at 100°C for four days. The upper
photo shows the cut sample after ice adhesion testing, while the lower photo shows the sample after self-healing. The coating was applied onto a 6 cm x 6 cm
glass substrate. (d) Ice adhesion strengths of RIC during abrasion tests and after self-healing from abrasion (denoted by a red star). (¢) Morphologies of RIC
before abrasion (left), after 1000 abrasions (middle), and healed from abrasions (right), as characterized by the 3D optical profiler. (f) Ice adhesion strength of

RIC keeps stable after outdoor exposure and saltwater immersion (Trondheim, Norway; from 15" Aug. 2020 to 15" Apr. 2021) for eight months.

parent after the healing process at 100°C for one day, due to the
recovery of the surface smoothness (Fig. 4e, right panel). The
root-mean-squared roughness decreases to nanoscale (19.4 nm).
Such a smooth surface prevents mechanical interlocking, and
hence the ice adhesion strength of repaired RIC returns to
75.5 kPa.

To verify the durability in a real environment, we conducted
outdoor exposure of the RIC in Trondheim, Norway from 15%
Aug. 2020 to 15 Apr. 2021 (i.e., through the summer, autumn,
and winter periods). During the testing, the temperature and
humidity changed, and factors such as solar radiation, dust
contamination, and icing/deicing, are potential promoters for
delamination, mechanical breakage, oxidation, and degradation
of the coatings. Although undergoing such complex challenges,
the RIC retains its icephobicity by presenting a low ice adhesion
strength of 63.5 kPa (Fig. 4f). Furthermore, in the application for
ship hull and marine infrastructure, the resistance of the coating
to saltwater is also important. The ice adhesion strength of RIC
after eight months of saltwater immersion stays at around
76.0 kPa, demonstrating remarkable stability in saltwater. The
stability of the coating in a complex environment is attributed to
the hydrophobicity, chemical inertness, toughness, as well as
strong adhesion to the substrate. The hydrophobicity, resulting
from the PDMS segments, diminishes the swelling of the coating
under saltwater. The chemical inertness of the RIC inhibits
chemical reactions during liquid immersion and weather expo-
sure. At the same time, the mechanical toughness and strong
adhesion prevent the breakage and delamination of the coating
during liquid immersion and outdoor exposure. Hence, RIC can
sustain severe mechanical loading and harsh environments.
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CONCLUSIONS

In summary, we designed and fabricated an RIC possessing high
toughness, strong adhesion to the substrate, and self-healing
function. For the first time, we introduced the toughening
mechanism to enhance the mechanical durability of soft ice-
phobic coatings. RIC demonstrated high fracture toughness
(16.43 kI m™) and tear strength (9.63 kN m™), due to the
incorporated octuple hydrogen bonding, which also gives a
strong interaction with the substrate. The prominent toughness
and strong adhesion to various substrates endow the coating
with the capability to withstand multiple icing/deicing cycles,
mitigate the effect of mechanical abrasions, and avoid coating
delamination. Consequently, RIC maintains its icephobicity after
35 icing/deicing cycles and 600 sandpaper abrasions, while
maintaining its excellent optical transparency. In addition, the
RIC presents a self-healing capacity owing to the dynamic
hydrogen bonds, and can thus self-repair mechanical damage
such as cuts and abrasions to recover its icephobicity. Further-
more, the RIC also displays remarkable stability in the complex
harsh environment, such as weather exposure and saltwater
immersion. This work can not only guide the development of
durable icephobic coatings but also inspire the design of other
protective coatings (anti-fouling, anti-corrosion, etc.) towards
high durability in complex harsh environments.
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