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Ice and snow accretion on outdoor facilities may degrade their functions and reduce their service life. Super-
wetting materials have been widely studied and present high potential in anti-icing and de-icing applications.
However, it remains challenging that the materials cannot prevent and remove the ice accretion spontaneously in

i‘;ﬁf‘:;’;}dmphomcny harsh conditions. Penguins can freely jump in and out of extremely cold water (—40 °C) without forming
de-icing & macroscopic ice because of the superhydrophobic performance of their flexible feathers. Here, Penguins-inspired

superhydrophobic shape memory composite films with unique properties, including lightweight and shape
morphing, are fabricated via a two-step method consisting of spraying and peeling processes. It presents good
superhydrophobic performance with a large WCA of 152.4 4+ 5° and a small WSA of 6 + 1° in addition to
excellent shape memory performance (recovery ratio > 99%) and good mechanical strength. The simple fabri-
cation methods make it possible to produce large-size films at low cost, which is versatile for different appli-
cations. Most importantly, the film displays the capabilities of inhibiting freezing, ice, and snow accumulation
with improved ice removal efficiency due to the synergetic effects of the superhydrophobic and efficient pho-
tothermal activity. Furthermore, its robustness and durability make it a good candidate for industrial

applications.

1. Introduction

Ice and snow accumulation often cause serious impacts on trans-
portation [1], powerlines [2], solar panels [3], aircrafts [4], etc. The
commonly used methods, including physical [5,6], and chemical
methods [7], are not effective enough in removing the ice bulk and
consume a large amount of energy. Hence, developing effective and
reliable anti-icing or de-icing techniques is becoming a hot topic [8-10].
Inspired by nature's unique wetting and dewetting phenomena, some
functional materials have been proposed as the best candidates for
anti—/de-icing applications. For example, lotus leaves-like super-
hydrophobic materials presented good anti-icing performance [11] due
to the effective propelling of cold-water droplets before freezing [12],
prolonging the icing time [13], and reducing the ice adhesion strength
[14]. However, such materials may suffer from the drawbacks of being
fragile and brittle at ultralow temperatures, which limit their applica-
tion potentials, although recent studies have improved the physical and
chemical robustness [15-18] and the stabilities of the icephobicity
under extreme conditions [19,20]. Hence, achieving completely ice-free
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property with good long-term performance is important to satisfy the
demand in real applications.

Materials with anti-icing and de-icing properties are becoming more
and more popular in the future [21-23]. It requires preventing the
adhesion of supercold water droplets and accelerating their repellency
before being frozen during the anti-icing process. In addition, the ma-
terials can actively melt or remove the accumulated ice. Therefore,
specially designed functional materials have been proposed with unique
properties, such as electrothermal [24,25], magnetothermal [26,27],
and photothermal [28,29] activities. For example, Li et al. [24] reported
a transparent electrothermal material using wrinkled graphene,
achieving quick defogging, low energy consumption, and good robust-
ness. To avoid using electricity, Wu et al. [29] proposed a transparent,
photothermally icephobic surface coating, which could effectively
convert ubiquitous sunlight to heat to remove frost or ice. Dash et al.
[30] created a multilayered de-icing photothermal trap laminate con-
sisting of a selective solar absorber, a thermal spreader, and an insu-
lation layer to reduce heat loss. The laboratory and outdoor experiments
demonstrated the removal performance of different types of ice, like
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frost, frozen droplets, and snow, over a large surface area under gravity
or aerodynamic forces. Although significant progress in functional de-
icing materials has been made, it should be noticed that these mate-
rials, as two-dimensional (2D) anti—/de-icing materials, cannot actively
remove the ice by changing their shapes if the freezing water is static.

Penguins are representative animals living in the Antarctic, where
the wind speeds are 40 m/s, and the air temperatures and water tem-
peratures are about —40 °C and — 2.2 °C, respectively. They frequently
dive in and out of cold water during the frigid winter without forming
macroscopic ice on their feathers [31] due to their unique surface
chemistry and physical structures. The glands of their feather could
release grease as the superhydrophobic layer for repelling water droplets
while reducing ice adhesion, resulting in excellent de-icing performance
[32]. Noticeably, the penguins frequently change the shape of their
feathers when they are in and out of water. This mechanical deformation
of the surface is also essential for dewetting and de-icing. Inspired by
this, a novel 3D anti—/de-icing material is designed by combining
photothermal performance and mechanical shape change behavior with
a superhydrophobic material, which could be developed for future
anti—/de-icing applications.

Shape memory polymer (SMP) and composites are representative
smart materials capable of changing their shape under external stimuli
[33,34], including electricity [35], magnetic field [36], light [37], and
water [38]. It is known that morphology and chemicals are two main
factors that dominate surface wettability [39]. The design of the 3D
anti—/de-icing material is based on developing a superhydrophobic SMP
material with photothermal effects. The SMP composites are widely
studied in tuning the surface wettability due to the ability to memorize
any shapes of the structures at multiple dimensions [40,41]. Wang et al.
[42] reported a shape memory superhydrophobic micropillar surface
structure with a switchable wettability controlled by applying the
external force and voltage bias. The active de-icing material exhibited
good electrothermal properties with excellent thermal conductivity.
Chen et al. [43] prepared the shape memory GO/EP composites with
high anti—/de-icing efficiency. It illustrated that the solid ice could be
removed due to the active deformation of shape memory GO/EP com-
posites, resulting in the self-removal of ice. Nevertheless, the anti-icing
and de-icing performance of shape-morphing superwetting materials is
less reported, although it can be expected that the combination of
superwettability and SMP composites present two advantages in
achieving de-icing. First, it can effectively prevent water adhesion and
ice accretion. Meanwhile, shape-changing can be conducive to de-icing
by reducing the ice adhesion while actively removing ice deposition.
Furthermore, shape memory materials can be widely applied in diverse
industrial areas utilizing low-cost and large-scale spraying methods.
[44,45]

In this work, we developed the MWCNT-reinforced super-
hydrophobic shape memory composite films with photothermal activity.
The composite films present good superhydrophobic properties (WCA ~
152.4 £ 5° and WSA ~ 6 + 1°) with excellent shape memory perfor-
mance (recovery ratio > 99%), which can be actuated by different
stimuli, like heat, IR light, and hot water. The thin film is lightweight but
with good mechanical strength. Its excellent light absorption across a
wide wavelength range made it a good candidate for photothermal ef-
fects. The composite films exhibited excellent outdoor anti-icing and de-
icing properties while maintaining good durability after repeating harsh
fatigue tests, including thermal cycles, boiling, abrasion, water flush,
and pressed by heavy loading. The simple and low-cost large-scale
fabrication of the superhydrophobic shape memory composite films via
spraying methods makes them commercially viable in industrial anti-
icing and de-icing applications.
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2. Experimental section
2.1. Materials and methods

Multi-walled carbon nanotubes (MWNTs) were purchased from
Suzhou Tanfeng Graphene Technology Corporation. 1H,1H,2H,2H-per-
fluorooctyltrimethoxysilane (PFOTS) and ethyl acetate (EA), PDMS
(Sylgard 184), and its curing agent were obtained from Shanghai
Macklin Biochemical Corporation. The shape memory epoxy resin
(SMEP) was made from bisphenol A-type epoxy resin and Jefamine
D230 in our lab, which were purchased from Shanghai Macklin
Biochemical Corporation.

2.2. Fabrication of the superhydrophobic film

The preparation process of the superhydrophobic film is illustrated
in Fig. 1. Firstly, a certain amount of MWNTs (0.5, 0.55, 0.6, 0.65, 0.7,
and 0.75 g, respectively) was dispersed in 100 mL EA, followed by
magnetic stirring for 5 min. The samples were labeled as MWNT-0.5,
MWNT-0.55, MWNT-0.6, MWNT-0.65, MWNT-0.7, and MWNT-0.75,
respectively. PFOTS was added into the suspension dropwise to a total
of 1 wt%. After stirring for 12 h, 6 g SMEP was fully dissolved in the
solution by magnetic stirring for another 12 h. Then, 2 g PDMS was
added to the solution and magnetically stirred for 12 h. Before spraying,
PDMS curing agents (0.2 g) were added and stirred for 2 h. The as-
prepared solution was sprayed with compressed air (2-4 MPa) onto
the glass plate covered by release cloth. The spraying distance was about
15 cm, and the spraying gun was moved at a speed of 5 cm/s. Afterward,
the coating was cured at 100 °C for 2 h. Finally, the superhydrophobic
film was detached from the glass plate. As the control group, the
superhydrophobic films without either SMEP or PDMS were fabricated
with the same method, in which 0.7 g of the PFOTS-modified MWNTs
were added.

2.3. Sample characterization

2.3.1. Morphology, chemicals, and wetting states characterization

The surface morphologies and chemicals of the films were investi-
gated by scanning electron microscopy (SEM, TESCAN AMBER, Czech),
X-ray photoelectron spectroscopy (XPS, Kratos, UK), Energy Dispersive
Spectroscopy (EDS, Oxford Ultimately MAX40, UK), and Fourier
Transform Infrared Spectroscopy (FTIR, PerkinElmer L1600400, USA),
respectively. The surface roughness was measured by 3D optical mi-
croscopes (Bruker Contour GT-X, Germany). The surface wetting
behavior was evaluated by water contact angles (Oca, WCA) and sliding
angles (6sa, WSA). The values were measured by a contact angle meter
(Shengding-100S, China) at an ambient temperature of 23 + 2 °C, and
the tested volume of water droplets was 5 pL.

2.3.2. Shape-memory behavior characterization

Differential scanning calorimetric (DSC, NETZSCH STA 449 F3,
Germany) data were recorded from 25 to 200 °C under a nitrogen at-
mosphere, where the heating rate was 10 °C/min. Dynamic thermo-
mechanical analysis (DMA) was employed to investigate the thermo-
mechanical properties of the samples between 25 and 200 °C at a
heating rate of 3 °C/min under strain applied at the constant frequency
of 1 Hz.

To evaluate the shape recovery performance, the film was cut into a
rectangular shape (10 x 30 mm?). It was bent into a “U” shape above the
Ty and quickly fixed in the temporary shape after cooling to room
temperature under external force. The shape recovery was actuated and
recorded when the deformed films were heated to 100 °C. During the
recovery, the change of the deformation angle, 6(t), was recorded from
the photographs using Digimizer software. The recovery ratio (R) is
defined as follows [46]:
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Fig. 1. Schematic of the preparation process of the superhydrophobic film through the spraying method.
R% — o(r) — 6, o was investigated by measuring the 6cs and 6sa at different pH. The
" T 180 — 6, abrasion test was also investigated by directly pulling and scuffing the

where 0 is the deformation angle at the time of 0 s.

2.3.3. Light absorption characterization

The diffuse reflectance UV-Vis-NIR spectrophotometer (UV-3600-
plus, Shimadzu) was utilized to evaluate the light absorption perfor-
mance in the wavelength range of 200-2500 nm. The visible light ab-
sorption was measured by UV-Vis spectrophotometer (UV-2600,
Shimadzu) and the wavelength range was 200-1400 nm.

2.3.4. Anti-icing and de-icing test

All outdoor tests were carried out in winter in Harbin, China. The
freezing times of both bare aluminum plate and that covered with the
SMEP composite films were recorded by placing 50 pL water droplets on
the surfaces at the environment temperature of —15 °C. The de-icing
tests were carried out by observing the ice melting process from the
samples illuminated by infrared light (808 nm, 1 W). And the icing/de-
icing cycles of as-prepared composite film was investigated by
immersing in water and iced in refrigerator for 12 h, followed by the
evolution of wettability. The anti-icing and de-icing tests of freezing
rain, snow, and hybrid situations were also evaluated on the wings of a
model aluminum airplane, with the temperature recorded by a hand-
held thermal camera (HIKMICRO H21, China).

2.3.5. Robustness and durability test

The durability of the superhydrophobic property under thermal
shock was tested by immersing the composite films in boiling water for
5 min, followed by measuring the 6cs and Osa. The chemical stability

film on sandpaper (grit #360) along a fixed direction. Each abrasion
cycle was carried out with a displacement of 10 cm at a speed of 2 cm/s
under the loading of 100 g. After several abrasion cycles, the changes in
surface wettability were evaluated by the 6ca and 6sy values. A water
flushing test was carried out by placing the superhydrophobic film under
the tap with an impacting pressure of ~2.5 kPa. The resultant 6y and
Osa were measured every 5 min.

3. Results and discussion
3.1. Surface morphology, chemicals, and wettability

The spray method is widely used in the fabrication of coatings and
films. As shown in Fig. 1, the superhydrophobic coating was directly
sprayed on the glass plate and peeled off after being cured. This simple
fabrication method doesn't require sophisticated equipment while easily
obtaining large area samples to satisfy the wide demand. The multi-scale
structures are essential in achieving the superhydrophobic surface.
Fig. S1 shows that the surface morphology became rougher with the
increase in MWNTSs.Meanwhile, the WCA was increased while the WSA
was decreased, as shown in Fig. 2d. The best superhydrophobicity was
obtained from the MWNT-0.75 with maximum 6ca 0f153.9 + 6° and
minimum fgp of 6 + 1°. However, the MWNT-0.75 film is too fragile to
be peeled off in one piece. Instead, the MWNT-0.7 film was selected for
further tests with the 0cp of 152.4 + 5° and #sp of 6 &+ 1° since it
exhibited good tensile strength. Fig. 2a shows the irregular micro pro-
trusions on the superhydrophobic MWNT-0.7 film due to the stacking of
MWNTs. The magnified SEM images in Figs. 2b and c revealed that some
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Fig. 2. The investigation of superhydrophobic film of MWNT-0.7. (a) - (c) SEM images at different magnifications 500 x, 2kx, and 20kx, respectively. (d) Wettability
test: water contact angle (WCA) and water sliding angle (WSA) as a function of MWCNT contents. (e) Surface roughness image from a 3D optical microscope. (f) FT-IR
spectrum of MWNT-0.7. (g) Immersion of the film in water. (h) Self-cleaning test: juice (high sugar content), soy sauce (high salt content), and yogurt (high pro-

tein content).

nano-wrinkles covered the micro-hemispheres on the protrusions. The
surface roughness (Ra) of the MWNT-0.7 film was about 7.075 pm from
the 3D optical microscopic image in Fig. 2e.

The chemical composition is another factor that determines the
superhydrophobic property. The FT-IR spectra of MWNT-0.7 composite
film in Fig. 2f show two absorption peaks at 1094 and 801 cm ™! asso-
ciated with the bending and stretching vibrations of Si-O-Si bonds. The
peak at 1637 cm™! could be assigned to the skeleton vibrations of the
benzene ring in the EP main chain [47]. The peaks at 3475 and 2974
cm ! are assigned to O—H and C—H stretching vibrations, respectively.
The presence of -OH could be attributed to the absorbed Hy0. The peak
at 1261 cm ! is attributed to the -CF3 symmetric stretching vibration,
indicating that the fluorine groups successfully modified the MWNTSs
[48]. The existence of fluorine elements on the outer layer of the
embedded MWNTs was also confirmed by XPS, as shown in Fig. S2. The
strong signals of silicon (Si), carbon (C), oxygen (O), and fluorine (F)
were observed at 102, 284, 532, and 688 eV, respectively. Table S1
presents the atomic ratios of the four elements in the composite film,
where the high atomic ratio of fluorine is essential in achieving
superhydrophobicity.

The superhydrophobic property of the MWNT-0.7 composite film is
also demonstrated by the air trapped on the surface of the film when it is
immersed in water. Fig. 2g shows the bright mirror formed at the surface
due to the reflection of light by the air layer, indicating the air cushion
was formed at the interface. Fig. 2h and supporting video 1 also

demonstrated the low adhesion of particles on the surface. At the tilt
angle of 7°, the deposited sand grits were easily removed by several
water droplets. In addition, the liquid droplets with different viscosities
are entirely rolled off the film without contamination, such as juice (high
sugar content), soy sauce (high salt content), and yogurt (high protein
content). Due to the high viscosity of yogurt, it takes longer to slide off,
but the process can be accelerated by applying water droplets. The re-
sults confirmed the superhydrophobic property of the composite film
with good self-cleaning behavior. Hence it was selected for further
investigation.

3.2. Shape memory properties

More interestingly, the shape memory of the superhydrophobic film
can be actuated by external stimuli, such as heat and infrared light. The
dynamic thermomechanical test evaluated the thermodynamic proper-
ties of the SMEP and MWNT-0.7 composite film. Fig. 3a shows the
temperature-dependent storage modulus (E') analyzed by DMA. With
the increase in temperature, both samples showed a change of stiffness
with the E* values degraded significantly, which contributed to the
excellent shape memory behaviors [49]. In addition, the E* of the
MWNT-0.7 composite film (380 Mpa) is 4 times lower than that of the
SMEP (>1600Mpa), which could be attributed to the interfacial inter-
action that existed between the nanotubes and the SMEP matrix [50], or
the restriction of relative displacement of molecular segment [51]. The
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decrease in the E" value could also be related to the dilution of SMEP due
to the addition of MWNTs. The peak of loss factor (Tan 8) suggests that
the glass transition temperatures (Tg) of pure SMEP and MWNT-0.7
composite films are 67 and 66 °C, respectively. The results indicate
that PDMS and CNT have less effect on the Tg. The schematic diagram in
Fig. 3b shows the measurement of the shape memory effect. The samples
were folded into a “U” shape under external loads with temperatures
above Tg. When the temperature was decreased below the Ty, the folded
shape is fixed (memorized) even after removing the load. Once external
stimuli are applied to the sample, like heat, IR light, or magnetic, it can
be triggered to recover to its original shape.

The heat-triggered shape-memory test is employed to characterize
the shape recovery ratio, and the insets in Fig. 3c display the real-time
shape changes of the SMEP composite film (MWNT-0.7). The original
shape was recovered within 89 s with a recovery ratio of over 99%,
indicating its excellent shape memory effect. Employing this unique
character, the SMEP composite film can be folded into a temporary scroll
shape with no need for fastening rings; see supporting video 2. As shown
in Fig. 3d, the film was written with characters of “HIT CSMS” (Harbin
Institute of Technology, Center for Smart Materials and Structures)
before being folded. When heated above the Tg, the scroll deployed
gradually and recovered to its original shape. Even at a temperature
above the T, the superhydrophobic property was maintained as the
water droplets formed in a ball shape and easily slid off the surface. In
addition, the surface property was not degraded by repeating water
washing; hence it is suitable for long-term outdoor applications. The
shape memory effect can also be triggered by illumination with near-
infrared light (\ = 808 nm, 1 W). As shown in Fig. 3e, the ring of
SMEP composite film can be contactless activated and selectively
deployed by controlling the location of light illumination. The curved
SMEP composite film recovered to its original shape after submerging in

hot water (> 90 °C), as shown in Fig. 3f. Interestingly, the floating film
could not be pressed into a hot water pool, and the water droplet was
formed in a spherical shape, as shown in Fig. 3h. This unique property
offers the possibility of designing a large deployable platform on the
water. As ultra-thin, the MWNT-0.7 composite film can be morphed into
any shape, for example, a triple-folded “M” shape (see Fig. 3g). Due to its
excellent superhydrophobic properties, water droplets quickly slid down
along the film. Additionally, the variable stiffness property endowed the
film to undertake the impacting force of water droplets without external
supporting structures. Therefore, enormous-sized films can be poten-
tially designed as deployable habitation cabins.

3.3. Lightweight, mechanical and photothermal properties

The SMEP composite films also present a lightweight property. As
shown in Fig. 4a, the composite film was easily suspended when placed
on a dandelion. The measured density is as low as 0.78 g-cm™°, pre-
senting its ultra-low weight property. From the SEM image of its cross-
section (see Fig. 4b), it is revealed that the film is composed of a basic
layer and a hierarchical structure. The thickness of a basic layer is
approximately 180 pum, acting as the holding layer. To investigate the
mechanical property of the thin film, a series of experimental studies
were carried out; see supporting video 3. As shown in Figure 4cj, the
SMEP composite films could withstand a total weight of 1.5 kg before
the film (10 mm x 50 mm) was broken, similar to a single
SMEP@CNTO.7 film (Figure 4cy). However, it presented a better me-
chanical property than the single PDMS@CNT 0.7 film, which can only
bear the total load of 300 g, see Figure 4cy. After sharp pressing and
stretching 25 times, the SMEP composite film kept its integrity and
superhydrophobicity, as shown in Fig. 4d. It revealed that SMEP com-
posite film presented good mechanical strength even with a small
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thickness.

Besides, the hierarchical structures of the MWCNT layer acted as the
functional layer, contributing to the maximum light absorption. The
reflectance of the SMEP composite film across the UV-vis-NIR region
with a wavelength between 250 and 2500 nm is shown in Fig. 4e. The
reflectance of the MWNT-0.7 film gradually decreased as the wave-
length of light increased. Especially, the reflectance decreased below
0.1% at the wavelength of 785-2300 nm. Its unique light absorption
ability at the NIR region is beneficial for de-icing applications with
sunlight-driven photothermal conversion. The SMPE composite film can
be fabricated large-scale for practical applications using the standard
spray coating. As shown in the insets of Fig. 4e, the film was fabricated
with a side length longer than 300 mm, restricted by the mold size.

Moreover, the visible light absorption property was also investi-
gated, as shown in Fig. 4f. It showed that the overall absorptions of
specific wavelengths between 400 and 1400 nm were higher than 95%,
which is attributed to the hierarchical micro-nano structures. Especially,
98% of the light near 808 nm was absorbed, indicating good IR ab-
sorption performance, which is important for the photothermal perfor-
mance. The strong light absorption was achieved via light trapping and
decreased Fresnel reflection [52], as illustrated in the insets of Fig. 4f. In
addition, the films displayed uniform and excellent functional properties

even at a large scale. When a cup of water was poured onto a film of
large size, as shown in Fig. 4g and supporting video 4, water droplets
quickly slid off after hung up, presenting good superhydrophobic and
water-repelling properties. The film was placed on the rough ground to
testify to its mechanical robustness, and a vehicle (its total weight over
1559 kg) was slowly run over it. There was no obvious damage to the
film even after rolling over 5 times, although it was covered with
numerous bumps and pits (see Fig. 4h and Fig. S3). Meanwhile, the
composite film cannot be wetted even washed by water, proving that the
hierarchical structure was preserved.

Based on its variable stiffness, good superhydrophobicity, and me-
chanical properties, it could be designed as a new type of smart cape for
body protection. Compared with conventional silk capes, the composite
cape exhibited two specific features. At a defensive state (room tem-
perature), the composite cape can tightly wrap the penguin as a shield,
protecting the penguin from chemical and physical damage, as shown in
Fig. 4i. In a casual state, the cape slowly deployed and recovered to its
original shape when it was heated (hot water injected). The shapes could
be fixed without needing external force after their temperature
decreased below the T, Meanwhile, this property also enables the
composite film to be easily adhered and glued onto facilities™ surfaces
with diverse shapes for protection. It can be foreseen that the SMEP
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composite film can be widely used in various potential applications
because of its multifunctional properties.

3.4. Anti-icing and de-icing properties

The surfaces of outdoor facilities should have anti-icing and de-icing
properties to keep them ice-free. Anti-icing is achieved by preventing the
accumulation of water droplets before they are frozen by rolling off
driven by wind, gravity, and vibration. Surfaces can achieve good de-
icing properties if they can remove the ice smartly and actively. To
evaluate the anti-icing and de-icing performance, the SMEP composite
films were adhered onto an aluminum plate by thin double-layered
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sticking tapes and placed outdoors at the environmental temperature
of —15 °C. For comparison, the bare aluminum plate was simultaneously
placed in the same conditions. Afterward, 50 pL water droplets were
dropped on both sample surfaces, and the freezing process was recorded
in Fig. 5a. It was found that the deposited water droplet quickly spread
on the bare aluminum plate and was frozen into ice within 31 s. But the
icing process was greatly delayed on the MWNT-0.7 composite film,
where water droplets completely froze after 292 s, about 10 times longer
than that on the bare aluminum plate. During the frozen process, water
droplets preserved the spherical shape, significantly reducing the ice-
solid contact area and resulting in slow thermal energy transfer and
ice formation. Therefore, the formed ice could also be easily removed

Ice free on SHS

Cassie State

Iee N\

\ cumulation™

3

Fig. 5. (a) Anti-icing and de-icing test on bare aluminum plate and that covered by SMEP composite films at —15 °C; (b)-(d) heat transfer model of anti-icing and de-
icing process respectively; (e) Freezing rain test of the wings of an airplane model with or without SMEP composite films at —14 °C and (f) the thermography of
airplane model; (g) Snow test and (h) hybrid test of the freezing rain of airplane model with or without SMEP composite films at —10 °C.
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from the surface by surface movements, including wind, gravity, and
vibration. Furthermore, the de-icing property is another advantage of
composite films. When the infrared light was applied to the composite
film, the ice droplets melted within 10 s. If the sample is tilted, the
melted water droplet could easily slide off with little drag, indicating the
film has good de-icing properties at low temperatures. In contrast, ice on
the bare aluminum plate cannot be melted even under IR illumination
for several minutes. From the icing/de-icing test in Fig. S5, it showed
that the as-prepared composite film remained good superhydrophobic
performance after 6 icing/de-icing cycles.

The excellent anti-icing and de-icing performance of the MWNT-0.7
composite films can be explained through the heat transfer model be-
tween droplets and the surfaces, as shown in Figs. 5b-d. Water droplets
were suspended over the hierarchical structures for the anti-icing pro-
cess, presenting Cassie's state. As shown in Fig. 5b, the total heat loss
(AQp) was mainly attributed to three terms in an outdoor environment,
defined in eq. (1a) [53,54]:

AQ = Qu+0u+0, (1a)

where Q, Q7 and Q* are the conduction heat loss, the convection heat
loss, and the heat loss by thermal radiation at the triple-phase interface.
Therefore, a superhydrophobic surface can significantly reduce the heat
loss of water droplets through multi-phase interfaces. This was impos-
sible on the bare aluminum plates, where the heat loss rate was
dramatically increased due to its complete wetting state [54]. It can be
concluded that the SMEP composite film can enhance the removal
possibilities of supercold water by slowing the heat exchange. For de-
icing, the heat transfer process on SMEP composite film is different
because of its excellent photothermal property, see Fig. 5c. In this sit-
uation, water droplets could gradually obtain heat power by conduction
(Qcp) and heat radiation from an air cushion (Q;;;)- Meanwhile, it also
suffered from heat loss by natural convection (Q). As illustrated in
Fig. 5d, the heat exchange can be expressed as eq. (2) [55]:

AQ = 0y + 0, — O (2)

As a result, the spherical ice particles can quickly melt if the heat
gained by conduction (Q) and radiation from the air cushion (Qfl) is
larger than the heat loss. It is expected that the higher the photothermal
efficiency is, the shorter the melting time will be. Therefore, the key
point in enhancing the de-icing performance of photothermal materials
is to increase solar-heat conversion efficiency for future applications.

To prove the performance of the composite films in a natural envi-
ronment, outdoor experiments with freezing rain and snow have been
carried out in winter in Harbin, northern China. The composite films
were attached to the surface of a model airplane wing, as shown in
Fig. 5e and supporting video 5. The cold water was dropped on the wings
of an airplane model at the outdoor temperatures of —14 °C by
mimicking the freezing rain situation. Water droplets quickly slid off the
wing covered by the composite film resulting in the ice-free wing sur-
face, see Figure 5f]. But water droplets were iced on the bare wing within
75 s. Figure 5f; shows the thermography of the airplane model. The
temperature of the aircraft wing covered with SMEP composite films
could reach over 5 °C, but the bare aircraft wing was lower than —5 °C
on average. The relatively high temperature of the composite film
limited the possibility of ice formation.

To investigate the de-icing performance in snow, the experiments
were carried out on a snowy day with an outdoor temperature of —10 °C.
As shown in Fig. 5g and supporting video 6, both wings of the airplane
were accumulated by a layer of snow. After the IR light was applied to
the composite film, the snow on illuminated sections was gradually
melted into water. Due to the low adhesion property of the film, the
melted water actively self-coalesced into a water ball, as shown in the
insets of Figure gj;. The water droplets can be easily removed by wind or
vibration due to the small contact area. Eventually, the illuminated areas
were completely snow free, as shown in Figure gyy;.
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Furthermore, an experiment was carried out to investigate the anti-
icing and de-icing properties in extreme conditions with freezing rain
and snow, see supporting video 7. As shown in Figure hj, the freezing
rain effectively removed the snow on most segments of the film,
although the ice was also inevitably formed. In contrast, on the bare
airplane wing, the freezing rain accumulated on surfaces with snow
simultaneously. This proved that the films could be a good candidate for
freezing rain and snow prevention. When IR light was applied to the ice
regions, the light directly acted on the interface through the ice layer,
leading to the ice at the interface melting into the water until the re-
sidual ice slid off. Here, the melted water acted as the lubricant, as
shown in Figures hy and hy;;. Consequently, it proves that the composite
film possesses good anti-icing and de-icing performance even in extreme
conditions.

3.5. Robustness and durability

For potential outdoor applications, the films inevitably suffer from
chemical and mechanical degradation, which might affect the super-
hydrophobic property and weaken the icephobic performance. As dis-
cussed in Section 3.2, one advantage of the SMEP composite films is that
they can be easily attached and fitted to the complex outline of a facility
when heated. The films will inevitably be heated and reshaped repeat-
edly in real applications. To test the thermal durability of a film, the film
was heated over the Ty first, as shown in Fig. 6a. Then the film was
folded four times into a cube at the temperature, producing sharp cor-
ners, see supporting video 8. The films were not raptured at the corner,
even folded and pressed. After repeating this process 5 times, the film
could recover to its original shape without damage. In addition, the film
was boiled in hot water to test the thermal and chemical stability, as
shown in Figure 6b;. After keeping in boiling water for 5 min, super-
hydrophobicity of the film could still be maintained, fca of ~150° £ 3°
and Osa of ~ 8° 4+ 1°. When boiled for 15 min, the values of 6ca and Osa
were decreased slightly. The SEM image in Figure 6b;; demonstrates that
the micro-nano structures of the film were not destroyed by boiling
water. The EDS spectrum in Fig. S4a indicates that the characteristic
elements of C, O, Si, and F remained even after boiling in water for 15
min. Especially, the F element was uniformly distributed on the com-
posite film, as shown in Fig. S4b. Therefore, the film was well preserved
without decomposition, making it present excellent durability under
extreme conditions. We further examined the chemical stability of the
film by exposure to solvent (ethanol) washing. It can be observed that
after 5 times washing-drying treatments, water droplets were still sus-
pended on the film, as shown in Fig. 6¢. In addition, the films will suffer
from various chemical corrosion conditions for real applications. Fig. 6d
shows the relationship between pH value and the 6ca and Osa. It is
observed that the Oca and 0sp fluctuated around 150° and 10° respec-
tively, over a pH range from 1 to 14, indicating that pH values have little
effect on the wettability of the film surface. Consequently, the film could
be applied as a protective skin of a facility preventing corrosive liquids,
such as acidic and alkaline solutions.

We have also inspected the physical robustness of the SMEP com-
posite films through periodical sandpaper abrasion and water flushing
tests. As shown in Fig. 6e, the mechanical stability was evaluated by
pulling the film to slide across the sandpaper (360#) under normal
pressure, which was controlled by the loading weight. As an extra load
of 100 g (~2.6 kPa) was applied to the film, the values of 6ca and sp
(see Fig. 6f) still maintained at ~150° and ~11° after 20 cm abrasion,
respectively. With further increased abrasion distance to 40 cm, a slight
decrease of the superhydrophobicity was observed, where 6ca and 0sa
were ~147° and ~15°, respectively. Meanwhile, the thickness of the
film decreased greatly to 100 pm, as shown in the SEM images in Fig. 6g.
Therefore, the superhydrophobic property was well preserved regard-
less of the surface damage. This should be attributed to the exposure of
the newly generated hierarchical micro—/nano-structures after period-
ical sandpaper abrasion. In the high-speed water jet test (see Fig. 6h), the
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Fig. 6. (a) Thermal durability test; (b) Boiling water test; (c) Repeatedly washing-drying treatment of solvent; (d) Wettability of different pH values; (e) Schematic of
the durability test via periodical sandpaper abrasion (grit #360); (f) Variation of 6ca and 0sa by a different distance of sandpaper abrasion; (g) Cross section of SEM
images of SMEP composite films; (h) Schematic of high-speed water jet test with impacting pressure of 2.5 kPa; (i) Wettability at different flushing time; (j) SEM
images of the hierarchical structures on SMEP composite films after flushed for 30 min.

film was fixed onto a glass plate flushed by a water stream under the tap.
The impacting pressure of the water stream was 2.5 kPa, measured by
placing a mechanical sensor at the same height as the tested film. The
wetting performance of the film was investigated after each 5 min. As
shown in Fig. 6i, there is no obvious degradation of superhydrophobic
properties on the film, and the 6ca and 654 maintained at 150° and 6°
respectively, after flushing for 30 min. From the SEM images in Fig. 6j, it
revealed that the hierarchical structures were maintained without
damage, even at high flushing pressure. Consequently, the superior
robustness of overall tests demonstrates that the SMEP composite films
in this work can be a promising candidate for protective skin in real
applications where waterproofing and flexibility are both demanded.

4. Conclusion

In summary, penguins-inspired superhydrophobic shape memory
composite films with lightweight and shape-morphing properties have
been successfully fabricated via spraying and peeling methods. The
composite films present good superhydrophobic properties (WCA ~
152.4 + 5°, and WSA ~ 6 + 1°) and shape memory performance

(recovery ratio > 99%). It can memorize various shapes and recover to
the original status under heat, IR light, and hot water with a T, of 66 °C.
Although the film has a thickness of 180 pm, it can withstand a total
weight of 1.5 kg and remain undamaged after being repeatedly rolled by
a vehicle (weight of ~1559 kg) on a rough road. Meanwhile, the hier-
archical micro-nano structures of films exhibited good light absorption
performance in a wide wavelength range. Besides, the films presented
good anti-icing and de-icing performance because of super-
hydrophobicity and photothermal properties. The freezing time of water
droplets on the films was dramatically prolonged 10 times compared to
that on a bare aluminum plate (31 s). The solid ice droplets are melted
within 10s under infrared light illumination. It can be concluded that
increasing solar conversion efficiency helps to enhance the de-icing
performance of photothermal materials based on the heat transfer
model. The outdoor snow prevention tests also prove that the films
possessed good photothermal performance in de-icing applications.
Finally, the films maintain good robustness and durability after harsh
tests, including repeated thermal cycles, boiling water, abrasion, and
water flush. Therefore, the lightweight, shape morphing, and photo-
thermal properties of the superhydrophobic shape memory composite
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film are promising materials for industrial anti-icing and de-icing
applications.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.susmat.2023.e00692.
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