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Photothermal superhydrophobic coatings are supposed promising to prevent

ice accumulation on infrastructures but often experience significant perfor-
mance degradation in real icing conditions and lack mechanical robustness.
Here, we report design of robust photothermal superhydrophobic coatings
with three-tier hierarchical micro-/nano-/nanostructures by deposition of
nanosized MOFs on natural attapulgite nanorods, fluorination, controlled
phase separation of a hydrophobic adhesive and spraying assembly. Phase
separation degree and adhesive content significantly influence the coatings’
properties by regulating the structural parameters and morphology. In simu-
lated/real icing environments, the coatings simultaneously show (i) high
superhydrophobicity and stable Cassie-Baxter states due to their low-surface-
energy, three-tier micro-/nano-/nanostructure, (ii) excellent photothermal
effect primarily due to nanosized MOFs, and (iii) good mechanical robustness
by the phase-separated adhesive, reinforcement with attapulgite and the
coatings’ self-similar structure. Accordingly, combined with low thermal con-
ductivity, the coatings exhibit remarkable anti-icing/frosting (e.g., no freezing
in at least 150 min and almost free of frost in 25 min) and de-icing/frosting
performances (e.g., fast de-icing in 12.7 min and fast de-frosting in 16.7 min) in
such environments. Furthermore, we realize large-scale preparation of the
coatings at reasonable costs. The coatings have great application potential for
anti-icing and de-icing in the real world by efficiently using natural sunlight.

M Check for updates

Icing is a beautiful natural phenomenon in cold weather, but it laser, electromagnetic, and ultrasonic de-icing have been

poses a serious threat to the safety and reliability of various
infrastructures, such as power grids, wind turbine blades, and
bridges'. This can lead to substantial economic losses and even
casualties (Supplementary Table 1). To address this issue, various
active de-icing methods including manual, mechanical, thermal,

proposed*. However, these methods are often inefficient, time-
consuming, and/or energy-intensive’. In recent years, some passive
anti-icing strategies like superhydrophobic (SH) coatings®, slippery
liquid-infused porous surfaces’®, anti-freeze proteins®'®, and gel
materials™" have received great attention due to their advantages
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of high efficiency, convenience, low cost and zero energy
input, etc.

SH coatings have become one of the most promising passive anti-
icing strategies, as they can effectively delay ice formation and reduce
ice adhesion strength due to their high contact angle (CA), low sliding
angle (SA), and consequently, reduced solid-liquid contact area®”. So
far, SH anti-icing coatings have become an important sub-field of SH
coatings'. Great progress has been made in their preparation®”,
theory"'® and practical applications”, etc. Nevertheless, SH coatings
can only delay ice formation but cannot prevent it entirely'®. Once icing
occurs on SH coatings, de-icing remains challenging, similar to con-
ventional coatings®.

Therefore, photothermal SH coatings with both passive anti-icing
and active de-icing functions are emerging as a very effective and
sustainable anti-icing/de-icing protocol”?'. The photothermal effect
can increase surface temperature of SH coatings by converting solar
energy into heat, and thus further postpone or even inhibit icing and
accelerate de-icing”>. When the outdoor temperature is slightly below
zero, the surface temperature of photothermal SH coatings may be
above zero” and thus icing can be completely inhibited*. Up to now,
various photothermal materials like Mxene?, Fe;0,4°, TiN°, graphene?,
carbon nanotubes?, carbon black?’, and MOFs*® have been integrated
into SH coatings for passive anti-icing and active de-icing. Although
great progress has been achieved in developing photothermal SH
coatings®®, there are some key issues hindering their practical
applications. (i) Good anti-icing performances have been reported for
many SH coatings, but the anti-icing tests were often performed by
placing the coatings on cold plates in high ambient temperature
(=0 °C) and low relative humidity (RH< 60%) environments, which
are far from the actual icing environments with low ambient tem-
perature and high RH"***, However, in actual icing environments, the
anti-icing performance of SH coatings will degrade or even lose, due to
decline of superhydrophobicity by condensation of supercooled water
in their surface structure. (ii) The photothermal anti-icing and de-icing
performances were often evaluated under high solar flux of 1kW m™
(1 sun) and good results were obtained*>***”. However, such high solar
flux is impossible in real cold weather (Supplementary Table 2). Also,
icing, anti-icing, and de-icing are the competitive results of ice
nucleation/propagation, ice nucleation inhibition, and the photo-
thermal SH effect®™. Thus, it is essential to evaluate and optimize the
photothermal anti-icing and de-icing performances in low ambient
temperature, high RH, and weak solar flux environments. (iii) Poor
mechanical robustness seriously inhibits applications of SH coatings in
various fields including anti-icing and de-icing®. Thus, great efforts
have been made to enhance the mechanical robustness and various
strategies including micro-skeleton protection”**°, self-healing*"*?,
self-similar structures*** and adhesives**° have been invented, but
scalable and low-cost methods remain to be developed. The self-
similar structure means the surface and the interior share the same
structure and chemical composition. When the surface is damaged,
the exposed new surface is identical to the original”~°. The use of
adhesives often causes great increase in surface energy of SH coatings.
Non-solvent-induced phase separation of adhesives can form adhesive
microparticles with low-surface-energy nanoparticles wrapping on
them, thereby minimizing the impact of adhesives on the coatings’
surface energy"*°. In a word, it is essential but great challenging to
solve the above three issues simultaneously in order to move photo-
thermal SH coatings to real-world applications.

Here, we report design and preparation of scalable robust pho-
tothermal SH coatings for passive anti-icing/frosting and active de-
icing/frosting in low ambient temperature, high RH, and weak solar
flux environments from the perspective of sustainable development.
The coatings are fabricated via spraying a uniform suspension of
micro-aggregates composed of fluorinated MOFs@attapulgite (ATP)
nanorods and a silicone-modified polyester (SiP) adhesive onto

substrates. The coatings show excellent superhydrophobicity, photo-
thermal effect, and durability as well as exceptional passive anti-icing/
frosting and active de-icing/defrosting performances in such simu-
lated and real environments. Moreover, large-scale preparation of the
photothermal SH coatings is realized.

Results and discussion

Design of robust photothermal SH coatings

Freezing of water droplets on a solid surface is closely related to ice
nucleation®. According to the classical nucleation theory, at low tem-
perature, there is a correlation between the nucleation Gibbs free
energy barrier (AG) and the CA (6) of the water droplet™.

AG=10,,r*(2 — 3 cos B+ cos>0)/3 4))

where gy, is the liquid-vapor surface energy and r is the critical radius.
So, the larger the 8 when 6>90°, the higher the AG is and thus the
better the anti-icing performance is.

In addition, the freezing process of water droplets on a solid
surface follows the principle of energy conservation®.

Wd + mWL + Qexo = (qwa + qr + (D)t (2)

where Wj is the kinetic energy of the droplet hitting the surface, m,, is
the mass of the droplet, L is the latent heat of water, Qe is the heat
released by water in the freezing process, gy, is the natural convective
heat transfer between the droplet’s contact surface and the sur-
roundings, g; is the radiative heat transfer between the droplet’s sur-
face and the surroundings, @ is the heat transfer between the droplet
and the surface, and ¢ is the droplet’s freezing time. ¢ and @ are
negative correlations. @ and R are negative correlation according to
formula (3)°%

o=(T,-T,)/R (3)
where T, is the internal temperature of the droplet as it freezes, T, is
the ambient temperature, and R is the thermal resistance of the droplet
to the surface. R and A, are negative correlation according to formula

@)™

R

(h = hX;)/(2SysAs) + (X)) / (2S,shi) “4)

where /s is the thermal conductivity of the surface, 4; is the thermal
conductivity of ice, X; is the influence factor of the thermal con-
ductivity of ice, and h is the heat transfer coefficient between the water
droplet and the surface. So, the smaller the As of the surface, the
greater the ¢ is.

Furthermore, the interfacial heat transfer between the water
droplet and the surface follows formula (5)*:

ty=pLV/HS(Ty — Ts) )

where ¢;is the duration from the water droplet begins phase transition
to the solid ice droplet is completely formed, p is water density, V is
volume of the water droplet, H is heat transfer coefficient, S is the
contact area between the water droplet and the surface, T, is equili-
brium freezing temperature, and T is temperature of the surface. ¢
and S are negative correlations. Therefore, the smaller the S, the
greater the ¢ is. Unfortunately, water droplets tend to transform from
the Cassie-Baxter state to the Wenzel state on SH surfaces in low
ambient temperature and high RH environments, resulting in greater
S. So, a stable Cassie-Baxter state in such environments is essential for
effective anti-icing.

According to the above theoretical analysis, SH surfaces with high
water CA, low thermal conductivity, and stable Cassie-Baxter state in
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low temperature and high RH environments should have good passive
anti-icing performance. Introducing hierarchical porous structure can
(i) enhance water CA of hydrophobic coatings®**, (ii) further reduce
thermal conductivity of thermal insulating coatings™, and (jii) improve
stability of the Cassie-Baxter state on SH surfaces in low temperature
and high RH environments’. Therefore, we designed the photothermal
SH coatings with three-tier hierarchical micro-/nano-/nanostructures
by deposition of nanosized photothermal MOFs on ATP nanorods,
fluorination of MOFs@ATP, mixing F-MOFs@ATP with the SiP adhe-
sive, phase separation of the adhesive, and finally spraying layer-by-
layer assembly (Fig. 1). ATP is a kind of natural clay mineral with low
thermal conductivity (0.16 Wm™K™) and high aspect ratio*®, which
helps with forming reentrant structures®~®. SH coatings with such
surface structure and chemical composition will have not only high CA
and low thermal conductivity, but also a stable Cassie-Baxter state in
low temperature and high RH environments, and thus good passive
anti-icing performance.

To enhance the photothermal anti-icing and de-icing perfor-
mances in low ambient temperature, high RH, and weak solar flux
environments, we designed the photothermal SH coatings using the
nanosized MOFs with high photothermal conversion efficiency®. Also,
the hierarchical micro-/nano-/nanostructures can form numerous light
traps in the SH coatings (Fig. 1), which will further enhance sunlight
absorption by lengthening the optical path and decreasing reflection
via multiple scattering of the incident light*’.

To achieve excellent mechanical robustness, we designed the
photothermal SH coatings using a hydrophobic (CA=85-90°) SiP
adhesive with high hardness (1-2H) and a thermal conductivity of
0.29 W m™ K™, The adhesive can enhance the coating’s binding to the
substrate and binding among the F-MOFs@ATP nanorods in the
coating*®. Furthermore, phase separation of the adhesive will cause the
F-MOFs@ATP nanorods to encapsulate adhesive microparticles with-
out compromising superhydrophobicity, unlike the traditional use of
adhesives™. Also, we constructed the SH coatings with self-similar
micro-/nano-/nanostructures by phase-separation the adhesive and
spray-coating.

Preparation of SiP/F-MOFs@ATP coatings
In light of the aforementioned design principles, we prepared the
robust photothermal SH SiP/F-MOFs@ATP coatings (Fig. 1). First, the
nanosized photothermal MOFs were grown on the ATP nanorods via
the reaction between Cu(NOs), and 2,3,6,7,10,11-hexahydroxy-
triphenylene hydrate (HHTP). Numerous MOFs nanoparticles were
formed on the ATP nanorods 30-40 nm in diameter and 600-800 nm
in length, forming a two-tier nano-/nanostructure (Fig. 2a, b). Next,
semi-solid F-MOFs@ATP nanorods with absorbed ethanol were
produced by hydrolytic condensation of 1H,1H,2H,2H-per-
fluorodecyltriethoxysilane (PFDTES), and tetraethoxysilane (TEOS)
onto MOFs@ATP in ethanol followed by centrifugation. The MOF-
S@ATP nanorods were connected by perfluorodecyl polysiloxane (PF-
POS, Fig. 2c). Subsequently, the semi-solid F-MOFs@ATP nanorods
and additional ethanol were added successively into the SiP adhesive
solution in dimethyl carbonate under vigorous stirring, during which
ethanol as a non-solvent induced phase separation of the adhesive. As
a result, the adhesion effect of the adhesive formed the micro-
aggregates composed of the adhesive microparticles and the F-MOF-
S@ATP nanorods (Fig. 2d and Supplementary Fig.1). The C, F, O, Si and
Cu elements were detected in the SiP/F-MOFs@ATP micro-aggregates
(Supplementary Fig. 2). The ethanol content controls the degree of
phase separation. Lastly, the SiP/F-MOFs@ATP coatings were made by
spray-coating the substrates with the homogeneous SiP/F-MOFs@ATP
suspension and allowing them to cure at room temperature for 24 h
(Supplementary Figs. 3 and 4).

The SiP/F-MOFs@ATP coating is highly microporous with a two-
tier micro-/nanostructure made up of phase-separated SiP adhesive

microparticles (microstructure) with numerous F-MOFs@ATP nanor-
ods (primary nanostructure) wrapped on them (Fig. 2e, f). At higher
magnification, the coating shows a two-tier nano-/nanostructure with
numerous MOFs (secondary nanostructure) on the tightly packed F-
MOFs@ATP nanorods (Fig. 2g). Thus, we have successfully prepared
the SiP/F-MOFs@ATP coating with a unique three-tier hierarchical
micro-/nano-/nanostructure (surface roughness = 1.83 um, Fig. 2i and
Supplementary Table 3) by adhering to the design concepts outlined in
the previous section. The coating also has a self-similar structure from
top to bottom (Fig. 2h), which is helpful to enhance its mechanical
robustness™.

The surface chemical composition of the SiP/F-MOFs@ATP
coating was examined by elemental mapping and XPS. The C, F, O, Si,
and Cu elemental maps show that the surface and cross-section of the
coating are chemically uniform (Supplementary Fig. 5). On the XPS
spectra (Fig. 2j, k), the C 1s, O 1s, F 1s, and Si 2p peaks also appear but
the Cu peak of MOFs is absent, because PF-POS covers MOFs@ATP and
XPS has a very shallow detection depth of only a few nanometers®.
This is confirmed by EDS elemental maps of MOFs@ATP with a strong
Cu signal (Supplementary Fig. 6). The C 1s peak is assigned to C-C/(C-
H), C-Si, O-C = 0, CF, and CF5°*°"2, The Si 2p peak is assigned to Si-OH,
Si-O-Si and Si-C®*%, and the F 1s peak is assigned to CF, and CF5*
(Supplementary Fig. 7). The C/F/O/Si ratio is 2.6/7.4/1.5/1 and the F
content is up to 59% (Supplementary Table 4), indicating plentiful
perfluorodecyl groups on the coating’s surface to lower the surface
energy>*.

The superhydrophobicity, mechanical robustness, and passive
anti-icing performance of the SiP/F-MOFs@ATP coatings were system-
atically optimized and balanced by adjusting the ethanol content in the
solvent of the SiP/F-MOFs@ATP suspension and the SiP adhesive con-
tent in the SiP/F-MOFs@ATP composites (Supplementary Figs. 8-13).
These two parameters determine surface structure, chemical compo-
sition, and various performances of the coatings. Note that such opti-
mization and balance were seldom in earlier research”, but crucial for
obtaining high-performance SH anti-icing coatings.

As the ethanol content increases from 22.4 wt% to 28.4 wt%, the
coating’s surface roughness rises from 1.44 pm to 1.83 um, and the
porosity increases from 35.87% to 68.54% (Supplementary
Figs. 8 and 9). Further increases in ethanol content result in gradual
decreases in both surface roughness and porosity. Additionally, the
secondary nanostructure gradually appears with increasing the etha-
nol content. These changes are due to the enhanced phase separation
of the SiP adhesive with higher ethanol contents. However, due to the
very low surface energy of the coatings, superhydrophobicity exhibits
only minor variations when tested with water, which has a high surface
tension of 72.8 mN m™ (Supplementary Fig. 10a). The mechanical
robustness and passive anti-icing performance, i.e., the water freezing
time, are gradually enhanced to the best at 28.4 wt% ethanol content,
and then decline with further increasing the ethanol content (Sup-
plementary Fig. 10b and c). The improved passive anti-icing perfor-
mance is primarily due to the increased porosity resulting from raising
the ethanol content to 28.4 wt%. This increase in porosity reduces the
coating’s thermal conductivity to 0.19Wm™K™ (Supplementary
Fig. 10d), thereby inhibiting heat transfer. Additionally, increasing the
ethanol content to 28.4 wt% slightly enhances superhydrophobicity,
which reduces the contact area between the coating and water. This, in
turn, increases AG according to the classical nucleation theory®, fur-
ther hindering heat transfer. However, the anti-icing performance
deteriorates with further increases in ethanol content due to the rise in
thermal conductivity, even though superhydrophobicity remains
relatively unchanged.

On the other hand, with an increase in the SiP adhesive content
from 2.5wt% to 12.5wt%, the coatings’ surface roughness decreases
from 2.49 pm to 157 pum, the porosity decreases from 64.13% to
36.25%, the secondary nanostructure disappears (Supplementary
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SiP/F-MOFs@ATP suspension. e-g Scanning Electron Microscopic (SEM) images,
(h) cross-sectional SEM images, and (i) 3D profiler image of the SiP/F-MOFs@ATP

600

202 288 284 280

Binding energy / eV

300 0 296
ergy / eV

coating. j X-ray Photoelectron Spectroscopy (XPS) survey spectrum and (k) high-
resolution C 1s spectrum of the SiP/F-MOFs@ATP coating. Source data are pro-
vided as a Source Data file.

Figs. 11 and 12), and the surface energy increases gradually. Similar to
the effect of ethanol content, superhydrophobicity declines slightly
with an increase in the SiP adhesive content (Supplementary Fig. 13a).
The mechanical robustness first increases and then decreases with
increasing the SiP adhesive content (Supplementary Fig. 13b). The

coatings with 7.5 wt% or 10 wt% SiP adhesive can withstand 150 cycles
Taber abrasion (125 g load, ASTM D4060). As the SiP adhesive content
increases from 2.5 wt% to 12.5 wt%, the passive anti-icing performance
gradually decreases (Supplementary Fig. 13c). This is mainly due to a
decrease in porosity, which leads to an increase in thermal
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conductivity, thus accelerating heat transfer. Additionally, the slightly
decreased superhydrophobicity further diminishes the decrease of
passive anti-icing performance. Note that the ethanol and SiP adhesive
contents do not affect the coatings’ photothermal effect (Supple-
mentary Figs. 10e and 13d).

With increasing the coating’s thickness from 87 to 227 pm, the
superhydrophobicity does not change, but the mechanical robustness,
passive anti-icing performance, and photothermal effect gradually get
better (Supplementary Fig. 14). The improved mechanical robustness
is primarily attributed to the self-similar structure of the coating. Once
the surface is damaged, the newly exposed surface maintains the same
morphology and chemical composition as the original surface. Addi-
tionally, the enhanced passive anti-icing performance and photo-
thermal effect are due to the increased thermal resistance provided by
a thicker coating, which effectively inhibits heat transfer. According to
the above results, the SiP/F-MOFs@ATP coating (-187 um in thickness)
with 28.4 wt% ethanol and 7.5wt% SiP adhesive was employed for
further studies.

Superhydrophobicity and photothermal effect

The SiP/F-MOFs@ATP coating has a high water CA of 165.6° and a low
SA of 1.8° and displays a notable silver mirror effect in water (Fig. 3a
and Supplementary Fig. 15). Just a 2° tilt of the coating will cause the
spherical water droplets to roll off effortlessly. The coating also exhi-
bits good repellency against tiny water droplets of 0.5 puL (Supple-
mentary Fig. 16). Moreover, a water jet can bounce off the coating
without leaving any residue behind (Supplementary Fig. 17). A 10 pL

water droplet falling from 1.0 cm height can bounce 13 times on the
coating with a solid-liquid contact duration of 14.3 ms and a bounce
height of 3.7 mm in the initial impact/bounce cycle (Fig. 3b and Sup-
plementary Movie 1). A 10 pL dirty water droplet falling from 1.0 cm
height can also bounce 6 times on the coating (Supplementary Fig. 18
and Supplementary Movie 1). Furthermore, a 10 pL water droplet fall-
ing from 100 cm height can completely bounce off without any residue
(Supplementary Fig. 19 and Supplementary Movie 2). Additionally,
when an 8 pL water droplet on a syringe needle is moved along the
coating and lifted, it does not show observable deformation (Supple-
mentary Fig. 20). The needle-water interfacial tensile force Fpeedie-water
can overcome gravity of the droplet Gy..r plus the coating-water
adhesion force Feoating-water (Fig. 3¢). All these outcomes demonstrate
the coating’s exceptional static and dynamic superhydrophobicity and
very weak water adhesion on it®*®, Therefore, the coating has good
self-cleaning performance. Water flow can completely carry away the
dust on the coating (Supplementary Fig. 21). When a 60 pL water
droplet rolls off the coating, it effectively removes PTFE microparticles
(100 pm) adsorbed on the surface (Supplementary Fig. 22).

The SiP/F-MOFs@ATP coating can maintain good super-
hydrophobicity in low temperature and high RH environments, which
is very important for its passive anti-icing performance. After being
stored in the -10 °C and 80% RH environment for 24 h, the coating still
had a low SA of ~12° even if condensation occurred on the surface
(Fig. 3d and Supplementary Fig. 23). Even in the -20 °C or -30 °C and
80% RH environments for 1 h, the coating was still SH although the SA
became higher (Fig. 3e, f). Note that the SA of the SiP/F-MOFs@ATP
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Fig. 3 | Superhydrophobicity and photothermal effect of the SiP/F-MOFs@ATP
coating. Images of the coating (a) with water droplets (dyed blue) and (b)
impacting by a water droplet. ¢ Forces loaded on the droplet while lifting it up from
the coating. SA changes of the coating (d) with time in the -10 °C and 80% RH
environment and (e) with temperature after being kept in low temperature and 80%
RH environments for 1 h. f A 60 pL water droplet (dyed blue) rolling off the coating

after being kept in the —20 °C and 80% RH environment for 1 h. g UV-vis-NIR spectra
of various coatings. Surface temperature changes of the bare and coated Al alloy
plates over time (h) under 1 sun in the 25.4 °C and 38% RH environment and (i)
under 0.1sun in the -10 °C and 80% RH environment. Data in (d and e) are shown as
mean = SD, n=5. Source data are provided as a Source Data file.
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coating is lower than the SiP/F-ATP coating with two-tier micro-/
nanostructure. Thus, the MOFs as the secondary nanostructure can
enhance superhydrophobicity of the SiP/F-MOFs@ATP coating in low
temperature and high RH environments. This is attributed to the
synergistic effect of the SiP/F-MOFs@ATP coating’s three-tier micro-/
nano-/nanostructure and low surface energy. So, the condensed
microdroplets are in the nano-Cassie state rather than the Wenzel state
on the coating’s surface®. The nano-Cassie state can recover to the
micro-Cassie state®®. This was further confirmed by the anti-
condensation tests. The superhydrophobicity decreased after con-
densation, but fully recovered when the coating was left at room
conditions for 1h (Supplementary Fig. 24). Also, the condensed
microdroplets could be carried away by rolling water droplets (Sup-
plementary Movie 3). The SiP/F-MOFs@ATP coating has excellent anti-
condensation performance compared with recent studies (Supple-
mentary Table 5)°"°°,

The SiP/F-MOFs@ATP coating shows strong light absorption of
~97.32% in the 300-2500 nm wavelength region and excellent pho-
tothermal effect compared with the SiP/F-ATP SH coating and the flat
SiP/F-MOFs@ATP hydrophobic coating without light traps (CA =111°,
Fig. 3g-i and Supplementary Fig. 25). Under 1 sun irradiation in the
254 °C and 38% RH environment, the SiP/F-MOFs@ATP and SiP/
MOFs@ATP coatings’ surface temperature increases from room tem-
perature to 101°C in 8 min, which surpasses most photothermal SH
coatings (Fig. 3h, Supplementary Fig. 26a and Supplementary Table 6).
This result also indicates that PF-POS has no influence on the photo-
thermal effect (Fig. 3h). Furthermore when light irradiates on the SiP/F-
MOFs@ATP coated cylindrical cable line, the temperature of the
directly irradiated area rises rapidly, the heat gradually propagates
downward along the surface, and eventually reaches the un-irradiated
area (Supplementary Movie 4). Nonetheless, in cold weather where
icing often happens, typically the solar flux is low (<0.5 sun), the
ambient temperature is <0 °C and the RH is high (>50%) (Supplemen-
tary Table 2). Such environments will lead to failure of anti-icing and de-
icing of most photothermal SH coatings due to insufficient photo-
thermal effect. Fortunately, the SiP/F-MOFs@ATP coating continues to
show good photothermal effect in such environments. Its surface
temperature quickly rises from -13.3 °C to 1.5°C in 4 min and further
rise to 6.1°C in 11 min under 0.1 sun in the —10 °C and 80% RH envir-
onment (Fig. 3i and Supplementary Fig. 26b). Note that such

photothermal effect test is rare in the literature, yet very important for
practical anti-icing and de-icing of photothermal SH coatings™.

The strong light absorption and excellent photothermal effect of
the SiP/MOFs@ATP coating are due to presence of numerous MOFs
nanoparticles (1at.% Cu, EDS analysis) with excellent photothermal
conversion efficiency on its surface (Supplementary Fig. 5 and Sup-
plementary Table 7)*°. Additionally, the coating with three-tier micro-/
nano-/nanostructure has numerous light traps (Fig. 2e, f). A greater
amount of incident light is absorbed in the light traps through multiple
internal scattering, thereby slightly enhancing the photothermal
performance’®.

Mechanical robustness and chemical/weather resistance

The SiP/F-MOFs@ATP coating has excellent mechanical robustness
according to the Taber abrasion test (125 g load, CS 10 grinding wheel,
ASTM D4060), the tape-peeling test (11kPa load, 3M tape, ASTM
D3359) and the sand drop test from 10 cm height (ASTM D968). The
CA dropped and the SA rose gradually during these tests, but the
coating remained SH after 150 cycles Taber abrasion, 300 cycles tape-
peeling, or 650 g of sand particle impact (Fig. 4a, b and Supplementary
Figs. 27-28). Moreover, the coating could even withstand hand rub-
bing and brush under water as well as 5 min ultrasonic treatment in
various organic solvents (Supplementary Fig. 29 and Supplementary
Movie 5). The coating could also maintain the original mechanical
robustness after immersion in 0.1 M NaOH,, for 30 min or treatment
at 150 °C/-30 °Cin the air for 1 h (Supplementary Fig. 30). Additionally,
the coating has good adhesion strength on the Al alloy plate according
to the hundred-grid adhesion strength test (ASTM D3359, Supple-
mentary Fig. 31).

The coating’s mechanical robustness outstrips most SH coatings
due to the following facts. (i) The hydrophobic SiP adhesive with high
hardness and its controlled phase separation can enhance binding of
the coating to the substrate and binding among the F-MOFs@ATP
nanorods in the coating without affecting superhydrophobicity and
photothermal effect of F-MOFs@ATP®. (ii) The coating’s self-similar
micro-/nano-/nanostructure warrants almost unchanged morphology
and chemical composition after abrasion or tape-peeling (Fig. 4d-f and
Supplementary Fig. 32)". (iii) The ATP nanorods with high aspect ratio
also contribute to the excellent mechanical robustness”. Replacing the
ATP nanorods with granular SiO, nanoparticles caused significant
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Fig. 5 | Passive anti-icing and active de-icing performance of the SiP/F-MOF-
S@ATP coating. a Static freezing time of water droplets on the bare and coated Al
alloy plates in the environments of different ambient temperature and 80% RH
without sunlight. Static icing process of water droplets on the bare and coated Al
alloy plates in the -10 °C and 80% RH environment (b) without sunlight and (c)
under 0.1 sun. d Passive anti-icing mechanism of the coating. e Dynamic icing

-10°C, 80% RH

high CA
high AG

stable air cushion

low thermal
conductivity

heat transfer

process of water droplets on the bare and coated Al alloy plates in the =10 °C and
80% RH environment without sunlight. f Active de-icing process of frozen water
droplets on the bare and coated Al alloy plates in the =10 °C and 80% RH envir-
onment under 0.1 sun. Water in (b, ¢) and (f) are dyed blue. Data in (a) are shown as
mean = SD, n=5. Source data are provided as a Source Data file.

decrease in mechanical robustness (Supplementary Fig. 33). Note that
the coating’s mechanical robustness is still lower than a few state-of-
the-art SH coatings (Supplementary Table 8), as superhydrophobicity,
mechanical robustness and passive anti-icing performance are taken
into account simultaneously here to achieve good anti-icing perfor-
mance in real conditions.

The SiP/F-MOFs@ATP coating also has excellent UV aging stabi-
lity. After 40 days UV aging (365 nm, 12 W), the superhydrophobicity
showed negligible change (Fig. 4c and Supplementary Fig. 34). This is
primarily due to excellent stability of the SiP adhesive and PF-POS as
well as cover of the MOFs@ATP nanorods by PF-POS”.

Passive anti-icing and active de-icing performances

The SiP/F-MOFs@ATP coating shows excellent static passive anti-icing
performance, surpassing most photothermal SH coatings (Supple-
mentary Table 9). In the -10°C and 80% RH environment without
sunlight (simulated outdoor environment at night in winter), the water
(60 L) freezing time was only 53 s on the Al alloy plate but delayed to
640s on the coated plate, although they have similar surface tem-
perature (Fig. 5a, b, Supplementary Fig. 35a, b and Supplementary
Movie 6). This effect of the coating can also be seen in colder envir-
onments. For example, the freezing time at —40 °C was prolonged from
10's to 58 s by the coating. Additionally, water droplets did not freeze
on the coated Al alloy plate in 150 min in the 0 °C and 80% RH envir-
onment without sunlight (Supplementary Fig. 36). In the -10 °C and
80% RH environment with weak sunlight (0.1 sun, simulated outdoor
environment at daytime in winter), water droplets completely froze in
440 s on the Al alloy plate because its surface temperature remained at
about -10 °C, but could not freeze at all on the coated plate in 150 min
because its surface temperature rapidly increased to >0 °C (Fig. 5c,
Supplementary Fig. 35c, d and Supplementary Movie 7). In addition,

the ice adhesion strength on the Al alloy plate was 205.3 kPa, which was
reduced to 36.3 kPa by the coating as measured by directly removing
the ice in the frozen state (Supplementary Fig. 37). Moreover, the
coating maintained its superhydrophobicity and ice adhesion strength
over twenty freezing/de-icing cycles, with no significant alterations in
surface morphology (Supplementary Fig. 38). This performance
demonstrates its excellent cyclic freezing/de-icing stability.

The coating’s excellent static passive anti-icing performance is
due to the following facts (Fig. 5d). (i) The AG of icing is high on the
coating with high superhydrophobicity and thus ice nucleation is
greatly inhibited according to the classical nucleation theory®". (ii) At
the solid-liquid interface there is a stable air cushion and the actual
contact area of water droplets with the coating is extremely low (3.4%)
according to the Cassie-Baxter equation, which effectively prevents
heat transfer from the coating to water and reduces the ice adhesion
strength®. (iii) The coating can inhibit heat transfer from the Al alloy
plate to water due to its low thermal conductivity (0.19 W m™ K™% (iv)
The coating has excellent photothermal effect. These interpretations
were further confirmed by the COMSOL simulated calculation about
the time required for the decrease of water droplets’ (60 pL, on various
surfaces) temperature from 0 °C to —-10 °C in the -10 °C and 80% RH
environment (Supplementary Note, Supplementary Fig. 39 and Sup-
plementary Tables 10 and 11). The water droplet on the SiP/F-MOF-
S@ATP coated Al alloy plate needed a much longer time. The water
droplet’s temperature on the coated plate even increased to -5°C
under 0.1 sun.

The SiP/F-MOFs@ATP coating also shows excellent dynamic
passive anti-icing performance according to the continuous water
dropping test (0°C, ~40 L droplets, 50-60 droplets per min) from
10 cm height onto the 20° tilted Al alloy plates or horizontal cable lines
in the -10 °C and 80% RH environment without sunlight. Ice started to
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Fig. 6 | Passive anti-frosting and active de-frosting performance of the SiP/F-
MOFs@ATP coating. a Frost content on the bare and coated Al alloy plates after
30 min frosting test without sunlight or under 0.1 sun. De-frosting process on the
bare and coated (b) Al alloy plates, (c) cable lines, and (d) wind turbine blade

models in the —10 °C and 80% RH environment under 0.1 sun. The frost is ~0.8 mm
in thickness in (b). Data in (a) are shown as mean + SD, n=35. Source data are
provided as a Source Data file.

progressively form on the Al alloy plate after 11.5min and a large
amount of ice formed after 30 min, but no ice formed on the coated
plate even after 90 min (Fig. Se and Supplementary Movie 8). Also, ice
formed immediately on the cable line, and many icicles formed after
30 min, but most water droplets bounced off the coated cable line and
only a few subcooled droplets progressively adhered on it in 60 min
(Supplementary Fig. 40 and Supplementary Movie 9). The excellent
dynamic passive anti-icing performance of the coating is due to the
fact that most water droplets bounce or roll off it quickly before their
temperature drops below the freezing point™.

Furthermore, the SiP/F-MOFs@ATP coating shows good active
de-icing performance in low temperature, high RH, and weak sunlight
environments. In the -10 °C and 80% RH environment under 0.1 sun,
the frozen water droplet (60 pL) on the Al alloy plate did not melt even
after 50 min because its surface temperature maintained at about
-10 °C, but that on the coated plate (-20° tilted) melted and rolled off
after 12.7 min because its surface temperature rapidly increased to
>0 °C (Fig. 5f, Supplementary Fig. 35e, f and Supplementary Movie 10).
In the same environment under 0.3 sun, the icicle on the cable line did
not melt at all in 60 min, but that on the coated cable line melted and
fell off after 28 min (Supplementary Fig. 41 and Supplementary
Movie 11). The coating’s active de-icing performance surpasses most
photothermal SH coatings (Supplementary Table 12). Furthermore, the
coating has excellent freezing/photothermal de-icing cycling stability.
The coating could maintain the original morphology, super-
hydrophobicity, and photothermal de-icing performance after five
freezing/de-icing cycles (Supplementary Fig. 42).

The coating’s good active de-icing performance is attributed to
the excellent superhydrophobicity and photothermal effect in low
temperature, high RH, and weak sunlight environments®, combined
with its low thermal conductivity. The coating absorbs light and con-
verts it into heat to increase its surface temperature. When the surface

temperature rises above 0 °C, ice on the coating begins to melt and
then rolls off due to its excellent superhydrophobicity. These inter-
pretations were further firmed by the COMSOL simulated calculation
(Supplementary Note, Supplementary Fig. 43, Supplementary
Tables 11 and 13). For the SiP/F-MOFs@ATP coated Al alloy plate, the
temperature of the frozen water droplet increased to >0°C after
1.6 min and rolled off under the action of gravity after 8.2 min in the
-10°C and 80% RH environment under 0.1 sun.

Passive anti-frosting and active de-frosting performances
Frosting is also common in low temperature and high RH environ-
ments, which may cause failure of anti-icing performance of SH coat-
ings due to condensation of supercooled water in their surface
structure®. So, the passive anti-frosting performance of the SiP/F-
MOFs@ATP coating was studied by spraying supercooled water mist
using a humidifier (1.67 gmin™) onto it in the —30°C and >80% RH
environment without sunlight. Although both the bare and coated Al
alloy plates were eventually covered with frost after 30 min, there was
slightly less frost on the coated one (18.7 vs 18.3 mg cm?, Fig. 6a and
Supplementary Movie 12). Differently, under 0.1 sun weak sunlight, the
frost on the coated Al alloy plate was much less than that on the bare
one after 30 min (16.0 vs 10.1mgcm, Fig. 6a and Supplementary
Movie 13). The anti-frosting performance was further studied on a
=5°C cooling plate in 0 °C and 80% RH environment under 0.3 sun. The
Al alloy plate was completely covered by condensed frost after 25 min,
but the coated Al alloy plate was almost free of frost (Supplementary
Fig. 44). Thus, the coating has good passive anti-frosting performance,
as it can delay/inhibit frost formation and propagation by (i) promot-
ing jumping off of the subcooled water mist before nucleation origi-
nating from its good superhydrophobicity to tiny water droplets
(Supplementary Fig. 16)%, (ii) the excellent photothermal effect and
(iii) low thermal conductivity.
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The SiP/F-MOFs@ATP coating shows good active de-frosting
performance compared with most photothermal SH coatings (Sup-
plementary Table 14). In the 10 °C and 80% RH environment under 0.1
sun weak sunlight, the frost -0.8 mm in thickness on the 20° tilted Al
alloy plate and SiP/F-ATP coated plate did not melt in 60 min, but that
on the SiP/F-MOFs@ATP coated plate melted and rolled off in 16.7 min
(Fig. 6b, Supplementary Fig. 45 and Supplementary Movie 14). The
thinner the frost, the shorter the de-frosting time is. The frost ~0.5 mm
in thickness melted in 12.2min (Supplementary Fig. 46). This is
because light can penetrate the frost layer and convert into heat
(Supplementary Fig. 47), causing the frost layer to thin out and thus the
solar flux behind the frost to increase. When the frost becomes very
thin, the solar flux behind the frost increases rapidly, i.e., complete
melt of frost.

The SiP/F-MOFs@ATP coating also shows good active de-frosting
performance on cable lines and wind turbine blade models. The frost
on the bare cable line did not melt in 60 min under 0.1 sun, but that on
the coated one completely melted after 20.5 min (Fig. 6¢ and Sup-
plementary Movie 15). Similar phenomena were observed for the
rotating (7.2 km h™) wind turbine blades but required more irradiation
time (60 min) as rotation accelerated heat transfer between the blades
and the environment (Fig. 6d and Supplementary Movie 16). Moreover,
active de-frosting was also achieved in colder environments (-20 and
=30 °C) under stronger sunlight of 0.3-0.7 sun (Supplementary Fig. 48
and Supplementary Movies 17, 18).

Performances in winter outdoor environments

The performances of the SiP/F-MOFs@ATP coating in winter outdoor
environments were thoroughly evaluated in Lanzhou, Gansu, PR China.
The coating shows excellent static passive anti-icing performance in
-12°C and 50% RH environment without sunlight. The water (60 pL)
freezing time was 105 s on the Al alloy plate but delayed to 660 s on the
coated one (Supplementary Fig. 49 and Supplementary Movie 19),
although they have similar surface temperature of about -12 °C in the
freezing process.

The coating shows excellent dynamic passive anti-icing perfor-
mance in -11°C and 50% RH environment without sunlight. Many ici-
cles formed on the cable line after continuous dropping of
supercooled water (0 °C) for 25 min, but only a few droplets adhered
on the coated cable line (Supplementary Fig. 50 and Supplementary
Movie 20), although they have similar surface temperatures in the
icing process.

The coating shows excellent passive anti-snowing and photo-
thermal anti-snowing performance in the real snowing process (Sup-
plementary Fig. 51a). On the Al alloy plate, snow accumulated
immediately and continuously although there was ~0.03 sun irradia-
tion after 1.5h, and there was a large amount of snow after 2.4 h
(Supplementary Fig. 52 and Supplementary Movie 21). In contrast, on
the coated Al alloy plate there was only a small amount of snow after
1.5 h and snow accumulation ceased and gradually melted when there
was ~0.03 sun irradiation due to the photothermal effect, i.e., higher
surface temperature. After 2.4 h, there was no snow on the coated
sample.

The coating shows good active de-icing performance in winter
outdoor environments (Supplementary Fig. 51b). The icicle on the
cable line did not melt at all in 20 min, but the few frozen droplets on
the coated cable line melted and fell off after 16.7 min (Supplementary
Fig. 53 and Supplementary Movie 22). The surface temperature of the
cable line maintained at about -5 °C, but that of the coated cable line
increased continuously to 0.7°C after 10 min and to 1.6°C after
20 min. Furthermore, in the real environment (Supplementary
Fig. 51c), the accumulated snow on the Al alloy did not melt at all in
36 min, but that on the coated Al alloy melted completely due to its
obviously higher surface temperature (Supplementary Fig. 54 and
Supplementary Movie 23).

Large-scale preparation

Scalable fabrication is essential for practical uses of the photothermal
SH SiP/F-MOFs@ATP coating for anti-icing and de-icing. As the raw
materials are readily available at a reasonable cost and the preparation
process is straightforward, we have achieved large-scale preparation of
the SiP/F-MOFs@ATP suspension (50 L d™). We have also prepared the
SiP/F-MOFs@ATP coating in large size (100 cm x 50 cm, Supplemen-
tary Fig. 55), as it can be fabricated by just one-step spraying and room
temperature curing. Moreover, the large coating shows almost the
same superhydrophobicity (CA >165°, SA <2°), photothermal effect,
mechanical robustness, and anti-icing/de-icing performance as that
prepared at the laboratory scale (Supplementary Fig. 56). The SiP/F-
MOFs@ATP suspension costs 48.6 USD L™, which can form 6-8 m? of
the coating with a cost of only 6.1-8.1 USD m?.

Slight sedimentation of the SiP/F-MOFs@ATP suspension will
happen after a long storage time (e.g., 14 days), which can be made
uniform again simply by magnetically stirring for 5 min. The coating
with the same performance can be obtained using the redispersed
suspension (Supplementary Fig. 57). Moreover, the coating can be
applied onto flexible ABS plates with lower thermal conductivity.
Compared to the coating on the Al alloy plate, the coating on the ABS
plate exhibits (i) comparable superhydrophobicity and mechanical
robustness, and (ii) better photothermal and passive anti-icing per-
formances due to the lower thermal conductivity of the ABS plate
(Supplementary Figs. 58 and 31).

In summary, to solve the drawbacks of traditional super-
hydrophobic coatings for anti-icing, we suggested the design cri-
teria of robust photothermal superhydrophobic coatings and
subsequently achieved their large-scale preparation. In simulated/
real icing environments with low temperatures, high humidity, and
weak sunlight, the coatings obviously outperform their counter-
parts in terms of comprehensive performances (Supplementary
Table 15). This is ascribed to the synergistic effect of multiple fac-
tors, e.g., self-similar three-tier micro-/nano-/nanostructures with
low surface energy, low thermal conductivity, nanosized MOFs,
numerous light traps, phase-separated adhesive, and reinforcement
by attapulgite (Supplementary Table 16). Especially, introduction of
nanosized MOFs as the secondary nanostructure not only imparts
excellent photothermal performance to the coating but also further
improves the coating’s superhydrophobicity in low-temperature
and high-humidity environments. Consequently, the coatings show
exceptional anti-icing/frosting and de-icing/frosting properties in
simulated/real icing environments. In the future, the coatings’
overall performances should be further improved in order to realize
widespread real-world applications for anti-icing/de-icing on var-
ious infrastructures. Replacing ATP nanorods and MOFs with other
nanomaterials is a possible strategy. We anticipate that the findings
here will help advance the design, preparation, and applications of
photothermal superhydrophobic coatings.

Methods

Synthesis of MOFs@ATP nanorods

9.7 g of Cu(NO3), and 6.5 g of HHTP were sequentially added into 1 L of
the N,N-dimethylformamide/H,O mixture (v/v=1/10) and stirred for
10 min. Then, 25g of the ATP nanorods were added into the above
solution and stirred in a water bath (85 °C, 500 rpm) for 15 h to form
the MOFs@ATP suspension. Finally, the MOFs@ATP nanorods were
obtained by filtration and drying in an oven at 85 °C.

Preparation of F-MOFs@ATP nanorods

10 g of the MOFs@ATP nanorods were dispersed in 1L of ethanol/
water/ammonia solution by stirring for 10 min followed by ultra-
sonication for 1 min at room temperature. Then, PFDTES (8 mL) and
TEOS (1 mL) were added into the above suspension. After reaction at
room temperature for 2 h under stirring, the F-MOFs@ATP suspension
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was formed. Finally, the semi-solid F-MOFs@ATP nanorods with
absorbed ethanol were obtained by centrifugation at 1770 x g.

Fabrication of photothermal SH SiP/F-MOF@ATP coatings
First, a proper amount of the SiP adhesive was dissolved in 572 g of
dimethyl carbonate by stirring for 5 min at room temperature. 263 g of
the semi-solid F-MOFs@ATP nanorods (30 wt%) were slowly added
into the SiP adhesive solution under stirring. Then, a proper amount of
ethanol was added slowly into the suspension to adjust phase
separation degree of the SiP adhesive. After vigorous stirring for 3 h,
the uniform SiP/F-MOF@ATP suspension was obtained. The SiP/F-
MOF@ATP coatings were readily prepared by spraying the suspension
(4 mL) onto the substrates (12 cm?) and curing at room temperature
for 24 h. The SiP/F-MOF@ATP suspension in large volume and the
coatings in large size were prepared via the same procedure.

The additional experimental information including materials,
mechanical robustness tests, passive anti-icing and anti-frosting tests,
active de-icing and de-frosting tests and characterization is available in
the Supplementary Information.

Data availability

The data that support the findings of this study are available within the
paper and Supplementary Information. Source data are provided with
this paper.
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