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Supplementary Movie Captions

Movie S1. Water droplet impact on the surface of PF10 at ~—12°C.

Movie S2. Water droplet impact on the surface of NS10 at ~—9°C.

Movie S3. Optical and infrared videos of surface condensation on PF10, followed by
water jet impact testing to investigate the surface wettability.

Movie S4. Water droplet impact on the surface of PF20 at ~—128°C.

Movie S5. Water droplet impact on the surface of PF20 at ~—141°C.

Movie S6. Water droplet impact on the surface of NS40 at ~—125°C.

Movie S7. Water droplet impact on the surface of PF10 at ~—122°C.

Movie S8. Dynamic melting process of frost layers on the surface of PF10.
Movie S9. Dynamic melting process of frost layers on the surface of NS20.
Movie S10. Icing wind tunnel testing of PF10-PF10 airfoil sample at 0.4 W/cm?.

Movie S11. Icing wind tunnel testing of PF10-NS20 airfoil sample at 0.4 W/cm?.



Supplementary Table

Table S1. Comparison of the composition of superhydrophobic coatings reported in literature.

Adhesive Nanoparticles Crps (WE%0) Substrate features Reference
SiP F-MOFs@ATP 87.5 Micro/nano porous structures !
PDMS SiO, NPs, TiN 82 Nanoporous structures 2
POA FluoroPOS@silica 71 Convex structures 3
PDMS Montmorillonite 68 Convex structures 4
EAA SiO, NPs 61 Nanoporous structures 3
Polystyrene  SiO, NPs, polypropylene 60 Porous structures 6
Epoxy resin ~ PTFE, carbon powder 55 Micro/nano porous structures 7
Epoxy resin PTFE 30 Nanoporous structures 8
PDMS, E51 SiO, NPs 29 Hole structures 9

Note: SiP is silane modified polyester resin; F-MOFs@ATP is fluorinated MOF

modified attapulgite nanoparticles; PDMS is polydimethylsiloxane; SiO, NPs are silica

nanoparticles; POA is polyolefin adhesive; FluoroPOS@silica is fluorosilane modified

silica nanoparticles; EAA is polyethylene acrylic acid.



Table S2. Dynamic anti-icing properties of superhydrophobic surfaces fabricated by different methods

Substrate

Experiment condition

Reference  temperature hStruiturz;l. Relative Droplet Impacting Surface Drop Fabrication method Constituent
oC characteristics . 1. temperature velocity inclination
O humidity volume
(°cO) (We) angle
—5. —10 Sinale Room Femtosecond laser Ni, 1H, 1H, 2H, 2H-
Ref.10 o) g 20£5% 0.99 m/s 0° 5 uL processing, surface perfluorodecyltricthoxys
{—15} structures temperature ¢ .
reatments ilane
Random Room
Ref.!! =5,—10 hierarchical / 1 m/s 0° 4 uL Spraying Fluorinated SiO,, PDMS
structure temperature
Hierarchical Room 1.98 m/s Hydrothermal Cerium dioxide
12 — + 59, ’ o > s
Ref. 25 structures 40+ 5% temperature 4.95 m/s 0 S HL spraying polyurethane
Ref.13 —20 Single-textures 2% Room 22 m/s 0° 4L Laser PTOCeSSINg  Silicon
temperature vapor deposition
—10.7, —17 Hierarchical Laser-processing Aluminum
14 b} > 0 o ) ]
Ref. {—19.7} structures <10% 15 0.99 m/s 0 14 L surface treatments Cy3H5F ;0581
Hierarchical Laser-processing Aluminum
15 — () R o 5 )
Ref. 10 structures <20% 15-20 0.99 m/s 0 14 uL surface treatments C3H;3F 70581
Hierarchical Fluorocarbon resin, clay,
Ref.16 —30 ctruchures 60% 26.4 2.43 m/s 0° 11.5uL  FC3150 coating fumed  silica, Low
surface energy reagent
. . photolithography
Ref.!7 -5, (=30} ?;Eff:;‘scal 10£5%  —5 3.6 m/s 0° 42uL  technology and  Silicon,
plasma etching,
Ref.7 =5, {—20} Nanostructures 10£5%  —5 3.6 m/s 0° 42 ul  spraying commercial Glaco agent
Ref.18 ~10 Lerarchical 50+5% 5 0.77 m/s 30 424l Stober method Graphene oxide, SiO,
—20, {—24 ierarchi - '
Ref 19 O,_{ },  Hierarchical 1542% Room (28.21)> 0° / Spraying Commercial Neverwet
{—35} structures temperature agent



Wire-cutting

Ref2  —p5 (—30} L os-amay 7% 5405 (20.4) 0° /" machining, corrosion, Cu
surface
surface treatments
Sand blasting,
Hierarchical Room hydrothermal .
21 — — [ 8}
Ref. 20, {730} structures <% temperature (28) 0 4pL treatment, surface Ti6AI4V sheets
modification
Ref.22 ~15 Hierarchical ) 2.2 m/s (138) 0° ;o /
structures
Hierarchical . .
23 — () — o _
Ref. 25 ctructures 10% 5 3.4 m/s 0 42 ulL  Laser-processing Al specimens
Hierarchical 20 . Epoxy resin, carbon
7 — o ) )
Ref. {—8} structures / 0.6 m/s 25 13 uL  Spraying PTFE
Hierarchical
NS10 L 108 huctures
NS20 ~116} Hierarchical
structures
_ Hierarchical 0 1.4 m/s o . Fluorinated epoxy resin,
NS40 {—120} structures 55+3% 20 91.6) 5 50 uL  Spraying Si0,, MWCNT
PF10 —10, —12, Nanoporous
—122 structures
PF20 —128,—14]  anoporous
structures
* Droplets adhere after impacting the surface at this temperature (in braces).
4 The wvalue in  parenthesis is the Weber (We) number of impacting  water.



Table S3. Comparison of the anti-icing investigation through icing wind tunnel between this work and previous reports.

Contact Experiment condition Without Electric heating Ref.
Structured method Structural characteristics angle h ! " "
©) ws LWC MVD  TOA T, cating P ESP
(m/s) (g/m’) (nm) (W8] (O] o

Ultrafast laser ablation Hierarchical structures 156.8+2 30 3 30.48 29 Pinning 2
Spraying 155.68 10 -10 120 Icing 2
Anodization Spongy micro-structure 158 10 67 -10 Icing 26

. Porous polysynaptic coral- _ . 27
Spraying like structures 159.5 50 2 35 10 300 Icing

. Porous micro-nano _ . 28
Spraying structures 154.49 6 6 300 Icing
Laser processing Dual-scale hierarchical 165.6 50 1 20 -5 30 Icing 23

structures
Etching process Periodic single-stage 152,541 25+1  0.644+0.05 183  —100.5 13.8W 30.3% 29
structure

Bonding Superhydrophobic film 152.5 10.5 0.5 20 -10 60 Icing 58 W 38.57% 30

. . . 0.98 o 31
Spraying rough ‘honeycomb structure 160 42 2 30 —5.5 20 Icing W/em? 59.5%
Spraying Micro-nano porous structure 162.3 10 -5 120 Icing 2 W/em? 32
Spraying 157 40 2 -5 Icing 0.78 3

W/cm?



Spraying Porous micro-nano 153.42 40 2 20 -7 15 Icing 0.7 76.7% 34

structures W/em?
Laser ablation Periodic microgrooves 156.02 40 2 20 =7 120 Icing W?can 76.7% 34
Direct l_aser interference Hierarchical pillar-like 16346 65 0.2 20 ~10 300 Icing 0.5 , ~60% 35
patterning structures W/em
Spraying Nanoporous structures 153+2.5 20 2.82 20 —6=0.5 300 Icing W(;c‘:nz 33% This work

Notes: WS, wind speed; LWC, liquid water content; MVD, medium volumetric diameter; TOA, temperature of airflow, Ty, test time; Py, anti-

icing power density of the testing group; ESP, energy saving percentage of the test group relative to the control group



Supplementary Note S1. Nanoparticle content of sprayed coatings

Spray-coating technology has garnered significant research interest for fabricating
superhydrophobic surfaces, owing to its cost-effectiveness, substrate versatility, and
scalability. To contextualize our work, we summarized the slurry compositions of state-
of-the-art sprayable superhydrophobic coatings in Table S1. Notably, from the
perspective of structural characteristics, superhydrophobic structures can be divided
into pore structure, convex structure and porous structure3® 37, The hole structure often
shows high contact angle lag, which is not conducive to anti-wetting and anti-icing

performances. Thus, the surface morphology formed by spraying is usually composed

of porous structure and convex structure. The nanoparticle content ¢, in the coating
is calculated as:
CNPS = mNPs / (mNPs + madhesive + mcuring)

where m,, , m

adhesive ?

and »;__ represent the mass of nanoparticles, binder, and curing
curing

agent, respectively. Our analysis reveals that achieving superhydrophobicity typically
requires a high nanoparticle content, often exceeding 30 wt%'°. Additionally, these
approaches frequently necessitate additional steps, such as molecular modification of
resins with low-surface-energy groups and intricate structural design of nanoparticles
(e.g., fluorinated MOFs-modified attapulgite (F-MOFs@ATP), fluoroalkylsilane-
modified silica (FluoroPOS@silica)). This overview underscores a prevalent trade-off:
high nanoparticle loadings are common for functionality, often at the expense of
simplified processing or robust interfacial adhesion. Our strategy addresses this by
enabling robust, nanoporous superhydrophobic structures with substantially lower

nanoparticle content and higher resin proportion.

Supplementary Note S2. The regulation of nanoporous structures to water vapor

and liquid water

The phase transition of water vapor to condensate droplets can be effectively

inhibited by nanoporous structures. As the saturated water vapor pressure decreases



with temperature reduction, supersaturated water vapor generated in low-temperature
conditions tends to condense within microstructures3®4!. Nanoporous structures can

inhibit this transition by regulating the vapor pressure. For a hydrophobic nanocavity

(c0s6<0), the Kelvin equation dictates that the vapor pressure inside the cavity (P) is

higher than the ambient saturation pressure (P, ). This elevated vapor pressure helps

stabilize the vapor phase and suppress condensation, offering a quantitative means to
evaluate the impact of structural scale on anti-wetting performance. As shown in Fig.
1b, the internal equilibrium vapor pressure decreases sharply as the pore size increases,

eventually converging with the external ambient pressure. For instance, when 7=273.15

sat

K, p,=608.2 Pa, 5, =0.07564 N/m, 6=110°, }=18.028 cm?/mol, R=8.314 J-mol-!-K-!,

P can be calculated as approximately 660.3 Pa at =10 nm, while it drops to about

613.2 Pa at a=100 nm, approaching the external reference value.

Even for condensed liquid water, nanoporous surfaces still exhibit excellent
repellency. As shown in Fig. 1c, when a droplet contacts the nanoporous surface in the
C-B state, the apparent contact angle decreases with solid-liquid contact fraction (f).
According to the stereological principle (Delesse’s principle), the solid-liquid contact
fraction can be approximated as porosity due to the homogeneity and isotropy of
nanoporous structures. In fact, the porosity of the porous structures formed by fine
nanoparticles (4-40 nm in diameter) can reach more than 90% (f<10%). At such a low
contact fraction, hydrophobic substrates with intrinsic contact angle between 90° to
120° can easily achieve apparent contact angles exceeding 150° (Fig. 1b). Notably, the
common low surface energy modification can yield the intrinsic contact angle ranging

from 100° to 120°4>43. When @, =100 °, the apparent contact angle can reach 156.5°

for a relatively small solid-liquid contact fraction (/<10%).



Supplementary Note S3. Bouncing condition of impacting water

We analyze the dynamic impact of water droplets on ultra-low temperature

surfaces by considering three key energetic parameters: adhesion energy ( £, ), surface

energy (AE, ), and energy dissipation (AE_ ). As shown in Fig. S10, the impacting

sur

droplet experiences three stages, i.e. penetration, retraction, and detachment, and are
denoted by 1, 2, and 3 in the subscript. During the impacting and penetration stage, the

droplet deforms from sphere to pancake shape, accompanied by initial impacting

kinetic energy ( £, ) transforming to viscous dissipation, surface energy, and adhesion

work:

AE, = E, —(AE

vis-voll

+ AFE

vis-int1

+ AFE

surl

+AE )

where AE. . and AE .

vis-voll vis-intl

are the volume part and surface part of energy dissipation

caused by viscous friction, respectively. During the retraction stage, the pancake

recovers to a sphere droplet with a similar energy transfer:

AE, = AE, — (AE

vis-vol2

+ AFE

vis-int2

+ AFE

sur2

+AE )
In the detachment stage, the residue kinetic energy ( £, ) should be expressed by:
Ek =AE, —AE

Therefore, the actual bouncing condition should be defined as:

+AE

vis-int2

+AE

sur2

Ek =E, —(AE

vis-voll +AE +AE, +AEw1)_(AE
-AE ;>0

vis-int1 surl vis-vol2

+ AEVWZ)

Notably, AE,, +AE,,, =0 can be derived according to the evolution of the droplet

shape in the penetration and retraction stages. Therefore, the bouncing condition should

be:



E =E, —(AE

vis-voll
= Ek - (AEvis-vol + AEvis-int) - (AEW(HZ) + AEw3) >0

+AE +AE +AEvis—int2)_(AEW1 +AEw2 +AEw3)

vis-int1 vis-vol2

Supplementary Note S4. Design of dynamic anti-icing superhydrophobic surface

To diminish energy dissipation and adhesion work, the related structural/chemistry
parameters of superhydrophobic surfaces are investigated. The adhesion work includes
two aspects. The work needed to overcome contact angle hysteresis in the penetration
and retraction stages can be expressed as**:

Ew(1+2) = (AEWI +AE

W,

,) o (cosf,, —cosb,y, )/ (1-cosb,)
whereg_, 6, , and @, are recoding angle, advancing angle, and Young angle,
respectively. Additionally, at the detachment stage, AE_, can be determined by:

AE =y A, (1+cosb,)

con

where y, and A__ are surface tension of water and apparent contact area between
droplet and sample surface. Therefore, smaller contact angle hysteresis and larger
Young contact angle can yield smaller adhesion work.

The other factor affecting the behaviors of impacting water is energy dissipation.
In fact, the volume part and surface part of energy dissipation are both proportional to
water viscosity®’, which is inversely related to temperature*®. Therefore, in low-
temperature icing environments, the reduction of water temperature should be
suppressed. According to the Fourier heat conduction formula, the involving heat
transfer between impacting water and superhydrophobic surface can be expressed as:

o=(T,-T)/R

where @ is the heat transfer between water and superhydrophobic surface, 7. and 7;

are temperatures of water and surface, respectively. R is the thermal resistance from



the droplet to the surface, which can be expressed as'-47:

R=(h—hx,)/ (25,2, )+ (hX,)/ (25,.1)
where A and ; are the thermal conductivity of the surface and ice, respectively, X; is
the influence factor of the thermal conductivity of ice, 4 is the heat transfer coefficient
between the water droplet and the surface, and Sy is the contact area between the water
droplet and the surface. Thus, the thermal conductivity of the structured surface is

expected to reduce wherever possible to yield a lower heat transfer.



Supplementary Figures
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Fig. S1 The cross-size evolution process of liquid water and the anti-wetting

mechanisms.



Porous film™.

Fig. S2 SEM images of the spraying substrates of (a) porous film and (b) nonporous

surface.
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Filter paper

Fig. S3 SEM images of spray coating on different substrates. Although the slurry is
completely identical, the morphology obtained by spraying on these porous substrates

is completely different from that of FP substrates.



Fig. S4 High-speed snapshots of water impacting the surfaces of (a) PF, (b) PF10, and

(c) PF10-airfoil from a height of 10 cm.
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Fig. S5 Top-view optical and corresponding infrared images of droplet impact on (a)
PF10 surface at —12°C and (b) NS10 surface at —9°C. Top-down perspective coupled
with infrared thermography confirmed the complete rebound of droplets from the PF10
surface at an even lower temperature of —12°C. Conversely, under milder conditions

(—9°C), the droplet was pinned on the NS-based surface with only partial rebound.



Fig. S6 SEM images of (a) PF10 and (b) NS10 before and after heating curing. No
significant changes were observed in the surface microstructure before and after curing,

indicating that the thermal curing is not the key factor determining the morphology.



Fig. S7 SEM images of spraying coatings on PF substrate fabricated by replacing the
ethyl acetate solvent by N, N-dimethylformamide (DMF), and the fluorinated epoxy
resin (F-E51) by polydimethylsiloxane (PDMS). The obtained similar nanoporous
structures indicated the independence of resin and solvent in substrate-driven

nanoporous structures.



Fig. S8 SEM images of PF20, NS20, and NS40. PF20 exhibited more pores and rougher
structures than NS20, demonstrating a similar structural difference to that between

PF10 and NS10.



Fig. S9 SEM images and corresponding EDS mappings of Si and F elements of PF10,

PF20, NS20, and NS40.



Increasing spraying time

Fig. S10 Evolution of micromorphology with spraying amount on (a) nonporous

substrate and (b) porous film.
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Fig. S11 (a) Schematic diagram of the anti-condensation test. (b) Images showing the

condensate droplets detaching from different sample surfaces.



Gravity

Fig. S12 Schematic diagrams of different detachment modes of condensate droplets:

(a) gravity and (b) coalescence-induced jumping
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Fig. S13 (a) Optical photograph showing the droplet impacting the sample surface
cooled by liquid nitrogen. The surface temperature was monitored in real-time using a
PT100 thermometer and recorded by a paperless recorder. The inserted image shows
the droplet bouncing off the surface and sliding onto the low-temperature testing
platform. (b) The temperature test curves at different positions on the sample surface.
The temperature at the center (impact area) is relatively low, but the temperature

difference from the other three points is not more than 5 °C.
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Fig. S14 Schematic diagrams representing penetration, retraction, and detachment

stages of droplet impacting on the PF10 surface.
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Fig. S15 The thermal conductivity curves of the pristine film (PF) and the nanoporous
superhydrophobic film (PF10), each sample was measured three times. The calculated
thermal conductivity of the former and the latter were 77.1 + 1.1 W/K and 58.1 + 0.4

W/K, respectively.
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Fig. S16 Temperature curve of the sample surface during the freezing/melting cycle.
The insert schematic diagrams represent the changes in droplet morphology. The
freezing process is conducted at —15°C while the melting process is implemented with

naturally warming environment by turning off the cooling system.
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Fig. S17 Critical bubble radius for moving toward interface between ice/water and
sample surface changing with moving velocity under different surface inclination
angles. When the bubble radius is larger than the critical radius, they will move toward
the interface to facilitate superhydrophobic recovery. Therefore, the inclined surface
will promote the downward movement of large bubbles, but has little effect on the small
bubbles, as the tilt significantly reduces buoyancy, which has a more pronounced effect

on large bubbles.
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Fig. S18 (a) Sectional view and (b) front view of the composite airfoil for icing wind

tunnel test. The heating zone and runback zone are represented by orange and grey,

respectively.
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Fig. S19 Schematic diagram of the water-impacting test.
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Fig. S20 (a) Schematic diagram and (b) optical photo of the water freezing/melting test.
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