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HIGHLIGHTS
Spectral selectivity and
superhydrophobicity are
integrated into an icephobic
surface
Anti-icing of a sessile droplet at
60 C
Highly durable deicing or
defrosting in repeated cycles in
frigid conditions
Facile, low-cost, all-solutionbased process suitable for
scalable manufacturing

Ma et al. develop a photothermal icephobic surface that combines spectral
selectivity and superhydrophobicity by trapping plasmonic TiN nanoparticles into
hierarchical structures on an aluminum substrate. The synergy of solar-thermal
conversion and superhydrophobicity endows the surface with superior and
durable icephobicity at extremely low temperatures.
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Solar-assisted icephobicity down to 60C
with superhydrophobic selective surfaces
Wei Ma,1,5 Yang Li,1,5 Christopher Y.H. Chao,2 Chi Yan Tso,3 Baoling Huang,1,* Weihong Li,1,4,*
and Shuhuai Yao1,6,*

SUMMARY

Engineering icephobic surfaces has been a long-standing effort to
address the challenges of ice prevention and removal in our daily
life and industrial applications. Superhydrophobic surfaces and photothermal effect have shown their distinct merits in anti-icing and
deicing. It is highly desirable to exploit their mutual benefits to
realize passive, durable, and sustainable icephobicity even at
extremely low temperatures. We report on a superhydrophobic selective surface constructed with a hierarchical architecture to enable
stable superhydrophobicity and high-efficiency solar-thermal conversion. The surface spectral selectivity is deliberately designed to
maximize solar harvesting while minimizing the thermal re-radiation
loss. The boosted solar-thermal conversion empowers remarkable
anti-icing of a sessile droplet at a record-low temperature of
60 C under 1-sun illumination. The synergy of solar-thermal conversion and superhydrophobicity endows the surface with superior
and durable icephobicity. Moreover, the presented icephobic surface shows great potential and broad impacts, owing to its all-solution-based scalable fabrication method.
INTRODUCTION
Ice formation and accretion pose significant operational challenges and safety hazards in a wide range of industrial and residential applications, such as airplanes, train
tracks, power lines, wind turbines, offshore platforms, and exposed surfaces in high
latitudes.1–6 To prevent or delay icing, there have been extensive anti-icing strategies via surface modifications, including superhydrophobic surfaces,7,8 slippery surfaces,9–11 antifreeze materials,12,13 and polyelectrolyte brush coatings.14 Even
though these passive anti-icing methods are highly innovative and desirable, they
are unlikely to be sufficient to inhibit ice formation and propagation under humid
conditions and/or during repeated operations,15 due to, for instance, failure of
superhydrophobicity or depletion of the coating layer.16 Thus, active ice removal
methods, such as mechanical raking or hammering,3 electrical heating,17 and chemical deicing,18 are still commonly used in our daily life. Such active methods, however, are energy intensive and eco-unfriendly.
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One promising strategy is to utilize the photothermal effect19 that harvests ubiquitous solar energy and generates heat for anti-icing/deicing procedure. Owing to
their environmentally friendly advantage, the photothermal icephobic surfaces
have drawn growing attention in the research community. A broad variety of photothermal materials, including black oxides,20,21 plasmonic nanoparticles,22,23 cermets,24 and carbon-based materials (e.g., candle soot,25 graphene oxides,26 and
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carbon nanotubes27), have been adopted in developing icephobic surfaces over the
past 5 years. In terms of their ability of solar energy utilization and surface modification, the reported photothermal icephobic surfaces can be grouped into two categories: the first category incorporates micro-/nanostructures into the absorbers to
realize superhydrophobic23,27 or lubrication-infused slippery surfaces.20 However,
they only utilized part of the broad-spectrum solar radiation and demonstrated
insufficient photothermal effect. The second category makes use of nearly the entire
solar spectrum using cermets24 or carbon-based materials26 but cannot timely remove melted water, due to the lack of superhydrophobicity, which may degrade
the photothermal efficiency and allow ice reforming. More recently, Wu et al.25
elegantly grafted polydimethylsiloxane (PDMS) brushes into a candle-soot-based hierarchical structure that allowed the coupling of superhydrophobicity and efficient
sunlight trapping to maintain a clean and dry surface by ice/frost removal and selfcleaning. However, the spectral characteristics of thermal radiation, i.e., spectral
selectivity, have not been considered in any of these solar anti-icing or deicing systems. In fact, the heat loss through thermal re-radiation from the absorber to environment is nontrivial, which will compromise the overall efficiency of solar absorbers.28 Despite the fact that the blackbody absorbers have near-perfect
absorption/emission over the entire UV-visible-infrared (IR) (0.3–20 mm), their solar-thermal conversion efficiency hsolar-th is diminished by their near-unity high IR
emissivity.
It is therefore highly desirable to develop a versatile solar absorber that integrates
superhydrophobicity and spectral selectivity, both of which will benefit the icephobicity property in a synergetic and sustainable manner: first, superhydrophobicity
not only contributes to the prevention or delay of ice accumulation by timely removal
of water/ice but also helps maintain high-efficiency solar-thermal conversion by
removing water, ice, or any debris that may block or scatter the sunlight. Second,
the spectral selectivity of a solar absorber shall be deliberately designed to have a
high solar absorption as well as low mid-IR emission, which ensures high-efficiency
solar-thermal conversion so that the surface superhydrophobicity is sustained
even in extremely cold environments. However, the integration of superhydrophobicity and spectral selectivity is technically challenging due to an intrinsic paradox:
superhydrophobicity is realized by constructing rough surfaces with microscale or
nanoscale structures, while widely used selective solar absorbers, such as ceramicmetal composites and multilayer thin films,29,30 are generally composed of smooth
and planar coatings on metallic films to reflect the mid-IR light (>2.5 mm). The two
highly desired properties seem to be structurally incompatible when integrated
together into a single photothermal surface.
In this work, we report that the seemingly conflicting requirements can be satisfied
by rational control of the construction material, surface morphology, and wettability.
A superhydrophobic selective solar absorber (SHSSA) constructed with a hierarchical
architecture on an aluminum (Al) substrate integrates superhydrophobicity and
spectrally selective solar-thermal conversion for anti-icing and deicing applications.
Specifically, the SHSSA surface is composed of hierarchical micro-/nanostructures
that enable stable superhydrophobicity (contact angle [CA] 162 ; sliding angle
[SA] 5 ). Ceramic plasmonic titanium nitride (TiN) nanoparticles are coated on
the hierarchical surface to provide the photothermal effect. Leveraging the sunlight
trapping and plasmonic resonance effect enabled by the hierarchical architecture,
the SHSSA is endowed with greatly improved spectral selectivity: high solar absorption (a90%) and low IR absorption/emission over the mid-IR range (>2.5 mm;
ε42% at 25 C). Owing to its low thermal radiation loss, the SHSSA produces an
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Figure 1. Schematic of the superhydrophobic selective solar absorber (SHSSA) design and fabrication procedures
(A) Schematic drawing of the hierarchical structures of the SHSSA with micro-cactus and nano-spikes, indicating the mechanisms of
superhydrophobicity and selectivity (solar trapping and IR reflection).
(B) Fabrication of the SHSSA using chemical etching of the substrate, spin coating of the TiN nanoparticles, and fluorination to render spectral selectivity
as well as superhydrophobicity.
See also Figure S1.

extremely high temperature increase (61 C, with respect to the ambient) under
1-sun illumination, even better than a nonselective blackbody-like surface (52 C).
As a result, the SHSSA obtains remarkable icephobicity at a record-low temperature
of 60 C under 1-sun illumination. We also demonstrate that the synergetic effect of
the boosted solar-thermal conversion and superhydrophobicity empowers the
SHSSA with superior deicing and defrosting performances at 15 C with high durability in repeated cycles of operation. Moreover, unlike the layer-by-layer deposition
methods used by those reported photothermal surfaces that have limited stability
and manufacturability, our facile, low-cost, all-solution-based process is suitable
for scalable manufacturing.

RESULTS
Design and fabrication
A hierarchical architecture is designed for the SHSSA: an array of microscale ‘‘ball
cactus’’ is built on a metal substrate, and layers of nanoscale ‘‘spikes’’ are constructed on the micro-cactus. The surface is further covered by a thin layer of TiN
nanoparticles (30 nm; Figure S1), which generate strong plasmonic resonances.31,32 The structure and mechanism of the SHSSA are illustrated in Figure 1A.
The hierarchical structures are optimized to selectively trap the sunlight with wavelengths of 0.3–2.5 mm in the nanogaps via multiple reflections, which subsequently is
absorbed by the TiN nanoparticles with plasmon-enhanced absorption. The
enhanced sunlight trapping and plasmonic resonance lead to efficient absorption
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of sunlight over a broad spectral region. By contrast, the mid-IR light with longer
wavelengths (>2.5 mm) is unlikely to be trapped by these small nanogaps because
of the large dimension mismatch and thus will be reflected back to the free space
by the metal substrate that is intrinsically reflective. The cutoff wavelength, where
the absorption decreases to around 50%, can be tuned by controlling the feature
size of the hierarchical surface and/or the thickness of the TiN nanoparticle layer.
As a result, the hierarchical SHSSA surface can achieve high solar absorption but
low IR absorption (reduced IR emission according to the Kirchhoff’s law).33 By delicate control of the surface morphology and embedded plasmonic nanoparticles,
the harvested sunlight is efficiently converted into heat with suppressed radiative
heat loss.
We developed a simple and versatile solution-based fabrication process of the
SHSSA as shown in Figure 1B. The hierarchical architecture was formed on an Al substrate by chemical etching and 90 C water bath for boehmite nanostructures generation.34 Subsequently, colloidal TiN nanoparticles (30 nm) were spin coated on the
etched surface, in which the nanoparticles were captured and embedded in the
nanostructures. TiN nanoparticles are superior photothermal plasmonic materials
(compared with conventional ones, such as Au and Ag nanoparticles) due to their
larger light absorption efficiency. Although the resonant wavelength of the single
TiN nanoparticle is around 500 nm, it will redshift to the near-IR region for densely
packed nanoparticles due to the near-field coupling.32,35 Finally, after fluorination
treatment, the hierarchical structures with the grafted hydrophobic alkyl long chains
endowed the SHSSA with stable superhydrophobicity. Note that the feature size of
the hierarchical structures can be tuned by the etching time, which is a critical control
for determining the cutoff wavelength for light trapping. Longer etching time leads
to rougher textures with microscale structures that tend to trap the light in the IR region and thus fail to achieve the spectral selectivity (see optimization of etching time
in Figure S2). The amount of nanoparticles captured by the nanogaps is another critical parameter that can be adjusted by the spin-coating speed. Excessive nanoparticles that overfill the nanogaps of the surface may deteriorate the superhydrophobic property (see optimization of spin coating speed in Figure S3). We performed
multiple rounds of optimization for the etching and spin coating processes and obtained the SHSSA with balanced superhydrophobicity and spectral selectivity. As
illustrated by the scanning electron microscopy (SEM) images of the hierarchical
structures of the SHSSA in Figure 2A, the optimal size of the microstructures is
around 1 mm, while the nanoscale layer on top of the microstructure is featured as
100 nm, yielding nanoscale porous structures. In addition, the TiN nanoparticles
are evenly distributed in the porous structures. The contact angle and sliding angle
of the SHSSA were measured to be 162 and 5 , respectively. For comparison, we
fabricated a superhydrophobic black absorber (SHB), which was constructed of
microscale porous structures that were formed by a 60-min etching, followed by
TiN nanoparticle coating and fluorination treatment (Figure 2B). The contact angle
of the SHB is 156 . A flat selective solar absorber (SSA) fabricated by coating TiN
nanoparticles on a smooth Al substrate was used as a control sample, which has a
contact angle of 108 after fluorination treatment (Figure 2C).
The absorptance spectra of these three samples are depicted in Figure 2D. In the
wide spectral range of 0.3–1 mm, where the solar intensity is strong, the SHSSA
shows comparable absorption (90%–95%) to the SHB but higher absorption than
the SSA (82%–88%). This improvement in the solar absorption is attributed to the
effective light trapping by the hierarchical structures. As a result, the spectrally averaged solar absorptance a of the SHSSA (90%) is higher than that of the SSA (83%) and
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Figure 2. Surface characterization
(A–C) SEM and goniometer contact angle measurement images of (A) a hierarchical Al surface with TiN nanoparticles (superhydrophobic selective
absorber [SHSSA]), (B) a microstructured Al surface with TiN nanoparticles (superhydrophobic black absorber [SHB]), and (C) a flat Al substrate coated
with TiN nanoparticles (selective solar absorber [SSA]).
(D) UV-visible-IR absorptance spectra of SHSSA, SSA, and SHB, together with the solar spectrum the solar spectrum (air mass [AM] 1.5G; 1 kW m 2 ).
(E) Spectral emissive power of SHSSA, SSA, and SHB, in comparison with the blackbody emission at the room temperature of 25  C.
(F) Temperature increases (DT) of SHSSA, SSA, and SHB as a function of time under 1-sun illumination.
See also Figures S2–S4 and Table S1.

slightly lower than that of the SHB (94%). In the mid-IR region, in contrast to the
constantly high-level absorption of the SHB, both the SHSSA and the SSA exhibit
dramatically reduced absorption as desired. The spectrally averaged IR emittances
ε of the SHSSA (42%) and the SSA (2%) are considerably lower than that of the SHB
(96%), as compared in Figure 2E. Therefore, under the illumination of 1 sun at room
temperature, both the SHSSA and the SSA can offer much higher solar-thermal conversion efficiency hsolar-th (71% for the SHSSA and 82% for the SSA) than the SHB
(54%), owing to the suppression of the massive radiation. The better photothermal
effects of the SHSSA and the SSA are further revealed by the higher temperature
rises (Figure 2F). Upon exposure to a solar simulator with 1-sun power (1 kW m2),
the temperature increases DT of the SHSSA and the SSA at the steady state were
61 C and 67 C with respect to the ambient air, which are higher than that of the
nonselective SHB (52 C). For large-scale deployment, we developed a spraying
method using an ultrasound spraying coating machine that allows homogeneous
deposition of TiN nanoparticles. The temperature increases of large-scale samples
in outdoor tests are consistent with those in indoor tests (Figure S4). To the best
of our knowledge, the 1-sun temperature increases of our selective surfaces (SHSSA
and SSA) are the highest among all the reported photothermal icephobic surfaces
(Table S1). These facts highlight the significance of spectral selectivity in photothermal conversion.
Anti-frosting
In a subzero temperature and high-humidity environment, frost crystals nucleate and
propagate on exposed surfaces even without bulk water or droplets, causing
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Figure 3. Anti-frosting experiments
Top-view image sequences showing the frost formation on (A) a flat Al surface (flat), (B) a superhydrophobic surface (SH), (C) a SSA, and (D) a SHSSA, all
mounted on a freezing device of 30  C and illuminated under 1 sun. The ambient temperature was controlled at 15  C, and the relative humidity was
80%. See also Video S1 and Figures S5–S8.

considerable negative impacts on equipment and facility in cold weather. Here, we
investigated the anti-frosting property of the SHSSA in an industry-standard environmental control laboratory (Figure S5), where ambient temperature was set at 15 C
and relative humidity was controlled at 80%. To simulate an environment for the formation of condensation frost, one side of the samples was exposed to the environment subject to the 1-sun solar simulator while the other side of samples was adjacent to the freezing chamber, held at a constant temperature of 30 C.
The frost formation process with time on four different samples, including a flat Al foil
(termed as flat), a superhydrophobic Al surface without any solar absorption coating
(termed as SH), a flat selective solar absorption surface (termed as SSA), and SHSSA
are presented in Figure 3 and Video S1. Condensation frosting was observed on the
flat and SH surfaces (without TiN nanoparticle coating). On the flat Al surface, vapor
condensed into microdroplets and quickly transited into frost crystals. Frost nucleated and propagated rapidly and grew quickly afterward (Figure 3A). On the SH
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surface, the sizes of frost crystals were averagely smaller, and the growth speed was
notably lower than that on the flat Al surface, due to timely removal of the condensed
water by the SH surface (Figure 3B).36 Nevertheless, a thin layer of frost accumulated
on the SH surface in the end. By contrast, the frost formation was remarkably inhibited on the solar absorber surfaces by virtue of the photothermal heating. On
the flat SSA surface, discrete condensates formed first and, after continuous accumulation of the condensed water, a thin water film covered the surface (indicated
by the color changes in Figure 3C) and gradually grew thicker. On the SHSSA surface, which possessed the joint merits of the SH and SSA surfaces, droplet accumulation and frost crystal growth were hardly observed, and the entire surface almost
remained dry (Figure 3D). Clearly, the SHSSA exhibited an excellent anti-frosting
capability owing to the combined effects: first, compared with the flat surfaces
(e.g., flat and SSA), the superhydrophobic property alleviated frost formation
because condensate droplets were able to repeatedly jump off the superhydrophobic surface before nucleation.36 The timely removal of condensate droplets via
droplet coalescence and jumping prior to freezing has been evidenced under a microscope (Figure S6). Second, compared with the flat and SH surfaces (without TiN
nanoparticle coating), the photothermal heating hindered the condensate nucleation and propagation and thus prevented frost formation.
Anti-icing
To evaluate the anti-icing property of the SHSSA, we characterized the freezing
behavior of a single supercooled water droplet on the SHSSA in a custom-built freezing
chamber under 1-sun illumination from the solar simulator (Figures S7 and S9). A
droplet of 5 mL was deposited on the testing surface, which was placed on a polystyrene foam at the bottom of the chamber. In each experiment, the chamber temperature was decreased and maintained at a constant value to ensure the droplet was in
thermal equilibrium with the environment. The chamber temperature and surface temperature were monitored during the experiment. For a supercooled droplet, the
droplet freezing occurs in two phases, recalescence nucleation and subsequent propagation of the freezing front. The ice nucleation can either initiate at the liquid-solid
interface (noted as heterogeneous nucleation) or at the liquid-vapor interface (noted
as homogeneous nucleation).37 Heterogeneous nucleation is normally observed on
a surface that is cooled down below the freezing point, where a fraction of the liquid
suddenly forms as the ice crystal nucleus and the freezing front proceeds from the bottom of the substrate upward, forming a pointy tip.38 In our experiments, the droplet
was held in an extremely cold environment but was heated at the bottom by solar illumination. Intuitively, the elevated temperature at the liquid-solid interface greatly delayed the heterogeneous nucleation.39 We observed strikingly contrasted phenomena
of droplet freezing dynamics on the SHSSA at different environment temperatures, as
shown in Figures 4A and 4B. When the chamber temperature was set at 60 C, homogeneous nucleation first occurred at the liquid-vapor interface of the supercooled
droplet and the semi-spherical freezing front proceeded downward but was reversed
upward before completing the freezing, due to the photothermal heating from the bottom of the droplet. The freezing front oscillated in a mixture of ice and liquid, leaving
freezing incomplete for a long time (>1,000 s; Figure 4A; Video S2). The coexistence of
ice and water in the droplet was caused by a rather steep temperature gradient from
the very low environment temperature to the elevated substrate temperature by photothermal effect. By contrast, when the chamber temperature was set to an even lower
temperature (e.g., 63 C), surprisingly, homogeneous nucleation (at the top) and heterogeneous nucleation (at the bottom) took place concurrently in the droplet and both
freezing fronts propagated and merged, leading to the complete freezing of the
droplet (Figure 4B; Video S3). We repeated the experiments for the chamber
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Figure 4. Anti-icing experiments
Side-view images of water droplet freezing dynamics on the SHSSA surface in our custom-built freezing chamber under 1-sun illumination.
(A and B) The chamber temperature was adjusted to the set temperature and kept constant at (A) 60  C and (B) 63  C during the droplet freezing
process. Time zero is defined as the moment when the temperature reaches to the set temperature. The orange and blue dash lines indicate the freezing
fronts. Temperature measurements of T c (black line) and T s (red line) were shown correspondingly.
(C) Phase diagram of droplets in water, transition, or ice on the SHSSA surface for different chamber temperatures. Freezing delay time was recorded
from time zero to the time when the droplet freezing was completed. The error bars represent the maximum and minimum values of icing delay time
from at least four measurements.
(D) The chamber temperatures for the onset of complete droplet freezing on various surfaces.
See also Figure S9 and Videos S2 and S3.

temperature ranging from 56 C to 66 C with 1-sun illumination to evaluate the antiicing behavior and the freezing delay time. Figure 4C is a diagram showing the state of
the droplet at different chamber temperatures. No ice nucleation was observed for
chamber temperature above 58 C. For the chamber temperature between 58 C
and 60 C, homogeneous nucleation always initiated at the top of the droplet. Complete freezing of the droplet was observed when the chamber temperature was
decreased below 60 C. The freezing delay time was measured from the imaging sequences at different chamber temperatures for freezing (in Figure 4C), which offers an
attractive insight for the anti-icing conditions. We compared the chamber temperature
for the onset of complete droplet freezing for all testing samples in Figure 4D. The photothermal coating of the SHB, SHSSA, and SSA surfaces remarkably enhance the surface temperature under solar illumination, resulting in icephobicity in ultralow
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Figure 5. Deicing experiments
(A and B) Top-view image sequences showing the deicing process under 1-sun illumination on (A) the SSA surface and (B) the SHSSA surface. The
chamber temperature was maintained at 15  C. Time zero is defined as the moment of starting light illumination.
(C) Schematic of the experimental setup where the samples are mounted with a tilt angle of 30  from the horizontal and illustration of distinct deicing
phenomena on the SSA and SHSSA surfaces.
(D) Contact angle and temperature rise of the SHSSA surface for 10 icing/deicing cycles. The error bars represent 95% confidence intervals of the mean
of the contact angle from nine measurements.
See also Video S4.

temperature (below 55 C). Both SHSSA (61 C) and SSA (63 C) outperformed the
SHB because of their selectivity. Although the SSA showed the best performance in
anti-icing due to its near-perfect selectivity, the limitation of the SSA in ice/frost
melting/removal applications will be discussed in the following sections.
Deicing
To further prove the benefit of superhydrophobicity, deicing tests were performed
for comparison between the SSA and SHSSA (Figures 5A and 5B). Ice sheets with
identical mass and thickness were formed on the two samples separately. Then,
the samples were placed on an insulation holder with a tilt angle of 30 in the freezing
chamber with a steady temperature of 15 C G 1 C and exposed to 1-sun illumination (Figure 5C). On the SSA surface (Figure 5A), ice started to melt due to the photothermal heating and the ice sheet dislodge and slid slightly under gravity at t = 64 s.
Finally, the whole ice sheet melted and disappeared at t = 337 s. Additional hundreds of seconds were required for residual water to evaporate. On the contrary,
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on the SHSSA surface (Figure 5B), thin water film formed at t = 64 s and the ice sheet
started to slide down at t = 67 s and completely slid off at t = 80 s without any residual
ice or water. This rapid sliding off was attributed to the reduced ice or water adhesion of the SHSSA surface (Video S4). As illustrated in Figure 5C, once the bottom of
the ice sheet starts melting, the whole ice sheet becomes mobile and slides under
gravity caused by excellent water repellency of the superhydrophobic surface.
This ice removal phenomenon suggests that the SHSSA surface requires less energy
in deicing and is more efficient for removing thicker ice. The durability and reliability
of the SHSSA surface were also investigated. The deicing tests were conducted for
10 times, and the contact angle and steady-state temperature after each cycle were
measured (Figure 5D). Our SHSSA surface sustained large contact angle (162 ) after 10 icing/deicing cycles and completely removed ice/water from the substrate after each cycle, due to the mutual benefit of the superhydrophobic surface
morphology and photothermal effect. Unlike the traditional mechanical deicing
methods that often damage the micro- and nanostructures and deteriorate superhydrophobicity, the photothermal heating successfully avoids the substrate-ice rigid
interaction and preserves the surface morphology. Meanwhile, because the TiN
nanoparticles were captured and protected by the hierarchical structures, the
SHSSA surface remained at 76 C–80 C under 1-sun illumination after each icing/deicing cycle, indicating robust and stable performance of our designed structure.
Defrosting
Similarly, defrosting tests were conducted on the SSA and SHSSA surfaces (Figures
6A and 6B). The SSA and SHSSA samples with grown frost were vertically placed on
an insulation holder in the freezing chamber with the chamber temperature
controlled at 15 C G 1 C (Figure 6C). Intuitively, the photothermal effect of these
surfaces enables the defrosting at subzero temperatures. On the SSA surface, we
observed randomly scattered millimeter-scale residual water droplets even after
frost was completely melted (t = 219 s; Figure 6A). In contrast, on the SHSSA surface
(Figure 6B), upon illumination, rather than being completely melted, frost peeled off
from the surface at t = 89 s and disappeared at t = 94 s. The whole process lasted only
about 20 s (Video S5). The peeling off phenomenon was caused by collective effects
of several attributes of the SHSSA: first, a thin water film formed on the superhydrophobic surface during the melting process served as a lubrication layer. Second, under photothermal heating, the trapped air between the frost layer and the hierarchical structures of the superhydrophobic surface expanded, reducing the adhesion
force between the frost and the substrate.40 Concurrently, the cooperation of the
air cushion and the melted water film induced the peeling of the unmelted frost layer
under gravity (Figure 6C). The quick drainage fashion facilitated the defrosting and
subsequent evaporation of retained water on the SHSSA with significantly reduced
energy and time. The tests were repeated for 10 times to evaluate the durability of
the SHSSA surfaces (Figure 6D). After multiple cycles, frost can still be removed
entirely in about 100 s after starting 1-sun illumination, which indicated stability of
both superhydrophobic morphology and photothermal effect. Again, the robustness and durability of the SHSSA surfaces is benefited from the photothermal effect,
which prevents the frost formation and propagation within the hierarchical structures
and made the superhydrophobicity sustainable even in freezing conditions.

DISCUSSION
We demonstrated a high-performance solar-thermal icephobic surface that integrates
high solar absorption, superior spectral selectivity, and stable superhydrophobicity. By
rationally controlling the surface morphology and embedded plasmonic TiN
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Figure 6. Defrosting experiments
(A and B) Top-view image sequences showing the defrosting process under 1-sun illumination on (A) the SSA surface and (B) the SHSSA surface. The
chamber temperature was maintained at 15  C. Time zero is defined as the moment of starting light illumination.
(C) Schematic of the experimental setup where the samples are mounted vertically and illustration of distinct defrosting phenomena on the SSA and
SHSSA surfaces. The chamber temperature was maintained at 15  C.
(D) Defrost time of the SHSSA surfaces for 10 frosting/defrosting cycles.
See also Video S5.

nanoparticles, we obtained a SHSSA surface that can absorb more than 90% of sunlight while reducing IR radiative heat losses, leading to a temperature rise of 61 C under 1-sun illumination. Concurrently, the hierarchical structures of the SHSSA surface
ensure excellent superhydrophobicity with CA 162 and SA 5 . Owing to the cooperation of its superior solar-thermal conversion and superhydrophobicity, the SHSSA
surface demonstrates excellent anti-icing and anti-frosting performance under 1-sun
illumination: freezing of a sessile droplet can be prevented even in a 60 C environment, and no frost formation was observed on a subcooled surface and in a high-humidity environment. Moreover, ice and frost on the SHSSA rapidly melted at 15 C
without any residual water or ice, thanks to the efficient solar-thermal energy conversion. These experimental results validate the extraordinary icephobicity of the SHSSA
in frigid conditions. The elegant integration of selective solar absorber and
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superhydrophobicity provides an efficient, durable, and sustainable solution for longterm icephobic applications in agriculture, transportation, wind turbines, residential
buildings, etc. Compared with the conventional approaches using lithographic
patterning, layer-by-layer deposition, or template molding, our facile all-solutionbased fabrication process can be readily integrated with most industrial manufacturing
on arbitrarily shaped surfaces and for large-scale production. We anticipate that such
SHSSA designs will also benefit other solar-thermal applications in the form of selfcleaning selective solar absorbers. The strategy of expanding the functionalities of
the solar-energy-harvesting systems will open up new opportunities for developing
versatile solar-thermal devices with great diversity in structures and functions.

EXPERIMENTAL PROCEDURES
Resource availability
Lead contact
Further information and requests for resources and procedures should be directed
to the lead contact, Prof. Shuhuai Yao (meshyao@ust.hk).
Materials availability
This study did not generate new unique materials.
Data and code availability
All of the data supporting the findings of this study are presented within the article
and Supplemental information. All other data are available from the lead contact
upon reasonable request.
Substrate preparation and fabrication procedures
Pure aluminum (purity: 99.99%) foils with a thickness of 0.2 mm were used as the substrates of all surfaces. The flat surface was prepared by sonication in acetone for
5 min, followed by an equal-time sonication in isopropanol and deionized (DI) water
successively.
To fabricate the superhydrophobic surface (SH), the cleaned aluminum substrate
was immersed in 80 C 0.05 mol/L NaOH solution, followed by a water bath at
90 C for 1 h. Next, the surface was dried in oven at 90 C for 30 min. Then, the etched
surface was treated in 0.5 wt % 1H,1H,2H,2H-perfluorodecyltriethoxysilane (FAS17)/hexane solution for 1 h and dried in oven at 120 C for 30 min.
To fabricate the flat SSA, TiN nanoparticles (2 wt % in ethanol) was spin coated at
4,000 rpm for 30 s on a flat aluminum substrate. Next, the surface was dried in
oven at 90 C for 30 min. Then, the flat surface was treated in 0.5 wt % FAS-17/hexane
solution for 1 h and dried in oven at 120 C for 30 min.
To fabricate the SHSSA, the cleaned aluminum substrate was first etched to form hierarchical structures using the chemical etching recipe for the SH. Next, the TiN
nanoparticles were spin coated on the hierarchical surface using the aforementioned
recipe. Then, the surface was dried in oven at 90 C for 30 min. Finally, the surface
was treated in 0.5 wt % FAS-17/hexane solution for 1 h and dried in oven at 120 C
for 30 min. The fabrication of the nonselective SHB was the same as SHSSA except
for 60 min chemical etching time, which resulted in microscale structures for the
following processes.
To fabricate the large-scale samples, we utilized a commercial spray coating machine
(UC330; Siansonic Technology, China) machine for deposition of TiN nanoparticles (2
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wt % in ethanol) on an aluminum substrate of 10 3 10 cm2 with 0.5 mm in thickness. The
ultrasonic power was 1.8 W. The spray nozzle was held at 90 mm above the surface and
spray width was 6 mm. The moving speed of spray nozzle was adjusted at 100 mm/s in
the X-Y plane to achieve homogeneous deposition of the TiN nanoparticles. The spraying process was repeated 5 times for each sample.
Surface characterizations
To test the wetting characteristics of the fabricated samples, the contact angle and
contact angle hysteresis measurements were performed on various surfaces using a
Station Contact angle meter (Biolin Theta). Water droplets of 5 mL were placed at
three different locations on the testing surface for measuring the contact angle
and contact angle hysteresis at room temperature. All measurements were repeated
three times. The surface morphology was examined by SEM (JEOL-7100). The transmission electron microscope (TEM) (Jeol; JEM-2010F) was employed to analyze the
crystal structure and size of the TiN nanoparticles (Figure S1).
The reflectance spectra of the samples in the wavelength range of 0.3–2.5 mm
were collected using a UV-visible-NIR spectrometer (Perkin Elmer; Lambda 950)
equipped with a 150-mm integrating sphere. The mid-IR reflectance spectra
were measured by a Fourier transform infrared spectrometer (FTIR) (Thermo
Fisher Scientific; Nicoletis 50) equipped with a gold-coated integrating sphere.
Here, the absorptance was calculated by subtracting the reflectance from the
100% because the bottom IR reflectors were thick enough (>100 nm) to avoid
any transmission.
The solar-thermal conversion efficiency hsolar-th is defined as29


s T 4  T0 4
hsolarth ðTÞ = a  ε
;
Isolar

(Equation 1)

where s is the Stefan-Boltzmann constant, T is the sample temperature, T0 is the
ambient temperature, and Isolar is the total solar radiation (AM 1.5G), respectively.
The spectrally averaged solar absorptance a and thermal emittance ε are calculated
by
R 4mm
a=

0:3mm

aðlÞEsolar ðlÞdl
Isolar

R 20mm
εðTÞ =

0:3mm

εðlÞEb ðl; TÞdl
;
sT 4

(Equation 2)

(Equation 3)

respectively. Here, Esolar(l), Eb(l,T), a(l), and ε(l) represent the wavelength-dependent solar radiation, the blackbody radiation at T, the absorptance, and the emittance at a wavelength l, respectively.
For the indoor temperature-rise measurement (Figure 2F), the samples were placed
on a polystyrene foam (thermal insulation) and illuminated by a solar simulator (Oriel
Sol2A; Newport) to provide standard and stable 1-sun power (1 kW m2). T-type
thermocouples were attached to the backside of the samples to measure the
steady-state temperature. Thermocouples were connected to a data acquisition device (NI 9213; National Instrument) for data recording.
Anti-frosting experiments
Anti-frosting experiments were conducted in an industry standard environmentcontrolled laboratory (Hong Kong Jockey Club Controlled-Environment Test
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Facility) with ambient temperature Ta = 15 C G 0.3 C and relative humidity (RH) =
80% G 3%. A customized freezing chamber was built to provide a cold environment
to initiate freezing of the samples as shown in Figure S8, which was composed of a
polymethyl methacrylate (PMMA) chamber, a wall made of polystyrene foam for
installing samples, and a liquid nitrogen circulation system for temperaturecontrolled cooling. Four samples with an identical size of 1.5 cm 3 1.5 cm were
installed in the polystyrene foam and well insulated to minimize the in-plane heat
transfer. The polystyrene foam was attached on the freezing chamber, with one
side of the samples as cold as the chamber and the other facing the environmentcontrolled laboratory for frosting. Cold nitrogen from a liquid nitrogen tank (YDS10; Zhongpanxin) was driven by a pump (CQB-190; Ban’s) for circulation through a
copper block of 40 mm 3 40 mm, which was placed inside the chamber. The nitrogen flow was regulated by a proportional–integral–derivative (PID)-controlled solenoid valve (SMCG 1/8 VT307), which was connected to a NI card (USB-6003; National Instrument). The freezing chamber temperature Tc was monitored by a
thermocouple, which was connected to a data acquisition device (NI 9214; National
Instrument). The measured chamber temperature served as a feedback to the PID
controller, which was implemented using a LabVIEW program (National Instrument)
for chamber temperature adjustment and stabilization. A xenon lamp (Bobei Lighting Electrical Appliance Processing Factory; BBZM-I) was used as a solar simulator to
supply 1-sun illumination of 1 kW m2. For the anti-frosting experiment, we started
the illumination first and gradually decreased the freezing chamber temperature Tc
from ambient temperature to 30 C (maintained thereafter) for frost formation on
the samples. The entire process was recorded by a digital camera (NEX-7; Sony
Vision Research) from the top view. We defined the time when the freezing chamber
temperature reached 30 C as t = 0 s.
Anti-icing experiments
The anti-icing experiments were performed using a similar freezing chamber, placed
in the industry standard environment-controlled laboratory (Hong Kong Jockey Club
Controlled-Environment Test Facility). The room temperature and humidity were set
as Ta = 24 C G 0.3 C and RH = 20% G 3% to prevent unnecessary condensation on
the outside walls of the chamber. The freezing chamber was modified to have all
sidewalls made of 10-mm-thick PMMA (Figures S7 and S9). The external dimensions
of the chamber were 9 cm 3 8 cm 3 6 cm. The setup for cooling, PID control, illumination, and imaging was the same as that in the anti-frosting experiment.
The SHSSA samples were placed on a polystyrene foam at the bottom of the chamber.
The sample temperature Ts was measured by a thermocouple at the backside of the
samples. The freezing chamber temperature Tc was monitored by a thermocouple
placed next to the samples. Before the experiment, nitrogen gas was filled into the
chamber through a small resealable hole for removal of vapor in the chamber. Then,
the solar simulator was switched on and the liquid nitrogen flowed through the copper
block to cool down the chamber. A droplet of 5 mL was deposited by means of a microsyringe. The chamber temperature was lowered to a constant value via PID control,
ranging from 56 C to 66 C, to ensure the droplet was in thermal equilibrium with
the environment for each experiment. The freezing process of the droplet was recorded by a digital camera. We repeated each experiment at least four times.
Deicing and defrosting experiments
The deicing and defrosting experiments were also conducted using the same
freezing chamber and experimental setup for the anti-icing experiments in the industry standard environment-controlled laboratory (Hong Kong Jockey Club
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Controlled-Environment Test Facility). The room temperature and humidity were set
as Ta = 24 C G 0.3 C and RH = 65% G 3%. To prepare the deicing experiment, we
first produced several ice sheets with thickness of 2 mm and weight of 0.3 g in a
20 C freezer for 30 min. Then, the SSA and SHSSA surfaces with ice sheets were
quickly transferred and placed on a polystyrene foam holder with a tile angle of
30 from the horizontal inside the freezing chamber (Figure 5C).
To prepare the defrosting experiment, frost was grown on the SSA and SHSSA surfaces at a temperature of 30 C in a high-humidity environment supplied by an ultrasonic nebulizer (402AI; Yuwell) for 10 min. Then, the chamber was rotated by 90
for defrosting experiments (Figure 6C).
During the deicing and defrosting experiments, the chamber temperature was
adjusted and maintained at Tc = 15 C G 1 C. After the chamber reached the thermal equilibrium, the solar simulator was switched on and the deicing or defrosting
process was recorded with a digital camera.
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