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approaches. [ 5,21–26 ]  The application of 
superhydrophobic materials to prevent 
ice formation by sliding or bouncing off 
water droplets before they are frozen has 
been frequently reported. [ 8,27–31 ]  Indeed, 
the superhydrophobic material can effec-
tively prevent ice formation at the initial 
stage of freezing or in a low humidity 
environment. [ 28,32–35 ]  However, under high 
humidity conditions, moisture is liable to 
condense in the rough structure of supe-
rhydrophobic surface over time and once 
that happens, droplet will “grow” fast 
and fi nally freeze to form ice layer. As a 
result, the ice layer on superhydrophobic 
surface usually has much higher adhe-
sion strength than that on smooth surface 
because it is more likely anchored onto 
the rough structures, which substantially 

makes it diffi cult to remove. [ 5,36–39 ]  If moisture condensation in 
rough structure of water-repellent surface can be prevented, the 
icephobic ability would be greatly enhanced. [ 36,40–44 ]  An alter-
native way for deicing is to reduce the adhesion and tensile 
strength between ice and substrate so that ice can be shaken 
off easily by natural force, such as wind, gravity, or vibration if 
the adhesion strength is even lower than 15 psi (100 kPa). [ 45,46 ]  
Hence, this type of material should be competent to prevent ice 
accumulation in winter storms. A new conception is reported 
that uses slippery liquid-infused porous surface (SLIPS) as 
promising icephobic material. [ 47–51 ]  SLIPS presents a dynamic, 
molecularly smooth liquid interface with the capability of elimi-
nating pinning points of droplets on it, [ 44,48 ]  and reduces the 
adhesion in between since the traditional solid–ice contact is 
transferred to liquid–ice contact. 

 Now that not a real surface can perfectly prevent ice accu-
mulation in humid and cold environment, a compromised way 
would be to delay the icing process and reduce ice-surface adhe-
sion so that the ice can be removed easily. [ 52,53 ]  The ice removal 
capability will further be enhanced with heating. To this end, 
the integration of SLIPS and thermogenesis into a single sur-
face is arrived as a novel icephobic and deicing strategy. This 
will require heating methodology that can maximize the effi -
ciency of external energy. Some of the nanoparticles (e.g., gold 
nanoparticles, carbon nanotubes, etc.) can perform the function 
since they can absorb specifi c stimuli for local heating. [ 54–56 ]  
Among different stimuli, laser is particularly attractive because 
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  1.     Introduction 

 The accumulation of ice on facilities may cause serious prob-
lems, such as the frozen rain disaster in southern China in 
2008 and the snow disaster in northeast America in 2014, [ 1–5 ]  
by undermining the operational performance of aircrafts, [ 6,7 ]  
optical lenses, [ 8–10 ]  energy transmission systems, [ 11,12 ]  power 
lines, [ 3,13 ]  wind turbines, [ 14,15 ]  ships, [ 16 ]  highways as well as 
building construction. [ 17–20 ]  Therefore, anti-icing or deicing pro-
cedures have to be taken to alleviate the negative impact of icing. 
Among different approaches, spraying agents, usually polyol 
ether, that can lower the icing point is much popular, is mostly 
used, but is receiving more and more environment concerns. A 
large number of investigations have been conducted to under-
standing the icing mechanisms so as to look for alternative 
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of high energy density, high effi ciency, easy handling, etc., and 
photothermogenesis has been used as triggers for controllable 
drug delivery, catalysis, and actuation, etc. [ 57,58 ]  Fe 3 O 4  mag-
netic nanoparticles (Fe 3 O 4  NPs) have been verifi ed with high 
thermogenesis effi ciency by near-infrared (NIR) laser irradia-
tion (an inexpensive and safe light source) for in vivo thermal 
therapy. [ 59,60 ]  It is also highly promising for the laser-induced 
photothermal effect to be used for anti/deicing and mean-
while high penetration capability of NIR through heavy mois-
ture and thick ice layer to reach the solid–ice interface is also 
required. [ 60 ]  Therefore, in this paper we report the conceptual 

icephobic strategy by combining SLIPS and 
photothermal effect to delay ice accumula-
tion and to remove ice easily.  

  2.     Results and Discussions 

  2.1.     Fabrication of Anti/Deicing Film 

  Scheme    1   shows the fabrication procedures 
of a model surface, which are experimen-
tally simple. Typically, polystyrene (PS) 
microspheres are assembled into a compact 
opal crystal template, and then the Fe 3 O 4  
NPs-silicone precursor (Sylgard 184, Dow 
Corning) mixture solution is poured on the 
template. After solidifi cation and removal of 
the template, an inverse opal porous PDMS 
(polydimethylsiloxane) fi lm with uniformly 
distributed Fe 3 O 4  NPs is formed, and is infi l-
trated with perfl uoro polyether lubricants 
after fl uorination. 

  The PS colloidal crystals have uniform 
spherical shape and monodispersed size 
(≈400 nm). It forms hexagonal lattice struc-

ture upon assembly on surface and is compact, highly regular 
and less-defects/cracks even in a relative large scale ( Figure    1  a 
and Figure S1, Supporting Information). After replicating the 
lattice structure, opaque PDMS fi lm with 3D porous struc-
ture was obtained (Figure  1 b).  Figure    2  c shows microscopic 
image of high-ordered reverse photonic crystals structure as 
a perfect replica of colloidal template. On the walls of each 
bowl-like structure, three micropores are left as replication of 
connected points of two colloidal crystals (Figure  1 d). These 
structures exist both on the top and along the in-depth direc-
tion (Figure  1 e). All pores are interconnected (Figure  1 f), which 
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 Scheme 1.    Schematic procedures for fabricating photothermal icephobic fi lm. It includes 
i) assembly of polystyrene microspheres onto substrate and used as the template; ii) pouring 
silicone precursor with Fe 3 O 4  nanoparticles onto the template; iii) removal of PS sphere tem-
plate; and iv) perfl uorination with perfl uorosilane and fi lling with perfl uoro polyether lubricants.

 Figure 1.    a,b) Microscopic images of polystyrene spheres and icephobic PDMS fi lm. FESEM images of the top and cross-section view of PS colloidal 
crystals template. The PS spheres are closely packed both on top and along the in-depth direction. c) Optical photographs and d,e) FESEM images of 
as-prepared porous PDMS fi lm on top and f) cross-section morphology, showing well replication of the inverse opal structure of the template.
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provides reservoir to store lubricant and lubricant diffusion 
pathway. 

   For the purpose of deicing by thermogenesis, the oil-
soluble Fe 3 O 4  NPs are engineered into surface coating. 
The monodispersed Fe 3 O 4  NPs have an average particle 
size of about 12 nm, which is consistent with the value 
(≈12.5 nm) calculated from the broadened peaks in X-ray 
diffraction (XRD) pattern according to the Debye–Scherrer 
equation (Figure  2 a–c). XRD patterns of the nanoparticles 
match very well to the standard spinel phase of Fe 3 O 4  with a 
lattice constant  α  = 8.41 Å (PDF 19-0629). [ 61–64 ]  It has excel-
lent dispersion in many nonpolar solvents and keeps stable 
even for several months, also in PDMS precursor and so in 
PDMS fi lms. Transmission electron microscopy (TEM) anal-
ysis verifi es very well dispersity of Fe 3 O 4  NPs in high-ordered 
porous PDMS fi lm (Figure  2 d,e). In the inset of Figure  2 a, 
the Fe 3 O 4  NPs are all structurally uniform with an interplanar 
spacing about 0.48 nm, as indicated clearly from atomic lat-
tice fringes, which corresponds to the (111) lattice plane of 
cubic Fe 3 O 4  NPs (0.483 nm). [ 62 ]  Similarly, the same atomic 
lattice fringes were also found in the as-prepared fi lm, which 
further verifi es that the Fe 3 O 4  NPs successfully existed in the 
porous PDMS fi lm (Figure  2 f).  

 In order to verify the function mechanism of the strategy, 
different PDMS fi lm samples were prepared for control experi-
ment, i.e., pure and smooth PDMS fi lm without pores, fl uori-
nation and lubricant (SF), porous fi lm (PF), fl uorinated porous 
fi lm (FF), and fl uorinated porous fi lm infi ltrated with perfl uoro 
polyether (Krytox from Dupont) lubricant (LF). The anti-icing 
performance of icephobic materials (especially for the initial 
stage of ice formation) closely relate to their surface wetta-
bility. [ 41,44 ]  The PF has poor water repellency and water droplet 
wets on the surface instantaneously despite of the hydrophobic 
nature of PDMS. Water droplet is more like being sucked into 
pores due to the capillary force and so it will not be further 
considered as the icephobic material. Due to its good water 
repellency and smoothness (Figure S2, Supporting Informa-
tion), SF was adopted in this paper as an important reference 

to confi rm the icephobicity of others. After fl uorination (FF) 
with fl uorosilane, it becomes superhydrophobic with water 
contact angle (WCA) above 150°, and the contact angle hyster-
esis is about 1°. When the porous fi lm is fi lled with lubricant 
(LF), its WCA declines to about 85°, and this phenomenon 
is consistent to the correlative reports. [ 47,49 ]  Despite of that, a 
defect-free and super-slippery surface is obtained due to the 
infi ltration of liquid lubricant that can eliminate the moisture 
pinning defects, resulting in a small contact angle hysteresis 
(3° ± 1°). [ 49,50 ]  All results mentioned above display a good 
water repellency of LF. Besides the water repellency, the adhe-
sive force between water droplet and fi lm is also an important 
measure to evaluate the anti-icing capability of icephobic fi lm. 
It is seen from Figure S3 (Supporting Information) that the 
PF has the maximum adhesion force, and its water adhesive 
force is even larger than that on SF. The water adhesion force 
of FF is the smallest among all the tested samples because of 
the signifi cantly reduced three phase contact area. The LF also 
exhibits a relatively small adhesion force. But different from 
FF, the reduction of adhesion on LF is caused by minimizing 
pinning points between the droplet and the solid surface.  

  2.2.     Antifrost Property 

 The icephobic properties of the three fi lms (FF, SF, and LF) 
were studied in two different simulated environment (frost, in 
low temperature, −10 °C, and high humidity environment, high 
humidity (RH) ≥70%, and freezing condition at low tempera-
ture, −5 °C, RH ≥70% and raining). All samples were mounted 
at a tilted angle of ≈60°. As reported previously, [ 37 ]  the frost mor-
phology on cold surface is time dependent, which subsequently 
has a great impact on the adhesion strength of frost with the sur-
face.  Figure    3   presents the freezing process with time frost on 
different fi lms. It is seen that frost was formed very soon (after 
10 min) on SF and on FF as well (please note that the thin frost 
layer must have already changed the wetting property of FF). 
Frost formation on SF was much thicker than that on FF at the 
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 Figure 2.    TEM images of Fe 3 O 4  NPs and porous Fe 3 O 4  NPs/PDMS. a,b) TEM images and c) XRD patterns of the as-prepared Fe 3 O 4  NPs. Inset of 
(b) is the electron diffraction of Fe 3 O 4  NPs. Insets of (a) and (f) are the corresponding high-magnifi cation TEM images. d) TEM, e) STEM, and f) high-
resolution TEM images of porous Fe 3 O 4  NPs/PDMS fi lm. Insets of (d) and (e) are the corresponding high-magnifi cation TEM images.
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same time. After 60 min, very thick frost layer was formed on 
both SF and FF. However, there was no frost or ice on LF even 
at 60 min and only some sparsely dispersed frost appeared on 
the edge of this sample. All fi lms were ultimately covered by frost 
after 12 h. However, the morphology of frost and its amount are 
completely different. The SF surface was fully covered with very 
thick, smooth, and compact ice layer, while frost on FF appeared 
as a large number of very fi ne grains with thick ice layer at the 
bottom and the ice layer was very rough with sparsely dispersed 
large frost grains on LF. These results suggest that moisture was 
easy to condense on SF, but the FF and LF signifi cantly delayed 
condensation due to the different wetting property (WCA and 
WCA hysteresis). [ 30,32,65 ]  However, over time, the water repellency 
and the antifrost property of FF disappeared because the mois-
ture could condense into its micropores and displace pocket air 
inside fi lm. [ 42,43,48 ]  Upon freezing, ice would be much like being 
anchored onto FF surface. This imaginably makes ice on FF 
much harder to be removed. When the temperature was elevated 
to room temperature, frost became water droplets. Water droplets 
were heavily pinned on SF and even on FF, but easily slide off 
on LF, leaving no water droplets on it. The water droplet pinning 
on FF further proves that wetting transition occurred from meta-
stable Cassie to Wenzel contact mode due to the penetration of 
water vapor into micropores, as the WCA became much smaller. 
Infi ltration of lubricant into pores effectively prevents water vapor 
penetration. In a word, LF can not only delay frost formation, but 
also remove molten water much more easily than other fi lms. 

    2.3.     Defrost 

 The defrost property and the durability were quantitatively 
investigated by analysis of the frost adhesion strength on 

respective surfaces and were correlated to the WCA changes 
( Table    1  ). Counter intuitively, on FF surface, frost has the largest 
adhesive strength (>1700 kPa), the SF has the medium value 
(≈500 kPa), while the lowest adhesion strength (about 25 kPa) 
was found on LF. Thus, the frost on LF may be removed very 
easily with external disturbance. [ 48 ]  FF has porous structure 
and the extremely high ice adhesive strength can be ascribed 
to the moisture condensation inside porous structure and so 
increase of contact area of ice with surface. [ 18,42 ]  The moisture 
condensation can be verifi ed with the signifi cant WCA decline 
on FF from about 150° (before freezing) to about 67° (after 
defrosting), indicating the change of wetting mode from Cassie 
to Wenzel. [ 42 ]  However, LF can maintain its water-repellent 
property very well (from about 85° to 83°). 

  The stability of lubricant is the key for its antifrost dura-
bility. In Figure S4 (Supporting Information), it is shown that 
the lubricant could take effect after more than 20 continuous 
freezing–defrost cycles or even longer. [ 51 ]  We attribute its good 
durability to the high porosity in LF and immiscibility of per-
fl uoropolyether lubricant with water in that the extremely 
large free volume of the porous PDMS allows high infi ltration 
fraction of lubricant and meanwhile allows the easy lubricant 
migration to the top surface to maintain its antifrost property 
once the surface a spot of lubricant is lost in defrosting pro-
cess and the immiscibility of lubricant with water can prevent it 
being fl ushed away by water. [ 51 ]   

  2.4.     Anti-Icing 

 Apart from the frost accumulation, icing under freezing rain is 
more disruptive. Herein, the icephobic capabilities of the three 
samples were tested in simulated freezing rain environment: 
dripping condition (mimicking the raindrops, average ≈5 µL 
for each droplet, the impact height was set at about 10 cm) at 
−5 °C and the relative humidity above 70%. The icing speed 
was obviously accelerated compared with frost condition. From 
 Figure    4  , it is seen that the ice layers formed on all fi lms in 
freezing rain environment are more compact and thicker than 
those formed under high humidity condition. Moreover, ice 
balls were clearly observed on LF, whereas compact, thick and 
densely packed ice layers formed on SF and FF. The reason is 
that water droplets impacting on rough FF surface at a certain 
speed tend to alter the wetting mode rapidly, while on LF wet-
ting property is very stable. [ 5,42,65–67 ]  In addition, the morpholo-
gies of the formed ice layer on fi lms are closely related to their 
icing process and also have a great impact on the adhesion 
strength of ice on surface. [ 67 ]  The ice layer adhesion strength on 
three different surfaces are all much higher than that formed 
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 Figure 3.    Frost formation with time and melting. Frost formation-removal 
images over time on a) SF, b) FF, and c) LF by deeply freezing under high 
humidity condition and subsequent deicing by photothermal effect. All 
samples were mounted with 60° tilt angle and a blue background was 
selected to highlight the contrast.

  Table 1.    Water contact angles and frost adhesion strength on various 
surfaces. 

Samples Characteristics WCA 
(before freezing)

WCA 
(after defrost)

Frost adhesive 
strength [kPa]

SF Hydrophobicity 119° ± 5° 119° ± 5° 506.4 ± 27

FF Superhydrophobicity 151° ± 4°   67° ± 2°  1758 ± 32

LF Slippery   85° ± 3°   83° ± 2° 24.7 ± 5
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under humidity condition (Figure  4 d), i.e., on FF, the ice adhe-
sion strength reaches up to 2380 KPa, and above 100 kPa even 
on LF, which indicates that more extra force or thermal energy 
is needed to deice under freezing rain condition. 

    2.5.     Deicing 

 The normal external disturbance, such as wind, gravity, or 
vibration is not enough to remove ice even on LF and ice 

removal must be assisted by outside force or heat. As schemati-
cally shown in  Figure    5  a, Fe 3 O 4  NPs are used for photorespon-
sive thermogenesis. Figure  5 b shows the temperature increase 
of FF with the irradiation time at ambient room temperature. 
Although the Fe 3 O 4  NPs concentration in the fi lm is very low 
(only 0.5 wt%), the surface temperature of LF increases obvi-
ously and exceeds 50 °C after only 10 s irradiation. It needs to 
point out that temperature increase at the coating surface is 
little affected by the surrounding temperatures in short time 
period since heat generation occurs only at the surface. On the 
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 Figure 4.    Ice formation and the adhesion characteristics. Digital images of ice layers formed on a) SF, b) FF, and c) LF under mimic freezing rain 
environment. d) The average ice adhesion strength on different fi lms.

 Figure 5.    Laser-induced photothermal deicing. a) Schematic of the photothermal rapid deicing process. b) The plots of surface temperature with 
irradiation time at room temperature and c) the captured images from the deicing videos (Movies 1 and 2, Supporting Information), indicating ice 
melting process on SF and LF at different time.
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contrary, even after 50 s irradiation, no obvious temperature 
change was detected on the nondoped fi lm. It indicates that the 
icephobic fi lm can generate heat to melt ice by laser irradiation 
in very short time. Although some temperature rise also exists 
on SF at room temperature, this cannot be found below 0 °C 
since the great thermolysis and relative low power laser irra-
diation. [ 58,59 ]  Figure  5 c shows that the ice layer formed under 
freezing rain condition (30 min) could be melted in 4 s even at 
simulated freezing environment below −5 °C. From the Movie 
1 (Supporting Information), it is clearly seen that ice layer melt 
instantaneously with the movement of light spot. Water could 
slide off very quickly from the light shining area because of the 
good water repellency of LF. In contrast, the ice layer formed 
on the SF (nondoped) under the same condition did not melt 
even after 30 s irradiation (thermogenesis of NIR itself is weak, 
and it has no damage to the fi lm, as shown in Movie 2, Sup-
porting Information). The photothermal defrost process on 
SF and LF was given in Figure S5 (Supporting Information). 
Movie S3 (Supporting Information) shows frost on LF started to 
melt even after 2 s irradiation, while on SF only slight melting 
occurred from the outer frost due to the slight irradiation effect 
of NIR after at least 8 s (Figure S5, Supporting Information). It 
is evident that the melting process on the two fi lms was funda-
mentally different: melting on LF started from the interface of 
ice and LF, demonstrating that the heat was generated from the 
fi lm surface but not directly from the laser. While, slight ice/
frost melting on SF started from outermost layer and needed a 
longer time due to the irradiation effect of NIR. Thus, we can 
safely conclude that the introduction of photothermal nano-
material obviously benefi ts to ice removal by melting ice at the 
interface, which together with lubricating property of the sur-
face plays a synergistic role in anti/deicing. 

    2.6.     Photothermal Icephobic Engineering Coatings 

 Despite the effectiveness of the anti/deicing technique, the 
above surface fabrication process is costly, time consuming 
(several steps), and only applicable in small areas. For real 
applications, it is important to transfer the conception to a 
technology that is compatible with currently used engineering 
coatings that allow us to one-step fabricate photothermal ice-
phobic coatings. For this purpose, we have used the liquid 
paraffi n (LP) to replace both colloidal crystals template and 
perfl uoro polyether lubricants to simplify the fabrication pro-
cedure. LP can be dispersed in the form of colloidal liquid 
drops in PDMS precursor and in cross-linked PDMS coating 
as lubricant.  Figure    6  a shows that the PDMS can be on-step 
spray-coated onto various substrate surfaces, such as Cu foil, 
Al foil, steel plate, PTFE plate, glass, etc. The method of pre-
spraying an epoxy primer on substrate surface can enhance 
adhesive strength between the PDMS and the substrate sur-
faces, which is widely used to link the organic silicone coating 
with substrate for marine antifouling. [ 68,69 ]  The microscopically 
morphology analysis of the sample after being extracted with 
petroether implies that the coatings also have porous structure 
that comes from the templating effect of LP (Figure  6 c). The 
micropores are also the reservoir for LP. When the coating is 
very thin (about 50 µm), it is fully transparent irrespective of 
slight dark brown color. The sliding down of droplet on curved 
lens glass manifests the excellent water-repellency (WCA ≈83°, 
and low water contact angle hysteresis ≈3°) and the relative low 
formed frost adhesive strength (≈46 kPa). 

  Likewise, the LP-coating also has prominent photothermal 
icephobic property. Figure  4 b shows the ice accumulation 
scenario on samples listed in Figure  6 b (a half substrate was 
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 Figure 6.    Spray-coated LP-coating and anti-icing property. a) The one-step fabricated LP-polyurea coating on steel plate. b) SEM images of LP-coating. 
It shows a large number of micropores are generated in the coating. c) Ice morphology of formed on LP-coating. d) The laser-induced photothermal 
burning of ice. e) Surface temperature change of LP-coatings with different nanoparticle dosage (0%, 0.2%, 0.5%, 1.0%, and 2.0%) under NIR irradia-
tion. f) the thickness of ice layer versus irradiation time to melt on coating of 0.5% nanoparticle content.
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coated with LP-coating). Compared with the blank side, all the 
coatings can delay ice accumulation effectively and ice has dif-
ferent loosely packed morphology. Indeed, the icephobic prop-
erty of LP-coating is not as good as the perfl uoro polyether, but 
the pothothermal technology makes up for it. It also enables 
the easy removal of the accumulated ice by photothermal effect 
and Figure  6 d shows part of ice layer was burned away with 
short time NIR irradiation. The synthetic strategy of photo-
thermal icephobic coating technically is feasible for large-scale 
production and applicable to surface icing protection of many 
base materials such as epoxy, polyurethane, acrylate, etc. The 
ice melting ability depends on both the laser light density and 
the concentration of Fe 3 O 4  NPs in coatings, which can be opti-
mized for applications in specifi c conditions. To better under-
stand the infl uence of the Fe 3 O 4  NPs concentration in coat-
ings on the thermogenesis under NIR irradiation, we further 
measured the warming behavior of LP-coatings with different 
concentrations of Fe 3 O 4  NPs (Figure  6 e). It is clear that, by 
contrast to the virgin sample (no obvious warming is observed 
on the undoped coating), the temperature of the coatings with 
different Fe 3 O 4  NPs doping amount increases obviously with 
NIR irradiation. Meanwhile, after the same irradiation time, the 
greater the doping amount is, the more obvious the tempera-
ture rises. Under the same irradiation intensity, the generated 
heat may accumulate with evolution of irradiation time. The 
melting time strongly depends on the time laser light to pen-
etrate through ice layer. The quantitative relationship between 
the ice melting time and the thickness of ice layer on coating 
containing 0.5% nanoparticles is given in Figure  6 f. It is shown 
that prolonging the irradiation time, more thick ice layer can 
be melted and a close to linear relationship between them was 
obtained. In summary, when LP-coating is exposed to NIR 
light, the Fe 3 O 4  NPs work as a mass of microscopic heaters to 
rapidly and homogenously produce enough thermo energy to 
melt the ice layer.   

  3.     Conclusions 

 In summary, a conceptual anti/deicing strategy is presented 
that combines the durable lubricating effect by infi ltrating slip-
pery liquid into porous surface and the photothermal effect 
afforded by Fe 3 O 4  nanoparticles. The slippery liquid can be 
fi rmly locked in porous structures and forms a defect-free inter-
face, which endows the fi lm with stable and effi cient water-
repellency so that it can impede water vapor condensation and 
reduce ice adhesion strength. The uniformly dispersed Fe 3 O 4  
NPs in fi lm can rapidly convert the optical energy of a NIR laser 
into thermal energy and thus endow the fi lm with thermogen-
esis deicing capability in both high humidity and freezing rain 
environments. Moreover, NIR has better penetration ability 
through different materials, and so the ice, so it can be used for 
deicing in much complicated conditions where ice is formed in 
different morphology, transparency, etc. The optical approach 
also allows remote deicing. The photothermal icephobic con-
ception can be very easily transformed from model surface to 
more industrial compatible engineering coatings technology 
for large-scale production. Although this work is still at its con-
ceptual stage, the potential application prospect will inspire the 

design and fabrication of various next-generation anti/deicing 
materials, and is bound to promote the progress of the anti/
deicing materials in practical application in future.  

  4.     Experimental Section 
  Preparation of Porous PDMS Films : To prepare porous silicone fi lm, 

the Fe 3 O 4  nanoparticles solution was added to the mixture of PDMS 
prepolymer and curing agent (10:1, v/v, Fe 3 O 4  NPs content 0.5 wt%). 
After stirring to form a uniform mixture, the mixture was spread on 
the PS colloidal crystals template (fabricated according to the reports 
70, 71) to fi ll the void spaces among colloidal particles via capillary 
suction. It was then cured in an oven at 70 °C for 3 h. After curing, the 
Fe 3 O 4 -PDMS fi lm elastomer was carefully peeled off from the mold 
and PS microspheres were selectively dissolved by immersing the fi lm 
in a toluene bath for approximately 4–6 h. The porous PDMS fi lm was 
fl uorinated treatment by trichloro(1 H ,1 H ,2 H ,2 H -perfl uorooctyl)silane 
to form FF. 10 mL cm −2  Krytox 100 was infi ltrated into fl uorinated fi lm 
by automatic wetting. Excess lubricant can be removed by drying with 
tissue paper. 

  Preparation of LP-Coating : The one-step fabrication LP-coating was 
prepared by utilizing LP as both lubricant and template. Typically, the 
mixture of PDMS prepolymer and curing agent (10:1 by weight), Fe 3 O 4  
NPs (0.5 wt%), LP, and hexane (mixture/LP/hexane: 25/20/55 (w/w/w) 
were blended uniformly and then sprayed on different substrates. After 
curing in an oven at 70 °C for 3 h, the LP-coating was obtained. 

  Characterization : The sample surfaces were observed by fi eld emission 
scanning electron microscopy (FESEM, JSM-6701F, Japan) at 5 kV. TEM 
images, selected area electron diffraction (SAED), and energy dispersive 
spectroscopy (EDS) measurements were obtained on a TECNAI G2 
TF20 high-resolution transmission electron microscopy under a working 
voltage of 200 kV (FEI, USA). The fi lm was cut to ultrathin sections before 
the TEM analysis by a Leica EM FC7 ultramicrotome with a diamond 
knife at −120 °C cooled with liquid N 2 . Powder XRD patterns were 
recorded on an X’Pert Pro Multipurpose diffractometer (PANalytical, 
Inc.) with Cu Kα radiation (0.15406 nm). The adhesion force of water 
droplets on different surfaces at room temperature were measured by 
a using a high-sensitivity dynamic contact angle measurement system 
(Data-Physics DCAT 11, Germany). Typically, about 10 mg water droplet 
was suspended with a metal ring fi rst, and the substrate was placed on 
the balance table. The substrate was moved downward at a constant 
speed of 0.005 mm s −1 , until the substrate contacted the water droplet. 
The force increased and the shape of the oil droplet changed from 
spherical to elliptical. When the droplet was about to leave the substrate, 
the contact force sharply decreased, and the shape of the droplet 
changed back to spherical. 

  Icephobic Test : To observe their icephobic properties of different 
surfaces, all samples were monitored in homemade ice controllable 
equipment, which contains a custom refrigerator, a refrigerating box 
with observation window and a high sensitive temperature probe, and 
a controller system to adjust humidity and temperature. The whole 
icephobic tests are divided into four parts: antifrost, anti-icing, defrost, 
and deicing tests. During the antifrost tests, all the samples were placed 
in the controllable icing equipment with a tilted angle of ≈60° under 
a frost-forming condition (−10 ± 1 °C and RH = 70% ± 2%, kept for 
720 min for all samples). [ 20,21,48 ]  The antifrost data were regularly 
collected via a CCD camera. Additionally, the anti-icing tests that 
proceeded under the simulation freezing rain environment were also 
carried out in our controllable icing equipment. To mimic the rain 
droplets in nature, tiny droplets were sprayed onto the as-prepared 
samples via an array of microsyringe needle under −5 °C (mimic the 
raindrops, average ≈5 µL every droplet, the impact height of the droplets 
was set at about 10 cm). [ 44,67 ]  All samples were kept in the mimic freezing 
rain environment for 120 min. The photothermal defrost and deicing 
tests were investigated in <−5 °C and RH ≈70% environment, where a 
near IR laser (808 nm, 1 W) was shone onto the as-prepared samples. 
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  Ice Adhesion Strength Measurement : In this paper, the method of 
measuring the adhesion strength of ice was similar to widely used 
reports and gives a reproducible value of the ice adhesion of various 
surfaces. [ 48,66,67 ]  The ice adhesion measurements were performed within 
the humidity-controlled chamber for the frost and defrost testing. All 
the ice adhesive strengths were averaged over 5 times measurements. 
The setup for measuring the ice adhesion strength consists of an XY 
motion stage, a custom force gauge which is from Wagner Instruments 
Force One FDIX with an accuracy of ±0.25 N), a home-built cooling 
stage, and water-fi lled cylindrical glass columns with a well-polished 
end (contact surface 1 cm 2 ) that were frozen onto the test surfaces. 
Then the cooling stage with the water-fi lled cylindrical columns atop 
of it was placed in a closed box. The test was carried out after the 
water (Milli-Q) in the cylindrical glass columns was kept at −15 °C for 
4 h with high humidity, which ensured that water froze completely. The 
adhesive strength measurement of the ice formed in the mimic freezing 
rain environment is similar to the measurement for the high humidity, 
while, the only difference is that the samples are frozen beforehand in 
the mimic freezing rain environment. In addition, for the mimic freezing 
rain environment, the samples were fi rst frozen for 1 h, and then were 
put to the water-fi lled cylindrical glass columns on the surface −15 °C 
for 4 h. Then the probe of the force gauge were derived to apply force by 
either pulling or pushing the sample columns to the ice columns via a 
syringe pump (Harvard Apparatus PhD Ultra) that was moved forward 
and backward at a rate of 0.5 mm s −1  and the peak force record required 
to detach each ice column.  
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