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Abstract

Ice accretion is a severe challenge for both production and livelihood in cold regions. 

Previously reported high-performance icephobic surfaces by infusing lubricants are either 

temporarily icephobic, chemically unstable or mechanically weak. Herein, we report the design 

and fabrication of submicron porous polydimethylsiloxane (PDMS, Sylgard 184 with weight 

ratio 10:1) foams based chemically stable and mechanically robust icephobic materials. The 

relationship between the ice adhesion strength and porosity is revealed. Without any surface 

additives and lubricants as well as sacrificing the crosslinking density of elastomeric foam, the 

stable ice adhesion strength of the submicron porous foam reaches 16.8 ± 5.8 kPa after 50 

icing/deicing cycles. In addition, the icephobic foams show excellent chemical stability and 

mechanical robustness, and the ice adhesion strengths are all less than 30.0 kPa after 

acid/base/salt/organic solvent corrosion and 1000 abrasion cycles. The submicron porous 

elastomeric strategy opens up a new avenue for high-performance durable icephobic materials 

with excellent stability and robustness. 
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1 Introduction

Ice accretion can cause severe problems for infrastructures and transportations, such as collapse 

of grid infrastructures, failure of turbine blades and traffic accidents as well as malfunctioning 

in solar cells.1-5 Conventionally, thermal, mechanical and chemical approaches are adopted to 

tackle these challenges, including heating iced surfaces, salting on roads and directly removing 

ice by force.6-8 These active methods, however, result in either excess energy consumption or 

environmental pollution.9 Hence, there remains a strong need to develop passive methods for 

effective deicing. 

  According to the interfacial adhesion mechanics, the average shear stress required to separate 

the rigid object (e.g. ice) from a soft homogeneous coating is given as6, 10, 11 

 
W G

t
 



where  is the shear strength, W is the work of adhesion, t is the thickness of the coating, and 𝜏

G is shear modulus. Apparently, if the values of W and G decrease, and t increases, the 

corresponding  reduces. 𝜏

  Icephobicity can be defined by the ice adhesion strength of the surfaces. If the ice adhesion 

strength is below the threshold of 100 or 10 kPa, the surfaces can be referred as an icephobic 

or super-low ice adhesion surface, respectively.11, 12 In the past years, several approaches, 

including decreasing water crystallization temperature,13, 14 delaying freezing time,15-20 and 

lowering ice adhesion strength of surfaces,2, 6, 11, 12, 21, 22 have been adopted to create passive 

icephobic surfaces. In particular, superhydrophobic surfaces have been extensively 

investigated aiming to prevent super-cooled water from freezing on surfaces, but the 

mechanical properties and/or interlocking effect of these textured surfaces are still the 

challenges for icephobicity, restricting their application perspective.23-25 Recently, lubricants-
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infused surfaces were developed, including the slippery26-31 and slippage-induced1, 11 surfaces, 

to achieve low ice adhesion strength so that the accumulated ice can be easily removed by self-

gravity of ice or winds. Since there exists a layer of lubricant on the slippery surface, the 

accumulated ice does not contact with the solid surface directly. Consequently, the ice adhesion 

strengths of the slippery surfaces are significantly reduced because of the intrinsic low shear 

modulus of lubricants.13, 28, 29 However, the sacrificial nature of lubricants results in poor 

durability of the icephobicity. Furthermore, icephobic surfaces with infusing miscible 

lubricants by slippage mechanism are developed to tackle the poor durability of the slippery 

icephobic surfaces.1, 11 Low shear modulus surfaces with durable and high icephobicity were 

obtained by tailoring the crosslinking density of different polymeric coatings with miscible oils 

and enabling interfacial slippage.1, 6, 11 However, if the crosslinking density is sacrificed greatly, 

the polymers are not easy to form a solid state.6 Their mechanical properties and 

physical/chemical properties become new issues. For example, the low crosslinking polymers 

could be more viscous and easier to degrade than the high-crosslinking polymers;32, 33 and 

sacrificing crosslinking density of the coatings resulted in obvious thickness loss when testing 

the anti-abrasive property.11 In addition, the lubricant could be depleted if the surfaces contact 

the outer chemicals (e.g. organic solvent) for the lubricant-infused surfaces. In our previous 

work, Sylgard 184 sponge with sub-millimeter scale pores and extra curing agent (more than 

the weight ratio of 9.1%) was developed. It showed stable ice adhesion about 1 kPa even after 

25 icing-deicing cycles.12, 34 The super-low ice adhesion strength is attributed to the coupling 

effect of increase in total crack length, decrease in elastic modulus, reduction in surface energy 

and enabled slippery effect.11, 12, 34 So far, the effect of the solo pore for lowering the ice 

adhesion strength have not been investigated. 

To overcome the intrinsic limitations of the previous strategies (Figure 1a-d), and inspired by 

the effective medium theory,35 here we present the submicron porous elastomeric strategy for 
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durable icephobicity (Figure 1e). The apparent shear modulus of the porous elastomeric foam 

is between the shear modulus of the air and the solid elastomer, which is governed by the 

intrinsic properties of the matrix materials and the porosity. In general, the apparent shear 

modulus decreases with the increase of the porosity.36 On the other hand, according to the 

adhesion failure theory,6, 12, 37 the decrease of shear modulus of foam increases the mismatch 

with ice and reduces its ice adhesion strength. Without any surface additives and lubricants as 

well as sacrificing the crosslinking density of elastomer, the stable ice adhesion strength of the 

obtained submicron porous foam reaches ca. 16.8 ± 5.8 kPa after 50 icing/deicing cycles, 

demonstrating durable icephobicity. Moreover, the ice adhesion strengths of the submicron 

porous foams are below 30.0 kPa after acid/base/salt/organic solvent corrosion and 1000 

abrasion cycles, showing excellent chemical stability and mechanical robustness. In addition, 

we demonstrate that the submicron porous elastomeric foams have low apparent elastic 

modulus with normal crosslinking density (Sylgard 184 with weight ratio 10 : 1). The lubricant-

free submicron porous elastomeric foams provide a facile and novel strategy to enable high-

performance durable icephobicity with mechanical robustness and chemical stability. 

2 Results and discussion

2.1 The submicron porous elastomeric foams

  Figure 1e shows the fabrication route of the submicron porous foams. The hybrid surfactant 

(Span 80 and Tween 80) as the porogen is dispersed in the Sylgard 184 component with a 

weight ratio of 10 : 1, forming an emulsion system. The obtained fluid is then coated on the 

substrates. After storing the precursors on substrates at 65 oC for 4 h, all of them become solid 

state completely. Then in the removing porogen process, the hybrid solvent (ethanol/water) is 

selected to remove the porogen (hybrid surfactant), as ethanol/water mixture can dissolve the 

hybrid surfactant and PDMS can slightly swell in ethanol.38 Finally, the submicron porous 
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foams are formed when the solvent is removed by a heating process (the areas of the foams 

change negligibly before and after removing the porogen). The obtained foams are marked as 

0 - 50% corresponding to the weight ratio of porogen to the total precursors. Notably, when the 

porogen is introduced into the Sylgard 184, the fluidity of the hybrid precursors decreases in 

the porogen weight ratio range of 0 - 50%, increasing the difficulty in forming the foams. In 

particular, the 30% sample is a compromise between the porosity and the ability to form 

submicron porous foams. The porosity of the samples is estimated based on the equation P 

(porosity) = 1 – Vframework / V, where Vframework is the volume of PDMS and can be calculated by 

weight of samples diving density of pristine PDMS, and V is the volume of samples.39 The 

obtained porosity of the samples varies from 0 – 48.4% (Table 1). The structures of pristine 

Sylgard 184 PDMS, 10, 20, 30, 40 and 50% samples are further revealed by their SEM images 

(Figure 2). In contrast to the pristine Sylgard 184 samples, the 10 - 50% samples exhibit isolated 

or continuous submicron porous structures. The average pore sizes of 10 - 50% samples are ca. 

489.6 ± 134.3, 482.6 ± 144.5, 483.9 ± 154.6, 470.7 ± 134.6 and 609.9 ± 96.6 nm, respectively 

(Figure S1), and the shapes of pores vary from isolated to continuous porous structures. The large 

value of the errors of the pore size is attributed that not all the pores were cut through the center of 

pores. It should be noted that the pore size of 50% sample is defined as the distance between the 

ridges.  In addition, in contrast to the optical images of pristine PDMS (Figure S2a), the optical 

microscopy images (Figure S2b-d) of these 10 – 50% samples also indicate the pores are formed. 

Moreover, as shown in Figure S3, the surfaces of 0 - 40% samples are flat without pores, revealing 

the pores of these samples are packed in the inner space of the foams. The pores of 50% sample 

appear at the surface of the foam, due to a large amount of porogen used. 

  The surface morphology and structure of the 30% sample are further investigated and 

analyzed as a typical sample in detail. The top-view SEM image (Figure 3a) shows that the 

foam is smooth with shallow dents uniformly distributed on the surface, where the average 
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diameter of these dents is estimated to be 610 nm. The AFM images further demonstrate the 

smooth top surface has an RMS roughness of 28 nm from an area of 10 μm × 10 μm. The depth 

of the dents is estimated as ca. 28 nm by the AFM images (a height profile is shown in Figure 

S4 as an example), indicating the dents are quite shallow and the surface is rather flat. Although 

the RMS roughness of 30% sample is higher than the pristine Sylgard 184 surface (Figure S5, 

RMS roughness of 2.4 nm, 10 μm × 10 μm), it is much lower than many porous surfaces (e.g. 

Figure S6, porous surfaces can result in interlocking effect for ice in harsh humidity).8, 24, 27 

Moreover, the cross-sectional SEM image (Figure 3b) and optical microscopy image (Figure 

3e) show that the pores are packed inside the foam. The pore size is roughly estimated to be 

ca. 450.2 ± 135.5 nm based on the SEM image (Figure 3b). Hence, the foam has a relatively 

smooth surface with pores inside the structure. The images of the submicron porous foams with 

a thickness of 50 μm and 1 mm further demonstrate that the surface morphology of submicron 

porous foam is homogeneous (Figure 3f and g). Unlike icephobic Sylgard 184 sponge in which 

the thickness is larger than sub-millimeter (corresponding to the pore size in sponge),34, 40 the 

thickness of the submicron porous foams can be regulated from micrometer-scale to 

millimeter-scale. In addition, the wettability of the 30% sample is revealed in contrast to 

pristine PDMS surface. As shown in Figure S7, the water contact angle of the 30% sample 

(114.7 o) is slightly higher than the pristine Sylgard 184 PDMS (111.4 o), which may due to the 

higher RMS roughness of 30% sample surface than the pristine Sylgard 184 surface.

2.2 Effect of weight ratio of porogen on apparent shear modulus and ice adhesion strength.

  According to the adhesion failure theory, shear modulus is one of the significant factors 

related to ice adhesion strength. To reveal the relationship between ice adhesion strength and 

apparent shear modulus of submicron porous foams, different porosity of Sylgard 184 samples 

with the same thickness (ca. 50 μm) are prepared by regulating the weight ratio of porogen to 

Sylgard 184 component. Their mechanical properties are further investigated by the flat punch 
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nanoindentation tests. The obtained unloading stiffness and corresponding apparent shear 

modulus are shown in Figure 4b and Table 1 (The calculation processes for apparent shear 

modulus are shown in the supporting information). Comparing to the shear modulus of 0.80 

MPa for pristine Sylgard 184 PDMS, the apparent shear modulus of the submicron porous 

foams dramatically decrease to a value smaller than 0.35 MPa. However, the shear modulus 

declines slowly with further increasing porosity. When the weight ratio of porogen to elastomer 

exceeds more than 60%, distinct phase separation occurs for the hybrid precursors, and no 

practical foams form (Figure S8). 

The relationships between ice adhesion strength, porosity and apparent shear modulus are 

then revealed. Since there may exist severe interlocking effect for ice of 50% sample because 

of its surface pores (Figure S3f), the relationships are revealed based on the 0 - 40% samples. 

Notably, the value of ice adhesion strength reduces as the probe velocity decreases,10 so the ice 

adhesion strengths of the samples need to be compared with the value of pristine Sylgard 184 

sample at the same testing condition. As shown in Figure 4b, the ice adhesion strength 

decreases with the increase of the weight ratio of porogen. The relationship between apparent 

shear modulus and ice adhesion is further illustrated as , where  ice G b   w 35t  

kPa0.5 and b = - 547.0 kPa, where σ and b are the slope and intercept of the fitted curve in 

Figure 4c. It should be noted that the mechanical performance of pristine Sylgard 184 sample 

is quite different from the porous foams, so it is used as a control sample while not included in 

the curve fitting in Figure 4c. 

Furthermore, the relationship between ice adhesion strength and apparent shear modulus is 

revealed in Figure 4 c and d. In detail, the normalized ice adhesion strength and normalized 

shear modulus for pristine Sylgard 184 coating are all denoted as 1; and the normalized results 

for the 10 - 50% coatings are denoted as the ratio of ice adhesion strength/shear modulus of 
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samples to the value of pristine Sylgard 184 coating. From the fitted curves and equation 

(Figure 4c and d), it is clear that the ice adhesion strength decreases greatly with the 

introduction of pores. The intrinsic mechanism can be explained by the stiffness mismatch 

promoted interface failure between ice and elastic polymers, which is governed by the crack 

initiation and propagation during the deicing process 41-43. 

2.3 Durability, stability and mechanical properties of submicron porous foams

To demonstrate the practical applications of the submicron porous icephobic material, its 

durability for icephobicity is tested by the cyclic icing/deicing tests. The 30% submicron 

porous sample with a thickness of 1 mm is used as the optimal sample for durability and 

stability investigation of the submicron porous foam. As shown in Figure 5a, the ice adhesion 

strength of submicron porous foam decreases from 39.1 kPa to 18.3 kPa during the initial 5 

cycles, and then kept stable within 50 cyclic tests. The SEM image of the surface after 5 

icing/deicing cyclic test is shown in Figure S10a, indicating the morphology changes after the 

icing/deicing cycles. Then, in the following icing/deicing cycle tests, the structure of the 

surface has been stable and less sensitive to the outer force, the ice adhesion strength keeps 

steady within 50 cyclic tests, showing remarkable mechanical durability of the icephobicity. 

The stable ice adhesion strength of the 30% submicron porous foams are obtained as 16.8 ± 

5.8 kPa based on analyzing the ice adhesion strengths after the fifth cycle. To the best of our 

knowledge, such low ice adhesion strength is the lowest value for lubricant-free Sylgard 184 

samples with a normal weight ratio of 10:1. It is predictable that submicron porous elastomers 

could reach even lower ice adhesion strength if suitable porosity and/or elastomers are selected. 

The icephobic materials should endure not only icing/deicing cycle tests but also the harsh 

environment in outdoor applications. Herein, acid (hydrochloric acid, 2 M), base (NaOH, 2 M), 

salt (NaCl, 2 M) aqueous solutions and an organic solvent (hexane) are used as corrosion 

mediums to evaluate the chemical stability of the icephobic submicron porous foams. The 30% 
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samples are soaked in corresponding solutions for 12 h, and then their wettability and ice 

adhesion strengths are tested. As shown in Figure 5b, compared to 114.7 o before soaking, the 

water contact angles of the 30% samples decrease to 114.5 o (acid), 110.4 o (base), 111.6 o (salt) 

and 114.1 o (hexane) after soaking, respectively. The insignificant decrease of the water contact 

angles demonstrates favorable stability of the surfaces. The ice adhesion strengths of these 

samples after the corresponding soaking are 21.0 kPa (acid), 16.0 kPa (base), 14.1 kPa (salt) 

and 12.3 kPa (hexane), respectively (Figure 5c). These four kinds of typical liquid hardly 

influence the high-performance icephobic properties of the submicron porous samples, 

demonstrating excellent chemical stability. 

  In addition to the durability and stability of icephobic materials, the remarkable anti-abrasive 

property is also crucial for their practical applications. The sandpaper abrasion test on the 

submicron porous foams is conducted at a pressure of 1.5 kPa for their mechanical properties. 

Although the surface of the foams is scuffed (Figure S10 b and c), the submicron porous surface 

still has low ice adhesion strength below 30 kPa even after 1000 abrasion cycles with the 400-

grit sandpaper (Figure 5c). Such high-performance icephobicity after abrasion test is associated 

with low apparent shear modulus of the submicron porous foams. When the shear force is 

exerted on the sample, the pores result in the easy deformation of the surface, alleviating the 

sandpaper grind off the sample. 

2.4 Comparison of Sylgard 184 PDMS foams with bulk PDMS.

The icephobic durability, chemical stability and mechanical properties of the foams are 

compared with the bulk PDMS (non-pores). In detail, the foam PDMS (30% sample) and bulk 

PDMS sample (supporting information) with the same modulus (ca. 299 kPa) are used for 

comparison. As shown in Figure 6a, the initial ice adhesion of the bulk PDMS (ca. 17.5 ± 4.8 

kPa) is lower than that of the foam sample with initial ice adhesion (39.1 ±3.8 kPa, Figure 5a), 
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but close to the foam PDMS with stable ice adhesion (after several icing/deicing cycles, ca. 

16.8 ±5.8 kPa). After 10 icing/deicing cycles, the foam and the bulk PDMS have similar ice 

adhesion, both of which show durable low ice adhesion. Furthermore, the chemical stability of 

the foam and the bulk PDMS are compared by soaking the sample into organic solvent for 12 

h. The ice adhesion of the bulk PDMS after soaking increases from ca. 18.1 to 41.8 kPa, 

whereas the ice adhesion of the foam is below 20 kPa.  The chemical stability of the foam for 

icephobicity is much better than the bulk sample. In addition, the normalized weight loss of the 

bulk and foam PDMS samples during the abrasion tests are shown in Figure 6b. The foam 

sample shows a lower weight loss ratio than the bulk PDMS, showing better anti-abrasion 

properties than the bulk PDMS.

2.5 Comparison of Sylgard 184 PDMS foams with sub-millimetric pores and submicron 

pores.

The reported sub-millimetric icephobic materials and our submicron porous foams are 

compared based on their chemical stability. The samples with pore sizes of ca. 270 μm and ca. 

450.2 nm are soaked in ethanol for 12 h and then dry at 80 oC for 1h, respectively. Figure 7 

shows the SEM images and corresponding schematics of the sub-millimetric porous icephobic 

foams (Figure 7a and c) and our submicron porous foams (Figure 7b and d), respectively. In 

contrast to the submicron porous foams with a relatively smooth surface after soaking, the 

surface with sub-millimetric pore collapses. It is predictable that the severe deformation of the 

surface will result in a higher ice adhesion strength.

3 Conclusion

Building on the principles of reducing apparent shear modulus, we report the design and 

fabrication of submicron porous elastomeric foams (Sylgard 184 with weight ratio 10:1) based 

chemically stable and mechanically robust icephobic materials. As the porosity increases, the 
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ice adhesion strengths of the foams decrease. Remarkably, without any surface additives and 

lubricants as well as sacrificing the crosslinking density of the foam, the stable ice adhesion 

strength of the optimal submicron porous foam reaches ca. 16.8 ± 5.8 kPa after 50 icing/deicing 

cycles assessment. In addition, the ice adhesion strengths of the optimized icephobic foams are 

all less than 30.0 kPa after acid/base/salt/organic solvent corrosion and 1000 abrasion cycles, 

demonstrating excellent chemical stability and mechanical robustness. The submicron porous 

elastomeric foam strategy sheds new light on high-performance durable icephobic materials 

with excellent chemical stability and mechanical robustness.

4 Experimental section

Materials and chemicals.

Sylgard 184 kits were obtained from Dow Corning. Span 80, Tween 80, hexane, ethanol and 

other solvents were purchased from Sigma-Aldrich. All chemicals were used as received 

without further purification. Ultrapure water with a resistivity higher than 15.0 MΩ cm was 

used in all experiments. Glass substrates were cut into 5 cm × 5 cm ×2 mm.

Preparation of hybrid precursors.

Firstly, a silicone base and a curing agent of Sylgard 184 silicone elastomer by the weight ratio 

of A : B = 10 : 1 were mixed and stirred vigorously for 10 min, which was marked as the 

Sylgard 184 component. Then liquid Span 80 and Tween 80 with a weight ratio of 3 : 1 - 4 : 1 

were mixed by ultrasound for 5 min at room temperature, which was marked as the porogen. 

The Sylgard 184 component and the porogen with different weight ratios (10 : 0 - 5 :5) were 

mixed, stirred vigorously for 10 min, and degassed for 30 min to remove air bubbles. Finally, 

the hybrid precursors (water-in-oil emulsion) form. 

Preparation of icephobic foams. 
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The submicron porous foams were prepared by the following procedures. The hybrid 

precursors were drip-coated or spin-coated (WS-400B-6NPP-LITE/AS, Laurell Technologies) 

on the glass substrates for 30 s with a speed of 500 - 1000 rpm and thereafter for 30 s with the 

speed of 500 - 3500 rpm. After the samples were soaked into the mixture of water and ethanol 

(the volume ratio 1 : 1) for 6 h at 65 oC for three times to remove the porogen. Finally, the 

porous foams were obtained after drying in an oven at 80 oC for 3 h to remove the solvent (no 

mass changes after further drying process). A control sample with porous surface was prepared 

from the sample procedures as the icephobic foam, in which Span 80 was used as the porogen. 

The bulk PDMS samples (ca. 1 mm thickness) with different modulus was also prepared by 

regulating the weight ratio of Sylgard 184.

Characterization.

Scanning electron microscopy (SEM) was carried out in the field emission scanning electron 

microscope (FEI SEM APREO). All samples were sputter-coated with a 10 nm 

platinum/palladium layer. The surface morphology and roughness of the samples were 

recorded by Atomic Force Microscopy (AFM, Veeco Metrology) using PeakForce 

Quantitative NanoMechanics mode. Quasi-static nanoindentation tests were conducted in a 

TriboIndenter® 950 (Hysitron, Inc.) by using a cylindrical diamond flat punch with 53.70 ± 

0.06 µm in diameter. The samples were loaded to the maximum load (Pmax) in 5 s and then held 

in the Pmax for 10 s, followed by unloading in 5 s. The Pmax for each sample was 100 μN. 

Thicknesses of the samples were measured by an absolute digimatic indicator (Mitutoyo, ID-

C112GB). The porosity of the samples was obtained based on the volume ratio of the 

framework to the total volume of the samples. The prepared pristine Sylgard 184 and 10 - 50% 

samples were cut into the cylindrical structures by a cylinder mold for measuring the height 

and the area of cylindrical base. The volume of the samples was calculated from the area 

multiplied by the height. Ice adhesion strength was measured by a universal mechanical tester 
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(Instron Model 5944) equipped with a home-made cooling system and chamber, as described 

in previous reports.2 The corresponding schematic is shown in Figure S11. A polypropylene 

tube with 1 mm thick wall and 15.3 mm inner diameter was placed onto the samples acting as 

an ice mold, and then 5 mL deionized water (20 oC) was syringed into the tube. The sample 

was transferred into a freezer at -18 °C for more than 3 hours to ensure complete freezing. 

Before test, the samples with ice tube were placed into the cooling chamber and stabilized at -

18 °C for 5 min. During the ice adhesion tests, a force probe with 5 mm diameter propelled the 

tube-encased ice columns under a velocity of 0.01 mm s-1, with the probe aligned close to the 

tested sample surface (less than 2 mm) to minimize the torque on the ice cylinder. The loading 

curves were recorded, and the peak value of the shear force was divided by contact area to 

obtain the ice adhesion strength. In each icing/deicing cycle, 5 mL distilled water was added to 

the attached polypropylene on the sample surface and then kept at -18 °C for at least 3 hours 

horizontally to ensure icing, and then the sample was quickly transferred to the cooling 

chamber to test the ice adhesion strength, which was designated as one cycle. After the ice 

adhesion test, the same procedure was applied for the next cycle and the water with tube was 

always placed to the same position on the sample surface. The total icing/deicing tests were 

carried out for 50 cycles. The chemical stability tests were performed by soaking the samples 

into hydrochloric acid (2 M), NaOH (2 M), NaCl (2 M) aqueous solutions and hexane for 12 

h. After soaking, the samples were rinsed by deionized water and dried for water contact angle 

(WCA) measurements and ice adhesion tests, respectively. In detail, the samples soaked in 

hydrochloric acid, NaOH and NaCl aqueous solution were blow-dried by nitrogen for ca. 3 min; 

the sample soaked in hexane was dried by evacuation for 1 h. Then the WCA values were 

measured on a Drop Shape Analyzer - DSA 100 at ambient temperature. For the ice adhesion 

test after soaking, the samples were rinsed and dried at 60 oC to remove the solvent on the 

surface and inside. The abrasion tests were performed at about 30 cycles min-1 with the 400-

Page 14 of 28

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



15

grit sandpaper based on the previous method.6 In detail, the cylindrical load was covered with 

sandpaper on its round bottom, and the pressure is calculated as 1.5 kPa. Then the load with 

sandpaper side was placed face down on the samples and moved horizontally on surfaces of 

the samples for 5 cm, in which one moving across the sample was recorded as one abrasion 

cycle. The root-mean-squared roughness of the 30% sample before and after 50 icing/deicing 

cycles were measured by a profilometer (Dektak 150) from a horizontal distance of 2 mm. 

Supporting Information 

The Supporting Information is available on the website.

Apparent shear modulus of the coatings, mechanical properties of the bulk PDMS and the 

smooth and porous surfaces of foams. 
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Table and Figures

 

 

Figure 1 Schematic of reported icephobic surfaces by (a) superhydrophobic, (b) slippery, (c) 

interfacial slippage, (d) macroscale-initiator (MACI) mechanism,15 (e) fabrication route of the 

present submicron porous elastomeric strategy for icephobicity.
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Table 1 Parameters and properties of submicron porous foams prepared from varied weight 

ratio of porogen.

Samples
Porosity 

(%)

Pore size*

(nm)

Unloading 

stiffness 

(N/m)

Reduced 

modulus 

(kPa)

Shear 

modulus 

(kPa)

τice (kPa)

0% 0 - 171.1 3186 797 195.6 ± 26.0

10% 12.1 ± 4.5 489.6 ± 134.3 74.3 1383 370 124 ± 27.2

20% 18.8 ± 3.7 482.6 ± 144.5 66.0 1229 339 108 ± 19.1

30% 28.3 ± 1.9 483.9 ± 154.6 56.1 1045 299 72.8 ± 11.7

40% 42.1 ± 2.4 470.7 ± 134.6 52.7 981 292 40.7± 20.2

50% 48.4 ± 1.6 609.9 ± 96.6 48.5 903 272 -

    *it represents the size distribution from the cross-sectional images of the foams. 
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Figure 2 Cross-sectional SEM images of (a) pristine Sylgard 184, (b) 10%, (c) 20%, (d) 30%, 

(e) 40% and (f) 50% foams. With the increase of porogen, the porogen parts of the samples 

change from isolated to continuous structures. 
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Figure 3 (a) Top-view and (b) cross-sectional SEM images of the 30% sample. (c) Two- and 

(d) three-dimensional AFM images of the 30% sample. (e-g) Optical microcopy images of the 

30% sample.   
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Figure 4 (a) Load-displacement curves, (b) relationship between apparent shear modulus/ice 

adhesion strength and weight ratio of porogen, (c) relationship between apparent shear modulus 

and ice adhesion strengths, and (d) relationship between normalized shear modulus and 

normalized ice adhesion strength for pristine Sylgard 184 and submicron porous coatings with 

thickness of ca. 50 μm. The percentage in Figure 4a represents the weight ratio of porogen used 

for preparing the foams. The black and blue regions in Figure 4b represent the error bars of the 

corresponding results. 
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Figure 5 (a) Ice adhesion strengths of the submicron porous foam during the icing/deicing 

cycle tests. (b) Ice adhesion strengths and (c) water contact angles of the submicron foams 

before and after soaking by different liquid. (d) The ice adhesion strengths as a function of 

abrasion cycles.
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Figure 6 (a) Ice adhesion of foam and bulk PDMS before and after soaking in the organic 

solvent as well as after icing/deicing cycles. (b) Normalized weight loss of foam and bulk 

PDMS as a function of number of abrasion cycles. 
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Figure 7 Cross-sectional SEM images and corresponding schematic of deformation 

performance for foams with sub-millimetric (a,c) and submicron porous structures (b,d).
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