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A Mechanically Robust Transparent Coating for Anti-icing and Self-
cleaning Applications 
Xinghua Wu, Zhong Chen*  

A mechanically robust, transparent coating that displays very low affinity with ice and various liquids is promising for 
applications in outdoor facilities, marine and aerospace structures. However, such coating is extremely challenging to 
prepare because some required materials attributes for the diverse functionalities are contradicting to each other. In this 
work, we demonstrated a sol-gel derived transparent coating with superior performance over the well-studied 
superhydrophobic coatings in terms of transmittance (~97.8%), ice-adhesion strength, anti-frost accumulation and self-
cleaning performance. We have comprehensively investigated the mechanical properties of the transparent solid coating 
by nano-indentation, pencil scratch, cross-cut adhesion, and dolly pull-off tests according to the respective ASTM / ISO 
standards. The coating displayed higher hardness and better scratch resistance than the state-of-the-art slippery liquid-
infused porous surfaces and polymer coatings. Furthermore, the coating showed good durability after the sand erosion.  

1. Introduction  
Anti-icing coating is a simple and low cost passive method that 
holds great promise in effectively preventing ice formation and 
easy ice removal.1-4 The commonly used evaluation criteria for 
an anti-icing coating include water repellence, a delay in ice 
formation either in time or in temperature, and a low ice-
adhesion strength no more than 100 kPa.5, 6 Currently, most of 
the reported anti-icing coatings are not able to satisfy all these 
criteria. The widely-reported slippery liquid-infused porous 
surfaces (SLIPS) have been proven to be the most promising 
way to reduce ice-adhesion strength and increase icing-delay 
time. SLIPS can achieve a high transparency by choosing the 
substrate and lubricant liquid with matching refractive 
indices.7 However, the key limitations of SLIPS are: i) the 
infused liquid will be drained away eventually by gravity or 
capillarity force,8 and ii) the mechanical property is weak due 
to the porous structures.9, 10 Another well-discussed anti-icing 
coating is based on superhydrophobicity. Superhydrophobic 
coatings have been widely reported for self-cleaning 
applications, and they also be employed as a candidate for 
icephobic application since water droplets are able to roll off 
the coating surface before icing occurs. Superhydrophobic 
coatings have been fabricated by self-assembly of 

nanoparticles or embedding surface modified nanoparticles in 
sols, polymers, resins or foams.11-15 Agglomeration of 
nanoparticles facilitates formation of the necessary hierarchal 
micro / nanostructures to allow air to be trapped in the 
structures, leading to decreased water-solid interface and 
increased water contact angle.16 However, such 
superhydrophobic coatings may not always be an advantage 
for anti-icing applications, as some icing conditions may 
adversely affect the anti-icing performance. For example, if ice 
formation is caused by moisture condensation and 
accumulation, the micro/nanoporous structure will result in a 
larger (than nominal) contact area between the ice and the 
substrate. Such contact into the micro / nanoscale pores will 
increase the ice-substrate contact area and the ice-adhesion 
strength. In addition, the hierarchal surface structure is 
mechanically fragile and difficult to maintain under a harsh 
working condition.17-20 Moreover, the agglomeration of 
nanoparticles and the trapped air cause light scattering, 
reducing the light transmittance of the superhydrophobic 
coatings. To overcome this problem, researchers found that 
self-assembly of surface modified with nanoparticles was 
effective to achieve a high transparency.21-23 Boal et al. 
developed a polymer-mediated strategy for the self-assembly 
of colloidal nanoparticles which can control the agglomeration 
of nanoparticles.24 In this regard, Guzman et al. investigated 
the effect of surface potentials on nanoparticle 
agglomeration.25 Hitoshi et al. obtained transparent coatings 
by trying different types of alcohols used in the suspensions.26 
One major drawback of these coatings is again their poor 
mechanical property due to the weak structures. Furthermore, 
increasing the thickness of self-assembled coatings adversely 
affects the transmittance of coatings with induced porosity.27, 

28 In summary, mechanical properties and transparency are 
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two major limitations for the SLIPS and superhydrophobic 
coatings due to their porous or rough structures. A new 
strategy is needed to prepare mechanically robust transparent 
coatings for icephobic and self-cleaning applications.  

2 Results and discussion  
2.1 A smart and low cost strategy to obtain water repellent 
coatings 

Our coating provides: i) a solid, transparent water repellent 
coating without conventional hierarchical micro / 
nanostructures; ii) mechanically robust with uniformly 
distributed nanoparticles through the ceramics-based coating 
thickness. In addition, we aim to ensure that iii) the 
preparation method is simple, scalable, and of low cost. To 
satisfy these requirements, we have prepared a series of 
coatings derived from a sol-gel system. By varying the stirring 
time of the sol, the dispersion of nanoparticles in the final 
coatings changes significantly. To assist uniform dispersion of 
the nanoparticles, prior surface modification by 1H, 1H, 2H, 2H 
–perfluorooctyltriethoxysilane (PFOTES) was adopted on half 
of the added SiO2 nanoparticles. The surface modified 
nanoparticles were termed as PFOTES-SiO2 and used as low 
surface energy additives. Another half of the SiO2 
nanoparticles were used without any surface treatment to 
serve as high surface energy nanoparticles. In our experiment, 
the sol contained tetraethylorthosilicate (TEOS), 3-
glycidoxypropyltrimethoxysilane (GLYMO), PFOTES, SiO2 

nanoparticles (10-20 nm), deionized (DI) water and itaconic 
acid. Transparent glass slides were used as the substrate. To 
obtain good mechanical properties, the weight percentage of 
nanoparticles in the final coatings was fixed at 30 wt%.  
 

Figure 1 presents the effect of surface roughness (root-
mean-square roughness, 𝑅𝑠, Fig. S1) on water wettability. The 
coating with 1 day’s stirring time exhibited 
superhydrophobicity with a contact angle >160° (inset in Fig. 
1) and a roll-off angle <10°, owing to the micro / 

nanostructures formed by agglomeration of SiO2 nanoparticles 
(Fig. S2a and inset). After 4 days’ stirring, the size of pores 
formed on the coating gradually decreased due to the good 
dispersion of SiO2 nanoparticles (Fig. S2b), forming new water-
solid interfaces with a reduced contact angle. As the stirring 
time further increased, decreased surface roughness allows 
water to infuse into the grooves or valleys of coatings, 
presenting decreased contact angles. Coatings with surface 
roughness less than 50 nm were obtained with 8 days’ stirring 
or longer. Meanwhile, comparable contact angles ~110° were 
obtained, and water droplets were in contact with the entire 
solid surface without trapped air (insets of Fig. S2d-f). To sum 
up, a clear relationship between surface roughness and the 
water contact angle can be observed: the water contact angle 
decreased with decreasing surface roughness. This is 
consistent with the general understanding that a rougher 
hydrophobic surface possesses a higher contact angle. In 
contrast, a distinct difference was observed on the water 
sliding behavior. The water sliding angle of coatings increased 
first, and then decreased after 6 days’ stirring. This change 
indicates that the water affinity with the coatings increased 
with stirring time initially, and then decreased.  

Conventionally, a surface is termed as hydrophobic when 
the water contact angle is larger than 90°. Researchers define 
a surface superhydrophobic when the contact angle is larger 
than 150° and roll-off angle is less than 10° following the well-
known lotus leaf effect. However, there is another wetting 
state where the contact angle is larger than 150° but a water 
droplet does not roll off even when the surface is turned 
upside down (the rose petal effect).29-31 The former is a clear 
indication that water adhesion with the coating surface is very 
low (repellent), while the latter is high (attractive). Similarly, 
hydrophobic surfaces with a contact angle <150° can also 
display different water affinity. Some researchers termed the 
hydrophobic repellent state as hydrophobic slippage and 
attempted to explain the water movement on hydrophobic 
coatings by the viscosity change of water near the hydrophobic 
surface and concentration of gas-filled tiny cavities close to 
it.32, 33 However, their descriptions also included the 
superhydrophobic states which rely greatly on the gas-filled 
tiny cavities. Here, we use the notion of hydrophobic repellent 
state, to distinguish it from the superhydrophobic state or the 
hydrophobic attractive state. As described above, a reduced 
surface roughness allows water to infuse into the grooves or 
valleys on coating surfaces with 4 and 6 days’ stirring (Fig. S2b-
c), introducing some degree of mechanical interlocking and 
capillary forces between water and coating surfaces. 
Therefore, the coatings presented increased sliding angles. The 
obtained coatings gradually became flat with further stirring 
beyond 6 days’ stirring. The mechanical interlocking is reduced 
as the water-solid interface of coatings decreases (Fig. S2d-f). 
Coatings with 8 days’ stirring or longer exhibited comparable 
water contact angles around 110° and water sliding angle of 
40 ~ 50° (Fig. 1), displaying hydrophobic repellent behavior.  

2.2 Scalable transparency of water repellent coatings and 
mechanism behind 

Figure 1 Water contact angles and sliding angles of the prepared coatings at different 
stirring times versus surface roughness (root-mean-square roughness, Rs). Inset shows 
the water droplet profile on the coating with 1 day’s stirring.
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We take note that existing literatures are mainly focused on 
increasing the surface roughness to turn hydrophobic coatings 
to superhydrophobic coatings.15, 34-37 However, as discussed 
earlier, increasing the surface roughness by creating rough or 
porous surfaces would greatly reduce light transmittance of 
the coatings. In this work, we take a new strategy to resolve 
the contradicting requirements by reducing the surface 

roughness of hydrophobic coatings. This has successfully led to 
a ceramics-based transparent hydrophobic water-repellent 
coating, which has not been demonstrated before.  
Figure 2a displays the transition of a superhydrophobic coating 
to a hydrophobic repellent coating, accompanied with the 
change of transmittance of the coatings (Fig. 2b). The 
corresponding coatings’ transmittance relative to glass 
substrates (Table S1, Supporting information) shows basically 
the same trend of increased transmittance over decreased 
surface roughness. The coating (12 days’ stirring) exhibited 
visible-light transmittance as high as 97.8 % (Table S1). This 
coating, spray-coated on glass substrates (10 cm × 10 cm), has 
a uniform transparent layer with a thickness of ~30 μm and 
displays visually comparable transmittance to uncoated glass 
(Fig. 2c). For comparison, samples with the same amounts of 
components as the above coatings but without PFOTES were 
also prepared. The sol without PFOTES needs 14 days’ stirring 
to achieve a transparent coating, and the highest 
transmittance is around 89.3 % (Fig. S3 and Table S1), which is 
lower than the transparent hydrophobic coatings with PFOTES 
(97.8%).  

To investigate the reasons behind the transmittance change, we 
examined the hydrophobic coatings with 6, 10 and 12 days’ stirring 
by TEM (Fig. 2d-f). Stirring time-dependent agglomeration of 

nanoparticles is clearly observed. The size of agglomerated 
nanoparticles in the coating with 6 days’ stirring was as large as 
~200 nm. With continuously applied shear stress during the stirring, 
the size of agglomerated nanoparticles gradually decreased to 
around 50 nm in the coating with 10 days’ stirring. Uniform 
distribution of nanoparticles with the size of 10-20 nm was 
observed in the coating with 12 days’ stirring. The continuous shear 
action produced by the applied torque of a magnetic stirrer drives 
the nanoparticles to flow and align in certain direction. This process 
accelerated the detachment of agglomerated SiO2 nanoparticles 
and re-arrangement of the SiO2 nanoparticles (Fig. S4 and 
Supporting information). It is well known that the silanol groups on 
the SiO2 nanoparticle surface react with PFOTES to impart the 
hydrophobicity. Thus, the low surface energy PFOTES-SiO2 
nanoparticles serve as spacers and graft to high surface energy SiO2 

nanoparticles through Si-OH groups to reduce the secondary 
agglomeration. As observed, agglomeration of nanoparticles gives 
rise to the surface roughness of the coatings. Continuous stirring 
minimizes the agglomeration size, and at the same time, releases 
the trapped air. Therefore, the scattering of visible light is 
eliminated. When the size of agglomerated nanoparticles and air 
bubbles become smaller than one-tenth of the wavelength of the 
visible light, the particles will no longer be able to scatter the light,38 
thus a transparent coating is obtained. The size of nanoparticles in 
the coating after 12 days’ stirring was significantly lower than this 
critical size ( 1 10⁄  of 400~700 nm), which explains the high 
transparency of this coating.  

2.3 Liquid repellency and self-cleaning properties of THRC 

Figure 3(a) Liquid contact angles, sliding angles and CAH on the THRC, and (b) 
droplet profiles captured during the sliding motion of liquids on the THRC. Scale 
bar, 1 mm. (c) Captured images of the contaminant movement on THRC coated 
(right) and uncoated (left). Scale bar, 1 cm.

Figure 2 (a) Transmittance of coatings with different stirring times. (b) 
Relationship between surface roughness and transmittance. (c) Optical 
transmission of the coating with 12 days’ stirring and uncoated glass (size: 10 
cm 10 cm), and high resolution
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 On the basis of the above findings, we have successfully 
fabricated a transparent hydrophobic repellent coating (THRC) 
with 12 days’ stirring. The surface roughness and surface 
energy of the THRC were measured to be 14.0 ± 1.2 nm and 
15.5 ± 1.0 mJ/m2, respectively. The THRC contains the –CF2 
and –CF3 groups as shown in the FTIR spectra (Fig. S5), and 
thus presented low surface energy. The surface energy of the 
THRC was comparable with 3M FluorinertTM and Krytox® 
DuPont™ liquids that have been used as infused liquids in SLIPS 
7, 39 

Moreover, the THRC exhibited repellency to liquids with surface 
energy ranging from 72.8 to 22.1 mJ/m2 (Fig. 3). We noticed that 
the overall tendency of the liquid contact angles decreased with 
decreasing liquid surface energies (Fig. 3a). This is explainable by 
the classical Young’s contact theory. Same phenomenon was also 
observed on our previously reported superhydrophobic coatings.15 
Besides the static contact angle, we also measured the sliding 
angles of a 10 µl liquid droplet on the THRC surface (Fig. 3a). All the 
tested liquids exhibited sliding behavior on the THRC with a sliding 
angle no greater than 25°, indicating reasonably good repellency 
against these liquids (Video S1). We noticed that the liquid mobility 
on the coating surface behaved differently with the state-of-the-art 
SLIPS. SLIPS present no dependence on the surface energy of 
liquids,7 the sliding behavior of liquids is due to the interfacial slip of 

two immiscible liquids, and the capillary forces are balanced by 
viscous stresses of the tested liquids. On the contrary, the liquid 
repellency of the THRC is related to both the low surface energy 
and the shape of the tested liquids. Generally, a droplet will change 
shape and become nonaxisymmetric at a tilted angle, α, resulting in 
contact angle hysteresis (CAH) which would give rise to a capillary 
retention force. This force can overcome the gravity, leading to the 
movement of a droplet. Here, the motion of liquid droplets on THRC 
greatly depends on the CAH (Fig. 3a) with the exception of DI water, 
glycerol, and formamide. The difference might be due to their high 
receding angles (Fig. S6, between 90°~110°) which induce the 
strong curvature of the free liquid surface counteracting with the 
viscous force along the direction of liquid motion.40 As explained by 
Gao et al.41, a droplet may move by sliding at some points of the 
contact line and rolling at other points or may advance by rolling 
and recede by sliding. The shape change of a droplet can serve as 
an activation barrier to movement that is quantified by increasing 
the liquid-gas interface area. Therefore, the sliding behavior of DI 
water, glycerol, and formamide is not only determined by the CAH 
but also the shape of the liquids. Figure 3b shows droplet profiles 
captured during the sliding motion of liquids. A decrease in 
curvature at the back of the droplets was observed with decreased 
surface energy of liquids. This complies with the observed receding 
angles of the liquids. To verify the self-cleaning effect of the THRC, 

Figure 4 Comparison of (a) ice-adhesion strength, (b) icing-delay time, (scale bar, 10 mm) (c) the calculated line ice-nucleation rate of the THRC coated and uncoated glass, 
insets are sequential images of the nucleation process on the THRC surface. Scale bar, 1mm. (d) Time-lapse images of frost-formation experiments at -15 °C in still air 
(80% RH) on the THRC coated and uncoated glass slides, and (e) images of melted ice formed on the THRC coated and uncoated glass slides as shown in (d). Scale bar, 10 
mm. (f) Water wettability of THRC under low temperatures (from 25 °C to -20 °C). 
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contaminant removal tests were carried out on THRC coated and 
uncoated glass substrate with artificial oily contaminant consisting 
of acrylic paint, soil and silicone oil. Figure 3c compares the self-
cleaning performance of THRC coated glass with uncoated glass. 
The contaminant easily slid down the THRC in 7 s with only a small 
amount of residue, demonstrating the self-cleaning ability of THRC. 
On the other hand, the contaminant stayed firmly on an uncoated 
glass. 
2.4 Robust anti-icing properties of THRC 
In addition to high transparency and self-cleanliness, the THRC 
exhibited ice-adhesion strength as low as 58.2 ± 1.5 kPa and 69.5 ± 
2.1 kPa at -15 °C and -20 °C, respectively (Fig. 4a). The THRC coating 
has a reduced ice-adhesion strength to less than 1 3⁄  of the 
uncoated one (266.8 ± 5.2 kPa and 314.3 ± 8.7 kPa at -15 °C and -20 
°C, respectively) and the transparent coating without PFOTES (208 ± 
4.6 kPa and 255 ± 7.3 kPa at -15 °C and -20 °C, respectively, Fig. 
S7a). This is as expected since the uncoated glass and the 
transparent coating without PFOTES presented hydrophilic 
properties (Fig. S7b), having a stronger interaction with water 
molecules. The icing-delay time of the THRC coated and uncoated 
glass is compared in Fig. 4b. The droplet on the uncoated glass slide 
(Fig. 4b left) started to freeze after 54.0 ± 2.6 s, whereas the THRC 
coated one (Fig. 4b right) started icing after 292 ± 4.1 s (delayed 
238 s compared with that of an uncoated glass slide) (Video S2, 
note that the time starts count only after the substrate surface 
temperature has reached the pre-set temperature of -15 °C).  

To comprehensively study the ice nucleation behaviors of the 
THRC coated and uncoated glass, 500 cycles of icing and deicing 
events were recorded and statistically analysed. The mean icing 
temperature of the THRC glass was ~5 °C lower than the uncoated 
ones (Fig. S8 and Table S2 in Supporting information). Regarding the 
hot debate about the initiation site of nucleation, we observed 
directly that ice nucleation initiated at the three-phase contact line 
on the THRC coated and uncoated glass with the help of a high-
speed camera system (Video S3), which is in agreement with some 
recent reports.42-45 Insets in Fig. 4c show the sequential images of 
the nucleation process on the THRC surface. Further investigation of 
the statistical nucleation rate on the three-phase contact line based 
on Fig. S8 and Table S3 in Supporting information verified the low 
nucleation rate of the THRC coated glass (Fig. 4c). For any given 
temperature in the range, the nucleation rate for the THRC coated 
glass is always much lower than the uncoated glass, which perfectly 
explains the lower icing temperature. 
       To understand the frost formation behavior on the THRC coated 
glass at freezing conditions, samples were placed on a cooling stage 
without water droplets (Video S4). Water vapor was first cooled 
down to fog up the sample surface and then visible water droplets 
were formed. The dew drops started to freeze when the 
temperature is cooled below the freezing point. Figure 4d compares 
the resistance to frost formation of the THRC glass in comparison 
with the uncoated one at -15 °C and 80 % relative humidity (RH). It 
was observed that the icing of dew droplets on the bottom of the 
uncoated glass (circled region on the left hand side sample) took 
place after 231 ± 2.0 s. At 419 ± 2.4 s, the whole uncoated glass 
surface was covered with ice. While icing started from the uncoated 
edge of the THRC coated glass at 524 ± 3.9 s (circled region on the 
right hand side sample), and then ice gradually spread to the center 

of the surface until full coverage at 752 ± 4.5 s. The THRC coated 
glass presented significant delay in frost formation.  

A significant resistance to water condensation of the THRC 
coated glass slide was observed during the melting cycles of the 
frost-formation experiment. When being heated from -15 to 25 °C 
at 10 °C/min, the THRC coated glass slide demonstrated better 
repellence against water condensation as shown in Fig. 4e. Tiny 
water mists were observed on the coated glass. In contrast, large 
and continuous water droplets were formed on the uncoated glass. 
Besides, the water contact angles and sliding angles of THRC at low 
temperatures also verified its good resistance to water 
condensation (Fig. 4f). A decrease in the water contact angle of 
THRC were observed when the temperature was reduced from 25 
°C to -20 °C due to the condensation effect. However, it is 
noteworthy that the contact angle of all the tested coatings 
approached a steady-state value of around 90° when the 
temperature falls below zero degree. Moreover, a 10 µl water 
droplet could slide down the THRC even when the temperature was 
-20 °C, and there was only a slight increase in the sliding angle at 
different temperatures, indicating a reasonably good condensation 
resistance of THRC. The water repellent nature of the THRC helps 
protect the surface from incoming moisture / water and also ensure 
low ice adhesion, making it capable of delaying ice formation and 
easily removing formed ice. 

2.5 Mechanical robustness and durability of THRC 

The THRC layer, comprising ceramic sol and a high weight 
percentage of nanoparticles, possess a much higher hardness 
compared to superhydrophobic coatings and polymer-based water 
repellent coatings. An increase in stirring time has significantly 
increased the hardness and modulus of our coatings (Fig. 5a). This is 
reasonable due to the gradually reduced porosity of our coatings. 
The THRC presented the highest hardness and modulus of 270 ± 10 
MPa and 2.07 ± 0.08 GPa, respectively. Although the modulus and 
hardness is lower than that of iCVD film,46 they are comparable to 

Figure 5 (a) The hardness and modulus of coatings with different stirring time 
measured by nanoindentation, (b) the measured pencil-scratch resistance of the 
THRC and microscope images of the scratched area, and (c) rate of weight loss of 
the THRC under different sandblasting conditions, and the corresponding ice-
adhesion strength of coatings after sandblasting. 
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the aeronautical livery coating 47 as shown in Table 1. In addition, 
other mechanical properties such as pencil scratch test, cross-cut 
adhesion and pull-off adhesion were carried out on the THRC to 
further investigate the extent of coating adhesion to the substrate 
surface. The pencil hardness was 4 H according to ASTM D3363 
standard test method as shown in Fig. 5b. The 4 H pencil scratch 
resistance of the THRC coating is higher than available reports 
(Table 1).48-50 The coating also exhibited good adhesion to 
substrates: the cross-cut adhesion of 5 B (based on ASTMD 3359) 
was obtained for the coating on epoxy substrates and 4 B on glass 
substrates. The results are comparable to the recently published 
anti-icing coatings (Table 1).47, 50-53 A dolly pull-off adhesion strength 
of 5.12 ± 0.07 MPa was obtained according to ISO 4624 standard 
test method. The adhesion strength is more than two times higher 
than that of the aeronautical livery coating47 and the silicone 

elastomer coating (Table 1).54 Comprehensive mechanical studies 
have verified the superior mechanical properties of the THRC to the 
state-of-the-art superhydrophobic coatings, SLIPS and polymer 
coatings. 

To study the mechanical durability of anti-icing coatings, 
researches employed eraser rubbing,55 sandpaper abrasion,56 and 
sand erosion tests.57 In this study, sand erosion test was carried out 
(size of sands: 10 ~ 40 µm; pressure: 100 kPa and 200 kPa) to 
investigate the durability of the THRC. As shown in Fig. 5c, the rate 
of weight loss is approximately 0.025 g/(s⋅m2) under the applied 
pressures. Although the sandblasting test has slightly roughened 
the surface (Fig. S9), the THRC could still maintain a low ice-
adhesion strength in the range 50-60 kPa at -20 °C, indicating its 
robust icephobicity under sand erosion environment. 

  

Table 1 The hardness, modulus, scratch resistance and adhesion strength to the substrates of the THRC in comparison with other available reports. 

 
Nanoindentation Cross-cut adhesion  

PosiTest 
Pull-Off 
adhesion 
test (MPa) 

Pencil 
scratch 
resistant Hardness 

(MPa) 
Modulus 
(GPa) 

On glass slide On GFRE 

THRC 270±10 2.07±0.08 

4 B (5 % delaminated 
areas due to scratch) 

5 B (No 
delamination, 
smooth cut) 

5.12±0.07 
(on GFRE) 

4H 

Bilayer icephobic film 
synthesized on steels or 
silicon wafers via iCVD 46 

479±7 19.1±1.2 N/A N/A N/A 

Aeronautical livery coating on 
the carbon fiber reinforced 
polymer (CFRP) 47 

141±9 4.8±0.3 5 B on the CFRP 
2.41±0.04 
(on CFRP) 

N/A 

An Icephobic paint 48 N/A N/A N/A N/A 2 H 
A hybrid film (weight ratio: 
SiO2 (sol)/copolymers=0.8) 49 

N/A N/A 0 B on glass and Al substrates N/A 4 B 

Ice Release Coating 50s N/A N/A 5B on aerospace exterior coatings N/A 2H~3H 
Al2O3/PTFE icephobic coatings 
51 

N/A N/A 5 B of PTFE on the anodized Al 6061 N/A N/A 

An icephobic 
superhydrophobic coating 52 

N/A N/A 5 B on aluminium alloys N/A N/A 

Icephobic hierarchically 
textured coatings53 

N/A N/A 5 B on aluminium surfaces N/A N/A 

Silicone 
elastomer 
coatings54 

Without silane-
based 
intermedia 
layer 

N/A N/A N/A 0.431 N/A 

With silane-
based 
intermedia 
layer 

N/A N/A N/A 1.494 N/A 
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3. Conclusions 

We have demonstrated a simple method to prepare a mechanically 
robust, transparent, icephobic coating with self-cleaning property. 
We prove that sol-gel coatings with large percentage of 
nanoparticles could achieve a high level of transparency once the 
particles are well dispersed through stirring in the sol preparation 
stage. Benefited from this method, large-scale transparent 
icephobic coatings with good resistance to water condensation 
have been fabricated. Furthermore, the transparent, ice/liquids 
repellent coating demonstrates high hardness, scratch resistance 
and good adhesion to the substrates. The sol-gel method is simple, 
low cost, and applicable to complex shapes and large structures. 
Therefore, our coating holds great promise for practical anti-icing 
and self-cleaning applications. 

Experimental 
Materials  
Tetraethylorthosilicate (TEOS), 3-glycidoxypropyltrimethoxysilane 
(GLYMO), 1H, 1H, 2H, 2H–perfluorooctyltriethoxysilane (PFOTES), 
SiO2 nanoparticles with particle size around 10-20 nm,and itaconic 
acid were obtained from Sigma-Aldrich. Methanol (99%) was 
obtained from Fisher Scientific. Glycerol, formamide, 
diiodomethane, a-bromonaphthalene, sunflower oil, hexadecane, 
dodecane and ethanol used for contact angle tests and silicone oil 
for self-cleaning test were obtained from Sigma-Aldrich. Acrylic 
paint was purchased from Tang Art, China. Microscope glass slides 
(25.4 mm × 76.2 mm) and cover glass (Diameter: 22 mm and 
thickness 0.13~0.16 mm, used for ice-nucleation temperature tests) 
were obtained from Sailboat Lab Co., Ltd. and Marienfeld, 
respectively. Glass fiber reinforced epoxy (GFRE) substrates used for 
PosiTest Pull-Off adhesion test were purchased from Thailand. Glass 
substrates with size of 10 cm × 10 cm × 1.1 mm (BBL-001) used for 
scalability demonstration were purchased from Zhuhai Kaivo 
Optoelectronic Technology Co., Ltd., China. 
Methods 
       1. PFOTES-SiO2 nanoparticles Preparation 
0.5 ml PFOTES was hydrolyzed in 48ml methanol with 1.5ml water 
for 24 h and diluted in methanol with volume ratio of 1:2. After 
that, 0.75 g SiO2 nanoparticles were added to the diluted PFOTES 
solution at room temperature. The mixture was first placed in an 
ultrasonic bath for 30 min, and then magnetically stirred at speed of 
500rpm for 24 h. After stirring, the mixture was centrifuged at 2000 
rpm for 5 min. The obtained hydrophobic silica was subsequently 
denoted as PFOTES-SiO2. The above-prepared PFOTES-SiO2 
nanoparticles were used as low surface energy fillers. The original 
SiO2 nanoparticles obtained from Sigma-Aldrich were used as high 
surface energy fillers. 
        2. Sol-Gel Preparation 
The sol matrix was prepared using 20 ml methanol, mixed with 5 ml 
1 wt. % PFOTES solution, 0.004 mol TEOS, 0.02 mol GLYMO and 
0.076 mol deionized (DI) water. The mixture was magnetically 
stirred for 2 h. The prepared PFOTES-SiO2 and 0.75 g SiO2 

nanoparticles were added to the sol matrix and placed in an 
ultrasonic bath for 15 min, and then placed under a magnetic stirrer 
at speed of 500rpm for 1 day, 4 days, 6 days, 8 days, 10 days, and 
12 days. In comparison, samples without PFOTES but with same 
amount of other components were also prepared and stirred for up 
to 16 days. The obtained sols were spray-coated onto the glass 
slides and GFRE substrates, separately, through an airbrush kit 
(AS06KB) with a 1.5 mm diameter nozzle using compressed air (with 
pressure at 345 kPa). The distance between the airbrush and the 
substrate was kept at 8 cm. Finally, the prepared samples were 
cured in an oven at 110 °C for 1.5 h.  
Characterization 
The surface morphology of the coatings was scanned using a field 
emission scanning electron microscope (FESEM, JSM-6360, Japan). 
Atomic force microscopy (AFM, Asylum Research Cypher S, U.S.A.) 
was used for imaging surface topology of the coatings. The surface 
roughness was also obtained from the AFM measurement. The 
reported roughness data are the average of at least three 
measurements obtained at different locations of the coatings. The 
scanned area is 5 µm × 5 µm. Transmission electron microscopy 
(TEM, JEOL 2100 HR, Japan) operating at 200 kV was used to 
observe the distribution of nanoparticles in the coatings. The 
transmittance of the coatings was examined by UV-VIS 
spectrophotometer (Shimadzu UV-2501PC, Japan). FTIR spectra of 
the coatings were obtained using a Frontier™ IR/FIR spectrometer 
(Perkin-Elmer Inc.). The tested tablet sample was prepared by 
mixing the coating fragments, scrapped from the coatings, and 
standard KBr powders with weight ratio of 1:20, followed by 
compression.  

The contact angles, sliding angles, receding angles and 
advancing angles of liquids were measured with a contact angle 
system (OCA 20, Dataphysics Co., Germany). The water wettability 
of coatings under low temperature was measured on the cooling 
stage of Dataphysics OCA 20 system. The temperature was set at 
25, 15, 5, -5, -15, and -20 °C. Measurement was carried out when 
the temperature of samples reached the targeted temperature. The 
surface energy of coatings was measured according to the Owens, 
Wendt, Rabel and Kalble (OWRK) 58-60 method, in which water and 
ethanol were used as polar liquids, while diiodomethane was used 
as a non-polar liquid.  

To investigate the contaminant-removal performance of the 
coatings, artificial oil contaminant was prepared by blending acrylic 
paint, soil and silicone oil with weight ratio of 1:1:1.3. Before 
applying the contaminant, the samples were tilt at an angle of 60° 
to the horizontal plane.  

Measurements of ice-adhesion strength between an ice block 
and coating surfaces followed the scheme from our group’s 
previous report 36. A Teflon mold with an inner diameter of 18 mm 
was filled with DI water, and then covered with a coated substrate 
on top. The whole set was placed upside down in a climate chamber 
(Cincinnati Sub-Zero environmental chambers, USA) for 24 hours at 
-15 °C and -20 °C, respectively.  

To investigate the icing-delay effect, our transparent 
hydrophobic repellent coating (THRC) and uncoated glass slides 
were directly placed on the cooling stage of Dataphysics OCA 20 
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system first. A 10 µl water droplet was placed on the test surfaces, 
and then the temperature was decreased from room temperature 
to -15 ℃. The ramp rate was set as 5 °C/min. The time at which the 
droplet started to freeze was recorded as icing-delay time. Besides, 
the ice-nucleation process of the water droplets was recorded by a 
high speed camera (Phantom Micro 120). The melting process of 
the frozen droplets was also captured by the built-in camera of 
Dataphysics OCA 20 system with a ramp rate of 10 °C/min. 

The ice-nucleation temperature of coatings was studied by our 
group’s previously reported self-designed automatic measurement 
system 45. A 10 µL DI water droplet was placed on the center of a 
sample surface, and the test chamber was cooled from ambient 
temperature down to a set low temperature at -30 °C. The ramp 
rate from ambient temperature to 0 °C was set at 40 °C/min, while 
the ramp rate from 0 °C to -30 °C was set as 5 °C/min. The cooling 
stops once the droplet was frozen and the freezing temperature 
was recorded. After which, the iced droplet was heated up to 
ambient temperature and held for 2 min to ensure a complete 
melting of the ice before the next cycle began. Icing temperatures 
of 500 cycles for each water droplet were recorded and statistically 
analyzed.  

The elastic modulus and hardness of the deposited coatings 
were investigated using a nano-indenter (Nano-Indentation & 
Micro-Scratch System, Wrexham, United Kingdom) with indentation 
depth of 1800 nm. For each sample, 15 points (in 3 lines, 5 points 
each line) were tested. Pencil scratch test of the coatings was 
assessed using a commercial pencil scratch tester (Scratch Hardness 
Tester Model 291, ERICHSEN) according to ASTM D3363 Standard 
Test Method. The coating adhesion on glass slides and GFRE 
substrates was assessed by cross-cut tape adhesion test based on 
ASTM D3359 Standard Test Method. After pencil-scratch and cross-
cutting, the coatings were examined under an optical microscope 
(Olympus BX51). The adhesion strength test was conducted by 
PosiTest Pull-Off adhesion test according to ISO 4624 Standard Test 
Method. Aluminum dollies with diameter of 20 mm were used to 
apply the pull-off load. 

To study the durability of the coatings, the coatings were 
eroded by sand using a micro-sand blaster (Comco Inc.). The size of 
silica (SiO2) sand particles ranges from 10 µm to 40 µm. The 
distance between the blaster nozzle and a sample surface was kept 
at 15 cm. The pressure was set as 100 kPa and 200 kPa, and the 
erosion time lasted for 15 s, 30 s, and 60 s. The eroded area on the 
samples was fixed at 1.13 cm2 (corresponding to a circle 1.5 cm in 
diameter). The weight loss of eroded coatings was recorded under 
the different erosion conditions. After the sand erosion, the 
roughness of the eroded surfaces was measured by a surface 
profiler (Alpha-Step IQ Surface Profiler, Kla Tencor, USA) with a scan 
length of 5 mm. The ice-adhesion strength after the sand erosion 
was also recorded at -20 °C. 
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