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Abstract: As an attempt of combining antifreeze and superhydrophobicity, propylene glycol
(PG) is encaged in a porous superhydrophobic skeleton composed of ZnO tetrapods and
polydimethylsiloxane. At room temperature, the PG-infused skeleton presents large contact
angle, small sliding angle and good repellency against impacting water drops, while it
effectively defers frost emerging and growth in humid and cooling conditions. The PG-infused
skeleton delays the frost onset 6 times and 18 times longer than the superhydrophobic skeleton
and silicone oil-infused skeleton, respectively. Moreover, it can repeatedly serve as a frost-
deterrent surface up to 10 times without replenishment, and is durable under frosting/defrosting
cycles. The merits are ascribed to the non-affinity between glycol and the skeleton, and
humidity sink effect and self-secretion of glycol out of the skeleton under cooling. The former

lets the surface asperities of the skeleton exposed. And the latter imparts good anti-icing, anti-



frosting, and de-icing performance to the PG-infused skeleton. The work provides insights into

liquid-infused surfaces and icephobic surfaces.

Introduction

Icing, or frosting, is nasty for transportation, power, and agriculture industry.
Superhydrophobic surfaces constructed by low-surface-energy materials and delicate surface
textures exhibit prolonged freezing delay time of sessile water drops and good repellency
against impinging drops owing to the embedded air pockets.!? In a humid environment, in case
of condensation occurrence, anti-icing equals to anti-frosting. Water vapor preferentially
nucleates in textures and expels the air pockets, which turns superhydrophobic surfaces ice-
affinity.>> Nonetheless, anti-frosting has been improved, though limitedly, by devising
distinctive topographies enabling jumping-removal, frost-toward sliding, fast coalescence,
etc.5” Slippery lubricant-infused porous surfaces (SLIPS) exploit an oil layer instead of the air
layer in superhydrophobic surfaces. Water drops can effortlessly slide off from SLIPS before
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or even after freezing.!®"'2 However, condensation could be accelerated on SLIPS, which leads

to severe lubricant depletion and fast frost growth. !4

Practically, antifreezes, e.g., salts and glycols, have been widely applied and demonstrated to
be effective for anti-frosting.!*>~!° Propylene glycol (PG) is a colorless, viscous liquid at room
temperature, which can lower the freezing point of water to about — 60 °C (eutectic temperature).
Moreover, since it is essentially nontoxic, it has become the mainstream aviation deicing and
anti-icing fluid. However, large amounts are required, e.g., ~138 kg or 600-7800 kg of PG
needs to be sprayed on a Boeing 727 airplane before or after ice forms.!” Consequently, it
brings about high costs and environmental concerns because glycols may deplete dissolved

oxygen in streams or lakes as they biodegrade.?’



Fortunately, it is not necessary to form a film of antifreezes to resist frosting. Antifreeze drop
arrays have been revealed to be better than a film of same amount, which delayed complete
frosting over the samples 1.6 to 2.8 times longer than the films.?! Moreover, many antifreeze-
imbibed hydrophilic surfaces have been developed, possessing several merits including better
anti-frosting performance than the matrix hydrophilic surfaces, low antifreeze amount, and
broad applications.!”!822-2* However, they should be replenished every time after using and
lose antifreezes quickly when being contacted with water/running water. To this end, bilayer
structure was proposed, in which the bottom antifreeze-imbibed hydrophilic layer is protected
by the top hydrophobic or superhydrophobic layer.!®?32¢ Not only can the bilayer surfaces
contact with water but also their anti-frosting ability is better than the ones without protective
layers. However, the durability is not good enough because antifreeze-imbibed hydrophilic
layers absorb water vapor from the humid environment, swell, and expand during freezing,

resulting in large stress at interfaces.

Herein, an antifreeze-infused superhydrophobic surface is facilely prepared by sucking PG into
a porous superhydrophobic skeleton, maintaining PG’s excellent anti-icing/anti-frosting
property and skeleton’s superhydrophobicity, and not having bilayer structure’s durability
problem. Briefly, the developed surface has a contact angle of > 160° and a sliding angle of <
10°, also is able to repel impacting water drops. And no frost is formed up to 180 min at -10
°C, and to 60 min at -30 °C. Moreover, the surface can be repeatedly used for anti-frosting at -
10 °C up to 10 times without replenishment. And the surface is intact after 20 cycles of

frosting/defrosting at -30 °C.

Materials and methods



Materials

Polydimethylsiloxane (PDMS, HC2100) was purchased from Toray Industries, Inc. (Japan).
Ethyl acetate (EtOAc, 99.5%), ethylene glycol (EG), and PG were from Wako Pure Chemical
Industries (Japan). Silicone oil (KF-96-100cs) and ZnO tetrapods (WZ-0501) were bought
from Shin-Etsu Chemical Co., Ltd. (Japan) and AMTEC Co., Ltd. (Japan), respectively. Glass
slides with sizes of 26 mm x 76 mm x 1.2~1.5 mm (S7224, Matsunami Glass Ind., Ltd., Japan)

were used as coating substrates.

Preparation of superhydrophobic skeletons

6 g PDMS was dissolved in 300 ml EtOAc. Afterwards, 54 g ZnO tetrapods were added to
form a suspension. After having been stirred overnight, the suspension with an amount of 1
mL was drop-coated on glass slides, which were plasma-treated beforehand. Finally,
superhydrophobic skeletons were obtained after heat-treatment in 120 °C for 2 h. Actually,
different weight ratios of ZnO to PDMS, such as 9:1, 7:3, 5:5 and 3:7, were tried while weight

concentrations of ZnO and PDMS in EtOAc were fixed.

Liquid infusion

Superhydrophobic skeletons immersed into PG or silicone oil bath were put inside a vacuum
chamber (VOS-310C, EYELA, Japan). Then, the chamber pressure was gradually decreased
and reached a vacuum of 0.102 MPa, at which air entrapped in the superhydrophobic skeletons
were removed and instead PG or silicone oil was infused into the voids of skeletons. Finally,
the liquid-infused skeletons were spun at 2000 rpm for 1 min to shed the excess liquid on the
surface. And PG-infused skeletons were stored at subzero temperatures, where PG has
negligible vapor pressure.!” Similarly, EG was infused into superhydrophobic skeletons using

same procedures.



Morphology and wettability characterization

Superhydrophobic skeletons, PG-infused skeletons, and oil-infused skeletons were
characterized by field emission scanning electron microscope (FESEM, JSM-7001F, JEOL,
Japan), scanning electron microscope (SEM, Miniscope TM4000, Hitachi, Japan), laser
confocal scanning microscope (Optelics HYBRID C3, Lasertec, Japan), and atomic force
microscope (AFM, NanoWizard 4 XP, Bruker, USA). Compositions of water, PG, PG-infused
skeletons, and condensed drops on PG-infused skeletons during frosting test were detected by
Raman microscope (inVia Reflex, Renishaw, UK). Laser of 532 nm and grating of 1800 I mm~
' were used. Wettability including contact angles (CAs), advancing contact angles (Gua),
receding contact angles (6y.), and sliding angles (SAs) were measured by DMs-401-type CA
meter (Kyowa Interface Science, Japan). Water drop sliding and impacting were also recorded
by a high-speed camera (Mini AX, FASTCAM, Photron, Japan). Porosity and pore size were

measured for superhydrophobic skeletons by a mercury porosimeter (AutoPore IV 9520,

Micromeritics-Shimadzu, Japan).

Anti-icing, de-icing, and anti-frosting test

Regarding frosting test, the temperature of samples was controlled by a cooling stage (10083L,
High Tech Co., Ltd., Japan), which was set at -10 °C or -30 °C. Meanwhile, the ambient relative
humidity and temperature were 42 + 2% and 10 + 1 °C, respectively. Specifically, test samples
were cooled from the ambient temperature to a target temperature at 10 °C min™! and kept at
the target temperature for 10 min under N> atmosphere. After that, the N> protection was
removed and the samples were exposed to the ambient conditions, from which frosting started
and was monitored. For icing test, water drops of 10 uL were dripped on samples. Drops,

together with samples, were cooled from the ambient temperature at 1 °C min™! under the



ambient conditions. The cooling was stopped when the drops were frozen. And the
corresponding temperature was taken as ice nucleation temperature (INT). Regarding de-icing
test, cuvettes were put on test samples that were placed on the cooling stage. 1 mL of water
was added into the cuvettes. Water and test samples were cooled to -10 °C and lasted for 3 h.
Afterwards, digital force gauge (DST-50N, IMADA Co., Ltd.) was used to detach the cuvette-
encased ice columns (1 x 1 x 1 cm?) with a horizontal probe impact speed of 0.5 mm s'!. The
peak force was recorded and divided by the ice area to get the ice adhesion strength (IAS).
However, the above commonly adopted test procedures could not be applied to PG-infused
skeleton because water could not freeze. An alternative method was used. Ice cubes (1 X 1 x 1
cm?) were made in a fridge at -20 °C for 6 h, which were then transferred to the pre-cooled (-
10 °C) PG-infused skeleton. By tilting the PG-infused skeleton, the ice cubes could slide off

from the surface by self-gravity.

Results and discussion

Liquid infustion into superhydrophobic skeletons

First, porosity and pore size were tested, and the results that depend on the weight percentage
of ZnO in ZnO/PDMS skeletons are shown in Figure Sla and S1b. As the ZnO weight
percentage increases, the porosity increases but the pore size decreases. Since larger porosity
leads to more infused liquid and improved hydrophobicity according to the Cassie-Baxter
equation, the ZnO weight ratio of 0.9 was selected. In other words, the superhydrophobic
skeleton was composed of ZnO and PDMS with a ratio of 9:1. Its porosity is 60.9%, its average
pore diameter is ~2.2 um, and 94% of pores lie in a range of 0.5 — 10 um. CA of PG drop on
the superhydrophobic skeleton is 133.3 £ 0.6° (Figure S1c), and its fugy is 136.7 = 0.7°, which
implies that an external force is needed to infuse PG into the skeleton. The resistance force (f;)

has the following form:



f;" = nDyCOSGadva (1)
where y is the surface tension (0.03857 N m™") of PG, and D is the pore diameter. The exertion

force (fexs) has the form of
— Dy2
fext - PT[(E) > (2)

where P is the vacuum pressure inside a vacuum chamber.

Here, we used P of 0.102 MPa. Then, D was derived to be 1.10 um. Therefore, most of the
pores in the skeleton could be infiltrated by PG under the vacuum treatment (Figure S1b).
Regarding silicone oil, it is observed seeping into the superhydrophobic skeleton due to the
capillary force (Figure S1d). Although the exertion force was not necessary for oil infusion,
vacuum was still applied in order to have a same condition for both PG and oil infusion. The
silicone oil infused into the skeleton has an areal mass density of 8.63 + 0.14 mg cm™.
Considering the thickness (~145 um) of the skeleton (Figure S2), the volume occupied by oil
is 61.7%, which is close to the porosity tested by a mercury porosimeter. And the areal mass
density of PG is 7.48 + 0.15 mg cm™, resulting in a PG-occupied volume of 49.8%, which
means around 10% voids are free of PG. To be mentioned, 35 — 2000 mg cm of PG is required
to be sprayed onto a Boeing 727 airplane to prevent or dislodge ice,!” which is way higher than

the PG amount herein.

Surface morphology

Schematics of superhydrophobic skeleton, oil-infused skeleton, and PG-infused skeleton are
shown in Figure la, 1b, and 1c, respectively. Due to a strong affinity between silicone oil and
the skeleton, the oil covers the skeleton. On the contrary, the protrusions or the contours of the
superhydrophobic skeleton expose in the air after the PG infusion. This is evidently seen from

the images took by confocal laser scanning microscope (Figure 1d-11). The superhydrophobic



skeleton becomes opaque after the oil infusion as comparing Figure 1d and le. Also, from 3D
surface profile images (Figure 1g-1i), textures of the superhydrophobic skeleton are clearly
observed and maintained after the PG infusion. Oppositely, the skeleton became smooth after
the oil infusion. It is also verified from the roughness (Sa, arithmetic average of height
difference of each point from the mean plane), which was tested to be 1.94 + 0.07, 0.34 £ 0.01,
and 1.98 + 0.06 um for superhydrophobic skeleton, oil-infused skeleton, and PG-infused
skeleton, respectively. A top-view SEM image of the superhydrophobic skeleton is shown in
Figure 1j, whose enlarged view was provided in Figure S3. And cross-sectional SEM images
can be found in Figure S2. From all of them, porous structure is confirmed, which is enabled
by the geometrical stacking of micro-sized ZnO tetrapods that was detailed in a previous
paper.?’ Furthermore, PG-infused skeleton was probed by AFM. Height image is shown in
Figure 1k, where dark parts circled by green dash lines represent the pore areas. However,

something is believed to be in the pores because high adhesive forces were detected (Figure

11), which should be the infused PG.

Surface wettability

CAs of water drops (10 pL) on superhydrophobic skeleton, oil-infused skeleton, and PG-
infused skeleton were tested and the results are 161.1 + 1.1°, 103.5 + 0.5°, and 160.5 £+ 0.7°,
respectively (Figure 2a-2¢). SAs of water drops (10 pL) were also measured and they are 2.7
+1.1°, 1.6 £ 0.5° and 9.7 + 2.4° accordingly. As shown in Figure 2d-2f, water drops of 10 uL
are sliding off these samples. Drops are readily movable at low tilted angles on
superhydrophobic skeleton and oil-infused skeleton, while a larger tilted angle is required for
PG-infused skeleton. Moreover, sliding velocities are high on superhydrophobic skeleton and
PG-infused skeleton. Oppositely, drop slides slowly on oil-infused skeleton because water drop

needs to jostle the surrounding oil.?®



Furthermore, water drop impacting (10 pL) was studied for superhydrophobic skeleton (Figure
2g and 2h) and PG-infused skeleton (Figure 2i and 2j). The impact velocity is 1.40 m s™! for
Figure 2g and 1.25 m s! for Figure 2h. When 1.40 m s! was used, water penetrated the textures,
the entrapped air-pockets were lost, and partial rebounding was generated, which was indicated
by the red arrow. When lowering the velocity to 1.25 m s!, water penetration was not observed,
resulting in a full rebounding. There is a threshold impact velocity us, which is determined by

the geometry of air-pockets (pores) as below:?’

_ [32yD,
o = [ 3)

where y is the surface tension of water (0.0728 N m!), p is the water density, D, is the depth
of pores, and W, is the width of pores. From the surface profiles of the superhydrophobic
skeleton (Figure S4), D, of 4.01 = 0.64 um and W, of 67.89 = 18.07 um were got, leading to
um of 1.48 £0.24 m s!. Therefore, the experiments well agree with the theoretical predications.
As for PG-infused skeleton, water penetration occurred at 0.77 m s (Figure 2i), which
disappeared at 0.63 m s (Figure 2j). Hence, the superhydrophobicity of the ZnO/PDMS

skeleton was largely maintained after PG infusion.

Anti-frosting performance

Frosting test was conducted at -10 °C for superhydrophobic skeleton, oil-infused skeleton, and
PG-infused skeleton. Before being exposed to the ambient conditions (42% of relative humidity
and 10 °C), samples were stabilized at -10 °C for at least 10 min under N> protection. Time-
lapsed photos under frosting are shown in Figure 3. Since all samples are white, it is difficult
to check whether there is frost or not. Therefore, time-lapsed images by confocal laser scanning
microscope under frosting are shown in Figure 4. Clearly, on the superhydrophobic surface

formed tiny condensed drops at the very beginning of frosting (Figure 4a). And the condensed
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drops grew with time, and got frozen at ~30 min. However, in Figure 3a the iced condensed
drops are too small to see, and only some relatively large coalesced drops were observed after
thawing. As for oil-infused skeleton, water condensation also occurred and the condensed
drops were scattered on the oil film (Figure 4b). Notably, the freezing of the condensed drops
was advanced to ~10 min. The reason is water condensation on the oil film was accelerated, '3
resulting in a close network of condensed drops, which then facilitated the condensation
frosting.”3° Owing to the enhanced condensation, frosting can be seen at the sample’s edges
(Figure 3b), and large water-oil core-shell drops®' are manifest after melting (Figure 4b).

However, severe depletion of oil could succeed when removing these drops.

The frosting phenomenon on PG-infused skeleton is totally different from the above two cases.
Several separated condensed drops occurred, grew, but did not freeze even after 180 min
(Figure 3c). The area having condensed drops, such as the one circled by the red square in
Figure 3c, was screened, and the results are shown in Figure 4c. No tiny condensed drops like
the ones on the superhydrophobic skeleton were found. Moreover, the area not having
condensed drops pointed out by the red circle in Figure 3¢ was also examined, and the results
are shown in Figure S5, from which the area was demonstrated to be free of condensates. Hence,
there are not tiny condensates but large and sparse condensed drops on PG-infused skeleton,
which maintains non-frozen 6 times and 18 times longer than the condensates on

superhydrophobic skeleton and oil-infused skeleton, respectively.

It has reported that antifreeze-imbibed hydrophilic/superhydrophobic bilayer surfaces have
durability issue because the interfaces suffer from large stress during freezing and melting. 62>

Here, complete frosting was induced on PG-infused skeleton at -30 °C while the ambient

conditions were same. Condensation was more severe at -30 °C than at -10 °C (Figure 5a). At
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60 min, except the edges, the whole surface was resisting against frosting. Then, frosting
propagated inwards with time. At 140 min, frost was all over the surface. Afterwards, the
sample was thawed, emptied, reinfused with PG, and re-tested at -30 °C until complete frosting
over the surface. And the sample was repeated under frosting/melting/replenishing to 20 times.
Seen from Figure 5b and 5c, the infused PG mass and complete frosting time are nearly
unchanged in the cycle test, which demonstrates the durability of the developed PG-infused
superhydrophobic skeleton. Moreover, the evolution of frost coverage at -30 °C for
superhydrophobic skeleton, oil-infused skeleton, and PG-infused skeleton is presented in
Figure S6. Complete frosting on oil-infused skeleton took only 3 minutes, and
superhydrophobic skeleton needed about 7 minutes. In contrast, it took at least 20 times longer

for PG-infused skeleton.

To reveal the distinctiveness of PG-infused skeleton, anti-frosting of PG on hydrophilic glasses
and hydrophobic PDMS films was also investigated. As seen from Figure S7a, a PG film was
coated on a glass slide. Same areal mass density of 7.48 mg ¢cm™ was used. And surface
temperature was -30 °C with same ambient conditions. At first, PG film itself was free of frost,
but it expanded and invaded into the frost zone (Figure S7b). Because PG’s freezing point is
much lower than water and they are miscible, PG can melt ice or frost when they encounter
each other, resulting in PG/water solution. The advancement of PG front means the continuous
dilution of PG. When the freezing point of the diluted solution reached the surface temperature,
freezing occurred (Figure S7d), spread (Figure S7¢), and at last covered all the film (Figure

S79).

In Figure S8a, PG drops were arrayed on a PDMS film since PG cannot spread over the film.

To be mentioned, the CA of PG on the PDMS film is around 72°. Same areal mass density and
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test conditions were applied. Frost quickly covered the PDMS film except the PG drop arrays
(Figure S8b). Interestingly, there is a void between PG drops and the surrounding frost, which
is due to the humidity sink effect of PG. The water vapor pressure profile around a PG drop
with radius R is expressed as®!

P(r) = Po + (Ppg — Po)R/T, “4)
where r is the radial distance from the center of the PG drop, P is the water vapor pressure at

infinity, and Ppg is the water vapor pressure above the PG drop. When P(r) is larger than the
water vapor saturation pressure at the surface (Ps4r), water vapor tends to condense on the

surface. Therefore, the radius of the void (0) is determined by

) _ Ppg—Pco

)

R Psar—Poo
Considering the surface cooled to -30 °C with air at 10 °C and 42% relative humidity, P is
515.87 Pa, Psaris 50.94 Pa, and Pp¢ is ~ 6 Pa.?!*2 Then, 8/R = 1.09, leading to a narrow region
of inhibited condensation. If the surface temperature is lifted to -10 °C, 6/R increases to 2.19.
The frost thickness grew steadily, forming open frost domes around PG drops at some point,?!
which is indicated by the opaque PG drops (Figure S8d). Afterwards, PG drops were wicked

into the frost and collapsed (Figure S8e).

The failure of PG film and drop arrays is observed to be accelerated by their contact with frost.
On one hand, frost grows continuously, which prefers in the third direction if PG stands in its
way on the surface. On the other hand, PG becomes dilute by absorbing ambient water vapor,
accompanied by volume expansion and narrowing of region of inhibited condensation. For PG
film, the latter plays a key role. And the former contributes large for PG drop arrays. Plots of
frost coverage versus time for PG film, PG drop arrays, and PG-infused skeleton are shown in
Figure S9. Though PG drop arrays take the longest time (165 min) to reach complete frosting,
the frost coverage is more than 80% from the start. On the contrary, PG film maintains free of
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frost up to 50 min, while frost covers all the film in 65 min. Here, PG-infused skeleton gets a
good balance. At 50 min, its frost coverage is 10%, which is much lower than PG drop arrays.

And its complete frosting time is about 140 min that is much longer than PG film.

EG, another glycol, was also infused into superhydrophobic skeleton. Its areal mass density is
~9.30 mg cm mainly because of its smaller molecule size and lower viscosity than PG. And
the frosting of EG-infused skeleton at -30 °C with same ambient conditions is shown in Figure
S10. Large condensed drops were observed and they resisted against freezing for a long time.
Moreover, frost coverage versus time for EG-infused skeleton, compared with PG-infused
skeleton, is plotted in Figure S11. Its anti-frosting performance is a little better than PG-infused
skeleton because of its larger intake. To be emphasized, large condensed drops occurred on
both glycol-infused skeletons whereas they are absent in PG film, PG drop arrays,
superhydrophobic skeleton, and oil-infused skeleton. Raman spectra of condensed drops, water,
and PG are shown in Figure 6a. Broad bands from 3000 to 3800 cm™! are related to the OH
stretching vibrations, the band around 2940 cm! is assigned to the stretching vibrations of CHa
groups, the band around 1460 cm™! is due to the deformation vibrations of CH» groups, and the
band around 840 cm™! is a marker of gauche-conformers of PG molecule.®* No new peaks were

found, so that condensed drops are composed of water and PG as expected.

Furthermore, Raman spectra of the condensed drops collected at different frosting time at -10
°C were measured (Figure 6b). To be mentioned, after 200 min, some condensed drops got
frozen, and all of them were iced in 360 min. Condensed drops were collected after melting if
they had been frozen. It has been demonstrated that the intensity ratio of OH stretching band
to CH, stretching band is a linear function of the molar ratio of water to PG.* In Figure 6b, the

spectra are normalized to the peak intensity at 2936 cm!. Obviously, the intensity of OH
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stretching band is increased with frosting time. Specifically, water/PG solutions with 10%,
50%, and 90% mol of PG were prepared and measured (Figure S12a). The peak intensity ratio
(I3409/12936) is linear to the molar ratio (Cwater/Cpc) (Figure S12b). As noticed, the intercept is
not zero because neat PG also has OH bonds. Using the linear fitting equation, the dependence
of water: PG ratio on frosting time can be derived (Figure 6¢). The concentration of PG in
condensed drops is continuously diluted, leading to the gradually increased freezing point.
From the water/PG phase diagram, the freezing point of -10 °C roughly corresponds to
Viwater/ Ve 0f 3.5. Here, when condensed drops were all frozen, Vwater/Veg is larger than 4. This

is because thick frost had grown along edges at 360 min.

Finally, the anti-frosting of PG-infused skeleton is schematically explained (Figure 6d-6f).
First, the infused PG is underneath the surface asperities of the skeleton. When PG-infused
skeleton is at -10 °C and the air is at 10 °C with 42% relative humidity, a water vapor pressure
gradient is formed above the skeleton (Figure 6d). From equation (5), 6/R = 2.19 at -10 °C.
Thus, the surface asperities are in the region of inhibited condensation due to the humidity sink
effect of PG. Second, driven by the pressure gradient, PG-infused skeleton absorbs water vapor.
Since the skeleton is hydrophobic, the absorbed water, mixed with PG, spills out of the skeleton,
forming large condensed drops. Once the drops are generated, they are serving new humidity
sinks (Figure 6¢). Therefore, the condensed drops are continuing growing (Figure 6f), and the
ratio of water in the condensed drops is fast increased (Figure 6¢). This somehow mitigates the

dilution of the PG in the skeleton, which will be further discussed in repeating test.

Anti-icing and de-icing performance
INT of water drops (10 puL) on superhydrophobic skeleton, oil-infused skeleton, and PG-

infused skeleton was studied. And the results are -21.8 + 1.7 °C, -15.9+ 1.5 °C, and -33.9 £ 0.7
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°C, respectively (Figure 7a). It is worth noting that the anti-icing performance has a positive
relationship with the anti-frosting performance because ice nucleation under condensation
condition is correlated with condensation frosting,” which is elucidated in Figure 7b. A test
water drop on a test surface is under cooling. Condensation emerges on the surface at certain
temperature below the dew point that is determined by ambient conditions. Due to the low
nucleation barrier, freezing occurs at the edges of the surface and propagates in a chain reaction
to the center of the surface.’® When attacked by the frost propagation, the test drop turns frozen.
Therefore, the more early a close network of condensed drops forms, the higher INT is achieved.
Since only sparse drops are condensed on PG-infused skeleton, ultra-low INT has been
accomplished. Moreover, the test water drops before and after freezing are shown in Figure 7c-
7e. The drops on superhydrophobic skeleton and oil-infused skeleton were observed to be
surrounded by clusters of tiny condensed drops. And the water CA on superhydrophobic
skeleton was substantially decreased due to the condensation-based impalement
mechanism.**% On the contrary, the large water CA on PG-infused skeleton was mostly
retained because only sparse condensed drops were formed. And they did not freeze even at -

40 °C (Figure S13) owing to being doped with PG.

IAS was also tested. The data for superhydrophobic skeleton and oil-infused skeleton are 76.3
+ 6.2 and 28.4 + 3.1 kPa, respectively. Same test procedures were tried for PG-infused skeleton,
but it failed because water could not freeze on PG-infused skeleton at -10 °C after 3 h. Therefore,
ice cubes made in a fridge were transferred to the pre-cooled surface at -10 °C. The surface was
tilted by 25°. After 30 min, the ice cube could slide off the surface by its own gravity (Figure
S14). The shear force (7) has the form of

T =mgsina, (6)
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where m is the mass of ice cube, g is the standard acceleration of gravity, and a is the tilting
angle. Then, the IAS of PG-infused skeleton was calculated to be 41 Pa, which is three orders
of magnitude smaller than those of superhydrophobic skeleton and oil-infused skeleton. The
reason is PG can migrate to the ice cube by either spilling or bridging under vapor diffusion,*®
which then melts ice gradually. At some time, the generated interfacial liquid is enough to
make the surface slippery. However, if PG is so diluted that the whole surface is frozen, the

IAS surges to ~130 kPa.

Repeating and replenishing

Unlike antifreeze-imbibed hydrophilic surfaces that need replenishment every time after usage,
the developed superhydrophobic skeleton infused with PG can be repeatably used, which is
shown in Figure 8. In each frosting test, the temperature of PG-infused skeleton was controlled
at -10 °C, the ambient conditions were 42% of relative humidity and 10 °C, and duration was 1
h. The infused mass before and after each test was measured (Figure 8a). And before weight
measurement, the condensed drops on the surface were softly removed. With increasing the
repeating number, the mass decreased continuously. No frost was guaranteed up to 10 repeating
number (Figure 8b). At 11" test, frost was formed in the middle of test. And frost was observed
along the edges at the beginning of 12" test. To be emphasized, the edges of samples is the
most vulnerable part because they are near the surrounding frost (Figure 8e). Also, CAs and
SAs were measured after each test (Figure S15). CAs were stable and SAs were slightly
decreased with increasing repeating number, which hints that the depleted PG-infused skeleton
is alike the superhydrophobic skeleton. Furthermore, replenishment of PG was implemented
after 12'" test. Before that, the remained mass in the skeleton was fully expelled by putting
samples at 40 °C overnight. Same vacuum infiltration was applied, resulting in similar PG

suction mass. And another 12 repeating tests were done. The results are shown in Figure 8a
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and 8b. All can be repeated 10 times without frost, verifying good repeatable and replenishable

abilities.

The condensed drops were further tested by Raman microscopy. As seen from Figure 9a, the
peak ratio of I3400/12936 increases with repeat time. Accordingly, Vwatwer/Vpg Was calculated and
the data are shown in Figure 9b. With increasing repeat time, Vwaer/ Vg increases fast.
Furthermore, the remained liquid in PG-infused skeleton was measured during the repeat test.
Here, the skeleton consists of ZnO and PDMS, which has characteristic peaks from 2800 to
3000 cm! (Figure 9c¢). They are owing to the stretching vibrations of CHs groups,®’ overlapping
the peaks for CH; stretching vibrations. Therefore, the peak at 841 cm™! was adopted because
the peak ratio of T3400/I341 is also a linear function of the molar ratio of water to PG.>*> Water/PG
solutions with 10%, 50%, and 90% mol of PG were first tested and then the linear equation
was attained (Figure S16). Afterwards, the PG-infused skeleton after test were detected. In
Figure 9d, all spectra are normalized to the peak intensity at 841 cm!. Unexpectedly, the peak
intensities at 3409 cm™! just have a small change. The data of Vyater/Veg are shown in Figure
9b, verifying that the liquid in PG-infused skeleton after 1% test is a mixture of PG and water.
More importantly, compared to the condensed drops, the dilution of PG inside the skeleton is

much decelerated, highlighting the encaging effect of the superhydrophobic skeleton.

Performance comparison and application notes

In terms of anti-icing and anti-frosting, the superiority of PG-infused skeleton over
superhydrophobic skeleton, oil-infused skeleton, PG film, and PG drop arrays is manifest. Here,
it is further compared with some recent papers. Three classes of surfaces are selected, i.e.,
superhydrophobic surfaces, SLIPS, and antifreeze-based surfaces, whose details are listed in

Table S1, S2, and S3, respectively. And the chosen data were all tested in a horizontal state.
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Frankly, the comparison could not be rigorous because test conditions and procedures were
different from paper to paper. Data of freezing delay time is shown in Figure 10a, which is an
alternative index for INT. The longer the freezing delay time, the better the anti-icing
performance. Same to the trend found here, SLIPS freeze first, then superhydrophobic surfaces,
and the last is antifreeze-based surfaces. As for IAS comparison (Figure 10b), again antifreeze-
based surfaces present the best performance. Averagely, SLIPS possess lower IAS than
superhydrophobic surfaces. But it is hard to say for specific examples. The IAS could be as
low as tens of Pa for antifreeze-based surfaces, which is two to four orders of magnitude lower
than SLIPS or superhydrophobic surfaces. The last is anti-frosting property (Figure 10c).
Complete frosting time is compared, which means the time needed for frosting all over the
surface. As pointed out before, it is difficult to discern tiny condensates on superhydrophobic
surfaces and SLIPS by bare eyes. Therefore, it is possible to overestimate them. As expected,
anti-frosting performance of superhydrophobic surfaces and SLIPS is much worse than

antifreeze-based surfaces.

There is no doubt that using antifreezes fundamentally enhances anti-icing and anti-frosting
properties, which are conceivably related to the amounts of antifreezes. For a Boeing 727
airplane, 35 — 2000 mg cm of PG is required.!” As to antifreeze-based surfaces, different
amounts were used, for example, 35 mg cm for PG film and drop arrays?!, 208 mg cm™ for
PG-sucked nylon membrane covered by a superhydrophobic layer?, 11.6 mg cm? for PG-
sucked nylon membrane covered by a polycarbonate nanoporous membrane?®®, and 104 mg cm-
2 for PG-imbibed cotton textiles'”. Though the least amount was used herein, superb anti-icing
and anti-frosting performance is achieved, which showcases the advantages of exploiting the
porous superhydrophobic skeleton to encage antifreezes. Although PG is generally considered

environmentally friendly, it can have some negative impacts. Biodegradation is the significant
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fate process of glycols in waters, which consumes oxygen. When glycols are in large amounts,
a rapid depletion of the dissolved oxygen will occur, potentially harming aquatic life.?° Also,
PG is a commonly used solvent for pharmaceutical agent. However, its exposure to high dose
for extended period may cause hyperosmolarity and metabolic acidosis.*®3° Hence, PG of small
amounts is preferred. Another concern is the method of adding PG. Opposite to the capillarity-
driven self-infusion of oils into porous superhydrophobic skeletons,* vacuum infiltration is
applied here. It may not be a bottleneck for large-scale application since vacuum infiltration

method has been widely utilized in composite manufacturing industry.

Conclusions

Though PG cannot penetrate the superhydrophobic ZnO/PDMS porous skeleton through
capillary action, it is vacuum-infiltrated into and stably resides in the skeleton. And the
resulting PG-infused skeleton presents unexpected properties. The non-affinity between PG
and the skeleton makes PG not cover the surface asperities, and thus the PG-infused skeleton
inherits the superhydrophobicity from the skeleton. When in a humid and cooling condition,
frost that promptly occurs on a conventional superhydrophobic surface is largely deferred on
the PG-infused skeleton. Specifically, the PG-infused skeleton can delay the frost onset 6 times
longer than the superhydrophobic skeleton. On one hand, due to the humidity sink effect of PG,
the surface is in the region of inhibited condensation, avoiding the common tiny condensates.
On the other hand, the absorbed water from the environment, mixed with PG, is spilled out of
the skeleton, forming unique large and sparse condensed drops on the surface, which can keep
non-frozen for an extra-long time. Moreover, the large condensed drops serve as new humidity
sinks to delay the dilution of PG in the skeleton, and provide a slippery interfacial liquid to
shed ice if any. Additionally, such self-secretion mitigates the volume expansion during

freezing, leading to the durability under frosting/defrosting cycles. Despite not meeting three
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principles for SLIPS,*' the PG-infused skeleton possesses superhydrophobic and anti-

icing/anti-frosting abilities simultaneously.

Supporting Information

Details of compared superhydrophobic surfaces (Table S1), SLIPS (Table S2), and antifreeze-
based surfaces (Table S3) for comparison. Porosity and pore size distribution (Figure S1).
Cross-sectional SEM images of superhydrophobic skeleton (Figure S2). FESEM image of
superhydrophobic skeleton (Figure S3). Surface height profiles of superhydrophobic skeleton
(Figure S4). Additional information about frosting of PG-infused skeleton at -10 °C (Figure
S5). Frost coverage versus frosting time (Figure S6, S9 and S11). Photos of frosting of PG film
(Figure S7). Photos of frosting of PG drop arrays (Figure S8). Photos of frosting of EG-infused
skeleton (Figure S10). Raman spectra of water/PG solutions (Figure S12 and S16). Additional
information of icing test of PG-infused skeleton (Figure S13). De-icing photos (Figure S14).

Change of wettability of PG-infused skeleton during repeating test (Figure S15).
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Figure 1. Schematics of a) superhydrophobic skeleton, b) silicone oil-infused skeleton, and c)

PG-infused skeleton. Top-view images of d) superhydrophobic skeleton, e) silicone oil-infused
skeleton, and f) PG-infused skeleton by laser scanning confocal microscopy. 3D images of g)
superhydrophobic skeleton, h) silicone oil-infused skeleton, and i) PG-infused skeleton by laser
scanning confocal microscopy. Test areas are 750 pum x 750 um. j) SEM image of
superhydrophobic skeleton. AFM images of PG-infused skeleton with k) height mode and 1)

adhesion mode.

26



10000 ms

Figure 2. Water drops sitting on a) superhydrophobic skeleton, b) silicone oil-infused skeleton,
and ¢) PG-infused skeleton. Water drops sliding on d) superhydrophobic skeleton (tilted 5°), e)
silicone oil-infused skeleton (tilted 5°), and f) PG-infused skeleton (tilted 10°). Water drop
impacting on superhydrophobic skeleton with velocities of g) 1.40 m s and h) 1.25 m sl

Water drop impacting on PG-infused skeleton with velocities of i) 0.77 m s and j) 0.63 m s™.
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Figure 3. Photos of evolution of a) superhydrophobic skeleton, b) silicone oil-infused skeleton,
and c¢) PG-infused skeleton at -10 °C with ambient conditions of 42% of relative humidity and

10 °C. All samples were horizontally placed.
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Figure 4. Images of evolution of a) superhydrophobic skeleton, b) silicone oil-infused skeleton,
and c¢) PG-infused skeleton at -10 °C with ambient conditions of 42% of relative humidity and

10 °C by laser scanning confocal microscopy. All samples were horizontally placed.
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Figure 6. a) Raman spectra of water, PG, and condensed drops on PG-infused skeleton under
cooling. b) Dependence of Raman spectra of condensed drops on frosting time. c) Dependence
of volume ratio of water to PG for condensed drops on frosting time. d-f) Schematics of
evolution of PG-infused skeleton being cooled in a humid environment. d) Water vapor
pressure gradient above PG-infused skeleton at the start. e) Formation of condensed drops on
the surface and reconstruction of water vapor pressure gradient above the skeleton after some

time. f) Continuous growth of the condensed drops until freezing.
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Figure 7. a) INT data for superhydrophobic (SHPO) skeleton, silicone oil-infused skeleton,
and PG-infused skeleton. b) Illustration of ice nucleation mechanism with the existence of
condensation and frosting. Photos of water drops before and after freezing on c)

superhydrophobic skeleton, d) silicone oil-infused skeleton, and e) PG-infused skeleton.
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Figure 8. Repeating and replenishing tests of PG-infused skeleton at -10 °C with ambient
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Figure 9. a) Raman spectra of condensed drops on PG-infused skeleton under cooling in
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Figure 10. Comparison between PG-infused skeleton (this work) and some reported
superhydrophobic surfaces, SLIPS, and antifreeze-based surfaces in a) freezing delay time, b)

IAS, and ¢) complete frosting time.
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