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ABSTRACT: Surfaces with ultralow adhesion to liquids and solids
have attracted broad interests in both fundamental studies and
engineering applications from passive removal of highly wetting
liquids and water harvesting to anti-/de-icing. The current state-of-
the-art superomniphobic surfaces (rely on air lubricant) and liquid-
infused surfaces (rely on liquid lubricant) suffer from severe issues
for liquid repellency and ice removal: air/liquid lubricant loss or
topography damage. Here, we create a durable quasi-liquid surface
by tethering flexible polymer on various solid substrates. The
untethered end of the polymer has mobile chains that behave like a
liquid layer and greatly reduce the interfacial adhesion between the
surface and foreign liquids/solids. Such a quasi-liquid surface with
a 30.1 nm flexible polymer layer shows ultralow contact angle
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hysteresis (<1.0°) to liquids regardless of their surface tensions. The highly wetting perfluorinated liquids like FC72 and Krytox101,
as well as complex fluids like urine and crude oil, can be repelled from the surface. Moreover, wind can remove accreted ice from the
surface in harsh conditions due to the negligible ice adhesion. We have demonstrated that the quasi-liquid surface shows robust
performances in repelling highly wetting liquids, harvesting water, and removing ice, respectively.

KEYWORDS: highly wetting liquids, liquid repellency, water harvesting, ice removal, quasi-liquid surface

B INTRODUCTION

Surfaces that can passively remove liquids regardless of their
surface tensions and ice have attracted broad interests from
both interfacial sciences'~* and engineering applications such
as fog harvesting,5 self—cleaning,6 chemical shielding7 and anti/
deicing.” However, passive removal of highly wetting liquids
with surface tensions below 18 mN m™ and accreted ice from
the surface remains a challenge.” Existing passive strategies are
centered on either air or liquid lubrication.””*%”'" Super-
omniphobic surfaces (i.e., air lubricated surfaces) use surface
topographies to lock air as the lubricant.”* When liquid
droplets are partially floating on air (i.e, Cassie—Baxter
state),"" the solid—liquid contact areas are dramatically
reduced, leading to improved liquid repellency and reduced
ice adhesion. However, the air displacement on super-
omniphobic surfaces results in the transition from the
Cassie—Baxter state to the Wenzel state,'” in which droplets
are in full contact with the rough textures. This leads to the
failure of liquid repellency and ice removal. Therefore,
researchers circumvent the use of air lubricant by creating
slippery liquid-infused porous surfaces (SLIPS) (also called
liquid-infused surfaces)."” Such a liquid lubricated surface has
molecular smoothness and a mobile interface. Thus, it shows
excellent dewetting and anti-icing performances.14 However,
both air lubricant infused superomniphobic surfaces and liquid
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lubricant infused slippery surfaces suffer from inherent
challenges on durability: lubricant loss and topography
damage. For example, air lubricant on superomniphobic
surfaces can be displaced in harsh conditions, such as high
humidity,15 large subcooling,16 turbulent flow,"” or bioadhe-
sion.'® Likewise, some types of liquid lubricants on SLIPS
evaporate at elevated temperatures,'’ can be displaced by a
lubricant-miscible fluid,'"” and may be depleted by the
wrapping layer (also called cloaking) on the moving droplets.”’
In addition, the surface textures are very likely to be damaged
during ice removal.”'

To achieve a much more desirable nonsticky surface,
researchers developed liquid-like surfaces with covalently
grafted flexible polymers on flat surfaces, such as slippery
omniphobic covalently attached liquid (SOCAL), to form
omniphobicity.””~*” Those surfaces are independent of air or
liquid lubricant but can still repel organic and aqueous liquids
because of the mobile molecular chains tethered on the
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Figure 1. Quasi-liquid surface (QLS) made with flexible polydimethylsiloxane polymer. (a) One-step self-catalyzed grafting of polydimethylsiloxane

on a hydroxylated substrate. The number of the repeated units is changed from “n” to

“m” due to the growth of the polymer chain. (b) Schematic of

droplet sliding on a tilted QLS, where the mobile chain maintains its high mobility through rotational and/or bending motions of the Si—O—Si
skeleton. (c) Time-sequence images of liquid repellency of ~2 uL of FC72 (y = 10.0 mN m™") on the QLS with a glass substrate and bare glass at a
tilted angle of 5°. (d) Water contact angle hysteresis (CAH) as a function of heating time at 105 °C on the QLS with a silicon substrate. The insets
show that a 5 uL water droplet can still slide on the QLS after more than 3 months. The CAH values were averaged from at least S independent
measurements by applying ~S uL droplets on the test platform. (e) The friction coefficient of a load on the QLS and the current state-of-the-art
liquid-like surface of SOCAL. A 10.2 kg test weight was used as the load for this measurement.

surfaces. Nevertheless, existing flexible polymer mediated
liquid-repellent surfaces still show a few challenges. (i) There
is a limit of polymer thickness, which hinders the sustainable
removal of liquids and solids. The existing flexible polymer
coating uses a small molecule siloxane with a molecular weight
of around 400 g/mol as the reactive reagent.zz’29 Therefore, a
large number of water molecules are generated and densely
adsorbed on the surface during the polycondensation reaction.
This severely blocks the growth of the molecular chain.** In
consequence, only a thin polymer coating with a thickness of
around 5.0 nm could be grafted on the substrate, leading to the
poor antiwearing property, inhomogeneous surface coverage,
and defective contact line.”” (ii) The interfacial shear strength
of ice on the existing liquid-like surfaces remains unexplored.
(iii) Existing grafting methods are not compatible with reactive
substrates, as catalysts or organic solvents are often applied in
the synthesis process.”**>**73%3%37 Especially, some of the
metal surfaces are corroded when the acid catalyst is added in
the reaction system, e.g,, aluminum.**

A desired nonsticky surface must be durable, scalable, and
robust on various substrates, which can show an ultralow
adhesion to a variety of liquids and solids. Here, we report a

nonsticky surface that is made by grafting flexible polymers,
which have mobile chains on the untethered end and behave
like a liquid layer, namely, quasi-liquid surface(s) (QLS(s)).
Such a surface has a coating thickness of 30.1 nm that
overcomes the thickness limit of the state-of-the-art liquid-like
surface (i.e, SOCAL). Although it is reported that liquid
repellency is independent of polymer thickness on existing
liquid-like surfaces,” we elucidate that the polymer thickness is
vital for sustainable ice removal. Thus, we show that the QLS
addresses the durability challenges in repelling highly wetting
liquids during sustainable operations, harvesting water from air,
and reducing ice adhesion.

B RESULTS AND DISCUSSION

Fabrication and Overall Properties of the Quasi-
Liquid Surfaces. The quasi-liquid surface is made by
tethering one end of the flexible polymer of polydimethylsilox-
ane on a solid substrate but keeping the other end mobile
(Figure 1a). Simultaneous hydrolysis and polycondensation
occur in this one-step surface grafting without any solvent,
catalyst, or harsh condition. Briefly, chlorine-terminated
siloxane is spontaneously hydrolyzed to form hydroxyl-
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Figure 2. Parametric study of grafting kinetics for the QLS. (a) The influence of the coating temperature on the water CAH on the QLS and the
corresponding coating thickness of the QLS measured by an ellipsometer. The average thickness was obtained by S independent measurements at
different positions on the surface. The CAH values were averaged from at least 5 independent measurements by applying ~5 uL droplets on the
test platform. The grafting time was 60 min. All the samples were fabricated by the vapor phase in a vacuum oven. (b) ATR-FTIR spectra of the

QLS on silicon (grafting time: 60 min; grafting temperature: 60 °C).

terminated siloxane in the presence of moisture. Then, the
covalent grafting and reactive growth of the mobile chain could
rapidly proceed via polycondensation, which is self-catalyzed
by hydrochloric acid generated from the hydrolysis of chlorine-
terminated siloxane.>” Herein, we used the siloxane oligomer
with a high molecular weight of 2000—4000 g/mol for surface
grafting. As a result, the number of byproducts such as water
and acid are reduced during the hydrolysis and polycondensa-
tion reactions in the grafting process. Reduced water
generation enables a long chain to be tethered on the
surface.’® The grafted siloxane polymer chain, with one end
mobile and the other end tethered, behaves like a quasi-liquid
and maintains its high mobility benefiting from its extremely
low glass transition temperature (T, = =125 °C) and low
rotation barrier of the repeated Si—O—Si bond (bond angle =
143°) (Figure 1b).”* Although the tethered flexible polymer
cannot behave like a real liquid, the unentangled polymer
brushes with mobile chains on one end still show liquid-like
lubrication in terms of liquid repellency.* Its high molecular
mobility provides the QLS an unprecedented liquid repellency
for both water and organic liquids compared to reported works
(Table S1).

In this work, various reaction systems and multiple reaction
conditions were studied to obtain the optimized parameter for
making QLSs. Either vapor phase or liquid phase reactions
could lead to the optimal performance for the QLS (Tables S2
and S3). Unless otherwise specified, all the quasi-liquid
surfaces used in this work were made by a vapor phase in a
vacuum oven at 60 °C for 60 min (Figure S1). The atomic
force microscope (AFM) images show that the QLS has a
roughness of 0.35 nm, while the solid coating made of the
small molecule silane of chlorotrimethylsilane (Me,SiCl) and
bare glass surface show the roughnesses of 2.26 and 2.72 nm,
respectively (Figures S2 and S3). This indicates that the
flexible polymer-mediated QLS has an extremely smooth
surface. Due to the high light transmission of the
polydimethylsiloxane material, QLS shows identical optical
transparency compared with a bare glass substrate (Figure S4).
QLS can repel liquids regardless of their surface tensions
(denoted by ), such as water (y = 72.8 mN m™") and even for
the perfluorinated liquids of Krytox101 (y = 17.0 mN m™")
and FC72 (y = 10.0 mN m™") (Figure lc, Table S4, and
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Movies S1 and S2). All the liquid droplets show extremely low
contact angle hysteresis (CAH A@ < 1.0°, Table S4), where
the CAH Ad is the difference between advancing (6,4,) and
receding (0,..) contact angles (i.e, AG = 0,4, — 6,.). A small
CAH of a liquid droplet indicates a good liquid repellency on
the QLS. Furthermore, the QLS is highly thermostable due to
the strong bond dissociation energy of Si—O (444 kJ/mol) in
the siloxane skeleton and the grafting site on the substrate.” It
shows an ultralow CAH (A0 < 1.5°) for water on the QLS
even after heating at 105 °C for more than 3 months (Figure
1d).

Moreover, the QLS shows a much lower adhesion force to
the solid than the state-of-the-art liquid-like surface (i.e.
SOCAL),”” which can repel liquids with surface tensions from
18.4 to 72.8 mN m™". The SOCAL exhibits an optimal liquid
repellency with a coating thickness of 4.0 nm. However, an
increased thickness shows the inhomogeneity of the polymer
chains resulting in deteriorated liquid repellency.”” To test the
friction coeflicient of a solid on the surface, a test load with
tissue paper adhered to the bottom was applied to the surface
(Figure le, inset). Interestingly, the QLS exhibits a static
friction coefficient of 0.019, which is 34.5%, 4.5%, and 2.3% of
that on the SOCAL (0.055), bare silicon surface (0.42), and
cross-linked PDMS (0.83), respectively (Figures le and S5).
The lower static friction coefficient reveals that QLS with a
thicker layer of polymer coating can provide a better interfacial
lubrication than SOCAL with a thinner layer.

Parametric Study of Grafting Kinetics for the QLS. To
better understand the grafting kinetics, we studied the effects
of reaction temperature and reaction time on the mobility of
liquid droplets and coating thickness on the QLS. An
ellipsometer was used to analyze the thickness of the tethered
flexible polymer. As shown in Figure 2a, the CAH and sliding
angle (SA) of the water droplets on the QLS show sharp
declines when the coating temperature increases to around 50
°C for 60 min. Specifically, the QLS with coating temperatures
below 50 °C shows a large CAH (A0 > 12°) and SA (>58°)
for water. When the coating temperature increases beyond 60
°C, an ultralow water CAH (A@ = 1.0°) and SA (4°) are
obtained (Figures 2a and S6). The reason is that a thicker and
denser polymer layer (thickness = 30.1 nm) can be grafted at
60 °C than that at 20 °C (4.8 nm; Figure 2a). The elevated
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Figure 3. Liquid repellency of QLS on various substrates. (a) CAH and CA of various liquids on the QLS with a silicon substrate. (b) The
temperature-dependent sliding speed of 5 uL of hexadecane on the QLS with silicon substrate and SLIPS with Krytox101 lubricant at a tilt angle of
3°. The sliding speed values were averaged from 3 independent measurements. (c) CA of water on different substrates before and after coating with
the QLS. (d) CAH of toluene on the QLS made on different metal substrates. (e) Liquid repellency of crude oil and urine on the QLS silicon vs
SOCAL silicon. (f) Liquid repellency of crude oil and urine on the QLS aluminum foil vs SOCAL aluminum foil. These two liquids could slide on
the QLS made on silicon and aluminum easily but get pinned on the SOCAL made on aluminum foil due to the corrosion spots on the surface. (g)
3D AFM images of QLS and SOCAL made on aluminum foil. The SOCAL on aluminum shows serious corrosion on the surface. The CAH and
CA values in (a), (c), and (d) were averaged from at least S independent measurements by applying ~S uL droplets on the test platform.

temperature enables remarkably enhanced evaporation of
liquid siloxane oligomer, providing a high interfacial concen-
tration of reactant, as well as rapid hydrolysis and
polycondensation (Figure S7). Therefore, the preparation of
the samples at a higher temperature (T = 60 °C) can
significantly increase the formation rate and the thickness of
the polymer coating, resulting in an improved liquid repellency
on the QLS. The QLS grafted within 10 to 720 min at 60 °C
exhibits an ultralow CAH (A@ < 1.8°), and the thickness of the
polymer coating only slightly increases from 28.8 to 33.3 nm
when the coating time varies from 10 to 720 min (Figure S8).
It indicates that the equilibration for the growth of the
polydimethylsiloxane polymer could be rapidly established in
10 min at 60 °C. After that, the polycondensation rate of the
polymer on the surface is significantly inhibited by the
accumulation of absorbed water that is generated from the
reaction, even though reduced pressure is applied.”® A slight

increase of the SA from 4° to 6.5° was observed on the QLS
when the grafting time was increased from 180 to 720 min due
to less homogeneity of the coating at a longer coating time
(Figure S6).

Overall, the ultralow CAH (A@ = 1.0°) of water droplets on
the QLS at 60 °C for 60 min indicates the high mobility and
nonentanglement of the grafted polymer with an optimized
thickness of 30.1 nm. In comparison, a much larger CAH and
SA were presented on the surface of cross-linked PDMS for
water (CAH A@ = 11.4°, SA = 30°) and hexadecane (CAH A0
= 14.8°, SA = 23°) (Figure S9). This indicates that the flexible
polymer of the QLS has been grafted in an orderly brush
structure without cross-linking between tethered chains. The
chemical composition of the QLS was analyzed by attenuated
total reflection Fourier transform infrared spectroscopy (ATR-
FTIR). As shown in Figure 2b, the characteristic peaks at 2965
ecm™ (v C—H), 1261 ecm™ (v Si—CH,), 1039/1097 cm™ (v
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Figure 4. Performance of fog harvesting on the QLS. (a) Schematics of the PTFE-coated hydrophobic surface (HPS), QLS, and SLIPS (mineral
oil-infused black silicon). (b) Comparison of fog harvesting on the three surfaces in 0—20 min. (c) Durable fog harvesting for 253 min without
losing surface lubrication on QLS. (d) Fog harvesting rates on the HPS, QLS, and SLIPS. The insets present the water CA on different surfaces
before and after the fog harvesting tests. The surfaces were positioned vertically during the fog harvesting tests by collecting water at 0—20 and
240—260 min during fog harvesting. (e) Variations of the average droplet shedding radius and shedding frequency on the HPS, QLS, and SLIPS at
0—20 min during fog harvesting. The insets show the images of shedding water droplets on the three surfaces for size comparison. All the fog
harvesting data mentioned in (d) and (e) were averaged from at least S independent measurements. Scale bar: 2 mm.

Si—0—Si), and 806 cm™ (v Si—(CH,;),) on the QLS indicate
the successful grafting of flexible polymer, i.e., polydimethylsi-
loxane.*""* Compared with bare and plasma-treated silicon,
the QLS displays enhanced absorption peaks at 3725 cm™" and
3000—3650 cm™’, which correspond to the vibrations of Si—
OH and O—H of adsorbed water molecules on the surface
(inset in Figure 2b).*"*

Repelling Liquids Regardless of Their Surface
Tensions. The superior omniphobicity of the QLS with an
ultralow CAH (A@ < 1.0°) is applicable to a broad range of
polar or nonpolar liquids with surface tensions from 10.0 to
72.8 mN m™' (Figure 3a and Table S4). Particularly, most of
the organic liquids (e.g, toluene, hexadecane, acetone,
Krytox101, and FC72) start to slide off on QLS at a tilted
angle of less than 0.6° (Table S4). A sliding speed of 19.88 mm
s' of acetone (~5 uL) is achieved at a tilted angle of 10°
(Figure S10 and Movie S2). Surprisingly, the highly wetting
liquid such as FC72 with a surface tension of 10.0 mN m™!
could also be rapidly repelled on the QLS even though the
contact angle (CA) is around 11.2° (Figure S11). At an
elevated temperature, the sliding speed of the hexadecane

droplets (5 pL) on the tilted QLS (tilted angle 3°) is
significantly increased from 0.24 mm s™' (20 °C) to 1.68 mm
s™' (80 °C) due to the reduced viscosity of the grafted polymer
(Figures 3b and S12). The increased sliding speed was also
observed on Krytox101 oil-infused black silicon (one type of
SLIPS) at an elevated temperature (Movie S3). The result
indicates that the grafted mobile chain can significantly
enhance the performance of liquid repellency by increasing
the surface temperature.””** The nondefect and homogeneity
of the polymer coating are critical for minimizing CAH.””*!
QLS could be applied to various substrates, including glass,
silicon, and aluminum. All of these substrates were hydrophilic
before the QLS was coated, but the water CAs increased to
~105° on all of them after QLS was coated (Figures 3c and
§13). It indicates that QLS was successfully made on those
substrates and changed their surface wetting behaviors.
Moreover, all QLS coated substrates show a small CAH (A
< 4°) to toluene with a surface tension of 28.4 mN m™'
(Figures 3d and S14).

We compared our QLS with the state-of-the-art liquid-like
surface (i.e, SOCAL) on both silicon and aluminum
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substrates. The QLS and SOCAL can both be coated on
silicon and show superior repellency to crude oil and urine
(Figure 3e and Movie S4), but the SOCAL cannot be coated
on aluminum. The SOCAL was prepared with small molecule
siloxane (Me,Si(OMe),) with the molecular weight of 120 g/
mol as the grafting reagent.37 The chlorine-terminated siloxane
with a small molecular weight of 425—650 g/mol was used for
comparison in the vapor phase according to previously
published work in 1999.> Due to the blocking of chain
growth by the vast water generated in the reaction using small
molecule siloxane,””*”** only 4.0 nm of the polymer coating
layer can be obtained on the SOCAL.” In addition, the
SOCAL made on aluminum cannot repel any liquids and
shows severe acid corrosion spots because of the sulfuric acid
as the additive catalyst (Figure 3f,g, Movie SS, Figures S15 and
S16). The grafting recipe from the prior work caused a high
vapor concentration of hydrochloric acid during the hydrolysis
and thus corroded the aluminum surface (Figures S15 and
S16).>” As expected, the crude oil and urine spread on the bare
substrates of silicon and aluminum leaving large wetted
footprints (Figure S17). Our QLS is compatible with various
substrates including aluminum because this grafting recipe can
be proceeded without adding any external solvent or acid
catalyst into the reaction system. In addition, the amount of
corrosive hydrochloric acid generated during the reactions is
largely reduced by using the siloxane oligomer with a high
molecular weight as the grafting reagent. The QLS made on
aluminum with excellent liquid repellency does not show any
corrosion spots on the surface (Figures 3f,g, S15, and S16).
The repellency of complex fluids shows the broad impacts of
the newly developed surface. The QLS enabled repellency of
crude oil on aluminum is important for petroleum trans-
portation, while the rapid removal of urine is highly desirable
to save water in toilets.

Sustainable Fog Harvesting and Self-Cleaning on the
QLS. A surface with a hydrophobic property and small CAH is
desired for the easy departure of captured droplets from the
surface. Such a QLS with nonsticky performance to various
liquids has a potential for long-term fog harvesting. As
hydrophobic surfaces (HPSs) and liquid-infused surfaces
have been extensively studied in fog harvesting, we compared
the QLS (made on silicon) with the HPS (PTFE-coated
silicon) and SLIPS (mineral oil-infused black silicon, one type
of SLIPS) in fog harvesting (Figure 4a). The mineral oil was
used as a control lubricant for the fabrication of the SLIPS
because it could minimize the wrapping layer’® and showed a
better performance for water harvesting.*> The CAs of water
droplets on the HPS, QLS, and SLIPS were 108.8°, 106.0°,
and 103.6° respectively. This indicated their static wetting
behaviors are close to each other. However, the water CAHs
on the HPS, QLS, and SLIPS were 18.6°, 1.0° and 1.1°,
respectively (Figure S18). We firstly tested the fog harvesting
continuously for 260 min. The QLS performed comparably to
the SLIPS, while the HPS could not harvest water as efficiently
due to the large CAH (Figure 4b). More importantly, after 4 h,
the fog harvesting performance on the QLS remained as good
as at the beginning, but on the SLIPS, most of the captured
water droplets were pinned on the surface due to the depletion
of liquid lubricant (Figure 4c and Movie S6). This clearly
showed the exceptional durability of our QLS in long-term fog
harvesting applications.

To quantify the fog harvesting rates on the three surfaces, we
compared the fog harvesting rate at 0—20 and 240—260 min

(Figure 4d). QLS still exhibited an efficient fog harvesting rate
of 11.07 kg h™' m™2 after 260 min, which was close to that of
11.22 kg h™' m™ in the first 20 min (Figure 4d). There was a
negligible change of water CA (from 106.0° to 105.9°) and
CAH (from 1.0° to 1.2°) on the QLS, showing high stability in
long-term fog harvesting (insets in Figures 4d and S18).
However, the fog harvesting rate on the SLIPS decreased by
81% from 10.61 to 2.05 kg h™' m™ (Figure 4d). The increased
water CA from 103.6° to 149.7° illustrated the ability loss of
the SLIPS due to the lubricant depletion along with the
moving droplets (insets in Figure 4d). It is worth mentioning
here that the sliding droplet on the SLIPS could not fully
remove the lubricant that is penetrating inside the porous
structures of black silicon. Thus, the air pocket inside the black
silicon is randomly occupied by the lubricant molecules. The
inhomogeneous surface chemistry of the SLIPS after long-term
fog harvesting induces a high adhesion force to water droplets.
Moreover, the surface will have jumping droplets, which are
not as good as a sliding droplet for water collection in the fog
harvesting process. As shown in Figure S18, the water CAH on
the SLIPS increased largely from 1.1° to 38.6° after long-term
fog harvesting, indicating a great lateral adhesion force (F ) to
droplets on the surface. The CAH is the key criterion to reflect
the lateral adhesion force of the droplet on a surface, as
described by the Furmidge’s relation in eq 1%

E.,A = W}/(COS grec — cos eadv) (1)

where w is the base contact width of the droplet with the
surface and y is the liquid surface tension. When the CAH A6
is smaller, it is easier to remove the droplets from the surface
(smaller Fp,) and the sliding for the liquid repellency is better.
As a comparison, the fog harvesting rate of the HPS (PTFE-
coated surface, 5.4 kg h™" m™) in the first 20 min is ~53%
lower than that of the QLS, indicating a comparatively slower
rate for water harvesting (Figure 4d and Movie S6).
Furthermore, we studied the droplet dynamics on those
three surfaces (Figure 4e). The gravity-driven shedding
characteristics of different surfaces were quantified by the
average shedding radius/frequency”’” (Figure 4e). In the first
20 min, both the QLS and SLIPS presented low pinning to
water droplets, displaying a small shedding radius of 0.61 and
0.52 mm because of the low water CAH, respectively (Figures
4b and S18 and Movie S6). The QLS showed a higher
shedding frequency of 0.42 s™' than that of the SLIPS of 0.24
s™' (Figure 4e). The PTFE-coated surface displayed a large
shedding radius and an extremely small shedding frequency
due to a great lateral adhesion force on the surface (Figures 4e
and S18). Overall, during the long-term fog harvesting, the
QLS could maintain the same performance as that at the
beginning of the tests due to the durable lubrication provided
from chemically bonded flexible polymer on the substrate.

Transparent and liquid-repellent surfaces are highly desired
for solar panels, buildings, and cars due to their potential self-
cleaning properties. As shown in Figure S19, the contaminant
particles on the QLS could be completely taken away by water
droplets without leaving any dust benefiting from the flexible
polymer-mediated nanocoating (Movie S7). However, the
superhydrophobic surface (SHS), SLIPS, and bare glass cannot
be self-cleaned (Figure $20). Although a lot of research shows
that the SHS could perform regular self-cleaning very well,® it
will fail in harsh conditions when the contaminant dust is
stubborn and tiny enough to be embedded inside the surface
structure of the SHS (Figure $19).%
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Figure 5. Comparison of liquid repellency on the QLS and SOCAL after harsh abrasion tests. (a) Comparison of water CAH on the QLS and
SOCAL after 10 cycles of abrasion with a load of 10.2 kg. The CAH values were averaged from at least 5 independent measurements by applying
~S uL droplets on the test platform. (b) The static friction coefficient on the QLS and SOCAL, depending on the abrasion cycles with a load of
10.2 kg. The inset images show the 3D AFM images of the QLS and SOCAL after 10 cycles of abrasion. The roughnesses of the QLS and SOCAL
are 0.45 nm and 3.13 nm, respectively. The static friction coefficient values were averaged from 3 independent measurements. (c) The repellency of
30 uL of hexadecane (dyed in orange) and water (dyed in purple) on the QLS and SOCAL after 10 cycles of abrasion with a load of 10.2 kg, for
which the QLS still shows superior liquid repellency. However, the droplets are pinned on the SOCAL. The QLS and SOCAL for the abrasion tests

were made on silicon. A test load with tissue paper adhered to the bottom was applied to the surface for all abrasion tests.

Interfacial Durability of the QLS after Harsh Tests.
The QLS has the chemically bonded flexible polymer as a
liquid-like lubricant on the flat surface, showing a low
interfacial friction force, which exhibits the potential to address
the long-standing durability issue of liquid-repellent surfaces.
To elucidate this point, we compared the liquid repellency on
the QLS with that on the SOCAL after harsh abrasion tests.
We prepared the SOCAL coating on silicon with a drying time
of 20 min at 21 °C according to a reported work.”” The
SOCAL surface showed a water CAH of 1.2°. When the reality
application scenario of the liquid-repellent surfaces for
windows, kitchenware, and medical apparatuses are consid-
ered, the mechanical abrasions are usually induced by wiping
with tissue papers or textile fabric. Therefore, we used tissue
paper as abrasion materials to do the test. In the abrasion test,
a piece of tissue paper was in contact with the surfaces, and
then, the load was added on the tissue paper for the abrasion
test.” Specifically, the water CAH on the QLS only had a
negligible change from 1.0 to 1.4° after 10 cycles of abrasions
with a load of 10.2 kg (load pressure of 144 kPa) ,while the
CAH on the SOCAL sharply increased from 1.2 to 11.8°
(Figures Sa and S21). When we changed the load from 10.2 to
5.9 kg (load pressure from 144 to 83 kPa), the water CAH on
the SOCAL increased to 13.2° after 30 cycles while the water
CAH on the QLS still showed 1.52° (Figure S22). It indicates
that the antiwearing ability of the QLS is much better than that
of the SOCAL. The main reason is that the thick layer of
flexible polymer on the QLS can provide better lubrication to
solids with an ultralow static friction coefficient of 0.019, which
is 34.5% of that on SOCAL (Figure le). When the abrasion
cycles were increased from 1 to 10, the static friction
coefficient of the SOCAL increases greatly from 0.055 to
0.31, as the surface roughness increases from 0.26 to 3.13 nm,
showing the failure of the coating (load of 10.2 kg, Figures Sb
and $23). In comparison, the QLS has a constant static friction
coefficient of approximately 0.019 after the 10 cycles of
abrasion tests. The surface roughness shows a negligible
change from 0.35 to 0.45 nm, exhibiting durable lubrication

(Figures S2 and Sb). After 10 cycles of the severe abrasion test
with a load of 10.2 kg, the QLS coated silicon still showed
slippery characteristics to both water and hexadecane (Figure
Sc, Movie S8). However, the SOCAL failed to repel any liquid
after this severe abrasion test, reflecting a poor antiwearing
ability.

Unlike the QLS, superomniphobic surfaces or liquid-infused
surfaces rely on topographic textures to lock air or liquid
lubricant for repelling water and oils. However, for those
texture-mediated surfaces, mechanical occurrences such as a
slight abrasion and scratches can lead to structural damage.
With regard to the gentle abrasion and adhesion tests, the QLS
could still repel water and hexadecane after 1000 cycles of
those tests while the surface nanotextures of the SLIPS made
of black silicon were damaged (Figures S24 and S2S5 and
Movie S9). The lubrication layer of the flexible polymer on the
QLS did not have an obvious morphology change after these
tests demonstrated the robustness of the QLS (insets in Figure
S25). The physical scratching enabled an increasing contact
line pinning on the surface, leading to a large CAH.”
However, both water and oil droplets could slide off the
scratched QLS owing to the densely coated polymer layer on
the surface (Figure S24 and Movie S9). Moreover, the QLS
with continuous heating at 105 °C on a hot plate for more than
3 months showed unchanged surface morphology and
exhibited liquid repellency toward water and hexadecane
(Figure S26 and Movie S9). Overall, the superior durability of
QLS has the potential to broaden the engineering applications
for liquid-repellent surfaces.

Reduced Shear Strength for Ice Removal on the QLS.
Ice formation and accretion cause inconvenience and even
endanger human lives.® For example, the accreted ice on wind
turbine blades leads to a mass imbalance of the blades or even
structural damage and reduces the power efficiency; the ice
formed on aircrafts may lead to an inevitable loss of lift force
and cause crash accidents. Consequently, passive strategies
relying on surface engineering that reduce adhesion of ice are
highly desired.””*" The current state-of-the-art icephobic
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Figure 6. Performance of ice removal on the QLS. (a) Shear strength of ice on the QLS, SOCAL, cross-linked PDMS, and bare glass surface. The
inset shows the schematic diagram for the tests. The shear strength of ice on various samples was averaged from 3 independent measurements. (b)
The dynamic shear force of ice on the abraded QLS and SOCAL, which are abraded after 10 cycles with a load of 10.2 kg. The inset shows the test
setup, where the test substrate with a cuvette containing ice was clamped and a force gauge was used to dislodge the bottom of the cuvette at a
controlled speed of 0.5 mm/s. (c, d) The detachment of ice on the abraded QLS (c) and the abraded SOCAL (d) under the influence of wind (air
flow). The ice easily detaches from the abraded QLS when wind is applied, but it shows no movement on the abraded SOCAL. Compressed air was
used as the wind source. All the surfaces used for ice removal tests were made on glass instead of silicon because silicon wafers are thin and fragile.

technologies, such as liquid-infused surfaces, show dramatically
reduced ice adhesion strength.50 However, those surfaces suffer
from severe durability challenges as the liquid lubricant will
inevitably be depleted during ice removal.” The QLS serves as
persistent interfacial lubrication, which can transfer the ice/
solid interface to an ice/quasi-liquid interface, providing not
only robust liquid repellency but also a low interfacial shear
strength to ice. To study the sustainability of the flexible
polymer coating on the QLS for ice removal, we compared the
shear strength of ice on the QLS before and after 10 cycles of
severe abrasion with a load of 10.2 kg. The shear strength of ice
(t..) on a surface is calculated as

Tice = Fmax/Aice (2)

where F, . is the maximum shear force that is required to
remove adhered ice from the surface in the lateral direction
and A, is the contact area between the ice and the surface.
Herein, the QLS has the chemically bonded flexible polymer as
a liquid-like lubricant on the flat surface. Thus, it can effectively
and sustainably reduce the adhesion force between the ice and
substrate. The shear strength of ice on the QLS is as low as
26.1 kPa, which is 67.4%, 10.7%, and 9.5% of that on the newly
fabricated SOCAL (38.7 kPa), cross-linked PDMS (243.8
kPa), and bare glass surface (275.8 kPa), respectively (Figure
6a). After 10 cycles of abrasions with a load of 10.2 kg, the
QLS still shows a steadily low shear strength of ice of 29.4 kPa
(Figure S27), which demonstrates the robustness of the QLS
for ice removal. In comparison, the shear strength of ice on the
SOCAL increases dramatically from 38.7 to 103.2 kPa due to
the failure of the surface coating, i.e., an increase of 166.7%

20091

(Figures 6a, S23, and S27). Figure 6b shows the dynamic shear
forces of ice on the QLS and SOCAL after abrasions.
According to the standard ice adhesion test’' a setup
consisting of a force gauge and a Peltier plate was used to
measure the shear strength of ice on the surfaces (inset in
Figure 6b). The probe of the force gauge dislodged the bottom
of the ice at a controlled speed of 0.5 mm/s, and the ice was
detached from the surfaces when the shear force increased to
the maximum value of 4.4 N on the QLS and 16.7 N on the
SOCAL, respectively (Figure 6b and Movie S10). It
demonstrates that the QLS with the thicker flexible polymer
coating can significantly reduce the interfacial shear strength
and provides sustainable quasi-liquid lubrication for ice
removal.

In practical applications, the accreted ice on the exposed
surfaces such as wind turbine blades, aircrafts, or vehicles
usually shed off from the surface under natural forces provided
by wind, gravity, or vibration. To evaluate the practical ice
removal performance of the QLS, we designed the test for
wind-assisted ice removal. Compressed air was used as the
wind source, and a flow meter was equipped for the
measurement of the wind pressure acting on the ice (Figure
S$28). The system could provide a stable wind pressure of ~4.6
kPa during the whole testing time of 60 s (Figure S28). We
abraded the QLS and SOCAL for 10 cycles with a load of 10.2
kg and tested those abraded surfaces for ice removal. Figure 6¢
shows that the ice on the abraded QLS could be rapidly
detached from the surface in 2 s when the wind shear strength
was applied (Movie S11). However, the ice adhered firmly on
the SOCAL and showed no movement due to the high shear
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strength of ice (103.2 kPa) on the SOCAL (Figures 6b,d and
S27). The results showed that the QLS enables both liquid
repellency and ice removal in harsh conditions. This is the first
study to show that the flexible polymer-grafted surface
significantly reduces the shear strength of ice. We envision
that the robust QLS with a low shear strength of ice can enable
the design of the next generation durable anti-/de-icing
materials, which can potentially be applied to wind turbine
blades, aircraft, and power lines.

B CONCLUSIONS

We have successfully developed a quasi-liquid surface with
tethered flexible polymers for sustainable liquid repellency, fog
harvesting, and ice removal. Such a surface could be made on
various substrates such as silicon, glass, and aluminum and
achieve a polymer thickness as thick as 30.1 nm. The mobile
chains of the flexible polymers grafted on the QLS provide
superior interfacial lubrication to both liquids and solids. The
QLS can repel diverse liquids from water to ultralow surface
tension liquids (e.g,, FC72 and Krytox101) and complex fluids
(e.g, crude oil and urine). The QLS exhibited an impressive
durability in fog harvesting compared with mineral oil-infused
surfaces, as droplet shedding could not deplete the tethered
polymer coating. Although the state-of-the-art liquid-like
surface (ie, SOCAL) was damaged by harsh abrasions, the
QLS was able to survive and maintain its robust performace for
liquid repellency and ice removal. In addition to the
demonstrations in this work, we envision that the QLS may
pave a way for potential applications, such as drag reduction,
antifouling, dropwise condensation, and water harvesting.

B METHODS

Fabrication of the Quasi-Liquid Surface on Various
Substrates. The quasi-liquid surface was made by tethering the
flexible polymer of polydimethylsiloxane (PDMS) on a solid substrate
with a one-step self-catalyzed grafting method. Specifically, the oxygen
plasma-treated substrates were placed upside down on the cover of a
petri dish. Then, the petri dish (size: diameter, 150 mm; height, 15
mm) containing 800 uL of liquid chlorine-terminated siloxane
oligomer was placed in a vacuum oven (0.15 Torr) at 60 °C for 60
min. The liquid was dispersed uniformly on the surface of the petri
dish by gently swinging the petri dish before placing it into the
vacuum oven. This one-step vapor phase method (i.e, no direct
contact between the substrates and liquid reagent) could graft flexible
polymer on the solid substrates. Sequentially, the substrates were
rinsed with abundant isopropyl alcohol (IPA), toluene, acetone, and
water, successively. Note that the liquid phase reaction (i.e., substrates
are contacted with liquid reagent) could also be applied for successful
grafting. All QLS samples, unless otherwise specified, were prepared in
the vapor phase at 60 °C for 60 min.

Contact Angle Measurements. The contact angle measure-
ments were carried out using a standard goniometer (Model 290,
Ramé-hart) at room temperature under ambient conditions (20—22
°C, ~40% relative humidity). All the contact angle values were
averaged from at least S independent measurements by applying ~5
puL droplets on the test platform. For the measurement of contact
angle hysteresis, the surface was tilted with respect to the horizontal
plane until the liquid droplet started to slide along the surface. Then,
advancing, receding, and sliding angles of the droplet were calculated
by a computer program (Ramé-hart DROPimage Advanced) in which
the drops were fitted into a spherical cap.

Fog Harvesting and Self-Cleaning Tests. To make a better
comparison study for fog harvesting, the hydrophobic surface
(HPS,PTFE-coated silicon), mineral oil-infused black silicon
(SLIPS), and QLS (made on silicon), which has the same size of
1.4 mm X 3.3 mm, were vertically immobilized at the same height. A

commercial ultrasonic humidifier (EE-5301, Crane) was used to
produce mist. The fog flow was directed to the vertically hanged
surfaces at an angle of 45° + 5°, and the distance between the mist
outlet to the vertical substrates was ~ 20 cm. Images of the absorbed
water droplet could be obtained from the snapshots of the videos
recorded using a digital single-lens reflex camera (D5600, Nikon)
equipped with a zoom lens (AF Zoom-NIKKOR 24—85 mm {/2.8-4D
IF Lens, Nikon). We can get the projections of the droplets, i.e., the
width of the droplet (w), from the recorded images. We assume that
the absorbed water droplet could be approximately fitted into the
spherical cap; therefore, the shedding radius (R) of the water droplet,
i.e,, the base contact radius of the droplet with the surface, can be
calculated as R = w/2. The shedding frequency (f) of the water
droplets was obtained by counting the number (N) of droplets that
slid on the surface in a surface area of 7.5 cm? (3 cm X 2.5 cm) over a
period of time (), which can be described as f = N/t. A clean beaker
was placed under the drainage outlet of the substrate to collect the
dripping water. The water collection was started after the first droplet
slid off the surface. Then, the weight of the beaker before (m,) and
after (m,) the water collection time (¢) was measured by an analytical
balance. The average fog harvesting rate could be calculated as (m, —
my)/(t X A), where A is the surface area of the substrate and ¢ is S
min. All the fog harvesting data mentioned above was averaged from
at least S independent measurements. To have better visibility in the
self-cleaning test, the transparent glass substrates were used, in which
a superhydrophobic glass (NeverWet coating), the SLIPS (cross-
linked PDMS infused with silicone oil), and a clean glass slide were
used as the comparison substrates for the QLS (made on glass). The
iron oxide powder with a particle size of less than 5 ym was used as
the “contaminant”. A similar amount of iron powder was sprinkled on
different substrates and then was slightly pressed to imitate stubborn
contaminant dust; next, the substrates (with a tilted angle of 30°)
were washed with continuous water drops. The digital camera was
used to record the whole self-cleaning process.

Durability Tests. For the high-temperature aging test, the QLS
sample was placed on a hot plate (PC-400D, Corning) for which the
temperature was set as 105 °C. At set intervals, the samples were
taken off the hot plate for testing of water CAH. For the long aging
period, the sample was covered with glass petri dish to avoid the dust
contamination. For the comparison of the QLS and SLIPS on the
abrasion test, a piece of tissue paper adhered to the bottom of a 200 g
weight (contact diameter of the weight with the surface is 3 cm).
Then, the load was placed on the surface, and the abrasion movement
proceeded with a pulling speed of ~ 0.12 m/s in the abrasion test. To
do the severe abrasion test on the surface of the QLS and SOCAL,
10.2 and 5.9 kg loads with tissue paper adhered to the bottom were
applied to the surface, respectively (contact diameter of the weight
with the surface was 3 cm). The force required to dislodge the load
was recorded using a force gauge (Nextech DFS500) at a controlled
speed of 0.5 mm/s. For the comparison of the QLS and SLIPS on the
adhesion test, a piece of double-sided adhesive tape (2.5 cm X 2.5
cm) was adhered to the bottom of a 200 g weight and, then, the load
was placed on the surface for the adhesion test. After each specific
abrasion or adhesion cycle, the water CAH was tested on the surface
by a goniometer.

Ice Removal Tests. The ice removal tests were carried out under
ambient conditions (20—22 °C, ~40% relative humidity). We took 3
independent measurements of shear force to calculate the shear
strength of ice on various samples. Note that all the samples used for
ice removal tests were made on glass. A plastic cuvette (height: 2.1
cm; inner diameter at the bottom: 1.4 cm; Figure S29) containing
deionized water (2 mL) was placed on the top of the samples. Then,
we put it inside the refrigerator overnight to ensure the water
completely froze. We built up a testing platform consisting of a force
gauge (Nextech DFSS00) integrated on a syringe pump (PHD 2000,
Harvard Apparatus) and a Peltier plate (CP-200HT-TT, TE
Technology, Inc.), where the screw of the syringe pump can provide
the precise movement for the force gauge, thus controlling the
pushing or pulling speed. The probe of the force gauge could push at
the very bottom of the cuvette near the base of the substrate driven by
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the syringe pump at a controlled speed of 0.5 mm/s. The shear force
was continuously recorded by the force gauge software (NexGraph).
For wind-assisted ice removal, we used an airflow meter (Digi-Sense
20250-13) to measure the wind pressure of the flow of air (Figure
S28). We set the temperature of the Peltier plate as —10 °C to avoid
the melting of the ice during all the tests.

Characterization. All the substrates were treated in an oxygen
plasma cleaner (PX-250, March Asher) for 20 min at 200 W with 200
mTorr O, gas before grafting. The optical transparency of these
surfaces was studied using a PerkinElmer Lambda 900 UV—vis/NIR
spectrophotometer with a wavelength range from 200 to 900 nm at a
resolution of 1 nm. An FT-IR/ATR spectrometer (Nexus 4700,
Nicolet) was employed to study the chemical compositions of the
surfaces before and after grafting with the PDMS polymer. Atomic
force microscopy (AFM) measurements were carried out in tapping
mode using a Nanoscope V controller on a multimode microscope
(Multimode IV, Bruker). The cross-section morphology of the QLS
on silicon was characterized by the scanning electron microscope
(SEM, Supra-40, Zeiss). The Sentech 800 ellipsometer was used to
analyze the thickness of the grafted PDMS polymer on the QLS at an
incident angle of 70° and with a He—Ne laser as the light source (4 =
632.8 nm). The Cauchy model was used to calculate the thickness, in
which the thickness of the SiO, layer on the oxygen plasma-treated
silicon was used as the baseline layer. The average thickness was
obtained by 5 independent measurements at different positions on the

QLs.
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