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Sustainable easy removal of accreted ice has been strongly desired worldwide. Passive anti-icing strategies
relying on durable surface coatings are highly desired because of their simplicity and low cost compared to the
energy-intensive active strategies. The current state-of-the-art anti-icing technologies, such as liquid-infused
surfaces, are able to dramatically reduce ice adhesion strength. Nevertheless, severe durability challenges of
lubricant depletion and coating damage during the ice removal process hinder their practical applications. Here,
we report a quasi-liquid surface that can significantly reduce the ice adhesion strength by reducing the shear
modulus of the coating. The quasi-liquid lubrication provided by the highly mobile chains of the flexible polymer
changes the sticky ice/solid interface to a non-sticky ice/quasi-liquid interface. Moreover, each molecule chain is
chemically bonded on the solid substrate so the entire surface can withstand abrasion in long-term de-icing
conditions. The icephobicity on the quasi-liquid coating persists after chemical rinsing while the state-of-the-art
liquid-infused surface fails due to lubricant depletion. In addition, we have demonstrated that controlling the
shear modulus of an icephobic coating can achieve both small- and large-scale ice removal with the quasi-liquid
approach. Such a durable quasi-liquid surface with sustainable ultralow shear strength shows a potential to

reduce ice accretion on solar panels, power lines, and vehicles in ice prone regions.

1. Introduction

Ice accretion is one of the major challenges for power production and
transportation in ice prone regions [1]. For example, the state of Texas in
the United States came to a sudden standstill in February 2021 due to the
unexpected snowstorm. Surface topography, surface chemistry and
wetting behavior as well as ice characteristics have been reported to
influence ice accretion and ice adhesion [2,3], indicating that studies on
anti-icing are of utmost importance. Typically, active strategies (e.g.,
electrical heating elements, infrared hangars) and passive strategies (e.
g., surface coatings) are used to tackle ice accretion. However, most of
the active approaches are complex and costly. Hence, recent research
has been focused on fundamental understanding of icing delay and ice
removal on passive coatings. Delaying ice formation is a highly desired
characteristic achieved through controlling ambient humidity and sur-
face geometry [4,5], biphilic topography [6], solar thermal [7,8],
incorporation of phase change materials [9], anti-freeze proteins [10]
and nanomaterials [11]. The existence of bilayer ice on solid surfaces of
different surface wettability governs the growth modes of ice crystals
[12]. Icing can be delayed, but ice will eventually form on surfaces
because of the ubiquitous dust and impurities in the environment which
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usually serve as undesired nucleation sites [11,13,14] and the existence
of ice bridges [15]. Enabling easy ice removal after ice forms is another
strategy to inhibit ice accretion. While the current state-of-the-art
superhydrophobic surfaces [16-20], patterned surfaces [21,22], and
liquid-infused surfaces [23,24] dramatically reduce ice adhesion
strength, yet severe durability challenges of coating damage [25] and
lubricant depletion [26] during ice removal hinder their practical ap-
plications. Therefore, developing sustainable icephobicity on a durable
coating is highly desired.

The performance of an icephobic coating is typically evaluated by
measuring the force, F, required to detach an ice block of a specified
area, A, and is defined as ice adhesion strength [27], 7, = F/A. A smaller
ice adhesion strength indicates a better icephobicity. To achieve desired
ultralow ice adhesion strength (z;, < 20 kPa), ice must be removed from
surfaces regardless of the size in long-term conditions. Large ice can be
removed more easily than smaller one due to interfacial cracks. For
instance, low interfacial toughness materials have recently been devel-
oped to remove meter-scale ice easily due to ice cracks at the interface
[28]. This technique relies on a thin and high-modulus coating to yield
low toughness. However, this technique is not effective for small ice
removal. To induce interfacial cracks for small ice removal, an
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elastomeric coating with internal airgaps is developed but it is not
scalable [29].

An ideal icephobic coating must reduce ice adhesion strength for
both large and small ice, as well as be durable and scalable. On icephobic
coatings, ice adhesion strength depends on the work of adhesion be-
tween ice and the coating (W), shear modulus of the coating (1) and the
coating thickness (t). According to adhesion mechanics, the equation is
shown below [30,31]

_
Tie =\, (€))

The wettability of a surface can directly impact ice adhesion.
Compared to a hydrophilic coating, a hydrophobic coating reduces the
work of adhesion, W, and comparatively reduce 7j, [1,27]. However,
most of the rigid hydrophobic materials are known to exhibit a large ice
adhesion strength (7;. > 100 kPa) [27,32]. Soft hydrophobic materials
can significantly reduce the ice adhesion strength but rely on thick
coatings (i.e., large t), which are generally not scalable [33]. Reducing
the interfacial shear modulus y to nearly zero using liquid lubrication
helps to achieve ultralow ice adhesion strength [24]. However, such
liquid lubricated surfaces suffer from durability issues that result from
lubricant depletion after several icing/de-icing cycles [26,34] or
freezing of interfacial aqueous layer at low temperatures [35]. Orga-
nogels are able to maintain ultralow ice adhesion strength for a long
duration due to lubricant infusion into their polymer networks which
aids in interfacial slippage [33,36]. However, when cleaning or rinsing
with chemicals is required (e.g., on airplane wings, solar panels, etc.),
organogel coatings fail to maintain their icephobic property due to
lubricant loss from the polymer networks. Hence, there has been a need
for coatings with low shear modulus that can deliver ultralow ice
adhesion strength as well as sustain such a low ice adhesion in various
conditions. Quasi-liquid coating has shown liquid-like interface with
ultrasmall shear modulus, so it can repel various chemicals with ultra-
low contact angle hysteresis (<1°) [37-39]. However, the durability of
these quasi-liquid coatings under icing and deicing cycles are unex-
plored yet.

Sustainable ultralow ice adhesion on a durable quasi-liquid surface
(QLS) along with scalable manufacture is strongly desired. In this work,
we demonstrated sustainable icephobicity on QLS with ultralow ice
adhesion strength. (1) A quasi-liquid surface can sustain its ultralow
adhesion after harsh chemical rinsing. It remains effective for long term
deicing after rigorous heat, water impingement and wiping tests. The
thickness of the quasi-liquid coating is not a significant factor for
achieving ice adhesion strength ;. < 20 kPa, unlike those of soft
coatings [33]. A thickness of approximately 4.5 nm quasi-liquid coating
is enough to provide an ultralow shear modulus. (2) We also demon-
strate that being a comparatively higher surface energy material, QLS
yields a lower ice adhesion strength and a more durable icephobic
performance than a perfluoroalkyl silane surface. (3) QLS can easily
remove both small and large-scale ice, outperforming most icephobic
surfaces. Along with anti-icing, sustainable energy harvesting in harsh
conditions especially below sub-zero temperatures has always been a
challenging problem [40,41]. We envision that the robust QLS with
sustainable ultralow ice adhesion strength will provide design guide-
lines for sustainable anti-icing technologies in a harsh environment.

2. Experimental section
2.1. Materials

Silicone oil (i.e., trimethylsiloxy-terminated polydimethylsiloxane)
with viscosities 20, 50, 100, 500, 1000, 5000, 30,000 and 100,000 cSt,
and (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (98%) were
purchased from Gelest. Sylgard-184 silicone elastomer and heptane
(99%) were purchased from Sigma-Aldrich and toluene (99.5%) from
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VWR. Plain glass slides 7.5 cm x 5.0 cm were purchased from Electron
Microscopy Sciences, and large glass panes 15 cm x 10 cm from
Amazon.com. Aluminum foils (thickness: 0.013 cm) were purchased
from OnlineMetals.com, aluminum 6061 alloy sheets (thickness: 0.12
cm) from McMaster-Carr, and silicon wafers (diameter: 4 in.) from
UniversityWafer. Polycarbonate tubes for fabricating cuvettes were
purchased from McMaster-Carr. Windshield wiper blades (TRICO
ExactFit, 12 in.) were purchased from Grainger. Deionized (DI) water,
prepared by using a Milli-Q water purification system (Millipore), was
used to form ice.

2.2. Fabrication of Quasi-liquid coating on various substrates

The quasi-liquid surface was made by tethering the flexible polymer
of silicone oil (viscosity: 500 cSt) on a solid substrate with a one-step
self-catalyzed grafting method through immersion in the solvent
mixture of silicone oil and n-heptane in the ratio of 1:10 (Fig. S1) [42].
The substrates were immersed in the solution mixture for 48 h before
rinsing with toluene to remove the lubricant layer from the surface.
Specifically, the siloxane grafted substrates with excess silicone oil
lubricant on the surface were immersed in a toluene bath and placed
inside a shaker (100 rpm) for 2 min to ensure uniform rinsing. For the
initial parametric studies for optimization of the viscosity of silicone oil
for fabrication of QLS, the substrates were immersed only in pure sili-
cone oil instead of the silicone oil-heptane mixture and the grafting time
was 12 h. All the substrates in this study were washed with acetone and
oxygen plasma treated (PX-250, March Asher) for 10 min at 200 W with
200 mTorr Oy gas prior to immersion in the QLS solvent mixtures.
However, it was also shown that pre-treatment with oxygen plasma is
not necessary for fabricating a QLS on surfaces with inherent —-OH
groups (Fig. S2).

2.3. Fabrication of Lubricant-infused PDMS (Organogel)

The cross-linked PDMS substrate was fabricated on glass substrate
using a mixture ratio of 10:1 for PDMS pre-polymer and cross-linking
agent (Sylgard-184 silicone elastomer). The mixture was stirred by a
mechanical stirrer for 10 min and kept inside a vacuum desiccator to
remove bubbles. Then the mixture was spin-coated (2000 rpm, 30 s)
onto a glass slide, followed by curing in a vacuum oven at 60 °C for 12 h.
The cross-linked PDMS surface was then immersed in silicone oil (500
cSt) for 12 h to completely expand the PDMS network for lubricant
infusion. This was followed by removal of the excess silicone oil from the
surface using the spin-coater (2000 rpm, 30 s) to form the organogel
surface.

2.4. Contact angle measurements

The contact angle measurements were carried out using a standard
goniometer (Model 290, Rame-hart) at room temperature under
ambient conditions (20-22 °C, ~40% relative humidity). All the contact
angle values were averaged from at least 5 independent measurements
by applying ~5 pL droplets on the test platform. For the measurement of
contact angle hysteresis, the surface was tilted with respect to the hor-
izontal 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 (Rame-hart DROPimage Advanced)
in which the drops were fitted into a spherical cap.

2.5. Characterization

The thickness of the thin film of quasi-liquid surface was character-
ized using the Woollam M2000D Ellipsometer (WVASE32). An average
of 3 measurements on each QLS sample grafted on silicon wafers were
used to calculate the film thickness.
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Fig. 1. Durable de-icing on quasi-liquid surface. Schematic showing low ice adhesion on (A) quasi-liquid surface without rinse, (B) quasi-liquid surface after rinsing
with toluene showing mobile grafted chains of siloxane through (C) ATR-FTIR data and (D) organogel. Schematics showing (E) crosslinked PDMS with high ice
adhesion due to crosslinked network, and (F) high adhesion and no durability on perfluoroalkyl silane, (G) comparison of ice adhesion strength of different surfaces
with change in ice area and (H) de-icing performances of different surfaces over 100 icing/de-icing cycles.

2.6. De-icing test

The tests for ice removal were performed using a custom-built setup
(Fig. S3-54) described previously [37]. A force gauge (Nextech DFS500)
with a resolution of 0.1 N was integrated on a syringe pump (PHD 2000,
Harvard Apparatus), which provided precise movement for the force
gauge maintaining the probe speed at 0.5 mm/s. The gauge probe
pushes the ice adhered to the substrate placed on a Peltier plate (CP-
200HT-TT, TE Technology, Inc.) maintained at a temperature of —10 °C.
The thickness of ice in the cuvettes is ~1 to 1.3 cm. Deionized water was
used for forming ice, and sufficient time was allowed for ice to freeze on
the substrate before testing. Ice adhesion measurements were performed
for 3 times successively on three different samples. Thus, the reported
ice adhesion strength values are averaged over a total of 9
measurements.

2.7. Durability tests

The ice adhesion measurements for durability tests are the average of

3 successive measurements on three different samples. For the first
experiment, the QLS and QLS no rinse samples on glass substrates were
studied for durability by performing standard icing/de-icing cycles and
were compared with fluorosilanized glass and bare glass. The tests were
performed for 100 cycles of icing and consecutive de-icing, and the ice
coverage area used was 24.0 cm?,

Heating test — The QLS and QLS no rinse samples were heated at
60 °C for 2 h on a hot plate. This was followed by durability study for
100 cycles of icing/de-icing.

Water impingement test — The QLS no rinse sample was held under a
water faucet for 30 min at a volume flow rate of 0.2 L/s, when most of
the visible lubricant on the surface was washed away leaving a thin layer
of lubricant residue. The QLS sample was then followed suit for 30 min.
After this water impingement step, both substrates were studied for 100
cycles of icing/de-icing.

Wiper test — For its ultralow ice removal characteristics and excellent
liquid repellency, the QLS may be coated successfully on the windshields
of automobile. The wiping frequency of a regular windshield wiper in a
car lies between 20 and 45 cycles per minute. Therefore, to replicate the
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wiping on a car windshield, the QLS and QLS no rinse samples were
wiped for 100 cycles at a frequency of 30 wiping cycles/min using a 12-
inch windshield wiper (TRICO ExactFit). The samples were clamped on
two sides during the process to keep them sturdy, and a pressure of 2.4
psi was applied to the windshield wiper. Then after the wiping for 100
cycles, it was followed by durability study for 100 cycles of icing/de-
icing.

Chemical rinsing — The coated substrates were immersed in toluene,
ethanol, and acetone subsequently for 2 min each in a shaker at 100 rpm,
before being dried with compressed air.

3. Results and discussions
3.1. Quasi-liquid surface with de-icing durability

The quasi-liquid surface is fabricated by simply immersing a glass
substrate with inherent hydroxyl groups into a solvent mixture of sili-
cone oil and n-heptane in the ratio of 1:10. This resulted in a quasi-liquid
surface infused with silicone oil (called as QLS no rinse) (Fig. 1A). When
rinsing off the excess silicone oil with toluene, the flexible polymer
brush is grafted on the solid substrate by tethering one end and keeping
the other end mobile (Fig. 1B and 1C). Siloxane has been selected as the
primary polymer chain due to its high thermal stability arising from the
large bond energy (444 kJ mol™1), as well as its inherent low surface
energy from the hydrophobic methyl side groups, which also shields the
inorganic Si-O backbone to lower intermolecular interactions within the
molecule [42-44]. Hydrolysis of siloxane is followed by poly-
condensation with a surface silanol, specifically during hydrolysis the
siloxane molecule undergoes scission by water molecules from the
moisture. This is followed by grafting of the resulting compounds to the

surface hydroxyl activated sites through polycondensation to form the
quasi-liquid surface, and release of the water molecules back to the
environment [42].

We made the state-of-the-art slippery liquid-infused porous surface
(i.e., SLIPS) as a comparative study due to its low ice adhesion. Con-
ventional SLIPS fail to sustain their ultralow ice adhesion strength due to
depletion of the infused lubricant with each de-icing cycle [26]. Hence,
organogel has served as a state-of-the-art SLIPS as it can maintain its
ultralow ice adhesion strength. This is possible due to a low interfacial
shear modulus which results from lubricant impregnation into the
crosslinked networks of the polymer gel [33,36] (Fig. 1D). The free
lubricant molecules provide interfacial slippage for ice removal [33].
However, they fail when the lubricant is displaced due to chemical
rinsing with toluene. The infused liquid lubricant is dissolved and the
organogel is readily converted to a crosslinked PDMS surface with
restricted mobility (Fig. 1E). The extent of mobility of grafted polymer
chains is significant for ice removal. This can be well understood from a
silane surface’s failure to yield low ice adhesion due to the rigid nature
of its grafted molecular chains (Fig. 1F).

The quasi-liquid layer provides a good lubrication towards ice. QLS
no rinse and QLS yield ice adhesion strength values of 0.5 kPa and 14
kPa respectively with sliding of ice on the surface effortlessly. We
quantitively compared all the above-mentioned surfaces as shown in
Fig. 1G. The forces required to remove a standard ice area (1.8 cm?)
from QLS 2 min rinse, QLS 12 h rinse, silane, crosslinked PDMS and bare
glass are 25, 35, 130, 420 and 520 times higher than the QLS no rinse
(0.5 kPa), respectively. Only organogel had a competitive performance
due to its extrinsic liquid lubrication at the interface. When the ice
coverage area was increased from 1.8 cm? to 24.0 cm?, the ice adhesion
strength was reduced due to internal ice cracks. However, for both small
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and large ice, organogel, QLS no rinse, and QLS show ultralow ice
adhesion strength (z;.. < 20 kPa). As the ice adhesion strength for 2 min
and 12 h rinse QLS samples show similar performances, we use the 2 min
as rinsing time for all QLS samples.

Maintaining a long-term icephobic performance is a big challenge,
although several icephobic coatings have been made to date. The failure
mechanism includes: (i) the abrasion of the surface structures during de-
icing, (ii) the depletion of liquid lubricant, or (iii) the rigidity of the
grafted polymer films. Three coatings QLS, QLS no rinse and organogel
showed promising results for long-term de-icing as they could maintain
ultralow ice adhesion strength with 7., below 20 kPa after continuous
icing/de-icing over 100 cycles (Fig. 1H). QLS no rinse showed 0.5 kPa
ice adhesion strength during the initial icing/de-icing cycles, which
gradually increased to 14 kPa until the visible lubricant film was
completely depleted. QLS was exposed during continuous icing/de-
icing. Therefore, the ultralow ice adhesion strength is sustained on
QLS, unlike a conventional lubricant infused surface which loses its ul-
tralow ice adhesion with the depletion of the lubricant overlayer
[26,45]. Although organogel can retain liquid lubricant [33,46], it loses
the slippery property, and hence icephobicity in harsh environments,
which has been discussed extensively in the next section. As a control
study for QLS, the silane coating showed a high ice adhesion strength (i.
e., 40 kPa). Moreover, the silane surface gradually degraded and showed
an increasing adhesion strength. This is attributed to the rigid molecular
chain of the grafted silane. The quasi-liquid surface showed sustainable
ultralow ice adhesion strength due to its exceptional durability.

3.2. Sustainability of quasi-liquid surface over organogel

The quasi-liquid surface offers sustainable icephobic performance
over organogel in harsh environments. The organogel surface will fail

when contaminated by dirt or in contact with organic solvents. From a
practical standpoint, long-term usability of an icephobic organogel
coating on a car windshield or solar panels does not seem feasible
because organogel will eventually lose its liquid/ice repellency property
due to contamination with dirt particles over time. Dirt particles get
embedded into the top lubricant layer at the interface and a lubricant
wrapping layer is formed, which makes it hard to self-clean the surface
and results in increased surface roughness (Fig. 2A, Mov. S1). However,
QLS coating is more favorable for a practical purpose as it can maintain
its self-cleaning property throughout as shown in Fig. 2B. Dirt particles
can easily be self-cleaned as there is no liquid layer on the surface.

Furthermore, the exposure to organic solvents like toluene, ethanol
and acetone is detrimental to the slippery property of organogel.
Toluene wets the organogel surface, dissolves all the lubricant in the
networks and readily converts organogel to crosslinked PDMS (Fig. 2C).
However, such a harsh chemical rinsing has no effect on QLS as it can
repel these organic liquids (Fig. 2D). While a droplet of toluene spreads
on an organogel surface, it can slide effortlessly on QLS (Fig. 2E). Loss of
the liquid lubricant within organogel after harsh chemical rinsing has a
significant impact on its icephobicity. The ice adhesion strength is
increased by 140 times (Fig. 2F). On the other hand, there is no change
in the ice adhesion strength on QLS as its quasi-liquid coating is unaf-
fected by chemical rinsing.

Considering the practical applications of an icephobic coating, it will
be exposed to sunlight, rain, and windshield wiper apart from chemicals.
To further demonstrate the durability of QLS under such environments,
we studied the sustainability of ultralow ice adhesion strength after (1)
heating the substrate at 60 °C continuously for 2 days, (2) water
impingement under a faucet for 30 min, and (3) 100 wiping cycles
completed at a frequency of 30 wiping cycles per minute (Fig. 3A-C).
This was followed by rigorous icing/de-icing up to 100 cycles for each of
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the 3 test conditions. For all the three cases of heating, water impinge-
ment and wiper test, QLS maintained an ice adhesion strength of 14 + 2
kPa after 100 icing/de-icing cycles (Fig. 3D-F). QLS no rinse showed an
ultralow initial ice adhesion strength of 0.5 kPa due to the existence of
lubricant overlayer. The ice adhesion strength increased gradually up to
12 kPa after 20 cycles of icing/de-icing, and then maintained at 14 + 2
kPa after subsequent 100 cycles similar to the chemically rinsed QLS.
The gradual increase in the ice adhesion strength up to 20 de-icing cycles
can be attributed to the depletion of the lubricant overlayer with each
cycle of deicing. However, after the depletion of the lubricant overlayer,
QLS no rinse sample showed the same characteristics as the chemically
rinsed QLS and sustained its ultralow ice adhesion strength. This also
highlights that the quasi-liquid surface can address the durability chal-
lenges of liquid-infused surfaces and superhydrophobic surfaces in terms
of long-term icephobicity. Furthermore, wettability test on the QLS for
each of the heating, water impingement and wiper tests showed that
there is no significant change in the water CA and CAH after 100 cycles
of icing/de-icing (Fig. SSA-C). The water CA was maintained at 102° and
CAH did not exceed 4°. The QLS is thermally stable at higher tempera-
tures such as 250 °C (Fig. S7) due to the high bond dissociation energy
(444 kJ/mol) of siloxane molecules covalently attached to the substrate
[371.

QLS being a chemically grafted surface, a comparative study for 100
cycles of icing/deicing was done with a silane grafted control surface

using ice area 1.8 cm? Silane coating was icephobic initially as it
depicted an ice adhesion strength of around 65 kPa, however, the values
kept on increasing with the subsequent deicing cycles and reached
around 200 kPa after 100 cycles of icing/deicing (Fig. S8). The QLS still
showed durable icephobicity with an ice adhesion strength maintained
at 14 4+ 2 kPa. The probable reason for such a trend is that the molecular
chains of grafted silane are rigid in nature while that of QLS are very
flexible due to the presence of Si-O-Si bonds which can maintain its
elasticity throughout [47]. The rigid and flexible traits of silane and QLS
respectively can be verified from the wettability plots in Fig. S9 which
showed a clear drop in water CA by around 20° for the silane surface
after 100 deicing cycles and a slight increase in the water CAH by around
3°.

3.3. Parametric optimization of the quasi-liquid surface

We used silicone oils with varying molecular weights to optimize the
quasi-liquid surfaces. Silicone oils with molecular weights (MW) 2000,
3780, 5970, 9430, 17250, 28000, 49350, 91700, and 139000 g/mol i.e.,
corresponding viscosities 20, 50, 100, 200, 500, 1000, 5000, 30000, and
100,000 cSt, respectively, were used to make QLS with 12 h grafting
time. Successful grafting of molecular chains with different molecular
weights were verified as all of them could repel liquids like water,
toluene, and acetone. The CA for water was maintained within 100-105°
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Fig. 5. Friction force on quasi-liquid surface. (A) Lateral force applied to ice on various surfaces reaches a critical value to overcome static friction and then either
detaches or continues sliding with kinetic friction, and (B) fluctuations in the lateral force implies stick—slip behavior of the ice motion on QLS. 3D AFM images
showing surface morphology of (C) bare glass, (D) QLS on glass, and (E) QLS after 100 cycles of de-icing.

across all the molecular weights, while CAH showed a decreasing trend
from 2000 to 17250 g mol ! and then increasing further (Fig. 4A). The
lowest value for CAH was 3.5 £ 0.2° for molecular weight of silicone oil
17250 g mol ! (viscosity: 500 cSt). The grafted surfaces of silicone oils
with different molecular weights were then studied for de-icing. The
shear strength for removal of ice was recorded lowest for molecular
weight of silicone oil 17250 g mol~! with a decreasing trend from 2000
to 17250 g mol ! and then increasing further (Fig. 4B). When the mo-
lecular weight is low (i.e., <17250 g mol™1), the substrate is not
completely lubricated by the grafted polymer molecules. When the
molecular weight is high (i.e., >17250 g mol 1), the molecule chains are
too long so they get entangled among themselves. With the increasing
molecular weights, the complexity of the degree of molecular chain
entanglement increases further. Hence, both CAH and ice adhesion
strength follow the similar trend where the respective values decrease
initially and then start increasing further. From this parametric opti-
mization of the molecular weights, the silicone oil with molecular
weight 17250 g mol~! was fixed to be our optimized liquid for QLS
fabrication.

To show the scalability and applicability of the QLS solvent on
substrates of different shapes and sizes, silicone oil was mixed with n-
heptane. The n-heptane mixes homogeneously with silicone oil by
lowering its viscosity, which makes it suitable for use as a spray solvent,
as well as an effortless rinsing with toluene. Solvent weight ratios for
silicone oil to n-heptane were chosen as 1:0, 1:1, 1:5, 1:10 and 1:20 for
an optimization study. There was no change in the ice adhesion strength
(around 20 kPa) for all the weight ratios except for 1:20 (Fig. 4C). The
strength value for 1:20 weight ratio was comparatively high (40 kPa).
Also, there was a sharp decrease in the water CA value for weight ratio

1:20 followed by a comparatively large deviation in its CAH value
(Fig. S10A). Therefore, the grafting of silicone oil molecular chains
might not be uniform due to such a high weight ratio. The similar trend
was observed for a volume ratio as well. Hence, considering the ease of
applicability and limited usage of silicone oil to lower the cost, the
weight ratio of 1:10 was chosen as the optimized solvent ratio for our
QLS. Another important observation can be noted in terms of the
grafting time. Ice adhesion strength kept on decreasing with the grafting
time increased to 48 h (Fig. 4D). This is validated by the decreased CAH
until 48 h of grafting time, after which the value of CAH increased
(Fig. S10B). Such a change might possibly be due to increased grafting
density of polymer chains, or increase in the molecular chain length with
the grafting time until a certain chain length after which entanglement
may occur. The complete removal of excess lubricant layer is achieved
when the ice adhesion strength reaches a steady state with different
rinsing time. With extensive rinsing time ranging from 2 min to 12 h,
there was no significant deviation in the wettability and ice adhesion
strength on the QLS (Fig. S11). Hence, 2 min rinse with toluene was used
in this work if not specified. Therefore, considering all the parameters
discussed above the optimized solvent and conditions for QLS fabrica-
tion were fixed as: molecular weight 17250 g mol?, silicone oil to n-
heptane solvent weight ratio 1:10, grafting time 48 h and rinse time 2
min.

3.4. Mechanism of ultralow ice adhesion

The ultralow ice adhesion strength results from the small shear
modulus of the quasi-liquid coating. The quasi-liquid surface with 4.5 +
0.7 nm thickness is successful in robust long-term de-icing and maintains
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an ultralow ice adhesion strength below 20 kPa. Conventional tech-
nologies show that a thicker coating gives a better icephobic perfor-
mance [33]. However, the thickness of the icephobic coating is not
significant for achieving ultralow strength if the coating is in the liquid
state. The grafted siloxane polymer brush has a low glass transition
temperature (Ty = -125 °C) and low rotation barrier of Si-O-Si bond
(bond angle = 143°) [37,42]. The siloxane is in the liquid state but each
molecule is chemically bonded on the substrate, so it behaves as a quasi-
liquid coating. On bare glass and crosslinked PDMS coating, ice detaches
immediately from the surface as soon as the maximum force is applied.
However, on the quasi-liquid surface, ice detaches after overcoming the
maximum applied force and keeps sliding on the surface due to the ki-
netic friction (Fig. 5A). This is analogous to how a drop of liquid slides
on a solid surface [48]. We found that the force required to overcome
static friction followed by sliding due to kinetic friction in case of QLS is
lower than that of silane. This can be attributed to the flexibility of the
Si-O-Si backbone of QLS which is more mobile compared to the C-C-C
backbone (bond angle = 109°) in that of silane [47,49]. Furthermore,
the lateral friction force fluctuates in the kinetic regime until the ice is
completely pushed off from QLS (Fig. 5B). This implies that there is a
dynamic stick-slip motion of the ice on the QLS. It is usually observed
when a rigid body is sliding on an elastic material with a low shear
modulus [33,50,51]. Thus, the grafted mobile molecular chains of
siloxane account for interfacial lubrication which is governed by an
ultralow shear modulus of the quasi-liquid coating. The quasi-liquid
surface is sustainable after hundreds of rigorous de-icing cycles due to
the covalent bonding of the siloxane molecular chains to the substrate

[37,42]. The QLS maintains its smooth surface morphology (Fig. 5C-E)
because of the ultralow adhesion at the ice/quasi-liquid interface.

3.5. Substrate independence and large-scale ice removal

We have shown that a successful QLS fabrication can be achieved
even without any prior surface activation (i.e., no plasma treatment). To
demonstrate this, a pristine glass slide without prior plasma treatment
was sprayed with the solvent mixture and let it stand for 48 h. Then, the
excess lubricant on the surface was rinsed off with toluene for 2 min in a
shaker. The surface made by the spray solvent showed water CA of 98.6
+ 2.1°, and CAH of 4.1 + 0.4°. It could also repel perfluorinated liquids
of ultralow surface tension like Krytox101 with a CAH of 3.0 £+ 0.5°
which demonstrated that QLS was fabricated successfully without prior
surface activation. The ice adhesion strength on QLS fabricated without
prior oxygen plasma treatment was around 2.5 times higher than that on
a QLS pre-treated with oxygen plasma (Fig. S2), which is quite under-
standable because of limited activation sites on a substrate without
plasma treatment. Nevertheless, the QLS fabricated without prior
plasma treatment still yielded low ice adhesion (35 kPa). Apart from
glass, the successful fabrication of QLS through liquid-phase method can
be verified through facile repellency of various liquids with ultralow
contact angle hysteresis. QLS fabricated on silicon and glass substrates
show CAH as low as 2° for perfluorinated liquids like FC40 (y = 16 mN
m (Fig. 6A). The low surface tension liquid of acetone can also be
repelled successfully on the QLS fabricated on glass, silicon and
aluminum alike (Fig. 6B). However, the CAH could not be measured
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successfully due to its high evaporation rate. The QLS fabricated through
liquid-phase method yields an ultralow ice adhesion strength of 14 kPa
regardless of the base substrate (Fig. 6C). Particularly, the ice adhesion
strength was reduced by >90% on industrial aluminum materials. A
coating that detaches readily from ice on a small surface does not
necessarily mean that it can detach ice easily on a large surface [28].
Here we demonstrate that QLS not only is capable of removing small-
sized ice, but also shows facile removal of large-scale iced areas up to
100 square centimeters (Fig. 6D, Mov. S2) which is usually hard to
achieve with most icephobic coatings because the force required to
remove ice from a surface usually scales up with the iced area.

4. Conclusions

We demonstrated that a quasi-liquid surface is the new state-of-the-
art durable coating for sustainable and robust icephobicity under harsh
conditions, such as heating, water impingement and wiping tests. It
shows self-cleaning of dirt and repel chemicals, outperforming the
organogel that fails in these conditions. Such an impressive icephobic
performance of the quasi-liquid surface attributes to the ultrasoft
interface with quasi-liquid lubrication provided by the mobile chains of
the grafted flexible polymers. The liquid phase fabrication method is
scalable and can be used for small- and large-scale ice removal alike. We
found that a coating with nanometer thickness can yield ultralow ice
adhesion strength by reducing the shear modulus of the interface. The
ice adhesion strength on the quasi-liquid surface is much lower than that
on a silane surface. More importantly, the durability and scalability of
QLS addresses the major concern for most of the prior passive icephobic
coatings when it comes to practical applications in daily life, such as
solar panels, vehicle windshields, power lines, etc. The scalable appli-
cability on industrial metals like aluminum will provide potential sus-
tainable coatings for icephobicity.
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