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HIGHLIGHTS

o Have reinforced the ice repellency performance in several scenarios.

e Nanostructure exhibited a good affinity with low surface tension lubricant while maintaining good transparency.
e Liquid infused nanostructure of elastomer-based materials for outdoor applications have been considered.

ARTICLE INFO ABSTRACT

Keywords:
Anti-icing

PDMS

Slippery
Lubricant

Water repellency

In this study, we conducted a facile method to fabricate an anti-icing surface on elastomer thin film by combining
the PDMS nanostructure with the low surface tension lubricant. PDMS solution was mixed with slippery lubricant
Krytox 1506 in a rational concentration and followed by a plasma dry etching process to promote the anti-icing
performance in terms of shear stress and water repellency ability. Experimental results were compared with the
reference substrates and demonstrated the advantages of the slippery surface in all mentioned scenarios. In

addition, the functionalized surfaces also present high durability and good transparency, demonstrating a new
facile method and design for outdoor anti-icing devices.

1. Introduction

Icing problems present an appreciable challenge in transportation
safety, energy, and industrial. Ice accretion on the plane’s wings and
rear tail component might disrupt the airflow across the surface, miti-
gating the lift force [1-3]. Ice accumulation on energy transmission
systems during winter leads to outages and massive collapse due to
weight overloading, endangering people, and vehicles underneath
[4-7]. Additionally, ice growth on ships and pavements can induce the
slippage and subsequently cause accidents due to the unexpected loss of
friction [8-10]. Anti-icing definitions have been intensively investigated
to hinder effectively unexpected damages caused by ice accumulation
and basically separated into two approaches. The active methods refer to
the removal of existing ice using external energy such as heat, me-
chanical or melting solution. [11-15], while the passive approaches aim
to prevent the ice formation without external energy by physicochem-
ical methods [16-23]. Among the passive methods, superhydrophobic
surfaces (SHs), which inspired by the lotus leaf and rose leaf structure,
have been widely investigated in several decades and believed to be the
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potential answer for anti-icing problems due to its precious behavior at
the interface with liquid. Many reports have been introduced to optimize
the anti-icing performance of SHs, including lowering the ice-surface
affinity [9,24-26] or delaying the solidifying time [26-29]. However,
recent studies have concluded that SHs cannot be the solution for
anti-icing approaches due to its sensitivity with high humidity condi-
tions and mechanical interlocking effect [30,31]. Water intrusion in-
volves the anchoring of formed ice to the space between structure
features, making it harder to remove than a smooth surface and conse-
quently deteriorating the hydrophobic layer [32].

Inspired by the wall structure of Nepenthes pitcher plant [33], which
is a combination of lunar-cells directed downward covered by a wax
layer, Bioinspired Slippery Lubricant-Infused Porous surface (SLIP) has
been recently introduced and believed to be an innovative icephobic
solution [22,34-37]. This new anti-icing concept proposes a defect-free
smooth liquid supported by a nanostructure underneath with superior
properties in water repellency, high durability, self-healing, and hu-
midity tolerance. Water droplets come in contact or condensed on the
SLIP surface are elevated to the outer surface and isolated with surface
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Fig. 1. The fabrication process of SP sample (a); nanopillars on PDMS surface
after etching (b), shear stress measurement set-up (c).

features by a thin lubricant layer due to the immiscibility of water and
lubricant, and subsequently facilitating the loose adhesion between
surface structure and formed ice [23,38-40]. A SLIP surface can be
achieved by combining a porous structure with a low-surface-tension
lubricant, which is both immiscible in water and high affinity with
rough surfaces. A typical porous surface can be made by various
methods including dry/wet etching [23,41-44,45], lithography [43], or
particle spraying [30], which aims to occupy the lubricant inside the
structure. Various lubricants have been reported, such as FC-40, FC-70,
silicone oil, or Krytox family with different viscosity and surface tension.
SLIPs surface has been examined and demonstrated its advantages in
anti-icing performance as the ease of removing formed ice or ice-free
surface after exposure to icing conditions. However, there is no
research until now dealing with elastomer surfaces for outdoor
anti-icing purposes such as water repellency, durability, and optical
performance.

In this work, we reinforced the anti-icing on slippery nanostructure
PolyDimethySiloxane (PDMS) thin film by accurately inject the indus-
trial lubricant (Silicone oil) to elastomer solution with appropriate
concentration. After the curing process, Slippery PDMS (SP) sample was
bombarded by a plasma mixture of Oy, Ho, and CF4 to generated the
nanostructure on its surface. The anti-icing efficiency was evaluated in
terms of shear stress, durability, and ice-endurance effectiveness. Re-
sults were compared with as-received quartz glass as a reference sample
and demonstrated outstanding performance in all mentioned properties.
Besides, the durability and optical performance of PDMS thin films were
examined for outdoor applications. Our results propose a new conve-
nient passive approach for anti-icing purposes and further
investigations.
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Table 1
Information of examined surfaces.

Sample Contact angle Shear stress Ice appearance time (s)
(degree) (kPa) (covered on bare
quartz)
Bare 117 1355 80
quartz
PDMS 112 40 250
NP 102 86 282
SNP 104 10 -
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Fig. 2. Adhesive strength on different surfaces with bare Al as a reference
sample and their corresponding wettabilities.

2. Materials and methods

The experiments were proceeded on PDMS (Merck KGaA, Darmstadst,
Germany) rubber-based elastomer, as its popularity and basically
possessed the good elasticity, and easily engrave. Fig. 1(a) describes the
fabrication routine of examined samples in this study. The Slippery
Nanostructure PDMS (SNP) sample was fabricated by mixing PDMS
solution with curing material maintaining the weight ratio at 10:1. After
well mixed, Si oil (Sigma Aldrich Co., Ltd.) was slowly added to the
mixed solution to prepare a 3 wt% solution followed by a strict
degassing step. After curing using a vacuum oven for 1 h, slippery thin-
film was naturally dried in ambient air for another 1 h. Nanostructure
was achieved by exposing the slippery thin film to the plasma mixture of
O,, CF4, and Hj in rational concentration. By controlling the etching
time, we can generate the nanostructure with different shapes on the
surface. On the other hand, Nanostructure PDMS (NP) sample also was
fabricated by directly bombarded the PDMS thin film without any
lubricant solution. The same nanostructure morphology was found on
NP and SNP samples despite the presence of lubricant or not. The
wettability of samples was observed using a contact angle measurement
apparatus (Model DM-50, Kyowa Interface Science Co. Ltd.) with 5uL
deionized water droplets. The contact angle value (CA) was statistically
averaged with at least five positions on each substrate. The information
on examined surfaces can be found in Table 1.

Tested samples (100um, 2.5 cm, and 2.5 cm in thickness, length, and
width, respectively) were carefully attached to a thermoelectric cooling
module by aluminum tape for shear stress measurement (Fig. 2). A 5uL
deionized water drop was gently dropped on the surface before started
cooling down (setting temperature —10 °C). A load-cell was used to
determine the ice-surface shear stress. After freezing, load-cell
controlled by a motorized stage moved at a constant speed (50 pm/s)
and gently pushed the ice drop until it was detached. The force gener-
ated from the collision was obtained via computer software and
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Fig. 3. The ice repellent efficiency on different surfaces.

statistically determined through the peak position in recorded data. A
high-speed camera (Photron Co., Ltd.) was used to observe the icing
process and measure the endurance time. A thermal couple was used to
accurately measure the temperature at the interface when the phase
transition occurred.

3. Results and discussion

The bonding mechanism between two adjacent substrates is attrib-
uted to the direct electrostatic interaction. In addition to chemical
bonding and dispersion forces, two surfaces contain non-compensated or
spatially separated charges will also generate electrostatic forces be-
tween electrical charges induced at the ice surface and solid substrate.
Therefore, substrate-ice bulk adhesion can be degraded if we decrease
the projected area or select rational materials. The second choice cor-
responds to the active method and seems to be infeasible owing to the
popularity of materials such as glass, Cooper, or Aluminum. The most
common passive approach has been named superhydrophobic. It was
inspired by Lotus leaf’s hierarchical structure integrated with a water-
repellent wax to enhance the mobility of liquid on the surface. How-
ever, this old approach has been reported about the extremely low
durability and bad performance in humid conditions. The SLIP concept
is a new passive approach and aims to minimize the ice-surface adhesion
owing to the remarkable behavior at the interface. This new definition
illustrates a smooth defect-free interface supported by porous nano-
structure underneath to elevate the water to the top and isolate it with
surface features, this results in the transition from common feature-ice
contact to lubricant-ice contact at the final state.

Fig. 3 describes the ice-surface shear stress on different materials

with bare quartz used as a reference sample. All PDMS-based thin films
exhibit remarkable low shear stress compared to bare quartz (1355 kPa),
which is attributed to the lower ice-substrate bonding strength. The
shear stress measurement on PDMS-based surfaces is all below 100 kPa,
opening a new selection for icephobic materials. The highest one be-
longs to the NP sample (86 kPa), which corresponds to 8.6 times higher
than SNP and two times higher than the NP sample (Table 1). This can be
explained by the water intrusion inside the nanostructure during the
cooling process and results in the interlocking effect, which commonly
found in nanostructured superhydrophobic surfaces. However, the shear
stress on the PDMS NP sample is much lower than a nanostructure
superhydrophobic textured on glass or Al substrate in our previous re-
searches. This is due to the low electrostatic interaction between elec-
trical charges and the elasticity of rubber-based material.

The measurement of shear stress on the original PDMS thin film
emphasizes the disadvantages of nanostructure surface caused by the ice
volume anchoring inside the surface structure. A flat surface ensures the
not-low-but-stable shear stress due to the material originality (2 times
lower than NP sample). However, the combination of nanostructure and
lubricant warrants an outstanding anti-icing performance when it ex-
hibits extremely low adhesion (10 kPa). This can be explained by the
defect-free surface generated by a lubricant Si oil kept inside a nano-hair
structure. Such a combination supports the high mobility state of ice
drop on the surface for ease detaches. On the opposite side, the bare
PDMS and NP without oil injection result in much higher value despite
indicating the relatively same in contact angle. It should be noted here
that the shear stress measurements carried on common materials such as
glass, Cu, or Al are about 1000 kPa. Hence, this new concept might be
considered for further applications not only by the originality of rubber-
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Fig. 4. Anti-icing durability (a) and optical performance (b).

based material but also by the rational incorporation between nano-
structure and slippery lubricant.

JFor the outdoor and common appliances such as windshields or
smart devices, ice-repellency and optical performance were statistically
examined on bare glass - thin film covered samples. Samples were tilted
at 90° and exposed to cold and humid airflow (temperature ~0 °C) while
maintaining the sample temperature at -5 °C. A high-resolution camera
was located opposite the sample’s surface to observe the whole icing
process. Fig. 3 presents the icing behavior in the real-time of the
different thin films covered on bare glass. On the bare quartz sample, the
apparent ice area was found early after exposure to the cooling flow
(200s), which resulted from the condensation process. Water droplets

a 275K Element | Weight % | Atomic% | Netint. | Error% | Kratio

ahe CK 2471 39,05 32392 11,08 00319

an OK 2354 2793 | 114777 953 0,0505

SIK 4758 3215 |1525804 | 218 04095

15K Zrl 346 072 321,93 661 00193

Element | Weight% | Atomic% | Netint. | Error% | Kratio
CK 1839 3302 18435 1150 00249

0K 20,61 27,78 814,98 954 0,0498

SiK 49,28 3783 |1146187 | 241 04324

2l 0,62 015 4231 21,07 0,0036
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condensed on the surface rapidly coalesced with neighbor droplets to
increase its volume and spread across the surface area before solidifying.
This can be explained by a low heterogeneous nucleation energy barrier
that strongly depends on surface energy. Bare quartz surface with high
surface energy can easily support the generation of ice nuclei at a quite
low surface temperature compared to the others. This situation also can
be found in the NP sample when the ice area promptly occupied the
surface area after a short time cooling (250 s). The low ice-repellency
performance is attributed to the high surface area when water nuclei
can be formed inside the nanostructure, unified, increased the volume,
and subsequently solidified. On the opposite side, original PDMS with
much lower exposed area illustrates better ice repellency efficiency than
the NP sample when hindering the apparent ice volume up to 282 s after
cooling. Nevertheless, the ice-covered area still can be seen easily on
bare, PDMS covered and NP covered samples, which is attributed to the
condensation and removal processes. Fortunately, those can be resolved
by the SNP sample when it supports both the slippery and thermal
delaying properties, and subsequently discloses the extreme ice repel-
lency performance. As shown in Fig. 3, SNP thin film exhibits the
outstanding ice repellency efficiency when hinders the ice nucleation
and maintains the transparent surface after the 1200s of exposure
(Table 1). This remarkable performance can be attributed to the slippery
property and thermal conductivity of materials. The slippery property of
the SNP surface supports the high mobility of condensed water droplets
and facilitates the falling ability when reaches to the critical volume.
Moreover, the low thermal conductivity of PDMS and lubricant inside
the nanostructure cavities effectively delays the heat transfer across the
sample, therefore increasing the energy barrier for nucleation at the
surface. It should be noted here that the nucleation barrier energy is a
sensitive function of surface temperature. The smaller the temperature
difference (dew point — humid air for water condensation, and solidified
— water temperature for ice nucleation), the higher the nucleation en-
ergy barrier. After 20 min of the experiment, SNP presented a clear
surface without any ice formation and maintained for over 1-h experi-
ments, demonstrating the great potential for outdoor applications.
Besides, the durability and optical performance of PDMS-based thin
films also have been statistically examined. Fig. 4a describes the dura-
bility examination on three PDMS-based samples and reveals a negli-
gible difference after 50 cycles with around 86 kPa, 44 kPa, 10 kPa on
NP, PDMS, SP sample, respectively. Si oil discloses a good affinity with
PDMS nanostructure and the self-healing property after a long time
experiment. Additionally, transmittance spectra in the visible range also
have been evaluated on glass - PDMS thin film covered and compared
with bare glass (Fig. 4b). Because of the quite thin PDMS layer, the
transparency of bare - PDMS covered samples slightly reduces to about

ti-fog Anti;fog' Anti—

i-fog Anti-fog Anty

\nti-fog Anti-fog Anti-io

Fig. 5. EDX spectrum, transmittance and surface texture of SNP surface, respectively before (a,c,e) and after 50 cycles (b,d,f).
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92.5%. Interestingly, the measurement of NP and SNP samples demon-
strates the negligible difference with bare glass. This can be explained by
the presence of an anti-reflection moth-eye structure, which enhances
the transparency through the thin film. The inset Fig. 5 shows the SEM
image of the PDMS thin layer on the glass surface. This remarkable
property proposes the great potential for outdoor devices such as car
windshield or commercial high rise windows. It also should be noted
here that the quite good transparency of the lubricant layer presents a
negligible effect on the optical properties.

4. Conclusion

In this work, we investigated the anti-icing efficiency on slippery
nanostructure PDMS thin film in several scenarios, including shear
stress, durability, and ice-endurance performance. Nanostructure
generated by the etching process exhibited a good affinity with low
surface tension lubricant and showing the extremely low ice-surface
adhesion, self-healing ability, and excellent icing repellency compared
to the reference surface, emphasizing the advantages in icephobic so-
lutions. Moreover, anti-icing durability and transmittance of glass —
PDMS based thin film covered were examined and demonstrated the
great potential for outdoor optical devices. This study aims to propose a
new facile method and a paradigm for further investigations in anti-icing
purposes.
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