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Abstract

Abstract

Icing is one of the most ubiquitous natural phenomena accompanying human
activities. Undesired ice generation and accretion are extremely hazardous to aircrafts,
ships, electrical transmission cables, wind turbines, motor vehicles and many others.
Combating excessive icing, especially active de-icing, has been costing a huge amount of
energy and time annually global-wide. Consequently, designing and deploying material
surfaces that can assist the removal of ice have received growing interests. In the recent
years, it is witnessed that anti-icing strategies are shifting from being of static nature,
namely no change at the ice-substrate contact area after ice formation, to enabling
dynamic changes in the chemical/physical states of the ice/substrate/ice-substrate-
interface with tailored functions. In contrast to the static anti-icing surfaces with known
deficiencies in icing/deicing cycling durability, inapplicability at extremely low
temperature, fragility to surface damage and surface degradation, and inadaptability to
environment changes, the modern dynamic anti-icing surfaces (DAIS) have intrinsic
superiorities in all respects of materials properties and enhanced anti-icing performances,
thanks to their integrated dynamic functions. It is expected that a new variety of DAIS
will be created in the near future as they are attracting tremendous interests in the research

field.

By definition, DAIS are surfaces that possess spontaneous/stimuli-responsible changes
of the chemical/physical state of the substrate, ice, or the ice-substrate interface. The
currently reported DAIS can be classified into three categories depending on where the
dynamic change takes place, namely surfaces with dynamic substrate change, with
dynamic interface change, and with dynamic ice change. Built upon the understanding of
dynamic anti-icing surfaces, novel anti-icing surfaces can be designed by integrating

dynamic behaviors into substrate, ice-substrate interfaces or ice.

Focusing on dynamic substrate change, thermal responsible surfaces that can
dynamically change the phase of lubricant with decreasing temperature for enabling
durable icephobicity are designed. Generally, maintaining the longevity and durability of
slippery liquid infused porous surface (SLIPS) are of great challenge. A novel phase

transformable slippery liquid infused porous surface (PTSLIPS) is invented to overcome
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Abstract

the formidable barrier. The underlying mechanism of PTSLIPS relies on the physical
property of lubricant that enables transformation from liquid to solid state above water
freezing point. Specifically, peanut oil is chosen to infuse into porous PDMS substrates
for creating PTSLIPS, which show low ice adhesion strength (4 ~ 22 kPa) as well as
excellent durability. For selected samples, the low ice adhesion strength (~ 16 kPa)
maintains after 30 icing/de-icing cycles thanks to the solid state of the lubricant,
demonstrating extraordinary long-term icephobicity. In addition to the promising low ice
adhesion strength and durability, PTSLIPS also suit to various substrates of varied
chemical compositions (both hydrophobic and hydrophilic materials) with wide range of
porosity and diverse pore morphologies. The PTSLIPS, therefore, provide the possibility
of creating anti-icing surfaces by Do-It-Yourself (DIY) manner with porous materials in

daily life.

Turning to dynamic change of the icing interface after ice formation to facilitate easy
ice removal, liquid layer generators (LLGs) are designed for the first time. The LLGs can
release ethanol to and constantly change the ice-substrate interface. As predicted by
atomistic modelling and molecular dynamic simulations, interfacial ethanol layers with
different thickness can provide dramatic reduction in ice adhesion even at extremely low
temperatures. Two types of LLGs, namely LLG 1 by packing ethanol inside substrate and
LLG 2 by storing replenishable ethanol below substrate, are fabricated. The interfacial
ethanol on both the two LLGs converts the ice-substrate contact from the solid-solid mode
to the solid-liquid-solid mode, which results in super low ice adhesion around 1.0 kPa at
-18 °C. Attributing to the constant ethanol release and thickening of the interfacial
lubricating layer, LLG can overcome the deficiency induced by surface roughness and
hydrophilicity, the two well-known critical factors that result in the failure of other
icephobic surfaces. The LLG 1 have a lifespan for a maximum of 593 days without
ethanol source replenishment. By introducing an interfacial ethanol layer, ice adhesion
strength on selected samples with rough surfaces decrease in an unprecedented manner
from 709.2 ~ 760.9 to 22.1 ~ 25.2 kPa at a low temperature of -60 °C. The results validate
the LLGs as competitive candidates for practical anti-icing applications and provide an

unprecedented icephobic solution for extremely low temperatures.

v
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In a summary, by overcoming the limitations of the static nature of the current anti-
icing surfaces and focusing on the dynamic properties, novel anti-icing strategies are
explored, varying from the dynamic substrate changes to the dynamic interface changes.
Based on the different dynamic design principles, two anti-icing surfaces, the phase
transformable slippery liquid infused porous surfaces, PTSLIPS, and the liquid layer
generators, LLGs, are developed in this PhD work, both of which demonstrate excellent

anti-icing performances.

Taking a bird-view on the DAIS, the related state-of-the-art research is also covered in
the last appended paper. With the two fabricated surfaces as illustration and the surveyed
development of the research, this thesis is intended to serve not only as the PhD
concluding milestone but also as helpful reading materials for researchers in the anti-icing

field.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Project Background

Preventing the formation and accretion of ice on exposed surfaces is of great
importance for renewable energy, electrical transmission cables in air, shipping, Arctic
operation, and many other applications. In the last decade, significant progress in creating
superhydrophobic surfaces has been made. Superhydrophobicity was once believed to be
the prerequisite for icephobicity. However, it is now under debate as whether there is an
essential correlation between superhydrophobicity and icephobicity. While the
understanding in superhydrophobicity is becoming mature, the research on icephobicity
has just touched the tip of the iceberg. The majority of the efforts in the literature target
delaying ice nucleation by texturing the surface micro- and nanostructures. In this project,
we choose a different roadmap to icephobicity, namely, living with ice, but with the

lowest possible ice adhesion!
1.2 Objectives of the research

This PhD work is one part of the researcher project - Towards Design of Super-Low
Ice Adhesion Surfaces (SLICE), which is financed by the Research Council of Norway
via the FRINATEK Program. The objective of the research is to develop multiscale
models to maximize the functions of multiscale interface crack initiators.

o Further fundamental understanding of ice-solid adhesion at various length scales.

o Establish multiscale models for predicting ice adhesion strengths.



Chapter 1 Introduction

generate novel concepts and design principles for engineering weak ice-solid
interfaces and achieving super-low ice adhesion.

develop and demonstrate model materials with super-low ice adhesion.

1.3 Thesis Highlights

The thesis develops a deep understanding on the fundamentals of the emerging DAIS

and presents a systematic study on the design principles of the same surfaces. Two kinds

of anti-icing surfaces through controlling dynamic performance of substrate and ice-

substrate interface are deigned and investigated. The highlights of this thesis are

summarised as following:

A concept called “dynamic anti-icing surfaces” are proposed.

The dynamic nature means the chemical/physical states of the ice/substrate/ice-

substrate-interface can evolve after ice formation.
The state-of-the-art DAIS are classified.

Phase transformable slippery liquid infused porous surfaces (PTSLIPS) are
designed.

PTSLIPS show low ice adhesion strength (4.45~22.43 kPa) as well as excellent
durability.

PTSLIPS indiscriminately adapt to porous substrates with various chemical

compositions.
PTSLIPS also possess self-repairing property that could repair the bulk damage.

Liquid layer generators (LLGs) that can dynamically release ethanol to ice-substrate

interface are designed.

Atomistic modelling and simulations are employed to explore the excellent
lubricating effect of ethanol layer at the ice-solid interface at various temperatures

(down to -60 °C).

Two kinds of LLG, packing ethanol inside the substrate (LLG 1) and storing
replenishable ethanol below the substrate (LLG 2) are fabricated.



e LLG 1 can constantly release ethanol for a maximum of 593 days without source

replenishment.

e The LLGs exhibited super-low ice adhesion strengths of 1.0 ~4.6 kPa and 2.2 ~ 2.8
kPa at -18 °C.

e For selected samples, by introducing an interfacial ethanol layer, the ice adhesion
strength on the same surfaces decreased in an unprecedented manner from 709.2 ~

760.9 kPa to 22.1 ~ 25.2 kPa at a low temperature of -60 °C.

1.4 Thesis Outline

The thesis consists of an introductory section and a collection of six peer-reviewed
papers. The introductory contains four chapters. In Chapter 1, the project background,
objectives and thesis highlights are briefly stated. In Chapter 2, a literature review is
presented. In Chapter 3, the main results that involved in this thesis are summarized. In

Chapter 4, the conclusions and perspectives are given.
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Chapter 2 Literature Review

For a long time, anti-icing surfaces that can mitigate ice problem are desired. Despite
the remarkable progress made in surface icephobicity in recent years, there is a major
view of static ice-substrate interface projected on the reported anti-icing surfaces. By in-
depth monitoring the crucial locations to ice adhesion, namely in the substrate, ice, or the
ice-substrate interface, the available anti-icing surfaces are classified by fundamental
dynamic principles. The DAIS focus at the dynamic changes of the chemical/physical
states of the ice/substrate/ice-substrate-interface for enhancing anti-icing performances,

providing a new insight for design novel anti-icing surfaces.
2.1 Introduction

Icing is one of the most common natural phenomena that widely impact human
activities. Undesired ice formation and accumulation can introduce numerous severe
function and safety problems to aircrafts, power grids, transmission lines, roadways,
marine vessels, renewable energy infrastructures, and many others.!. The traditional
methods used for dealing with icing problems, for instance mechanical de-icing, thermal
or chemical treatments, are often highly costly and low-efficient” '°. As such, enormous
interests have been aroused in deploying surfaces that can control icing and mitigate its
related damages. Advanced surfaces with properties like repelling incoming water
droplets, delaying ice nucleation, repressing ice growth and weakening ice adhesion are
designed for anti-icing purpose!!"'*. From the early lotus-leaf inspired superhydrophobic
surfaces fabricated for repelling water droplets and delaying ice nucleation, to the recent

omniphobic pitcher-plants-inspired slippery liquid-infused porous surfaces (SLIPSs)
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developed for delaying ice nucleation, suppressing frost formation and lowering ice
adhesion'! 1% 15-19. 20-24 ‘there are currently a colourful spectrum of anti-icing surfaces in
the literature showing low ice adhesion strength (0.2 ~ 10 kPa) and easy achievable large-
scale ice remove capacity?>?’. It is witnessed that there is a shift in anti-icing surfaces
design philosophy from being of static nature, namely no change at the ice-substrate
contact area after ice formation, to enabling dynamic changes of the chemical/physical
states of the ice/substrate/ice-substrate-interface in order to enhance anti-icing
performances. The static anti-icing surfaces functioned to a limited extent, and had
deficiencies in icing/deicing cycling durability, inapplicability at extremely low
temperature, fragility to surfaces damage and surfaces degradation, and inadaptability to
environment changes'®1% 2833 In contrast, the emerging DAIS, thanks to the integrated
dynamic properties into the substrate, ice, or the ice-substrate interface, exhibit superior
durability, wider temperature tolerability and better environment adaptivity, and are
attracting increasing interests'* 3%, This introduction section of this thesis provides a
survey and comparison on the static anti-icing surfaces and DAIS. The static anti-icing
surfaces contain superhydrophobic surfaces, SLIPSs, interfacial slippage surfaces, and
so on. The DAIS include dynamic substrate change, dynamic interface change, and

dynamic ice change surfaces.

2.2 Static anti-icing surfaces

Despite the remarkable progress made in surface icephobicity in recent years, the anti-
icing surfaces are generally designed from a static perspective, for instance, texturing the
surfaces structures, tuning the modulus of substrates, modifying the surfaces energy
without considering the property evolution. One of the key characteristics is that the ice-
substrate contact area after ice formation is assumed to be constant. The main focus was

put on conditions before ice formation not the dynamic changes after icing.

2.2.1 Superhydrophobic surfaces

The lotus-leaf-based superhydrophobic surfaces (SHS) with high contact angles (CAs)

and low water adhesion force have received tremendous scientific interest recently**3.

The anti-icing performances of SHS have been widely discussed® 3% 447, The
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icephobicity of SHS includes repelling coming water, delaying ice nucleation and

decreasing ice adhesion strength.

Through investigating the icing process of impinging droplets, Mishchenko et al.
found the superhydrophobic surfaces can stay ice-free even with temperature down to -
25 ~ -30 °C!". The behaviours of single droplets impinging upon the hydrophilic,
hydrophobic and superhydrophobic surfaces were recorded. Three states, maximum
spreading (7max), maximum retraction (rmi») and freezing were compared both on tilted
and horizontal surfaces (Fig. 2.1a). It was found that hydrophilic surfaces showed ryax =
'min, resulted in large contact area and rapid freezing of water. The droplet impinged onto
the smooth hydrophobic surface had 0 < 7in < #max, the droplet could not fully withdraw
and freeze on the surface. As a comparison, the droplet on the superhydrophobic surface
retracted completely with 7, = 0, hence no ice formed on the surfaces. Therefore, due
to the excellent droplets bouncing off performance, the superhydrophobic surfaces can

prevent ice formation at very low temperature.
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Figure 2.1. Water droplets impinging upon cooled (a) 30° tilted and (b) horizontal surfaces (Zsusirare < 0

°C) from a 10 cm height!!'. Copyright © 2010 American Chemical Society.

The superhydrophobic surfaces can effectively suppress heterogeneous ice nucleation

and delay the freezing of droplets that stand on the surfaces**-*°. Alizadeh et al. compared
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the ice nucleation behaviours on the hydrophilic, hydrophobic and superhydrophobic
surfaces. Water droplets were impinged onto the substrates at a velocity of 2.2 m/s, the
substrates temperature was fixed at -20 °C. The transient temperature curves showed the
heat transfer between the droplet and the substrates (Fig. 2.2). The ice nucleation was
closely related to the surface hydrophobicity. The ice freezing happened almost
immediately once the droplet was placed onto the surface. While the water droplets on
the superhydrophobic surface held much longer time before ice nucleation initiated. The
water-substrate interface was the dominant factor that controlled icing. The
superhydrophobic surfaces decreased the water-substrate interfacial area and increased
the nucleation activation energy, which led to a drastic reduction in the nucleation time
(delayed freezing). It was concluded that the superhydrophobic surfaces can effectively

delay ice nucleation at very low temperature.
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Figure 2.2. Transient temperatures of 4 uL DI water droplet freezing on (a) hydrophilic (b) hydrophobic
and (c) Si- superhydrophobic substrates*!. Copyright © 2012 American Chemical Society.

The ice adhesion strength on the superhydrophobic surfaces were also investigated'®:
28,29.51-54 The superhydrophobic surfaces generally showed low ice adhesion strength at

the first test, because of the minimized contact area between ice and the substrates.
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However, the surfaces asperities can be easily damaged in the subsequent icing/deicing
cycles'®. The anti-icing performance of the superhydrophobic surfaces decay very fast.
It was also found that ice adhesion strength in the humid atmosphere was significantly

large for the ice formed in the textured surfaces.

2.2.2 Slippery liquid-infused porous surfaces

The pitcher plant-inspired SLIPSs are created by infiltrating a surface of micro/nano-
pores with a lubricating liquid. The lubricant layer atop the substrates enabled the
surfaces with excellent repellence to any immiscible materials. Kim et al. firstly
investigated the icephobicity of liquid-infused aluminium surfaces®!. The ice adhesion
strength decreased dramatically from more than 800 kPa on Al surfaces to around 16
kPa on SLIPS-coated Al surfaces. As shown in the Fig. 2.3, the frost formation
behaviours on the SLIPS-coated Al was significantly different to the untreated Al. With
tilt angle of 75°, the condensed droplets on the SLIPS-coated Al slide away easily before
freezing and resulted in frost-free surfaces. However, the condensed water on the Al
surfaces stay atop and formed ice in short time and resulted in high frost coverage. The
extremely low ice adhesion strength on the SLIPSs made them one of the best strategies
for design icephobic surfaces. In general, SLIPSs enabled the possibility of self-removal
of accreted ice by gravity, wind or vibration. However, the durability of SLIPSs remains
as a huge challenge since the lubricant were easily to be exhausted in the practical

usage3l, 33, 55'
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Icephobic Coating on Aluminum

after defrosting
‘1 4.u'. -

Al f Al
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Figure 2.3. The anti-frost performance on the lubricant infused Al surfaces?!'. Copyright © 2012 American
Chemical Society.

2.2.3 Interfacial slippage surfaces

Recently, with the purpose of design surfaces with low ice adhesion strength (Tice <20
kPa), Golovin et al. fabricated elastomers with interfacial slippage capacity>2’. The
interfacial slippage surfaces were fabricated through tailoring the cross-link density and
altering the no-slip boundary condition. Unlike the lubricating-infused surfaces, there
was no visible lubricating oil on the surface, the phase distribution in the interfacial
slippage surface was equivalent. Attributing to the interfacial slippage, extremely low
ice adhesion strength (tice < 0.2 kPa) was achieved. The coatings achieved by this design
had homogeneous distributed microstructures, therefore, the surface damage did not
affect the icephobicity of the surfaces. In the icing/abrasion tests, the lubricated surfaces
lost their icephobicity in short cycles, however, the interfacial slippage surfaces
maintained excellent icephobicity as shown in the Fig. 2.4. However, the lubricant
introduced for tuning the cross-link density were likely to weaken the mechanical

strength of the polymer.

10
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Figure 2.4. The durability of icephobic coatings with interfacial slippage®*. Copyright © 2016 American

Association for the Advancement of Science.

2.3 Dynamic anti-icing surfaces (DAIS)

All the three kinds of anti-icing surfaces introduced above, together with some other
anti-icing surfaces represent remarkable progress for icephobic surfaces design.
However, the design principles are generally based on the static point view of
understandings of the ice-substrate contact regions, that is, no change at the ice-substrate
contact area after ice formation. By looking from the viewpoints of dynamic aspects,
enabling evolution at the ice-substrate contact regions after ice formation, DAIS can be
expected and provides novel insights for anti-icing surfaces design. Focusing on the most
relevant ice-substrate interfacial regions (Fig. 2.5a), and their spontaneous/stimuli-
responsive changes in chemical/physical states impacting ice adhesion during and after
ice formation, for the first time we classify the state-of-the-art DAIS into three
categories, namely surfaces with dynamic substrate changes, with dynamic interface
changes, and with dynamic ice changes as shown in Fig. 2.5b. Surfaces with dynamic
changes in the substrate generally include functional structures that can response to
internal and external stimuli, which can modify the substrate properties and enhance anti-

icing performances®> 3% 3% Surfaces with dynamic changes at the ice-substrate
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interfaces after ice formation provide the possibility of altering interface interactions for
lowering ice adhesion'# 3% 3839, 60-62 'Qurfaces with dynamic changes in the ice are able

to direct ice growth, propagation and even ice melting, which can mitigate ice

13, 37, 63-69

accumulation and assist ice remove on the surfaces The following sections

detailed these three categories of anti-icing surfaces.
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Figure 2.5. DAIS. (a) The three most important regions close to the ice-substrate interface that determine
anti-icing performance of a surface. (b) Dynamics anti-icing surfaces targeting the three ice-substrate
interfacial regions. The dynamic substrate change includes substrates that can response to the
internal/external conditions, namely those by tuning the surface state and affecting the ice
formation/adhesion. The dynamic interface change covers the surfaces that can induce dynamic conversion
of the chemical/physical states of the ice-substrate interface after ice formation, thus facilitating easy ice
removal. The dynamic ice change encompasses the surfaces that can tailor ice growth, propagation or even

melt ice for the purpose of mitigating ice accumulation.
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2.3.1 DAIS with dynamic substrate change
2.3.1.1 Self-response substrates

Many surfaces exhibit dynamic changes by self-response to their internal forces. Such
self-response surfaces widely exist in natural organisms and systems. For instance,
earthworms and poison dart frogs have secretion glands under their skin, which release
lubricant to form a slippery layer above the skin (Fig. 2.6a)"% 7. Surface lubricating is
driven by the under-skin disjoining pressure or concentration gradient’” 72. The
mechanism underlies self-response surfaces has inspired the design of anti-icing surfaces

with embedded lubricant in the substrates.

One notable self-response substrate was developed through phase separation as shown
in the Fig. 2.6b. The surface lubricant layer was regenerable under the driving force of
disjoining pressure originated from the van der Waals interactions at the gel surface’. It
is intriguing that both the thickness of the lubricant layer and the size of the embedded
droplets in this substrate were controllable through polymer crosslinking strength and oil
content, which offered a strategy for preparing similar substrates for improving anti-
icing performace>®-% 717382 Jcephobic surfaces following the same strategy for surface
regenerable lubricant layers indeed showed ice adhesion strength below 40 kPa’®, with
regenerative lubricating layers after 15 wiping/regenerating tests and long-term ice
adhesion strength below 70 kPa. Through a precise deploying of polymer and oil,
recently reported novel self-lubricating organogels (SLUGs) displayed extremely low
ice adhesion strength of 0.4 kPa®. The ice formed on the SLUGs samples with small
tilting angles could slide off at -15 °C, which demonstrated the great potential of self-

response substrates in anti-icing.

Beside small liquid oil molecules, solid lubricants were also used in self-response
substrates for regenerating surface lubricating layers to assist easy ice removal®” ", For
example, alkane embedded in a polymer substrate can diffuse into the surface driven by
concentration gradient and the internal stress of the polymer matrix, resulting in a solid
alkane layer as shown in Fig. 2.6¢c. The regenerable solid lubricant alkane had weak

interactions with the polymer substrate and served as sacrificial layer in ice removal,
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which enable low ice adhesion strength (~ 9 kPa) and good durability in 20 icing/de-

icing cycles®’

Surface damages in practical applications are severely harmful to the icephobicity of
anti-icing surfaces, since any possible interlockings between ice and surface voids can
greatly enhance ice adhesion. As such, self-response substrates with self-healing
functionality were fabricated for anti-icing purposes®> 36738387 GQych substrates showed
significant improvements in mechanical durability because of the ability of self-healing
surface damages at sub-zero temperature to maintain smooth topography (Fig. 2.6d).
One of the self-healing substrates, Fe-pyridinedicarboxamide-containing PDMS (FePy-
PDMS) elastomer, exhibited low ice adhesion strength of ~ 6 kPa and ~ 12 kPa after 50

icing/de-icing cycles®

‘Alkane layer rége nerated

Particle-embedded layer

200pm n e VAW ° 3 Broken |cephob|ccoatmg

Sope .
AI kane layer /796
Ice/Paint removed mgemmled d
Allrane
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Figure 2.6. Selection of DAIS through self-response substrates. (a) The lubricant regenerable systems

in earthworm and poison dart frog’ 7!, Copyright © 2018 Wiley Publishing Group and 2015 Wiley
Publishing Group. (b) The droplet-embedded gel structure, and its secreted surface lubricating film’%.
Copyright © 2015 Nature Publishing Group. (c) The alkane-embedded structure, showing the renderability
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of the surface alkane layer, the alkane distribution in the substrate, and the regeneration mechanism of the
solid alkane layer®”. Copyright © 2017 Wiley Publishing Group. (d) The schematic of the self-healing
icephobic surface with fabricated samples®®. Copyright © 2018 American Chemical Society.

2.3.1.2 Environmental response substrates

Many anti-icing surfaces use dynamic substrates that response to the ambient
conditions of temperature, magnetic field, light, and so on3> 3% 339 By integrating
temperature sensitive components during fabrication, anti-icing substrates can response
to temperature change of the surrounding environment™- . One of such substrates
incorporated a binary liquid mixture (silicon oil and liquid paraffin) into a PDMS
network, the resulting reversibly thermo-secreting organogel (RTS-organogel)
demonstrated distinct morphologies at different temperature as shown in Fig. 2.7a%. The
ice adhesion strength on the RTS-organogels were less than 1 kPa at -15 °C, which can
enable sliding of ice cube on the surface samples with small tilting angles. The RTS-
organogels were believed to be more durable than the SLUGs, because they could
reversibly absorb lubricant into the polymer matrix for replenishing the internal

lubricants in storage and against evaporation/contamination.

Liquid lubricants in anti-icing substrates can deplete in limited number of icing/de-
icing cycles due to the weak interaction between the lubricant and the base materials,
which leads to poor durability. As shown in the Fig. 2.7b, a phase transformable lubricant
was used in creating the so-called phase transformable slippery liquid infused porous
surfaces (PTSLIPS) recently®. Because the lubricant had phase transition point from
liquid to solid phase at ~ 3 °C?3, the durability of the fabricated PTSLIPS was greatly
improved, showing a lowest ice adhesion strength of ~ 4 kPa and long-term ice adhesion
strength of 16 kPa after 30 icing/de-icing cycles. It is worth noting here that similar
phase-change materials (PCMs) were introduced into concrete for anti-icing. During the
phase transition upon cooling, the PCMs released substantial latent heat and can hinder

ice accumulation in walking pavements®®-"- 979,

Magnetic field is relatively less commonly applied in anti-icing practice. However,
utilizing magnetic field as stimuli to modulate substrates has been explored, with
encouraging results illustrating the potentials of active de-icing technology®> °* %, The

magnetic slippery surfaces (MAGSS) can response to external magnetic field and
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generate a volumetric force to suppress water droplets from sinking into the substrate
body with bulk oil, which led to small water droplet sliding off angle of 2.5°, as shown
in Fig. 2.7¢°>. Remarkably, the MAGSS can maintain its liquid-like phase at low
temperature and were highly slippery to ice, showing extremely low ice adhesion

strength (~ 2 Pa) without degradation after 60 icing/de-icing cycles.

Light is another important stimulus source for triggering dynamic changes in anti-
icing substrates'®-1%. By integrating light-absorbing azobenzene groups into polymer
skeleton of the base materials, the so-called UV responsive substrates (UVRS) were able
to utilize UV energy for polymer chain conformation conversion®. As shown in Fig.
2.7d, the integrated azobenzene groups in the UVRS changed from trans- to cis-
conformation under UV light with a wavelength of 365 nm, resulting in slight compress
of the whole substrate. The pre-embedded silicon oil in the polymer matrix of the UVRS
was released to the substrate surface as a response to the compressive stress, which
enabled low ice adhesion strength of 21 kPa and long-termed ice adhesion strength of 47
kPa after 15 icing/de-icing cycles on the UVRS. The light stimuli can also have thermal

effects, which further inspired the design of photothermal response substrates®®.
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Figure 2.7. Representatives of the DAIS through environmental response substrates. (a) The thermal
response lubricant regenerable organogel, showing the droplets secretion at low temperature and reversible
droplets absorption at high temperature®®. Copyright © 2020 Wiley Publishing Group. (b) The phase
transformable slippery liquid infused porous surfaces (PTSLIPS)**. Copyright © 2019 Elsevier Publishing
Group. (c) The magnetic slippery icephobic surfaces®. Copyright © 2016 Nature Publishing Group. (d)
The UV-responsible substrates (UVRSs)*. Copyright © 2020 Royal Society of Chemistry.

2.3.1.3 Mechanical response substrates

Ice removal generally involves stress change on the ice adhered surface. Mechanical
response substrates are designed to utilize the stress associated with ice removal to
dynamically alter the surface structures in order to achieve low ice adhesion. The surface
structures that response to the mechanical force can be both molecular structures in base
materials and geometrical patterns above the surfaces'® %>, Notably, an ultra-durable
icephobic coating was designed by introducing slide-ring crosslinkers, namely molecular
pulleys, into PDMS base matrix (Fig. 2.8a)!%*. The slide-ring crosslinkers were not only
able to move along the polymer chains under mechanical loading, but also can return to

106, 107

their original state via entropic repulsion upon relieving loading The slide-ring
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substrate showed a low ice adhesion of ~ 12 kPa during 20 icing/deicing cycles, and
promising ice adhesion strength ~ 22 kPa after 800 abrasion cycles, being one of the

most durable elastomers reported so far.

In another report, an interesting fish-scale-like dynamic anti-icing surface prototype
was introduced'®. Because the atomistic interactions ruptured all at once in concurrent
rupture mode but incrementally in the sequential rupture mode, opening of the surfaces
structure in ice removal featuring the sequential rupture of ice was essential for low ice
adhesion. Inspired by the structure topology of fish scales, the fish-scales-like surface
was designed by pile arrangement of graphene platelets in atomistic modelling. Under
de-icing forces, the graphene platelets dynamically opened up to enabling sequential
rupture of ice from the surface (Fig. 2.8b), which led to a ~ 60 % reduction in ice
adhesion strength. The theoretical model of fish-scale-like surface was a good starting

point of mechanical response structure design for low ice adhesion.

-

(a) chrsase crosslinking density 1 (b)

Slideable crosslinker 4
(Polyrotaxane) . s s/
\ 3

. o Low elastic modulus
S E T ithout loss of
{ ‘cohesive strength

Slide-ring materials

N
S B
a)
n
@

B >
stre|
>

M & 1ol 1

Ice adhesion strength (kPa)

> » @
Ice adhesion
>

0
a4 8 12 16 20 [ 200 400 600 800 ™~
Icing/deicing cycles Abrasion cycles

] -

Figure 2.8. Representatives of the DAIS through mechanical response substrates. (a) The slide-ring
substrate, showing its molecular mechanism and the enhanced cohesive strength and excellent
durability!®*. Copyright © 2019 Royal Society of Chemistry. (b) The fish-scale-like surface, showing
sequential rupture of atomistic interactions for lowering atomistic ice adhesion'%. Copyright © 2019 Royal

Society of Chemistry.
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2.3.2 DAIS through dynamic interface changes
2.3.2.1 Non-frozen interfacial water

The importance of the ice-substrate interface to ice adhesion is self-evident. It is
known that ice is slippery to ice-skating blades, meaning low adhesion strength, due to
a surface premelted layer'®. The premelted liquid or liquid-like aqueous layer exists on
the ice surfaces at sub-zero temperature because of regelation or by pressure or friction

108-112 " which applies not only at ice-vapor but also ice-solid interfaces''> . As

melting
the thickness of the premelted layer at ice-solid interfaces was shown to increase with
temperature, utilizing and amplifying the premelted layer for effectively reducing ice
adhesion became one of the important strategies of surface icephobicity'!>. Because the
premelted layers have thickness at the nanoscale, atomistic simulation and molecular
dynamic simulation were employed to investigate their mechanical effects on the
nanoscale ice adhesion!!®. As shown in Fig. 2.9a, ice-cube models with premelted
interfacial water layers on solid substrates showed negligible ice adhesion stress if
compared with ice directly contacted with the solid substrate. Related studies focused on
the lubricating effect of the premelted or non-frozen interfacial water layer further

supported the potential of utilizing aqueous layer for mitigating icing problems!!¢-118,

Although interfacial non-frozen water layers were identified at the ice-solid contact
interfaces as early as in 2004, intensive experimental explorations on their application in
anti-icing came much later''* ''>. Through rational nano-structuring of solid surfaces for
creating an interfacial quasi-liquid layer, ice formation can be delayed for 25 hours at -
21°C%, Yet, ice formation is inevitable with long enough icing time. As ice adhesion on
certain solid surfaces, such as SiO», Si, Au and so on, are too high to any ice removal
approach!'® 120 new strategies that could program non-frozen interfacial water on such
surfaces for low ice adhesion were in great needs. Using highly hydrated ions were
believed to be a good approach for creating quasi-liquid layers (QLL) on solid surfaces,
because ions can greatly impact the structure of water and supress ice nucleation'?!.
Polyelectrolyte brushes hosting ions were employed to probe the effects of counter ions
on ice adhesion (Fig. 2.9b)!?2. It was found that the polyelectrolyte brushes with
kosmotropic counterions (G-SO*Li", G-SO*Na") had maximum ice adhesion reduction

(25 ~ 40 %) comparing to the bare glass (G) at -18 °C, because of the most negative
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water structural entropy resulting from strong hydration. In comparison, the
polyelectrolyte brushes with chaotropic counterions (G-SO3” K*, G-N*CI", and G-
N*S042") did not change the ice adhesion, owing to positive water structural entropy of
weak hydration'?!. This study provided important reference for integrating counterions

for related anti-icing applications ' 124,

To improve the lubricant effects for extremely low ice adhesion, the thickness of QLL
needs to drastically increase. The state-of-the-art liquid-like surfaces, for instance the
slippery omniphobic covalently attached liquid surfaces (SOCAL), still exhibited limited
thickness of QLL, which restricted ice removal'>*'?’. Recently, a non-stick and
extremely flexible quasi-liquid surface (QLS) with a coating thickness of 30.1 nm (Fig.
2.9¢)'?%, which enabled extreme flexibility and quasi-liquid thickness of the surface. The
QLS had omniphobic nature with low ice adhesion strength of ~ 26 kPa, and enabled de-

icing by air flows (mimicking wind power).

Although the surfaces with quasi-liquid layers are highly favourable for lowering ice
adhesion strength, maintaining the durability of the grafted polymer chains on such
surfaces exposed to mechanical damages was still challenging. One other difficulty of
applying quasi-liquid layers emerges when surfaces roughness scale is larger than the
layer thickness. To address these two problems, a robust and durable anti-icing coating
fabricated by polymers (polyurethane, PU) with hydrophilic pendant groups was newly
reported!’. The hydrophilic component dimethylolpropionic acid (DMPA) in the
coating could absorb water directly from its humid environments or from the contacted
ice/snow due to the ion effect (Fig. 2.9d), which resulted in aqueous lubricating layers
on the coating surface as long as ice is formed. Surface samples coated by the coating
contained 9 wt% DMPA (PU-9) maintained stable and low ice adhesion strength of 27
kPa at temperature as low as -53 °C, and showing almost no change after 30 cycles. It
was believed that the coating was adaptable on almost all surfaces including rough ones
(Fig. 2.9d, right bottom). The fabrication strategy of the coatings, incorporating
hydrophilic pendant groups in soft polymer for aqueous lubricating layer, was thus

widely employed in similar studies’®: 62 120:129-134
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Figure 2.9. Non-frozen interfacial water layer and the representatives of the DAIS. (a) Atomistic
modelling and simulation of ice adhesion on different surfaces with/without an interfacial aqueous water
layer''®. Copyright © 2016 Royal Society of Chemistry. (b) The ice adhesion on the bare glass (G) and on
polyelectrolyte brush layers comprising of different types of counterions (X" = Li*, Na*, K*, Ag*, Ca**,
Ci6N*, La*"; Y™ = F, CI, BF4, C12SO57, SO4*; and Z* = H”, Li*, C;N*, Na")!?2. Copyright © 2014
American Chemical Society. (c) The liquid repellence and ice removal property of the quasi-liquid surface
(QLS)'?%8. Copyright © 2020 American Chemical Society. (d) The reduction of the ice adhesion strength
by an aqueous lubricating layer!'!®. Copyright © 2014 American Chemical Society.

2.3.2.2 Dynamic interface melting

The thickness of aqueous lubricant layers introduced above were generally in
nanoscale, varying from a few molecules thickness to tens of nanometer''* 128, Interfacial

aqueous layer with such thickness range can lead to ice adhesion strength of ~ 20 kPa,
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which was good but still beyond the requirement for practical anti-icing application
(lower than ~ 12 kPa)'%2%2% To increase the lubricant effects of aqueous lubricant layer,
DALIS that could melt the interfacial ice and create thicker aqueous layer were developed.
In the most straightforward manner, the dynamic melting of interfacial ice could be
initiated by chemicals (anti-freeze liquid or salts) or thermal energy (magnetic thermal
energy, electrothermal energy and photothermal energy) that have long been used in
active de-icing techniques for pavement, aircraft, power line systems, and so on* "> 135-
146 In contrast to the high costs and the detrimental environmental impacts of the
traditional de-icing methodologies, the recent approaches of introducing active anti-icing
agents into passive anti-icing substrates with dynamic change ice-substrate interfaces
had shed new light on compromising solutions for ice removal with minimize

energy/chemicals input®®- 64 68. 71 147,

It is well known that high ice adhesion strength is generally observed on
superhydrophobic surfaces if the interlocking happens between ice and the surface

hierarchical structure of the surfaces!6-!8- 28-30. 148

. Using anti-freeze agents on
superhydrophobic surfaces to create liquid interface can provide a practical solution, as
demonstrated by a newly fabricated superhydrophobic copper mesh with organogel that
can dynamically secrete anti-freeze agents®®. Specifically, PVA grafted succinic acid
(PVA-COOH) on the copper mesh containing anti-freezing agents (mixture of ethylene
glycol and water) that were dynamically released at sub-zero temperature to the ice-
substrate interface and melted the neighbouring ice. As shown in the Fig. 2.10a, ice
adhesion strength of PVA-COOH (0.73 wt%) decreased from ~ 1.3 kPa to < 0.001 kPa
by increasing the holding time after ice formation from 1 h to 5 h. For selected samples,
the ice cube fallen off automatically after 15 h on the substrate with small tilting angle,

showing excellent ice self-removal capacity.

Ionic liquids were also selected as anti-freeze agents for interface melting. Ionic
liquids are commonly integrated in ionogels, which are utilized in many fields ranging
from solid electrolytes to drug release and to catalysis'**"!>>. Tonogel surfaces consisted
of ionic liquid and polymer components were introduced for anti-icing, as depicted in
Fig. 2.10b%. The lubricant layer on the one hand suppressed ice nucleation, on the other

hand lowered the ice adhesion to the surfaces. The thickness of interfacial liquid layer
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on the ionogel surface increased with holding time, as the ice-substrate interface was
dynamically melted as indicated in the Fig. 2.10b, which enabled easy detachment of the
frozen droplets. The dynamic process of ice melting at the interface on ionogels was
further revealed by atomistic modelling and molecular dynamics simulations, which

provided a solid theoretical base for rational design of ionogel-based anti-icing surfaces.

Utilizing thermal energy for interfacial ice melting is another accessible approach for
creating non-frozen water lubricating layer. The thermal energy can be generated from
the substrate, and then be transferred to melt the interfacial ice, as examples shown in
Fig. 2.10c. Multiwalled carbon nanotubes (MWCNT) with superior thermal-conducting
property were assembled into a film layer-by-layer through a vacuum-assisted method,
which resulted in superhydrophobic surfaces with excellent water repellence and special

electrothermal effect for easy ice removal®

. The temperature of the substrate can be
controlled by external voltage without hampering the surface superhydrophobicity. With
an input voltage of 30 V, the ice-substrate interface was efficiently melted leading to ice

automatically sliding away in 34 seconds.

Using electrothermal surfaces for interfacial ice melting is effective, yet still energy
intensive. Nowadays, new surfaces with photothermal effects that harvest solar energy
for interfacial ice melting have attracted attentions®” 46 136158~ One eye-catching
example of these new surfaces, a so-called photothermal trap, was fabricated recently,
which consisted of a trilaminar structure, namely a top solar radiation absorber layer for
harvest illumination, a middle thermal spreader layer for lateral heat dispersal, and an
insulator layer to minimize heat loss*’. As shown in the Fig. 2.10d, the frozen droplets
started sliding away in 19.8 s with illumination on the substrate with tilting angle 30°.
Remarkably, the substrate took a short time of 0.5 s to generate a thin liquid layer after
the start of interfacial ice melting. With longer solar illumination time and intensity,
DAIS utilizing thermal energy for promoting ice removal not only melt the ice-substrate
interfaces but also can melt the whole ice, which will be introduced in the following

dynamic ice melting section.
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Figure 2.10. Representatives of the DAIS through dynamic interface melting. (a) The hybrid
superhydrophobic surfaces that dynamic secrete anti-icing agents®. Copyright © 2019 American
Chemical Society. (b) The ionogel surfaces using ionic liquid for dynamic anti-icing®®. Copyright © 2020
American Chemical Society. (¢) The superhydrophobic carbon nanotube surfaces with electrothermal
effects®. Copyright © 2018 Royal Society of Chemistry. (d) The photothermal trap utilizes solar
illumination for ice mitigation®’. Copyright © 2018 American Association for the Advancement of

Science.

2.3.2.3 Novel interface generators

The durability, low ice adhesion and extreme-low temperature applicability of anti-

icing surfaces are three essential demands for practical applications. It is still challenging
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for the current DAIS to meet all the three requirements. As discussed above, substrates
that dynamically generate an interfacial aqueous lubricating layer can have improved
durability thanks to lubricant regenerability!'® 2> 26, However, for these anti-icing
surfaces there is an exhaustion limit that the anti-freeze agents can secrete. When the
concentration gradient of chemicals disappeared, the anti-freeze agent secretion stops,
leading to poor durability in icing/de-icing cycles. The anti-icing surfaces with
photothermal effects also generally lost their icephobicity at temperature lower than -50
°C. Subsequently, the interfacial aqueous layers tend to freeze at low temperature, which
led to a sharp and dramatic increase in ice adhesion strength. For instance, the ice
adhesion on substrates with interfacial aqueous layer can increase from ~ 27 kPa to more
than 400 kPa at temperature close to -60 °C'". For anti-icing at extremely low
temperature, such as in environments like in the Arctic area, maintaining low ice
adhesion is formidable. Fortunately, a strategy of generating interfacial liquid layer at
extremely low temperature and addressing anti-icing in harsh environment was
developed recently®*. Instead of generation pure aqueous layer for lubrication, ethanol
was selected as the lubricant at the ice-substrate interface because of its low freezing
point of -115 °C, which guaranteed non-frozen lubricating effects at extreme
temperature. As verified via the atomistic modelling and molecular dynamic simulation
shown in Fig. 2.11a, ethanol layer as thin as 2 nm at the ice-substrate interface can
maintain low ice adhesion -60 °C. In comparison, interfacial aqueous layer of the same
thickness froze at much high temperature, resulting in loss of lubrication effect. Based
on the theoretical study, two liquid layer generators (LLGs) that can dynamically
generate ethanol layers at the ice-substrate interfaces were designed (Fig. 2.11b). The
first LLG was fabricated by packing ethanol into the substrates, termed LLG-1, which
can yield super-low ice adhesion of ~ 1 kPa (samples containing 40 vol% ethanol).
Because the ethanol layer was dynamically secreted from the substrate, the LLG-1 had
continuous decreases in ice adhesion strength for automatic de-icing. Specifically, ice
adhered onto the LLG-1 was detached by gravity in 3 hours in the related experiments.
Most remarkably, the LLG-1 was showed to have ethanol secretion lifetime of at least
250 days at -20 °C (Fig. 2.11c). With more ethanol embedded in the substrate, the
lifetime of ethanol secretion increased. For example, the LLG-1 sample with 40 vol%

ethanol can have a long functioning lifespan of 593 days. In order to further extend the
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ethanol exhaustion time, a second LLG (LLG-2) with sub-porous layers was also
designed for the possibility of replenishing ethanol in the substrates, which featured the
same outperforming anti-icing properties. The LLG-2 strategy was applied on various
surfaces, including the contaminated ones with particles and other hydrophilic
components. Surprisingly, the contaminated LLG-2 surfaces had super-low ice adhesion
strength of ~ 10 kPa, which was expected to further decrease with increasing secreted
ethanol layer. The most attractive properties of the LLGs were their unprecedented low
ice adhesion strength at extremely low temperature (Fig. 2.11d). By introducing the
ethanol lubricating layer at interfaces, the ice adhesion strength on the same surfaces
decreased from 709.2 ~ 760.9 to 22.1 ~ 25.2 kPa at -60 °C, which indicats the LLGs as
a viable candidate for anti-icing applications at harsh temperature. Thus, the LLGs are
the first dynamic substrates that have the potential to meet the above-mentioned three

anti-icing requirements intended for realistic applications.
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Figure 2.11. Representatives of the DAIS through novel interface generators. (a) Interfacial ethanol
layers of different thickness and their effects in reduction ice adhesion strength. (b) The design principles
and fabricated samples of the LLGs. (c) The icephobicity and durability of LLG-1. (d) The icephobicity
of LLG-2 with various surfaces and under extremely low temperature**. Copyright © 2019 Royal Society
of Chemistry.

2.3.2.4 Interfacial crack initiators

Dynamic interface change can also be a result of interfacial stress concentration.
According to fracture mechanics, ice adhesion strength (z.) is governed by 7, =
m, where G is the surface energy, E£* is the apparent bulk Young's modulus, a
is the length of crack and 4 is a non-dimensional constant. Therefore, generating cracks
at the ice-substrate interface is a promising approach for low ice adhesion. Following the

fracture mechanics principle, surfaces containing crack initiators at the ice-substrate
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interfaces were fabricated, which can enhance crack generation and efficiently reduce
ice adhesion'*. In order to promote the generation of cracks at the ice-substrate interface,
three crack initiators on different length scales were identified, namely nanoscale crack
initiator (NACI), microscale crack initiator (MICI) and macroscale crack initiator
(MACID)'. NACI underlies negative and weak affinity of a surface to ice and aids
debonding at the ice-substrate interface, which is widely observed in hydrophobic
surfaces used for anti-icing!!® 13160 MICI can be taken as the micro-voids under the
so-called “Cassie” ice on superhydrophobic surfaces and serve as micro-cracks for ice
detachment from the surfaces?® > ! Both NACI and MICI have their limitations for
achieving super-low ice adhesion (defined as ice adhesion strength lower than 10 kPa)'*.
In contrast, MACI by interface stiffness inhomogeneity is the only crack initiator that
can maximize crack size at macroscale length and predominantly facilitate ice removal'4.
As shown by finite element based simulation in Fig. 2.12a, substrates with porous sub-
surface structures for MACI consists of significantly larger number of crack initiation
sites along the ice-substrate interface than the cases with a homogenous substrate.
Correspondingly, PDMS coatings with MACI showed super-low ice adhesion of 5.7
kPa, much lower than their counterparts (Fig. 2.12a).

The novel MACI mechanism enabled by sub-surface structures thus provided a new
route for design icephobic surfaces. One low-cost yet effective fabrication strategy of

realizing MACI was using sponge structure'®?

. As shown in Fig. 2.12b, sugar was used
as a sacrificial template for preparing sandwich-like PDMS-based sponge substrates.
Because of high porosity, the MACI effect of the sponge-type substrates was greatly
enhanced. Furthermore, the elastic modulus of the sponge substrates was intrinsically
low. The PDMS sponges thus showed remarkable super-low ice adhesion strength of ~
0.8 kPa and stable long-term ice adhesion strength of ~ 1 kPa after 25 icing/de-icing

cycles.

Stiffness inhomogeneity in the substrate is the key to MACI Other anti-icing
substrates utilizing the surface stiffness inhomogeneity to achieve low ice adhesion can
be considered to rely on the same mechanism of MACI. For example, stress-localized
surfaces for lowing ice adhesion were developed by surface inhomogeneity

programming™. Specifically, the stress-localized surface contained two phases, phase I
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and phase II, as shown in Fig. 2.12c. The phase I was polymer with relative high elastic

modulus, while the phase Il was stress-localized materials with low elastic modulus. In

such a setup, the phase II served as crack initiator for ice detachment under mechanical

loading, which render the stress-localized surface one of the lowest ice adhesion reported

so far (in the order of 1 kPa). It is worth noting that the stress-localized surface had

excellent mechanical durability thanks to the high elastic modulus of phase I.
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Figure 2.12. Representatives of the DAIS through interfacial crack initiators. (a) The multiscale crack

initiators for super-low ice adhesion'*. Copyright © 2017 Royal Society of Chemistry. (b) The sandwich-

like PDMS sponges excellent anti-icing performances'®>. Copyright © 2018 Royal Society of Chemistry.

(c) The stress-localized surfaces and their ice adhesion testing results’®. Copyright © 2019 Royal Society

of Chemistry.
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2.3.3 DAIS through dynamic ice change
2.3.3.1 Effective ice growth inhibitors

Dynamic anti-icing strategies can also be applied on the ice directly. Natural
organisms like insects, fishes and plants utilizing anti-freeze proteins (AFPs) to survive
sub-zero temperature are the vivid examples®- 1% 14 AFPs can not only suppress
freezing-point but also inhibit ice growth and recrystallization'®*-1%, thanks to their Janus
properties. All the AFPs have ice-binding faces (IBFs) and non-ice-binding faces
(NIBFs)'”. 1In solution, AFPs preferentially bound to any ice crystals with IBFs and
leave the NIBF to liquid water, which results in micro-curvatures of ice-water interfaces.
Due to the so-called Kevin effect, such curved ice-water interfaces inhibit ice growth!”!.
Inspired by the discovery that ice growth was regulated by the AFPs absorption onto the
basal/prism planes, novel materials featuring the same property of preferential binding
to ice surfaces were discovered, including graphene oxide (GO), oxidized quasi-carbon
nitride quantum dots (OQCNSs), safranine molecules and so on®® 1"*178  Although the ice
growth in solutions containing these new materials were indeed inhibited, applying the
same strategy on the design of anti-icing surfaces is at the early stage of development.
AFPs was directly immobilized onto aluminium, which led to delayed frost/ice
formation for at least 3 hours, showing significant anti-icing potential'”. The binding
faces of AFPs, IBFs and NIBFs, were screened for freezing-point depression, which
indicated only the NIBFs decreased freezing temperature®. Despite that the related
studies confirmed the potential of AFPs in ant-icing applications, more in-depth
investigations are still needed for elucidating their effects on overall surface
icephobicity. In outdoor environment, ice nucleation is inevitable due to low
temperature, long icing time and surface contaminations. Once ice started to form on
exposed surfaces, ice growth/propagation control was believed to be more important to
tackle the ice accumulation problem and thus one important focus of anti-icing surface

design180-182

Phase-switching liquids (PSLs) containing cyclohexane (SCh) were used for
inhibiting ice growth, for their property of holding ice melting temperature (7,,,) above

)183

water freezing point (73) °°. When vapor condensed on a solidified PSL surface, the

latent heat released during the condensation was trapped in the droplets. The temperature
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increases at the solidified cyclohexane (SCh) and air interfaces could attain = 5 °C. The
increased temperature thus led to melting of PSL in contacted region (Fig. 2.13a). The
best sample showed sustained ice growth delay for more than 96 h. The PSLs infused
samples with 10 pm spacing microstructured (SG-10) surfaces can dynamically inhibited
the frost propagation for more than 140 min, which was around 7 times longer than
lubricant infused surface (LIS).

Counterions at the ice-substrate interface also can inhibit ice growth by dynamic

melting38, 184—186.

Poly([2-(methacryloyloxy)ethyl]trimethylammonium chloride)-ClI
(PMETA-CI) brush was synthesized on silicon wafers, which can accommodate different
ions via ion exchange'®*. Brushed with counterions of CI", ClO4", PFs, TFSI" and PFO
were investigated, showing hydrophobicity ClI" < ClO4 < PF¢ < TFSI' < PFO". It was
suspected the water molecules in the hydrophilic polymer brush (PMETA-CI and
PMETA-CIO4) moved toward the ice growth fronts when freezing occurred and
consequently promoted ice propagation. In contrast, brushes with PFs", TFSI" and PFO"

counterions and higher hydrophobicity could result in “water depletion regions”, which

reduced the freezable water molecules and suppressed ice propagation (Fig. 2.13b).

To understand the mechanisms that control the ice propagation, ice propagation
behaviours on polyelectrolyte multilayer (PEM) coated surfaces were investigated®”. The
PEMs are ideal for this purpose, because the outmost layers determine the surface
properties and water concentrated only in the outside layer. Two types of PEMS, the
Poly(sodium 4-styrenesulfonate)/poly(allylamine hydrochloride) (PSS/PAH) and the
PSS/ poly(diallyldimethylammonium chloride) (PSS/PDAD) coatings were fabricated.
The PDAD has polyelectrolyte interacting more strongly with water in the outmost layer
than that in the PAH. It was found that the ice propagation time on the PSS/PAH was
two orders of magnitude longer than on the PSS/PDAD with same number of deposition
layers. Counterions and their concentration (Fig. 2.13¢) also showed effects on ice
inhibiting performance on the PEMs. The results indicated that ice propagation can be
inhibited by depressing the water molecules trapped in the outmost layer of
polyelectrolyte coatings. More importantly, with silver iodide aqueous droplets (Agl
particle, 0.1 puL) placed on the PEMs acting as the artificial ice nuclei, the PSS/PAH
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samples were still able to delay ice propagated for 2700 s, demonstrating the robustness

and wide applicability of their anti-icing performances.
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Figure 2.13. Representatives of the DAIS through effective ice growth inhibitors. (a) Phase-switching

liquids used for inhibiting ice growth!®*. Copyright © 2019 Wiley Publishing Group. (b) Ion-specific ice

propagation on polyelectrolyte brush surfaces'®*. Copyright © 2017 Royal Society of Chemistry. (c) Ice

propagation on polyelectrolyte multilayer surfaces, “W” and “I” are denoted as “water” and “ice”,
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2.3.3.2 Dynamic ice growth controlling

Controlling ice growth on a surface in a defined pattern can also be an effective
approach to achieve icephobicity. It was found that water droplets on superhydrophobic
surfaces showed spontaneous levitation and trampoline-like bouncing behaviour in a
low-pressure environment'®’. Such phenomenon was caused by the overpressure beneath
the droplet originated from fast vaporization and the countering surface adhesion
restricting the vapor flow. Because strong vaporization led to high degree of cooling on
a supercooled droplet, a rapid recalescence freezing was initiated at the free surface'$>
188 Under the low-pressure and low-humidity conditions, a sudden increase in the
vaporization of droplets surfaces resulted in rapid increasing in the overpressure beneath
the droplet, which can lead to self-levitation of the droplet if freezing happened, meaning
spontaneous-launching of ice. It was expected that this phenomenon can be observed on
various surfaces with different textures, as shown in the Fig. 2.14a, suggesting the

potential of controlling ice growth for spontaneous ice removal ice.

The freezing-driven ice-removal mechanism was further explored on various
surfaces®. The successful self-dislodging required free surface of the droplet be
solidified first, forming an ice shell on the external surfaces while maintaining the
droplet-substrate contacted region remained liquid. As the subsequent freezing phase
boundary moved inward in the droplet asymmetrically, the volume of droplet expanded
in the solidification and caused mass displacement toward the unsolidified droplet-
substrate interface. On non-wetting surfaces with pinned ice-liquid-vapor contact line,
the displaced mass had nowhere to spread in the final state of solidification and lifted the
droplet upward. This dislodging process was observed on various substrate with a wide
range of wettability (from hydrophilic to superhydrophobic) and topography as shown
in the Fig. 2.14b.

By controlling the multi-crystal ice growth pattern on the surfaces, another important
surface design for novel dynamic ice repellence was also developed recently'>. By
depositing silver iodide (Agl) nanoparticles as ice nucleation active sites on surfaces, ice
nucleation can be controlled to occur concurrently. It was found that the ice crystals on
a hydrophilic surface (with water contact angle of 14.5°) underwent an along-surface

growth (ASG) mode. However, the ice on the hydrophobic surface (with water contact
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angle of 107.3°) exhibited an off-surface growth (OSG) mode (Fig. 2.14c). On the
smooth surfaces, there is an ASG-to-OSG transition of ice growth mode at surface water
contact angle of @ = 32.5° = 1.9°. In the OSG mode, the optimal contact area (Acontact)
was only around 10 % of projected area (Aproject). In ice-removal tests, the OSG ice can
be easily blown away by a wind breeze with velocity of 5.78 m/s at -3 °C, while the ASG

ice remained firmly adhered on the surface.
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Figure 2.14. Representatives of the DAIS through dynamic ice growth controlling. (a) Spontaneous
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hydrophobic and superhydrophobic surfaces®. Copyright © 2017 National Academy of Sciences of the
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United States of America. (¢) Ice growth pattern on surfaces with different wettability and their anti-icing

performance'®. Copyright © 2017 National Academy of Sciences of the United States of America.

2.3.3.3 Ice-free zone programming

As the dynamic ice growth patterns are important for anti-icing, recent investigations
further revealed that ice growth on the whole surfaces can be programmed through

surfaces chemistry/structure deign®> 89191

. On surfaces fabricated by assembling
poly(poly(ethylene  glycol) methyl ether methacrylate)/polydimethylsiloxane
(P(PEGMA)/(PDMS)) Janus particles, ice was found to grow into ice crystals/dendrites
in certain regions, leaving other regions dry and clean'®’. The underlying mechanism of
the distinct ice growth pattern on the Janus surfaces was elucidated, as depicted in Fig.
2.15a. The icing process on the Janus surfaces followed a unique process. Frist,
condensed droplets froze inhomogeneously on the surface. Specifically, ice crystals
emerged more likely in the large liquid droplets on the hydrophilic regions of the surface.
The frozen droplets then affected the surrounding regions. Instead of freezing, the small
droplets on the hydrophobic clusters around the frozen droplets disappeared through
evaporation. Then, desublimation effect of vapor to ice assisted the further growth of
already frozen droplets into dendrites, which ultimately led to building a dry band around
the large frozen dendrites, namely ice-free zones. Because of the ice-free zones and small

ice contact area, the Janus surfaces exhibited low ice adhesion strength of 56 kPa.

The guided ice growth pattern on Janus surfaces suggested that surfaces chemistry
design could dynamically create ice-free zone. However, the locations of ice-free zones
on a surface were mostly random. In a recent report, ordered and large-scale ice-free
zones taking up ~ 96 % of the entire surface area were programmed and created on
surfaces with patterned polyelectrolyte'®®. On these patterned surfaces, icing was
designed to initiate from the polyelectrolyte domains and propagated atop, as shown in
Fig. 2.15b, an ice-free zone was generated around. The condensation of vapor into water
droplets on the polyelectrolyte released latent heat, which led to significant temperature
increase on the substrate close to the frozen droplets. This freezing-driven thermal effect
resulted in further water evaporation around the frozen droplets. Because the saturated
vapor pressure of water droplets is higher than ice, the newly formed ice was guided to

grow exclusively on the patterned polyelectrolyte domains through desublimation®’- 1%
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170,184 In contrast, ice growth at the ice-free zone was inhibited. Thus, ice accumulated
on the frozen area was accompanied by the consumption of condensed droplets and

resulted in the continuous expansion of ice-free zone.

Besides patterning in surface chemistry, micro-structure can also be utilized for
programming ice-free zone on surfaces. As shown in the Fig. 2.15¢, precisely designed
micro-patterned surfaces were used for programming ice growth with an interesting and
motivating aim of using ice to fight ice'”!. The unique feature of such surfaces was
introducing water into microstripes on the surface. Under cooling, the water stripes on
the surface froze firstly, serving as frozen regions. The formation of ice-free and dry area
on the surface followed the same process as discussed above, which led to as high as 90
% percent of the total surface area as dry zone (or ice-free zone). Interestingly, it was
found that the growth rate of frost on the ice-stripes was one order of magnitude lower
than on the smooth solids. In short, the pre-frozen ice pattern not only protected the other
region from icing but also slowed down ice propagation.

Natural surfaces like certain tree leaves can also program ice formation in winter>” 1,

namely ice accumulation on convex veins is more significant than flat zones. Inspired
by such phenomena, artificial leaves with ice-free regions were designed recently®. The
micro-textures on the artificial leaves can result in large scale ice-free area without pre-
designed water/ice stripes, affecting both water condensation and ice formation on the
surface. As water molecules in a supersaturated ambient air diffused more easily to the
peaks than to the valleys, the artificial leaves accumulated more and larger droplets on
top of its micro-texture, where the freezing of droplets initiated at lower temperature.
After ice formation on the peaks of the micro-textures, the low vapor pressure led to the
evaporation of droplets from and created stable ice free zone in the valleys as shown in
Fig. 2.15d. Combining the experiments and simulation, an important structure
parameters o, namely the vertex angle, was proposed to quantitatively correlate to the
percentage of ice-free regions and the micro-texture on the surface. The relationship
between a and frost coverage were mapped under various ambient humidity, providing
significant instructions for constructing ice-free regions through surface structure

fabrication.
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Figure 2.15. Representatives of the DAIS through ice-free zone programming. (a) Ice formation
mechanism on rough hydrophilic, hydrophobic, and Janus surfaces'®. Copyright © 2016 American
Chemical Society. (b) Patterned polyelectrolyte coatings for dynamic controlling large scale ice-free
region'®®. Copyright © 2020 American Chemical Society. (c) DAIS using microscopic ice patterns!'®!.
Copyright © 2018 American Chemical Society. (d) Micro-textured surfaces with capacity of dynamic
forming ice-free zone®. Copyright © 2020 National Academy of Sciences of the United States of America.

2.3.3.3 Dynamic ice melting

Ice melting on anti-icing surfaces is another important aspect of dynamic ice change
for avoiding unwanted ice accumulation. The dynamic ice melting surfaces were created
by integrating materials with thermal effects, including electrothermal, near infrared

photothermal, magnetothermal and solar photothermal effects!'47 192194,

The use of electrothermal effect for tackling icing problems had a long history. In the
last decades, numerous active anti-icing surfaces with additive electrothermal effects

were developed, which consumed electrical energy for dynamic ice melting'®>-2%,
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Passive icephobic surfaces, such superhydrophobic and the SLIPS surfaces, can also
integrate active thermal effects for anti-icing, as introduced in the dynamic interface
melting surfaces section above. By enhancing the power density on such surface, ice can
be dynamically and constantly melted at the ice-substrate interface until being fully
consumed. Recently, a so-called slippery liquid infused porous electric heating coating
(SEHC) was prepared, which contained MWCNTs as electrothermal generators'*’. The
SEHC also contained lubricating oil with high thermal conductivity that enabled
reduction of ice adhesion strength from 1940 to ~ 58 kPa. The obvious advantage of
using SEHC instead of superhydrophobic surface was the thermal conductivity of the
lubricant, which was nearly one order of magnitude higher than that of air and thus also
higher electrothermal efficiency. The SEHC could melt ice on the surface completely
with power density 0.58 W/cm?, showing significant reduction from 0.65 W/cm? on
superhydrophobic surfaces (Fig. 2.16a). In another study, the lubricant infused surfaces
were integrated with near-infrared photothermal effect for dynamic melting ice!°2. The
lubricant infused film (LF) on the surfaces showed much lower ice adhesion strength of
~ 25 kPa than that of surfaces with smooth film (SF, ~ 506 kPa). Surfaces with embedded
Fe304 nanoparticles (0.5 wt%) into the substrate was prepared for melting surface ice.
The temperature of such surfaces can increase for more than 50 °C in 10 s under
irradiation, owing to the excellent near-infrared thermal response of the Fe3;O4
nanoparticles. In an ice melting test, the ice layer on the surface was melted in 4 s with
ambient temperature below -5 °C (Fig. 2.16b). The Fe;O4 nanoparticles were not only
good medium for photothermal generation, but also possessed excellent magnetic-
thermal effects. Superhydrophobic coatings containing Fe3O4 nanoparticles can
dynamically melting ice under magnetic field and sunlamp irradiation (Fig. 2.16c) '*°.
Under a magnetic field of 7.8 kW, the hybrid surface containing 50 wt% Fe304
nanoparticles showed an increase in temperature of ~ 21 °C in 25 s. At the meantime,

the same surface under sunlamp irradiation (75 W) increased 13 °C in 5 min.

The dynamic ice melting surfaces described above by using electric power, near-
infrared irradiation and magnetic field were attractive. However, their approaches are
partially active and thus can be costly. The photothermal trap surfaces that used solar

irradiation energy for ice melting were outstanding candidates and have raised great
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Despite the complex design, these novel surfaces
introduced in the dynamic interface melting was efficient. For instance,
superhydrophobic icephobic surfaces with photothermal effects by using cheap candle
soot was newly fabricated'**. Because of the hierarchical structure and the black color,
the candle soot has excellent photothermal conversion efficiency?®-%. As shown in the
Fig. 2.16d, the candle soot coated surfaces possessed combined properties of robust
superhydrophobicity and highly efficient light trapping, which enable surface
temperature increase of ~ 53 °C under 1 sun illumination (1 kW/m?). In a frost melting

test at -30 °C, the accumulated frost started melt after illuminating 60 s and the surface

was free of ice in 720 s, demonstrating superior dynamic ice melting performances.
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Figure 2.16. Representatives of the DAIS through dynamic ice melting. (a) Dynamic anti-icing
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As the viewpoint in the Chapter 2, the state-of-the-art anti-icing surfaces mainly
designed based on their static nature, namely no change is considered at the ice-substrate
contact area after ice formation. By taking a dynamic look at the chemical/physical states
of the ice/substrate/ice-substrate-interface, DAIS are proposed in this thesis. Given the
ice formation is inevitable in the practical applications, enabling the dynamic change after
ice formation can be a universal solution for a broad range of surfaces. The dynamic
principle can be a good route for future anti-icing surfaces design, and can provide a novel
avenue towards icephobicity. Based on the dynamic design principle (Fig. 2.5), through
tuning the dynamic behaviours at substrate and at the ice-substrate interface, two DAIS

are fabricated.
3.1 Phase transformable slippery liquid infused porous surfaces

Firstly, DAIS by enabling dynamic changes at the substrate are explored and designed.
Generally, the longevity and durability of slippery liquid infused porous surfaces
(SLIPSs) applied for anti-icing purpose are of great challenge. In this work, phase
transformable slippery liquid infused porous surfaces (PTSLIPSs) are fabricated to
overcome this tough barrier. The underlying mechanism relies on the physical property
of lubricant that enables the transformation to solid state before water freezing.
Attributing to the dynamic change of lubricant for liquid state to solid state under sub-
zero temperature, the lubricants are strongly adhered in the porous structures, enabling
the surfaces with excellent lubricant retention in icing/de-icing cycles (Fig. 3.1). the

peanut oil infused porous PDMS substrates in this work shows low ice adhesion strength
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(4 ~ 22 kPa), For selected samples, low ice adhesion strength around ~16 kPa maintains
after 30 icing/de-icing cycles due to the phase transition property of the lubricant (Fig.
3.1). At the same time, thanks to the dynamic phase transition, PTSLIPS suit to various
substrates with numerous chemical compositions (both hydrophobic and hydrophilic
materials), wide pore size distributions and diverse pore morphologies. PTSLIPS with a
variety of ice adhesion strength are demonstrated with substrates (wipers, foams and
paper) that can be found easily from household garbage and lab supplies. Therefore, we
show the possibility of creating anti-icing surfaces by Do-It-Yourself (DIY) with porous
materials in hand. Besides, upon bulk damages, liquid lubricants flow to the damaged
area by surface-energy-driven-capillary force in room temperature, thus PTSLIPS can be
self-repaired and restore their icephobicity in low temperature. Herein, PTSLIPS provides
a widely appliable method for design durable icephobic surfaces by integrating dynamic

phase transformable lubricants into SLIPSs.
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Figure 3.1 The design principle (lubricant retention in icing/de-icing cycles) and the excellent icephobicity

of PTSLPS.
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3.2 Liquid layer generators

Another work focuses on the dynamic changes at the ice-substrate interface, new
icephobic surfaces are fabricated by programming dynamic lubricant layer at the
interface. The aim of this work is to fabricate dynamic icephobic surfaces that can
combine low ice adhesion strength, excellent durability and extremely low temperature
applicability. First, we employee atomistic modelling and simulations to compare the ice
adhesion force on substrates with and without a liquid lubricating layer at various
temperatures (down to —60 °C) and investigated the reduction in atomistic ice adhesion
by substituting the interfacial aqueous layer to a lubricating ethanol layer (Fig. 3.2). The
interfacial ethanol layer shows superior icephobicity compared to aqueous layer and
maintains icephobicity at extremely low temperatures (—60 °C) in the simulation. On such
a theoretical basis, we synthesized ethanol-contained polymers with various roughness
levels and chemical components that can release ethanol to the ice-substrate interface,
namely, Liquid layer generators (LLGs). Two types of LLG are designed, namely,
embedding ethanol in the substrate and storing replenishable ethanol in holding
capacities, both exhibit excellent icephobicity with the lowest ice adhesion value of 1.0
kPa observed at —18 °C, which verified the function of the ethanol layer generated by
LLG design. Owing to the ability of constant ethanol release and thickening of the
interfacial lubricating layers, LLG could overcome the deficiency induced by surface
roughness and hydrophilicity - the two critical factors that result in the failure of several
other icephobic surfaces. The lifespan of the icephobicity of LLGs was highly
encouraging, particularly with replenishable ethanol. Most importantly, LLG effectively
functioned at low temperatures, covering the arctic anti-icing requirements, which
outperformed other state-of-the-art icephobic surfaces. For select samples, by introducing
an interfacial ethanol layer, the ice adhesion strength on the same surfaces decreased in
an unprecedented manner from 709.2-760.9 to 22.1-25.2 kPa at a low temperature of
—60 °C. All these properties enable LLGs to become a competitive candidate for practical
anti-icing applications and provide an icephobic solution for extremely low temperatures

in which other earlier published icephobic surfaces fail.
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Atomistic modeling and simulations
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Unwanted icing is one of the major unsolved problems accompanying mankind in the
whole civilization history. It is unfortunate that the most common ways utilized today to
combat icing are still the traditional de-icing methodologies involved direct mechanical
forces, energy-intense thermal treatments or potentially detrimental chemical handling.
Despite that the passive anti-icing concept has been proposed for more than a decade,
automatic de-icing on application scale or at any industrial technology readiness level is
still not available. Nevertheless, there are significant successes in the anti-icing materials
related researches, especially on the super-low ice adhesion surfaces that enabling natural
forces for effective de-icing. Although challenges such as durability, contamination,
extreme temperature and harsh conditions need to be addressed, the upscale of such anti-

icing surfaces from laboratory do promise a bright future.

Given the abundant research results on anti-icing materials, the understanding of the
icing problem also needs to update. By looking into the evolution of ice-substrate contact
region after ice formation, newly design principles can focus on integrating dynamic
performance into anti-icing surfaces and enabling enhanced icephobicity. Given the icing
is almost inevitably in practice, dynamic programming the ice-substrate contact area after
ice formation offers a great potential to solve the icing problem on any surfaces. The
DALIS, to some extent, need external energy inputs. Unlike the active de-icing process,
attributing to the internal passive icephobicity design, the DAIS generally provides
energy-saving alternatives for obtaining ice-free surfaces. Especially the energy from

solar illumination, can be an ideal method for dynamic ice removing. Such surfaces still
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have relatively low power density or suffer from critical environmental limitation such
extremely low temperature, which deserves continuing research effort in the future
research. However, the rational structure-property-function relationship in the current
DALIS needs more exploring. More theoretical researches on DAIS should be promoted,
including atomistic modelling and simulation, and multiscale approaches. Last but not
least, to build better design principles from materials choice, structures programming to

functions integrating for anti-icing applications.
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Keywords: Generally, the longevity and durability of slippery liquid infused porous surfaces (SLIPS) applied for anti-icing purpose
Phase transformable lubricant are of great challenge. In this work, phase transformable slippery liquid infused porous surfaces (PTSLIPS) are fabri-
Anti-icing cated to overcome this tough barrier. The underlying mechanism relies on the physical property of lubricant that
Ice adhesion strength enables the transformation to solid state before water freezing. Peanut oil infused porous PDMS substrates show low ice
;cr;""t oil adhesion strength (4 ~22kPa) as well as excellent durability. For selected samples, low ice adhesion strength around
~16 kPa maintains after 30 icing/de-icing cycles due to the phase transition property of the lubricant. In addition to the
promising ice adhesion strength and durability, PTSLIPS also suit to various substrates with numerous chemical
compositions (both hydrophobic and hydrophilic materials), wide pore size distributions and diverse pore morpholo-
gies. PTSLIPS with a variety of ice adhesion strength are demonstrated with substrates (wipers, foams and paper) that
can be found easily from household garbage and lab supplies. Therefore, we show the possibility of creating anti-icing
surfaces by Do-It-Yourself (DIY) with porous materials in hand. The PTSLIPS also possess self-repairing property with
excellent physical damage resistance, and scratches on PTSLIPS have minor effects on their ice adhesion strength.
1. Introduction can assist the removal of ice have received growing interests. The lotus-leaf-

based superhydrophobic surfaces inspired the design of surfaces for pre-

Ice formation and accretion can cause huge problems for aircrafts, ships, vention of ice formation [9-17]. Superhydrophobic surfaces that can delay
electrical transmission cables, wind turbines, motor vehicles et al. [1-7]. It ice formation down to —25°C to —30°C have been reported [11]. How-
demands a significant amount of energy and time to clear the ice away once ever, the drawbacks of superhydrophobic surfaces for anti-icing have also
formed [8]. Consequently, designing and deploying material surfaces that been revealed [8,12,13,18-20]. In a humid atmosphere, superhydrophobic
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surfaces have even higher freezing rate than smooth surfaces [13] and the
condensation of water in the rough structure may lead to very large ice
adhesion strength [8,12,14,19]. In addition, because of the low abrasive
resistance, superhydrophobic surfaces experience gradual damage during
icing and/or de-icing cycles and show low durability [14,21,22].

Recently, the pitcher-plants-inspired slippery liquid-infused porous sur-
faces (SLIPS) [23] with exceptional icephobicity have been designed [24].
These surfaces show positive effects in delaying frost formation [24,25] and
lowering ice adhesion strength (~10-150kPa) [24,26-28]. In general,
SLIPS enable the possibility of self-removal of accreted ice by gravity, wind
or vibration [29-31]. Unfortunately, the lubricating layers in SLIPS can be
easily carried away by water droplets [32-34] or replaced by ice [35],
which result in remarkable degrading in anti-icing performance after few
icing/de-icing cyeles. Therefore, keeping longevity and durability of the
SLIPS is of great challenge for the practical applications of these icephobic
surfaces. Some strategies have been developed to improve the durability of
SLIPS, such as carefully selecting lubricants and using favorable surface
chemistry [36], incorporating nanostructures or increasing texture density
[27,37], crosslinking polymer networks into SLIPS [38]. However, the im-
provements are still limited, and the complex design of surface chemistry or
structure in these methods restrict their applications. Thus, new strategies
are needed to achieve practical longevity and large scope applications of
SLIPS [39].

There are two important principles in designing SLIPS for anti-icing
application: 1) the surface should have favorable nano/microstructure
for the adhesion and retention of infiltrated lubricant, 2) the chemical
affinity between the lubricant and surface should be superior to that
between water and the surface [23,24]. To meet these criteria, the
surfaces are carefully fabricated with appropriate roughness and sub-
sequent hydrophobic treatment [24,25,36]. In fact, both principles re-
late to durability of surface. The nano/microstructure are essential for
capturing lubricant liquid inside the pores and slowing down the rate of
lubricant run off. The strong chemical affinity between surface and
lubricant can prevent water from replacing the lubricant liquid and
extend the repellent time of SLIPS. So far all the design for improving
the durability of SLIPS follow the two principles mentioned above.

In this work, we report synthetic ‘phase transformable slippery li-
quid infused porous surfaces’ (PTSLIPS) — that the liquid lubricant
converts into solid phase in cold environment before water freezing.
The phase transition of lubricant widely expands the potentials of
SLIPS. At room temperature (~ 25 °C), the lubricant is liquid and the
surface can be designed with omniphobility through the guidelines
shown in Tak-Sing et al.’s report [23]. Once the temperature decreases
to below zero degree, the lubricant tums to solid state and more durable
anti-icing surface can be obtained. Furthermore, the solid lubricant can
retain in pores with various size and morphologies. The solid lubricant
can also survive from water replacement when hydrophilic substrates
are used. Another important advantage is the environmental friendli-
ness. Comparing with silicon oil and perfluorinated lubricant that
commonly used in anti-icing SLIPS [24,27,38], the phase transformable
lubricant (peanut oil in this work) which can degrade in natural en-
vironment is a safer and cheaper choice.

In summary, we show that PTSLIPS possesses low ice adhesion
strength and excellent durability, prevents lubricant loss for various
pore sizes regardless of morphologies, suits to numerous porous sub-
strates (both hydrophobic and hydrophilic surfaces), self-repairs and
retains low ice adhesion strength after mechanical damage. The
PTSLIPS are environmentally friendly that maximize the scope of ap-
plications. In addition, we demonstrate that anti-icing PTSLIPS are
possible to be designed at home with porous materials in hand.

2. Experimental process
2.1. Methods summary
(PDMS) substrates were

The porous polydimethylsiloxane
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fabricated by a sacrificial templates method. PDMS prepolymer
(Sylgard 184, Dow Corning) and curing agent were mixed in a weight
ratio of 10:1, Sacrificial templates made of sodium chloride powders
from Sigma-Aldrich were added into the mixture with mass ratios of 50,
100, 150 and 200 wt%, respectively. The final mixtures were degassed
in a vacuum chamber and then placed under 120 °C for 30 min to obtain
cured PDMS. Porous PDMS substrates were successfully fabricated by
dissolving sodium chloride in water bath under 70 °C for 72h. The
thickness of porous PDMS was controlled as 0.9 mm by the volume of
mixtures used. After immersing the porous PDMS into lubricant for 48 h
and wiping out visible oil on the surfaces, PTSLIPSs were obtained. The
phase transformable lubricant used for the experiments was peanut oil
(analytical standard, Sigma-Aldrich). Some phase transformable lu-
bricants that can be used were recommended in supplementary Table
S1. Other porous substrates like foams, wipers and paper could be easily
obtained from household garbage and lab supplies, and compositions
were shown in supplementary Fig. S1. The extra lubricant on these
porous substrates were removed by sloping samples after oil was in-
fused.

2.2. Characterizations

Surface morphologies were observed by the field emission scanning
electron microscope (FEI APREO SEM). All samples were sputter-coated
with a 5nm platinum/palladium layer. The water contact angle was
measured by using a CAM 200 contact-angle system (KSV Instruments
Ltd., Helsinki, Finland), and repeated for 4 times, where water was
supplied via a syringe in or out of sessile droplets (~5 yL). The com-
positions of the porous foam, wipers and paper were confirmed by FT-
IR spectroscopy (Thermo Nicolet Nexus FT-IR spectrometer) combined
with production information. Ice adhesion strength was measured by a
universal mechanical tester (Instron Model 5944) equipped with lab-
built cooling system and chamber, as described in previous studies [40].
A polypropylene centrifuge tube with a 1 mm thick wall and a 20mm
inner diameter was placed onto the coatings. 1.5mL deionized water
was infused into the molds, the samples were placed in freezer with
constant temperature of —18°C for over 3 h (held for 24 h for one time
ice adhesion strength test and held for 3h for cycling test) to ensure
complete freezing. Before test, the samples were transferred from the
freezer to the cooling chamber of the test machine and stabilized at
—18°C for 30 min. During ice adhesion test, a force probe with 5Smm
diameter propelled the tube-encased ice columns at a velocity of
0.01mms~', and the probe was located close to the tested coating
surface (less than 1 mm) to minimize the torque on the ice cylinder. The
loading curve was recorded, and the peak value of the shear force was
divided by contact area to obtain the ice adhesion strength. Four
samples from each composition were measured to obtain the ice ad-
hesion strength.

3. Results and discussion
3.1. Icephobicity of PTSLIPS form PDMS substrates

Porous PDMS were used as substrates to investigate the ice adhesion
strength and durability of PTSLIPS. The porosity was controlled among
18~47% through varying the sacrificial templates” amounts (Fig. 1a).
The Fig. 1b revealed the morphologies of porous PDMS with and
without sacrificial templates. The sacrificial templates had random
particle size distribution, thus pores with diameter range from na-
noscale to macroscale were observed from both cross section and top
surface view of samples. Additionally, the surface of the porous PDMS
was not ideally flat and no extra process (such as fluorination to lower
the surface energy) was taken on PDMS surface after removing sacri-
ficial templates. In this way we intended to show that PTSLIPS were
easily handled on porous substrates without complex processing steps,
which was important for the DIY of anti-icing PTSLIPS.
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Fig. 1. Design of PTSLIPS with super low ice adhesion strength and excellent durability. (a) Schematics showing the fabrication of porous PDMS through sacrificial
templates method and the management of a PTSLIPS by infiltrating a phase transformable lubricant (see Methods Summary). (b) Scanning electron micrographs
showing the morphologies of PDMS with 200 wt% mass ratio of sacrificial templates: cross section of cured PDMS before removing templates (left), cross section of
porous PDMS after removing templates (center), and top surface of porous PDMS after removing templates (right). (c) Summary of porosity of porous PDMS as a
function of mass ratio of sacrificial templates and showing the ice adhesion strength of PTSLIPS along with porosity of PDMS. (d) The comparison of ice adhesion
strength among porous PDMS with lubricating film (PTSLIPS), without lubricating film, and with flat PDMS film. (e) Ice adhesion strength of PTSLIPS (from porous
PDMS fabricated by 200 wt% sacrificial templates) along with icing/de-icing cycles. (The ice adhesion strength was tested under —18°C in the whole research).

Referring to ice formation, the PTSLIPS could effectively stop ice
front from growing into pores and slow down the rate of lubricant
drain, which resulted in low ice adhesion strength and excellent dur-
ability. The critical strength (ice adhesion strength) above which the
fracture occurs is given by [40,41]

1

where E is Young’s modulus, G is the surface energy, a is the crack
length, and A is a non-dimensional constant determined by the geo-
metric configuration of the interface crack [40]. To reduce the ice ad-
hesion strength, efforts on tuning Young’s modulus, lowering surface
energy, promoting multi-scale crack initiators and increasing crack
length have been made [40,42-44]. In this work, low ice adhesion
strength (4~ 22kPa) in Fig. 1¢ was a result from all the three factors,
low surface energy, modified Young’s modulus, as well as increased
crack length originated from the porous PDMS.

To understand the origin of the low ice adhesion strength of the
PTSLIPS, we first analyze the ice adhesion strengths of porous PDMS
without lubricating film and porous PDMS covered with flat PDMS film
(porous PDMS with similar porosity but with smooth surface). As
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shown in Fig. 1d, the ice adhesion strength decreases with the increase
of porosity. With increasing porosity, the apparent Young’s modulus
decreases, which contributes partly to the reduction of ice adhesion
strength in both cases. In addition to lowering apparent Young's mod-
ulus, macro-crack initiator (MACI) mechanism could play a role in the
ice adhesion of materials with sub-structures (holes) [40]. The porous
sub-structures below the surface introduce deformation incompatibility
and stiffness inhomogeneity, which maximize the total crack length a
and decrease the ice adhesion strength [40,45]. It is interesting to note
that the ice adhesion strength of porous PDMS without lubricating film
is lower than that of the porous PDMS with flat surface, which indicates
that the surface pores were not fully wetted by water and the voids
between surface and ice serve as additional stress concentrators (mi-
crocracks) [41]. It is known that pure PDMS film displays high ice
adhesion strength (~169kPa) [46]. By introducing phase transform-
able slippery liquid into porous PDMS, super low ice adhesion (ca.
4kPa, Fig. 1d) was obtained.

We further studied the durability of PTSLIPS. From the experimental
results above, porous PDMS with 47% porosity showed best icephobi-
city, i.e. lowest ice adhesion strength. Thus, this sample was selected to
undergo icing/de-icing cyclic test and the obtained ice adhesion
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strength was plotted in Fig. le. As expected, the ice adhesion strength
increased initially in the first 10 cycles. This was caused by the gradual
removal of a residual lubricant film on top of surface [23] together with
the removing of ice. The solid lubricant that was trapped in the curved
pores was more stable than lubricant on the top of surface and resulted
in a constant ice adhesion strength after 10 cycles. The migration of
liquid lubricant from the wetting ridge and the surface texture onto ice
surface was the main reason for the failure of SLIPS [35]. This migra-
tion was driven by capillary force arising by the nucleation of nano-
icicle. The liquid lubricant could drain fully from the micro/nano-
structures within one or two icing and de-icing cycles. However, the
phase transition of lubricant in PTSLIPS solved the problem. The solid
lubricant in the pores do not migrate onto ice surface as the liquid lu-
bricant (supplementary Fig. S2). Thus, the drain of lubricant was sig-
nificantly slowed down. Low ice adhesion strength around ~ 16 kPa
maintained after 30 icing/de-icing cycles, showing an excellent dur-
ability. By measuring the weight change of samples before and after
cycling test, we found 60 wt% lubricant was still retained in the films
after 30 icing/de-icing cycles, which demonstrate oil retention through
phase transition and durability of PTSLIPS. To sum up, promising
durability was achieved in PTSLIPS. Here we proposed a feasible
strategy to prolong the stability of lubricant in the pore through phase
transition of lubricant. As a comparison to limited lubricant retention
by closely spaced pillars [37], the solid lubricants in freezing atmo-
sphere were more durable and resulted in excellent durability of
PTSLIPS.

We also observed that the transition of lubricant from liquid to solid
state changed the water contact angle of the surface. The contact angle
decreased from 122.54° to 104.43° as lubricant filled pores of porous
PDMS, and then further decreased to 86.19° after lubricant transformed
into solid state. The detail experiment results and explanation of this
change were presented in supplementary Fig. S3.

3.2. Ability of PTSLIPS suits to diverse porous substrates

To enable SLIPS function, chemical affinity of the substrates to the
lubricants should be superior to the liquid they want to repel, otherwise
the liquid would displace the area of the lubricant and make SLIPS
invalid [23]. When extending SLIPS for anti-icing application, it was
important that lubricant film survived from water before icing [24].
Otherwise, water occupied the space of lubricant and ice formed in the
pores under freezing atmosphere (T < 0 °C), which resulted in failure
of SLIPS. SLIPS with hydrophilic substrates that had strong chemical
affinity with water can easily fail in anti-icing application (Fig. 2). Thus,
substrates were always silanized or fluorinated to render the surface
hydrophobic and increase the interfacial energy between water and
substrate [24,36]. This allowed lubricant to stably adhere to the surface
in the presence of water.

In this work, fastening lubricant in the porous structure through
phase transition provided an alternative strategy to stabilize lubricant.
In the design of PTSLIPS, the surface chemical affinity can be ignored,
which significantly extended the choices of substrates (both hydro-
phobic and hydrophilic surfaces) and simplified manufacture steps. The
design mechanism was illustrated in Fig. 2. Once the lubricant trans-
formed into solid state, the water couldn’t displace the lubricant and
would freeze on the top of lubricating film, which prevented ice
forming into pores of hydrophilic substrates. We further demonstrated
that by choosing hydrophilic blue wiper (supplementary Fig. S1f
showed the mainly compositions of this blue wiper), followed by in-
fusing silicon oil and peanut oil, respectively. They were preplaced in
freezer with a temperature of —20°C, and then water droplets were
dripped onto each surface (supplementary Movie S1). Water can easily
replace the liquid silicon oil in the pores but cannot replace the solid
peanut oil. Water immersed into substrate once dripped onto SLIPS.
While the water droplet on PTSLIPS could keep its shape and converted
into hemispherical ice. Additionally, as the peanut oil kept in solid state
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under 3°C, the oil migration onto ice drop surface caused by capillary
force [35] was also prevented (supplementary Fig. §2). In this way,
anti-icing materials with excellent durability could be designed not only
from hydrophobic substrates but also from hydrophilic substrates.

Supplementary Movie S1.

We further demonstrated the PTSLIPS could be easily manufactured
from various porous substrates that were familiar in our daily life.
Several wipers, foams and paper (supplementary Fig. S1 showed the
main compositions of these materials) were taken as substrates to fab-
ricate PTSLIPSs. Low ice adhesion strength ranged from 14kPa to
28kPa were achieved from hydrophobic substrates, and much higher
ice adhesion strength (217 ~ 280 kPa) was obtained on PTSLIPSs from
hydrophilic substrates. This significant difference was due to the in-
teraction between ice and porous skeleton. The interfacial energy be-
tween ice and hydrophilic surface was much higher than that of hy-
drophobic surface, which resulted in stronger ice adhesion [42].
However, the ice adhesion strength of PTSLIPS from hydrophilic surface
were significantly lower than reported hydrophilic surface and was
comparable with superhydrophobic surface [47]. Thus, this strategy has
the potential to achieve appropriate anti-icing property on both hy-
drophobic and hydrophilic surface. In addition to wide adaptation on
substrates with various chemical compositions, PTSLIPS also suited to
substrates with wide pore size distributions and pore morphologies
(Fig. 3). Generally, carefully designed micro/nanotextured surfaces
were essential for retention of the infused lubricating liquids
[24,27,28,38]. The liquid lubricants were caught through capillary
force, and the force would decrease with pore size increasing [48].
Thus, porous substrates with large pores were inappropriate in the
design of SLIPS for liquid lubricants easily ran off. However, in the
PTSLIPS, lubricants could remain in the pores once converted to solid
phase. Therefore, anti-icing materials could be fabricated through in-
fusing phase transformable lubricants into various porous substrates.
Since the strategy in this work broke through the limitation of hydro-
phobic surface and small pore size in the design of SLIPS, the PTSLIPS
could be attractive for people to DIY in home with porous materials in
hand.

3.3. The self-repairing characteristic of PTSLIPS

The PTSLIPS also possessed the self-repairing property like SLIPS,
moreover PTSLIPS could not only repair the lubricating film on the
surface but also the bulk damage (Fig. 4a). For self-repairing the bulk
damage, liquid lubricant flew to the damaged area and refilled the
voids at first, then phase transition enabled solid lubricant with rea-
sonable strength and repaired the bulk damage. To achieve self-re-
pairing, the pore connectivity in substrate should support for the
flowing of lubricant and the lubricant amount at the damage part
should be abundant to provide enough mechanical strength. Thus
highly porous substrates with excellent pore connectivity were neces-
sary for the design of self-repairing PTSLIPS. PTSLIPS fabricated from
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Fig. 2. Schematic illustration of the stability of lubricating films on silicone oil (top) and peanut oil (bottom) infused hydrophilic substrate during freezing process.
Schematic side views of state of water droplets and ice.
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Fig. 4. Self-repairing and mechanical damage resistance of PTSLIPS. (a) Optical images showing the capability of a PTSLIPS to self-repair from physical cut. (b) Ice
adhesion strength showing the restoration of icephobicity of a PTSLIPS after mechanical damage. Top panels show the area of scratching (blue dashed lines) and ice
adhesion test area (red dashed circle). Bottom panel shows the ice adhesion strength of PTSLIPS with and without scratching. (The freezing temperature was —18°C

for this part).

porous substrate made of polypropylene with porosity ~84% (porous
substrates in Fig. 3a) was used to investigate the self-repairing property.
The self-repairing of PTSLIPS could be completed through one thawing-
freezing process. In Fig. 4a, the bulk healing was finished in 30min
once sample transferred into freezer (with a temperature of —20°C).
Firstly, in temperature above 3 °C, liquid lubricant could flow to the
damaged area by surface-energy-driven-capillary force, the physical
voids were spontaneously refilled by the lubricant [49]. Then the
sample was placed in a freezing atmosphere, which triggered the phase
transition of lubricant from liquid to solid. The solid lubricant had
stronger intermolecular force and attached reasonable mechanical
strength onto the damaged area. The self-repairing characteristic im-
proved the durability of anti-icing materials [46]. PTSLIPS still had
excellent anti-icing properties after mechanical damage (Fig. 4b). Ice
adhesion strength test was carried out on the surfaces after mechanical
scratching. Low ice adhesion strengths (20 ~ 26 kPa) were achieved on
the scratched area, which were very similar to the same surfaces
without scratching (16~ 22 kPa).

4. Conclusion

In summary, this work introduced phase transformable slippery li-
quid infused porous surfaces (PTSLIPS) with remarkable anti-icing
properties. Porous PDMS fabricated through sacrificial template
method and infused by peanut oil showed low ice adhesion strength
(4~22KkPa) as well as excellent durability. Since peanut oil kept solid
state below 0 °C, the stability of lubricant in porous structure was en-
hanced in icing/de-icing cycles. For selected samples, low ice adhesion
strength around ~ 16 kPa maintained after 30 icing/de-icing cycles.

The PTSLIPS was further proved to indiscriminately adapt to porous
substrates with various chemical compositions. The enhanced retention
of solid lubricant in porous structure prevented the lubricant form
being replaced by water, therefore avoided ice formation in the pores
and lowered down mechanical interlocking between ice and porous
structures. The phase transition also made it possible for storing lu-
bricant in pores with wide pore size distributions and various pores
morphologies. What mentioned above simplified the fabrication pro-
cedure of liquid infused porous surfaces and maximized the substrates
(both hydrophobic and hydrophilic materials) used for anti-icing area.
The PTSLIPS also possessed self-repairing property that could repair the

bulk damage as well as retain low ice adhesion strength after me-
chanical scratch. Herein, people were able to fabricate anti-icing ma-
terials with porous substrates in hand by an easy way.
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The FT-IR spectra of various porous substrates were displayed in Fig. S1. With the
combination of products information, the main compositions of these substrates can be

defined, and the wettability can be indicated.
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Supplementary Figure S1. FT-IR spectra verifying the main compositions of porous substrates. (a)

1.1,2

Red wiper is made of polypropylene and is hydrophobic materia (b) Polyester wiper is made of

1.3,4

polyethylene terephthalate and is hydrophobic materia (c¢) Green foam is made of polystyrene and is

1.5,6

hydrophobic material.””” (d) White foam is made of polyvinyl chloride and is hydrophobic material.” (e)

Black foam is made of polyvinyl chloride and is hydrophobic material. The band at 3302 cm-1 that shows
up in Fig. S1d but not in Fig. S1e mainly result from the different fabrication methods of these two polyvinyl
chloride samples. (f) Blue wiper is made of 55% cellulose and 45% polyethylene terephthalate, and is

hydrophilic material. (g) Paper is made of cellulose and is hydrophilic material.’
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Substrate

After icing/de-icing cycles . Ice

0 Liquid lubricant

Solid lubricant retention After icing/de-icing cycles

B solid lubricant

Supplementary Figure S2. Schematic of the state of lubricant in ice/de-icing cycles. Top panels show
migration and drain of liquid lubricant during icing/de-icing cycles, while solid lubricant was retained

during icing/de-icing cycles in bottom panels, which induces PTSLIPS superior durability.
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The change of contact angle can be explained by the model proposed by Cassie and

Baxter!”
cos8* = fycos O + f, cos 6, ¢))

where 6" is the contact angle of the surface, fi and f> stand for the area fraction of the
liquid droplet in contact with the surface part A, and the surface part B, respectively. 61
and 6 stand for the contact angle of liquid in contact with surface part A and surface part
B, respectively. As shown in Fig. S3, contact angle change only depended on the surface
part B due to same surface part A (PDMS). The higher wettability of the part B was, the
smaller the contact angle was. Generally, the value of water contact angle in air was 180°,
since air was considered non-wetting''. Fatty acid (main composition of peanut oil, table
S1) contained —COOH function groups, thus peanut oil was more wettable than air. Once
liquid peanut oil was filled instead of air, contact angle #" decreased. The phase change
of lubricant further altered the contact angle. The mobility of molecules at surface
decreased with lowering temperature, which reduced the total entropy of the surface and
thereby increased its free energy, AG'2. The surface free energy could be related with
surface tension as equation 2, where G is Gibbs free energy, y is surface tension and 4 is
surface area'>. Thus, the surface tension of peanut oil would increase once transformed to
solid state.

dG =ydA (2)

cos O = Ysa Z Vst 3)

Yira

Based on the definition of contact angle (equation 3)!°, where @ is the contact angle,
ysa is the solid-air interfacial tension, ysz is the solid-liquid interfacial tension, and yr4 is
the liquid-air interfacial tension. The phase transition resulted in greater increase of ys4
than ysz. The yr4 was regarded as unchanged, and thus 6 would decrease. Thus, the
wettability gradually increased as surface part B changed from air to liquid lubricant and

then to solid lubricant.
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(a) (d) Substrate Water Phase transferable liquid lubricant  [Jll Solid lubricant

(©) )

b — 111

Supplementary Figure S3. Water contact angle of the porous PDMS, liquid lubricant infused porous

PDMS, and solid lubricant infused porous PDMS. (a) ~ (¢) Experiment results of contact angle (The
volume of water droplet used was 5 uL), the contact angles were 122.54°, 104.43° and 86.19°, respectively.
The samples (a) and (b) were tested in room temperature, sample (c) was tested at 0°C after peanut oil
converted into solid state. The substrate was porous PDMS fabricated by 200 wt% sacrificial templates. (d)

~ (f) Schematics showing the models of wetting for the three different samples.
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The design concept of PTSLIPS is that the lubricants used can transform into solid state
above 0°C. Table 1 shows melting point of a batch of oils. Both animal fat and vegetable
oils have higher melting points than commercial silicone oil and fluorinated synthetic
oils. The compositions reveal that lubricants from fatty acids (mainly mixtures of
saturated fatty acids and unsaturated fatty acids) are promising choices for manufacturing
PTSLIPS. Additionally, these animal fat and vegetable oils are environmentally friendly
choices. We further recommend the lubricants to be liquid at room temperature, thus
simplifying the infusing process '“. Therefore, the oils with melting points between
0~30°C can be good choices. Here is a summary of animal fat, vegetable oil and some

frequently used lubricants.
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Supplementary Table S1. Summary of animal fat, vegetable oil and some frequently used silicone oil

or fluorinated lubricants.

Lubricant Setting point | Monounsaturated | Polyunsaturated | Saturated fatty
(°C) fatty acid (wt%) | fatty acid (wt%) | acid (Wt%)
Mutton tallow 51.515 30.3416 1.611¢ 68.05'¢
Beef tallow 47.87"7 38.26'¢ 6.591¢ 55.15'¢
Chicken fat 43.1977 49.26'¢ 18.26%¢ 32.48'
Lard 4118 42.6216 17.29'¢ 39.02'¢
Palm oil 3518 40.17" 9.921 49.91"
Cocoa butter 3418 33.60% 2.68%0 62.92%
Babassu oil 28.921 10% -- 90?2
Coconut oil 2518 623 323 9123
Palm kernel oil 2418 15.3% 2.3% 8224
Peanut oil 318 55.7% 28.7% 15.6%
Cotton seed oil -1 16.2% 55.2326 28.5726
Tung oil -2.518 4.07 90.5%7 5.5%
Olive oil -618 7328 10% 16.6%
Rapeseed oil -10'8 60.37%° 32.07% 6.37%
Soybean oil -16"8 22.2%8 60.628 15.7%%
Sunflower oil 1718 33.8%8 56.5%8 8.9%8
Castor oil -1818 92.430 5.230 2.3%
Linseed oil 2418 17.7%8 73.5%8 8.8%8
Silicone oil 5cSt -54.99 - -- -
Silicone oil 10cSt -55 - - -
Silicone oil 20cSt -55 - -- --
Silicone oil 50cSt -55 - -- -
Silicone oil 100cSt -55 - -- -
Silicone oil 350cSt -55 - -- -
Silicone oil 500cSt -55 -- -- --
Silicone oil 1000cSt -55 - - -
Silicone oil 10000cSt -55 - -- -
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Silicone oil 30000cSt -55 - - -
Silicone oil 100000cSt -55 - -- -
Medical grade silicone oils | -50.7 ~ -36.9°! - - -
Krytox 100 -70 -- - -
Krytox 101 -70 -- - -
Krytox 102 -63 - -- -
Krytox 103 -60 - -- -
Krytox 104 -51 - - -
Krytox 105 -36 -- - -
Krytox 106 -36 - -- -
Krytox 107 -30 -- - -
FC-40 -57 - - -

FC-43 -50 - - -

FC-70 25 - - -

FC-72 -90 - - -
FC-770 -127 -- - -
FC-3283 -50 - - -
FC-3284 -73 - - -
DC702 <-20 -- - -
DC704 -35 - - -
DC705 -10 - - -

Note: 1. These are a brief summary form reference. The melting points and fatty acid
composition may have slight difference depend on manufacturers. 2. The melting points
of silicon 0il 5 ~ 100000 cSt are obtained from the product information on Sigma-Aldrich.
The melting points of medical grade silicone oils are evaluated from the endotherm in
DSC curves that related to the melting of silicon oil. 3. The commercial Krytox 100 ~ 107
show oil pour point instead of melting point form the product information. 4. The
commercial FC-40 ~ 3284 shows oil pour point instead of melting point form the product
information. 5. The commercial DC702 ~ 705 also shows oil pour point instead of melting

point form the product information.
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Supplementary Movie S1. Comparison of the stability and displacement of lubricating films on

silicone oil (s) and peanut oil (p) infused hydrophilic substrate.
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the recent years. However, a majority of the reported icephobi
surfaces rely on static mechanisms, and they maintain low ice
adhesion on surfaces at extreme temperatures (as low as —60 °C),
which is highly challenging. Dynamic anti-icing surfaces, which can
melt ice or change the ice-substrate interfaces from the solid to
liquid phase after the formation of ice, serve as a viable alternative.
In this study, liquid layer generators (LLGs), which can release
ethanol to the ice-solid interface and convert the ice—substrate
contact from the solid—solid mode to the solid—liquid—solid mode,
were introduced. Excellent icephobicity on surfaces with an ethanol
lubricating layer was found to withstand extremely low tempera-
tures (—60 °C), which was proven by both molecular dynamics
simulations and experiments. Two prototypes of LLGs, one by
packing ethanol inside and the other by storing replenishable
ethanol below the suk were fabri 1. These LLGs could
constantly release ethanol for a maximum of 593 days without
source replenishment. Both these prototypes exhibited super-low
ice adhesion strengths of 1.0-4.6 kPa and 2.2-2.8 kPa at —18 °C.
For select samples, by introducing an interfacial ethanol layer, the
ice adhesion strength on the same surfaces decreased in an unpre-
cedented manner from 709.2—-760.9 kPa to 22.1-25.2 kPa at a low
temperature of —60 °C.

Introduction

Unwanted ice formation and accretion is a common threat to
road safety, aircrafts, electrical transmission cables, wind turbines,
and many other devices,'™ which requires a tremendous amount
of energy input for traditional deicing." Consequently, designing

“NTNU Nanomechanical Lab, Department of Structural Engineering, Norwegian
University of Science and Technology (NTNU), Richard Birkelands vei 14,
Trondheim 7491, Norway. E-mail: jianying. he@ntnu.no, zhiliang.zhang@ntmu.no

" Department of Energy and Process Engineering, Norwegian University of Science
and Technology (NTNU), Kolbjorn Hejes v 1B, Trondheim 7491, Norway

# Electronic supplementary information (ESI) available. See DOI: 10.1039/c9mh00859d

This journal is © The Royal Society of Chemistry 2019

83

P
State-of-the-art icephobic surfaces mainly rely on static solid-solid ice~
substrate contact that fails at low temperatures with a threshold of
around —50 °C. A new strategy for anti-icing at such low temperatures
isrequired. Dynamic ing surfaces, which can melt ice or change the
ice-substrate interfaces from the solid to liquid phase after the formation
of ice, serve as a viable alternative. In this study, durable polymeric
materials, termed as liquid layer g (LLGs), were designed and
fabricated to target the achi of low ice g

P d low These LLGs could constantly release
interfacial ethanol for a maximum of 593 days, which dynamically
converted the ice contact from a firm solid-solid mode to a weak solid-
liquid-solid mode, thereby d i per-1 ice adhesi
strength of ~1 kPa. By introducing a porous layer below the substrate,
the interfacial liquid layer could be controlled by replenishable ethanol.
The LLG could also the probl of surface rough and
hydrophilicity that fail other icephobic surfaces. At extremely low
temperatures of —60 °C, these LLGs maintained low ice adhesion
strengths (22.1-25.2 kPa), exhibiting encouraging potential for practical
arctic anti-icing applications.

et oths at

and deploying materials and surfaces that can assist in the
removal of ice have received growing interests.” In the recent
years, four main classes of anti-icing/icephobic surfaces have
been developed. First, the lotus-leaf effect has inspired super-
hydrophobic surfaces that can delay or prevent ice formation.*”
Unfortunately, such superhydrophobic surfaces can result in
higher water-freezing rates than that in smooth surfaces in
a highly humid environment,” and its hierarchical surface
structure can enable mechanical interlocking with strong ice
adhesion.”*® Second, lubricant-infused surfaces can repel
incoming water and lower ice adhesion strength.'"'* For such
types of icephobic surfaces, the depletion of the lubricants
remains an unresolved problem, particularly in icing/deicing
cycles."*"" Third, interfacial slippage surfaces can imbibe oil
into silicon elastomers and show low ice adhesion strength.'*™”
However, the swelling of a polymer in oil may degrade the
mechanical durability of such a composite. Finally, macrocrack
initiators (MACI) and stress localization promote the development

Mater. Horiz, 2019, 6, 2063-2072 | 2063
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of surfaces that can facilitate crack generation through stiffness
inhomogeneity and deformation incompatibility as well as
achieve super-low ice adhesion strength without the use of
any surface additives."®'” Such MACI surfaces can be combined
with other mechanisms to further reduce ice adhesion. Notably,
other new strategies for anti-icing have emerged, particularly
those that involve ice growth and patterns into the design of
surface icephobicity.****

The surfaces discussed above can be generally categorized
as static anti-icing surfaces, implying that there is no dynamic
change in the chemical/physical states of the ice-substrate
interfaces on these surfaces after ice formation. In contrast,
emerging dynamic anti-icing strategies focus on melting or
altering the solid ice-substrate interfaces.***" One interesting
example of these new dynamic anti-icing surfaces is the photo-
thermal trap approach that utilizes solar illumination or near-
infrared irradiation for the rapid melting of accumulated ice.*
Another notable dynamic anti-icing surface contains polymers
with hydrophilic pendant groups that can absorb water from
ice and generate an aqueous lubricating layer at the interface.”*
These dynamic anti-icing surfaces hold the potential of gradually
converting firm solid-solid ice-substrate contacts to a weak solid-
liquid-solid characteristic, and they could maintain icephobicity
in a broader temperature range.z" For instance, a photothermal
trap can result in a temperature rise as high as 33 °C,>* and
an aqueous lubricating layer shows great icephobicity before
-53°C.*

The ice adhesion strength on dynamic anti-icing surfaces
with an aqueous lubrication layer was reported to be ~27 kPa,**
which await optimization to achieve practical passive anti-icing
application levels (lower than ~ 12 kPa).'"®** The icephobicity of
the dynamic anti-icing surface critically relies on generating an
interfacial aqueous layer. When this crucial interfacial liquid layer
freezes at lower temperatures (for example, close to —60 °C),
the ice adhesion strength can sharply increase to higher than
400 kPa.** Therefore, the ability of dynamic anti-icing surfaces to
maintain icephobicity in an arctic environment with extremely
lower temperatures (—60 “C or even lower) is still a formidable
challenge.

The aim of this work is to fabricate dynamic icephobic surfaces
that can function at extremely low temperatures. We focus on
fabricating a coating, termed as a liquid layer generator (LLG),
which can release ethanol at the ice-solid interface for generating
a lubricating effect and yielding low ice adhesion strength. First,
we used atomistic modeling and simulations to compare the ice
adhesion force on substrates with and without a liquid lubricating
layer at various temperatures (down to —60 °C) and investigated
the reduction in atomistic ice adhesion by substituting the
interfacial aqueous layer to a lubricating ethanol layer. On such
a theoretical basis, we synthesized ethanol-contained polymers
with various roughness levels and chemical components that can
release ethanol to the ice-substrate interface, namely, generating
an interfacial liquid layer. The fabricated LLGs were found to
function at —60 “C with worthwhile icephobicity and signifi-
cant lifespan. Our combined theoretical and experimental
studies contribute toward the understanding of the novel

2064 | Mater. Horiz., 2019, 6, 2063-2072
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dynamic anti-icing field. LLGs can provide a path to facilitate
anti-icing applications in unprecedented low temperatures.

Materials and methods
Atomistic modeling and molecular dynamics (MD) simulations

Atomistic modeling and MD simulations were employed to
investigate the lubricating effect of an ethanol layer of various
thicknesses at different temperatures. For the sake of simpli-
city, graphene platelets (dimensions: 2.3 nm x 2.3 nm) were
used to fabricate a carbon-based surface, as shown in Fig. S1
(ESTT). These graphene platelets were stacked on top of each
other at an equilibrium distance of ~0.6 nm at each edge
and extended to a periodic area of 10.4 nm x 10.4 nm. Ice
(thickness: 2 nm), with and without ethanol layers of 1 and
2 nm, was then modeled on the substrate, as shown in the
photographs of the example system in Fig. S1a and S2 (ESIT).
A simulation system with an interfacial aqueous layer (thickness:
2 nm) was also built for comparing the lubricating effect, as
shown in Fig. $3(a) (ESIF). The water molecules used the TIP4Pfice
model in this system. The OPLS force field was used for the
graphene platelets and ethanol layer, and the TIP4P/ice model
was used for modeling ice in all the MD simulations.*** The MD
package, GROMACS 5.0.7, was employed to perform all the
simulations.*® All the systems were equilibrated for 50 ns before
subjected to ice adhesion and shearing simulations. In all the
MD simulations, the time step used was 2 fs. The cutoff for
nonbonded interaction was 1 nm. The graphene platelets were
completely fixed at their position, providing a solid surface. The
ice was maintained at a temperature of —93 “C, which is similar to
a former study.”” The ethanol layers were maintained at various
temperatures of —18, —35, and —60 “C in different simulations.
The same simulation parameters were applied to the system with
an aqueous lubricating layer for comparing the lubricating effect
at these three temperatures. The Nosé-Hoover temperature
coupling method was employed in the simulations,***" where
the coupling constant was 0.4 ps. In order to determine the ice
adhesion strength and shearing stress, the pulling force was
subjected to the center of mass (COM) of the ice, which is similar
to that done in earlier studies.**** For determining the vertical ice
adhesion strength, the force constant of the pulling harmonic
potential was 500 k] mol ' nm ™2 Because of the limited space for
horizontal shearing in the periodic simulation box, the harmonic
potential was maintained at 2000 k] mol ' nm 2 The pulling
speed for all the deicing simulations was 0.5 m s '. The ice
adhesion strength was calculated using the maximal force for
vertical pulling normalized by the surface cross-section area,
namely, ¢ = fi,./A, while the ice shearing stress was obtained by
the shearing force normalized by the surface cross-section area,
namely, T = fjca /A

Fabrication of LLGs with ethanol inside the substrates

We used the silicon rubber Ecoflex™ 00-50 (Smooth-On, Inc.) as
the matrix material. The silicon rubber was added in two steps.
Silicon rubber part A was first mixed with absolute ethanol

This joumal is © The Royal Society of Chemistry 2019
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(Sigma-Aldrich) by mechanical stirring for 3 min. Part B was
immediately added, and the entire mixture was stirred for
another 3 min. The ethanol contents in the mixture were 10,
20, 30, and 40 vol%. The final mixtures were cast into plastic
molds and cured at room temperature. After 3 h, LLG 1 was
fabricated at various ethanol contents. The ethanol droplets
initially trapped in the silicon rubber were spherical, as shown
in Fig. 84 (ESIf), where the diameter ranged from 0.37 to
0.47 mm depending on the ethanol content (Fig. S5, ESIf).
Ethanol droplets were formed in the silicone rubber curing
process, which mostly resulted from the exclusion of the
ethanol molecules by the cured polymer chains. The ethanol
droplets were, therefore, firmly imprisoned in the polymer
matrix at the initial state of LLG 1.

Fabrication of LLGs with capacity below the substrates for
replenishable ethanol

Firstly, 4 inch silicon wafers were successively cleaned with
ethanol, acetone, and isopropanol. Then, mr-DWL 5 (micro
resist technology GmbH) was spin-coated on the silicon wafer
at 2000 rpm for 30 s, followed by prebaking at 50 and 90 “C
(5 min for each process). The silicon wafer with mr-DWL5 was
exposed to MLA150 (Maskless Photolithography, Heidelberg
Instruments), followed by post-baking at 50 and 90 “C (5 min
for each process). After developing in mr-Dev 600 (micro resist
technology GmbH) for ~ 35 min and hard-baking at 150 °C for
15 min, the silicon wafer with pillars of uniform sizes were
fabricated. The patterned area was controlled to dimensions of
5 cem x 5 cm for all the wafers. The distance between the pillars
varied from 5 pm to 30 ym, as shown in Fig. 4a-c and Fig. S8 (ESI¥).

The silicon wafers with pillars were silanized with trichloro-
(1H,1H,2H,2H-perfluoroocty)silane (Sigma-Aldrich) in a vacuum
chamber for 8 h for facilitating peeling off of the polydimethyl-
siloxane (PDMS). PDMS prepolymer (Sylgard 184, Dow Corning)
and curing agent were mixed in a weight ratio of 10:1 and
stirred for 5 min. The mixtures were degassed in a vacuum
chamber for 30 min to remove air bubbles. The liquid was
poured onto the patterned silicon wafer and held for 5 min and
then spin-coated (WS-400B-6NPP-LITE/AS, Laurell Techno-
logies) for 1 min at a speed of 500 rpm to obtain the PDMS
film (thickness: 420 pm). After curing at 60 °C for 3 h, the PDMS
films with subholes were carefully peeled off from the silicon
substrates. The films were transferred to glass and prepared for
the ice adhesion tests. To finalize LLG 2, ethanol was filled into
the subpores using an injector.

Silica nanoparticles and poly(vinyl alcohol) (PVA) were used
as surface modifiers for the PDMS surfaces. SiO, was synthesized
through a facile method. Firstly, 5 ml ammonium hydroxide
(28%, Sigma-Aldrich), 95 ml absolute ethanol (>99.8%, Sigma-
Aldrich), and 5 ml deionized water were mixed and stirred in a
three-necked flask for 10 min. Secondly, the mixture was heated to
60 °C and then 3 ml tetraethyl orthosilicate (TEOS, >99.8%,
Sigma-Aldrich) was added. Finally, after stirring for another 12 h,
the ethanoic suspension of silica nanoparticles (particle size:
~222.7 nm) were obtained (particle size distribution is shown
in Fig. 89, ESIY). The as-prepared suspension was dripped onto

This journal is © The Royal Society of Chemnistry 2019
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PDMS surfaces and spin-coated for 30 s at a speed of 800 rpm,
which was repeated five times. PVA (fully hydrolyzed, Sigma-
Aldrich) was dissolved in water at 100 °C to obtain a clear solution
of 3 wt%. The as-prepared solution was dripped onto PDMS
surfaces and spin-coated for 30 s at a speed of 800 rpm, which
was also repeated five times. The modified films were heated at
60 °C for 3 h to finalize the treating of PDMS films. To obtain LLG,
ethanol was filled into the subpores using an injector.

Characterizations

The chemical structures of the liquid layer at the ice-substrate
interface were examined by NMR (Bruker Avance III 400 MHz).
The surface morphologies were observed by a field-emission
scanning electron microscope (FEI APREO SEM). All the samples
were sputter-coated with a 5 nm gold layer. Microscopic photo-
graphs of the silicon wafers with different patterns were taken
by a DIC microscope (Zeiss AxioScope Al for reflected light
BF-DIC/POL, Carl Zeiss). The surface morphology of the coat-
ings was recorded by atomic force microscopy (AFM, Veeco
Metrology) using PeakForce Quantitative NanoMechanics. The
ice adhesion strength was measured by a universal mechanical
tester (Instron Model 5944) equipped with lab-built cooling
system and chamber, as described in earlier studies.'® A poly-
propylene centrifuge tube with a 1 mm-thick wall and an inner
diameter of 20 mm was placed onto the coatings. Further,
1.5 ml deionized water was infused into each mold, and the
samples were placed in a freezer at a constant temperature of
—18 “C for 3 h to ensure complete freezing. Before the testing,
the samples were transferred from the freezer to the cooling
chamber of the test machine. For testing at —18 °C, the samples
were stabilized in the cooling chamber of the test machine at
—18 °C for 10 min before testing. For the test at —60 “C, the
samples were stabilized in the cooling chamber of the
test machine at —60 °C for 1 h to ensure total cooling
before testing. During the ice adhesion test, a force probe
(diameter: 5 mm) propelled the tube-encased ice columns at a
velocity of 0.01 mm s ', and the probe was located close to the
tested coating surface (less than 1 mm) to minimize the torque
on the ice cylinders. The loading curve was recorded, and the
peak value of the shear force was divided by the contact area to
obtain the ice adhesion strength. Four samples from each
composition were measured to obtain the mean ice adhesion
strength.

Results and discussion
Lubricating effect of a nanoscale interfacial ethanol layer

The purpose of atomistic modeling and simulations was to
verify the lubricating effect of the ethanol layer at the ice-solid
interface at various temperatures. Simulation systems with and
without the interfacial ethanol layers on a model carbon-based
substrate were built for this purpose, as shown in Fig. 1 and
Fig. S1, S2 (ESIY). Pulling force was utilized to determine the
atomistic ice adhesion strength in the systems (details in the
Methods section).
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Fig. 1 A thin lubricating ethanol layer for reducing ice adhesion strength
(a) Atomistic model of an ethanol lubricating layer at the ice-solid inter-
face. The ice is shownin white and the carbon-based substrate is shown in
green. Periodic boundary of the system is shown in green. Directions of
pulling and shearing forces applied on the ice to determine ice adhesion
(¢) and shearing (1) stresses are indicated by red arrows. (b) ¢ values on the
same substrate with ethanol layers of 0, 1, and 2 nm in thickness.
(c)  values with ethanol layers of 0, 1, and 2 nm in thickness at —18 “C.
(d) = values on a 2 nm-thick ethanol layer at various temperatures.

A layer of lubricating ethanol can indeed considerably reduce
the atomistic ice adhesion strength (¢) and shearing stress (z).
As shown in Fig. 1a, the ice adhesion strength can be defined as
the highest stress needed to vertically detach the ice from the
substrate, while the shearing stress was monitored in the
horizontal shearing process using the shearing force normal-
ized by the surface area. Without an ethanol layer, the ice
adhesion strength obtained in 5 independent simulations was
351 4 4 MPa. In comparison, a sandwiched ethanol layer of
1 nm reduced the ice adhesion strength down to 160 + 3 MPa,
showing a drastic reduction of >50%. When the thickness of
the ethanol layer was 2 nm, the ice adhesion strength was
further reduced to 83 + 2 MPa, which was a reduction of
~50%. This result not only confirmed the icephobic potential
of the lubricating ethanol layer and its thickness effect, but also
showed that the accumulation of ethanol (from 1 to 2 nm)
at the ice-solid interface was highly beneficial for deicing
operations.

The lubricating effect of the ethanol layer was also significant,
and it reduced the ice shearing stress as the layer thickness
increased at extremely low temperatures. As shown in Fig. 1c,
without a lubricating layer, the ice shearing stress profile was in a
typical stick-slip pattern, which is similar to that used in earlier
studies,”" showing initial stress peak values exceeding 85 MPa.
Such high peak values reveal that high stress is needed to initiate
ice cracking during deicing processes. In comparison, an inter-
facial ethanol layer (thickness: 1 nm) can effectively smoothen
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the shearing stress profile and yield an average shearing stress
value of 34.5 + 4.5 MPa at —18 “C. When the ethanol layer
thickness was 2 nm, the ice shearing stress further reduced to
7.8 + 1.4 MPa. The lubricating effects of the ethanol layer were
maintained even at lower temperatures, as shown in Fig. 1d.
When the temperature decreased from —18 to —38 °C, the ice
shearing stress obtained with the 2 nm-thick ethanol layer
increased to 20.6 £ 2.7 MPa. At extremely low temperatures of
—60 °C, the ice shearing stress further increased to 33.2 =+
4.8 MPa. All the ice shearing stress profiles obtained at various
temperatures showed smoothening effects of the ethanol layer,
and average values lower than the peak values of shearing ice
without an ethanol layer, which suggested that generating an
ethanol layer at the ice-solid interface could facilitate deicing at
low temperatures. The lubricating effect of an ethanol layer
outperformed that of an aqueous layer. As shown in Fig. S3
(ESIT), the ice shearing stress values for a 2 nm-thick aqueous
layer were much higher than those for an equivalent ethanol
layer, as shown in Fig. 1d, at —18 and —38 “C. The aqueous layer
lost its lubricating effect completely at —60 °C, confirming the
results from an earlier study regarding the deficiency of aqueous
layers at low temperatures in anti-icing applications.* It should
be noted that the loading rate used in the simulations is orders of
magnitude higher than those in the experiment, which results in
considerably higher absolute ice adhesion strength values.”
However, the difference in the ice adhesion mechanics is signi-
ficant under the same simulation parameters and protocol.

Design principles and fabrication of icephobic LLGs

The abovementioned atomistic modeling and simulation results
indicate that an ethanol layer with increasing thickness at the
ice-substrate interface can considerably reduce the ice adhesion
strength. Most importantly, the lubricating effect, and therefore,
the surface icephobicity by such an interfacial ethanol layer can
function at temperatures as low as —60 “C as ethanol has a low
freezing point of —115 “C. The experiments were devoted to
designing LLGs that could dynamically accumulate ethanol
molecules to form a lubricating layer between the substrate and
ice. Two strategies were chosen for fabricating LLGs, as shown in
Fig. 2a, namely, (1) packing ethanol inside the substrate (LLG 1)
and (2) storing replenishable ethanol below the substrate (LLG 2).
For LLG 1, ethanol was directly mixed into the polymer substrate
during the synthesis. In contrast, lamellar structures with sub-
pores were created under the substrate for LLG 2, which allowed
ethanol to be readily refilled after synthesis.

The icephobic mechanism of the LLG is shown in Fig. 2b.
It was essential that LLG could release ethanol to the ice-
substrate interface to generate an ethanol layer, as the quasi-
liquid/liquid layer was the key for the low ice adhesion
strength.?* By taking into account the fact that ethanol could
absorb onto the ice surface for creating the quasi-liquid/liquid
layer,***’ as well as elastomer membranes were preferential for
ethanol permeation,***” silicon rubbers were chosen as the
matrix material for fabricating the two LLG substrates. It is
evident that with such a design principle and material selection,
ethanol molecules inside or below the LLG could dynamically

This joumal is © The Royal Society of Chemistry 2019
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LLG 1: Packing ethanol inside substrate

(b)

Ice cube formation

©

ice-substrate interface

I\_J + Mixing
Ethanol

()

Silicon rubber

Silicon wafer with micropillars PDMS replication

Ethanol leaking to

Ice absorbing ethanol and liquid
layer generated at interface

PDMS film with sub-pores

Fig. 2 Schematic illustration of the strategies of generating a liquid layer at the ice—substrate interface. (a) Two strategies to create icephobic LLGs,
namely, packing ethanol inside the substrate (left panel) and storing replenishable ethanol below the substrate (right panel). (b) Mechanism of generating
aliquid ethanol layer at the ice—substrate interface. (c) Fabricating method of LLG 1: mixing ethanol with silicone rubber that can be quickly cured at room
temperature, following which ethanol will be packed inside the substrate after curing. Optical image on the right shows the top view of LLG 1 (with
20 vol% ethanol); small bubbles indicate ethanol droplets inside the body. (d) Fabricating method of LLG 2: replica methed for producing subpores for
ethanol storage below the surface. SEM image on the right shows the side view of LLG 2 (distance between neighboring holes: 15 um). Well-arranged

small holes can be observed on the bottom surface.

permeate through the polymer matrix and reach the ice-substrate
interface. It was expected that the accumulated interfacial
ethanol would finally create a liquid layer that could convert
the ice-substrate contact from a firm solid-solid mode to a weak
solid-liquid-solid mode. The fabrication procedures of the two
LLGs are shown in Fig. 2¢ and d; the experimental details are
provided in the Materials and methods section. Samples with a
series of ethanol contents were fabricated and characterized for
two LLGs, and they were subjected to icephobicity investigations.

Icephobicity of LLGs with ethanol inside the substrate

LLG 1 was fabricated through a facile synthesis method, as
shown in Fig. 2c. Ethanol with different volume contents
(10-40%) was mixed with silicone rubber that could be quickly
cured before a significant evaporation of ethanol. The thickness

This journal is © The Royal Society of Chernistry 2019
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of the substrate was controlled at ~2 mm. The morphology and
size distribution of the ethanol droplets in LLG 1 are shown in
Fig. 84 and S5 (ESIf). LLG 1 indeed released ethanol to the
interface and demonstrated excellent icephobicity. As exempli-
fied by LLG 1 with 20 vol% ethanol, ice cubes on LLG 1 surface
spontaneously fell off in 3 h after vertical placement (Fig. 3a).
A liquid layer was detected after the ice cubes were detached
from LLG 1. As shown in Fig. 3b, visible dyestuff was observed
to diffuse on the ice cube peeled off from LLG 1, which
confirmed the secretion of ethanol by LLG 1. The liquid layer
on the detached ice cube was carefully collected and transferred
for investigation via '"H NMR spectroscopy. As shown in the
lower panel of Fig. 4b, the strong signal at 4.80 ppm resulted from
-OH from both ethanol and water, and the signals from -CH, and
-CHj; of ethanol were also clearly detected. Therefore, the results

Mater. Horiz., 2019, 6, 2063-2072 | 2067
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Fig. 3 Icephobicity of LLGs fabricated by packing ethanol inside the substrate. (a) Comparison of ice cube adhesion on LLG 1 surface (left) and the same

surface after fully removing the ethanol {right) at —18 °C. (b) Diffusivity of dyestuff on the surfaces of ice cubes that are peeled off from LLG 1 (left) and the
one after removing ethanol (right). The *H NMR spectra (bottom) of the liquid layer on the adhesion side of the ice cube (area marked with a red circle).
(c) Comparison of ice adhesion strengths on LLG 1 with various ethanol contents and the same surfaces after ethanol removal at —18 °C. (d) Weight loss
of LLG 1 as a function of time at room temperature. (e) Weight loss of the LLGs as a function of time at —20 °C.

from the M NMR agreed with the structure of ethanol
(CH;CH,0H). The 'H NMR spectra confirmed the ethanol com-
ponent in the liquid layer, which proved the ability of LLG 1 to
release ethanol to the ice-substrate interface.

The ice adhesion strength on LLG 1 falls in the super-low
region.'® As shown in Fig. 3¢, the ice adhesion strength on LLG
1 ranged from 1.0 to 4.6 kPa, showing a steady decrease with
an increase in the content of ethanol in the substrate, all of
which were lower than those in the same sample after ethanol
exhaustion (8.6-10.0 kPa). It should be noted that the ice
adhesion strength on smooth pure silicon rubber was 7.2 kPa,
which was lower than that on rough LLG 1 after ethanol
exhaustion. Details regarding roughness formation on the
LLG 1 surface are shown in Fig. 86 (ESIT). The thicker the
interfacial ethanol layer, the lower is the ice adhesion strength,
as confirmed by the atomistic modeling results mentioned
above. LLG 1 with a higher ethanol content could release more
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ethanol to the ice-substrate interface, thereby thickening the
interfacial liquid layer in the same given time, which accounts
for the results shown in Fig. 3c (light blue curve). Such low ice
adhesion strength is also lower than the value obtained for pure
silicon rubber (detailed comparison and discussion are given in
the ESIF). These results again verified the function of the
ethanol layer in enhancing the icephobicity of the surfaces.
The ethanol release rate underlies the icephobic durability of
the LLG samples, and therefore, the lifespan of LLGs. In order to
evaluate the time needed for fully exhausting ethanol from the
samples, the mass weights of LLG 1 at room temperature and at
—20 °C were determined as a function of holding time after
synthesis. At room temperature, ethanol in LLG 1 would com-
pletely run out in 15 days, as shown in Fig. 3d. The weight loss of
LLG 1 was lower than the initial ethanol content. This was
because the curing process of LLG 1 took 3 h. During this time,
a certain amount of ethanol evaporated, which was not taken into

This joumal is © The Royal Sodety of Chemistry 2019



Open Access Article. Published on 01 July 2019. Downloaded on 7/21/2020 10:01:11 AM

_ This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Appendix A Appended Papers

Materials Horizons

View Article Online

Communication

Trrr= pee e e

3
°
-
2
°

(

Raloocccosns

SOpm S0pm

Ice cube falling off

Distance between holes (um)
Fig. 4

Ice cube freezing Vertical placement
(h) @) after 3 hours
= 120
=) I Controlled PDMS T=-18°C
: G2
i) 80
=
: I
E w0} '
=
2
2 F =
E
< I
g 0 s
15 20 30 Liquid droplets left on surafce

after removing ice cube

Icephobicity of LLGs with replenishable ethanol capacity. (a—c) Optical images showing silicon wafers with pillars of different densities; distance

between neighboring pillars were 15, 20, and 30 um, respectively. (d-f) SEM images showing the hole morphologies of PDMS films fabricated on the
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—18 °C. Distance between holes is 20 um in both the samples. (h) Ice adhesion strength on the sample without ethanol (controlled PDMS) and LLG 2 with

various hole densities obtained at —18 “C. (i) Liquid droplets on the surface of

account in the details shown in Fig. 3d. Surprisingly, the release
of ethanol from LLG 1 maintained at —20 °C could still be
observed to be steady even after 250 days (Fig. S7, ESIf). The
release of ethanol molecules to the ice-solid interface was a
spontaneous thermodynamics process. Because the freezing
temperature of ethanol was extremely low, this spontaneous
release could occur within a wide temperature range. There
were multiple determinants of the ethanol release rate, including
diffusion efficiency of ethanol in the polymer, vapor pressure,
temperature, their coupling, and other factors.*® The lower
the temperature, the poorer is the ethanol release efficiency
and longer is the LLG lifetime. The dynamics of ethanol
release from LLG 1 were analyzed, as shown in Fig. S7 (ESIf)

This journal is © The Royal Society of Chemistry 2019
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LLG (area marked with a red rectangle in (g)) after removing the ice cube.

(with a detailed discussion). The icephobic lifetime of LLG 1
was expected to be > 250 days at a temperature of —20 °C, and
it was even longer at lower temperatures. In particular, LLG 1
with 40 vol% ethanol was predicted to have a long lifespan of
up to 593 days (Fig. S7, ESIT). It was, therefore, reasonable to
anticipate long-term icephobicity of the LLGs at lower tempera-
tures as long as the interfacial ethanol layer was not frozen.

Icephobicity of LLGs with replenishable ethanol below the substrate

LLG 1 effectively proved the ability of releasing ethanol to the
ice-substrate interface, thereby achieving excellent icephobicity.
By embedding a fixed amount of ethanol inside the substrate,
LLG 1 suffered from icephobicity depletion with the exhaustion

Mater. Horiz,, 2019, 6, 2063-2072 | 2069
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of ethanol, despite the observed lifetime of >250 days. There-
fore, LLG 2 was designed to extend the durability along with
capacity for easily replenishing ethanol, namely, creating a
lamellar structure with a porous layer below the substrate, as
shown in Fig. 2d. For the sake of mechanical robustness, PDMS
with the same silicone base as that of silicon rubber was made for
LLG 2, as it is one of the most common options for fabricating
icephobic coatings.'”"****> In particular, silicon wafers with
pillars were used as templates for molding PDMS; an example is
shown in Fig. S8 (ESIT). All the pillars have a fixed radius of 5 um,
with an interpillar distance varying from 15 to 30 um, as shown in
Fig. 4a-c, which led to complementing holes in the substrate for
holding the replenishing ethanol (Fig. 4d-f).

LLG 2 with ethanol replenishing capacity exhibited equally low
ice adhesion strength. As shown in Fig. 4g, the ice cube on LLG 2
spontaneously fell off in 3 h at a temperature of —18 °C, while its

N’
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counterpart was firmly adhered on the sample without storing
ethanol in the holes. The ice adhesion strength obtained on LLG 2
with different hole density fell in the range of 2.2-2.8 kPa, as
shown in Fig. 4h, which significantly decreased as compared to
the same surface without an ethanol layer (47.3-86.7 kPa). After
the detachment of the ice cube from the LLGs, visible liquid
droplets were detected on the surface (Fig. 4i), which revealed the
same mechanism of LLG as that shown in Fig. 2b. With the holes
in the substrate and ethanol replenishing capacity, the extended
durability of LLGs was expected, which could guarantee long-term
practical anti-icing applications.

Further verifi and
applications of LLGs

ly low ure

The icephobic basis of LLGs is to generate a liquid ethanol layer
at the ice-substrate interface, as well as converting the ice
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2070 | Mater. Horiz, 2019, 6, 2063-2072

90

“C. (e and f) Comparison of ice adhesion strengths on LLG 2 coated with
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contact from a strong solid-solid mode to a weak solid-liquid-
solid mode. As long as ethanol continues to release from the
substrates, surface roughness (possibly impurity) and chemistry
would not hamper the functionality of LLGs. LLG 2 was chosen to
further verify the icephobicity of LLGs with altered surface rough-
ness and chemistry. SiO, nanoparticles and hydrophilic PVA were
used to coat the intrinsically hydrophobic PDMS on LLG 2 for
separately altering the surface roughness and hydrophobicity. The
nanoparticles had a mean diameter of 222.7 nm, with the size
distribution shown in Fig. S9 (ESIF). This led to the surface
topography of treated LLG 2, as shown in Fig. 5a. The PVA coating
on LLG 2 had a thickness of 10 um, as shown in Fig. 5b. The
roughness values of LLG 2 with and without surface treatment
were investigated, as shown in Fig. 510 (ESIf).

Notably, the ice adhesion strength on the treated surfaces
showed encouraging results. By introducing roughness and
hydrophilicity into the PDMS samples, the ice adhesion
strength was significantly raised from 47.3-86.7 (Fig. 4h) to
151.0-164.9 (Fig. 5¢) and 198.6-298.7 (Fig. 5d) kPa, respectively.
Such results were also in agreement with earlier studies in
which an increase in surface roughness and hydrophilicity led
to higher ice adhesion strengths.®'*** By infusing ethanol into
subholes, after 3 h, the icephobicity of the treated surface was
restored. As shown in Fig. 5¢ and d, the ice adhesion strength on
LLG 2 coated with nanoparticles and PVA drastically decreased to
9.3-13.3 and 10.8-12.4 kPa, respectively. The nanostructures and
coatings on the LLG surfaces can hinder the lubricant release
rate.” The ethanol release efficiency at the ice-solid interfaces
was temperature-dependent, i.e., faster release at higher tempera-
tures. These results suggest that the LLG effectively functioned on
surfaces with different chemical components (both hydrophobic
and hydrophilic surfaces) and on surfaces with different morpho-
logies (both smooth and rough surfaces), demonstrating anti-
icing potential for different application conditions.

It is well known that both properties of ice, namely, its
adherence to surfaces and its interaction, obviously changed as
the temperature decreased, which led to a significant increase
in the ice adhesion strength.” It was observed that the ice
adhesion strength roughly increased by two orders of magni-
tude, from ~55 to ~1156 kPa, as the temperature decreased
from —15 to —30 °C.*® The LLG could benefit from the low
freezing point of ethanol, and the interfacial ethanol layer
could maintain the solid-liquid-solid ice contact at very low
temperatures. As shown in the simulation results in Fig. 1c, d
and Fig. S3 (ESIf), the lubricating effect induced by ethanol
could still act at a temperature of —60 “C. The ice adhesion test
at such a low temperature was also carried out. Strikingly, the
ice adhesion strength on LLG 2 was maintained at a low value
at —60 “C. As shown in Fig. 5e and f, after maintaining for 4 h
(3 hat —18 °C and 1 h at —60 °C), both nanoparticle- and PVA-
coated PDMS samples demonstrated high ice adhesion
strengths of 576.1-740.2 and 709.2-760.9 kPa, respectively,
while the corresponding LLGs showed low ice adhesion
strengths of 20.1-23.9 and 22.1-25.2 kPa. It should be noted
that the lower ice adhesion on LLGs could be expected for
longer holding times, as more ethanol and a thicker interfacial
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liquid layer could be generated by the LLGs. As compared to
earlier experimental studies where a sharp increase in ice
adhesion strength could be observed at —53 °C,** the approach
using LLGs was an outstanding dynamics icephobic/anti-icing
strategy. Furthermore, considering the low freezing point of
ethanol of —114.1 °C, as well as the vast coexisting space of
liquid ethanol and ice/water (lowest to —124 °C observed in
experiments), as shown in the phase diagram in Fig. S10
(ESI),"”™* the liquid layer created by LLGs can function in a
broader temperature range, including extremely cold arctic
environments.

Conclusion

In summary, this work introduced the LLG, which dynamically
secreted a lubricating ethanol layer at the ice-solid interface
after ice formation, yielding low ice adhesion strength. Firstly,
atomistic modeling and simulations were employed to depict
the ice adhesion reduction effect of ethanol layers with different
thicknesses at the ice-solid interface at various temperatures.
Then, the fabrication of LLGs and ice adhesion test experiments
of LLGs were carried out. Both the LLG prototypes, namely,
embedding ethanol in the substrate and storing replenishable
ethanol in holding capacities, exhibit excellent icephobicity with
the lowest ice adhesion value of 1.0 kPa observed at —18 “C, which
verified the function of the ethanol layer generated by LLG design.
Owing to the ability of constant ethanol release and thickening of
the interfacial lubricating layers, LLG could overcome the defi-
ciency induced by surface roughness and hydrophilicity—the two
critical factors that result in the failure of several other icephobic
surfaces. The lifespan of the icephobicity of LLGs was highly
encouraging, particularly with replenishable ethanol. Most impor-
tantly, LLG effectively functioned at low temperatures, covering
the arctic anti-icing requirements, which outperformed other
state-of-the-art icephobic surfaces. For select samples, by introdu-
cing an interfacial ethanol layer, the ice adhesion strength on the
same surfaces decreased in an unprecedented manner from
709.2-760.9 to 22.1-25.2 kPa at a low temperature of —60 °C.
All these properties enable LLGs to become a competitive candi-
date for practical anti-icing applications and provide an icephobic
solution for extremely low temperatures in which other earlier
published icephobic surfaces fail.
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Supplementary Figure S1 | Side (a) and top (b) views of the carbon-based substrate consisting of
graphene platelets. The graphene platelets had a uniform size of 2.3 nm x 2.3 nm, and were periodically

fixed at equilibrium positions with an overlapping margin of 0.6 nm.
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Supplementary Figure S2 | Simulation system of ice directly contacts with substrate without any
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Supplementary Figure S3 | Lubricating effect of an interfacial water layer of 2 nm at varied
temperature. (a) The all-atom simulation system. (b) Shearing stress, t, profiles of ice at temperature of -
18°C, -35 °C and -60 °C, showing an increase pattern of average T and losing of lubricating effect with

decrease of temperature.
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Supplementary Figure S4 | Optical images showing ethanol droplets in the LLG 1. (a) ~ (d) The

samples with ethanol volume content of 10 %, 20 %, 30 % and 40 %, respectively. The droplets size shows

a trend of increase with increasing ethanol content. The scale bar is Imm in all images.
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Supplementary Figure S5 | Size distribution of ethanol droplets in the LLG 1. The distribution was

close to unimodal Gaussian distribution in all samples. With increasing ethanol content in the polymer, the

droplet size increased.
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The ice adhesion strength on the ethanol-exhausted sample was higher than that on the

pure silicon rubber, which can be explained by the classic ice adhesion theory'2

_ EG 1
= nal &y

where E is Young’s modulus of the substrate, G is the surface energy, a is the crack
length, and A is a non-dimensional constant determined by the geometric configuration
of the interface cracks. Pores were left in the substrates after the removal of ethanol
droplets, which reduced Young’s modulus and also acted as macro-crack initiators which
could increase the crack length®. Both favored weakening ice adhesion strength. Yet
importantly, in the curing process of LLG 1, the evaporation of ethanol droplets in the
substrate introduced a significant increase in the surface roughness, as schematic shown
in Fig. S6, which caused physical ice interlocking with the substrate. Obviously,
interlocking outperformed the combining effect of lowering substrate apparent modulus
and increased cracking initiators in the dry LLG 1. Thus, the ethanol-exhausted samples
shew higher ice adhesion strength.

However, the comparison among the ethanol-exhausted samples was more
complex. With increasing ethanol content in LLG 1, obviously, the average pore size
increase (Fig. S4 and Fig. S5). Firstly, the Young’s modulus would decrease with
increasing ethanol content consequently. Secondly, the macro-crack initiators effect was
enhanced, which resulted in crack length improvement with increasing ethanol content.
Both of them favored low ice adhesion strength along ethanol content', which counteract
with the effect of increased surface roughness resulted from higher ethanol content (Fig.
S6). Because it was hard to quantitatively determine and control which factors to be
outperforming in the LLG samples with varied ethanol content, there is no clear trend

observed in the ice adhesion results.
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Supplementary Figure S6 | Schematic showing the formation process of the roughness on the LLG 1
surface. The ethanol droplets in the liquid polymer were initially in a metastable phase in the mixture. In
the curing process, the ethanol droplets were able to coalesce with their neighbours and float to the surface,
then released to the ambient. As the viscosity of the polymer increased with the on-going curing process,
the remaining ethanol droplets on the surface created pores that contributed to the roughness of the surface.

The surface roughness was proportional to the ethanol content.
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Supplementary Figure S7 | Weight loss of LLGs under different temperature. (a) Weight loss of LLGs
at room temperature as a function of time. (b) Weight loss of LLGs at -20 °C as a function of time. (c¢) and
(d) were the fitting curves of the points from left and right part of (b). The dot lines in all plots were the
fitting curves.

The weight loss of the LLGs showed a linear relationship with time in the logarithm

graphs. The relationship below was used to fit the weight loss data in the graphs:
m¥=g+bInT €8
w
where AW is the accumulated weight reduction of the LLGs, W is the initial weight of

LLGs, and T (T = 1) is the holding time after fabrication. The constants a and b are
determined by ethanol content, temperature, pressure and other ambient factors. The
values of a and b for different samples are given in Table 1.

There were two mechanisms causing the weight loss of LLGs, namely active secretion
and passive diffusion. The ethanol molecules that were randomly trapped between the
silicon rubber can be secreted by the polymer chains in a fast manner, while ethanol
droplets sealed in the polymer body can only leak slowly by passive diffusion. As

exemplified by data obtained under -20 °C, two sets of constants @ and b were needed for
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fitting the first and the second half of the data points (Fig. S7b). In the first stage of
leaking, less than 15 days depicted by Fig. S7c¢, both active secretion and passive diffusion
were functioning at the same time. Thus, higher ethanol leaking rates were detected, with
higher value of b (samples 5 to 8 in Table 1). After 15 days and with the exhaustion of
active secretion shown in Fig. S6d, the passive diffusion of ethanol dominated resulting
in lower leaking rates (samples 9 to 12 in Table 1). The value of » among each series (1
~4,5~8, and 9 ~ 12) with different ethanol content was close, which meant similar
leaking rate for silicon rubber with different ethanol content under the same temperature.

The constant a denotes the initial weight loss and correlates with the ethanol content in
the LLG sample series (1 ~4, 5 ~ 8, and 9 ~ 12). The values of a were higher in Fig. S7a
than Fig. S7c, which meant a was also proportional to the ambient temperature. It should
be noted that the a in the Fig. S7c was not comparable with Fig. S7a and Fig. S7c for the
different starting time.

By combining the final weight loss in Fig. S7a and the equation (1), we could calculate
the lifespan of LLG 1 with various ethanol content. The experimental results in Fig. S7b
at 250 day shew the weight of sample with 10 vol% ethanol no more decrease, which
agree well with the number in Table 2. Thus, we could reasonably believe the LLG 1 with
40 vol% ethanol could continuously release ethanol for around 593 days.

It should be noted that the weight loss of ethanol in LLG 1 was not perfectly matched
with the initial volume ration of the ethanol in the samples. The reason was that the weight
was measured after silicon elastomer cured, not including the amount that had evaporated

in the 3-hours long curing process of the LLG samples.
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Table 1 | The number of a and b for different LLG 1 samples.

Samples | Ethanol content (vol%) Temperature (°C) Days a b
1 10 25 1~15 2517 | 0.184
2 20 25 1~15 2330 | 0.180
3 30 25 1~15 1.966 | 0.167
4 40 25 1~15 1.408 0.105
5 10 -20 1~15 1.008 0.519
6 20 -20 1~15 0.923 0.476
7 30 -20 1~15 0.535 0.491
8 40 -20 1~15 0.067 0.401
9 10 -20 15 ~220 1.911 0.164
10 20 -20 15~220 1.821 0.161
11 30 -20 15~220 1.303 0.184
12 40 -20 15~220 0.573 0.193
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Table 2 | The calculated lifespans of LLG 1 under -20 °C.

Samples Ethanol content (vol%) Temperature (°C) Lifespan (days)
1 10 -20 258
2 20 -20 310
3 30 -20 339
4 40 -20 593
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Supplementary Figure S8 | Schematic illustration of the detailed geometry of the pillars on the silicon
wafer. r was the radius of pillar, h was the height of pillar, and d was the centre distance between adjacent

pillars. The value of d varied from 15 pm to 30 um. (a) the top view of the pillars. (b) the side view of the

pillars.
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Supplementary Figure S9 | Diameter distribution of SiO: particles synthesized in this work. The

particle size was in a unimodal distribution, with a mean size of 222.7 nm.
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Supplementary Figure S10 | The AFM images showing the roughness of LLG 2 with and without
surface treatment. (a) Roughness of PDMS surface as prepared. (b) Roughness of PDMS surface after
treating with SiO, nanoparticles. (¢) Roughness of PDMS surface after treating with PVA.
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Supplementary Figure S11 | The phase diagram for the EtOH-H20 system. The phase diagram of the
EtOH-H,0 was a good supplement that help to explain why ethanol (or mixture of ethanol and water) could
be a better lubricant layer compared to aqueous lubricant layer at low temperature®”’. The liquid phase
contained both ethanol and water in the figure. Pure ethanol has less hydrogen bonds per unit volume than
pure water. With addition of ethanol into water, the hydrogen bonds density in the liquid phase reduced,
which finally resulted in lower ice adhesion strength in the one hand. In the second hand, the mixture
solution of ethanol and water could effectively lower the freezing point of the liquid layer, maximally as
low as 149 K, which maintains lubricating effect to ice in a broad temperature range. Thus, LLG own high

icephobic potential that can function well at extremely low temperature.
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Abstract

Despite the remarkable progress made in surface icephobicity in recent years, there
is a major view of static ice-substrate interface projected on the reported anti-icing
surfaces. Practically, the ice-substrate interface and its nearby regions, either the
structure or properties, alters with time, temperature or external stimuli. It is only
possible to understand the dynamic properties of the icing interface first, and then shed
light on anti-icing surface design to meet challenges of harsh conditions including
extremely low temperature and/or long working time. This article surveyed the state-of-
the-art anti-icing surfaces and dissect their dynamic spontaneous/stimuli-responsible
changes of the chemical/physical states. By in-depth monitoring the crucial locations to
ice adhesion, namely in the substrate, ice, or the ice-substrate interface, the available
anti-icing surfaces are for the first time classified by fundamentals dynamic principles.
The recent works in the preparation of dynamic anti-icing surfaces, their potentials in
practical applications, and the challenges confronted are summarized and discussed,
aiming for a thorough review of the promising dynamic anti-icing surfaces, as well as

guiding its future designs and applications.

Keywords: surface icephobicity, icephobic materials, dynamic anti-icing, low ice

adhesion
Introduction

Icing is one of the most common natural phenomena that widely impact human
activities. Undesired ice formation and accumulation can introduce numerous severe
function and safety problems to aircrafts, power grids, transmission lines, roadways,

marine vessels, renewable energy infrastructures, and many others.'®. The traditional
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methods used for dealing with icing problems, for instance mechanical de-icing, thermal
or chemical treatments, are often highly costly and low-efficient” !°. As such, enormous
interests have been aroused in deploying surfaces that can control icing and mitigate its
related damages. Advanced surfaces with properties like repelling incoming water
droplets, delaying ice nucleation, repressing ice growth and weakening ice adhesion are
designed for anti-icing purpose!!"'4. From the early lotus-leaf inspired superhydrophobic
surfaces fabricated for repelling water droplets and delaying ice nucleation to the recent
omniphobic pitcher-plants-inspired slippery liquid-infused porous surfaces (SLIPSs)
developed for delaying ice nucleation, suppressing frost formation and lowering ice
adhesion'! 12 1519 2024 there are currently a colorful spectrum of anti-icing surfaces
reported in the literature showing great potentials of practical low ice adhesion strength
(0.2 ~ 10 kPa) and easy achievable large-scale ice remove capacity?>-%’. It is witnessed
that there is a shift in anti-icing surfaces design philosophy from being of static nature,
namely no change at the ice-substrate contact area after ice formation, to enabling
dynamic changes of the chemical/physical states of the ice/substrate/ice-substrate-
interface in order to enhance anti-icing performances. The static anti-icing surfaces
functioned to a limited extent, and had deficiencies in icing/deicing cycling durability,
inapplicability at extremely low temperature, fragility to surfaces damage and surfaces

16-18, 28-33 T contrast, the

degradation, and inadaptability to environment changes
emerging dynamic anti-icing surfaces, thanks to the integrated dynamic properties into
the substrate, ice, or the ice-substrate interface, exhibit superior durability, wider
temperature tolerability and better environment adaptivity, and are attracting increasing

interests !4 3439,

This review aims to provide a thorough survey on the newest development of dynamic
anti-icing surfaces. Focusing on the most relevant ice-substrate interfacial regions (Fig.
la), and their spontaneous/stimuli-responsive changes in chemical/physical states
impacting ice adhesion during and after ice formation, for the first time we classify the
state-of-the-art dynamic anti-icing surfaces are classified in to three categories, namely
surfaces with dynamic substrate changes, with dynamic interface changes, and with
dynamic ice changes as shown in Fig. 1b. Surfaces with dynamic changes in the substrate

generally include functional structures that can response to internal and external stimuli,
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which can modify the substrate properties and enhance anti-icing performances®> 3¢ 40-

43, Surfaces with dynamic changes at the ice-substrate interfaces after ice formation
provide the possibility of altering interface interactions for lowering ice adhesion'® 34 3%
39, 4446 Qurfaces with dynamic changes in the ice are able to direct ice growth,
propagation and even ice melting, which can mitigate ice accumulation and assist ice

remove on the surfaces'® 374733, The following sections detailed these three categories

of anti-icing surfaces.
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Figure 1. Dynamic anti-icing surfaces. (a) The three most important regions close to the ice-substrate
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interface that determine anti-icing performance of a surface. (b) Dynamics anti-icing surfaces targeting
the three ice-substrate interfacial regions. The dynamic substrate change includes substrates that can
response to the internal/external conditions, namely those by tuning the surface state and affecting the ice
formation/adhesion on the top. The dynamic interface change covers the surfaces that can introduce
dynamic conversion the chemical/physical states of the ice-substrate interface after ice formation, thus
facilitating easy ice removal. The dynamic ice change encompasses the surfaces that can tailor ice growth,

propagation or even melt ice for the purpose of mitigating ice accumulation.

1 Dynamic anti-icing surfaces with dynamic substrate changes
1.1 Self-response substrates

Many surfaces exhibit dynamic changes by self-response to their internal forces. Such
self-response surfaces widely exit in natural organisms and systems. For instance,
earthworms and poison dart frogs have secretion glands under their skin, which release
lubricant to form a slippery layer above the skin®* 3. Surface lubricating is driven by the
under-skin disjoining pressure or concentration gradient*"3®. The mechanism underlies
self-response surfaces has inspired the design of anti-icing surfaces with embedded
lubricant in the substrates.

One notable self-response substrate was developed through phase separation as shown
in the Fig. 2b. By first dissolving copolymers of urea and polydimethylsiloxane (WPDMS)
and excess silicon oil into tetrahydrofuran (THF) and subsequent evaporation of THF,
the resulting crosslinked polymer matrix trapped the excessive silicon oil as internal
droplets>®. Such droplet-embedded gel system by phase separation of micro-scale oil
droplet nucleation and the formation was metastable, and was able to secrete a
lubricating film on the surface with a spreading factor of S = yz4 — (Vza - ygl) >0,
where yq, Y« and yg are the gel-air, liquid-air and gel-liquid interfacial tensions,
respectively®’. The surface lubricant layer was regenerable under the driving force of
disjoining pressure originated from the van der Waals interactions at the gel surface®®. It
is intriguing that both the thickness of the lubricant layer and the size of the embedded
droplets in this substrate were controllable through polymer crosslinking strength and oil
content, which offered a strategy for preparing similar substrates for improving anti-icing
performace**4% 35 5867 Jcephobic surfaces following the same strategy for surface
regenerable lubricant layers indeed showed ice adhesion strength below 40 kPa*’, with

regenerative lubricating layers after 15 wiping/regenerating tests and long-term ice
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adhesion strength below 70 kPa. Through a precise deploying of polymer and oil,
recently reported novel self-lubricating organogels (SLUGs) displayed extremely low
ice adhesion strength of 0.4 kPa*’. The ice formed on the SLUGs samples with small
tilting angles could slide off at -15 °C, which demonstrated the great potential of self-
response substrates in anti-icing.

Beside small liquid oil molecules, solid lubricants were also used in self-response
substrates for regenerating surface lubricating layers to assist easy ice removal*! !, For
example, alkane embedded in a polymer substrate can diffused into the surface driven
by concentration gradient and the internal stress of the polymer matrix, resulting in a
solid alkane layer as shown in Fig. 2c. The regenerable solid lubricant alkane had weak
interactions with the polymer substrate and served as sacrificial layer in ice removal,
which enable low ice adhesion strength (~ 9 kPa) and good durability in 20 icing/de-
icing cycles*!. Recently, the perfluoroalkane wax were verified as a good candidate to
obtain solid-lubricant regenerable surfaces for anti-icing application®’. The
perfluoroalkane wax regenerating surface demonstrated low ice adhesion strength (~ 20
kPa) and highly environment stability. Comparing to the liquid lubricant layer, solid
lubricant layers are mechanically more robust in icing/de-icing cycles.

Surface damages in practical applications are severely harmful to the icephobicity of
anti-icing surface, since any possible interlockings between ice and surface voids can
greatly enhance ice adhesion to the surface. As such, self-response substrates with self-
healing functionality were fabricated for anti-icing purposes®> 3¢5 6871 Such substrates
showed significant improvements in mechanical durability because of the ability of self-
healing surface damages at sub-zero temperature to maintain smooth topography (Fig.
2d). One of the self-healing substrates, Fe-pyridinedicarboxamide-containing PDMS
(FePy-PDMS) elastomer, exhibited low ice adhesion strength of ~ 6 kPa and ~ 12 kPa
after 50 icing/de-icing cycles®. In order to increase the self-healing rate for meeting the
icing/de-icing cycles, ultrafast self-healing and highly transparent (the coated glass
showed light transmittance of 89.1 %) icephobic substrates were prepared by optimizing
polymer chain flexibility and concentration of hydrogen bonding, which can restored ~
80 % of the ultimate tensile strength of the substrate after healing for 45 min at room
temperature’?. The self-healing substrates can be promising candidates for robust anti-

icing surfaces in practical environment if the self-healing functionality is further
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improved especially at low temperature.
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Figure 2. Selection of the dynamic anti-icing surfaces through self-response substrates. (a) The

lubricant regenerable systems in earthworm and poison dart frog, and the inspired self-response anti-icing
substrates. (b) The droplet-embedded gel structure, and its secreted surface lubricating film. Confocal
fluorescence images of the substrate samples visualizing the lubricant film on the substrate surface and
the internal distribution of the lubricant droplets. The average size of the individual droplets in the
substrates and the light transmittance of samples with different silicone oil contents are given in the right
bottom sub-figure. (c) The alkane-embedded structure, showing the renderability of the surface alkane
layer, the alkane distribution in the substrate, and the regeneration mechanism of the solid alkane layer. (d)
The schematic of the self-healing icephobic surface with fabricated samples. Panels (a) and (c) were
adapted with permission from Ref. 41, 54 and 55, Wiley Publishing Group. Panel (b) was adapted with
permission from Ref. 56, Nature Publishing Group. Panel (d) was adapted with permission from Ref. 36,

American Chemical Society.
1.2 Environmental response substrates

Many anti-icing surfaces use dynamic substrates that response to the ambient

35, 43, 73-81

conditions of temperature, magnetic field, light, and so on . By integrating
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temperature sensitive components during fabrication, anti-icing substrates can response
to temperature change of the surrounding environment** . One of such substrates
incorporated a binary liquid mixture (silicon oil and liquid paraffin) into a PDMS
network, the resulting reversibly thermo-secreting organogel (RTS-organogel)
demonstrated distinct morphologies at different temperature as shown in Fig. 3a®.
Specifically, the substrate was transparent at high temperature as the internal silicon oil
and liquid paraffin were miscible. Upon cooling in icing temperature, the substrate
secreted visible oil droplet to its surface owing to the collapse of the polymer matrix and
the phase separation of the silicon oil from paraffin. Unlike the liquid layer by propelled
by internal force in the SLUGSs shown in Fig. 2b, the oil film generated on this substrate
was largely driven by temperature. Nevertheless, the lubricating oil film secreted under
low temperature was notably beneficial for icephobicity of the surfaces. The ice adhesion
strength on the RTS-organogels were less than 1 kPa at -15 °C, which can enable sliding
of ice cube on the surface samples with small tilting angles. The RTS-organogels were
believed to be more durable than the SLUGs, because they could reversibly absorb
lubricant into the polymer matrix for replenishing the internal lubricants in storage and

against evaporation/contamination.

Liquid lubricants in anti-icing substrates can deplete in limited number of icing/de-
icing cycles due to the weak interaction between the lubricant and the base materials,
which leads to poor durability. Interestingly, special temperature responsive lubricants
provide a feasible solution to this issue. As shown in the Fig. 3b, a phase transformable
lubricant was used in creating the so-called phase transformable slippery liquid infused
porous surfaces (PTSLIPS) recently®®. Because the lubricant had phase transition point
from liquid to solid phase at ~ 3 °C*°, the durability of the fabricated PTSLIPS was
greatly improved, showing a lowest ice adhesion strength of ~ 4 kPa and long-term ice
adhesion strength of 16 kPa after 30 icing/de-icing cycles. Although the PTSLIPS can be
fabricated using daily accessible materials like foams and common paper, its anti-icing
performance was superior than the results observed on other conventional slippery liquid
infused porous surfaces used for anti-icing. Because the phase transition point of the
lubricant in the PTSLIPS was marginally above water freezing temperature, displaced

lubricants on the substrate surface in de-icing can be restored in the subsequent phase
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transition cycle of the lubricant at slightly increased temperature, rendering self-healing
abilities and promising application potentials. Furthermore, the solid lubricant can also
physically prevent water from permeating into the substrate, thus suppressed mechanical
interlocking during ice formation on the substrate. It worth noting here that similar
phase-change materials (PCMs) were introduced into concrete for anti-icing. During the

phase transition upon cooling, the PCMs released substantial latent heat and can hinder

ice accumulation in walking pavements’476 8284,

Magnetic field is relatively less commonly applied in anti-icing practice. However,
utilizing magnetic field as stimuli to modulate substrates has been explored, with
encouraging results illustrating the potentials of active de-icing technology’” 7% %0, The
magnetic slippery surfaces (MAGSS) were the successful representatives of this type of
anti-icing substrates, which used magnetic fluid (that is, ferrofluid) along with a
magnetic field for controlling surface properties as shown in Fig. 3¢””. The MAGSS can
response to external magnetic field and generate a volumetric force to suppress water
droplets from sinking into the substrate body with bulk oil, which led to small water
droplet sliding off angle of 2.5°. Remarkably, the MAGSS can maintain its liquid-like
phase at low temperature and were highly slippery to ice, showing extremely low ice

adhesion strength (~2 Pa) without degradation after 60 icing/de-icing cycles.

Light is another important stimuli source for triggering dynamic changes in anti-icing
substrates®>-8, By integrating light-absorbing azobenzene groups into polymer skeleton
of the base materials, the so-called UV responsive substrates (UVRS) were able to utilize
UV energy for polymer chain conformation conversion’®. As shown in Fig. 3d, the
integrated azobenzene groups in the UVRS changed from trans- to cis-conformation
under UV light with a wavelength of 365 nm, resulting in slight compress of the whole
substrate. The pre-embedded silicon oil in the polymer matrix of the UVRS was released
to the substrate surface as a response to the compressive stress, which enabled low ice
adhesion strength of 21 kPa and long-termed ice adhesion strength of 47 kPa after 15
icing/de-icing cycles on the UVRS. The light stimuli also had thermal effects, which
further inspired the design of photothermal response substrates. Cocoa oil with low-
melting point and efficient photothermal Fe;O4 nanoparticles were infused into porous

structures together in fabricating lubricant infused surfaces (LIS)®!. Upon irradiation
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with infrared light, the LIS can absorb optical energy via Fe3O4 nanoparticles, which led
to melting of the internal solid cocoa oil as lubricant for surface slippery liquid. The LIS

thus possessed switchable hydrophobic/slippery functionality by turning off/on the light
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Figure 3. Representatives of the dynamic anti-icing surfaces through environmental response
substrates. (a) The thermal response lubricant regenerable organogel, showing the droplets secretion at
low temperature and reversible droplets absorption at high temperature. Low ice adhesion enabled small
sliding angle of ice on the organogel at -15 °C were showed with schematics with corresponding samples
(the S/P means the mass ratio of silicone oil and liquid paraffin). (b) The phase transformable slippery
liquid infused porous surfaces (PTSLIPS), showing enhanced lubricant durability comparing to slippery
liquid infused porous surfaces (SLIPS). (c) The magnetic slippery icephobic surfaces, showing stable
water/ice repellency with extremely low adhesion under magnetic field. (d) The UV-responsible substrates
(UVRS), showing UV irradiation controlled lubricant release and low ice adhesion strength. Panels (a)
adapted with permission from Ref. 43, Wiley Publishing Group. Panel b adapted with permission from
Ref. 35, Elsevier Publishing Group. Panel ¢ adapted with permission from Ref. 77, Nature Publishing
Group. Panel d adapted with permission from Ref. 79, Royal Society of Chemistry.
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1.3 Mechanical response substrates

Ice removal generally involves stress change on the ice adhered surface. Mechanical
response substrates are designed to utilize the stress associated with ice removal to
dynamically alter the surface structures in order to achieve low ice adhesion. The surface
structures that response to the mechanical force can be both molecular structures in base
materials and geometrical patterns above the surfaces®” °°. Notably, an ultra-durable
icephobic coating was designed by introducing slide-ring crosslinkers, namely molecular
)

pulleys, into PDMS base matrix (Fig. 4a)”. The slide-ring crosslinkers were not only

able to move along the polymer chains under mechanical loading, but also can return to

their original state via entropic repulsion upon relieving loading®! %2.

The unique
structures in this substrate decreased the elastic modulus of the polymer matrix for low
ice adhesion, and at the same time guaranteed excellent cohesive strength for mechanical
durability, solving the common deficiency in other low elastic modulus polymer
materials used for anti-icing. The slide-ring substrate showed a low ice adhesion of ~12
kPa during 20 icing/deicing cycles, and promising ice adhesion strength ~22 kPa after

800 abrasion cycles, being one of the most durable elastomers reported so far.

In another report, an interesting fish-scale-like dynamic anti-icing surface prototype
was introduced”. By taking a deep look into sequential and concurrent ice detaching
modes from substrates, employing atomistic modeling and molecular dynamics
simulations were utilized to reveal mechanisms for lowering ice adhesion at the atomistic
interaction level. Because the atomistic interactions ruptured all at once in concurrent
rupture mode but incrementally in the sequential rupture mode, opening of the surfaces
structure featuring the sequential rupture of ice was essential for low ice adhesion.
Inspired by the structure topology of fish scales, the fish-scales-like surface was designed
by pile arrangement of graphene platelets in atomistic modeling. Under de-icing forces,
the graphene platelets dynamically opened up to enabling sequential rupture of ice from
the surface, which led to a ~ 60 % reduction in ice adhesion strength. The theoretical
model of fish-scale-like surface was a good starting point of mechanical response

structure design for low ice adhesion.
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Figure 4. Representatives of the dynamic anti-icing surfaces through mechanical response substrates.
(a) The slide-ring substrate, showing its molecular mechanism and the enhanced cohesive strength and
excellent durability. (b) The fish-scale-like surface, showing sequential rupture of atomistic interactions
for lowering atomistic ice adhesion. Panel (a) and (b) were adapted with permission from Ref. 89 and 90,

Royal Society of Chemistry.
2 Dynamic anti-icing surfaces through dynamic interface change
2.1 Non-frozen interfacial water

The importance of the ice-substrate interface to ice adhesion is self-evident. It is
known that ice is slippery to ice-skating blades, meaning low adhesion strength, due to
a surface premelted layer”. The premelted liquid or liquid-like aqueous layer exists on
the ice surfaces at subzero temperature because of regelation or by pressure or friction

9397 which applies not only at ice-vapor but also ice-solid interfaces’® *°. As the

melting
thickness of the premelted layer at ice-solid interfaces was shown to increase with
temperature, utilizing and amplifying the premelted layer for effectively reducing ice
adhesion became one of the important strategies of surface icephobicity!'?°. Because the
premelted layers have thickness at the nanoscale, atomistic simulation and molecular
dynamic simulation were employed to investigate their mechanical effects on the
nanoscale ice adhesion'’’. As shown in Fig. Sa, ice-cube models with premelted
interfacial water layers on solid substrates showed negligible ice adhesion stress if
compared with ice directly contacted with the solid substrate. The premelted layer
converted ice-substrate contact from solid-solid to solid-liquid-solid, which resulted in

weak interfaces with disordered and short-term atomistic interactions of van der Waals

forces and hydrogen bonds. Related studies focused on the lubricating effect of the
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premelted or non-frozen interfacial water layer further supported the potential of

utilizing aqueous layer for mitigating icing problems'®'1%,

Although interfacial non-frozen water layers were identified at the ice-solid contact
interfaces as early as in 2004, intensive experimental explorations on their application in
anti-icing came much later” ', Through rational nano-structuring of solid surfaces for
creating an interfacial quasi-liquid layer, ice formation can be delayed for 25 hours at -
21 °C'™, Yet, ice formation is inevitable with long enough icing time. As ice adhesion
on certain solid surfaces, such as SiO», Si, Au and so on, are too high to any ice removal
approach!%> 1% new strategies that could program non-frozen interfacial water on such
surfaces for low ice adhesion were in great needs. Using highly hydrated ions were
believed to be a good approach for creating quasi-liquid layers (QLL) on solid surfaces,
because ions can great impact the structure of water and supress ice nucleation'?’.
Polyelectrolyte brushes hosting ions were employed to probe the effects of counter ions

on ice adhesion (Fig. 5b)!%

. It was found that the polyelectrolyte brushes with
kosmotropic counterions (G-SO*Li*, G-SO*"Na") had maximum ice adhesion reduction
(25 ~ 40 %) comparing to the bare glass (G) at -18 °C, because of the most negative
water structural entropy resulting from strong hydration. In comparison, the
polyelectrolyte brushes with chaotropic counterions (G-SO;~ K", G-N"CI, and G-
N*SO4*) did not change the ice adhesion, owing to positive water structural entropy of
weak hydration'”’. The nature of the polyelectrolyte layer also affected ice adhesion
significantly. For instance, brushes with G-SO3; Li* decreased the ice adhesion greatly,
which was not observed on samples with G-COO Li*. Such results suggested that
kosmotropic counterions incorporated with strongly dissociating polyelectrolyte brush
could facilitate easy ice removal. This study provided important reference for integrating

counterions for related anti-icing applications'% 110,

To improve the lubricant effects for extremely low ice adhesion, the thickness of QLL
needs to drastically increase. Generally, developing liquid-like surfaces through
covalently grafting flexible polymers on flat surfaces was an effective approach. The
state-of-the-art liquid-like surfaces, for instance the slippery omniphobic covalently
attached liquid surfaces (SOCAL), still exhibited limited thickness of QLL, which

restricted sustainable ice removal'''"!'*. Recently, a nonstick and extremely flexible
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quasi-liquid surface (QLS) with a coating thickness of 30.1 nm (Fig. 5¢)''%, which
enabled extreme flexibility and quasi-liquid thickness of the surface. The QLS had
omniphobic nature of exceptional repellence of water and organic liquids and showed
extremely low glass transition temperature (T = -125 °C). All the properties enabled low
ice adhesion strength of ~ 26 kPa on QLS , and de-icing possibility by air flows

(mimicking wind power).

Although the surfaces with quasi-liquid layers are highly favourable for lowering ice
adhesion strength, maintaining the durability of the grafted polymer chains on such
surfaces exposed to mechanical damages was still challenging. One other difficulty of
applying quasi-liquid layers emerges when surfaces roughness scale is larger than the
layer thickness. To address these two problems, a robust and durable anti-icing coating
fabricated by polymers (polyurethane, PU) with hydrophilic pendant groups was newly
reported'®>. The hydrophilic component dimethylolpropionic acid (DMPA) in the
coating could absorb water directly from its humid environments or from the contacted
ice/snow due to the ion effect (Fig. 5d), which resulted in aqueous lubricating layers on
the coating surface as long as ice is formed. Surface samples coated by the coating
contained 9 wt% DMPA (PU-9) maintained stable and low ice adhesion strength of 27
kPa at temperature as low as -53 °C. The PU-9 on the coating also exhibited excellent
durability during icing/de-icing test, showing almost no change after 30 cycles. It was
believed that the coating was adaptable on almost all surfaces including rough ones (Fig.
5d, right bottom). The fabrication strategy of the coatings, incorporating hydrophilic
pendant groups in soft polymer for aqueous lubricating layer, was thus widely employed

in similar studies’® 46 106, 115-120
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Figure 5. Non-frozen interfacial water layer and the representatives of the dynamic anti-icing

surfaces. (a) Atomistic modelling and simulation of ice adhesion on different surfaces with/without an

interfacial aqueous water layer. (b) The ice adhesion on the bare glass (G) and on polyelectrolyte brush

layers comprising of different types of counterions (X" = Li*, Na*, K*, Ag®, Ca®*, C;sN*, La’"; Y™ = F,

CI, BF4, C12S057, SO4*; and Z* = H', Li*, CsN*, Na"). (c) The liquid repellency and ice removal property

of the quasi-liquid surface (QLS). (d) The reduction of the ice adhesion strength by an aqueous lubricating

layer and the anti-icing performance of the coatings. Panels (a) was adapted with permission from Ref.

101, Royal Society of Chemistry. Panel (b), (c) and (d) were adapted with permission from Ref. 107, 114

and 105, American Chemical Society.
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2.2 Dynamic interface melting

The thickness of aqueous lubricant layers introduced above were generally in
nanoscale, varying from a few molecules thickness to tens of nanometer!'%> ''#, Interfacial
aqueous layer with such thickness range can lead to ice adhesion strength of ~ 20 kPa,
which was good but still beyond the requirement for practical anti-icing application
(lower than ~ 12 kPa)'%2%26_ To increase the lubricant effects of aqueous lubricant layer,
dynamic anti-icing surfaces that could melt the interfacial ice and create thicker aqueous
layer were developed. In the most straightforward manner, the dynamic melting of
interfacial ice could be initiated by chemicals (anti-freeze liquid or salts) or thermal
energy (magnetic thermal energy, electrothermal energy and photothermal energy) that
have long been used in active de-icing techniques for pavement, aircraft, power line
systems, and so on* > 12I'32 In contrast to the high costs and the detrimental
environmental impacts of the traditional de-icing methodologies, the recent approaches
of introducing the active anti-icing agents into passive anti-icing substrates with dynamic
change ice-substrate interfaces had shed new light on compromising solutions for ice

removal with minimize energy/chemicals input** 485255133,

It is well known that high ice adhesion strength is generally observed on
superhydrophobic surfaces in humid environments, owing to the interlocking between
ice and the surface hierarchical structure of the surfaces!¢!% 2830 134 Using anti-freeze
agents on superhydrophobic surfaces to create liquid interface can provide a practical
solution, as demonstrated by a newly fabricated superhydrophobic copper mesh with
organogel that can dynamic secrete anti-freeze agents**. Specifically, PVA grafted
succinic acid (PVA-COOH) on the copper mesh containing anti-freezing agents (mixture
of ethylene glycol and water) that were dynamically released at subzero temperature to
the ice-substrate interface and melted the neighbouring ice. With the increasing thickness
of the interfacial liquid layer, the ice adhesion strength on the surface deceased
correspondingly with time. As shown in the Fig. 6a, ice adhesion strength of PVA-COOH
(0.73 wt%) decreased from ~ 1.3 kPa to <0.001 kPa by increasing the holding time after
ice formation from 1 h to 5 h. For selected samples, the ice cube fallen off automatically
after 15 h on the substrate with small tilting angle, showing excellent ice self-removal

capacity.
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Ionic liquids were also selected as anti-freeze agents for interface melting. Ionic
liquids are quite commonly integrated in ionogels, which are utilized in many fields
ranging from solid electrolytes to drug release and to catalysis'3*"'#!. Tonogel surfaces
consisted of ionic liquid and polymer components were introduced for anti-icing, as
depicted in Fig. 6b>. In such ionogels, the polymer matrix endowed the substrate with
hydrophobicity, and at the same time the embedded ionic liquid can melting the
contacting ice at the ice-substrate interface. If water droplet contacting the ionogel
instead, the ionic liquid diffused from substrate to the interface and significantly
depressed ice/frost formation. In either case, the ionic liquid resulted in an aqueous
lubricant layer with high concentration ions at the interface, favoring anti-icing
performances. The lubricant layer on the one hand suppressed ice nucleation, on the other
hand lowered the ice adhesion to the surfaces. The thickness of interfacial liquid layer
on the ionogel surface increased with holding time, as the ice-substrate interface was
dynamically melted as indicated in the Fig. 6b, which enabled easy detachment of frozen
droplets. Interestingly, the liquid layer can have thickness on macroscale, as visual liquid
bridges were observed between the detaching frozen droplets and the surfaces. The
dynamic process of ice melting at the interface on ionogels was further revealed by
atomistic modeling and molecular dynamics simulations, which provided a solid

theoretical base for rational design of ionogel-based anti-icing surfaces.

Utilizing thermal energy for interfacial ice melting is another accessible approach for
creating non-frozen water lubricating layer. The thermal energy can be generated from
the substrate, and then transferred to melt the interfacial ice, as examples shown in Fig.
6¢c. Multiwalled carbon nanotubes (MWCNT) with superior thermal-conducting
property were assembled into a film layer-by-layer through a vacuum-assisted method,
which resulted in superhydrophobic surfaces with excellent water repellence and special
electrothermal effect for easy ice removal®®. The temperature of the substrate can be
controlled by external voltage without hampering the surface superhydrophobicity. With
an input voltage of 30 V, the ice-substrate interface was efficiently melted leading to ice

automatically sliding away in 34 seconds.

Using electrothermal surfaces for interfacial ice melting is effective, yet still energy

intensive. Nowadays, new surfaces with photothermal effects that harvest solar energy
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for interfacial ice melting have attracted attentions®” 132 14144 One eye-catching
example of these new surfaces, a so-called photothermal trap, was fabricated recently,
which consisted of a trilaminar structure, namely a top solar radiation absorber layer for
harvest illumination, a middle thermal spreader layer for lateral heat dispersal, and an
insulator layer to minimize heat loss*’. Through this design, the surfaces can efficiently
convert solar energy to heat in the substrate. As shown in the Fig. 6d, the frozen droplets
started sliding away in 19.8 s with illumination on the substrate with tilting angle 30°.
Remarkably, the substrate took a short time of 0.5 s to generate a thin liquid layer after
the start of interfacial ice melting. In outdoor ambient anti-icing tests, the substrate also
exhibited highly encouraging anti-icing performance, with frozen droplets started sliding
away in 30 s in solar illumination intensity of ~ 0.6 kW/m. With longer solar illumination
time and intensity, dynamic anti-icing surfaces utilizing thermal energy for promoting
ice removal not only melt the ice-substrate interfaces but also can melt the whole ice,

which will be introduced in the following dynamic ice melting section.
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Figure 6. Representatives of the dynamic anti-icing surfaces through dynamic interface melting. (a)
The hybrid superhydrophobic surfaces that dynamic secrete anti-icing agents. (b) The ionogel surfaces
using ionic liquid for dynamic anti-icing, and their atomistic models of ice melting. (c) The
superhydrophobic carbon nanotube surfaces with electrothermal effects. Real-time anti-icing testing
experiments were showed in the figure. (d) The photothermal trap utilizes solar illumination for ice
mitigation. Panels (a) and (b) were adapted with permission from Ref. 44 and 52, American Chemical
Society. Panels (c) was adapted with permission from Ref. 48, Royal Society of Chemistry. Panel (d) was
adapted with permission from Ref. 37, Science Publishing Group.
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2.3 Novel interface generators

The durability, low ice adhesion and and extreme-low temperature applicability
of anti-icing surfaces are three essential demands for practical applications. It is still
challenging for the current dynamic anti-icing surfaces to meet all the three requirements.
As discussed above, substrates that dynamically generate an interfacial aqueous
lubricating layer can have improved durability thanks to lubricant regenerability'# 2526,
However, for these anti-icing surfaces there is an exhaustion limit that the anti-freeze
agents can secrete. When the concentration gradient of chemicals disappeared, the anti-
freeze agent secretion stopped on these substrates, leading to poor long-term durability
in icing/de-icing cycles. The anti-icing surfaces with photothermal effects also generally
lost their icephobicity at temperature lower than -50 °C. Subsequently, the interfacial
aqueous layers tend to freeze at certain low temperature, which led to a sharp and
dramatic increase in ice adhesion strength. For instance, the ice adhesion on substrates
with interfacial aqueous layer can increase from ~ 27 kPa to more than 400 kPa at
temperature close to -60 °C'%. For anti-icing at extremely low temperature, such as in
environments like in the Arctic area, maintaining low ice adhesion on anti-icing surfaces
is formidable. Fortunately, a strategy of generating interfacial liquid layer at extremely
low temperature and addressing anti-icing in harsh environment was developed
recently>*. Instead of generation pure aqueous layer for lubrication, ethanol was selected
as the lubricant at the ice-substrate interface because of its low freezing point of -115 °C,
which guaranteed non-frozen lubricating effects at extreme temperature. As verified via
the atomistic modeling and molecular dynamic simulation shown in Fig. 7a, ethanol
layer as thin as 2 nm at the ice-substrate interface can maintain low ice adhesion -60 °C.
In comparison, interfacial aqueous layer of the same thickness froze at much high
temperature, resulting in loss of lubrication effect. Based on the theoretical study, two
liquid layer generators (LLGs) that can dynamically generate ethanol layers at the ice-
substrate interfaces were designed (Fig. 7b). The first LLG was fabricated by packing
ethanol into the substrates, termed LLG-1, which can yield super-low ice adhesion of ~
1 kPa (samples containing 40 vol% ethanol). Because the ethanol layer was dynamically
secreted from the substrate, the LLG-1 had continuous decreases in ice adhesion strength

for automatic de-icing. Specifically, ice adhered onto the LLG-1 was detached by gravity
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in 3 hours in the related testing experiments. Most remarkably, the LLG-1 was showed
to have ethanol secretion lifetime of at least 250 days at -20 °C (Fig. 7¢). With more
ethanol embedded in the substrate, the lifetime of ethanol secretion increased. For
example, the LLG-1 sample with 40 vol% ethanol can have a long functioning lifespan
of 593 days. In order to further extend the ethanol exhaustion time, a second LLG (LLG-
2) with sub-porous layers was also design for the possibility of replenishing ethanol in
the substrates, which featured the same outperforming anti-icing properties. The LLG-2
strategy was applied on various surfaces, including the contaminated ones with particles
and other hydrophilic components. Surprisingly, the contaminated LLG-2 surfaces had
super-low ice adhesion strength of ~ 10 kPa, which was expected to further decrease
with increasing secreted ethanol layer. The most attractive properties of the LLGs were
their unprecedented low ice adhesion strength at extremely low temperature (Fig. 7d).
By introducing the ethanol lubricating layer at interfaces, the ice adhesion strength on
the same surfaces decreased from 709.2 ~ 760.9 to 22.1 ~ 25.2 kPa at -60 °C, which
indicats the LLGs as a viable candidate for anti-icing applications at harsh temperature.
Thus, the LLGs are the first dynamic substrates that have the potential to meet the above-

mentioned three anti-icing requirements intended for realistic applications.
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Figure 7. Representatives of the dynamic anti-icing surfaces through novel interface generators. (a)
Interfacial ethanol layers of different thickness and their effects in reduction ice adhesion strength. (b) The
design principles and fabricated samples of the LLGs. (c) The icephobicity and durability of LLG-1. (d)
The icephobicity of LLG-2 with various surfaces and under extremely low temperature. Panels (a-d) were

adapted with permission from Ref. 34, Royal Society of Chemistry.
2.4 Interfacial crack initiators

Dynamic interface change can also be a result of interfacial stress concentration.
According to fracture mechanics, ice adhesion strength (z.) is governed by 7, =

VE*G/mal, where G is the surface energy, E* is the apparent bulk Young's modulus, a
is the length of crack and 4 is a non-dimensional constant. Therefore, generating cracks
at the ice-substrate interface is a promising approach for low ice adhesion. Following the

fracture mechanics principle, surfaces containing crack initiators at the ice-substrate
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interfaces were fabricated, which can enhance crack generation and efficiently reduce
ice adhesion'*. In order to promote the generation of cracks at the ice-substrate interface,
three crack initiators on different length scales were first identified, namely nanoscale
crack initiator (NACI) by surface atomistic and chemistry nature, microscale crack
initiator (MICI) by the hierarchical surface structures and macroscale crack initiator
(MACI) by interface stiffness inhomogeneity'*. NACI underlies negative and weak
affinity of a surface to ice and aids debonding at the ice-substrate interface, which is
widely observed in hydrophobic surfaces used for anti-icing!®!> 143146 MICI can be taken
as the micro-voids under the so-called “Cassie” ice on superhydrophobic surfaces and
serve as micro-cracks for ice detachment from the surfaces®® 47 48, Both NACI and
MICI have their limitations for achieving super-low ice adhesion (defined as ice
adhesion strength lower than 10 kPa)'*. In contrast, MACI is the only crack initiator that
can maximize crack size at macroscale length at the ice-substrate interfaces and

predominantly facilitate easy ice removal'*

. As shown by finite element based simulation
in Fig. 8a, porous sub-surface structures for MACI consists of significantly larger
number of crack initiation sites along the ice-substrate interface than the cases with a
homogenous substrate. Correspondingly, PDMS coatings with MACI showed super-low
ice adhesion of 5.7 kPa, much lower than their counterparts, as the coating sketches and

results showed in Fig. 8a.

The novel MACI mechanism enabled by sub-surface structures thus provided a new
route for design icephobic surfaces. One low-cost yet effective fabrication strategy of
realizing MACI was using sponge structure directly'*. As shown in Fig. 8b, sugar was
used as a sacrificial template for preparing sandwich-like PDMS-based sponge
substrates. Because of the high porosity, the MACI effect of the sponge-type substrates
was greatly enhanced. Furthermore, the elastic modulus of the sponge substrates was
intrinsically low, which significantly contributed to the overall surface icephobicity. The
PDMS sponges thus showed remarkable super-low ice adhesion strength of ~ 0.8 kPa

and stable long-term ice adhesion strength of ~ 1 kPa after 25 icing/de-icing cycles.

Stiffness inhomogeneity in the substrate is the key to MACI. Other anti-icing
substrates utilizing the surface stiffness inhomogeneity to achieve low ice adhesion can

be considered to rely on the same mechanism of MACI. For example, stress-localized
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surfaces for lowing ice adhesion were developed by surface inhomogeneity
programming®. Specifically, the stress-localized surface contained two phases, phase I
and phase II, as shown in Fig. 8c. The phase I was polymer with relative high elastic
modulus, while the phase II was stress-localized materials with low elastic modulus. In
such a setup, the phase II served as crack initiator, similar to pores in the PDMS-based
sponge with MACI, for ice detachment under mechanical loading, which render the
stress-localized surface one of the lowest ice adhesion strength reported so far (in the
order of 1 kPa). It is worth noting that the stress-localized surface had excellent
mechanical durability thanks to the high elastic modulus of phase 1. The surfaces with
80 % phase II concentration showed stable long-term ice adhesion strength lower than 1
kPa after 100 icing/de-icing test, which made it a good candidate for applying in practical

conditions to reduce ice adhesion on outdoor exposed surfaces.
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Figure 8. Representatives of the dynamic anti-icing surfaces through interfacial crack initiators. (a)
The mechanism of multiscale crack initiator for super-low ice adhesion and their experimental results. (b)
The fabrication of sandwich-like PDMS sponges with MACI and the resulting anti-icing performances.
(c) The stress-localized surfaces and their ice adhesion testing results. Panels (a), (b) and (c¢) were adapted

with permission from Ref. 14, 149 and 39, Royal Society of Chemistry.
3 Dynamic anti-icing surfaces through dynamic ice change
3.1 Effective ice growth inhibitors

Surface dynamic anti-icing strategies can also be applied on the ice directly. Natural
organisms like insects, fishes and plants utilizing anti-freeze proteins (AFPs) to survive
subzero temperature are the vivid examples®> %% 15! AFPs can not only suppress

freezing-point but also inhibit ice growth and recrystallization'>*'%, thanks to their Janus

136



Appendix A Appended Papers

properties. All the AFPs have ice-binding faces (IBFs) and non-ice-binding faces
(NIBFs)'”7. 1In solution, AFPs preferentially bound to any ice crystals with IBFs and
leave the NIBF to liquid water, which results in micro-curvatures of ice-water interfaces.
Due to the so-called Kevin effect, such curved ice-water interfaces inhibit ice growth !,
Inspired by the discovery that ice growth was regulated by the AFPs absorption onto the
basal/prism planes, novel materials featuring the same property of preferential binding
to ice surfaces were discovered, including graphene oxide (GO), oxidized quasi-carbon
nitride quantum dots (OQCNSs), safranine molecules and so on>® 139195 Although the ice
growth in solutions containing these new materials were indeed inhibited, applying the
same strategy on the design of anti-icing surfaces is at the early stage of development.
AFPs was directly immobilized onto aluminum, which led to delayed frost/ice formation
for at least 3 hours, showing significant anti-icing potential'®. The binding faces of AFPs,
IBFs and NIBFs, were screened for freezing-point depression, which indicated only the
NIBFs decreased freezing temperature*’. Despite that the related studies confirmed the
potential of AFPs in ant-icing applications, more in-depth investigations are still needed
for elucidating their effects on overall surface icephobicity. In outdoor environment, ice
nucleation is inevitable due to low temperature, long icing time and surface
contaminations. Once ice started to form on exposed surfaces, ice growth/propagation
control was believed to be more important to tackle the ice accumulation problem and

thus one important focus of anti-icing surface design'®’%,

Phase-switching liquids (PSLs) containing cyclohexane (SCh) were used for
inhibiting ice growth, for their property of holding ice melting temperature (7,,,) above

water freezing point (7})!"

. When vapor condensed on a solidified PSL surface, the
latent heat released during the condensation was trapped in the droplets. The temperature
increases at the solidified cyclohexane (SCh) and air interfaces could attain ~ 5 °C. (Fig.
9a). The increased temperature thus led to melting of PSL in contacted region. By
comparing the freezing initiation time and total freezing delaying time, PSL coated
surfaces performed excellently in inhibiting ice growth. The best sample showed
sustained ice growth delay for more than 96 h, which was 300 times longer than the

superhydrophobic surfaces. The PSLs can also be infused into porous surfaces and form

SLIPSs. The infused samples with 10 um spacing microstructured (SG-10) surfaces can
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dynamically inhibited the frost propagation for more than 140 min, which was around 7
times longer than lubricant infused surface (LIS). It should be noted that the reported
PSL chemicals, such as benzene, were highly toxic. Other safe and environmentally
friendly phase-switching liquids that have melting temperature close to the water
freezing point still need to be further explored®.

Counterions at the ice-substrate interface also can inhibit ice growth by dynamic

melting38’ 171—173.

Poly([2-(methacryloyloxy)ethyl]trimethylammonium chloride)-ClI
(PMETA-CI) brush was synthesized on silicon wafers, which can accommodate different
ions via ion exchange!”!. Brushed with counterions of CI', ClO4", PFs", TFSI" and PFO
were investigated, showing hydrophobicity Cl- < ClO4 < PFs < TFSI" < PFO". It was
found the ice propagation efficiently on the highly hydrated PMETA-Cl and PMETA-
ClO4 brushes, while much longer time were needed for ice form on brushes with
counterions of PFs, TFSI" and PFO". It was suspected the water molecules in the
hydrophilic polymer brush (PMETA-Cl and PMETA-CIO4) moved toward the ice
growth fronts when freezing occurred and consequently promoted ice propagation. In
contrast, brushes with PFs", TFSI" and PFO™ counterions and higher hydrophobicity could

result in “water depletion regions”, which reduced the freezable water molecules and

suppressed ice propagation (Fig. 9b).

To understand the mechanism that control the ice propagation, ice propagation
behaviors on polyelectrolyte multilayer (PEM) coated surfaces were investigated®!. The
PEMs are ideal for this purpose, because the outmost layers determine the surface
properties and water concentrated only in the outside layer. Two types of PEMS, the
Poly(sodium 4-styrenesulfonate)/poly(allylamine hydrochloride) (PSS/PAH) and the
PSS/ poly(diallyldimethylammonium chloride) (PSS/PDAD) coatings were fabricated
in the research by tuning the compositions of polyelectrolyte pairs during the layer-by-
layer deposition. The PDAD has polyelectrolyte interacting more strongly with water in
the outmost layer than that in the PAH. It was found that the ice propagation time on the
PSS/PAH was two orders of magnitude longer than on the PSS/PDAD with same number
of deposition layers. The ice propagation time can be tuned by simply change the
composition of the outmost layers, but not by the number of deposition layers.

Counterions and their concentration (Fig. 9b) also showed effects on ice inhibiting
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performance on the PEMs. The results indicated that ice propagation can be inhibited by

depressing the water molecules trapped in the outmost layer of polyelectrolyte coatings.

More importantly, the ice growth inhibition properties of PEMs layer in real environment

was also investigated in the related studies (Fig. 9¢). With silver iodide aqueous droplets

(Agl particle, 0.1 pL) placed on the PEMs acting as the artificial ice nuclei, the PSS/PAH

samples were still able to delay ice propagated for 2700 s, demonstrating the robustness

and wide applicability of their anti-icing performances.
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Figure 9. Representatives of the dynamic anti-icing surfaces through effective ice growth inhibitors.

(a) Phase-switching liquids used for inhibiting ice growth, and their freezing delaying time. (b) Ion-
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specific ice propagation on polyelectrolyte brush surfaces. (c) Ice propagation on polyelectrolyte
multilayer surfaces, “W” and “I” are denoted as “water” and “ice”, respectively. Panels (a) was adapted
with permission from Ref. 170, Wiley Publishing Group. Panels (b) was adapted with permission from
Ref. 171, Royal Society of Chemistry. Panels (c) was adapted with permission from Ref. 51, Wiley
Publishing Group.

3.2 Dynamic ice growth controlling

Controlling ice growth on a surface in a defined pattern can also be an effective
approach to achieve icephobicity, given that ice formation is unavoidable after growth
inhibition for a limited period of time. It was found that water droplets on
superhydrophobic surfaces showed spontaneous levitation and trampoline-like bouncing
behavior in a low-pressure environment'’*. Such phenomenon was caused by the
overpressure beneath the droplet originated from fast vaporization and the countering
surface adhesion restricting the vapor flow. Because strong vaporization led to high
degree of cooling on a supercooled droplet, a rapid recalescence freezing was initiated
at the free surface'®® !>, The latent heat released in the freezing increased the droplet
temperature to the equilibrium freezing temperature (0 °C). Under the low-pressure and
low-humidity conditions such as in the condition of the experiment, a sudden increase in
the vaporization of droplets surfaces resulted in rapid increasing in the overpressure
beneath the droplet, which can lead to self-levitation of the droplet if freezing happened,
meaning spontaneous-launching of ice. It was expected that this phenomenon can be
observed on various surfaces with different textures, as shown in the Fig. 10a, suggesting

the potential of controlling ice growth for spontaneous ice removal ice.

The freezing-driven ice-removal mechanism was further explored on various
surfaces>. It was found that the key for self-dislodging of frozen droplets lied in the
freezing orientating process. Specifically, the successful self-dislodging required free
surface of the droplet be solidified first, forming an ice shell on the external surfaces
while maintaining the droplet-substrate contacted region remained liquid. As the
subsequent freezing phase boundary moved inward in the droplet asymmetrically, the
volume of droplet expanded in the solidification and caused mass displacement toward
the unsolidified droplet-substrate interface. On non-wetting surfaces with pinned ice-
liquid-vapor contact line, the displaced mass had nowhere to spread in the final state of

solidification and lifted the droplet upward. This dislodging process was observed on
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various substrate with a wide range of wettability (from hydrophilic to superhydrophobic)
and topography as shown in the Fig. 10b. Such self-dislodging behavior of frozen
droplets provided a universal concept for design ice free surfaces through controlling
asymmetric freezing dynamics with inward solidification. Although the above
experiments were carried under low pressure, the self-dislodging brought insight into the
freezing fundaments and inspired the further development of dynamic icephobic surfaces

through controlling ice growth behaviors.

By controlling the multi-crystal ice growth pattern on the surfaces, another important
surface design for novel dynamic ice repellency was also developed recently!®. By
depositing silver iodide (Agl) nanoparticles as ice nucleation active sites on surfaces, ice
nucleation can be controlled to occur concurrently. It was found that the ice crystals on
a hydrophilic surface (with water contact angle of 14.5°) underwent an along surface
growth (ASG) mode. However, the ice on the hydrophobic surface (with water contact
angle of 107.3°) exhibited an off-surface growth (OSG) mode (Fig. 10c). On the smooth
surfaces, there is an ASG-to-OSG transition of ice growth mode at surface water contact
angle of 8 = 32.5° + 1.9°. The ASG-to-OSG transition was also observed on porous
surfaces at different water contact angle, suggesting the ubiquity of this behavior on
various structured surfaces. The growth mode of ice crystals significantly affected the
contact area (Acontact) between ice and its substrate, and subsequently the ice adhesion
strength. In the OSG mode, the optimal Acontact Was only around 10 % of projected area
(Aproject). In contrast, the ASG mode resulted in almost full ice contact of the surface
project area (Acontact /Aproject = 90%). In ice-removal tests, the OSG ice can be easily
blown away by a wind breeze with velocity of 5.78 m/s at -3 °C, while the ASG ice

remained firmly adhered on the surface.
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Figure 10. Representatives of the dynamic anti-icing surfaces through dynamic ice growth
controlling. (a) Spontaneous droplet levitation in freezing from a wide range of surfaces under low-
pressure and low-humidity conditions. (b) Self-dislodging behavior on hydrophilic, hydrophobic and
superhydrophobic surfaces. (c) Ice growth pattern on surfaces with different wettability and their anti-

icing performance. Panels (a) was adapted with permission from Ref. 174, Nature Publishing Group.

142



Appendix A Appended Papers

Panels (b) and (c) were adapted with permission from Ref. 53, and 13, National Academy of Sciences of

the United States of America.
3.3 Ice-free zone programming

As the dynamic ice growth patterns are important for anti-icing, recent investigations
further revealed that ice growth on the whole surfaces can be programmed through

surfaces chemistry/structure deign®® 176178

. On surfaces fabricated by assembling
poly(poly(ethylene  glycol) methyl ether methacrylate)/polydimethylsiloxane
(P(PEGMA)/(PDMS)) Janus particles, ice was found to grow into ice crystals/dendrites
in certain regions, leaving other regions dry and clean'’®. The underlying mechanism of
the distinct ice growth pattern on the Janus surfaces was elucidated, as depicted in Fig.
11a. For hydrophilic surface, water condensed into liquid film and formed continues
frozen film. While on the hydrophobic surface, water droplets formed instead in
condensation, which resulted in frozen droplets and ice bridges. The icing process on the
Janus surfaces followed a wunique process. Frist, condensed droplets froze
inhomogeneously on the surface. Specifically, ice crystals emerged more likely in the
large liquid droplets on the hydrophilic regions of the surface. The frozen droplets then
affected the surrounding regions. Instead of freezing, the small droplets on the
hydrophobic clusters around the frozen droplets disappeared through evaporation. Then,
desublimation effect of vapor to ice assisted the further growth of already frozen droplets
into dendrites, which ultimately led to building a dry band around the large frozen
dendrites, namely ice-free zones. Because of the ice-free zones and small ice contact area,

the Janus surfaces exhibited low ice adhesion strength of 56 kPa.

The guided ice growth pattern on Janus surfaces suggested that surfaces chemistry
design could dynamically create ice-free zone. However, the locations of ice-free zones
on a surface were mostly random. In a recent report, ordered and large scale ice-free
zones taking up ~ 96 % of the entire surface area were programmed and created on

surfaces with patterned polyelectrolyte!”’

. On these patterned surfaces, icing was
designed to initiate from the polyelectrolyte domains and propagated atop, as shown in
Fig. 11b. The condensation of vapor into water droplets on the polyelectrolyte released
latent heat, which led to significant temperature increase atop the substrate close to the

frozen droplets. This freezing-driven thermal effect resulted in further water evaporation
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around the frozen droplets. Because the saturated vapor pressure of water droplets is
higher than ice, the newly formed ice was guided to grow exclusively on the patterned
polyelectrolyte domains through desublimation®'> 1% 157171 In contrast, ice growth at the
ice-free zone was inhibited. Thus, ice accumulated on the frozen area was accompanied
by the consumption of condensed droplets and resulted in the continuous expansion of
ice-free zone. It was showed in the experiments that the fraction of ice-free region could
be tuned by the grafting density and pattern of polyelectrolyte brushes. By using
polyelectrolyte multilayer and polyelectrolyte hydrogel for patterning surfaces, ice-free
regions occupying ~ 96 % and ~ 88% of the total surface area can be achieved,

respectively.

Besides patterning in surface chemistry, micro-structure can also be utilized for
programming ice-free zone on surfaces. As shown in the Fig. 11c, precisely designed
micro-patterned surfaces were used for programing ice growth with an interesting and
motivating aim of using ice to fight ice!’s. The unique feature of such surfaces was
introducing water into microstripes on the surface. Under cooling, the water stripes on
the surface froze firstly, serving as frozen regions. The formation of ice-free and dry area
on the surface followed the same process as discussed above, which led to as high as 90 %
percent of the total surface area as dry-zone (or ice-free zone). Interestingly, it was found
that the growth rate of frost on the ice-stripes was one order of magnitude lower than on
the smooth solids. In short, the pre-frozen ice pattern not only protected the other region
from icing but also slowed down ice propagation.

Natural surfaces like certain tree leaves can also program ice formation in winter*! 17,

namely ice accumulation on convex veins is more significant than flat zones. Inspired
by such phenomena, artificial leaves with ice-free regions were designed recently*’. The
micro-textures on the artificial leaves can result in large scale ice-free area without pre-
designed water/ice stripes, affecting both water condensation and ice formation on the
surface. As water molecules in a supersaturated ambient air diffused more easily to the
peaks than to the valleys, the artificial leaves accumulated more and larger droplets on
top of its micro-texture, where the freezing of droplets initiated at lower temperature.
After ice formation on the peaks of the micro-textures, the low vapor pressure led to the

evaporation of droplets from and created stable ice free zone in the valleys as shown in
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Fig. 11d. Combining the experiments and simulation, an important structure parameters
a, namely the vertex angle, was proposed to quantitatively correlate to the percentage of
ice-free regions and the micro-texture on the surface. The relationship between a and
frost coverage were mapped under various ambient humidity, providing significant

instructions for constructing ice-free regions through surface structure fabrication.
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Figure 11. Representatives of the dynamic anti-icing surfaces through ice-free zone programming.
(a) Ice formation mechanism on rough hydrophilic, hydrophobic, and Janus surfaces. (b) Patterned
polyelectrolyte coatings for dynamic controlling large scale ice-free region. (¢) Dynamic anti-icing
surfaces using microscopic ice patterns. (d) Micro-textured surfaces with capacity of dynamic forming
ice-free zone. Panels (a), (b) and (c) were adapted with permission from Ref. 176, 177 and 178, American
Chemical Society. Panels (d) was adapted with permission from Ref. 49, National Academy of Sciences

of the United States of America.

3.4 Dynamic ice melting

Ice melting on anti-icing surfaces is another important aspect of dynamic ice change

for avoiding unwanted ice accumulation. The dynamic ice melting surfaces were created
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by integrating materials with thermal effects, including electrothermal, near-infrared

photothermal, magnetothermal and solar photothermal effects'33 144179 180,

The use of electrothermal effect for tackling icing problems had a long history. In the
last decades, numerous active anti-icing surfaces with additive electrothermal effects
were developed, which consumed electrical energy for dynamic ice melting!8!-136,
Passive icephobic surfaces, such superhydrophobic and the SLIPS surfaces, can also
integrate active thermal effects for anti-icing, as introduced in the dynamic interface
melting surfaces section above. By enhancing the power density on such surface, ice can
be dynamically and constantly melted at the ice-substrate interface until being fully
consumed. Recently, a so-called slippery liquid infused porous electric heating coating
(SEHC) was prepared, which contained MWCNTs as electrothermal generators'*>. The
SEHC also contained lubricating oil with high thermal conductivity that enabled
reduction of ice adhesion strength from 1940 to ~ 58 kPa. The obvious advantage of
using SEHC instead of superhydrophobic surface was the thermal conductivity of the
lubricant, which was nearly one order of magnitude higher than that of air and thus also
higher electrothermal efficiency. The SEHC could melt ice on the surface completely
with power density 0.58 W/cm?, showing significant reduction from 0.65 W/cm? on
superhydrophobic surfaces (Fig. 12a). In another study, the lubricant infused surfaces
were integrated with near-infrared photothermal effect for dynamic melting ice!”. The
lubricant infused film (LF) on the surfaces showed much lower ice adhesion strength of
~ 25 kPa than that of surfaces with smooth film (SF, ~ 506 kPa). Surfaces with embedded
Fe304 nanoparticles (0.5 wt%) into the substrate was prepared for melting surface ice.
The temperature of such surfaces can increase for more than 50 °C in 10 s under
irradiation, owing to the excellent near-infrared thermal response of the Fe3O4
nanoparticles. In an ice melting test, the ice layer on the surface was melted in 4 s with
ambient temperature below -5 °C (Fig. 12b). The Fe3Osnanoparticles were not only good
medium for photothermal generation, but also possessed excellent magnetic-thermal
effects. Superhydrophobic coatings containing Fe3O4 nanoparticles can dynamic melting
ice under magnetic field and sunlamp irradiation (Fig. 12¢) '*°. Under a magnetic field
of 7.8 kW, the hybrid surface containing 50 wt% Fe3O4nanoparticles showed an increase

in temperature of ~ 21 °C in 25 s. At the meantime, the same surface under sunlamp
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irradiation (75 W) increased 13 °C in 5 min.

The dynamic ice melting surfaces described above by using electric power, near-
infrared irradiation and magnetic field were attractive. However, their approaches are
partially active and thus can be costly. The photothermal trap surfaces that used solar
irradiation energy for ice melting were outstanding candidates and have raised great
interests?’ 132 142-144. 187. 188 " Dyegpite the complex design, these novel surfaces introduced
in the dynamic interface melting was efficient. For instance, superhydrophobic icephobic
surfaces with photothermal effects by using cheap candle soot was newly fabricated'**.
Because of the hierarchical structure and the black color, the candle soot has excellent
photothermal conversion efficiency'®*!%3. As shown in the Fig. 12d, the candle soot
coated surfaces possessed combined properties of robust superhydrophobicity and highly
efficient light trapping, which enable surface temperature increase of ~ 53 °C under 1
sun illumination (1 kW/m?). In a frost melting test at -30 °C, the accumulated frost started
melt after illuminating 60 s and the surface was free of ice in 720 s, demonstrating

superior dynamic ice melting performances.
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Figure 12. Representatives of the dynamic anti-icing surfaces through dynamic ice melting. (a)
Dynamic anti-icing performance of SLIPS combined with electrothermal effect. (b) Integrating self-
lubrication and near-infrared photothermal generation for dynamic ice melting. (c) Magnetic particles
based superhydrophobic surface for ice melting. (d) Superhydrophobic photothermal icephobic surfaces

based on candle soot. Panels (a) was adapted with permission from Ref. 133, Elsevier Publishing Group.
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Panels (b) was adapted with permission from Ref. 179, Wiley Publishing Group. Panels (c) was adapted
with permission from Ref. 180, Royal Society of Chemistry. Panels (d) was adapted with permission from

Ref. 144, National Academy of Sciences of the United States of America.
4. Conclusion perspectives

Unwanted icing is one of the major unsolved problems accompanying mankind in the
whole civilization history. It is unfortunate that the most common ways utilized today to
combat icing are still the traditional de-icing methodologies involved direct mechanical
forces, energy-intense thermal treatments or heavily chemical handling. Despite that the
passive anti-icing concept has been proposed for more than a decade, automatic de-icing
on application scale or at any industrial technology readiness level is still not available.
Nevertheless, there are significant successes in the anti-icing materials related researches,
especially on the super-low ice adhesion surfaces that enabling natural forces for effective
de-icing. Although challenges such as durability, contamination, extreme temperature and
harsh conditions need to be addressed, the up-scale of such anti-icing surfaces from
laboratory do promise a bright future. Given the abundant research results on anti-icing
materials, the understanding of the icing problem also needs to update. Regarding ice
formation on a surface, it is crucial to recognize the dynamic properties of the ice-
substrate interface on any surfaces. The dynamic properties can have a long time-span or
need to respond to external stimuli to be revealed, which yet can be high beneficial for
de-icing. For instance, ice adhesion on the liquid layer generators and other surfaces that
secrete interfacial lubricant and constantly decrease to a negligible level with time,
provided ample lubricants were embedded in the substrates. As such, automatic de-icing
can be realized even in the outdoor environment if the functionality life-time of such
surfaces is further enhanced. Several anti-icing surfaces have combined external energy
inputs in design. It is fair to say that energy input from solar illumination is most favorable
and sustainable choice. Such surfaces still have relatively low power density or suffer
from critical environmental limitation such extremely low temperature, which deserves
continues research effort in the future research. Last but not least, the rational structure-
property-function relationship in the current anti-icing surfaces is missing. It is certainly
difficult to establish this relationship given that approaches to realize surface icephobicity
vary greatly as well as a wide variety of materials have been selected for surface

fabrication. More theoretical researches on dynamic anti-icing surfaces should be

148



Appendix A Appended Papers

promoted, including atomistic modeling and simulation, and multiscale approaches.
Based on the current fast evolving status of anti-icing research, the society can hold an
optimistic attitude on unwanted icing and expect practical passive dynamics anti-icing

surfaces in a very near future.
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