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Anti-icing ionogel surfaces: inhibiting ice nucleation, growth and adhe-
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ABSTRACT: Delaying ice and frost formation is one of the key strategies to mitigate the hazards induced by ice accretion. The
current surfaces for delaying ice formation rely on restricting heterogeneous ice nucleation, which fails in practical applica-
tions as dust and impurity from environments serve as undesired nucleation sites and thus promote ice nucleation. Herein,
ionogel surfaces are prepared to not only inhibit ice nucleation but also control ice growth. At -20 ©C, the prepared surface
enables an unconventional inward ice growth from the water droplet-air interface, resulting in a spherical cap ice rather than
anormal pointy cap ice. Both experiments and molecular simulations confirm that the prepared ionogel surface can efficiently
generate an interfacial liquid layer thanks to the inward ice growth and presence of ionic liquid. Such non-frozen interfacial
liquid layer is desired for lowering ice adhesion and preventing frost formation. Consequently, the ionogel surface exhibits
exceptional anti-frost abilities under cold humid environment (-20 2C, importing gas: 60% RH at 20 2C).

Ice and frost formation on exposed surfaces, such as on
airplanes, ship hulls, power lines and constructions, can
cause catastrophic damage.!-# It is well accepted that ice for-
mation contains two sequential steps, namely rate-limiting
ice nucleation (IN) and fast ice growth and recrystallization
(IGR).> Recently, various surfaces that can delay IN have
been developed to suppress the formation of ice, targeting
the initial and limiting step of icing.®7 Generally, IN initiates
at the interface between water and other solid/liquid (het-
erogeneous nucleation), where the free energy barrier of
nucleation is lower than in the bulk (homogeneous nuclea-
tion).” Hence, many efforts have been made to prepare sur-
faces for restricting heterogeneous IN.%8-10 For example, su-
perhydrophobic surfaces have been rationally designed to
inhibit the heterogeneous IN by greatly reducing the actual
solid-liquid contact area.® 11 Slippery liquid-infused porous
surfaces (SLIPS) also have been used to suppress the heter-
ogeneous IN owing to the improved smoothness and re-
duced possible nucleation sites.'? Unfortunately, such sur-
faces are inevitably exposed to the ubiquitous dust and im-
purity in practical applications, bringing undesired nuclea-
tion sites and thus promoting ice nucleation.3-16 Moreover,
even minor changes in environmental conditions, such as
humidity and gas flow, can trigger IN.17 Therefore, solely
suppressing the heterogeneous IN is far from enough to ef-
fectively prevent icing in real environment. Controlling the
other key ice formation step, IGR, should be taken into ac-
count to mitigate ice formation.'8-22 For example, altering
the growth direction of ice, i.e. making the ice grow from the
droplet free-surface toward the droplet-substrate interface,
can facilitate freezing water droplets spontaneous self-dis-
lodging from the surface.?> However, the change of ice
growth direction relies on specific environmental

conditions, such as artificially low environmental pressure,
large heat convection and high substrate temperature, ra-
ther than surface intrinsic functionality. To date, surfaces
that can efficiently inhibit IGR is still missing.

Herein, ionogel surfaces are prepared for inhibiting IN
and IGR simultaneously. The ionic liquid of ionogel can dif-
fuse to contacted water droplets and depress the freezing
temperature at the interface, thus enabling an unconven-
tional inward ice growth from the droplet-air interface to-
wards droplet-ionogel interface and then facilitating the de-
taching of formed ice at -20 2C. As confirmed by both exper-
iments and atomistic simulation, during the freezing pro-
cess, the diffused ions can be rejected to the unfrozen liquid
phase, thereby generating a nonfrozen interfacial liquid
layer with high concentration of ions. Molecular dynamics
(MD) simulations further reveal that larger ions of the ionic
liquid are easier to be rejected to the unfrozen phase, while
a portion of smaller ions are trapped by the formed ice, lead-
ing to an increasing electric field against ice growth. Owing
to the anti-freezing effect of the ionic liquid, ionogel sur-
faces exhibit exceptional anti-frost abilities under humid
environment (-20 °C, importing gas: 60% RH at 20 2C).

To prepared ionogel, crosslinked gelatin (CG) is incorpo-
rated with  1-butyl-3-methylimidazolium  bromide
(BMImBr), as shown by the experimental details given in
the Supporting Information (SI) (Figure S1-S2). For com-
parison and demonstrating the unique anti-icing/anti-frost
properties of the prepared ionogel surfaces, hydrophobic
ionogel (BIG) aluminum foil (Al), glass, polymethyl methac-
rylate (PMMA), polydimethylsiloxane (PDMS), as well as
pure crosslinked gelatin (CG) are fabricated for testing. BIG
consists of hydrophobic ionic liquid (1-Ethyl-3-methylimid-

zolium bis(%riﬂuoromethylsulfonyl)imide, EMImTFSI) and
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Figure 1. Ice nucleation and growth in single droplets on different cooled (-20 2C) surfaces of Al (a), CG (b), and ionogel
(c). The freezing front in each droplet is indicated by red arrows. Different parts of the droplet on the ionogel surface are enlarged
and shown as insets (green frame) in (c). The red dashed curve in the panel of 190 s and the inset magnified images (green frame)
is the shape outline of the droplet at 130 s. A crack (denoted by blue arrows in (c)) forms at the contact line due to the lifting of the
droplet. All the figures share the same scale bar of 1 mm (red bar in the last panel of (c)), except the insets (green frame) which are
enlarged 3 times. All the time in the upper-left corners of the images is real time of the example images.

hydrophobic polymeric matrix (Poly(vinylidene fluoride-
co-hexafluoropropylene), PVDF-HFP) (Figure S1-S2).

Distinctive ice formation dynamics and a different ice pat-
tern are observed on the ionogel surfaces, as indicated by
the water droplets freezing processes shown in Figure 1 and
Figure S3 & Movie S1-S5. As soon as the water droplets
(same size; 3 pL) contact with the Al, glass, PMMA, PDMS
and BIG surfaces at -20 2C, IN occurs immediately followed
by fast IGR. The fast ice formation on these surfaces can be
attributed to the small pre-formed frost at-20 2C (Movie S1-
S5), which are large enough to serve as nucleation sites for
fast ice growth, a commonly observed phenomenon in na-
ture.'¢ Importantly, ice growth starting from the solid-water
interface on these surfaces results in a pointy top on all the
frozen droplets (Figure 1a & 1b and Figure S3) due to the
expansion of water upon upward freezing.?* There is no sign
of delay in IN or depression of IGR in any of these surfaces
during the experiments. The CG surface interestingly shows
a certain capability of delaying ice nucleation, as shown in
Figure 1b, because hydrophilic CG can adsorb water mole-
cules and restrict the mobility and rearrangement of them.®
25, 26 With the adsorption of water, hydrogen bonds are
formed between water molecules and the CG polymer net-
works at the interface. The formation of ice nuclei from such

bound water compared to free water requires additional
energy, indicating the higher energetic barrier for nuclea-
tion. Consequently, the heterogeneous ice nucleation on CG
surface is inhibited. Nucleation takes place after 66.1 s and
the droplet suddenly becomes opaque within 0.1 s, as
shown in Figure 1b and Movie S6. During this rapid process,
a portion of liquid nucleates to form a slushy mixture of ice
crystals and liquid, in which most of the generated latent
heat is absorbed by the liquid and consequently rising its
temperature synchronously.” 2¢ Afterwards, the remaining
liquid phase of the droplet on the CG surface continues to
freeze isothermally followed by slow ice growth from the
droplet bottom to the top, resulting in the pointy top at the
end. Strikingly, the water droplet on the ionogel surface re-
mains in the liquid state for a longer time (97.7 s) and forms
a distinctive spherical cap rather than the normal pointy cap
on the other counterpart surfaces, as shown in Figure 1c.
IGR in the droplet on the ionogel surface initiates from the
IN sites at the droplet-air interface rather than at the drop-
let-ionogel interface. As shown in Figure 1c & Movie S7, a
thin ice shell first forms at 100.9 s and grows thicker (130 s)
toward the interior of the droplet. From 130 s to 190 s, the
ice grows downward to the droplet-ionogel interface and
lifts the solid droplet due to the volume expansion of water
upon freezing. The red dashed curve shown in Figure 1c
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Figure 2. Dynamic melting of ice on ionogel surface at -20 °C. (a) Frozen droplet on the ionogel surface at 80 min. The green
and orange dashed lines indicate the shape of the same frozen droplet at 110 and 140 min, respectively. (b) A probing needle pene-
trates through the ice shell and into the ice-liquid mixture core of the same frozen droplet at 375 min. (c-e) Probing needle detach-
ing the frozen droplet from the ionogel surface. (f) Liquid bridges monitored in detaching the of frozen droplet. All the droplet im-
ages share the same scale bar of 1 mm shown in (g) (red bar). (g) Schematic showing the slush after IN and ionic liquid diffusion
into the droplet on ionogel surface. (h) Schematic showing the IGR process of the droplet on the ionogel surface. The time marked

in (a) and (b) is real time of the example images.

(the panel of 190 s and the inset magnified images with
green frame after 190 s) is the shape outline of the droplet
at 130 s, demonstrating a clear shift in the vertical direction
equivalent to the lifting distance. As the IGR proceeds, the
contact line of the droplet with the ionogel surface moves
inwards and forms a crack at the interface due to the further
lifting (370 s and 610 s, Fig 1c and Movie S8). During the
course, the liquid layer at the interface thickens (Figure 2a
& 2b), consequently leading to a slippery effect (the position
shifting of the droplet can clearly be observed in Figure 2a
& Movie S9). Such motion of the frozen droplet also indi-
cates its ultralow adhesion to the surface, meaning that the
formed ice may be removed by natural forces, such as grav-
ity and wind shear. As shown in Figure 2a, the droplet is
fully frozen at 80 min and is not penetrable by the probing
needle. Surprisingly, at ~375 min, the same frozen water
droplet can in fact be punctured by the probing needle (Fig-
ure 2b and Movie S10), indicating the droplet develops a lig-
uid core internally gradually with time. The ionogel surface
enables an unconventional inward ice growth from the
droplet-air interface towards droplet-ionogel interface,
thereby facilitating the detaching of formed ice and indicat-
ing outperforming anti-icing/anti-frost potentials.

The non-frozen liquid layer at the droplet-ionogel inter-
face is crucial for surface icephobicity, which can effectively
reduce the ice adhesion.?”.28 To verify the presence of inter-
facial non-frozen liquid layer and low ice adhesion, a prob-
ing needle (outside diameter: 0.504 mm) is drawn to push
the ice droplet on the ionogel surface 4 min after IN, as
shown in Figure 2c-2f and Movie S11. The ice droplet is eas-
ily detached from the ionogel surface without bending the
small needle, suggesting an ultralow ice adhesion strength.
If the ice adhesion is high enough, the small needle can be
bent significantly or broken. Additionally, liquid bridges be-
tween the ice droplet and the surface are observed in the

detaching process, as shown in Figure 2f, which further con-
firms the presence of interfacial liquid layer and its effect of
the on lowering ice adhesion.

The growth of ice from water droplet on all surfaces, in-
cluding the growth direction and growth rate, depends on
the release of latent heat of fusion via conduction to the sub-
strate and/or convection to the air environment. Since con-
duction is much more efficient than convection, the ice fa-
vours growth upwards from the droplet-solid interface,
thus forming a pointy top upon expansion for most consid-
ered surfaces like Al, glass, PMMA, CG and PDMS. The IN de-
lay time (tn), i.e. the interval between the time when the
substrate reaches a target temperature and the time when
the initial ice nuclei appears, is often taken for evaluating
the icephobicity of a surface.® 2° Analogously, ice growth
time (tc) is taken as the time duration from the IN occurring
to the droplet fully freezing, and is introduced here to quan-
tify surface icephobicity. As shown in Figure S4, tc on the Al,
glass, PMMA, PDMS and CG surfaces shows an order of:
PMMA > BIG > PDMS > CG > Glass > Al. During ice growth,
the driving force is the temperature difference (AT) be-
tween freezing temperature (7') and environmental tem-
perature (Ta). By assuming the constant interface area, the
volumetric growth rate of ice (V) is proportional to the heat
flux (Q), which is proportional to AT/R.3° where R is the
thermal resistance between the environment and the freez-
ing front.

. . AT TI-T,
V@ =R (1)

Since the AT for all these systems are equal in this study,
a decrease in R leads to an increase in V. The surface with
lower thermal resistance (higher thermal conductivity)
provides a higher release rate of latent heat, and thus pro-
motes faster IGR. For example, in comparison with smooth
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Figure 3. Ice growth with varied BMImBr concentration at 253K. (a) Initial snapshots of three systems with simulation box of
half hexagonal ice and half solution containing BMImBr concentrations of 0 (pure water), 0.1 and 1 M. (b) The final snapshots of
the three systems corresponding with snapshots shown in (a), with the initial BMImBr concentration labeled. (c) Atomistic struc-
tures of the Br- and BMIm+ ions, with corresponding colors in both (a) and (b). (d) Normalized system potentials (UNorm) of the
three systems during the ice growth displaying the ice growth rate comparison. The potential at the initial state of each system is
set to 0, and the lowest potential at the end of the simulation is set to -1. The original system potentials observed in the ice growth

simulation are shown in Figure S6.

surfaces, superhydrophobic surfaces exhibit lower ice
growth rate as a result of the insulating effect of the trapped
air pockets.1!

Why the droplets on ionogel surface show unique ice for-
mation dynamics? This can be attributed to the complex in-
terplay between ice growth and ionic liquid diffusion across
the droplet-ionogel interface. As the IN occurs, the latent
heat is released to the liquid phase, forming a slushy mix-
ture of ice crystals and liquid at the temperature of 0 2C
(freezing temperature of pure water) as depicted in Figure
2g. At the time when IN occurs, the temperature at the
slush-air interface, Ts,, and at the ionogel-slush interface, Tis,
are approximately 0 2C, while the temperatures of air (T)
and ionogel (Ti) are much lower and keep the same (-20 2C).
Due to the temperature difference between slush and out-
side (air and ionogel), the heat can be further released to the
ionogel across the ionogel-slush interface via conduction
and to the air via convection simultaneously. The conduc-
tive heat transfer to the ionogel surface decreases Tis. How-
ever, because of the influx of ions and depressed freezing

point (Tl.’; ) of the local mixed water-ion solution,3! Tis is
higher than Tif (Tis > Tif ). Consequently, IGR can’t start

S
from the ionogel-slush interface. At the same time, the con-
vective heat transfer to the air decreases Tsa and steers ice
growth inwards immediately toward the core of the droplet

(Figure 2h), given that Ts is at the freezing temperature

here (TS’;) (Tsa = Ts’;). The decrease of freezing point of
BMImBr aqueous solution with concentration of BMImBr is
demonstrated by differential scanning calorimetry (DSC), as
shown in Figure S5. The melting temperature of the aque-
ous solution can be lower than -50 2C when the ion concen-
tration reaches 1 M. Hence, with further influx of ions, the
inner part of the frozen droplet can be melted. It is worth
noting that the IN temperature has a maximum value as the
concentration is ~0.01 M. This is attributed to the enhanced
IN efficiency due to the increased fraction of ice-like water
molecules. The presence of low concentration of ion can
promote the structural transformation of water from liquid-
like to ice-like water molecules, thus promoting the hetero-
geneous IN.621,32,33

Atomistic modelling and MD simulations can further re-
veal the molecular insights of ice formation and melting and
thus provide guidance for future surface design.3*3¢ Herein,
the all-atom model and atomistic parameters of BMImBr
are taken from a former study focusing on developing OPLS
Force field for imidazolium-based liquids,3” which repro-
duce experimental properties of BMImBr appropriately.
The tip4p/ice model is utilized for ice and water here for its
precision on reproducing the water-ice phase transition.38
As shown in Figure 3a-c, three systems with simulation
boxes of half hexagonal ice and half solution with different
BMImBr concentrations of 0 M (pure water), 0.1 Mand 1 M
are prepared and subjected to ps-scale ice growth
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Figure 4. Melting ice by BMImBr gels. (a) Snapshots of the initial system (left), with the BMImBr molecules hidden for a clear
view of the ice shown on the right. (b) Snapshots of the same system at the end of 1 us simulation. Ice and the melted water mole-
cules in the system are shown on the right. (c) Normalized system potential (UNorm) in the course of the ice melting.

simulations, with details given in the Experimental Section
in the SI. The varied concentration of BMImBr chosen here
is intended for direct comparison of its effects on delaying
ice growth. All the simulations are carried out using the
GROMALCS (version 2018.6) package.??

The addition of BMImBr obviously delays ice growth at
the nanoscale. The distinctive changes in the total atomistic
interaction potential provide a good indication of the ice
growth state and rate in the three systems, as shown in Fig-
ure 3d and Figure S6. The pure water system (0 M BMImBr)
fully crystallizes in less than 70 ns, with the system poten-
tial featuring a linear decline toward a plateau correspond-
ing to the final fully frozen state. With 0.1 M BMImBr in the
solution, the system takes around 130 ns to reach a stable
final state, showing a significant lower ice growth rate than
pure water. The BMImBr molecules are sparsely trapped as
clusters in the frozen solution (middle panel in Figure 3b).
With higher BMImBr concentration of 1 M, the system
strongly resists ice growth and takes roughly 1 us to reach
a stable state consisting of an ice crystal block and an amor-
phous mixture of ions and water (Figure 3b, right panel). As
shown in Movie S12, during the freezing, the ions, especially
BMIm* ions, are rejected by the advancing freezing front
into the remainder of the liquid phase.*° As a result, the con-
centration of ions in the remaining liquid gradually in-
creases as the ice grows. Consequently, the system potential
gradually decreases deviating from linear decline moni-
tored in two other systems. Due to the extraordinarily high
concentration of ions, a non-freezing liquid layer with
highly concentrated BMImBr is formed at the final state of 1
M BMImBr system, as shown in Figure 3b (right panel),
which well agrees with the experiments. It should be noted
that the system potential at the final state of 1 M BMImBr
solution shows clear fluctuations rather than stable values
observed in two other systems, as depicted by the system
potential shown in Figure 3d and Figure S6. Such fluctua-
tions in the system potential result from the liquidity of the
mixture layer with high concentration of BMImBr, as can be
seen in Figure 3b (right panel). Thus, a high concentration
of BMImBr is important for forming a non-freezing layer re-
sisting complete freezing of the solution. Interestingly, the
Br- ions are easily trapped and integrated into the newly
formed hexagonal ice structure (right panel in Fig 3b and
Figure S7). As the larger BMIm* ions are seemingly rejected
by the newly formed ice, the process of ice growth gradually

separates the anions from the cations and builds up an in-
creasing electric field against ice growth (Figure S7). Such a
phenomenon observed in simulation is largely enabled by
the uneven sizes and hydrophobicity of the ionic parts of
BMImBr, namely Br- is charged and water-like while BMIm*
has a large hydrophobic side chain. This could be a special
advantage of ionic liquids consisting of larger ions and
smaller counter-ions for resisting ice growth. Generating
electric field against ice growth at the ice-liquid interface is
a novel molecular mechanism for anti-icing, which could be
an interesting topic of future studies for new icephobic ma-
terials design and application. Especially, the result indi-
cated the possibility of manipulating and controlling the ice
growing interface in ionogel solution by external electric
field.

To further demonstrate and gain physical insights of the
process of ice melting and accumulation of interfacial liquid
layer, simulation systems with ice and BMImBr adopting the
same conditions as in the experiments (Figure 2) are con-
structed and investigated (details given in the SI). As shown
in Figure 4a, the system initially has similar sizes as those
for ice growth simulations (Figure 3), and initially contains
half pure ice and half pure BMImBTr gel by volume. Using the
same parameters for ice growth, ice melting simulations are
performed for 1 ps, with the system potential and trajecto-
ries monitored and collected. As shown in Figure 4b, at the
end of the 1 ps a large portion of ice melts, and the ice struc-
ture shrinks roughly by 50%, while the BMImBr gel with
melted water forms an expanding mixture (Figure 2b).
Seemingly, the melted water molecules diffuse from the
melting front and migrate into the BMImBr gel, which re-
sults in a decreasing water density profile away from the
melting front across the whole BMImBr gel body, as shown
in Figure S8. The water melting and migration in the
BMImBr is energetically favorite, which can be seen by the
steady decrease in the system potential given in Figure 4c
and Figure S9. The BMImBr solution layer close to the ice
melting front (Figure 4b) can be taken as a nanoscale repli-
cate of the non-freezing layers in experiments. It consists of
high concentration of BMImBr with water and is in an amor-
phous viscous state featuring liquidity. Based on the results
from the ice growth and melting simulations, there should
be a concentration threshold of BMImBr, which balances ice
growth and melting. Both ice growth and melting with
BMImBr gel possess an interfacial amorphous liquid layer
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Figure 5. Comparison of condensation-frosting on glass (a) and ionogel surfaces (b). The two samples are cooled from 25 °C
to -20 °C with a cooling rate of 10 2C/min and then held at -20 2C under humid environment (importing gas: 20 2C, 60% RH). The
time was recorded at the beginning of the cooling. All the figures share the same scale bar of 10 um (red bar in (b)).

of water and BMImBr mixture, which can result in slippery
interface for lowering ice adhesion.?8 4142 Thus, BMImBr gel
can restrict the formation of ice by suppress the IGR, and/or
melt ice, leading to surface icephobicity.

Non-frozen interfacial liquid can grant the surface excel-
lent icephobicity, including low ice adhesion and inhibited
ice formation.32 Due to the presence of ionic liquid and hy-
drophilic polymer network, the ionogel surface can absorb
the water molecules from humid environments for generat-
ing a non-frozen liquid layer on the surface. Consequently,
ionogel should present excellent anti-frost properties. To
further verify the potential of ionogel surface for practical
applications, we conduct condensation-frosting experi-
ments, as shown in Figure S10. The samples are cooled from
25 2C to -20 °C with a cooling rate of 10 2C/min and then
held at -20 2C under humid environment (importing gas: 20
2C, 60% RH). As shown in Figure 5a & Movie S13, during the
cooling process, the condensation of water vapour first oc-
curs on the cold glass surface, followed by droplet coales-
cence and solidification. The glass surface is covered by
small ice crystals in only 4 min and accumulates even more
ice in another 10 min due to desublimation of water vapour.
In contrast, there is no ice or frost forming on the ionogel
surface after 30 min due to the effective inhibition in both

IN and IGR, as shown in Figure 5b. Such superior anti-frost
ability of the ionogel surface has not been reported to the
best of our knowledge.

In summary, this work sought for an effective strategy us-
ing ionogel for inhibiting ice growth aiming to mitigate the
hazards induced by excessive ice accretion. The designed
ionogel surface presented outstanding abilities of suppress-
ing ice growth and preventing frost formation in cold and
humid environments. By atomistic modelling and simula-
tions, negative and positive ions of BMImBr were observed
to be separated at the ice growing front interface, which

generated an electric field resisting ice growth. Either in in-
hibiting ice growth or in melting ice structure, the ionogel
surface can form an interfacial liquid layer with at low tem-
perature, which can lead to interfacial slippage for low ice
adhesion. The design strategy and excellent properties of
ionogel surface can further motivate new anti-icing and
anti-frost materials. However, the mechanical robustness of
this ionogel surface is not exceptional, which may hinder its
widespread application. Although the ionic liquid used in
this work has low environmental toxicity, its possible ex-
haustion after cycles of ice removal might lead to loss of
icephobicity. Future works can focus on enhancing the me-
chanical properties of ionogel surface by incorporating en-
ergy dissipative networks, designing double-network iono-
gel or adding fillers and controlling the release rate of ionic
liquid by molecular design.
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