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Abstract:

Water-rich hydrogels find a wide range of promising applications due to their combined solid/liquid-
like properties. However, hydrogels often exhibit a short lifespan and suffer from functional failure
due to water depletion via rapid evaporation and icing/freezing under low temperatures. To tackle these
challenges, here we developed a Ca?* and hydrophilic bonded -SOs™ group-based dual-ionic hydrogel
(DIH) which possesses an ultralong anti-dehydration lifespan and outstanding anti-icing properties.
The as-developed DIH can keep wet and flexible as its initial state for longer than 8 months in practical
room environment (15-35 °C, relative humidity of 30-90%), and show low ice adhesion of 2.3 kPa and
durably frost-free property at -10.0 °Cas well as anti-freezing property down to -49.0 °C. According to
the molecular dynamic simulations and experimental results, the superior anti-dehydration
performances are due to the low-diffusion and high absorption capacity and self-replenishment of
water via the dual-ionic strategy; the sufficient anti-icing Ca?* result in the extremely low melting point
and anti-icing properties of the DIH. This design sheds new light on developing next-generation
durable hydrogels with applications in soft materials and functional surfaces under harsh conditions of

both low humidity and low temperatures.

Keywords: dual-ionic hydrogel, anti-dehydration, anti-icing, anti-frost, long lifespan



1. Introduction

Hydrogels are a network of cross-linked polymer chains with hydrophilic groups containing a
large amount of water/fluid in the matrix. A large amount of water/fluid in the polymer matrix enables
hydrogels to show liquid-like properties. In contrast, the structural integrity of the polymer skeleton
by chemical cross-links in hydrogels is insoluble in water, enabling it to hold a specific shape like
solid*2. Due to the inner fluidity and solidity, hydrogels are mechanically soft/flexible materials with
liquid layers on surfaces, ensuring a variety of applications such as soft materials/devices and repellent
surfaces (e.g. anti-icing/anti-adhesion surfaces)®®. However, most hydrogels show short lifespans and
failure of liquid-like and soft functionalities because of rapid loss of water and/or freeze at subzero

temperature®1°,

The rapid loss of water from hydrogel originates from the inherent difference in osmotic pressure
between hydrogel and atomosphere!!. It was reported that there is around 95% water lost from a
physically cross-linked PVA hydrogel after 190 h at room temperature (RT) as a result of water
evaporation *2, resulting in a rigid and dry state of PVA hydrogel. On the other hand, the freezing or
icing of hydrogels causes loss of softness, flexibility or surficial functions in cold regions and winter*?
In the cold environment, ice formation and accretion lead to great difficulty in designing durable anti-
icing and anti-freeze surfaces that can face diverse icing scenarios. For example, ice forms and accretes
on frozen hydrogel, isolating hydrogel from objectives’®. Consequently, to mitigate or overcome
dehydration and/or icing/freezing, several strategies have been developed, including chemically
bonding of hydrophobic elastomer layer (hydrogel-elastomer hybrids)'* 14, organohydrogels® 13 17
and electrolyte hydrogels (ionic hydrogels)* 181°. For example, by covalently bonding thin elastomer
films on hydrogels, the hydrogel-elastomer hybrids can exhibit less weight variation in comparison
with the counterpart, improving the effective anti-dehydration properties of hydrogels!!. Moreover,

their anti-dehydration and anti-freezing properties can be further enhanced by the introduction of ions



into the aqueous phase of hydrogel-elastomer hybrids*. To the best of the authors’ knowledge, the
water retention of the state-of-the-art hydrogel-elastomer hybrids can be achieved as around 70% after
6 days'*. Unfortunately, the hydrogel-elastomer hybrids then lose the surficial liquid-like functions.
By introducing the organic solvents with hydroxyl groups, hydrogels can improve the anti-dehydration
and anti-icing properties because of organic solvent’s low depletion speed and inhibition of ice
nucleation® 2°, Furthermore, the organohydrogels, formed by the replacement of water in hydrogel
with organic hydrophilic solvents, can result in a durable lifespan with anti-icing functions®® 2,
However, the aqueous properties of the hydrogels were compensated. It is a grand challenge to develop

durable aqueous hydrogels with a liquid-like surface.

Alternatively, the electrolyte hydrogels with a liquid-like performance have been developed to
enhance water retention and/or depress freezing/icing without the sacrifice of the aqueous functions.
These include hydrogels either bonded with ionic groups or infused with ions (salt). Although the
bonded ionic groups could strongly enhance the hydrophilicity to prompt the water capture ability
from atomosphere??23, drying still occurs and the reduction in freezing temperature is negligible due
to extremely low content of bonded ionic groups in contrast to the high content of water. However, the
ions (salt)-infused hydrogels are promising materials that show anti-dehydration and anti-icing
functionalities due to the hygroscopicity and adjustable freezing temperature of salts'® 24, To date, the
salts such as NaCl, LiCl, KCI and CaCl, have been utilized to prepare salt-infused hydrogels’ 8. A
hydrogel prepared from 12 M LiCl shows excellent water retention, with a cumulative water loss of
11% after 5 days (RH 20%)'®, outperforming abovementioned hydrogels. Recently, a highly
stretchable and tough hydrogel was developed to survive at low temperatures down to -57 °C?,
however, its durability such as water retention remains unknown yet. More recently, a sustainable
NaCl-infused hydrogel was fabricated to show multi-functional anti-icing properties’, in which the

durability of the anti-icing properties was maintained by replenishment of salted water. However, the



ions-infused surface is prone to condense water droplets in the cold environment’, leading to the
dilution of ions. In practical applications, the evaporation of water from hydrogels and freezing/icing
at low temperatures seemed to be inevitable, and this leads to the loss of unique mechanical softness,
fluidity and flexibility of hydrogels. Hydrogels with long-term anti-dehydration and anti-icing

properties at low temperatures are yet to be developed.

As is known, the Antarctic bacterium Marinomonas primoryensis survives in harsh conditions
due to the production of Ca?*-dependent antifreeze proteins (AFP), which depends on Ca?* for
antifreeze activity®®. In addition, the CaCl, is a promising chemical to store water due to its strong
hygroscopicity?®. Inspired by those, herein we address the problems of rapid drying and freezing/icing
at subzero temperatures by using the so-called double ions (free Ca?* and bonded -SO3") approach to
develop dual-ionic hydrogel (DIH) with excellent anti-dehydration (non-drying) and anti-icing
properties. The DIH was fabricated by infusing high hygroscopic CaCl. into the hydrogels that are
covalently bonded with ionic groups. We demonstrated that the DIH can be durably stored without
obvious morphology and properties change for at least 8 months in room environment, and can survive
at temperatures down to -49.0 °C without freezing/icing. Anti-icing tests, surface wettability
investigation and molecular dynamic (MD) simulations were adopted to reveal the physical insights

underlying the excellent anti-dehydration and anti-icing properties.

2 Results and discussion

2.1 Design, fabrication and characterization of DIH

Figures 1a and b show the schematics of DIH in comparison with ions-free hydrogel, hydrogel bonded
with ionic groups and ions (salt)-infused hydrogel. The traditional hydrogels like PVA hydrogel, NaCl-
infused hydrogels show weak ability of water retention, being dried after several hours to days’. The
ions-free hydrogels and hydrogels bonded with ionic groups freeze at subzero degrees as well as icing

on their surfaces” 8, failing solid/liquid-like functionality. By utilization of the hygroscopic and anti-



freezing CaCl, and self-replenishment via bonded ionic groups, we propose using conflicting double
ions to develop DIH that can survive at harsh subzero temperatures and variable relative humidity
(RH), as shown by Figure 1b. In detail, the bonded ionic groups (R"), homogeneously dispersed on
polymer matrix, can enhance the inner and surficial hydrophilicity of hydrogel, endowing easy water
capture and fast transportation speed of DIH2"-%%; the introduction of hygroscopic free ions (salt) in the
hydrogels can prevent water from quick evaporation, inhibit ice nucleation and decrease water freezing

point to extremely low temperature®.

Figure 1c-e shows the schematic of the fabrication process of the DIH. Initially, x-carrageenan (x-CG)
is dissolved in water. Then, glutaraldehyde is added to chemically crosslink the x-CG catalyzed by
hydrochloric acid. After that, the as-prepared sample is soaked into the calcium chloride aqueous
solution with a concentration of 30 wt% for replacement of the pure water by CaCl> solution in the
hydrogel. Finally, the DIH is obtained and stored in the calcium chloride aqueous solution to reach
stability for the following structural characterization. In this study, PVA hydrogel, k-CG hydrogels,
NaCl (or CaCly) - infused PVA (or k-CG) hydrogels are used for comparison with the DIH in this
work. Attenuated total reflection infrared (ATR-IR) and Raman spectroscopy were performed to reveal
the existing configuration of water molecules inside the DIH. As shown in Figure S1, the DIH has
similar IR and Raman spectra to the 30 wt% CaCl> solution. In comparison to the IR spectra of x-CG
hydrogel and water, there is a significant decrease in the IR peak (—OH) of DIH at about 3270 cm™. In
the Raman spectra, the peak (symmetric —OH stretch) shifts from about 3395 cm™ to about 3437 cm
! and the shoulder peak (3244 cm™, asymmetric —OH stretch) decreases remarkably in comparison to
the Raman spectra of x-CG hydrogel and water. Those results indicate that the molecular configuration
of water is strongly influenced by the ions in the DIH, and it shows physical properties (e.g. melting

and freezing points) similar to the CaCl, aqueous solution.

The morphology and structure of DIH are investigated in comparison with the PVA hydrogel, x-CG



hydrogel, 30 wt % CaCl,-infused PVA hydrogel, 20 wt% NaCl-infused PVA hydrogel and 20 wt%
NaCl-infused k-CG hydrogel (Figures S2-4). Figure S2 shows the microphotographs of the surface of
hydrogels. As is seen, abundant liquid layer appears on the DIH surface, similar to the case of the k-
CG and x-CG-NaCl hydrogels. In contrast, the hydrogels prepared from PVA with/without ions hold
small isolated droplets on their surfaces, indicating that the hydrogels with bonded ionic groups show
better hydrophilicity than those without bonded ionic groups. Figures S3 and S4 show the top-view
and cross-sectional images of the hydrogels after freeze-drying. The x-CG and PVA hydrogels have
clear surface morphologies with inner nanoporous structures. Instead, all the samples are covered by
abundant salt on their surfaces, of which NaCl is easier to aggregate than CaCl,. This indicates that
Ca?* is much harder to remove from the DIH matrix. The cross-sectional SEM images further
demonstrate that salt aggregation appears inside the PVA-NaCl, PVA-CaCl, and k-CG-NaCl samples.
By comparison, the salt is homogeneously distributed inside the DIH sample (Figure S4c, the dark part
is due to the hydrogel without drying out), indicating a strong interaction between Ca?* and DIH
hydrogels. Moreover, the mechanical responses of those hydrogels are investigated. Figure S5
compares their mechanical stress-strain curves. As is seen, there are significant differences in the stress

responses between the hydrogels. The ultimate strength of DIH increases greatly after adding Ca?* in

contrast to the k-CG.

2.2 Anti-dehydration and water self-replenishment of DIH.

To demonstrate the durable anti-dehydration performance, the variations in the normalized weight with
time of DIH are recorded, as well as other common hydrogels (Figure 1a) for comparison. The weight
of all investigated samples, including PVA hydrogel, x-CG hydrogel, 30 wt% CaCl,-infused PVA
hydrogel, 20 wt% NaCl-infused PVA hydrogel, 20 wt% NaCl-infused x-CG hydrogel and DIH, as a
function of time under a RH of 50% at RT, are shown in Figure 2a. It's worth noting that the DIH
indicates the x-CG hydrogel infused with 30 wt% CaCl. without special explanation in the following
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tests. The DIH loses its weight of ca. 13% within the initial 12 h, while there is negligible variation in
the weight from 12 to 72 h. Within this period, the DIH maintains soft, wet and reconfigurable. For
CaClz-infused PVA hydrogel, although there is similar tendency in water loss to the DIH, namely, a
rapid loss of weight within the initial 12 h followed by a constant weight from 12 to 72h, the weight
loss reached ca. 22% that is significantly higher than that of the DIH. What is worse, the other
hydrogels (PVA hydrogel, x-CG hydrogel, 20 wt% NaCl-infused PVA hydrogel and 20 wt% NaCl-
infused x-CG hydrogel) lost more than 35 wt% after 12 h. For example, the 20 wt% NaCl-infused
PV A/k-CG hydrogels lost weight of about 37% and 77%, respectively. In particular, the PVA hydrogel
and x-CG hydrogel quickly lost weight of over 80% within the initial 12 h and finally dried out after
24h. Figure S6 shows their images after storage of 24 h. As is indicated, they are rigid, opaque
structures and are completely failed of the softness and liquid-like properties. Furthermore, the reasons
for the anti-dehydration (water loss) differences among these hydrogels are discussed. On the basis of
the results from Figure 2a and previous reports®32, Ca?* shows a stronger water storage ability than
Na*, and the NaCl-infused hydrogels do not show anti-dehydration properties (Figure 2a). Hence, the
water loss of hydrogels with Na* is much larger than hydrogels with Ca2*. In addition, the x-CG and
PVA hydrogels have a water content of 98.0 and 90.9 wt %, respectively, thereby resulting in that the
water loss of (NaCl-infused) x -CG hydrogels is larger than (NaCl-infused) PVA hydrogels after the
test. Figure 2b shows the long-term (25 days) weight changes of DIH to examine the durability in
comparison with x-CG hydrogel. Apparently, there is negligible change in weight of the DIH from 24
to 1500 h and the inset clearly shows the transparent and flexible properties of long-term DIH,

demonstrating the long-term durability of DIH. Moreover, the sample of DIH was stored for 8 months

(from Dec/2020 to July/2021) in the practical environment at RH of ca. 30-90% and ca. 25 °C(+10 °C),

and it was found that as-stored DIH remains wet, flexible, transparent and soft, indicating its extremely

lifespan for practical important applications.



Figure 2c and Table S1 compare the lifespan of investigated hydrogels and previously reported
elastomers including ions-free hydrogels'! 123 organohydrogelst® >33, elastomer-hydrogels hybrid!
19,34 "hydrogels bonded with ionic groups, free ions-infused hydrogels® and dual ionic hydrogels at
environmental conditions of RH of ca. 50 +10 % and about room temperature. Herein, the lifespan is
defined by the period in which a hydrogel becomes structurally rigid or dry. It should be noted that the
lifespans of some references without the dry/rigid information are estimated by the weight loss ratio
of the samples exceeding ca. 50%. The lifespans of PVA, x-CG, NaCl-infused PVA and NaCl-infused
k-CG hydrogel hydrogels are around 9, 12, 6, and 6 h, respectively from the current work. For the
CaClz-infused PVA hydrogel, because it gradually degrades after storage for 5 days, and it broke into
pieces when it was bent, the lifespan of CaCl>-infused PVA hydrogel is hard to define by the proposed
rules as for the other hydrogels. In contrast to the hydrogels, salt-infused hydrogels, organohydrogels
and the hydrogels bonded with ionic groups from the references, a DIH prepared from x-CG-CaCl»
shows an extreme lifespan of over 240 days, demonstrating high-performance durability. In addition,
the dual-ionic hydrogels with different free ions are compared in Figure 2c (red part). The DIH with
Ca?" shows much better anti-dehydration durability ( > 240 days) than that with Na* (6 h), indicating

that Ca?* is a good feed candidate for anti-dehydration.

As is known, the environmental RH is a key parameter that influences the evaporation of water
from hydrogels. Figure 2d shows the variation in the normalized weight of the DIH with time under
RHs of 30%, 50% and 70% at RT. Under RHs of 30% and 50%, the DIH loses its weight under a RH
of 30% as a result of water evaporation, whereas under a high RH of 70%, it gains weight as a result
of water absorption from the atmosphere. As the place time is over the critical values, all samples
remain constant weight under the three different RHs due to the balance of water evaporation and

absorption. The results indicate that the DIH can reach an equilibrium state under certain RH, before

which the DIH absorbs water from the atmosphere under high RH (=70%) and lose water to the



atmosphere under low RH (<50%).

To reveal the self-replenishment of water, the DIH was placed under periodically alternating RHs
of 30% and 70% with a period of 24 h at RT. Figure 2e shows the variation in the weight of DIH with
time. As it can be seen, there is an apparent characteristic saw-tooth pattern in the weight-time curve.
The weight of DIH decreases to ca. 70% of its initial weight after storage in low RH of 30%, while it
roughly recovers to its initial weight after being stored to the RH of 70%. Remarkably, under RH of
70%, it is observed a thin layer of liquid on the surface of the DIH, indicating strong water capture
ability. To further demonstrate the water self-replenishment property, DIH was freeze-dried to remove
free water, followed by storage at RT with a RH of 50%. Figures 2f and S7 show the variation in the
normalized weight of as-freeze-dried DIH and CaCl,-infused PVA hydrogel with time at conditions
of 50% RH and RT, as well as the images of as-freeze-dried DIH at two different time stages. After
freeze-drying, DIH loses ca. 62% weight and becomes opaque and rigid as indicated by the inset.
When as-freeze-dried DIH was stored at RT with RH of 50%, however, its weight significantly
increases about 57% within 12 h followed by a negligible change in the weight from 12 to 72 h, in
which as-freeze-dried DIH gradually changes to be transparent and flexible after 72 h. It is noted that,
due to the collapse of the hydrogel structure during freeze-drying, the weight of as-freeze-dried DIH
did not recover to its initial weight. In contrast, there is negligible change in the weight of freeze-dried
CaClz-infused PVA hydrogel as it was placed under conditions of RT and RH of 50%, indicating its
poor self-replenishment of water. The bonded -R™ that homogeneously dispersed in DIH contribute to
the self-replenishment of water by comparing the chemical composition difference between DIH and

CaClz-infused PVA hydrogel.

In addition, the simultaneous thermal analysis consisting of thermogravimetric (TG) and
Differential thermal analysis (DTA) was performed to evaluate the DIH in comparison with pure water,

k-CG hydrogel and 30 wt% CaCl> solution (Figure S8). It is observed that, for pure water and k-CG
10



hydrogel systems, there is a significant loss of water below ca. 100 °C due to evaporation. However,
for 30 wt% CacCl; solution and DIH systems, confined/bonded water loss occurs above 100 °C. At the
temperature of less than 95.6 °C, the loss of weight for DIH is mainly dominated by evaporation of free
water, whereas above 95.6 °C, the loss of weight of DIH is dominated by the loss of confined/bonded
water, indicating strong capability in water retention of the DIH. In a nutshell, DIH shows excellent

anti-dehydration property due to its low water evaporation and strong self-replenishment of water.

2.3 Mechanisms of anti-dehydration and water self-replenishment

The molecular mechanisms underlying the durable anti-dehydration and water self-replenishment
properties are mainly attributed to the synergistic actions of the hydrophilic bonded R™ and free Ca?*
(Figure 3a). The sufficient Ca?* in the DIH could mitigate water evaporation and retain water in long-
term due to the strong hygroscopicity of CaCl2.%® In addition, it is more energetically-favorable for
water vapor and small water droplets nucleating on more hydrophilic surfaces compared to less
hydrophilic ones,3"* thereby that water could be more easily captured from the atmosphere by more
hydrophilic DIH than less hydrophilic hydrogels (Figure 3k). Here, molecular dynamics (MD)
simulations are conducted to understand the anti-dehydration of DIH in comparison with other kinds
of hydrogels (Figure 1a). Figure 3b shows the perspective-viewed MD model in which the linear
polymer chain of DIH is surrounded by different liquids (water, NaCl solution or CaCl; solution). As
shown in Figure 3c, the models used in the MD simulations include water, Na* and Ca®" infused
hydrogels without bonded ionic groups (-SOs), as well as water, Na* and Ca?* infused hydrogel

bonded with ionic groups (-SOz’), respectively.

Figure 3d shows the mean square displacement (MSD) of water molecules of various hydrogels
with and without bonded ionic groups. As it can be observed, the MSD curves of water molecules in
Ca?" infused hydrogels are obviously below those of other hydrogels, demonstrating low diffusivity of

water in Ca?* infused hydrogels. This indicates that the Ca?* could strongly reduce the mobility of
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water molecules in Ca?* infused hydrogels, resulting in inhibition of water evaporation, thereby
explaining that the Ca* infused hydrogels show a much longer lifespan in water retention (Figure 1c).
By contrast, the water and Na* infused hydrogels exhibit high MSD of water molecules, indicating a
faster speed of water evaporation. In addition, Figures 3e-j show the iso-density contour plots of water
in different hydrogels with/without -SO3". As is seen, water molecules are homogeneously dispersed
in water/Na* infused hydrogels, while water molecules in Ca?* infused hydrogels with/without -SO*
are heterogeneously distributed, for example, there is an apparent aggregation of water molecules
around polymer chain. Such aggregation of water molecules in Ca?* infused hydrogel limits the
mobility of water molecules, thereby inhibiting water evaporation. In Figure S9, the iso-density
contour plots of Na* and Ca?* in hydrogels with and without -SOs™ also reveal that the Ca?* ion tends

to aggregate, indicating the inhibition of the mobility and evaporation of water via the Ca?* domain.

Figure 3k compares the wettability of DIH with the other hydrogels (PVA hydrogel, x-CG
hydrogel, 30 wt% CaCl.-infused PVA hydrogel, 20 wt% NaCl-infused PVA hydrogel and 20 wt%
NaCl-infused x-CG hydrogel). As it can be observed, the water contact angle (WCA) is close to 0° on
the surface of DIH and 20 wt% NaCl-infused x-CG hydrogel, indicating their superhydrophilic
property. However, the x-CG hydrogel, 20 wt% NaCl-infused PVA hydrogel and CaCl»-infused PVA
hydrogel has a WCA of around 9.3° 69.4° and 44.6°, showing less hydrophilic than the DIH. By
comparison, there is a more significant reduction in WCA for the hydrogels with bonded ionic groups
than for salt-infused hydrogels, in which the hydrophilic R™ (-SOs’) groups are homogeneously
dispersed in the polymer chains of hydrogels and enable more hydrophilic surfaces than those without
hydrophilic groups. Hence, the superhydrophilicity of DIH enables much easier water nucleation and
capture on its surface than the less hydrophilic ones, as a result of self-replenishment of water for

durability.
2.4 Anti-icing properties
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The anti-freezing behavior of DIH and the anti-icing properties of its surface are investigated by DSC,
ice adhesion, anti-frost and droplet freezing tests. As shown in Figure 4a, the melting points of both
the DIHs and CaCl> solutions decrease with the increase of the solution concentration. This suggests
that the anti-freezing properties of the DIHs can be regulated on the basis of the melting points of the
CaCly solution. Intriguingly, the lowest melting point of the DIH prepared with 30 wt% CaCl> can be
down to -49.0 °Cbased the DSC curve (Figure 4b). It's worth noting that the DIH indicates the k-CG
hydrogel infused with 30 wt% CaCl. without special explanation in the following tests. Figures 4c and
d show the schematic of the ice adhesion test and the corresponding cyclic ice adhesion strength,
respectively. In contrast to x-CG hydrogel with high ice adhesion of 925.0 + 59.4 kPa, the DIH yields
extremely low ice adhesion of less than 2.3 kPa during 25 icing/deicing cyclic tests, demonstrating
durable anti-icing performance. This is because there is a liquid wet layer on the surface of ice as
shown in the inset of Figure 4d, which serves as the lubricating layer, thereby resulting in very low ice
adhesion “°. In comparison with the representative anti-icing superhydrophobic surfaces (SHS;
PDMS)*, slippery-liquid-infused porous surface (SLIPS; Si-oil)*! with an obvious increase of the ice
adhesion after 15 icing/deicing cyclic tests, the ice adhesion of DIH does not change obviously after
25 icing/deicing cyclic tests; the durability of DIH is also competitive to the durable anti-icing soft

slippage surface (PDMS silane)*?, demonstrating the anti-icing durability of DIH.

In addition, DIH exhibits durable anti-frost properties. As indicated by Figure 4e, there is no frost
formation on the surface of as-fabricated DIH at -10 °C and RH of ca. 50% for 30 min, while frost
forms on the glass surface and k-CG hydrogel freezes within 1 min. As shown in Figure S10, the
normalized transmittance of the DIH does not change during the 30 min test, indicating no frost
formation during the test. However, the glass surface is gradually covered with frost and the
normalized transmittance decreases to ca.70 % after 30 min; the k-CG hydrogel freezes within 1 min

and the normalized transmittance decreased to 0%. Furthermore, Figure 4f shows no frost formation
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on the DIH surface after 8 h in comparison with the Al plate covered with white frost within 2 min at
-10 °C (stage temperature) and a RH of ca. 50% (environmental temperature: 23 °C). It should be noted
that the anti-frost test has to be terminated after 8 h due to the limitation of a batch supply of the liquid
N2, but it is believed that the DIH surface can show anti-frost performance over 8 h. In addition, the
DIH is coated on the lens to demonstrate its practical anti-frost applications. The samples were stored
in -20 °C for 30 min and then moved to the environment with a RH of ca. 50% at room temperature.
As shown in Figure 4g, the surface of the lens with DIH has no frost formation with a transparent
property, while the pristine lens is covered with frost and lost transparency within 1 min. Figure 4h
shows the freezing time of water droplets on the surface of different hydrogels at -10 °Cto reveal the
droplet freezing behavior. It is observed that when a water droplet of a volume of 4 uL is deposited on
the DIH surface, it quickly spreads on the DIH surface with a superhydrophilic property. Interestingly,
there is no ice formation on the surface of the as-fabricated after 3h, revealing a long-term freezing
delay time. By contrast, the deposited water droplets freeze on the glass and k-CG surfaces after ca.
54.0 s and 9.5 s, respectively. The remarkable anti-frost property and long freezing delay time are
primarily ascribed to surficial superhydrophilicity and inhibition of ice nucleation via ions of DIH, as
illustrated in Figures 4i and S11. The superhydrophilicity inhibits droplet formation on the surface,
and the anti-freezing free Ca®* inhibits the ice formation, as demonstrated in Figures 3k and 4a. When
the droplet contacts the DIH surface, it quickly spreads on the surface forming an unfrozen thin liquid
layer, in which water also evaporates from the surface to reach an equilibrium. In contrast, droplets
accrete on the surface (e.g. anti-icing ions-infused hydrogel) without superhydrophilicity, leading to
the damage of the surface optical properties (Figure S11a). In addition, to demonstrate the durable
anti-icing properties, the anti-frost test shows no frost forms on the DIH after storage for 8 months.
Hence, it is predicted that the DIH surface could durably avoid ice formation in the long term due to

the inherent extremely low melting point (Figure 4b).
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3 Conclusions

To overcome the well-known challenges of the high-performance anti-icing hydrogel materials, DIH
is developed to realize the durable anti-dehydration function, anti-freezing and anti-icing properties,
which contains sufficient free ions and bonded ionic groups. The as-developed DIH shows excellent
ability of water retention for at least 8 months in room environment and can survive low temperatures
down to -49.0 °C without freezing. Moreover, it shows extremely low ice adhesion strength down to
2.3 kPa, durable anti-frost property, as well as long-term droplet freezing delay time. Molecular
dynamics simulation and experimental characterizations suggest that the mechanism of the durable
anti-dehydration property is attributed to the synergistic actions (water capture and storage) of the
bonded R™ and free Ca?*, and the anti-freezing and anti-icing properties are attributed to the inhibition
of ice formation by ions and the surficial superhydrophilicity. This work provides a new avenue for

long-term hydrogel that can survive in harsh conditions of low-temperature and various RH.

Supporting Information
The Supporting Information is available free of charge on the website. Materials and methods,

molecular dynamics simulations details.
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Figure 1 (a,b) Schematics of DIH in comparison with ions-free hydrogels, hydrogel bonded with ionic

groups, ions (salt)-infused hydrogel and DIH. (c-e) Fabrication process of the DIH.
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Figure 2 Anti-dehydration tests of various hydrogels. (a) Normalized weight changes of various
hydrogels with time at RT with a RH of ca. 50%; (b) Normalized weight changes of DIH with time
in the practical room environment at the temperature range of ca. 15-35 °C with a RH of ca. 30-90%;
the inset in (b) is the image of DIH after being stored for ca. 1500 h. (c) The lifespan of different

kinds of hydrogels from our work and previous reports (ions-free hydrogelst®: 333,
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organohydrogels®® >33 elastomer-hydrogels hydbid! 1% 3* hydrogels bonded with ionic groups,
free ions-infused hydrogels®® and dual-ionic hydrogels). Normalized weight changes of DIHs with
time at RT under (d) RH of 30%, 50% and 70%, respectively, and (e) alternative RH (30 to 70%),
indicating the humidity-responsive and self-replenishment properties of DIH. (f) Normalized weight
changes of freeze-dried DIH and CaCl,-infused PVA hydrogel with time at 50% RH and RT,
revealing the superior self-replenishment of DIH but non-self-replenishment of the hydrogel with
free ions after they suffer from an extremely dry environment. The insets in (f) are the images of

DIH after freeze-drying and self-replenishment of water for 72 h, respectively.

22



a hygroscopicity hydrophilicity o0 O
..... » & :
B N ® Y =] aar e <Y
' @:,.5. — ity q.gm o .&
y ol . & — : o
.-.v.-")-_ . + . .E" . — ."‘..:. ' '''' .
i K ii s i) - ¢ synergistic action
water storage capture of water I durable anti-dehydration
S / = ~ d 3000 k: ............................ .
4 —\’{IV:fer —— Water : 8
o\e e — + ‘ :
.\-. 2™ L 2000 Ca** — gzz‘ 5750
% ® = M
e/ 08 /a8 0O : ;
1] s —————" o]
= a :
© 2 /a 1000 | :
1€ Ay .
R 1) :
WY || [ s | 828
/@8 0.0051.01520 0 05 1.0 1.52.0 .m-
Time / ns Time / ns LA e .
Ca* - s
g Density (A®) :
< | 1.7E-01 é 44_60 E
R 14E-01 §
< : » o [SPvA-caCl
< = ‘S - 11601 ;A —— .
e S N . N\ —
» o - 8.0E-02 ] :
20 {* ‘ I 5002 }
: 0 :
PURANS ) - . i \ : . : 20E-02 } 9.3
-20 0 20 -20 0 20 -20 0 20
x (A) x(A) x (A) ———
. i b . :
© 3 ; $ Density (A®) @
8 h > I J 17601 §
D204 A 14 5 00
N 1.4E-01 § o
<, - N N v e K-CG-NaCl j
< - | o - g
: 4 8.0E-02 .
201 . 5.0E-02
p 0 :
AN . . : . DlH : 20802} 0
-20 0 20 20 0 20 20 0 20
x (A) x (A) x (A) : .

Figure 3 MD simulation and experimental investigation of the interaction between water and
hydrogels. (a) Schematic of the assumed mechanism of the durable anti-dehydration property via
hygroscopicity and hydrophilicity. (b) Schematic of the MD model. (c) Schematic of ion-infused
hydrogel without bonded ionic groups and DIH. (d) Water molecules MSD (mean square displacement)
of different solution-infused hydrogels bonded with/without -SOs". (e-j) Density distribution of water

in the different solution-infused hydrogels with/without -SO3". In e-j, the circle in the center of density
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distribution represents the approximate range of polymer chain motion. The density distribution of
water molecules is related to the ions. (k) Water contact angles of DIH in comparison with other types

of hydrogels.

24



Temperature / °C @

lon

Heat flow

Freezing time /s =

o

[N
o
1

wz CacCl, solution

-401 mm DIH (0-30 wt%) I|

SHS

200 »-*’*"w";EPS

£
-~
cooling stage  © slippage ‘
et

I T o A

-60 T
ol ,\0"[0 7_00;0 30010 € " g f1_0_ / (11 5 20 ' 25
umber of icing/deicing cycles
Concentration of solution / wt.% .. - at
exo down ; < anti-frost test after 8
-49.0°C c
o
; I
: DIH 1 min|| o
53.1°C 56°C
= oc/ “‘
H,O 0 ,\C
30 min o
-60 -40 -20 20 \ frost freeze Aonisst [ i
Temperature / °C -10 °C and RH of ca. 50% b pristine with DIH
1044 — | i
] ® 0 O v‘vlgter roplets ® 9 0 @
103 — Oo - CIN ® o v, v W ___\
3 RS
] ) ? @ ’ . : ? \nfrozen liquid layer
1024 ’§ R‘ time f
4 ‘ y v [ + o .

T
glass

k-CG

T
DIH

Figure 4 Anti-icing properties of DIH. (a) The melting temperature of DIHs prepared from variable

concentrations of ions. (b) DSC curve of DIH in comparison to water. (c, d) Schematic of the method

to test the ice adhesion and the corresponding ice adhesion strength of DIH during 25 icing/deicing

cycles in comparison with superhydrophobic surfaces (SHS)*, slippery-liquid-infused porous surface

(SLIPS)** and the interfacial slippage surfaces*?. The inset in (d) is the image of detached ice after the

25" icing/deicing cycle. (e-g) Anti-frost tests and (g) droplets freezing time of DIH in comparison to

different surfaces. The insets in (h) are the side-view images of droplets on surfaces after freeze. The

(*) in (h) indicates no ice forms on the DIH surfaces exceeding 10000 s. (i) Schematic of mechanism

of the anti-frost property.
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Materials and chemicals.

Sodium Chloride (NaCl, >99%), Calcium Chloride (CaClz, >96%), k-Carrageenan (k-CG), fully

hydrolyzed poly(vinyl alcohol) (PVA, P1799), acetic acid (99%), glutaraldehyde solution (GA, 50 %
in H20) and hydrochloric acid (37%) were purchased from Shanghai Aladdin Technology Co. Ltd
(Shanghai, China). All chemicals were used without further purification. Ultrapure water with a

resistivity higher than 15.0 MQ cm was used in all experiments.
Preparation of PVA hydrogel.

1.0 g PVA and 10 mL water were mixed and heated to 90 °C under stirring until the solution became
clear, and then 83 L hydrochloric acid solution was added to the cooled blended solution. Next, 1.0
g diluted of the aqueous GA solution (2%) was added to the blended solution under stirring to react
for 10 s, and then the mixture was quickly poured into a Petri dish (diameter = 90 mm) and stored for
1 h. The PVA hydrogel (thickness: ca. 2 mm) was soaked into 200 mL water for 12 h and three times

to remove hydrochloric acid. Finally, the obtained PVA hydrogel was stored in water.
Preparation of k-CG hydrogel (hydrogel bonded with ionic groups).

0.2 g k-Carrageenan was added to 10 mL water and stirred under 80 °C until the solute dissolves
absolutely. After cooling, 1.0 g acetic acid and 1.0g aqueous GA solution (2%) were added to the

solution. The k-Carrageenan hydrogel was obtained after the mixture was poured into the model for 3
days.
Preparation of the dual ionic hydrogel (DIH) and ions-infused hydrogels.

The as-prepared PVA and k-CG hydrogels were soaked into the 100 mL CaCl> solution (0 ~ 30 wt%)
and NaCl solution (20 wt%) for 24 h and 3 times, respectively. Then the NaCl-infused PVA hydrogel,
NaCl-infused k-CG hydrogel, CaCl>-infused PVA hydrogel and CaClz-infused k-CG hydrogel (the
DIH) were obtained. As the hydrogels were prone to shrink during the storage process, all the samples

were stored in the soaked solutions for at least 5 days for further characterization.
Characterization of samples.

Scanning electron microscopy (SEM) observations were carried out on a Verios G4 UC field emission
scanning electron microscope (Thermo scientific) operated at 2 kV. The samples were freeze-dried
and then coated with a layer of Pt by ion sputtering before SEM observations. Raman spectra were

measured using a Renishaw InVia Reflex Raman spectrometer operated by the laser at 532 nm as the
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excitation source with 1% power (100mW). The surfaces, focused by a 50 objective lens (NA =0.4),
were scanned in the spectral region from 2800 cm™ to 4000 cm™ by accumulating over 3 scans and 10
s exposure time, giving a spectral resolution < 1 cm™. Appropriate corrections were made to obtain a
flat baseline. The melting and crystallization points of hydrogels were obtained by Differential
Scanning Calorimeter (DSC, Q2000, TA instruments) from a minimum -70°C to 20°C. A
cooling/heating rate of 3°C/min was used under the nitrogen atmosphere and at a flow rate of 40
mL/min. Thermal analysis consisting of thermogravimetric (TG) and differential thermal analysis
(DTA) was performed to evaluate their thermal behavior on the PerkinElmer instrument (Diamond
TG/DTA). Water contact angle tests were carried out on the OCAZ20 instrument (Dataphysics) with a
droplet volume of 4 pL. The stress-strain curves of samples were obtained under the tension mold with
a speed of 2 mm/s on an MTS instrument. The transmittance of the samples during the anti-frost test
was roughly estimated on the basis of the grayscale of the stage under the samples, in which the initial
grayscale is normalized as the 100% relative transmittance. In detail, a black dot was marked on the
stage and then the photos of samples with time were recorded. After that, the grayscale of the black

dot on the photos was measured by the software.
Lifespan assessment of hydrogel

The lifespan is defined by the period in which a hydrogel becomes structurally rigid or dry at ca. room
temperature. Firstly, the hydrogel was placed in an environment with constant temperature (20 °C) and
RH (50%). Then the flexibility and softness of the hydrogel were observed. When either of the
functions fails, the stored time was considered as the life span of the hydrogel. It should be noted that
the lifespans of some references without the dry/rigid information were estimated by the weight loss
ratio of the samples. During the long-term lifespan assessment of DIH, the samples were stored in the

room environment (temperature: ca.15-35 °C; relative humidity: ca. 30-90%).
Self-replenishment of Water for DIH

The self-replenishment of the water includes the weight measurement of the samples under
periodically alternative RHs and after freezing dry, respectively. During the periodically alternative
RHs test, the sample was firstly weighed, and then deposited in the environment with a RH of 70% for
12 h and the weight was recorded. Next, the sample was deposited into the chamber with a RH of 30%
for 12 h and the weight was recorded as well. The periodically alternative cycles repeated 5 times in

this work. The self-replenishment of the samples after freeze-drying was carried out by weighing the
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as-freeze-dried samples with time at room temperature under a RH of ca. 50%. The hydrogels were

freeze-dried and then the weight of samples was recorded with time.
Droplet freezing time test.

The prevention of droplet freezing was characterized by the droplet freezing time on surfaces via the
contact angle measuring instrument (OCA20, Dataphysics). The instrument was equipped with a
cooling stage (TP104SG, Instec Inc). A side-view camera was used to capture the performance of the
droplets. The samples were deposited on the flat plate and then cooled to -10 °C for at least 5 min to
get a stable target temperature. The water droplets (4 uL) were then deposited on the sample surfaces
and the icing process of the droplets was recorded by the camera. The droplet freezing time is defined
as the interval between the time when water droplet is deposited on the surface and the time when ice
forms. During the tests, the environmental temperature was ca. 20 °C and the relative humidity was ca.
50%.

Anti-frost test.

The dry N2 was used to keep the surface without frost before the anti-frost test. The anti-frost tests of
samples were characterized by observing the frost formation on sample surfaces, in which the cooling
stage (TP104SG, Instec Inc) was used to regulate the temperature. A room humidity controller was
used to regulate the RH. Before the test, the environmental RH was recorded as 50% at ca. 20 °C after
operation of the room humidity controller. The samples were then mounted on the flat cooling plate,
and cooled to the target temperature (-10 °C) for 5 min, when the dry N2 was used to blow on the
surface to avoid frost formation before recording the process. The surface of the sample starts to be
observed when the dry N2 was removed, and the anti-frost time starts to record. The frost formation
time at the target temperature and humidity is defined as the interval between the time when the dry
N2 is removed from the surfaces and the time when ice appears.

Ice adhesion strength test.

Ice adhesion strength was measured by a force transducer (ZTS-500) equipped with a motorized linear
stage (Zaber's X-LRQ-DEC), and a cooling stage (TP104SG, Instec Inc). The schematic of the setup
is shown in Figure 4c of the main manuscript. A cylinder with a 1 mm thick wall and 15 mm inner
diameter was placed onto the sample surfaces acting as an ice mold, and then 2.5 g deionized water
was used for formation of ice. Before the ice adhesion test, water was filled in the cylinder on the
surface of samples and allowed to form ice at ca. -50 °C, in which the PMMA lid (box without base) is

covered on the setup to mitigate the heat transfer. Then the samples with the ice cylinder were kept at
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the temperature (-10 °C) for at least 5 min to reach equilibrium for further adhesion test. During the ice
adhesion test, a force probe with a 4 mm diameter propelled the tube-encased ice columns under a
velocity of 0.075 mm s, with the probe aligned close to the tested surface (less than 2 mm) to minimize
the torque on the ice cylinder. The loading curves were recorded, and the peak value of the shear force

was divided by the ice contact area on the surface to obtain the ice adhesion strength.

Molecular dynamics (MD) simulations

Linear £-CG polymer chains with and without -SO3™ groups were placed in a rectangular box with
dimensions of 40x100x120 A*. Three different solutions of pure water, NaCl and CaCl, were added
into the box. To mimic the systems, the CVFF force-field' was used with mathematical expression as
follows

€Y () 3) (4)
Epot = Z D, (b — by)? + Z Hg(6 —0y)% + Z Hy[1 + scos(ng)] + z H, x?
b 0 0} X

(5) (6)
+ 7 Fp(b = b)(B' = b'o) + > > Fogr (8= 06)(8 — 0')
b b 06 o
)

) (8) 9
+ Z z Fpe(b — bo) (6 — 60) + Z Fyorcosp (6 —0,)(8" — 6'g) + Z Z Epxx'
b 0 ?

x X

(10) (11)
+ Z el(r=/r)t? = 2(r +/T)°] + z q:q;/€rij

where Ej, ¢ is the total potential energy derived from the CVFF forcefield. Terms (1)-(4) are harmonic

contributions of stretching and compression of covalent bonds (b), angle bending (), internal rotation
or torsion of dihedral angle (¢), and out-of-plane improper angles (), respectively. Terms (5)-(9) are

related to cross-interactions, for example, term (7) is related to the stretch-bend cross-interaction.

Due to the high initial potential energy of the cells, cell relaxation becomes necessary before carrying
out further calculations. In addition, the constructed initial amorphous cells contained regions with
very different density values. For these reasons, cells were firstly relaxed using MD simulations to
achieve more homogeneous distributions of atoms, with lower energy contents. In order to do that,
cells were exported to the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)?.
LAMMPS input data file contains information related to the molecular topology and force-field
parameters (CVFF)'.
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Initially, as-constructed samples were started with energy minimization by the Polak-Ribiere version
of the CG algorithm?®*. Afterward, MD relaxation with simulation time of 0.5 ns was performed under
NPT (constant number of particle, pressure, and temperature) ensemble at pressure of 1 atm and
temperature of 300 K to realize a stable sample. Finally, MD simulations under NVT ensemble were
performed at 300 K for 2 ns to compute the mean square displacements (MSD) of ions and water, as
well as their density distributions. Both pressure and temperature Were controlled by Nosé-Hoover
technique®™*. A time step of 1 fs was adopted. A cut-off value of 12.0 A was used for Lennard-Jones
potential. Long-range electrostatic terms were calculated with an efficient particle-particle particle-

mesh (PPPM) solver.’

The ensemble-averaged MSD is defined as:
N
1 - - 2
MSD(®) =~ () [R;(&) = B (0)])
j=1

where ﬁj (0) and ﬁj(t) are the position vectors of the same particles (index ;) at some initial /=0 and
at some later time (), respectively, N is the total number of particles, and (::- ) denotes the ensemble
average. The isotropic nature of MSD is evident. The diffusion coefficient can be extracted from the
long-time MSD using {((Ar)?) = 2nDAt, where n stands for dimensions involved in the system and D:

the diffusion coefficient.
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Figure S1 (a) IR and (b) Raman spectra of DIH in comparison with water, k-CG hydrogel and 30

wt% CacCl; solution.
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Figure S2 Microphotographs of hydrogels. The k-CG, k-CG-NaCl hydrogels and DIH have sufficient
liquid on their surfaces, while the PVA and PVA-NaCl hydrogels are covered with small isolated
droplets.

8/18



=

Figure S3 Top-view SEM images of hydrogels after lyophilization. In contrast to the pristine k-CG
and PVA hydrogels with nothing on their surfaces, the surfaces of free ions-infused hydrogels are all
covered by salt. In detail, salts aggregates on the surfaces of NaCl-infused hydrogels after
Iyophilization. The CaCl; are dispersed on the surfaces of PVA-CaCl, hydrogel. In contrast, CaCl>
does not separate obviously from the DIH surface, indicating it has strong action with CaCl..
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Figure S4 Cross-sectional SEM images of hydrogels after lyophilization. The PVA and k-CG have a

nanoporous structure. NaCl crystalline particles separate and are dispersed inside the PVA-NaCl and

K -CG-NaCl hydrogel structures. The cross-sectional images of DIH show the homogeneously

dispersed white/gray pattern, indicating the CaCl, are homogeneously dispersed inner the DIH
structure. The CaCl2 seems to aggregate inside the PVA-CaCl, hydrogel.
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Figure S5 Strain-stress curves of various hydrogels. It should be noted that the samples are

investigated after storage, in which the water content of all the hydrogels keep at a stable state.
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Figure S6 Digital images of DIH before and after storage for 24 h in comparison with x-CG hydrogel,
PVA hydrogel and 20 wt% NaCl solution infused PVA hydrogel.
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Table S1 Lifespan of various hydrogels.

Relative

Types of hydrogels | Name of samples | humidity ;I'Oecr:n perature ;I';]me References
(RH) / %
- k-CG-CaCl: 50 RT 5760 | This work
dual-ionic K-CG-NaCl
hydrogels h 50 RT 6 This work
ydrogel
PVA hydrogel 50 RT 9 This work
PAAm-alginate Nat. Commun.,
hydrogel >0 RT 241 2016, 7, 12028.
ACS Appl. Mater.
(er‘%’hdorgtglegz 9 |New Zaesled Al 50 RT 36 | Interfaces., 2021, 13,
21822-21830.
water-based Ca- Angew Chem Int Ed
alginate/PAAmM | 50 RT 24 Engl., 2018;
hydrogel 57:6568-6571.
glycerol Angew Chem Int Ed
hydrogel 50 RT 360 | Engl., 2018;
57:6568-6571.
NC-G-80gel |60 27 240 | Polymers  (Basel),
2018, 10,1025
organohydrogels | AlI-NC-G gel 790 ACS Appl. Mater.
with glycerol | 50 RT Interfaces., 2021, 13,
(1:1) 21822-21830.
Al-NC-G gel ACS Appl. Mater.
with glycerol | 50 RT 720 | Interfaces., 2021, 13,
(2:1) 21822-21830.
hydrogel- Nat. Commun.,
Ecoflex hybrid | >° RT 4812016, 7, 12028,
hydrogel— ACS Appl. Mater.
elastomer- elastomer 50 26 624 Interfaces.,2017, 9,
hydrogels hybrid 30, 2554225552
ACS Appl. Mater.
H-TENG 40 20 672 | Interfaces, 2020, 12,
23474-23483
hydrgge_l bonded k-CG hydrogel 50 RT 12 This work
with ionic groups
EG-NaAc hybrid Colloids Surf., A.,
hydrogel 60 25 28 2020, 607, 125443.
free ions-infused | PVA-NaCl 50 RT 6 This work
hydrogels hydrogel
PVA-CaCl, 50 RT x| This work
hydrogel

RT: room temperature. *The life span of PVA-CaCl: is not suitable to estimate based on the criterion.
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Figure S7 The evolution of as-freeze-dried DIH with time.
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Figure S8 TG-DTA curves of DIH in comparison with water, k-CG hydrogel and 30 wt% CaCl>

solution.
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Figure S9 (a-d) Density distribution of Na* and Ca?* in hydrogels with and without -SOs". In a-d, the
black area in the center of density distribution represents the approximate range of DIH motion.
Compared with Na* solution, Ca?" is easier to aggregate.
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Figure S 10 Normalized transmittance of glass, k-CG and DIH with time under -10 °C and RH of 50%.

The transmittance under low temperature was estimated by the greyscale of the stage with a black dot.
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Figure S11 Schematics and micrographs of (a) 20 wt% NaCl-infused hydrogel and (b) DIH surface
under a RH of 50% and -10 °C after 30 min. The droplets appear on the 20 wt% NaCl-infused surface,

indicating fog formation on the surfaces.
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