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ARTICLE INFO ABSTRACT
Keywords: Icephobic materials can prevent or reduce ice formation, e.g. by ensuring easy detachment, a desirable property
Chitosan hydrogel for those applications where ice accumulation is critical to human safety. Herein, we develop a chitosan elec-

Electrolyte
Salt-infused
Low ice adhesion

trolyte hydrogel to create a bio-based surface with low ice adhesion. The chitosan electrolyte hydrogel is
physically crosslinked and infused with salted water at concentrations from 4.5 to 30 g/L, including that of
seawater (23 g/L). Depending on salt content in the hydrogel, we could obtain very low ice adhesion down to 140
kPa (at — 10°C). We hypothesize that the chitosan electrolyte hydrogel exploits the colligative properties of water
avoiding the ice nucleation at the ice-hydrogel interface. To confirm the hypothesis, we investigate the chitosan
electrolyte hydrogel structure by contact angles analysis, DSC, TGA, FTIR, XRD, and by rheometry for me-
chanical properties. We quantify the presence of non-freezing water, which creates a lubricating liquid water
layer at the ice-hydrogel interface, affecting the ice detachment mechanism and lowering ice adhesion. In
conclusion, the proposed chitosan electrolyte hydrogel presents a bio-based and cost-efficient strategy for ice
detachment across various icing scenarios for systems operating in humid marine environments, such as offshore
platforms and ships.
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1. Introduction

Ice formation and adhesion on surfaces pose significant challenges
for various applications, such as aviation, transportation, energy, and
civil engineering, where they can impair performance, increase drag,
and cause hazard to humans [1-3]. Icephobic materials are studied as
passive strategies to inhibit or delay ice nucleation and growth reducing
ice adhesion on their surfaces for easy removal [4,5]. A common strat-
egy to develop icephobic materials is to enhance their hydrophobicity,
relying on the reduction of the contact area with water [6]. However, in
high humidity conditions, superhydrophobic surfaces often results in
high ice accretion when water penetrates the roughened textures, call-
ing for the development of innovative methods to ensure effective ice
prevention [7]. One similar route is to infuse the surface with a liquid
immiscible to water, the so-called slippery lubricant-infused surfaces
(SLIPS) or Lubricant-Infused Surfaces (LIS)[8]. Opposite approaches
exploit the hydrophilic properties of materials, where the formation of a
water liquid layer on the surface can make the ice slide [9,10]. In this
case, surfaces are infused with a hydrophilic lubricating liquid which
create a composite solid—lubricant—water which may inhibit the for-
mation of ice and lower ice adhesion [11]. Hydrophilic materials are
frequently found in the form of gels, inherently soft materials, which can
also help in reducing ice adhesion [12]. Hydrophilic gels are particularly
interesting for their ability to absorb fluids such as cryoprotectants or
solutes creating a slippery surface [13-18]. Whitin this frame, poly-
saccharides stand out as they are soft hydrophilic absorbent materials,
which combine biodegradability and non-toxicity. In nature, we find
examples of how polysaccharide gels can protect microorganisms which
live in extreme conditions, such as diatoms, typical Arctic ice algae,
exploiting the protective environment of polysaccharide gels and
comprising the concentration of solutes with non-colligative effects of
water biding polysaccharides [19,20]. Since polysaccharides possesses
high adsorption and water-binding capacity, we may differentiate be-
tween free and bound water. Bound water can be further categorized
into tightly bound (non-freezable water) and loosely bound, which has
more mobility and can freeze below 0°C [21]. The presence of
bound-water states impacts on the formation of a liquid water layer at
the ice-surface interface inhibiting the formation of ice crystals and
increasing the mobility of ice on hydrated surfaces [22]. The increased
concentration of ions, moreover, lowers the freezing point, contributing
to the increase of the liquid water total amount.

In the field of conductive sensors, polysaccharide hydrogels have
been studied as soft-wet materials with a crosslinked structure able to
retain water and solutes [23,24]. Cellulose-based hydrogels infused with
different salts are found to maintain good conductivity at —30 °C [25].
Durable sensors of cellulose hydrogels with good mechanical properties
are often derived from a double crosslinking comprising covalent and
ionic binding [26,27]. Similarly, a dextran hydrogel with high concen-
tration of sulfate and ammonium ions can maintain its conductivity at
—30 °C [28], while a chitosan-glycerol hydrogel until —50 °C [29].
These polysaccharide-based hydrogels show promising results for the
maintenance of their performances as sensors at low temperatures but
have never been investigated systematically in their icephobic and ice
adhesion properties. Exploiting the properties of binding water mole-
cules, hydrophilic polysaccharides have been crosslinked with dopa-
mine creating a hyaluronic acid surface with low ice adhesion (65 kPa)
[30] and a sodium alginate hydrogel, which inhibits ice nucleation down
to —23 °C [31]. Still, polysaccharide hydrogels are sometimes deficient
in mechanical performances and usually do not withstand high strain
deformation [32]. To overcome this issue, a physically crosslinked
hydrogel of chitosan can be obtained from dissolution in basic envi-
ronment and crosslinked in mild conditions [33]. While dissolution in
acidic conditions typically leads to hydrogels with poor mechanical
strength [34], the advantage of this basic dissolution procedure is the
obtainment of a strong physical crosslink among chitosan polymeric
chains which does not require the addition of chemical crosslinkers [35,
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36]. Chitosan is an abundant polysaccharide, which combines biode-
gradability [37] and non-toxicity [38] with the possibility to easily
modify [39-41] and exploit its functional groups for physical cross-
linking. Additionally, its hydrogel structure can retain high amount of
water and is able to withstand considerable deformation, as already
demonstrated elsewhere [34,35].

Therefore, in this study, we explore the icephobicity properties of a
physically crosslinked chitosan matrix infused with NaCl solutions
spanning from 4.5 to 30 g/L, including that of seawater (approx. 23 g/
L). Due to the presence of ions which are retained by the polysaccharide
network, the electrolyte chitosan hydrogel allows the formation of a
water liquid layer at the interface between the ice and the hydrogel
surface, thus decreasing the ice adhesion strength. In this simple and
economic system, we oserve a combined effect on icephobicity deriving
from colligative (i.e. electrolyte solution) and non-colligative properties
(i.e water molecules binding of the polysaccharide hydrogel) by DSC and
contact angle analysis. Furthermore, we also characterize the hydrogel
evaluating the physicochemical properties and the rheology. Moreover,
the chitosan electrolyte hydrogel (CEH) combines biodegradability, low-
cost, non-toxicity and the possibility of easily replenishing the salt so-
lutions with available ion sources, when applied in marine environment,
thus making it potentially suitable in offshore platforms and ships.

2. Materials and methods
2.1. Materials

Chitosan powder low molecular weight (Mw)(LMw)(DD 76 %, Mw
50.000-190.000 Da, CAS 9012-76-4), Chitosan powder high (HMw)
(DD 76 %, Mw 310.000-375.000 Da, CAS 9012-76-4), and Sodium
Hydroxide tablets (NaOH, CAS 1310-73-2) purchased from Merck
KGaA. Sodium Chloride crystalline powder (NaCl, 99+%, CAS
7647-14-5) purchased from ThermoFisher (Kandel) GmbH.

2.2. Preparation of the chitosan electrolyte hydrogel

The preparation of the CEH starts with the dissolution of chitosan in
basic environment at low temperature [33,36]. High and low molecular
weight chitosan (76 % DD) in the ratio 70:30 respectively (26 g/L of
HMw chitosan and 11 g/L of LMw chitosan) are mixed in 27 mL of a
NaOH 2.1 M solution (Fig. 1a). The dispersion is mixed for 1 hour at
room temperature (Fig. 1b). The mixture is then transferred to a
refrigerator and stored overnight at — 20 °C to obtain a frozen solution of
chitosan (Fig. 1c). The day after the frozen solution is removed from the
refrigerator and gently stirred, inducing its gradual thawing (Fig. 1d).
5 g of the thawed transparent solution (Fig. 1e’) are poured into a 5 cm
diameter Petri dish (Fig. 1e) and cured it in the oven at 45 °C for 5 min to
create a hydrogel film on the surface. This step is done to prevent
dissolution and creation of uneven surfaces on the hydrogel that can
often occur when suddenly immersed in the water bath described in the
next step. The hydrogel in the Petri dish is immersed in a thermal bath at
45 °C for 1 hour (Fig. 1 f). The thermal bath consists of 700 mL of
aqueous solution with the desired NaCl concentration (0 g/L, 4.5 g/L,
9 g/L, 23 g/L, 30 g/L). During this step the transparent solution un-
dergoes a sol-gel transition on heating with the formation of a hydrogel
(Fig. 1 f). The jellified solution is repeatedly washed in 200 mL of
neutral aqueous solution with a desired saline concentration until the
pH of the hydrogel reaches neutrality (pH = 7) (Fig. 1 g and g’). The
samples are tested in a custom-built horizontal shear test set-up
(Fig. 1 h). When exposed to temperatures below 0°C the gel become
opaque (Fig. 1 h’).

The hydrogels are purely made by a physical cross-linked chitosan,
without the addition of any curing agent or additive [33]. Indeed, the
preparation procedure exploits the dissolution at low temperatures of an
alkali-chitosan mixture which is cured under mild conditions, as already
studied for chitosan [36], and cellulose [42], usually involving the
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presence of urea. This dissolution method does not involve the proton-
ation of amine groups, as usually done by the addition of acids, such as
1-5 % acetic acid solution [32,38], but rather exploit the disruption
effect of Na* ions on NH—O=C intermolecular hydrogen bonds and
NH—O6 hydrogen bonds of chitosan [43]. Therefore, to obtain good
dissolution with NaOH, it is of great importance to use chitosan with a
DD% up to ca. 75 % [44]. The sol-gel transition in a water bath at 45°C is
attributed to a change in the solubility of the medium. The chitosan
dissolution complex containing Na' ions collapse in hot water and
chitosan loses its solubility. Therefore, the chitosan polymeric chains
crosslink with the formation of a physical network [45,34,46]. After
repetitive washings, this procedure provides a pure chitosan hydrogel,
which is a very simple environmental-friendly soft material that can load
NacCl solution, for creating a low ice-adhesion material.

2.3. Methods

The ice adhesion test is performed using an own custom-built hori-
zontal shear test set-up [47]. The core of the instrument is placed inside
a transparent environmental chamber to guarantee a close atmosphere;
the humidity inside the chamber is controlled by a hygrometer and ni-
trogen flow (RH < 2 %) to avoid uncontrolled frost formation during the
experiments. The cooling process is managed by a thermoelectric cool-
ing system (Peltier cells) located under a metal stage where the samples
are placed to reach the desired freezing temperature. The temperature
difference within the Peltier cells is regulated through a circuit board
(RS-00 777 C; RS — 00849) that can modulate the current output and,
consequently, the temperature difference in the Peltier cell according to
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the so-called Peltier effect, cooling down the top surface, whereas the
Peltier bottom (hot) side is in contact with a heat exchanger where liquid
water circulates at 3 ° - 5 °C, refrigerated with a chiller (Thermo-
Scientific ThermoChill II Recirculating Chiller). The pushing height, at
which the external force is applied on the ice block (Fig. 1 h) ish =
2 mm. The ice adhesion strength is measured by a dynamometer
(Mark-10, Force Gauge Model M5-20) placed over a trolley with
controlled movement. Ice is formed inside a cylinder mold with diam-
eter of 8 mm filled with 7 drops (0.35 mL) of deionized water. The
freezing process occurs within 15 minutes when setting the surface
temperature in the range —10 °C to —20 °C. The measurement is per-
formed right after the freezing process and the dynamometer is moved
forward at 0.01 mm/s speed and the load (N) vs time (s) graph is ob-
tained. The measurement of temperature is performed with a thermo-
couple on the surface of the sample and kept constant thought the entire
procedure. Each point in the ice adhesion graphs is an average of 3
measurements conducted on different samples.

The contact angle analysis is performed using an in-house contact
angle setup, consisting of a camera (Fastcam Nova S6, Photron) and
backlight illumination. Static contact angle is measured infusing
deionized water with a syringe pump (Harvard Apparatus, Pump 11 Pico
Plus Elite) at a rate of 10 pL/min, with drop volumes in the range of
7-10 pL. Advancing, 05, and receding, O, contact angles are measured
dispensing and withdrawing deionized water with the same syringe
pump with a four step procedure: i) water infusion of an initial 3 uL drop
at a rate of 10 pL/min, ii) delay 3 s to enable vibration damping, iii)
water infusion at a rate of 10 pl/min (5 pL, final total volume of 8 L),
iv) water withdrawal at a rate of 10 pl/min (8 uL). A video is recorded

h.

Cuvette

NaOH (aq) 2.1 M Stir 1 h at rt Store overnight at Thaw [ Sample ]
-20°C Peltier Plate
e f. 9"2 g.
.09
Thermal bath

Pour in a petri dish at45°C for 1 h

Fig. 1. a - g) Schematic representation of the CEH preparation; h) schematic of custom-built horizontal shear test set-up during the ice adhesion test; e’ h’) pictures

of CEHs at the corresponding preparation step.
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using the software Photron Fastcan Viewer, PFV4. To analyze the video,
DropenVideo, an open-source software developed in MATLAB is used
[48]. Every point in the contact angle graphs is average of three mea-
surements performed on one sample.

X-Ray diffraction analysis (XRD) is performed using a Rigaku Mini-
flex 600, a benchtop powder X-ray diffractometer with a Bragg-Brentano
(6 - 20) parafocusing geometry. The instrument is operated at the
maximum power 600 W (40 kV — 15 mA). The hydrogels are measured
in their wet and dry form. The acquisition has angle range of 5° to 80° at
a speed of 5°/min with steps of 0.01°.

Rheology measurements are performed with Anton Paar Modular
Compact Rheometer (MCR) 92 using a parallel plate geometry with
plate diameter equal to 5 cm. The hydrogels are measured with a gap of
4 mm between the parallel plates. Strain sweep tests are performed from
0.1 % to 100 % strain at 10 Hz. Frequency sweep tests are collected with
1 -50 Hz at 1 % strain.

The Fourier Transform Infrared spectroscopy (FTIR) analysis is per-
formed using a ATR Thermo Fisher Scientific Nicolet™ iS20 FTIR
Spectrometer with spectral range 500-4000 cm ™}, 28 scans, 4 cm ™
resolution).

For the Differential Scanning Calorimetry (DSC) analysis a Mettler
Toledo DSC3 STARe system is used. The temperature program per-
formed is the following: i) temperature decrease from 25 °C to —40 °C at
10 °C/min, ii) constant temperature at —40 °C for 2 min, iii) tempera-
ture increase from —40 °C to 25 °C at 10 °C/min. By DSC analysis, it is
possible to calculate the freezable W; and non-freezable water
Wy fractions contained in the hydrogels. The content of the freezable
water Wy can be calculated as:

AH;

Wr = 1
G AH, (€Y

where AHy is the melting enthalpy of freezable water, AHy is the stan-
dard enthalpy of fusion of pure water with values of 324 (J/g)[49]. Both
AH are obtained as integration of the melting peak of the DSC curves,
obtained dividing the function of heat (mW) by the weight of water (mg)
inside the chitosan electrolyte hydrogel. The total content of water W, in
the hydrogels has been previously determined by gravimetric analysis
[50]. The samples are weighted before (M) and after (Mgry) oven
drying treatment at 100 °C for 2 h, for reaching the complete evapora-
tion of water.

My
W,=1- —*Z 2
¢ Mot
The W, content is therefore determined by:
Wy = We— W 3

Thermogravimetric analysis (TGA) is performed using a Mettler
Toledo TGA/DSC 1 STAR System. The samples are heated from 30°C to
1000°C at 10 °C/min, in air flux of 50 mL/min, in standard alumina pans
(capacity 70 pL). By TGA analysis, we could confirm the NaCl content
inside CEH, by subtracting the percentual decomposition in weight of
chitosan in pure CEH degradation curve from that of CEH containing
salts.

A corrosion test on stainless steel has been performed on a Stainless-
Steel foil (Stainless Steel Foil, 1 PI-KEM, Unit 18-20 Tame Valley Busi-
ness Centre, Magnus, Tamworth, B77 5BY, UK). The chitosan electrolyte
hydrogel is made in contact with the steel surface for 1 h. Steel and
hydrogels in contact are put in a refrigerator at —20 °C for 1 night and
finally thawed.

3. Results and discussion
CEH with different concentrations of NaCl solutions (0 g/L, 4.5 g/L,

9 g/L, 23 g/L, 30 g/L) are prepared, including the value corresponding
to a physiological solution (approx. 9 g/L) and seawater (approx. 23 g/
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L) (Fig. 1). Our hypothesis is that the combination of a soft material and
a hydrophilic sponge containing salt ions would be beneficial for
obtaining low ice adhesion due to the change of the colligative prop-
erties of water during the ice-adhesion tests (Fig. 1 h and h’), preventing
the ice nucleation at the ice-hydrogel interface. The hypothesis is tested
against material characterization results reported here below.

Fig. 2 shows the ice adhesion tests on CEH with increasing salt
contents at different temperatures. In Fig. 2a, CEH with 0 g/L, 4.5 g/L,
9 g/L, 23 g/L, 30 g/L are tested in their ice adhesion properties at —10°C
and —20°C. At —10°C, we observe a strong decrease in the ice adhesion
strength from 1924 kPa for 0 g/L to 138 kPa for 30 g/L. This effect is
remarkable considering the comparison with aluminum (1200 kPa +
20) and glass (1500 kPa + 9) reference substrates, ice adhesion is
reduced up to a factor 10. The same trend is preserved at —20°C where
ice adhesion strength is 2002 for 0 g/L and 477 kPa for 30 g/L. The
decrease in ice adhesion strength is therefore connected to the salt
concentration, which can maintain a thin layer of liquid water at the
interface with the ice block. This effect is more evident at —10°C since
more water is presumably maintained in its liquid form. The preserva-
tion of lubricating liquid water can be inferred by the force profiles
recorded in time during the ice adhesion experiments (Fig. 2b). From
CEH with 0 g/L to 30 g/L, together with the decrease of the maximum
force, we can observe the consistent change of the curve profile. CEH
with 0 g/L (blue line) has a very sharp detachment, while the other
samples switch consistently to smoother peaks. This trend is due to a
combined effect of increasingly slippery surface and decreasingly hard
substrate from O to 30 g/L. With increasing salt concentration, the
hydrogel changes therefore its mechanical properties ensuring smoother
and easier detachment of ice. The same effect is appreciable with the
decrease of temperature in different ice adhesion tests. Fig. 2¢ shows the
ice adhesion strength for a CEH of 23 g/L measured at decreasing tem-
perature. Also in this case, we observe an almost linear increase of ice
adhesion strength for decreasing temperatures, from 264 kPa at —10 °C
to 913 kPa at —22 °C. This trend has been attributed to the increase of
frozen water, as also confirmed by the force profiles in Fig. 2d. The
curves are sharper at —22 °C (dark blue line) and smoother at lower
temperatures, showing the increased softness and slippery surface of
samples. The force profile at —22 °C (dark blue line) shows a double
peak which is the effect of ice second time adhesion with the surface
after the first detachment. This is consistently observed in repeated ex-
periments. Also, ice adhesion properties are verified by testing at —10 °C
each CEH at different salt concentration over repeated cycles on the
same sample (Figure S1a) and in time frame of 50 days (Figure S1b).

The CEH are studied in their physicochemical and surface properties
to understand correlations with ice adhesion results. Samples are
investigated by quasi-static contact angle (Fig. 3a) to understand the
impact of surface wettability. In Fig. 3a, CEHs show hydrophilic wetting
properties with a 64 that decrease from 102° + 8 at 0 g/L to 42° + 13 at
30 g/L; for all surfaces, Og<20° (the exact value is difficult to measure
for very low contact angle). The obtainment of very high hysteresis (A0
= 04 - Bg) is typical of hydrophilic materials. Moreover, the increase of
salt results in higher hydrophilicity of the surface. This effect is further
confirmed by static contact angle analysis (Figure S2a) where the angle
decreases from 89° to 29° at high salt content. The values of static
contact angles for CEH with no salt are in agreement with the literature
on chitosan hydrogels [51]. The evolution of static contact angle is
evaluated in a time frame of 10 minutes (Figure S2b), showing a slight
increase in hydrophilicity of around 5° over time at all salt concentra-
tions. The increased hydrophilicity of CEH with high salt concentration
is correlated to the increased Coulomb attraction between water and
substrate, enhanced by increased numbers of hydrogen bonds [52].
Hence, we observe that the more hydrophilic samples have the lowest
ice adhesion (Fig. 2a). This is an effect rarely reported in the literature,
where higher hydrophobicity is usually connected to lower ice adhesion
[53,54]. Thus, we hypothesize that, the water molecules interact
through hydrogen bonds with the polysaccharide hydroxyls and NaCl
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ions, slowing down the ice formation process near the surface.

By DSC analysis, we investigate the water phase transition from
liquid to ice in the hydrated polymeric network of hydrogels. Fig. 3b
shows the evolution of the Ty, for the CEH at the different salt concen-
trations at increasing T. A decrease of the T, with the increase of salt
content (Table 1), from 9.8 °C at 0 g/L to 2.3 °C at 30 g/L is observed
[55]. At 4.5 and 9 g/L, we appreciate the presence of a shoulder in the
Tm peak toward lower temperatures, while for 23 and 30 g/L we observe
the formation of another peak at —20 °C. A similar trend in Ty, decrease
is visible in DSC analysis of pure water/salt solution at the same con-
centrations (Figure S3a), whereas the secondary peak at —20 °C is al-
ways present in water salt solutions. The endothermic peak at —20 °C is
attributed to the melting of the eutectic mixture of ice and NaCl [56],
which is not visible in the case of CEH 9 and 4.5 g/L. This is probably
due to the biding of ions with chitosan [57]. The DSC analysis shows an
exothermic peak relative to freezing (Figure S3b) at decreasing tem-
perature. The freezing temperature of CEH with no salt is —10°C, while
—12°C for all salt concentration of CEH.

Since the area of the T, peak represents the enthalpy associated with
the melting of freezing water, by knowing the water content of the
hydrogel (assessed gravimetrically and confirmed by TGA, see
Table S1), it is possible to estimate the content of freezable and non-
freezable water, considering that the enthalpy quantified by DSC is
only associated only to the W¢ (Table 1). With no salt, the CEH show 0.05
of Wyr which imply the presence of water in a tightly bounded state by
hydrogen interaction with the chitosan polymeric structure. The
decrease of AHj at higher salt concentration corresponds to the decrease
of Wrand the consequent increase of Wy¢ up to 0.25 in the case of 30 g/L.
The presence of salt seems to increase bounding of chitosan polymeric
chains with water. A higher content in Wy is in agreement with the ice
adhesion trend, as lower ice adhesion is measured at higher salt content.
Therefore, the presence of Wy plays a role in maintain a lubricating
liquid layer at the ice-hydrogel interface, lowering ice adhesion at
higher salt concentrations.

In the FTIR spectra of the CEH (Fig. 4a), we can appreciate the signals
of chitosan. The strong band at 3290-3360 cm ™! is ascribed to N-H and
O-H stretching, while at 2920 and 2870 cm™! to C-H symmetric and
asymmetric stretching, respectively. At 1645 and 1560 cm™!, we
observe the bands related to the acetyl groups, respectively attributed to
stretching of CO and bending of NH. The symmetric bending of CH; and
CH3 is visible at 1420 and 1375 cm ! and the CO stretching at 1063 and
1025 cm~ ! [58]. No significative difference is visible in the FTIR spectra
among different salt concentrations.

In Fig. 4b, we report the XRD diffraction wet CEH. The broad peaks at
ca. 28° 20 and ca. 41° 26 belongs to the diffraction of liquid water, while
the small peak at 20° 20 is attributable to the (110) reflection of the
crystalline chitosan [34,36]. No significant differences are observed in
the change of crystallinity among different quantities of salts. The same
diffraction pattern is also appreciable after freezing at —20 °C and
thawing (Figure S4), proving the crystallinity is not altered after the

Table 1

Results from DSC analysis of Ty, temperature of melting; AHy, enthalpy asso-
ciated with the melting of freezing water; W, is the water total content, W¢ and
W,s, freezable and non-freezable water content.

Sample NaCl Tm (°C) AH, (J/ We We Whs
(g/L) g)
0 9.8 + 290 + 0.950 + 0.90 + 0.05 +
1.9 10 0.006 0.03 0.03
4.5 9.3+ 277 + 0.941 + 0.85 + 0.09 +
0.1 29 0.003 0.09 0.09
9 9.3+ 268 + 0.937 + 0.83 + 0.11 +
0.5 24 0.003 0.07 0.07
23 54+ 229+ 6 0.922 + 0.71 £ 0.22 +
0.4 0.005 0.02 0.02
30 23+ 218 + 0.917 + 0.67 £ 0.25 +
1.8 27 0.002 0.08 0.08
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temperature change. The dry samples show only the diffraction pattern
of NaCl (Figure S4).

The thermal decomposition of CEH is studied by TGA (Fig. 4c). The
first step between 30 and 200°C is related to the evaporation of water
which is ca. 10 wt% in the case of CEH with no salt and to ca. 5 wt% at
all salt concentrations. The second step between 200 and 750°C is due to
the decomposition of chitosan. While in the case of CEH with no salt
(blue line) decomposition of CEH is complete at 750°C, in the case of
CEH samples with salt we appreciate a last step due to NaCl melting. As
such, it is confirmed that the quantity of NaCl in CEH corresponds to the
nominal concentration of the solutions (Table S1).

The mechanical properties of the CEH are studied by performing
rheology analysis (Fig. 4d) varying either the frequency sweep (in the
1-50 Hz range at 1 % strain) or the strain amplitude (in the 0.1-100 %
strain range at 10 Hz of frequency). Since similar performances are
obtained over the different samples, curves are average values of all CEH
tested. As reported in the graph showing the frequency dependence of
the G’ and G’ moduli (Fig. 4d, top), once the CEH is formed, G’ is always
higher than G*’, and both moduli are independent from the frequency
range investigated, with absence of a crossover frequency, thus sug-
gesting that the hydrogel network is mechanically robust and behaves as
a viscous solid throughout the entire test [59,60]. In the case of the
graph showing the strain dependence of the G’ and G’’ moduli (Fig. 4d,
bottom), instead, it has been registered a more complex behavior. In
fact, in the low strain region, both the G’ and G’ are almost constant,
whereas by increasing the strain amplitude the G’ and G’ curves
intersect at a strain of ca. 22 % (extrapolated value), which is the critical
strain value indicating the transition of the gel network to a liquid state.
A further increment of the strain to 100 %, instead, causes a decrease of
both G’ and G’ values, probably due to the collapse of the CEH network
[61,62].

To confirm the possibility of applying the hydrogels on surfaces
without causing any oxidation/degradation, we conducted a test by
depositing CEH on stainless steel sheets and freeze and thaw the mate-
rials at all concentration of salts (4.5, 9, 23, 30 g/L). The samples were
frozen overnight and thawed the day after (total time of contact 12 h).
No effects of corrosion are visible (Figure S5).

We assessed the stability of CEH with no salt for 1 week at different
pHs. Figure S6a,b shows that the hydrogel is well maintained after 1
week at pH 9, while, in the case of pH 4, the hydrogel looks swollen after
24 h, and it is partially dissolved after 1 week at pH 4. Therefore, this
experiment limits the applicability of CEH at acidic pHs.

4. Conclusion

In this study, we develop a chitosan electrolyte hydrogel as a bio-
based surface with low ice adhesion. The chitosan electrolyte hydrogel is
physically crosslinked and infused with different amounts of salted
water from O to 30 g/L. We find that the salt concentration influences ice
adhesion and detachment behavior. This effect is mainly due to the
alteration of colligative properties, which prevents ice nucleation at the
ice-hydrogel interface, ensuring the presence of a lubricating liquid
water layer that reduces ice adhesion. Our results show that the chitosan
electrolyte hydrogel can achieve low ice adhesion, down to 140 kPa,
with a reduction of a factor 10 compared to ice adhesion on reference
aluminum (1200 kPa + 20) and glass (1500 kPa + 9) substrates.
Although surfaces with extremely low ice adhesion have been reported
down to 1-10 kPa [63], we consider this result promising for a very
simple system constituted simply by ~ 5 % in w/w chitosan, water and
salt, since direct comparison among different ice-adhesion measurement
set-ups was demonstrated not possible [64]. From ice pushing test, it is
visible that the ice detachment mechanism changes from sharp
detachment to sliding, suggesting the presence of a softer material and a
lubricating layer. The assumption is proved by investigating the chitosan
hydrogel structure and properties by various methods, such as contact
angle, TGA, FTIR, XRD, rheometry, and DSC. Contact angle analysis
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Fig. 4. a) FTIR spectra of CEH with 0 g/L (blue line), 4.5 g/L (green line), 9 g/L (yellow line), 23 g/L (orange line), 30 g/L (magenta line); b) XRD diffraction of
chitosan electrolyte hydrogels with 0 g/L (blue line), 4.5 g/L (green line), 9 g/L (yellow line), 23 g/L (orange line), 30 g/L (magenta line); ¢) TGA analysis of chitosan
electrolyte hydrogels with 0 g/L (blue line), 4.5 g/L (green line), 9 g/L (yellow line), 23 g/L (orange line), 30 g/L (magenta line); d) Frequency and Strain sweep of
elastic modulus (G’) and loss modulus (G’’) of CEH samples mediated over the tested samples: G’ (black dots) and G’’(grey dots).

shows that the surfaces are increasingly hydrophilic with the increase of
salt content (05 from 102 °C at 0 g/L to 42° at 30 g/L, 6g < 20°). DSC
analysis enables the quantification of freezing and non-freezing water in
the hydrogel. Wy increases for increasing salt concentration, confirming
that the non-freezing water acts as a lubricating layer that facilitates ice
detachment. Our study introduces a bio-based and cost-efficient strategy
for ensuring easy ice detachment across various icing scenarios for
systems operating in marine environments. Future studies are investi-
gating the possibility of exploiting the chitosan electrolyte hydrogel as
surface coating with the application of chemical primers to covalently
bound chitosan onto a desired substrate.
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