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ARTICLE INFO ABSTRACT

Keywords: Development of bio-based materials with advanced properties is required to replace synthetic and per- and
AefOPhObiCity polyfluoroalkyl-based ingredients, particularly for applications involving solid-liquid-gas interfaces. To enable
C}_“Esi“d N alkaline-resistant materials with tunable aerophobicity, bio-based chitosan/dialdehyde starch hydrogels were
gladrz Zl e starc prepared through covalent Schiff base crosslinking. Chitosan molecular weight (250-1800 kDa) and concen-
S\i,/elliﬁg tration (1.5-4.0% w/v) were varied at fixed crosslinker content (1.0% w/v) to investigate the effect on network
Viscoelasticity formation, viscoelasticity and functionality. Rheological analysis shows that systems with low chitosan content

Electrode performance require long gelation times (>30 min) to form viscous materials with storage moduli of 1 Pa and internal porous
structure (10-100 pm). In contrast, highly concentrated chitosan gels formed rapidly (<4 min) reaching up to
150 Pa, indicating improved structural strength. Swelling experiments on freeze-dried hydrogels at pH 6.8, 10,
and 12 showed water absorption with swelling ratios ranging from 5000 to 1300%, depending on composition.
Most systems maintained structural stability over the 7-day swelling test, undergoing limited degradation in
alkaline conditions (pH 12). Aerophobicity was evaluated by measuring contact angles of bubbles on submersed
(in water or pH 12) hydrogels, which range from 130 to 170°, increasing with both chitosan concentration and
molecular weight. The material features were demonstrated for electrode development, improving performance
at higher overpotentials (—0.67 V) and increasing alkaline water-splitting efficiency by 15%. The prepared
materials thus provide alkaline resistance and tunable properties offering potential for various applications,
including gas-evolving electrode coatings, alkaline electrolyzer membranes, anti-corrosion coatings, pollutant
absorption, environmental remediation, and sensing technologies.

1. Introduction absorbing water, hydrogels provide a versatile platform for addressing
modern technological challenges [3,4]. Development of bio-based ma-

Circular bioeconomy has given rise to a paradigm shift in materials terials with advanced properties is required to replace synthetic and per-
science, prioritizing sustainable and resilient development of advanced and polyfluoroalkyl substances (PFAS). The replacement of PFAS is
high-performance functional materials [1,2]. As three-dimensional driven by severe environmental and health concerns regarding their
crosslinked macromolecular networks with exceptional capacity for persistence and bioaccumulation. Hydrogels offer a compelling
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alternative because their highly hydrophilic, water-retaining macro-
molecular structures can establish stable, biomimetic gas-repellent in-
terfaces without relying on fluorinated synthetic components. The
simultaneous possession of elastic characteristics like solid bodies and
the penetrability of liquids has allowed the precisely controlled modi-
fication of the physicochemical and mechanical properties [2,5].
Hydrogel research is thus rapidly progressing toward advanced mate-
rials applications, including energy storage, electrocatalysis, smart
sensing, and industrial protection [3,4,6]. However, a major limitation
for industrial deployment of hydrogels for advanced applications re-
mains in their insufficient stability under harsh conditions, such as
extreme pH, high salinity, and chemically aggressive environments,
where conventional hydrogel systems often fail [7-9]. Development of
sustainable materials for operation in alkaline conditions is proving to
be particularly challenging, while highly relevant for alkaline batteries
[10-12], supercapacitors [13], and gas-evolving electrochemical pro-
cesses [14-18], where pH values frequently exceed 12. Herein, the
versatility of hydrogel preparation approaches, ranging from cross-
linking based on weak chemical interactions to strong covalent bonding,
offers strategies that can be examined to prepare chemically robust
hydrogels. Amongst renewable building blocks, chitosan is the only
naturally occurring alkaline cationic polysaccharide-stands out due to
its reactive amino and hydroxyl functionalities, enabling versatile
chemical modification [1,9,19]. Despite its biodegradability and
film-forming ability, characteristic to many other polysaccharides and
biopolymers, chitosan-based systems also suffer from a particularly
critical limitation: instability in alkaline environments [20-22]. Le.,
under alkaline conditions, the low chemical and mechanical stability of
chitosan typically results in reduced structural integrity or limited
chemical features and responsiveness [23]. To overcome these limita-
tions through sustainable approaches, dialdehyde starch (DAS) can offer
solutions as an effective bio-based crosslinker [24-26]. Via formation of
covalent Schiff base (imine) bonds to the amino groups on the chitosan
backbone, a chemical stable chitosan network can be established
[27-29]. These bonds form mechanically strong networks in comparison
to their physically crosslinked counterparts. Despite these advantages,
there is an inadequate understanding of the relationship between the
structure-property characteristics formulation, including concentration,
polymer chain length, morphology, viscoelastic behavior, and their joint
influence on stable long-term operation under extreme conditions.
Furthermore, the stability of hydrogel stability is rarely assessed in
alkaline conditions during hydrogel development.

Hydrogels development offers solutions in numerous fields. For en-
ergy systems, hydrogel-based materials have demonstrated a promising
substitute for liquid electrolytes in flexible batteries and supercapacitors

Biomass and Bioenergy 217 (2027) 109799

which exhibit good ionic conductivity and safety [1,19]. For electro-
catalytic applications, such as water electrolysis, bio-based hydrogels
are being developed to replace synthetic and PFAS based materials,
being particularly promising for gas-evolving systems (porous 3D
structured electrodes for alkaline oxygen and hydrogen evolution re-
actions) and for selective gas-permeation (alkaline anion exchange
membranes (AEM) preventing Hy and O, crossover). Herein, efficient
control on the solid-liquid-gas interface is important due to limited
water supply to the surface of the electrode, that can be caused by the
accumulation of bubbles [14,30,31]. Aerophobic or even super-
aerophobic materials are therefore desirable to facilitate the rate of
bubble removal thus potentially increasing the overall system perfor-
mance. Additionally, hydrogel coatings show strong potential in corro-
sion protection and antifouling applications by forming hydrated
interfaces that limit ion penetration and biological adhesion [3,32-35].

Table 1 presents an overview of current hydrogel applications and
their associated challenges. At the same time, it highlights that, despite
emerging studies, the research for entirely bio-based hydrogels
combining alkaline stability and the controllable aerophobic properties
has remained limited. Recent studies [14-18,41,42] have demonstrated
that superaerophobic materials for gas-evolving systems are generally
based on synthetic components, such as polyallylamine or poly-
ethyleneimine with glutaraldehyde. In contrast, chitosan/DAS hydrogel
system investigated in this study provides a bio-based alternative that
combines alkaline stability with superaerophobic behavior.

In chitosan-based hydrogels research, several common challenges
remain to be addressed: the trade-off between mechanical properties
and ion conductivity, long-term stability under cyclic hydration, and
stability under highly corrosive chemical environment [22,43-45]. In
particular, chitosan hydrogels crosslinked with DAS have attracted
increasing attention due to the formation of dynamic Schiff base link-
ages, providing a fully bio-based route to enhanced structural integrity.
However, the lack of systematic studies correlating chemical composi-
tion with control of the thickness of the deposition and/or
three-dimensional morphology, rheological behavior, and long-term
stability in highly alkaline conditions represents a key knowledge gap
limiting further research and application.

In this context, the present work focuses on the preparation of bio-
based chitosan/DAS hydrogels and their thorough characterization to
better understand the link between composition and structure-property
relationship, especially focusing on alkaline stability, viscoelastic
behavior and superaerophobicity. In particular, selected formulations
exhibited tunable aerophobic characteristics and robust structural sta-
bility under strong alkaline conditions (pH 12), highlighting their po-
tential as sustainable gels that might be platformed for energy storage

Table 1
Comparative Overview of development and challenges of functional hydrogels for advanced applications.
Hydrogel system Intended application Functional feature Demonstrated effects Research gap and Source
challenge
Poly (vinyl alcohol) (PVA)/Starch/Carbon Solar water High light-to-heat 95% purification efficiency Salting-out and [36]
nanotubes purification conversion path blockage
PVA/Glutaraldehyde Alkaline water Suppress gas crossover Hydrogen crossover values of 0.69% at Restricted OH™ [37]
electrolysis membrane 10 mA cm 2 conductivity
Tannic acid/Cellulose nanofiber/ Epidermal sensors Mussel-inspired 22.5 mS cm ™! jonic conductivity at Functional decline [38]
Polyacrylamide adhesion —40 °C; 748% stretchability in harsh air
Benzotriazole/Poly (hydroxypropyl acrylate Anti-corrosion coating pH-triggered inhibitor 87% reduction in corrosion current after Inorganic/organic [34]
- vinyl-triethoxysilane — acetic acid)/ release 24 h; stable for 240 h in neutral/acid salt ~ compatibility
Polyethyleneimine spray tests
Hydrogel/Fe-based amorphous coating Marine protective Anticorrosion and 99.8% and 100% resistant to algae and, Weak adhesion to [39]

coating
Oil-water separation

antifouling
Gelatin/Graphitized carbon nitride

cleaning
Graphene-based Supercapacitor High specific surface
electrode area
Polyallylamine or Polyethyleneimine/ H, production Scalability,
Glutaraldehyde Superaerophobic
behavior

Photocatalytic self-

mussels attachment
99% oil-water separation efficiency

rigid substrates

High cost and slow [40]
reaction

193.8 F g~ ! specific capacitance at Strong restacking of ~ [13]
1 A g7%; energy density of 66.8 Whkg™'  sheets

Superaerophobic surface (154.6°); Synthetic material [14,
decreased diameter of detaching bubble 18]
by 31.5%
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devices, protective coatings and absorbents, and sensor applications in
harsh environments.

2. Material and methods
2.1. Chemicals and reagents

All chemicals were used as received without further purification:
acetic acid glacial (>99.7%, Sigma-Aldrich), acetone (>99.5%, PREG
Chemicals), chitosan of varying molecular weight (MW): low (with
average MW 250 kDa, 10-100 Cps for 1% solution in 1% acetic acid at
20 °C), medium (with average MW 1250 kDa, 300-1000 Cps for 1%
solution in 1% acetic acid at 20 °C), high (with average MW 1500 kDa,
1000-2000 Cps for 1% solution in 1% acetic acid at 20 °C), and very high
(with average MW 1800 kDa, 2000-3500 Cps for 1% solution in 1%
acetic acid at 20 °C) (Glentham Life Sciences), glutaraldehyde solution
(25 wt%) (Sigma-Aldrich), hydrochloric acid (0.25 M) (Reagecon),
phenolphthalein (Merck), sodium hydroxide (>98%, Sigma-Aldrich),
sodium periodate (>99.8%, Honeywell), and soluble starch (from po-
tato, 2 g soluble in 100 ml boiling water, Sigma-Aldrich).

2.2. Degree of deacetylation

The degree of deacetylation (DDA) of chitosan was determined by
potentiometric titration, following the Broussignac method [46]. Chi-
tosan solutions (0.2% w/v in 0.02 M HCI) were titrated with a stan-
dardized solution of 0.1 M NaOH. Changes in the solution's pH after the
addition of a specified volume of titrant were recorded using an
ESAgP-309W combined electrode (EUROSENSOR) connected to micro-
titrator (model, Cerko Lab System).

Two titration endpoints, corresponding to the volumes of titrant V;
and V, defined below, were identified from the pH = f(V) plot using the
first derivative method. For this purpose, plots of ApH/AV = f(V) were
prepared, where ApH and AV denote the increments between successive
changes in pH and titrant volume, respectively. The DDA was calculated
as shown in Eq. (1).

Mgienac: Cnaon (Vo — Vi)
Mch + Cnaor (Maicac — Maien)- (Vo — V1)

DDA [%] = 100% )

Where Cyqop is the molar concentration of the titrant (mol/L), mcy, is the
chitosan sample mass (g), V; is the titrant volume to neutralize HCI (L),
Vy is the titrant volume to neutralize HCI and protonated amino groups
(L), Mgicac is the molar mass of 2-acetamido-2-deoxy-D-glucopyranose
(g/mol), and Mgy is the molar mass of 2-amino-2-deoxy-D-glucopyra-
nose (g/mol).

2.3. Dialdehyde starch preparation

DAS crosslinker was prepared by selective oxidation with sodium
periodate (NalO4) by modifying the procedure described by Ziegler-
Borowska et al. [47]. In brief, a suspension was prepared by mixing
3 g of starch in 80 mL of distilled water. Additionally, a solution of so-
dium periodate was prepared by dissolving 3 g (0.165 M) in 85 mL of
distilled water; to fully dissolve it, a sonication bath was used for 30 min.
The starch suspension was magnetically stirred (450 rpm) in a
round-bottom flask and placed in a water bath at 40 °C; the sodium
periodate solution was added from an addition funnel over 25 min. The
reaction lasted 3 h from the start of the oxidant addition. The reaction
mixture and the addition funnel were covered with aluminum foil to
prevent any NalO4 degradation. After the reaction was finished, the
mixture was cooled in air for 15 min and then DAS was precipitated with
250 mL of cold acetone. The precipitated product was filtered using a
glass filter and washed three times with distilled water (250 mL),
acetone:water (1:1, 120 mL), and finally with acetone (80 mL). The
product was dried in a vacuum oven overnight (18 h) at 25 °C and
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homogenized using a mortar. The formation of new aldehyde groups
was confirmed by Fourier transform infrared (FTIR) spectroscopy, and
the dialdehyde content was determined by alkaline titration.

2.4. FTIR spectroscopy

The formation of new aldehyde groups was confirmed by FTIR
spectroscopy. FTIR spectra were recorded at room temperature (25 °C)
from 4000 to 400 cm ! with the resolution of 4 cm ™! for 32-scans/sam-
ple with an inserted diamond ATR-FTIR device (Spectrum Two,
PerkinElmer).

2.5. Determination of aldehydic content

The aldehydic content was determined via alkaline titration ac-
cording to the modified procedure of Zuo et al. [25]. Firstly, 0.1 g of DAS
was dissolved in 5 mL of NaOH solution (0.25 mol/L). The mixture was
completely dissolved in a sonication bath for 5 min. When the prepared
solution changed color from transparent to orange, 7.5 mL of HCl
(0.25 mol/L) was added and shaken, producing; a color change to pale
yellow. Activated charcoal was added and the mixture was shaken for
2 min and the solution was filtered using a polytetrafluoroethylene
(PTFE) syringe filter (0.45 pm), to obtain a colorless and transparent
solution. To perform the titration, three drops of phenolphthalein were
added and the solution was then, titrated with NaOH solution (0.25 M).
A persistent color change of the solution to purple (color did not fade
within 30 s) indicated the titration end point. Measurements were
repeated 3 times. The following Eq. (2) was used to determine the
number of converted glucose units within the starch sample:

C1-V1 +Cy-Vy — C3-V3

21000

-100% (2)

ALD [%] =

where C; (mol/L) is the concentration of NaOH solution, V; (mL) is the
volume of NaOH solution, Co (mol/L) is the concentration of NaOH
solution used for titration, Vo (mL) is the volume of NaOH solution used
for titration, C3 (mol/L) is the concentration of HCI solution, V3 (mL) is
the volume of HCI solution, m (g) is the mass of DAS, and 161 is the
average relative MW of the repeating unit of DAS.

Several alternative FTIR methods for DDA determination, utilizing
absorbance signals at 1550, 1655, 2870, 2878, or 3450 em ™! are pro-
posed in the literature [48-51], In our study, the absorbance peaks at
1320 and 1420 cm™! were used, as this region is assumed to be least
affected by signal overlapping and by potential moisture interference
[52].

Absorbance values were used to calculate the degree of acetylation
(DA) and, subsequently, the DDA according to Eq. (3) as described by J.
Brugnerotto et al. [53]:

A
DA[%)] = (A1320

-0, 3822> /07 03133 DDA[%] =100 — DA 3
1420

2.6. Hydrogel synthesis

Chitosan was completely dissolved in 2% (v/v) acetic acid solution
under magnetic stirring (250 rpm, overnight) at room temperature
(25 °C) to obtain 1.5, 2, 2.5, 3, 3.5, and 4% (w/v) chitosan solutions.
DAS was dissolved in distilled water, mixed in a heating bath at 95 °C for
15 min, and cooled afterwards to obtain 1% (w/v) DAS solution.
Hydrogels were prepared by mixing chitosan and DAS solutions in a 1:1
(w/v) ratio at room temperature (25 °C), immediately starting Schiff
base formation. Hydrogels were cured overnight (18 h) to allow
completion of the crosslinking.

As reference crosslinker, glutaraldehyde (0.4% w/v) was also for a
comparison of gelation extent and properties. These hydrogels were
prepared by mixing chitosan and glutaraldehyde solution in a 1:1 (w/v)
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ration at room temperature (25 °C).

2.7. Swelling/stability measurements

Prior to the swelling test, hydrogel samples were freeze-dried (for
48 h at 50 °C and a pressure of 0.12 mbar) to remove traces of water and
individually weighed. The dry matrices were submerged at 25 °C in
20 mL of different solutions of NaOH (pH 10 and 12) and distilled water
(pH 6.8). The swollen samples were drained and weighed at specific
time, namely after 15 min, 30 min, 45 min, 60 min, 2h,3h,4h,5h,6h,
1 day, 2 days, 3 days, 4 days and 7 days. All samples were studied in
triplicates. To describe swelling behavior following Eq. (4) was used:

swelling ratio (%] = %-100% @
1

where m; is the mass of the sample before swelling and m,, is the mass of
the sample after swelling at a certain time.

2.8. Rheological measurements

To determine gelation times and viscoelastic behavior, MCR 302
rheometer equipped with a parallel-plate geometry (PP25, d = 25 mm),
P-PTD 200 temperature control system and Rhecompass software (v.
1.35) (all Anton Paar) were used. Measurements were carried out with a
set gap of 1.5 mm, at 20 °C1% constant shear strain, 1 Hz frequency and
normal force set to constant O N. Time sweep measurements were car-
ried out for at least 30 min after mixing the crosslinking agent (1% w/v
DAS or 0.4% w/v glutaraldehyde) with the polymer solution. The total
time required for hydrogel preparation was 4 min, including 1 min of
mixing, pouring the solution onto the rheometer plate, and trimming of
the excess sample. Storage modulus (G'), loss modulus (G"), loss factor
(tan &), complex viscosity (n*), torque, and normal force were recorded
as a function of time. Gelation time was defined as the crossover point of
G and G, corresponding to tan § = 1.

2.9. Scanning electron microscopy (SEM)

Hydrogel samples were freeze-dried before analysis and sputter-
coating before analysis was not needed. Imaging of aerogels was ob-
tained by scanning electron microscope HR-SEM, Zeiss Supra 35 VP. The
analysis was performed with aperture size 30 pm in high vacuum with
low accelerating voltage (EHT) of 1 kV (magnification 100-800x,
working distance 4.0-6.7 mm) to prevent any sample destruction.

In order to roughly preserve the structural features of the hydrated
network, prevent pore collapse and minimize artefacts associated with
ice-crystal formation, a flash-freezing step with liquid nitrogen was
applied before freeze-drying.

To examine internal morphologies, aerogels were cut to expose cross-
sections. Due to their flexible and sponge-like nature, samples were
frozen in liquid nitrogen to increase brittleness and enable clean fracture
for observation. Frozen materials were then cut into multiple orienta-
tions to account for the random pore distribution. Thin sections were
mounted onto carbon tape and gently fixed using compressed air to
ensure proper adhesion. SEM imaging was performed without conduc-
tive coating to avoid potential alterations in morphology. Instead, a low
vacuum and low accelerating voltage (1 kV) was used to minimize
beam-induced damage and charging effects.

2.10. Contact angle measurements

A contact angle analysis system (OCA 15plus, DataPhysics) was used
to determine aerophobic properties of hydrogel samples with the captive
bubble method. After mixing the chitosan polymer with the crosslinking
agent, the mixture was immediately poured onto nickel plates
(10mm x 10 mm) and spread evenly to fully cover the surface.
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Hydrogels were cured at ambient temperature (25 °C) in the dark
overnight (18 h) by freely evaporating solvents. After curing, the
hydrogel coated plates were rehydrated in either distilled water (pH 5.5)
or KOH solutions (pH 12) for 10 min and placed in cuvettes filled with
either distilled water or KOH solutions (pH 12). A needle with manual
air control released a bubble of 8 pL. Once the bubble settled on the
surface, the recording started. Bubble drop measurements were con-
ducted in triplicate at ambient temperature (25 °C), each time on a
slightly different location on the coated plate. The final contact angle
value was calculated as the average of contact angles on both sides of the
captured image of the bubble.

2.11. Coating of electrode and electrochemical characterization

Hydrogel coatings were deposited on platinum plates (10 x 10 mm)
with a spin-coater (WS-400-6NPP-Lite, Laurell). Two coatings examined
by depositing 100 pL of 3% (w/v) chitosan solution with either low or
very high MW chitosan. Chitosan solutions were dispensed onto plat-
inum plates immediately prior to spinning, followed by spin-coating at
8000 rpm for 40 s.

During the last 10 s of the spin-coating, 100 pL of 1% (w/v) DAS
crosslinking solution was applied onto the rotating substrate. The coated
electrodes were then kept in the dark overnight to allow complete curing
of the hydrogel layer.

Electrochemical measurements were carried out with a CHI660E
workstation (CH Instruments) at room temperature (25 °C). A three-
electrode configuration was used, consisting of the coated platinum
plate as the working electrode (cathode), a Hg/HgO (1 M KOH) refer-
ence electrode, and a Pt/Ti mesh (25 x 25 mm) as the counter electrode.
All measurements were performed in 1.0 M KOH electrolyte at pH 14.

All potentials are relative to the reversible hydrogen electrode (RHE)
scale Eq. (5):

Voltage (V vs. RHE) = Voltage (V vs. Hg / HgO) + 0.098 + 0.0591 5)

Prior to measurements, the electrodes were immersed in the elec-
trolyte for at least 15 min to allow sufficient swelling of the hydrogel.
Linear sweep voltammetry (LSV) was conducted at a scan rate of
10 mV s~ 1. LSV measurements evaluate electrochemical performance by
recording current as a function of applied potential, revealing perfor-
mance changes, particularly at higher overpotentials associated with
rapid hydrogen evolution.

3. Results and discussion
3.1. Characterization of chitosan

DDA of chitosan represents a key parameter for understanding the
charge density, reactivity, and chemical structure. In this study, two
independent analytical methods were employed to determine the DDA
and, consequently, the content of free amino groups in the individual
chitosan batches.

For the FTIR spectroscopy analysis of DDA, the collected spectra
were subjected to baseline correction, followed by manually defining a
baseline and then extracting absorbance values at 1320 cm ' and
1420 cm™! (see Fig. 1).

Across all chitosan batches (including low-, medium-, high-, and very
high- MW), relatively comparable DDA values were obtained (Table 2).
Nevertheless, FTIR-based determination of acetylated and deacetylated
units in chitosan is generally regarded as semi-quantitative. Therefore,
the obtained values were considered only as preliminary estimations
(Table S1 in Supplementary materials).

According to the study by R. Czechowska-Biskup et al. [52], poten-
tiometric titration represents the most reliable non-NMR technique for
quantitative determination of DDA. Thus, further DDA characterization
was performed also using the Broussignac potentiometric titration
method [46], intended to quantify the number of free amino groups in
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Fig. 1. Example of FTIR spectra of chitosan with highlighted area for absorbance subtraction at wavenumbers 1320 cm™* and 1420 cm ™.

Table 2
Comparison of FTIR and potentiometric method of determining degree of
deacetylation of chitosan. Data are means + SD (n = 3).

DDA [%] determined by:

FTIR potentiometric titration
Chitosan Low MW 79.2 +£ 0.6 85.31 + 1.0
Chitosan Medium MW 77.8 + 0.4 86.91 + 3.1
Chitosan High MW 77.4 £ 0.4 86.51 £ 0.1
Chitosan Very High MW 76.2 £ 0.9 86.06 + 3.2

chitosan polymer. In this procedure, chitosan is first dissolved in an
excess of HCl. The remaining acid is subsequently back-titrated with
NaOH while continuously monitoring the pH response. The first equiv-
alence point (V;) corresponds to the neutralization of excess HCI,
whereas the second equivalence point (V5) represents the deprotonation
of all NH5 groups in chitosan chain. Thus, the difference between these
two equivalence points corresponds to the exact amount of free amino
groups present in the polymer (Tables S2-5 and Fig. S1-4).

Comparing the results of the two different methods revealed differ-
ences in DDA values measured by FTIR and potentiometric titration,
with deviation of approximately 6-10% (Table 2)and an observed dif-
ference in the general trend of DDA versus MW, where chitosan with low
MW was determined for higher DDA value by FTIR and lower with
potentiometric titration, and vice versa for chitosan with very high MW.
While there were no statistically significant differences between mea-
surements, suggesting a good degree of precision, systematic discrep-
ancies in the absolute DDA values were found, indicating poor absolute
accuracy. The literature [52] recognizes potentiometric titration as a
more accurate and reliable method for the determination of DDA and,
hence, we assume that the results obtained by this method are more
representative of the true DDA values of our chitosan samples.

Based on these values, chitosan contains a high abundance of free
amino groups, which play a crucial role in the crosslinking step, where
the aldehyde groups of DAS primarily react with the amino groups of
chitosan.

3.2. Preparation of bio-based crosslinker - dialdehyde starch

Due to the presence of accessible primary amino groups within the
chitosan structure, dialdehydic material was selected as suitable bio-
based crosslinking agent for rapid and effective covalent imine
bonding, enabling efficient crosslinking even in the absence of addi-
tional catalysts. The dialdehyde polysaccharide was prepared via se-
lective oxidation of vicinal diols using sodium periodate (see mechanism
Fig. S5).

Efficient removal of a residual oxidant was a critical step in the
preparation procedure. A recent study [29] report washing the final

product only with an acetone:water (1:1), however for our purpose, this
washing procedure proved insufficient. Namely, after washing deposits
of crystalline structures were visible under SEM morphological exami-
nation, which SEM-EDX analysis revealed to be the remaining traces of
inactive periodate ions (Fig. S6).

The washing procedure was thus improved. The product was
sequentially washed with water (250 mL), an acetone:water (1:1)
mixture (120 mL), and finally, pure acetone (80 mL). The initial water
washing was an essential step for removing ionic residues. Subsequently,
the acetone:water mixture was used to ensure a gradual change in sol-
vent polarity, preventing potential structural collapse of the oxidized
polysaccharide and minimizing possible side reaction. The final washing
step with pure acetone was performed in small subsequent portions to
replace the remaining water trapped in the product, thereby increasing
the volatility of the remaining solvent and accelerating the subsequent
drying process.

Drying was performed overnight (16 h) in a vacuum oven at 25 °C.
After complete solvent removal, the prepared dialdehyde starch was
homogenized using a mortar. SEM-EDX analyses confirmed complete
removal of iodine-containing residues from the oxidant in the final
product (Fig. S7).

After the procedure, formation of aldehyde groups on starch was
confirmed by FTIR spectroscopy (see Fig. 2). A new absorption band
characteristic of carbonyl stretching C=0 in aldehydes was observed at
approximately 1700 cm~!. Changes in the 3000-3600 cm™! region

T % T L T r T o T i X T
—— Native Starch

008l Dialdehyde Starch )
=)
< 006} 4
®
o
[ =
o
2
8 0,04 - N
Ke)
< carbonyl

signal

0,02

0‘00 L 1 L 1 L 1 L 1 " 1 L 1 L 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 2. FTIR spectra of native and modified starch confirming creation of new
carbonyl bond.
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correspond to O-H stretching vibrations and alterations in hydrogen
bonding, indicating transformation of hydroxyl groups. Additionally,
the 2800-3000 cm™ ! region reflects changes in asymmetric C-H
stretching vibrations, while the 400-900 cm™! region shows variations
associated with C-H and C-OH deformation modes. In contrast, the 900-
1200 cm™! region, corresponding to C-O-C stretching vibrations,
remained largely unchanged in intensity, indicating that proceeds
selectively via cleavage of vicinal diols without significant degradation
of the polysaccharide backbone.

Most importantly, aldehyde content was quantified by alkaline
titration in order to determine the degree of functionalization of the
starch. This parameter is crucial for evaluating the reactivity of the
crosslinker in subsequent reactions with the amino groups of chitosan.
The aldehyde content of the prepared DAS was determined to be
63.7 + 1.2%, consistent with values reported in the literature [47].

3.3. Hydrogel synthesis

Starch shows limited solubility in water, even after modification.
Therefore, additional heating of the mixture is required for complete
dissolution of the DAS for further processing. This was achieved by
continuous stirring of the DAS-water suspension in a water bath at 95 °C
for 15 min, resulting in a fully dissolved starch solution with a trans-
parent appearance. After cooling to room temperature (25 °C), the so-
lution was filtered using a PTFE syringe filter with pore size 0.45 pm to
remove any insoluble residues. The crosslinking agent DAS was pre-
pared for use at a final concentration of 1% (w/v).

Similarly, because chitosan is considered a weak base, it is not sol-
uble in water or most organic solvents. Protonation of the glucosamine
units to the soluble R-NH3 form is required. This was achieved by dis-
solving chitosan in a diluted aqueous acidic solution; in this case, 2% (v/
v) acetic acid was used. Fresh chitosan solutions were prepared at
various concentrations (1.5-4% (w/v)) by stirring in the acidic envi-
ronment until fully solubilized overnight at room temperature (25 °C).
Higher chitosan concentrations required extended dissolution times.

Once the reagents were prepared, hydrogels began to form imme-
diately upon simple mixing. No additional catalyst or elevated temper-
ature was required, although we were able to increase the reaction rate
by increasing the temperature. In this study, a fixed concentration of the
crosslinker solution was used, by varying the concentration and MW of
the chitosan solutions. This approach allowed us to evaluate the direct
influence of chitosan concentration and MW on hydrogel formation. The
volume ratio of the mixed crosslinker and chitosan solutions was
maintained at 1:1 for all measurements.

In this study, we focused on the utilization of the aldehydic reactive
groups of the prepared crosslinker and the free amino groups of the
chitosan polymer. Gelation is achieved by addition of primary amine of
chitosan to an aldehyde group of DAS forming new covalent bond
(Fig. 3). The final products are a Schiff base, specifically an imine
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compound, and a released molecule of water.

3.4. Rheometric study

Rheological measurements were performed to evaluate gelation ki-
netics and the development of mechanical properties in chitosan/DAS
hydrogels. In contrast to low-molecular-weight crosslinkers, DAS con-
tributes to network formation not only through covalent imine bond
formation with chitosan amino groups, but also via physical chain
entanglement and secondary intermolecular interactions. This dual
contribution is characteristic of polymeric crosslinkers and can signifi-
cantly influence the final network architecture.

Rheological measurements were conducted to monitor the time-
dependent evolution of viscoelastic properties during gelation. Experi-
ments were performed under constant oscillatory conditions. Chitosan
solutions with concentrations ranging from 1.5 to 4.0% (w/v) were
mixed with DAS at a fixed concentration of 1.0% (w/v). For comparison,
glutaraldehyde was employed as a low-molecular-weight crosslinker,
with its concentration adjusted (0.4% w/v) to provide an equivalent
molar content of aldehyde groups.

All measurements were conducted for at least 30 min following the
onset of gelation. To minimize experimental variability, samples were
mixed vigorously for 1 min, transferred onto the rheometer, and
measured after a fixed delay of 4 min, accounting for rapid gelation in
some systems. The results (Fig. 4) indicate faster gelation kinetics at
increased chitosan concentrations. Higher polymer concentration ex-
hibits significantly faster gelation, reflecting a higher probability of
intermolecular interactions and crosslinking stability. Similarly,
increasing MW leads to faster network formation, as longer polymer
chains promote enhanced entanglement. However, the relationship be-
tween MW, concentration and mechanical properties were not strictly
proportional. For example, hydrogels prepared with 3.0% (w/v) high
MW (1500 kDa) chitosan exhibited a storage modulus after 30 min
(G’ = 82 £ 8 Pa) comparable to those prepared with very high MW
(1800 kDa) chitosan (G* = 60 + 15 Pa), despite identical conditions as
well as closely matching DDA. This non-linear trend may reflect limi-
tation effects of chain entanglements and chain mobilities at very high
MW, which might limit network rearrangement and the formation of
additional elastically effective crosslinks.

A comparison with glutaraldehyde-crosslinked systems further
demonstrates the effect of crosslinker structure on the system. The
hydrogels formed with the glutaraldehyde were generally slower
forming with a lower storage modulus (Fig. 5). This confirms that DAS
improves gel network formation by not only relying on covalent in-
teractions but additional physical forces as well. However, for 4.0% (w/
v) very high MW chitosan glutaraldehyde-crosslinked hydrogels dis-
played higher storage modulus values compared to system with DAS.
This suggests that small-molecule crosslinkers can achieve higher
crosslink densities, as their minimal steric hindrance facilitates easier

Physical polymer entanglement

----------- Covalent crosslinking via Schiiff-base imine bond

Fig. 3. Visualization of entanglement of DAS and chitosan forming hydrogel. Modified from Aslzad et al. [27].
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access to reactive sites within the polymer chain. In general, these re-
sults indicate that gelation and mechanical properties are influenced by
the synergistic effects of polymer concentration, MW and crosslinker
structure. Although increased chitosan concentration accelerates gela-
tion and stiffness, MW influence is non-linear, which accounts for both
chain entanglement and mobility. Additionally, intermolecular in-
teractions might provide additional structural reinforcement when a
polymeric crosslinker is used, such as DAS, highlighting its potential for
designing hydrogels with tunable and application-specific mechanical

properties.

3.5. Pore size distribution

The morphology of freeze-dried hydrogels (aerogels) and visible
porous structures was evaluated and measured under using SEM.

Representative images from multiple regions were analyzed to assess
pore size distribution and overall morphology, maintaining relatively
well-established unimodal size distribution curves (see Fig. S8-11). The
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results (Fig. 6) indicate that variations in chitosan concentration and
MW have a limited effect on the average pore size but significantly in-
fluence pore architecture.

For the lowest chitosan concentrations, open and highly inter-
connected networks with large pore sizes were obtained. Due to these
large open voids offering insufficient structural support, samples had
brittle and uneven morphologies (see Fig. S8), making pore sizes diffi-
cult to measure accurately. More compact structures with slightly
smaller pore size appeared at higher concentrations.

Across all examined dry samples, pore sizes were predominantly in
the range of several tens of micrometers (10-80 pm). To justify these
varying trends, two orthogonal directions were measured for each pore,
accounting for a potential irregular pore shape. It appears that overall
pore interconnectivity and consistency are related strongly to the
polymer concentration, whereas absolute pore size is less dependent on
it. Interestingly, these morphological features could be further directly
linked to aerophobic behavior discussed in Section 3.7, where surface
compactness and pore structure influenced bubble adhesion. The rela-
tionship between pore structure (size and interconnectivity), the
resulting aerophobic and mechanical properties is a critical factor in
hydrogel performance. Smaller and more uniformly distributed pores
enhance aerophobic behavior by limiting gas bubble adhesion, whereas
highly interconnected porous structures provide opposite effect. From a
mechanical perspective, reduced pore size generally leads to thicker
pore walls and a higher polymer volume fraction, resulting in increased
stiffness. In contrast, larger open pores can compromise mechanical
integrity due to reduced network density. These observations highlight
that tuning pore architecture is essential for optimizing both mechanical
and aerophobic performance of chitosan/DAS-based hydrogels.

Similarly, Kang et al. [14] demonstrated that pore sizes in the range
of tens of micrometers are optimal for bubble repellency in
water-splitting systems while maintaining efficient mass transport. This
supports the potential applicability of chitosan/DAS-based hydrogels as
functional coatings in such environments.
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3.6. Swelling behavior and degradation

The prepared hydrogels were evaluated for their swelling behavior
and long-term stability in different aqueous environments (deionized
water of pH 5.5, NaOH solutions of pH 10 and 12). Testing conditions
were selected to assess their compatibility with alkaline media, e.g. as
conventional electrolyzers used for electrochemical water splitting
typically operate at highly alkaline conditions (up to pH 14). Loss of
mass over time does not necessarily mean polymer degradation but also
could more likely involve leaching of unreacted or loosely bonded
components, especially in an alkaline environment. Swelling measure-
ments provided insight into the time-dependent behavior of the hydro-
gels and their structural integrity over extended incubation periods. As
all chitosan samples exhibited comparable DDA values, the observed
differences are primarily attributed to variations in MW and polymer
concentration rather than functional group availability. It should be
noted, however, that when the chitosan concentration is varied while
the DAS content is kept constant, the effective CHO/NHy molar ratio
also changes and may therefore contribute to the observed behavior
(Table S6). Despite the intrinsically dynamic nature of Schiff bases, the
hydrogel networks retain their structural integrity and functional per-
formance throughout the investigated period.

For hydrogels prepared with low MW chitosan (Fig. 7) prepared
using less concentrated chitosan solutions exhibited the highest swelling
ratios (up to 5000%) in all swelling media, owing to their more loosely
crosslinked structure and higher free volume, which promotes solvent
uptake. However, samples with 1.5% (w/v) chitosan showed a gradual
decrease in swelling ratio over time, indicating insufficient crosslinking
and structural instability. This behavior is likely associated with the
leaching of unbound polymer fractions during prolonged immersion.
Interestingly, under strong alkaline conditions (pH 10 and 12), the 1.5%
(w/v) low MW chitosan hydrogels exhibited even higher swelling ratios,
reaching values up to approximately 5000%, accompanied by a slower
swelling decrease. This behavior can be attributed to the pH-responsive
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nature of chitosan. At pH 10 and 12, the amino groups are fully
deprotonated (pKa of chitosan is between 6.3 and 6.7), eliminating
electrostatic repulsion between polymer chains and rendering chitosan
insoluble. In weakly crosslinked systems, structural integrity may
therefore be maintained not by a fully developed covalent network, but
also by the insolubility of the polymer under alkaline conditions. At the
same time, the limited mechanical strength of these networks may allow
structural rearrangement and chain relaxation, leading to particularly
high swelling values.

These observations are in good agreement with the rheological data.
Hydrogels with lower chitosan concentrations result in slow gelation
kinetics and weak mechanical strength, suggesting an incomplete
network formation. Therefore, in hydrogels with 1.5-2.0% (w/v) chi-
tosan, a combination of insufficient crosslinking and pH dependent
polymer charge and solubility influences their swelling behavior.

Medium MW chitosan hydrogels exhibited similar trends (Fig. 8).
Notably, the 1.5% (w/v) sample at pH 12 maintained a relatively high
and stable swelling ratio (~3200%) over one week, suggesting the for-
mation of a stabilized structure under strongly alkaline conditions.
Other concentrations showed stable swelling behavior over time, with
minimal long-term variation. Swelling ratios for higher concentrations
(3-4% w/v) were typically in the range of 1300-1500% at pH 10 and
1800-1900% at pH 12, indicating a more compact and stable network
than was achieved with low MW chitosan.

The swelling of high MW chitosan hydrogel varied according to the
medium (Fig. 9). In water, these hydrogels exhibited high swelling ratios
(up to ~3100%) and maintained structural stability over one week. At
pH 10 and 12, only the lowest concentration of hydrogels (1.5% w/v)
resulted in a decreasing swelling ratio over time indicating structural
instability. The other concentrations maintained stable hydrogels with
swelling ratios ranging between 1300 and 1600% at pH 10 and 1700-

1900% at pH 12.

Very high MW chitosan hydrogels exhibited similar trends (Fig. 10)
to high MW chitosan. The lowest concentrated hydrogel (1.5% w/v) was
relatively stable in water but significantly degraded under alkaline
conditions, with swelling decreasing from approximately 2200% to
1700% at pH 12. This behavior indicates a fragmentation of the sample.
In contrast, the other concentrations exhibited excellent stability in
water with minimal changes in swelling with time. Interestingly,
degradation was more pronounced at pH 10 than at pH 12, suggesting
that strongly alkaline conditions promote the formation of a more
compact structure due to a favorable combination of complete depro-
tonation and reduced polymer solubility.

In conclusion, the swelling behavior exhibited by hydrogels prepared
from chitosan of different MW and at different concentrations appears to
be a function of swelling by a delicate interplay between the following
factors: polymer concentration, MW, crosslinking efficiency, and the
effects of pH on dissociation and charge. The rapid initial mass increase
observed within the first 60 min suggests that swelling is initially
dominated by capillary forces and rapid pore filling within the freeze-
dried structure. Subsequently, the swelling process transitions to a
slower, diffusion-controlled regime, where solvent uptake is governed
by polymer chain relaxation and network constraints. Lower chitosan
concentrations (1.5-2% w/v) exhibited slower equilibration, likely due
to lower crosslinking density and higher free volume facilitating solvent
diffusion. Comparing hydrogels prepared from chitosan of different MW
at pH 12 demonstrates a distinct dependence of swelling behavior on
polymer size. Specifically, hydrogels with low MW chitosan showed the
highest swelling ratios, whereas an increase in MW leads to a gradual
reduction in swelling capacity. High swelling ratios observed for low-
concentration samples (1.5% w/v) may also be influenced by the ionic
strength of the alkaline medium. The presence of OH™ ions can increase
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osmotic pressure within the hydrogel network, resisting polymer
contraction and promoting water uptake. This suggests that, in addition
to covalent crosslinking, chain entanglement and ionic effects may
contribute significantly to the apparent structural stability under alka-
line conditions, which can be expected to be effective particularly at
higher MW and polymer concentrations, as already discussed for Fig. 4
in the chapter pretraining to rheometric properties. Increasing the
concentration of chitosan leads to a further increase of densification in
the polymer network, hence to a reduction of free volume and a limi-
tation of swelling but ensuring a further contribution to gel stability. The
polysaccharide backbone of DAS contributes long and flexible cross-
linking bridges, permeating a network structure that might improve the
mechanical stability at higher concentrations of chitosan.

When the MW of chitosan increases, leaching of hydrogel material is
reduced due to both higher MW of chitosan (resulting steric hindrance
and subsequent lower diffusivity) and increased crosslinking density.
Thus, when low MW chitosan is used, mass reduction over time, espe-
cially in loosely crosslinked networks, is more pronounced within the
tested period. The differences observed between samples of varying MW
are primarily governed by chain length and resulting crosslinking den-
sity, as DDA and crosslinker content were consistent across all systems.
Under strongly alkaline conditions, deprotonation of amino groups is
expected to alter polymer—polymer and polymer-solvent interactions,
which may lead to changes in network structure and swelling, such as a
decreased ability of water absorption and other structural deformations,
thereby affecting final values of swelling ratios.

3.7. Aerophobic properties of hydrogels

Aerophobic properties of the prepared hydrogels were evaluated by
measuring the captive air bubble contact angle measurements under
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water at pH 5.5 and under KOH solution at pH 12. Higher contact angles
indicate stronger bubble repellency. This approach enables direct
assessment of surface wettability in aqueous environments. Hydrophi-
licity in chitosan-based systems is governed by the presence of polar
functional groups, particularly amino and hydroxyl groups. The DDA
plays a key role by determining the density of available amino groups,
thereby influencing both water affinity and aerophobic behavior.

The results (Fig. 11) show that increasing both the MW and con-
centration of chitosan enhances aerophobicity. Higher polymer con-
centrations increase the density of hydrophilic functional groups,
promoting stronger interactions with water and facilitating the forma-
tion of a stable hydration layer at the surface. More pronounced dif-
ferences were observed as a function of MW. Hydrogels prepared from
low MW chitosan exhibited slightly reduced aerophobicity (in all cases
above 130°), which can be attributed to differences in surface
morphology. SEM analysis revealed that low MW and low concentration
systems form more porous and less compact surface structures. This
morphology might cause air entrapment within irregular surface,
limiting effective contact between water and the material and conse-
quently inhibits the ability to repel air bubbles. In strongly alkaline
conditions, this effect was even more pronounced, and the hydrogel
materials exposed to KOH (pH 12) exhibited enhanced aerophobicity,
with lowest values at 145°. This behavior can be attributed to chemical
modifications of chitosan under alkaline conditions, including partial
deacetylation and possible hydrolysis of glycosidic bonds, which expose
additional hydrophilic functional groups on the surface, which confirms
the suitability of our chosen base material for use under these condi-
tions. In addition, incompletely crosslinked networks can be expected to
result in a higher uniformity and higher relative surface roughness, as
well as in the formation of microvoids. These features would appear to
disrupt the continuity of the hydration layer, which is essential for
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Fig. 9. Time-dependent swelling behavior of hydrogels with varying high MW chitosan concentrations at constant DAS content under different pH conditions: (A)
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strong aerophobic behavior. Therefore, aerophobicity is not only
dependent on the surface hydrophilicity but also surface morphology,
uniformity and mechanical robustness. Rheometric analysis, swelling
tests and bubble contact angle measurements therefore jointly suggest
that hydrogels with higher MW chitosan and higher polymer concen-
trations possessed more compact structures, more homogeneous surface
morphologies, and denser chain entanglements. These structural im-
provements appear to minimize air-trapping and optimize surface wet-
ting, leading to enhanced bubble-repellency characterized by
exceptionally high contact angles (up to ~170°).

Overall, the experimental results confirm that aerophobic property
results from the combined effects of chemical composition and structure.
A sufficiently high density of hydrophilic groups on the surface is indeed
necessary, however the formation of a well-defined and mechanically
robust surface is equally important to achieve sufficient bubble-
repellency.

3.8. Coating for enhanced bubble repellency in electrochemical system

To demonstrate the applicability of the developed material, we
employed a simple spin-coating process followed by electrochemical
evaluation of a hydrogel-coated plate electrode. Initial attempts using a
hydrogel composed of 3% (w/v) very high molecular weight chitosan
and 1% (w/v) DAS were unsuccessful. This formulation resulted in a
thick coating layer that hindered the escape of gas evolving on the
electrode surface, ultimately leading to rupture of the coating. Conse-
quently, no improvement in performance was observed (Fig. 12). In
addition, the coating exhibited poor adhesion, resulting in detachment,
delamination, and cracking, particularly in the central region of the
plate electrode.

To achieve a thinner and more stable coating, a lower viscosity
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chitosan solution was required. Therefore, a 3% (w/v) low molecular
weight chitosan solution was used, which demonstrated sufficient
aerophobic behavior (a« > 150°) in the captive bubble contact angle test.
This modification enabled successful coating formation, leading to
enhanced aerophobicity and improved electrochemical performance of
the electrode (Fig. 12). The results therefore demonstrate that the
deposition of thin hydrogel layer is essential for enabling bubble passage
through the hydrogel layer during bubble formation, and that even a low
hydrogel loading on the electrode is effective for bubble repellency.

LSV measurements showed a notable performance increase, espe-
cially at higher overpotentials associated with hydrogen evolution.
When comparing platinum hydrogel-coated electrodes with low MW
chitosan, an increase in water-splitting efficiency was observed. Spe-
cifically, at a potential of —0.67 V, there is a clear increase in current
density, from —0.17 A to —0.20 A, which corresponds to an approxi-
mately 15% enhancement. Despite the electrode being coated on only
one side, a significant improvement was observed in the region of rapid
hydrogen production. These results confirm the fundamental function-
ality of the coating. Overall, this straightforward evaluation demon-
strates one of the potential applications of the developed chitosan/DAS
hydrogels as superaerophobic coatings for electrodes in gas evolution
processes.

4. Conclusion

In this study, we developed fully bio-based chitosan/DAS hydrogels
with tunable aerophobic properties and good swelling stability in
alkaline conditions. Influence of chitosan MW and concentration was
systematically studied on their structure-property relationships were
systematically evaluated. Increased concentrations (3-4% w/v) and MW
of chitosan led to faster gelation, higher mechanical strength (up to
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Fig. 10. Time-dependent swelling behavior of hydrogels with varying very high MW chitosan concentrations at constant DAS content under different pH conditions:
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150 Pa of storage modulus after 30 min of gelation), while lower con-
centrations (1.5-2% w/v) resulted in weakly crosslinked networks with
low storage modulus (down to 1 Pa after 30 min of gelation), high
swelling ratios (up to ~5000%) and structural degradation. In contrast,
higher concentration systems exhibited moderate swelling (1300-
2000%) combined with long-term (7 days) stability, particularly under
alkaline conditions. Aerophobicity was enhanced with increasing MW
and polymer concentration, with air bubble contact angles reaching up
to ~170°. This behavior was not solely dictated by hydrophilicity and is
likely related to surface morphology and network integrity. SEM anal-
ysis confirmed that while pore size remained in the range of several tens
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of micrometers, polymer concentration significantly influenced pore
interconnectivity and structural uniformity, with denser networks
formed at higher concentrations. Increasing polymer concentration
resulted in the formation of denser and mechanically stronger network
structures. This was reflected in the physical, mechanical and surface
properties, namely in reduced swelling, improved stability and main-
tained superaerophobicity.

The proof of concept was validated using a simple three-electrode
system with LSV in 1 M KOH. Optimized coating thickness improves
electrochemical performance by facilitating bubble detachment during
gas evolution, especially at high overpotentials. In summary, this study
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Fig. 12. LSV electrochemical performance of hydrogel-coated platinum electrodes using 3% (w/v) chitosan: (A) very high MW and (B) low MW, both crosslinked
with 1% (w/v) DAS. The coated platinum electrodes (cathode) were tested in a three-electrode configuration with Hg/HgO reference and Pt/Ti mesh counter
electrode. Measurements were performed at 25 °C and pH 14 in 1 M KOH electrolyte.

demonstrates that chitosan/DAS hydrogel is a tunable system, enabling
control of its structural, mechanical and interfacial features via
composition and network design. The alkaline-stable, porous and aero-
phobic nature of material makes it promising candidate for gas evolving
electrochemical systems as a coating layer or a hydrogel electrolyte in
water splitting device. Besides that, its favorable physiochemical fea-
tures of completely bio-based material can also make it suitable for other
applications such as energy storage devices, anticorrosion/antifouling
coatings or sensing systems under harsh conditions.
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