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Abstract

Compared with traditional rain gauges and weather radars, hydrogel flexible electronic sensor
capable of responding directly to rainfall events with promptness and authenticity, shows great
prospects in real-time rainfall monitoring. Aluminum coordination hydrogel (Al-HG), one of
the most qualified sensors suitable for rainfall monitoring, however, is currently impeded from
widespread application by its weak mechanical properties due to the low binding strength
between AI** and functional ligands. Herein, inspired by the antifreeze proteins (AFPs) that
protect those Patagonian toothfishes by strongly binding to ice crystals at freezing temperatures,
a low temperature-induced strategy is introduced to promote more and stronger ligand carboxyls
firm combination with AI**, thus forming a high-coordinated structure to deal with this
challenge. Expectedly, the whole mechanical performance of the product Al-HGg;/r, obtained
by the low temperature-induced strategy is improved. For example, the tensile fracture
toughness and the maximum compressive stress of Al-HGg,/y, are 1.66 MJ .m~3 and 12.01
MPa, approximately twice those of the sample Al-HGp3/ obtained by traditional soaking
method (0.86 MJ-m~3 and 7.38 MPa, respectively). Coupled with its good biocompatibility,
ionic conductivity, and sensing ability, Al-HGp;/r> demonstrates promising application for
real-time rainfall monitoring in discrepant rainfall intensities, different zones, and even under
extreme environments. This work aims to offer a stride toward mechanically robust aluminum
coordination hydrogel sensors for real-time rainfall monitoring as well as provide insights into
flood prevention and disaster mitigation.
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1. Introduction

In the context of the growing frequency of dire weather events
induced by global warming, real-time and accurate rainfall
monitoring is essential for disaster prevention and mitigation,
water resources management, and agricultural irrigation!! 31,
Although the traditional rainfall monitoring methods, such as
rain gauges and weather radars are effective, they might be
limited in some applications by deployment cost, flexibility, or
instantaneity. Therefore, it is particularly important to explore
new and efficient rainfall monitoring technology.

In recent years, hydrogel materials that could transfer
external stimulus into quantifiable electrical pulses have
attracted extensive attention in the field of flexible electronic
sensors, including wearable devices, virtual reality, and artifi-
cial intelligence!“~°!. Interestingly, if the hydrogel bearing the
sensing ability was used for rainfall monitoring, the impact of
raindrops falling on the surface of the sensor can be converted
into pressure changes inside the hydrogel, which can be fur-
ther converted into measurable electrical signals, to achieve
real-time monitoring of rainfall. The advantage of this method
is that it can respond directly to the rainfall event itself, not just
the humidity or moisture changes after the rainfall, demon-
strating promptness and authenticity.

Among the conductive hydrogel sensors bearing conduct-
ing medium such as MXenes!®!, carbon black!”), graphene
oxide!®!, and metal salts!®!, metal coordination hydrogels,
of which metal ions behave as conductive materials and
polymer chains as flexible substrates, are conspicuous!'%!!1,
Especially, aluminum coordination hydrogel (Al-HG) shows
its unique application potential: (i) high charge density of
aluminum ions enhancing the internal electric field of the
hydrogel, thus speeding up ion conduction and charge trans-
fer, thereby improving the sensitivity of the sensor; (ii) the
abundance of aluminum offering a wide range of raw mater-
ial sources and relatively low cost, conducive to its large-scale
production and application; (iii) particularly, the good biocom-
patibility of aluminum ensuring its safety and sustainability
of rainfall monitoring. However, one challenge still exists to
impede the widespread application of Al-HG as an efficient
sensor for rainfall monitoring.

According to the theory of coordination chemistry, for alu-
minum ions (AI3*), the electron pairs of the functional ligands
(exemplified by carboxyl) can only be put into the Al outer d
orbitals with higher energy due to the nature of outer electron
orbital structure of Al (sp*d?)!'?!. The binding force between
the functional ligands and A3 is basically electrostatic attrac-
tion, i.e. ionic bonds or ion-dipole bonds are relatively dom-
inant. Such a compound known as an outer-orbital complex is

inherently characterized by energy instability. Moreover, the
water molecules would compete with functional ligands for
APPt, generally leading to a uni-point fixation between AI’*
and target ligands. Such low binding strength was also proved
by our previous work that was analyzed by first-principles cal-
culations and molecular dynamics (MD) simulation: the dir-
ect contact distance between AI’T and O (from carboxyl of
PAA) was relatively long (approximate 5.4 A) and the bind-
ing energy value was —1.69 eVI!?, The weakest combina-
tion between AI** and functional ligands resulted in the weak
mechanical performance of Al-HG comparison of Cr-HG, Zr-
HG, or even Fe-HG. Therefore, to achieve high-performance
rainfall monitoring Al-HG sensor that can be long-term stable
operation in harsh environments, significant improvement of
its mechanical properties is urgent. In our previous work! 3!,
inspired by the shutter closing and opening regulation mechan-
ism, a method regulating the structure of hydrogel to facilitate
APt permeation for enhancing the mechanical performance
of Al-HG was proposed. Nevertheless, the weak combination
between AI’t and functional ligands, dominantly impairing
the mechanical property of Al-HG, never gets addressed.

As for modern scientific research, the bionics technique
plays a vital role!'*~!'61. Antarctic cod, also known as
“Patagonian toothfish”, is the most cold-resistant fish in the
world, able to survive and thrive in extremely low temper-
atures. Such tenacious vitality is largely due to special com-
ponents in their blood, i.e. antifreeze proteins, which include
antifreeze glycoprotein (AFGP) and four different types of
antifreeze proteins (AFPs), weaving a protective net against
extreme cold!!’~°!. For AFPs, each peptide chain has multiple
sites that can bind specifically to ice crystals. When the ambi-
ent temperature drops below the freezing point, these sites
are like magnets, attracting and firmly binding the surround-
ing ice crystal molecules, effectively preventing the disordered
growth and expansion of ice crystals in the blood vessels and
tissues of the fish body, thus maintaining the fluidity of the
body fluid and the normal operation of physiological func-
tions. The phenomenon that those sites of AFPs peptide chain
are capable of strongly binding ice crystals upon temperature
reaching the freezing point is magical. If the functional lig-
ands in HG could be firm and multipoint combined with A3+
under a low temperature, the success of solving the obstinate
challenge of low binding strength thus weak mechanical per-
formance of Al-HG would follow. Interestingly, such a hypo-
thesis could be realized theoretically. According to Gibbs free
energy theory, when the temperature decreases, the coordin-
ation binding appears to undergo a “‘strengthening” process,
in which the loose coordination patterns become more stable,
promoting the formation of high-coordinated structures/?°!.
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The antifreeze mechanism of Patagonian toothfish that the
sites of its AFPs peptide chain could be able to strongly
bind ice crystals upon temperature reaching the freezing point
provides a new perspective on the synthesis of Al-HG with
high coordination strength.

Herein, inspired by the Patagonian toothfish, an approv-
ing Al-HGpr, with enhanced mechanical properties was
fabricated by the low temperature induced strategy, which
demonstrated promising application in real-time rainfall mon-
itoring. Specifically, instead of the traditional method that
ended the fabrication after soaking hydrogel (HG) in an A3~
solution, this strategy continued to add a low-temperature
treatment step. Compared with the product by the tradi-
tional method (Al-HGp3/rp), the mechanical performances
such as strength, toughness, puncture resistance, tear resist-
ance, and other related properties of Al-HGp;/r, were signific-
antly promoted. The mechanism of low temperature promot-
ing the formation of high-coordinated Al-HGp,/r, was tried to
decode by systematic technical characterization. After eval-
uation of sensing sensitivity/response/recovery time/stability,
biocompatibility, and conductivity, the potential application
of Al-HGp//r, in real-time rainfall monitoring was assessed.
Therefore, the Patagonian toothfish-inspired low-temperature
“strengthening” strategy provides a new perspective in hydro-
gel construction to narrow the gap between rainfall monitoring
sensors and fragile AI-HG materials.

2. Experimental

2.1. Materials

Poly(vinyl alcohol) (PVA, purity >99%, M,, ~ 750 000),
monomer acrylic acid (AA, purity >99%), monomer acryl-
amide (AM, purity >99%), ammonium persulfate (APS, pur-
ity >98%), N, N’-methylenebisacrylamide (MBAA, purity
>99%), and aluminum chloride hexahydrate (AlCls-6H,O0,
99%) were purchased from Tianjin Kemiou Chemical Reagent
Co., Ltd (China). The water used throughout the experiments
was deionized water. All chemicals were used without further
purification in this experiment.

2.2. Fabrication of aluminum coordination hydrogels (Al-
HGryr3-x)

The aluminum coordination hydrogel was synthesized by two
methods. For the same step, a solution containing monomer
AA (8 wt%), AM (8 wt%), PVA (10 wt%), initiator APS
(0.25 wt%), and crosslinker MBAA (0.27 wt%) was prepared
at 0 °C and then deoxygenated for 20 min using N,. The
solution was subsequently transferred into a mold for poly-
merization at 37.5 °C for 6 h, followed by freeze (—20 °C)-
thawing (25 °C) for one cycle to obtain the pristine hydro-
gel (HG*, PVA/PAM-co-PAA). Herein, PAM-co-PAA served
as the soft phase and PVA as the hard phase, endowing
the hydrogel with a simple preparation process as well as
good overall performance. Specifically, the PAA component
offered the mainly functional ligands (—COOH) to capture

AP, For traditional aluminum coordination hydrogel, HG*
continually underwent two more freeze-thaw cycles, obtain-
ing HG, and then HG was immersed in an AI** solution with
a concentration of 0.06 mol-L~" at 25 °C for 12 h, forming Al-
HGg3/p¢. For the low temperature induced aluminum coordin-
ation hydrogel, two strategies were used: (i) HG* continu-
ally undergoing one cycle of freeze-thaw, then soaking in the
AT aqueous solution, and finally undergoing one more cycle
of freeze-thaw, forming Al-HGp,/r;; (i) HG* soaking in the
AT aqueous solution first, and then undergoing two cycles
of freeze-thaw, forming Al-HGp/,. Overall, the aluminum
coordination hydrogel could be named Al-HGp,/r3.). Herein,
x indicated the number of freeze-thaw cycles performed before
AT soaking, while 3-x was the number of freeze-thaw cycles
carried out after AI>* soaking. For all samples, the total num-
ber of freeze-thaw cycles was controlled at 3. During the
fabrication process of Al-HGpgyr; and Al-HGpj/p,, freeze-
thaw treatment was applied in two stages, including before
and after AI** soaking. Before A>T soaking was the aim of
forming the pristine hydrogel by generating PVA crystalline
domains and hydrogen bonds among the functional groups of
—NH,, -COOH, and —OH. After AI** soaking was in order
to strengthen the aluminum coordination hydrogel by form-
ing high-coordinated structure. The fabrication process of Al-
HGryr(3.5) was further illustrated in Figure S1.

2.3. Mechanical property testing

The mechanical performance of the hydrogels was tested
using a machine (CMT6503, MTS, USA) at 25 °C. For the
tensile experiment, the hydrogel was made into dumbbell-type
(21 mm x 2 mm X 2 mm) according to the national stand-
ard dumbbell cutting dimensions, which was conducted at
100 mm-min~"! tensile speed with a 100 N load. The toughness
of hydrogel was determined by calculating the area under the
tensile stress-strain curve, and Young’s modulus was obtained
from the slope of the initial linear portion of the stress-strain
curve. For the notched tearing tensile experiment, the sample
was initially cut into rectangular shapes with dimensions of
30 mm in length, 10 mm in width, and 2 mm in thickness.
Meanwhile, a 2 mm pre-notch was introduced at the edge.

For compression tests, the samples were prepared to be cyl-
indrical (d = 20 mm, h = 10 mm), and performed at a speed of
5 mm-min~! with a load of 500 N. For puncture tests, hydro-
gels were made into 10 mm diameter, 2 mm thick columns,
and were punctured by using a needle with a 1 mm radius.
All the tests were performed five times, and the average with
standard deviations was recorded.

The rheological measurements were performed on a TA
DHR-1 rheometer (USA) using a 20 mm parallel plate.
Frequency sweeps of the samples were performed at a constant
strain of 1% at 25 °C, with frequencies from 0.1 to 100 rad-s .

The mass of the hydrogel drying in an oven at 40 °C to
a constant weight was recorded as Wy, and the mass of the
swollen hydrogel was measured as Wy after removing excess
surface water with filter paper. The swelling ratio (SR) was
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determined using the formula:

Ws—W,
Wy

SR = x 100%. 1

The mass of hydrogel before drying was recorded as Wy,
and its mass after drying in an oven at 40 °C to a constant
weight was determined as Wg4. The water content (WC) of the
hydrogel can be calculated using the equation:

Wo — Wy
d

WC = x 100%. 2)

2.4. Structural characterization

The morphology of the hydrogel samples after freeze-
drying was obtained using ZEISS Gemini 360 Field-Emission
Scanning Electron Microscopy (SEM, Germany). The ele-
mental distribution in the composite hydrogels was observed
with Oxford instruments Energy-Dispersive Spectroscopy
(EDS, UK). X-ray photoelectron spectroscopy (XPS) was
obtained by an AXIS SUPRA apparatus (United Kingdom)
at the step size of 1.00 eV in the range of 0 — 1 100 eV.
Fourier transforms infrared (FTIR) was carried out using a
Thermo Scientific Nicolet 5700 FTIR spectrometer (USA),
providing spectra over a range from 400 to 4 000 cm~!. X-ray
diffraction (XRD) patterns were obtained using a Philips X’
Pert pro-MPD diffractometer, by Cu-Ko radiation (A = 1.540
6 A) over a range from 5° to 60°. The SAXS (Small Angle
x-ray Scattering) was done by the Anton Paar SAXSpoint 2.0
(Austria).

2.5. Application of Al-HGEyr2 in real-time rainfall monitoring

Before application, the biocompatibility (using NIH-3T3 cells,
Procedure S1 and S2) and the ionic conductivity (Procedure
S3) were assessed. The flexible electronic sensing perform-
ance of Al-HGgy, under different strains and pressures
was evaluated by the relative resistance changes, which
were measured using a tensile machine (CMT6503, MTS,
USA) combined with the Keithley2450 digital source meter
(USA). For strain-responsive sensors, the two metal wires
as electrodes were connected on both sides of the samples
(20 mm x 5 mm X 2 mm) to fabricate the assembly as ionic
conductors. For pressure-responsive sensors, the size of cyl-
indrical gel sensors as ionic conductors was d = 20 mm and
h = 2 mm. Relative resistance change (/) was determined by
the formula:

(R—Ro)
0

[= x 100% 3)
in which Ry and R were the initial and tested resistance of the
hydrogel, respectively.

The Gauge Factor (GF) was employed to evaluate the sens-
itivity during the process of stretching hydrogels, calculated
by the formula:

GF = “

o1~

where ¢ is the applied strain.

The sensitivity (S) was employed to assess the sensitivity
of hydrogels during the compressive process, obtained by the
formula:

S=-— &)
o
where o denoted the applied stress.

For application in rainfall monitoring, the Al-HGg/r
sample was mounted as the sensing elements on a roof model,
with copper wires secured to both ends by insulating tape, and
these wires were connected to a Keithley 2450 digital source
meter. The rainwater solution was first simulated accord-
ing to the common rainwater components, containing SOz~
(1.21 x 10~* mol-L~"), NO3 (1.32 x 107> mol-L™"), NHj
(1.79 x 1073 mol-L™"), and Ca?* (3.50 x 10> mol-L™").
Also, the different areas of rainwater in China including Xi’an,
Heilongjiang, Beijing, Zhejiang, and Hubei were collected.
The simulated rainfall was conducted by using a custom-made
dripping system, and different rainfall intensities including
light, moderate, heavy, and torrential rain, were represented
by varying the height and droplet size. The real-time rainfall
monitoring by Al-HGp;/r, was carried out on the campus of
Shaanxi University of Science and Technology, Xi’an, China,
by evaluating the relative resistance changes.

3. Results and discussion

3.1 Fabrication of Al-HGgq,r2 inspired by Patagonian toothfish

Patagonian toothfish, the hardiest fish in the world, is one of
the most iconic creatures in the Antarctic Ocean. As demon-
strated in Figure 1(a), Patagonian toothfish could live hun-
dreds of meters below the ice in ocean depths, not only not
being frozen, but also surviving and thriving normally. In
addition to the morphological characteristics of Patagonian
toothfish adapted to the cold environment, it also has remark-
able freezing resistance due to the antifreeze proteins (AFPs)
existing in its blood. The AFPs molecules have multiple
sites where they can bind to ice crystals (Figure 1(b)). These
sites are usually located on specific domains that are rich in
hydrogen bond donors and receptors. When the temperature
drops below the freezing point, AFPs could strongly inter-
act with the surface of ice crystals, thus preventing the freez-
ing of body fluids. As a result, even when the water temper-
ature is several degrees below zero or lower, the body flu-
ids of Patagonian toothfish do not freeze, ensuring the nor-
mal functioning of its physiological functions. Inspired by
the anti-freezing mechanism of Patagonian toothfishes that
their sites of AFPs peptide chain are capable of strongly
and multipoint binding ice crystals upon temperature reach-
ing the freezing point, herein, a low temperature-induced alu-
minum coordination hydrogel (Al-HGp,/,) was fabricated.
In detail (Figure 1(c)), AM/AA were as reaction monomers
and APS as initiator, which were gelated by polymerization
based on hydrogen bonding as well as MBAA crosslink bond-
ing. PVA, as another network, enhanced the gel system by
freezing/thawing operation endowing with abundant hydrogen
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Figure 1. The fabrication of the present hydrogels inspired by Patagonian toothfish: (a) the scheme of fishes living in the Antarctic Ocean,
(b) the fabrication of the specific aluminum coordination hydrogel (Al-HGr,/2) inspired by the function of the antifreeze proteins (AFPs)
existing in the Patagonian toothfish, (c) the scheme of the fabrication and gelation mechanism of Al-HGry/r>.

bonds among —OH, —-COOH, and —-NH,. Specifically, instead
of the traditional method that ended the fabrication after soak-
ing hydrogel in an AI** solution, the present strategy con-
tinued to add a low-temperature treatment step, i.e. freez-
ing/thawing operation repeated 2 times. Inspired by the anti-
freeze mechanism of Patagonian toothfish and combined with
Gibbs free energy theory, the assumption of low temperature-
induced strategy could intensify the coordination between
APT and the functional -COO~, promoting the formation
of high-coordinated structures. For example, the strong lig-
ands —COO™ could supersede more water molecule weak
ligands, manifesting as high-coordinated structures forma-
tion (such as six-coordinated), not the commonly single point
coordination.

(&)}

3.2. Comparison of mechanical properties of Al-HGryr3.)

To prove that the low temperature induced strategy is effect-
ive, in this part, the mechanical properties of four samples,
hydrogel before Al soaking (HG), Al-HG prepared by the
traditional method (Al-HGrs3/r9), and Al-HG obtained by the
low temperature induced strategy (Al-HGgj/r2, Al-HGpor;)
were systematically compared, which included tensile, com-
pression, swelling behaviors, and so on. First, the samples
were stretched to fracture to evaluate their tensile proper-
ties (Figure 2(a)). The curves of stress-strain (Figures 2(a-
1)) demonstrated that the tensile mechanical property of all
Al-HG samples was superior to that of the HG. That’s why
numerous studies introduced metal ions such as AP+, Fe3t,
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Figure 2. Tensile property of samples: (a) single tensile performance (i) stress-strain curves and (ii) their detailed mechanical property values,
(b) twenty loading-unloading curves at 100% strain, (c) cyclic loading-unloading curves with gradually increasing strain, (d) tearing curves,
(e) the comparison of the stress and toughness with those of previously reported aluminum coordination hydrogels.

Zr*t, Ln3t, etc. into the hydrogel to enhance the mechanical
property based on the mechanism of energy dissipation'?'~231,
Moreover, for Al-HG samples, it could be found that the
tensile property of the Al-HGp;r, was the best and Al-
HGyp3/r9 was the weakest, indicating the effectiveness of the
low temperature-induced strategy. For further quantitative
comparison, the values of tensile fracture strain (%), frac-
ture stress (MPa), Young’s modulus (MPa), and toughness

(MJ-m~—3), derived from the corresponding tensile curves,
were illustrated in Figure 2(a-ii) and summarized in Table
S1. It showed that the whole tensile mechanical property
of Al-HGg, was the best. Taking the aggregative indic-
ator, toughness, as an example, it was 1.66 MJ -m—3 for Al-
HGyg,/r>: approximately twice that of the Al-HGg3/r9 (0.86
MJ-m~3) and also significantly higher than that of the Al-
HGFZ/F] (126 MJ'III73). Both AI-HGF]/FZ and AI-HGFQ/F]
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were obtained by low temperature induced strategy, and the
difference between them was two cycles of freeze-thaw after
APT soaking of AlI-HGp;/r> sample, while one cycle of freeze-
thaw for Al-HGpgy/r;. The better mechanical properties of
Al-HGg//r> than that of AlI-HGp,/r; indicated that only one
cycle of freeze-thaw was not enough to intensify the coordin-
ation bonds between AI’' and functional ligands. It was
worth noting that for Al-HGp3/ and HG samples, the frac-
ture strains were prominent compared with their other mech-
anical properties such as Young’s modulus, fracture stress,
and toughness. The fracture strain of AI-HGpg3/r (244.80%)
was even superior to that of Al-HGpg;r (234.61%). This
phenomenon was attributed to more low-strength coordin-
ation bonds (also called ionic bonds or ion-dipole bonds)
and hydrogen bonds existence in Al-HGpzpry and HG
samples.

Subsequently, the fatigue durability was evaluated by
twenty cycles of loading-unloading tensile tests at 100% strain
(Figure 2(b)). As for the first loading-unloading curve, all the
samples exhibited significant hysteresis. The hysteresis phe-
nomenon was attributed to energy dissipation caused by the
breaking of hydrogen or coordination bonds during deforma-
tion. It was known that the area covered by the first loading-
unloading curve was denoted the dissipated energy. Therefore,
the sample of Al-HGg;/» showed the most obvious energy
dissipation, manifesting as the largest covered area of its
first loading-unloading curve. This result proved that the low-
temperature induced method could improve energy dissipa-
tion, thus enhancing its toughness. As the number of cycles
increased, the curves were almost completely overlapped,
demonstrating that the samples had good structural recov-
ery and fatigue resistance. Additionally, the cyclic loading-
unloading curves at different strains (Figure 2(c)) showed
that the dissipated energy was positively correlated with its
tensile strain, especially for the Al-HGp; s, sample, indicat-
ing that the multiple physical or chemical interactions within
the hydrogel network could effectively dissipate energy. This
confirmed the mechanical stability and durability of the hydro-
gels under long-term repetitive stress. To evaluate the applica-
tion value of samples with minor ruptures for rainfall mon-
itoring, these samples were subjected to tear tensile tests
with identical notches to obtain their stress-strain curves
(Figure 2(d)). The results showed that, despite the overall
performance of the notched hydrogel was lower than that
of the intact one (Figure 2(a)), the Al-HGgj/r; sample still
demonstrated superior performance compared to the HG, Al-
HGpg/r;, and Al-HGp3/r9 samples. Furthermore, as shown in
Figure 2(e), the tensile properties (e.g. stress and toughness)
of Al-HGr3/ry, prepared using the traditional soaking method,
were comparable to those of most reported AI-HG?0-371,
Expectedly, both the stress and toughness of the Al-HGg;/p2
sample were significantly superior to them. This remarkable
result indicated that the low temperature-induced strategy held
promise for significantly enhancing the mechanical proper-
ties of AlI-HG. Moreover, to evaluate the general applicabil-
ity of this method, Zr** and Fe3* were employed as alternat-
ive objects. Their tensile curves (Figure S2) showed that the

low temperature-induced Fe-HGpg; /> and Zr-HGgy/p, exhib-
ited higher strength compared to the Fe-HGpsmy and Zr-
HGrs3/rp samples prepared by the traditional soaking method.
However, this increase in the strength of Zr-HG and Fe-HG
samples came at the expense of some strain. But the aggregat-
ive indicator, the toughness of MI-HGp;/r> was slightly better
than that of MI-HGp;3/r9, indicating that the low temperature-
induced strategy had a certain level of general applicability. It
is worth noting that, nonetheless, the low temperature-induced
method was the most suitable for fabricating Al-HG, which
was proved by the calculation of the enhancement ratio of the
mechanical properties of Fe, Zr, and Al-coordination hydro-
gels prepared by the low temperature-induced strategy com-
pared with the traditional soaking method (Figure S3). For
example, the toughness enhancement ratio (%) of Fe-HG, Zr-
HG, and AI-HG was 11.3%, 11.4%, and 94.1%, respectively.
Such phenomenon that low temperature could significantly
strengthen the coordination strength between Al and func-
tional ligands was as expected due to the nature of the outer
electron orbital structure of Al (i.e. in its initial state, more
water molecules rather than functional ligands coordination
with AP).

In this section, their compressive property, rheological
property, and swelling ratio were further compared. According
to the compressive stress-strain curves (Figure 3(a)), it could
be found that, similar to the tensile property, the Al-HGg;/p2
sample also achieved a significantly improved compress-
ive property. The maximum compressive strength value (at
90% strain), reflecting the hydrogel’s load-bearing capa-
city under high compressive deformation, an important para-
meter for evaluating its compressive property, was summar-
ized in Table S2. The maximum compressive stress of Al-
HGpgj/r; was 12.01 MPa, approximately two times of that
Al-HGg3/r9 sample (7.38 MPa), about six times of that HG
(2.17 MPa), indicating the effectiveness of low temperature-
induced strategy increased the compressive property. To eval-
uate the compressive stability and durability, the samples were
subject to twenty cycles of loading-unloading at 60% strain
(Figure 3(b)), and the maximum compressive stress accord-
ing to their stress-strain curves was illustrated in Figure 3(c).
It could be found that, in addition to having maximum
compressive strength at 60% strain (about 0.8 MPa), the
repeated stresses of the Al-HGpg;/» sample remained stable
(Figure 3(c)), indicating a good fatigue resistance, which was
crucial for the application of hydrogels in real-time rainfall
monitoring, especially when exposed to rainwater environ-
ments over long periods. In addition, the small area of the
hysteresis loop (Figure 3(b)) indicated that the hydrogel dis-
sipated little energy during the cyclic loading-unloading pro-
cess at 60% strain, demonstrating high energy dissipation
capacity. Subsequently, the puncture test was used to fur-
ther evaluate the hydrogel’s puncture resistance, particularly
under localized concentrated stress. According to the punc-
ture force-displacement curves (Figure 3(d)), as expected, the
Al-HGg,/r, sample showed the best puncture resistance, with
puncture force (11.07 N) approximately twice that of the Al-
HGg3/r9 sample (5.79 N) and four times that of the HG sample
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Figure 3. Compressive and other properties of samples: (a) stress-strain curves at 90% strain, (b) twenty cycles of loading-unloading stress-
strain curves at 60% strain, (c) the stress values of the twenty cycles of loading-unloading at 60% strain, (d) puncture force-displacement
curves, (e) theological property determined by storage modulus (G”) and loss modulus (G”), (f) the water content (WC) and the swelling ratio

(SR) of samples.

(2.88 N). This indicated that the Al-HGg/> had higher surface
strength and excellent structural stability, providing stronger
impact resistance in practical real-time rainfall monitoring
applications.

Moreover, the viscoelastic property, indirectly indicating
its mechanical performance, was evaluated through rheolo-
gical testing by analyzing the storage modulus (G’) and loss
modulus (G”). G’ represents the energy stored during elastic
deformation, reflecting the elastic behavior of the material,
while G” indicates the energy dissipated during flow, repres-
enting its viscous behavior!*¥~*!1. When G’ > G”, it indicates
an elastic characteristic of the material, behaving similarly to
a solid. As shown in Figure 3(e), across the entire frequency
range, the G’ values of all four samples were higher than
their G” values, confirming their elastomers. Additionally,

the low-frequency dependence of G’ indicated that the struc-
ture of the samples remained stable, with minimal relaxa-
tion. Significantly, the whole frequencies G’ values of the Al-
HGy,/r> obtained by low temperature induced strategy were
highGI’ than those of the HG, AI-HGg,/r;, and Al-HGpgs/r0
samples. In general, a higher G’ value suggests that the mater-
ial has superior elasticity, greater rigidity, stronger struc-
tural stability, and better recovery capability under mechan-
ical loads, further indicating the good mechanical performance
of AI-HGp/r. Finally, the water content (WC) and swelling
ratio (SR) that are closely related to the mechanical proper-
ties were discussed (Figure 3(f)). As a whole, the values of
their WC were almost the same, approximately 85%, while
the SR value of Al-HGy;/r; was the lowest, which might be
due to the stronger coordination between AI** and carboxyl
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groups, thus leading to a more compact and ordered internal
structure, making it more difficult for water molecules to pen-
etrate, thereby effectively suppressing swelling. Moreover, as
more carboxyl groups were coordinated by A>T, the electro-
static repulsion between the polymer chains of the hydrogel
decreased! 3!, which was another reason for the reduced swell-
ing ratio of Al-HGp;/r>. All the above results validated the
effectiveness of the low temperature-induced strategy, obtain-
ing the Al-HGp;/r; with good stability under multiple mech-
anical loads and in aqueous environments.

3.3. Analysis of the mechanism for the promoted mechanical
property by low temperature-induced strategy

The above results proved that the Al-HGg,/r, sample, fabric-
ated via low-temperature induction, exhibited the best tensile,
compressive, puncture resistance, and anti-swelling proper-
ties, demonstrating excellent overall mechanical performance.
Herein, the mechanism for the promoted mechanical prop-
erty by low temperature induced strategy was tried to con-
firm by system characterization from macro to micro scales.
First of all, the macroscopic appearance of the four samples
could be observed by their digital photographs. As could be
seen in Figure 4(a), the sample of HG showed high transpar-
ency, which was ascribed to the refractive index of present
hydrophilic polymers (~1.40-1.60) close to that of water
(1.33)42:431 Tn contrast, the transparency of AI-HGp;3/ry, after
APY introduction, was slightly reduced. Significantly, by the
low temperature induced strategy, the product, especially the
Al-HGp/r» sample, exhibited the lowest transparency. Such
a phenomenon might be attributed to more ligands of bound
water in AI-HGpr;/r» hydrogel being superseded by the func-
tional ligands of carboxyl groups. On the other hand, the
volume of the AlI-HGr;/r» was the smallest, the result of which
was consistent with that of its swelling ratio (Figure 3(f)).
Subsequently, their microstructures were distinguished by
SEM technology. As shown in Figure 4(b), the HG sample
displayed a complex surface morphology with dense regions
and irregular pore distributions, while the AI-HGp;3/r9 exhib-
ited a rougher surface and smoother pore structure primarily
due to the coordination bonding between AI** and carboxyl
groups, thus reducing the polymer chain space and decreasing
the pore size. Notably, the Al-HGg,/r, sample showed a highly
ordered fibrous micropore structure, which was attributed to
the low temperature inducted strategy, promoting the forma-
tion of more and concordant high-coordinated structures, thus
exhibited the smallest macroscopic volume (Figure 4(a)) and
the highest strength and toughness (Figure 2(a)). Additionally,
the high porosity of the fibrous structure increased light scat-
tering, which was another reason for the lowest transparency
of Al-HGpg/p> (Figure 4(a)). In comparison, the Al-HGpgy/r;
sample had more uniform pores, a denser overall network
structure, and provided a certain degree of mechanical support,
with its mechanical properties falling between those of Al-
HGg,/r> and Al-HGg;3/r, but slightly inferior to Al-HGg/p;.
The crystalline structure was further analyzed by x-ray dif-
fraction (XRD) patterns (Figure 4(c)). The sharp peak at 20°
was ascribed to the (200) and (101) planes of PVA, while

the peak at 41° was associated with the amorphous diffrac-
tion of PAM or diffraction reflection of PVA[**1, Significantly,
the peak at 20° of Al-HG was decreased compared with
that of HG, indicating that the formation of coordination
bonds decreased the crystallinity of PVA. Moreover, for Al-
HGpgj/r2, AI-HGpg/p;, and Al-HGg;/r, the peaks at 260 = 20°
of Al-HGp/r/Al-HGp,r; were slightly weaker than that of
Al-HGg3/r9, which might be due to the formation of high-
coordinated structures, thus further leading to a decrease of
PVA crystallinity, providing new evidence for the enhance-
ment of mechanical performance by the low temperature-
induced strategy. The above result regarding the crystallinity
could be further corroborated by differential scanning calor-
imetry (DSC) data (Figure S4) that the crystallinity of HG,
Al-HGrg/r2, AI-HGpo/77, and Al-HGprs/r9 was calculated to be
0.70%, 0.60%, 0.63%, and 0.66%, respectively 43401,

The chemical structure of them was determined by FTIR.
As shown in Figure 4(d), the peaks at 2 920/2 848, 1 706,
1 647, and 979 cm~! corresponded to C—-H/N-H stretching
vibrations, C=0 stretching vibrations of carboxyl groups in
PAA, N-H bending vibrations in MBAA or PAM, and C-O
stretching vibrations in PVA, respectively!'*#7-4°1 Tn compar-
ison with the HG sample, the characteristic peaks at 2 920/2
848 and 1 647 cm~! of the AI-HGp,/r>, AI-HGpyp;, and Al-
HGg3/r9 were more distinct, which might be due to the form-
ation of coordination bonds altering and enhancing the N-H
bending vibration frequency.

Based on the above results, the structural model for them
was proposed. As illustrated in Figure 4(e), the structure of HG
was primarily stabilized by hydrogen bonds among —COOH,
—NH,, and —OH along the polymer chains. After soaking, the
AP ions were bonded by ligands (including -COO~, H,O0,
and CI7) through coordination bonds. However, due to the
nature of the outer electron orbital structure of Al, gener-
ally, only one electron pair of the functional carboxyls could
be put into the Al outer d orbitals by the traditional soak-
ing method, manifesting as a uni-point fixation between Al>*
and —COO~ of Al-HGp3/ry sample (the other orbitals of Al
were occupied by weak ligands such as H,O and CI7). By
the low-temperature treatment, the strong ligand carboxyls
would compete with weak ligands to capture the orbitals of
Al, forming double- or even three-point fixation between A3+
and—COO™, exemplified by the Al-HGp,/r; sample. When
enhanced low-temperature operation, the functional -COO™
from the same or adjacent chains could forcibly occupy all the
orbitals of Al, manifesting as the high-coordinated structure
formation (such as six-coordinated) of the Al-HGp,/r, sample.
Such a phenomenon was like those sites of AFPs peptide chain
of Patagonian toothfish capable of strongly binding ice crys-
tals upon temperature reaching the freezing point, i.e. the lig-
ands —COO™ function as the AFPs sites, while Al complexes
as the ice crystals. On account of the more and stronger ligand
carboxyls firmly binding AI** after the low-temperature treat-
ment, the obstinate challenge of the low binding strength of
traditional Al-HG was successfully solved, thus significantly
improving its mechanical performance.

The above results indicated that the Al-HGpg;/> sample
bearing with ordered fibrous micropore and high-coordinated
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Figure 4. The microstructure and macroscopic of samples: (a) the digital pictures, (b) SEM images, (c) XRD patterns, (d) FTIR spectra, and
(e) the major structure of HG and Al-HGryr(3.x) (x including 7, 2, and 3, the coordination by the weak ligands such as H,O and CI™ was

omitted).

structures exhibited improved and excellent mechanical prop-
erties. In this section, the elemental distribution, surface chem-
ical states, and nanoscale structural features of Al-HGpg;/r>
were characterized to further decipher the enhanced mechan-
ical property of low temperature-induced strategy. First of all,
the AlI-HGF;/r; mainly included four elements of C, O, Al, and
N, with respective weight contents (wt%) of 65.3%, 27.4%,
5.0%, and 2.3% (figure 5(b)). The high C content was attrib-
uted to the carbon skeleton of the PVA, PAA, and PAM poly-
mer chains. Although the N element could come from both
PAM and MBAA, its content was lower than that of Al, indic-
ating that a low temperature-induced strategy could facilitate
Al being captured to form more coordination bonds. In the

EDS line scanning (Figure 5(d)), the concentrations of these
elements showed minimal variation along the scanning line,
with no significant transition regions. The uniform distribu-
tion of these elements was further proved by the EDS map
scanning of these four elements (Figure 5(e)) and total ele-
ments (Figure 5(c)). In particular, the well-proportioned dis-
tribution of Al element, thus being stressed uniformly was
another reason for AI-HGp;/r, bearing a good mechanical per-
formance. Subsequently, the surface chemical states of these
elements in the AI-HGpg;> sample were analyzed by XPS
(Figure 5(f)). The C Is spectrum consisted of three peaks cor-
responding to C=0 (287.4 eV), C-0 (285.4 eV), and C-C/C-
H (284.0 eV), with the main C—C/C-H peak arising from the
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Figure 5. The chemical structure and elemental distribution of the AI-HGr,/r> sample: (a) the chemical structure, (b) the EDS spectrum and
content of the element, (c) EDS map scanning for all elements, (d) EDS line scanning of the four elements, (¢) EDS map scanning of the four
elements, (f) XPS high-resolution spectraof N 15, C 15,0 1s, and Al 2p, (g) SAXS results, (i) 2D SAXS pattern and (ii) the 1D profile plot

of SAXS and (iii) corresponding fractal dimension.

polymer backbone. The O 1s spectrum exhibited two bind-
ing energy peaks, C=0 (532.9 eV) and C-O-H (531.8 eV).
The N 1s spectrum showed two peaks at 401.5 eV (associ-
ated with the amide group) and 399.4 eV (related to the amino
group). The Al 2p spectrum peaked at 74.1 eV, indicating that
Al formed stable coordination bonds with oxygen-containing
groups (Al-O), consistent with its role as the coordina-
tion center. The above results revealed the internal chem-
ical structure of the hydrogel (Figure 5(a)), which included
multiple cross-linking networks twining by covalent bonds,
hydrogen bonds, and Al coordination bonds, thus conferring
superior mechanical properties to the Al-HGg,/r,. Finally,

the nanostructural features of the Al-HGpg;/» sample were
explored by using SAXS technology (Figure 5(g)). The clear
isotropic circular feature was observed in the 2D SAXS pat-
terns (Figures 5(g—i)), indicating a highly isotropic structure
at the microscopic scale®*->!!. Based on the pattern, a 1D
SAXS profile (Figure 5(g-ii)) was obtained, showing a struc-
tural peak in the higher g-value region (0.5 ~ 1.0 nm™").
This peak indicated that the hydrogel exhibited some structural
order at this scalel>>>3!, likely due to the high-coordinated
AP ions forming regularly arranged structural units. In the
g-value range of 0.1 ~ 0.35 nm™', logarithmic fitting yielded
surface and mass fractal dimensions (Figure 5(g-iii)). Dy = 3.8
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suggested that the scattering objects (such as certain regions
within the hydrogel network) had some surface roughness,
while D,, = 2.1 indicated an uneven distribution of mass
within the hydrogel®*->°!. The presence of both fractal dimen-
sions highlighted the complex, multi-scale structure of the Al-
HGg;/r> network at the nanoscale, thus a good energy dissip-
ation system to obtain excellent mechanical properties.

3.4. Application of Al-HGgqr2 in real-time rainfall monitoring

In this part, the promising application of Al-HGp;s in real-
time rainfall monitoring was evaluated. Before application, the
biocompatibility, ionic conductivity, and sensing ability were
assessed. First of all, according to the Cell Counting (Figure
S5) and Live-Dead Cell Staining results (Figure S6), few dead
NIH-3T3 cells were detected after incubating the cells with
sample extract for 24, 72, and 120 h, indicating a good biocom-
patibility of AI-HGpg;/r>, manifesting as being environment-
ally benign and chemically stable. Such peculiarity was espe-
cially important for sensors exposed to natural environments
over long periods. Subsequently, the ionic conductivity of Al-
HGp, - at 25 °C was calculated to be 0.9 S-m~! based on
impedance spectra (Figure S7) measured by an electrochem-
ical workstation. Such conductive property, comparable to that
of reported metal ion coordination hydrogels'®>’-3%1, rooted in
the conductive media of free mobile ions (from aluminum
salt), which could also lighten the LED bulb by designing a
complete circuit using Al-HGp, as a wire to connect an
LED bulb (Figure S8). When the Al-HGp;/s> was stretched,
the brightness of the LED bulb changed due to the weakness of
the conductive network within the hydrogel during stretching.
This phenomenon confirmed the potential of Al-HGp,/r, as a
flexible sensing material on account of its functional respons-
iveness. The sensing characteristics of Al-HGg;/» were fur-
ther systematically studied, covering its sensitivity, response
and recovery times, and durability as both a strain (Figure 6(a))
and pressure sensor (Figure 6(b)). For strain sensing, obvi-
ous changes in the relative resistance were observed at strain
levels of 50%, 80%, 110%, and 140% (Figures 6(a-i)), demon-
strating its sensing capability under various strain conditions.
The sensitivity was further quantified using the gauge factor
(GF) (Figure 6(a-ii)), which first decreased and then increased,
but did not exceed the initial value within the strain ranges of
0%—-45%, 45%—-90%, and 90%—-160%. This might be attrib-
uted to the conductive network undergoing a process from
being intact, to partially disrupted, and then gradually reor-
ganized. The average value of GF within the strain range of
0%—-160% was 0.56, comparable to that of reported advanced
conductive hydrogel sensors!>®-1, showing its good sensit-
ivity. Moreover, the Al-HGg,/r, strain sensor exhibited short
response (85 ms) and recovery times (22 ms) (Figure 6(a-iii)),
indicating its ability to quickly and accurately detect changes
during stretching, making it suitable for real-time monitor-
ing of dynamic changes. Under 100% strain, the sample was
subjected to a rapid and continuous 1000-cycle stretching test
(Figure 6(a-iv)). Similar to previously reported works!®!=63]
that the resistance change rate showed no significant resist-
ance drift or failure, the Al-HGp,/r, demonstrated good cyclic

stability and durability, making it ideal for long-term strain
sensing applications. The above results proved the excellent
sensing sensitivity of the Al-HGp;/r hydrogel under ambi-
ent temperatures, and its sensing capability in a simulated
rainwater environment was further evaluated. As shown in
Figures 6(a—v), the resistance changes rate of the sample
after soaking in rainwater was not significantly different from
that of the unsoaked sample under the same strain conditions
(Figures 6(a—i)), demonstrating that the Al-HGp;/> hydrogel
exhibited good stability in a simulated rainwater environment,
guaranteeing its practical application in real-time rainfall mon-
itoring. Additionally, the results in Figure 6(b) showed that Al-
HGgy/r; also demonstrated promising potential as a pressure
Sensor.

To further validate the sensing performance of Al-HGg/r>
in real rainwater monitoring, the sample was subject to soaking
in the actual rainwater collected from Xi’an (Shaanxi, China).
Similarly, the relative resistance change rates under tensile
(Figure 7(a)) and compressive (Figure 7(b)) conditions illus-
trating its sensitivity, response, and recovery times were ana-
lyzed. Compared with the unsoaked samples (Figures 6(a) and
(b)), the sensing ability showed no obvious difference after
real rainwater soaking. Significantly, the rainwater-soaked Al-
HGgy/r; exhibited a relatively shorter tensile response time
(61 ms) (Figure 7(a-iii)) and higher compressive sensitivity
in the 0-20 kPa stress range (Figures 7(b-i)). These results
indicated that Al-HGpg;/r; maintained good sensing perform-
ance after rainwater soaking, adapting well to real rainwater
environments, with fast response characteristics and high sta-
bility. Such maintained or even improved sensing ability was
attributed to its good mechanical properties even after rainwa-
ter soaking (Figure S9), suggesting that some components in
rainwater positively modulated the gel network structure. This
further confirmed the stability and usability of the Al-HGg/p»
hydrogel in a rainwater environment.

Subsequently, the Al-HGp;/r> sample was subjected to dif-
ferent rainfall intensities (simulated as light, moderate, heavy,
and torrential rain). It could be found that the change rate of
the relative resistance of the Al-HGg,/r, varied significantly
with different rainfall intensities and amounts (Figure 7(c)). As
the rainfall intensity increased, the relative resistance change
rate enhanced accordingly, showing excellent sensitivity. This
indicated that the Al-HGp,/r» sample could accurately detect
rainfall intensity and convert it into a quantifiable resistance
signal. In turn, by analyzing the range of the relative res-
istance change rates, it was possible to effectively distin-
guish between light, moderate, heavy, and torrential rain, high-
lighting the potential of the AI-HGp,/r> hydrogel in rainwa-
ter monitoring systems. To verify the applicability of the Al-
HGgj/r; sample for real-time rainwater monitoring in differ-
ent regions, the real rainwater collected from various climate
zones of China including Northeast China (e.g. Heilongjiang),
the North China Plain (e.g. Beijing), Central China (e.g.
Hubei), and the Eastern Coastal City (e.g. Zhejiang) was used
to simulate moderate rainfall intensity (Figure 7(d)). The res-
ults showed that, regardless of the rainwater sample source,
the sensing ability remained stable, with no significant decline
in performance, indicating that the Al-HGp/r> hydrogel had
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Figure 6. The change of relative resistance of the AlI-HGpr> under (a) tensile and (b) compression states: at different (a-i) strains and (b-
i) stresses; (a-ii) gauge factor (GF, fitting correlation coefficient (R?) > 0.999) and (b-ii) sensitivity (S, R> > 0.972); (a-iii) and (b-iii) the
recovery/response time; (a-iv) and (b-iv) under consecutively cyclic operation; at different (a-v) strains and (b-v) stresses after the AI-HGg/r2

sample immersion of 12 h in the simulated rainwater environments.

excellent adaptability to rainwater from different regions and
could provide reliable monitoring capabilities under diverse
environmental conditions. In addition to adapting to different
regions and rainfall intensities, the Al-HGp;/ sample also
maintained its rainfall monitoring capability under extreme
conditions such as in low temperature, high temperature, hail-
storm, and sunlight exposure, manifesting as the remained
relatively stable GF values under these conditions (Figure
S10). Its maintained reliable sensing performance across a
wide range of temperature, impact, and light conditions made

the AI-HGp;/r; an ideal sensing material for real-time rain-
fall monitoring applications, offering high reliability and long-
lasting performance. Finally, real-time rainfall monitoring in
Shaanxi University of Science and Technology (Xi’an, China)
was conducted by constructing a model (Figure S11). As could
be seen in Figure 7(e), over a monitoring period of 4 000 s, the
change rate of the relative resistance of the Al-HGp,/r, gradu-
ally decreased from the range of torrential rain intensity to
that of moderate rain, closely matching the actual rainfall con-
dition. This confirmed that the AI-HGg;/» sample exhibited
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Figure 7. The real-time rainfall monitoring behavior. The change of relative resistance of the Al-HGp/r> after immersion of 12 h in the
rainwater environments (Xi’an) under tensile (a) and compression (b) states: (a-i) gauge factor (GE, R* > 0.999) and (b-ii) sensitivity (S,
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(c) different levels of rain, (d) different areas, (e) and real-time rainfall monitoring. (f) The scheme of rainfall monitoring mechanism and
promising application of the Al-HGr,r> sensor in flood control and flood prevention.

high sensitivity and stability in real-world rainwater monitor-
ing, which was significantly attributed to its excellent mechan-
ical properties endowing by the novel low temperature induced
strategy.

Based on the above results, it could be confirmed that the
Al-HGg /r, sample, transferring the rainfall pressure into the

change of relative resistance (Figure 7(f)), displayed excellent
response and recovery times, enabling rapid feedback and real-
time monitoring. Moreover, its simple operation, low main-
tenance costs, and real-time data transmission capabilities
allowed it to respond quickly to changes in rainfall conditions.
These features enabled timely communication with relevant
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authorities, providing a valuable time window for flood pre-
vention and disaster mitigation, thus effectively supporting
disaster response efforts (Figure 7(f)). In addition, the high
sensitivity and real-time feedback capabilities of AI-HGg;/p»
made it highly promising in the field of environmental sensing,
with particular value in addressing climate change and urban
rainwater management.

4. Conclusions

In this work, inspired by the working mechanism of antifreeze
proteins of Patagonian toothfish, a satisfactory aluminum
coordination hydrogel (Al-HGp;/r2) was successfully fabric-
ated by a low-temperature induced strategy. Compared with
the product by the traditional method (Al-HGg3/rp), the mech-
anical performances covering compressive, tensile, puncture
resistance, anti-fatigue, and anti-swelling of Al-HGp,/, were
significantly improved. The low temperature promoted more
and stronger ligand carboxyls firmly binding A1**, thereby
forming a high-coordinated structure, which was the mech-
anism for the enhanced mechanical properties of AI-HGpg /.
The good biocompatibility, ionic conductivity, and sensing
ability, coupled with the excellent mechanical performances
endowed Al-HGg;/r; as a promising sensor for real-time rain-
fall monitoring in different regions, varied rainfall intensities,
and even under extreme conditions. The simple operation, low
deployment cost, flexibility, and instantaneity of rainfall mon-
itoring made it a wide application prospect in flood prevention
and disaster mitigation. Hence, this work highlighted the signi-
ficant potential of low-temperature treatment in strengthening
the performance of aluminum coordination hydrogel sensors
and provided crucial insights for its development of future
applications in rainfall monitoring.
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