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Hydrogel materials show promise in various fields, including flexible electronic devices, biological tissue
engineering and wound dressing. Nevertheless, the inadequate mechanical properties, recovery perform-
ance, and self-healing speed still constrain the development of intelligent hydrogel materials. To tackle
these challenges, we designed a composite hydrogel with high mechanical strength, rapid self-recovery and
efficient self-healing ability based on multiple synergistic effects. With the synergistic effect of hydrogen
bonds, metal coordination bonds and electrostatic interaction, the synthesized hydrogel could reach a
maximum tensile strength of 6.2 MPa and a toughness of 50 MJ m™. The interaction between the weak
polyelectrolyte polyethyleneimine and polyacrylic acid aided in improving the elasticity of the hydrogel,
thereby endowing it with prompt self-recovery attributes. The multiple reversible effects also endowed the
hydrogel with excellent self-healing ability, and the fractured hydrogel could achieve 95% self-healing within
4 h at room temperature. By the addition of glycerol, the hydrogel could also cope with a variety of extreme
environments in terms of moisture retention (12 h, maintaining 80% of its water content) and freeze protec-
tion (—36.8 °C) properties. In addition, the composite hydrogels applied in the field of shape memory pos-
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sessed programmable and reversible shape transformation properties. The polymer chains were entangled
at high temperatures to achieve shape fixation, and shape memory was eliminated at low temperatures,
which allowed the hydrogels to be reprogrammed and achieve multiple shape transitions. In addition, we

rsc.li/nanoscale also assemble composite hydrogels as actuators and robotic arms for intelligent applications.

cross-linking.'® The resulting hydrogels, PVA/CS/PAAm, pos-
sessed a tensile strength of 2.10 MPa and an elongation at

1 Introduction

Hydrogels, with a flexible three-dimensional mesh structure,
possess a wide range of applications in soft robotics,™ elec-
tronic sensing,"® and tissue engineering.”® However, the
development of hydrogel materials with high toughness, high
mechanical strength and excellent self-healing ability has been
attracting the attention of researchers. Many scientists have
focused on designing specific structures (e.g., dual-network
hydrogels) and adding nanomaterials.’®* For example, Wu’s
team developed a double-ion cross-linked hydrogel with a
tensile strength of up to 3.2 MPa."® However, for highly ductile
and mechanically strong hydrogels, fast self-recovery is
critical.’'®> He’s team created a class of composite hydrogels
with a triple network by combining chemical and physical
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break of 510%. However, despite combining the advantages of
each network structure for compression properties, the recov-
ery properties were lacking. Mo et al. developed a hydrogel by
utilizing tannic acid-enabled dynamic interaction (TEDI),
which exhibited impressive qualities including high adhesion,
super-stretchability and self-healing capacity. This produced
material boasts incredible tensile strength with a maximum
strain value of up to 7500%. However, fatigue resistance and
self-healing capabilities were often insufficient, which
restricted its potential applications."” This is because excellent
self-recovery reduces the degradation of mechanical properties
arising from the long-term operation of the hydrogel. The self-
recovery of the material could be effectively improved by intro-
ducing reversible non-covalent interactions within the
system;'®2° however, it still takes a long time for high tough-
ness hydrogels to recover completely.

Environmental tolerance and longevity often limit the prac-
tical application of hydrogels. As pure water constitutes the
majority of hydrogel solvents, the material inevitably freezes at

Nanoscale, 2023, 15, 18667-18677 | 18667


http://rsc.li/nanoscale
http://orcid.org/0000-0002-4508-5226
http://orcid.org/0000-0003-3284-4614
https://doi.org/10.1039/d3nr03578f
https://doi.org/10.1039/d3nr03578f
https://doi.org/10.1039/d3nr03578f
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr03578f&domain=pdf&date_stamp=2023-11-27
https://doi.org/10.1039/d3nr03578f
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR015046

Published on 25 Oktober 2023. Downloaded on 15/03/2026 02.56.04.

Paper

sub-zero temperatures and its effectiveness is hindered due to
water evaporation.”’** These challenges consequently affect
the application of hydrogel materials. The addition of organic
solvents could significantly improve this deficiency. The
recently reported mechanisms of self-healing hydrogels are
mainly based on hydrogen bonding interactions, Schiff base
reactions, host-guest interactions, ionic interactions, etc.>*"°
Jiang’s group synthesized a hydrogel based on a polyvinyl
alcohol hydrogen bonding network, and the hydrogel exhibi-
ted rapid self-healing ability by the combined action of numer-
ous hydrogen bonding networks.”” Zhang’s group explored a
rapid self-healing hydrogel cross-linked by acylhydrazone
bonds.?® However, the mechanical properties of these hydro-
gels are frequently inadequate, rendering them challenging to
utilize for prolonged periods.*® Therefore, it is still a challenge
to explore new strategies to synthesize hydrogels that combine
mechanical properties, efficient self-healing properties and
environmental tolerance.

Based on the above challenges, we synthesized a composite
hydrogel with multiple synergistic interactions based on hydro-
gen bonds, metal-ligand bonds and electrostatic interactions.
Significantly, the composite hydrogel exhibited an excellent
tensile strength of 6.2 MPa and a toughness of 50 MJ m™?,
while the fractured hydrogel could reach a self-healing rate of
95% within 4 h. The mechanical properties of the composite
hydrogel were modulated using hydrogen bonds, metal-ligand
bonds and electrostatic interactions, and the effects of
different amounts of polyethyleneimine and glycerol on the
toughness and fatigue resistance of the hydrogel were
explored. The incorporation of glycerol permitted the hydrogel
to hold 80% of its water content for up to 12 h.
Simultaneously, the potent hydrogen bonds between the gly-
cerol and water molecules endow the substance with excep-
tional frost protection, enabling it to preserve its initial con-
dition at —36.8 °C. In addition, the composite hydrogel was
made into a shape memory material due to its sensitivity to
temperature. The reversible shape transformation properties at
different temperatures enable the material to achieve program-
mable effects, a discovery that sheds light on the development
of future smart devices.

2 Experimental section
2.1 Materials

Acrylic acid (AAc, 99%) was used as received from Shanghai
Macklin Biochemical Co., Ltd. Zirconyl chloride octahydrate
(zrOCl,-8H,0, AR, 99%), branched polyethyleneimine (PEI, M,,
~25 000), glycerol (Gly, AR, >99.5%) and 2,2-azobis(2-methyl-
propionamidine) dihydrochloride were purchased from
Aladdin Chemical Reagent Co., Ltd (China). All experiments
involved used deionized water.

2.2 Synthesis of PAEG-Zr*" hydrogels

First, deionized water and acrylic acid (AAc) with various con-
centrations of Zr** were combined in a three-necked flask and
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stirred until a homogeneous mixture was obtained. The photo-
initiator was then added to the mixture and thoroughly mixed.
Air bubbles were eliminated using ultrasound, and the prepo-
lymerized solution was moved to a glass container.
Polymerisation was initiated under UV light to produce the
hydrogels, denoted as PA-Zr,*" (x = 0.5 mol L™, 1 mol L7},
1.5 mol L™, and 2 mol L").

The required quantities of acrylic acid (AAc), glycerol (Gly),
zirconium chloride octahydrate (Zr*") and water were added
to a three-necked flask, and the prepolymerisation solution
was stirred until it was mixed homogeneously. The photo-
initiator was subsequently added to the solution and stirred
until it was homogeneously dispersed. Air bubbles were
removed by sonication, and the resulting mixture was injected
into tailored glass vessels. The prepolymerisation solution
was subjected to 60 seconds of UV light irradiation at a wave-
length of 365 nm in glassware to obtain the glycerol-based
hydrogels, denoted as PAG,-Zr*" (y = 5 wt%, 10 wt%, 15 wt%,
and 20 wt%).

Then branched polyethyleneimine (PEI) was added on the
basis of the above steps to obtain hydrogels with different PEI
contents, denoted as PAEZG-Zr“hydrogels (z = 1 wt%, 3 wt%,
5 wt%, 7 wt%, 9 wt% and 11 wt%).

Table S1 and S2 in the ESIT demonstrate the addition of the
experimental raw materials. The reaction vessels made of glass
were constructed by using glass plates and silica spacers with
a thickness of 0.2 mm.

For the purpose of testing the antifreeze and moisturizing
properties, we have labelled the control hydrogel without gly-
cerol as PAE-Zr*",

2.3. Characterization

Fourier transform infrared (FT-IR) spectra of the different pro-
ducts were recorded on a FT-IR spectrometer (Nicolet IS10,
Thermo-Nicolet). The spectra were recorded in the wave
number range of 500-4000 cm™'. The resolution of the
spectrometer was 2 cm~ ' Raman curves were recorded using a
Raman spectrometer (LabRAM HR, HORIBA Scientific) at
532 nm. The transmittance of hydrogels was measured on a
UV-vis spectrophotometer (Agilent Technologies, Cary 5000)
with a scanning range of 400-800 nm. The microstructures of
hydrogels were photographed using a scanning electron micro-
scope (Hitachi, SU8010). The hydrogel chemical structure was
characterized by X-ray photoelectron spectroscopy (XPS,
ESCALAB XI+).

The mechanical properties and loading-unloading curves
were tested at room temperature using a universal testing
machine (CMT4204, Meisite) with a stretching speed of 50 mm
min~". The hydrogels used for testing were standard dumbbell
splines (25 mm x 3 mm x 1 mm). The toughness of the
material was obtained by calculating the area of integration
under the stress-strain curve. The Young’s modulus of the
material was calculated at a slope of the curve in the strain
range of 0-5%. For the purpose of testing the fatigue resis-
tance of the hydrogels, the testing samples were initially
stretched to a static tensile strain ranging from 100% to 500%,
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before being unloaded. To examine the recuperation capabili-
ties of the hydrogels, the test samples underwent initial
stretching to 500% of the static tensile strain and were main-
tained for varying durations before being released from the
load. The dissipation energy was obtained by calculating the
area of the cyclic stretching curve.

The self-healing process of the hydrogel at the microscopic
level was accomplished using a stereomicroscope (Leica M80,
Leica). The self-healing properties of the hydrogel were charac-
terized using a universal testing machine and the self-healing
efficiency (SE) was defined by the following equation:

&
SE == x 100% (1)
&0

where ¢, and ¢}, are the strains before and after self-healing.

The low temperature properties of the hydrogels were
characterized using a differential scanning calorimeter (DSC
204 F1, Netzsch). The test temperature range was set to
—100-20 °C with a heating rate of 50 °C min~". The mechani-
cal properties at low temperatures were obtained using a uni-
versal testing machine. The moisture retention performance
test results were acquired by subjecting the PAEG-Zr*' and
control hydrogels to varying durations of exposure to air.

The actuation behavior of the hydrogel was determined
using a custom device through an electric field. For testing
purposes, the stained hydrogel was positioned at the center of
an electric field comprising a sodium sulphate solution.
Different voltages were then employed to drive the hydrogel
samples. The actuation behavior was recorded every 10
seconds and the sample bending angle was the tilt angle at
which the hydrogel bends from its initial position.
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3 Results and discussion
3.1 Structure and the network of PAEG-Zr** hydrogels

As shown in Scheme 1 and Fig. S1,} the PAEG-Zr*" hydrogel
was prepared by a simple one-pot method. The homogeneous
prepolymer solution containing branched polyethyleneimine
(PEI), acrylic acid (AAc), glycerol (Gly), zirconyl chloride octahy-
drate (Zr*"), a photoinitiator and water was dispersed in a glass
vessel, which was subjected to UV light irradiation to initiate
polymerization. Metal coordination between Zr** and carboxyl
groups in the reaction-produced polymer network and the
electrostatic interactions between the carboxyl groups and the
protonated amine groups of PEI are the foremost driving
forces for hydrogel synthesis. The prepared hydrogel possessed
excellent mechanical properties and self-healing character-
istics under the further interlocking of multiple synergistic
interactions. Furthermore, the introduction of glycerol
endowed the hydrogel with excellent antifreeze and moisturiz-
ing properties, which allowed the material to be in working
condition for a long time.

To demonstrate the successful synthesis of the material, the
following tests were used to characterize the structure of the
composite hydrogel. The FT-IR patterns of PA-Zr**, PAG-Zr"*
and PAEG-Zr*" hydrogels are shown in Fig. 1a. We conclude
that the characteristic peaks of deprotonated carboxylic acid
groups at 1383 cm™ ' and 1390 cm™' appeared in the FT-IR
spectra of the PAG-Zr*" and PAEG-Zr*" hydrogels. Meanwhile,
the characteristic peak of the protonated amine group at
2870 cm™' was detected in the FT-IR spectrum of the
PAEG-Zr*" hydrogel. The above results demonstrated the exist-
ence of electrostatic interactions in the polymer network.***"
Moreover, the formation of metal-coordination complexes was
characterized by Raman and XPS. As demonstrated in Fig. 1b,
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Scheme 1 Schematic diagram of the structural network of the hydrogels.
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Fig. 1 (a) FT-IR spectra of the PAAc, PA-Zr**, PAE-Zr*" and PAEG-Zr** hydrogels. (b) Raman spectra of the PAEG and PAE-Zr** hydrogels. (c) XPS
survey and (d) O 1s XPS spectra of the hydrogels. (e) Zr 3d and (f) N 1s XPS spectra of the hydrogels.

the Raman spectra of the PAEG-Zr*" hydrogels exhibit a shift
in the peaks of the deprotonated carboxylic acid groups from
1451 and 1695 to 1457 and 1706 cm ™. This indicated the for-
mation of carboxylic acid groups with Zr** complexes in com-
parison with the PAEG hydrogels. Fig. 1c-f show the XPS
spectra of the PAEG-Zr*" hydrogels. The O 1s spectra exhibit
peaks at binding energies of 533.3 and 531.5 €V, associated
with C=0 and C-O, respectively, consistent with the PAEG
hydrogel test curves (Fig. S2at). The additional peak observed
at 532.2 is attributed to C-O-Zr, signifying the formation of
metal coordination bonds.*> Additionally, the Zr 3d energy
spectrum reveals two binding energies at 185.3 and 183 eV,
indicating that the metal formed a robust complex with the

18670 | Nanoscale, 2023, 15, 18667-18677

carboxyl group (Fig. 1e). In contrast to the N 1s spectrum in
the PAEG hydrogels (Fig. S2bt), there is a peak at 401.8 eV,
which is attributed to the electrostatic interaction between the
protonated amine group and the deprotonated carboxyl

group.’

3.2 Excellent mechanical performance

The resulting multiple synergistic interactions played an
important role in the mechanical properties of the PAEG-Zr**
hydrogels. Firstly, we investigated the mechanical strength of
the hydrogels with different metal ion concentrations. As
shown in Fig. S3,7 the stress and strain of the hydrogels
increased to different degrees with the increase of Zr** concen-

This journal is © The Royal Society of Chemistry 2023
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tration. At a Zr*" concentration of 1.5 mol L™, the stress could
reach 1.3 MPa, which was rare in hydrogel materials. However,
with the further increase of concentration, the increase of the
internal cross-linked network rather weakened the mechanical
properties. Due to an increase in the concentration of metal
ions, the polymer network became overly -crosslinked.
Consequently, the polymer chain segments experienced a
decrease in their degree of freedom, which limited their mobi-
lity within the hydrogel network. This process led to a fall in
the mechanical properties of the hydrogels.?>** Therefore, we
chose 1.5 mol L™ metal ion hydrogels for the next study. It
has been reported that glycerol, as an organic solvent, could
impart antifreeze and moisturizing properties to materials on
the one hand and eventually improve the toughness and
strength of the hydrogels on the other hand.*®> Therefore,
different contents of glycerol were added to adjust the mechan-
ical properties of the composite hydrogel. As shown in Fig. S4a
and b,T with the increase of glycerol content (0-15 wt%), the
PAEG hydrogels were improved to different degrees in terms of
stress, strain and toughness. When the amount of glycerol
added was 20 wt%, the mechanical properties of the hydrogels
decreased, which may be due to the weakening of inter-
molecular interactions by excess glycerol.>® Therefore, we
selected PAG-Zr*" hydrogels, containing 15% glycerol content,
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for further study. As shown in Fig. 2a and b, the PAEG-Zr*"
hydrogels could easily lift a 3 kg dumbbell and stretch or twist
it arbitrarily. Subsequently, we also investigated the effect of
different PEI contents on the mechanical properties of the
hydrogels (Fig. 2b). With the increase of PEI content, the stress
value increased from 4 MPa to 6.2 MPa, and the strain also
increased significantly (1670%). Meanwhile, the corresponding
toughness and Young’s modulus were calculated as shown in
Fig. 2c. The superior toughness of the hydrogels had a value of
50 MJ m~’, which was extremely infrequent in hydrogel
materials. The superior strength and toughness of the compo-
site hydrogels are attributed to the synergistic effect between
hydrogen bonding, metal-ligand interactions and electrostatic
interactions (Scheme 1). On the one hand, the elasticity of the
hydrogel could be enhanced between the polyacrylic acid and
the weak polyelectrolyte PEI with an opposite charge.’”
Composite hydrogels with nanostructures usually possess
excellent mechanical properties (Fig. S5at). The presence of
Zr*" facilitates the formation of a denser nanoscale network
structure in the PAEG-Zr'" hydrogels. The metal ions act as
cross-linking agents and effectively dissipate the external work
of unlinking during the stretching process of the metal-ligand
bonds, resulting in excellent mechanical properties.®® At the
same time, the formation of metal complexes by uniformly dis-
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Fig. 2 (a) Digital photos of the hydrogel lifting a dumbbell, twisting and stretching. (b) Stress—strain curves of hydrogels with different ratios of PEI.
(c) Toughness and Young's modulus values obtained from the stress—strain curves of PAEG-Zr** hydrogels. (d) Five continuous tension and relax-
ation cycles of the PAEG-Zr** hydrogels. (e) Self-recovery properties of the hydrogels at different resting times. (f) 100-500% cyclic tensile increas-
ing curves of hydrogels. (g) Dissipation energy and maximum stress values of PAEG-Zr** hydrogels in five cycle tensile tests. (h) Dissipation energy
and maximum stress of PAEG-Zr** hydrogels at different recovery times. (i) Dissipation energy of PAEG-Zr** hydrogels in tensile tests with different

strain cycles.
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tributed metal ions (Fig. S5bf) could contribute to the
enhancement of the crosslink density of the polymer network,
thus further enhancing their mechanical properties.***°
Notably, our synthesized hydrogels were highly transparent
and could achieve UV transmission rates of over 95%
(Fig. S6at). Based on the above findings, PAEG-Zr*" hydrogels
with a PEI content of 9 wt% were used as research subjects for
subsequent experiments. For the purpose of discussion, we
refer to the hydrogel containing 15 wt% glycerol and 9 wt%
PEI as the PAEG-Zr** hydrogel.

Rapid recovery and fatigue resistance are critical in the
practical application of the material. To confirm the rapid frac-
ture and reconstruction behavior of reversible bonds in the
polymer network, the PAEG-Zr*" hydrogels were first subjected
to five cycles of tensile tests. Fig. 2d and g exhibited five suc-
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cessive loading-unloading cycle curves of PAEG-Zr** hydrogels
and the corresponding dissipation energy. We could see a
decrease in the mechanical strength and hysteresis line of the
hydrogel during the second cycle. This phenomenon was
attributed to the fact that the polymer network sacrificed
internally during the first stretching cycle could not be recov-
ered immediately. In the subsequent cycling experiments, the
cycling curves exhibited almost overlapping trends, indicating
that the PAEG-Zr*" hydrogels had excellent fatigue resistance.
In addition, cyclic stretching experiments with different relax-
ation times were performed to examine the self-recovery of the
hydrogels. As shown in Fig. 2e and h, the hysteresis loops of
the hydrogel for immediate cyclic stretching were significantly
smaller than those of the original hydrogel. The maximum
stress and dissipation energy of the hydrogel gradually recov-
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healing times. (e) Self-healing efficiency of PAEG-Zr** hydrogels.
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ered with increasing resting time, which may be due to the dis-
sipation energy generated by the recovery of metal bonds,
electrostatic interactions, and hydrogen bonds in the polymer
network. In addition, we conducted cyclic stretching experi-
ments under different strains (Fig. 2f and i). During the
loading-unloading process, the hysteresis energy and ring area
of cyclic stretching increased with increasing tensile strain.
During each cycle, the cyclic curves overlapped, which indi-
cated immediate material recovery.

3.3 Self-healing properties

To improve the durability and reliability of the material, hydro-
gen bonding, metal-ligand bonding and electrostatic inter-
actions were introduced into the polymer network to impart
excellent self-healing properties to the composite hydrogel. As
shown in Fig. 3a, the dynamic reversible bonds within the
PAEG-Zr*" hydrogels were damaged after cutting, and the
metal coordination, electrostatic interactions and hydrogen
bonds could be rebuilt without any external intervention after
the fractured hydrogels were reconnected for a short time,
demonstrating the excellent self-healing properties. To high-
light our research, we conducted a comparison of the
PAEG-Zr*" hydrogels with previously reported materials regard-
ing their self-healing efficiency and time, as shown in
Fig. S6b.tT The results depicted in the figure demonstrated that
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the PAEG-Zr** hydrogels displayed a remarkably efficient and
rapid self-healing capacity in comparison with other high-
strength hydrogels with self-healing capabilities. Although the
hydrogels produced in the reference SR4 could attain a
mechanical strength of 7.1 MPa, they are not advantageous for
practical use due to their slow repair time. Although the hydro-
gels synthesized in references SR2 and SR10 exhibit faster self-
healing rates, their self-healing efficiency is suboptimal. The
healing process of the PAEG-Zr'" hydrogel after cutting is
shown in Fig. 3b. The results showed that two parts of hydro-
gels (one stained with rhodamine B) reassembled together
within only 5 min in air (25 °C) and could be stretched arbitra-
rily. Moreover, we also observed the self-healing process of the
fractured hydrogel scratch under microscopy through a stereo-
microscope. With the extension of time, the scratch gradually
became smaller and repaired, almost disappearing in about
120 min (Fig. 3c). Besides, we conducted tensile tests to
further test the self-healing effect of the material. As shown in
Fig. 3d and e, as the self-healing time increased, the strain and
stress of the PAEG-Zr"" hydrogel were gradually recovered. At
about four hours, the stress of the repaired hydrogel after frac-
ture could recover to 93% of the original hydrogel and the
strain to 95%. The presence of the dual synergistic effect
allowed the PAEG-Zr*" hydrogel to be in working condition for
a long time with fast and efficient self-healing ability.
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Fig. 4 (a) Moisturizing properties of PAEG-Zr** hydrogels and control hydrogels stored in air for 12 h. (b) Moisturizing properties of PAEG-Zr**
hydrogels and control hydrogels stored in air for 7 days. (c) DSC test curves of PAEG-Zr** hydrogels with different glycerol contents. (d) Freezing

points of PAEG-Zr** hydrogels with different glycerol contents.
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3.4 Moisturizing and antifreeze properties

Most of the solvents in currently prepared hydrogels are pure
water, which may cause the material to lose water at the
working temperature. In addition, the water present in hydro-
gels tends to freeze below zero and lose its deformability,
which limits its performance at low temperatures.*>*!
Therefore, a water—-glycerol solvent was added to the system as
a dispersion medium to synthesize the PAEG-Zr*" hydrogels.
To test the moisturizing and anti-freezing effects of PAEG-Zr*",
the glycerol-free hydrogel was also synthesized by the same
method. As shown in Fig. 4a, the control hydrogels exposed to
air readily lost water within 12 h at room temperature. In con-
trast, the PAEG-Zr"" hydrogel could retain 79% of its initial
water content and maintain almost the same state as the orig-
inal hydrogel (Fig. S7at). Simultaneously, the PAEG-Zr** hydro-
gel remained in good condition after a week of exposure to air
(Fig. 4b). In addition, we performed tensile tests on the hydro-
gel splines exposed to air for 24 h using a universal testing

View Article Online
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machine (Fig. S7bt). It is noteworthy that there was a signifi-
cant increase in stress and a small change in strain in the
spline, which may be due to the loss of water in the material.
Based on DSC analysis of the variation of glycerol concen-
tration from 0 to 20 wt% with a concentration gradient of
5 wt%, the phase transition region decreased with the increase
of glycerol concentration (Fig. 4c). The freezing point of the
PAEG-Zr"* hydrogel could reach as low as —36.8 °C. This
phenomenon is caused by the inhibition of ice crystal formation
by glycerol,**** which corresponds to the two-phase diagram
(Fig. 4d). Fig. S8at shows the physical diagrams of the PAE-Zr**
and PAEG-Zr** hydrogels with different storage times at —30 °C.
Apparently, the PAE-Zr** hydrogel had no toughness and
became difficult to stretch. In contrast, the PAEG-Zr** hydrogels
were transparent and could be twisted arbitrarily. Furthermore,
the mechanical properties of the PAEG-Zr*" hydrogels stored at
low temperatures did not change significantly compared with
the original hydrogels (Fig. S8bt), which fully demonstrated the
excellent antifreeze properties of our prepared materials.
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Fig. 5 (a) Electro-responsive actuation of hydrogels. (b) The shape change of the hydrogels during the actuation process. (c) Actuation behavior of
hydrogels at voltages of 15 V and —15 V. (d) Actuation behavior of hydrogels at voltages of 6 V, 9V, 12V, and 15 V.
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3.5 Actuation and shape memory behavior

High-strength hydrogels in the presence of metal ions were
used as actuators. As shown in Fig. 5a and b, the stained
hydrogel splines were placed in the center of the electric field
containing a sodium sulfate solution. After applying an electric
field, a hydrogel spline bends to varying degrees. This is attrib-
uted to the concentration gradient caused by the movement of
ions within the electrolyte solution and the hydrogel, which in
turn causes an osmotic pressure difference between the two
sides of the hydrogel eventually leading to its bending and
swelling.** Fig. S91 exhibits the bending angle of hydrogels in
the electric field with time, and the sample strip bending
angle could reach up to 83°. Since the main network within
the hydrogel was constructed by polyacrylic acid, the cations
inside the gel migrated to the cathode in the presence of an
electric field, resulting in a higher osmotic pressure near the
anode side than the other side, which in turn showed a rapid
drive of the hydrogel to the cathode. Furthermore, cyclability
was a key point for hydrogel actuators. As shown in Fig. 5c, the
sample gradually bended under the electric field with a voltage
of 15 V, and the maximum angle of 83° could be reached in
100 s. Then the reverse voltage was applied and the hydrogel
was bended to 82° towards the other side, which was almost
the same as the maximum bending angle formed by the orig-
inal electric field. In addition, the bending angles of the
sample strips in different directions were almost the same

e Shape programming

Shape recovery  Reversible shape transformation f
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after several cycles, which proved that our hydrogel actuator
could withstand cyclic bending without damaging the
material. Subsequently, we investigated the effect of voltage
variation on the actuator. As shown in Fig. S10a and b,} the
bending angle of the sample could reach more than 80° under
the application of different voltages. At the same time, the
response time of the actuator gradually became shorter as the
voltage increased. This was due to the fact that the ions moved
faster with the increase of voltage leading to a faster response
of the driver, which corresponded to the hydrogel driving
angle at successively different voltages (Fig. 5d).

PAEG-Zr** hydrogels could be investigated as shape
memory materials due to the property that the polyacrylic acid
network coordinated with Zr*" at high temperatures and pro-
duced carboxyl aggregation.*> Therefore, PAEG-Zr*" hydrogels
could be deformed by external forces at room temperature, fol-
lowed by temporary shape fixation at high temperature, and
returned to their initial shape in a cold environment (Fig. 6a).
In Fig. S11a and c,T the variation of the PAEG-Zr*" hydrogel’s
shape recovery time with shape fixation time was investigated.
We could see that as the fixation time increased, the shape
recovery time also increased, which indicated more severe
aggregation of polymer chain segments inside the hydrogel.
Moreover, we further confirmed the above conclusion by simu-
lating the opening of the petals. As shown in Fig. 6b, the
hydrogel was shaped into a bud and then placed in cold water.
We could see that three petals (short fixation time) were the

500 s

o= This work

. /
90— Ref38
o Ref25
—o—Ref.33
——Ref.36

5°C Ref.37
6 Self-healin, Memory behavior
2

Fig. 6 (a) Shape memory mechanism. (b) The petal-shaped hydrogel simulates the blooming process. (c) Reproducible programmability of the
hydrogels. (d) Shape memory hydrogel acts as a protective lock. (e) 2D — 3D shape memory properties of the hydrogel (scale bar = 2 cm). (f) Radar

charts compared to other studies in the literature.
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first to bloom at 500 s, while at about 900 s, the petals showed
full bloom. In addition, we also investigated the circular
memory properties of the material. As shown in Fig. S11b, the
PAEG-Zr** hydrogel could reach about 300° in 10 cycles, which
fully proved the durability of the material.

Programmability allowed the hydrogel to be reversibly
switched between various shapes.*® As shown in Fig. 6c, the
strip-shaped hydrogel could be switched back and forth
between randomly shaped letters (such as QUST). This was
due to the fact that the hydrogel network reverted from the
aggregated state to the original state in the cold environment,
and the variation of individual fixed shapes was eliminated,
resulting in a programmable effect.*®*” Furthermore, the
switching process of programmable hydrogels inspired us to
develop temperature-sensitive security locks. As shown in
Fig. 6d, a fixed-shaped hydrogel strip was used to seal the con-
tainer. The safety lock opened only when the temperature of
the container reached a safe temperature. This safety lock
design may be applied to the transportation industry. Fig. 6e
shows the shape switching of a locally programmed PAEG-Zr**
hydrogel between 1D and 3D (1D — 3D). It is worth noting
that this hydrogel can be reprogrammed multiple times and
still have good shape transformation effects. In addition, we
designed the hydrogel as a catching hand to grasp the model
fish (Fig. S12%). The catcher hand could fully grasp the model
fish in a 60 °C environment, and then it was placed in a cold
environment where the catcher hand slowly returned to its
original state and released the object. This interesting appli-
cation may have a great future in the industrial sector.

Finally, we compared the synthesized hydrogels with pre-
viously reported hydrogels in terms of moisture retention, self-
healing effect, anti-freezing properties, toughness, and shape
memory to demonstrate the superior performance of the
materials (Fig. 6f). Under the strong metal-ligand interaction,
as well as multiple reversible interactions, the PAEG-Zr**
hydrogels exhibited outstanding mechanical properties, which
exceeded the mechanical strength of most reported hydrogel
materials. Furthermore, due to the presence of multiple revers-
ible bonds, the PAEG-Zr** hydrogels showed rapid self-healing
capabilities, which enabled the prepared high-strength hydro-
gel to work for a long time. The anti-freezing and moisturizing
properties tackled the issue of low hydrogel tolerance, thus
expanding its potential uses in challenging environments.
Moreover, the shape memory feature could gradually integrate
PAEG-Zr"" hydrogels into the scope of hydrogel-based smart
devices of the future.

4 Conclusion

In conclusion, we successfully prepared a composite hydrogel
with high toughness, high mechanical strength and excellent
self-healing ability based on multiple synergistic interactions.
Under the synergistic effects of hydrogen bonding, electrostatic
interactions, and metal coordination, the synthesized hydro-
gels could reach a maximum tensile strength of 6.2 MPa and a
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toughness of 50 MJ/m®. Furthermore, the high-strength frac-
tured hydrogel could achieve 95% self-healing within 4 hours.
After several rounds of cyclic tensile tests, the PAEG-Zr*" hydro-
gels demonstrated outstanding fatigue resistance properties
due to the rapid reconstruction of multiple reversible bonds
within the polymer network. Remarkably, in the presence of
glycerol, the PAEG-Zr*" hydrogels exhibited excellent frost pro-
tection, withstanding temperatures as low as —36.8 °C while
retaining 80% of their water content for up to 12 hours at
room temperature. Additionally, composite hydrogels applied
in actuator applications could achieve unrestricted shape
transformation within various voltage environments. Owing to
their sensitivity towards temperature, the PAEG-Zr** hydrogels
proved to be advantageous materials for studying shape
memory, programmable properties, and reversible sex-trans-
formation changes, providing valuable insights for the devel-
opment of hydrogels in the smart materials industry.
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