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ABSTRACT: In recent years, conductive hydrogels have received
increasing attention as wearable electronics due to the electro-
chemical properties of conductive polymers combined with the
softness of hydrogels. However, conventional hydrogels are
complicated to prepare, require high temperature or UV radiation
to trigger monomer polymerization, and are frozen at low
temperatures, which seriously hinder the application of flexible
wearable devices. In this paper, a conductive sensor integrating ‘
mechanical properties, adhesion, UV shielding, anti-dehydration, =

and anti-freeze was prepared based on Ca**-initiated radical Dﬂ
polymerization at room temperature using the synergy of sodium

lignosulfonate, acrylamide (AM), and calcium chloride (CaCl,). Antifrecsing

Metal ions can activate ammonium persulfate to generate free

radicals that allow rapid gelation of AM monomers at room temperature without external stimuli. Due to ionic cross-linking and
non-covalent interaction, the hydrogels have good tensile properties (1153% elongation and 168 kPa tensile strength), high
toughness (758 KJ'-m™3), excellent adhesive properties (48.5 kPa), high ionic conductivity (7.2 mS-cm™), and UV resistance
(94.4%). CaCl, can inhibit ice nucleation, so that the hydrogels have anti-dehydration and frost resistance properties and even at
—80 °C can maintain flexibility, high conductivity, and adhesion. Assembled into a flexible sensor, it can sense various large and small
movements such as compression, bending, and talking, which is a flexible sensing material with wide application prospects.
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1. INTRODUCTION between specific functional groups in the hydrogel and the
surface of the object, such as hydrogen bonding, metal—ligand
comglexes, m—n stacking, hydrophobic interaction, and so
on.””** Thanks to the superb adhesion of marine mussels to
various substrates,”* the preparation of adhesive hydrogels
based on catechol compounds,”*® such as polydopamine,
lignin, and tannins, has become a research hotspot recently.
Due to the catechol groups contained in the hydrogels, the
covalent and non-covalent interactions on various substrates
confer self-adhesive properties. Lignin, as the second most
abundant natural polymer after cellulose, contains hydroxyl,
methoxy, and carboxyl groups with properties such as
antioxidant, antibacterial, UV shielding, low degradation,
high strength, and high yield,27_29 which make it a good
choice for the preparation of hydrogels as components
containing catechol groups.

As a promising material, conductive hydrogels have attracted
extensive attention in the fields of flexible wearable sensor,
flexible supercapacitor,l’2 ionic skin,® friction nano-generator
coating,”” and so on. Conductive hydrogels can be divided
into electronic conductive hydrogels and ionic conductive
hydrogels according to the different transmission media.” The
former is doped with conductive fillers such as carbon
nanotubes,”” silver nanowires,”® graphenes (GO),””"!
MXenes,'>"? polypyrrole,'* etc. The latter uses soluble metal
salt ions such as AI**, Zn*", Fe**, Na*, Ca®*, K", etc.'® Efforts
have been taken to develop conductive hydrogels with good
properties, but the poor mechanical strength, tedious
preparation process, and adhesion to other materials limit
their practical applications.

To avoid the effect of using additional binders on the
conductivity of hydrogels, there is an increasing demand for
conductive hydrogels with biocompatible and adhesive proper-
ties for flexible sensors, electronic skins, and conductive
coatings. In recent years, research on adhesive hydrogels has
focused on biomimetic mussels,'® polysaccharides,'”'® protein
stickiness,'” and base pair.”>*' Self-adhesive properties of
hydrogels are conferred by non-covalent bonding interactions
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In addition, most hydrogels cannot be used in extreme
environments, such as low temperatures. Low temperatures
can make the hydrogels freeze. Even at ambient temperatures,
hydrogels dry out and harden due to water evaporation, which
severely weakens the properties of hydrogels,®® such as
flexibility, electrical conductivity, and tensile properties,
hindering their long-term usability. Therefore, it is a challenge
to design a hydrogel that is frost resistant, has moisture
retention properties, and can be used for a long time. CaCl, is
widely used to prevent ice formation on roads or house
construction. Relying on the physicochemical prolperties of
CaCl,, it lowers the freezing point of water,” *° thus
imparting anti-freeze and anti-dehydration properties to
hydrogels.

The preparation process of conventional hydrogels requires
high temperature or UV initiation, or the introduction of toxic
catalysts, which makes the preparation process tedious.
Therefore, it is of great significance to develop hydrogels
with excellent properties and simple preparation. It has been
demonstrated that metal ions can activate persulfate to form
free radicals through the electron transfer process’*”** and
can autocatalyze the gelation of hydrogels at room temperature
or low temperature without the help of external stimuli. In this
study, SL-Ca**/PAM hydrogels were prepared by a simple
one-step method by co-blending SL, AM, and CaCl,. Ca*
activated the APS to produce SO,”° through the electron
transfer process, triggering the polymerization of AM
monomers within minutes at room temperature without UV
radiation or high temperature initiation, while imparting
electrical conductivity and antifreeze properties to the
hydrogel. SL has good water solubility and contains functional
groups such as benzene ring, phenolic hydroxyl group,
carbonyl group, and carboxyl group to give hydrogel adhesion
and UV resistance. Furthermore, Ca>" also forms metal ion
coordination bonds with carboxyl groups and catechol groups
on SL, which act as sacrificial bonds,>>>° effectively dissipating
energy and enhancing mechanical properties. In conclusion, we
obtained the SL-Ca**/PAM hydrogel, which combines many
properties of anti-freezing, moisture retention, good mechan-
ical properties, high electrical conductivity, long-term stable
adhesion, and UV shielding by a simple process. It was
assembled into a flexible sensor that can sense various large
and small movements such as compression, bending, and
talking, making it a flexible sensing material with wide
application prospects.

2. EXPERIMENTAL SECTION

2.1. Materials. Sodium lignosulfonate (SL) was provided
by Shandong Ruijiang Chemical Industry Co., Ltd. Acrylamide
(AM) was purchased from Macklin Industrial Corporation
(Shanghai, China). N, N’-methylene bisacrylamide (MBA) was
purchased from Shanghai Yien Chemical Technology Co., Ltd.
Ammonium persulfate (APS) was purchased from Xilong
Chemical Co., Ltd. Calcium chloride anhydrous (CaCl,) was
supplied by Aladdin Reagent Company Limited (Shanghai,
China). All the chemicals were analytically pure grade and
were used as received without further purification.

2.2. Preparation of the SL-Ca®* Precursor. First, 30 mg
of SL was added into S g of deionized water and stirred evenly.
Then, 4 g CaCl, was added and stirred with a magnetic stirrer
for 2 h at room temperature. Lastly, ultrasonic treatment was
carried out to remove bubbles and foams. The SL-Ca®*
precursor was obtained.
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2.3. Preparation of SL-Ca?*/PAM Hydrogels. SL-Ca>*/
PAM hydrogels were prepared by the one-pot method at room
temperature without external stimulation. In detail, 2 g AM
was added to 3 g deionized water, followed by 2 mg MBA and
40 mg APS, then stirred at room temperature for 40 min until
all the chemicals dissolved to form a homogeneous mixture
solution. After that, the SL-Ca** precursor was added into the
mixture solution and stirred for a few minutes to form SL-
Ca’"/PAM hydrogels. The detailed compositions of SL-Ca**/
PAM hydrogels are shown in Tables S1—S4.

2.4, Spectroscopic and Morphological Analysis. Four-
ier transform infrared (FTIR) spectroscopy of the samples was
obtained using a Tensor 27 FTIR spectrometer (Tensor 27,
Nicolet Brooke Company, Germany) within the frequency
range 400—4000 cm™".

The oxidation products of SL and reduction products of
Ca®" were measured using X-ray photoelectron spectroscopy
(XPS) (K-Alpha*, Thermo Scientific, USA) with monochro-
matic Al Ka X-ray (HV = 1486.6 eV) operated at 15 kV and §
mA. All binding energies were referenced to the neutral C 1s
peak at 284.6 eV to compensate for surface charging effects.

The morphology of the composite hydrogel was observed by
scanning electron microscopy (SEM) (SU8010, Hitachi,
Japan). The samples were freeze-dried to completely remove
moisture from the hydrogel network. Then, the freeze-dried
section sprayed with gold was observed by a scanning electron
microscope under an acceleration voltage of 6 kV.

2.5. Mechanical Tests. The mechanical properties of
hydrogels were tested using a Universal testing machine
(UTM2203HA, SUNS Corporation, China). In the tensile
tests, the 100 N sensor was used, the tensile rate of all
experiments was controlled at 150 mm-min™', and the
hydrogels were cut into a dumbbell shape with a length of
75 mm, a width of 4 mm, and a thickness of 2 mm. In the
cyclic tensile tests, the hydrogels were stretched to a certain
strain at a speed of 150 mm'min~' and then unloaded
immediately at the same speed without waiting. Young’s
modulus was calculated from the slope of the initial linear
region of the stress—strain curve (5—15% strain). The
toughness was estimated from the area under the stress—strain
curve, and the dissipated energy was calculated from the area
between the loading—unloading curve. During the compres-
sion tests, a 2000 N sensor was used, the compression rate of
all experiments was controlled at S mm-'min~', and the
hydrogel samples were made into a cylinder with a diameter of
17.5 mm and a height of 20 mm. Similarly, in the cyclic
compression tests, the hydrogel samples were compressed to a
certain strain at S mm-min~' and then unloaded immediately
at the same speed without waiting. For testing the mechanical
properties of the hydrogels at low temperatures, the dumbbell-
shaped hydrogels were placed at 0, —20, and —80 °C for over
24 h. Then, these samples immediately examined when the
hydrogels were taken out.

2.6. Adhesion Tests. The adhesive strength of hydrogels
with glass, wood, stainless steel, and polydimethylsiloxane was
measured by tensile adhesion tests. The hydrogel specimens
were cut into 25 mm X 25 mm and pasted between the two
same pieces for tensile adhesion tests. The tests were carried
out using a universal testing machine with a 100 N sensor with
a tensile speed of S mm-'min~". The adhesive strength was
calculated by dividing the measured maximum load by the
adhesive area. For adhesion performance at low temperatures,
the hydrogels were initially sandwiched between glass sheets

https://doi.org/10.1021/acsomega.2c08097
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Figure 1. Characterizations of the SL-Ca**/PAM hydrogel. (a,b) High-resolution C 1s XPS for the SL and SL-Ca®" suspensions, respectively; (c)
SEM images of the freeze-dried SL-Ca®*/PAM hydrogel; (d) FTIR spectra of SL, PAM hydrogel, and SL-Ca**/PAM hydrogel, respectively.

and then placed at 0, —20, and —80 °C for over 24 h. They
were then removed for immediate testing.

2.7. Electrical Tests. The electrical conductivity (mS-
cm™') of the hydrogels was tested by the electrochemical
detector (800D, Shanghai Chenhua Instrument Co., Ltd.,
China). The conductivity of hydrogels at low temperatures was
determined by placing the hydrogels at 0, —20, and —80 °C for
24 h. The formula was as follows

L 3
c=—X10

RS 1)
where L (cm) is the distance between adjacent electrodes, R
(Q) is the hydrogel resistance measured by the electrochemical
workstation at room temperature, and S (cm?) is the cross-
sectional area of the hydrogel. In addition, an electrochemical
detector was also used to stretch the hydrogels to different
strains and adhere to different parts of the human body under
0.1 V constant pressure. The resistance change rate of the
hydrogel sample was obtained by measuring the resistance
change of the hydrogel, namely

R-R
AR/R, = = % % 100% o
0 2

where R, is the resistance in the initial state, and R is the real-
time resistance under a certain strain. Meanwhile, the gauge
factor (GF) was defined as

GF = ((R — Ry)/Ry) /¢ (3)

where ¢ is the applied strain.

2.8. UV-Resistance Tests. The visible light and UV
transmittance of hydrogels with a wavelength range of 800—
200 nm were measured by a UV—vis spectrophotometer (T6
New-Century, Beijing Purkinje General Instrument Co., Ltd,,
China). Three hydrogel samples with a thickness of 2 mm were
spread on one side of the cuvette for measurement.’”

2.9. Anti-freezing Property Tests. The freezing point of
hydrogels was measured by the differential scanning calorim-
etry (DSC) (Q2000, TA, USA) method to study their freezing
resistance. DSC measured the temperature range from —80 to
50 °C with a constant cooling/heating rate of 5 °C-min™". In
order to explore the moisture retention ability of the hydrogels,
the hydrogels were placed in an environment with a
temperature of about 30 °C and a relative humidity of about
80%, and the weight change was calculated by the following
equation

W — W

X 100%
Wo (4)

where W, and W, were the initial weight of the hydrogels and
the weight of the hydrogels at time t, respectively.

weight change (%) =

3. RESULTS AND DISCUSSION
3.1. Design Rationale of the SL-Ca?*/PAM Hydrogels.

The preparation process of traditional hydrogels is complicated
due to high temperature heating or long-time UV irradiation
and other reasons.”*” In addition, the hydrogels produced
have insufficient mechanical strength, weak bond performance,
no resistance to low temperatures, no UV resistance, and so
on, which hinder their practical application. In this study, an
autocatalytic room temperature rapid gelation hydrogel was
developed. By the simple and direct one-step rapid free radical
polymerization of SL, AM, and CaCl,, the hydrogels were
prepared with excellent mechanical properties, adhesion, low
temperature resistance, conductivity, and UV resistance. Metal
ions were widely used as functional components. Metal ions
can initiate free radical polymerization through the electron
transfer process that reduces the activation energy of S,04~
homolysis to generate free radical SO,”* in monomer
solutions,*”*! to initiate monomer polymerization. No addi-
tional initiation conditions were required, such as high

9436 https://doi.org/10.1021/acsomega.2c08097
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Figure 2. Tensile performance of SL-Ca**/PAM hydrogel. (a) Stress—strain curves of the hydrogels containing different amounts of SL; (b)
corresponding elastic modulus and toughness of (a); (c) stress—strain curves of the hydrogels containing different amounts of Ca®'; (d)
corresponding elastic modulus and toughness of (b); (e) cyclic tensile curves of the SL-Ca**/PAM hydrogels with the predetermined strain
increasing from 100 to 500%; (f) corresponding stress and dissipated energy of (e); (g) cyclic loading—unloading curves of the SL-Ca**/PAM
hydrogels at 500% strain; (h) corresponding dissipated energy of (g); (i) deformations of the hydrogels, including twist and knot; (j) images of the

hydrogels in tensile test.

temperature, UV radiation, etc. In addition, the hydroxyl and
carboxyl groups in SL can form coordination sites with
Ca%*,***>** giving the hydrogel tunable and enhanced
mechanical properties. The coordination reaction of SL with
Ca®" was analyzed using XPS.*>** It can be seen from Figure
1a,b that the content of —-C=0, C—0, C—OH, and —COOH
decreased after the addition of Ca®* to the SL solution, due to
the dynamic ionic cross-linking between Ca®* and the —OH
and —COOH groups on SL. Figure 1d shows the FTIR spectra
of SL, PAM hydrogel, and SL-Ca®>"/PAM hydrogel. The two
peaks at 3444 and 3193 cm™' in the PAM spectrum represent
N—-H asymmetrical stretching vibration and symmetric
stretching vibration.”> Compared to the native PAM hydrogel,
the absorption peak of —CO—-NH, in the SL-Ca**/PAM
hydrogel shifted from 1670 to 1649 cm} confirming that the
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long polyacrylamide chains were entangled with each other
through hydrogen bonds and formed a strong interaction with
SL.*® The absorption peak at 2931 cm™ in the spectra of SL
was attributed to the stretching vibration of —CH; and —CH,.
The peak at 2840 cm ™' was —OCH; stretching. Obviously, the
intensity of these peaks decreased or disappeared, indicatin

that —OCH; groups were consumed during SL oxidation.”

The content of SL and CaCl, affected the gel speed, as shown
in the Figure SS5; the gelation time became longer as the SL
content increased, in contrast to the gel formation time which
became shorter with the increase of CaCl,. This is due to the
fact that the higher the CaCl, content, the easier it is to
activate the APS to produce free radicals, which trigger the
monomer polymerization at room temperature, and therefore
the faster the gel formation speed. When the SL content

https://doi.org/10.1021/acsomega.2c08097
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Figure 3. Compression performance of the SL-Ca’*/PAM hydrogel. (a) Cyclic compression curves of the SL-Ca**/PAM hydrogel with the
predetermined strain increasing from 50 to 90%; (b) corresponding stress and dissipated energy of (a); (c) cyclic loading—unloading curves of the
SL-Ca**/PAM hydrogel at 70% strain; (d) corresponding dissipated energy of (c); (e) images of the hydrogels in compression test.

increases, the gelation speed slows down, which is possibly
because the SL would scour free radicals to inhibit
intermolecular cross-linking. It has been reported that salt
lowers the freezing point of water by preventing it from
forming a solid phase.”*"*** When CaCl, was added to the
hydrogels, the spaces between the water molecules were filled
with CaCl, particles, giving the hydrogels anti-freezing
properties. Based on this design mechanism, we have obtained
hydrogels with good mechanical properties, adhesion proper-
ties, frost resistance, and UV resistance, which have broad
application prospects in the field of wearable sensors.

3.2. Mechanical Properties of the SL-Ca%*/PAM
Hydrogels. In order to prolong the service life of wearable
sensors, hydrogels must have certain extensibility and tough-
ness. SL-Ca’*/PAM hydrogels can withstand mechanical
deformation such as twisting and knotting to ensure the
stability of wearable sensors (Figure 2i). The mechanical
properties of SL-Ca**/PAM hydrogels were studied in detail in
Figures 2 and 3. First, the effect of SL content on the
mechanical properties of hydrogel was studied (Figure 2a,b).
The SLg 3,9 hydrogel was elastic and could withstand a tensile
strain of up to 1153%. The addition of SL caused a decrease in
the cross-linking density of the hydrogel, as evidenced by the
consistent decrease in the modulus of elasticity. The hydrogel
became softer and the strain increased, with a consequent
improvement in the stress. However, too much SL caused the
hydrogel to be too soft, and their stress and strain were
reduced. This was because the complex polyphenol structure
of SL deteriorates its mechanical properties.”’ It can be seen
from Figure 2c,d that the content of Ca** in the system had a
significant impact on the tensile properties of hydrogels. With
the increase of Ca™", the cross-linking density increased and the
tensile strain and elongation at break increased. But too much
Ca® lead to excessive cross-linking and made the hydrogel
brittle. Thus, both stress and strain again decreased. Figure
Slab investigates the effects of monomer content and cross-
linker dosage on the tensile properties of hydrogels. To sum
up, when SL, AM, MBA, and Ca** were 0.3 wt %, 20 wt %, 0.1
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wt % ( MBA/AM) and 40 wt %, respectively, the breaking
elongation and tensile stress were better, which was 1153% of
breaking elongation and 168 kPa of breaking stress, and its
toughness was also as high as 758 KJ-m™. It is much higher
than those of most of the lignin-based hydrogels reported in
the literatures (Table SS). In order to better evaluate the
properties of hydrogels, this formula hydrogel was selected as a
typical sample for subsequent testin§ (the other tests were the
same sample). Dissipation capacity”" is a common standard to
measure the durability of flexible sensors. Figure 2e—h shows
the cyclic tensile test of hydrogels. When the maximum strain
increased from 100 to 500%, an obvious hysteresis loop
appeared (Figure 2e), indicating that the destruction and
reconstruction of the hydrogen bond network in the hydrogel
effectively dissipated energy.'””’ Five consecutive load—
unload cycles were performed at a constant 500% strain
(Figure 2g). It was worth noting that the energy dissipated for
the first time was large, and the energy dissipated for the next
four times was almost stable, which reflected the excellent
fatigue resistance of hydrogels. The same cyclic phenomenon
was also reflected in compression. When the hydrogel was
compressed to 90% strain, it can return to its original shape
without obvious damage (Figure 3a), which reflected its good
toughness and mechanical strength. Under 70% compression
strain, there was a relatively large hysteresis loop for the first
time. In the last four compression cycles, the hysteresis loops
almost overlap (Figure 3c,d). The SEM image in Figure lc
confirmed the interwoven porous structure of SL-Ca**/PAM
hydrogels, which dissipated energy through breaking and
reforming dynamic hydrogen bonds and coordination bonds.*!
Figure S2 shows the uniform distribution of C, O, N, and Ca
elements in hydrogels.

3.3. Self-Adhesive Properties of the SL-Ca*'/PAM
Hydrogel. The adhesive property of hydrogels is an important
factor for wearable sensors. Mussel'®"? is a natural marine
organism, which can firmly adhere to the surface of many
different materials in the sea. SL contains catechol groups and
has mussel-like adhesive ability. SL-Ca**/PAM hydrogels can

https://doi.org/10.1021/acsomega.2c08097
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adhere to a variety of substrates such as glass, plastic, rubber,
paper, wood, metal, and polydimethylsiloxane (Figure 4a).
From Figure 4b,c, it can be seen that the hydrogels can adhere
to the skin tightly, and there is no residue after peeling. The
main reasons for the adhesive property of hydrogels were the
non-covalent bond interaction between specific functional
groups in hydrogels and the surface of objects, such as
hydrogen bond, metal—ligand complex, 7—n stacking, hydro-
phobic interaction, and so on (Figure 4f). The adhesion test
device is shown in Figure S3c. The influence of SL content and
Ca’ content on adhesion strength is investigated in Figure
S3a,b. It was obvious that the adhesion strength improved with
the increase of SL content, which was because the enhanced
SL content lead to the increase of catechol groups, the
decrease in cross-linking density, and the enhancement of
hydrogen bond formation with other substrates. However, with
the increase of Ca** content, the adhesive strength decreased,
because Ca cross-linking lead to a reduction of the catechol
groups.” Meanwhile, Ca** formed ionic coordination with
—COOH, consuming the —COOH content, leading to the
weakening of the interaction with the substrate surface.
Furthermore, the increased cross-linking network inhibited
the movement of the polymer chain at the adhesive interface.
Figure 4d investigates the adhesion of the SL-Ca**/PAM
hydrogel to different substrates. It can be seen that the
adhesion strength of the four materials followed the order:
wood > glass > stainless steel > PDMS. The adhesion of SL-
Ca’*/PAM hydrogel to wood was 50.6 kPa, and its high
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adhesion strength could be attributed to the rough porous
structure and polyhydroxy structure of wood, which was
conducive to the infiltration of hydrogel and hydrogen bond
formation. Figure S6a shows a comparison of the adhesion of
lignin-based hydrogels to glass as reported in the literatures,
which shows SL-Ca?*/PAM hydrogel’s excellent adhesion
ability. The SL-Ca’*/PAM hydrogel also showed good
repeatability and stability. After S consecutive peeling on
different substrates, the hydrogel still maintained high adhesion
(Figure 4e). In summary, the excellent adhesion properties of
the hydrogel ensure the effectiveness of the device assembly
process and the accuracy of human motion signal acquisition.

3.4. Electromechanical Properties of the SL-Ca?*/PAM
Hydrogels. SL contained Na*, which also made the hydrogel
conductive. However, due to its low content and the addition
of more CaCl,, it was mainly the addltlon of CaCl, that caused
the hydrogel to be conductive.* Therefore, the SL-Ca*/
PAM hydrogel had high electrical conductivity, which can be
glued to the human skin as a flexible sensor to monitor human
movement. As shown in Figure Sa, the small bulb was
connected to the hydrogel to form a closed circuit. It can be
seen that under the condition of no strain, the small bulb
emitted bright light with a halo. When the hydrogel was
stretched to 400% strain, the brightness of the small bulb
dimmed, which was caused by the narrowing of the ion
channel by stretching, and the resistance was increased. With
the increase of Ca** concentration from 30 to 45 wt %, the
conductivity decreased from 11.6 to 6.8 mS-cm™" (Figure Sb).
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Figure 5. Sensing performance of the SL-Ca®*/PAM hydrogel. (a) Luminance variation of the hydrogel at different elongations; (b) conductivity of
the hydrogel with different calcium ion concentrations; (c) GF of the hydrogel in 500% strain range; (d) the relative resistance of the hydrogel
varies from 10 to 50%; (e) the relative resistance of the hydrogel varies from 100 to 500%; detection of motions of (f) pronunciation of “Hello”; (g)
swallowing; (h) finger; (i) neck nodding; (j) wrist; (k) elbow; and (1) knee.

This could be because with the increase of Ca?', it formed
more coordination with —COOH, and the cross-linking
density increased, leading the ion channel to narrow.*” When
the Ca®" content reached SO wt %, the conductivity increased
slightly. Sensitivity (GF) is an important index of the sensor,
defined as the ratio of the change of relative resistance to the
applied strain. In Figure Sc, GF is 1.31 in a wide strain range of
0—500%, and there is a highly linear relationship between the
relative resistance and strain (R* 0.995). Stability and
repeatability are also critical for sensors. Figure 5d,e shows the
curves stretched five times under small strain (10—50%) and
large strain (100—500%), and no significant deviation was
observed in the resistance change rate, indicating that the
hydrogel sensor had repeatability, stability, and a wide
detection range. In order to observe the SL-Ca’’/PAM
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hydrogel as a sensor for monitoring various human
deformations, the hydrogel was cut into thin slices and
adhered to different parts of the human body. The relative
resistance curves can be observed as the sensor responds to
motion in different parts of the body (Figure Sf-1). It can
detect human movement in real time. In addition to detecting
large movements, hydrogel sensors were sensitive enough to
detect small movements. As shown in Figure 5f,g, when the
throat made a swallowing motion and a sound, it could be seen
that the change rate of the relative resistance reacted regularly
with the action, which further indicated that the hydrogel
sensor had good electrical stability and high sensitivity. The
hydrogel sensor was also suitable for compressive strain. Figure
S4a shows the electrical signals generated by pressing the
cylindrical hydrogel, and Figure S4b shows the electrical signals
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Figure 6. Anti-freezing and anti-dehydration properties of the SL-Ca®*/PAM hydrogel; (a) comparison of PAM, SL/PAM, and SL-Ca**/PAM
hydrogels before and after putting into —20 °C for 24 h; (b) comparison of SL-Ca**/PAM hydrogels placed at —80 °C at different times; (c) DSC
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adhesion strength of SL-Ca®*/PAM hydrogels to glass at different temperatures; (f) conductivity of SL-Ca>*/PAM hydrogels at different
temperatures; (g) comparison of the initial shape and morphology of PAM, SL/PAM, and SL-Ca®**/PAM hydrogels after 30 days at room
temperature; (h) relative changes of PAM, SL/PAM, and SL-Ca?*/PAM hydrogels with time at room temperature.

generated by sticking the hydrogel to the foot and walking
slowly. Therefore, SL-Ca®>*/PAM hydrogels have the character-
istics of good stability, high sensitivity, and wide sensing range.

3.5. Anti-freezing and Anti-dehydration Properties of
the SL-Ca**/PAM Hydrogels. Conventional hydrogels freeze
at low temperatures or dehydrate at room temperature, which
severely limit their applications as sensors. In this experiment,
the hydrogel was given anti-freezing and anti-dehydration
properties by adding CaCl,, which can lower the freezing point
the of aqueous phase, weaken the hydrogen bond inside the
water molecules, destroy the aggregation of water molecules,
and effectively hinder the formation of ice crystals in the
hydrogel. Figure 6a shows the comparison of the SL-Ca**/
PAM hydrogel, SL/PAM hydrogel, and PAM hydrogel placed
at —20 °C for 24 h. It was clear that the SL/PAM hydrogel and
PAM hydrogel without CaCl, were frozen solid, becoming
both opaque and hard. In contrast, the SL-Ca**/PAM hydrogel
still remained intact, soft, and tough. To study the low-
temperature resistance of the SL-Ca**/PAM hydrogel, the
shape was observed after being placed in an ultra-low
temperature refrigerator at —80 °C for 6, 12, 18, and 24 h.
As can be seen from Figure 6b, there was no change inside the

9441

hydrogel when it was left at —80 °C for 6 h, and few ice
crystals were formed inside the hydrogel when it was left for 12
h. Indeed, even after 24 h, the hydrogel can also be pressed
down completely, showing excellent anti-freezing property. In
order to accurately investigate the finite freezing temperature
of the hydrogel, DSC*"** was carried out from —80 °C to 50
°C. As shown in Figure 6¢, the SL/PAM hydrogel had a sharp
endothermic peak and a wide endothermic peak at —1.2 and
—15.1 °C, corresponding to the melting point of free water and
bound water, respectively. Notably, the SL-Ca**/PAM hydro-
gel did not appear endothermic peak, indicating that it did not
produce ice crystals in the test temperature range. It is difficult
for other anti-freezing gels to reach (Figure S6b). To better
evaluate the application potential of hydrogels, the tensile
properties, adhesion properties, and electrical conductivity of
hydrogels were investigated at 0, —20, and —80 °C (Figure
6d—f). The tensile stress—strain curves illustrated that the
mechanical properties of the hydrogels decreased at low
temperatures but still maintained 87.5 kPa tensile strength and
775% stretching strain. This confirmed the outstanding
flexibility of hydrogels at low temperatures. This was an
unobvious change in the adhesion of the hydrogel to the glass
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sheet in cold conditions and still reached 43.7 kPa, which
meets the application of hydrogel electronics. Although the
conductivity decreased with the reduced temperature, an ultra-
high ionic conductivity of 3.6 mS-cm™" was also obtained at
—80 °C, which ensured the feasibility of the SL-Ca**/PAM
hydrogel application at low temperatures.

The dehydration of hydrogels is another challenge for
flexible sensors. The SL-Ca**/PAM, SL/PAM, and PAM
hydrogels were stored at room temperature of about 30 °C and
relative humidity of about 80% for 30 days to investigate the
water retention capacity of the hydrogels. As shown in Figure
6g, the SL/PAM hydrogels and PAM hydrogels were severely
dehydrated and became particularly shriveled, while SL-Ca**/
PAM hydrogels had little change after 30 days. The PAM
hydrogel dropped to 65% of its initial weight, the SL/PAM
hydrogel could only maintain 63% of its original mass,
compared to the SL-Ca’*/PAM hydrogel, which was still
94% of its weight (Figure 6h). This phenomenon can be
attributed to the fact that the vapor pressure inside the
hydrogel with CaCl, is lower than the ambient air pressure and
that CaCl, has the ability to absorb water, thus making the
hydrogel resistant to dehydration. In short, the anti-freezing
and anti-dehydration ability of SL-Ca**/PAM hydrogel
guarantees their use in extreme conditions.

3.6. UV-Shielding Performance of the SL-Ca*'/PAM
Hydrogels. Due to the polyphenol structure of SL, the
hydrogels have UV shielding properties. In Figure 7a, at a
wavelength of 365 nm, the transmittance of the PAM hydrogel
was about 70.7%, and after adding SL, the transmittance was
about 28.5%.°° When Ca®* was added again, the transmittance
was only 3.6%. This was due to the reduced transparency of
the hydrogel after the addition of Ca®*, which blocked most
UV rays. At the same time, the hydrogel was still visible. As
shown in Figure 7b, after being covered by 2 mm hydrogel, the
color and line of the flower can be clearly seen. The
combination of UV-blocking and transparency allowed
conductive hydrogels to significantly expand their applications
in flexible sensors.

4. CONCLUSIONS

In summary, we report a rapid gelation strategy based on metal
ion catalysis. Ca®" can activate APS to produce free radicals
and trigger environmental polymerization of AM monomers.
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Thanks to the covalent, hydrogen, and ionic coordination
bonds of the hydrogel network, the resulting hydrogels had
good mechanical properties (1153% elongation and tensile
strength of 168 kPa), high electrical conductivity (7.2 mS-
cm™), and excellent adhesion to different substrates given by
the catechol group in SL; profiting from the physicochemical
properties of CaCl,, the hydrogels were endowed with anti-
freezing and moisturizing properties, which can be maintained
even at —80 °C. In addition, the hydrogels also exhibited
excellent UV resistance (blocking UV by 95.1%) due to the
polyphenolic structure of SL. SL-Ca**/PAM hydrogels were
made into flexible skin sensors, which can sense small
movements of swallow and speech and large movements of
limbs such as wrists and knees. They have potential application
prospects in flexible sensors. In short, this study opens up a
broad prospect for hydrogel flexible electronics in extreme
environments such as low temperatures and high-altitude areas.
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