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Zwitterionic hydrogels have received considerable attention owing
to their characteristic structures and integrating multifunctionality.
However, the superhydrophilicity-induced poor mechanical pro-
perties severely hinder their potential applications. Besides, from
the perspective of wide applications, zwitterionic hydrogels with
integrated high mechanical properties, conductivity and multifunc-
tionalities including self-adhesive, self-healing, and photothermal
properties are highly desirable yet challenging. Herein, a new class
of high-performance and multifunctional zwitterionic hydrogels
are designed based on the incorporation of polydopamine-coated
liquid metal nanoparticles (LM@PDA). Due to the efficient energy
dissipation endowed by the isotropically extensible deformation of
LM@PDA and the multiple interactions within the hydrogel matrix,
the resultant hydrogels exhibited ultrahigh robustness with tensile
strength of up to 1.3 MPa, strain of up to 1555% and toughness of up
to 7.3 MJ m~3, superior or comparable to those of most zwitterionic
hydrogels. The introduced LM@PDA also endows the hydrogels
with high conductivity, versatile adhesion, autonomous self-healing,
excellent injectability, three-dimensional printability, degradability,
and photothermal conversion performance. These preferable proper-
ties enable the hydrogels promising as wearable sensors with multiple
sensory capabilities for a wide range of strain values (1-500%),
pressures (0.5-200 kPa) and temperatures (20—80 °C) with an
impressive temperature coefficient of resistance (up to 0.15 °C7Y).
Moreover, these hydrogels can be also applied as solar evaporators
with a high water evaporation rate (up to 2.42 kg m~2 h™%) and solar-
thermal conversion efficiency (up to 90.3%) for solar desalination and
wastewater purification. The present work can pave the way for the
future development of zwitterionic hydrogels and beyond.
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New concepts

Zwitterionic hydrogels have received considerable attention in the
next-generation electronics, biomedical engineering, and energy and
environmental areas due to their characteristic structures and multi-
functionality. However, the superhydrophilicity-induced poor mechanical
properties severely hinder their potential applications. This study
presents a new class of high-performance and multifunctional zwitter-
ionic hydrogels by incorporating polydopamine-coated liquid metal
nanoparticles (LM@PDA) into poly(sulfobetaine methacrylate) (PSBMA)
hydrogels. Different from traditional rigid fillers, the extensible LM@PDA
filler can deform isotropically and form multiple interactions with the
hydrogel matrix to efficiently dissipate energy, yielding ultra-robust
hydrogels. Also, LM@PDA can act as multifunctional fillers to
simultaneously enhance the conductivity and photothermal conversion
performance of hydrogels via the quantum tunneling effect and
combined surface plasmons and lattice vibrations, respectively.
Moreover, the synergetic effect between the filler and the matrix
endows our hydrogel with versatile adhesion, autonomous self-healing,
remarkable photothermal conversion, multi-sensory capacities, and
excellent solar-driven evaporation performance. This work not only
inspires the design of novel elastic and interactive fillers to enhance
the hydrogel’s mechanical strength but also paves the way for the
fabrication of high-performance all-round hydrogels for applications in
next-generation electronic, energy and environmental fields.

Introduction

Hydrogels are soft materials with three-dimensional (3D)
networks formed by hydrophilic polymer chains.” Their com-
bined advantages of chemical and structural versatility, bio-
compatibility, functionality, and mechanical properties have
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led to many novel applications, including wearable sensors,*”
energy storage/conversion,”” and environmental protection.®’
Recently, zwitterionic hydrogels, which bear equal positively
and negatively charged groups in one unit, have received
considerable attention owing to their characteristic structures
and integrated multifunctionality, such as water retention capa-
city, conductivity, adhesiveness, antifouling and biocompatibi-
lity."® However, zwitterionic hydrogels generally suffer from poor
mechanical properties due to their superhydrophilicity, which
severely hinders their potential applications.™

To date, significant efforts have been made to develop high-
strength zwitterionic hydrogels by designing double/triple net-
works and incorporating nanomaterials.">™** For example,
Dong et al.”® and Li et al'" developed double-network and
triple-network poly(sulfobetaine)-based zwitterionic hydrogels,
respectively, which show superior mechanical strength com-
pared with their single-network counterparts. Pei et al.'® and
Sun et al."” incorporated dopamine-modified nanoclay and gelatin-
dispersed carbon nanotubes into sulfobetaine methacrylate-based
zwitterion hydrogels, respectively, thereby enhancing the mechan-
ical properties via abundant physical cross-linking. However, all
the above-mentioned zwitterionic hydrogels still show unsatis-
factory tensile properties, i.e., an obvious seesaw effect between
strength and strain (strain < 200% at a strength of 1 MPa, or
strength <100 kPa at a strain of 900%), which may be caused
by the limited network malleability or restricted filler orienta-
tion. Moreover, from the perspective of wide applications, zwit-
terionic hydrogels with integrated high mechanical strength,
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stretchability, conductivity and multifunctionalities including
self-adhesive, self-healing, and photothermal properties are
highly desirable yet challenging.

Recently, liquid metals (LMs) have emerged as ideal flexible
fillers for hydrogels, considering their fluidic nature, metallic
conductivity, chemical stability, biocompatibility, and negligible
toxicity."®* As compared to traditional rigid nanofillers, soft
LMs can isotropically deform along with hydrogels to release
the internal stress concentrations caused by the mechanical
mismatch at the polymer-filler interface. Small-sized LM nano-
particles (LMNPs) are especially desirable for developing
LM-embedded hydrogels not only because of their easier incor-
poration into hydrogels but also for their attractive properties
to endow the hydrogels with additional functionalities, including
excellent photothermal conversion performance, stimuli-responsive
coalescence, catalytic potential, and alloying capacity.** How-
ever, it remains challenging to fabricate an LM-filled hydrogel
with satisfactory mechanical performance due to the interfacial
incompatibility between LMNPs and the hydrogel matrix, which
leads to severe macrophase separation and thus poor mechan-
ical properties.”®

Surface modification has recently been exploited to address
the above issues by decorating graphene,”® silica,”” and a
synthetic polymer®® onto the surface of LMNPs to prevent
coalescence and improve stability. However, these encapsu-
lated LMNPs suffer from complicated fabrication processes
and chemistry, broad size distribution, potential environmen-
tal threats from the utilization of non-degradable materials,
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Fig. 1 Schematic illustration of (a) synthesis and (b) applications of PSBMA-LM@PDA hydrogels.
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and a lack of sufficient functional groups to interact with the
hydrogel matrix.">***° Polydopamine (PDA), inspired by nat-
ural melanin and mussel adhesive proteins, has intrinsic
versatile surface adhesion properties and abundant functional
groups.’” On one hand, its catechol groups can coordinate with
Ga*' in LMNPs to form a stable shell, preventing LMNPs from
fracture and exudation to the hydrogel network.>> On the other
hand, its plentiful functional groups can actively interact with
the hydrophilic polymer network via multiple noncovalent
interactions to enhance the mechanical performance.® Given
these merits, PDA is supposed to effectively encapsulate LMNPs
to improve their stability and form strong interaction with the
hydrogel matrix to avoid phase separation. In addition, PDA’s
intrinsic broadband light absorption across the entire solar
spectrum®® together with LMNPs’ broad surface plasmon
resonance®® can endow the LM@PDA with remarkable photo-
thermal conversion performance.

In this work, we incorporated core-shell structured
LM@PDA as multifunctional fillers (reinforcing filler, conductive
filler and photothermal conversion filler) into poly(sulfobetaine
methacrylate) (PSBMA) zwitterionic hydrogels to simultaneously
enhance the mechanical properties, conductivity, and photo-
thermal conversion performance of the zwitterionic hydrogels
(Fig. 1a). Due to the isotropic and extensible deformability of
LM@PDA as well as the multiple noncovalent interactions
formed within the hydrogel matrix, the resultant PSBMA-
LM®@PDA zwitterionic hydrogels exhibited ultrahigh robust-
ness with a tensile strength of up to 1.3 MPa, strain of up to
1555% and toughness of up to 7.3 MJ m °, superior or
comparable to those of most zwitterionic hydrogels. Besides,
LM@PDA addition also endowed hydrogels with high conduc-
tivity (up to 0.45 S m™ '), strong adhesion (adhesion strength of
up to 1.3 MPa on aluminum), autonomous self-healing (recovery
efficiency up to 90%), and remarkable photothermal conversion
performance. These preferable properties enabled PSBMA-
LM®@PDA hydrogels as wearable sensors with multi-sensory
capabilities (Fig. 1b), including strain (1-500%), pressure
(0.5-200 kPa) and temperature (20-80 °C), with an impressive
temperature coefficient of resistance (up to 0.15 °C™"). Bene-
fiting from the porous hydrophilic networks that enabled
stable water transport, high light absorption (ca. 95% over
the entire solar spectrum) and efficient photothermal con-
version, PSBMA-LM@PDA hydrogels could also be applied as
solar evaporators with high water evaporation rate (up to
2.42 kg m™> h™") and solar-thermal conversion efficiency
(up to 90.3%). This work can not only inspire the design of
high-performance and multifunctional zwitterionic hydrogels
but also expand their application scenarios from flexible
electronics to energy and environmental areas.

Results and discussion

The preparation process of LM@PDA involved the following two
steps (Fig. 1a): Bulk EGaln was first sonicated in an aqueous
dopamine hydrochloride solution, resulting in dopamine-assisted
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dispersion of LM (LM-DA). During the sonication, ultrathin oxide
layers were formed spontaneously on the surface of LMNPs, and
the dopamine molecules were anchored to the oxide layer via
coordination of their oxygen-containing groups with Ga®*. The
Tris reagent was then added to the LM-DA suspension to trigger
the self-polymerization of dopamine on the surfaces of LMNPs,
resulting in LM@PDA. A transmission electron microscopy (TEM)
micrograph (Fig. 2a) was presented to distinctly demonstrate the
core-shell structure of the LM@PDA. The thickness of the PDA
shell was about 12 nm (Fig. S1, ESIt). The energy-dispersive X-ray
spectroscopy (EDS) mapping further validated the successful and
uniform coating of PDA on the surface of LM@PDA (Fig. 2b).
Fourier transform infrared (FTIR) spectra confirmed the inter-
actions between PDA and LMNPs. As shown in Fig. S2, ESLt
typical stretching vibrations of benzene ring skeletons and C-OH
red-shifted from 1529 and 1284 cm ' in PDA to 1492 and
1269 cm™ ' in LM@PDA, respectively, illustrating the energy
transfer and bond formation between them, i.e., the decoration
of PDA on LMNPs.*>*¢ The obtained LM@PDA suspension
showed satisfactory stability after more than 24 h standing
(Fig. S3, ESIY). In sharp contrast, the LMNPs sonicated in DI
water exhibited severe phase separation within 6 h. The size
distribution and Z-average size of LM@PDA (225.1 + 1.7 nm,
Fig. S4, ESIT) were also narrower and smaller than those of the
LMNPs sonicated in DI water (351.6 £ 2.4 nm), ascribing to the
stabilizing effect of the PDA coating.

The PSBMA-LM@PDA hydrogels were fabricated by the
in situ polymerization of SBMA in the presence of LM@PDA,
with no additional crosslinkers. The interactions among
LMNPs, PDA, and PSBMA chains are illustrated in Fig. 1a,
which included dipole-dipole interactions between the SBMA
moieties, hydrogen bonding between the sulfonate groups on
SBMA and phenolic hydroxyl groups on PDA, cation-n inter-
actions between the quaternary ammoniums on SBMA and
aromatic benzene rings of PDA, and coordination bonding
between the Ga*" and the catechol groups of PDA. All of these
dynamic bonds can act as sacrificial bonds, contributing to
effective energy dissipation. Microstructural characterization
(Fig. 2c, SEM) showed that the freeze-dried PSBMA-LM@PDA
hydrogel network appeared as a 3D porous structure. EDS
mapping (Fig. S5, ESIT) indicated the uniform distribution of
LM®@PDA in the hydrogel matrix, which could be attributed to
the multiple hydrogen bonding and cation-n interactions
between LM@PDA fillers and the PSBMA hydrogel matrix.

Mechanical properties are the primary characteristics for
many practical applications of hydrogels. The homogeneous
distribution of isotropically extensible LM@PDA as well as the
multiple dynamic interactions within the hydrogel matrix
endowed our PSBMA-LM@PDA hydrogels with extraordinary
mechanical properties. The reinforcing mechanism of our
PSBMA-LM@PDA hydrogels is illustrated in Fig. S6, ESL{ The
LM@PDA served as a physical crosslinker in the PSBMA hydro-
gel matrix, forming multiple dynamic interactions. During
stretching, the firm interfacial interactions between LM@PDA
and PSBMA could facilitate the deformation and orientation of
the LMNPs, enhancing stress transfer and energy dissipation.

Mater. Horiz., 2023, 10, 3807-3820 | 3809
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Fig. 2 TEM image of LM@PDA with (a) core—shell structure and (b) corresponding elemental mapping by EDS. (c) Scanning electron microscope (SEM)
image of the surface section of the freeze-dried PSBMA-LM@PDA hydrogel. (d) Tensile stress—strain curves and (e) Young's modulus and toughness of
PSBMA-LM@PDA hydrogels with different LM@PDA contents. (f) Comparison of tensile stress and strain of PSBMA-LM@PDA hydrogels with previously
reported zwitterionic hydrogels. (g) EIS plots and (h) conductivity of PSBMA-LM@PDA hydrogels with different LM@PDA contents.

Tensile tests of pure PSBMA, PSBMA-PDA and PSBMA-LM@
PDA hydrogels with the same PDA content were carried out to
verify the reinforcement effect of LM@PDA. As shown in Fig. S7,
ESI,i the PSBMA-LM@PDA hydrogel exhibited optimum
mechanical properties. Specifically, the pure PSBMA hydrogel
exhibited a tensile strength of 0.10 MPa, a strain of 243%,
a Young’s modulus of 0.22 MPa, and a toughness of 0.17 MJ m~>.
After the introduction of PDA, the tensile strength, strain, Young’s
modulus and toughness of the PSBMA-PDA hydrogel were dra-
matically improved due to the formation of hydrogen bonding
and cation-n interactions within the hydrogel matrix. Further-
more, due to the synergistic effect of the deformability of LMNPs
and the multiple dynamic interactions, the PSBMA-LM@PDA
hydrogel exhibited the highest tensile strength of 0.86 MPa,
a strain of 1022%, a Young’s modulus of 1.84 MPa, and a
toughness of 7.04 MJ m™>, which were about 8.6, 4.2, 8.4, and
41.4 times those of the pure PSBMA hydrogel. Compared with
the PSBMA-PDA hydrogel, PSBMA-LM@PDA hydrogel exhibited
higher strength and ductility, demonstrating the important role
of LM@PDA in enhancing mechanical properties.

Different contents of LM@PDA were introduced to explore
the effect of LM@PDA content on the mechanical properties
of the hydrogels. As shown in Fig. 2d and e, with increasing

3810 | Mater. Horiz., 2023, 10, 3807-3820

LM@PDA contents from 1.8 to 9.0 wt%, both the tensile stress
and Young’s modulus increased monotonically from 0.4 MPa
to 1.3 MPa and from 0.5 MPa to 3.4 MPa, respectively. The
monotonic increase of mechanical strength and Young’s mod-
ulus of the PSBMA-LM@PDA hydrogels can be explained as
follows: LM@PDA can serve as a physical crosslinker within the
PSBMA hydrogel matrix to enhance stress transfer and energy
dissipation. Higher LM@PDA can increase the crosslinking
density through the hydrogen bonding, cation-n interactions
and coordination bonding between the Ga** PDA and PSBMA.
The tensile strain exhibited a declining trend, decreasing from
1555% to 556% with LM@PDA increasing from 1.8 to 9.0 wt%.
Due to the balanced stress and strain values, the toughness of
PSBMA-LM@PDA hydrogels was well maintained and a maxi-
mum toughness of 7.3 MJ m~® (PSBMA-LM@PDA-2) can be
achieved. Overall, our PSBMA-LM@PDA hydrogels exhibited
extraordinary mechanical properties with a tensile strength
up to 1.3 MPa, a strain up to 1555% and a toughness up to
7.3 MJ m 3, superior or comparable to those exhibited by most
zwitterionic hydrogels'>*”~*° (Fig. 2f and Table S1, ESIt).
Rheology tests were also carried out to investigate the
influence of LM@PDA content on the mechanical performance
of the PSBMA-LM@PDA hydrogels, and the results are shown in

This journal is © The Royal Society of Chemistry 2023
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Fig. S8, ESL.{. As expected, all the PSBMA-LM@PDA hydrogels
displayed a dominant elastic solid behavior, with the storage
modulus (G') obviously higher than the loss modulus (G”) over
the entire frequency range. The storage modulus was directly
related to the crosslinking density of the hydrogel.*® With the
increase of the LM@PDA content, the storage modulus of the
PSBMA-LM@PDA increased from ca. 30000 Pa to 400 000 Pa,
which was due to the positive relationship between LM@PDA
content and the crosslinking density. The loss tangent (tand =
G"/G") was further calculated to evaluate the elastic properties
of the hydrogels, where the gradually lower tand indicated a
tougher performance® (Fig. S9, ESIt).

Electrochemical impedance spectroscopy (EIS) was carried
out to evaluate the conductivity of PSBMA-LM@PDA hydrogels
with different LM@PDA contents. As shown in Fig. 2g, the
Nyquist plot of the pure PSBMA hydrogel exhibited a semi-
circular arc at higher frequencies and a spike at lower frequencies.
The semicircle in the high-frequency region represented the
charge-transfer impedance, which indicated the difficulty of
charge transfer at the electrode/electrolyte interface.’® The
calculated conductivity of the pure PSBMA hydrogel was
0.002 S m~'. With the incorporation of conductive LMNPs,
the conductivity of PSBMA-LM@PDA hydrogels dramatically
increased. As shown in the inset of Fig. 2g, all the Nyquist
plots of PSBMA-LM@PDA hydrogels with LM@PDA addition
showed a linear trend without the semicircle, indicating fast
electron transfer occurring at the electrode-hydrogel interface.
The intercepts of EIS plots on the Z’-axis represented the
impedance of the hydrogels. As the LM@PDA content increased,
the impedance of the PSBMA-LM@PDA hydrogels shifted to a
lower value, indicating the enhancement in conductivity. The
calculated conductivity of PSBMA-LM@PDA hydrogels with varied
LM@PDA contents is shown in Fig. 2h, exhibiting an increasing
trend from 0.002 to 0.45 S m™ ', which can be attributed to the
denser conductive network and the stronger quantum tunneling
effect.'® Considering the excellent mechanical properties and high
conductivity of the PSBMA-LM@PDA-5 hydrogel, it was chosen for
the following experiments, unless otherwise stated.

Self-adhesiveness is another exceptional property of our
PSBMA-LM®@PDA hydrogels. The PSBMA-LM@PDA-5 hydrogel
exhibited a universal and robust adhesion to a wide range of
substrates including glass, filter paper, aluminum (Al), copper
(Cu), nitrile rubber, and silicone rubber, as demonstrated in
Fig. 510, ESL.1 The adhesion strength of the hydrogel to diverse
substrates was evaluated via lap shear tests (Fig. 3a). The results
are displayed in Fig. 3b and c, with the strength values of
1318 kPa for Al, 717 kPa for glass, 554 kPa for Cu, 369 kPa for
filter paper, 249 kPa for nitrile rubber, and 40 kPa for silicone
rubber. As comparison, the adhesion strength of the pure
PSBMA hydrogel to Al was only 72 kPa, counting only 5.5% of that
for the PSBMA-LM®@PDA-5 hydrogel, as shown in Fig. S11, ESL

Such outstanding adhesive behaviors of the PSBMA-LM@
PDA-5 hydrogel can be attributed to the synergistic interactions
of SBMA and PDA with the substrates (Fig. 3d). The polar
zwitterion groups can provide plentiful active sites to form
noncovalent bonding, including hydrogen bonding, ion-dipole
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interaction, and electrostatic attraction to various substrates.*">!
For example, the sulfonic acid groups on PSBMA chains can
form hydrogen bonding with filter paper, glass, silicone rubber,
and human skin and ion-dipole interaction with nitrile rubber;
the quaternary ammonium groups on SBMA can form electro-
static attraction with glass. Besides, the functional groups of
PDA can interact with diverse substrates through multiple
covalent/noncovalent bond interactions such as hydrogen
bonding, coordination complex, hydrophobic interaction, and
n-n stacking.’>® For instance, the catechol groups on PDA can
interact with glass via hydrogen bonding and form coordination
bonds with various metal ions, and the aromatic rings on PDA
can interact with polystyrene via hydrophobic interaction and
n—n stacking.

Specifically, upon contact with human skin, the zwitterionic
groups on the PSBMA chains can form dipole-dipole inter-
action with the -COOH and -NH, on the tissue surface, while
PDA can interact with the tissue surface via hydrogen bonding,
Schiff base reaction, or Michael addition.'® The synergistic
effect of SBMA and PDA enabled a robust adhesion to human
skin (Fig. S10, ESIf), avoiding the interfacial debonding
between the PSBMA-LM@PDA-5 hydrogel and human skin even
under intensive body movements, which was favorable in
collecting stable and precise signals of the human movements
for flexible sensors.

PSBMA-LM@PDA hydrogels also displayed outstanding self-
healing properties, thanks to the presence of multiple non-
covalent interactions such as hydrogen bonding, dipole-dipole
interactions, cation-n interactions, and coordination bonding.
The macroscopic self-healing properties of the PSBMA-
LM®@PDA-5 hydrogel are demonstrated in Fig. S12, ESI.+ When
two fractured PSBMA-LM@PDA-5 hydrogel segments were in
contact, they could autonomously merge and heal into an
integral bulk within seconds. The healed hydrogel could main-
tain integrity even under stretching. The self-healing efficiency
of the PSBMA-LM@PDA-5 hydrogel was measured via tensile
tests. As shown in Fig. 3e, after self-healing at room tempera-
ture for 12 h, the healed hydrogel could be stretched to 500%
with a high self-healing efficiency of 90%. Compared to the
original sample, the healed hydrogel showed a lower elongation
at break, which can be attributed to the breakage of the non-
reversible chemical association in the polymer matrix. Micro-
scopic self-healing properties of the PSBMA-LM@PDA-5 hydro-
gel were further observed, as shown in Fig. S13, ESI.{ The crack
almost disappeared after 12 h. In contrast, the pure PSBMA
hydrogel failed to heal even under a long-term incubation
(24 h), as illustrated in Fig. S14, ESL¥

Fig. 3f shows the real-time resistance changes during the
successive cutting and contacting of the PSBMA-LM@PDA-5
hydrogel. When the PSBMA-LM@PDA-5 hydrogel was cut
into two parts, the resistance increased instantaneously and
recovered to the initial value along with an autonomous healing
process. The electrically self-healing properties could be
ascribed to the reconstruction of the conductive pathways
among neighbouring LM@PDA in the PSBMA-LM@PDA-5
hydrogel network.
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Fig. 3

(a) Schematic illustration of the lap shear test. (b) Lap shear curves of the PSBMA-LM@PDA-5 hydrogel adhered on Al, glass, Cu, filter paper, nitrile

rubber, and silicone rubber. (c) Shear strength of the PSBMA-LM@PDA-5 hydrogel adhered to the above substrates. (d) Schematic adhesion mechanisms
of the PSBMA-LM@PDA-5 hydrogel. (e) Stress—strain curves of the original hydrogel and the healed hydrogel after healing for 12 h. (f) Electrical self-
healing properties of the PSBMA-LM@PDA-5 hydrogel. (g) Viscosity of PSBMA-LM@PDA-5 measured as a function of the shear rate; inset: printing

patterns of the injectable PSBMA-LM@PDA-5 hydrogel through a syringe.

In addition, due to the physical crosslinking of the hydrogel
network, the PSBMA-LM@PDA-5 hydrogel also possessed shear
thinning properties, which was favorable for the injectability
and 3D printability of the hydrogel. As shown in Fig. 3g, the
viscosity of the PSBMA-LM@PDA-5 hydrogel dramatically
declined from 106540 to 1699 Pa s as the shear rate increased
from 0.1 to 100 s~ ', indicating the shear-thinning behavior.
Such behavior allowed the direct formation of our hydrogels in
specific shapes and sizes. Therefore, the PSBMA-LM@PDA-5
hydrogel could be easily injected by using a syringe to write the
letters “HIT”. This was beneficial for the green, rapid, and
economical development of large-scale material fabrication.

Our PSBMA-LM®@PDA-5 hydrogel also exhibited excellent
degradability, as shown in Fig. S15, ESL;f the PSBMA-LM@
PDA-5 hydrogel exhibited excessive swelling and was largely
degraded within 60 min. This can be explained as follows: the
abundant hydrophilic groups of PDA and PSBMA, including
hydroxyl groups, catechol groups, sulfonic acid groups and qua-
ternary ammonium groups, endowed the PSBMA-LM@PDA-5

3812 | Mater. Horiz., 2023, 10, 3807-3820

hydrogel with excessive water absorption capacity. Meanwhile,
the porous structure of the hydrogels could provide more loca-
tions for free water to penetrate. When the PSBMA-LM@PDA-5
hydrogel was placed in water, the water molecule could quickly
combine with PDA and PSBMA, resulting in the swelling of the
hydrogels. With the swelling, the dynamic bonds in the fully
physically crosslinked PSBMA-LM@PDA-5 hydrogel could be
easily broken, leading to the collapse of the hydrogel structure
and making the hydrogel easily degradable.

Benefiting from the excellent mechanical properties and
high conductivity, our PSBMA-LM@PDA-5 hydrogel-based sen-
sors exhibited sensitive responses to multiple physical stimuli,
including tensile strain, pressure, and temperature. Since the
capacitive devices have high sensitivity and no inherent tem-
perature sensitivity,>® a capacitive strain/pressure sensor
composed of a dielectric layer sandwiched by two PSBMA-
LM®@PDA-5 hydrogel layers was assembled, as illustrated in
the insets of Fig. 4a and d. The relationship between the
deformation and capacitance in a parallel-plate capacitor is

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Relative capacitance changes of the PSBMA-LM@PDA-5 hydrogel-based strain sensor (a) as a function of strain, (b) under small strains (1%, 2%, 3%
and 5%), and (c) under large strains (100%, 200%, 300% and 400%). (d) Long-term stability of the PSBMA-LM@PDA-5 hydrogel-based strain sensor under
3500 cycles of 100% strain; insets: magnified curves of the initial and final 10 cycles. Relative capacitance changes of the PSBMA-LM@PDA-5 hydrogel-
based pressure sensor (e) as a function of pressure, (f) under small pressures (0.5 kPa, 1 kPa, 2 kPa and 5 kPa), and (g) under large pressures (10 kPa, 50 kPa,
100 kPa and 200 kPa). (h) Long-term stability of the PSBMA-LM@PDA-5 hydrogel-based pressure sensor under 4500 cycles of 100 kPa pressure; insets:
magnified curves of the initial and final 10 cycles. Relative current changes of the PSBMA-LM@PDA-5 hydrogel-based temperature sensor (i) as a function
of temperature from 20 to 80 °C and (j) under temperature cycling between 40 and 45 °C. (k) Comparison of performance parameters with various

temperature sensors reported in the literature.

shown as follows: C = where C is the capacitance, ¢ is the

&S
dnkd’
dielectric constant of the dielectric layer, S is the effective area
of the conductive layer, & is the electrostatic constant, and d is
the thickness of the dielectric layer. When strain/pressure
external stimuli are applied to the capacitor, the expanded
working area and decreased thickness in the capacitor would
lead to an increase in capacitance, thus allowing for diverse
detection of strain/pressure-induced deformation. Fig. 4a
shows that the relative capacitance change (AC/C,) of our
PSBMA-LM@PDA-5 hydrogel-based capacitor increased mono-
tonously with an increase in strain. The calculated gauge factor

This journal is © The Royal Society of Chemistry 2023

(defined as 3(AC/Cy)/0)strain) Was 0.07 (R*> > 0.95) in the low-
strain regime (0-100%), 0.34 (R*> > 0.99) in the middle-strain
regime (100-200%), and 0.83 (R> > 0.99) in the high-strain
regime (200-500%). Obviously, the as-prepared PSBMA-
LM@PDA-5 hydrogel-based strain sensor possessed a wide
strain sensing range with high sensitivity. In addition to the
merit of sensitivity, the reversibility and long-term stability of
the hydrogel-based strain sensor are also of great importance
for practical applications. Fig. 4b and c display the discriminate
strain sensing of the PSBMA-LM@PDA-5 hydrogel-based strain
sensor in the small strain range of 1-5% and the large strain
range of 100-400%, respectively. It can be seen that the relative
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capacitance change under stepped cyclic stretched strain
almost completely recovered to the initial value, indicating
excellent strain-sensing reversibility. Fig. 4d shows that the
PSBMA-LM@PDA-5 hydrogel-based strain sensor could work
stably for 20000 s (3500 cycles) at a fixed strain of 100%,
demonstrating excellent long-term stability.

In addition to the responses to tensile strain, the PSBMA-
LM®@PDA-5 hydrogel-based capacitor also displayed a high
pressure sensitivity. As displayed in Fig. 4e, the PSBMA-LM@PDA-
5 hydrogel-based pressure sensor presented a wide sensing range
from a low limit of detection of 0.5 kPa to a high pressure of
200 kPa, and its pressure sensitivity, defined as J(AC/C,)/dp,
was calculated to be 0.6 kPa™" (from 0 to 10 kPa), 0.07 kPa™"
(from 10 to 100 kPa) and 0.03 kPa~* (from 100 to 200 kPa). The
pressure sensor could also fully recover to the initial state under
both low (0.5 kPa, Fig. 4f) and high (200 kPa, Fig. 4g) pressing
releasing. Notably, this pressure sensor also exhibited outstanding
stability and reliability over 4500 consecutive pressing-releasing
cycles upon a cycle pressure of 100 kPa, as shown in Fig. 4h.

Furthermore, we found that the PSBMA-LM@PDA-5 hydro-
gel possessed stimuli-responsive resistance that was highly
temperature-sensitive. Temperature can influence the concen-
tration of charge carriers as well as the migrating rate of both
electrons and ions within the hydrogel matrix, thus altering the
conductivity. At elevated temperatures, the Ga®" ions may
dissociate due to the weakened interaction between Ga*" ions
and the catechol groups on the PDA layer, resulting in
an increased concentration of charge carriers.>® Also, higher
temperatures boost the ion migration facilitation from the
zwitterionic groups on PSBMA chains.’® Therefore, rising tem-
peratures enhanced the migrating rate of both electrons and
Ga*"ions, i.e., improved conductivity in our PSBMA-LM@PDA-5
hydrogel. Then we designed a resistance-based temperature
sensor based on the temperature responsivity of the PSBMA-
LM@PDA-5 hydrogel, as illustrated in the inset of Fig. 4i. The
thermal response of the temperature sensor was monitored
during the heating process. As expected, the relative current
changes increased with the increasing temperature and exhib-
ited a high-sensitivity TCR (defined as 6(AI/l,)/dt) of 0.15 °C™"
under temperatures of 20-60 °C~" and 0.05 °C™' under tem-
peratures of 60-80 °C™'. Significantly, the TCR value of the
PSBMA-LM@PDA-5 hydrogel-based temperature sensor exceeded
that of many temperature sensors, which adopted other reported
thermosensitive materials,”*”””** as shown in Fig. 4k and Table
S2, ESL Fig. 4j shows the relative current changes of the tempera-
ture sensor when the temperature was cyclically switched between
40 and 45 °C for five cycles. A nearly constant response was
obtained, indicating good repeatability and stability of our tem-
perature sensor.

Due to the exceptional mechanical properties, satisfactory
conductivity, outstanding sensing sensitivity, and signal stabi-
lity of the PSBMA-LM®@PDA-5 hydrogel, the hydrogel-based
capacitor was harnessed as a wearable sensor to detect diverse
physiological activities of the human body. The sensor was
attached onto the finger joint to monitor the finger movements.
As shown in Fig. 5a, when the bending angle of the finger
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changed from 0° to 30°, 60°, and 90°, the hydrogel-based sensor
could rapidly and accurately respond to the bending angles via
relative capacitance change in real time. When the finger was
straightened, the relative capacitance of the sensor was able to
fully recover to its pristine state. The cyclic bending of the
finger, wrist, and elbow could also be accurately monitored
as shown in Fig. 5b—d. Besides the large mechanical deforma-
tions, the capacitance waveforms can distinguish subtle move-
ments such as swallowing and speaking, thanks to the low
detection limit and high sensitivity of our hydrogel-based
sensor. As shown in Fig. 5e-h, the hydrogel sensor fixed on
the throat exhibited distinct and repeatable relative capaci-
tance signals during the swallowing and speaking of words
such as “Liquid”, “Metal”, and “Hydrogel”, respectively.
All the above results suggested that our PSBMA-LM@PDA-5
hydrogel possessed great prospects and potential as a flexible
wearable sensor for human motion monitoring and speech
recognition.

Another appealing feature of our PSBMA-LM@PDA hydro-
gels was the excellent photothermal conversion performance,
which can be ascribed to the combination of the surface
plasmons and the lattice vibration of LM@PDA. As shown in
Fig. 6a, when the wavelength of the incident light is longer than
the dimension of the interacting LMNPs, localized surface
plasmon resonance (LSPR) will occur as a result of the inter-
action between the surface electrons and the incident light.
At the resonant frequency, the incident light can be absorbed
and converted into heat.>**> Additionally, PDA can also contribute
to the photothermal conversion through lattice vibration as a
result of abundant conjugated m bonds. Under incident light
illumination, the loosely bonded electrons in PDA can be excited
from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO). Then, with the electron
relaxation from the LUMO to the HOMO, energy can be transferred
from the excited electrons to vibrational modes within the atomic
lattices, resulting in heat release.®®

To deeply understand the photothermal conversion perfor-
mance of LM@PDA, the IR images of PSBMA-LM®@PDA hydro-
gels with different LM@PDA contents were recorded using an
infrared camera under near-infrared NIR irradiation. As illu-
strated in Fig. 6b and c, the surface temperature of the PSBMA-
LM®@PDA hydrogels rose faster and higher with the increment
in LM@PDA content. Notably, the temperature increase of the
PSBMA-LM@PDA-5 hydrogel was 33.1 °C within 2 min of
irradiation, which was significantly higher than that of the
pure PSBMA hydrogel (16.7 °C), demonstrating the excellent
photothermal conversion properties of LM@PDA. Importantly,
the PSBMA-LM@PDA-5 hydrogel also demonstrated outstand-
ing photothermal stability under six on/off cycles of NIR
irradiation, as shown in Fig. 6d. All these results demonstrated
that LM@PDA could effectively and repeatedly convert the
absorbed light into thermal energy. Then UV-vis-NIR spectra
were recorded to investigate the light absorption ability of
LM®@PDA. As shown in Fig. 6e, the PSBMA-LM@PDA-5 hydro-
gel exhibited a high light absorption (ca. 95%) over the entire
300-2500 nm wavelength range, remarkably higher than that of

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Real-time monitoring of human motions and subtle movements

by the PSBMA-LM@PDA-5 hydrogel-based capacitor: (a) finger bending at

different angles, (b) cyclic finger bending, (c) cyclic wrist bending (d) cyclic elbow bending, and (e) swallowing and speaking; (f) ‘Liquid’, (g) ‘Metal’ and

(h) 'Hydrogel'.

the pure PSBMA hydrogel, which can be evidently attributed to
the presence of LM@PDA with desirable light-absorbing ability.

With the combined advantages of robust broadband light
absorption, excellent photothermal conversion performance
and strong water transportation abilities, the PSBMA-LM@PDA
hydrogels possess tremendous potential in solar-driven evapora-
tion. As illustrated in Fig. 7a, the PSBMA-LM@PDA hydrogel-
based interfacial evaporator was composed of three structural
components: the photothermal hydrogel to convert the absorbed
light into thermal energy for vapor generation, the air-laid paper
to transfer water to the hydrogel, and the polystyrene (PS) foam
with a water supply hole in the center to localize the hydrogel
surface at the air/water interface as well as inhibit the heat loss to
bulk water.

To verify the solar-driven evaporation performance, the
water mass change due to evaporation under 1 sun irradiation
(1.0 kW m~?) using the PSBMA-LM@PDA hydrogel-based eva-
porators was tracked. Control experiments with pure water
were carried out for comparison purposes. The evaporation
rates were calculated from the slope of water mass change
curves. As shown in Fig. 7b, the water evaporation rates of

This journal is © The Royal Society of Chemistry 2023

PSBMA-LM®@PDA hydrogels were much faster than that of
pure water. After 60 min illumination, the water evaporation
rate of the PSBMA-LM@PDA-5 hydrogel (2.54 kg m~> h™') was
much higher than those of the PSBMA-LM@PDA-3 hydrogel
(218 kg m™> h™"), the PSBMA-LM@PDA-1 hydrogel
(1.72 kg m~> h™"), the pure PSBMA hydrogel (1.40 kgm > h™"),
and pure water (0.32 kg m~> h™") on account of the excellent
light absorption ability of LM@PDA.

The solar energy conversion efficiency (1) was used to
evaluate the overall solar-to-vapor efficiency, which can be
Eequ

0
the net evaporation rate that subtracts the evaporation rate

under dark evaporation conditions and P, is the solar irradia-
tion power (1 kW m™?). Eqy refers to the equivalent evaporation
enthalpy of water in the hydrogel, which can be calculated by
mass change under dark evaporation conditions assuming the
unchanged power input (Ujp): Uin = Eequin = Eomy, Where my, is
the mass change of the hydrogel under dark evaporation
conditions and E, and m, correspond to the evaporation
enthalpy and mass change of pure water under the same

calculated by the following equation: n = m , where m is
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Fig. 6 (a) Photothermal effect and photothermal conversion mechanism of PSBMA-LM@PDA hydrogels. (b) Corresponding thermal imaging of PSBMA-
LM@PDA-0, PSBMA-LM@PDA-1, PSBMA-LM@PDA-3, and PSBMA-LM@PDA-5 hydrogels recorded using an IR camera. (c) The temperature change
curves versus time of PSBMA-LM@PDA-0, PSBMA-LM@PDA-1, PSBMA-LM@PDA-3, and PSBMA-LM@PDA-5 hydrogels during on—off cycling under NIR
irradiation. (d) Cycling stable performance of the PSBMA-LM@PDA-5 hydrogel during six cycles of heating and cooling under NIR irradiation. (e) UV-vis-
NIR spectra of PSBMA-LM@PDA-0 and PSBMA-LM@PDA-5 hydrogels.
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Fig. 7 (a) Schematic illustration of the PSBMA-LM@PDA hydrogel-based interfacial evaporator. (b) Mass change of bulk water and PSBMA-LM@PDA-0,
PSBMA-LM@PDA-1, PSBMA-LM@PDA-3, and PSBMA-LM@PDA-5 hydrogels under 1 sun. (c) Water evaporation rate and energy efficiency of bulk water
and PSBMA-LM@PDA-0, PSBMA-LM@PDA-1, PSBMA-LM@PDA-3, and PSBMA-LM@PDA-5 hydrogels under 1 sun. (d) Schematic illustration of solar-
driven clear water collection. (e) lon concentration of simulated seawater before and after evaporation. (f) UV-vis spectra and photographs of RhB
solution and MB solution before and after evaporation.

conditions.®”*® As shown in Fig. S16, ESI,f the enthalpy of of bulk water (2450 J g~ '), suggesting the effective reduction in
water evaporation in PSBMA-LM@PDA hydrogels (1278 J g~ ' for  water vaporization energy. The energy efficiency of the PSBMA-
the PSBMA-LM@PDA-5 hydrogel) was much smaller than that LM@PDA-5 hydrogel was calculated to be 90.3% under 1 sun
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illumination, which was 4.2 times that of pure water (21.7%)
(Fig. 7c). Our PSBMA-LM®@PDA-5 hydrogel-based evaporator
achieved a considerable evaporation rate with a highly efficient
energy utilization compared with the recently reported materials,
including hydrogels,**”° coatings,”"”> photothermal aerogels,”*”"
and biomass carbonizations”®’” (Table S3, ESIY).

The practical applications of the PSBMA-LM@PDA-5 hydro-
gel for solar desalination and water treatment were further
explored. As a proof-of-concept demonstration, a custom-
designed solar water evaporation collection device was used
to collect the condensed water from seawater and contami-
nated water. As illustrated in Fig. 7d, the PSBMA-LM@PDA-5
hydrogel-based evaporator was placed in a glass container with
an inclined surface to absorb light and generate water vapor.
Then the generated water vapor condensed into droplets on
the inner surface, which further flowed along the wall and was
collected at the condenser bottom.

To demonstrate the solar desalination capability of the
PSBMA-LM@PDA-5 hydrogel, natural seawater (Yellow Sea,
China) was used as the water source. As shown in Fig. 7e, after
desalination by our solar water evaporation system, the Na',
Mg>*, K, and Ca>* concentrations characterized by inductively
coupled plasma mass spectroscopy (ICP-MS) were significantly
reduced by two to three orders of magnitude, which met the
drinking water standard of the World Health Organization
(WHO). In addition, rhodamine B (RhB) and methylene blue
(MB) aqueous solutions were selected to verify the wastewater
treatment behavior of our solar water evaporation system.
As presented in Fig. 7f, the collected condensed water turned
colorless and transparent after purification. According to UV-
vis absorption characterization, the characteristic absorption
peaks of both RhB and MB solutions disappeared, and the
purification efficiency in the purified collected water reached
100%, which could be ascribed to the combined adsorption
mechanism of PDA on dye molecules via chelation and hydro-
gen bonding and the distillation mechanism. The PSBMA-
LM®@PDA-5 hydrogel-based evaporator demonstrated potential
application in wastewater treatment.

Finally, to demonstrate the advantages of our PSBMA-LM@PDA
hydrogels in next-generation hydrogel devices, we compared our
PSBMA-LM@PDA-5 hydrogel with previously reported representa-
tive hydrogels in terms of tensile strength, self-adhesion, self-
healing, strain sensing, pressure sensing, temperature sensing,
photothermal, and solar evaporation performance, substantiating
that our PSBMA-LM@PDA-5 hydrogel exhibited overwhelmingly
comprehensive features over other counterparts®!923:2%78787
(Table S4, ESIY).

Conclusions

In summary, a class of high-performance and multifunctional
zwitterionic hydrogels were successfully prepared, where
LM®@PDA with a stable core-shell structure was proposed as
multifunctional fillers to impart the hydrogels with ultrahigh
robustness, high conductivity, versatile adhesion, autonomous

This journal is © The Royal Society of Chemistry 2023
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self-healing, remarkable photothermal conversion, multi-sensory
capacities and solar-driven evaporation performance. These
preferable properties enabled PSBMA-LM@PDA hydrogels as
wearable sensors for human motion monitoring and speech
recognition and also as evaporators for solar desalination and
wastewater purification. We believe this work would provide
novel insights into developing all-round zwitterionic hydrogels
and broaden their applications from flexible electronics to solar
energy utilization and water purification.

Experimental section

Materials

Liquid metal EGaln (gallium 75 wt% and indium 25 wt%) was
purchased from Shenyang Jiabei Trading Co. Ltd (Shenyang,
China). [2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl) ammo-
nium hydroxide (SBMA), dopamine hydrochloride, tris(hydroxy-
methyl)Jaminomethane (Tris), ammonium persulfate (APS),
rhodamine B, and methylene blue were purchased from Alad-
din (Shanghai, China). VHB 4910 tape (1 mm thickness) was
obtained from 3M Corporation.

Preparation of LM@PDA

Bulk EGaln (0.75 g) was added into 15 mL dopamine hydro-
chloride solution (10 mg mL™"). The mixture was sonicated
using a probe ultrasonicator (TL-250Y, Jiangsu Tianling) for
40 min in an ice-water bath. After sonication, 0.18 g of Tris was
added into the solution to trigger the self-polymerization of
dopamine. The spontaneous oxidation and self-polymerization
process was performed at room temperature for 4 h with
constant stirring. The resultant suspension was further diluted
to different LM@PDA nanoparticle concentrations of 0.5, 1.0,
1.5, 2.0 and 2.5 wt% for the subsequent preparation of
hydrogels.

Preparation of PSBMA-LM@PDA hydrogels

2.8 g of SBMA and 0.02 g APS were added into LM@PDA
suspensions (10 g, with different LM@PDA concentrations of
0.5, 1.0, 1.5, 2.0 and 2.5 wt%) with stirring for 2 h. The resulting
hydrogel precursors were transferred into silicone molds and
subsequently incubated at 70 °C for 2 h of polymerization.
Based on this method, hydrogels with 0, 1.8, 3.6, 5.4, 7.2, and
9.0 wt% of LM@PDA relative to SBMA content were prepared
and denoted as PSBMA-LM@PDA-0, PSBMA-LM@PDA-1, PSBMA-
LM@PDA-2, PSBMA-LM@PDA-3, PSBMA-LM@PDA-4, and
PSBMA-LM@PDA-5, respectively, and also referred to simply
as LM@PDA-0, LM@PDA-1, LM@PDA-2, LM@PDA-3, LM@
PDA-4, LM@PDA-5.

Mechanical tests

Mechanical properties of the hydrogel samples (20 mm in
length, 10 mm in width, and 2 mm in thickness) were measured
using a tensile testing machine (Mark-10, ESM301 system, USA)
at a speed of 50 mm min~". The Young’s modulus was calculated
from the slope of the initial linear region of the stress-strain
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curves (5-20% strain). Lap shear tests were performed to evalu-
ate the adhesive strength of the hydrogels through the universal
testing machine at a speed of 50 mm min . The hydrogels were
applied between two substrates with a sandwiched bonding area
of 20 mm x 10 mm. The adhesion strength was calculated by
dividing the maximum force by the adhesion area. Shear thin-
ning test was performed using a rotary rheometer (Anton Paar
MCR301, Austria) to characterize the injectability of hydrogels;
the viscosity of hydrogels was monitored at different shear rates
from 0.1 to 100 s ' at a fixed strain of 1%. A Mark-10 machine
was also used in strain and pressure performance evaluations.

Electrical tests

The electrochemical impedance spectroscopy of the hydrogels was
performed using an electrochemical workstation (CHI600E, China)
in the frequency range of 0.01 to 105 Hz with an open circuit
voltage of 5 mV. The realtime capacitance of the strain and
pressure sensors was recorded using a capacitance meter (LCR,
Agilent E4980A, USA). The real-time resistance of the temperature
sensor was measured using a digital sourcemeter (Keithley 2450),
equipped with a hot plate with a controllable temperature to
perform temperature measurements. The consent of all partici-
pants involved in the sensor experiments has been obtained.

Solar evaporation performance

The solar evaporation performance of the hydrogels was mea-
sured using a solar simulator (Newport Oriel Sol3A, USA) out-
putting the simulated solar flux at 1000 W m > (1 sun).

Characterization

The morphologies of the LM@PDA were obtained by TEM (JEM-
3200FS, JEOL, Japan) equipped with EDS mapping. The morpho-
logies of the freeze-dried PSBMA-LM@PDA hydrogels were
obtained by SEM (Zeiss Supra 55, Germany) equipped with EDS.
The microscopic self-healing process was observed on an optical
microscope (Leica DM2500, Germany). The size distribution of the
LM@®@PDA was characterized by dynamic light scattering (Zetasizer
Nano ZS, Malvern instruments). The chemical structure was ana-
lyzed by FTIR (Nicolet is5, USA). The UV-vis-NIR spectra of the
hydrogel samples were recorded using a spectrophotometer
(Lambda 950, PerkinElmer) in the range of 300-2500 nm, and
the absorbance (A) was calculated according to the formulaA=1 —
T — R, where T and R are the transmittance and reflectance of the
as-prepared hydrogels, respectively. An infrared camera (FLIR/
T630sc, USA) was used to capture the digital photos. The concen-
trations of salt ions were tracked by ICP (MDTC-EQ-M29-01, USA).
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