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1 | INTRODUCTION

Over more than a billion years of natural evolution,
living systems have developed various highly adapt-
able biological materials to respond to environmental
changes, motivating scientists to design nature-
inspired materials.""~* The research on the growth
process and structure of biomaterials has led to a new
research direction, “bioprocess-inspired fabrica-
tion,” which guides the preparation of excellent
multifunctional materials under mild environmental
conditions.""”! One notable example in nature is
mussels that can adhere tightly to foreign surfaces in
seawater by secreting adhesive proteins.!®! This
observation stimulated work on bioinspired hydrogels
that manifest unparalleled and unique advantages.
Bioinspired hydrogels have been widely investigated
in drug release, antimicrobial wound dressings, tissue
engineering, and adhesives owing to their high
specific surface area, inherent wettability and soft-
ness, and excellent biocompatibility.!'***! However,
the preparation and processing procedure for these
hydrogels are usually complicated, making them
difficult to customize in complex patterns and thus
hindering their practical applications.!'>!®! Recently,
the rapid development of additive manufacturing has
made it an important state-of-the-art technology for
functional material preparation. In particular, addi-
tive manufacturing technology based on extrusion
three-dimensional (3D) printing has proved to be a
very effective preparation technology for hydrogel
materials, which has been widely applied in the fields
of wearable smart devices, soft robots, and artificial
organs.!'71°]

Hydrogel materials used for 3D printing usually need
to meet some specific rheological properties, that is, an
obvious shear-thinning behavior, storage (G’) and loss
(G'") modulus superior to 1000 Pa, and the G’ greater than
G"' in the low shear rate region, in addition to dynamic
yield stress (z,) greater than 100 Pa.l*”! Cellulose nanofi-
bers (CNFs) are composed of a well-ordered, highly
crystalline, arrangement of cellulose, the most abundant
renewable natural polymers on earth. CNFs are widely
known as rheology modifiers, which allow obtaining
shear-thinning gels from Newtonian liquids because of
their high strength, large aspect ratio, and abundant
surface functional groups.?"??!  However, multiple
technologies symbolizing current scientific advances, such
as biointegrated electronics, water desalination, and
biodegradable plastics, require materials combining sev-
eral essential properties.>"**! Moreover, bioinspired and
adaptable hydrogels are highly desired to respond to
external stimuli, such as pressure, temperature, light,
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electromagnetic fields, and pH.BO’m Therefore, the
introduction of functional nanomaterials is very important
for the preparation of multifunctional intelligent hydro-
gels. Recently, the emerging Ti;C,T, MXenes, 2D transi-
tion metal carbide, nitride, and carbonitride confer out-
standing electromagnetic interference (EMI) shielding
properties.*® Additionally, their large specific surface
area and abundant surface functional groups (—OH, —F,
—O, etc.) combined with their high electrical conductivity
distinguish them as excellent candidates to enhance the
mechanical and electrical properties of multifunctional
hydrogels.!**37)

Herein, a multifunctional and highly adaptable Ca-
PAA-CNF-MXene hydrogel inspired by mussel secretions
was developed through a facile preparation process. This
hydrogel was designed by incorporating MXene nanosheets
into a 3D network of chelates formed by polyacrylic acid
(PAA) and CNF with calcium ions (Ca®*) under alkaline
conditions. The whole preparation was performed in
ambient conditions without the need for specialized
processing. Owing to the abundant carboxyl groups on
the PAA chains,”®® carboxyl and hydroxyl groups on the
CNF chains,*®! and various functional groups on the
MXene surface,*®! the Ca-PAA-CNF-MXene composite
hydrogel was formed by physical and chemical cross-
linking, possessing many hydrogen, ionic, and covalent
bonds, thus exhibiting excellent stretchability, plasticity,
adhesion, 3D printability, self-healing, biocompatibility,
and electrical conductivity. Moreover, when the printed
hydrogel was encapsulated in a stretchable dielectric tape, a
multifunctional sensor could be obtained to sensitively
respond to external stimuli, displaying a relative resistance
change. This multifunctional sensor could be implemented
concurrently as a strain sensor, a voice sensor, a signature
sensor, and a Morse code transmitter. Moreover, the
moderate integration of water molecules, polymer matrices,
and MXene within the porous structure in this hydrogel
yields EMI shielding functionality. Consequently, this
multifunctional hydrogel is promising for facilitating the
development and application of bioinspired materials in the
field of flexible, intelligent devices.

2 | EXPERIMENTAL SECTION

2.1 | Materials

PAA solution (average M, ~250000, 35wt% in H,0),
lithium fluoride (LiF), and hydrochloric acid (HCI, 37%)
were purchased from Sigma-Aldrich Trading Co., Ltd.
Calcium chloride anhydrous (CaCl,), sodium dodecyl-
benzene sulfonate (SDBS), and sodium hydroxide
(NaOH) were supplied by Sinopharm Chemical Reagent

85U8017 SUOWILLIOD @A 18810 3ded!jdde ayy Aq peusenob ae ss ol YO ‘8sh Joss|n. 10} Ariq1]8UIIUO A1 UO (SUONIPUOD-PUB-SUWLBIW0 A8 |IMAleIq 1 BUI|UO//SANL) SUORIPUOD PUe SWie | 8U1 88S *[2202/TT/20] Uo AkeiqiTauluo Ae|Im ‘[eseq Xeyiol|qiasiesseAIuN AQ 9Z02T ZWP!/Z00T OT/I0p/L0o" A8 1M Ake.q1jpulUo//:Sdny Wo. pepeoiumod ‘v ‘2202 ‘XTi29.2



‘WEI ET AL.

Co., Ltd. Ti3AIC, MAX was provided by Laizhou Kai Kai
Ceramic Materials Co., Ltd., China. Carboxylated CNFs
were purchased from Guilin Qihong Technology Co.,
Ltd. VHB tape was provided by 3M China Co., Ltd. The
used ultrapure water was prepared by the Millipore
system (18.2 MQ cm).

Fabrication of MXene nanomaterials. Briefly put, LiF
(1 g) was added to a 20 ml HCI solution (9 M) and gently
stirred until the LiF dissolved entirely, forming a clear
mixed solution. Then, while vigorously stirring, TizAlC,
MAX (1 g) was slowly and carefully added to the mixture.
After 24 h of etching at room temperature, the mixture
was centrifuged for 5 min at 4000 rpm. After pouring the
supernatant, the precipitate was redispersed with 40 ml
deionized water. This centrifugation-redispersion proce-
dure was repeated at least five times more until the
suspension reached a pH value greater than 6. Subse-
quently, the precipitate was redispersed and vigorously
shaken for 30 min. Finally, the dispersion was centri-
fuged at 5000 rpm for 30 min, and the final suspension
was collected to get the delaminated Ti;C,T, MXene.

Preparation of Ca-PAA-CNF-MXene hydrogels. Ca-
PAA-CNF-MXene hydrogels were produced by optimiz-
ing previously described techniques.****! A total of
50 ml mixture A of NaOH (0.1 M) and CNF (0.02 g) was
gradually added to another 50 ml mixture B of CaCl,
(0.2M) and PAA (0.2M) containing MXene in various
concentrations and SDBS (0.05g). As mixture A was
added dropwise, a black sticky hydrogel gradually
formed in the beaker. Stirring continued for an extra
1h to separate the black hydrogel from the clarifying
solution. The suspension was then poured out and the
black hydrogel was rinsed with deionized water, followed
by a repetition of the cleaning procedure until the
suspension became clear. Finally, the black product Ca-
PAA-CNF-MXene hydrogel was obtained.

Fabrication of Ca-PAA-CNF-MXene strain sensor. First,
two copper wires were attached to a stretchable dielectric
layer (Very high bond [VHB] 4905) at specific positions.
Then, an extrusion-based bio-3D printer was used to print
Ca-PAA-CNF-MXene hydrogel into a grid pattern on VHB
with copper wires. It is worth noting here that the hydrogel
to be printed needs to be covered on copper wires. Finally,
another layer of VHB of the same size was encapsulated to
form a sandwich structure device.

2.2 | Mechanical tests

The rheological behavior of Ca-PAA, Ca-PAA-MXene,
Ca-PAA-CNF, and Ca-PAA-CNF-MXene was investi-
gated by a Thermo HAAKE MARS 60 machine using a
20 mm parallel plate. Dynamic frequency sweep was
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measured from 0.1 to 10 Hz at 25°C in the oscillation
mode with a fixed oscillatory strain of 0.2%. The linear
variation of the shear rate was assessed from 0.1 to
100 Hz at 25°C using a rotational mode. The recovery
of the mechanical properties was performed under a
continuous strain sweep with alternating small
oscillation force (1% strain for 60s) and a large force
(500% strain for 40 s) with a fixed frequency of 10 Hz
at 25°C.

2.3 | Conductivity measurements

The resistance values were measured with an Inductance,
Capacitance and Resistance (LCR) meter (TH2830). The
resistivity was calculated using the resistance by the
following formula: p =RS/L, where R is the resistance of
the sample, and S and L represent the cross-sectional area
and length of the sample, respectively. Therefore, the
conductivity (o) could be calculated through o= 1/p.

Cell culture and cytotoxicity assay. RAW 264.7 cells
were purchased from iCell Bioscience Inc., collected and
counted following resuscitation. In a 12-well plate,
the cell suspension concentration was increased to
2x10* cells/well. For 12h, the cells were cultured at
5% CO, and 37°C to ensure adhesion to the wall.
Following 30 min of UV sterilization, the Ca-PAA-CNF-
MZXene hydrogels were clamped into the orifice plate and
cultivated for an additional 72 h. The original medium
was then removed and added to a 500ul 10% Cell
Counting Kit-8 medium for a further 2h of culture.
Finally, the cell survival rate was determined using a full
wavelength marker enzyme (optical density =450),
followed by fluorescence photography.

Characterization. X-ray diffraction (XRD) was used
to characterize MAX and MXene powders, as well
as Ca-PAA, Ca-PAA-CNF, and Ca-PAA-CNF-MXene
hydrogels. The XRD patterns were recorded using a
PANalytical-Empyrean X-ray diffractometer equipped with
Cu Ko radiation (1=1.54A) with scanning at a rate of
4° min~". Double-sided carbon conductive tape was used to
attach freeze-dried foams of Ca-PAA, Ca-PAA-CNF, and
Ca-PAA-CNF-MXene hydrogels to an aluminum scanning
sample stub, and microscopic morphological images were
observed using a field emission scanning electron micro-
scope (Zeiss Ultra Plus). Transmission electron microscopy
and selected area electron diffraction (SAED) were used to
investigate the microstructures of MXene (JEOL-7100F).
An atomic force microscope was also used to measure the
thickness of MXene (Bruker Dimension ICON). The
functional groups of SDBS, MZXene, PAA, Ca-PAA,
Ca-PAA-CNF, and Ca-PAA-CNF-MXene were analyzed
and identified utilizing a Fourier-transform infrared (FTIR)
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spectrometer (Thermo Nicolet Nexus) with a wavelength
range of 4000-400 cm™". The weight loss of MXene, PAA,
Ca-PAA, Ca-PAA-CNF, and Ca-PAA-CNF-MXene was
evaluated by thermal gravimetric analysis (TGA; NETZSCH
STA449F3 Jupiter) at a heating rate of 10°C min™" in an air
environment from room temperature to 800°C. The
chemical bonds of MXene, Ca-PAA-CNF, and Ca-PAA-
CNF-MXene hydrogels were studied employing X-ray
photoelectron spectroscopy (XPS) on an Axis Ultra DLD
Kratos AXIS SUPRA spectrometer. Ca-PAA-CNF-MXene
hydrogels were printed in three dimensions using a 3D
bioprinter (Bio-X; Cellink). An LCR meter (TH2830)
operated by LabView software collected all relative resist-
ance change signals. The hydrogels with a dimension of
22.86 mm X 10.16 mm (length X width) were prepared to
measure the EMI SE in the frequency range of
8.2-12.4 GHz (X-band) via a waveguide method in a vector
network analyzer (VNA, NYSE: A N5244A). The
S-parameters were recorded and employed to calculate
the SEt, SE4, and SEg for each sample.

(A)

" \\PAA T~CNF

Ca? I
|
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3 | RESULTS AND DISCUSSION

3.1 | Preparation and structural
characterization of Ca-PAA-CNF-MXene
hydrogels

A 3D printable Ca-PAA-CNF-MXene composite hydrogel
was synthesized, as schematically illustrated in Figure 1A.
Firstly, Ti;C,T, MXene nanosheets were produced
through a selective etch of the Al layers in Ti;AlC,
MAX with LiF and HCI, followed by ultrasonic treatment
to generate delaminated MXene (d-MXene) nanosheets
(Figure S1A). The matching SAED pattern in Figure S1B
shows the hexagonal structure of d-MXene at the atomic
level. The geometrical characteristics of d-MXene were
investigated using atomic force microscopy in Figure S1C,
manifesting an ultrathin thickness (1.5 nm). The compari-
son of the XRD patterns of MAX and the produced MXene
nanosheets (Figure 1B) suggested that the characteristic
peak (002) moved from 9.72° to 5.92° and the peak at
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FIGURE 1 Preparation and structural characterization of Ca-PAA-CNF-MXene composite hydrogels. (A) Schematic illustration of
preparing and 3D printing Ca-PAA-CNF-MXene hydrogels. (B) XRD patterns, (C) FTIR spectra, and (D) XPS surveys of Ca-PAA-CNF-
MZXene hydrogels and the corresponding reference samples. CNF, cellulose nanofibers; FTIR, Fourier-transform infrared; PAA, polyacrylic
acid; XPS, X-ray photoelectron spectroscopy; XRD, X-ray diffraction
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39° weakened. Thereby the layer spacing was proved to
expand, confirming the production of MXene.** There-
after, Ca-PAA-CNF-MXene composite hydrogels were
easily synthesized, exploiting the one-step procedure
inspired by mussel secretions that are formed by byssus
fibers through protein-metal coordination mediated by
3,4-dihydroxyphenylalanine).!**! To this end, a NaOH
aqueous solution containing a small volume of CNF was
dropwise added to a mixture of CaCl,, PAA, and MXene
containing a small amount of SDBS and incubated for 1 h
with vigorous stirring, leading to the formation of a black
sticky hydrogel. The Ca-PAA, Ca-PAA-CNF, and Ca-PAA-
CNF-MXene hydrogels all exhibited amorphous phases,
except a small peak visible at the small angle (5°) of
Ca-PAA-CNF-MXene, indicating the presence of MXene
(Figure 1B). Without the addition of CNF, the freeze-dried
Ca-PAA hydrogel shows a reasonably smooth surface and
large pore diameters (8-16 um) (Figure S2A). Particularly,
with the addition of CNF, the Ca-PAA-CNF and Ca-PAA-
CNF-MXene hydrogel exhibited abundant homogeneous
and dense pores of sizes ranging from 1.8 to 3.6 um
(Figure S2B,C). This significantly enhances the specific
surface area and thereby capacity to hold water and form
abundant hydrogen bonds for the CNF-based hydrogels,
which are instrumental in the stability and durability of
the hydrogels in electromechanical sensing applications.
The molecular structure of SDBS, MXene, PAA, Ca-
PAA, Ca-PAA-CNF, and Ca-PAA-CNF-MXene were
analyzed utilizing FTIR (Figure 1C). The peaks of
1714 and 1452cm™" in the light yellow and light purple
areas, respectively, were ascribed to the PAA backbone's
stretching vibration (—CO of —COOH) and in-plane
bending vibration (-CH of -CH,).*®! The peaks at
1554cm™' produced by Ca-PAA, Ca-PAA-CNF, and
Ca-PAA-CNF-MXene relating to PAA suggest the chelat-
ing interaction between -COO™ and Ca®* marked as the
light blue area in the spectra (Figure 1C). Additionally,
the peaks at 2854, 2926, and 2960 cm™, correspond to vg
(CH,), v,s (CH,), and v,s (CHj), respectively, of SDBS
(a light gray area, Figure 1C).*”) Similarly, distinctive
peaks of SDBS were detected in the spectra of Ca-PAA,
Ca-PAA-CNF, and Ca-PAA-CNF-MXene hydrogels, indi-
cating that SDBS was effectively integrated into the
hydrogels. Notably, the spectrum of MXene contains a
significant amount of OH at 3455cm™' and a C=O
stretching vibration at 1630cm™'. The spectra of Ca-
PAA-CNF-MXene show a peak at the dotted line
(1630 cm™), suggesting the presence of MXene in the
Ca-PAA-CNF-MXene hydrogel. Compared to Ca-PAA
and Ca-PAA-CNF hydrogels, the strong and broad peak
around 3455cm™" shows that the Ca-PAA-CNF-MXene
hydrogel has more hydrogen bonds. The chemical
composition of the samples was evaluated using XPS
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(Figure 1D). Ca-PAA-CNF-MXene exhibits higher C and
O signals in the XPS survey spectrum than both MXene
and Ca-PAA-CNF, demonstrating that Ca-PAA-CNF-
MXene has more oxygen-containing groups required for
hydrogel cross-linking. Ca-PAA-CNF-MXene shows the
same Ti 2p peak as MXene in Figure S3A,D, suggesting
that MXene retained its structure throughout the
preparation procedure, correlating to the XRD pattern
(Figure 1B). Moreover, TGA accurately verified the
composition of the different composite hydrogels
(Figure S4).

The formation process of the Ca-PAA-CNF-MXene
hydrogels, schematically shown in Figure 1A relies on
several supramolecular interactions. Numerous carboxyl
groups on the PAA chain can chelate with Ca®* to form
hydrogel frameworks. Additionally, carboxyl groups on
the carboxylated CNF chain can also interact with Ca**
further to form ionic cross-linked structures. Further-
more, hydroxyl and fluoride ions on the surface of
MXene may establish supramolecular interactions and
hydrogen bonds with PAA, CNF, and Ca’t, leading to
the formation of a robust hydrogel network structure.

3.2 | Multifunctional performance of
Ca-PAA-CNF-MXene hydrogels

The rheological properties of the composite hydrogels
were characterized using oscillatory rheology (Figure 2).
As exhibited in a frequency varying from 0.1 to 10 Hz
with a fixed strain of 0.2%, the loss modulus (G’’) of
Ca-PAA and Ca-PAA-MXene (7.5%) exceeds the storage
modulus (G’) thus indicating that the material is
behaving in a liquid-like state, meanwhile, the G’ of
Ca-PAA-CNF and Ca-PAA-CNF-MXene (7.5%) (the
mass of MXene is relative to the mass of PAA) exceed
the G’ displaying a solid-like state (Figure 2A).
Therefore, the addition of CNF enables the hydrogels
to form a more complex network structure, resulting in
a more solid-like behavior without causing the collapse
of the structure. At the same time, the rheological tests
of the Ca-PAA-CNF-MXene hydrogels with different
content of MXene are presented in Figure 2B. The G’ of
the samples were greater than G’’, and the G’, G'’ of the
composite hydrogels rose with an increasing MXene
content. Besides, the viscosity relationships of Ca-PAA,
Ca-PAA-MXene, Ca-PAA-CNF, and Ca-PAA-CNF-
MZXene with increasing shear rates were also investi-
gated (Figure 2C). These hydrogels all exhibited shear-
thinning properties. Furthermore, Ca-PAA-CNF-MXene
hydrogels with different contents of MZXene also
manifested shear-thinning properties (Figure 2D). How-
ever, the suitable viscosity for 3D extrusion printing
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FIGURE 2 Frequency dependencies of storage modulus (G’) and loss modulus (G'’) for (A) Ca-PAA, Ca-PAA-MXene, Ca-PAA-CNF,
and Ca-PAA-CNF-MXene, and (B) Ca-PAA-CNF-MXene hydrogels with different MXene content. Viscosities of (C) Ca-PAA,
Ca-PAA-MXene, Ca-PAA-CNF, Ca-PAA-CNF-MXene hydrogels, and (D) Ca-PAA-CNF-MXene hydrogels with different MXene content,
as a function of shear rate. (E) Photograph of prepared Ca-PAA-CNF-MXene hydrogel. Photographs show the (F) stretchability,

(G) plasticity, (H) printability, (I) fast self-healing capability, and (J) adhesivity of the Ca-PAA-CNF-MXene hydrogels. (K) Cyclic strain
sweeps of Ca-PAA-CNF-MXene hydrogels. Self-healing processes of Ca-PAA-CNF-MXene hydrogels (L) with a diode used as an indicator,
and (M) the real-time resistance changes. All scale bars are 1 cm. CNF, cellulose nanofibers; PAA, polyacrylic acid

should be 0.1-10 Pas.**°° In addition, a great 3D
printing ink also needs to meet the requirements of
G’ > G’" > 1000 Pa in the low-frequency region, so as to
maintain the 3D shape without collapse after extru-
sion.?®! Therefore, the subsequent Ca-PAA-CNF-
MZXene hydrogels used for printing contained 7.5 wt%
MXene.

The black adhesive Ca-PAA-CNF-MXene composite
hydrogel is a gum-like material with multifunctional
properties (Figure 2E). It can be easily stretched to more
than 1000% of its original length without breaking

(Figure 2F). In addition, the composite hydrogel is
highly plastic and can be molded into any desired shape,
such as round, triangle, square, or hexagon (Figure 2G).
This excellent plasticity can be useful in various
applications such as wearable devices. Moreover, the
composite hydrogel is also 3D printable and can be
extruded into, for example, grid and ripple patterns,
expanding its customized applications as flexible wear-
ables (Figure 2H, Movies S1 and S2). The composite
hydrogel additionally shows adhesion and self-healing
ability (Figure 2I). When one piece of hydrogel was
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contacted with another piece of hydrogel placed on an
acrylic elastomer (VHB 4905, 3 M), the two pieces of
hydrogel would self-heal in less than 1s. At the same time,
the hydrogel can vertically stick between two fingers
without falling, further confirming its good adhesive
performance (Figure 2J). The self-healing ability of the
composite hydrogel was further characterized by cyclic
strain sweeps in Figure 2K. When the composite hydrogel
was subjected to small amplitude oscillating shear strain
(1%) for 60s, G’ was slightly greater than G”’, indicating
that the hydrogel displayed viscoelasticity and suggesting
that elasticity was slightly dominant. When the oscillating
shear strain increased to 500% and lasted for 40s, the
values of G’ and G’ significantly decreased, showing a
larger G'* than G’. Thereby the network structure of
hydrogel was destroyed, and its solid-like properties were
lost. When the strain recovered to 1%, the two moduli
immediately recovered to their original levels, conferring
that the hydrogel network structure had self-repaired.
Furthermore, a light-emitting diode was employed to
assess the self-healing processes of the Ca-PAA-CNF-
MZXene composite hydrogel (length X width x thickness:
1cm X 1 cm X 0.1 cm) (Figure 2L). When the diode, wires,
power supply, and hydrogel were connected to form a
loop, the diode emitted red light. When the hydrogel was
cut, the diode was turned off. As soon as the cut hydrogel
was again brought into contact, the diode lit up again.
The corresponding quantitative characterization was
investigated in Figure 2M. The resistance value of the
composite hydrogel returned to the original 2kQ when
contacting, displaying its rapid self-healing ability. The
biocompatibility of hydrogels was also quantitatively
analyzed in Figure S5. The 72-h survival rate of RAW
264.7 cells cultured on the hydrogel was over 93.7%,
suggesting that the hydrogel has the potential to be used
in wearable devices. Furthermore, this hydrogel disinte-
grated after 1 day in phosphate buffer saline buffer in
Figure S6, displaying the potential for matrix bio-
degradation and potential recycling of the MZXene
materials required for the development of more envir-
onmentally friendly electronics.

3.3 | Multiple sensing capabilities of
MXene composite hydrogel-based sensor

Based on the above analyses, Ca-PAA-CNF-MXene is a
multifunctional conductive hydrogel with biocompatibility,
self-healing, matrix disintegrability, and adhesion propert-
ies. It can also respond to deformation, yielding resistance
changes. These functions are necessary for the further
development of environmentally friendly wearable electro-
nics. To demonstrate this, a multifunctional sensor was
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fabricated by two VHB sandwiching a layer of printed
Ca-PAA-CNF-MXene hydrogel connected with copper
wires as shown in the schematic Figure 3A. VHB can not
only prevent hydrogel from evaporating water but also be
stably applied to various parts of the body (for instance,
finger, wrist, and forehead) for movement monitoring
(Figure S7). Once the Ca-PAA-CNF-MXene sensor was
stretched to an elongation (g), the relative resistance
changes (4R/Ry) would also increase (Figure 3B). After
fitting the data, the AR/R, was estimated according to the
following equation:

AR/R, = 0.0026¢2 + 1.9018¢. (1)

Therefore, the gauge factor (GF) followed the
formula:

GF = 0.0026¢ + 1.9018. 2)

It then follows that, when the sensor was stretched to
100%, the GF was 2.16. In addition, the AR/R, under
different strain levels were measured to evaluate the
reliability of the sensor under different deformation
levels. When the strain sensor in Figure 3C, was
stretched to 25%, 50%, 100%, and 200%, the correspond-
ing AR/R, was about 49.7%, 103.8%, 217.1%, and 488.0%,
respectively, which corresponded to the curve in
Figure 3B. Furthermore, the cyclic stability of the strain
sensor was also investigated in Figure 3D. When the fixed
tensile strain was 100%, the relative resistance of the
strain sensor could keep stable after the repeated
stretching for 10 min. In addition, the multifunctional
sensor can be applied to the throat to sense vocals for the
detection of deformation as a strain sensor. Different
words were pronounced differently, so the throat
stimulated the voice sensor accordingly, yielding differ-
ent signals. When speaking “Hi,” “Wuhan,” “OK,” and
“No,” the voice sensor responded with a completely
different but stable relative resistance change signal
(Figure 3E-H). Besides, the multifunctional sensor can
function as a smart writing keyboard to sense signatures
on its surface when coated with two layers of poly-
ethylene terephthalate films. When the English letters
“W,” “U,” and “T” were written on the signature sensor,
the sensor can respond with signals in different forms
(Figure 31-K). When the sentence “ILOVEYOU” was
continuously written, it accurately distinguished different
English letters by different output signals (Figure 3L).
Noteworthily, the two signals of the letter “O” were
very similar, which manifested the stability of the
signature sensor. The international Morse code can
represent 26 English alphabet letters in different combi-
nations of dots and dashes (Figure 3M).!*!! Therefore, the
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FIGURE 3 Monitoring processes of Ca-PAA-CNF-MXene hydrogel as a multifunctional sensor. (A) Schematic illustration of a
sandwiched Ca-PAA-CNF-MXene sensor. (B) Tested and fitted curves of the relative resistance changes as a function of tensile deformation.
(C) Relative resistance changes of the sensor under different strain. (D) Cyclic test of the sensor under 80% strain. Ca-PAA-CNF-MXene
sensor, attached to the throat, real-time monitoring speaking (E) “Hi,” (F) “Wuhan,” (G) “OK,” and (H) “No.” Ca-PAA-CNF-MXene
hydrogel sandwiched by two layers of PET films, real-time monitoring handwriting English letters of (I) “W,” (J) “U,” (K) “T,” and (L)
“ILOVEYOU.” (M) Schematic diagram of 26 English letters corresponding to Morse code symbols. Through the relative resistance change
signals responding to the decoding of (N) “HELP,” (O) “CNF,” and (P) “MXene.” CNF, cellulose nanofibers; PAA, polyacrylic acid;

PET, polyethylene terephthalate

multifunctional sensor was attached to the index finger 3.4 | EMI shielding performances of

for the evaluation, and consequently, the written dots =~ MXene composite hydrogels

can be represented by short-range AR/R, signals. In

contrast, dashes can be represented by long-range AR/R, In addition to electromechanical sensing, the flexible,
signals.*?! Hence, the Morse code can be edited and  conductive, and porous Ca-PAA-CNE-MXene hydrogels
transmitted remotely by using body movements. can display efficient EMI shielding properties.
Hence, some words, such as “HELP,” “CNF,” and EMI shielding materials are highly desirable for the
“MXENE,” were compiled and transmitted by finger  electromagnetic compatibility of electronics and human
bending (Figure 3N-P). health protection against electromagnetic pollution or

85U8017 SUOWILLIOD @A 18810 3ded!jdde ayy Aq peusenob ae ss ol YO ‘8sh Joss|n. 10} Ariq1]8UIIUO A1 UO (SUONIPUOD-PUB-SUWLBIW0 A8 |IMAleIq 1 BUI|UO//SANL) SUORIPUOD PUe SWie | 8U1 88S *[2202/TT/20] Uo AkeiqiTauluo Ae|Im ‘[eseq Xeyiol|qiasiesseAIuN AQ 9Z02T ZWP!/Z00T OT/I0p/L0o" A8 1M Ake.q1jpulUo//:Sdny Wo. pepeoiumod ‘v ‘2202 ‘XTi29.2



‘WEI ET AL.

interference.*>*1 EMI shielding effectiveness (SE)
manifests the attenuation capability of the EMI shield-
ing monoliths. Generally, a commercial SE value of
20dB corresponding to a 99% attenuation of the
incident electromagnetic waves is necessary.[>>!
Increasing MXene contents can gradually increase the
electrical conductivity due to the formed MXene
conductive paths in the hydrogels (Figure 4A), which
improves the EMI SE. Without integrating the conduc-
tive MXene nanosheets, the EMI SE of the hydrogels is
relatively low due to a lack of MXene based conductive
paths (Figure 4B). However, it is well understood that
polar water molecules can also interact with electro-
magnetic waves, transforming their energy into heat
energy.l"*°°! Consequently, the 1.5-mm-thick hydrogels
without embedded MXene still show EMI SE values of
around 14 dB. Furthermore, we have also measured the
shielding by reflection (SEg) and absorption (SE4) to
better show the EMI shielding mechanism (Figure 4C).
The total SE (SEt) is the sum of the SE, and SEg,
influenced by the electric dipoles and mobile charge
carriers, respectively.l>*57-%61] Therefore, the conduc-
tive and polarization losses derived from the MXene

Interdisciplinary Materialsy— ==\ LEy—*=

conductive paths will benefit the enhanced absorption
of the incident electromagnetic waves, thus improving
the SE, and SEt of the composite hydrogels
(Figure 4D).l°>¢3 Moreover, the interfaces between
the highly conductive MXenes and insulating polymer
matrices in the hydrogel lead to a strong interfacial
polarization under the electric field of incident electro-
magnetic waves, further improving the SE 161763
Furthermore, the porous structure of the hydrogels is
instrumental in increasing the multiple reflections of
electromagnetic waves, leading to more interactions
between the waves and MXene embedded cell walls
(Figure 4D).I°""** This further increases the EMI SE.
Therefore, both the SE, and SEt increase significantly
by increasing MXene mass ratios in the hydrogels, for
example, SEr can reach up to 25dB with a dominant
SE, of 20 dB for the 10 wt% MXene embedded compos-
ite hydrogels. Thus, taken together, the synergistic
coactions of conductive MXene paths, the porous
structure, the interfaces between MXene and polymer
matrices, and the internal water-rich condition all play
crucial roles in improving the EMI shielding perform-
ance of the composite hydrogels.
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FIGURE 4 (A) The conductivity, (B) X-band EMI SE, and (C) SEt, SE,, SEg at a thickness of 1.5 mm of the Ca-PAA-CNF-MXene
composite hydrogels with various MXene mass fractions. (D) The illustration of the porous structure of the composite hydrogels on the EMI
shielding performance. X-band EMI SE of (E) the 10 wt% MXene composite hydrogels at various thicknesses, and (F) the hydrogel before
and after the self-healing process. CNF, cellulose nanofibers; EMI, electromagnetic interference; PAA, polyacrylic acid; SE, shielding

effectiveness
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Apart from the MXene contents in the composite
hydrogels, the thickness of the samples can also be
effortlessly controlled and used to further adjust the EMI
SE. For instance, the EMI SE of the composite hydrogels
with 10wt% MXene can reach more than 30dB,
corresponding to an attenuation of more than 99.9% of
the incident electromagnetic waves, at a thickness of
2.0mm (Figure 4E). Moreover, it is intriguing that the
self-healing composite hydrogels can still retain the EMI
SE after the sample is self-healed from two pieces,
which cannot be accomplished by other EMI shielding
monoliths, such as aerogels or bulk materials
(Figure 4F).1"%17%4 This efficiently illustrates the high
potential of our flexible, self-healing, and porous
composite hydrogels as high-performance and durable
EMI shielding materials for next-generation electronics.
Combined with the facile printing technique, the
bioinspired multifunctional hydrogel has both sensing
and electromagnetic shielding properties, thereby man-
ifesting the potential for its development and application
in multifunctional intelligent materials.

4 | CONCLUSION

This study presented a facile approach to prepare a
bioinspired Ca-PAA-CNF-MXene hydrogel formed by
physical and chemical bonding between PAA, CNF,
MXene, and calcium ions. This hydrogel exhibited an
extensive combination of functional properties, includ-
ing stretchability, plasticity, adhesion, 3D printability,
self-healing, biocompatibility, and electrical conductiv-
ity. Based on these properties, the hydrogel has
application potential in multifunctional intelligent
devices. A layer of printed Ca-PAA-CNF-MXene hydro-
gel on copper electrodes can concurrently serve as a
strain sensor, a voice sensor, a signature sensor, and a
Morse code transmitter that can sensitively and stably
respond to external stimuli. Additionally, the porous
structure of the intelligent hydrogel distinguishes itself
with an efficient EMI shielding performance, potentially
contributing to protecting human beings from electro-
magnetic radiation. Based on the above functions, this
bioinspired multifunctional hydrogel manifests a con-
siderable application prospect in the field of intelligent
wearable devices.
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