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Stretchable conductive hydrogel composites with infrared stealth and electromagnetic interference (EMI)
shielding are in high demand for aerospace, military, and soft robotics. However, realizing stable and efficient
performance with low conductive filler content under harsh conditions remains a substantial challenge.
Herein, a flexible multifunctional double network hydrogels with high performance and environmental
stability was constructed via transition metal carbide/nitride (MXene)/(NH,),SO,-treated strategy-assisted
ultrasonic dispersion and thermal polymerization method. The synergistic effect of MXene and (NH,),SO,
within the hydrogel system led to a 3-fold enhancement in mechanical properties, 20-dB improvement in
EMI shielding effectiveness, and 40% enhancement in the gauge factor with only 0.12 wt % conductive
filler. Benefiting from its high conductivity, efficient thermal insulation, and composite network structure,
the double network hydrogels maintain stable EMI shielding and infrared stealth performance under
various harsh conditions including repeated stretching, prolonged water evaporation, low-temperature
freezing, high-temperature heating, alcohol lamp flame exposure, and high-strain stretching. These
findings demonstrate that the hydrogels combine ultra-low filler efficiency, environmental robustness,
and multifunctional adaptability, making it a promising candidate for next-generation aerospace, military,
and wearable electronic applications.
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Introduction

With the advancement of new-generation industrial technologies
such as 5G/6G communications and the Internet of Things, elec-
tromagnetic interference (EMI) and radiation pollution have
become increasingly severe [1]. This issue significantly impacts
the global environment, equipment performance, information
security, and human health [2]. The rise of intelligent equipment
and the diversification of modern lifestyles have put forward new
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performance requirements on traditional EMI shielding materi-
als such as sheets, films, and foams, including mechanical tough-
ness, stretchability, and environmental stability, which are crucial
for improving the effectiveness, reliability, and cost efficiency of
EMI shielding materials [3,4]. Meanwhile, the rapid development
of the aerospace and defense industries has introduced new tech-
nical requirements for broadband regulation of electromagnetic
materials. Broadband electromagnetic control technologies span-
ning microwave, terahertz, and infrared bands can enhance the
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electromagnetic protection and infrared stealth performance,
expanding their applicability in complex electromagnetic envi-
ronments [5,6]. Therefore, there is an urgent demand to develop
the multifunctional EMI shielding materials that simultaneously
satisfy the demands of ultra-broadband EMI shielding, infrared
stealth, high stretchability, excellent mechanical properties, good
strain sensing, flame retardant, environmental stability, and cost
efficiency.

Conductive hydrogels have attracted extensive attention as
next-generation flexible EMI shielding materials due to their
tissue-like mechanical properties, high conductivity, and mul-
tifunctional stretchability [7,8]. Their unique polymeric net-
work with a high water content enables excellent deformation
capacity and high-frequency EMI shielding performance, mak-
ing them highly suitable for aerospace structural electronics,
soft robotics, and stealth applications [9,10]. In recent years,
nanomaterials such as graphene, liquid metal, MXene, and
metal nanowires have been utilized as conductive fillers in com-
bination with hydrogels that possess water-rich porous struc-
tures, thereby achieving flexible, stretchable, and excellent EMI
shielding effects [11-14]. Increasing the content of conductive
fillers markedly enhances the conductivity and EMI shielding
effectiveness (SE) of hydrogels [15-20]. However, this improve-
ment comes at the cost of mechanical properties such as strain,
strength, and fracture energy, and high EMI SE relying on large
filler loadings significantly raises material cost [19-22]. For
instance, doubling the MXene content in MXene/polyvinyl alco-
hol (PVA) hydrogels can increase EMI SE by over 20 dB, while
the strain and stress decreased significantly from 250% to 50%
and from 0.14 MPa to 0.04 MPa, respectively [19]. A similar
trend was observed in the Poly(potassium thioctate)/PVA/p-
MXene, MXene/PAA (polyacrylic acid)-CS (chitosan), and
CNC (cellulose nanocrystal)/PAA/liquid metal/MXene hydro-
gel systems, where increasing the conductive filler concentration
greatly enhanced the EMI SE but inevitably led to a decline in
strain, strength, and fracture energy [20-23]. Therefore, it is cru-
cial to explore and design strategies to balance excellent mechan-
ical properties and high EMI SE at low conductive content [24],
a challenge that has yet to receive sufficient attention. In addition
to achieving a desirable balance between mechanical sensing
performance and high EMI shielding capability, another critical
challenge is to realize broadband electromagnetic regulation.
Current EMI SE shielding materials predominantly focus on
the microwave band (X-Ka bands) [12-15,17-21,24-29], with
limited research on the terahertz band [16,22,23], ultraviolet
band [30], and infrared band [31-33]. In aerospace and defense
applications, materials capable of broadband electromagnetic
regulation across the microwave, terahertz, and infrared ranges
are essential for achieving multispectral stealth and reliable
signal protection.

Furthermore, the environmental stability of hydrogel-based
EMI shielding materials remains underexplored. Hydrogels,
with pure water as the primary dispersion medium, inevitably
face environmental stability challenges such as water evapora-
tion, freezing at temperatures below 0 °C, and thermal decom-
position [34,35]. Additionally, the conductivity and thickness
generally decrease during the stretching process [35,36], mark-
edly reducing EMI SE and limiting practical longevity. Although
the environmental stability of EMI shielding performance has
been extensively studied in films and aerogels [37-40], it
remains an area in the initial exploration stage for hydrogel
shielding materials. Yu and colleagues [35,41] prepared MXene
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organic hydrogels and polypyrrole nanotube organic hydrogels
using binary solvent systems such as glycerol/H,O and dimethyl
sulfoxide (DMSO)/H,O, which showed excellent low-temperature
resistance and anti-drying properties, maintaining EMI SE val-
ues far exceeding the 20-dB commercial standard after 7 d of
evaporation and under freezing conditions. Lian and colleagues
[15,24] reported that poly-acrylamide-acrylic acid and PEDOT:
poly(3,4-ethylenedioxythiophene)/PVA hydrogels retained high
EMI SE under strains ranging from 100% to 200%, attributed
to the high tensile properties and high conductivity conferred
by the hydrogels’ base formulation and conductive fillers, respec-
tively. However, there is a notable lack of reports on hydrogel
EMI shielding materials that maintain stable high EMI SE under
multiple harsh conditions such as high stretchability, low tem-
peratures, and dehydration. Such robustness is essential for
expanding the application scope of composite hydrogel EMI
shielding materials and enhancing their comprehensive perfor-
mance. Therefore, achieving excellent EMI shielding perfor-
mance in the microwave and terahertz ranges, as well as effective
infrared shielding, under harsh environments and at low con-
ductive filler contents remains another key challenge in the appli-
cation of hydrogel EMI shielding materials.

Here, we propose a Ti;C, MXene/(NH,),SO, treatment strat-
egy to fabricate a multifunctional double network (DN) hydrogels
composed of short CS chains and long polyelectrolyte (PE) chains
synthesized from acrylic acid (AA) and 2-(dimethylamino) ethyl
methacrylate (DMAEMA), which exhibits excellent flexibility,
high stretchability, shape adaptability, mechanical sensing, and
high EMI SE with environmental stability. Remarkably, the PE-CS
hydrogels treated by MXene/(NH,),SO, (MNSPC) demonstrate
significant improvements in both mechanical properties and
EMI SE. By further optimizing the ratio of MXene/(NH,),SO,
in the gel, MNSPC DN hydrogels achieve peak tensile strength,
modulus, and strain of 1.24 MPa, 0.49 MPa, and 495%, respec-
tively, at an ultra-low MXene content of 0.12 wt %, and exhibit
exceptional ultra-wideband EMI shielding across X-band, Ku-
band, Ka-band, and THz-band, as well as infrared shielding per-
formance. Moreover, the MNSPC DN hydrogels still maintain
stable EMI SE and infrared shielding performance, even under
various harsh conditions such as 150% high tensile strain, long-
term water evaporation, low-temperature freezing, and flame
exposure. These findings provide valuable guidance for the devel-
opment of low-cost, high-performance, environmentally stable,
and stretchable EMI shielding hydrogels, demonstrating strong
application potential in flexible electronics, bioelectronics, and
smart sensors.

Results

Fabrication and characterization of MNSPC

DN hydrogels

MNSPC DN hydrogels were fabricated via ultrasonically assisted
dispersion combined with thermal polymerization and salting-
out methods, following the process illustrated in Fig. 1A. First,
AA, CS,DMAEMA, V-50, Ti,C, MXene suspension, and an appro-
priate volume of ultrapure water are mixed. The mixture is sub-
jected to ultrasonically assisted dispersion to ensure uniform
dispersion, particularly of the MXene, followed by vacuum
mixing for degassing. PE networks are then formed using
N,N-methylenebis(acrylamide) (MBAA) as a cross-linker, with
polymerization initiated by V-50 at 50 °C for 12 h. Finally, the
hydrogels undergo a salting-out process in a (NH,),SO, solution


https://doi.org/10.34133/research.1020

Research

A d MXene
~ dispersion
23

Sonicating
(240 W, 30 min)
| —"
Degassing
(1.5 kPa, 1000 rpm)
3 min

Molecular entanglement of CS

50°C,12 h (NH,),SO,
T —

72h

MNSPC hydrogel

Preliminary synthesis

Precursor

~—~— CS chain ~— PE chain

0.5 mg/ml 43%

@ AA € DMAEMA 4. MBAA B MXene

0.5 mg/ml 0% 0 mg/ml 43%
ol

s

< V-50

H 0.5 mg/ml 43% 1 1.0 mg/ml 43% J 1.5 mg/ml 43%

Fig. 1. Fabrication and SEM, TEM, and EDS characterizations of MNSPC DN hydrogels. (A) Fabrication of MNSPC hydrogels. SEM images of hydrogels (B) before salting out
(MPC hydrogels with 0.5 mg/ml MXene) and after salting out [MNSPC hydrogels with 43% (NH,),S0,] under different MXene contents: (C) 0 mg/ml MXene [(NH,),SO,/
PE-CS (NSPC) hydrogels], (D) 0.5 mg/ml MXene, (E) 1.0 mg/ml MXene, and (F) 1.5 mg/ml MXene [(B) to (F): scale bar, 1 pm]. (G) TEM image of MXene nanosheets (scale
bar, 200 nm). EDS mapping of titanium element distribution in MNSPC hydrogels after salting out with (H) 0.5 mg/ml MXene, (1) 1.0 mg/ml MXene, and (J) 1.5 mg/ml MXene
[(H) to (J): scale bar, 10 pm].

for 72 h, establishing a CS ionic network and triggering the
Hofmeister effect, forming the MNSPC DN hydrogels. Briefly,
the random copolymerization of AA and DMAEMA forms the
PE chains, while (NH4),SO, induces the formation of the CS ionic
network and triggers the Hofmeister effect, leading to molecular
entanglement of CS chains. The interaction between MXene and
the polymer network constitutes the entire hydrogel system.
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Scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and energy-dispersive spectroscopy (EDS)
characterization results reveal the porosity of hydrogels, forma-
tion of the CS ionic network, and uniform dispersion of MXene,
respectively (Fig. 1). To minimize the effect of (NH,),SO, crys-
tallization on the pores and microstructures of the hydrogels
in SEM observations (Fig. S1), all samples containing (NH,),SO,
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are soaked in deionized water at 30 °C for 30 min before freeze-
drying, ensuring more precise visualization of the network
structures in the SEM images. SEM analysis of MXene/PE-CS
(MPC) and MNSPC hydrogel samples (Fig. 1B and D) clearly
demonstrates that the hydrogels exhibit a denser network and
smaller pore sizes after salting out (Fig. S2), indicating the
formation of the CS ionic network [42]. Similar trends are
observed for MNSPC hydrogels with varying (NH,),SO, con-
centrations (Fig. S3), where an increase in (NH,),SO, concen-
tration results in the contraction of the network pore size (Fig.
S4). The influence of MXene content on the density of the
hydrogel network and pore size after salting out is relatively
minimal (Fig. 1C to F). Low concentrations of MXene lead to
a slight reduction in pore size, while higher concentrations of
MXene increase pore size (Fig. S5). The pore size of the hydro-
gels not only plays a crucial role in mechanical properties such
as strength and toughness but also significantly affects the dis-
persion of MXene and its synergistic interactions [23,43]. TEM
analysis reveals that the average length of MXene nanosheets
is approximately 500 nm (Fig. 1G), which is smaller than the
pore sizes of the hydrogels. This suggests that the pore struc-
ture provides a suitable environment for the efficient disper-
sion of MXene within the hydrogel matrix and the formation
of conductive networks. EDS results further confirm that
MXene can still be uniformly dispersed in the MNSPC DN
hydrogels after high-concentration (NH,),SO, salting out (Fig.
1H to ] and Fig. S6).

X-ray diftraction (XRD), Fourier transform infrared (FTIR),
Raman spectra, and x-ray photoelectron spectra (XPS) charac-
terization experiments were performed to confirm the success-
ful synthesis of MNSPC DN hydrogels, and to further explore
the interactions between MXene, PE chains, CS chains, and
(NH,),SO, within the hydrogel system. In the XRD character-
ization results, MNSPC, NSPC, and PC hydrogels exhibited simi-
lar peak profiles. The characteristic diffraction peak of MXene
(002) in MNSPC shifted from 6.94° to 6.46°, indicating the suc-
cessful integration of MXene, PE chains, and CS chains into the
hydrogel structure (Fig. 2A) [16]. Compared to the PC hydrogel,
the MNSPC (20.26°, 22.86°, 33.70°) and NSPC (16.82°, 20.26°,
33.70° 51.54°) hydrogels displayed characteristic peaks con-
sistent with (NH,),SO, (Fig. S7), demonstrating the success-
ful incorporation of (NH,),SO, into the hydrogel structure.
However, slight differences in the peak positions of the charac-
teristic peaks shared with (NH,),SO, were observed in MNSPC
and NSPC hydrogels, which could be attributed to the synergis-
tic interactions between MXene, (NH,),SO,, and the polymer
network (PE and CS chains). In the Raman spectra, the MNSPC
hydrogels exhibited characteristic peaks corresponding to
MXene at approximately 210.13, 357.51, and 734.26 cm ™, asso-
ciated with the A (Ti, C, O), E,, and A,,(C) modes (Fig. 2B).
Compared to the PC hydrogels, both MNSPC and NSPC hydro-
gels exhibited several characteristic peaks of (NH,),SO, at 627.08
and 976.54 cm™". Furthermore, in the MNSPC hydrogel, the
A,,(C) peak of MXene shifted from 723.63 to 734.26 cm”, sug-
gesting potential interactions between MXene and the PE and
CS chains [22,23]. FTIR analysis results revealed a shift in the
—OH peak of the MNSPC hydrogels from 3,185.93 cm™" in the
NSPC hydrogels to 3,195.95 cm ™' (Fig. 2C), suggesting that
the titanium-abundant surface groups of MXene facilitate the
formation of additional hydrogen bonds [16,24]. The C=0 peak
in the NSPC hydrogels shifted from 1,698.02 cm™" in the PC
hydrogels to 1,716.82 cm ™, with a noticeable change in peak
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morphology, which can be attributed to the complex interactions
between (NH,),SO, and the polymeric network. Compared to
the NSPC hydrogels, the MNSPC hydrogels exhibited a signifi-
cantly stronger and broader peak near 1,701.39 cm™", which may
be attributed to the C=0 stretching vibrations of the oxygen-
containing functional groups on the MXene surface [24]. Addi-
tionally, similar peak features to those of the NSPC and PC
hydrogels at approximately 1,413.57 and 1,079.46 cm™" were
observed in the MNSPC hydrogels.

In the XPS spectra results, the coexistence of C 1s, N 1s, O
1s, S 2p, Ti2p, and F 1s was observed in the MNSPC composite
hydrogels. However, Ti 2p and F 1s were not detected in the
NSPC hydrogels, and Ti 2p, F 1s, and S 2p were absent in the
PC hydrogels, confirming the successful incorporation of
MZXene, PE chains, CS chains, and (NH,),SO, in the MNSPC
hydrogel (Fig. 2D). The deconvolution of C 1s, O 1s, N 1s, S 2p,
and Ti 2p peaks was performed to explore the interactions
within the MNSPC DN hydrogel system. The C 1s spectrum
showed peaks at 281.9, 284.8, 286.2, and 288.8 eV, correspond-
ing to C-Ti-O, C-C, C-O/C-N, and C=0, respectively (Fig.
2E) [44]. The O 1s spectrum presented 2 main peaks at 531.9
and 534.0 eV, which can be attributed to Ti-O and O-H, respec-
tively (Fig. 2F) [21,23]. Ti 2p spectrum exhibited 4 pairs of Ti
2ps, and Ti 2p,,, doublets at 455.3/461.5 eV (Ti-C), 456.4/
462.3 eV (Ti’"), 457.2/462.8 eV (Ti’"), and 458.6/464.8 eV
(Ti-O) (Fig. 2G) [23,44]. S 2p spectrum showed 2 pairs of S
2p,, and S 2p,, doublets at 163.8/165.0 eV and 168.4/169.6 eV,
corresponding to C-S and SO,”, respectively (Fig. 2H) [22].
The existence of SO,*” in the S 2p spectrum further confirms
the successful incorporation of (NH,),SO, into MNSPC hydro-
gels. The N 1s XPS results showed that the peaks were located
at 399.6, 401.65, and 401.86 eV, corresponding to -NH-, -NH,,
and NH," in the MNSPC hydrogels (Fig. 2I) [22,44]. AA and
DMAEMA were randomly copolymerized to form PE chains,
and -COO™ in AA and -NH," in DMAEMA [45] were ran-
domly distributed on the PE chains. -NH, in CS will be proton-
ated in an acidic environment to form -NH," [46], and these
-NH;* groups can also combine with -COO™ on the PE chain
to form ionic bonds [47]. The ionic bonds established by
Coulomb interactions between inter-chain and intra-chain
groups with different charges, along with the molecular entan-
glement of CS chains induced by the Hofmeister effect from
(NH,),SO, (Fig. 1B to F), significantly enhanced the mechani-
cal properties of the hydrogel [22]. The above characterization
results further confirmed the successful synthesis and inter-
action of PE, CS, MXene, and (NH,),SO, in the MNSPC DN
hydrogels.

Mechanical properties
MNSPC hydrogels can withstand various deformations, includ-
ing but not limited to stretching, knotting, and twisting, as well
as lifting a 1-kg weight that is more than 1,000 times its own
weight (Fig. 3A), while maintaining excellent shape adaptability
(Fig. 3B). These phenomena revealed the superior mechanical
properties of MNSPC DN hydrogels. The MXene/(NH,),SO,
treatment strategy significantly enhances the mechanical prop-
erties of hydrogels, and the mechanical performance of the
MNSPC DN hydrogels can be precisely modulated through the
MZXene/(NH,),SO, ratio.

To explore the regulation pattern of MXene/(NH,),SO, con-
centrations on mechanical properties and the synergistic enhance-
ment mechanism, the effects of MXene content, (NH,),SO,


https://doi.org/10.34133/research.1020

Research

A B C

o |6.46° ) )

3 = S

s Moy NSPC S S
g WM : 51.54° g g L
g B B 1540.85

2 S S 1716.82

- 6,940 - ~"734.26 - AN

MXene AT A 72563 )
\ 1698.02  1541.81
10 20 30 40 50 60 100 300 500 700 900 1100 4000 3500 3000 2500 2000 1500 1000
20 (degree) Roman shift (cm™) Wavenumber cm-’)

D E F

2 2 2

S 3 S

N N3 \J

& & 2

S S S

X < 2

S S S

1000 800 600 400 200 0

294 292 290 288 286 284 282 280

526 528 530 532 534 536 538

Binding energy (eV) Binding energy (eV) Binding energy (eV)
G H I
. SO L
g pr 2 ;
~ ~ =
\J J 3
2 = 2
» w» »
N = N
S Y >
= S S
452 454 456 458 460 462 464 466 468 159 162 165 168 171 174 394 396 398 400 402 404 406 408

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)
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content, and the MXene/(NH,),SO, ratio on the tensile strength,
modulus, strain, and toughness were systematically analyzed (Fig.
3C to]). A small MXene content (from 0 to 0.5 mg/ml) slightly
increased the strength, modulus, maximum strain, and toughness
of hydrogels. However, with the continuous rise of MXene content
to 1.5 mg/ml, the strength of MPC hydrogels decreases from 0.35
to 0.30 MPa, the modulus drops from 0.15 to 0.10 MPa (Fig. 3C
and D), and the toughness declines from 0.92 to 0.88 MJ/m” (Fig.
3E). The maximum strain of MPC hydrogels increases monotoni-
cally from 436% to 664% with increasing MXene contents (Fig.
3C and E). Overall, the increase in MXene conductive filler tends
to reduce the comprehensive mechanical properties of MPC
hydrogels, and similar phenomena have also been observed in
studies by other researchers [20-24].

The further introduction of (NH,),SO, into the MPC hydrogels
(forming MNSPC hydrogels) significantly enhances their mechan-
ical properties, with the strengthening effect far surpassing that of
MZXene. As the concentration of (NH,),SO, increases from 0% to
43%, the strength of MNSPC DN hydrogels increases from 0.35
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to 1.77 MPa, the modulus from 0.13 to 0.56 MPa (Fig. 3F and G),
and the toughness from 0.78 to 3.74 MJ/m” (Fig. 3H). This remark-
able improvement in mechanical performance is attributed to the
formation of a DN and the strengthening of first network by the
increase in the density of ionic bonds. The denser network struc-
ture and smaller pore sizes observed in the SEM images of the
MPC hydrogels treated with (NH4),SO, (MNSPC) provide addi-
tional support for this explanation (Fig. 1B to D). Additionally,
the Hofmeister effect induced by (NH,),SO, enhances the molecu-
lar entanglement of CS chains, promoting the self-entanglement
of the CS network and its interpenetration with the PE net-
work [48,49]. Clearly, compared with PC and MPC hydrogels, the
MXene/(NH,),SO,-treated hydrogels (MNSPC) exhibited a 3-fold
increase in strength, modulus, and toughness, along with about
120% slight improvement in maximum strain (Fig. 3I). Although
the NSPC hydrogel also demonstrates a significant improvement
in overall mechanical properties, its strain-stretching performance
is notably inferior to that of the MNSPC hydrogels, which is critical
for the development of stretchable hydrogel shielding materials.
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Notably, the maximum strain of MNSPC increases from 510%
to 548% as the concentration of (NH,),SO, rises from 0% to 30%,
but significantly decreases to 427% when (NH,),SO, content
reaches saturation at 43% (Fig. 3F and H). Excessive ions formed
by excessive salting out lead to excessive cross-linking and inho-
mogeneity between polymer chains, thus forming a denser but
less flexible network structure, which is reflected in the larger
error bars observed in the mechanical performance results of
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high-concentration (NH,),SO, hydrogels (Fig. 3G and H and
Fig. $8). Although this dense structure improves the rigidity of
the hydrogel, it may also limit its elasticity and cause a decrease
in strain capacity. On the other hand, the salting-out effect
induced by excessive ammonium sulfate renders the hydrogel
denser and less swellable, thereby limiting its stretchability. Addi-
tionally, the influence of MXene content observed in MNSPC
hydrogels differed significantly from that in MPC hydrogels,
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suggesting a potential synergistic interaction between (NH,),SO,
and MXene.

Therefore, a further investigation of the synergistic effects
between MXene and (NH,),SO, content is essential for dynami-
cally controlling the mechanical properties of MNSPC hydrogels
and achieving optimal performance. The results of MNSPC
hydrogels with varying MXene content at a high-concentration
(NH,),SO, of 43% indicated that the overall mechanical proper-
ties were minimally influenced by MXene, despite slight increases
in strain and toughness as the increasing MXene content (Fig.
S8A to C). However, this impact was nearly negligible relative to
the excellent overall performance. Analysis of MNSPC hydrogels
with 1.5 mg/ml MXene under different (NH,),SO, concentra-
tions revealed a significant increase in strength, modulus, and
toughness with the rise in (NH,),SO,, accompanied by a consis-
tent decrease in strain (Fig. S8D to F). Although the strength,
modulus, and toughness reached their highest values at a con-
centration of 43% (NH,),SO,, the more critical stretchability was
reduced to 433%. A similar pattern was observed in hydrogels
with lower MXene content (0.5 mg/ml), where strain initially
increased with rising (NH,),SO, contents but exhibited a marked
decrease at the higher 43% concentration (Fig. 3F to H). Based
on the trends observed under high (NH,),SO, concentrations
(43%) with varying MXene content, as well as under different
(NH,),SO, concentrations with both high (1.5 mg/ml) and low
(0.5 mg/ml) MXene contents (Fig. 3 and Fig. S8), and consider-
ing strain stretchability as the primary performance criterion,
M, :NS,,PC, M, (NS,;PC, M, ;NS,.PC, and M, ;NS,,PC were
selected for further comparison to explore the optimal MXene/
(NH,),SO, ratio. Notably, M, ;NS ,PC hydrogels exhibited the
highest stretchability at 548% with the lowest MXene content
(0.5mg/ml), although its strength and modulus were slightly
lower than M ;NS,;PC and M, ;NS,;PC hydrogels, still achieving
excellent values of 1.12 MPa (strength) and 0.34 MPa (modulus),
respectively (Fig. 3]).

Opverall, the strength, modulus, toughness, and strain of hydro-
gels treated with the MXene/(NH,),SO, strategy were significantly
enhanced. The MNSPC hydrogels with an optimal ratio of 1.0 mg/
ml MXene and 30% (NH,),SO, (M, (NS;,PC) achieved excep-
tional mechanical performance, with strain, strength, modulus, and
toughness reaching 495%, 1.24 MPa, 0.49 MPa, and 3.19 MJm >,
surpassing most hydrogel shielding materials reported so far
(Fig. 3K and Table S1) [7,15,16,19,21,23,24,27,31,32,50-59].

Strain sensitivity sensor properties

The MNSPC hydrogel exhibited significant potential in deforma-
tion sensing applications due to its excellent conductivity (Fig.
S9) [19-23]. The gauge factor (GF) was measured to assess the
influence of MXene and (NH,),SO, on the strain sensor proper-
ties of the MNSPC hydrogel. The incorporation of MXene led to
a marked increase in GE However, only a slight decrease was
observed with further increases in MXene concentration, with
the maximum GF occurring at a concentration of 1 mg/ml (Fig.
4A and B). Conversely, the introduction of (NH,),SO, resulted
in a significant reduction in GE with a progressive decline as the
(NH,),SO, concentration increased (Fig. 4C and D). Similar
trends were observed when comparing the GF results across dif-
ferent hydrogel types. MPC hydrogels exhibited higher GF values
than did PC hydrogels, while NSPC hydrogels showed lower GF
values (Fig. 4E and F). However, the MNSPC hydrogel exhibited
adistinctly higher GF than other hydrogels (Fig. 4E and F), attrib-
uted to the synergistic effect of MXene and ammonium sulfate,
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which optimally balanced both conductivity and mechanical prop-
erties (Fig. 3 and Fig. S9). Notably, in the higher strain range (200%
t0 400%), the maximum GF reached 8.47 + 0.71, surpassing most
reported EMI shielding materials (Table S2) [3,35,52,60-80].

In addition, the stability and repeatability of the sensor are
critical for practical applications. The changes in resistance under
different strain cycles demonstrated the excellent reproducibility
and stability of the MNSPC hydrogel sensor (Fig. 4G and H).
The practical feasibility of the MNSPC hydrogel sensor was fur-
ther validated by integrating the hydrogel with a light-emitting
diode (LED) and applying it to various body parts. The bright-
ness of the LED significantly decreased as the hydrogel was
stretched, owing to the increased resistance from the stretching,
which reduced the current in the circuit (Fig. S10). The MNSPC
hydrogel sensor effectively monitored finger bending and wrist
rotation at different angles, with significant changes in the GF
indicating its superior sensitivity (Fig. 41 and J). The sensor also
detected facial movements, showing distinct resistance changes
when words such as “Alpha” and “Banana” were spoken (Fig.
4K). Moreover, real-time resistance responses showed notable
differences when a balloon was compressed at different speeds
(Fig. 4L). The above results on stability, repeatability, and practi-
cal demonstrations confirm that the MNSPC hydrogel can be an
excellent candidate for next-generation flexible strain sensors.

Ultra-broadband EMI shielding performance and

environmental stability
Conductive hydrogels are promising candidates for flexible EMI
shielding materials due to their porous structure, hydrophilic
environments, and high conductivity [19,20]. The MXene/
(NH,),SO, treatment strategy alters the microstructure of
MNSPC DN hydrogels and enhances their conductivity, which
is crucial for improving EMI shielding performance [21-26].
Test results of the dynamic microwave and terahertz time-
domain spectroscopy (THz-TDS) system reveal that the EMI
SE of MPC hydrogels significantly increases across the X-band
to the THz-band with the rising content of MXene (Fig. 5A and
Fig. S11), and the enhancement effect of MXene in the THz-
band is slightly higher than that in low-frequency bands such
as the X-band (Fig. 5B). The enhancement in EMI SE is attrib-
uted to the increased conductivity induced by MXene (Fig.
S9A), which effectively promotes the formation of a conductive
network. The introduction of (NH,),SO, further elevates the
EMI SE of NSPC hydrogels, significantly surpassing that of PC
hydrogels. However, with the increase of (NH,),SO, concentra-
tions, the EMI SE of NSPC hydrogels exhibits a nonmonotonic
trend, initially increasing and then decreasing (Fig. 5C and Fig.
S12). The maximum EMI SE enhancement, ranging from 13.6
to 16.9 dB across different frequency bands, is observed at a
30% (NH,),SO, concentrations (Fig. 5D). This behavior arises
from the sharp conductivity increase induced by (NH,),SO,
concentration, with the highest conductivity corresponding to
the optimal EMI SE at this concentration (Fig. S9B). Notably,
a substantially stronger influence is observed for (NH,),SO,
content relative to MXene (Fig. 5B and D). This effect originates
from its superior conductivity, ionic polarization effects, and
excellent dispersion and uniformity of (NH,),SO, (Fig. SI1A
and B), which avoids issues such as layer stacking and local
uniformity of MXene, especially in broadband applications.
The synergistic treatment of MNSPC hydrogels with MXene/
(NH,),SO, produced an EMI SE enhancement exceeding 20 dB,
markedly greater than that achieved by either MXene or (NH,),SO,
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component alone (Fig. 5E and F). Although both MXene and  significantly affect their synergistic effect. For instance, a signifi-
(NH,),SO, individually contribute to improved EMI shielding ~ cant decline in EMI SE is observed as (NH,),SO, concentration
performance, excessive concentrations lead to a decrease in EMI increases from 30% to saturation with 43% (Fig. 5C and D). Thus,
SE. Additionally, the relative proportions of MXene and (NH,),SO,  optimizing the MXene/(NH,),SO, ratio is critical for achieving
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conductive fillers. (1) Analysis of EMI shielding mechanism.

high EMI SE and mechanical performance with minimal conduc-
tive filler content. EMI SE and power coefficient under different
MXene/(NH,),SO, ratios were further systematically analyzed,
including high MXene with 1.5 mg/ml and low (NH,),SO,
with 15% (M, sNS,;PC), low MXene with 0.5 mg/ml and high
(NH,),SO, with 43% (M, ;NS,,PC), and moderate MXene with
1.0 mg/ml and moderate (NH,),SO, with 30% (M, (NS, PC). The
M, (NS,,PC hydrogel exhibits higher SE; and SE, contributions
than do M, ;NS,.PC and M ;NS,,;PC hydrogels, resulting in
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higher EMI SE (Fig. 5E and G and Fig. S13). This improvement
can be attributed to the optimal balance between electronic and
ionic conductivity, polarization effects, and conductive loss
achieved with moderate concentrations of MXene and (NH,),SO,,
providing the best EMI shielding performance. Further increasing
(NH,),SO, content leads to excessive ion concentration, causing
the conductivity to decrease (Fig. S9B). On the other hand, the
influence of MXene content on EMI shielding performance is
significantly less than that of (NH,),SO,, and high MXene content
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cannot compensate for the negative impact of low (NH,),SO, on
EMI SE (Fig. 5A to G). Considering the goal of minimizing MXene
filler content to reduce cost, the EMI SE of M, (NS, PC hydrogel
at the optimal MXene/(NH,),SO, ratio achieved EMI SE values
of 43.1 dB in X-band, 45.8 dB in Ku-band, 50.8 dB in Ka-band,
and 60.3 dB in THz-band (Fig. 5G). Notably, MNSPC DN hydro-
gel achieved high-performance EMI shielding across broadband
(exceeding 60 dB in the THz-band) with a shallow MXene filler
content of 0.12 wt %, representing the lowest conductive filler
loading reported to date among flexible MXene-based hydrogel
EMI shielding materials (Fig. 5H and Table S2).

The power reflection and absorption coeflicients of MNSPC
DN hydrogels vary depending on the MXene and (NH,),SO,
contents. However, the sum of the power reflection and absorp-
tion coefficients remains nearly equal to 1, indicating that the EMI
shielding mechanism of MNSPC DN hydrogels is contributed by
absorption and reflection effects (Fig. 5I). The specific shielding
mechanism is illustrated in Fig. 5I. First, the presence of water
molecules within the hydrogel facilitates energy dissipation and
enhances wave absorption, while its porous network extends the
propagation pathways and promotes multiple internal reflections
and absorption [11]. MXene treatment significantly enhances
the conductivity of the hydrogel (Fig. S9A), forming a conductive
MXene network that boosts conduction losses. Combined with
polarization effects of MXene, the CS chain and the PE chain
markedly enhance the EMI SE [12]. Further treatment with
(NH,),SO, introduces NH,* and SO, ions, which significantly
increase the conductivity of MNSPC hydrogels (Fig. S13B and
C), contributing to the conduction losses [13]. Additionally,
higher ion concentration intensifies the ionic polarization effect
under an electric field, resulting in better absorption and scatter-
ing of electromagnetic energy within the material, achieving an
approximate 20-dB enhancement in EMI SE.

The harsh working environment poses a considerable chal-
lenge to the actual SE and stability of EMI shielding materials.
EMI shielding effect test results and videos involving devices
such as computers and high-voltage power supplies visually
demonstrate the excellent EMI shielding effect of MNSPC
hydrogels (Fig. 6A and B and Movie S1). The electric field inten-
sity, as high as 866 V/m from the high-voltage power supply (Fig.
6A) and 72 V/m from the computer (Fig. 6B), is instantaneously
reduced to zero upon being shielded by MNSPC hydrogels.
Benefiting from the mechanical robustness and flexibility of the
MNSPC hydrogel, the EMI SE remains virtually unaffected after
over 1,000 cycles of repeated stretching and bending (Fig. 6C).
In practical applications, hydrogel shielding materials inevitably
experience long-term water evaporation. The EMI SE of MNSPC
hydrogels in the terahertz band decreased to 35.6 dB after 5 d
and then remained stable (Fig. 6D). Notably, the MNSPC hydro-
gel demonstrated excellent stability as an organic hydrogel under
water evaporation conditions and was significantly superior to
traditional MXene hydrogels (Fig. 6D). In view of the extreme
working conditions of certain electronic devices, such as low-
temperature freezing and high-temperature heating, the EMI SE
was measured before and after exposure to —30 °C freezing and
150 °C heating for various durations. After freezing at —30 °C
for 5 h, the EMI SE decreased from 60.3 dB to 44.3 dB but recov-
ered to over 60 dB upon thawing (Fig. 6E). This recovery is due
to the temporary disruption of the conductive network caused
by ice formation during freezing, which does not result in per-
manent damage (Fig. S14). A similar decrease in EMI SE was
observed after heating at 150 °C, with the EMI SE dropping to
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32.5 dB after 60 s of heating (Fig. 6F). High temperatures primar-
ily lead to water evaporation, which affects the internal structure
of the hydrogel. Yet, it does not reach the decomposition tem-
perature of the MXene or (NH,),SO, components (Fig. S14).
However, the reduction in EMI SE under alcohol burner flame
exposure (down to 24.9 dB) was much more pronounced than
at 150 °C heating environment (Fig. 6G), because the inner and
outer flame temperatures of the alcohol burner exceed 500 °C,
leading to the rapid evaporation of water from the hydrogel and
the decrease in conductivity (Fig. S14). Moreover, the elevated
temperature causes decomposition of the hydrogel matrix com-
ponents, resulting in structural damage to the hydrogel system.
The EMI SE results under varying strain levels demonstrated the
advantages of MNSPC hydrogels in practical shielding applica-
tions. Even under a significant strain of 150%, the EMI SE in the
terahertz band remained at 38.2 dB (with a shielding efficiency
exceeding 99%) (Fig. 6H), surpassing that of most reported con-
ductive EMI materials [20,24,81-86]. Moreover, this perfor-
mance was achieved with an ultra-low conductive filler content
of 0.12 wt % (Fig. 5H).

Clearly, under extreme conditions such as water evaporation,
low-temperature freezing, flame exposure, high-temperature heat-
ing, and tensile strain, the MNSPC hydrogel exhibited varying
degrees of reduction in EMI SE (Fig. 6I). Nevertheless, due to its
conductivity in the range of 0.06 to 3.58 S/m (Fig. S14), it contin-
ues to demonstrate an EMI SE exceeding 20 dB under different
harsh environments, which surpasses the commercial application
threshold. This highlights the significant potential of MNSPC
hydrogels for EMI shielding applications under harsh environ-
mental conditions and complex structural requirements.

Infrared stealth performance and

environmental stability

Infrared sensors easily detect objects with temperatures above
absolute zero due to continuous thermal radiation. The infrared
stealth properties of MNSPC hydrogels with 2-mm thickness
were evaluated using a thermal imaging camera, which is cru-
cial for expanding their potential applications in aerospace and
military fields. The radiation temperature of the hand area cov-
ered by MNSPC hydrogel decreased from 34.9 °C to 19.5 °C
compared to an infrared target, demonstrating a temperature
distribution similar to that of the surrounding environment,
thereby providing direct evidence for excellent infrared stealth
performance of the MNSPC hydrogel (Fig. 7A). Compared with
PC, MPC, and NSPC hydrogels, the MNSPC hydrogel treated
with the MXene/(NH,),SO, strategy exhibited significantly
improved infrared stealth, arising from the synergistic role of
the MXene conductive network for electromagnetic to thermal
energy conversion and the structural changes in the hydrogel
induced by (NH,4),SO, (Figs. S3 and S9).

Infrared stealth materials inevitably encounter harsh working
environments in practical applications, and their exceptional
environmental stability is critical for expanding their application
scenarios and enhancing market competitiveness. Hydrogels face
the inevitable issue of prolonged water evaporation in practical
applications due to the dependence on their water-rich environ-
ment. The infrared stealth performance of the MNSPC hydrogel
decreased after water evaporation (the radiation temperature
of covered hydrogel increased from 24.1 °C to 25.6 °C).
However, even after 7 d of prolonged water evaporation, the
infrared target temperature decreased from 36.3 °C to 25.6 °C,
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still exhibiting excellent infrared stealth (Fig. 7B). Under a low-
temperature environment of —30 °C, the hydrogel underwent
freezing, yet the frozen MNSPC hydrogel continued to show
good infrared stealth performance, and almost unaffected by
the increase in freezing time (Fig. 7C). After exposure to the
alcohol lamp flame for 60 s, significant degradation in infrared
stealth of MNSPC hydrogels was observed due to the water
evaporation and structural degradation of the hydrogel caused
by the flame temperature exceeding 500 °C. However, when
rehydrated in a water-rich environment for 20 s, the infrared
stealth performance was restored (Fig. 7D). Interestingly, under
150% tensile strain, a marked increase in infrared shielding
performance was observed, with the radiation temperature of
the MNSPC hydrogel-covered area decreasing from 23.6 °C to
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16.9 °C (Fig. 7E). This phenomenon can be attributed to the
enhanced infrared scattering and absorption effects caused by
the increased propagation path and the increased structural
nonuniformity of MNSPC hydrogels.

Furthermore, the infrared stealth and thermal insulation
properties of the MNSPC hydrogel were tested under high-
temperature conditions using a constant-temperature heating
platform. Under a high-temperature environment of 150 °C,
the temperature of MNSPC hydrogel gradually rose from
33.6 °Ct0 79.1 °C within 60 s (Fig. 7F). Compared to the infrared
target at 150 °C, the radiation temperature of the hydrogel-
covered area decreased by approximately 70.9 °C, demonstrat-
ing excellent thermal insulation performance and stability (Fig.
7G). Although infrared stealth performance showed varying
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degrees of change in different harsh environments, including
water evaporation, low-temperature freezing, flame burning,
high-strain stretching, and high-temperature heating, it still
maintained excellent infrared stealth (Fig. 7H). Compared with
typical shielding materials such as films, foams, aerogels, and
hydrogels, the comprehensive performance of MNSPC hydro-
gels ranks among the best (Figs. 3K, 5H, and 71).

Discussion

In summary, an MNSPC DN hydrogel with strong mechanical
sensing, stable high EMI shielding, and infrared stealth performance
under various harsh working environments has been designed
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and produced using MXene/(NH,),SO;-treated strategy-assisted
ultrasonic dispersion and thermal polymerization method.
(NH,),SO4 triggered the Hofmeister effect and induced molecu-
lar entanglement of CS within the hydrogel, resulting in about
3-fold enhancement in mechanical properties. The MXene
nanosheets were induced to align orderly the porous network
structure in the hydrogel, forming a continuous MXene conduc-
tive pathway, in synergy with (NH,4),SO, to significantly enhance
the conductivity. The MXene/(NH,),SO4 synergistic effect enables
the MNSPC DN hydrogel to achieve excellent mechanical proper-
ties (strain with 495%, strength with 1.24 MPa, modulus with
0.49 MPa, and toughness with 3.19 MJ.m ™), ultra-wideband
high-performance EMI shielding across the X-band, Ka-band,
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Ku-band, and THz-band with 60.3 dB, and exceptional infrared
stealth performance, with only 0.12 wt % low conductive filler
content and a thickness of 2 mm. Meanwhile, benefiting from the
high conductivity, thermal stability, composite network structure,
and excellent mechanical properties of MNSPC DN hydrogels,
it still maintained EMI SE well above 20 dB and excellent infrared
stealth performance under various harsh conditions such as
repeated stretching, prolonged water evaporation, low-temperature
freezing, high-temperature heating, flame exposure, and 150%
tensile strain. Moreover, the easy processability of the MNSPC
DN hydrogels with high GF is of great significance for scalable
applications in electronic devices and soft robotics with complex
shapes. In short, the MNSPC DN hydrogels with exceptional
design and MXene/(NH,),SO strategy exhibit great application
potential for scalable aerospace, military, soft robotics, and wear-
able electronic devices for the sake of its excellent mechanical
sensing performance, stable EMI shielding and infrared stealth
effects resistant to various harsh environments, low cost with
0.12 wt % conductive filler, and easy processability.

Methods

Materials

AA [99%, containing 200 ppm (parts per million) MEHQ as
inhibitor], DMAEMA (99%, containing 1,000 ppm MEHQ as
inhibitor), 2,2'-azobis(2-methyl-propionamidine) dihydrochlo-
ride (V-50,97%), and ammonium sulfate [(NH,),SO,, 99%]
were purchased from Aladdin Reagent Co. Ltd., China. MBAA
(99%) was purchased from Sigma-Aldrich. Short-chain CS
[degree of deacetylation >90%, viscosity 45 mPa-s for 1% (w/v)
solution] was purchased from Jinhu Company, China. Ti,C,
MXene dispersion was obtained from 11 Technology Co. Ltd.,
Jilin, China.

Fabrication of DN MNSPC hydrogel

The MNSPC hydrogels were fabricated using the following
steps. Firstly, 4 g of AA, 0.5 g of DMAEMA, 0.4 g of CS, 2.5 mg
of MBAA, 50 pl of 0.8 M V-50 solution, and varying volumes
(0,0.25, 0.5, and 0.75 ml) of 20 mg/ml MXene dispersion were
mixed, and deionized water was added to adjust the total vol-
ume of precursor mixture to 10 ml. The mass fraction of MXene
can be calculated based on the MXene content per unit volume
of hydrogel:

%
(Wt%)(MXene) = PMH

(1)

H

where p,, refers to the MXene content per unit volume of
hydrogel, and My; and Vi, represent the mass and volume of
hydrogel.

This precursor mixture was then sonicated in an ice bath using
a SCIENTZ-IID ultrasonic homogenizer (Scientz Biotechnology
Co. Ltd., Ningbo) at 240 W for 30 min to ensure uniform disper-
sion of the MXene. The mixture was degassed usinga TMV-200T
Vacuum Mixer (Smida Intelligent Equipment Co. Ltd., Shenzhen)
at 1.5 kPa and 1,000 rpm for 3 min. Following this, the mixture
was injected into a mold composed of 2 glass plates separated by
asilicone rubber spacer to obtain hydrogel sheets. The polymer-
ization of the PE chains was initiated at 50 °C for 12 h, with
MBAA acting as the cross-linker and V-50 as the thermal initia-
tor. Finally, the MNSPC composite hydrogels underwent salting
out in an (NH,),SO, solution for 72 h to establish the CS ionic
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network and trigger the Hofmeister effect, resulting in the forma-
tion of the MNSPC DN hydrogels.

Materials characterizations

SEM images of the hydrogels and EDS were captured by Gemini
SEM 500 (ZEISS, Germany) at accelerating voltages of 10 and
8 kV, respectively. TEM images of the Ti,C, MXene nanosheets
were obtained using an HT7700 Exalens (HITACHI, Japan) at
an accelerating voltage of 100 kV. Crystallographic data of the
samples were recorded using XRD on Theta/Theta Rotating
anode X-ray Diffractometer (TTR IIL, Japan). Raman spectros-
copy measurements were performed using the Confocal Raman
System-Horiba LabRAM SoLeil (Horiba, Japan) equipped with
a 785-nm laser, and the spectra were recorded in the range of
1,500 to 100 cm™". FTIR of the samples was performed in the
range of 4,000 to 500 cm™" on a Nicolet 8700 IR spectropho-
tometer (Thermo Scientific, USA). XPS measurements were
performed on X-ray Photoelectron Spectrometer-Kratos AXIS
SUPRA™ (Shimadzu, Japan).

Mechanical test

Mechanical properties were measured by an HY-0350 testing
machine (HengYi Instrument Co. Ltd., Shanghai). The samples
were stamped into a dumbbell shape with 2-mm inner width,
20-mm gauge length, and 1- to 2-mm thickness for the test. To
reduce the effect of dehydration, the tensile rate was set to
50 mm/s. All mechanical properties were tested on no less than
3 samples, average values were selected as the final results, and
standard deviations were marked as error bars in the figures.

Strain-sensing test

The samples were cut into a rectangular shape with a width of
6 mm, a thickness of 1 to 2 mm, and a gauge length of 30 mm
for the strain-sensing test. The GF was used to quantify the
strain sensitivity of the hydrogels. The resistance change of the
samples at different strains was measured using a TH2832 LCR
meter, while the samples were loaded and unloaded by the fin-
ger, wrist, and balloon. The relative changes in stress and resis-
tance determined GF:

R—-R, 1

RO 6_60

GF =

(2)

where R, and R represent the initial resistance and real-time
resistance of the sample, respectively, and €, and € represent the
initial strain and real-time strain of the sample, respectively.

To further demonstrate the functional capability of the
hydrogels as sensors, the gels were integrated into a circuit with
an LED. Theoretically, stretching the gel would increase its
resistance, causing a decrease in the current flowing through
the LED, subsequently reducing its brightness.

Electromagnetic shielding test in different EM
frequency bands

Electromagnetic shielding bands of hydrogels in this work
mainly focus on the X-band (8.2 to 12.4 GHz), Ku-band (12.4
to 18 GHz), Ka-band (90.5 to 40 GHz), and THz-band (0.1
to 1.0 THz). EMI SE values of hydrogels in X-band, Ku-band,
and Ka-band were measured by microwave test system (Anritsu-
MS46322B vector network analyzer with a range of 1 MHz to
43.5 GHz), and the corresponding samples were cut into a

13


https://doi.org/10.34133/research.1020

Research

rectangular shape with 50 mm X 50 mm (length X width) for
measurements. The power transmission T}, reflection R, and
absorption A coeficients in the hydrogels were calculated by
S parameters (forward S,; and reverse S;, transmission coef-
ficients, input S,, and output Sy, reflection coeflicients) based
on Egs. (3) to (5), and corresponding EMI SE values of hydro-
gels were obtained by power transmission and reflection coef-
ficients based on Egs. (6) to (8).

2 2
T, = [Sia|” = [Sa1] (3)

2 2
R, =[S;1]" = Sy| ()
Ap=1-T,-R, (5)
EMISE = SEy = ~10log (T, ) ©)
SE, = —10l0 L 7
R = 4 I-R, (7)
SEA b SET - SER (8)

where SE, SEg, and SE, represent the overall SE, reflection,
and absorption effectiveness (in dB), respectively.

EMI SE values of hydrogels in THz-band were measured using
the terahertz time domain spectroscopy (THz-TDS) test system
(TAS7400TS). Considering the non-negligible influence of water
vapor on terahertz waves, the test environment was controlled
below 5% relative humidity (RH) by an air dryer equipped with
a temperature and humidity recording transmitter (G95-4PS,
Hangzhou Loggertech Co. Ltd.). Overall shielding, reflection,
absorption effectiveness, and EMI SE of MPC hydrogels were
measured and analyzed in the transmission mode and reflection
mode of THz-TDS system based on Egs. (9) and (10).

E
EMI SE = SE = —20log <E—5> (9)

a

E
SER=—1olog<Ef> (10)

1

where E, and E, refer to the terahertz pulse intensity through
MPC hydrogel and air in the transmitted light path, respec-
tively, and E, and E; represent the incident and reflected tera-
hertz pulse intensity of hydrogels in reflected optical path,
respectively.

Infrared stealth performance test

Infrared stealth performance of hydrogels in this work was tested
via infrared thermal camera (H21PROS+, China), with the infra-
red wavelength range spanning from 8 to 14 pm. The correspond-
ing samples were cut into a rectangular shape with 50 mm X
50 mm (length X width) for measurements. Heating tests in the
infrared range were conducted using a stainless steel digital
constant-temperature heating plate (LC-DB-AB, China), which
generated a 150 °C high-temperature environment while minimizing
the influence of surface materials on the infrared measurements.
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Statistical analysis
All data were presented as the means =+ standard deviation.
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