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ne@C/Cu micro-supercapacitors
with cryo-tolerant hydrogel for wireless self-
powered motion monitoring
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Designing integrated material systems that can simultaneously provide reliable energy storage and real-

time sensing under harsh environments remains a major challenge for next-generation wearable

electronics. Here, we report a robust, cryo-tolerant, and self-powered sensing platform constructed by

integrating inkjet-printed N'S-MXene@C/Cu-based micro-supercapacitors (MSCs) with a multifunctional

PVA/LiCl–ethylene glycol (EG) hydrogel, which functions both as a solid-state electrolyte and

a stretchable strain sensor. The device retains high ionic conductivity and mechanical compliance at

temperatures as low as −30 °C, delivering an areal capacitance of 218.5 mF cm−2 along with excellent

cycling stability. Moreover, seamless integration on a printed circuit board (PCB) enables wireless, real-

time joint motion monitoring through Bluetooth transmission. Various human motions, such as wrist

bending and neck rotation, are tracked with high signal fidelity without the need for external power. This

work demonstrates a scalable strategy for developing flexible, multifunctional, and low-temperature-

tolerant electronic platforms, advancing applications in wearable healthcare, soft robotics, and human–

machine interfaces.
1. Introduction

The rapid proliferation of self-powered exible devices for
portable and wearable electronics—spanning applications in
the Internet of Things, environmental sensing, and health
monitoring—drives the need for integrated energy solutions
that simultaneously achieve miniaturization, robust perfor-
mance, and environmental resilience.1–5 While self-powered
exible integration technology is critical for enabling autono-
mous operation of wearable systems,6–10 current designs face
dual challenges: (1) compromised energy density and sensing
delity due to device miniaturization,11–14 and (2) limited oper-
ational reliability under extreme temperatures or cyclic
mechanical deformation during dynamic human activities.15–19

While individual components in integrated systems may
operate at milliwatt or microwatt levels, the cumulative energy
demand for sustained operation remains substantial, creating
a critical bottleneck for conventional power supplies in exible
electronics.20,21 Traditional batteries fall short in meeting the
triple requirements of miniaturization, dynamic mechanical
compliance, and weight reduction inherent to these applica-
tions.22,23 Micro-supercapacitors (MSCs) have emerged as
a compelling alternative, combining high power delivery,
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scalable miniaturization, and inherent compatibility with ex-
ible substrates.24 Recent breakthroughs in MSC development—
including advanced pseudocapacitive materials, microelectrode
architectures, and interfacial engineering strategies—have
driven remarkable improvements in energy storage capacity
and operational longevity.25–28 However, three critical barriers
hinder their practical implementation in miniaturized exible
systems: (1) energy density limitations when maintaining
mechanical compliance;29–31 (2) manufacturing scalability
challenges requiring cost-effective processes with high-
precision patterning capabilities;32,33 (3) reliability decits
under mechanical deformation or environmental extremes.
Inkjet printing emerges as a strategic manufacturing platform,
leveraging its digital patterning versatility andmaterial-efficient
deposition to address these challenges.34–36 The technology's
success fundamentally depends on developing stable functional
inks with tailored electrochemical properties and post-
processing protocols to activate energy storage performance.

Flexible sensors are critical components of wearable devices,
enabling accurate detection of diverse stimuli while conforming
to the human body.37,38 Hydrogels have emerged as a premier
material for exible strain sensors due to their inherent
stretchability, self-healing capability, and tissue-like so-
ness.39,40 By incorporating conductive nanomaterials into
hydrogel polymer matrices, these composites enable multi-
modal sensing across applications ranging from articial skin
to implantable diagnostic platforms.40,41 However, their
This journal is © The Royal Society of Chemistry 2026
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practical adoption faces limitations, including a compromise
between mechanical robustness and electrical sensitivity, as
well as performance degradation at low temperatures caused by
water crystallization.42,43 Current antifreeze strategies, such as
using organic solvents or concentrated electrolytes, oen
sacrice ionic conductivity or mechanical performance.44–47

Consequently, developing mechanically robust, temperature-
resilient conductive hydrogels capable of stable performance
across diverse conditions remains imperative for advancing
exible strain sensor technologies.

In this work, we present a exible, fully integrated, and self-
powered sensing system that operates reliably across extreme
environmental conditions (−30 to 60 °C). The platform inte-
grates inkjet-printed N'S-doped MXene@C/Cu micro-
supercapacitors (MSCs) with a cryo-tolerant PVA/LiCl–ethylene
glycol (EG) hydrogel, which functions simultaneously as a solid-
state electrolyte and a stretchable strain sensor. Seamless PCB
integration enables real-time wireless motion monitoring via
Bluetooth without external power. The optimized MSCs deliver
an areal capacitance of 218.5 mF cm−2 at 30 mV s−1 and an
energy density of 10.93 mWh cm−2, while retaining 81.36% of
capacitance aer 5000 cycles at −30 °C. Meanwhile, the PVA/
LiCl–EG hydrogel sensor sustains up to 600% strain with
a gauge factor of 3.01 at −30 °C. When incorporated into
a wearable platform, the system autonomously tracks a wide
range of physiological signals, from subtle biosignals to large
joint movements. This co-optimization of energy storage and
sensing components offers a scalable strategy for environment-
adaptive wearable electronics.
2. Results and discussion

Fig. 1 illustrates a self-powered exible strain-sensing inte-
grated system comprising energy storage (N'S-MXene@C/Cu
MSCs), sensing (PVA/LiCl–EG organic ionic hydrogel), and
Fig. 1 Flexible self-powered system integrating N,S-MXene@C/Cu MSC
toring with cryo-tolerant performance.

This journal is © The Royal Society of Chemistry 2026
control/display modules (PCB), enabling wireless real-time joint
motion monitoring via Bluetooth. The N'S-MXene@C active
material was synthesized by thiourea intercalation into MXene
to expand the interlayer spacing, followed by carbon coating to
enhance stability. The resulting material was dispersed into
a printable ink. Copper interdigital electrodes serving as current
collectors were fabricated on a paper substrate through inkjet
printing and electroless plating (see Tables S1 and S2 for
formulations). The N'S-MXene@C ink was subsequently printed
onto these electrodes to construct MSCs. The PVA/LiCl–EG
hydrogel was prepared via salt deposition and repeated freeze–
thaw cycles, where LiCl precipitation induced PVA chain
entanglement, forming a physically cross-linked network, while
EG incorporation disrupted hydrogen bonding of water mole-
cules, thereby enhancing cryo-tolerance. Both the MSCs and
hydrogel sensors were integrated on the same exible paper
substrate, and the entire system was encapsulated with poly-
imide tape to ensure durability.

MXene was synthesized by selectively etching Ti3AlC2 with
LiF/HCl solutions,48 followed by exfoliation in dimethyl sulf-
oxide (DMSO) under ultrasonication to enhance electrochemi-
cally active surface exposure. Scanning electron microscopy
(SEM) imaging (Fig. S1) reveals stackedMXene nanosheets prior
to exfoliation. Post-exfoliation, the MXene adopts an accordion-
like morphology with residual aggregation, as shown in Fig. 2a.
Transmission electron microscopy (TEM) imaging (Fig. 2b)
conrms successful delamination, while high-resolution TEM
images (Fig. 2c and d) display lattice spacings of 0.151 nm and
0.124 nm, corresponding to the (220) and (222) crystallographic
planes of MXene, respectively. The selected area electron
diffraction (SAED) pattern (Fig. 2e) exhibits concentric diffrac-
tion rings indexed to the (111), (200), and (220) planes, con-
rming the crystalline nature of MXene.

Energy dispersive spectroscopy (EDS) mapping (Fig. 2f) and
X-ray photoelectron spectroscopy (XPS) analysis (Fig. S2)
s and PVA/LiCl–EG hydrogel sensors enables wireless motion moni-
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Fig. 2 N'S-MXene@C characterizations: (a) SEM morphology, (b) TEM image, (c and d) HRTEM images, (e) SAED, (f) EDS elemental mapping,
High-resolution XPS spectra of (g) S 2p. (h) XRD profiles and Rietveld refinement fit for N,S-MXene@C. (i and j) N2 adsorption–desorption
isotherm and the pore size distribution. N'S-MXene@C ink characterizations: (k) zeta potential measurements, (l) UV-vis absorption spectrum, (m)
water contact angle and size distribution, and (n) AFM analysis.
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conrm homogeneous distribution of Ti, C, N, and S, validating
successful heteroatom doping. The S 2p spectrum (Fig. 2g)
resolves ve components: N–S (169 eV), S–O (167.88 eV), C–S
(165.68 eV), S–Ti (163.38 eV), and Ti–S (159.98 eV), consistent
with sulfur incorporation via vacancy lling and surface
graing.49–51 The Ti 2p XPS spectrum in Fig. S3a deconvolutes
into primary components including Ti–S/O, Ti–C/N, and Ti–O,
reecting distinct chemical interactions between titanium and
heteroatoms (S, N, O). Specically, the Ti(III) (455.58 eV), Ti(II)
(456.78 eV), and Ti–O (458.78 eV) states are attributed to outer-
layer Ti atoms bonded with N S, and O, respectively,52,53 and the
Ti–C/N components at 454.48 eV and 461.18 eV originate from
inner-layer Ti–N bonding, indicative of titanium in higher
oxidation states. The N 1s spectrum (Fig. S3b) shows C–N
(400.48 eV), C–N (402.28 eV), N–Ti (395.8 eV), and N–O (404.2
eV), reecting nitrogeN,S diverse bonding states.54,55 The O 1s
spectrum (Fig. S3c) includes contributions from C–O–C (531.98
eV), C]O (530.68 eV), Ti–O (530.08 eV), and Ti–OH (529.38 eV),
attributed to surface oxidation and organic ligands.56 The C 1s
20382 | J. Mater. Chem. A, 2026, 14, 20380–20393
spectrum (Fig. S3d) resolves C–S (288.68 eV), C–O (285.98 eV),
C–N (285.08 eV), C–C (284.28 eV), and C–Ti (281.48 eV).54,57

X-ray diffraction (XRD) results (Fig. 2h and S4a) conrm N/S
doping via a shied (002) peak to lower angles, indicative of
expanded interlayer spacing.6,58 Peaks align with the (002),
(004), (100), and (110) planes of MXene and the (111), (200), and
(220) planes of TiC0.7N0.3 (PDF#42-1489). Besides DMSO-
assisted intercalation, thiourea plays a mechanistically
distinct role. Thiourea is intercalated into etched Ti3C2Tx and
thermally decomposed (∼500 °C, Ar/N2) to deliver reactive N/S
species, yielding Ti–N/Ti–S and C–N/C–S functionalities (XPS
results). The resulting N/S co-doping expands the interlayer
spacing (XRD (002) diffraction peak shi to lower angles) and
increases the magnitude of negative surface charge, which
enhances electrostatic repulsion between akes and mitigates
restacking; accordingly, the N'S-MXene@C ink exhibits a z-
potential of about−29.8 mV and long-term colloidal stability. In
brief, DMSO facilitates initial delamination, while thiourea-
enabled N/S doping stabilizes the separated state by locking
This journal is © The Royal Society of Chemistry 2026
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in a larger d-spacing and favorable surface chemistry. The
Fourier-transform infrared (FT-IR) spectroscopy (Fig. S4b)
identies hydrophilic groups of N'S-MXene@C, including –OH
(3757 cm−1), –NH2 (3421 cm−1), C]O (1790 cm−1), and Ti–O
(706 cm−1). The C]O vibration (1790 cm−1) arises from carbon
coating, enhancing material stability.59 N2 adsorption–desorp-
tion isotherms (Fig. 2i) reveal a BET surface area of 39.975 m2

g−1 for N,S-MXene@C, with a type H3 hysteresis loop and type
IV isotherm. Pore size distribution (Fig. 2j) shows an average
pore diameter of 21.6 nm and total pore volume of 0.023 cm3

g−1, facilitating electrolyte permeation and ion diffusion.
Fig. 3 (a) Schematic diagram of the PVA/LiCl–EG hydrogel. (b) SEM i
Schematic diagram on EG-H2O interactions affecting the physicochem
spectra of PVA/LiCl–EG hydrogels with different LiCl concentrations and (
of PVA/LiCl hydrogels with different LiCl concentrations and (i) correspon
LiCl contents in a 60 °C environment.

This journal is © The Royal Society of Chemistry 2026
As shown in Fig. S5, N'S-MXene@C ink was prepared by
sonicating N'S-MXene@C composites in ethanol, followed by
dispersing the exfoliated akes in N-methylpyrrolidone (NMP).
The mixture was centrifuged to obtain a stable supernatant,
which served as the nal ink. MXene and N'S-MXene inks were
fabricated using the same protocol. Zeta potential measure-
ments (Fig. 2k) reveal values of +3.39 mV (MXene), −26.0 mV
(N'S-MXene), and −29.80 mV (N'S-MXene@C). The highest
absolute zeta potential (−29.8 mV) for N,S-MXene@C ink indi-
cates superior colloidal stability, which is further corroborated
by the absence of precipitation in refrigerated ink (20 mg mL−1)
over three months (Fig. 3b).
mage of the cross-sectional view. (c) SEM image of the surface. (d)
ical properties of hydrogels. (e) FTIR spectrum of the hydrogel. (f) EIS
g) the corresponding ionic conductivity. (h) Tensile stress–strain curves
ding elastic moduli. (j) Mass retention curves of hydrogels with different

J. Mater. Chem. A, 2026, 14, 20380–20393 | 20383
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The ultraviolet-visible (UV-vis) spectrum of the N'S-
MXene@C ink (Fig. 2l) exhibits a prominent absorption peak
at 776 nm, consistent with the characteristic electronic transi-
tion of MXene materials.60 The Tyndall effect observed in the
dispersion (inset) validates its stable nanostructured nature.
The ink demonstrates a water contact angle of 54.58° and an
average particle size of 600 nm (Fig. 2m and S6), while atomic
force microscopy (AFM) analysis (Fig. 2n) reveals ultrathin N'S-
MXene@C nanosheets with a thickness of ∼1.8 nm. These
properties—good hydrophilicity, nanoscale dimensions, and
colloidal stability—collectively enable the ink's suitability for
inkjet printing applications. The cross-sectional architecture of
the MSC electrode (Fig. S7a) comprises three distinct layers:
a paper substrate (base), a thick copper current collector
(intermediate), and an N'S-MXene@C active layer (top). As
shown in Fig. S7b, the interdigital copper electrodes are selec-
tively coated with N'S-MXene@C ink, leaving peripheral regions
uncoated to serve as external electrical contacts.

The synthesis mechanism and structural evolution of the
PVA/LiCl–EG hydrogel are illustrated in Fig. 3a. Li+ ions coor-
dinate with hydroxyl groups on PVA chains while strongly
hydrating water molecules (H2O), forming stable hydrated
complexes that suppress ice crystallization, thereby enhancing
the hydrogel's freeze resistance. In addition, Li+ binding to
PVA–OH groups disrupt intermolecular hydrogen bonding
during freeze–thaw cycles, creating a loosely crosslinked
network characterized by low crosslink density. This architec-
tural feature simultaneously enhances mechanical exibility,
facilitates rapid ion transport, and enables interfacial self-
adhesion through mobile polymer chains. The incorporation
of ethylene glycol (EG) further modulates hydrogel properties by
inserting into the water hydrogen-bonding network (Fig. 3b)—
broadening the electrochemical stability window while boosting
low-temperature ion mobility.61

Cross-sectional and surface SEM images (Fig. 3c and d)
reveal a hierarchical porous architecture generated by LiCl-
induced salting-out effects. The interconnected pore network
features size-gradient pores—larger near the surface trans-
itioning to smaller sub-surface pores—which effectively dissi-
pate mechanical stress while maintaining structural integrity.
FTIR analysis (Fig. 3e) demonstrates hydrogen-bonding inter-
actions in the PVA/LiCl–EG hydrogel: The O–H stretching
vibration of PVA shis from 3342 cm−1 to 3321 cm−1, while
a C–H peak downshis from 1660 cm−1 to 1649 cm−1. These
shis indicate charge redistribution caused by EG disrupting
water's hydrogen-bond network and coordinating with PVA
hydroxyl groups, collectively suppressing ice nucleation and
extending the operational temperature range.

Electrochemical impedance spectroscopy (Fig. 3f) reveals
concentration-dependent ionic conductivity governed by a non-
faradaic mechanism. Increasing LiCl concentration from 0 to
5 M elevates conductivity from 2.1 to 132.5 mS cm−1 (Fig. 3g),
attributed to reduced crosslinking density and enhanced Li+

mobility. The elongation at break improves signicantly
(Fig. 3h),while elastic modulus decreases from 83 kPa to 5 kPa
(Fig. 3i), demonstrating tunable mechanoelectrical coupling via
LiCl-mediated crosslink density modulation. Despite reduced
20384 | J. Mater. Chem. A, 2026, 14, 20380–20393
stiffness, cyclic tensile tests conrm retained resilience. Envi-
ronmental stability assessments (Fig. 3j) show superior mois-
ture retention in 5 M LiCl hydrogel (86.5% weight retention
aer 8 h at 60 °C), attributable to strengthened water–Li+

coordination and EG-mediated hydrogen-bond regulation.
Considering mechanical properties, electrical performance,
and water retention capacity, the optimal concentration of LiCl
was determined to be 5M. The differential scanning calorimetry
(DSC) to quantify the freezing transition of the PVA/LiCl–EG
hydrogel. The Fig. S8 show the disappearance of the free-water
crystallization/melting peaks that are present in PVA/H2O
controls, with the onset of freezing suppressed below 0 °C and
a broad glass-transition around −30 °C, consistent with strong
water binding and colligative depression by LiCl and ethylene
glycol.

Fig. 4a demonstrates the adhesive capability of PVA/LiCl–EG
hydrogels across diverse substrates, including glass, fabric,
polyethylene terephthalate (PET), polyimide (PI), ceramic, Si,
and polyethylene (PE), highlighting their substrate versatility.
The schematic summarizes that PVA/LiCl–EG adheres rapidly to
glass, fabric, PET, PI, ceramic, Si, and PE through a combina-
tion of in Fig. S9: (i) hydrogen bonding/ion–dipole interactions
between and polar substrates (glass, ceramic, Si); (ii) polar–
polar and van der Waals interactions on polymeric surfaces
(PET, PI, PE); and (iii) micro-mechanical interlocking aided by
the gel's compliant, porous surface on rough textiles (fabric).
Experimentally, our adhesion panels demonstrate substrate-
versatile adhesion with fast bonding kinetics (strength shows
little increase with contact time), consistent with interfacial
bonding dominated by dynamic supramolecular interactions.
Fig. 4b displays the adhesion strength variation of the hydrogel
across ve replicate tests on different substrates, demonstrating
retained high adhesion performance. Notably, prolonged
contact time does not signicantly enhance adhesion strength
(Fig. 4c), indicating rapid bonding kinetics.

Tensile tests on rectangular hydrogel samples (2 cm × 2 cm)
reveal distinct mechanical behaviors. The stress–strain curves
(Fig. 4d) show that LiCl and EG additives reduce crosslink
density, increasing exibility and stretchability: PVA/LiCl–EG
hydrogel exhibits 17.21 kPa tensile strength and 651% elonga-
tion at break, compared to 284.75 kPa/256% for pure PVA.
Fig. 4e shows that the stress–strain curves of the PVA/LiCl–EG
hydrogel remain nearly identical in shape and magnitude
across a wide temperature range, conrming its mechanical
stability under diverse thermal conditions. Young's modulus
decreases from 2.59 kPa (PVA) to 0.11 kPa (PVA/LiCl–EG), with
a concurrent reduction in toughness (Fig. S10). A 1.5 kg water-
lled bottle can be lied by the hydrogel (Video 1), demon-
strating load-bearing capacity.

Cyclic loading-unloading tests (400% strain, 60 cycles) in
Fig. 4f reveal negligible hysteresis and stable hysteresis loop
alignment, indicating efficient energy dissipation via dynamic
hydrogen bond reformation. This behavior persists across
increasing strain cycles (Fig. 4g), conrming robust fatigue
resistance. The hydrogel withstands >600% strain (Fig. S11) and
maintains structural integrity under twisting/pricking
deformations.
This journal is © The Royal Society of Chemistry 2026
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Fig. 4 (a) Adhesion performance of PVA/LiCl–EG hydrogels to glass, fabric, PET, PI, ceramic, Si, and PE substrates. (b) Adhesion strength variation
of hydrogels to different substrates across five replicate tests. (c) Adhesion stability of hydrogels on substrates with varying contact time. (d)
Tensile stress–strain curves of PVA, PVA/LiCl, and PVA/LiCl–EG hydrogels. (e) Stress–strain behavior of PVA/LiCl–EG hydrogel at different
temperatures. (f) Cyclic stress–strain behavior of PVA/LiCl–EG hydrogel at 400% strain. (g) Load-displacement profiles of PVA/LiCl–EG hydrogel
under tensile strain. (h) Relative resistance versus strain response of PVA/LiCl–EG hydrogel at 25 °C and −30 °C. (i) Resistive response of PVA/
LiCl–EG hydrogel under 150–600% strains. (j) Resistive repeatability of PVA/LiCl–EG hydrogel during cyclic stretching.
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Fig. 4h depicts the DR/R0-strain correlation (DR: resistance
change; R0: initial resistance) at −30 °C and 25 °C, emphasizing
the hydrogel's deformation sensitivity. The gauge factor (GF,
eqn (S4)) is 3.01 within 400–550% strain at −30 °C, surpassing
reported benchmarks (Table S3). Progressive strain testing
(Fig. 4i) displays stepwise DR/R0 increments with strain-level
consistency, validating electromechanical stability. Cyclic
stretching (Fig. 4j) conrms stable response and repeatability,
corroborated by Video 2. Resistance changes originate from PVA
chain network deformation, with NaCl enhancing energy
dissipation via salt precipitation.

The ion solvation dynamics in LiCl–EG/H2O electrolytes were
deciphered through coupled molecular dynamics (MD)
This journal is © The Royal Society of Chemistry 2026
simulations and density functional theory (DFT) calculations.
Fig. S12 shows the strength of Li+ solvated structures with EG,
H2O, and Cl−. MD trajectories across a 90 °C thermal range
(−30 °C to 60 °C) reveal temperature-resistant solvation struc-
tures (Fig. 5a–d), with Li+ maintaining coordination to EG/H2O/
Cl− via ion–dipole interactions. The strong interaction between
Li+ and EG causes EG molecules to adopt an orthogonal cross-
conformation in the primary solvation shell (PSS). As EG
molecules are displaced, they revert to a cis-centered cross-
conformation, maintaining a weaker but persistent attraction
with the central cation due to the reduced coupling. Fig. 5e
shows the electrostatic potentials of the ionic PSS, where lower
potentials indicate reduced electrostatic repulsion between
J. Mater. Chem. A, 2026, 14, 20380–20393 | 20385
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Fig. 5 (a–d) 3D snapshot of LiCl–EG/H2O and apartially enlarged snapshot showing the Li+ solvation structures. (e) Electrostatic potential in the
primary solvated shells of Li+. Radial distribution functions for Li+–O and Li+–Cl− at different temperatures of (f) −30 °C, (g) 0 °C, (h) 25 °C and (i)
60 °C, respectively. (j) Binding energy of Li+ with H2O, Cl−, and EG from DFT calculations. (k) Diagram of the energy barriers during the step-by-
step desolvation process of [Li (EG)3H2OCl].
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ions, facilitating ion transport. Radial distribution functions of
the LiCl–EG/H2O system (Fig. 5f–i) conrm dual oxygen coor-
dination from EG and H2O at ∼1.9 Å (primary shell) and ∼4.2 Å
(secondary shell), while Cl− occupies outer coordination
spheres due to electronegativity-driven charge separation. The
persistent peak positions across temperatures validate struc-
tural integrity under thermal stress, critical for cryogenic
hydrogel electrolytes.

DFT-derived binding energies of Li+ with Cl−, H2O, and EG
within the PSS are shown in Fig. 5j. The strongest binding
energy is observed between Li+ and Cl− due to their opposing
charges, followed by EG and H2O. Fig. 6k illustrates the
sequential solvation of PSS. Numerical analyses reveal
a progressive decrease in Li+ solvation energy at each reaction
stage, indicating selective Li+ solvation during charge–
discharge cycles and improved lithium utilization. This explains
the higher capacity and fast electrochemical kinetics observed
upon Li+ addition. The signicant energy barrier for Cl−

removal leads to the concurrent adsorption of stripped metal
cations on the electrode surface through electron transfer.

The PVA/LiCl–EG hydrogel concurrently delivers (i) cryo-/
thermal tolerance from −30 °C to 60 °C via EG–H2O–Li

+

20386 | J. Mater. Chem. A, 2026, 14, 20380–20393
coordination that suppresses ice nucleation, with temperature-
invariant stress–strain proles; (ii) high ionic conductivity (up
to 132.5 mS cm−1 at 5 M LiCl) together with tissue-like soness
(∼0.11 kPa), enabling conformal skin contact; (iii) large stretch-
ability (∼651% at break), negligible hysteresis under 400% cyclic
strain, and a high gauge factor (∼3.01) over wide strain windows;
and (iv) strong, rapid adhesion to diverse substrates with excel-
lent moisture retention (86.5% at 60 °C for 8 h). These features
underpin its dual role as a temperature-resistant solid-state
electrolyte and a compliant, high-delity strain-sensing
medium in our self-powered, integrated platform.

The N'S-MXene@C interdigital microelectrodes were directly
patterned on copper current collectors via inkjet printing, with
a temperature-resistant PVA/LiCl–EG hydrogel serving as the
solid-state electrolyte, collectively assembled into exible MSC.
The cyclic voltammetry (CV) curves of the N'S-MXene@C/Cu
MSC (Fig. 6a) retain quasi-rectangular shape with a well-
dened enclosed area across scan rates of 30–500 mV s−1.
Symmetrical triangular galvanostatic charge–discharge (GCD)
proles (Fig. 6b) conrm reversible charge storage, maintaining
consistent shapes with minimal voltage drop as current density
increases from 20 to 50 mA cm−2.
This journal is © The Royal Society of Chemistry 2026

https://doi.org/10.1039/d6ta01260d


Fig. 6 (a) CV curves of the N,S-MXene@C/Cu MSCs at various scan rates ranging from 30 to 500 mV s−1, and (b) GCD curves recorded at
different current densities between 0.02 and 0.05 mA cm−2. Performance comparison among N,S-MXene@C/Cu, N,S-MXene@C and MXene of
MSCs: (c) CV, (d) GCD, (e) areal capacitance, (f) Nyquist plots, and (g) energy density profiles. (h) Ragone plot in comparison with other MXene-
based MSCs.
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To evaluate the Cu current collector's role, MSCs with N'S-
MXene@C or Cu electrodes were compared. At 500 mV s−1

(Fig. 6c), the N'S-MXene@C/Cu MSC displays the largest CV
enclosed area, signifying superior capacitance, while devices
without Cu show markedly reduced CV areas and lower calcu-
lated capacitance (Fig. S13). Notably, Cu-only electrodes exhibit
negligible capacity, unequivocally demonstrating that the
enhanced performance stems from Cu's high conductivity
enabling efficient charge transfer.

GCD comparisons (Fig. 6d) reveal prolonged charge/
discharge durations for the Cu-supported MSC at 0.02 mA
cm−2, consistent with improved electron transport. The N'S-
MXene@C/Cu MSC achieves an area capacitance of 218.5 mF
cm−2 at 30 mV s−1 (Fig. 6e), vastly exceeding the 20 mF cm−2 of
the Cu-free device. Nyquist plots (Fig. 6f) further corroborate
enhanced kinetics, showing reduced high-frequency resistance
This journal is © The Royal Society of Chemistry 2026
and diffusion impedance (Zw) attributed to copper-mediated
interfacial resistance minimization. Energy density reaches
10.93 mWh cm−2 for the Cu-supported device at 30 mV s−1

(Fig. 6g). Comparative analysis with literature (Fig. 6h and Table
S4) conrms the N'S-MXene@C/Cu MSC's exceptional areal
capacitance and energy density among MSCs.

The N'S-MXene@C/Cu MSCs exhibit exceptional electro-
chemical performance, driven by rapid ion transport, as evi-
denced by their reversible redox reactions (Fig. S14):36,62–64

Ti3C2−xNx + dH+ + de− $ Ti3C2−xNxHd

Ti3C2−xNxO/Sg + gH+ + ge− $ Ti3C2−xNx(O/SH)g

Ti3C2Ox(OH)gFZ + dH+ + de− $ Ti3C2Ox−d(OH)g+dFZ
J. Mater. Chem. A, 2026, 14, 20380–20393 | 20387
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Digital inkjet printing enables seamless integration of MSCs
in series or parallel congurations. Series-connected devices
display linearly increasing charge/discharge durations with
device count while sustaining stable voltage output (Fig. 7a).
Parallel congurations triple the operational voltage with three
devices, maintaining uniform charge/discharge times across all
units (Fig. 7b). This modularity is exemplied by series-
connected MSCs powering LEDs (Video 3), underscoring their
practical applicability. Flexibility tests reveal stable electro-
chemical properties under bending: the device maintains
minimal loss in capacitance retention (100 mV s−1 of scan rate)
even at 180° bending angles, with consistent cycling stability
during repeated bending-recovery tests (Fig. 7c). Fig. 7d pres-
ents a schematic illustration of N,S-MXene@C/Cu MSCs tested
at different temperatures. The CV curves retain near-rectangular
shapes across the −30 °C to 60 °C range at 500 mV s−1 (Fig. 7e),
and the MSCs preserve 81%, 63%, and 54% of their room-
temperature capacitance at 60 °C, 0 °C, and −30 °C, respec-
tively (Fig. 7f). These results highlight the hydrogel's stability
and adaptability. The Cu current collectors further enhance
electrochemical performance within wide temperature range, as
Fig. 7 Electrochemical performance of the N'S-MXene@C/Cu MSCs: (a
ments in parallel configurations. (c) Investigation of CV curves during dyn
MXene@C/Cu MSCs at different temperatures. (e) CV curves across differ
of area capacitance response to temperatures. (g and h) Cycling stability

20388 | J. Mater. Chem. A, 2026, 14, 20380–20393
shown by the superior capacitance and charge/discharge
kinetics of N'S-MXene@C/Cu MSCs compared to Cu-free
counterparts (Fig. S15). The PVA/LiCl–EG hydrogel electrolyte
endows the MSCs with outstanding temperature resistance and
mechanical exibility, enabling robust performance across
extreme conditions. Capacitance retention remains high at
95.9%, 91.69%, and 81.36% under different temperatures
(Fig. 7g and S16). At room temperature, the devices retain
95.35% of their initial capacitance aer 5000 cycles (Fig. 7h).

A modular system comprising energy, sensing, control, and
display modules is illustrated in Fig. 8a and S17a. The energy
module employs six series-connected planar MSCs to power
a wearable hydrogel sensor. The hydrogel strain sensor was inte-
grated into a circuit with series-connected MSCs and an ammeter.
Aer charging the MSCs with an external power source, the sensor
was activated. Encapsulated in polyimide tape, the self-powered
system adheres to body parts to monitor electrical signals during
movement.MSCs can be charged to 3.6 V and sustain stable system
operation, conrming both the viability of the energy storage
design and the sensing system's reliability. The PCB (Fig. S17b)
integrates a powermanagement unit, signal conditioning unit, and
) GCD measurements in series configurations and (b) GCD measure-
amic bending and releasing at −30 °C. (d) Schematic illustration of N'S-
ent temperature ranges at a scan rate of 500 mV s−1 and (f) assessment
assessments conducted at various temperatures (25 °C and −30 °C).

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 (a) Technical schematic diagram of the self-powered integrated system. Digital images and corresponding current–time response curves
of the self-powered integrated system for human motion monitoring: (b) arm movement, (c) frowning, (d) finger flexion, (e) wrist flexion, and (f)
walking and running. (g) Performance evaluation of the self-powered integrated system at −30 °C.
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data transmission unit to coordinate components and enable real-
time human motion monitoring. Sensor signals are captured by
a microcontroller, wirelessly transmitted via Bluetooth to
a smartphone, and displayed on a user interface. Fig. S17c shows
the device adhered to human skin.

Arm exion from 30° to 120° induces proportional current
changes in the strain sensor (Fig. 8b), with consistent responses
This journal is © The Royal Society of Chemistry 2026
during cyclic bending. Beyond large motions, the system can
detect subtle facial expressions like frowning (Fig. 8c). It also
can track nger exion angles (Fig. 8d) and distinguish wrist
movements (Fig. 8e). When mounted on the knee (Fig. 8f), the
system differentiates low-frequency (walking) and high-
frequency (running) motions, enabling speed estimation. As
shown in Fig. 8g, the self-powered integrated system operates at
J. Mater. Chem. A, 2026, 14, 20380–20393 | 20389
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−30 °C, demonstrating that its performance is scarcely affected
by temperature.

The practical application of the present self-powered inte-
grated system lies in wearable motion monitoring under real-
use conditions. In this conguration, the N'S-MXene@C/Cu
MSC functions as the on-board energy-storage unit, supplying
stable electrical output to the integrated circuit, while the PVA/
LiCl–EG hydrogel acts as the deformable sensing component
that converts human motion into resistance/electrical-response
changes. Such a division of functions allows the system to
operate as a compact self-powered platform rather than as
separate energy and sensing modules.

More importantly, the broad operating temperature window
(−30 to 60 °C) makes the system suitable for practical scenarios
in which conventional exible electronics may fail, such as
outdoor exercise in cold weather, low-temperature occupational
environments, and portable human–machine interaction inter-
faces exposed to variable climates. Under these conditions, the
MSCmaintains stable electrochemical output, while the hydrogel
sensor preserves mechanical compliance and sensing reliability,
enabling continuous monitoring of body motion signals.

3. Conclusions

We developed a exible, self-powered integrated sensing system
that combines planar N'S-MXene@C/Cu MSCs with a multi-
functional PVA/LiCl–EG hydrogel. This hydrogel acts simulta-
neously as a strain-sensitive component and as the standalone,
temperature-resistant electrolyte for the MSCs. The MSCs
deliver exceptional performance, achieving an areal capacitance
of 218.5 mF cm−2 and an energy density of 10.93 mWh cm−2 at
30 mV s−1, while retaining 95.35% of their initial capacitance
aer 5000 charge–discharge cycles at room temperature and
81.36% at −30 °C. The exible PVA/LiCl–EG hydrogel strain
sensor exhibits superior sensitivity, ductility, and stable elec-
tromechanical performance under extreme bending. When
powered by the N,S-MXene@C/Cu MSCs, the hydrogel sensor
forms a self-powered integrated system capable of detecting
diverse human movements.
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