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Abstract

Humidity monitoring is vital for respiratory health assessment, yet conventional sensors lack flexibility, back-end
power supply, and environmental friendliness, demanding flexible, self-powered, and biodegradable devices. Here,
we developed a flexible, fully biodegradable self-powered electronic skin (E-skin) that seamlessly integrates micro-
supercapacitors (MSCs) and a humidity sensor. Highly hygroscopic agarose (AG) was selected as both the
substrate and gel electrolyte, with Ti,C,T, MXene nanosheet-based interdigital electrode arrays patterned on its
surface via in-situ fabrication. No metal interconnects or polymer binders were introduced during the whole
fabrication process. The MSCs based on AG/sweat gel electrolyte exhibited high area capacitance (15.6 mF-cm™?),
long-term cycling stability (up to 10,000 cycles), and desired biodegradable properties. Due to the strong
interaction between AG and MXene with water molecules by abundant hydrophilic groups such as hydroxyl, the
humidity sensor has high sensitivity and a good linear relationship within the range of 11%-97% relative humidity.
The integrated E-skin system enables real-time monitoring of human breathing patterns (including the mouth and
nose), as well as the humidity levels of non-contact finger touch and skin. This work paves the way for sustainable,
self-sufficient wearable electronics in personalized respiratory monitoring.
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INTRODUCTION

As key indicators of human health (e.g., thermoregulation, emotional states), non-contact humidity
monitoring is essential for tracking respiratory patterns and skin moisture while avoiding skin irritation
and infection risks. Although traditional humidity sensors show promise in healthcare and human-machine
interfaces, they still face critical limitations, including (i) Rigidity and poor wearability causing discomfort
during prolonged use; (ii) Insufficient energy autonomy and reliance on external power sources; (iii)
Inadequate performance (such as slow response, limited sensitivity) hindering real-time physiological
monitoring. In addition, toxic compounds and/or non-biodegradable components have exacerbated e-waste
pollution. It is estimated that global e-waste will reach 74 million tons by 2030'. Consequently, flexible self-
powered humidity sensors with high sensitivity, rapid response, and full biodegradability are urgently
needed to enable comfortable, eco-friendly health monitoring.

Fundamentally, the operating principle of most humidity sensors can be explained by the Grotthuss chain
reaction”, commonly simplified as a proton hopping process: H,O + H,O" = H,O* + H,0. Based on this
mechanism and measurement strategies, the humidity sensors are categorized into resistive, capacitive,
impedance, and voltage types. It is key to develop high-performance humidity sensing materials with high
accuracy and good physicochemical stability. To date, nano-carbon materials such as carbon nanotubes and
graphene'!, transition metal oxides"”, and molybdenum disulfide” are widely used in the manufacture of
various humidity sensors due to their advantages of high specific surface area, abundant hydrophilic
functional groups, and ideal electronic response characteristics. However, due to inherent material
limitations, single-component active sensing materials generally cannot simultaneously achieve high
humidity sensitivity and fast response/recovery kinetics. To address this trade-off, chemical doping and
structural engineering strategies are typically employed to optimize humidity sensing performance. For
instance, designing porous architectures in active materials or interdigital electrodes significantly enhances
water vapor absorption/desorption kinetics"*"*. Element doping provides precise control over the electronic
properties of active sensing materials"?, such as modulating band structures, carrier mobility, and surface
reactivity to tailor humidity-dependent electrical responses. Despite significant progress made, there are
limitations in balancing humidity sensitivity and response/recovery speed. Recently, two-dimensional
Ti,C,T, MXene offers exceptional humidity sensitivity due to high specific surface area and abundant
surface -OH/-F groups (from hydrofluoric acid etching)"”'*, enabling strong water adsorption"***. In
addition, its facile solution-processability enables low-cost large-area micro/nano-fabrication. However, its
sparse interlayer structure and tendency toward air oxidation hinder hydration/dehydration kinetics.
Conversely, environmentally driven oxidative degradation” supports implementation in biodegradable
eco-transient electronics. Nevertheless, seamless integration of humidity sensors with energy storage units
remains challenging due to material/interface incompatibility, power-signal interference, and degradation
failure to synchronize issues”” . Existing solutions struggle to simultaneously achieve high capacitive
energy density, good humidity response, and unified biodegradation pathways within skin-conformable
architectures.

19-24

In this work, we engineered a fully biodegradable, self-powered electronic skin (E-skin) through seamless
integration of MXene-based micro-supercapacitors (MSCs) and a humidity sensor. Highly hygroscopic
agarose (AG) serves dual roles as a flexible substrate and gel electrolyte. Self-assembled Ti,C,T, MXene films
are directly patterned into interdigital arrays on an AG substrate and treated by acid etching to expand the
interlayer spacing. No metal interconnects and the elimination of polymer binders are required between the
components. Abundant hydroxyl groups in AG and etched MXene enable high-sensitivity humidity sensing
[range: 11%-97% relative humidity (RH)]. Sweat-activated MSCs achieve a capacitance of 15.6 mF-cm” with
cycling stability up to 10,000 cycles. After charging, it can continuously supply energy to the sensor. Because
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the materials used in E-skin are all biocompatible and biodegradable, they can be discarded at will after use
and be oxidized and decomposed by moisture in the environment or absorbed by microorganisms in the
soil. This integrated system monitors breathing rates (mouth/nose) and non-contact finger humidity in real
time, demonstrating a sustainable paradigm for wearable diagnostics while resolving flexibility, power
supply, and e-waste challenges simultaneously.

EXPERIMENTAL

Synthesis of delaminated Ti,C,T, MXene nanoflakes

Ti,C,T, MXene was prepared by selective etching of Al from Ti,AlC, using in-situ production of
hydrofluoric acid as previously reported in the literature. First, 2 g of Ti,AIC, MAX phase (M, ,,AX,, where
n=1,2or 3, “M” is an early transition metal, “A” an element of group IIT A or IV A and “X” is either
carbon or nitrogen) was slowly added to the etching solution of 2 g LiF and 40 mL HCI (9 M). The solution
was stirred at 35 °C for 24 h under constant agitation. The resulting suspension was then washed repeatedly
with deionized (DI) water by centrifugation at 3,500 rpm for 5 min, until the pH value of the supernatant
reached ~6.0. Subsequently, the above sediment was dispersed in 20 mL of DI water by hand-shaking for
5 min. Finally, the delaminated Ti,C,T, MXene suspension was obtained by collecting the black supernatant
after centrifugation at 1,500 rpm for 30 min.

Preparation of AG/sweat electrolyte

According to physiologically relevant standards for simulating human sweat (e.g., European Standard EN
1811:2011), artificial sweat electrolyte was prepared via the following procedure: 0.5 wt.% of NaCl, 0.1 wt.%
of KCl, 0.1 wt.% of urea, and 0.1 wt.% of lactic acid were added to DI water, and the pH was adjusted to 6.5
+ 0.05 by the addition of 0.1 M NaOH. The AG/sweat gel was produced by an AG gelation process.
Subsequently, 0.1 g AG powder was dissolved in 10 mL artificial sweat and stirred vigorously at 90 °C for
2 h. In addition, the various chemical components of AG gel (0.5 wt.% of NaCl, 0.5 wt.% of NaCl, and
0.1 wt.% of KCl, efc.) were prepared by the above method.

Fabrication of MXene-based MSC and humidity sensor

The glass plate (1.5 x 2 cm?®) was ultrasonically cleaned in acetone, hydrochloric acid, and DI water
sequentially for 5 min each to remove the dirt on its surface. Following that, 1 mL AG/sweat gel was evenly
dropped onto the glass and dried in the air for three days to obtain a flexible substrate. Then, the Ti,C,T,
solution was directly spray-coated on the as-fabricated AG/sweat substrate at a constant temperature of
60 °C. The sample was subsequently immersed in 3 M H,SO, solution for 60 s and washed with DI water.
The MXene-based interdigital electrode was fabricated by carving an interdigitated pattern using a 10.6 pm
10 W CO, Universal Laser system (Jingwei Laser Equipment Co., Ltd., China) under ambient conditions.
Technical parameters were set to 30% power, 20% speed, and 38.5 cm distance between the sample and the
laser. The interdigital pattern was designed using CorelDRAW software. The length of the interdigital
electrode is 10 mm, and the number of interdigital fingers is 12. The MXene humidity sensor was finally
obtained. In addition, the AG/sweat gel, which has the same sweat composition as the substrate, was
dropped on the interdigital pattern area of the device as an electrolyte. After 5 min, the MXene electrodes
were peeled off the glass plate at room temperature to serve as MSCs and a humidity sensor.

Materials characterization

The surface morphology of MXene was characterized using field emission scanning electron microscopy
(FE-SEM, TESCAN MIRA3 XMU). Transmission electron microscopy (TEM), high-resolution TEM
(HRTEM) images, and selected area electron diffractive (SAED) patterns were obtained on an FEI Tecnai
F30 at 300 kV. The chemical structures were imaged by X-ray diffraction (XRD, Philips, X’pert pro, Cu Ka,
0.154056 nm), Raman spectroscopy (JY-HR800 micro-Raman, 532 nm wavelength YAG laser), and X-ray
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photoelectron spectrometry (XPS, PHI-5702, Mg KR X-ray, 1,253.6 €V).

Electrochemical measurements

Electrochemical tests of MXene-based MSC were conducted using an electrochemical workstation (CHI
660E) at room temperature. Cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD)
measurements were performed at various scan rates and current densities in the same potential window,
respectively. Electrochemical impedance spectroscopy (EIS) was performed at the open circuit potential
(OCP) with a frequency range from 0.1 Hz to 1 MHz.

Humidity-sensing measurement

The humidity-sensing properties of the MXene humidity sensor were investigated in various humidity
conditions obtained by saturated solutions of different salts. The RH values were in saturated salt solution:
LiCl (11%), MgCl, (33%), Mg(NO,), (54%), NaCl (75%), KCI (85%), and K,SO, (97%). The humidity
performance tests were performed in a semiconductor characterization system (Keithley 2400).

RESULTS AND DISCUSSION

Figure 1A schematically illustrates the fabrication procedure of the MXene-based E-skin. First, the Al
atomic layers were selectively etched from the Ti,AIC, MAX phase and exfoliated to obtain Ti,C,T, MXene
nanoflakes. Uniform MXene films were spray-coated on flexible AG/sweat substrates, where abundant
hydroxyl groups (-OH) in AG synergize with MXene’s -OH/-F terminals to create a hydrophilic network
for enhanced humidity adsorption [Supplementary Figure 1]. To mitigate oxidation and expand Ti,C,T,
interlayer spacing for improved ion accessibility, MXene films were pretreated with concentrated H,SO,,
simultaneously optimizing electrode conductivity and hydration kinetics. Interdigital electrodes were then
patterned via direct laser scribing [Supplementary Figure 2], which provides a scalable, mask-free alternative
to traditional micromachining that reduces costs. These identical MXene electrodes serve dual purposes: as
MSC collectors leveraging acid-enhanced interlayer channels, and as humidity sensors where MXene/AG
hydrophilic groups enable real-time vapor detection. The AG/sweat film functions as both an electrolyte
and a humidity-sensitive matrix. Figure 1B depicts the E-skin’s operational scenarios in environmental and
epidermal humidity monitoring. Relevant studies have shown that people feel most comfortable living in an
environment with a RH of 40%-60%"". Ambient humidity extremes (< 40% or > 60% RH) correlate with
exacerbated respiratory diseases and impaired skin barrier function, highlighting the need for precision
monitoring. The environmental water cycles (comprising ambient moisture collection, evaporation,
condensation, and precipitation””) and epidermal monitoring (such as pre-sweat moisture, perspiration)
are illustrated. All materials used are biocompatible and naturally degrade under environmental conditions
after use. They can be discarded without a recycling agreement and will not leave any ecologically toxic
residues.

Structural characterization of Ti,C,T, MXene nanoflakes for integrated MSCs and sensors reveals key
features. Scanning electron microscopy (SEM) images [Figure 2A and Supplementary Figure 3A] show that
the ultrathin flake morphology of MXene is similar to that of graphene. The inset of Figure 2A shows an
aqueous solution of MXene with a concentration of 5 mg-mL", which is well dispersed and has no
precipitation. As shown in Figure 2B, atomic force microscopy (AFM) confirmed monolayer thickness
(about 1.5 nm), while SAED [Supplementary Figure 3B] and TEM results [Figure 2C, Supplementary Figure
3C and D] verified the typical hexagonal crystalline structure. The mean lateral size of MXene nanoflakes
statistically measured was 2.83 + 0.09 um [Figure 2D]. Thanks to the good hydrophilicity of the AG/sweat
substrate, MXene nanoflakes can be uniformly spray-coated on its surface and self-assembled to form a
continuous conductive network [Figure 2E]. Crucially, concentrated H,SO, etching serves dual purposes:
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Figure 1. (A) Schematic diagram of the preparation of flexible self-powered E-skin based on MXene and its humidity sensing mechanism;
(B) Application scenarios of the dual-functional E-skin integrating electrochemical energy storage and humidity sensing: non-contact
ambient humidity monitoring and epidermal moisture perception. Post-use disposal requires no recycling, leaving no environmental
pollution. Some image elements designed by Freepik (https://www.freepik.com/). E-skin: Electronic skin; MSCs: micro-supercapacitors.

improving electrochemical performance and optimizing humidity sensing. In addition, SEM images reveal
significant surface restructuring post-etching [Figure 2E]. Although pure MXene films show smooth basal
planes [Figure 2F], H,SO,-treated counterparts exhibit increased surface roughness and microstructure,
which enhances hydrophilicity and active sites. Despite this roughened morphology [Supplementary Figure
3E and F], the fabrication process ensures excellent device uniformity. Statistical analysis [Supplementary
Figure 4A] of the sheet resistance across a large-area spray-coated film (10 x 10 cm? n = 10 points) showed
an average value of 24.2 Q/o with a relative standard deviation (RSD) of 18.5%. Furthermore, the
performance of a batch of laser-scribed devices (6 x 6 array) exhibited high consistency, confirming the
reproducibility of our manufacturing approach [Supplementary Figure 4B]. SEM-energy-dispersive X-ray
spectrometry (EDS) elemental mapping [Figure 2G] shows the uniform distribution of Ti, C, and O
elements, and the S element is derived from sulfate ions (SO,”). Compared with pure MXene, due to the
column-supported effect, the (002) peak of Ti,C,T, MXene has a small angular shift after protons (H') and
SO, intercalation [Figure 2H], indicating that its interlayer spacing has increased. The D and G peaks of
carbon atom vibrations related to sp* hybridization in the Raman spectrum of etched Ti,C,T, MXene
become distinct [Figure 2I], which might be due to structural changes, such as alterations in interlayer
spacing and surface functional groups. It can be seen from the XRD data [Supplementary Figure 5A] that
the core crystal lattice of the AG substrate remains intact after etching. Acid etching treatment also helps to
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Figure 2. (A) Typical SEM image of MXene flakes. Inset is a photograph of MXene ink dispersed in a mixed solution of water; (B) AFM
image of Ti,C,T, flakes. Inset is the corresponding height profile along the crossed lines; (C) TEM image of MXene flakes; (D) Histogram
of lateral dimensions of Ti;C,T, flakes; (E) SEM images of spray-coated Ti;C,T, MXene film; (F) SEM images of Ti;C,T, MXene films
before and after acid etching; (G) EDS mapping of MXene flakes; (H) XRD patterns, (1) Raman spectra, and (J) XPS Ti 2p spectra of
Ti,C, T, MXene films before and after acid etching; (K) photograph and (L) partial enlarged SEM image of a laser-patterned MXene
electrode. SEM: Scanning electron microscopy; AFM: atomic force microscopy; TEM: transmission electron microscopy; EDS: energy-
dispersive X-ray spectrometry; XRD: X-ray diffraction; XPS: X-ray photoelectron spectrometry.

remove TiO, nanoparticles from Ti,C,T, (verified by XPS results in Figure 2] and Supplementary Figure 5B),
thereby eliminating charge transfer obstacles and enhancing conductivity. Surface roughening and
microporosity further amplify hydrophilic interactions with -OH/-F terminals. Laser-patterned
interdigitated electrodes demonstrate skin-conformable flexibility [Figure 2K] and maintain structural
integrity with 400 um width/gaps [Figure 2L].

To establish a robust and stable structure for promoting electron conduction and ion diffusion, a planar
MZXene-based interdigital electrode pattern is designed, and then AG/sweat gel electrolyte is coated on its
surface as an MSC device [Figure 3A]. Compared with widely used corrosive acid-base electrolytes, sweat is
a natural biological electrolyte produced by the sweat glands of the skin, featuring non-toxicity and
environmental friendliness. Figure 3B reveals near-rectangular CV profiles, confirming ideal capacitive
behavior. Symmetrical GCD curves [Figure 3C] demonstrate efficient ion transport. The acid-etched
MXene-based MSC achieves 15.6 mF-cm™ at 0.1 mA-cm™ (vs. 10.3 mF-cm? for pure MXene, Figure 3D and
Supplementary Figure 6), surpassing most carbon-based counterparts. Remarkably, it retains 7.4 mF-cm™
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Figure 3. (A) Schematic diagram of MSC device based on Ti;C,T, MXene interdigital electrode and AG/sweat electrolyte; (B) Cyclic
voltammograms at different scan rates; (C) GCD curves and (D) the obtained capacitance at different current densities; (E) Comparison
of EIS spectra of MSC devices with and without electrolytes and different types of electrolyte salts; (F) CV curves of the device bent at
different angles; (G) Capacitance retention during the bending process of the device attached to the wrist area; (H) The cycling stability
of the device at a certain current density (the inset shows the typical GCD curves); (1) CV curves of multiple MSCs connected in parallel
and series. MSC: Micro-supercapacitor; AG: agarose; GCD: galvanostatic charge-discharge; EIS: electrochemical impedance
spectroscopy; CV: cyclic voltammetry.

(47.4%) at 1 mA-cm?, highlighting exceptional rate capability. This enhancement directly stems from the
acid-etched structural modification. The expansion of interlayer spacing accelerates ion diffusion, while
surface micropores maximize the utilization of active sites. Electrochemical analysis with sweat components
[Supplementary Figure 7A and B] shows NaCl/KCl-dominated capacitance: AG/NaCl (12.8 mF-cm™), AG/
NaCl-KCl (14.5 mF-cm?), confirming Na*/K'/Cl" as primary charge carriers. The concentrations of these
primary ions (0.5 wt.% NaCl, 0.1 wt.% KCI) were selected based on well-established, physiologically relevant
standards for simulating human sweat, ensuring the electrolyte accurately replicates the ionic environment
encountered in real-world epidermal applications. Consequently, the device’s performance is expected to be
robust against the natural fluctuation of minor organic components in sweat, as its functionality is primarily
governed by these stable salt concentrations. At high current densities, NaCl-KClI as electrolyte salts
outperforms sweat [Figure 3D], indicating urea/lactate inhibition of ion mobility. This slight inhibitory
effect represents a deliberate and acceptable trade-off, as the inclusion of these organic components
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(0.1 wt.% urea, 0.1 wt.% lactic acid) at physiological levels enhances the biological relevance of our testing
environment, which is sufficient for the intended application. EIS analysis [Figure 3E and Supplementary
Figure 7C] confirmed that sweat electrolytes increased high-frequency interfacial resistance and reduced
low-frequency Warburg slope, demonstrating the diffusion barrier of organic metabolites. Our MSC devices
demonstrate a high maximum areal energy density reaching 0.78 pWh-cm? and a maximum power density
of 0.3 mW-cm? CV profiles remain unchanged under bending (0°-180°), with almost no fluctuation in
capacitance [Figure 3F]. The device can withstand 300 bending cycles (0° — 90°), and when attached to the
joint site and bent repeatedly 200 times with negligible degradation [Figure 3G and Supplementary Figure 8].
More importantly, after 10,000 GCD cycles, the device capacitance can maintain 93% of its initial value
[Figure 3H]. The gradual capacitance loss during the cycling process can be attributed to the onset of
oxidative degradation of the MXene electrodes. In aqueous environments, conductive Ti,C,T, slowly
transforms into insulating TiO, nanoparticles, increasing electrode resistance'”. The acid-etched MXene’s
irreversible surface restructuring, despite its performance benefits, could be susceptible to gradual oxidation
over extended periods, and the AG hydrogel may experience slight irreversible swelling after numerous
hydration-dehydration cycles. Both effects could potentially contribute to long-term electrical drift.
However, these processes are negligible on the timescale of hours to days relevant for this disposable E-skin
application, as confirmed by the stability data. Furthermore, serial/parallel integration enables practical
voltage/current scaling [Figure 31 and Supplementary Figure 9]. Four devices are connected in series to
achieve an output voltage of 2.4 V, while the parallel array is linearly current amplified. The charged tandem
device successfully powered the electronic thermometer [inset of Figure 31].

In addition to electrochemical energy storage, the MSC device can also be used as a humidity sensor.
Leveraging synergistic humidity sensitivity from AG’s hydrophilic hydroxyl groups®” and MXene’s
tunable interlayer spacing”**”, the integrated sensor achieves high-performance non-contact humidity
monitoring. Several fabricated sensors demonstrate structural uniformity [Figure 4A]. The sensing
mechanism operates via Grotthuss proton hopping (H,O" migration) and ionic conduction (Na'/K*/Cl
migration), including: (i) hydrogen bonding with H,O in AG/sweat electrolyte modulates ionic
conductivity; (ii) humidity-dependent reversible expansion/contraction between layers facilitates water
adsorption/desorption. Typically, under low RH conditions, the proton-hopping conduction mainly
depends on the absorption of small amounts of water molecules. As RH increases, proton conduction
becomes easier and H,O" and OH ions are readily produced, creating ionic conduction. Meanwhile, the
ions in sweat (Na", K, CI, etc.) are ionized, which contributes to the conductivity process. Under higher RH
conditions, the adsorbed water molecules gradually form a continuous water layer, accelerating the flow of
water molecules. To confirm the existence of the sensing mechanism mentioned above, we tested the
current response with and without sweat electrolyte salts in the AG of the sensor as a function of humidity.
The specific ionic concentration is critical, as it directly governs the baseline conductivity and the
magnitude of the current change. The chosen physiologically-relevant concentrations provide an optimal
ionic strength, creating a strong, measurable humidity-dependent signal without causing short-circuiting or
saturation effects that might occur with excessively high salt concentrations. The AG/sweat electrolyte
[Figure 4B and Supplementary Figure 10A] shows an order of magnitude greater sensitivity than pure AG.
This enhanced sensing mechanism enables precise humidity tracking across 11%-97% RH with logarithmic
linearity [log I = 4.697 RH -8.491, the coefficient of determination (R*) = 0.967]. The corresponding
humidity-current response curve is shown in Figure 4C. As observed, the response time is 10 s, and the
recovery time is 73 s. Supplementary Figure 10B demonstrates reproducible humidity sensing (11%-75%
RH) during 25-s switching cycles. The upward drift of recovery baselines indicates asymmetric adsorption-
desorption kinetics, where adsorption dominates before equilibrium due to slower molecular desorption
rates. This hysteresis arises from the strong hydrophilicity of the AG/MXene matrix, where a fraction of
adsorbed water molecules becomes trapped within the nano-porous structure and is not fully released
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Figure 4. (A) Photos of humidity sensors based on interdigital electrodes and the humidity sensing mechanisms of their various parts;
(B) The influence of sweat electrolytes on the sensor response current when RH changes; (C) Response and recovery characteristics of
the sensor at different RH levels, with RH switching intervals of 25 s; (D) Nose-breathing response curve with different breathing
frequencies; (E) Contactless sensing: effect of finger distance from sensor height on response current; (F) Selectivity evaluation of the
humidity sensor against common breath volatiles. Some image elements designed by Freepik (https://www.freepik.com/); (G)
Photographs of the contactless switch sensing system; (H) Programmable 3 x 3 humidity sensors and LED arrays to be used to display
the shapes of the letters “C”, “H", “L", and “U". RH: Relative humidity; LED: light-emitting diode; AG: agarose.

during the short desorption period. For practical applications relying on dynamic signal changes (e.g.,
respiration rate monitoring), the stable amplitude of the response peaks provides the critical diagnostic
information. Any baseline drift can be further mitigated in future iterations through real-time algorithmic
compensation or periodic calibration. Electrode gap spacing critically governs humidity sensitivity
[Supplementary Figure 10C]. Wider gaps (200 — 500 um) reduce sensitivity, but the 200/400 um device
converges > 80% RH when adsorption saturation occurs. We selected a 400 pm-matching electrode size to
optimize performance while simplifying integrated system fabrication. While MXene-based interdigital
electrode resistance varies with RH [Supplementary Figure 11A-C], these fluctuations are negligible
compared to the total sensor resistance, suggesting the humidity response is dominated by electrolyte
conductivity modulation. These results confirm the potential application of the sensing device for
monitoring breathing. The humidity sensor was affixed sub-nasally using medical double-sided tape to
evaluate its breath-monitoring capabilities. Figure 4D presents current response curves under varying


https://www.freepik.com/
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202510/ss5055-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202510/ss5055-SupplementaryMaterials.pdf

Page 10 of 14 Zhang et al. Soft Sci. 2025, 5, 55 | https://dx.doi.org/10.20517/ss.2025.55

breathing frequencies, demonstrating distinct detection of slow, normal, and fast respiratory patterns in
volunteers. Complementary data showing long-term normal breathing and mouth-breathing responses are
provided in Supplementary Figure 12. For non-contact sensing evaluation, the sensor measured fingertip-
emitted humidity. Sensor current exhibited significant modulation with increasing finger-sensor distance
[Figure 4E] and prolonged hovering duration [Supplementary Figure 13A]. Current response increased
proportionally with both proximity and contact time. The sensor further responded differentially to finger
surface area and moisture levels [Supplementary Figure 13B and CJ, and detected sweat evaporation during
bidirectional non-contact swiping motions [Supplementary Figure 14A]. Current response characteristics
[Supplementary Figure 14B] of the humidity sensor measured under identical conditions immediately after
fabrication, after 12 h, and after 24 h of storage at room temperature. The sensor maintains stable response
performance despite minor baseline drift, demonstrating its reliability for practical application. While the
device demonstrates sufficient stability for its intended disposable use, long-term operation in saturated
humidity environments may be limited by MXene oxidation, which could alter the surface hydrophilicity
and conduction kinetics. The sensor’s selectivity [Figure 4F] was also verified by testing its response to
common breath volatiles and environmental gases, including ethanol, CO,/N,, and H,S. The device
exhibited a negligible response (< 0.1) to all interfering gases compared to its significant sensitivity to water
vapor, confirming its exceptional suitability for breath humidity monitoring without false signals from other
compounds.

To visualize non-contact operation, the humidity sensor was integrated into a 5 V direct current (DC)
circuit controlling a red light-emitting diode (LED). Approaching fingers increased circuit current,
illuminating the LED; withdrawal decreased current, extinguishing it [Figure 4G]. Additionally, a 3 x 3
sensor array [Supplementary Figure 15A] was fabricated to assess spatial resolution. Using 3 mm-thick
polyvinyl chloride (PVC) letter masks (“C”, “H”, “L”, and “U”), moistened palms created heterogeneous
humidity fields. Leveraging the sensors’ slow-recovery kinetics, LED illumination persisted for 20 s post-
hand removal, enabling clear letter identification through differential LED activation states [Figure 4H and
Supplementary Figure 15B]. Supplementary Table 1 compared the comprehensive performance of our
multifunctional E-skin with that of several recently reported humidity sensors, showing that the modest
individual performance is a trade-off for achieving full integration, biodegradability, and self-powering
capability in one platform. While the response and recovery times are on the order of seconds, which is
longer than that of some nanostructured sensors on solid substrates, this performance is governed by the
water molecule kinetics within the biodegradable AG hydrogel matrix. This temporal resolution is fully
compatible with the intended real-time applications, such as monitoring human respiration (typically 0.1-
0.3 Hz) and non-contact switching. The pursuit of complete biodegradability and self-powering capability
necessitates a balanced compromise in ultra-fast response.

It is worth noting that the performance of humidity-sensitive, self-powered devices can be influenced by
ambient temperature, primarily due to its effect on ionic conductivity in the gel electrolyte and charge
carrier mobility. While the present study characterized the sensing performance at a stable room
temperature (~25 °C) to establish a baseline, future implementations for real-world applications would
require strategies to decouple this temperature-humidity cross-sensitivity. Our controlled experiments at 25,
35, and 45 °C [Supplementary Figure 16] confirmed that elevated temperature enhances both capacitance
and humidity response due to improved ion mobility, underscoring the necessity of the proposed
compensation strategy. A feasible approach, without altering the current device architecture, would be to
integrate a separate, dedicated temperature sensor on the same E-skin platform. In addition, MXene-based
humidity sensors can be specifically designed or encapsulated to be sensitive only to thermal changes while
isolated from humidity variations (e.g., with a hydrophobic layer). The real-time temperature data acquired
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Figure 5. (A) Self-powered application demonstration, deployment location, and operating principle of E-skin for health monitoring.
Some image elements designed by Freepik (https://www.freepik.com/); (B) A photo of seamlessly integrated E-skin. The hollow
design in the middle facilitates conformal fit near the nose; (C) Nose-breathing humidity response curve at different breathing
frequencies; (D) Humidity sensing applications related to the use of disposable gloves; (E) Relationship between the time that an
ungloved finger stays near the sensor and the current; (F) Changes in the relative currents of the sensors near the dry and wet fingers
with or without gloves; (G) Photographs of the time-sequential dissolution of MXene-based interdigital electrodes immersed in PBS

(0.1 M, pH 7.4) at 85 °C. Schematic of the corresponding degradation mechanism. E-skin: Electronic skin; PBS: phosphate-buffered
saline; MSCs: micro-supercapacitors.

could then be used to calibrate and compensate the humidity sensor’s output signal via a predefined
algorithm, enabling accurate measurements in fluctuating thermal environments.

The self-powered E-skin integrates MXene-based MSCs and humidity sensors into a unified sensing
platform. Clinically, this integrated E-skin [Figure 5A] can be deployed near the nostrils for breathing
analysis during medical procedures. Hollow-structured device [Figure 5B] ensures a secure nasal fit while
maintaining skin breathability. Sub-nasally mounted sensors record pathological breathing patterns (slow:
5 s/cycle, normal: 3 s/cycle, fast: 1 s/cycle, Figure 5C) with mouth-nose differentiation [Supplementary
Figure 17]. In addition, prolonged glove use in medical settings traps perspiration (> 85% RH
microenvironment), promoting microbial growth and skin maceration. It is crucial to monitor the moisture
accumulation inside surgical gloves [Figure 5D]. Finger proximity detection shows time-dependent current
accumulation [Figure 5E]. The current difference between the gloved and ungloved fingers (dry and moist)
is detected to alert the doctor to change the gloves in time [Figure 5F]. After using, the device [Figure 5G]
undergoes programmed dissolution in 0.1 M phosphate-buffered saline (PBS, 85 °C, pH 7.4). This
degradation process is primarily driven by the oxidative hydrolysis of Ti,C,T, MXene. In the aqueous
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environment, water molecules and dissolved oxygen gradually attack the exposed titanium atoms,
particularly at defect sites and layer edges, leading to the cleavage of Ti-C bonds and the subsequent
transformation of the MXene into titanium dioxide (TiO,) and soluble carbonaceous species (e.g., T1i,C, +
30, — 3TiO, + 2C)". The resultant byproducts, primarily benign TiO, nanoparticles and carbon fragments,
are biocompatible and have low ecotoxicity, ensuring the environmentally benign nature of the device’s
end-of-life phase. This process includes three stages: (i) electrode fragmentation initiates at 2 h; (ii) T1,C,T,
MZXene converts to bioresorbable powder by Day 15; (iii) AG substrate degrades synchronously. Zero-waste
operation eliminates disposal protocols while ensuring clinical-grade monitoring precision. The waterproof
and anti-contamination properties are also essential for reliable operation in real-world, dynamic
environments, particularly for epidermal monitoring where exposure to sweat, moisture, and incidental
contact is inevitable. The AG gel matrix provides a degree of inherent contamination resistance due to its
dense hydrogel network. While the device operates reliably in high humidity and under sweat exposure, its
biodegradable nature currently precludes full waterproofing. For future implementations in harsher
conditions, the integration of a spray-coated, biodegradable hydrophobic layer (e.g., polylactic-co-glycolic
acid (PLGA) or beeswax) could be a promising strategy to enhance waterproofing without compromising
the device’s eco-friendly characteristics.

CONCLUSIONS

This work establishes a paradigm for sustainable contactless respiratory and epidermal humidity
monitoring through the seamless integration of energy autonomy and sensing in a fully biodegradable E-
skin platform. The dual-functional MXene interdigital electrode architecture simultaneously addresses core
challenges of incompatibility between energy supply and humidity sensing. Energy-storage enhancement
(boost to 15.6 mF-cm™) stems from expanded interlayer spacing and TiO, removal, facilitating rapid ion
diffusion in MSCs. Humidity sensitivity optimization leverages the supramolecular interaction between
hydrophilic functional groups and water molecules to achieve medical-grade linear response (11%-97%
RH), with a sensitivity as high as 3,000. Critically, the sweat electrolyte system transcends conventional toxic
electrolytes by exploiting physiological NaCl/KCl ion transport while mitigating organic metabolite
interference. This bio-integration enables precision respiration analysis and real-time glove humidity
tracking. The E-skin is disposable and can be programmed to degrade after use, reducing environmental
impact. It is important to note that the acid pretreatment and the device’s biodegradable, short-lifecycle
nature are strategic approaches to mitigate the impact of MXene oxidation, a fundamental challenge for
long-term use. For future applications requiring extended longevity, strategies such as deposition of ultra-
thin protective layers or integration with more stable polymers could be explored”**. Future work will
explore epidermal enzyme-triggered degradation at physiological temperatures for implantable diagnostics.
Scaling production via roll-to-roll laser scribing could enable low-cost population-level deployment in
respiratory disease management.
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