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This research delves into the development and
optimization of MZXene nanosheet-based paper electrodes,
emphasizing their adaptability in green electronics and diverse
applications. Xuan paper, a cellulose-based material, was identified
as an ideal substrate for its mechanical attributes and capacity to
accommodate MXene, further yielding outstanding electrical Dip coating _Vacuum drying MXene paper electrode
conductivity. The MXene paper electrode demonstrated consistent =

-

performance under various conditions, showing its potential in the

field of wearable electronics and medical devices. Notably, its = ‘Deccmposmon
impressive electrothermal capabilities and environmentally con- w . LN
scious decomposition mechanism make it a promising candidate | Electrothermal EMG Sensor YTiOQ
for future green electronic applications. Overall, this study

underscores the electrode’s harmonization of performance and environmental sustainability, paving the way for its integration

into futuristic electronic solutions.

MXene nanosheets, paper electrode, green electronics, Xuan paper, wearable devices, electrothermal performance,
sustainable design

The paper stands out as the most affordable and widely used

) L . . . flexible substrate in everyday life. Its production involves
Consumers’ growing interest in purchasing new electronic

products plays a pivotal role in the rapid expansion of the
world’s fastest-increasing waste stream—electronic waste. This
escalating issue has become an environmental hazard due to its
toxic legacy."” In recent times, an increasing spotlight has been
cast on the emergence of green electronics.>™> The emerging
field of green electronics is focused on designing and
manufacturing electronic devices that have a minimal impact
on the environment. Across the globe, researchers and
scientists are actively investigating diverse strategies to attain
sustainable and eco-conscious solutions within the realm of
electronic device manufacturing.

dehydrating a diluted mixture of cellulose fibers, a process
followed by filtration, pressing, and heating. The fiber-laden
water suspension, known as pulp, is primarily derived from
wood through mechanical, thermomechanical, or chemical
means that separate its constituent fibers. The characteristics of
paper substrates can exhibit significant variations, contingent
upon their composition and structure. While some papers offer
opacity, others provide translucence; absorbency can differ
significantly, with some rapidly imbibing liquids and others
showing resistance. The particular demands for these attributes
hinge upon the intended application of the paper substrate.

Numerous noteworthy studies have advanced this research Although consideration of the electrical characteristics of
domain by introducing innovative materials derived from paper becomes especially pertinent when integrating elec-

lignocellulose, chitin, fibrin, and other biomass sources.’” " tronics onto paper substrates, it is noteworthy that paper

For example, Silvestre et al. conducted a study on cork-derived stanFls as an env1.rc')nmenta!1y friendly and r.ecyclab'le matelr;azl(;
) . . . making it a promising candidate for electronics fabrication. ™
laser-induced graphene for sustainable green electronics. Their ) ) . .
. . . . o Yet, by its nature, paper inherently functions as an insulator.
eco-friendly approach involved a single-step direct laser writing
method to produce flexible electrodes.'” Fu et al. conducted
pioneering research on flexible electronics based on wood. "
Additionally, a sustainable and bioderived conductive ink was August 25, 2023 S
developed, incorporating carbon nanofibers derived from October 17, 2023
lignin."> These studies, along with other recent influential October 23, 2023
works such as those by Xu et al,, Lovley et al, Monroe et al, November 9, 2023
Min et al, and Tong et al, collectively contribute to the
growing body of knowledge in green electronics.'* ™"

Overcoming this challenge to render paper more conductive is
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Scheme 1. (a) Schematic Illustration Depicting the Fabrication Process of the MXene Paper Electrode; (b) The Wearable
Sensor Electrode Serves a Dual Purpose: It Can Be Applied for Electrothermal Therapy or Function as an Emg Sensor; (c)
Over Time, the Electrode Can Naturally Degrade into Cellulose Fragments and TiO, Components
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of paramount importance. Typically, scientists resort to the
application of conductive ink for this purpose. However,
conventional inks often lack biocompatibility and degrad-
ability. In this study, we leverage MXene nanosheets, a 2D
material, to serve as conductive ink for enhancing the paper’s
conductivity.

In this study, we aim to explore the potential of combining
the remarkable properties of MXene (Ti;C,T,), an emerging
2D material known for its outstanding conductivity, bio-
compatibility, and cost-effectiveness, with metal nanopar-
ticles.”' >’ Many papers have highlighted the utility of metal
nanoparticles on 2D materials, making it essential to
investigate the performance of gold nanoparticle-decorated
MXene (Au@MXene) and pristine MXene nanosheets-
decorated paper electronics.”* > MXene’s surface features
terminal functional groups such as hydroxyl (—OH), oxygen
(=0), and fluorine (—F), endowing it with hydrophilicity and
enabling solution-based processing.”” In particular, these
functional groups or nanoparticles give them the ability to
respond rapidly and stably to low voltages by Joule heating,
suggesting potential applications in electrothermal therapy.”>**
Beyond simply enhancing the performance of traditional
electronic devices, the MXene-decorated paper in this work
promises to open up entirely new avenues of applications. The
exceptional breathability of paper makes it an ideal choice for
designing soft biomedical sensors, particularly those intended
for direct skin contact. Therefore, within this study, we fused
the highly conductive MXene nanosheets or Au@MXene with
the flexibility and breathability of paper, resulting in the
creation of groundbreaking epidermal electrodes.

MXene (Ti;C,T,) was purchased from XinXi-technology. Chlor-
oauric acid (HAuCl,-4H,0, 99.99%) was bought from ACROS.
Ethanol (C,H;OH, 99.5%) was purchased from Echo Chemical.
Sodium hydroxide (NaOH) was purchased from ACROS. Xuan paper
was purchased from ChungHua Pencil Company that is composed of
approximately 40% Wikstroemia sikokiana fiber and 60% rice straw

EMG Sensor
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fibers. Conventional Ag/AgCl electrodes were purchased from
Kendall Meditrace. Ultrapure deionized water was obtained from
Sartorius (18.25 MQ-cm, 25 °C) and was used in all experiments.

A 100 mg portion of multilayer MXene nanosheets was dispersed in §
mL of ultrapure water, followed by ultrasonication treatment at 100
W for 2 h. Subsequently, we introduced 15 mL of anhydrous ethanol
into the MXene nanosheets solution.

100 mg amount of multilayer MXene nanosheets was dispersed in S
mL of ultrapure water, followed by ultrasonication treatment at 100
W for 2 h. Subsequently, we added 15 mL of ultrapure water and
introduced 100 mM tetrachloroauric acid, allowing the reaction to
proceed for 10 min. Afterward, the resulting product underwent
centrifugation at 4400 rpm for 20 min. Finally, we redispersed Au@
MZXene nanosheets in 20 mL of ethanol for further utilization.

In this experiment, we used a fast, simple, and inexpensive dip-coating
technique to fabricate MXene nanosheet-based paper electrodes. The
paper was first cut to a standard size of 15 mm in width and 30 mm in
length. The paper strips were then dipped into the previously
prepared MXene nanosheets suspension or Au@MXene nanosheets
suspension for 30 s and then vacuum-dried in a 40 °C vacuum oven
for 15 min. To further improve the conductivity, we repeated the
dipping and drying procedures several times until the conductivity
reached the desired level.

The surface morphology and microstructure of the samples were
examined using scanning electron microscopy (SEM, Hitachi SU-
8010, Japan) under an acceleration voltage of 15 kV. The elemental
composition of the samples was analyzed by energy-dispersive X-ray
spectroscopy (EDS, Hitachi SU-8010, Japan). The geometrical
features of the samples were observed by using a transmission
electron microscope (TEM, Hitachi HT7800, Japan). The crystalline
structures of the samples were analyzed by X-ray diffraction (XRD,
PANalytical Empyrean, U.K.). A qualitative analysis of the samples
was performed by UV—visible spectroscopy (CLARIOstar BMG
LABTECH, Germany). Sample temperature and infrared images were
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Figure 1. (a—c) SEM images of (a) multilayer MXene, (b) monolayer MXene, and (c) Au@MXene. (d, e¢) TEM images of (d) monolayer MXene
and (e) Au@MXene. (f) XRD pattern of multilayer MXene (black line), monolayer MXene (red line), and Au@MXene (blue line). (g) UV—

visible spectra of MXene and Au@MXene colloidal solutions.

recorded by using an infrared thermography camera (FLIR ES XT).
The volumetric conductivity of the samples (¢ = L/RS, where S and L
represent the cross-sectional area and the distance between the
electrodes, respectively) was derived from the volumetric resistance
(R) measured with an electrometer (Keithley 6514). The electro-
thermal power was applied via a direct current source from a power
supply (GWinstek GPD-4303S, Taiwan). The prepared sensor was
attached to the human body by using transparent breathable medical
tape to detect electromyography (EMG) signals during human
movement. The surface electromyography (EMG) recording system
comprises an STM32 microcontroller (STMicroelectronics NU-
CLEO-L031 K6, France) and a Muscle Sensor (MyoWare AT-04-
001). The STM32 microcontroller is directly interfaced with the
Muscle Sensor and transmits data to the computer via a wired

connection.
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3. RESULTS AND DISCUSSION

3.1. Design of the MXene Nanosheet-Based Paper
Electrodes

The selection of an appropriate substrate is pivotal in the
construction of green electronics, providing essential mechan-
ical support and ensuring physical stability. Among the various
options available, cellulose-based materials, including com-
monly observed papers, emerge as optimal candidates due to
their inherent flexibility. The comprehensive versatility of
MZXene nanosheet-based paper electrodes is illustrated in
Scheme 1. In Scheme 1(a), the schematic representation
elucidates the intricate fabrication process, providing insights
into the creation of this innovative electrode. Scheme 1(b)
underscores the electrode’s multifunctionality by accentuating
its dual capacity as a potential component for both
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Figure 2. (a) Conductivity of the MXene paper electrode and Au@MXene paper electrode. (b) Percentage change in weight of different types of
paper coated with MXene solution three times. (c) Conductivity of different types of paper coated with MXene solution after three dip-coating
cycles. (d) Conductivity of the MXene paper electrode as a function of dip-coating times. (e) Relationship between bending angle and conductivity.
(f) MXene paper electrode is used as part of the wire leads in circuits. Each experiment was conducted in three independent replicates (N = 3) to

ensure the reliability of the results.

electrothermal therapy and EMG sensing applications,
showcasing its adaptability across diverse domains of medical
and technological progress. Furthermore, Scheme 1(c)
introduces an intriguing facet of sustainability and eco-
friendliness. This electrode showcases a distinct ability to
undergo decomposition into cellulose fragments and TiO,
elements, aligning with contemporary endeavors to engineer
materials that not only excel in performance but also embrace a
circular and environmentally conscious design philosophy.*”*°

In this study, two types of MXene nanosheets were examined:
monolayer Ti;C,T, MXenes and monolayer Au nanoparticle-
decorated Ti;C,T, MXenes, referred to as Au@MXene. The
surface characteristics of both MXene and Au@MXene were
assessed by using SEM and TEM techniques. Analysis of
Figure 1(b),(d), clearly reveals the monolayer sheet-like
structure of the synthesized MXene, aligning well with the
defining traits of 2D nanomaterials, MXenes. Notably, our
MZXene synthesis process prevents the formation of a
multilayer accordion-like configuration due to the implemen-
tation of an ultrasonication treatment. This treatment
effectively disperses the MXene into single-layer structures
within the solution. In contrast to the multilayer MXene
illustrated in Figure 1(a), the monolayer MXene displays a
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significantly augmented specific surface area and more uniform
dispersion in the solution. This advantageous feature enhances
the conductivity network upon application onto paper fibers,
resulting in notable advancements in the electrode perform-
ance.

To conduct a thorough comparison with MXene and
MXene decorated with nanoparticles, we synthesized hybrid
composites by introducing gold nanoparticles into MXene.
These composites were denoted as Au@MXene, resulting in
0D+2D nanocomposites. As depicted in Figure 1(c),(e), a
uniform distribution of gold nanoparticles embellishes the two-
dimensional sheet-like MXene structure, with nanoparticle
diameters typically falling within the range of 70 to 80 nm.

X-ray diffraction (XRD) analysis was performed to verify the
crystalline structures of multilayer MXene, monolayer MXene,
and Au@MXene, the results of which are shown in Figure 1(f).
The multilayer MXene showed main diffraction peaks of
MXene (Ti;C,T,) at 6.7 and 60.9°, which correlate with the
(002) and (110) crystal planes, as referenced in ref 31. The red
line indicates the monolayer of MXene after ultrasound
treatment. Its diffraction peak positions were analogous to
the multilayer MXene, but with a more pronounced (002)
crystal plane diffraction peak, possibly due to increased surface
area or reduced interlayer interactions in the monolayer

https://doi.org/10.1021/acsmeasuresciau.3c00043
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MXene. For Au@MXene, represented by the blue line, the
integration of AuNPs did not obscure the original MXene
peaks. Additional peaks aligned with the (111) and (200)
planes of Au were observed, confirming the face-centered cubic
crystal structure of Au and the successful preparation of Au@
MXene.

An in-depth study of the optical properties of MXene and
Au@MXene was then characterized by using a UV—visible
spectrophotometer, as shown in Figure 1(g). Distinct MXene
absorption peaks at 325 and 770 nm were detected in both
sample types, consistent with previous studies.”> Notably, an
additional absorption peak at around 580 nm was identified
exclusively in the Au@MXene samples, corresponding to gold
nanoparticles, confirming the successful formulation of the
Au@MXene composite (Satheeshkumar et al.).*

Both MXene nanosheets and Au@MXene nanosheets under-
went dip coating for testing purposes. It became evident that
the performance of the MXene nanosheets, in terms of
conductivity and stability, surpassed that of the Au@MXene
nanosheets. As a result, MXene nanosheets were selected for
subsequent experiments. The findings illustrated in Figure 2(a)
yielded a surprising outcome. For clarity, in this study, different
concentrations of gold added were denoted as Au@MZXene-25
mM, Au@MXene-50 mM, and Au@MZXene-100 mM. The
concentration in these abbreviations represents the concen-
tration of tetrachloroauric acid used during the preparation of
Au@MXene, indicating the content of gold in the respective
samples. Following six applications of either 5 mg/mL MXene
or Au@MXene, paper electrodes crafted with Au@MXene
exhibited a notable decline in conductivity. Moreover, this
reduction was more pronounced with a higher content of gold
nanoparticles. Plausible insight into these results arises from
the mismatch between the face-centered cubic lattice structure
of gold crystals and the hexagonal arrangement found in
MXene, which encompasses variations in the atomic
dimensions. This disparity between gold nanoparticles and
MXene within Au@MXene could give rise to lattice distortions
or other irregularities that hinder the movement of charge
carriers, leading to an increase in resistance. Additionally, the
self-reduction process involving gold ions utilized in the
creation of Au@MXene might lead to the oxidation of certain
Ti atoms on the MXene surface. This chemical reaction could
disrupt the MXene structure and subsequently elevate
resistance. Both of these hypotheses credibly account for the
observed decrease in conductivity, particularly with an increase
in the gold nanoparticle concentration. Consequently, Au@
MXene is not appropriate for use as a sensing nanomaterial in
this case. Ultimately, pure MXene (devoid of Au) was selected
as the sensing nanomaterial for the fabrication of green
electronics.

As depicted in Figure 2(b),(c), various paper types,
including Xuan paper, watercolor paper, drawing paper,
photocopy paper, and bamboo fiber paper, were immersed in
the pure MXene solution, inducing alterations in both their
weight and their electrical conductivity. Notably, an
incremental weight gain across all paper variants became
evident with each successive immersion, following a linear
trend. This trend could be attributed to the gradual infiltration
of MXene into the paper’s pores during each immersion,
leading to the accumulation of MXene within the paper.
Noteworthy was the observation that Xuan paper displayed a
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distinct rise in weight after the first and second immersions,
albeit with diminishing prominence after the third dip-coating
cycle. This phenomenon could be attributed to the saturation
of Xuan paper’s surface fibers by MXene, resulting in effective
coverage.

In Figure 2(c), the electrical conductivity of all paper types
was compared after the paper underwent three dip-coating
cycles. Xuan paper, after being subjected to three MXene dip-
coating treatments, distinctly distinguished itself, boasting the
highest electrical conductivity of 0.3467 S/cm. This excep-
tional conductivity could be attributed to the inherent MXene
absorption capacity of Xuan paper fibers, coupled with their
structural propensity to foster the establishment of conductive
networks. Consequently, Xuan paper surpassed bamboo fiber
paper, which demonstrated a higher rate of weight alteration.
This elevated conductivity underscored the successful develop-
ment of a well-structured conductive network on the surface of
Xuan paper fibers, facilitating efficient electrical conduction.
Consequently, this augmented the efficacy of EMG signal
capture.

Based on the amalgamation of the aforementioned
experimental findings, it was deduced that Xuan paper
emerged as the optimal choice for the fabrication of MXene
paper electrodes. Its exceptional MXene carrier capacity
substantiated its suitability in this application.

To increase the conductivity of the MXene paper electrodes,
we adopted a method of increasing the number of dip-coatings.
Figure 2(d) clearly shows the relationship between the number
of dip-coatings and the conductivity. The data show that with
only one MXene dip-coating, the conductivity is as low as
0.0405 S/cm. This result suggests that the MXene layer is still
thin, and the conductive network is not fully formed, limiting
the conductivity. However, when the number of dip-coatings
reaches three, the conductivity increases to 0.3405 S/cm,
showing a clear improvement. As we continue to increase the
number of dip-coatings, the conductivity continues to increase,
peaking at 1.0428 S/cm after the seventh dip-coating. This
result suggests that at this stage, the MXene conductive
network has reached a sufficient thickness on the surface of the
paper fibers to effectively improve the overall conductivity.
Notably, there is a significant slowdown in the rate of
conductivity growth as the number of dip-coatings continues
to increase between six and seven. This could indicate that the
MXene layer has reached an optimum thickness, and further
dip-coatings may not significantly increase the conductivity.
Keeping in mind the balance between the manufacturing cost
and material performance, we decided to perform six dip-
coatings in the MXene paper electrode fabrication experiment.

As shown in Figure 2(e), this study demonstrated the
conductivity stability of the MXene paper electrode under
different bending angles. The results indicated that the
conductivity of the MXene paper electrode remained stable
during bending, with no significant impact within a bending
range of 0 to 90°, and maintained almost constant conductivity
even after 500 bending cycles. This observation was of
paramount importance for applications involving skin patch
electrodes. Given that the skin presents a dynamic surface, the
electrodes could undergo diverse bends and strains as the user
moves. Consequently, maintaining stable conductivity under
bending conditions was vital to ensure a consistent signal

https://doi.org/10.1021/acsmeasuresciau.3c00043
ACS Meas. Sci. Au 2024, 4, 81-91


pubs.acs.org/measureau?ref=pdf
https://doi.org/10.1021/acsmeasuresciau.3c00043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

e =)
60 um

60 um

Figure 3. SEM images of the Xuan paper surface at (a) low magnification and (b) high magnification. (c, d) SEM images of the MXene paper
electrode surface at (c) low magnification and (d) high magnification. (e) EDS element mapping of the surface of the MXene paper electrode.

output in dynamic scenarios. The showcased high mechanical
flexibility and conductivity stability of the MXene paper
electrode position it as an ideal choice for applications
necessitating heightened adaptability and reliability, such as
wearable medical devices or sports monitoring systems.
Moreover, it underscored the potential applicability of
MXene paper electrodes in forthcoming electronic skin and
other flexible electronic devices.

Furthermore, we successfully used MXene Paper as a
conductor in a circuit, effectively illuminating an LED as
shown in Figure 2(f). This result underscores not only the
exceptional conductive properties of MXene Paper but also its
viability as an effective alternative material in real-world

electronic applications.
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As shown in Figure 3(a),(b), the SEM images depict the
surface morphology of the Xuan paper. At lower magnification,
the overall fiber network structure of the Xuan paper is evident,
while at higher magnification, the microstructural details of the
fibers are clearly visible. These images provide us with the basic
structural characteristics of the original Xuan paper. Figure
3(c),(d) shows the surface of the paper fiber electrode after
MXene modification. The low-magnification SEM images
show the uniform distribution of MXene nanosheet over the
fibers. The high-magnification images, on the other hand,
clearly show features consistent with the monolayer MXene
morphology previously captured by SEM. The uniform MXene
coating on the paper fiber electrode likely imparts a significant
conductivity enhancement to the paper. In addition, the EDS
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Figure 4. (a) Schematic representation illustrating the placement of electrodes and the measurement of biceps brachii electromyography (EMG)
signals. (b) EMG waveform graphs of Ag/AgCl and MXene paper electrodes. (c) Electromyography (EMG) signals recorded from the biceps
brachii muscle during the exertion of lifting dumbbells of four distinct weights (N = 3). (d) Variations in the electromyography (EMG) signals
captured from the biceps brachii muscle when exerting force to lift a 15 kg dumbbell for a total of eight repetitions.

elemental mapping results in Figure 3(e) reveal the elemental
distribution on the MXene paper electrode surface. The
mappings show the presence of Ti, O, and C on the MXene
paper. The homogeneous distribution of Ti confirms the
successful modification with MXene (Ti;C,T,), while the
distribution of the C and the O elements delineates the original
paper fiber structure. Since the content of MXene is not the
main constituent, the observed signals of C and O elements are
largely attributed to cellulose. Combining the above results, it
can be concluded that this study successfully achieved a
uniform MXene coating on the surface of Xuan paper, and the
EDS results further confirm this successful modification. In
addition, the MXene-modified Xuan paper may exhibit
improved electrical conductivity, a hypothesis to be further
explored in subsequent experiments.

We used MXene paper electrodes to measure the EMG signals
of the biceps brachii (as illustrated in Figure 4(a)) and
compared the acquired EMG signals during the lifting of
dumbbells weighing 0, 5, 10, and 15 kg. The waveform of the
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EMG signals, shown in Figure 4(b), was compared to that of
commercially available Ag/AgCl electrodes. It was observed
that the MXene paper electrode had a relatively stable baseline
compared to the commercial electrodes, indicating that the
MXene paper electrode can achieve a lower noise level when
measuring EMG signals. The system for measuring EMG is
shown in Figure S1 and includes the STM32 NUCLEO-L031
K6 microcontroller and the MyoWare muscle sensor. The
STM32 microcontroller interfaces with the MyoWare muscle
sensor to convert analog signals to digital format and then
transmits the data to a computer. The technique for
connecting the MXene paper electrode to copper wires is
shown in Figure S2, where copper tape is used to adhere the
wire to the MXene paper electrode. After acquiring the EMG
signals, we calculated the root-mean-square (RMS) values
using the following formula

where «x; represents each sample value of the EMG signal and
N represents the number of samples. Figure 4(c) shows that as
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Figure 5. (a) Air permeability tests. M, represents the original weight, while M means the weight measured. (b) Electrothermal performances of
MXene paper electrode at input voltages of 1, 2, 3, 4, 5, and 6 V. (c) Infrared thermal images capturing the peak temperature variations of MXene
paper electrodes subjected to different applied voltage levels. (d) Analysis of the decomposition behavior of MXene paper electrodes when

immersed in a S M NaOH solution.

the weight of the dumbbell increased, the RMS value derived
from the measured EMG signal also increased accordingly.
This observation is consistent with the established relationship
between muscle activity and load carried. As muscles are
required to generate greater force to lift heavier objects, the
activity of the muscle fibers increases, resulting in an amplified
EMG signal. We also compared the sensitivity of the
commercially available Ag/AgCl electrode and the MXene
paper electrode. It is observed that the RMS peak of the
MXene paper electrode is superior to the commercial Ag/AgCl
electrode under all weights, and the magnitude of the increase
is significantly more pronounced. This result further
substantiates that our MXene paper electrode has exemplary
sensitivity and also indicates that the MXene paper electrode
can more accurately detect muscle changes and provide more
reliable signals. A key advantage of the MXene paper electrode
is its exceptional sensitivity, simplicity, and portability. This
provides a notable advantage in real-time monitoring and
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analysis of EMG signals, especially in scenarios where speed,
accuracy, and convenience are required.

Figure 4(d) shows the variation in the RMS values of the
EMG signals as the biceps brachii were subjected to lifting a 15
kg dumbbell, the maximum weight the participant could lift.
Preliminary data indicate that the RMS value at the beginning
of the lift was 0.735 V, which increased to 0.806 V during the
second attempt. Surprisingly, however, as the number of lifting
repetitions increased, the RMS value showed a gradual decline,
dropping to 0.613 V by the eighth repetition. It is generally
accepted that as muscles fatigue, the body recruits more muscle
fibers to perform the same movement, resulting in an increase
in the RMS value of the EMG. However, our observations
seem to contradict this notion. This discrepancy may be due to
the fact that the biceps brachii may have reached its load
threshold when the participant lifted near-limit weights,
making it impossible to recruit additional muscle fibers. The
body may then attempt to use a different strategy or rely on
auxiliary muscles to facilitate the lift, potentially causing a
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reduction in biceps activity and further decreasing the RMS. It
is worth noting that measurements taken with the MXene
paper electrode were remarkably sensitive and consistent,
demonstrating its superior performance in capturing shifts in
muscle activity, establishing it as an exemplary choice for
assessing muscle activity.

As shown in Figure 5(a), this study evaluated the breathability
of various materials used as skin patch electrodes. The
experiment used 20 mL glass vials containing 10 mL of
ultrapure water, sealed with the material to be tested, and
placed in a well-ventilated environment at 25 °C (Figure S3).
Ag/AgCl electrodes were selected for comparison due to their
widespread use in measuring EMG signals and to better
highlight the improved breathability of our MXene paper
electrodes. Under controlled conditions, we monitored
variations in the weight of the water content in the vials.
The control group consisted of uncovered vials, and then
ordinary Xuan paper was tested. Among the groups tested, the
commercial Ag/AgCl electrode showed minimal breathability,
with negligible weight change observed, indicating that
prolonged use may impede skin respiration, compromising
comfort and potentially causing discomfort. In contrast, our
MXene paper electrode exhibited superior breathability in this
study with an M/M, ratio of approximately 0.94, suggesting
that its application as a skin patch electrode could provide
increased comfort and improved long-term stability. In
addition, the results showed comparable breathability between
MXene paper and traditional Xuan paper, meaning that the
MXene coating did not significantly affect the breathability of
the Xuan paper fibers.

As illustrated in Figure S(b), the electrothermal performance
of the MXene paper electrode was plotted at various voltage
levels. The data distinctly indicated that as the voltage
increased, the temperature of the MXene paper electrode
also rose, a finding substantiated by its corresponding infrared
images (Figure 5(c)). The electrothermal performance stability
was confirmed by nearly superimposed temperature curves
from the first to the 30th cycle during the cyclic heating/
cooling of MXene paper electrode at 5 V, as shown in Figure
S4. At the minimum voltage of 1 V, the temperature exhibited
a slight increment from the initial 28.1 to 28.7 °C. However,
with a voltage elevation to 6 V, there was a sharp temperature
surge, escalating from 28 °C to an impressive 64.1 °C. This
marked temperature increase was particularly prominent
within the initial 10 s. Subsequently, after the 150 s mark,
upon power termination, the temperature exhibited a rapid
decline, returning to a value close to its initial ambient state.
This electrothermal behavior underscored the commendable
electrothermal conversion efficiency of the MXene paper
electrode. Notably, at elevated voltage levels, its capacity for
rapid heating positioned it advantageously for applications
necessitating swift thermal responses. Additionally, the rapid
temperature reduction post-power-off highlighted a favorable
thermal dispersion attribute of the MXene paper electrode. Of
significance, the MXene paper electrode could generate
substantial Joule heat even within voltage thresholds
considered safe for human use, showcasing its significant
potential in wearable electrothermal devices. In addition, if one
wants to further improve the electrothermal performance of
the MXene paper electrode, one can refer to the research of

89

Shu et al.’' who incorporated interdigitated electrode

structures into the MXene paper electrode to achieve improved
electrothermal performance.

In this study, we used a 5 M NaOH solution to decompose the
MZXene paper electrode. As shown in Figure 5(d), after 1 h of
treatment, slight decomposition of the MXene paper electrode
was evident. When the treatment time was extended to 12 h,
the MXene paper electrode was completely decomposed,
leaving only suspended fibers. The literature has also reported
that MXene is oxidized to TiO, in the presence of NaOH,
which explains the absence of the characteristic black hue of
MXene in the final decomposed images.”” This decomposition
behavior has profound implications for environmental
protection and e-waste reduction. Such a characteristic of the
MXene paper electrode suggests that it can rapidly decompose
in the environment after its operational life cycle, thereby
limiting long-term environmental pollution. Importantly, the
resulting titanium dioxide after decomposition is an environ-
mentally benign substance, further strengthening the potential
of the MXene paper electrode as a green material.

The development and optimization of MXene nanosheet-based
paper electrodes showcased their remarkable versatility and
adaptability across a plethora of applications, particularly in
green electronics. Cellulose-based materials, specifically Xuan
paper, emerged as the premier choice for substrate due to their
mechanical robustness, inherent flexibility, and extraordinary
capacity to host MXene.””*® Xuan paper also exhibited
superior electrical conductivity, fostering an efficient con-
ductive network that is essential for EMG signal capture.

The optimized MXene paper electrode’s consistent con-
ductivity, even under varying bending conditions, underscores
its significant potential in dynamic scenarios like wearable
devices, electronic skins, and other flexible electronics. Its
demonstrated utility in circuits, illuminating LEDs, and high
breathability further accentuate its applicability in real-world
electronics and medical devices. Furthermore, the MXene
paper electrode demonstrates remarkable electrothermal
performance, heating quickly within safe voltage limits, making
it an ideal choice for wearable electrothermal devices. Its
environmentally friendly design allows it to decompose in an
eco-conscious manner, leaving behind harmless substances,
highlighting its potential as a green material for the future. In
summary, MXene-based paper electrodes excel in versatility
across medical and technological uses while aligning with
sustainable design principles. This research opens promising
avenues for integrating these electrodes into futuristic
applications that balance performance with environmental
responsibility. Additionally, MXene paper electrodes extend
their utility beyond the EMG signal measurement and
electrical heating. They find potential applications as electrodes
in energy storage devices like supercapacitors and batteries as
well as in electromagnetic shielding and active filtration layers.
Future research will delve into exploring and discussing these
diverse applications further.
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