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ABSTRACT: Integrating wearable gas sensors with energy harvest-
ing and storage devices can create self-powered systems for
continuous monitoring of gaseous molecules. However, the develop-
ment is still limited by complex fabrication processes, poor
stretchability, and sensitivity. Herein, we report the low-cost and
scalable laser scribing of crumpled graphene/MXenes nanocompo-
site foams to combine stretchable self-charging power units with gas
sensors for a fully integrated standalone gas sensing system. The
crumpled nanocomposite designed in island-bridge device architec-
ture allows the integrated self-charging unit to efficiently harvest
kinetic energy from body movements into stable power with
adjustable voltage/current outputs. Meanwhile, given the stretchable
gas sensor with a large response of ~1% ppm™"'
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and an ultralow detection limit of ~5 ppb to NO,/NH;, the integrated system

provides real-time monitoring of the exhaled human breath and the local air quality. The innovations in materials and structural
designs pave the way for the future development of wearable electronics.

KEYWORDS: crumpled porous graphene/MXene nanocomposites, triboelectric nanogenerator (TENG),

microsupercapacitor arrays (MSCAs), standalone gas sensing system

Practical applications of wearable sensors to detect and
identify gas molecules for human health monitoring and
improved quality of life hinge on the development of simple
and cost-effective manufacturing methods, as well as
miniaturization and system integration."” Although many
recently reported wearable gas sensors exhibited remarkable
sensitivity, low limit of detection, and flexibility, most of them
are not fully stretchable and it is difficult to apply them on the
skin with large mechanical deformations.” The challenges
primarily come from the lack of highly sensitive and stable
sensing devices under various forms of mechanical deformation
and environmental variations, lightweight and deformable
power supply modules with high energy storage performance,
and effective methods to integrate the miniaturized systems.”

Wearable triboelectric nanogenerators (TENGs) can con-
vert various types of renewable energy sources (e.g.,
mechanical motion, wind, etc.) into electricity.” However,
the intermittent and alternating current (AC) output and
mismatched current/voltage outputs from TENGs cannot be
directly used to power most electronic devices. As a solution,
wearable TENGs have been integrated with power manage-
ment circuits and energy storage devices to provide self-
powered charging units for practical use.” Furthermore,
structural engineering of rigid materials and devices provides
integrated wearable electronics with tissue-like mechanical
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properties and seamless contact with the hierarchically textured
human skin. However, large-area fabrication of wearable
electronics often suffers from expensive, complicated, and
less reproducible manufacturing,

This article reports a low-cost, scalable laser scribing
approach to fabricate a fully integrated standalone gas sensing
system based on laser-induced graphene/MXene nanocompo-
sites for real-time monitoring of the exhaled breath of the
human subject and local air quality throughout the day. The
long-term operation of the device platform is provided by a
self-charging power unit consisting of the TENG, power
management circuit, and microsupercapacitor arrays
(MSCAs). Meanwhile, the stretchable gas sensor exhibits a
large response of 1.36%/0.92% ppm™’, an ultralow detection
limit of 3/5 ppb, and a fast response/recovery to NO,/NH;.
The wireless, real-time, and continuous monitoring of the
exhaled breath of the human subject and air quality from the
stretchable gas sensor directly driven by the integrated self-
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Figure 1. Standalone stretchable gas sensing system based on the crumpled porous graphene/MXene nanocomposite. (a) Schematic showing the
(i) stretchable triboelectric nanogenerator (TENG), (ii) microsupercapacitor arrays (MSCAs), and (iii) gas sensor in the integrated system that is
fabricated with (b) a two-step laser direct writing process with a prestrain strategy. Photographs of crumpled nanocomposite foam (c) before and

(d) after stretching of 300% for &
nanocomposite for different ¢

pre

pre

of 400%. (e) Linear current—voltage (I-V) curves and (f) the electromechanical response of the crumpled
0, 100, 150, 200, 300, and 400%. (g) Scanning electron microscopy (SEM) image and (h) high-resolution

transmission electron microscopy (HRTEM) of the graphene/MXene foam. (i) Atomic force microscopy (AFM) image and height information on

MXene nanosheets.

charging power unit provides the system-level proof-of-concept
demonstration. The demonstrated design principles, materials
selection, fabrication approaches, and system integration
methods provide a complete toolkit to create the next-
generation standalone stretchable electronics.

B DEVICE DESIGN AND MATERIAL STRATEGY FOR
THE STANDALONE GAS SENSING SYSTEM

The standalone stretchable gas sensing system is fabricated
from laser direct writing of crumpled porous graphene/
MZXenes nanocomposite foams on a flexible elastomer
substrate (Figure 1), allowing for conformal contact with the
human skin (or textiles). In the self-powered charging unit, the
wearable TENG assembled in shoes first generates sustained
electrical energy from human motion. With a rectification
circuit, the harvested intermittent and AC energy is stored in
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an all-in-one stretchable MSCAs with supercapacitor cells
connected in series and/or in parallel to generate desirable
current/voltage outputs to stably drive the gas sensing system.

The crumpled porous graphene/MXenes nanocomposite is
chosen as the active material for all device components (i.e.,
TENG/MSCAs electrodes and gas sensor, Figure la). The
nanocomposite is synthesized by a facile two-step direct laser
writing process (Figure 1b). In brief, after spray coating
MXenes on the 3D graphene foam prepared by a CO, laser
under ambient conditions, a second laser scribing under the
protection of argon generates the nanocomposite. Next, the
crumpled nanocomposite is fabricated with a prestrain strategy
as described in our previous work,”® presenting a cost-effective
strategy to introduce surface structures that can be well
controlled by the prestrain level. The prestrain €, = (L — Ly)/
Ly X 100% is related to the original L, and stretched L length
of the substrate. The crumpled porous structure provides the
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Figure 2. Performance of the stretchable graphene/MXene-based TENG. (a) Photograph of the stretchable TENG consisting of a top PTFE
electrode with a kirigami layout and a bottom crumpled nanocomposite electrode (dimension of the TENG: 8.0 cm X 8.0 cm). Output (b) voltage
and (c) current of the TENG as the prestrain level increases from 0 to 400% at a frequency of 1.5 Hz. (d) The output voltage of the TENG as a
function of the frequency from 0.5 to 2.5 Hz for a prestrain of 400%. (e) Dependence of the output voltage, current density, and power density of
TENG on the load resistance. (f) Output voltage as a function of bending cycles. (g) Changes in the peak output power density with the applied

tensile strains.

resulting nanocomposite foam with high stretchability (Figure
Ic, d). While the use of the waterproof PDMS presents a
challenge to achieve high water transport capacity, it can be
replaced by the sugar-templated PDMS’ to effectively improve
the breathability and level of comfort in the resulting device
system. The electric conductivity of the crumpled graphene/
MXenes increases with the increasing &, (Figure 1le), due to
the increased conductive pathways in the highly crumpled
foams. The electromechanical performance of the crumpled
graphene/MXenes is also enhanced to provide a higher
stretchability as €,,, increases (Figure 1f). The specific surface
area of the crumpled graphene/MXenes also increases from
240 to 350 m” ¢! with the increasing €pre from 0 to 400% for
improved the interfacial interactions between nanocomposites
and charge carriers. The improved electrical conductivity,
mechanical robustness, and specific surface area of the
crumpled porous graphene/MXenes from the simple fabrica-
tion provide opportunities for applications in the standalone
stretchable device platform.

Scanning electron microscopy image show crumpled
structures in the porous nanocomposite (Figure lg) to
increase surface roughness and effective contact area for
enhanced triboelectric charge densities, active sites for charge
storage, and gas molecules adsorption.'’ The high-resolution
transmission electron microscopy image identifies two
interlayer distances of 0.37 and 0.26 nm corresponding to
the (002) and (100) planes in graphitic materials and MXene
(Figure 1h), respectively. The poly crystalline ring and
hexagonal symmetry spot patterns of the selected area electron
diffraction pattern also confirm wrinkled graphene layers and
hexagonal structure of MXene. The smooth sheets in the
atomic force microscopy exhibit a relatively uniform lateral size
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of ~100 nm and an average thickness of 1.7 nm that
corresponds to the height of a single-layered Ti;C,T, slab
along the (002) direction (Figure 1i)."" The more structural
information on the as-prepared samples is investigated using
Raman spectroscopy, X-ray diffraction, and X-ray photo-
electron spectroscopy (Figures S1 and S2).

B FABRICATION AND PERFORMANCE OF THE
STRETCHABLE GRAPHENE/MXENE-BASED TENG

A PDMS layer is used as the spacer between the crumpled
nanocomposite foam and kirigami polytetrafluoroethylene
(PTEE) to control the gap distance in the stretchable TENG
(Figure 2a). To comprehensively evaluate the TENG perform-
ance, the effects of vertical force, deformation frequency, and
mechanical deformation are investigated by a linear mechanical
motor (external force of 100 N). As the prestrain Epre INCreases
from 0 to 100/150/200/300/400%, the output voltage
increases from 30.5 V to 43.6/49.0/52.4/57.7/62.7 V for an
external load resistance of 10 MQ (Figure 2b), whereas the
output current also increases from 8.9 to 18.4 yA cm™ by
106.7% (Figure 2c). As a result, €pre Of 400% provides the best
performance due to the highly rough surface and large effective
contact area; thus, it is chosen in the following studies unless
specified otherwise. As the deformation frequency increases
from 0.5 to 2.5 Hz, the output voltage first increases and then
decreases (Figure 2d). Increasing the load resistance in the
range identifies the peak output power density of ca. 5.7 X 107>
mW cm™ at a resistance of 2 MQ (Figure 2e). The output
voltage of the TENG only decreases from 62.7 V to 61.5 by
1.9% as it is bent by 180° for 5000 cycles (Figure 2f). More
importantly, as the tensile strain applied on the device
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Figure 3. Performance characterization of the stretchable graphene/MXene-based MSCAs. (a) Photograph of stretchable MSCAs under 100%
biaxial stretching. (b) Cyclic voltammetry (CV) curves of MSC cells based on porous graphene, MXene, and nanocomposite electrodes. (c) CV
curves of the MSC cell based on nanocomposite electrodes (used in the following studies unless specified otherwise) at different scan rates from 10
to 80 mV s™". (d) Galvanostatic charge—discharge (GCD) plots at different current densities. The specific capacitance of MSC cell versus (e) scan
rate and (f) discharge current density. (g, h) Ragone plots of our MSC cell. Real-time recorded (i) CV curves and (j) GCD plots of single devices
and the all-in-one MSCAs with different serial and parallel connections. Capacitance retention of the all-in-one planar MSCAs after (k) stretching

and (1) bending and twisting cycles.

increases from 0% to 300% (well beyond the stretching range
on the skin surface), the output power density of the TENG
gradually decreases from 5.7 X 1072 to 2.9 X 107> mW cm >
(Figure 2g). After the release of the strain, the output power
density recovers to 5.2 X 107> mW cm ™2 The excellent output
performance of the stretchable TENG compares favorably with
those reported previously TENGs'*~" (Table S1).

B FABRICATION AND PERFORMANCE OF THE
STRETCHABLE GRAPHENE/MXENE-BASED MSCAS

To continuously and stably provide sustained energy with
specific output voltage/current, graphene/MXene-based
MSCAs have been combined with TENGs to store the
harvested intermittent energy. The integrated area under the
cyclic voltammetry (CV) curve of the nanocomposite-based
MSC is significantly larger than the as-prepared graphene- and
MXene-based MSCs (Figure 3b). Furthermore, the shape of
the CV and galvanostatic charge—discharge (GCD) curves is
well maintained in the nanocomposite-based MSC at different
scan rates and current densities (Figure 3c, d). The C, of the
composite-based MSC can achieve 10.8 mF cm™ at S mV s/,
which is ca. 2.1 and 3.3 times larger than that of MXene- and
graphene-based MSCs (Figure 3e). Meanwhile, the nano-
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composite-based MSC can deliver C, of 10.9 mF cm™ at 1 mA
cm™? and still maintain 2.9 mF cm™ at 30 mA cm™* (Figure
3f). Notably, the nanocomposite-based MSC can achieve an
ultrahigh energy density of 22.46 Whkg™" (or 0.74 yWh cm™2)
at a power density of 0.35 kW kg™ (or 0.07 mW cm™?)
(Figure 3g, h), which outperforms many previously reported
all-in-solid MSC'®™?° (Table S2). In addition, the device
shows a superior capacitance retention rate of 75% after 10 000
cycles at 2 mA cm™

The high degree of adjustable electrical outputs is achieved
by connecting multiple MSC cells with an island-bridge layout
in series (S) and/or parallel (P). The serial configurations such
as 2S and 2P*2S allow the output voltage to increase by 2
times, whereas the parallel configurations such as 2P and
2P*2§ increase the current density by 2 times (Figure 3i). The
excellent performance uniformity and scalability of the MSC
devices are further confirmed by GCD curves at 0.5 mA cm™>
(Figure 3j).

Taken together with the strain isolation strategy, the MSCAs
can be stretched 100% along the x and y directions (Figure
3a). The capacitance retention can achieve 92% even at a
tensile strain of 100% (Figure 3k). After 100 cycles of bending
at a radius of 10/9/8/7/6/5/4/3/2 cm, the capacitance

https://doi.org/10.1021/acs.nanolett.3c00454
Nano Lett. 2023, 23, 3435-3443


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c00454/suppl_file/nl3c00454_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c00454/suppl_file/nl3c00454_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00454?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00454?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00454?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00454?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c00454?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

a b et 30 e
S B d —No 20ppm 15,-+-NO
‘ 1 - i
3 / é ~Y i * 5
o X
< % o
< S & 0
= < 2
g 2 &
c L3
g 2
c ] 8 -15 12 18 24 30
= 3
-3 Time (s)
-30
50 100 150 200 0 5 10 15 20 25
Time (min) Concentration (ppm)
f 0.0 g 0.0 —5% HR — 50% HR — 80% HR h —Before stretch —Stretch 250 times
' 0.5 —Stretch 500 times — Stretch 750 times
¥ ® s —Stretch 1000 times 1 ppm No,
©.0.4 » -0.5 >
= < £ 00
P < < 0.00 o <
2 = 4 60°C =
8 08 g -0 £-025 2 05
o o g o
Q o - Q
g 3050 g
1.2 15 g 1.0
8 0 5 10 15 20
- 60°C 2 ) )
3 20 Time (min) a5
0 4 8 12 16 0 10 20 30 40 50 0 20 40 60 80
Time (min) Time (min) Time (min) . )
oﬂ improving polar
I 2 . ) \ molecules adsorption
J os 1ppm k O\C?
& >
= ¢ h 2
1 & °\O> \ <
3 - o ® : & ® °® 5" 0.0 ¢ # )
< g “D)‘( » > o
) -+-NO, 2 M h
= . 5
2 —-NH 5§ 08 ey P
s ’ 3 i >, @
2 & - A
g -1
«< -1.6 ¢
o 0o 3 P u\o): {
I 3 A %
-2 "o z" @ g o § § on \ hr %
0 5 10 15 20 25 30 22 2 "¢ § o & Q8 \0). \
Time (day) MXene (metal) graphene (p-type semiconductor)
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stretchable gas sensor to 1 ppm of NO, before and after 250/500/750/1000 cyclic stretching/releasing cycles (a uniaxial tensile strain of 25%). (i)
Long-term stability of the sensor over a month (1 ppm of NO,/NHj,). (j) The selectivity of the stretchable gas sensor. (k) Schematic showing the

adsorption/desorption of gas molecules.

retention rates remain over 99.2/98.7/98.3/97.5/96.9/96.3/
95.8/95% respectively (Figure 31). The cycling performance
also shows negligible capacitance degrading after 100 twisting
cycles at a twist angle of 90° (Figure 31).

B ENVIRONMENTAL AND MECHANICAL STABILITY
OF THE STRETCHABLE GRAPHENE/MXENE-BASED
SENSORS

The gas sensor consists of a front sensing region and a back
heating region both based on graphene/MXene configured in
the islands-bridge layout. The graphene/MXene-based gas
sensors are highly flexible and stretchable (Figure 4a, b),
allowing seamless integration and conformal contact with
textured human skin. The peak principal strain in the active gas
sensors is only 1.2% for an applied tensile strain of 100%, due
to the unfolding of the serpentine interconnections as revealed
by the finite element analysis (FEA) (Figure 4c). The
combination of strain isolation and island-bridge design helps
reduce the strain effect during gas detection. In addition, other
decoupling sensing strategies”' can be used to further minimize
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the strain effect for improved gas sensing accuracy in the
presence of complex mechanical deformations.

Characterization of the gas-sensing performance to the
target concentration of gas (e.g, NO, and NHj) is performed
in a dynamic gas distribution instrument at room temperature
(20 °C), providing the response as AR/Ry, = (R — Ry)/Ry,
where Ry and R are the resistances of the gas sensor in the
synthetic air and target gas. As the gas concentration of NO,
(or NHj) is increased from 1 to 20 ppm, the conductance of
the graphene/MXene-based gas sensor increases (or de-
creases) (Figure 4d). Furthermore, the response magnitude
decreases (or increases) almost linearly with increased NO,
(or NH;) concentrations (Figure 4e), with ultrahigh sensitivity
of 1.51 (or 0.98) ppm ™. The sensor also exhibits an ultrahigh
signal-to-noise ratio (SNR) of 225 (or 122) to 100 ppb NO,
(or NHj), leading to an estimated limit of detection (LOD) of
1.2 (or 2.3) ppb to NO, (or NH;) (at SNR of 3). It is worth
noting that the SNR of our sensor can still achieve 2.7 (or 2.8)
for 3 ppb NO, (or S ppb NH;) (Figure 4e, inset), which
compares favorably over previously reported NO,/NH; gas
sensors (Table S3).

https://doi.org/10.1021/acs.nanolett.3c00454
Nano Lett. 2023, 23, 3435-3443


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c00454/suppl_file/nl3c00454_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00454?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00454?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00454?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00454?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c00454?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

b C

as«
)

d
@ GND GND GND

Gas Sensor

()
Iz

e l I

Self-charging|
unit

MSCAs
Rectifiers

Gas Sensor

oo 0o Bluetooth uni
2
\ =
Signal
‘ — acquisition Amplifiers  Low pass filter ~ Microcontroller
-] 40 f 40 g o8
—1.0Hz —1.5Hz —2.0Hz —50kg —70kg —90kg —cell
20 20 — 2 parallel
0.6 — 3 parallel
= = = — 4 parallel
o 0 o 0 fubupniet =
g g 2 o4
S S =
> 20 Z 20 >
0.2
-40 -40
-60 -60 0.0
4 8 12 16 0 4 8 12 16 0 800 1600 2400 3200
Time (s) Time (s) Time (s)
h J
10 k 1000
05 —sensor with an encapsulation membrane mm Indoor
0'0 —sensor without an encapsulation membrane mm Outdoor
8 s o B 8 e
< 4o uring exercising | 2 =
g 0 7 14 21 28 35 > 2
i s Time (min) % g
§ 3 |—sensor with an encapsulation membrane é §
8 2 |— sens ithout an encapsulation membrane § é
- . _&Q N
0 fter drinking alcohol @ ] ")
-1 Ae CHNNER1coN0 - exhaled breath after drinking alcohol °
0 7 14 21 28 35 -1.2
0.0 15 3.0 4.5 6.0 Morning Noon Evening Night

Time (min)

Time (h)

Figure 5. Demonstration of the standalone stretchable nanocomposite-based gas sensing platform for environmental monitoring. (a) Photograph,
(b) circuit diagram, and (c) schematic of the integrated standalone platform on the fabrics on the human subject. (d) The circuit design of the
wireless transmission module. The output voltage of the stretchable TENG (e) at varying driving frequencies from (f) human subjects of different
body weights. (g) The voltage of the stretchable MSCAs with different numbers of MSCs connected in parallel charged by the TENG (from a
human subject of 90 kg at 1.5 Hz, discharge at S uA). Responses of the integrated standalone sensing platform with/without an encapsulation
membrane to the exhaled breath of the human subject (h) during exercising and (i) after drinking alcohol. (j) The real-time monitoring of the
exhaled breath of the human subject after drinking alcohol. (k) Applications of the standalone gas sensing platform for monitoring indoor and
outdoor NO, from car exhaust at different times of the day powered by self-charging units.

Joule heating of the back heating region is explored to
modulate the gas sensing performance. As the applied voltage
during the resistance measurement is increased from 0.7 to 2.8
V with a step size of 0.7 V, the stable temperature starts in the
sensor can reach from 30 to 60 °C with a step size of 10 °C
(Figure S6). The increased temperature results in decreased
response/recovery time from ~7/32 min to 6/19 min, as well
as a reduced response from 1.36% to 0.54% (to 1 ppm of NO,)
(Figure 4f). As both graphene and MXene are sensitive to
humidity, adsorption competition occurs between gas and
water molecules. As a result, the gas sensor exhibits a decreased
response from 1.31% to 0.57% (to 1 ppm of NO,) when the
relative humidity (RH) level is increased from 5% to 80% at
room temperature (Figure 4g). Although the gas sensor with a
waterproof but gas-permeable PDMS membrane can reduce
the impact of the RH on the sensing performance, it cannot
remove the water molecules adsorbed on the sensor surface in
extremely high RH levels or over time.”> However, this
challenge can be effectively addressed by operating the gas
sensor at elevated temperatures from self-heating due to the
generated thermal radiation. There is no appreciable
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degradation in the sensor response under various RH levels
at 60 °C (Figure 4g inset).

Although the resistance of the nanocomposite electrode
slightly increases with the increasing applied tensile strain
(Figure S7), the response of the gas sensor to 1 ppm of NO,
can still reach 1.34/1.32/1.26/1.15% (with a retention of 98.5/
97.1/92.6/84.6%) at a uniaxial tensile strain of 25/50/75/
100%. Despite a small degradation after 1000 stretching and
releasing cycles of 25%, the response/recovery to 1 ppm of
NO, at room temperature is well-maintained, with a response
of 1.16% (Figure 4h). The sensor also shows reliable long-term
stability, with 95/93% of the initial value to 1 ppm of NO,/
NH; after a month (Figure 4i). Furthermore, the sensor
responses NO,/NH; (—1.36%/0.92%) are much larger than
those to NO, H,S, acetone, methanol, SO,, CO, methane,
ethanol, and CO,, demonstrating excellent selectivity for NO,
and NH; gas (Figure 4j).

The high sensitivity of the graphene/MXene-based sensor
results from the free electrons transfer from p-type laser-
induced graphene to the metallic Ti;C,T, MXene at the
interface until the Fermi levels of the two are aligned, due to
the work function difference (5.28 eV for MXene and 4.7 eV
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for graphene in air).”’ At equilibrium, a Helmholtz double
layer and a built-in electric field are established at the
nanohybrid interface (Figure S8), with negatively charged
MXene and positively charged graphene near its surface.”* This
charge separation in nanohybrids provides (1) an increased
number of holes in the laser-induced graphene for increased
electrical conductivity, and (2) the built-in electric field at the
interface to induce further electrical polarization of the
nanohybrids (a driving force for gas sensing without the
external bias voltage) (Figure 4k).*®

B STANDALONE STRETCHABLE GAS SENSING
PLATFORM FOR ENVIRONMENTAL MONITORING

The self-powered charging units as a sustained power source
can drive gas sensors and wireless communication units with
Bluetooth chips (CC2541) for sending data to the user
interface (Figure Sa—d). The TENG generates a maximum
output voltage of 48.4/55.2/51.8 V as the volunteer running
with a body weight of 50 kg runs at a frequency of 1.0/1.5/2.0
Hz (Figure Se). At a constant frequency of 1.5 Hz, the human
subject with increasing body weight from 50 to 70 and then to
90 kg provides an increased output voltage from 55.2 to 69.5
and then 76.2 V (Figure 5f). The stretchable MSCAs charged
by the insole TENG exhibits a steady increase in the voltage to
reach the operating voltage, indicating successful storage of the
harvested energy (Figure Sg). In addition, the slow decrease of
the voltage in the GCD tests at S pA indicates the stable
output of the self-charging power unit. Specifically, it takes
498.2/1001.1/1493.3/1996.2 s to charge and then 382.5/
559.2/612.6/936.7 s to discharge the 1S*1P/2P/3P/4P
MSCAs. However, the peak output power density is reduced
to 1.6 X 107 mW cm™* when the insole TENG is driven by
walking of a human subject with a body weight of 90 kg at 1
Hz and the operating voltage of the MSC is decreased to 0.4 V
charged by the TENG (Figure S11). The reduced performance
is likely attributed to the self-discharge process resulting from
the intermittent charging process. Therefore, further improve-
ments in the power outputs of TENG and electrochemical
performances of MSC are highly desirable to sustainably
operate the fully integrated standalone gas sensing system for
long-term operation during walking. These results show the
favorable integration and adjustable power outputs of the
nanocomposite-based self-charging power unit.

As a proof-of-concept demonstration, the on-skin standalone
stretchable gas sensing platform driven by human motion
during vigorous exercises provides a viable means to
continuously monitor the exhaled breath of the human subject
and NO, from car exhaust. In order to avoid the direct impact
of the airflow on the stability and accuracy of the sensor, the
exhaled human breath is first collected by a PET face mask and
then introduced to the gas bottle with the sensor mounted
inside using a PET pipe (Figure S12). The standalone gas
sensing platform with and without a waterproof but gas-
permeable PDMS membrane allows continuous breath analysis
of the human subject during varying activities.”® By eliminating
the influence of moisture and relative humidity variations, the
on-skin standalone stretchable gas sensing platform with the
semipermeable PDMS membrane provides a more accurate
measurement of gas components in human breath (Figure Sh,
i). The continuous analysis of the breath from the human
subject after drinking alcohol provides a simple yet viable
means to evaluate the influence of alcohol (Figure 5j). The
measured peak ethanol concentration of 1600 ppb from a
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human subject after drinking 200 mL of alcohol (2 h to
recover) agrees reasonably well with the value of 1400 ppb
measured by a commercial alcohol sensor (MQ3, 2.5 h to
recover) (Figure S13). Furthermore, the stretchable gas sensor
is powered to wirelessly and continuously monitor NO, gas
from car exhaust in the morning, noon, evening, and night. By
assuming NO, as the major active gas molecule, the measured
response from our platform of —1.064/—0.841/—1.340/—
0.513% in the morning/noon/evening/night corresponds to
the concentration of NO, of 715/527/950/252 ppb (Figure
5k). The results are almost consistent with those measured by
the commercial NO, gas sensor (XENSIV PAS, Figure S14).
Furthermore, the cycling stability of the standalone gas sensing
platform is evaluated by repeated sensing cycles to 1 ppm of
NO, at room temperature for 50 days (Figure S15). The gas
response and response/recovery rates remain nearly stable,
indicating the long-term stability of the standalone gas sensing
platform for real-life applications.

In summary, laser processing of crumpled porous graphene/
MZXene nanocomposites has been developed for a standalone
gas sensing system by integrating stretchable TENG with
MSCAs and a gas sensor configured in the island-bridge layout.
The crumpled porous graphene/MXene nanocomposite
provides large effective triboelectric areas in TENGs,
introduces more electrochemically active sites for electro-
ionic charge storage in MSCAs, and increases the gas molecule
adsorption site and charge transfer process for gas sensing.
Besides the nanocomposite materials with excellent perform-
ance parameters, the highly stretchable devices with modulated
output performance by the island-bridge and self-heating
designs offer benefits for easy device fabrication and future
scaling up. The resulting integrated standalone stretchable
device platform allows self-powered and continuous monitor-
ing of the human conditions in the exposed local environment
under complex mechanical deformations on human skin or
clothing. The design strategies and demonstrations from this
work pave the way for the design, fabrication, and application
of the next-generation biointegrated electronics for healthy
aging and precision medicine.
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