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Abstract

Maximizing sensitivity while minimizing manufacturing complexity and costs remains a challenge in the development
of flexible gas sensors. Two-dimensional transition metal dichalcogenides (TMDCs) have emerged as potential
candidates; however, further enhancement of their gas sensitivity is required without increasing fabrication
complexity. Here, we report ultrasensitive and selective gas sensors fabricated by mechanically drawing compressed
TMDCs on flexible cellulose paper. This method rapidly and cost-effectively integrates nanolayered TMDCs, such as
WSe, and MoS,, onto the rough paper surface while abundantly exposing their edge sites. Notably, WSe, exhibits a
high response of ~1978.63% toward 10 ppm NO, with exceptional sensitivity (~139.9% ppm™ at 0.1 to 1 ppm NO,) and
an ultra-low detection limit (1.25 ppb), far exceeding the responses to NHs, CO, and six species of volatile organic
compounds. These high responses remain stable under severe mechanical deformations. Furthermore, we present a
portable wireless sensing device that enables real-time gas monitoring on a smartphone, using the TMDC-drawn
paper as a replaceable sensor in a 3D-printed frame. Compared to conventional flexible gas sensors, our approach not

only simplifies fabrication but also offers outstanding sensitivity.

Introduction

Recent progress in two-dimensional (2D) materials has
highlighted their ability to sensitively recognize various
analytes’. Among many 2D materials, transition metal
dichalcogenides (TMDCs) have attracted significant
interest as emerging sensing materials, because of their
large surface-to-volume ratio, tunable band structure, rich
redox chemistry, and high chemical adsorbability®. These
unique properties lead to integrating TMDCs on various
classes of substrates for exploring the interaction between
TMDCs and target vapors, thereby resulting in the
development of gas sensors that function on the basis of
charge transfer upon the adsorption of molecules® . The
gas sensitivity of TMDCs has been further improved by
controlling the number of layers®'?, engineering defects
and edges'>™'°, functionalizing the surface’’~*', forming
Schottky junction®?, and irradiating light during sensing
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cycles®***, In parallel, theoretical studies predict that NO,
molecules, which can cause serious chronic respiratory
disease, can be strongly bound to TMDCs**™*". As sup-
ported by theory, several TMDC-based sensors enable the
sensitive detection of NO, down to the sub-ppm
leve] 68211131524

Based on their superior sensing properties and atom-
ically thin 2D structures, TMDCs are also considered as
promising candidates for flexible gas sensors*®>?. As
these sensors can be seamlessly mounted on non-planar
surfaces, they would be suitable for constructing wearable
sensors that provide environmental information to users.
However, despite their potential utility, the reported NO,
sensitivity of TMDC-based flexible sensors®® is typically
not as high as that of their rigid counterparts’. In addition,
flexible sensors are manufactured by time-consuming,
expensive, and sophisticated processes. Specifically, the
preparation and integration of TMDCs onto deformable
substrates usually require a series of high-temperature
synthesis and transfer processes®** and routinely involve

interactions with various solvents>®3°, which can
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undesirably change the properties of TMDCs>”. Thus, it is
necessary to develop a sensor with high gas sensitivity that
can be fabricated in a simpler and more cost-effective
manner.

To address the low sensitivity and complex fabrication
of flexible TMDC sensors, we present a highly sensitive
device prepared by directly drawing TMDCs onto cellu-
lose paper. Mechanical abrasion of a TMDC pellet leaves
nanolayered TMDCs on the rough surface of the paper
with abundantly exposed edges, which can provide many
adsorption sites, resulting in exceptional chemical sensi-
tivity. Recently, the abraded van der Waals materials have
proven to be applicable as high-performance electronic
devices, sensors, and energy storage devices*®~**. Thus,
the mechanical drawing of TMDCs provides a way to
integrate them on the paper using a safe, simple, cost-
effective, and solvent-free procedure, as previously
demonstrated for carbon nanomaterials**~>*, In addition,
the paper substrate would be suitable for realizing fold-
able and disposable devices, because of its lightweightness,
porosity, biodegradability, and flexibility>>~>°, In parti-
cular, the large surface area of an entangled fibrous net-
work of cellulose would provide a favorable platform for
the integration of nanomaterials and the detection of
gases144549,56-60

In this work, we demonstrate highly sensitive, selective,
and flexible gas sensors based on 2D TMDCs mechani-
cally drawn onto cellulose paper. The rapid (~1 min once
the pellet is ready) and cost-effective (~$0.05 per sensor
for materials) fabrication process involves simple hand-
writing using silver ink for electrodes and a TMDC pellet
for the sensing materials. As exemplary TMDCs, we
applied WSe, or MoS, nanolayers to paper for the
selective detection of NO, over NH3, CO, and six species
of volatile organic compounds (VOCs), and demonstrated
significantly higher NO, responses compared to those of
identically drawn carbon nanotubes (CNTs). Particularly,
2D WSe, shows an ultrahigh sensing response of
~1978.63% toward 10 ppm NO, exposure in air at room
temperature, which is 10.04 and 73.8 times higher than
those of MoS, and CNTs, respectively. In addition, the
sensitivity of WSe, reaches ~139.9% ppm ' even at
exposure to low NO, concentrations ranging from 0.1 to
1ppm. All these characteristics enable stable NO,
detection under severe mechanical deformations without
compromising the sensitivity, as confirmed by reversible
180° folding and unfolding (bending radius of ~80 um)
with high cyclic durability. Our approach not only out-
performs conventional flexible gas sensors but also pro-
vides manufacturing simplicity compared to previous
solvent-mediated integration methods. Finally, as a proof
of concept for a standalone, portable device, a three-
dimensional (3D) printed frame was integrated with a data
processing unit, wireless module, and battery. The
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TMDC-drawn paper was integrated as a replaceable
sensor and enabled real-time NO, monitoring via a
smartphone, demonstrating its practical utility as a por-
table and on-demand sensing platform.

Results and discussions

Figure 1la schematically outlines the fabrication process
of a mechanically drawn TMDC-based gas sensor. We
used WSe, or MoS, as a representative TMDC (Fig.
1b—d), and a multiwalled CNT pellet was prepared and
drawn on the paper for comparison of the gas sensing
performance. It is noted that the drawing process is reli-
able and reproducible, evidenced by the average mass of
WSe, after five times drawings on the paper, measured at
0.19 + 0.031 mg (Table S1). This measured mass of WSe,
on paper is also well consistent with the estimated mass of
0.186 mg. TEM images of dispersed and dried WSe, and
MoS, confirmed their layered structure (Fig. S1). As the
sensor is manufactured simply by hand drawing without
expensive equipment and complicated procedures, the
process can be rapidly (within ~1 min) and cost-effectively
(~$0.05 per sensor for materials) completed once the
pellet is prepared. The pellet can be used multiple times
for the fabrication of a number of sensors that exhibit
reproducible sensing responses. In addition, owing to the
flexibility of the paper substrate, the sensor can be folded
and unfolded, and can be easily trimmed to form the
desired shape (Fig. 1e). Thus, our approach is applicable
for preparing flexible and disposable gas sensors at any
location and time.

SEM images in Fig. 1f-h show the WSe,-drawn paper.
WSe, covers the surface of cellulose microfibers following
the abrasion trajectory, and the boundary between the
WSe, layer and the paper substrate is clearly shown in Fig.
1f. Owing to the high roughness of the substrate, WSe,
was easily separated from the pellet and bound well on the
paper surface. As shown in Fig. 1g, WSe, nanolayers
overlap each other to form an electrical pathway with
abundantly exposed edges. It is noted that the edges of
TMDCs can improve the chemical sensing responses, as
they promote the adsorption of gas molecules’*™'°. We
also harness this characteristic to achieve ultrahigh gas
sensitivity in this work. The thickness of WSe, after five
consecutive drawings was found to be ~1 pum, as shown in
the cross-sectional SEM image in Fig. 1h. In addition to
WSe,;, MoS, nanolayers were formed by mechanical
drawing on the paper substrate. They exhibited similar
morphological features such as overlapped layers and
exposed edges (Fig. S2). The electrical resistance of the
sensor measured between the interdigitated electrodes
drastically decreased with increasing the number of
TMDC drawings (Figs. S3a and S4). The difference in the
resistance between drawn WSe, and MoS, could originate
from their different sizes (Fig. S5). In addition, Raman and
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Fig. 1 2D TMDCs mechanically drawn on a cellulose paper for sensitive and flexible gas sensors. a Schematic of the fabrication process of a
TMDC-drawn, paper-based gas sensor. Photographs of the WSe, and MoS, pellets (b), silver electrodes drawn on the paper (c), and fabricated gas

sensor with mechanically drawn WSe, (d). e Photograph of the sensor that is folded in half, showing its high flexibility originated from the nature of
the paper substrate. f-h SEM images of WSe, drawn on a cellulose paper. WSe, covers the surface of cellulose microfibers (). Enlarged image shows

ob

WSe, nanolayers with abundantly exposed edges (g). Cross-sectional v
indicates the boundary between WSe, and paper substrate

iew shows a ~1 um-thick WSe; sensing layer (h). The dashed line in (h)

XPS spectra confirm the successful formation of nano-
layered TMDCs on the cellulose paper by mechanical
drawing of the compressed pellet without any degradation
and damage (Fig. S3b-f).

The transient sensing responses of the mechanically
drawn WSe,-, MoS,-, and CNT-based sensors were
investigated under exposure to 10 ppm NO,. All experi-
ments were conducted in the air environment at room
temperature, and the changes in the current were con-
tinuously recorded. It is noted that the number of TMDC
drawings and the electrode gap were optimized to five
times and 2 mm, respectively, to maximize the response
(Figs. S6 and S7). In addition to WSe, and MoS,, a
multiwalled CNT-drawn sensor was prepared by the
procedure identical to that of TMDCs, and its sensing
performance was tested for comparison. These materials
were selected to evaluate the gas sensing performance of
two representative TMDCs, with CNTs included as a
control material based on their prior use in mechanically

drawn sensors. The TEM and SEM observations, Raman
and XPS spectra, and /-V behavior with respect to the
number of CNT drawings verified the successful inte-
gration of the CNTs on the surface of the cellulose paper
(Fig. S8).

Figure 2a shows the responses of freshly drawn WSe;-,
MoS,-, and CNT-based sensors when they were first
exposed to 10 ppm NO, at room temperature. The elec-
trical resistances decreased for all tested sensors upon
NO, exposure. This p-type sensing behavior can be
attributed to the increased hole concentration in the
sensing materials, because NO, molecules withdraw
electrons when they are adsorbed on the surface®'"®,
Although O, molecules in air can also be adsorbed onto
the sensing material and withdraw electrons, the sub-
sequent exposure to NO, after equilibrium with back-
ground O, results in a further decrease in sensor
resistance. This response is attributed both to the reaction
of NO, with pre-adsorbed O, ions, which extracts
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additional electrons from the sensing material, and to the
direct electron capture by NO, through competitive
adsorption at active sites®"®%, It is noted that NO, exhibit
a higher adsorption energy on TMDCs compared to
0,77, leading to a net increase in hole concentration
and thus a further reduction in resistance. Under identical
conditions, WSe, showed an ultrahigh response of
1978.63%, which was 10.04 and 73.8 times higher than
those of MoS, (197.08%) and the CNT (26.81%), respec-
tively. This exceptional response of WSe, significantly
exceeded the reported responses of other 2D-material-
based flexible NO, sensors®*. Note that the response of
MoS; was also sufficiently high, and the CNT exhibited a
comparable response to that reported previously®”. The
excellent NO, reactivity of TMDCs may result from the
high adsorbability of the abundantly exposed edge sites
after the drawing process. This is further supported by the
poor response (~34.48%) of the bulk WSe, pellet to
10 ppm NO, exposure, likely due to the limited avail-
ability of reactive sites (Fig. S9). This implies that, given
the simple, fast, and low-cost preparation process as well
as the high initial response, our sensor can be used as a
high-performance disposable device. In addition, the
incomplete desorption of NO, can be improved by UV

irradiation during recovery cycles, if necessary, while
maintaining high responses (Fig. S10). This suggests that
integrating the sensing material with a miniaturized light
source could be an effective strategy to enhance recovery
performance in portable gas sensors.

When the sensors were exposed to NO, again after their
first reaction rather than disposed off, the responses
became 73.34%, 44.84%, and 4.54% for the WSe,-, MoS,-,
and CNT-drawn sensors, respectively (Fig. 2b). These
were lower than the initial responses for all tested sensors;
however, the responses of TMDCs were still higher or
comparable to those of previously reported flexible and/or
paper-based NO, sensors®**®, In addition, the recovery
rate, which is defined as the ratio of the change in
response between exposure (ARgosure) and recovery
(ARyecovery) cycles (ie, ARyecovery/ ARexposure)s Was  sig-
nificantly improved to 84%, 78.42%, and 71.12% for the
WSe,, MoS,, and CNT sensors, respectively. As shown in
Fig. 2c¢, all sensors respond sensitively and stably to sub-
sequent repeated exposures to NO, molecules. The
reduced response compared to the initial reaction results
from NO, molecules remaining on the sensing layer from
previous exposures, which occupy adsorption sites and
limit further interaction (Fig. 2d). These occupied sites
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temperature (18-20°C)

Fig. 3 NO, sensing performance of the WSe,-drawn paper. a Transient sensing responses of the WSe, sensor with respect to NO, concentrations
from 0.1 to 1 ppm and environmental temperatures from 18 to 150°C in air. b Sensitivity of the sensor, which is defined as the response per gas
concentration, with respect to the environmental temperature. Filled objects are experimental data, dotted lines are curve fits from the Langmuir
adsorption model, and solid lines are linear fits. ¢ Transient sensing responses to 1 ppm NO, under different humidity from 1 to 80% RH at room
temperature (18°C). d Responses of the sensor to 1 ppm NO, in different RH levels at room temperature (18 °C). The setting temperature for RH
control was also room temperature (18-20 °C). e Responses of the sensor under exposure to 5 ppm of six species of VOCs, CO, NHs, and NO, at room

also enhance the recovery rate by preventing additional
reactions, resulting in an average recovery of 94.28% for
the WSe,-drawn sensor. In addition, the response time
was decreased from 14.7 to 3.5 min after the initial cycle,
suggesting surface stabilization and faster adsorption
kinetics upon repeated NO, exposure. The WSe,-drawn
sensor still exhibits 1.6- and 13.9-times higher response
than the MoS,- and CNT-drawn sensors, respectively.
This tendency was also observed in the case of NHj
sensing (Fig. S11). This indicates that WSe, mechanically
drawn on the paper can be sensitively operable multiple
times.

The different NO, responses among WSe,, MoS,, and
CNT may originate from the differences in the adsorption
energy of the gas molecules. Previous studies reported
that the adsorption energy of NO, molecules to WSe,**
could be higher than that of M0S,% and CNT®® indicating
stronger binding. Moreover, the differences in electro-
negativity, which is a measure of the tendency of
attracting electrons and can be defined as half of the sum
of the ionization potential (IP) and electron affinity (EA)
(ie., (IP + EA)/2), drive the electron transfer between
TMDCs and NO, molecules. Considering the electro-
negativity values of NO, molecule (5.53-7.34 eV)*"°,
WSe, (4.21-4.34 eV), and MoS, (5.06-5.26 eV)™, it can
be expected that NO, molecules withdraw electrons from
TMDCs once they interact with each other, as demon-
strated in our experiments. Under such conditions, a
larger difference in electronegativity between WSe, and
NO, than that between MoS, and NO, can lead to a
higher charge transfer and, thus, to a higher sensing
response.

Figure 3a shows the sensing responses of the WSe,-
drawn sensor to NO, concentrations ranging from 0.1 to
1 ppm at various environmental temperatures from 18 to
150 °C. Increasing the NO, concentration increases the
number of molecules to be adsorbed on WSe,, thereby
resulting in a higher charge transfer, and thus the
response increases. Here, the response to each NO,
concentration was characterized as the difference between
the values before and after the NO, exposure (for 15 min)
by considering the baseline drift. As the environmental
temperature increased, the response decreased with
exposure to identical NO, concentrations, whereas the

recovery rate improved with a suppressed signal drift.
This is predominantly due to the accelerated desorption
rate of the physisorbed gas molecules by increased ther-
mal energy®?®. Based on the experimental results, the
NO, concentration- and temperature-dependent sensing
responses were characterized, as shown in Fig. 3b. At each
temperature, the sensing response as a function of the
NO, concentration can be described by the Langmuir
adsorption model (dotted lines in Fig. 3b with
R* = 0.962-0.988 for all measured cases)®. This indicates
that the response can be governed by the number of
adsorbed molecules at the active sites of WSe,, whereas
an increase in the temperature decreases the adsorption
rate. In parallel, the sensitivity (i.e., response per ppm
NO,) can also be found from linear fitting in the con-
centration range of 0.1-1 ppm (solid lines in Fig. 3b). The
sensitivity at room temperature (18 °C) reached ~139.9%
ppm ' (R*=0.948) and decreased to ~133.85%
(R*=0.980), ~119.7% (R* = 0.965), and ~94.89 % ppm '
(R*=0.983) at temperatures of 50, 100, and 150°C,
respectively. In addition, the limit of detection (LOD) at
18, 50, 100, and 150 °C are found to be 9.65, 3.36, 1.25,
and 1.9 ppb, respectively (see Supporting Information).
To the best of our knowledge, our sensor significantly
outperforms the reported TMDC-based flexible NO,
sensors with increased sensitivity by several orders of
magnitude and the lowest LOD (Table 1). This compar-
ison (Table 1) highlights the superior performance of our
sensor. The ultra-low LOD, especially at elevated tem-
peratures, can be attributed to high sensitivity as well as
suppressed noise by increased oxygen desorption in air’®.
It is also noteworthy that, even after the sensor was pre-
pared using a pellet stored in an air environment for more
than a year, its NO, responses and sensitivity were not
degraded (Fig. S12). In addition, the WSe,-drawn sensors
exhibited stable responses after 14 days of storage in open
air (Fig. S13). Considering the potential use of our sensor,
the high response at room temperature and the excellent
stability in the air are advantageous for the immediate and
sensitive detection of harmful gases at anytime and any-
where by the mechanical drawing of TMDCs on the
paper.

In addition, we investigated the effect of humidity on
the response of WSe,-drawn sensor. As shown in Fig. 3c,
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Table 1 Comparison of the main performance parameters with those of other TMDC-based flexible NO, sensors
Substrate Sensing Flexibility NO, Conc. Lowest NO, Conc.  Sensitivity(% LOD Operating Ref.
Material Range (ppm) Measured (ppm) ppm™) (ppb) Condition
PI MoS, r=7mm 25-200 25 1* - RT #
200-500 0.3*
PI WSe, r=1mm 0.05-0.5 0.05 73.22% 8 RT, under UV 82
05-10 364
Pl MoS, r=8mm 2-10 2 375* -~ RT &
PI MoS, r=19mm 12-10 12 593* - 100°C 2
Pl MoS,-AIlNPs — r=19mm 12-2 12 16* - 150°C b
Pl MoSe, &r=130% 2-10 2 9.5% 10 RT &
Pl La-MoS, 9=120° 5-25 5 3.35 460 RT 86
PET rGO-MoS,-Pt r=4mm 0.5-1.2 05 10.7* 2 RT s
NPs 12-5 15*
PET MosS, e =07% 0.02-04 002 1614% 400 Under strain and =’
light.
PET MoS,-SWNT r=>5mm 15-10 15 2% - RT 8
10-40 06*

PET MoS,1GO r=10mm 0.15-5 0.15 3% - 90°C 8
PET NbSe,-WSe, r=2mm 0.12-1 0.12 26* - - 0
1-5 14
PET WS 065€1 04 r=25mm 10-500 10 5.3* - RT o
Paper WS,-MWNT r=025mm, 0.1-2 0.1 457 - 150°C 8

Twisting 1800° 2-10 0.84
Paper WS, - 0.2-0.8 0.2 46.67* 2 RT 40
Paper TisCT /WS, 0=60° 0.1-05 0.1 166 154 RT %2
PAN/ZIF-67  CNT/CoS,/ 0=180° 1-100 1 0318 - RT o
Film MoS,
Paper WSe, 0=180° 0.1-1 0.1 139.9 965 RT This
r=80um 13385 336 50°C Work
119.7 125 100°C
94.89 19 150°C

Asterisk (') implies the recalculated values according to the definition of sensitivity: Response[%]/AConcentration[ppm]

The response can be |AR| /R, |AG | /Go, or |Al| /Iy

Bending strain (g) is defined as € = d/2r x 100, where d is the thickness of substrate

In the above table, & stands for tensile stain

the sensor was exposed to 1 ppm NO, under different
relative humidity (RH) levels from 1 to 80% at room
temperature. The sensing current immediately increased
upon exposure to NO, regardless of RH, but the response
exhibited a humidity dependence, as characterized in Fig.
3d. Specifically, the response increased from 71.23 to
162.09% within the 1-50% RH range, then decreased to
21.49% at 80% RH. This behavior would result from the
adsorption of water molecules on the WSe, surface,
competing with oxygen adsorption. It was reported that
water molecules above Se vacancy have higher adsorption

energy than oxygen, but they transfer fewer electrons
from WSe, than oxygen does’'. Consequently, as RH
increases, more water adsorption reduces the hole con-
centration in WSe,, leading to a decrease in the initial
current (Ip) (Fig. S14). It is noted that change in current
(AI) upon NO, exposure remains stable up to 70% RH,
likely due to the higher adsorption energy and more
charge transfer between NO, and WSe, compared to
water molecules?”. This contributes to the increased NO,
response as humidity rises up to 50% RH. Beyond 50%
RH, water molecules could accumulate to form a thin
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liquid layer on the surface, creating additional conductive
pathways across the WSe, flakes and thus increasing the
initial current. This enhances NO, sensing by allowing
more WSe, to participate in the response, leading to an
increase in Al at 80% RH (Fig. S14). However, elevated
humidity would reduce NO, concentration below 1 ppm
due to the high solubility of NO, in water. Additionally,
excessive water molecules occupy active sites on WSe,,
impeding NO, adsorption and finally decreasing the
response. Despite the reduced response in highly humid
conditions, the sensor still shows high response, and the
effect of humidity can be compensated if needed. On the
other hand, it is expected that sensitivity can be further
improved by optimizing the humidity level. Moreover, the
recovery time also depends on RH, as shown in Fig. S15. It
is defined as the time required for the response to return
to 10% of its peak after NO, is removed. The recovery
time decreases with increasing RH up to 50%, likely due to
competitive adsorption by H,O molecules and the for-
mation of nitric acid-related species that facilitate NO,
desorptionn’m. However, above 50% RH, water accu-
mulation on the sensing layer hinders desorption and
increases baseline current, leading to slower recovery. To
evaluate the robustness of the sensor under varying
environmental conditions, we exposed the WSe,-drawn
sensor to 1ppm NO, while sequentially changing tem-
perature and humidity. As shown in Fig. S16, the sensor
exhibited stable and repeatable responses across different
conditions, including variations in RH (1% to 50%) and
temperature (RT to 50°C), demonstrating its durability
under fluctuating environments.

Our sensor is applicable for the selective detection of
NO, over diverse species of chemical vapors, such as
VOCs (acetone, ethanol, p-xylene, toluene, benzene, and
ethylbenzene), CO, and NHj, as shown in Fig. 3e. All
sensing experiments were conducted under identical
conditions (5 ppm concentration for all target gases in the
air environment at room temperature), except for the gas
species exposed to the WSe,-drawn sensor. Each vapor
results in a different sensing response (Fig. S17), and the
response to NO, is ~38.51-489.76 times higher than that
to other gases, which can be due to the different
adsorption energy and charge transfer between WSe, and
the gas molecules””. While VOCs and CO primarily
interact through weak dipole scattering or limited reac-
tions with pre-adsorbed O, ions”>~”?, NO, can addi-
tionally interact directly with the WSe, surface, enabling
more efficient electron withdrawal®"®>, NH; also partici-
pates in charge transfer but shows a weaker interaction
than NO, due to its lower adsorption energy*”*’. In
addition, as the tested gases, except NO,, are known to act
as reducing gases that donate electrons to sensing mate-
rials once they are adsorbed, the number of holes in WSe,
can decrease, leading to an increase in the resistance of
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the sensor (i.e., a decrease in Al/l;) upon exposure. For
instance, the interaction of NHj3 with O, adsorption sites
on the WSe, induces charge transfer which donates
electrons to the p-type sensing material®’, thereby
increasing the resistance of the sensor. The results indi-
cate that our sensor is able to selectively detect NO,
molecules with distinctively high responses against other
interfering vapors.

The WSe,-drawn sensor is mechanically flexible, as
demonstrated by reversible resistance change under
concave and convex bending from the flat state (0°) to a
bending angle of 180° and 1000 cycles of 60° bending (Fig.
S18a, b). In addition, the sensor maintained comparable
NO, responses under folding, crumpling, and bending
(976%, 989%, and 1047%, respectively) compared to the
flat state (1006%), indicating stable sensing performance
even under severe deformation (Fig. S18c). Due to its
high sensitivity, thinness, flexibility, and low-cost fabri-
cation, the TMDC-drawn paper is suitable as a replace-
able sensor that can be readily prepared and mounted as
needed. As a proof of concept, we demonstrated a
TMDC-drawn paper-based portable wireless device that
can sensitively monitor gas exposure in real time via a
smartphone. The device frame was manufactured by 3D
printing, and a microcontroller unit, Bluetooth module,
voltage dividing circuit, and battery were assembled
within the frame, as illustrated in Fig. 4a. Here, the WSe,-
drawn sensor was mounted face-down in the device, thus
making contact with the electrodes while suspending
over the flowing channel to maximize gas exposure. The
sensor can be easily mounted and replaced, and the
sensing signal (change in voltage) is monitored by a
custom-made Android application installed on the
smartphone (Fig. 4b). The electrical configuration is
outlined in Fig. S19. As shown in Fig. 4c, upon sequential
exposure to 1 and 5ppm NO,, the voltage across the
sensor decreased correspondingly due to a decrease in
resistance by increasing the number of holes in WSe,
upon the absorption of NO,, as expected (see Movie S1
for the operation of wireless gas sensing). The calculated
current responses were 21.11 and 77.44% for 1 and 5 ppm
NO, exposure, respectively. It is worth noting that the
WSe,-based sensor in the device was exposed to NO, for
only tens of seconds, and thus, the response can be fur-
ther increased by extending the exposure time. After
calibration of the sensor, the users can identify the
exposed gas concentration in real time. This successful
demonstration indicates that our sensor can potentially
be a part of a ubiquitous detector with ultrahigh
sensitivity.

Conclusion
We demonstrated a paper-based ultrasensitive gas
sensor using mechanically drawn 2D TMDCs, such as



Wang and Choi Microsystems & Nanoengineering (2026)12:2

Page 9 of 12

-Battery D
&&‘ Electfodes "—g — B
ﬁoutlet

. ® |

1.25V

1
1 Inlet
[ 2

[
I

a
3
3D-printed Smartphone
Voltage divider _§ g P
" ( e \
Bluetooth
module .))
Real-time
monitoring
.
Microcontroller
b 9~m Sensor « Top cover c/
) 5 . '
| | ]
‘ \ ] NO, 1 ppm NO,5 ppm

.

Fig. 4 Portable, wireless gas sensing device based on the TMDC-drawn paper. a A microcontroller unit, Bluetooth module, battery, and WSe,-
drawn sensor are integrated into a 3D printed frame. b Photographs of the sensing device before and after assembly of a top cover. Scale bars are
3.cm. ¢ Screen captured image from the smartphone showing the wirelessly monitored NO, sensing response at room temperature (18-20 °C)

WSe, and MoS, nanolayers, as the sensing material.
Mechanical drawing of TMDCs on paper exposes abun-
dant edges sites, leading to an exceptional response of
1978.63% toward 10 ppm NO,, a sensitivity of 139.9%
ppm ' in the NO, concentration range of 0.1-1 ppm, and
a low detection limit of 1.25 ppb at 100 °C. The perfor-
mance surpasses that of previously reported 2D-material-
based flexible NO, sensors. Importantly, the sensing
response of WSe, to NO, was considerably higher than to
other tested chemical species, confirming its selective
detection capability. The sensitivity and selectivity of the
TMDC-drawn sensor could be further improved by
additional functionalization or formation of hetero-
structures. In addition, the inherent flexibility of the paper
substrate enables reversible 180° folding (bending radius
of ~80um) and stable sensing under heavy crumpling
without compromising the response. Given the simple,
rapid, and cost-effective fabrication, this approach offers a
viable route for disposable and replaceable sensor in a 3D
printed portable wireless device for real-time smart-
phone-based monitoring. This indicates the potential for

highly sensitive, ubiquitous environmental monitoring
system. If required, sensor arrays could also be fabricated
in parallel using automated multiple-drawing systems.
Moreover, the method can be extended to other nano-
materials for detecting different target analytes or applied
to optoelectronic devices such as wavelength-selective
photodetectors based on excitonic transition of TMDCs.

Materials and methods
Preparation of TMDC-drawn sensors

The WSe, and MoS, powders were purchased from
Alfa Aesar and used as received. The multiwalled CNT
powder was purchased from Graphene Supermarket and
also used as received. Nanomaterials (200 mg) were
placed inside a pressing die (FTIR+XRF pellet press,
Specac), and a hydraulic compressive pressure of 300 MPa
was applied for 3 min to form a pellet. The pellet having a
thickness of ~3 mm and diameter of ~13 mm was used for
all tested nanomaterials. For the substrate, copy papers
(Double A) were trimmed to the required size. The
electrodes were hand-drawn using a commercial silver
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pen (Circuit Scribe). The drawn silver ink was dried in air
at room temperature for 30s, and the measured sheet
resistance of the drawn silver electrode was ~3.75 Q sq ™.
Next, the TMDC pellet was also drawn by hand with an
applied force of ~3-7 N over the drawn silver electrodes
on the paper for at least five times until typical resistance
values of ~0.3-0.5 GQ for WSe, and ~4—8 GQ for MoS,
were obtained. The area where the nanomaterials were
drawn was ~20 mm? for all cases. If required, electrical
wires were bonded to the sensor using silver paste (Elcoat
P-100, CANS) or probe tips were contacted for mea-
surements and characterization.

Sensor characterization

The surface morphology of the sensors was observed by
field-emission scanning electron microscopy (SEM; S-
4800, Hitachi). Field-emission transmission electron
microscopy (TEM; H-7600, Hitachi) was used to inspect
WSe, and MoS,. For TEM inspection, the TMDC pow-
ders were dispersed in N,N-dimethylformamide at a
concentration of ~0.1 mg mL ™" by short bath sonication.
Next, the dispersion was dropped, dried onto a TEM grid,
and inspected. Raman spectra were recorded using a
confocal Raman microscope (HEDA, NOST) using a
532 nm laser with a spot diameter of ~1 pm in air at room
temperature. The laser power was kept low to minimize
overheating. X-ray photoelectron spectroscopy (XPS)
spectra were obtained using a K-Alpha XPS system
(Thermo Scientific) with a monochromatic Al Ka X-ray
source. The XPS spectra were deconvoluted into Lor-
entzian curves for fitting. The current—voltage curves of
the sensors were measured using a sourcemeter (2634B,
Keithley) in air at room temperature. For the mechanical
bending tests, a custom-built, automated translational
stage was used, and the resistance change of the sensor
was recorded using a digital multimeter (2000, Keithley).
The resistance change is defined as AR/R,, where AR is
the difference between the resistance before and after the
bending and R, is the initial resistance.

Gas sensing experiments

A custom-built chamber integrated with a gas inlet/
outlet, a temperature controller, a humidity controller,
a quartz window, and an electrical feedthrough was
used. Pure air was introduced into the chamber before
and after the sensors were exposed to the target gas.
Air-balanced dry 10 ppm NO,, NH3, CO, and VOCs
(acetone, ethanol, p-xylene, toluene, benzene, and
ethylbenzene) were used as sensing gases. All gases
(99.99% purity) were purchased from a gas supplier
(MS Gas) and used as received. A constant flow rate of
500 sccm was maintained during all experiments using
mass flow-rate controllers. To investigate the effect of
humidity, the relative humidity inside the sensing
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chamber was controlled by adjusting the airflow rate
supplied to a bubbler at room temperature (18-20 °C),
while the humidity near the sensor was continuously
monitored using a humidity sensor. It is noted that,
except for the data presented in Fig. 3c, d, all target
gases were exposed to the sensor under dry conditions.
A constant bias voltage of 10 V was applied to the
sensor, and the change in current was simultaneously
measured using a sourcemeter (2634B, Keithley). The
response is defined as Al/I,, where Al is the difference
between the currents before and after the target gas
exposure and I is the initial current. A time interval
between the first, second, and subsequent measure-
ments in Fig. 2 was ~24 h, respectively. For UV irra-
diation, a UV lamp (UVLMS-38, Analytik Jena) was
placed over the chamber and operated during the
sensing.

Demonstration of a wireless sensing device

An external frame composed of polylactic acid was
manufactured using a 3D printer (DP200, Sindoh). A
microcontroller unit (Arduino Pro Mini), Bluetooth
module (HC06), 9 V battery, and voltage divider with a
reference resistor of 100 MQ were assembled inside the
frame. Copper tapes were used to make electrical
contact with the WSe,-drawn sensor. A custom-made
Android application was installed on the smartphone,
which recorded voltage changes for real time mon-
itoring of the sensor signals. Similar to the gas-sensing
experiments, air-balanced NO, flowed inside the
device at a total flow rate of 500 sccm at room
temperature.
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