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UV-enhanced exfoliated MoS2/PtSe2
heterostructure for ultra-sensitive NO2
detection at room temperature

Check for updates

Mubdiul Islam Rizu 1,2,3, Dalal Fadil 1,2,3 & Eduard Llobet 1,2,3

We report a MoS2/PtSe2 heterostructure-based gas sensor for detecting trace levels of NO2 gas at
room temperature. Both MoS2 and PtSe2 were synthesized by mechanical exfoliation, and the
heterostructure was prepared using deterministic dry transfer method. Comprehensive
characterization was performed using optical microscopy, field emission scanning electron
microscopy, energy-dispersive X-ray spectroscopy, high resolution transmission electron
microscopy, Raman spectroscopy and atomic force microscopy. The lateral shape of the
heterostructure efficiently adsorbed NO2 molecules. The sensor exhibited limited response and
recovery in dark conditions. However, under UV illumination, the sensor showed remarkable response
of 2180% and 117% towards 800 ppb and 50 ppb NO2, respectively, with complete recovery. The
theoretical limit of detection was found to be 3 ppb, and the sensitivity towards NO2 sensing was
3.217% ppb−1, which is noteworthy. Furthermore, the sensor demonstrated distinct selectivity,
excellent repeatability and stability. These findings are expected to significantly advance ongoing
research on TMDC-based heterostructures for gas sensing application.

Since the dawn of modern civilization, air pollution caused by hazardous,
toxic, flammable gases have become one of the prime intimidations for
environmental sustainability1. According to theWorldHealthOrganization
(WHO), the degradation of indoor andoutdoor air quality increases the risk
of chronic respiratory infections, asthma, cardiovascular disease, bronchitis,
stroke, pneumonia, and lung cancer2. Among the toxic gases,NO2 (nitrogen
dioxide) is a greenhouse acidic gas with stinky smell produced by burning
fossil fuels at high temperature and vehicular exhausts. In accordance with
the Scientific Committee on Occupational Exposure Limits (SCOEL) of
EuropeanCommission, themaximum8 hof time-weighted average (TWA)
exposure to NO2 is 0.5 ppm meanwhile the short-term exposure limit
(STEL) is 1 ppm of NO2 in 15min timeframe3. Moreover, over exposure of
NO2 may paralyze human respiratory system even at ppb level
concentrations4. Therefore, it is essential to accurately detect trace level of
NO2 gas with a precise selectivity.

In the concurrent time, semiconductor based chemiresistive gas sensor
has been a prospective candidate for gas sensor industries because of its
simple sensingmechanism, facile fabrication process, miniaturization, low-
cost and real-time gas detection technique5. In general, this type of sensor
comprised of an insulating substrate, interdigitated electrodes, and a sub-
strate heater. Their transduction scheme is based on the change of electrical

conductivity in response to different gaseous species. In this regard, Metal
oxides (MOX) based gas sensors have demonstrated their potential as
sensing materials during the past few years6. To date, researchers have
investigated various MOX with distinct morphologies including one
dimensional (nanorods, nanowires, nanoribbons), two dimensional
(nanoflakes, nano sheets, nanoplates) and three dimensional (nano arrays,
nanoflowers) nanostructures to enhance sensing performance. Although
they are inexpensive, compact in size and exhibit high sensitivity, they suffer
from poor selectivity, baseline drift and long recovery time. Nevertheless,
they only function properly at higher operating temperatures
(200 °C–400 °C) resulting in significant energy consumption7.

In pursuit of potential substitutes for MOX, various low-dimensional
materials-basedgas sensors have been explored.Conductive polymer can be
used in the low temperature application having facile production capacity8.
Highly porous carbon nanotubes (CNTs) exhibit good sensitivity with
distinct gas adsorption performance9. However, these materials also suffer
from humidity dependent adverse effect, deterioration, long recovery time
and complexmanufacturing processes. The invention of graphene and two-
dimensional (2D) materials have opened a new door in the domain of gas
sensing10. Owing to superior carrier mobility and large surface area, Gra-
phene has been inspected as sensingmaterial to a greater extent. But it’s zero
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bandgap and less environmental stability are the prime challenges towards
practical gas sensing applications. Furthermore, the presence of any non-
carbon elements can hinder the hexagonality of graphene lowering its gas
sensing performance11.

Transition metal dichalcogenides (TMDCs) have been extensively
studied as potential aspirant for futuristic IoT integrable gas sensing net-
works. These exceptional 2D Van der Waals (vdW) materials possess
unprecedented physical, chemical, and electronic properties such as
superior charge-carrier mobilities, high current on/off ratios, large surface-
to-volume ratio, tuneable bandgap and appropriate surface energy levels for
gas adsorption12. A variety of TMDC based gas sensors have already
demonstrated auspicious performance while operating at room tempera-
ture (RT). Among them, both MoS2 and PtSe2 have individually drawn
attention for selectively NO2 sensing. Layered MoS2 exhibits some advan-
tageous properties such as high carriermobility, low effective electronmass,
variety of active functional sites for developing ultra-fast gas sensor. In
addition, the absence of dangling bond as well as low binding energy for
creating Mo and S vacancies enable MoS2 for fast NO2 sensing

13. On the
other hand, the group-10 TMDC PtSe2 is also considered as a promising
material for gas sensing because of its intriguing layer dependent properties,
large surface-to-volume ratio, air stability, high on /off ratio and so on.
Moreover, the large adsorption energy and smaller relaxed height of NO2

above Pt-Se bond clearly indicate to the superior sensing ability of PtSe2
towardsNO2 trace detection

14. Yet, theweak interaction between the surface
of MoS2 and gas molecules is still a limiting factor for achieving higher
sensing response.

The possible solutions to the aforementioned challenges could be
surface functionalization, defect engineering, heterostructure formation and
decoration with metal nanoparticles. Among them, laterally/vertically
stacked heterostructures comprising different TMDCs can achieve superior
heterointerface even in the lattice-mismatched system and significantly
improve the intrinsic electronic properties. These vdW heterostructures
have several novel features such as, long exciton lifetime, ultrafast charge
transfer, carrier recombination which facilitate and enhance the overall gas
sensing performance15. In conjunction, UV light illumination can improve
the response and recovery rate by creating additional photo generated
electron-hole pairs in the active sites16. Recently, several MoS2 based het-
erostructure gas sensors have been reported for the detection ofNO2

17–25. To
the best of our knowledge, a MoS2/PtSe2 heterostructure based gas sensor
has not been reported to date.

In this study, we explored aMoS2/PtSe2 heterostructure as a gas sensor.
First, we fabricated the metal electrodes on SiO2/Si substrate and then
synthesized both MoS2 and PtSe2 by mechanical exfoliation. Then, the
formation of their heterostructurewas carried out using dry transfer process
at room temperature. The physical structure, surface morphology and
chemical composition of as prepared heterostructure was examined with
optical microscope, field emission scanning electron microscopy (FESEM)
and energy-dispersive X-ray spectroscopy (EDX) respectively. The crys-
tallinity of the nano flakes was verified by high resolution transmission
electron microscopy (HRTEM) and corresponding selected area electron
diffraction (SAED) pattern. The structural fingerprint was confirmed with
Raman spectroscopy. atomic forcemicroscopy (AFM)was used to study the
surface topography and thickness of the heterostructure. The electrical
propertieswere evaluatedbymeasuring its I-V characteristics.We tested the
sensor for NO2 detection at room temperature with and without UV light
assistance, assessing its selectivity and the impact of moisture on its per-
formance. Finally, we proposed the gas sensing mechanism of our MoS2/
PtSe2 heterostructure sensor towards NO2 detection.

Methods
Fabrication of metal electrodes
To prepare the metal electrodes, a highly doped Si substrate covered with a
285 nm SiO2 insulation layer was ultrasonically cleaned with acetone, iso-
propyl alcohol (IPA) and deionized (DI) water for ten minutes con-
secutively.Then, themetal electrodes (100 nmAu/10 nmTi)werepatterned

by laser lithography (DWL 66 fs, Heildelberg Instruments) followed by
metal deposition using RF sputtering (Orion 8HV, AJA International).
Finally,we lifted-off themetal electrodes and successively cleaned themwith
IPA and DI water.

Material synthesis and dry transfer
The MoS2/PtSe2 heterostructure was performed by a high-yield, all-dry
deterministic viscoelastic stamping top-down synthesis method26. Supple-
mentary Fig. 1 shows the schematic overview of the synthesis and dry
transfer process. MoS2 and PtSe2 flakes were mechanically exfoliated (ME)
fromtheir bulk crystals using scotch tape, and then transferredonto separate
Polydimethylsiloxane (PDMS) films (GelPak) hold by a 4 by 4-inch glass
slide. The alignment and transfer of the flakes over prepatterned electrodes
on a SiO2/Si substrate were performed using the Karl Suss MJB4 mask
aligner. The glass slide was attached to the mask aligner holder while the
substrate was positioned on the chuck. The target flakes were selected to fit
the gap between the electrodes. First, the PtSe2 flakewas aligned followed by
the MoS2 flake using micromanipulators. The alignment and the transfer
processweremonitoredunder an opticalmicroscope integrated to themask
aligner.

Structural characterization
The physical structure of the MoS2/PtSe2 heterostructure was observed
using a confocal microscope (Leica DM2500 Microsystems). The surface
morphologywas analysedwithfield emission scanning electronmicroscope
(FESEM) (Thermo Scientific, Scios 2 DualBeam) at a high vacuum mode
with an electron acceleration voltage of 5 KV. The chemical composition of
the active layer was examined using the energy-dispersive X-ray spectro-
scopy (EDX) integrated to the FESEMsystem.A JEOLF200TEMColdFEG
operated at 200 kV was used for the high-resolution transmission electron
microscopy (HRTEM) characterization. HRTEM images and electron dif-
fraction patterns were acquired with a Gatan OneView camera, a CMOS-
based and optical fiber-coupled detector of 4096 by 4096 pixels. Gatan
Digital Micrograph program was used to process the HRTEM images.
Raman spectroscopic measurements were conducted with Renishaw InVia
spectrometer utilizing a long working distance objective lens with 50×
magnification (0.75 numerical aperture) and 633 nm laser wavelength.
These measurements had 10 s exposure time, averaging three consecutive
scans. The diffraction grating was set to 1200 lines/mm, and the laser power
was maintained at 0.5mW to prevent laser heating. The thickness, rough-
ness and surface topography of the flakeswere evaluated by the atomic force
microscopy (AFM) (Agilent 5500). TheAFMwas operated in contactmode
within 59.80 × 59.80 µm2 scan area, with a scan speed of 0.5 line/second and
512 scanning lines. The Keysight B2902A precision source/measure unit
was used to verify the electrical properties of the heterostructure.

Gas sensor formation and measurement system
The exfoliated MoS2/PtSe2 heterostructure was bonded to a printed circuit
board (PCB) via platinum wire to complete the gas sensor circuit. A cus-
tomizedgas detection systemshown inSupplementaryFig. 2wasused for all
the gas sensing measurements. The sensor was placed in an airlocked,
homemade Teflon chamber with an inner volume of 25 cm3, capable of
accommodating up to four sensors simultaneously. Two ultra-bright deep
violet LEDs (Thorlabs, LED370E, 375 nm, 2.5mW) were integrated with a
stainless-steel frame on top of the chamber. A computer-controlled mass-
flow system (EL-Flow, Bronkhorst) provided a steady flow of gases into the
inlet of the chamber at a rate of 100mL/min, while the outlet was connected
to the exhaust. In addition, a controller evaporator mixer (W-202A,
Bronkhorst) installed at the chamber’s inlet to quantify the gas-sensing
performance in humid environment. The sensor resistance variations were
monitored using the Keysight Benchview Data Acquisition System
(DAQ970A). For our experiments, calibrated NO2 gas cylinder (1ppm
concentration) diluted with dry air was used, and the sensor was always
tested at room temperature. The sensorwas periodically exposed to theNO2

gas for 10min, followed by 1 h under dry air to recover the baseline. The
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sensor responses were calculated using the Eq. (1).

%Response ¼ Rgas � Rair

Rair
× 100 ð1Þ

Where Rgas and Rair denote the resistance recorded in the target analyte and
dry air respectively.

Results
Morphological and topographical studies
Figure 1a shows the cross-sectional schematic diagram of the MoS2/PtSe2
heterostructure device. Our PCB-bonded prototype gas sensor, where two
of the electrodes on the SiO2/Si substrate are connectedwith platinumwires
is displayed in Supplementary Fig. 3. Figure 1b illustrates the surface
morphology from the FESEM analysis. Over the metal electrodes, a PtSe2
flake and aMoS2 flake are overlapped frombottom to top. Notably, the thin
MoS2 flake is nearly transparent, allowing visibility of the underlying small
PtSe2 flake and electrodes. The PtSe2 flake lying under the MoS2 flake
bridges the gap between the two electrodes. The target gas adsorption occurs
on the outerMoS2 flake which is exposed to the environment. However, the
charge carriers transferred between the adsorbed molecules and the gas
sensitive filmmust travel across the MoS2/PtSe2 interface to be collected by
the electrodes27. The dimensions of the heterostructure measure approxi-
mately 32 × 32 μm2, an ideal size for effective adsorption of the target gas
within the sensing channel. Figure 1c shows the EDX analysis of the exfo-
liated MoS2/PtSe2 heterostructure formed on the SiO2/Si substrate, indi-
cating a strong presence of Mo, S, Pt and Se with minimal impurities. The
quantitativemicroanalysis of the elements is shown in SupplementaryTable
1 in detail. The HRTEM image of MoS2 flake in Supplementary Fig. 4a
clearly displays the single crystalline layers. The interlayer distance was
found 0.27 nm corresponding to the (100) crystallographic plane ofMoS2

28.
The SAED pattern in Supplementary Fig. 4b exhibits hexagonal symme-
trical patterns, indicating the hexagonal lattice structure of MoS2 crystals.
On the other hand, the HRTEM image of PtSe2 flake also shows single
crystalline nature as shown in Supplementary Fig. 5a. The interlayer dis-
tance around 0.186 nmascribing to the (110) plane of PtSe2 complywith the
existing literature29. Corresponding SAEDpattern in Supplementary Fig. 5b
shows hexagonally arranged diffraction spots, strongly addressing its highly
crystalline feature. The surface topography obtained by AFM (Fig. 1d)
clearly shows the thin layers of MoS2 and PtSe2 flakes. The average
roughnesswas1.456 nmand the rootmean square roughnesswas2.018 nm,
which is favorable for gas sensing by creating more active sites on the flake
surface30. Figure 1e reveals the thickness of the heterostructure measured to
be 14 nm, by exporting the corresponding height profile along thewhite line
AB shown in Fig. 1d. The thickness of the PtSe2 flake is found around 6 nm
as shown in Supplementary Fig. 6. Therefore, the thickness of theMoS2flake
is around 8 nm since the heterostructure is vertically stacked.

Raman spectrum analysis
The structural fingerprint of the MoS2/PtSe2 heterostructure, obtained by
Raman spectroscopy in the 150 to 430 cm−1 regions, is depicted in Fig. 1f.
For PtSe2, the prominent peaks at 175 cm−1 and 205 cm−1 correspond to the
Eg in-plane andA1g out-of-plane vibrations of selenium atoms, respectively,
consistent with existing literature31. Another less prominent longitudinal
optical (LO) mode, associated with the overlapping of infrared (IR) active
modesEu andA2u appears at 235 cm

−1. The relative intensity of this LOpeak
indicates the existenceof very thinofPtSe2flakebeneath theMoS2flake.The
A1g/Eg ratio was found to be 0.55, suggesting decreased van der Waals
interactions between the layers due to the low layer number32. ForMoS2, the
two characteristic Raman active modes, E1

2g and A1g are observed at
383 cm−1 and 407 cm−1 corresponding to the in-plane vibrations ofMo and
S atoms and the out-of-plane vibrations of S atoms, respectively33. The
Raman frequency difference between these two active modes is 24 cm−1,
suggesting a thickness of 3 or 4 layers34. The full width at half maximum
(FWHM) forE1

2g andA1gwere calculated as 4 cm
−1 and9 cm−1, respectively,

indicating the presence of nano-crystalline MoS2
35. There is another

asymmetric peak at 420 cm−1 in addition to the typical Raman peaks for
MoS2 which can be ascribed to Mo-S vibrations for oxysulfide species36.
During exfoliation as well as dry transfer process, atmospheric oxygen may
react with Mo–S–Mo bonds at the edge of the flake, because of the existing
dangling bonds37.

Electrical properties
The I–V characteristic of the exfoliated MoS2/PtSe2 heterostructure is
depicted in Fig. 1g. The current is presented in logarithmic scale with a bias
voltage ranging from −5 V to +5 V at room temperature. The electrical
transport characteristics of the device clearly indicate the formation of
Schottky contacts between the thinnerMoS2 layer and the Au/Ti electrodes
due to the difference of their work functions38. Moreover, the device dis-
played the rectifying behavior based on the Schottky barrier formed in the
junction. The high forward current 5.48 × 10–7A at +5 V and the low
reverse current 4.25 × 10–8A at −5 V having rectification ratio of 13 indi-
cates the formation of p-n junction between the MoS2 and PtSe2
nanoflakes39.

Gas sensing performance analysis
The gas sensing performance of ourMoS2/PtSe2 heterostructure device was
assessed by monitoring its relative resistance changes upon exposure to a
specific concentration of NO2. Initially, the sensor was tested towards
500 ppb NO2 at room temperature (Fig. 2a). Upon expose to the oxidizing
gas NO2, an increase in resistance was observed, indicating n-type semi-
conducting behavior with electrons as the majority charge carriers. In Fig.
2a, the sensor exhibited a 13% response but did not recover after subsequent
exposure to dry air, likely due to the high adsorption energy of NO2

molecules on theheterointerface.When exposed tohigher concentrationsof
the target gas, the sensor required a comparatively longer recovery time to
desorb the molecules from its surface, especially for small nanoflakes. This
led to baseline drift40.

To accelerate the recovery time, we applied a constant UV illu-
mination to the sensor. We observed that the baseline resistance
shifted from mega to kilo Ohm range when the sensor operation was
switched from dark to UV illumination, as UV light helps desorb
molecules from the sensor surface. Figure 2b shows the UV-assisted
dynamics of the MoS2/PtSe2 heterostructure sensor towards 500 ppb
NO2 at room temperature. With UV illumination, the baseline fully
recovered, and the sensor exhibited a very high response of 1382%. The
first two responses in Fig. 2b are slightly lower because the UV light
initially cleans the surface when it is turned on and kept constant. In
this case, NO2 molecules capture electrons, generating NO�

2 and
increasing overall sensor resistance. The photo-generated holes from
theUV illumination react with thisNO�

2 , formNO2 gas, thus favouring
a quick recovery of the baseline. During each recovery cycle, negligible
overshoots were observed, likely due to small interruptions of the mass
flow controller during concentrations change41. Figure 2c shows the
variation of the sensor resistances upon exposure to the consecutive
NO2 concentrations ranging from 50 ppb to 800 ppb at room tem-
perature. The resistance increased with rising NO2 concentrations.
The baseline remained stable with minimal noise levels, indicating
high signal-to-noise ratio. From Fig. 2c, the sensor responses were
calculated as 117%, 325%, 932%, 1673% and 2180% for 50 ppb,
100 ppb, 200 ppb, 500 ppb, and 800 ppb respectively, showing an
exponential increase in response with increasing NO2 concentrations.
Repeatable cycles for all these individual NO2 concentrations were
observed, these are shown in Supplementary Fig. 7, which validate the
reproducibility of our sensor.

The response time and the recovery time are two critical parameters for
evaluating gas sensing performance under ambient conditions. The
response time (tres) and the recovery time (trec) of the sensor are defined as
the time taken to reach 90% of themaximum response during gas exposure
and10%during the recovery indry air, respectively. The calculated response
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Fig. 1 | Characterization of MoS2/PtSe2 Heterostructure. a Cross-sectional
schematic diagram ofMoS2/PtSe2 heterostructure device. bFESEM image showing a
small PtSe2 flake compared to large MoS2 flake. c EDX microanalysis highlighting
the presence of Mo, S, Pt and Se atoms. In the inset FESEM image, the red marked
area represents the location of EDX.dAFMtopographical image of the sensing layer.

(e) Corresponding height profile along the white line AB in (d), indicating a
thickness of approximately 14 nm. (f) Raman spectroscopic analysis showing
characteristic peaks of MoS2 and PtSe2. g I–V characteristics displaying the for-
mation of asymmetric Schottky contacts, with current on logarithmic scale.
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and recovery time for 800 ppb NO2 are depicted in Fig. 2d. The sensor took
344 s to reach the 90% of themaximum response and the recovery timewas
581 s, which is commendable compared to some existing MoS2-based
sensors42,43. The response and the recovery times for NO2 concentrations
ranging from500 ppb to 50 ppbare calculatedandpresented inTable 1. The
data indicate that response time increases while the recovery time decreases
with the reduction inNO2 concentrations, due to the diffusive capabilities of
the target gas molecules.

Figure 2e shows the calibration curve drawn from the sensor responses
towardsNO2 concentrations ranging from50 ppb to 800 ppb, using a linear
fit function. According to the regression analysis derived from the calibra-
tion curve, the Pearson correlation coefficient (R) and the squared corre-
lation coefficient (R2) were found 0.97 and 0.95 respectively, demonstrating
a strong accuracy in gas sensing measurements44. The sensitivity (S) was
determined to be 3.217% ppb−1 from the slope of the calibration curve. A
systematic methodology in accordance with the IUPAC definition was

Fig. 2 | Sensing performance in dry condition. a Sensor resistance dynamics for
500 ppb NO2 without UV illumination and (b) with UV illumination, (c) Electrical
response to different NO2 concentrations (50, 100, 200, 500 and 800 ppb) at room

temperature, (d) Quantification of response and recovery times for 800 ppbNO2, (e)
Calibration curve obtained from different NO2 concentrations, (f) Selectivity test
results.
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utilized to determine the theoretical limit of detection (LOD)45. The LOD is
given by the Eq. (2),

LOD ¼ k � sB
S

ð2Þ

Where sB is the standard deviation of the baseline resistances, found to be
3.47, k is a numerical factor (with a recommended value is 3), and S is the
Sensitivity. The calculated theoretical LOD was 3 ppb for our sensor,

demonstrating its superior capability to detect very low concentrations
of NO2.

To evaluate the selectivity, our sensor was exposed to several reducing
gases including 10 ppm of carbon monoxide (CO), 100 ppm of hydrogen
(H2), 5 ppm of ammonia (NH3) and volatile organic compounds (VOCs)
such as 10 ppm of ethanol (C2H6O) and 5 ppm of benzene (C6H6)
according to their permissible toxicity level in the atmosphere. As shown in
Fig. 2f, all these gases elicited very low responses compared to 50 ppb of
NO2.Evidently, theheterostructurematerial exhibits lowsensitivity towards
these gases. The selectivity test we conducted indicates that our sensor was
sensitive enough to detect traces of nitrogen dioxide andwas not affected by
significantly higher concentrations of other environmental pollutants. This
promising result ensures reliable detection to NO2 gas in both indoor and
outdoor environments.

Ambient moisture is a crucial factor that can significantly alter the gas
sensing performance, especially by affecting the sensitivity. Hence, the gas
sensing behavior in humid environments was evaluated and comparedwith
measurements under dry conditions. Figure 3a displays the resistance
change in humid condition (30% RH) in response to consecutive NO2

concentrations ranging from 100 ppb to 800 ppb. In the presence of
humidity, a downward shift in baseline resistance was observed due to the
concurrent chemisorption of water molecules at the heterointerface, a
phenomenon also reported for the metal-oxide based gas sensors46. The

Table 1 | Response and recovery time for different NO2
concentrations

NO2 Concentrations (ppb) Response time
(seconds)

Recovery time
(seconds)

800 344 581

500 357 430

200 476 363

100 483 345

50 511 313

Fig. 3 | Sensing performance under humid conditions andUVexcitation. a Sensor
resistance dynamics for differentNO2 concentrations (100, 200, 500, and 800 ppb) at
room temperature for 30% RH under UV illumination. b Comparison of sensor

responses between ambient and 30% humid condition under UV illumination.
c Comparison of responses with and without UV illumination for 500 ppb and
800 ppb NO2. d Sensor stability for 35 days.
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sensor responses were recorded as 323%, 223%, 533% and 448% for
100 ppb, 200 ppb, 500 ppb and 800 ppb of NO2, respectively. Repeatable
cycles for these NO2 concentrations in humid conditions, are shown in
Supplementary Fig. 8. However, the sensor response lacked its monotonic
nature towards the increment of the NO2 concentrations as it could not be
able to discriminate between two adjacent gas concentrations. In humid
condition, the adsorbed water molecules form a thin barrier-like layer
hindering the interactions between the sensing layer and NO2 molecules.
This barrier significantly hampers the sensitivity leading to similar resis-
tance reading towards changes in NO2 concentrations

47. Moreover, a slight
drift in sensor responses was visible with the escalation of NO2 con-
centrations. Comparing these results with those obtained under dry con-
ditions (Fig. 3b), adrastic change in responses is evident. This degradation in
sensor response suggests that water molecules accumulated more active
sites. Water molecules acting as reducing agents, were chemisorbed within
the sensing area’s active sites accelerating electron removal. As humidity
increased, continuous water layers formed due to physisorption, chemi-
sorption, water molecules were ionized to H3O

+ and transferred via the
Grotthussmechanism48. This protonhopping significantlydecreased sensor
resistance by altering its conductivity.Overall, these factors indicate that our
sensor is less resilient in humid environments. To mitigate humidity
interference, various anti-humidity strategies such as surface engineering,

algorism compensation, parameter modulation, novel material develop-
ment, and physical isolation can be implemented49. Figure 3c demonstrates
the correlation between sensor responses under various operating condi-
tions for NO2 concentrations of 500 ppb and 800 ppb. Specifically, without
UV illumination, the sensor exhibited a small response even in humid
conditions whereas with UV illumination, a significant reduction in
response was observed. Continuous deep UV light irradiation was also
responsible for the deterioration of our sensor response by forming addi-
tional water droplets over the surface under the wet ambient air50.

The sensor stability over 35 days when exposed to 500 ppb NO2 is
shown in Fig. 3d. Surprisingly, even after 5 weeks the sensor displayed a
significant response due to continuous UV illumination, which enhanced
the generation of active sites for NO2 adsorption. Thus, our sensor
demonstrated improved stability and reproducibility. A comparison of gas
sensingperformances among several existingMoS2-basedheterostructure is
illustrated in Table 2. Clearly, our exfoliatedMoS2/PtSe2 heterostructure gas
sensor exhibits superior response towards trace levels of NO2 gas at room
temperature, although response and recovery time need to be improved.

Gas sensing mechanism
Figure 4 represents the proposed NO2 gas sensing mechanism under UV
illumination through an energy band diagram. For constructing the band
diagram of MoS2/PtSe2 heterostructure, the key parameters such as band
gap, work function, electron affinity, semiconducting nature for bothMoS2
and PtSe2 were considered in compliance with the existing academic
report51. Vertically stacked n-typeMoS2 and p-type PtSe2 formp-n junction
at the heterointerface, exhibiting n-type conductivity with electrons as the
majority charge carrier. The optical energy of our UV light (375 nm) was
found 3.3 eV using the Jacobian Conversion from wavelength to energy
scale52. Exceeding the bandgaps of few layers of MoS2 (1.2 eV)

53 and PtSe2
(0.6 eV)54, this energy excites electron-hole pairs within the heterointerface
where photogenerated electrons move from the valence band to the con-
duction band in both materials. Due to smaller work function of PtSe2
compared to MoS2, electrons diffuse from p-type PtSe2 to n-type MoS2,
while holes move in the opposite direction. When the Fermi energy levels
(EF) of the heterostructure reach equilibrium, a built-in potential and band
bending occurred with the expansion of the depletion region.

In addition, the photoexcited electrons from the conduction band of
PtSe2 can rapidly transfer to that of MoS2, and similarly, holes from the
valence band of MoS2 can transfer to that of PtSe2. Moreover, MoS2/PtSe2
forms type-I van der Waals junction (Fig. 4), enhancing effective charge
carrier separation, minimizing recombination, and consequently boosting
the gas sensing capabilities55.

Prior to NO2 sensing, ambient oxygen molecules got adsorbed on the
large MoS2 surface during the synthesis process (Eq. 3). Upon expose to
oxidizingNO2, surface electrons are captured reducing the concentration of

Table 2 | Comparison of NO2 sensing for different MoS2 based heterostructures

Sensing Film Synthesis Conc. (ppm) T(°C) Response (%) Response Time (s) Recovery Time (s) LOD (ppb) Refs.

Graphene/MoS2 Hydrothermal 0.5 200 10 21.6 29.4 50 17

rGO/MoS2 Hydrothermal 2 60 59.8 − − 5.7 18

rGO/MoS2/CdS Solvothermal 0.2 75 27.4 25 34 − 19

MoS2/MoO3 CVD 10 RT 33.5 19 182 − 20

MoS2/p-Si NWs CVD 50 RT 28.4 − − − 21

MoS2/ZnO NWs CVD 50 200 31.2 − − 200 22

Ag-Fe2O3/MoS2 Solvothermal 5 120 202.2 81 355 − 23

CdTe/MoS2 Sputtering 10 RT 40 16 114 − 24

MoS2/SnO2 CE 10 RT 28 408 162 500 25

MoS2/PtSe2 ME 0.8 RT 2180 344 581 3 This Work

CVD Chemical Vapor Deposition, CE Chemical Exfoliation,MEMechanical Exfoliation.

Fig. 4 | Schematic illustration of the proposed NO2 sensing mechanism under UV
illumination for the MoS2/PtSe2 heterostructure, depicted via an energy band
diagram.
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majority charge carriers and increasing sensor resistance (Eq. 4). Con-
tinuous UV illumination generates the photogenerated charge carriers in
both MoS2 and PtSe2 (Eq. 5). Photogenerated electrons, e-(hυ) combined
with adsorbed oxygen to produce O�

2 (hυ) (Eq. 6). O
�
2 (hυ) and existing

e-(hυ) then react with adsorbed NO�
2 to form NO2 gas, facilitating quick

recovery (Eq. 7)56.
Inhumid environments, the dissociative adsorptionofwatermolecules

is favored, forming surface hydroxyls57. This displaces the equilibriumof the
adsorption of oxygen species (Eq. 6), resulting in a reduced number of
adsorbed molecular oxygen under humid conditions. The reduction in the
number of adsorbed molecular oxygen translates into a lower number of
available surface reaction sites for nitrogen dioxidemolecules (Eq. 7), which
translates into a lower response.

O2 adsð Þ þ e� ! O�
2 adsð Þ ð3Þ

NO2 g
� �þ O�

2 adsð Þ þ 2e� ! 2NO�
2 adsð Þ þ 2O�

2 adsð Þ ð4Þ

hϑ ! hþ hϑð Þ þ e� hϑð Þ ð5Þ

O2 adsð Þ þ e� hϑð Þ ! O�
2 hϑð Þ ð6Þ

NO�
2 adsð Þ þ O�

2 hϑð Þ þ e� hϑð Þ ! 2O� adsð Þ þ NO2ðgÞ ð7Þ

Discussion
In this work, we successfully synthesized an MoS2/PtSe2 van der Waals
heterostructure gas sensor for NO2 detection using mechanical exfoliation
and the dry transfer method. This top-down synthesis process favors high
yield and excellent crystallinity of the materials, resulting in a superior
heterointerface due to the van derWaals forces. Although baseline drift was
observed during gas measurements, we developed a UV-assistedmethod to
accelerate recovery. The sensor exhibited very high response of up to 2180%
for 800 ppb at room temperature, indicating high sensitivity towards trace
levels of NO2. It also displayed exceptional selectivity compared to other
reducing gases. The stability and reproducibility of the sensors were
impressive over a period of 35 days. We observed a degraded response in
humid environments even though there is a scope for improvement by
utilizing some anti-humidity strategies in the future. For example, one
approach could be combining the gas sensor with a humidity sensor while
the other onewould consist of coating the hybrid 2Dgas-sensitive layerwith
an ultra-thin film able to filter out watermolecules. Ultimately, our research
opens new possibilities in the development of TMDCheterojunction-based
gas sensors for environmental monitoring.

Data availability
The authors declare that the data supporting the finding are available within
the paper and its supplementary information. The corresponding authors
can also provide data upon reasonable request.
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