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ABSTRACT: Molybdenum disulfide (MoS,) represents a promis- Dynamic charge redistribution

ing candidate for low-power chemoresistive nitrogen dioxide (NO,) Y

sensing, and its potential for technological applications has gener- ‘ adsorgtion& S desorpton
ated considerable research interest. However, the sensing mecha- (W T':"mo O
nism remains poorly understood, particularly regarding the type of e T PN Y% oé;#?
MoS,—NO, interaction and if morphology, defectivity, and thick- '\

ness influence charge redistribution mechanisms. Therefore, we -, MoS-wurace

investigated MoS, thin films grown by ionized jet deposition N o ©mo enN
(D), a technique suitable for large-area and industry-compatible ©s oo

fabrication, alongside exfoliated monolayer MoS, chemoresistors
to elucidate the microscopic origin of NO,-induced resistance
changes. Using controlled gas sensing combined with in operando
micro-focused X-ray photoelectron spectroscopy and scanning photoemission microscopy, we directly correlated resistance modula-
tion with electronic structure variations, which is further supported by density functional theory calculations. Both atomically thin
MoS, monolayers and nanostructured defect-rich IJD-MoS, thin films showed Mo 3d and S 2p core-level shifts to higher binding
energies during NO, exposure, explained by local charge redistribution at the surface and modified core-level screening rather than
net charge-transfer doping (i.e., transfer of free charge carriers into delocalized bands) and the associated band bending. In addition,
IJD-MoS, thin films exhibited a transient Mo 3d component attributable to weak Mo—O bonding at defect sites, rather than from
permanent oxidation. The additional component and core-level shifts were reversible upon NO, removal, evidencing a dynamic effect
on the electronic structure. These results provide the first in operando insight into technologically scalable MoS, chemoresistors and
establish design principles for MoS,-based NO, sensing applications.

MoS, chemoresistor

KEYWORDS: molybdenum disulfide, in operando characterization, electronic properties of surfaces, chemical sensors, surface spectroscopies,
transduction mechanisms

B INTRODUCTION processes (adsorption/desorption).>* This not only increases
fabrication complexity but also results in high power consump-
tion. Although alternative low-power sensing platforms based
on other materials such as carbon nanotubes are being
explored,”™” MoS, allows the use of a wide range of growth

Two-dimensional (2D) transition-metal dichalcogenides offer
strong potential for high-performance sensing of hazardous
gases, such as carbon monoxide (CO), nitrogen oxides
(NO,), or sulfur dioxide (SO,), because of their high surface
activities, tunable electronic properties, and high surface-to-
volume ratio, which favors a dramatic change in resistivity upon
molecular adsorption.”” Among them, molybdenum disulfide
(MoS,) stands out as sensing material due to its environmental
stability and ability to operate at room temperature, which dif-
ferentiates it from current metal-oxide technologies requiring
high operating temperatures (>200 °C) to initiate gas-sensing
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methods, including chemical vapor® and pulsed laser *'° depo-
sition, sputtering,'"'? ionized jet deposition (IJD),"*'* and wet-
chemical methods,'>'® producing films with distinct morphologies,
varying crystallinity, and a broader distribution of defects.

Previous studies'”'® have shown that MoS, surfaces respond
efficiently to nitrogen dioxide (NO,), which is particularly rele-
vant because of its widespread presence in urban and industrial
environments and its harmful impact on human health."”~!
Early investigations showed that few-layer MoS, exhibited sig-
nificant resistance increases upon exposure to NO, concentra-
tions as low as S00 ppb.”* Other studies have revealed that
sensitivity and recovery behavior depend strongly on the mate-
rial’s thickness, substrate interactions, doping level, and sulfur
vacancies.>*® For example, defect-rich MoS, nanosheets exhibit
high NO, responses,”* while doping approaches involving the
incorporation of hetero-atoms into the MoS, lattice can further
modulate adsorption kinetics and charge-transfer (i.e., spatial
charge redistribution) efficiencies.”>*°

Direct experimental observation of the electronic response
of the sensing layer during gas exposure remains limited.
In operando spectroscopic approaches are therefore essential
to correlate electrical sensing signals with changes in the elec-
tronic structure at the surface. Variations in conductivity
are most often attributed to surface chemistry, such as charge
transfer with adsorbed species, which can change the surface
electronic character from n-type to p-type,27 as well as defect-
mediated chemisorption.”® Modulations of the grain-boundary
energy barrier upon gas exposure represent another possible
contribution, while device-related factors, such as changes in
contact resistances can also have a considerable effect.>*’
Density functional theory (DFT) calculations predict strong
electron-withdrawing interactions between NO, and MoS,,
especially at defective sites,*” > but verifying these predictions
under operational conditions requires techniques capable of
probing the chemical structure during gas adsorption.

In situ and in operando spectroscopic techniques have enabled
direct observation of gas-induced changes in electronic
structure.”> > Scanning photoelectron microscopy (SPEM)
studies of NO, adsorption on monolayer MoS, exfoliated onto
hexagonal boron nitride (hBN) have reported Mo 3d core-level
shifts toward lower binding energy, interpreted in terms of elec-
tron transfer from MoS, to the electron accepting NO, mole-
cules.’® Within this framework, the observed binding energy
shift corresponds to changes of the local surface electrostatic
potential, analogous to upward band bending and the depletion
of electrons in MoS,. This electrostatic description is com-
monly used to account for the effect of charge transfer in semi-
conductors, including metal oxides®” and carbon nanotubes.®
Near-ambient-pressure  X-ray photoelectron spectroscopy
(NAP-XPS) allows to directly correlate surface adsorption with
the electrical response of 2D materials under realistic gas envi-
ronments. For example, Minezaki et al.*® performed in oper-
ando NAP-XPS under H, dosing while monitoring resistance
changes in a WS, chemoresistor. These approaches represent
powerful tools for distinguishing modulation of the active mate-
rial under device operation for identifying the contributions of
reversible physisorption versus defect-driven chemisorption.

These methodological advances enable us to explore the lack
of knowledge on the sensing mechanism of monolayer (ML)
MoS, and thin films. Here we present the analysis of chemore-
sistive sensors that served us as representative sensing systems:
one employing pristine exfoliated ML-MoS, representing an

atomically thin and smooth surface,*” and one based on a nano-
structured IJD-MoS, thin film representing a rough and
defect-rich MoS2 surface. The formation of interconnected
nanostructures in IJD-grown MoS, films with enhanced rough-
ness and defect-rich morphologies has been demonstrated in
our previous studies.'*** The differences between ML-MoS,
(ie., atomically flat surface with low defect density) and IJD-
grown MoS, (i.e., defect-rich nanostructured thin films) make
them ideal model systems for investigating if morphology,
roughness, and defectivity strongly influence chemoresistive
transduction. Both ML and IJD-MoS2 were integrated into a
technologically relevant chemoresistor architecture, fabricated
with silver screen-printed interdigitated electrodes (IDEs) on
a SiO, substrate. Ag screen-printed IDEs were selected for their
simplicity and scalability in large-area production, whereas the
SiO, substrate provides excellent electrical insulation and repre-
sents a well-known reference substrate in various technological
applications. Although identical in chemical composition, these
ML and IJD-MoS2 exhibit fundamentally different morphol-
ogies, defect densities, crystalline qualities, and thicknesses
and can be considered as extreme cases regarding its
MoS,—NO, interaction. By combining dynamic resistance mea-
surements with in operando micro-focused XPS and SPEM we
directly probed NO,-induced core-level shifts in the active
IDE spacing region and correlated them to the measured resis-
tance modulation. Upon NO, exposure, the Mo 3d and S 2p
core levels shifted toward higher binding energies, concomitant
with an increase in the chemoresistor resistance. After evacua-
tion of the gas, the core-level binding energies revert toward
their initial values, accompanied by recovery of the electrical
response. This integrated analysis clarified how surface charge
redistribution, defect interactions, and conduction pathways
govern the distinct sensing behaviors of exfoliated and IJD-
grown MoS,. The resulting insights establish mechanistic
guidelines for the rational design of scalable and cost-eflicient
MoS,-based gas sensors bridging ideal 2D materials and techno-
logically relevant thin films.

Il EXPERIMENTAL SECTION
Device Fabrication

Ag IDE were patterned on Si/SiO, substrates (300 nm oxide) by
screen printing with a semi-automatic Aurel C290 printer and a
stainless-stee] mesh. After printing, the Ag contacts were cured at
110 °C for 15 min in an oven. Two types of MoS,-based chemoresis-
tive devices were subsequently prepared. The first device type is based
on a single-crystalline monolayer of MoS, (ML-MoS,), fabricated
using a thermally activated Au-mediated exfoliation method described
previously,' while the second device type employs [J]D—grown MoS,
(JD-MoS,) as the sensing material.

For the ML-MoS, device, IDE included 10 fingers with a width of
300 pm and IDE spacing of 300 pm. The ML exfoliation was done
on top of fresh gold substrates prepared by depositing a 200 nm thick
Au film onto Si wafers via thermal evaporation, attaching a glass sup-
port with UV-curable epoxy, and template-stripping the metal film to
expose a clean, oxide-free Au surface immediately before use.
Synthetic MoS, crystals were cleaved using Kapton tape and the freshly
cleaved surface was pressed onto the template-stripped Au. The sample
was placed on a hotplate and annealed in ambient conditions at 200 °C
for 120 s, which activated the exfoliation process. After annealing, the
substrate was briefly cooled for approximately 15 s and the tape was
then peeled off, leaving behind large-area single-layer MoS, regions
on gold (major axis of more than 1 cm). The MoS, monolayer was
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then transferred onto the pre-patterned substrate using a wet-transfer
method,”" ensuring complete bridging of the inter-electrode region.

For the IJD-MoS, device, IDE consisted of 16 fingers, each 200 pm
wide with 150 pm IDE spacing. MoS, deposition was performed using
IJD system operated at an accelerating voltage of 18 kV and a pulse fre-
quency of 40 Hz. The substrate temperature was maintained at 300 °C
throughout the deposition. The resulting film thickness was approxi-
mately 500 nm.

The two devices employed slightly different IDE geometries due to
practical fabrication and substrate availability constraints during device
preparation. While differences in IDE spacing and number may influ-
ence the absolute resistance and response magnitude, the present work
mainly focuses on correlating the in operando electrical behavior with
the simultaneous XPS-observed electronic structure modifications
under NO, exposure, rather than on a strict quantitative comparison
of sensing performance between the two device architectures.

Electron Microscopy Imaging

Scanning electron microscopy (SEM) imaging of the chemoresistors
was carried out using a Thermo Scientific Helios 5 PFIB CXe instru-
ment. Images were acquired at normal incidence and at a 54° tilt angle
using secondary electrons, and for high resolution through-the-lens
detectors (TLD) and immersion mode were used. Acceleration voltage
and working distance were set according to instrument guidelines to
optimize surface contrast and minimize charging. A cross-sectional
transmission electron microscopy (TEM) sample of the IJD-MoS, thin
film was prepared through a standard lift-out procedure. Final polishing
was carried out with Xe™ ions from the FIB source at 30 kV and
1.0-0.1 nA, using an overtilt angle of 1°. TEM characterization was
performed on a field-emission JEM-2200FS JEOL TEM (JEOL Ltd.,
Tokyo, Japan) equipped with an in-column Omega filter and operated
at 200 kV.

Gas Sensing Setups in N, and UHV

Gas sensing experiments in N, atmosphere were performed in a
custom-made gas chamber** equipped with two independent sample
holders, enabling simultaneous operation of ML-MoS, and IJD-MoS,
under identical environmental conditions, ie. at room temperature
(RT) and atmospheric pressure.

Certified NO, gas (30 ppm) was supplied through mass-flow-
controlled lines. Two independent flowmeters regulate the NO, and
N, streams, maintaining the total flow at 450 mL/min. The NO, con-
centrations delivered to the devices were in the 3—13 ppm range and
were calculated as:

[NOZ] chamber = d)tot

where [NO,] .mber iS the expected concentration of NO, inside of
the gas sensing chamber, [NO,], .. is the concentration inside of
the NO, gas bottle and ¢y /P, are the fluxes (in mL/min) of the
NO, line and the total flux (éiven by the sum of the NO, and carrier
N, fluxes). This formulation accounts for the dilution of the NO,
source gas by the carrier N, flow, providing an accurate estimation of
the effective NO, concentration reaching the sample surface. The mea-
surement protocol involved a 10-min NO, injection phase, during
which the sensors were exposed to the reactive gas mixture, followed
by a 20-min flushing period in pure N, to promote recovery of the
baseline resistance.

Electrical measurements were performed using two Keithley Series
2600B in four-wire configuration under a constant 1 V bias.

Dynamic high pressure (DHP) dosing of NO, under UHV condi-
tions at the ESCA Microscopy beamline (Elettra—Synchrotron
Trieste, Italy) was done via a stainless-steel poppet valve positioned a
few millimeters above the sample,* delivering reproducible local dos-
ing pulses at a frequency of 0.3 Hz and valve opening time of
2.42 ms that raised the chamber pressure up to ~1 X 10> mbar during

gas exposure. According to the previous work of Amati et al,,** it is rea-

sonable to assume that a 2.42 ms delivers approximately 100 mbar on
the surface of the chemoresistors, leading to a nominal NO, concentra-
tion of ~8 ppm. From these assumptions we can calculate the impinge-
ment rate as:

P molecules
vV 2w ka T 2

m-s

where P is the pressure on the chemoresistor surface during each pulse,
m is the NO, molecule mass (m = 7.64 X 1072¢ kg), kg is the
Boltzmann constant, and T is the temperature assumed to be 300 K.
We can evaluate the number of molecules arriving on the chemoresis-
tors per pulse by multiplying the impingement rate by the aperture
time obtaining:

N,

molecules
cm

alse = ZAt,, =8.13 % 10" { S

where At is the aperture time (2.42 ms). Given the very high number
of arriving molecules per pulse with respect to available adsorption
sites (~10'® [molecules/cm?]), we can assume that in the saturation
regime, i.e, dosing for >20 min, the chemoresistor surface is fully cov-
ered by NO, molecules.

Note that the gas sensing experiments in N, and UHV were done
without reaching saturation and baseline recovery (i.e., no induced
thermal recovery), since the scope was to qualitatively compare the
electrical sensing response of the chemoresistors to NO, under differ-
ent environments (N, vs UHV). The selectivity of [JD-MoS, toward
typical target gases was evaluated through an extended gas response
curve to ammonia (NH;), NO,, and carbon dioxide (CO,), reported
in Figure S1 (Supporting Information), which highlights its preferential
response to NO,. In operando spectroscopy during NO, exposure (see
below) was performed in the saturation regime, ie., NO, exposure
>20 min to ensure complete chemical reactivity before XPS/SPEM
data acquisition.

Electrical characterization was performed simultaneously via a
Keithley 2612B source-measure unit operated in two-wire mode at 1 V.

In Operando XPS and SPEM Analysis

In operando XPS and SPEM were carried out at the ESCA Microscopy
beamline (Elettra—Sincrotrone Trieste, Italy). Samples were mounted
on grounded holders and loaded into an ultrahigh-vacuum (UHV)
chamber with a base pressure of ~1 X 10~° mbar.

Core-level spectra (Mo 3d, S 2s, and S 2p) were collected using
monochromatic  synchrotron radiation with photon energy of
647.7 eV and a hemispherical analyzer, providing an overall energy res-
olution of ~180 meV. The photon beam for high-resolution XPS mea-
surements had a spot size of approximately 75 pm. SPEM maps were
acquired using a micro-focused beam with ~7 pm lateral resolution.
To avoid extensive beam-induced damage due to the high photon flux,
single-pixel spectra were collected using a dwell time of 30 ms.
Consecutive SPEM maps were taken moving the region of interest to
adjacent positions to avoid the presence of beam induced effects.

Reference spectra were collected with the bias already applied to
account for bias-induced spectral shifts. Since MoS, directly contacted
the Ag electrodes in both device architectures, the applied voltage pre-
dominantly dropped across the MoS,.

Data Processing

XPS spectra were normalized in intensity to the main Mo 3d or S 2p
core level components to enable a good visibility of the BE shifts.
Mo 3d and S 2s core levels are deconvoluted using Voigt components.
An active Shirley background is used to account for secondary-electron
contributions to the photoelectron intensity.** The spectra were

https://doi.org/10.1021/acsami.6c04862
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aligned by calibrating to C 1s core level spectra when required to cor-
rect for residual charging.

The absence of beam-induced material modification and/or dam-
age, which has been shown to strongly depend on sample quality and
substrate,**® was assessed by comparing XPS scans in sequence of
Mo 3d and S 2p core levels on both chemoresistors, shown in
Figures S2 and S3 (Supporting Information). The presence of NO,
on the chemoresistors’ surface during DHP was confirmed by acquiring
high-resolution XPS spectra in the N 1s core level region before, during
and after NO, dosing on both chemoresistors (Figure S4, Supporting
Information).

Computational Methods

DEFT calculations were performed within the plane-wave implementa-
tion of Quantum Espresso,*”*® using the rev-vdW-DF2 exchange-
correlation functional® and norm-conserving pseudopotentials.*® All
calculations were spin-polarized to properly describe the open-shell
NO, molecule. A kinetic energy cutoff of 75 Ry for the wavefunctions
and 300 Ry for the charge density were used. Adsorption was modeled
using S X S supercells with a 20 A vacuum region to avoid spurious
interactions between periodic replicas, and dipole corrections are
applied to remove artificial electric fields along the surface normal.
Brillouin zone sampling was performed at I', and convergence with
respect to k-point sampling/supercell size was verified for representa-
tive configurations.

Charge redistribution upon adsorption was analyzed through Bader
partitioning.51

Core-level binding energies (Mo 3d and S 2p) were computed
within the ASCF framework using half core-hole pseudopotentials gen-
erated with ONCVPSP,** following the Slater transition-state
approach.®® The vacuum level was obtained from the planar-averaged
electrostatic potential in the middle of the vacuum region (with dipole
correction), enabling a consistent reference for core-level shifts across
configurations. Binding energies (BE) were obtained from total energy
differences and referenced consistently to the vacuum level, allowing
for a direct comparison of core-level shifts between different adsorp-
tion configurations. Mo 3d and S 2p core level BE shifts due to inter-
action were calculated as ABE = BEyq, — BE, e Where BEyq, is
the BE resulting from the interacting system and BE_ ., . is the one
of the non-interacting system. For the interacting (non-interacting)
system Mo and S atoms right below (far away from) the NO, molecule
were chosen.

B RESULTS

In Figure 1la, the optical micrograph of the ML-MoS, device is
shown, taken with polarized light to emphasize the contrast of
the large-area monolayer (brown). The SEM image in
Figure 1b displays the part of the IDEs (top and bottom of
the micrograph) where the corresponding IDE spacing of
~250 pum can be clearly seen. Figure lc,d show magnified
SEM images tilted by 54° in the center of the IDE spacing.
The ML-MoS, exhibits the smooth surface typical of a

ML-MoS2

IJD-MoS2

c) d)

Figure 1. (a) Optical micrograph taken with polarized light of the ML-MoS, chemoresistor; (b—d) SEM images in between the IDE spacing of the
ML-MoS, chemoresistor: (b) top view, (¢, d) 54° tilted views with higher magnifications; (e) optical micrograph of the IJD-MoS, chemoresistor;
(f—h) SEM images in between the IDE spacing of IJD-MoS, chemoresistor: (f) top views, (g, h) 54° tilted view with higher magnification showing

plate-like MoS, structures.
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monolayer with some crater-like defects (dark dots), most likely
arising from the exfoliation procedure.

Figure le presents an optical micrograph of the IJD-MoS,
chemoresistor, showing the device layout and the uniform cov-
erage of the active material across the IDEs. In Figure 1f, the
SEM image acquired across the IDE spacing highlights bright
spots evenly distributed across the entire surface. Figure 1g pro-
vides a magnified SEM view, acquired at a 54° tilt, revealing the
complex three-dimensional morphology of IJD-MoS,, namely
large round-shaped agglomerates extending upward from the
surface, and adjacent plate-like MoS, structures exhibiting the
2H-MoS, phase (visible in the cross-sectional TEM view in
Figure S5) as indicated by the arrows (Figure 1gh). This mor-
phology is in agreement with the one observed for IJD-MoS,
thin films grown under similar conditions,>* i.e., in situ anneal-
ing at 300 °C during deposition.

To test the resistance behavior, the chemoresistors were
introduced in a custom-built gas chamber, a constant bias of
1 V was applied for the resistance readout. Figure 2 shows the
evolution of the resistance change over time for both ML-
MoS, and the IJD-MoS, chemoresistors. The measurements
were carried out in the dark at RT during controlled exposure
to NO, gas under N, atmosphere. The chemoresistors display
different baseline resistances, with ML-MoS, showing a baseline
in the MQ range, whereas IJD-MoS, displays a much lower
baseline resistance in the € range. This significantly reduced
resistance in IJD-MoS, is consistent with its higher intrinsic
conductivity, as demonstrated in previous work.'**" In particu-
lar, MoS, deposited via IJD has been shown to exhibit a
valence band (VB) onset closer to the Fermi level, indicating
enhanced carrier density and improved electronic transport,
which directly accounts for the lower baseline resistance
observed here.

Both chemoresistors exhibit an increase in resistance upon
NO, exposure. The ML-MoS, shows a higher resistance
increase compared to the IJD-MoS, for the same concentra-
tions. Both sensors respond proportionally to the increasing
concentration. Notably, the IJD-MoS, chemoresistor addition-
ally demonstrates preferential selectivity toward NO, over other
common interfering gases. As shown in Figure S1 (Supporting
Information), exposure to NH; and CO, at comparable con-
centrations produces negligible resistance changes relative to

the strong response observed upon NO, injection, confirming
the sensor’s selectivity for NO, detection.

In both cases, the passive recovery after exposure remains
incomplete within the 20-min flushing interval, indicating that
desorption of NO, molecules from the MoS, surface is rela-
tively slow at room temperature and pressure, as previously
reported on pristine MoS,."”

Figure 3 presents the resistance variation of both MoS,
chemoresistors recorded during NO, dosing in UHV in the
dynamic regime (i.e, no saturation and recovery reached). The
resistance change in the ML-MoS, chemoresistor is shown in
Figure 3a, while Figure 3b displays the corresponding data for
the IJD-MoS, chemoresistor. In both cases, a clear and reproduc-
ible increase in resistance is observed upon NO, exposure.

The increase of resistance for both chemoresistors when
exposed to NO, in N, atmosphere and under UHV conditions
suggests comparable chemical reactivity in both environments.

Figure 4 shows spatially resolved SPEM images corresponding
to the photoemission intensity of the Mo 3d core level before
NO, exposure. These images are a convolution of the chemical
and topographical contrast of the surface. Since these images were
collected from chemically uniform surfaces, that of ML-MoS, and
IJD-MoS, uniformly covering the device, the visible contrast is
attributed mainly to topographical effects and allows to clearly
identify the different surface regions of the device.

a) ML-MoS2 b) 1JD-MoS2
184 132.94
— 132.84
Sl g
= @
% E £ 1327
= ®
.éw- 'g
["o T 132.6
6,
- ; 132,54 R IR,
0 100 200 0 50 100
Time [s] Time [s]

Figure 3. Resistance measurements (dynamic regime) of (a) ML-
MoS, and (b) IJD-MoS, chemoresistors in UHV upon NO, dosing
(0.3 Hz valve repetition and 2.42 ms aperture).

ML-MoS2 IJD-MoS2
a) b)
3 118
124
1'05 116;
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Figure 2. Resistance measurements (dynamic regime) while sensing NO, of different concentrations (3—13 ppm) in N, atmosphere at room tem-

perature for (a) ML-MoS, and (b) IJD-MoS, chemoresistors.
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Figure 4. Mo 3d SPEM maps within the IDE spacing of (a) ML-MoS, and (b) IJD-MoS, chemoresistors.

In ML-MoS,, the IDE spacing appears completely flat with
uniform intensity, while in the IJD-MoS,, the contrast variations
reflect the typical MoS, morphology defined by IJD growth as
observed in the SEM images in Figure le,f. The IDE spacing
appears to be different from the nominal one consistent with
the SEM images shown before: in the case of ML-MoS, it is
of ~230 pm instead of 300 pm while in the IJD-MoS, chemor-
esistor it is of ~50 pm instead of 75 pm. These differences are
attributed to Ag electrode migration occurring after the screen-
printing process, as well as, in the case of IJD-MoS,, to the rel-
atively thick deposited layer, which effectively reduces the
apparent IDE spacing by smoothing surface features.

High-resolution XPS spectra of the Mo 3d and S 2s core
levels were recorded with the synchrotron beam spot focused
on a representative area within the IDE spacing with a diameter
of 75 pm. Figure 5 shows the XPS spectra before, during and
after NO, dosing. The spectra recorded during NO, dosing cor-
respond to the saturation regime, ie., the gas had interacted

with the surface to reach a steady state (>20 min), while the spectra
after dosing were acquired after reaching the initial base pressure
(107 mbar). In the case of the ML-MoS, chemoresistor
(Figure Sa), the Mo" 3d; , peak before NO, dosing is located at
230.2 eV and shows a rigid shift of about 0.2 eV toward higher
binding energies (BEs) during NO, exposure. The calculated Mo
3d BE shifts, evaluated for a NO, molecule adsorbed in close prox-
imity to the MoS, surface (Figure 5d) and referenced to the clean
surface configuration (Figure Se), exhibit a comparable shift toward
higher BEs (ABE % 0.1 eV), in agreement with the one observed
experimentally. This behavior is further supported by spatially
resolved BE maps, which reveal a predominant shift of the Mo
3d binding energy toward higher values across the entire IDE spac-
ing under NO, exposure and applied bias (see Figure S8ab,
Supporting Information). After dosing, the Mo 3d;,, peak
returns to its original position.

The main Mo" component of the Mo 3d;,, peak in IJD-
MoS, (Figure Sb) is centered at 229.5 eV before exposure
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Figure 5. Mo 3d and S 2s core level XPS spectra of (a) ML-MoS, and (b) IJD-MoS, chemoresistors. (c) Visualization of the Mo 3d BE shifts before,
during, and after NO, dosing for both chemoresistors. (d, e) Mo atoms chosen for the DFT calculation of BE shifts.
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and reversibly shifts by ~0.3 eV towards higher BEs upon NO,
dosing, consistent with the BE maps (Figure S8c,d, Supporting
Information). In addition, unlike ML-MoS,, a new feature
appears on the higher BE side at 233.3 eV, attributable to the for-
mation of Mo"" species, which mainly disappears after dosing.

In Figure 6, the S 2p core level spectra of the ML-MoS, and
IJD-MoS, are shown, measured before, during, and after NO,
exposure. In the case of the ML-MoS, chemoresistor
(Figure 6a), the S 2p, , peak before NO, exposure is positioned
at 163.1 eV. During NO, exposure, the spectrum undergoes a
rigid shift of about 0.2 eV toward higher BEs, identical to the
same shift observed in the Mo 3d core level. Consistently, the
calculated S 2p core level shift (ABE ~ 0.1 eV) with NO, in
proximity to the MoS, surface (Figure 6d) compared to the
clean configuration (Figure 6e) is in line with the experimentally
detected shift toward higher BEs; remarkably, the computed BE
variation is essentially the same for Mo 3d and S 2p, in full agree-
ment with the comparable shifts observed experimentally. In
addition, the BE maps further corroborate the shift of the S 2p
core level toward higher BE across the IDE region during NO,
exposure (Figure S9a,b, Supporting Information).

For the IJD-MoS, chemoresistor (Figure 6b), the S 2p; ,
component is located at 162.3 eV before NO, dosing, in good
agreement with the expected BE peak position reported in liter-
ature.”®> Upon NO, injection, a rigid shift of about 0.3 eV
toward higher binding energies is observed, consistent with
the S 2p BE maps (Figure S9¢,d, Supporting Information)
and the shift detected in the Mo 3d core level (Figure Sb).
Different to the Mo 3d core level of [JD-MoS,, no new compo-
nents or additional features appear.

After stopping the NO, injection and pumping down to the
base chamber pressure, all the rigid shifts present in the Mo 3d
and S 2p core levels during NO,, dosing disappear. Only a small
reminiscence of the Mo"" component remains in the IJD-MoS,
chemoresistor.

B DISCUSSION

The comparison between ML-MoS, and IJD-MoS, underlines
how morphology and thickness of the active material control

both the macroscopic sensing performance and the microscopic
interaction with NO,. The ML-MoS, device (Figure la—d) fea-
tures an atomically thin and continuous layer bridging the Ag
IDE spacing, with a very smooth surface reflecting the atomi-
cally thin nature of ML-MoS, with only some crater like defects
left by the exfoliation process. In contrast, the IJD-MoS, che-
moresistor (Figure le—h) displays a rough, three-dimensional
morphology with nanometer-sized clusters, and adjacent
micro-plates protruding from the surface. This morphology is
in line with other nanostructured MoS, films, in which rough-
ness, edge density and defect concentration substantially
increase the number of adsorption sites available for oxidizing
gases such as NO,.”**® In particular, sulfur vacancies and
under-coordinated edge-like Mo atoms are expected to play a
major role in the interaction with NO,. Previous theoretical
and experimental studies have shown that these defective sites
enhance the adsorption strength and promote stronger local
electronic perturbations compared to pristine basal-plane
MoS,.>#**273! In the present work, the larger core-level shifts
observed for IJD-MoS,, together with the transient Mo"" con-
tribution appearing only during NO, exposure, are consistent
with a higher density of such reactive defect sites. At the same
time, the reversibility of both the rigid BE shifts and the Mo""
component after evacuation indicates that these interactions
remain weak and dynamic rather than leading to stable oxida-
tion or permanent chemisorption.

Despite its significantly rougher surface and potentially
higher adsorption site density, the IJD-MoS, chemoresistor
exhibits a resistance modulation more than an order of
magnitude smaller than that of ML-MoS, at identical NO,
concentrations. This highlights the critical role of thickness: in
the MoS, monolayer, the entire conduction channel is directly
involved in surface interactions, whereas in thicker films only
a superficial layer contributes, with the bulk acting as a screen-
ing conduction reservoir.>’

The incomplete recovery in N, observed in Figure 2 for both
chemoresistors is also in agreement with previous NO,—MoS,
studies, where room-temperature desorption under inert atmo-
sphere is slow and often requires active recovery strategies such
as UV illumination or mild heating to restore the baseline.”’
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Figure 6. S 2p core level XPS spectra of (a) ML-MoS, and (b) IJ]D-MoS, chemoresistors. (c) Schematic showing S 2p core level shifts before, dur-
ing, and after NO, dosing of both chemoresistors. (d, e) S atoms chosen for the DFT calculation of BE shifts.
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In UHYV, the NO, pulses induce a reproducible increase in
resistance in both ML-MoS, (Figure 3a) and IJD-MoS,
(Figure 3b). The fact that the resistance increases match the
behavior in N, atmosphere, allows for reliable in operando
XPS/SPEM data acquisition with correlation between chemical
reactivity and electrical response. At the same time, the much
faster and nearly complete recovery in UHV compared to N,
confirms that the adsorbed NO, can desorb efliciently once
the background atmosphere no longer hinders their removal,
pointing towards a non-covalent, weakly bound interaction, as
also shown in our previous work on carbon nanotube-based
ammonia sensing.6

In a previous study, Jensen et al. employed in operando
SPEM to investigate NO, adsorption on monolayer MoS,
field-effect transistor (FET) devices on hBN. In that work,
NO, exposure led to Mo 3d core-level shifts toward lower BE,
while corresponding S 2p shifts were not reported.*® This con-
trasts with the present study, where exposure to NO, produces
shifts of both the Mo 3d and S 2p core levels toward higher BE
in both MoS, samples (IJD and ML). Key experimental differ-
ences between the two studies include device architecture
(FET with Ti/Au electrodes on hBN versus two-terminal che-
moresistors with Ag IDEs on SiO,), gas composition (NO,
mixture vs pure NO,), and different electrostatic boundary con-
ditions. It is important to identify which of these factors are
most likely responsible for the different behavior. In our view,
the key differences arise not only from the FET configuration,
as opposed to the gate-free chemoresistor geometry employed
in the present study, but also from the choice and spatial unifor-
mity of the sampled region (e.g, near the electrodes versus
within the active channel) and from the gas composition. In
addition to the fact that electrostatic gating can modulate the
carrier density and induce band bending, ref 36 reports a pro-
nounced spatial heterogeneity of the core-level binding energy
particularly in the vicinity of one FET contact. This heterogene-
ity prevents a general assessment of the behavior across the
entire channel and complicates direct comparison with our spa-
tially averaged measurements. Compared with the present
study, the interpretation of Jensen et al. is further limited by
the absence of corresponding S 2p spectra. Reporting only the
Mo 3d core level does not allow one to distinguish a genuine
electrostatic shift from changes in the local chemical environ-
ment of Mo. In addition, Jensen et al. performed their measure-
ments under a NO, atmosphere, whereas our experiments were
carried out under pure NO,. Because NO, contains both
electron-accepting NO, and NO, the latter acting as a weak
electron donor, the net electrostatic shift in their measurements
is not necessarily expected to have the same direction as that
observed under pure NO, exposure. Substrate (hBN vs SiO,)
and contact metallurgy, by contrast, are expected to modulate
the magnitude and recovery of the response rather than to
invert its sign. Importantly, the higher-BE shift reported here
is observed reproducibly in two samples with markedly different
substrate coupling, morphologies and defect densities (atomi-
cally flat ML-MoS, and rough, defect-rich IJD-MoS,, both on
Si0,), which argues that it reflects an intrinsic feature of the
NO,—MoS, interaction probed in a gate-free geometry rather
than an artifact of a particular substrate or device. Shifts towards
lower BEs are commonly interpreted as electrostatic shifts anal-
ogous to upward band bending, consistent with electron trans-
fer from MoS, to the electron-accepting NO, molecules and
the associated depletion of electrons in the near-surface region.

Within this framework, the charge-transfer-induced modifica-
tions of the surface electrostatic potential shift all electronic
levels uniformly relative to the Fermi level.>®

By contrast, both ML-MoS, and IJD-MoS, chemoresistors
investigated here exhibit core-level shifts toward higher BE during
NO, exposure, which are fully reversible (dynamic) once NO, is
removed, as shown in Figures 5 and 6. This opposite trend with
respect to previous reports,> together with the observed revers-
ibility, points to a different underlying interaction mechanism.
At the microscopic level, local charge redistribution and partial
(fractional) charge transfer are closely related: any rearrangement
of electron density at the adsorption site necessarily involves a
fractional redistribution of charge between NO, and the neigh-
boring Mo and S atoms. The key point is that charge transfer at
the interface to the electron-acceptor NO, would induce an
upward band bending, with a corresponding shift of the core levels
towards lower BEs. This is contrary to what we observe, namely a
shift towards higher BE of both the molybdenum and sulfur core
levels. Moreover, this shift is of the same amount for both core
levels, which cannot be explained in terms of charge transfer
towards the electron-acceptor molecules. Instead, we interpret it
in terms of a weaker interaction between the molecules and
MoS,, involving a local charge distortion/redistribution due to
electronic cloud repulsion between the NO, and MoS, valence
orbitals, rather than a charge donation. In this respect, the charge
reorganization (orbital deformation) at the interface likely causes
a reduction of the screening of the valence electrons on the core
holes of both Mo and §, thereby increasing the corresponding
core-level BEs (i.e., a final-state effect in the photoemission pro-
cess, whereas a charge transfer would be interpreted as an
initial-state effect). Notably, when the NO, dosing is stopped,
the process is completely reversible, i.e., the BEs of the core levels
recover to their original values, which is a signature of a weak
interaction between the molecules and MoS,. A charge donation
between the molecules and MoS, would make the interaction
(bonding) stronger, so that some energy would be required to
recover the uncovered MoS,; in our case, the molecules naturally
desorb once the molecular dosing is interrupted, suggesting that
only a weak interaction is present. These charge redistributions
reduce the electronic screening and enhance the effective
Coulomb attraction between nuclei and the core electrons, lead-
ing to higher BE shifts in the XPS spectra. As illustrated in
Figure 7 and from the additional partial charge analysis on defec-
tive MoS, in Figure S6 (Supporting Information), adsorbed NO,
molecules locally and dynamically polarize the electron density of
the topmost layer of MoS,, redistributing the valence charge
around the adsorption site without electronic charge donation
towards NO,. The corresponding DFT charge-density difference
maps reveal a redistribution of electronic density localized mainly
in the top Mo—S layer and around the adsorbed NO, molecule,
supporting the interpretation of a modified local electronic
screening responsible for the observed core-level shifts. This
charge rearrangement reduces the electronic screening of the
Mo and S nuclei, causing the corresponding core levels to appear
more tightly bound, leading to the observed shift to higher BEs in
the XPS spectra. The DFT-calculated core-level BE shifts
(~0.1 eV) are quantitatively smaller than the experimentally
observed values (~0.2 €V for ML-MoS, and ~0.3 eV for IJD-
MoS,), but consistent in sign and trend. This quantitative discrep-
ancy is expected and arises from the idealized nature of the
theoretical model. The DFT calculations assume a pristine, free-
standing monolayer with a single adsorbed NO, molecule at
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Figure 7. (a) Schematic of the topmost layers of MoS,—NO, interaction leading to reversible (dynamic) local charge redistribution; (b) charge
redistribution induced by NO, adsorption on pristine ML-MoS, from DFT calculations. The color map shows the change in the number of electrons
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low coverage, whereas the experimental measurements were per-
formed under saturation conditions, where the cumulative pertur-
bation from a dense adsorbate layer is expected to produce larger
shifts than a single-molecule model. Substrate interactions and
applied bias are additional sources of quantitative deviation. In
addition, the core-level energies were computed within a Slater
transition-state (half-core-hole) ASCF scheme, which is reliable
for trends but may underestimate the BE shift when final-state
screening depends strongly on the local environment.
Nevertheless, the agreement in the direction and relative magni-
tude of the shifts between theory and experiment provides sup-
port for the proposed dynamic charge redistribution mechanism.

In operando XPS analysis of the Mo 3d and S 2p regions
(Figures S and 6) shows that NO, induces fully reversible elec-
tronic modifications in both ML-MoS, and IJD-MoS,, in agree-
ment with the weak interaction mechanism proposed here.
ML-MoS, exhibits a rigid shift of approximately 0.2 eV toward
higher binding energies upon NO, exposure (Figures Sa and
6a), with complete recovery after evacuation. IJD-MoS, shows
slightly larger shifts (~0.3 eV; Figures Sb and 6b) and a tran-
sient Mo"" contribution that disappears after NO, removal.
The absence of persistent spectral changes in either system
rules out stable chemisorption and supports a reversible redistri-
bution of charges at the topmost surface layer. This is consistent
with theoretical work showing that NO_ can interact with MoS,
via charge redistribution while remaining in a physisorbed or
weakly chemisorbed van-der-Waals regime, especially at defect
or edge sites.”’

The consequences of this mechanism for electronic transport
can be understood through the relation between resistance and
conductivity R= X where L is the channel length, A is the
effective conduction cross-section and ¢ is the conductivity that
can be expressed as follows:

oc=nep

where 1 is the electron carrier concentration, e is the charge of the
electron and p is the mobility. In the present case, the reversible
NO,-induced resistance increase is most plausibly interpreted as
arising from a reduction in carrier mobility rather than from a

substantial depletion of free carriers, although the two contribu-
tions cannot be fully disentangled from the present
dataset alone. The local polarization of the electronic density
induced by adsorbed NO, molecules modifies the electrostatic
potential landscape at the MoS, surface, creating spatially local-
ized perturbations that act as additional scattering centers for
charge carriers traversing the conduction channel. This enhanced
scattering reduces the carrier mobility p and therefore increases
the resistance as observed in Figures 2 and 3. The complete
reversibility of both the electrical response and the XPS core-
level shifts after NO, removal is consistent with such a dynamic,
predominantly mobility-driven mechanism. A direct and quantita-
tive separation of the mobility and carrier-density contributions
would require complementary Hall-effect or gated field-effect
transport measurements. These are not accessible in the present
two-terminal, gate-free chemoresistor geometry, which was specif-
ically designed for in operando XPS/SPEM under UHV NO, dos-
ing; we therefore present the mobility-dominated picture as a
likely interpretation consistent with all available evidence. In
ML-MoS,, the entire conduction channel coincides with the
exposed surface, therefore any local reduction in # and p directly
affects the only available current path and results in a pronounced
resistance modulation. In IJD-MoS,, by contrast, as the
NO,—MoS, interaction is confined to a limited surface region,
and deeper layers of the nm-thick film remain largely unaffected
and provide alternative conduction paths. This effect explains
why the IJD-MoS, thin film exhibits larger core-level shifts (within
the topmost ~5 nm probed by XPS) than the monolayer, while
showing a much smaller net change in resistance.

The transient Mo"? component observed in the Mo 3d core
level region of IJD-MoS, during NO, dosing (Figure Sb) can be
understood in terms of beam-induced photodissociation of
NO, under synchrotron irradiation and interaction with the
highly defect-rich IJD-MoS, surface. High-energy photons can
promote dissociation channels such as NO, — NO* + O%,
similar NO,-induced, photon-assisted oxidation phenomena
have been reported for other 2D materials, for example, revers-
ible oxidation of graphene by NO, under X-ray or UV
illumination.””~%> In the IJD-MoS, film, the atomic oxygen
and NO fragments produced during photodissociation can tem-
porarily occupy sulfur vacancies—expected to be more
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abundant due to the IJD growth and annealing conditions—or
bind weakly to under-coordinated Mo atoms at the surface,
forming transient Mo—O bonds. This process is depicted in
Figure 8, where NO, photodissociation in the X-ray beam leads
to a reversible conversion of a fraction of Mo" to Mo"". The
fact that the Mo"" signal mainly disappears after pumping, and
that the S 2p spectra (Figure 6b) show no permanent new com-
ponents, confirms that no stable Mo"" oxidation states were
formed, consistent with weakly bound transient states rather
than true chemisorbed species. It is worth noting that this tran-
sient Mo"? component is specific to the synchrotron measure-
ment environment, where high-energy, high-flux photons
promote NO, photodissociation pathways that are absent
under conventional dark, room-temperature sensing conditions.
The fully reversible nature of this component upon gas removal,
together with the absence of new S 2p features, confirms that no
stable molybdenum oxide phases accumulate, which is encour-
aging for long-term sensor cycling stability.

Overall, the present study allows us to position our results
within the broader landscape of MoS,-based NO, sensors.
Chemically exfoliated and defect-engineered MoS, systems
have been shown to achieve NO, detection limits down to tens
of ppb by exploiting high surface-to-volume ratio and engi-
neered vacancy densities.*>*” Our ML-MoS, device conforms
to this “ideal 2D” paradigm: despite its limited absolute surface
area, the coupling between surface charge redistribution and
conduction is maximized. The IJD-MoS, sensor, instead, repre-
sents a scalable nanostructured MoS, thin-film architecture in
which the rough, edge- and defect-rich morphology promotes
a larger total charge exchange with NO, but the bulk-like con-
duction strongly attenuates the electrical signature of this inter-
action. The fact that both systems display local charge
redistribution and reversible interactions, yet with very different
macroscopic responses, illustrates how morphology, defect dis-
tribution and conduction volume must be coengineered to
translate favorable surface chemistry into high-performance
NO, detection in MoS,-based chemoresistive devices.

B CONCLUSIONS

In this work, we elucidated the microscopic origin of NO, sens-
ing in MoS, chemoresistors by directly correlating macroscopic
electrical responses with local electronic-structure changes
under realistic operating conditions. For this purpose, we com-
bined controlled gas sensing with in operando micro-focused
XPS and SPEM analysis supported by DFT calculations to
investigate atomically thin MoS, monolayer and nanostruc-
tured, defect-rich MoS, thin films, i.e., two extreme cases con-
cerning morphology, defectivity, and thickness (2D vs 3D).

Photodissociation: NO2 + hv = NO® + 0" g =es0e
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Figure 8. Schematic showing the photodissociation process of NO,

and the subsequent interaction with the IJD-MoS, chemoresistor tran-
siently changing the oxidation state of some Mo atoms from IV to VI

Both systems exhibit a reproducible increase in resistance
upon NO, exposure, accompanied by rigid shifts of the Mo
3d and S 2p core levels towards higher binding energies. The
NO,—MoS, surface interaction is reversible, with no evidence
of permanent chemical modification. This indicates that NO,
detection in MoS, does not primarily arise from net charge-
transfer doping, which would be expected to produce band
bending indirectly observable in XPS. Instead, our results are
best explained by a mechanism dominated by dynamic,
local charge redistribution at the MoS,/NO, interface.
Microscopically, this involves a reduction of the photoemission
final state screening of the core levels caused by the local reor-
ganization of valence charge through Coulomb repulsion, with-
out any net doping of the channel. This interpretation is
consistent with the shifts of the core levels towards higher bind-
ing energy observed in XPS and with the resulting sensing
response.

In defect-rich IJD-MoS, thin films, we additionally observe a
transient Mo"? component during NO, exposure, which we
attribute to weak and reversible Mo—O interactions at defect
sites, likely promoted by photon-assisted NO, dissociation
under synchrotron irradiation. The disappearance of this com-
ponent after gas removal confirms the absence of stable oxida-
tion and reinforces the picture of weak, reversible interactions
dominating the sensing process.

In the MoS, monolayer, where the entire conduction chan-
nel coincides with the surface, local charge redistribution
directly translates into large resistance modulations. In thicker
nanostructured films, surface-confined electronic perturbations
are effectively screened by bulk-like conduction pathways, lead-
ing to smaller macroscopic responses despite stronger local
chemical interactions.

Our results provide a unified and experimentally grounded
framework for understanding NO, sensing in MoS, across dif-
ferent morphologies, defectivities and thicknesses. Beyond
resolving long-standing ambiguities about charge transfer vs
electrostatic effects, this study establishes dynamic charge redis-
tribution as a key principle for MoS,-based gas sensors.
Furthermore, our study demonstrates that SPEM/XPS under
NO, dosing can be used to probe transient chemical species
that are a hallmark for the heterogeneity of the surface. These
insights bridge ideal 2D model systems with scalable 3D thin-
film architectures and offer clear guidelines for engineering
high-performance, low-power NO, sensors based on MoS,.
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core level region before and during NO, injection
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