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ABSTRACT: In this study, S-deficient MoS2 was prepared using proton irradiation
and then applied as sensing materials for the detection of NO2 gas. First, bulk MoS2
was treated by ultrasonics to produce 2D nanosheets of MoS2, which were
subsequently bombarded by a flux of high-energy protons, resulting in the appearance
of structural defects throughout MoS2. The proton fluxes were adjusted to different
densities of 1 × 1011, 1 × 1012, 1 × 1013, and 1 × 1014 ions/cm2. The effects of proton
irradiation on the defects, also referred to as atomic vacancies, were systematically
investigated using Raman measurements to locate the E1

2g and A1g modes and X-ray
photoelectron spectroscopy to determine the binding energy of Mo 3d and S 2p
orbitals. It was revealed that the density of proton irradiation greatly affects the degree
of S atom vacancies in irradiated MoS2, while also enhancing the n-type
semiconducting behaviors of MoS2. The vacancy-rich MoS2 was then demonstrated
to exhibit a higher response to NO2 gas compared to that of nonirradiated MoS2,
showing a 4-fold increase in response within a concentration range from 1 to 20 ppm. These results could pave the way for new
approaches to fabricating sensing materials.

1. INTRODUCTION
Recently, molybdenum disulfide (MoS2) has emerged as one
of the most studied transition metal dichalcogenide materials
due to its versatile properties, which can be utilized as metals,1

semi-metals, semiconductors, and even superconductors.2 Bulk
MoS2 is known to consist of 2D crystal layers, with one plane
of hexagonally arranged molybdenum sandwiched between
two planes of sulfur atoms, resulting in a trigonal prismatic
arrangement of S−Mo−S covalently bonded atoms.3 Through
nanofabrication techniques, bulk MoS2 can be broken down
into separate 2D layers with thicknesses of several nanometers
or deliberately shaped into various morphologies.4 Such
nanostructures have been demonstrated to exhibit superior
characteristics in a wide range of applications, including
sensing,5 photovoltaics,6 energy storage,7 catalysis,8 and more.
In gas sensing, several approaches have been applied to

utilize MoS2 as a recognition interface.9 For example, MoS2
flakes were successfully incorporated into field-effect transistor-
based gas sensors for detecting NO2

10 and NH3.
11 The sensing

sensitivity of the MoS2-based sensor can be considered
comparable to that of other nanomaterials such as
graphene,12,13 nanoparticles,14 and nanocomposites.15−17 To
enhance sensing sensitivity, chemical-vapor-deposition-grown
MoS2 was employed.18 Instead of MoS2 flakes, the monolayer
of MoS2 exhibited outstanding sensitivity with a detection limit
as low as 20 ppb for NO2 and 1 ppm for NH3 at room
temperature. Alternatively, hierarchical hollow spheres of MoS2
were fabricated to improve the exposure of active edge sites of
MoS2 compared to smooth solid structures, significantly

enhancing sensing performance toward NO2 gas.19 Moreover,
MoS2 was integrated with sensing materials to achieve
synergistic effects in resulting composites, such as single-
walled carbon nanotube/MoS2,

20 graphene/MoS2,
21 polyani-

line/MoS2,
22 Au nanoparticles/MoS2,

23 and more.
To date, it has been known that the electronic structures of

MoS2 can be altered by high-energy proton irradiation.24,25

The irradiated MoS2 showed a significant decrease in work
function, and the Fermi level shifted due to atomic vacancies,
which is expected to greatly enhance sensing capabilities.
However, there have been few studies investigating the
correlation between the sensing sensitivity of MoS2 and proton
irradiation. Considering that this approach is of great
importance for enhancing the sensitivity of MoS2 at the
molecular level, in this study, we prepared MoS2 nanosheets
that were then subjected to proton irradiation. NO2 gas
sensing was conducted with the corresponding irradiated
MoS2, and the electronic states of MoS2 were carefully
monitored using Raman and X-ray photoelectron microscopy.
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2. EXPERIMENTAL SECTION
2.1. Fabrication of MoS2 Nanosheets. Bulk MoS2

(Crystal, 99.995%) (300 mg) was dispersed in 150 mL of
1% solution of sodium dodecyl sulfate (SDS, ACS reagent,
≥99.0%) using an ultrasonic processor (Branson SFX150)
with a power of 150 W in 8 h. The resulting dispersion was
then centrifuged at 7000 rpm for 30 min to collect residues.
The products were thoroughly washed with ethanol (absolute,
99,99%) and acetone (ACS reagent, ≥99.5%) and dried in
ambient conditions. Deionized (DI) water (18.2 MΩ cm) was
used in all the experiments.

2.2. Proton Irradiation of MoS2 Nanosheets. An MC-
50 cyclotron was utilized to subject MoS2 nanosheets to
proton irradiation at the Korea Institute of Radiological and
Medical Sciences (KIRAMS). The proton beam was set to
maintain a constant energy flux of 10 MeV, and the duration of
irradiation was adjusted to produce proton beam fluxes with
different densities of 1 × 1011, 1 × 1012, 1 × 1013, and 1 × 1014
ions/cm2. All experiments were conducted at room temper-
ature. The irradiated MoS2 nanosheets were obtained in the
powder form.

2.3. Fabrication of Sensor Devices. Interdigitated
microelectrodes (IDEs, J-solution), consisting of pairs of gold
electrodes deposited on a SiO2 wafer, were used as the
substrate for the deposition of MoS2 nanosheets. The IDEs
were initially cleaned with acetone and DI water through
sonication for 30 min and subsequently dried at 60 °C. The
MoS2, dispersed in acetone at a concentration of 4 mg/mL,
was coated onto the IDEs using drop-casting. The resulting
MoS2-deposited IDEs were then dried at 80 °C and stored in a
vacuum prior to use.

2.4. Characterization and Sensing. For materials
characterization, atomic-force microscopy (AFM) (N8-
MEPS. Bruker) and field emission scanning electron
microscopy (FE-SEM, JSM-7100F; JEOL) were employed to
unveil the surface morphology and thickness of MoS2
nanosheets. Raman spectroscopy (RA-TN05, 532 nm, Horiba
Scientific) and X-ray photoelectron spectroscopy (XPS, K-
alpha; Thermo Scientific Inc.) were utilized to monitor the
changes in the electronic vibrations and chemical structures of
MoS2 under various irradiation conditions.

2.5. Gas Sensing Experiment. A gas chamber (P7000;
Made Lab), equipped with a computer-interfaced multichannel
source meter (2400, Keithley), and mass flow controllers
(MFC, MPR-3000S, MFC Korea), was used to conduct the
sensing experiment. The MoS2-deposited IDEs were initially
placed in an environment filled with carrier gas N2 at 1 atm.
They were then exposed to NO2 gas, which was well-diluted in
a stream of N2 at different concentrations. For consecutive
sensing tests, the chamber was evacuated by flowing a stream
of N2, followed by the injection of appropriate amounts of the
target gas, NO2. The sensing signal was monitored in real-time
by the source meter, observing the resistance change of the
MoS2 nanosheets upon exposure to NO2.

3. RESULTS AND DISCUSSION
The bulk MoS2 was used as precursors in the preparation of
MoS2 nanosheets, as mentioned above. The interaction
between the MoS2 sheets and the anionic surfactant SDS is
critical for the formation of the nanosheets.26 As indicated in
Figure 1a,b, it is clearly shown that the large MoS2 clusters
were exfoliated into smaller MoS2 flakes, which were quite

uniform in size and shape. Further examination was conducted
by using AFM, as shown in Figure 1c. The results showed that
the thickness of exfoliated MoS2 was approximately 4 nm,
which can be estimated to consist of 6 layers of 2D crystal
MoS2, with 0.65 nm for each layer.27 The SDS molecules are
known to exhibit strong electrostatic interactions with the
surface of the MoS2 sheets. Randomly arranged monolayers of
SDS molecules on the surfaces act as passivating layers to
prevent the exfoliated MoS2 from aggregating.26

Importantly, Raman spectroscopy was also conducted to
examine both the bulk and exfoliated MoS2 (Figure 1d). It was
observed that there are two characteristic peaks of MoS2
corresponding to the in-plane vibration of two S atoms with
respect to the Mo atom (E1

2g peak) and the out-of-plane
vibration of S atoms in opposite directions (A1g peak).

27 One
can see that the exfoliated MoS2 still exhibited vibration peaks
at corresponding positions compared to those of the
precursors. This strongly suggests that the chemical structures
of exfoliated MoS2 were not damaged by ultrasonics. The A1g
mode is known to be very sensitive to the deposition and/or
removal of elements on the MoS2 outer surface.

28 Even a tiny
addition could trigger significant shifts in vibration modes,
making it easily monitored by Raman spectroscopy.29 Taking
this into account, proton irradiation was conducted on the
exfoliated MoS2 with different densities of 1011, 1012, 1013, and
1014 ions/cm2, along with nonirradiated MoS2 for comparison.
The MoS2 materials were denoted as i1011, i1012, i1013, and
i1014, respectively.

As shown in Figure 2, all the samples exhibited characteristic
Raman spectra, and an obvious redshift was observed, which
was correlated with the density of proton irradiation, this trend
was in consistent with previous studies.25,30 Both vibration

Figure 1. SEM image of (a) Bulk MoS2; (b) exfoliated nanosheets of
MoS2; (c) AFM and height profile of MoS2 nanosheets; and (d)
Raman spectra of bulk MoS2 and exfoliated MoS2. The scale bar is
200 nm.
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modes were shifted to lower wavenumbers, corresponding to
longer wavelengths of the vibrations. In E1

2g modes, Raman
shifts were observed from 382 to 379 cm−1 for the
nonirradiated and i1014 samples, respectively. Meanwhile, a
shift from 409 to 401 cm−1 was recorded for A1g modes. The

higher the irradiation density, the larger the Raman shifts
obtained. In the ordinary states of MoS2, the interlayer van der
Waals forces suppress atom vibrations, resulting in A1g and E1

2g
modes at specific wavenumbers for a given type of MoS2.

29

After proton irradiation, however, the S atoms were observed
to vibrate more freely in both the out-of-plane and in-plane
modes. This was presumably due to the impact of proton
interaction; a portion of S atoms were removed from the 2D
layer of MoS2, providing the remaining S atoms with more
space to vibrate and reducing repulsion interactions. These S
vacancies ultimately led to vibrations with longer wavelengths,
as monitored above, and were assumed to be proportionally
dependent on proton irradiation.

To clarify the structural changes of irradiated MoS2, further
examination of the samples was conducted with XPS
measurements. Spectra of binding energies (BE) related to
valence orbitals in MoS2 materials were depicted, and
deconvolution was also performed to distinguish these states
as shown in Figure 3. All the samples exhibited characteristic
BE relating to Mo 3d3/2, Mo 3d5/2, S 2s, and S 2p3/2 orbitals.

31

Importantly, the dominant Mo 3d5/2 and S 2p3/2 doublets were
found to be around 233 and 162.5 eV. These doublets could be
deconvoluted into smaller doublets, revealing a portion of the
nonstoichiometric MoxSy with oxidation states that exist
alongside MoS2. There are two types of sulfur atom vacancies
in MoS2. Through the analysis of scanning tunneling
microscopy (STM) images and density functional theory
(DFT) calculations, it has been determined that disulfur
vacancies occur at significantly lower concentrations compared
to vacancies involving single sulfur atoms. This phenomenon
leads to the formation of MoxSy compounds.32 It is known that
the MoxSy, coexisting with MoS2, makes the overall
stoichiometry appear to be 1.8:1 (S/Mo), rather than 2:1.33

As shown in Figure 3a, the proportion of MoxSy was found
to increase with the density of proton irradiation in this study,
which led to a decrease in the overall stoichiometric ratio
between S and Mo atoms.34 In other words, the amount of S

Figure 2. (a) Raman spectra of the exfoliated MoS2 materials with
different densities of irradiation; (b) dependency of Raman shifts on
irradiation density.

Figure 3. XPS spectra of the exfoliated MoS2 materials at (a) Mo 3d orbitals and (b) S 2p orbitals.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c00379
ACS Omega 2024, 9, 27065−27070

27067

https://pubs.acs.org/doi/10.1021/acsomega.4c00379?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00379?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00379?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00379?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00379?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00379?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00379?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00379?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


vacancies increased with proton irradiation, and native S
vacancies that existed in MoS2 materials before proton
irradiation were enlarged under the impact of the proton
beam. This result was consistent with the Raman shifts
discussed above and supported by other studies.34,35 MoS2
materials are known to exhibit n-type semiconducting behavior
due to intrinsic S vacancies.36 In the MoS2 configuration, the
Mo 3d5/2 orbitals are responsible for forming Mo−S bonds,
while the Mo 3d3/2 orbitals and S 2p orbitals are free above the
surface of the MoS2 plane.9 When the S vacancies occur, the
Mo 3d5/2 orbitals are left negatively charged, ultimately
enhancing the n-type behavior of the resulting MoS2.

9 Overall,
the S vacancies and concomitant n-type doping were greatly
dependent on proton irradiation. Such a negatively charged
surface of irradiated MoS2 is expected to exhibit a reasonable
response to electron acceptors.
To investigate the semiconducting behavior and sensing

capabilities of MoS2 materials, sensing experiments were
conducted targeting NO2 gas at a concentration of 20 ppm.
In which, the sensor response was calculated using the
following equation:

i
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zzzzz
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G G
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o
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(1)

where G0 and G are the electrical resistance values of the
sensor device before and during exposure to NO2 gas in a
nitrogen environment, respectively. As shown in Figure 4, it
can be observed that the resistance of MoS2 nanosheets
increased for all of the materials upon NO2 exposure. NO2 gas
molecules are known for their electron-withdrawing character-
istics due to the existence of a lone electron on the N
atom.12,13 Therefore, NO2 molecules adsorbed on the MoS2
surface cause a depletion of electrons in MoS2, resulting in a
decrease in the conductance or an increase in the resistance.
These results provided solid evidence of the n-type behavior of
MoS2 because p-type MoS2 materials induce resistance changes
in the opposite direction, decreasing resistance, upon exposure
to electron acceptors like NO2 gas. This also confirmed that S
vacancies are the dominant forms in MoS2 since Mo vacancies
induce p-type properties in MoS2 materials.37 Each increment
in proton density induced a stronger response in resistance, as
indicated, from the nonirradiated to the MoS2 irradiated by the
proton flux of 1014 ions/cm2. The sensor response was nearly
four-fold increased, with the highest responses reaching
approximately 150%. These results were attributed to the
intensification of S vacancies caused by elevated proton
irradiation, as discussed above. Moreover, the induced
vacancies in S, resulting from irradiation, appear to reach
saturation after exposure to a proton flux of 1 × 1014 ions/cm2.
Increasing the proton density yields similar responses,
plateauing, as illustrated in Figure 4b. Furthermore, the
MoS2-based sensors were subjected to a continuous series of
NO2 exposures at various concentrations. Each pulse, including
supplying and evacuating a specific amount of NO2, was well-
controlled by a mass controller. As shown in Figure 5, the
i1014-based sensor was responsive to NO2 concentrations, at a
concentration range from 1 to 20 ppm, the sensor exhibited
good linearity with a slope of 0.064 and r2 = 0.9792. Because
there was no discernible response obtained below a
concentration of 1 ppm of NO2, the lower limit of detection
was taken to be 1 ppm, and the sensitivity was determined to
be 28%/ppm. Interestingly, the sensors were exposed to a

sustained concentration of 10 ppm with 5 pulses, and the
sensing signals were perfectly reproduced shortly after the
application of the next NO2 stream (Figure 5b). In addition,
the sensor was exposed to different types of gas analytes,
including NH3, ethanol, acetone, and H2O. As shown in Figure
6, in comparison to NO2 sensing, the sensor exhibited
responses in opposite directions because gas exposure led to
a decrease in the resistance of the MoS2 material, which is
attributable to the electron-donating nature of these gases. It
was evident that the sensor response to these interfering gases
was negligible compared to that of NO2. Considering the
common presence of such gases in the atmosphere, the sensor
was demonstrated to be reliable with high potential for real-
world applications.

4. CONCLUSIONS
In this study, MoS2 nanosheets with 2D layers of 4 nm
thickness were successfully prepared from bulk MoS2 by using
ultrasonics. The MoS2 treated with proton fluxes at a density of
1 × 1014 ions/cm2 showed a high degree of S-vacancies. This
was systematically demonstrated by red-shifted Raman spectra
of E1

2g and A1g vibration modes and changes in the
stoichiometric ratio between S and Mo atoms, which were
obtained from the determination of binding energies for Mo
3d and S 2p orbitals. The NO2 sensing performance of MoS2
was proportionally improved with the density of proton
irradiation, and the i1014-based sensor exhibited the highest

Figure 4. Sensor responses of nanosheets MoS2 prepared from
different fluxes of proton irradiation for NO2 gas at concentration of
20 ppm; (a) real time responses and (b) responses with standard
deviation.
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response to NO2, with a response of 150% at 500 ppm. Proton
irradiation was demonstrated to be effective in altering the
chemical structures in MoS2, with the aim to improve sensing
capabilities. This approach shows high potential for other 2D
materials.
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