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Direct or Indirect Sonication in Ecofriendly MoS, Dispersion for NO,
and NH; Gas-Sensing Applications
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sensing performance of MoS, nanoflakes. The obtained dispersions b -
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electron microscopy, atomic force microscopy, dynamic light
scattering, and Raman and X-ray diffraction, to evaluate their
morphological and structural properties. Gas sensing measure-
ments are conducted using exfoliated MoS, on interdigitated
electrode structures, and the response to multiple gases is recorded.
The sensitivity and selectivity of the sensors are analyzed and
compared between the direct and indirect sonication methods. The
results demonstrate that both direct and indirect methods lead to
the formation of well-dispersed MoS, multilayer nanosheets, whereas the indirect approach exhibits a uniform and bigger flake size.
Gas sensing experiments reveal that the MoS, nanoflakes prepared via indirect sonication have enhanced sensitivity by 17 and 46%
toward NO, and NHj; gases, respectively, compared to the ones achieved by the direct sonication method. Both methods
demonstrated its selectivity for NO, and NH; and the preferential temperature to detect NO, and NH; gas are 50 and 100 °C,
respectively. This research contributes to the development of eco-friendly MoS,-based gas sensors by providing insights into the
influence of direct (probe) and indirect (bath) sonication methods on dispersion quality and gas sensing performance. The findings
highlight the potential of indirect sonication as a reliable technique for fabricating high-performance MoS, gas sensors, opening
venues for the design and optimization of eco-friendly sensing platforms for environmental monitoring and industrial applications.
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1. INTRODUCTION

Gas sensors have a wide range of applications in industries
such as healthcare, food processing, transport, and public safety
(homes, schools, offices, etc.).l’2 In fact, the use of sensors to
detect explosive or toxic gases is inevitable in the chemical or

gas; its maximum permissible exposure limit is S0 ppm during
15 min and 20 ppm during 8 h.%’

There are different types of gas sensors employing different
transduction schemes.”” One of the most successful trans-
ducing approaches is chemoresistive. It is simple and easy to

petrochemical industries. Even in hospitals, it is necessary to
use gas sensors for the breath monitoring system, lung function
diagnosis, and monitoring CO, levels.” Sensors are used for
controlling the amount of oxygen in the air and maintaining
the conditions of food storage.* They are needed in
automotive exhaust systems to limit NOx emissions and
control the antipollution system.” For public safety, it is
necessary to check air quality, prevent against fire and toxic
gases, and to detect pollutants (NO,, NO, CO, CO,, and
NH;) in the atmosphere. The World Health Organization
reported in 2021 that 7 million deaths every year were directly
related to exposure to ambient air pollution. In particular, NO,
and NHj; are two species that need to be monitored in our
environment. NO, is an indirect greenhouse gas that causes
asthma, eutrophication, and even cardiovascular mortality. The
maximum permitted exposure limit is 1 ppm during 15 min
and 0.5 ppm (S00 ppb) during 8 h, which require highly
sensitive gas sensors with low detection limits. NHj is a toxic
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fabricate. It consists of measuring the resistance variation of a
gas-sensitive film/coating as a function of gas concentrations.
The most employed materials used for detecting gas are metal
oxides (ZnO, SnO,, WO,, and TiO,, only to cite a few)
because of their good sensitivity and low cost." However, the
need for low-power gas sensors that can operate at temper-
atures close to room temperature maintaining keeping good
sensitivity, selectivity, and stability has promoted new
investigations on two-dimensional (2D) materials, including
transition metal dichalcogenide materials.”'’ Molybdenum
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Figure 1. FESEM images illustrating: (a) MoS, initial powder, (b) nanosheets obtained via bath sonication B-MoS,, and (c) nanosheets produced
by probe sonication P-MoS, in the lower part of the dispersion. Scale bars represent length of 1 ym (top) and 500 nm (bottom). (d) DLS for size
analysis comparing B-MoS, and P-MoS, nanosheets. (e,f) High-resolution TEM images of exfoliated MoS, featuring 100 nm scale bares for both
multilayered B-MoS, and P-MoS, nanosheets, along with the corresponding interlayer spacing in the edges of the crystallites. AFM image of B-
MoS, and P-MoS, nanosheets, including 500 nm scale bares with associated height profiles along the white line in (gh), respectively.

disulfide MoS, is one of the TMDs that deserves to be well ratio, and good selectivity, and it shows potential for being
studied. It has a tunable band gap, a large surface-to-volume operated at low temperatures, which is promising for
25298 https://doi.org/10.1021/acsomega.4c03166
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Figure 2. (a,b) XRD spectra of MoS, powder captured at room temperature and at various temperature intervals ranging from 30 to 900 °C, in an
increment of 100 °C under ambient atmospheric conditions. (c,d) XRD analysis of the lower part of the dispersion after exfoliation of MoS, using
bath sonication (B-MoS,) and probe sonication (P-MoS,) deposited by drop casting on a silicon substrate.

developing new gas sensing applications. The weak van der
Waals interaction between layers in MoS, materials allows
them to be chemically exfoliated from bulk crystals, shearing
the layers to yield nanosheets and even monolayers in
solution."'™'* This approach is low-cost and efficient for
achieving large-scale production of 2D materials in solution
and can provide a sustainable route to the production of 2D
nanosheets for device production and commercialization. To
disperse MoS, in solution, two approaches to ultrasonication
are commonly used to separate the bulk crystal into 2D
nanosheets through high-energy jets that provide mechanical
agitation concurrent with the chemical action engendered by
the dispersion solvent. Probe sonication uses an ultrasound
probe to transmit the high-frequency vibrations generated
directly from the sample. This method is relatively
straightforward and is commonly used for dispersion. Bath
sonication is an indirect sonication method in which the
ultrasonication energy travels from the horn through the water
bath and to the sample that is held in a vial. The high-intensity
ultrasound energy promotes the exfoliation of 2D materials. It
was reported on graphene oxide that probe sonication induces
deformation between layers and causes more rugosities and
degradation of the morphology of the material. However, bath
sonication is less invasive, enables easy control of the sample
temperature, and causes fewer wrinkles and less damage to the
sheet structure and morphology of the 2D material in

: g 15
comparison to probe sonication.
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Besides sonication, the choice of solvent is also an important
factor in determining the effectiveness of the dispersion. As
demonstrated by Coleman et al,'” solvents like N-methyl 2-
pyrrolidone (NMP) are suitable for MoS, dispersion because
their surface tension is close to that of MoS, surface tension;
however, they are toxic and difficult to remove. On the other
hand, solvents like IPA, acetone, and ethanol are low-cost and
environmentally friendly alternatives with low surface tension.
Their association with water promotes MoS, dispersion.'®~"’
In the literature, few studies have been conducted on MoS,
dispersion for gas sensing. Most of the reported MoS, gas
sensors are made of exfoliated nanosheets collected from the
supernatant of dispersion and prepared by probe sonication,
either at low-time sonication (1 or 2 h) by using a toxic solvent
like NMP or at long-time sonication (8 or 24 h) by using a
solvent.

The development of ecofriendly materials for gas sensors has
gained significant attention due to their potential impact on
environmental sustainability and human health. Sonication has
emerged as a promising technique to disperse MoS, or any
two-dimensional materials in liquid preparation involving the
separation from bulk to nanosheets, which induces a large
surface-to-volume ratio and strong surface activities affecting
the performance of gas sensors. Both direct (probe) and
indirect (bath) sonication methods are employed. Is there any
one preferable for sensing gas? In this work, we provided gas
sensor results of multilayer 2D MoS, collected from the
sediment of the dispersion prepared on the one side by probe
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sonication (P-MoS,) and on the other side by bath sonication
(B-MoS,) employing reasonable sonication time and dispersed
in eco-friendly solvents.

2. RESULTS AND DISCUSSION

The sensing behavior of MoS, nanosheets is significantly
influenced by the morphology, the number of active sites, and
defects in the form of vacancies. To analyze the surface
morphology and the structure of the MoS, after sonication,
field emission scanning electron microscopy (FE-SEM) (FEI
company), high resolution transmission electron microscopy
(HR-TEM), dynamic light scattering (DLS), atomic force
microscopy (AFM), X-ray diffraction analysis XRD (Bruker
D8), and Raman spectroscopy (Renishaw inVia) were used.
2.1. FESEM, HR-TEM, DSL, and AFM. Field emission
scanning electron microscopy (FESEM) images of the MoS,
powder before and after sonication are presented in Figure 1.
The initial powder was mixed with distilled water and
deposited on a silicon substrate. It shows thick stacked flakes
with different sizes, thicknesses, and nonuniform triangle or
rectangle shapes of bulk material (Figure 1a). After sonication
and centrifugation, as described above, the bottom part of the
dispersion was deposited on interdigitated alumina substrates
for gas sensing measurements. Multilayer flakes can be
observed. Comparing to the initial bulk powder, exfoliated
MoS, by bath sonication B-MoS, (Figure 1b) shows less
damage to the flakes and preserves the later size estimated in
average to some micrometers. In contrast, probe-sonicated P-
MoS, flakes (Figure 1c) show a reduction in the later size
estimated to be on average about 500 nm. To explore the
lateral size of the prepared dispersion, dynamic light scattering
(DSL) was performed with Zetasizer-Ultra Malvern Instru-
ments. DLS works by illuminating particles with a laser and
analyzing the intensity fluctuations in the scattering light. The
solution was placed in a standard glass cuvette, and the size
measurement was acquired by ZS XPLORER software. Figure
1d presents the particle size distribution for B-MoS, and P-
MoS, dispersions samples. The lateral size of B-MoS, ranges
from 300 to 2000 nm, and that of P-MoS, is about 230 to 1400
nm, confirming the FESEM observations. High-resolution-
TEM imaging was conducted by a JEOL F200 instrument.
Extracted nanosheets of B-MoS, and P-MoS, are illustrated in
Figure lef, respectively. It clearly shows that for B-MoS,
(Figure 1le), large rectangular nanoplatelets above 400 nm in
lateral dimensions are present, while the P-MoS, sample
(Figure 1f) shows triangular nanosheets to be much smaller on
average. The morphology reveals large platelets in B-MoS,, as
confirmed by FESEM and DSL analysis. The interplanar
spacing indicates the distance between two adjacent sulfur
layers in the same single layer of MoS,. The extracted values
are 5.25 A for B-MoS, and 5.36 A for P-MoS,, corresponding
to the (002) plane in MoS,, which is close to the interzplanar
spacing of monolayer MoS, (approximatively 6.15 A).””*' The
presence of multiple lines at the edge reveals that both
methods result in multilayer MoS, nanosheets. To evaluate the
thickness of the nanosheets, we used the AFM technique. The
height profile of an individual B-MoS, nanosheet is found to be
200 nm in Figure 1g. This value is higher than the one
expected by the XRD technique, indicating the existence of
nonexfoliated material or the occurrence of agglomeration at
the bottom of the dispersion; in contrast, the value for P-MoS,
(70 nm) in Figure 1h is close to the value calculated with the
XRD technique. To sum up, thick nanosheets are observed in

both types of samples; however, wider nanosheets are obtained
in B-MoS, compared to P-MoS,.

2.2. X-ray Diffraction. X-ray diffraction studies of the
MoS, powders were carried out at room temperature, and the
results are presented in Figure 2a. The XRD peaks appeared at
the expected 20 angles of 14.39, 29.02, 32.69, 39.56, 44.16,
56.02, 58.35, and 60.16°, which correspond respectively to
(002), (004), (100), (103), (006), (106), (110), and (008)
crystallographic planes with MoS,, the most prominent peak
resulting from the (002) plane. MoS, has a hexagonal structure
and belongs to the P6;/mmc (194) space group. The lattice
parameters of MoS, are a = b = 3.16020 A and ¢ = 12.29400 A,
according to PDF card number 65-1951.

To study the stability of the MoS, powder regarding
temperature variation, the XRD of the MoS, initial powder was
measured after heating from 30 to 900 °C in atmospheric air.
Figure 2b indicates that MoS, is stable up to 400 °C. From 500
°C, the peak (002) decreases and disappears at 600 °C. Other
new peaks appeared at 26 ~ 12.49, 23.25, 25.16, 27.14, 33.77,
38.07, 40.05, 45.62, 46.56, 49.44, 57.63, and 67.90°. At 900 °C,
only three principal peaks remain at 39.95, 49.44, and 67.9°. It
was reported that peaks at 23.25, 49.44, and 57.63° could be
related to the (110), (200), and (112) planes of MoO,
orthorhombic crystal structure, respectively. Some other
peaks could be attributed to hexagonal molybdenum trioxide
Mo0O,.*>** Also, some peaks can be shifted due to the strain
and size effects or decomposition of MoS, at high temper-
atures.”*

From Figure 2¢,d, exfoliated MoS, was deposited onto a
silicon wafer by using drop casting and subsequently dried. X-
ray Diffraction of MoS, powder crystal and exfoliated MoS,
through bath and probe sonication was performed at room
temperature in the 20 range between S and 80°. As reported
previously in ref 25, the intensity of the (002) peak after
exfoliation is lower than in the bulk material due to the
exfoliation process. From Figure 2, and after compensating for
the instrument effect, we extracted the interplanar distance “d”
of the (002) plane using the PDF card number 00-037-1492
and the Bragg equation d = n4/2 sin 6, where “d” represents
the atomic plane spacing, “n” stands for the diffraction order,
“A” denotes the incident radiation wavelength, and “€” signifies
the diffraction angle. The determined interplanar spacing
values are as follows: d(Bulk) = 6.14544 + 0.00019 A, which is
marginally smaller than the interplanar spacing of exfoliated
MoS, obtained through bath sonication (d(B-MoS,) = 6.1767
+ 0.0003 A) and probe sonication (d(P-MoS,) = 6.1755 +
0.0003 A). This slight increase in interplanar spacing is
potentially due to the presence of water between MoS, layers
or the restacking of MoS, layers that occurred during XRD
sample preparation.”®

Additionally, according to the PDF 00-037-1492, we
calculated the average crystallite sizes “D” based on the
Debye—Scherrer equation: D = ki/(f cos ). Here, “A”
corresponds to the X-ray wavelength (0.154 nm), “k” is a
constant (equal to 1), “f” represents the integral breadth at
(002) peak, and “@” is the diffraction angle. Consequently, we
determined the average crystallite size of the bulk powder to be
D(MoS,) = 60.7 + 7 nm. Postexfoliation, the (002) peak
displayed greater broader (f was higher), leading to a
crystallite size of 47.7 + 6 nm for B-MoS, and 47.0 + 7 nm
for P-MoS,. These reduced sizes in the B-MoS, and P-MoS,
samples confirmed the successful exfoliation of the material.
Similar to the methodology employed in ref 26, we calculated
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Figure 3. (a) Raman spectrum illustrating the characteristics of MoS, powder. Comparative Raman spectra from distinct sensor regions are overlaid
for (b) bath sonication (depicted in black and red) and (c) probe sonication (shown in blue and cyan). The values corresponding to the in-plane

1E2g and out-of-plane A;, modes are highlighted within each spectrum.

the number of layers per particle by dividing the crystallite size
by the interplanar distance of (002) value. Consequently, the
number of MoS, layers decreased from 98 layers for bulk
material to 77 layers for B-MoS, and 76 layers per particle for
P-MoS,.

2.3. Raman Spectroscopy. Structural information was
obtained by Raman spectroscopy (Renishaw inVia

instrument) using a 514 nm laser wavelength in air under
ambient conditions. Before measuring, the spectrometer was
first calibrated to a silicon reference sample to correct the
instrument response, and then our samples were introduced.
The Raman emission was collected by a 50X long working
distance objective lens at magnification in the streamline mode
and dispersed by a 2400 line/mm grating. Laser power was
selected in such a way to avoid any overheating and damage to
the surface with 0.5% of the laser power in the wavenumber
region 360—460 cm™'. MoS, coatings already deposited on the
alumina transducing substrates were employed for Raman and
sensor characterizations. The IEzg Raman peak position and
the distance between peaks indicate the layer number.”’ >
The distance between the peaks is 26 cm™ for bulk material
(Figure 3a), while it is equal to 25 cm™" after sonication for B-
MoS, (Figure 3b) and P-MoS, (Figure 3c), indicating the
presence of thick nanosheets and the lowering in the thickness
of MoS, nanosheets for sonicated materials, which is in
agreement with the AFM and XRD analysis results discussed
above. The blue shift of the 1EZg peak from 380 to 382 cm™!
confirms the exfoliation and the lowering in the number of
layers. On the other hand, the shift of the 1E2g mode can be
attributed to Coulomb interactions from the coupled dipoles
induced by Mo—S bonds, as reported by Yang et al.”’ The
Coulomb interactions tend to decrease the frequency of 1Ezg.
An increase in the number of layers leads to stronger Coulomb
forces and stronger interlayer interactions. In the B-MoS, and
P-MoS, samples, the Coulomb interaction is probably smaller
than the interlayer interactions. Sonication may induce a small
residual strain in the discontinuous nanosheets, which induces
a blue shift in 1EZg and A;,. The blue shift of the A,; peak after
sonication can be attributed to the tensile strain or the p-type
nature of MoS,.””*"

2.4, UV—-Visible. It is well known that Mo$S, bulk material
has an indirect bandgap of 1.2 eV, whereas MoS, monolayer is
a direct bandgap semiconductor with an increased bandgap
value of 1.8 to 1.9 eV.”" Here, absorption measurements were
recorded on a SECOMAM UViline9600 spectrophotometer in
the range of 250 to 1100 nm. The signal is noisy because the
very concentrated sample from the bottom of the dispersion
induces a lot of absorbance noise. We observed in Figure 4a
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Figure 4. (a) Absorbance as a function of the wavelength of B-MoS,.
(b) Tauc’s plot for B-MoS, and the intercept of the linear fit (dot
line) with the horizontal axis defines the value of the band gap. In the
inset is the indirect band gap.

three excitonic peaks at 681 nm (1.82 eV), 632 nm (1.96 eV),
and 503 nm (2.46 eV) corresponding to A, B, and C excitons.
The A and B peaks arise from direct exitonic transitions at the
K point of the Brillouin zone. The C peak can be assigned to
the direct excitonic transition of the M point. The absorbance
peaks are consistent with previous results by Fadil et al.'"” The
band gap BG was extracted by using Tauc plot, as specified in
ref 19. The indirect band gap formula (a h y)" with the
exponent equal to 1/2 was verified and presented in the inset
of Figure 4b. The linear extrapolation did not intersect with the
energy axis. Thus, we plot the direct band function (a h y)* as
a function of the energy. Where a = 2.303 A/d from the
Lambert—Beer—Lambert law. Here, d = 10 mm is the path
length of the cuvette, A represents the absorbance value, h is
Planck’s constant, and y is the incoming photon frequency in
the spectrophotometer. The extracted band gap of the B-MoS,
nanosheets is 3.3 eV, close to the predicted BG value of 2.8 eV
for monolayer MoS,, within the GW band gap approxima-
tion.”> The particle size can be estimated from the Figure 4a
spectrum using the formula in ref 33. Here, the absorbance at
the B peak is equal to 3.38, and the absorbance at 352 nm is
2.87. The calculated particle size was 286 nm, and the number
of layers was estimated at 22.8, confirming the exfoliation.
These values are in the same order of magnitude as those
obtained via the DLS, AFM, and XRD studies reported above.

2.5. Sensor Response. Figure 5a,b shows the variation of
the resistance at 50 °C resulting from exposure of the sensors
to NO, gas concentrations ranging from 40 to 800 ppb and
NH; gas concentrations from 3 to 10 ppm for both B-MoS,
and P-MoS, sensors. These figures illustrate the final cycle of
reproducibility, as shown in Figure S1. Sensor resistance shows
a p-type semiconducting behavior, with the majority of charge
carriers being holes for both types of devices. The resistance
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Figure S. Variation of sensor resistance at different gas concentrations in (a) B-Mo$S, and (b) P-MoS, at S0 °C. The dashed bar represents the
exposure time. The sensor response as a function of different values of concentration of NO, gas (c,d) and NHj gas (e,f) at room temperature, 50,
and 100 °C. The left column are the results related to bath sonication MoS, nanoflakes (B-MoS,), and the right column is related to probe
sonication MoS, (P-MoS,). Error bars represent the standard deviation of the mean value of the gas response.

monotonically decreases when the sensor is exposed to
increasing nitrogen dioxide concentrations, whereas the
resistance increases when the sensor is exposed to increasing
ammonia vapor concentrations. In fact, NO, is an oxidizing gas
(i.e, an acceptor of electrons); the electron charge is
transferred from the MoS, flakes to the adsorbed gas
molecules, and the resulting decrease in resistance indicates
its p-type nature. Idem, NHj is a reducing species (i.e., electron
donor), the electron charge is transferred from the adsorbed
molecule to the MoS, material, and the increase in resistance
again confirms the p-type nature of B-MoS, and P-MoS,. The
p-type behavior of MoS, nanosheets could be attributed to
several reasons: substrate-induced charge transfer, charge
transfer between the metal and MoS,, the interaction between
in-plane MoS, and the substrate oxygen adsorbed on exfoliated
MoS,.>° Burman et al. have attributed these increases in
resistance to defects that might give rise to MoO, or MoO;
impurities that inject holes into the MoS,, resulting in the p-
type behavior of MoS, sensors.”® Most of the work reported on
MoS, sensors prepared by liquid exfoliation using sonication
showed p-type behavior.'®*****73¥ The probable reason might

be due to the existence of S-vacancies resulting from exfoliation
during sonication, as explained previously. It was reported that
the liquid exfoliation method could be a source of defects in
MoS, nanoflakes, and the dominant defects are S-vacancies in
the absence of S atoms. A S-vacancy will behave as an acceptor
in the presence of ammonia vapors. Ammonia is an electron
donor and thus reduces the hole concentration in the sensing
layer by donating electrons, thus increasing sensor resistance.”’
Some studies reported that heating NO,-sensor-based
exfoliated MoS, can inverse the electrical response from the
p-type behavior to the n-type by increasing the S-vacancy
concentration and the partial surface oxidation of the upper
MoS, layers in the form of MoQ;.*”* This was observed in
our sensors when they were exposed to NO, but not to NH; or
any other reducing species.

Figure Slab represents the complete curve, including
repeatable cycles. It can be observed that the sensor response
is very stable and reproducible with respect to NO, and NH;
gases in both sensors. In the case of NO,, particularly the initial
cycle, the baseline was not flat, which can be due to the
thermal drift, and the sensors were not able to return to their
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Table 1. Comparison with Literature of NO, Gas Sensor Performance of Exfoliated MoS, by Bath or Probe Sonication

sonication method solution used substrates type of response
probe sonication NMP SisN, P type
probe sonication ethanol—water Si0,/Si P type
bath IPA—water Al O; P type
probe IPA—water Al,O4 P type

temp NO, response (%) dual response refs
RT 0%, 1 ppm no 37

100 °C 21%, 1 ppm

RT 50%, 0.5 ppm no 34

RT 11.87%, 0.8 ppm yes this work
50 °C 45.41%, 0.8 ppm

RT 26.02%, 0.8 ppm yes this work
50 °C 28.86%, 0.8 ppm

Table 2. Comparison with Literature of NH; Gas Sensor Performance of Exfoliated MoS, by Bath or Probe Sonication

sonication method solution substrates type of response
probe ethanol—water Si02/Si P-type
bath ethanol—water Ceramic P-type
bath ethanol—water Flexible P-type
bath IPA—water AlLO; P type
probe IPA—water AL O, P type

temp NH; response (%) dual response ref
RT 6%, 7 ppm no 16,42
RT 8.525%, SO ppm yes 30

150 °C 79%, 400 ppm
80 °C 15%, 50 ppm no 36

32%, 400 ppm

RT 30%, 10 ppm yes this work
100 °C 134%, 10 ppm
RT 23%, 10 ppm yes this work
100 °C 88%, 10 ppm

baseline resistance with poor recovery during the cleaning
phases due to the strong adsorption energy of NO, onto the
MoS, material.*>* Nevertheless, acknowledging the critical
significance of minimizing baseline drift for application, we can
implement additional strategies. For instance, enhancing gas
desorption by increasing flow rates, applying a moderate
temperature briefly, or subjecting the sensor surface to UV
light can aid in cleaning the surface.*’

The gas sensor responses of Mo$, bath sonication (B-MoS,)
and probe sonication (p-MoS,) are presented in Figure Sc,d
and ef upon exposure to NO, gas in small concentrations
ranging from 40 to 800 ppb and exposed to NHj; gas from 2 to
10 ppm, respectively. Sensor response was studied for 3
different operating temperatures, ie, RT, 50, and 100 °C.
Considering the exposure to nitrogen dioxide, the highest
response of the sensors was 45% (B-MoS,) and 29% (P-
MoS,), obtained when exposed to 800 ppb (=0.8 ppm) at an
operating temperature of 50 °C. For ammonia, the highest
response was 134% (B-MoS,) and 89% (P-MoS,) at 10 ppm
and an operating temperature of 100 °C. This indicates that 50
and 100 °C are the preferred operating temperatures for
detecting NO, and NHj, respectively, and this is regardless of
the sonication method employed. The response increased from
11 to 45% for the B-MoS, sensor and from 4 to 29% in P-
MoS, when NO, concentration increased from 40 to 800 ppb
at 50 °C, whereas it increased from 75 to 134% for B-MoS,
and 51 to 89% for P-MoS, when NHj; concentration increased
from 3 to 10 ppm. Both sensors were able to detect very low
concentrations (as low as 40 ppb) of the NO, gas.
Additionally, it is clearly observed in Figure Sc,d that the
slope of the response at 100 °C is superior to the response at
room temperature for both sensors when exposed to NHj gas.
However, this increase in sensitivity is hardly observed
between RT and 50 °C for B-MoS, and P-MoS, sensors.

Only a few results are available in the literature about dual
NO, and NHj sensors using exfoliated MoS, obtained by the
sonication method. Some examples of the performance of the
NO, and NHj sensors are provided in Tables 1 and 2. These
results indicate that our sensors show a reasonable response to

NO, gas, slightly lower than the one reported for a sensor
obtained by probe sonication on a silicon substrate ref 34.
However, our sensors present a clearly better NH; response,
even at RT and 100 °C, than other reported MoS, sensors
exfoliated by bath and probe sonication. Interestingly, p type
response is generally observed in exfoliated MoS, by probe or
bath sonication, which is likely to have to do with defects in
MoS, flakes, increasing the likelihood of the S-vacancy sites
due to the exfoliation by sonication methods.*’

The response time 7., and recovery time 7,.. of the sensor
was determined as the time required for the sensor to achieve
90% of its maximum response during exposure and 10% during
recovery, respectively, as illustrated by dashed lines in Figure
S2a—d. At 50 °C, the response/recovery times were
approximately 461 s/6212 s (to 800 ppb of NO2) and 374
$/3248 s (to 10 ppm of NH3) for B-MoS,, compared to 486 s/
7272 and 422 /3381 s for P-MoS,, respectively, when exposed
to NO, and NH;. These values exceed those obtained at room
temperature and S ppm of NO, for MoS, exfoliation using
probe sonication.”* Additionally, the response time increases
with increasing gas concentration, while the recovery time
increases with rising temperature. Burman et al.*’ reported 600
s/750 s at 70 °C, 100 ppm of NH; for exfoliated MoS, using
bath sonication. In the flexible substrate, they found 158 s/385
s at 80 °C and 400 ppm of NH;. Yao et al.'>** obtained a good
response with no recovery. Donarelli et al.”” reported 2220 s/
1860 s at 150 °C, 1 ppm of NO,. To optimize the gas sensor
performance by reducing exposure and recovery time,
heterostructures, hybridization, and functionalization can be
explored.” Liu et al.™ reported a 276 s recovery time in
MoS,/ZnS heterostructure compared to over 4800 s in pure
MoS, at 25 °C, 5 ppm of NO,. Han et al.** reported a 74 s
response time in MoS,/Sn0O, heterostructures instead of 165 s
in pure MoS, at room temperature, S ppm of NO2.
Furthermore, it was demonstrated that the incorporation of
carbon dots improved the MoS, response time of the humidity
sensor. "

Figure S2e,f represents the response and recovery times of
MoS, bath sonication (B-MoS,) and probe sonication (P-
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MoS,) when exposed to 800 ppb of NO, gas and 10 ppm of
NH; gas at three different temperatures. It is evident that
temperature affects the response and recovery time, as shown
in Figure S2e,f. In the case of the B-MoS, sensor (Figure S2e),
as the temperature increases from 50 to 100 °C, the response
time increases by 38 and 70 s when exposed to NO, and NHj,
respectively, while the recovery time decreases by 3492 and
914 s when exposed to NO, and NHj, respectively. However,
for the P-MoS, sensor (Figure S2f), as the temperature rises
from 50 to 100 °C, both the response and recovery times
decrease by 214 s/6643 and 113 s/1851 s when exposed to
NO, and NH;, respectively. This is attributed to the thermal
energy generated at high temperatures, inducing reduction of
defects on the surface and accelerating the desorption of
absorbed gas.”*"’

The long-term stability of sensors was investigated, as
illustrated in Figure S3a,b, where different concentrations of
NO, gas were monitored over a 43-day period. Notably, the P-
MoS, sensors exhibited a consistent and stable response
throughout the duration of the experiment. In contrast, the B-
MoS, sensor displayed a degradation ranging from 22 to 32%
over the same period, indicating a decline in its stability. This
discrepancy in stability can be attributed to the structural
disparities between the two sensors. The P-MoS, sensors,
characterized by thicker and smaller flakes, demonstrated

25304

resilience and durability over prolonged exposure. Conversely,
the thinner and larger flakes of B-MoS, sensors contributed to
their diminished stability over time.

2.6. Selectivity. Selectivity is another important parameter
in gas sensing. Figure 6 presents the selectivity of the B-MoS,
and P-MoS, to nitrogen dioxide, NO,, ammonia, NHj,
hydrogen, H,, carbon monoxide, CO, and benzene, C¢Hy,
target gases. It shows that the selectivity of both sensors
depends on the temperature. At S0 °C (Figure 6b), B-MoS,
and P-MoS, are selective for NO, and NH;. At 100 °C (Figure
6¢), both sensors, and especially B-MoS,, are selective for NH,
gas. Surprisingly, the B-MoS, sensor, which has bigger flakes,
exhibits better response and selectivity compared to P-MoS,.
Hau et al.’* have reported that MoS, nanosheets formed by
probe sonication are selective for only NO, at room
temperature. Our samples showed dual selectivity at RT and
50 °C with better selectivity to NH; at 100 °C in both sensors,
considering that the NO, response is decreasing at 100 °C in
comparison to the response at 50 °C.

2.7. Humidity. In general, humidity is one of the enemies
of gas sensors. In order to study the effect of humidity on our
sensing response, humidity sensing was evaluated with two
relative humidity (RH) values equal to 25 and 50% for both
sensors while applying 0.8 ppm of NO, gas. Figure 7a,b shows
the resistance variation of the sensor in dry and humid
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Figure 8. Overview of MoS, synthesis steps and conditions for preparing chemo resistive gas sensors.

conditions. We observe an increase of the baseline resistance of
the sensor in contact with humidity from 6.7 to 8 MQ for B-
MoS, and 8.5 to 9 MQ for P-MoS,, and the resistance retains
its p-type semiconducting behavior. Therefore, the holes are
the majority of charge carriers for both devices, and since the
adsorbed water molecules react as electron donors, the
conductivity decreases and the baseline resistance increases
in both sensors."™’ Figure 7c—e represents the response
toward NO, gas from a dry to a humid condition at room
temperature, 50, and 100 °C. We observe that the response
toward NO, at RT is quite remarkable, NO, response at RT
does not change when humidity varies between 25 and 50% in
both sensors. This means that the sensors operated at RT show
a NO, response quite independent of changes in moisture
levels. However, an increase of response in the presence of
humidity in both sensors is observed, and this enhancement in
response is more present at the operating temperature of 50 °C
and reaches 5.5% in B-MoS, and 3% in P-MOS, compared to
room temperature and 100 °C. This enhancement could be
explained by considering the interactions between the MoS,
surface, NO,, and water molecules as follows: (1) competitive
adsorption of the water molecules with NO, molecules for
adsorption sites on the MoS, surface. In humid conditions,
some of the active sites on the MoS, surface might be occupied
by water molecules, limiting the available sites for NO,
adsorption. However, if the MoS, surface has as higher affinity
for NO, than for water, water might be displaced by NO, at
these active sites, leading to an increased response.”’ (2)
Surface chemistry, while the presence of water vapor can lead
to the formation of hydroxyl groups (OH™) on the MoS,
surface and create additional adsorption sites for NO,
molecules interacting with the MoS, surface, leading to a
higher sensor response.”’

2.8. Sensing Mechanism. While MoS, nanoflakes
produced from probe sonication exhibit smaller size, greater
rugosities, and structural damage compared to those from bath
sonication, their sensing mechanism remains consistent.
However, probe sonication may introduce more defects,
including S-vacancies, onto the MoS, surface. These vacancies
act as acceptors in the presence of gas, trapping analyte
molecules at these sites. Both bath and probe sonication
demonstrate a p-type response in sensing. The gas sensing
mechanism of exfoliated MoS, involves surface oxygen
adsorption and charge transfer. Previous studies have identified

O3 as the predominant type of oxygen ion in temperature
ranging from RT to 150 °C. Upon exposure to NO, gas, the p-
type MoS, semiconductor absorbs NO, molecules onto its
surface, extracting electrons from the valence band and
interacting with oxygen ion O7 (O, + e~ — 03) and S
vacancies. This process increases hole concentration and
reduces sensor resistance (eqs 1—3). Furthermore, B-MoS,
exhibits a larger specific surface area compared to P-MoS,
when interacting with the NO, gas. This increase in active
adsorption sites enhances the NO, sensing response, Providing
an improved capability for detecting NO, gas.****">>

NO, + e — NO, (1)
NO, + O, +2¢ — NO, + 20 (2)
NO, + V§™* = NO, + h* (3)

When a p-type MoS, semiconductor is exposed to NH; gas,
the NH; molecule acts as an electron donor, decreasing the
hole concentration on the MoS, surface by donating electrons.
Consequently, this process increases the sensor resistance.
Previous works have described the potential reactions that
might occur, as depicted in egs 4 and 5%

4NH, + 5O, — 4NO + 6H,0 + Se~ (4)

4NH, + 30; — 2N, + 6H,0 + 3¢~ (s)

3. CONCLUSIONS

MoS, gas sensors were prepared by sonication-assisted liquid
exfoliation using either the bath or probe sonication method.
The structural characterizations, FSEM, HRTEM, and DSL, of
the exfoliated material showed a clearly large lateral size of the
nanoflakes up to 2 um by bath sonication compared to the
probe sonication method. Raman and AFM confirmed their
exfoliation into multilayer nanoflakes. The gas sensor measure-
ments showed competitive results between B-MoS, and P-
MoS, using environmentally friendly solutions within a
reasonable time of preparation for detecting NO, and NH;
toxic gases at room temperature, 50, and 100 °C. Gas sensing
experiments reveal that the MoS, nanoflakes prepared via
indirect sonication enhanced responsivity by 17 and 46%
toward NO, and NH; gases, respectively, compared to the
direct sonication method. We demonstrated that both sensors
are highly selective toward NO, and NH; gas with respect to
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H,, CO, and benzene. Room temperature enables the
detection of NO, with very good resilience to changes in
humidity levels. Moreover, at higher operating temperatures
(yet moderate), NH; detection is enhanced. Overall, this study
reveals that the method of sonication influences gas sensor
performance, and the bath sonication method is recommended
for achieving better gas sensor response.

4. EXPERIMENTAL SECTION

4.1. Preparation of MoS, Solution. MoS, dispersion was
prepared using 10 mg of bulk powder obtained from SIGMA
Aldrich reference n 234842-100G. To formulate the
dispersions at specific concentrations, MoS, powders were
weighted using a KERN AD] balance, which were then mixed
in 3 mL of isopropanol solvent and 7 mL of DI water obtained
from Sigma-Aldrich. Bath sonication was conducted in glass
vials using a Bandelin Sonorex ultrasonic bath (frequency: 35
kHz, power: 80 W) and then placed on plastic vials for
centrifuging. Probe sonication was handled by a Branson
Sonifier model 450 (frequency: 20 kHz, power 400 W)
equipped with a Ti alloy tapped horn tip (diameter: 13 mm)
and was dipped in a plastic tube (diameter: 15 mm). The
pulsed mode was used to minimize heat generation with 40%
duty cycle (30% on, 70% off) output control in position 7. To
avoid heating the solution and evaporation of the solvent, a vial
tube was placed inside a beaker with ice—water.

Centrifugation was performed in the same vials using a
Digicen 21 (model RT267) centrifuge at 1500 rpm (377 rcf)
during 30 min (Figure 8).

4.2. MoS, Sensor Preparation. To obtain sensing
devices, the suspensions in solvents were drop-cast onto the
8 X 4 mm interdigitated electrode area of alumina transducing
substrates (Ceramtech). At first, the transducing substrates
were cleaned sequentially for 15 min in acetone, IPA, and DI
water in the sonication bath. Then, a pipet was used to collect
and separate the suspension (taken from the MoS, sediment).
Pipette-captured 0.25 mL drops were cast onto the electrodes
of the alumina substrates and dried for 1 min on a hot plate at
100 °C (Figure 8).

The sensor is placed inside a homemade Teflon gas
chamber. This sensing chamber is connected to a gas mixer
and delivery systems that use calibrated cylinders and pure air
as a balance and carrier gas. The total concentrations of
nitrogen dioxide, NO,, ammonia, NH3, hydrogen, H,, carbon
monoxide, CO, and benzene, CsHy, are respectively 1 ppm,
100 ppm, 1000, 100, and 100 ppm. To set different gas
concentrations, the gas cylinder is diluted in synthetic dry air
(purity 99.995%) by multigas mass flow controllers (Bronk-
horst) and connected to a computer equipped with a software
tool for monitoring flow-bus parameter values. The total flow
into the chamber is kept constant at 100 mL/min. The sensor
is connected to a Keysight DAQ970A data acquisition system
to record the changes in sensor resistance upon exposure to
the gas flow. The Keysight BenchVue Data Acquisition
software allows acquiring and recording measurement data
and performing real-time display and analysis of the measure-
ment results. The backside heater printed on the alumina
transducers is used to set different operation temperatures up
to 200 °C. The temperature is controlled manually by the
power supply. When the temperature is stable, the measure-
ment is acquired, and the sample is exposed for 1 h to synthetic
air (recovery or desorption time) to purge the chamber before
applying gas for 10 min (exposure or adsorption time). To

verify the short-term stability of the sensor response, seven
repetitions are recorded. Error bars represent the standard
deviation of the mean value of the gas response calculated from
the last three cycles obtained. Initially, after the modification of
the gas, we expose the sensors to dry air overnight before
starting the measurement to clean the sensor surface. When we
increase the temperature from RT to 50 °C and then to 100
°C, the baseline resistance of the sensors decreases due to the
semiconducting nature of MoS, nanoflakes.”* The measure-
ment is recorded when the baseline resistance reaches its final
value, mostly after 1 h.

The sensor response of the gas sensor is expressed in percent
and was calculated from the following definition:

R
X 100, where R, and R,

gas air

air ~ Rgag

are the resistance of the

sensor exposed to gas and synthetic air, respectively. Its sign is
related to the direction of resistance change upon exposure to
oxidizing or reducing gaseous species.
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