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ABSTRACT: Toxic gases are produced during the burning of fossil fuels. Room temperature UV light

(RT) fast detection of toxic gases is still challenging. Recently, MoS, transition metal

dichalcogenides have sparked great attention in the research community due to their

performance in gas sensing applications. However, MoS, based gas sensors still suffer from T
long response and recovery times, especially at RT. Considering this challenge, here, we report NO, fe” B o5’ o
photoactivated highly reversible and fast detection of NO, sensors at room temperature (RT) H ) &
by using mixed in-plane and edge-enriched p-MoS, flakes (mixed MoS,). The sensor showed %Qg [ &\Q € »
fast response with good sensitivity of ~10.36% for 10 ppm of NO, at RT without complete 4 ﬁ'%’ﬁ ﬁ' 'Q’
recovery. However, complete recovery was obtained with better sensor performance under UV AV VAV VE T
light illumination at RT. The UV assisted NO, sensing showed improved performance in M S A NO
terms of fast response and recovery kinetics with enhanced sensitivity to 10 ppm NO, oMo o ey
concentration. The sensor performance is also investigated under thermal energy, and a better

sensor performance with reduced sensitivity and high selectivity toward NO, was observed. A detailed gas sensing mechanism
based on the density functional theory (DFT) calculations for favorable NO, adsorption sites on in-plane and edge-enriched
MoS, flakes is proposed. This study revealed the role of favorable adsorption sites in MoS, flakes for the enhanced interaction of
target gases and developed a highly sensitive, reversible, and fast gas sensor for next-generation toxic gases at room temperature.

KEYWORDS: p-type MoS, flakes, NO, sensor, edge-enriched MoS,, CVD, photoactivated sensor, S vacancy

E nvironmental pollution is one of the biggest problems at light-emitting diodes.'”"" Furthermore, MoS, is being explored
the present time.' Certain air pollutant toxic gases like for potential application in the area of hazardous gas sensing
NO,, NO, and CO, are the most common gases produced in due to its high surface area for target gas interaction, direct
the environment from vehicles, energy sources, and power band gap, and fast charge transport.”’ ' Recently, the MoS, gas

plants that use fossil fuels.” NO, is one of the hazardous gas sensor has been reported for H, NH,; H,S, NO,, and
produced during the burning of the fossil fuels. When NO, CO,.""~"* However, MoS, based NO, gas sensors still suffer

reacts with moisture, it forms acid rain which is very harmful to from the long response and recovery time, especially at RT.'*'
ecosystems.”* Furthermore, NO, is a decomposition product of These problems were addressed by forming a composite
many explosives.” Therefore, the development of a highly structure of MoS, with Pt, rGO, and MoS,/graphene hybrid
sensitive and reversible NO, gas sensor at RT is a critical aerogel and others to increase the interaction of the target gas
requirement for civil and environmental applications. Com- with the sensing material.'*~"” However, these strategies lead
mercially developed NO, gas sensors are based on metal oxide to increased complexity and cost in device fabrication.
semiconductors like WO;, ZnO, In,0;, ZnO, V,0s, and MoO, Furthermore, operating the device at elevated temperature
due to their high sensitivity.”~/ However, the large response was observed to decrease the response and recovery time, but
and recovery time, high working temperature requirement, and at the cost of poor sensitivity.'® Recently, the presence of active
poor selectivity of metal oxide semiconductors have restricted sites, S vacancies, and defects was observed to enhance the
their use for fast detection of the NO, gas. Recently, MoS, catalytical properties of MoS, for %gdgggen evolution reactions
semiconductors have emerged as potential candidates in and electrochemical applications.'””*" Moreover, active sites,
electrical and optical applications due to the thickness S vacancies, and defects play an important role in gas sensing
dependent tunable band gap, high surface to volume ratio,

and high on/off switching ratio.”” The direct band gap and fast Received: February 16, 2018

charge transport in single-layer MoS, provides applications for Accepted: April 17, 2018

next generation nanoelectronic devices, energy storage, and Published: April 17, 2018
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applications."”*' Tt has been reported that gas molecule

interaction can be enhanced preferentially by the presence of
the S vacancies and defects in MoS, flakes which increases the
sensitivity, response time, and recovery of the sensor."** So,
controlling the active sites and defects can be helpful to develop
highly sensitive, fast recovering, and reversible NO, gas sensor.
Until now, there have been no experimental reports on the
study of favorable adsorption sites for NO, gas molecules on
the MoS, flakes. Thus, developing better-adsorbing favorable
sites in MoS, flakes for NO, gas may help in developing highly
sensitive, selective, and reversible NO, gas sensors even at
room temperature.

Here, we are reporting NO, gas sensing on mixed in-plane
and edge-enriched MoS, (mixed MoS,) flakes. The sensor
performance tested at moderate temperature shows a fast
response and recovery with reduced sensitivity, while UV
assisted NO, gas sensing shows high sensitivity, fast response,
and reversibility behavior at RT for 10 ppm NO, gas. Finally, a
detailed sensing mechanism is proposed based on the favorable
adsorption sites available at the edges and in-plane sites of
MoS, flakes and their interaction energy using density
functional theory (DFT). We believe that the present work
will give direction to the research community for the
development of highly sensitive and selective gas sensors for
the target gas depending on their favorable adsorption sites on
the MoS, flakes.

B EXPERIMENTAL WORK

Synthesis of Mixed MoS, Flakes. Mixed MoS, flakes were
synthesized on a SiO,/Si substrate by the modified atmospheric
pressure chemical vapor deposition (APCVD) technique (details are
discussed elsewhere''). Before mixed MoS, growth, the SiO,/Si
substrate was sonicated in acetone for 20 min. High-purity MoO;
powder (99.97%, Sigma-Aldrich) and sulfur powder (99.98%, Sigma-
Aldrich) were used as a source for the growth of the mixed MoS,
flakes. A small tube with one end closed loaded with powders and
substrate was placed inside a bigger quartz tube in such a way that the
closed end faced the gas inlet (see Supporting Information Figure S1).
Ar gas flow was maintained at 150 sccm throughout the deposition.
The closed end of the small tube was in zone 1 (MoO;) and the open
end was in zone 2. The growth temperature for zone 1 and zone 2 was
fixed at 800 and 350 °C, respectively (see Figure S1). The growth time
was 30 min followed by cooling to RT at the same Ar flow.

Characterizations and Device Fabrication of Mixed MoS,
Flakes. HORIBA IHR 320 spectrometer was used to study the Raman
and photoluminescence of MoS, flakes. A 532 nm laser at 500 uW
power was used as the excitation source with a laser spot size of 0.5
pum. FEI Helios Nano Lab 400 with a probe current of 0.34 nA and an
accelerating voltage of 10 kV was used to analyze the surface
morphology of the MoS, flakes. Phase composition and crystal
structure were analyzed by using a Rigaku Smart Lab diffractometer.
For sensor fabrication, circular metal contacts of Au/Cr with the
thickness of 250/3—5 nm having 100 ym diameter and separated by
100 um were deposited by thermal evaporation.

Gas Sensing Measurements of Mixed MoS, Flakes. The
sensing performance was evaluated at RT, RT under UV light (UV-
LED lamp having a wavelength of 365 nm), and at moderate
temperature of 125 °C for different concentrations of NO,. The sensor
selectivity is investigated with H,, H,S, CO,, and NHj; gases. Sensor
performance was evaluated using a computer-controlled Keithley 4200
system. All gas sensing experiments were performed at constant
relative humidity of ~32.06% in the same experimental setup for all
temperatures (RT, RT+UV, and 125 °C). The humidity was measured
by humidity sensor (SHT31-APR, Sensirion AG, Switzerland). A LED
source (365 nm, 3 W, Taiwan light macro chip) with a light intensity
of 1 mW/cm? was calibrated before the experiment using a calibrated
photodiode (model FDS100—CAL) from Thorlab.
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B RESULTS AND DISCUSSION

Field emission scanning electron microscopy (FE-SEM)
technique is carried out for the morphology analysis of the
mixed MoS, flakes and the results are shown in the Figure la,b.

0,00+
000 033 066 099 132 1.65 198 000  0.66  1.32 0.66 1.32

Figure 1. (a,b) FE-SEM image of as-synthesized mixed MoS, flakes.
Spot EDS at three different locations: (c) EDS corresponding to the
bare SiO,/Si substrate at location 1; (d) EDS at location 2 on in-plane
MoS, flakes; (e) EDS at the location 3 on edge-enriched MoS, flakes.

The blackish region is the in-plane MoS, flakes and the white
region is the edge-enriched MoS, flakes. The edge-enriched
MoS, flakes may appear white due to their height from the
substrate surface. Figure 1b shows the high-resolution FE-SEM
image of the same sample. Figure 1b indicates the mixed
growth of the in-plane (blackish region, spot 2) as well as edge-
enriched MoS, flakes (white region, spot 3) on the SiO,/Si
substrate.

The EDS measurements performed for the three locations of
the mixed MoS, flakes. Location 1 corresponds to the bare
SiO,/Si substrate while locations 2 and 3 correspond to MoS,
flakes. The EDS correspond to the bare substrate shown in the
Figure lc. Locations 2 and 3 shown in Figure 1d,e have S and
Mo peaks with the O and Si. The O and Si peaks are coming
from the SiO,/Si substrate. The FE-SEM and spot EDS
measurement confirm that the grown sample is mixed MoS,
flakes.

To further confirm the MoS, flakes, Raman and PL
spectroscopy have been performed on the mixed MoS, flakes.
Figure 2a shows Raman spectra of the mixed MoS, flakes.
Raman spectra of MoS, flakes consist of two lattice vibration
peaks named Eég and A, The Eig mode occurs due to the in-
plane vibration of the S and Mo atoms while the A;, mode is
due the out-of-plane vibration of the S atoms.””** The average
peak position difference (A ~ A;, — E;g) and peak intensity
ratio (E;,/A,,) for these peaks are 24.86 cm™' and 0.42,
respectively. PL spectra obtained from the mixed MoS, flakes
show two prominent well-reported peaks A and B (Figure
2b).*® The PL spectra were recorded at the same spots where
Raman spectra were collected. The A and B peaks are located at
679.62 and 631.80 nm, respectively.”” The XRD data of the
MoS, sample in Figure 2c shows four peaks at 260 ~ 14.4°,
29.08°, 33.08°, and 44.4° which correspond to (002), (004),
(101), and (006) of MoS, (JCPDS Card No. 37—1492). The
high intensity and sharp peaks of MoS, in XRD pattern
revealed high purity of the synthesized MoS, flakes and confirm
that the film does not contain any impurity. Figure 2d shows a
schematic of the fabricated gas sensing device on mixed MoS,
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Figure 2. (a) Raman spectra obtained from the mixed MoS, flakes. (b)
PL spectra were taken at the same area as the Raman measurements.
(c) XRD spectra showed the uniformity and purity of the MoS, flakes.
(d) 3D schematic NO, gas sensor from mixed MoS, flakes.
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structures. Mixed MoS, flakes are electrically connected with
each other. Gas molecules interacted with the exposed area and
changed the resistance of the mixed MoS, flake film. I-V
characteristic for the NO, sensing at RT and 125 °C with 10
ppm concentration is shown in Supporting Information Figure
S2a,b.

We performed NO, gas sensing measurements for the four
different concentrations of NO, (10, 50, 100, and 500 ppm) at
the two temperatures RT and 125 °C, respectively. We also
performed NO, sensing measurements at lower temperatures
of 75 and 100 °C. It has been observed that the sensor has no
recovery at the lower temperature. However, it shows the full
recovery starting at 125 °C. Thus, for the optimum
performance of the sensor, we have chosen 125 °C as sensing
temperature. Figure 3a,b shows sensor performance in terms of
resistance vs time profile for the NO, gas at RT and 125 °C,
respectively. The response time of mixed MoS, flakes at RT
and 125 °C for NO, gas is presented in Figure 3c,d,
respectively. At RT, our device shows the lowest response
time of 8.51 s for 10 ppm of NO, concentration. Response time
is increased with an increase in NO, gas concentration and
ranged from 8.51 to 26.87 s. However, no recovery happened
with the mixed MoS, flake sensor at RT. In the case of 125 °C,
response time decreased in comparison to the response time at
RT, and for all four concentrations it ranges from 4.44 to 8.14 s.
Figure 3e shows the recovery time profile for 125 °C. The
lowest recovery time observed at 125 °C for 10 ppm is 19.60 s
while with 500 ppm it is observed to be around 495.30 s. Figure
3f shows the comparative sensitive profile with different NO,
concentrations at RT and 125 °C. Sensitivity ((Rg,, — Ryr)/Ryir)
at RT is observed higher than 125 °C. For 10 ppm NO,
concentration, sensitivity at RT and 125 °C is —10.36% and
—7.79%, respectively. The negative change in sensitivity
corresponds to decrease in the resistance due to NO, exposure.
From the results above, it is clear that as NO, gas is exposed to
mixed MoS, flakes the resistance of the sensor decreases. Since
NO, has the electron acceptor nature and withdraws the
electron from the MoS, flakes, the decrease in the resistance of
mixed MoS, flake-based sensor with NO, exposure clearly
shows its p-type nature.
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Figure 3. Resistance vs time profile for NO, gas sensing at (a) RT and
(b) 125 °C for 10, 50, 100, and 500 ppm of NO, gas. Corresponding
response time curve with the NO, exposure at (c) RT and (d) 125 °C.
(e) Recovery time profile at 125 °C. Recovery is not observed at room
temperature due to high adsorption energy of NO, molecules with the
MoS, flakes. (f) Comparative sensitivity profile for RT and 125 °C.
Sensitivity at RT is much higher than at 125 °C due to the easy
absorbance of the NO, molecules with MoS, flakes.

There are several reasons reported for the p-type behavior of
MoS, flakes like substrate induced charge, charge transfer
between the metal and the MoS,, functionalizing the MoS,
surface with the metals, defects arise during the CVD synthesis,
plasma treatment, and controlled dopmg of the p-type dopants
like oxygen adsorption on MoS, flakes.”*">* Recently, Neal et
al. reported that the incorporated oxygen acts as the p-type
dopants for the MoS,. In our study, the oxygen adsorbed on the
MoS, flakes or interaction of in-plane MoS, with SiO,/Si
substrate may induce controlled p-type doping in mixed MoS,
flakes.

It can be seen from Figure 3ab that as the NO, gas
concentration increases sensor resistance decreases. With the
higher concentration of NO,, as more molecules interacted
with the mixed MoS, flakes and withdrew more electrons from
the surface, it resulted in further change in sensor resistance.
The response time at RT in Figure 3c increased with an
increase in NO, concentration which is due to the interaction
of a higher concentration of NO, gas molecules with mixed
MosS, flakes. In the case of 125 °C, the device takes less time to
respond to NO, gas for each concentration in comparison to
RT because the heating of the device may generate new
electron—hole pairs, and NO, gas molecules quickly adsorb
these electrons and thus increase the hole concentration in
MoS,. Hence, the device responds quickly to the NO,
molecules. The recovery only happened at moderate temper-
ature and not for the RT as the adsorption energy of the NOZ
gas molecule with the MoS, flakes is very high at RT.”
However, the heating of the device reduced the adsorption rate
of gas molecules with sensor materials and reduced the
sensitivity of the sensor.””*" The selectivity of the mixed MoS,
flake sensor is performed for five different gases, H,S, H,, NHj;,
and CO, with 500 ppm concentration at 125 °C and the results
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are shown in Figure 4. The resistance vs time profile is plotted
in Figure 4a. The highest change in the resistance takes place
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Figure 4. (a) Resistance vs time profile with different gases at 125 °C
with 500 ppm concentration of each gas. (b) Response time profile for
different gases. (c) Cyclability test for 10 ppm of NO, at 125 °C. (d)
Selectivity measurements for the gas sensing device.

for the NO, gas. The response time and recovery time are
plotted in Figure 4b. The response time for the NO, was found
to be 8.14 s which is again the lowest for NO, gas.
Reproducibility of the device is calculated for the 10 cycles at
10 ppm NO, concentration at 125 °C. The cyclability data
clearly showed that sensing is not affected with the span of
time. Sensitivity is nearly the same for all the cycles. The
selectivity profile, in Figure 4d, revealed that the device has
specific sensitivity for the different gases and possess the highest
selectivity for the NO, gas. Figure 4a shows resistance increases
for electron donor gases (H,S and NH;) and decreases with the
electron acceptor gases (H, CO,, and NO,) which further
confirm the p-type nature of our sensing device. Under
identical conditions for all the gases, resistance changes largely
for the NO, gas as shown in Figure 4a, which implies that the
mixed MoS, flakes provide the most favorable adsorption sites
for the NO, gas molecules. As in our previous study of the
hydrogen gas sensing, we fabricated the hydrogen gas sensing
device based on highly uniform edge-enriched MoS, flakes
which shows the lowest response time and sensitivity of around
14.33 s and 11%, respectively. However, in the present study,
the device possesses the mixed flakes of in-plane and edge-
enriched MoS, flakes.'"” Thus, the response time for
hydrogen gas is higher than that of the reported hydrogen
sensor due to lower availability of the favorable adsorption sites,
edges of the MoS, flakes, for the hydrogen molecules.
Correspondingly, sensitivity decreased up to 2.38% at 125 °C."

For CO, and H,S gases, the response time was 46.37 and
42.14 s. The response time is lowest for the NO, gas which
clearly revealed the highly sensitive nature of the sensor for the
NO, gas in the presence of the other gases. Also, the sensitivity
is highest for the NO, gas in comparison to other gases which
confirms the highly selective nature of the mixed MoS, flakes.

The above results clearly show the good performance of
mixed MoS, flakes for NO, gas at room temperature; however,
no recovery was observed. Also, the sensitivity of the sensor
reduced from —10.36% to —7.79% at moderate temperature to

1001

achieve the recovery of the sensor. Therefore, to achieve the
recovery even at RT, we illuminated the sensor with the UV
light during the duration of the entire experiment. The sensor
was tested at RT with NO, gas in the presence of 365 nm UV
light for 10 ppm of NO, gas.

The sensitivity profile for four cycles of the 10 ppm NO,
concentration at RT with UV light illumination is shown in
Figure Sa. The UV light illumination not only increased the
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Figure 5. (a) Cyclic profile for the NO, gas at RT with UV light
illumination. (b) Sensitivity performance of the mixed MoS, flakes
based gas sensor for the NO, gas concentration of 10 ppm. Under UV
light illumination sensitivity is increased in comparison to RT and 125
°C. (c) Schematic illustration of the interaction of the NO, molecules
at RT with the mixed MoS, flakes, and (d) at RT with UV light
illumination. (e) Possible reactions on the surface of the mixed MoS,
flakes with NO, interaction in the presence of UV light.

sensitivity of the sensor from —10.36% to —21.78% but also
decreased the response time from 8.51 to 6.09 s for 10 ppm of
the NO, sensor in contrast to RT sensor performance. The
sensor is observed to have full recovery. The comparison of
sensitivity for 10 ppm of NO, concentration at RT, 125 °C, and
RT with UV light is shown in Figure Sb. UV light illumination
clearly increases the sensitivity of the sensor for NO, gas. The
response time, recovery time, and sensitivity for the RT, 125
°C, and UV light illumination at RT are tabulated in Table 1.
To explain the UV assisted enhancement in sensitivity and
recovery, we proposed the photoactivated desorption of
adsorbed oxygen and creation of fresh active sites on the
edges of MoS, flakes. In the case of MoS,, the edges possess
highly active sites in the form of the S vacancy. "**** The

oxygen adsorbed on the S vacancy and formed O, ions as
shown in Figure Sc at RT. UV light illumination triggered the
generation of the photoexcited carriers (electron and hole
pairs) in mixed MoS, flakes.” The adsorbed oxygen takes the
holes from the mixed MoS, film and desorbed from the mixed
MoS, flakes. The desorbed oxygen created new active sites on
MoS, flakes for the NO, molecule adsorption. In the case of
heating, the mixed MoS, flakes also desorbed O,  ions and
make the newly fresh adsorption sites available.””**** However,
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Table 1. Reported Literature of NO, Based Gas Sensing on Bare MoS, and Hybrid MoS, Structures in Comparison with the

Present Work on Mixed MoS, Flake Structures

sample no sensing material S (%) conc. (ppm)
1. Monolayer MOS, 6.1 12
2. MoS, — Pt NPs 16 12
3. Thin layered MoS, 54 100
4. MoS,/Sn0O, 0.6 0.5
S. MoS,-Graphene Fiber 62 100
6. MosS, flakes 10 100
7. 3D-MoS, sphere 78 S0
8. In-plane MoS, 27.92 100
9. In-plane MoS, 21.56 100
10. In-plane MoS, 35.16 100
11 Graphene/MoS, 3 1.2
12. MoS,/Graphene 8 0.5
13. Mixed MoS, flakes —10.36 10
14. Mixed MoS, flakes =7.79 10
1S. Mixed MoS, flakes —21.78 10

T (°C) res time (s) rec time (s) ref.

RT >1800 >1800 14

RT - - 14

RT 180 600 36

RT 78 84 37

RT - - 16

RT - - 12

150 - - 38

RT 249 - 35

100 71 310 35

RT+UV 29 350 35

150 300 672 15

200 <60 <60 17

RT 8.51 - Present Work
125 4.44 19.6 Present Work
RT+UV 6.09 146.49 Present Work

Table 2. Calculated adsorption energies and charge transfer for the gases at different sites of MoS, flakes

H Site Ty Site Ty Site B Site
Gas E,(meV) AQ (e) E,(meV) AQ (e) E,(meV) AQ (e) E,(meV) AQ (e)
NO, —-276 0.1 - - —249 0.119 —249 0.114
NH; —-250 —0.069 —222 —0.051 —100 —0.024 - -
H, =70 0.004 —-82 0.004 —49 0.008 - -

due to heating, desorption of NO, molecules is higher than the
adsorption of the NO,. Hence, the recovery time at 125 °C is
much lower than the recovery with UV light at RT. Also, UV
light illumination desorbed the O, ions more efficiently in
comparison to the heating of the device.”*** This is observed
from the base resistance of the device without the NO,
exposure. The base resistance at RT, 125 °C, and with UV
illumination at RT was 0.80 MQ, 042 MQ, and 0.39 MQ,
respectively. The base resistance is lowest for the device
illuminated with the UV light, which clearly revealed greater
removal of the adsorbed O, ions due to the UV light. The
schematic of NO, adsorption in the presence of the UV light is
shown in Figure Sd. The availability of fresher sites increases
NO, gas molecule adsorption, and thus the sensitivity is
increased in the presence of the UV light at RT. The possible
reactions at the surface of the mixed MoS, structures with NO,
exposure and by the UV light illumination is shown in the
Figure Se. Table 1 presents the detailed comparison of our NO,
gas sensing results of mixed MoS, flakes with MoS, and hybrid
MoS, nanostructures, reported in the literature.

It is important to note that very large or no recovery time is
reported for NO, gas with MoS, flakes or MoS, based
composite.m’ls’29 In our case, the response time of 8.51 s at RT
is the lowest response time reported with the mixed structures
of MoS, flakes, while at the moderate temperature (125 °C)
the response time further decreases to 4.44 s. At high
temperature we observed the fast recovery of NO, gas with
the recovery time of 19.60 s. The more detailed comparison of
different sensors with the present work is summarized and
reported in Table S1 of the Supporting Information. It can be
seen clearly from the literature that the traditional metal oxide
may have higher sensitivity but needs to be operated at the
higher temperature with long response and recovery times.
However, the mixed MoS, based sensor clearly shows that the
sensor is very fast and recoverable with good sensitivity even at
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RT and moderate temperature due to its large surface to
volume ratio, fast charge transport across the edges, and
availability of the favorable adsorption sites in comparison to
the other traditional oxide sensors. Moreover, mixed MoS, flake
sensors working under UV illumination show completely
reversible, fast, and highly sensitive NO, gas sensor than bare
and hybrid MoS, nanostructures reported in the literature.
To understand our experimental finding, we considered the
density functional theory (DFT) calculation. The interaction of
the gas molecules completely depends on the adsorption
energy on the surface. The adsorption energy is given by E, =

EMOSZ+molecule - (EMOSZ + Egas molecule) Where EMoSﬁmolecule is the
total energy of the adsorbed gas molecule on MoS,, Ey,s, is the

energy of the MoS, layer, and Eg,q molecule 1S the energy of the
separate gas molecule.”® Another important parameter is the
charge transfer between the gas molecule and the MoS, flakes.
Charge transfer is positive if charge transfer from the MoS, to
the gas molecule and gas is said to be a charge acceptor, or if
the charge transfer is from the gas molecule to MoS,, then the
gas is said to be a charge donor.””* It is reported that the
adsorption of the target gas molecules is favorable for some
particular MoS, sites.”” Yue and co-workers studied the
adsorption of the NO,, NH;, and H, gas molecules on the
MoS, at four available sites, H site (top of the MoS, hexagon),
Ty site (top of Mo atoms), T (top of S atoms) site, and B site
(top of Mo—S bonds).*’The calculated adsorption energy for
the NO,, NH;, and H, molecules is summarized in Table 2.
The highest negative adsorption energy is for the NO,
molecules for all the sites, except the Ty, site, as no data is
reported. In our case, we have mixed MoS, flakes which provide
enough favorable adsorption sites for the NO, at the H, T, and
B sites. So, the mixed MoS, is highly sensitive for NO, gas
adsorption. For NH; adsorption, the favorable sites are at the
H, Ty, and Ty sites, but the adsorption energy is less for the T,
and T sites. So, the mixed MoS, flakes are highly favorable for
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the NO, in comparison to NH; Due to the very high
adsorption energy of NO, gas molecules at the sites mentioned,
the recovery does not happen at the RT from mixed MoS,
flakes. In the case of the H, molecule, the higher adsorption
energy is available at the Ty, T, and B sites. So, hydrogen
adsorption is not very fast due to lack of Ty and T in mixed
MoS, structure.'*” This behavior of hydrogen agrees well with
our previous study.'"

For CO, and NHj gases, the adsorption behavior and charge
transfer on pristine MoS, and MoS, possessing sulfur vacancies
(defective MoS,) were investigated.41 It was observed that the
adsorption and charge transfer with the defective MoS, had
higher values in comparison to that of pristine MoS,. In the
case of CO,, the most favorable site is the B site where the
presence of S vacancies makes the adsorption higher with the
adsorption energy of 171 meV in contrast to 139 meV for
pristine MoS,. The positive charge transfer of 0.0279e validates
the electron accepting behavior which is also confirmed by the
sensitivity profile for CO, with our sensing device. With NH;
gas, the adsorption energy is 0.407 eV with the negative charge
transfer of the —0.0615e which revealed its electron donor
nature above the Mo—S bond.*' There is no detailed DFT
calculation study reported for the H,S gas in the literature.
Figure 6a shows the graph between the charge transfer and the
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Figure 6. (a) Charge transfer vs adsorption energy profile for NO,,
NH;, H,, and CO, gases. (b) Possible favorable adsorption sites
available with MoS,. (c—f) Adsorption of gases on the favorable sites.
The red colored region shows the highest adsorption site, the yellow
region site shows the the lower adsorption site, and the green region
shows the lowest adsorption sites. NO,, H,, and CO, behave as
electron acceptors while NH; behaves as an electron donor.

adsorption energy and Figure 6b shows the adsorption sites
with the different gases. From the above discussion, it is clear
that our mixed structure based MoS, device has very high
sensitivity for the NO, gas in comparison to the other gases
NHj;, H,, CO,, and H,S. The presence of favorable sites in the
mixed MoS, flakes makes the device more reliable for sensing
of the target gas.

The very high adsorption energy of the NO, gas at the H-site
the Ty, site, and the B site makes the device faster, more
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sensitive, and more selective for the NO, gas molecules even at
RT.

B CONCLUSION

In conclusion, we synthesized p-type mixed MoS, flakes on the
SiO,/Si substrate in a modified chemical vapor deposition
system and demonstrated a photoactivated NO, sensor at room
temperature. The mixed MoS, based sensor shows complete
recovery and fast response in photoactive and thermally active
mode at room temperature and at 125 °C, respectively. The
sensor was observed to be highly selective for NO, sensing
against H,, H,S, CO,, and NH; gases. The adsorption of target
gas on favorable sites of MoS, flakes was discussed as one of the
main reasons for highly selective, sensitive, and fast response of
mixed MoS, flake-based gas sensor.
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