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Atmospheric pollution is one of the major aspects of concern which led to the research of sensors for the detection of toxic gases.
The supreme surface-to-volume ratio makes two-dimensional MoS, a promising material to be used as an electronic sensor. Here,
we demonstrate the fabrication of a high-performance gas sensor based on atomic-layered MoS, nanoflakes synthesized by a facile
hydrothermal process. Structural and morphological studies confirmed the formation of few-layered phase pure hexagonal MoS,
nanoflakes. The results demonstrate that the Pd-MoS, layers exhibited a very high relative response to NO gas (700%) at 2 ppm
concentration with a minimum NO detection limit of 0.1 ppm and Ni-MoS, demonstrated a relative response of 80% towards H,S
gas with a limit of detection of 0.3 ppm with good repeatability and selectivity, owing to the increased adsorption energy of NO on
Pd-MoS, and H,S on Ni-MoS, through the formation of PANO, and NiS, complexes respectively. The improved sensing
performance of this MoS,-based sensor also suggests the great potential and possibility of MoS, related 2D materials and its
combinations for the development of futuristic highly sensitive nanosized gas sensors suitable for anti-pollution automotive system
and as volatile biomarkers.
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In the present scenario, detection and monitoring of toxic gases
leading to tremendous deterioration of atmospheric environment as a
result of industrial and automobile exhausts, increased population,
combustion of fossil fuels, excessive use of chemicals in scientific,
industrial and agricultural fields, explosives are of great demand for
environmental and national security and for a sustainable biosphere.
Researchers have studied on a variety of materials such as organic
materials (polymers, porphyrins)'> metal-oxides,? carbon nanotubes,”
graphene and based-oxides™® for the sensing of toxic gases such as
NHj3;, NO,, NO, SO,, CO, CO,, organic vapors etc. NO, being one of
the common and toxic air pollutants from automobile exhausts,
combustion of fossil fuels, home heaters, furnace exhausts, arc
welding, electroplating and power plants. On reaction with chemicals
produced from sunlight, NO forms nitric acid which is a major
constituent of acid rain and it also leads to the formation of ozone,
smog etc. When inhaled by human beings, NO causes severe damage
to human respiratory organs and nerves. Apart from this, NO is an
abundant and signaling molecule produced in human body having
many pathophysiological roles and is detected in the exhaled breaths
of humans. The variations in the NO exhalation profile are a
significant tool for understanding the normal and diseased functioning
of lung and serves as a biomarker for lung diseases and pulmonary
inflammations such as bronchial asthma.’* Similarly, H,S is also
identified as an endogenous mediator in human body. Morselli-Labate
et al.” demonstrated the presence of higher levels of H,S and NO in
the exhaled breaths of chronic pancreatitis.

Currently, owing to the unique physical, chemical, optical and
electrical properties, two-dimensional (2D) layered nanomaterials
show intriguing prospects for sensor application. Inspired by the
enhanced performance of graphene and graphene-based nanomater-
ials for gas sensing applications because of their high sensitivity,
large specific surface area, fast electron transport kinetics and strong
surface activities led to increased research efforts on other graphene
analogues for efficient and enhanced gas sensing. Also, the main
drawbacks of metal oxide-based sensors such as the requirement of
high operating temperatures, the easiness to get poisoned under
sulfur atmosphere, long recovery periods, limited maximum sensi-
tivity etc. stimulated an extensive research for highly sensitive
and portable sensors that require low operating temperatures.

“E-mail: aneeshpm@cukerala.ac.in

Two-dimensional (2D) layered material, MoS, have aroused great
research interest as a promising gas sensing material due to their
high surface-to-volume ratio, high surface activities and sensitivities,
fast response time and good stability.'®"'® Especially, the semicon-
ducting nature of MoS, with suitable and tunable band gap energies
has made it more desirable than graphene-based gas sensors.'*”

The direct band gap of MoS, is being considerably exploited and
extensive theoretical and experimental research investigations are
performed on the fabrication of MoS, nanodevices. Apart from these,
the high surface-to-area ratio of 2D MoS, provides new avenues
making MoS, and its various combinations as excellent sensing
materials to various analytes such as NH3, NO,, H,S, NO, humidity,
SO,, H, etc. and has been demonstrated by several research
groups.'®* Yue et al. investigated the adsorption of a wide range
of gas molecules such as H,, O,, H,O, NH3, NO, NO, and CO on
monolayer MoS, using first-principles calculations. They also studied
the effect of charge transfer mechanism between the adsorbed
molecule and MoS, on the application of an external electric field.®
In order to completely actualize the gas sensing capability of MoS,,
Zhao and co-workers demonstrated the adsorption of various gas
molecules including CO, CO,, NH3, NO, NO,, CHy4, H,0, N,, O, and
SO, employing the first-principles calculations. It was found that the
binding of NO, NO, and SO, with MoS, is the strongest among the
other gas molecules.'® In another report Li et al. fabricated MoS, FET
devices consisting of single and multilayer MoS, films to detect the
adsorption of NO and it was found that the multilayer films exhibited
high sensitivity to NO with a detection limit of 0.8 ppm.>® Apart from
these, several research works were also performed on MoS,-based bio
and DNA sensors,”’ > that find potential application as cancer
biomarkers.**>'

Being a widely studied material for gas sensing applications,
ZnO possess large specific surface area, high carrier mobility, non-
toxicity, good electrochemical stability etc.”' Also our earlier report
on MoS,-ZnO has already demonstrated its bio-activity presenting
as an effective agent for anti-angiogenesis and anti-cancer
theranostics.®> Moreover, several reports suggest the capability of
Pd and Ni to adsorb certain molecules and form complexes leading
to imgroved selectivity. Based on first principle calculations Wei
et al.>® have reported the interaction of H,S and SO, molecule with
Ni-MoS, surface by strong adsorption energy and has been proposed
as a novel gas adsorbent to be used in SF¢-insulated equipment.
Reports also suggests the ability of Pd to form complexes such as the
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hydrogen sensing performance of Pd functionalised MoS, by
forming change in the work function of Pd upon transforming to
PdH,.** In this study, different MoS,-based such as pure MoS,,
MoS,-ZnO, MoS,-Ni and MoS,-Pd sensor devices were fabricated.
The gas sensing characteristics and mechanisms of these sensors on
exposure to NO, NO,, NH; and H,S gases were analyzed and their
selectivity, sensitivity and repeatability were assessed. The enhanced
response of Pd-MoS, and Ni-MoS, sensors towards NO and H,S
gases respectively can be exploited for application as both auto-
mobile pollution control system and as volatile biomarkers.

Experimental

MoS, nanoflakes were synthesized by simple hydrothermal
method as mentioned in our earlier report® using sodium molybdate
dihydrate (Na,MoO,4-2H,0) and thiourea (CH4N,S) as precursor
materials at a growth temperature of 200 °C for 12 h. Exfoliated
flakes of MoS, for the device fabrication were obtained by
sonicating a 2 mg ml~' solution of the as-synthesized MoS, powder
in iso-propanol for 3 h. Stochiometric amounts of nickel acetate
dehydrate (Ni(CH3;COOH).H,0), dichlorobis(triphenylphosphine)
palladium(Il), and ZnO nanoparticles were added into MoS, to
obtain MoS,-Ni, MoS,-Pd and MoS,-ZnO nanostructures.

The architecture of the fabricated sensor is depicted in Fig. 1.
Sensing devices were fabricated on a single side polished n-type,
(1 0 0) orientation, (1-100) Q2cm resistivity silicon wafer. The wafer
was cleaned by RCA (Radio Corporation of America) method to
remove the organic contaminants, native oxides and metallic
contaminants. 1 ym SiO, layer was grown on Si wafer using thermal
oxidation method. This was coated with AZ5214E image reversal
positive photoresist and the patterning was carried out using MJB4
optical lithography unit. Patterns were developed in MF26A solu-
tion. Sensing electrodes, 20 nm chromium and 100 nm gold, were
deposited by sputtering technique. Finally, the wafer was subjected
to lift-off in acetone, cleaning by IPA and drying under N, to get the
patterned device structure. A few-layer MoS, flakes for the active
channel were exfoliated using a conventional ultrasonication method
and then transferred them onto a SiO,/Si substrate by drop-casting.
The gas response of different MoS,-based sensors was measured
using two-probe measurement system in synthetic air environment.
The sensing performance of the sensors with and without exposure
to various toxic gases such as NHj;, H,S, NO and NO, were
measured at room temperature with a bias voltage of 1 V.

X-ray diffraction (XRD) characterization with Cu Ko radiation
(A = 1.5406 A) using Rigaku MiniFlex 600 diffractometer was
employed to analyze the crystalline structure and phase purity of
nanostructured MoS, samples. Horiba JOBIN YVON LabRAM HR
Raman Spectrometer equipped with 514.5 nm Ar-ion laser as the
excitation source was used for Raman studies. Field emission
scanning electron microscopy (FE-SEM ZXIGMA, ZIESS) was
used in order to investigate the surface morphology of

nanostructured MoS,. The current—voltage (I-V) characteristics of
the device were measured using Agilent Technologies B1500A
semiconductor device analyser. A two-electrode configuration was
employed for the sensing measurements. The sensitivity of the
sensor was monitored by applying a constant bias voltage of 1 V on
the sensor and recording the variation in the current using Keithley
237 high voltage source measure unit. Prior to the measurements, the
gas chamber was purged with synthetic gas. After a constant current
was observed, the sensor was exposed to various analytes.

Results and Discussion

The crystalline structure, phase, purity and morphology of the
MoS, nanostructure were investigated through X-ray diffraction
(XRD), Raman analysis and field emission scanning electron
microscopic (FESEM) images. The XRD pattern of MoS,,
MoS,-Pd, MoS,-Ni and MoS,-ZnO nanostructures synthesized by
hydrothermal method is shown in Fig. 2a. It is obvious that that all
the diffraction peaks of MoS, and MoS,-Ni can be indexed to
hexagonal phase of crystalline MoS, without the presence of any
secondary phases. The diffractograms of MoS,-ZnO and MoS,-Pd
consists of planes corresponding to ZnO and Pd in addition to MoS,
peaks. The distinct peak at (0 0 2) orientation of MoS, represents the
well-ordered stacking of S-Mo-S layers.’**” The calculated grain
size and lattice parameters of the nanostructures are represented in
Table I. The Raman shift between the two characteristic peaks, Elzg
and A,,, representing in—plane and out-of—plane vibration modes
respectively, indicates the presence of few-layer MoS, and is shown
in Fig. 2b.>%* The in—plane Elzg mode originates from opposite
vibration of two S atoms with respect to the Mo atom while the A,
mode represents the out—of—plane vibration of only S atoms in
opposite directions.’” Also, in a report, Agrawal et al.*' have
reported that the terrace sites favor the formation of Elzg mode,
whereas A, mode is preferred by the edges of MoS, and the
increase in the intensity of A, mode represents the increased density
of the edge-enriched MoS, flakes. The frequency difference between
Elzg and A;, peaks can be attributed to the mixed signal from
different layered structure of MoS, nanoflakes.*! Thus, the observed
frequency shift in MoS,-ZnO, MoS,-Ni and MoS,-Pd Raman peaks

Table 1. Grain size and lattice parameters of MoS,, MoS,-ZnO,
MoS,-Ni and MoS,-Pd nanostructures synthesized by hydrothermal
method.

Lattice Parameters (A)

Sample Grain Size (nm) a c

MoS, 5 3.12 12.63
MoS,-ZnO 6 3.12 12.74
MoS,-Ni 6 3.12 12.84
MoS,-Pd 6 3.12 12.70

(®)

Figure 1. (a) Architecture of MoS,-based sensing device, (b) Pattern of Cr/Au electrodes used in the sensor device.
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Figure 2. (a) XRD pattern and (b) Raman spectra of MoS,, MoS,-Pd, MoS,-Ni and M0S,-ZnO nanostructures.

can be ascribed to some structural changes and long-range Coulomb
interaction in addition to the van der Waals interlayer coupling
during functionalization.*?

The morphology of the as-prepared MoS,, MoS,-ZnO, MoS,-Ni
and MoS,-Pd nanostructures were identified from FESEM (Fig. 3)
showing uniform curly-like structure assembled into the nanoflakes,
indicating that the samples have large specific surface areas.
Presence of ZnO nanoparticles is also visible along with MoS,
nanoflakes in the MoS,-ZnO morphology (Fig. 3c), whereas, closely
aggregated nanoflakes like structures are observed in the MoS,-Pd
morphology (Fig. 3d).

Energy dispersive X-ray (EDS) measurement of the samples was
performed to identify the chemical composition and is shown in
Fig. 4. Presence of Ni, Zn, O and Pd were observed supporting the
formation of Mo0S,-Ni, MoS,-ZnO and MoS,-Pd nanosystems.

In order to identify the suitability of MoS, and other nanos-
tructures for the sensing applications, the I-V characteristic of the
device without the presence of sensing gas was studied by two probe
method and is shown in Fig. 5. The linear characteristics of the I-V
curve confirm the ohmic nature of the contact with a resistance of the
order of 176 €2, 202 €2, 210 2 and 227 2 for MoS,, Ni- MoS,, Pd-
MoS, and MoS,- ZnO nanostructures. Compared to other systems,

Signal A = InLens
Mag * 15000 K X

Signal A = SE2
Mag = 5500K X

Figure 3. FESEM images of (a) MoS, (b) Ni-MoS, (c) M0S,-ZnO and (d) Pd-MoS, nanostructures.
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Figure 4. EDS spectra of (a) Ni-MoS, (b) M0S,-ZnO and (c) Pd-MoS, nanostructures.

Pd-MoS, nanostructures are exhibiting a small forward current
under light illumination (resistance of 198 () representing the
photoresponsive nature due to formation of more electron-hole pairs
upon light illumination.

Gas sensing properties of pure MoS,, Ni and Pd functionalized
MoS, and MoS,-ZnO nanocomposite sensor upon exposure to
various gases were investigated using two-probe measurement
system at room temperature with a bias voltage of 1 V. Fig. 6a
illustrates the dynamic sensing response of MoS, sensor against
various reducing (NO, H,S, NH3) and oxidizing (NO,) gases at 2
ppm concentration. The relative response of the sensor was
defined as

Al _ L~ 1o
I 1,

x 100 (1]

where I, is the current during the gas exposure, and I, is the current
in the dry air. When the MoS, sensor is exposed to the gases, a
charge transfer between the gaseous species and MoS, nanoflakes
occurs resulting in a change in their carrier concentration/

conductance, which serves as an important principle for the working
of sensing devices.

On exposure to synthetic air, oxygen molecules get adsorbed to
the surface of MoS, nanoflakes and form surface acceptor states O,
(ads), O™ (ads), 0>~ (ads) that captures free electrons from the
conduction band of the MoS, and lead to formation of an electron
depletion layer near the surface of n-type MoS,. At low temperature,
oxygen is adsorbed in its molecular state 02 , Whereas at high
temperature it dissociates as atomic O~ and O*~.**

0y(g) + e~ =0, (ads) T < 100 °C 2]

0O, (ads) + e~ =2 O~ (ads) 100 °C < T < 300 °C [3]

O (ads) + e~ = 0?>“(ads) T > 300 °C [4]

Oxygen molecules are electron acceptors, which accept electrons
from MoS, and result in the decrease of electrons concentration
leading to decrease in the conductance of the sensor. On exposure to
oxidizing gases, these gas molecules react with MoS, with an

6
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Figure 5. I-V characteristics of (a) MoS,, Ni-MoS,, Pd-MoS, and MoS,-ZnO nanostructures under dark condition and (b) Pd- MoS, nanostructures under dark

and light illumination condition.
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increased quantity of oxygen ions due to further oxidation leading to
a decrease in the sensor conductance. Whereas, on exposure to
reducing gases, the gas molecules release the trapped electrons back
to the conduction of MoS, leading to an increase in the electron
concentration and conductance. That is the sensor conductance is
found to decrease on exposure to oxidizing gases, whereas it
increased for reducing gases indicating p-type and n-type conduction
in nanocrystalline MoS, sensor respectively. For example, when the
sensor is exposed to oxidizing gas NO,, being an electron acceptor
due to an unpaired electron from nitrogen atom, NO, results in
p-type doping and hence they shift the Fermi-level of MoS, towards
valence band edge. NO, gets adsorbed onto MoS, surface and the
strong adsorption of NO, dominates over O, and creates an
extended depletion layer as NO, serves as electron acceptor which
tends to the withdrawal of electrons from the conduction band of the
sensing material MoS,. As a result, the electron concentration in
the conduction band of MoS, is found to decrease, thus increasing
the resistance of MoS, sensor. This resulted in a decrease in sensor
conductivity upon exposure to oxidizing gases.*>*® As observed in
Fig. 6a it is evident that pure MoS, have a dynamic response towards
various gases with a poor cross selectivity. But MoS, based sensors
can be used for identifying ammonia leakage from ammonia
refrigerants used in large industries. Automobile exhaust gases
include toxic NO,, SO,, CO etc. and these MoS, sensors can be
used to detect the average increase or decreased dosage of
automobile exhaust.

In contrast to the general sensing mechanism, the sensor
conductance of our MoS, sensor is found to decrease for reducing
gases, which usually serves as electron donors in the charge transfer
process. Usually, the reducing gases donate electrons to the

conduction band of MoS, thus increasing the carrier concentration in
MoS, and hence shift the Fermi-level of MoS, towards conduction
band edge.*®*’ There are several factors that affect the electrical
conductance of the sensor such as the chemisorbed oxygen, defects
such as vacancies, interstitial sites, chemical potential etc.

Fan et al.*® reported a reversal in the conductance during ZnO
nanowire based NH3 sensing. They observed that at room tempera-
ture the Fermi level of the material lies above the chemical potential
of ammonia gas. As electrons transfer from the material with higher
chemical potential to one with lower chemical potential until the
system reaches equilibrium, ammonia withdraws electrons from
ZnO nanowire leading to a decrease in the conductance. Whereas, at
elevated temperature, they observed a downshift in the Fermi energy
level of nanowire with a decrease in the chemical potential of NH;.
Similarly, the decrease conductance observed on exposure of
reducing gases at room temperature can also be attributed to the
higher chemical potential of MoS, compared to that of gases. In
addition, the effect of oxygen molecules and the reaction of these
reducing gases to form oxygen species also contribute to the
enhanced electron withdrawing from MoS,. As a consequence of
which the reducing gases are expected to induce a p-doping effect on
MOSz.

The p-doping effect created by exposure of MoS, sensor to NO
leading to a decrease in current has been demonstrated by Li and co-
authors with a detection limit of 0.8 ppm.26 Barazzouk et al.*’
reported the influence of chemisorbed oxygen species in the sensing
mechanism with an increase in resistance of MoO; towards both NO
and NO, gases. The observance of decreasing electrical conductance
on exposure to both oxidizing and reducing gases in MoS, can be
ascribed to these factors discussed above.
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Figure 6. Current change of (a) MoS,, (b) MoS,-ZnO, (c) MoS,-Ni and (d) MoS,-Pd gas sensors upon exposure to 2 ppm concentration of NH3, H,S, NO, and

NO gases.
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In order to stabilize and enhance the cross sensitivity of MoS,
based sensors, we functionalized MoS, using ZnO, Ni and Pd. The
results shows that after the incorporation of ZnO, Ni and Pd, the
cross-sensitivity has improved for MoS,-ZnO, MoS,-Ni and
MoS,-Pd and is shown in Figs. 6b—6d. MoS,-ZnO displays a
slightly increased sensitivity towards NO, whereas MoS,-Ni sensor
shows excellent selectivity towards H,S gas and Pd functionalized
MoS, exhibited a remarkable increase in the response towards NO
gas. The MoS,-Pd sensor does not exhibit any response towards H,S
and NHj;. These results can be attributed to the strongest interaction
and charge transfer between the respective gases and active sensing
material MoS,, large adsorption and binding energies and also to the
changes in the bond lengths. In case of Ni-MoS, sensor, a higher
response is observed towards H,S gas with sensitivity of around
80%. The incorporation of Ni into the MoS, matrix can lead to the
formation of NiS, phases on exposure to H,S gas. The increase in
the adsorption energy of H,S towards Ni-MoS, enhanced the charge
transfer compared to other reactive gases showing low adsorption
energies towards Ni-MoS,.”°

Pd is a metal with high work function (5.1-5.6 eV) compared to
MoS, (4.3-5.2 eV). As a result, electrons are transferred from MoS,
to Pd creating a p-doping effect of Pd on MoS,. On exposure to NO
and NO,, Pd forms PANO, complexes, with a work function lower
than that of both Pd and MoS,. Thus, the electron transferred from
MoS, will be compensated by the transfer of electron from the
PANO, complexes to MoS, and that results in the increase of the
sensing current on the exposure of NO and NO,. The theoretical
study on the adsorptions of NO, NO,, CO, SO, and NH; on MoS,
nanotube represents the higher adsorption energy of NO (E,q =
129.3 meV) on MoS, nanotube compared to that on monolayer
MoS, (E,gs = 77.4 meV). An increased charge transfer was also
observed between NO and MoS, nanotube (0.029 e) compared to
monolayer MoS, (0.005 e).’! Hence, we can say that the increased

FElectron withdrawal

Ec

S=====S== Fr

Ev

Depletion region

n-MoS,

On exposure to air

cross-sensitivity of Pd-MoS, towards NO is due to the higher
adsorption energy of NO on MoS,-Pd nanoflakes and associated
charge transfer between Pd-MoS, and NO gas.

In a report, Niu et al. demonstrated the gas sensing behavior of N
and Si co-doped graphene nanosheets with response value of about
26 + 1% at 21 ppm of NO, concentration.’> Cho and co-authors
obtained a sensitivity of about ~26% for NO, at concentration of
20 ppm and room temperature for CVD synthesized layered MoS,.*®
In this study, we obtained a high relative response of about 80% for
MoS,-ZnO and 700% for MoS,-Pd gas sensor at 2 ppm NO
concentration and a relative response of 80% towards 2 ppm H,S for
MoS,-Ni, which is significantly higher compared to other MoS, and
graphene based sensors'’>*™ due to increased charge transfer
between the analyte and MoS,. The sensing mechanism in MoS,
based sensors on exposure to air and other reactive gases are
pictured in Fig. 7.

The responses of MoS,-Ni and MoS,-Pd based sensors to
different concentrations of H,S and NO respectively are shown in
Figs. 8a and 8b respectively. As the concentration of gas molecules
increases, more surface dipoles are formed, which results in more
electron transfer between MoS, and analyte, thus increasing their
interaction leading to higher response.’® The response increases
rapidly with increasing concentration of H,S in the range of 0.3—
2 ppm indicating good sensitivity of MoS,-Ni sensor towards
different H,S concentrations. Similarly, response of MoS,-Pd sensor
upon exposure to NO with concentrations ranging from 0.1 to 2 ppm
indicating the good sensitivity of MoS,-Pd sensor towards NO gas.
From the slope of sensor response vs target gas concentration plot
(inset of Figs. 8a and 8b) we got the sensitivity of MoS,-Ni and
MoS,-Pd sensors as 36 and 227%/ppm respectively. The repeat-
ability of MoS,-Ni towards H,S over seven periodic sensing cycles
and that of MoS,-Pd sensor towards NO over six periodic sensing
cycles are shown in Figs. 8c and 8d respectively. It was found that
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Figure 7. Schematic illustration of proposed band edge alignment across MoS, and Ni, ZnO, Pd functionalized MoS, on exposure towards various gases.
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upon exposure to successive pulses of 0.5 ppm NO gas.

sensors exhibit almost stable response upon repeated exposure to
H,S and NO confirming the excellent repeatability of the sensor
material suitable for automotive antipollution system. The results
also suggest that MoS,-Pd sensor having high response towards NO
is a promising biomarker for pulmonary inflammations and a
combination of both MoS,-Pd and MoS,-Ni sensors can serve as a
biomarker for chronic pancreatitis. It can be stated that the presence
of high surface area makes MoS, nanoflakes highly sensitive to the
adsorption of gaseous molecules on the surface causing high
sensitivities.

The humidity effect on MoS, and its related systems is well
recognized (Fig. 9) and it is a concern for the MoS, based sensor. It
is observed that, on changing humidity from 5% to 55%, a current
variation of 0.006 4A is noticed on MoS,-Ni device while on
MoS,-Pd device the current variation is 1.5 pA. This humidity
variations can be considered to be negligible compared to H,S and
NO gas responses on the device. It is also observed that MoS,-Ni
sensor is showing high response towards H,S gas with a current
variation of around 14 pA (response of 80%) at a concentration of
2 ppm. Whereas, the same MoS,-Ni sensor shows small current
variation of around 2-4 pA (response of 15%-20%) towards other
gases (NO, NO,, NHj3) at a concentration of 2 ppm. Similarly, in the
case of MoS,-Pd sensor, the sensor exhibits remarkable response
towards NO gas at a concentration of 2 ppm with a very large current
variation around 34 pA (response of 700%). On the other hand, it is
evident that MoS,-Pd sensor is showing vary small current variation
of around 4 pA (response of 44%) on passing NO, gas at a

concentration of 2 ppm. From these current variations, we confirmed
the selectivity of MoS,-Ni towards H,S and MoS,-Pd towards NO
gas and the negligible variation in humidity compared to gas
sensing.

The highly selective, sensitive and stable gas-sensing perfor-
mance achieved in 2D-MoS, based nanostructures promises a new
avenue of metal dichalcogenides toward the development of
electronic sensors. However, the humidity effect should also be
tested directly by measuring the gas sensing behavior while
changing the humidity level and the selectivity should be discussed
with the sensing results based on mixed gases, not a single gas for
the complete study on the sensing characteristics of a sensor.

In conclusion, we successfully fabricated MoS,;, Mo0S,-ZnO,
MoS,-Ni and MoS,-Pd nanostructures-based sensors. The gas-
sensing performance of the as-prepared MoS, nanostructures-based
sensor was investigated towards various hazardous gases. The
MoS,-based sensors showed excellent sensing performances with
high sensitivity at room temperature, which can serve as an excellent
alternative to the common semiconductor metal oxide gas sensors
that require high optimal working temperatures for good response. It
was identified that Ni-MoS, sensors have high sensitivity towards
detection of H,S gas. The Pd-MoS, sensor exhibited excellent
sensitivity, stability and high selectivity for NO detection making
it an attractive candidate for automobile exhaust gas sensing
applications and a promising biomarker for pulmonary inflamma-
tions. The enhanced gas sensing properties were probably attributed
to the synergetic effect of MoS, nanoflakes with good specific



Journal of The Electrochemical Society, 2020 167 106506

: : r : 70
0.34 - (@)
- 60
0.32 - 50
<
2 =
— 0.30 -5
3 -
£ 30 F
3 o028 *
] - 20
0.26 - =10
-0
0.24 L— . . .
3500 4000 4500 5000 5500

Time (seconds)

0.22 T T T T 80

0.20

o
-
3
1

Current (uA)
e
>
1

0.14

0.12

0.10

T T T
1000 1500 2000

Time (seconds)

T
0 500

Figure 9. Humidity sensing response of (a) MoS,-Ni and (b) MoS,-Pd based sensor.

surface area. The results demonstrate that the MoS,-based sensors
can open up new horizons in the development of futuristic multi-
functional chemical and bio-sensors.
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