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In the present work, a selective room temperature (RT) operable ammonia (NH3) sensor based on molybdenum
disulphide (MoS;) nanosheet decorated with polyaniline (PANI) (MoS,-PANI) is successfully developed. The sensor
material is prepared by simple chemical in-situ polymerisation of aniline. Prior to the gas sensing studies, morphological,
thermal and compositional studies are carried out. These studies reveal good incorporation of PANI into MoS, nanosheets.
The gas sensing property of MoS,-PANI sensors is studied and compared with the sensor based on bare MoS, and bare
PANI. The bare PANI shows opposite gas sensing properties compared to the bare MoS,. However, the sensing nature of
PANI is followed in the composite, but with better sensing and stability. The sensing behaviour is observed to be excellent
in terms of stability, selectivity, sensitivity, response and recovery over the pure MoS, sensor.
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1 Introduction

There has been rapid enhancement of hazardous
contribution of gases to the environment due to the
rapid development of industries. Among various
hazardous gases, ammonia (NHs) is recognised as one
of the major polluting gases. Exposure to even very
low concentrations of NH; can cause irritation to the
eyes, nose, and throat and also contribute to various
respiratory disorders*®>. The maximum time of
exposure notified by the Occupational Safety and
Health Administration (OSHA) in a workplace, for
25 ppm and 35 ppm NH; to be 8 h and 15 min,
respectively®. The human body also produces NHs;
naturally through various metabolic activities’. In the
health sector, the presence of high concentrations of
NH; in exhaled human breath indicates diseases
related to the liver and kidneys®. Hence, there is an
urgent need to develop, ideally, a reliable low cost
and highly sensitive gas sensor system to detect NH;
at room temperature.

Conducting polymers (CPs) are well known to a
category of low-cost and RT-operated sensing
materials®®®.  Polyaniline (PANI), among this
category, is the most used CPs due to its easy
synthesis technique, environmental stability and
reversible redox reaction in the field of RT gas
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sensing™*2. However, these detectors based on CPs
are often found to suffer from a lack of stability and
exhibit poor sensitivity because of the huge affinity of
these polymers towards other volatile organic
compounds (VOCs) and dew present in the
environment****. The gas sensor is based on inorganic
materials, for example, tungsten oxide (WQO,), zinc
Oxide (Zn0), tin oxide (SnO,), titanium oxide (TiO,),
iron oxide (Fe,O3), silicon oxide (SiO,) etc., show
enhanced detecting qualities, but at the same time,
they are efficient at high temperatures (300—400 °C),
which requires high power and consequently can
shorten the lifetime of the device®®?. So, on the one
hand, there are organic CPs which are operative at
room temperature but face issues regarding stability,
selectivity etc., and on the other hand, there are
inorganic materials which solve the latter issues but
are operative at temperatures much higher than the
ambient. So, the issues can be overcome by utilising
composites of these two categories of materials to
develop an efficient and stable gas sensor which can
be operational at ambient temperature.

Nowadays, a new class of 2D MoS, nanomaterial
has fascinated great attention among researchers in
developing suitable gas sensors due to its wide
electrical properties and planar arrangement of atomic
thin layered nanostructures®?. In recent years,
PANI-based nanocomposite gas sensors have been



684 INDIAN J PURE APPL PHYS, VOL. 61, AUGUST 2023

successfully developed and utilised by several
research groups to detect hazardous NH; at ambient
conditions. Kulkarni et al.?® reported NH; gas/vapour
sensor based on hybrid polyaniline (PANI)-WO;
composites using an in-situ chemical oxidative
polymerisation technique. Bandgar et al.?” developed
a PANI-Fe,O; nanocomposite-based NH; sensor,
exhibiting the highest response of 39% to 100 ppm
NH; gas. Also, to mention work from the present
group itself ? to develop a CdS-PANI NHj; sensor for
efficient detection at room temperature. Some reports
on the ammonia sensing performance of polyaniline
and its nanocomposites with organic/inorganic
materials are also available in the literature %,
Zhang et al.**demonstrated ternary nanocomposites
based on polyaniline with multi-walled carbon
nanotubes and molybdenum disulphide and its high-
performance ammonia sensing at room temperature.
The works available in the literature, along with the
expertise of the present group in the field, have
motivated the authors to develop a suitable room
temperature-operated NH; sensor based on MoS,-
PANInanocomposite.

The present work reports the development of an
NH; gas sensor based on the MoS,-PANI
nanocomposite. The composite is prepared by
simple and low-cost in-situ chemical dispersion
polymerisation technique. The obtained response of
the as-prepared composite film in terms of sensitivity
(S%) is relatively high, with other reported works on
NH; sensing by PANI-MoS, composite. The recovery
of the sensor is significantly improved without using
any external appliances. The gas sensing results of the
MoS,-PANI sensor fabricated by this method might
be advantageous to develop an efficient room
temperature operable NH; detector.

2 Experimental
2.1 Materials used

The materials that have been used for the present
investigation are ammonium  heptamolybdate
tetrahydrate  [(NH4)sMO;02-4H,0], citric acid
(CsHgO5), thiourea (CH4N,S), ammonium persulphate
(APS), aniline (CgH;N) and dodecyl benzene
sulphonic acid (DBSA). Ammonium heptamolybdate
tetranydrate  [(NH4)sMO;02-4H,0], citric acid
(CsHgO5), and thiourea (CH4N,S) are purchased from
Merck Life Science Private Limited. Ammonium
persulphate (APS) is obtained from Fisher Scientific,
aniline (C¢H;N) from SD Fine Chemicals Limited and
dodecyl benzene sulphonic acid (DBSA) from Sigma-

Aldrich. Aniline is distilled repeatedly prior to every
use. Deionised water is used throughout as the solvent
medium of the reaction.

2.2 Methodology

2.2.1 Synthesis of MoS,

The ammonium heptamolybdate tetrahydrate, citric
acid, and thiourea (CH4N,S) are utilised as the
potential elements and the sulphur source to
obtain MoS,*. Typically, 1.5 of ammonium
heptamolybdate tetrahydrate and 0.5g of citric acid
are dissolved in deionised water under vigorous
magnetic stirring and kept at 90 °C for 30 min. The
ammonia solution is added to the above-mentioned
solution to maintain the PH value of the solution at 4.
Then, a solution of thiourea (1.3g) in water is added
drop-wise to this solution under vigorous stirring.
Finally, the composite solution is transferred to a
40 ml Teflon lined steel autoclave and kept at 120 °C
for 8 hrs. The black precipitate that is obtained is
collected by centrifugation and filtration. The
obtained precipitate is washed repeatedly with
deionised water and ethanol and dried at 90 °C and
preserved for any measurements to be carried out.

2.2.2 Synthesis of MoS,-PANI Nanocomposites

Typically, 0.25g of MoS, is dispersed in 20 ml of
1M ag. HCL solution and sonicate it for 3 hrs to get a
uniform MoS, dispersion. In another beaker,
polyaniline is prepared by chemical polymerisation
technique, as has been discussed in some earlier work &
Synthesis of MoS,-PANI nanocomposites is done in
the same bath of preparation of PANI. Typically, 10
ml of DBSA (0.1M) and aniline (0.1M) in 1M agq.
(HCI) the solution is stirred separately for 30 minutes.
Then the combined solution is stirred in an ice bath
for another 1 hr, and APS (0.25M) in 10 ml of
aqueous HCL is added to the combined solution.
MoS; dispersion is added to the polyaniline synthesis
bath and stirred for another 2 hrs, and the resultant
solution is kept in the refrigerator for 8 hrs. Finally,
the obtained composite dispersion is filtered and
washed with deionised water and ethanol and dried at
room temperature. Then films of the materials are
made by spin coating their dispersions at 600 rpm.

2.3 Characterisation Techniques

The morphology of the materials is investigated
by employing field emission secondary electron
microscopy (FESEM; Model: Zeiss sigma -300).
Thermal analyses are recorded by a Mettler Toledo:
TGA 2. The Fourier Transform Infrared Spectroscopy
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(FTIR) studies are done using a spectrophotometer
(Model:  Perkin Elmer Spectrum 1000). The
conductometric mode of gas sensing measurements is
recorded by measuring the change in electrical
resistance on the incorporation of gas using a Keithley
2400 source meter equipped with a computer
interface. The schematic of the gas sensing set-up for
the measurement of change in resistance of the as-
prepared films is shown in Fig. 1.

3 Results and Discussion

3.1 FESEM Study

Figure 2 shows the morphology of MoS,, PANI
and MoS,-PANI composite, respectively. Fig. 2(a)
shows a FESEM picture of MoS, which reveals a

Gas Inlet

NH; gas
molecules

Gas Outlet

NH, gas
molecules

Fig. 1 — Gas sensing set-up for measuring the change in
resistance.

o

\105 Sheet

smooth surfaced 2D nanosheet single-layer structure
of thickness of a few nanometres and lateral
dimensions of 2.37 um, Fig. 2(b) shows a FESEM
image of pure PANI, which displays a collection
of nanofibers. From the FESEM of MoS,-PANI
composites (Fig. 2(c & d)), nanofiber-like structures
of PANI are seen to be distributed over
MoS;nanosheets. This result reflects that PANI has
been successfully polymerised on the surface of the
MoS;nanosheet via a simple chemical dispersion
polymerisation technique. Moreover, some small
pore-like structures are also observed in the FESEM
images of both pure and composite films. The
decoration of PANI on the surface of MoS,-supplied
active sites, which might offer MoS,-PANI a suitable,
efficient gas sensor.

3.2 FTIR Study

FTIR results carried out on the samples are shown
in Fig. 3. The characteristic transmittance bands near
815 and 1133 cm™ are due to C-H out-of-plane
bending vibration and C-H in-plane bending vibration
of the benzenoid unit in PANI structure, respectively.
The characteristic band at 1298 cm™ corresponds to
the C-N stretching mode of the benzenoid unit, which
also confirms the conducting nature of doped PANI *
0 The bands near 1468 and 1574 cm ™ correspond to
the C=C and C=N stretching modes of vibrations of
benzen0|d and quinonoid segments of PANI,

Fig. 2— FESEM images of (a) MoS,, (b) PANI, and (c, d) MoS,-PANI nanocomposite.
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Fig. 3 — FTIR images of PANI (a), MoS, (b) and MoS,-PANI
(c) nanocomposites.

respectively. These relatively lower frequency bands
of benzenoid and quinoid ring stretching are possibly
due to the salt formation with HCI***2. The peak at
3424 cm™ is assigned to N-H stretching vibration of
the amino group in PANI*®. The major characteristic
peak observed in MoS, FTIR spectra at 3439 cm™ is
assigned to O-H stretching mode®. All the major
characteristic peaks of PANI and MoS; are also seen
in the MoS,-PANI composite. In addition, an extra
peak appears at 914 cm™ in the composite, which is
due to the interaction of MoS, with PANI. So, one can
say that the FTIR result gives evidence of the
successful synthesis of the PANI-MoS, composites.

3.3 Thermal studies

Knowledge of the thermal stability of PANI is very
much important at different thermal conditions in
order to visualise its various practical applications.
Thermo gravimetric provides information regarding
the stability and composition of the sample. Fig. 4.
shows TGA plots of PANI and the composites. From
the figure, weight loss is evident in three steps for
both samples. The first weight loss at around 40-130 °C
is due to the evaporation of water content and/or the
presence of unreacted monomer in the polymer
matrix. Second weight loss at the temperature range
of 140-240 °C may be due to the removal of doped
ions “*. TGA plot shows maximum weight loss
after 240 °C onwards, which might be due to the
decomposition of the PANI structure. But in the
composites, there is very little weight loss beyond
400 °C compared to bare PANI, and hence it can be
concluded that MoS,-PANI composite has better
thermally stability.

TGA data can be utilised to calculate Kinetic
parameters of a thermal decomposition reaction such
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Fig. 4 — TGA thermographs of PANI (a) and MoS,-PANI
(b) nanocomposites.
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(b)

as pre-exponential factor, order of reactions and
activation energy. In the present study, to calculate
the activation energy Coats and Red fern model is

followed*®*®  for one-dimensional diffusion is

employed, which can be expressed mathematically as
9@ _q[AR 2T _E

ln[T—2 —ln[ﬁE -2 2 (D

Where A is the pre-exponential factor, E is the
activation energy, and T is the reaction temperature.
g(a) is seen to depend on a, the conversion rate. For
one dimensional diffusion, g(a) =a?.

The slope and intercept of the plot of in [gT(—Z vs 1T
give, respectively, the thermal activation energy and
the pre-exponential factor. The calculated activation
energy obtained from the slope of the plot is around
11.6 KJ/mol for PANI and 25.5 KJ/mol for MoS,-
PANI composite, respectively. The increase in
apparent activation energy in MoS,-PANI composites
compared to bare PANI might be due to the
interaction between PANI and MoS,. Once again, it
can be said that the PANI-MoS, composite is
thermally more stable than pure PANI.

3.4 Gas Sensing Studies

Gas sensing measurement of  theMoS,-
PANIcomposite is carried out at RT (300 K) for
different gases, such as NH; methanol (CH;OH),
ethanol (C,HsOH) and acetone (C3H¢O), by
measuring the change in electrical resistance of the
material on gas intake. Generally, it is believed that
the gas-sensing behaviour of any material is a
complex phenomenon, and it depends on various
parameters, for example, the particle size of the
materials, surface morphology, speed of reaction of
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gas molecules with the surface molecules and film
thickness, etc®*'. The change of electrical
conductivity/resistivity of any material due to non-
uniform adsorption and desorption of gas molecules
into the surface of the material is measured in terms
of sensitivity (S%). In the present work, a detailed
study of the effect of MoS, 2D nanosheet on the NH;
gas sensing performance of PANI is done. The
environmental effect, such as moisture or water
content, has been removed by drying the materials
meticulously and dehumidifying the test chamber
with an ample amount of dehydrating agent within it.
The obtained sensitivity of the composite material is
observed to be better compared to that of pure PANI
and MoS,, which will be discussed in the second next
subsection to follow. Apart from NH; sensing,
incorporating MoS, into PANI is also seen to alter
other properties of PANI.

3.4.1 Selectivity Study of MoS,-PANI Nanocomposite Sensor

Selectivity is an important parameter of a gas
sensor and is defined as how it responds to a
particular gas in the presence of other gases. The
selectivity measurement of a sensor is done in terms
of the selectivity coefficient, which is defined in eq.?

_ Sa

" Sp

Here, Sa and Sg denote sensitivity towards the most
responded gas, NH3 and other gases, respectively. The
selectivity responses of the MoS,-PANI composite
sensor towards various target gases are illustrated in
Fig. 5. MoS,-PANI nanocomposite sensor shows
more selectivity towards NH; compared to methanol,
acetone and ethanol

SNH3/ _ SNH3 _ SNH3/ _
( ScHson 20, ScsHg0 36, Sc,Hs0H 44).
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Fig. 5 — Selectivity of the MoS,-PANI sensor towards various
gases.

This indicates better selectivity of the as-prepared
sensor towards ammonia vapour with respect to the
three other vapours. Detailed gas response and
recovery transient studies are done for most
responded ammonia gas in the next subsection.

3.4.2 Gas Sensitivity Performance

To calculate the responses of the sensors, the
change in electrical resistance is measured both in air
and in NHs. The sensitivity of the sensor is calculated
by measuring the change in resistance on gas intake
and is defined as in eq.”®

S = (Ryas — Rair)/Rair *100% .. (2

Here, Rgs corresponds to the resistances of
different concentrations of gases and Ry in the fresh
air, respectively. Fig. 6 (a, b & c) shows the room
temperature sensitivity of the sensors based on pure
MoS,, MoS,-PANI hybrid and pure PANI sensors for
different concentrations (20—100 ppm) of NH; gas,
respectively. For both PANI and MoS,-PANI sensors,
the sensitivity follows increased trends with the
increase in NH; concentration. However, for 100 ppm
concentration, the order of sensitivity of the
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Fig. 6 — Room temperature transient responses of the (a) MoS,,
(b) MoS,-PANI composite, and the inset in (b) shows results for
bare PANI(c) [28] sensor towards different NH; concentrations.
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composite is two orders of magnitude more than that
of pure PANI; so, to say, the change in film resistance
is found to be two orders more in the composite film.
For all the concentrations of NH; gas, resistance
increases to a peak value and saturates within a few
seconds upon exposure to NH; vapour and fully
recovers on the withdrawal of the gas. However, for
pure MoS,, the response of the film is found to
decrease for 70 and 100 ppm only. This means NH;
gas acts as electron donor, transferring electrons to the
conduction band of MoS,, leading to increased
electron concentration and conductivity52. Pure MoS,
film does not show any response below 50 ppm
towards NH; gas. A comparative gas sensing results
on the study of the present MoS,-PANI composite
with some works available in the literature on similar
materials carried out by some other research groups is
shown in Table 1.

3.4.3 Sensor Response and Recovery Time

Response and recovery times are considered
essential parameters to recognise a good sensor, as
these parameters depend upon the adsorption and
desorption rate of sensors. Response and recovery
times of ideal sensors are defined as the time to
change its basic states up to 90% of its maximum
saturated value on gas intake and the time it is 10%
near its basic state in the absence of gas,
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respectively™®’. The response and recovery plots of pure

MoS, and the MoS,-PANI nanocomposites are shown in
Fig. 7 (&2 & b).The response and recovery time for
pure MoS; found to be 370 and 412 s, and 382 and
386 for 70 ppm and 100 ppm, respectively. The
pure MoS, film does not respond to lower
concentrations (20 and 50 ppm) of NH;. Also, for
MoS,-PANI nanocomposite film, the response time
varies from 95 to 45 s and recovery time from 90 to
30 s with the increase in NH; concentration.

3.4.4 Repeatability, Limit of Detection and Stability of MoS,-
PANI Sensor

Repeatability, the limit of detection (LOD) and
long-term stability are imperative parameters of a gas
sensor as it determines the reliability of the gas
sensor. For repeatability measurement, the gas
chamber is repeatedly injected and evacuated for a
duration of 15 min. Fig. 8(a) shows a repeatability
plot for the MoS, -PANI sensors, which is done for a
fixed concentration of NH; and studied for three
successive cycles. The study reveals very less
variation in respective gas response, which makes an
indication about the stability of the sensor working at
RT. The detection limit (LOD) of the MoS,-PANI
sensor is evaluated using the following eq.*

Lop = 30+ . (3)

Table 1 — Comparison of the sensing performance of the MoS,-PANI sensor in this work with other previously reported NH3 sensors.

Materials S (%) tres trec
(Sec) (Sec)
SnO,/PANI 16 (500 ppm) 12-15 80
PANI/TiO, 5.55 (117 ppm) 18 58
PANI/ MoS, / SnO, 10.9(100ppm) 21 130
PANI/MWCNTs/MoS, 11 (250 ppb) 32 36
PANI-ZnO 4.6 (20 ppm) 153 135
PANI/CdS 250% (100ppm) 96-58 127-104
PANI/MoS, 40 x 102 (100 ppm) ~ 95-45 90-30

Operating  Detected DR Reference
temperature  Gas

RT Ammonia  (100-500) ppm [53]

25°C Ammonia  (23-141) ppm [54]

RT Ammonia (500 ppb-100ppm)  [59]

RT Ammonia  0.25 ppm [34]

RT Ammonia  (20-100) ppm [55]

RT Ammonia  (20-100) ppm [28]

RT Ammonia  (20-100) ppm Present work
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Fig. 7 — The response and recovery times of (a) MoS, and (b) MoS,-PANI nanocomposite for different concentrations (20-100 ppm)

of NH; gas.
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Fig. 9 — Sensitivity vs ageing plots for PANI (a) and MoS,-PANI
(b) composite sensor.

Where o and S refer to the relative standard deviation
and slope of the calibration curve. The nature of the
variation is shown in Fig. 8(b), and its value is
obtained as 10 ppm. To investigate the ageing nature
of these sensors, the stability performance is
measured for 30 days at regular intervals of 5 days.
Fig. 9 shows the observed gas sensitivity of MoS,-
PANI, and the observed changes are not very large,
which demands that the prepared room temperature
operated sensor has long-term stability. From this
curve, the PANI-MoS, composite showed better
results (70%) compared to PANI (48%). So, it may be
claimed that the PANI decorated MoS, sensor shows
comparatively better stability compared to its
counterpart of the bare PANI sensor. Overall, the
authors are tempted to claim that with excellent
selectivity, sensitivity, repeatability, and low
fabrication cost, the MoS,-PANI composite sensor is
a promising candidate for detecting NH; at room
temperature. So, with proper improvisation, this
sensor can be utilised for numerous applications in
industrial and domestic areas.

++

oo L,
T \?|~——- ,
ELI
In NH;

Fig. 10 — Schematic of ammonia sensing mechanism of PANI
and MoS,-PANI sensor from chemical (a) and band diagram
(b) point of view.

3.4.5 Gas Sensing Mechanism

The gas sensing mechanism of PANI and
MoS,-PANI sensor has been described in Fig. 10 (a & b).
Conventionally PANI is known to exist in the two
most useable states, the conducting emeraldine salt
(ES) and insulating emeraldine base (EB) forms and
in suitable reversible doping/developing processes,
both states are converted to vice-versa. For bare PANI
sensors, the response is generally based on the process
of protonation and deprotonation arising from the
adsorption/desorption of NH3 on the surface.

PANI, in its ES form, gains proton to form (N*-H)
bonds or abundant active sites due to in-situ chemical
oxidative polymerization®*. On exposure to NH5, the
N-H group of PANI (ES) react with ammonia vapour
molecules to produce N-H, (ammonium ion) and
transform PANI to its insulating EB form resulting in
the increase of resistance®*®*°. On withdrawal of NH;,
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the ammonium ion is decomposed to NHz(gas) along
with the release of a proton, and the PANI sensor
regains its original state of ES. The involved
reversible reaction in the process can be written as®

NH3(gas)+PANI-NH < PANI + NH,".
NH,* _nA¥ NHs(gas) + H"

The composite nanosheets of MoS, provide a
larger surface area, which adds further in providing a
larger surface area to facilitate more ammonia
adsorption®*

The sensing can also be explained from another
perspective of depletion layer alteration formed in the
heterojunction. PANI is known to behave as a p-type
semiconductor and MoS,as an n-type one>.
Therefore, there is a possibility of the formation of p-
n heterojunctions at a microscopic level between
PANI and MoS, which may be another factor
responsible for the NH; sensing of MoS,-PANI
film®®. The energy band diagram for PANI and
MoS, is shown in Fig. 10(b). A depletion region is
assumed to form at the interface between p-type
PANI and n-type MoS, due to the carrier
concentration gradient between them until an
equilibrium condition is reached®. On exposure to
NHs, the protons from the PANI side would be
captured by the gas molecules, causing the lowering
of the density of the hole in PANI®®, which results in
the widening of the depletion region and hence
a decrease of the self-established electric field.
Therefore, charge transfer is restricted between PANI
and MoS; and subsequently increases in the resistance
to gas intake.

4 Conclusions

An ammonia sensor based on PANI decorated 2-D
MoS;,nanosheets using a simple chemical in-situ
polymerisation technique has been successfully
developed. The morphology, thermal stability and
elemental compositions of the materials, as
manifested from FESEM, TGA and FTIR, show
compatible results. The designed MoS,-PANI sensor
exhibit fair response-recovery time, excellent
reproducibility and selectivity. The sensitivity of the
composite sensor is two orders of magnitude more
compared to that of bare PANI towards 100 ppm NH3
at room temperature. The results on the structure,
stability, and excellent gas sensing properties might
lead it as a promising material to detect hazardous
NH; in ambient conditions.
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