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ABSTRACT
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A jet nebulizer spray pyrolysis technique to synthesize NiO-MnO: thin films was demonstrated. These nanosheets
were annealed at 350, 450 and 550 °C for 2 hours. The thin films surface morphology and structure were characterized using
scanning electron microscopy, XRD, and UV spectroscopy. Subsequently, utilized as gas sensors for the detection of
hydrogen sulphide gas. The introduction of NiO into MnO2 nanosheets significantly improved the gas-sensing performance.
Notably, the gas-sensing response of the NiO-MnO2 nanosheet sensor surpassed that of both NiO and MnO: alone, reaching
a notable value of 165 when detecting 100 ppm hydrogen sulfide gas with the NiO-MnO: thin film sensor. A remarkable
feature of the NiO-MnO:z thin film sensor is its accelerated response time, registering at 10 seconds when exposed to 100
ppm of hydrogen sulfide gas. The mechanism underlying gas sensing and the factors contributing to the enhanced gas
response of NiO-MnOz thin film is thoroughly discussed. From a broader perspective, these developed sensors present a
novel platform for the identification and monitoring of hydrogen sulfide gas, showcasing significant advancements in gas-

sensing technology.
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1. INTRODUCTION

Thin films are essential components in diverse
technological applications owing to their distinctive
properties and versatile functionalities. These films
consist of thin layers of material deposited on substrates,
typically ranging from a few nanometers to several
micrometers in thickness. Their significance in fields
such as energy storage, catalysis, and optoelectronics is
derived from their ability to display tailored properties
that differ from those of bulk materials (Guisbiers et al.
2012). This characteristic allows for precise engineering
of film properties to meet specific applications.

In recent years, composite nanomaterials, which
demonstrate enhanced sensing performance compared to
individual components, have garnered significant interest
in the field of gas sensors. This interest is driven by the
synergistic effects resulting from the coupling of two
distinct classes of nanomaterials (Walker et al. 2019).
The properties of these nanomaterial composites are not
merely a sum of the characteristics of their individual
components; instead, they exhibit complex and superior
behaviors. Several researches highlight the potential of
composite nanostructured thin films in advancing gas
sensing technologies (Betty et al. 2023). Among these
composite materials, NiO-SnO, nanostructures have

been extensively investigated for their gas sensing
characteristics (Hu et al. 2018). Nickel oxide (NiO) is a
p-type semiconductor with an energy gap of 4.2 eV.
Research efforts have focused on studying the gas
sensing  performance  of  various  NiO-SnO;
nanostructures, demonstrating enhanced sensitivities
compared to sensors based on single-component
materials (Din et al. 2020). The NiO thin films deposited
by d.c. reactive magnetron sputtering demonstrated
strong sensitivity to NO, concentrations ranging from 1
to 10 ppm, highlighting their potential for effective gas
sensing applications at moderate temperatures. SiO- sol-
gel mesoporous thin films incorporating NiO
nanoparticles demonstrate their versatility and suitability
for environmental monitoring and industrial safety
purposes (Della et al. 2011).

A range of sensors utilizing manganese dioxide
(MnOy) nanostructures have been explored for the
detection of diverse molecules. The structural flexibility
and varied oxidation states of manganese present in
MnO; nanostructures play a crucial role in enhancing
their effectiveness in sensing applications. Manganese
oxide-based nanomaterials like nickel manganite
(NiMn204) (He et al. 2011), Mn-Co-Ni-O nanofilms
(Huang et al. 2015), Mn3O4 nanomaterials have been
prepared by researchers through different procedures and
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characterized for its sensing application for various
molecules. These MnO.-based sensors demonstrate
promising potential for detecting molecules such as
acetaldehyde (Balamurugan et al. 2015), ammonia
(Kumar et al. 2016), H.S (Chaudhari et al. 2006) with
high sensitivity and specificity, offering valuable
contributions to the field of medical diagnostics and
environmental monitoring. The structural versatility of

MnO, nanostructures opens avenues for further
advancements in sensor design and development.
In addition to morphological tailoring,

enhancing the functionality of bare Mn-Oxide gas
sensors  through  sensitization  with  appropriate
metal/oxide agents represents an effective approach. This
strategy aims to leverage synergistic chemical and
electronic effects to achieve improved sensor
performance at moderate operating temperatures. The
current study explores the structural, morphological,
optical, and electrical properties of annealed NiO-MnO;
thin films prepared using jet nebulizer spray pyrolysis
technique, as well as investigates the hydrogen sulfide
sensing characteristics of the thin film at ambient
temperature.

2. EXPERIMENTAL APPROACH

Thin films of nickel oxide-manganese oxide
were prepared on a glass substrate using jet nebulizer
spray pyrolysis technique (Sethupathi et al. 2012). The
glass plates underwent thorough cleaning with double-
distilled water to eliminate any remaining impurities.
Subsequently, the plates were immersed in a 2N nitric
acid solution to remove oxide impurities on the glass
substrate surface. After each acid treatment, the substrate
was washed with double-distilled water and dried well,
and this purification process was repeated three times to
ensure complete removal of impurities.

For the film deposition, 0.2 M stock solutions of
nickel acetate (Ni(CH3COOQ);) and manganese acetate
tetrahydrate ((CH3COQ),Mn.4H,0) were prepared using
analytic grade chemicals. Mixing appropriate quantities
of nickel acetate and manganese acetate tetrahydrate
solutions, 4 % of nickel containing thin film deposit was
achieved. The resulting mixture was stirred and
ultrasonicated for 10 minutes to homogenize the solution.
Subsequently, 8 ml of the composition mixture was
introduced into a nebulizer, with the top attached to a
custom glass container tube. The nebulizer's bottom was
connected to a compressed air flow set at 4 atmosphere
pressures. The compressed air converted the solution into
mists, which were directed through a guiding glass tube
onto the preheated (300 °C) and well-cleaned glass
substrate. At this temperature, the mist underwent
pyrolytic decomposition, forming metal oxide thin films.
The resulting thin films were annealed at temperatures of
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350, 450, and 550 °C for 2 hours. The influence of
various annealing temperatures on nickel oxide -
manganese oxide thin films morphology, structural and
sensing properties were examined using XRD, UV-VIS,
SEM, and a sensor system.

A NiO-MnO; thin film was deposited onto glass
substrates. Silver (Ag) paste was employed to establish
ohmic contacts. This study utilized hydrogen sulfide gas
as the target analyte. Resistance changes upon exposure
to the gas were monitored using a Keithley digital
multimeter (DMM7510). The sensitivity of the gas is
defined as

— (Rg—Rqa)

a

S, X 100 % @)
where, Ry is the resistance in the presence of a target gas
and R, is the resistance in air (Zao et al., 2008). The
response time is defined as the time required to reach
90% of the response signal, while the recovery time(s)
denotes the time needed to recover 90 % of the original
baseline signal. The gas sensor was allowed to stabilize
at the operating temperature 250 °C in air for 2 hours.
The prepared thin film was exposed with hydrogen
sulfide gas concentration of 100 ppm at optimum
operating temperature of 250 °C. Dry air was introduced
to cleanse the gas chamber of residual gas content.
Practical gas testing involved adjusting the target gas
concentration by diluting it with synthetic air. Dry
synthetic air was employed to achieve desired gas
concentrations and to purge the gas chamber before and
after exposure to the test gas. Resistance measurements
were conducted for NiO-MnO- thin films annealed at
350. 450 and 550 °C. The sensor is integrated into a four-
probe setup for precise resistance measurements. The
sensing characteristics are determined by analyzing the
observed changes in resistance.

3. RESULTS AND DISCUSSION

3.1FESEM

Figure 1 shows the FESEM image of NiO-
MnO; thin layer composite annealed at 350, 450 and 550
°C. The thin film prepared by annealing at 350 and 450
°C shows the amorphous nature. The thin layer annealed
at 550 °C exhibits well connected particles with porous
structure. The average length and width of the
agglomerated particles of the thin layer annealed at 550
°C are 300 nm and 130 nm. The crystallinity of the thin
layer increased with increasing annealing temperature.
This porous thin film morphology is suitable for gas
sensing because the analytes can penetrate the thin film
surface, and interact with reactive sites spread over larger
surface area.
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Fig. 1: FESEM image of NiO-MnOQ: thin layer composite annealed at a) 350, b) 450 and c) 550 °C
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Fig. 2: A) XRD Pattern and B) Tauc'S Plot of NiO-MnO2 thin films annealed at 350 (a), 450 (b) and 550 (c) °C

3.2XRD

Figure 2 (A) illustrates the X-ray diffraction
(XRD) pattern of a NiO-MnO; thin layer annealed at 350,
450 and 550 °C. The definite sharpening of the XRD
peaks in the pattern suggests the crystalline nature of the
particles. The diffraction peaks of NiO-MnQO; annealed
at 350 and 450 °C, shown in Figure 2a and Figure 2b,
indicate an amorphous nature of the material due to a
less-formed crystalline phase. However, at an annealing
temperature of 550 °C (Figure 2c), a sharp diffraction
peak emerges, suggesting a higher level of crystallization
associated with larger crystals (Paine et al. 1999). The
diffraction peaks observed at 31.89° and 66.35° have
been precisely indexed as an orthogonal crystal structure,
characterized by lattice constants a = b =0.324 nm and ¢
= 0.521 nm (JCPDS card no: 00-047-1049). The X-ray
diffraction study provides insights into the crystal phase
and structural properties of the NiO-MnO; material. The
XRD pattern of NiO-MnO; reveals the presence of the
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NiMnO;z phase (JCPDS No. 18-0802). To ascertain the
particle size of the synthesized NiO-MnO; nanoparticles,
we employed the Debye-Scherrer formula (Patterson
1939). The calculated average particle size of the sample
was found to be 16.21 nm, derived from the FWHM of
the more intense peak corresponding to the 101 plane
located at 31.89°.

3.3UV-VIS

The optical absorption spectra of the
synthesized NiO-MnO; thin film were studied using a
UV-Visible spectrophotometer from 200 nm to 800 nm
at room temperature. The absorption spectra (not shown)
clearly indicate the blue shift for the thin film annealed at
higher temperatures. The optical band gap energy of the
synthesized thin films were calculated via the Tauc
equation, which is given by:

ahv = A (hv — Eg)" 2
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where a is the absorbance coefficient, A is a constant, hv
represents the energy of the incident photon, Eg is the
band gap energy value of the sample, and the value of n
can be 1/2, 2, 3/2, etc., depending on the type of
transitions. The value of n is taken to be %, since this is
the case of a direct band gap.

The band gap energy (Eg) has been estimated via
plotting the graph of (ahv)? versus hv as shown in Figure
2 (B). The extrapolation of the straight line of (chv)? to
the hv axis gives the band gap energy value (in eV) of the
synthesized thin films. The optical band gap of NiO-
MnO: thin films annealed at 350, 450 and 550 °C are
found to be 1.7, 1.75, and 1.85 eV respectively. It can be
clearly seen that the optical band gap energy of NiO-
MnO: thin films increases with the increased annealing
temperature. The jet nebulizer spray method emerges as
advantageous among the various synthesis techniques for
producing NiO-MnO; with a band gap of 1.7 — 1.85 eV.
This method excels in creating thin films with
exceptional uniformity, which is crucial for applications
demanding consistent optical and electronic properties
across large areas. Its scalability and cost-effectiveness
make it well-suited for industrial applications, offering a
viable pathway for large-scale production without
significant equipment investments (Jagadeesan and
Subramaniam 2021). Moreover, the jet nebulizer spray
method enables precise control over material
composition and structure, ensuring optimal band gap
tuning to meet specific technological requirements. This
versatility positions it as a preferred choice for sensor
applications, highlighting its robust capability to
delivering reliable and tailored material properties
essential for advancing technology.

3.4 Sensing Performance

The gas sensing performance of thin films is
intricately tied to the carrier concentration, a factor
closely linked to the annealing temperature of the
prepared thin films and the effects of annealing at 350,
450, and 550 °C on NiO-MnO; thin films were
investigated. Annealing temperature has a significant
impact on the sensitivity of thin films, as evidenced by
the observed increase in sensitivity with rising
temperatures (97 at 350°C, 131 at 450°C, and 165 at
550°C). This effect can be attributed to several factors.
Higher annealing temperatures improve the crystal
structure and phase formation of the films, leading to
better crystallization and more active surface sites, which
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enhance sensitivity. Additionally, elevated temperatures
can increase the grain size of the thin films, potentially
improving contact with the analyte and thereby boosting
sensitivity; however, excessively large grains may
sometimes reduce sensitivity. Furthermore, higher
temperatures alter the surface morphology, potentially
creating more surface roughness or porous structures,
which increase the surface area available for interaction
with the analyte. Specifically, the response of these films
to 100 ppm H,S gas at 350 °C was scrutinized. The
findings, depicted in Figure 3 (A), distinctly reveal the
impact of annealing on these thin films sensing
properties. The resistance of the thin film increased
significantly upon exposed to H2S vapor.

The sensitivity of NiO-MnO; thin films
annealed at 350, 450 and 550 °C were 97, 131, and 165,
respectively. The figure clearly demonstrates a gradual
increase in response with higher annealing temperatures,
suggesting a linear relationship between responses and
annealing temperature. When the sensor was exposed to
H.S gas, the sensor resistance increased. In air, the thin
film is depleted of electrons due to the accumulation of
oxygen species (02, O and O%*) emanating from air
which is responsible for the increase of resistance and the
reduction of gas content. The entire surface of the film is
covered with adsorbed oxygen ions, which reacts with
H-S gas.

Figure 3(B) displays the sensing characteristics
of NiO-MnO; thin films, which were annealed at 350,
450 and 550 °C, when exposed to H,S gas at three
specific chamber temperatures: 150, 250, and 350 °C.
The graph delineates a trend of increasing sensing
capability followed by a peak and subsequent decline. At
lower chamber temperatures (150 °C), the sensing
characteristic is notably subdued. This can be attributed
to the inert nature of H,S gas molecules at this
temperature, impeding their ability to surpass the
activation energy barrier required for reaction with
adsorbed oxygen molecules. Conversely, at 250 °C, a
heightened sensing response is observed. This surge
could be attributed to the increased energy available to
gas molecules, thereby accelerating the reaction process.
However, at higher temperatures such as 350 °C, gas
molecules exhibit rapid dispersal from the thin film
surface, rendering them ineffectual in altering the
sensor's conductivity and resulting in a diminished
response.
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Fig. 3: A) Response of NiO-MnO: thin films to 100 ppm H:S gas at 250 °C B) Sensing characteristics of NiO-MnO; thin films
annealed at 350, 450, and 550 °C when exposed to H2S gas at chamber temperatures of 150, 250, and 350 °C

Table 1. Comparing H2S gas responses of metal oxide sensors

Annealed

Material Method of preparation H,S Gas concentration Temperature Response Reference
NiO-MnO, Jet nebulizer spray deposition 100 ppm 550 °C 165 This work
CuO-WO; Thermal evaporation 100 ppm 300 °C 208 Park et al. 2014

Cu-ZnO Spray pyrolysis 20 ppm 250 °C 38 Shewale et al. 2013

NiMn,O4 Solvent evaporation method 2 ppm 500 °C Guan et al. 2014

CuO/NiO/Bi,03-Sn0, Dip-coating 80 ppm 50 °C 417 Zhou et al. 2011
Table 1 compares various sensors against the  adjustments and  recovery  without  excessive

sensors prepared in this study, which indicates that the
NiO-MnO; sensor prepared by annealing at 550 °C for 2
hours exhibits a high sensitivity (165), along with shorter
response (10 seconds) and recovery time (10 seconds).
Sensitivity measures measures how effectively the sensor
can detect the presence of the target analyte. High
sensitivity implies that even small concentrations of the
analyte can be detected. Response Time is the time taken
for the sensor to reach a stable signal after the analyte is
introduced. Short response times indicate that the sensor
can quickly detect and respond to changes in analyte
concentration. Recovery Time is the time required for the
sensor to return to its baseline or original state after the
analyte is removed. Short recovery times suggest that the
sensor can quickly return to its initial state and be ready
for subsequent measurements.

The high sensitivity (165) of the NiO-MnO2
sensor annealed at 550°C is attributed to the optimal
balance of material properties achieved at this
temperature, which likely enhances the crystal structure
and surface morphology, thus increasing active sites for
analyte interaction. The shorter response time (10
seconds) and recovery time (10 seconds) reflect the
sensor's efficiency in quickly detecting and disengaging
from the analyte. This is due to ideal surface
characteristics for rapid adsorption and desorption,
favorable electrical properties that enhance charge
transfer, and material stability that ensures quick
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crystallization or grain growth.

It was observed that as the annealing
temperature increased, so did the sensing response of the
thin film. This fluctuation in sensing response can be
attributed to structural and morphological alterations
induced by varying annealing temperatures. With higher
annealing temperatures, the thin film exhibited enhanced
crystallinity and a more porous structure, both conducive
to improved sensing capabilities.

4. CONCLUSION

In  conclusion, the study successfully
demonstrated the synthesis and characterization of NiO-
MnO; thin films through a jet nebulizer spray pyrolysis
technique. The thin films, annealed at varying
temperatures, exhibited enhanced surface morphology
and structural properties as confirmed by scanning
electron microscopy, XRD, and UV spectroscopy.
Significantly, these films were utilized as efficient gas
sensors for hydrogen sulfide detection. The NiO-MnO;
sensor achieved a remarkable gas-sensing response of
165 when exposed to 100 ppm of hydrogen sulfide gas,
accompanied by an impressive response time of 10
seconds. Mechanistic insights into the gas-sensing
behavior were comprehensively discussed, elucidating
the factors contributing to the superior performance of
the NiO-MnO; thin film sensor. From a broader
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perspective, the developed NiO-MnQO; thin film sensors
represent a significant advancement in gas-sensing
technology, offering a promising platform for the
sensitive and rapid identification and monitoring of
hydrogen sulfide gas. This research contributes to the
growing field of nanomaterial-based sensors and
underscores their potential for real-world applications in
environmental monitoring and industrial safety.
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