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Abstract: This study investigates the effect of SnO: as an additive on the structural, electrical, optical, and gas-
sensing properties of LaCrOs nanoparticles. SnO:2 is added into the LaCrOs by weight percentage (1 wt.%, 3 wt.%,
Swt.%, 7 wt.%, 9 wt.% and 11 wt.%) employing screen printing method. Initially, the nanoparticles of SnO:2 and
LaCrOs are separately synthesised by the sol-gel method and then used for the development of thick films. LaCrO3
is used as host material, while SnO: is additive material. The structural characterizations like FESEM, EDX and
XRD were carried out to investigate the morphology, elements and crystallite size, respectively. The inclusion of
SnO:z modifies the crystalline structure and surface morphology of LaCrOs, as revealed by structural analyses. The
optical characterizations like FTIR and UV were used for the study of the impact of the SnO: additive on the
Sfunctional group and band gap of the host material, respectively. Optical studies indicate a modification in the
bandgap, affecting light absorption properties and indicating changes in electronic transitions. The electrical
characterizations were conducted by using the half bridge method. Electrical resistivity measurements show
enhanced performance, likely due to a variation in charge carrier mobility induced by the SnO: additive. Among
other selected wt.% SnO: additives, 9 wt.% SnO: added LaCrOs thick films shows maximum sensitivity to CH4 gas
at 120°C operating temperature. The gas sensing characteristics demonstrate enhanced sensitivity, selectivity, and
response time to target gases, suggesting that SnO: doping improves the sensing capabilities of LaCrO;
nanoparticles, making them more efficient as gas sensors. Obtained findings suggest that SnO: as an additive
enhances the multifunctional properties of LaCrO3 nanoparticles, making them promising candidates for advanced
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gas sensing applications.
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1. INTRODUCTION

The incorporation of metal oxide additives in metal
oxide semiconductors is vital for the sustainable
development of the environment [1]. These
additives enhance the efficiency of semiconductors
in applications like air and water purification,
renewable energy, and gas sensing technologies,
all crucial for environmental protection [1, 2].
Metal oxide additives improve the catalytic
properties of semiconductors, enabling more
efficient breakdown of pollutants in air and water,
thereby supporting cleaner ecosystems [2, 3]. In
gas sensing, they enhance sensitivity and selectivity
for detecting harmful gases, contributing to better
air quality monitoring and pollution control
[4, 5]. Metal oxide additives improve the energy
efficiency of devices by enhancing charge carrier
mobility and reducing energy consumption,
supporting sustainable energy technologies such
as solar cells and photocatalysts. The use of
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environmentally friendly and abundant metal
oxides aligns with green chemistry principles,
ensuring that the materials themselves are
sustainable [5, 6]. Metal oxide additives in
semiconductors play a crucial role in addressing
environmental challenges, promoting cleaner
technologies, and contributing to the broader
goals of sustainability [6, 7].

By introducing metal oxide additives, the
electronic structure of the semiconductor is
modified, leading to changes in bandgap energy,
charge carrier concentration, and mobility. These
improve the material's optical properties, such as
light absorption and photoconductivity, making
it more efficient in optoelectronic devices [7, 8].
Additives, on the other hand, significantly alter
surface morphology, porosity, and active sites,
which are critical for gas sensing performance.
They enhance the adsorption and desorption
of target gas molecules, improving sensitivity,
selectivity, and response time. Additionally, dopants
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create oxygen vacancies or modify the oxidation
states of metal ions, facilitating better interaction
with gases and enhancing the sensing mechanism
[8, 9]. According to a literature survey, additives
modify the structural, electrical, and surface
properties of host metal oxide semiconductors,
making them more effective for specific optical
and gas sensing applications [7-10].

Lanthanum Chromite (LaCrO3) nanoparticles
exhibit unique physicochemical properties,
including a perovskite crystal structure, high thermal
stability, and intrinsic p-type semiconducting
behavior [11]. They possess a wide bandgap (~3 eV)
and antiferromagnetic properties due to the Cr*
ions. These nanoparticles are synthesized using
various methods such as sol-gel, hydrothermal
synthesis, co-precipitation, solid-state reactions, and
microwave-assisted techniques, each offering control
over particle size, morphology, and crystallinity
[12, 13]. LaCrOs nanoparticles are widely applied
in solid oxide fuel cells (SOFCs) as interconnect
materials due to their stability and conductivity at
high temperatures and in gas sensors for detecting
gases like oxidising and reducing [14, 15].
Additionally, they are used in catalysis for oxidation
reactions, photocatalysis for environmental
pollutant degradation, and in magnetic and
spintronic devices due to their magnetic properties.
The versatility of LaCrOs nanoparticles makes
them crucial for energy, environmental, and
electronic applications [15, 16].

SnO; (Tin Oxide) nanoparticles possess distinctive
physicochemical properties, including a wide
bandgap (~3.6 V), high transparency in the visible
range, and excellent thermal and chemical stability
[17, 18]. They exhibit n-type semiconducting
behavior, with high electron mobility and strong
sensitivity to environmental changes, making
them ideal for applications in electronics and gas
sensing. The surface of SnO; nanoparticles has a
high density of oxygen vacancies, enhancing their
reactivity, particularly in gas adsorption and
catalytic processes. Also, the addition of SnO,
in perovskite materials plays a significant role
in enhancing their structural, electrical, and
functional properties [9, 18]. It is a wide-bandgap
semiconductor and improves the conductivity
and carrier mobility of the perovskite material
by introducing additional charge carriers and
reducing resistive losses. Structurally, SnO; acts
as a stabilizing agent, modifying the grain size
and morphology, which improves crystallinity

and surface uniformity. In optical applications,
SnO, additive influences light absorption by
tuning the bandgap of the perovskite, enhancing
its performance in devices like solar cells and
optoelectronic devices [18, 19]. In gas sensing,
SnO, boosts the sensitivity and selectivity of
perovskite materials by providing more active
sites for gas molecule adsorption and improving
the response time. It also enhances the durability
of the material in harsh environments by
increasing its chemical stability [20, 21].

The sol-gel method is a widely used technique for
synthesizing nanoparticles due to its simplicity,
versatility, and ability to control particle size
and morphology [22]. This process involves the
transition of a system from a liquid sol to a solid
gel phase. Typically, metal alkoxides or metal
salts are used as precursors, which undergo
hydrolysis and condensation reactions to form a
network of metal-oxide bonds. The sol-gel method
offers precise control over the composition,
purity, and homogeneity of nanoparticles [22, 23].
It allows for the synthesis of nanoparticles
with uniform size and shape at relatively low
temperatures. The screen printing method is a
widely employed technique for fabricating gas
sensors due to its simplicity, scalability, and cost-
effectiveness. In this process, a gas-sensitive
material, typically in the form of a paste of MOS,
is deposited onto a substrate through a patterned
screen or stencil. The screen is made of a fine
mesh, and the material is applied by spreading the
paste across the mesh with a squeegee, allowing
it to pass through open areas of the stencil,
forming a uniform layer on the substrate [24-28].
This work has laid its prominence on investigating
the impact of SnO. additive on the structural,
optical, electrical and gas sensing characteristics
of LaCrOs perovskite nanoparticles. All the data
related to characterizations was interpreted and
matched to enticement out the conclusion.

2. EXPERIMENTAL PROCEDURES

All AR grade chemicals were purchased from
Modern Laboratories, Nashik, India. All these
chemicals were utilized without any further
purifications. In this work, we have synthesis
LaCrO; and SnO, nanoparticles separately by
using low cost sol gel approach.

2.1. Synthesis of LaCrQO; Nanoparticles
The LaCrO; nanoparticles were synthesised using
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the sol-gel method, starting with the dissolution
of 0.07 moles of lanthanum nitrate [La(NO3);]
and 0.075 moles of chromium nitrate [Cr(NO3)s]
in a minimal amount of distilled water. In
a separate beaker, 0.09 moles of citric acid
was dissolved in distilled water. Both solutions
were then combined and heated at 90°C with
continuous stirring on a magnetic stirrer for 3-4
hours. During this process, a colored sol was formed,
which gradually transformed into a viscous liquid,
indicating the formation of a gel. The obtained gel
was initially dried under an IR lamp for 30-40
minutes, followed by crushing and grinding to
obtain fine precursor particles. Finally, the dried
powder was calcined at 600°C for 5-6 hours,
leading to the formation of LaCrO; nanoparticles
with improved crystallinity and phase purity.

2.2. Synthesis of SnO; Nanoparticles

Initially, 50 mL of isopropyl alcohol was mixed
with the Sn(Cl»)-2H,O solution, and the resulting
mixture was stirred continuously for 3—4 hours
to obtain a homogeneous solution. To adjust the
pH of the solution to 8-9, 0.1 M NaOH solution
was added drop by drop using a burette while
maintaining constant stirring. The solution was
then allowed to settle for 2 hours, with an
additional 40 minutes of stirring before settling.
The obtained precipitates were thoroughly
washed with acetone and distilled water to
remove impurities and were subsequently dried
at 90°C. After that, the dried precipitate powder
was calcined at 600°C for 3 hours in the
muffle furnace. Finally, White coloured SnO,
nanoparticles were obtained.

2.3. Preparation of SnO,-LaCrQ; Thick Films
After successfully synthesis of LaCrO; and SnO;
nanoparticles by sol gel approach, synthesized
nanoparticles of LaCrO; and SnO; were used to
developed thick films. In the development of the
thick films, LaCrOs was used as host material and
SnO; was used an additive material. The SnO,
additive was added in the weight percentage
(1 wt.%, 3 wt.%, 5 wt.%, 7 wt.%, 9 wt.% and
11 wt.%) into the LaCrOs;. All the thick films
of SnO, added LaCrO; developed by screen
printing technique All films were developed on
rectangular glass substrates of size 1.25 x 2.5 cm
using the screen printing technique for thick
film deposition. Prior to deposition, the glass
substrates were thoroughly cleaned with double-
distilled water and acetone and then dried under
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an IR lamp to remove any residual contaminants. A
thixotropic paste was prepared using a 70:30 ratio
of organic (ethyl cellulose) and inorganic (butyl
carbitol acetate) materials to ensure proper viscosity
and adhesion. The paste was then forced through
a stencil onto the glass substrate using a screen
printing setup, forming uniform thick films. After
deposition, the films were initially dried under an
IR lamp for 20-30 minutes at ambient temperature,
followed by annealing in a muffle furnace at
400°C to enhance crystallinity and adhesion. The
prepared thick films were then utilized for further
characterizations and potential applications.

2.4. Characterizations Techniques

The developed SnO, added LaCrO; (SnO,-LaCrOs)
thick films were characterized by standard tools
such as FESEM, EDS, XRD, FTIR and UV-vis
spectroscopy. All these characterizations were
carried out at CIF and department of Physics,
savitribai Phule Pune University, Pune. The
Electrical and gas sensing characterizations of
developed SnO» added LaCrOs thick films were
carried out using homemade static electrical and
gas sensing setup as shown in Fig. 1 [29, 30].

Glass dome

Heater Sensor

Base plate

Gas inject indicator
unit

Fig. 1. Schematic diagram of static electrical and gas
sensing characterizations system

3. RESULTS AND DISCUSSION

Field Emission Scanning Electron Microscopy
(FESEM) combined with Energy-Dispersive
X-ray Spectroscopy (EDS) is a powerful
technique used for high-resolution imaging and
elemental analysis of samples. The FESEM and
EDS were performed on FEI NOVA SEM 450.
Fig. 2(a-f) shows FESEM micrographs of SnO»
added LaCrOs thick films.

The FESEM micrographs reveal the presence
of pores and voids within the film matrix.
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These voids enhance the surface area, providing
numerous adsorption sites for gaseous molecules.
In gas sensors, this increased porosity plays a
crucial role as it allows the gas molecules to
penetrate and interact with a larger portion of
the material’s surface [10, 29]. This interaction
leads to more pronounced changes in the film’s
electrical properties upon gas exposure, thereby
improving sensor response and sensitivity. Films
also show the agglomerates of SnO, particles
dispersed within the LaCrO3; matrix. Such particle
clusters influence the surface morphology and
impact the gas-sensing properties [8, 27]. While
excessive agglomeration might limit the effective
surface area due to particle clustering, moderate
levels of aggregation can form channels and
pathways that facilitate gas diffusion and enhance
the overall sensing performance. Porosity is a key
factor in determining gas sensing performance.
The FESEM micrograph displays varying porosity
levels depending on the amount of SnO, added.
High porosity ensures a larger surface area
available for gas adsorption and reaction, leading
to better sensitivity and faster sensor response
times [10, 11]. It is also observed that, as the
SnO; additive increases from lower percentages
(1 wt.% to 7 wt.%), a gradual increase in
porosity and void formation occurs due to the
incorporation of SnO; into the LaCrO3; matrix.

However, at 9 wt.%, the concentration may reach
an optimal point where SnO, particles begin to

cluster and form networks, resulting in a more
prominent porous microstructure. Beyond this
concentration, such as at 11 wt.%, excessive SnO>
may lead to particle agglomeration that fills
available spaces, reducing overall porosity and
void structure [30, 31]. The 9 wt.% SnO, added
LaCrO; films exhibit a unique combination of
enhanced porosity, more voids, and moderate
particle agglomeration that collectively improve
their suitability for applications such as gas
sensing by maximizing surface interaction with
analyte gases [32, 33]. The specific surface area
(Sw) of films was measured using the Brunauer-
Emmett-Teller (BET) method (Eq. 1) [34, 35].
The measured specific surface area (Sw) of each

sample is tabulated in Table 1.

Sw = gid (Eq. 1)
Where, Sw-Specific surface area, 6—constant, d-
diameter of spherical particle and @-composite

density of material.

Table 1. Specific surface area of wt.% SnO, added
LaCrO:; films

SnO:-LaCrOs Specific Surface Area
Sample (m%/g)
1 wt.% 2.35
3 wt.% 3.24
5 wt.% 3.89
7 wt.% 4.12
9 wt.% 6.35
11 wt.% 4.89

-

»
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Fig. 2. FESEM micrograph of a) 1 wt.%, b) 3 wt.%, c¢) 5 wt.%, d) 7 wt.%, e) 9 wt.% and f) 11 wt.% SnO, added
LaCrOs thick films
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The 9 wt.% SnO, added LaCrOs films exhibit
a higher specific surface area compared to
films with 1 wt.%, 3 wt.%, 5 wt.%, 7 wt.%, and
11 wt.% SnO; due to a unique combination of
microstructural factors. A high specific surface
area is beneficial for gas sensing, especially for
CHa, as it provides a larger number of active
sites for adsorption and reaction with methane
molecules. When CHs comes into contact with
the surface of the film, it interacts with adsorbed
oxygen species, leading to a change in the electrical
conductivity of the sensor material [34, 36].

EDS is often coupled with SEM and FESEM to
perform elemental analysis of the sample. When
the electron beam interacts with the sample, it emits
characteristic X-rays that can be detected and
analyzed to determine the elemental composition.
Fig. 3(a-f) illustrations of EDS spectra of SnO,
added LaCrOs thick films. The lower oxygen
content in terms of atomic percentage observed in
9 wt.% SnO, added LaCrO; films, as compared to
films with 1 wt.%, 3 wt.%, 5 wt.%, 7 wt.%, and
11 wt.% SnO, as shown in Table 2.

Table 2. Elemental composition of prepared
materials SnO; modified LaCrO3; nanocomposite

Sn0:2-LaCrOs Elemental analysis
Sample Atomic (%)
La-47.87
Cr-15.36
Sn-11.25
0-25.52
La-49.12
Cr-12.36
Sn-13.25
0-25.27
La-52.05
Cr-10.24
Sn-14.05
0-23.66
La-49.79
Cr-11.24
Sn-16.11
0-22.86
La-48.59
Cr-11.69
Sn-17.91
0-21.81
La-43.93
Cr-13.05
Sn-20.39
0-22.63

1 wt.%

3 wt.%

5 wt.%

7 wt.%

9 wt.%

11 wt.%

It is a beneficial attribute for gas sensing
applications. The lower oxygen content in the
9 wt.% SnO;, added films suggests a higher

6 G i

concentration of oxygen vacancies. These vacancies
are crucial for gas sensing as they act as active
sites that facilitate the adsorption and reaction of
target gas molecules. The lower oxygen content
observed in 9 wt.% SnO, added LaCrOs films
promotes a higher concentration of oxygen
vacancies, enhancing the reactivity, sensitivity,
and responsiveness of the film toward gas
molecules. This property makes it particularly
beneficial for gas sensing applications by
providing more active sites for adsorption, faster
response times, and stronger signal changes
during gas detection [36, 37].

X-ray Diffraction (XRD) is a widely used analytical
technique to determine the crystallographic
structure, phase composition, and physical
properties of materials. XRD is a fundamental
tool for characterizing the structure and
properties of crystalline materials in fields such
as materials science, chemistry, geology, and
solid-state physics. X-ray diffractometer [Bruker
D8, Advance, Germany] using CuKo radiation
(A=1.5409 A) was used to examine the structural
properties of the developed SnO, added LaCrO;
thick films. The obtained pattern of XRD of
each sample was used to determine crystallite
size and crystal structure of synthesized materials.
In the range of 20 to 80 degrees, the XRD patterns
were recorded for each sample. Fig. 4(a-f) reveals
the XRD pattern of SnO, added LaCrO; thick
films. The XRD patterns wt.% SnO, added LaCrOs
thick films exhibit characteristic peaks that
compared with the standard JCPDS card numbers
for LaCrOs; and SnO,. Typically, the LaCrOs
phase is indexed using a specific JCPDS data
card No. 24 -1016, indicating its orthorhombic
structure [37, 38]. Similarly, peaks associated
with SnO; are often identified using JCPDS data
card No. 41-1445, confirming the presence of
SnO; in its tetragonal rutile structure [39].

The prominent peak of LaCrO3; found to be at
32.89° indicate (112) miller plane while for SnO,
prominent peak found to be at 21.86° indicate
(110) miller plane. Matching peaks to JCPDS
standards ensures that the desired phases are
present and no unwanted phases or impurities are
formed during synthesis. With increasing wt.%
SnO; content, there may be noticeable shifts in
peak positions and changes in the intensity of
the diffraction peaks. Incorporating SnO; into
the LaCrOs matrix led to lattice distortions and
changes in crystallite size [40, 41]. The 9 wt.%
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SnO, added LaCrO; films often show peak
broadening due to reduced crystallite size, as
confirmed by XRD analysis, indicating a more
finely dispersed microstructure. The Debye-
Scherer’s equation (Eq. 2) was used to determine
the crystallite size [41, 42]. The calculated
crystallite size of SnO, added LaCrOs3 thick films
are tabulated in Table 3.
KA

D= 5 Cost (Eq.2)
Where, D-Crystallite size, K-Constant (0.9-1), -
full-width half maxima (FWHM) and 6-Angle of

diffraction.

The lower crystallite size observed in 9 wt.%
SnO; added LaCrO; films, in comparison to films
with 1 wt.%, 3 wt.%, 5 wt.%, 7 wt.%, and 11 wt.%
SnO,. A lower crystallite size inherently leads
to a higher surface area-to-volume ratio of the
material. This increased surface area provides
more active sites for the adsorption of gas
molecules. In gas sensing applications. Gas
sensing mechanisms in semiconducting oxides,
such as SnO,-LaCrOs composites, rely on changes
in electrical conductivity upon gas adsorption.
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Fig. 3. EDS spectra of a) 1 wt.%, b) 3 wt.%, ¢) 5 wt.%, d) 7 wt.%, ) 9 wt.% and f) 11 wt.% SnO, added LaCrO3
thick films
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Fig. 4. XRD pattern of a) 1 wt.%, b) 3 wt.%, ¢) 5 wt.%, d) 7 wt.%, e) 9 wt.% and f) 11 wt.% SnO> added LaCrOs

thick films

Table 3. Structural outcomes of SnO, added LaCrOs thick films from XRD

Sn0;-LaCrQs Sample | 2 Theta (Degree) | FWHM (Degree) | Intensity (a.u) | Crystallite Size (nm)
1 wt.% 32.64 0.2103 646.7 41.03
3 wt.% 32.70 0.2132 795.4 40.48
5 wt.% 32.65 0.2162 1067.9 39.91
7 wt.% 32.89 0.2216 360.6 38.97
9 wt.% 32.97 0.2418 990.8 35.72
11 wt.% 32.99 0.2396 404.3 37.99

The smaller crystallite size leads to improved
charge carrier mobility across grain boundaries,
enhancing the sensor's signal response. This means
that even small changes in gas concentration
result in detectable variations in the electrical
properties of the sensing film [41, 42]. The lower
crystallite size of 9 wt.% SnO; added LaCrOs
films offer a significant advantage for gas sensing
by providing a higher surface area for adsorption,
more active sites, enhanced charge carrier
dynamics, and faster response times [43, 44].
Results reveal significant structural modifications
due to the incorporation of SnO.. One of the key
observations is the gradual decrease in crystallite
size with an increasing percentage of SnO..
This reduction in crystallite size can be attributed
to multiple factors. First, the substitution or
incorporation of Sn*" ions into the LaCrOs lattice

s 50

introduces lattice strain and distortion, which
restricts crystal growth. The presence of SnO»
at higher concentrations hinders the mobility of
LaCrOj; grains during annealing, thereby limiting
their ability to coalesce and grow into larger
crystallites. Another contributing factor is the
possible formation of a secondary SnO- phase,
which disrupts the uniformity of LaCrOs; crystal
growth and leads to more refined nanoscale
grain formation. Moreover, increased doping
introduces defects and oxygen vacancies, which
further inhibit grain boundary movement, leading
to finer crystallite sizes.

FTIR is an analytical technique used to identify
and study chemical bonds and functional groups
within materials by measuring their absorption of
infrared light. FTIR is primarily used to identify
the presence of specific functional groups in a
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sample by comparing absorption bands to known
reference spectra. Fig. 5(a-f) display the FTIR
spectra of SnO, added LaCrOs thick films.

The FTIR spectrum of SnO, added LaCrOs thick
films typically exhibits characteristic absorption
bands associated with metal-oxygen vibrations,
such as La—O and Cr-O stretching and bending
modes. These peaks are usually observed in the
lower wavenumber region (below 1000 cm-?).
LaCrOs; peaks show strong absorption bands
at 594.08 cm’! for La—O stretch and 420.48 cm’!
for Cr—O stretch. Peaks of Sn—O bonds from
the SnO, phase are typically observed around
500-700 cm™. Peaks around 3200-3600 cm
may correspond to O—H stretching vibrations if
there is residual surface moisture or chemisorbed
hydroxyl groups on the surface of the films
[45, 46]. These groups play a role in gas sensing,
as they may interact with target gas molecules.
Fig. 5(a-f) shows that after SnO, is introduced
into the LaCrO; matrix at different weight
percentages, the vibrational peaks of La—O and
Cr—O bonds may shift or change in intensity,
indicating structural and bonding alterations.
With increasing SnO, content, shifts in the
position of the La—O and Cr—O peaks may occur.
These shifts suggest changes in bond strength and
structural rearrangements due to the interaction of
SnO, with LaCrOs. For example, the incorporation
of SnO, may introduce distortions in the lattice

or create new bonding environments, leading to
modified vibrational modes [34, 47]. Changes in
oxygen-related vibrations are particularly
relevant, as they influence the availability of
oxygen species on the surface, which are useful
for gas sensing reactions [37, 48].

UV-Visible spectroscopy is a widely utilized
technique to study the optical properties of
nanocomposites, providing essential information
about their electronic structure, light absorption
behavior, and bandgap energy. Fig. 6 (a-f) illustrates
absorbance versus wavelength of SnO, added
LaCrOs thick films. The absorbance versus
wavelength spectra of SnO, added LaCrOg3
films demonstrate significant variations in optical
properties with changing SnO, content. The
position of the absorption edge, the intensity of
absorbance peaks, and the overall spectral profile
are influenced by the interaction between LaCrO3
and SnO,. These changes reflect modifications
in electronic structure, light absorption behavior,
and surface characteristics, making these films
tunable for specific applications [44-47]. The
absorbance spectra typically show a characteristic
absorption edge that shifts with increasing
SnO; content. As the SnO; wt. % increases, the
absorption edge shifted and indicated changes in
the bandgap energy of the composite films. The
intensity of the absorbance spectra varies with the
wt. % of SnO, added to the LaCrO3; matrix.
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Lower concentrations (1 wt.% and 3 wt.%)
may exhibit relatively lower absorbance, while
moderate levels like 5 wt.% and 7 wt.% show
increased intensity due to better integration
and distribution of SnO, within LaCrO3. The
9 wt. % SnO, added film often displays enhanced
absorbance, indicating strong light interaction
due to this composition's increased surface area
and porosity. At 11 wt. % SnO,, a decrease in
absorbance was observed, potentially due to
excessive SnO, leading to agglomeration, which
enhanced the effective surface area. The energy
band gap of SnO, added LaCrO3 thick films is
estimated using the Tauc plot method (Eq. 3). It is
a common approach for determining the optical
band gap of semiconductors and composite materials
from their UV-visible absorbance spectra [44-48].
(ohv)? n= A (hv—Eg) (Eq.3)
Where, o is the absorption coefficient of the
material, hv is the photon energy (with h being
Planck's constant and v being the frequency of
light), A is a proportionality constant, Eg is the
optical band gap energy, and n is an exponent that
depends on the type of electronic transition.

Fig. 7(a-f) shows the Tauc plot of SnO, added
LaCrO; thick films. The incorporation of SnO,
into the LaCrOs; nanoparticle matrix is observed
to modify the resulting films' bandgap, as shown
in Table 4. SnO,, a wide-bandgap semiconductor,
influences the electronic structure of LaCrOs,
leading to changes in the bandgap energy [47, 28].

The electric DC resistance of wt.% SnO, added
LaCrOs thick films was measured using Eq. 4.

The resistance versus temperature plots of wt.%
SnO, added LaCrOs thick films are shown in

Fig. 11(a-f).

Table 4. Energy band gap of wt.% SnO, added

LaCrOs thick films
Sn0:-LaCrQ; Sample | Energy band (eV)
1 wt.% 1.73
3 wt.% 1.76
5 wt.% 1.67
7 wt.% 1.74
9 wt.% 1.78
11 wt.% 1.71

R sample= R ref [[(V supply)/(V ref)]-1] (Eq.4)
Where R sample is resistance of sample or film,
R ref is reference resistor (10 M ohm), and V ref
is reference voltage across the sample.

In the electrical characterizations we determined
electrical parameters such as resistivity, activation
energy at lower temperature region (LTR) and
higher temperature region (HTR) and temperature
coefficient resistance (TCR) of SnO, added LaCrOs
thick films by using Eqgs. 5, 6 and 7 respectively
[49, 50]. The obtained electrical parameters of SnO,
added LaCrOs thick films are tabulated in Table 5.
Fig. 8(a-f) demonstrates resistance variation versus
temperature plot wt.% SnO, added LaCrOs
thick films.
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The resistance variation versus temperature plot
of wt.% SnO, added LaCrOs thick films shows
semiconducting behavior because of the thermally
activated conduction mechanism, where increased
temperature excites more charge carriers, reducing
the material's resistance. The addition of SnO,
introduces donor states that increase free
electron concentration, further enhancing the
semiconductor's electrical conductivity with rising
temperature [34, 39]. The electrical resistance
decreases with increasing temperature, as revealed
in Fig. 8(a-f), due to the thermally activated
excitation of charge carriers (electrons or holes)
across the bandgap. As the temperature rises, more
electrons gain enough energy to jump from the
valence band to the conduction band, increasing
the number of free charge carriers available for
conduction. SnO; added LaCrOj thick films; the
addition of SnO, may create oxygen vacancies or
donor states in the conduction band, which further

enhances the material’s conductivity, especially at
higher temperatures [35, 39].

The semiconducting behavior of films can also
be linked to the activation energy required for
conduction. At high temperatures, the activation
energy in the material (related to the energy
needed to excite electrons to the conduction band)
becomes apparent in the slope of the resistance-
temperature curve. The resistance-temperature
plot is fitted to an Arrhenius equation, which
gives the activation energy, helping to confirm
the semiconducting nature of the films [35]. In
the form of Log Rc versus inverse of temperature
plot, activation energy is estimated by using the
Arrhenius equation (Eq. 6). Fig. 9(a-f) illustrates
Log Rc versus inverse of temperature plot
(Arrhenius plot) of wt.% SnO, added LaCrOs
thick films [35, 49].

_ (Rxbxt
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thick films

Table 5. Electrical parameters of SnO, added LaCrOj thick films

Sn02-LaCrOs Thickness (um) | Resistivity (Q.m) TOCR Activation Energy (eV)
Sample (/°C) HTR LTR
1 wt.% 54 3115114.6 -0.00375 0.0874 0.0486
3 wt.% 58 3782318.7 -0.00281 0.1656 0.0367
5wt.% 63 4295139.5 -0.00211 0.1045 0.0382
7 wt.% 65 4642532.3 -0.00207 0.0648 0.0737
9 wt.% 68 6799660.1 -0.00112 0.1384 0.0531
11 wt.% 71 5604908.9 -0.00146 0.1371 0.4502
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Fig. 8. Resistance variation versus temperature plot of a) 1 wt.%, b) 3 wt.%, ¢) 5 wt.%, d) 7 wt.%, ¢) 9 wt.% and
f) 11 wt.% SnO, added LaCrOs thick films

Where, R-Resistance of the film at room
temperature, t-thickness of the film, b- breadth
of the film, I-length of the film. Fig. 10(a-c)
indicates the wt.% SnO, additive versus
thickness, resistivity and TCR plot of films.

_ logR
AE = D E- X KT (Eq. 6)

Where, AE-Activation energy, R-Resistance at room

temperature, Ro-Resistance at room temperature,
K-Boltzmann constant and T-Absolute temperature.

TCR = —(32) /°C (Eq.7)
Where, AR-change in resistance between
temperature T and T, AT-temperature difference
between T, and T» and R.-Resistance of the film
at room temperature.
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The mass difference method is a straightforward
and reliable technique employed for the
measurement of the thickness of thin or thick
films. This method is employed for the
measurement of the thickness of films. The
thickness of all developed SnO, added LaCrOs
thick films was estimated using Eq. 8 [34, 49].

Thickness of film(t) = 2—1\: (Eq.8)

Where, AM-mass of the deposited film,
p-composite density of the deposited material and
A-area of the substrate covered by the film.

Fig. 10(a) shows the wt.% SnO, additive
increases in LaCrO; films, the thickness of
the films increases in the range of 54 to 71
micrometres. It could be because SnO; introduce
additional nucleation sites during the deposition
process, leading to thicker films as more material
is deposited onto the glass substrate. Higher
SnO; content could promote a greater number of
nucleation centres, which in turn increases the
thickness of the film. A thicker film might
provide a larger surface area for interaction with

gas molecules, which would improve the gas
adsorption capacity of the film [49].

From Table 5, it is observed that the 9 wt.%
SnO, added LaCrOgz films exhibiting maximum
resistivity and temperature coefficient of resistance
compared to 1 wt.%, 3 wt.%, 5 wt.%, 7 wt.%, and
11 wt.% SnO; added LaCrOs films. Resistivity
refers to the material's ability to resist the flow of
electric current, and in the case of SnO, added
LaCrO; films, the 9 wt.% SnO; composition likely
leads to a higher resistivity due to the specific
balance between the SnO; donor electrons and the
structural characteristics of LaCrOs. This high
resistivity at room temperature is advantageous
for gas sensing because it indicates that the
material responds significantly to the presence
of gases. In many gas sensing applications, a
material with a higher resistivity is more sensitive
to changes in the gas atmosphere, particularly
when the gas molecules interact with the surface
of the film, causing changes in its electrical
properties. These changes can be detected and
used to identify and quantify the target gas [35-37].
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The TCR is a measure of how the resistivity of a
material changes with temperature. A higher TCR
indicates that the material’s resistance changes
more significantly with temperature variations,
which is a critical factor in gas sensing. The
9 wt.% SnO; added LaCrO; films, the maximum
TCR means that the film’s resistance is more
sensitive to temperature changes.
This is particularly beneficial in temperature-
modulated gas sensors, where the sensor operates
by varying the temperature of the film to enhance
the interaction between the material and the target
gas molecules. A high TCR improves the sensor's
response time and sensitivity because the change
in resistance caused by the gas interaction will be
more pronounced as temperature fluctuates.
The combination of high resistivity and maximum
TCR makes the 9 wt.% SnO, added LaCrOs;
films highly sensitive to small changes in gas
concentration [35, 40]. When gases interact with
the film, they alter its electronic structure, leading
to measurable changes in resistance. A higher
TCR means that these changes can be detected
more easily, even at low concentrations of gas.
In the gas sensing study we have investigated
the impact of SnO, additive on the gas sensing
properties of LaCrO; nanoparticles synthesized
by the sol gel method. On the basis of sensitivity,
selectivity, response time, recovery time, limit
of detection and reproducibility characterization
the impact of the SnO, additive on the gas
sensing properties of LaCrOs; was investigated.
Sensitivity refers to the ability of the gas sensor to
detect small changes in the concentration of the
target gas [34, 49]. The sensitivity of wt.% SnO,
added LaCrO; films is estimated by Eq. 9. The
sensitivity versus operating temperature plot of
SnO; added LaCrOs; thick films is displayed in
Fig. 11(a-f). The sensitivity (S%) of SnO, added
LaCrO; thick films was determined by using
Eq. 9 [36, 40].
S (% ) — RaR—Rg
a
Where, Ra is the resistance of a thick film in air,
and Rg is the resistance of thick film presence of
target gas.
Fig. 11(a-f) shows the 9 wt.% SnO, added LaCrOs
thick films show maximum sensitivity to CH,
gas at an operating temperature of 120°C and a
gas concentration of 500 ppm compared to other
targeted gases like ethanol, NO,, LPG, NHj,
and petrol vapor. It is found that the 9 wt.%

24 @fﬁ

x 100 (Eq.9)

SnO; added LaCrO; films demonstrate maximum
sensitivity compared to the 1 wt.%, 3 wt.%,
5 wt.%, 7 wt.%, and 11 wt.% SnO, added
LaCrO:s films, making them highly beneficial for
gas sensing applications. The addition of 9 wt.%
SnO; into LaCrO; films creates a synergistic
effect that enhances the interaction between the
film and CHs4 gas. SnO; is known for its good
semiconductor properties, which help increase the
electronic conductivity of the composite film. The
optimal SnO» concentration likely results in a
higher number of active sites on the surface of the
film, which improves the adsorption and reaction
of CH4 molecules, leading to a more significant
change in the resistivity. Also, the porous
structure and increased surface area of the 9 wt.%
SnO; added LaCrOs films provide a larger active
surface for gas adsorption, making it more
sensitive to the presence of CHs. CH4 molecules
interact more effectively with the surface sites of
the film, leading to a greater change in resistance
upon exposure [36-41].

The methane gas sensing mechanism of the
prepared SnO;-added LaCrO; thick films is
primarily governed by the surface adsorption
and redox reactions occurring at the p-n
heterojunction formed between p-type LaCrO;
and n-type SnO,. When exposed to ambient
air, oxygen molecules from the surroundings
adsorb onto the film's surface, capturing free
electrons from SnO; and forming negatively
charged oxygen species (O,~, O7, O%). This
process increases the depletion layer, leading to
higher resistance. Upon exposure to CHs gas,
methane molecules interact with these adsorbed
oxygen species, undergoing oxidation reactions
that release trapped electrons back into the
conduction band [50-52]. This results in a reduction
of the depletion layer and a corresponding
decrease in resistance, which can be measured as
a sensing signal. The presence of SnO, enhances
the gas response by increasing the active surface
area, providing more adsorption sites, and
facilitating better charge carrier modulation at
the SnO,-LaCrOs interface [26, 29]. The oxygen
vacancies and defect states in the composite
material improve catalytic activity, enhancing the
selectivity and sensitivity toward CHy4 gas. This
dynamic change in electrical resistance upon
methane exposure forms the basis of the gas-
sensing mechanism in SnO,-added LaCrOs thick
films [53-56].
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Fig. 11. Sensitivity versus operating temperature plot of a) 1 wt.%, b) 3 wt.%, c) 5 wt.%, d) 7 wt.%, €) 9 wt.%
and f) 11 wt.% SnO; added LaCrOs thick films

The maximum sensitivity to CH4 gas was found
to be 58.41, 68.32, 78.05, 83.66, 92.54 and
85.62% to 1 wt.%, 3 wt.%, 5 wt.%, 7 wt.%,
9 wt.%, and 11 wt.% SnO, added LaCrO; films
respectively as shown in Fig. 12(a). Selectivity
refers to the ability of a gas sensor to respond to a
specific target gas while minimizing the response
to other gases present in the environment. It is
crucial for sensors used in complex or multi-gas
environments. It is estimated using Eq. 10.

Selectivity= Response to target gas/Response to
interferent gases (Eq. 10)
Fig. 12(b) shows the selectivity histogram of CH4
gas. The 9 wt.% SnO, added LaCrOs films show
maximum selectivity to CH4 gas when compared
to 1 wt.%, 3 wt.%, 5 wt.%, 7 wt.%, and 11 wt.%
SnO; added LaCrOs films. The 9 wt.% SnO,
films exhibit an optimal porous structure, which
increases the surface area available for gas
adsorption. This high surface area facilitates the
selective adsorption of CH,4 gas molecules while
minimizing the adsorption of other interfering
gases. The porous nature provides more active
sites for CH4, ensuring that the film reacts more

strongly with CH4 compared to other gases, which
contributes to better selectivity. Also, lower SnO»
additive concentrations may result in insufficient
porosity, while higher SnO, concentrations could
lead to clustering or agglomeration, reducing
the film's effective surface area and selectivity
[37, 41].

Response time is the time taken by the sensor to
reach a significant percentage (usually 90-95%)
of its final response when exposed to the target
gas [37]. Recovery time is the time required for
the sensor to return to its baseline signal after
being exposed to the target gas [49]. The 9 wt.%
SnO; added LaCrOs; films demonstrate a response
time of 10 seconds and a recovery time of 51
seconds when exposed to CHs gas. The 9 wt.%
SnO, concentration offers an optimal balance
that enhances both response and recovery due
to its tailored porosity, specific surface area, and
favorable electronic properties, making it highly
effective for methane detection compared to other
SnO; concentrations [28, 49].

The limit of detection (LOD) is the lowest
concentration of the target gas that the sensor
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reliably detect. The lower the LOD, the more  requiring early detection of harmful gases.
sensitive the sensor is to detecting trace amounts  Fig. 13(a) shows the plot of sensitivity versus CHs
of the target gas, which is crucial for applications gas concentration in ppm.
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The 9 wt.% SnO, added LaCrO; films show
maximum sensitivity to CHs4 gas at a concentration
of 500 ppm, compared to other concentrations
such as 100 ppm, 300 ppm, 700 ppm, and 1000
ppm. It could be because of at 500 ppm, the
concentration of CH, gas creates an ideal balance
for interaction with the 9 wt.% SnO; added
LaCrO; films. The active sites on the film's
surface are sufficiently occupied by CHs molecules,
leading to a maximum change in electrical
resistance, which translates to peak sensitivity. At
lower concentrations 100 ppm and 300 ppm, there
may be insufficient coverage of CHs molecules on
the sensor surface [49, 50]. This limited interaction
results in a smaller change in resistance, reducing
the sensor’s sensitivity. At higher concentrations
700 ppm and 1000 ppm, the surface may become
saturated with CH4 molecules. When saturation
occurs, adding more gas does not significantly
increase the resistance change, leading to a plateau
or even a decline in sensitivity due to limitations
in the number of available active sites for further
adsorption [57]. Reproducibility refers to the
ability of the gas sensor to produce consistent
results under the same experimental conditions
over multiple measurements. This includes
consistency in response, stability, and signal
variation. High reproducibility ensures that the
developed films sensor is provide reliable and
repeatable readings, which is essential for long-
term monitoring and industrial applications
where precision is critical. Fig. 13(b) shows
reproducibility plot of 9 wt.% SnO; added
LaCrOs; films. The decrease in sensitivity of 9
wt.% SnO; added LaCrOs; films after 15 to 30
days is primarily due to surface contamination,
structural degradation, environmental influences,
and aging effects [39, 50]. These factors reduce
the availability of active sites and impact the
sensor’s reactivity and charge transfer efficiency.
Table 6 shows the reproducibility test of 9 wt.%
SnO; added LaCrOs films.

Table 6. Reproducibility test of 9 wt.% SnO, added
LaCrO; films

No. of Day's Sensitivity (%)
5 92.54
10 92.54
15 92.16
20 91.68
25 91.15
30 90.54

4. CONCLUSIONS

In this study, SnO, and LaCrOs nanoparticles
were successfully synthesized using the sol-gel
method, and SnO,-added LaCrO; thick films
were developed on glass substrates using a cost-
effective screen printing technique. The impact
of the SnO, addition on the structural, optical,
electrical, and gas-sensing properties of LaCrO3
was systematically analyzed. The results revealed
that the incorporation of SnO; significantly
modified the microstructure, crystallite size, surface
porosity, and electrical characteristics, leading to
enhanced CH4 gas sensing performance. Notably,
the 9 wt.% SnO,-doped LaCrOs films exhibited
the highest sensitivity, selectivity, and fast
response (10 s) and recovery time (51 s), making
them highly effective for methane detection. FTIR
and UV-Vis analyses confirmed modifications
in vibrational and optical properties, correlating
with improved charge transport and gas
adsorption. The findings highlight the potential of
Sn0,-LaCrO; composites for high-performance
gas sensors, demonstrating their suitability for
real-world sensing applications.
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