#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Novel dual-functional manganese stannate thin
film for acetone gas sensing and photocatalytic
methyl orange degradation

i '.) Check for updates ‘

Cite this: RSC Adv., 2025, 15, 10460

Sharanu,® Akshayakumar Kompa,® Dhananjaya Kekuda, ©2 M. S. Murari®
and Mohan Rao K@ *2

Increasing health concerns due to pollution has led to the development of various materials to control
exposure to pollutants such as toxic gases and contaminated water. In this study, novel manganese
stannate (MTO) composite thin films were synthesized via sol-gel spin coating and their structural,
morphological, and chemical properties were extensively characterized. In addition, their photocatalytic
and gas-sensing abilities were evaluated. In photocatalysis, degradation efficiency measures of how well
a photocatalyst can degrade pollutants or dyes under light exposure. Remarkably, the MTO film exhibited
a high degradation efficiency of 67% for methyl orange (MO) dye when exposed to UV light for 150
minutes. We also examined the gas-sensing properties of the MTO thin films, particularly their response
to acetone. In gas sensors, sensitivity is often reported as a percentage, indicating the relative change in
the sensor's response per unit change in analyte concentration. Herein, the sensors displayed a linear
response within the 1-9 ppm range of acetone concentration at an operating temperature of 200 °C.
They also exhibited excellent selectivity, sensitivity, and repeatability, thus emerging as promising

R 427t N ber 2024 candidates for acetone gas-sensing applications. A sensitivity of 22% was achieved by the sensors,
eceive th November . . . S . s
Accepted 14th March 2025 allowing for a low detection limit of 1 ppm, which indicated their high sensitivity towards acetone gas.

Moreover, the MTO sensor exhibited response and recovery times of 15 and 16 seconds, respectively.
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1. Introduction

The increasing demand for multi-functional devices has led to
the exploration of functional materials that can serve multiple
applications, offering versatility and efficiency. One example is
metal stannate thin films, which possess at least two or more
functionalities." Recently, metal stannate thin films have
garnered significant attention from researchers owing to their
intriguing properties.>” The morphologies of metal stannate
thin films play a crucial role in determining the performance of
sensors and enhancing the photocatalytic activities of these
materials.*® Metal stannate thin films such as Mn,SnO, (MTO)
exhibit a wide range of unique properties, such as supercon-
ductivity, ferromagnetism, and ferroelectricity.” Metal stannate
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Based on these results, the MTO thin film is a potential material for photocatalytic MO degradation and
a gas sensor for acetone detection.

thin films can be used as electrical, photocatalytic, and
magnetic sensors, showcasing their multi-functionality.’®**
Furthermore, its desirable structural, morphological, electrical,
optical, and thermal properties make MTO a particularly
appealing metal stannate for various applications in electronics
and energy technologies.’»** Manganese shows multiple
oxidation states, leading to a broad spectrum of performance
capabilities.

Furthermore, manganese tin oxides exhibit diverse phases
that contribute to their many physical properties, which
enhance our understanding of these materials. Researchers
continue to study the properties of Mn,SnO, (MTO) to unlock
its full potential. MTO has already demonstrated usefulness in
applications such as Li-ion batteries,” photocatalysis,* and
spintronics.™

Recently, there has been growing interest in precisely
detecting volatile organic compounds (VOCs) considering the
concerns related to industrial safety, human health manage-
ment, and environmental protection.'® Acetone gas (C;HgO) is
extensively used in industrial settings, pharmaceuticals, and
laboratory facilities. It poses flammability and explosion risks,
and prolonged exposure to the gas can harm various organs of
the body." Consequently, the fabrication of acetone-sensing
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detectors has garnered increased attention for health moni-
toring. Additionally, accurate acetone sensing is crucial for non-
invasive diabetes diagnosis, wherein the concentration of
acetone in a person's breath is a significant indicator for
assessing diabetes in patients. In healthy individuals, the
acetone concentration in the respiratory system is typically
below 1 ppm (ranging from 0.3 to 0.9 ppm) but can exceed
1.8 ppm in diabetic patients.***® Therefore, detecting acetone
gas concentrations under parts per million (ppm) concentration
is crucial for diabetes diagnosis and monitoring. Gas sensors,
particularly those using metal oxide semiconductors such as
MTO, offer a cost-effective and straightforward method for
detecting hazardous gases compared with conventional
systems. The crystalline and porous nature of MTO promotes
the adsorption of atmospheric oxygen, enhancing its sensitivity
as a gas sensor for acetone detection.

Numerous countries worldwide are grappling with severe
water scarcity and ecological challenges stemming from the
extensive contamination of water sources by various organic
dyes.® Industries such as printing, textiles, painting, food,
cosmetics, and pharmaceuticals release waste laden with
harmful pollutants, giving rise to significant environmental
concerns with far-reaching implications for ecosystems.'>*
Methyl orange (MO) is a commonly used dye in the textile and
chemical industries, but its presence in wastewater can pose
a substantial health risk to living organisms. Researchers have
explored various methods for degrading MO to address this
issue, and metal oxide thin films have shown promise as
potential catalysts in this process.

The Mn/Sn molar ratio is a crucial parameter for controlling
the composition and properties of manganese tin oxide mate-
rials and directly impacts the porous structure of MTO thin
films. Researchers often fine-tune this ratio to tailor the prop-
erties and porosity of MTO films for specific applications, such
as gas sensors, photocatalysis, or energy-storage devices.”>* In
the present study, an MTO thin film was developed by tuning
the concentration of cations. We found that the Mn/Sn molar
ratio significantly influences the materials' structural,
morphological, and electrical properties. We then evaluated the
MTO thin films' photocatalytic and gas-sensing capabilities.

2. Methodology

2.1. Fabrication of MTO thin films

The MTO thin film solution was prepared using stannous
chloride pentahydrate (SnCl,-5H,0, 98%) and manganese
acetate dihydrate (Mn(CH;CO,), 2H,0, 98%) as the sources of
tin and manganese cations. These cation sources were dissolved
in 2-methoxy ethanol (solvent). Next, with 0.4 M selected as the
total concentration (Mn + Sn), the Mn and Sn ratio was tuned as
Mn/Sn = 1.5, 2, 2.5, and 3. After aging, the solution was left to
stand for 24 h followed by coating on glass using a spin-coating
system (Holmarc Model: HO-TH-5) at 2000 rpm for 30 s.>*>®* The
coated substrates were preheated at 250 °C for 6 min to elimi-
nate the solvents and any other organic residuals. The coating
was repeated until a thickness of 300 nm was attained. Finally,
the MTO films were annealed at 500 °C to obtain a crystalline
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ternary material. To identify the samples, the films were coded
as Mn/Sn (1.5), Mn/Sn (2), Mn/Sn (2.5), and Mn/Sn (3),
respectively.

2.2. Characterization of the MTO thin films

The post-annealed films underwent extensive characterization
to examine their properties. The structural parameters were
assessed using an X-ray diffraction instrument (XRD; Empyrean
Malvern Panalytical) equipped with a Cu-Ka source for X-ray
generation. The morphology of the films was observed by field
emission scanning electron microscopy (FESEM; Carl Zeiss
Sigma), atomic force microscopy (AFM; Park System), and
transmission electron microscopy (TEM; Titan Themis 300 kV
from FEI, Thermo). The chemical composition of the films was
analyzed using an X-ray photoelectron spectroscopy instrument
(XPS; Shimadzu Axis Supra) equipped with an Al-Ka. source for
X-ray generation. In addition, a Holmarc contact angle meter
(Model No. HO-ED-M-01) was used for the wettability studies
and a Keithley 3706 source meter for the electrical studies.

2.3. Gas-sensing setup

Acetone gas was used to analyse the gas-sensing activity of the
MTO samples. The gas sensing chamber had a capacity of 3.05
x 10* ecm®. The electrodes were fabricated using silver con-
ducting paste. The gas concentrations of the target gas (from an
acetone cylinder procured from Chemix with a purity of 99.0%)
and synthetic air (80% nitrogen and 20% oxygen) were
controlled using mass flow controllers (MFCs), with a total gas
flow of 500 sccm. Sensor resistance was initially stabilised by
purging the chamber with synthetic air. The sensor's response
was tested at different temperatures to determine the optimal
operating temperature. The target gas (acetone) diluted with
synthetic air was introduced into the chamber, and the sensor's
resistance change in the presence of dry air and acetone was
continuously recorded. Acetone gas concentration was adjusted
from 1 ppm to 9 ppm in 2 ppm increments. The sensitivity is
Ry — R
a

resistance and R, is acetone gas resistance. The response and
recovery times were measured as the time taken for the resis-
tance to change by 90% in acetone gas and air, respectively.

given by the equation s = X 100, where R, is dry air

2.4. Photocatalytic setup

The degradation of the MO dye solution was conducted to
assess the photocatalytic activity of the MTO samples. For this
study, the MTO films were immersed in MO solution in the dark
followed by light illumination using a UV lamp (11 W). This test
was carried out in a closed chamber for 150 min. At regular
intervals, aliquots were collected to test the degradation level
using a spectrophotometer.

3. Results and discussion

3.1 Structural analysis

The XRD patterns of the MTO thin films made with varied Mn/
Sn molar ratios are shown in Fig. 1a. The Mn/Sn molar ratio
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(a) XRD patterns of MTO thin films fabricated with varying Mn/Sn ratios, where the identified peaks correspond to the @-Mn,O3 phase and

#-Mn,SnO,4 phase, (b) morphology (FESEM) of the samples with unique nano-level features (scale bar is 1 pm) and (c) topography (AFM) of the
samples showing roughness variation due to a change in the cation ratio.

influences the growth of the MTO film and is an important
parameter that influences the stoichiometry of the thin films.
The ideal stoichiometry value is essential for obtaining pure
and highly crystalline Mn,SnO, phase-containing thin films.
The film prepared with a Mn/Sn molar ratio of 1.5 showed an
amorphous nature. This might be due to a deficit of Mn in the
film, which would not meet the optimal stoichiometry value of
Mn,Sn0O,. The Mn,SnO, structure was observed for the samples
prepared with Mn/Sn molar ratios of 2, 2.5, and 3. The opti-
mization continued until the Mn/Sn molar ratio reached 3;
whereby an excess of Mn was the origin of the Mn,0O; phase as
a by-product. The intensity of the peak related to the Mn,0;
phase increased as Mn/Sn molar ratio was increased.

The growth of the film toward the (311) plane corresponded
to the Mn,SnO, inverse spinel cubic phase. The films contained
a by-product phase, which could be observed by the (211) and
(122) planes, corresponding to Mn,O;. The JCPDS card
numbers (74-2378) and (41-1442) confirmed phase confirma-
tion. The obtained Mn,SnO, and Mn,0; phases agreed with the
reported works.*?*

The crystalline size of the nanomaterials was calculated
using Scherrer's formula, which considers the broadening
(FWHM) of diffraction peaks due to size effects and intrinsic
strain. Since diffraction peak broadening arises from both
physical and instrumental contributions, it must be corrected
using the below equation:

Bhkl = [(ﬁhklz)measured - (6hk12)instrumental]1/2' (1)
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The actual broadening related to the material was estimated
using the above relation. Further, this value was used in
Scherrer's equation to evaluate the crystallite size of our mate-
rial. This procedure has been well-reported by several
researchers to compute the crystallite size of nanomaterials
(nanoparticles/thin films).>*****

The average crystallite size was determined using Scherrer's
equation. The relations are given below:*

kA
- G cos 0 &)
B

= Ttand )

where k, 8, A, ¢ 6, and D indicate the shape factor, FWHM,
wavelength of X-ray radiation, strain, Bragg angle, and average
crystallite size, respectively.

The average crystallite size determined using the half-width
maxima of the (311) plane ranged from 21 to 23 nm. According
to Table 1, samples prepared with a Mn/Sn molar ratio of 3
exhibited larger average crystallite sizes than the other Mn/Sn

Table 1 Structural parameters computed from XRD data

Sample code Mn/Sn (2) Mn/Sn (2.5) Mn/Sn (3)
Crystallite size D (nm) 21.6 22.2 23.3
Micro strain & (10%) 1.6 1.5 1.4

© 2025 The Author(s). Published by the Royal Society of Chemistry
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molar ratio samples. This might be because the Mn,0; phase
was agglomerated with Mn,SnO,, enhancing its average crys-
tallinity. The strain was less for the Mn/Sn samples with a molar
ratio of 3, which might be attributed to their fewer film defects.
Smaller average crystallite sizes typically result in a larger
surface area per unit volume of the material. This increased
surface area provides more active sites for photocatalytic reac-
tions and gas molecules to interact with the material. As
aresult, the Mn/Sn = 2 samples with smaller average crystallites
may be more sensitive to photocatalytic activity and gas
adsorption due to the larger available surface area.

3.2 Morphology of the MTO surface

We studied the surface morphology of the MTO samples with
various Mn/Sn molar ratios. FESEM microphotographs of the
MTO samples are shown in Fig. 1b. The micrographs showed
that the Mn/Sn molar ratio significantly impacted the surface
characteristics of the deposited films. The materials were evenly
spread throughout the substrate. The micrographs further show
that the films were homogenous and crack-free for all the
samples. The films prepared with Mn/Sn molar ratios of 1.5 and
3 displayed small spherical grains distributed over the planar
surface. The samples prepared at Mn/Sn molar rations of 2 and
2.5 show the presence of a porous structure on the surfaces, as
shown by the fine unique discontinuous networks.**** The
surface of the Mn/Sn = 2 sample exhibited a dense arrangement
of pores, with each pore having a diameter of roughly 0.7 um.
The different Mn/Sn molar ratios resulted in variations in the
composition of the MnO-MTO material. Manganese oxide
(Mn,0O;) had a distinct crystal structure and properties
compared with Mn,SnO,. When the molar ratio was adjusted,
the relative proportions of these oxides in the final MnO-MTO
material changed, thereby affecting its morphological structure
and properties.

3.3 Topography of the MTO surface

Fig. 1c depicts the three-dimensional topography of the MTO
films recorded using AFM, showing a random distribution of
grains of different sizes across the substrate for the Mn/Sn = 1.5
sample. Meanwhile, the surfaces of Mn/Sn samples with molar
ratios of 2-3 showed a lower number of grains and an increment
in grain size. The film's roughness ranged from 4 to 50 nm,
consistent with previously published work.** The surface
roughness of the MTO film, obtained with an Mn/Sn (2) ratio of
50 nm, makes it well-suited for surface-related applications,
such as photocatalysis and gas sensors. In these applications,
the adsorption of molecules on the surface plays a crucial role in
initiating reactions. Films with a high surface roughness can
adsorb a greater number of species, leading to significant
alterations in their properties and enabling superior perfor-
mance in specific applications.

3.4 TEM analysis

It was essential to obtain intricate information about the
materials' structure, morphology, and elemental composition.
Fig. 2 shows the TEM image of the MTO thin film (Mn/Sn = 2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sample). Fig. 2a shows that the Mn,Sn0O,/Mn,0; composite
featured numerous three-dimensional spherical structures that
were densely packed together and exhibited a uniform size
distribution. Fig. 2b depicts the composite material's selected
area electron diffraction (SAED) pattern, which exhibits
multiple concentric rings. These rings could be attributed to
specific crystal planes, including the (122) and (044) planes of
Mn,03;, as well as the (311) and (040) planes of Mn,SnO,. This
observation suggests the presence of two distinct phases within
the material: Mn,SnO, and Mn,0O;. Fig. 2c depicts the high-
resolution transmission electron microscopy (HRTEM) images
of MTO, revealing lattice spacing values of 0.27, 0.26, 0.22, and
0.16 nm. These values correspond to the (122), (311), (220),
(040), and (044) crystallographic planes of the materials' Mn,03;
body-centred cubic phase and Mn,SnO, inverse spinel cubic
phase. The TEM spectra in Fig. 2d confirmed the presence of
Mn, Sn, and O elements in the thin films.

3.5 Chemical composition of the MTO film

Fig. 3 shows the XPS spectra of the Mn/Sn (2) Mn/Sn (2.5) thin
films annealed at 500 °C. The survey scan spectrum in Fig. 3a
shows the presence of Mn, Sn, O, and C elements. The decon-
voluted narrow scans for the Mn/Sn (2) and Mn/Sn (2.5) thin
films related to O 1s, Mn 2p, and Sn 3d are presented in Fig. 3b
and c. The deconvoluted spectrum of O-1s revealed the presence
of multiple sub-peaks labelled as O-I (531.3 eV) and O-II (529.81
eV), corresponding to adsorbed oxygen and O>". The obtained
results agreed well with previously published work.** The pres-
ence of oxygen vacancies in MTO suggested the formation of
non-stoichiometric Mn,SnO,, which can be expressed as Mn,-
SnO,_;. These oxygen vacancies, acting as intrinsic crystal
defects, are crucial for modulating the electronic structure and
charge-carrier concentration. While such defects are not
distinctly visible in the XRD pattern, their presence was evident
from the XPS peak ratios. Regarding the contribution of
different types of oxygen species, our analysis suggests that
chemisorbed oxygen (O™, O,~, O, ) played a dominant role in
gas sensing rather than lattice oxygen (O®~) or surface oxygen.
The adsorbed oxygen species capture electrons from the
conduction band, creating a depletion layer and increasing
resistance. Upon exposure to acetone, these species participate
in redox reactions, releasing electrons back into the material
and reducing resistance, which enhances the sensor response.
The increased oxygen vacancies in the Mn/Sn (2) films facili-
tated the adsorption of chemisorbed oxygen species, thereby
improving sensitivity, selectivity, and response speed. In
Mn,Sn0O,4, manganese is often in the Mn>" oxidation state. Mn
2ps/, at ~641 eV and Mn 2p,,, at ~652 eV confirms the Mn>*.
Mn 2p3, at ~643-645 eV and Mn 2p,, at ~654-656 €V confirms
the Mn®". The existence of Mn®" confirms the Mn,O; phase in
the films, which correlated well with the XRD and TEM results.
Mn oxidation states play a vital role in gas sensing by influ-
encing the adsorption and desorption processes. Mn exists in
multiple valence states (Mn>* and Mn**), and the redox transi-
tions between these states facilitate electron exchange during
gas interactions. Moreover, the Mn**/Mn*" ratio affects the

RSC Adv, 2025, 15, 10460-10472 | 10463
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(a) TEM images of the sample with a Mn/Sn molar ratio of 2. (b) Selected area electron diffraction (SAED) pattern indicating the presence of

crystalline phases. (c) HRTEM image showing the mixed phases of Mn,SnO4 and Mn,Os. (d) Elemental composition.

density of oxygen vacancies, which in turn enhances the gas-
sensing response. XPS peak areas attributed to oxygen vacan-
cies increased from 39% for pure Mn,SnO, to 59% for the Mn/
Sn (2) MTO thin films, indicating that a higher Mn content
promoted oxygen vacancy formation, thereby improving
sensing performance. The narrow scan for Sn-3d revealed peaks
corresponding to Sn3-d;, and Sn3-ds, and confirmed the
presence of Sn*" in the sample. The binding energy difference
between Sn-3d;/, and Sn-3d;,, was 8.37 eV, which was consistent
with published data.® Table 2 provides the peak positions, full
width at half maximum (FWHM), and elemental quantifications
for Mn-2p, Sn-3d, and O-1s, indicating that changing the Mn/Sn
ratio from 2 to 2.5 slightly increased the amount of Mn. The
binding energies and FWHM values implied that both Mn and

10464 | RSC Adv, 2025, 15, 10460-10472

Sn were present in specific oxidation states (Sn**, Mn**and
Mn*"), while the oxygen was bonded in oxide forms, contrib-
uting to the structure of the Mn/Sn oxide thin films.?*%”

3.6 Electrical properties

Table 3 summarizes the MTO thin films' electrical parameters:

resistivity, carrier concentration, and mobility. These parame-

ters were calculated using a software interface integrated with

the Keithley 3706 source meter, which automates the process.

The formulae applied in the software are as follows:
Resistivity:

p = Ryt (4)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Survey scan to identify all the essential elements in the Mn/Sn = 2 and 2.5 materials; (b) and (c) deconvoluted narrow scans of Mn/Sn (2)

and Mn/Sn (2.5) thin films for O 1s, Mn 2p, and Sn 3d.

Table2 Peak position and elemental composition of Mn, Sn, and O for
the thin films with Mn/Sn ratios of 2 and 2.5

Atomic (%)

Carrier concentration:

Elements Binding energy (V) FWHM (eV) Mn/Sn (2) Mn/Sn (2.5) Mobility:
Sn-3ds,  486.0 £ 0.01 1.4 £+ 0.02 2.2 2.7

Sn-3d;,  494.4 £+ 0.01 1.3 £ 0.02

Mn-2p;, 641.0 = 0.01 1.0 £ 0.01

Mn-2py;,  652.0 = 0.01 1.0 £ 0.01

O-1s 531.3 £ 0.02 1.8 £ 0.05

Table 3 Electrical parameters

of MTO thin films

" 1
RHq

1
p=—
pne

(6)

The resistivity values ranged from 0.3 to 12 Q cm for the
different Mn/Sn molar ratio samples. The Mn/Sn (1.5) sample

Samples Resistivity (ohm cm™) Carrier concentration (cm ™) Mobility (em®> V™' s71)
Mn/Sn (1.5) 12 8 x 10" 14
Mn/Sn (2) 0.3 2 x 10" 8
Mn/Sn (2.5) 0.5 5 x 10™ 12
Mn/Sn (3) 0.5 1 x 10" 10

© 2025 The Author(s). Published by the Royal Society of Chemistry
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had the highest resistivity of 12 Q cm, indicating it is the least
conductive. This high resistivity might be due to a lower carrier
concentration or more defect states that trap carriers, thereby
reducing the mobility. The Mn/Sn (2) sample exhibited a low
resistivity, possibly due to the fewer carrier entrapment states.
The mobility values ranged from 8 to 12 em® V' s~ for the
different Mn/Sn molar ratio samples. The Mn/Sn (2) sample had
the lowest mobility of 8 cm®> V™' s™', which might indicate
higher scattering rates or more defects. The carrier concentra-
tion ranged from 8 x 10" to 2 x 10" em™>. The Mn/Sn (2)
sample had the highest carrier concentration of 2 x 10™* ecm ™3,
which aligned with its low resistivity, suggesting a high density
of free charge carriers that contribute to electrical conduction.
Higher Mn/Sn ratios decreased the resistivity due to the
increased carrier concentration, though the mobility might be
reduced due to the greater number of scattering events or
defects. These changes align with the expected behavior of
doped semiconductors, wherein the doping level influences the
electrical conductivity. These electrical properties were influ-
enced by defects such as oxygen vacancies and Mn/Sn intersti-
tials, consistent with prior studies.®

3.7 Wettability study

Surface wettability, determined by the surface structure and
chemical composition, is a crucial property with applications in
self-cleaning and antifogging coatings.***® Hydrophilic or super-
hydrophilic surfaces are particularly desirable for expanding the
utility of metal oxides in biosensors or chemical sensors.*
Surface wettability is a crucial aspect of photocatalysis, reflecting
the physical interaction between a liquid and a material's surface.
In photocatalytic applications, a hydrophilic surface is imperative
as it facilitates the adsorption of water-soluble dye molecules
onto the nanostructures on the material surface. Before consid-
ering a material for use as a photocatalyst, it is essential to assess
its wettability to ensure its compatibility with water-based solu-
tions. To confirm the hydrophilic nature of our material, we
conducted wettability studies. This involved measuring the
contact angle of a water droplet on the surface of the thin film.
Contact angle measurements provide a valuable insight into
a surface's hydrophilic properties; whereby a higher contact angle
indicates a lower affinity towards water-based solutions, while
a lower contact angle signifies a higher affinity. In the context of
photocatalysis, a low contact angle is desirable as it allows for
increased interaction between the dye molecules and the pho-
tocatalyst surface, thereby enhancing the efficiency of the pho-
tocatalytic process. In liquid formulations, the contact angles
help assess how modifications to the liquid influence its
spreading behavior.

Young's equation relates the contact angle (6) of a droplet on
a solid surface to the interfacial tensions between the liquid-
vapor phase (Yy},), solid-vapor (Yy,), and solid-liquid (Yjs) inter-
faces and is expressed by the equation below:*

Yo=Y+ Yy Cos 0, (7)
where liquid-vapor surface tension is denoted as cosf. This

relation can be rearranged as follows:
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At equilibrium, the contact angle reflects the balance of the
following forces: adhesive forces between the liquid and solid
(v3s) and the cohesive force within the liquid-vapor (Y3,) or
solid-vapor (Yg,). ©®, being a contact angle, determines surface
wettability, where a contact angle <90° indicates a hydrophilic
surface with high water affinity, while a contact angle >90°
indicates a hydrophobic surface with water resistance.

Fig. 6a illustrates the water droplet shapes on the MTO thin
films with different Mn/Sn ratios. The contact angle measure-
ments revealed low contact angles of 31° and 35° for both films
(with Mn/Sn ratios of 2 and 2.5), indicating the hydrophilic
nature of the films. The reason for their hydrophilicity can be
correlated with the SEM images shown in Fig. 1c. The high
porosity associated with the Mn/Sn = 2 molar ratio sample
contributed to its lower contact angle than the Mn/Sn = 2.5
materials. From these observations, we can infer that the value
of the contact angle is directly related to the microstructured
characteristics of the film. Additionally, AFM results confirmed
the high surface roughness of the sample, which also contrib-
uted to a reduction in the contact angle.

3.8 MTO as a gas sensor

Materials to be used for gas-sensing applications should
possess characteristics desirable for the gas interaction with
materials. The physical and chemical microstructures of the
sensing material surfaces, whose interactions with gaseous
mixtures result in the sensor responses, represent a crucial
factor for fine-tuning the performance of gas sensors, particu-
larly in terms of the sensitivity and selectivity. Nanostructures in
a material can be dense or porous. When it comes to sensing
materials made of dense surfaces, the gas can only be adsorbed
on the surface since it cannot get inside the materials; however,
when the material is porous, the gas can enter the nano-
structures and interact with the inside nanostructures, thus
improving the overall response of the material. In the current
work, the appropriate Mn/Sn samples with molar ratios of 2 and
2.5 demonstrated porous natures, providing a high surface area
for gas interaction. The detailed mechanism of sensing on the
MTO surface is described below.

The typical sensing mechanism of metal oxide-based
acetone gas sensors is as follows: when the sensor is exposed
to air, oxygen molecules, which have a high electron affinity
(0.43 eV), become adsorbed on the sensor's surface and extract
electrons from the sensing layer. The specific oxygen ion species
present on the surface of the gas sensor will vary depending on
the operating temperature. This behaviour can be described

using the following equations.*®*
80°C
Osg) = Osqaay) 9)

150 °C

Oz(ads) +e *—>02(ads)7 (10)
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Operating temperature is one of the most essential param-
eters for gas sensors. As a result, the responses of the MTO
sensor to 9 ppm acetone at various working temperatures were
examined to determine the ideal working temperature. Gas
species detected by the gas sensor rely on the sensing material
and the sensor's operating temperature. Molecular ions gener-
ally tend to be stable at temperatures below 150 °C, whereas
other ions become stable at higher temperatures. The sensor's
sensitivity increases as the operating temperature rises owing to
the decreased activation energy needed for gas adsorption and
desorption. Nevertheless, there is an ideal operating tempera-
ture over which the film degrades, reducing the sensitivity of the
sensing material.

Fig. 4a shows the responses of the MTO sensor to 9 ppm
acetone gas at various operating temperatures. The sensor had
a high sensitivity of 22% to 9 ppm acetone gas at a 200 °C
operating temperature. The sensor's reaction to acetone gas
diminished as the working temperature rose from 150 °C to
250 °C. When the temperature increased, the sensitivity of the
sensor decreased considerably. A decrease in resistance at high
operating temperatures is a widely observed phenomenon in
resistive sensors, and it could be due to desorption playing
a prominent role at higher operating temperatures. Fig. 4b
shows a plot of the sensor response versus acetone gas
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Fig. 5 Linear fitting plot of sensitivity versus gas concentration.

concentration and the dynamic response-recovery curves of the
MTO sensor to acetone at 200 °C with concentrations ranging
from 1 ppm to 9 ppm. From the plot, it can be seen that the
responses of the MTO sensor increased with the acetone level in
the given range. The rapidly growing responses suggest that the
MTO sensor had a broad detection limit for acetone. With
varying the concentration from 1 ppm to 9 ppm, the sensor gas
sensitivity increased linearly, with the linear fitting plot shown
in Fig. 5 supporting this.
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Fig. 4 (a) Acetone sensing at different operating temperatures using the Mn/Sn = 2 based sensors; (b) sensing of various concentrations of

acetone at a 200 °C operating temperature; (c) response and recovery times for the MTO sensor for acetone sensing; (d) sensitivity of the MTO
films for different gases; (e) repeatability of the sensing performance to check the stability of the film for long time usage.
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The efficiency of gas sensors is significantly influenced by
the reaction and recovery times. When exposed to acetone gas,
the sensors underwent a redox reaction that increased the
number of majority carriers, thereby decreasing film resistance.
Film resistance gets saturated once all the chemisorbed oxygen
has reacted with the reducing gas. Upon introducing synthetic
air into the chamber, the resistance decreased. Fig. 4c shows
film resistance recovery after discontinuing the reducing gas
flow at 200 °C. The reaction time was the time taken by the
sensor to reach 90% of its stable maximum resistance, while the
recovery time was the time taken by the sensor to reach 10% of
its original response. In this study, the average response and
recovery times for the MTO films were calculated to be 15
seconds and 16 seconds, respectively, representing the best
response. We compared the sensitivity and response/recovery
time recorded in the current work with those of other oxide
materials (Table 4); interestingly, MTO showed a good response
to low ppm gas.

Apart from gas sensitivity, selectivity is another essential
factor for gas sensors. Here, the MTO thin films were also used
to sense various gases, like acetone, NH;, CO, NO,, SO,, and
H,S, to understand the selective adsorption of gases on the
films. Among the test gases, the films showed a significant
response to acetone at a 200 °C operating temperature (Fig. 4d).
The response of the MTO sensor to acetone was more than four
times higher than its response to the other gases, indicating its
good selectivity. At this temperature, acetone molecules adsor-
bed on the surface react with the already chemisorbed oxygen
ions causing a release of trapped electrons back into the semi-
conductor's conduction band. Therefore, the electron depletion
region diminishes, leading to a reduction in resistance. The
potential chemical reactions between two gases on the nano-
structured MTO surface can be described by the following
formula.

CH;3COCH;3(gq5) + 807 — 3CO, + 8¢~ + 3H,0 (13)

The repeatability and stability of the gas sensor for long term
usage are also important for its practical use. As shown in
Fig. 4e, the responses of the MTO sensor to 9 ppm acetone gas
were measured in 3 consecutive tests at 200 °C. The results
demonstrated that the sensor could maintains its initial
response amplitude after 3 cycles. The response % (or sensor
signal) and sensitivity are two different parameters. Here, Mn/
Sn (1.5) exhibited a relatively higher response at a specific
instance, but this did not necessarily imply it had the best

overall gas-sensing performance. The key metric for
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comparison is the change in resistance upon gas exposure,
which was highest for Mn/Sn (2), leading to its better overall
sensitivity, selectivity, and repeatability. The Mn/Sn (2) thin
films also showed the highest stability and a consistent
response/recovery behavior, making them the best candidate
for practical sensing applications. Next, the stability of the films
was analyzed based on multiple cycles of gas exposure to test for
reproducibility. The findings indicated that the sensor had good
reproducibility.

3.9 MTO as a photocatalyst

The photocatalytic performance of the MTO thin films was
examined using methyl orange (MO) dye. MO shows a vivid
orange color in water; it is carcinogenic, teratogenic, and toxic
to aquatic organisms and other species. Prolonged exposure to
this type of dye can lead to harmful effects on the organs of
animals. Although degradation using particles has shown good
performance, an extra step is needed to recover the particles
from the reactor after the reaction. At the same time, catalysts in
the form of a thin film do not require this additional step. Thus,
we tested our novel MTO films for the degradation of MO. MO
shows a prominent absorption at 465 nm. The change in the
absorbance of MO over time reflects its degradation through
photocatalytic treatment by MTO thin films under UV light
irradiation. Initially, the absorbance at 465 nm will be high,
indicating the presence of MO. As the reaction progresses, the
absorbance at 465 nm should decrease, indicating MO degra-
dation. The rate of this decrease can provide insights into the
efficiency and kinetics of the degradation process.

Fig. 6b illustrates the degradation of MO under UV light in
the presence of the MTO film as a catalyst. It could be seen that
the degradation of MO increased with higher Mn/Sn molar
ratios. Structural studies suggested that the amorphous nature
of the Mn/Sn = 1.5 sample contributed to its lower MO degra-
dation performance.

Fig. 6¢ displays the degradation efficiency () of the MO dye
with all the samples. This was calculated using the following
equation to quantify the effectiveness of the photocatalytic
degradation process at each ratio:**

G -C

= 10
n CO><0

(14)

where C, is the initial concentration of MO, and C is the post
degradation concentration.

The degradation efficiency of MO dye increased with the
higher solution concentration and Mn/Sn molar ratio. The Mn/

Table 4 Comparison of the gas-sensing parameters with previous works for acetone gas sensing

Material Response (%) Concentration (ppm) Operating temperature (°C) Selectivity Reference

MTO (Mn/Sn = 2) 22 9 200 Moderate Current study

Fe,03/Sn0, 42.6 100 200 High Wang et al., 2020 (ref. 43)

GO/ZnO 42.9 50 200 High Zhang et al., 2022 (ref. 44)
MnO,/Gd,05/Sn0, 30 50 200 Low Kumar et al., 2018 (ref. 16)
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Fig. 6 (a) Contact angle measurements for the Mn/Sn = 2 and 2.5 thin films showing their highly hydrophilic natures; (b) photocatalytic

degradation of MO using MTO as a thin film catalyst; (c) degradation efficiency of MTO films as a catalyst to degrade MO dye.

Table 5 Comparison of MO degradation efficiency with previous works

UV exposure time (min) Reference

Material Degradation efficiency (%)
MTO (Mn/Sn = 2) 67
Gd/Mn,SnO, 67
ZnO 55
Cu,O 53

Sn = 2 and 2.5 molar ratio samples exhibited the highest
degradation efficiencies, reaching up to 67% under 150 min of
UV exposure. The current efficiency was also compared with
other photocatalysts used for MO dye degradation (Table 5). It
could be seen that other oxide materials typically took more
than 150 min to degrade 50% of the dye. The MTO photocatalyst
thus showed better degradation performance over other the
reported materials in a shorter period.

© 2025 The Author(s). Published by the Royal Society of Chemistry

150 Current study

225 Muneer et al., 2022 (ref. 10)
360 Boughelout et al., 2020 (ref. 46)
360 Boughelout et al., 2020 (ref. 46)

4. Conclusions

Manganese tin oxide (MTO) composite thin films were
successfully deposited using spin-coating technique with
varying Mn/Sn molar ratios of 1.5, 2, 2.5, and 3, followed by
annealing at 500 °C. All the films exhibited a polycrystalline
nature, except those prepared with an Mn/Sn molar ratio of 1.5.
The morphology of the films was analyzed using FESEM, AFM,
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and TEM. Roughness values calculated for various Mn/Sn ratios
ranged from 4 to 50 nm. FESEM images revealed that the
morphological nanostructures comprised spherical grains and
porous structures. TEM confirmed the presence of mixed pha-
ses of Mn,0; and Mn,SnO, in the films. The presence of Mn,
Sn, and O elements with different oxidation states was
confirmed through EDS and XPS. The gas-sensing mechanism
of the MTO thin films towards acetone followed a surface-
controlled chemisorption process based on redox reactions. At
200 °C, oxygen molecules from the ambient environment
adsorbed onto the surface of the MTO film, forming O, O, , or
O, species. When acetone (C3H¢O) interacted with the surface,
it underwent oxidation, releasing electrons back into the
conduction band, thereby decreasing resistance. This electron
exchange enhanced the sensor's response, resulting in a high
selectivity, sensitivity (22%), and repeatability. The detection
limit could be reduced to 1 ppm, making MTO a promising
material for acetone gas sensing. The photocatalytic activity of
the MTO thin films in the degradation of methyl orange (MO)
dye was attributed to the generation of electron-hole pairs upon
UV-light irradiation. The Mn,0; and Mn,SnO, phases in the
film created heterojunctions that facilitated charge separation,
reduced recombination, and enhanced photocatalytic effi-
ciency. Photogenerated electrons reacted with dissolved O, to
form superoxide radicals (O, -), while the holes oxidized water
molecules to generate hydroxyl radicals ("OH). These reactive
species break down MO into smaller, environmentally benign
molecules. Samples with an Mn/Sn molar ratio of 2 exhibited
the highest degradation efficiency (67%) in less than 150
minutes owing to the optimized charge-carrier separation and
enhanced surface area. The versatility and wide range of func-
tionalities offered by metal stannate thin films, especially MTO,
make them highly promising for various applications, including
gas sensing and photocatalysis. These findings open new
possibilities for the development of advanced electronic and
energy technologies.
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