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Nanocrystalline and mesoporous (Ba,Sr)(Sn,Mn)O-
perovskite solid solution: a potential n-type
semiconductor for room temperature ethanol
sensing applicationsf

Nehal Ashok Waghchoure (2 and Kampurath Poduvattil Jayadevan ‘2 *

In this study, we report a potential n-type semiconducting nanocrystalline perovskite solid solution that is
represented as (Ba,Sr)(Sn,Mn)Os with a specific composition of BagggSro 02SNo.9sMng osOz for room
temperature (~25 °C) chemo-resistive ethanol sensing application. The perovskite solid solution has been
prepared using a co-precipitation route and calcined at 700 °C. XRD and SAED confirm the perovskite
formation. The process of crystallisation has been confirmed through thermal analysis. FESEM analysis
reveals a cubic morphology and EDS-based elemental mapping confirms the presence of all elements in
their approximate ratio. Ethanol sensing shows a relatively fast sensor response (~1.06 s) and recovery
(~1.81 s) time at room temperature and ~55% humidity. The stable sensor response is attributed to the
improvement in BET-specific surface area (~5 m? g3, narrow slit mesopores (3.2 nm), and the core level
shifts in the binding energy of O 1s as revealed by X-ray photoelectron spectroscopy (XPS). These are
indicative of conducive surface-active sites for ethanol sensing. The positive slope of the Mott—Schottky
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1. Introduction

Lead (Pb)-free oxide perovskites, alkaline earth stannate perovs-
kites (MSnO; where M = Ba, Sr) and their solid solutions have
been investigated recently for their use as transparent conducting
oxide (TCO) electrodes in electronic devices' and electrical
devices®® and for their optical properties,"” catalysis,®’
photovoltaics,® ' optoelectronics,"" and spintronics.">'* The
use of perovskites as sensors to sense volatile organic compounds
(VOCs) is well-known." The efficacy of oxide perovskites as VOC
gas sensors is greatly influenced by their crystal structure.
Perovskites’ distinct structural characteristics affect their surface,
optical, and electrical properties, which are vital for gas-sensing
applications. Oxide perovskites have a general formula ABO;.
Selecting A and B gives the freedom to adjust the surface and
electrical characteristics, which can improve their interaction
with VOC molecules. Additionally, compositional changes and
synthesis techniques may alter perovskites’ surface area and
porosity.”® The structure’s capacity to accommodate a broad
range of metal cations on both A and B sites makes the ABO;
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plot indicates the n-type semiconducting behaviour of the synthesized perovskite solid solution.

perovskite oxide family a genuine gold mine of varied physical
characteristics.'®'” The rotations of the BO, octahedral network
(also known as octahedral tilt) are used to accommodate the A
cation when its size is less than that needed for an ideal cubic
unit cell."® These changes alter the B-O bond length and B-O-B
bond angles, thereby changing the electronic and magnetic
properties of the materials. These unique features make perovs-
kites the most challenging and effective materials for VOC
sensing.'>?® Perovskites are also known for their oxygen
vacancy-induced properties. The oxygen vacancy-induced defec-
tive ABO;_; structure is thermodynamically more favourable.”*
The scope of formation of defects, porosity, and ease of adsorp-
tion of gaseous species on the doped oxide perovskite surfaces
would make this class of compounds suitable for real-time sensor
applications at room temperature.>*

The emerging applications of oxide perovskites have led to a
flurry of research activities on BaSnO; (BSO) and its doped
variants.' VOCs vaporise readily as they have high vapour and
atmospheric pressure at room temperature. VOCs may emanate
naturally or through human activities.”> Due to the rapid
growth in urbanisation and industrialisation, using VOCs in
industries and releasing those into the atmosphere has become
a matter of concern.”*>® Exposure to a high concentration of
these compounds for a long period may cause a lot of health
issues and sometimes may be lethal. Therefore, their detection
at the early stage is of utmost importance.>”?® A gas sensor is
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one of the finest devices made by human intelligence to sense
the gas and raise the alarm if the concentration is lethal for
humans.?* ' Among the VOCs, ethanol is the most commonly
used raw material in industries for synthesising organic
molecules.?*** Ethanol, however, ignites when exposed to high
temperatures or close to open flames. Furthermore, when it
comes into contact with oxidants, it becomes vulnerable to
chemical reactions or combustion.>** As per the reports from
the World Health Organization (WHO), more than 3 million
people lose their lives annually due to the health issues caused
by ethanol and its consumption via liquor.*® Ethanol is also a
volatile substance. A significant concentration of ethanol
vapour in the atmosphere can harm the human neurological
and circulatory systems, impairing eyesight and the respiratory
tract’s mucous membrane.>” Gas sensors may be divided into
several categories based on how they work, including solid
electrolyte gas sensors, thermal conductivity gas sensors, semi-
conductor gas sensors (also known as chemo-resistive gas
sensors), and catalytic combustible gas sensors.*® In a ravishing
array of multiple sensors, chemo-resistive gas sensors based on
heterojunctions made from metal oxide/metal oxide, metal
oxide/noble metal, metal oxide/metal sulphide, and metal
oxide/other materials have been studied for numerous applica-
tions in tracking food safety, air quality, and leakage of toxic
gases (i.e., NO,, CO) and volatile organic compounds (acetone,
ethanol, ammonia, etc.). The receptor (recognition) function,
transducer function, and peculiarities of sensor architecture
are three separate elements that govern the operating proper-
ties of chemo-resistive gas sensors, particularly sensitivity. The
receptor function provides the oxide surface’s capacity to interact
with the target gas. The transducer function can transform the
signal produced by the chemical interaction of the oxide surface
into an electrical signal.*® The development of ternary oxide and
its heterostructures may bring a ray of hope by reducing the
response and recovery time. Regarding cost and manufacturing
procedures, chemo-resistive ethanol sensors are the best com-
pared to fuel cell ethanol sensors.® Transition-metal oxides are
more appropriate for gas sensing because they have many pre-
ferred oxidation states. Metal oxides adorned with noble metals
and ternary, quaternary, or binary metals are typically utilised for
sensitive detection at ppb levels.*" In particular, doping stannate
with a transition metal like manganese (Mn), which exhibits a
range of oxidation states, has been a topic of intense research
interest as the valence state fluctuations in Mn would lead to
defects in the oxygen sublattice, thereby introducing intermedi-
ate electronic states in the bandgap.*>** Péna and Fierro*® in
their detailed review of the performance of perovskite oxides have
proposed total oxygen adsorption on the surface of perovskite
oxides. As per their analysis, the presence of Mn in the perovs-
kites results in high affinity towards adsorbed oxygen, thereby
promoting the oxidation of ethanol.

The BSO phase and its crystal structure have been well
studied, and it is known to be close to an ideal cubic perovskite
with a tolerance factor of 0.93 and a lattice parameter of ~4.11 A
with a space group of Pm3m.*® SrSnO; is orthorhombic with
lattice parameters a = 5.74 A, b = 8.10 A, and ¢ = 5.73 A and the
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Pbnm space group.”” Along with the tolerance factor, the
octahedral factor (rp/ro) also plays a vital role in determining
the stability of the ABO; perovskites.*® BOg is the basic unit of
perovskites, so the octahedral factor rg/rg related to the stability
of octahedron BOg is another governing parameter for the
formability of perovskites. Even though there is a lack of
structural match in terms of symmetry, the feasibility of a solid
solution has been predicted experimentally by Udawatte et al.*°
and computationally by Freitas et al.>® A few studies have been
reported on the effect of the substitution of Mn on the proper-
ties of BSO.*> These reports indicate that the electronic energy
band gap gets affected in the presence of Mn, and the resultant
properties can be exploited for their potential applications,
such as photocatalysis. The exceptional properties of Mn (like
dielectric and magnetic properties) prompted us to investigate
the nature of Mn-doped Ba;_,Sr,SnO; solid solution oxides.
The tolerance factor calculated is estimated to be close to unity
for this solid solution.’® It was observed that doping Mn at the
Sn site reduces the bandgap to a minimal extent from 3.23 eV to
3.01 eV in BSO.>* But, doping Sr at the Ba site and Mn at Sn
reduces the bandgap greatly due to the distortion caused by Sr
after doping it at the Ba site, although in our sample, the
distortion may be negligible because the % ratio of Ba:Sr is
98:2, retaining the cubic structure intact. As per research
reports, the Sr at the ‘A’ site reduces the leaching of manganese
doped at the ‘B’ site.”® However, as far as our knowledge is
concerned, the complex interplay of lattice distortion, strain,
electronic states and resultant optical absorption characteris-
tics of Mn-doped (Ba,Sr)SnO; has been rarely investigated;
therefore, this research reveals the effect of both these elements
(Sr and Mn) on the optical and structural properties and
explores the sensor applications of this potential semiconduct-
ing oxide solid solution. In the present study to prepare the
(Ba,Sr)(Sn,Mn)O; solid solution, we have adopted a surfactant-
free co-precipitation method that would result in a cubic
morphology through a process of ‘dissolution-recrystallization’
of the hydroxylated precursor of general formula MSn(OH)e.
The crystals undergo an Ostwald-ripening process, resulting in
a cubic morphology for the (Ba,Sr)(Sn,Mn)O; solid solution.”*
The schematic figure showing the formation of cubic morphol-
ogy for the solid solution is shown in Fig. S5 (ESIf).

2. Materials and methods
2.1 Chemical reagents

The precursor, namely, barium nitrate [Ba(NO;),] (98.5% pure),
was brought from Loba Chemie, and stannic chloride [SnCl,]
(98% pure) was purchased from Sigma-Aldrich and Merck Life
Sciences. Manganese(u) nitrate tetrahydrate [Mn(NO3),-4H,0]
(99.98%) and NaOH (A grade) were purchased from Sigma-
Aldrich and Merck Life Science, respectively. Changshu
Hongsherg Fine Chemicals supplied ethanol, while Sisco
Research Laboratories provided isopropyl alcohol and acetone
(for VOC analysis). The reagents were used without any further
purification.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2 Preparation of Ba, 9551 ¢25N0.95MNg 05053

The aqueous solutions of Ba(NO3), and Sr(NO;), were prepared
by dissolving stoichiometric amounts of Ba(NOj3), and Sr(NO3),
together in 25 mL of distilled water. The aqueous solution of
SnCl,; and Mn(NO;),-4H,0 was prepared by dissolving the
stoichiometric amount of both precursors in 10 mL of distilled
water. The aqueous solution of SnCl, and Mn(NO3),-4H,0 was
added dropwise to the above solution of Ba(NO;), and Sr(NO3),
with vigorous stirring for 1 hour. Once the homogenous
solution was formed, the aqueous solution of NaOH was added
dropwise to the above homogenous solutions and stirred for
almost 30 min. Subsequently, the whole solution was heated at
70 °C for 3 h and vigorously stirred until the precipitate formed.
This formed precipitate was then dried at 80 °C for another 3 h
in a Petri dish. The dried precipitate was ground using a mortar
and pestle, then transferred to an alumina crucible and heated
at 200 °C in a muffle furnace for 2 h. It was then washed with
15 mL of distilled water, dried at 80 °C for 30 mins and then
again heated at 200 °C for 2 h. The washing step was introduced
just to remove impurities like carbonates, nitrates, sodium, and
chlorine ions from the product. This process was repeated
thrice and then the product was heated at 500 °C for 2 h and
later calcined at 700 °C for 2 h and cooled at room temperature.
It was then ground and used for further analysis.

2.3 Characterization

The phase structure and microstructures were measured by
X-ray diffraction (XRD) using a Bruker D8 Advance with Cu Ka
radiation (4 = 1.542 A) from 20° to 80° with a step size of 0.02°
and a step time of 0.6 s. A Quanta FEG 250 was used for field
emission scanning electron microscopy (FESEM) analysis and
for performing energy dispersive spectroscopy (EDS) measure-
ments. The accelerating voltage for the FESEM and EDS mea-
surements was 20 kV each. A LEICA EM ACE 200 was used for
gold sputtering. Raman spectra were recorded in the back-
scattering configuration on a LAB RAM HR Horiba France by
using a 532 nm Nd-YAG laser (3.2 mW) as a laser source. All
these analyses were carried out at the CSIF lab (BITS Pilani, KK
Birla Goa Campus). X-ray photoelectron spectroscopy (XPS) was
carried out using an XPS system from Thermo Fischer
Scientific, with Al Ko radiation at 1486.6 eV, at Central Analy-
tical Laboratory (CAL), BITS-Pilani, Hyderabad. Transmission
electron microscopy (TEM) analysis was carried out using a
JEM-2100 PLUS (Central Facility Centre, Shivaji University
Kolhapur) with a resolution of up to 0.19 nm. UV-vis absorption
spectra were recorded using a Jasco V 550 spectrometer, Bru-
nauer-Emmett-Teller (BET) analysis was carried out at a degas-
sing temperature of 90 °C for 3 h on a Quantachrome
Instrument, Model: 20e and higher, NovaWin Version: 11.01-
11.0x (in-house facility), and thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) analysis were
performed using a Shimadzu DSC-60 in normal air from
Savitribai Phule Pune University (SPPU). The electrochemical
study was performed using a BioLogic SP-150e electrochemical
workstation. Using a three-electrode electrochemical cell for
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electrochemical impedance spectroscopy (EIS) and chronoam-
perometric data, the Mott-Schottky plot was created. The Mott-
Schottky plots were produced using EIS measurements, which
had a frequency range of 100 kHz to 10 Hz and an Ag/AgCl
reference electrode between —1.1 V and —0.1 V. For the
photocatalyst-working electrode, the BSO slurry was prepared
in ethanol using alcoholic Nafion as a binder. Next, it was
applied to a 1 ecm? surface area on fluorine-doped tin oxide
(FTO) glass slides. Graphite served as the counter electrode and
an Ag/AgCl (saturated KCl) electrode as the reference electrode.
The sensor application of the substrates was carried out in the
Semiconductors Materials and Device Laboratory, Department
of Physics, BITS Pilani, KK Birla Goa campus.

2.4 Fabrication and measurement of sensors

The ITO plate (1 cm®) having a 1 mm thick trench over the
surface was washed with Milli-Q water and then sonicated with
ethanol, acetone, and Milli-Q water for 30 min each. The above-
prepared Bag ogSro.02SNg.05MNg 0503 was dropcast over a trench
on a 1 cm?® ITO plate. The sensor substrate was dried in an oven
at 80 °C for 1 h before use. The electrical contacts were made by
clamping the clips on both ends of the ITO plate. In the sensor
chamber where the device is exposed to the testing gas, pure
liquid is vaporized to achieve the necessary concentration of the
test gas. All the sensing measurements were conducted at room
temperature (~25 °C). A schematic experimental setup for the
VOC analysis is shown in Fig. S9a and the original experimental
setup is shown in Fig. S9b (ESIt). The following formula was
used to determine the concentration of the gaseous species in a
known volume of liquid within the test chamber.>*>®

CxMxVxT
V= T P 1)

24xpxtxP
where v (uL) is the volume of the liquid, C (ppm) is the expected
concentration of the liquid in the sensor chamber, M (g mol )
is the molecular weight of the liquid, V (L) is the volume of the
sensor chamber, T (K) is the room temperature (~ 25 °C), 22.4 is
the molar volume of the gas (L mol ") at Standard Temperature
and Pressure (STP), p (g mL™") is the density of the volatile
compound under study, ¢ (K) is the temperature inside the
sensor chamber, and P is the purity of the liquid. By examining
the variations in electrical resistance following gas exposure, the
device’s sensing capability was assessed. The Keithley Source
Measurement Unit (SMU-2450) with a bias voltage of 5 V was
used to measure the variations in resistance. R,/Ry, where R, is
the resistance in air and R, is the resistance under the target
gas, is the definition of the sensor response (S) of the apparatus.
The resistance’s rise from zero to 90% of its maximum level is
measured by the response time (7;), and its fall from 90% to
10% of its maximum level is measured by the recovery time
(Tx).>” The T, was calculated when the sensor substrate was
exposed to ethanol gas of specific concentration for 40 seconds
(s) in the sensor chamber, and the T,. was calculated when
the substrate was exposed to the ambient environment for
10 seconds (s) outside the sensor chamber.

Mater. Adv., 2025, 6, 319-330 | 321
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3. Results and discussion
3.1 XRD analysis

The peaks at 30.67°, 43.95°, 54.53°, 63.89°, and 72.56° are
attributed to the 110, 200, 211, 210, and 310 planes, respectively.
In Fig. 1a, the highest intense peak is observed at 30.6°. The
highly intense peak depicts the crystalline nature of the synthe-
sised Bay 9gSTp.02SN0.05MNg 0503. It was observed that doping Sr
and Mn hardly altered the XRD spectra, indicating that it
has minimal impact on the crystal lattice structure of BaSnO;
(4.116 A). However, it is possible to obtain trace amounts of
respective binary oxides of Sn and Mn with an increasing amount
of Mn being added to the perovskite structure. The XRD peaks of
the Mn-doped Bay gS1(,0,SNO3 consisting of different concentra-
tions of Mn are also studied, the details of which are provided in the
ESL+ The crystallite size was calculated using Scherrer’s equation

K
- pcosb 2)
where D is the crystallite size, K is the shape factor (0.9), 4 is the
wavelength, f3 is the full width at half maxima (FWHM), and 0 is the
diffraction angle. The crystallite size of Bay 0gSry.02SN0.95MnNg 0503 iS
28.26 nm. It is observed that as the Mn concentration increases,
there is a decrease in the crystallite size. The ionic size of Mn*" is
53 pm and that of Sn** is 69 pm, which is why the crystallite size
decreases with the increase in the concentration of Mn, which
substitutes Sn to some extent in the perovskites.’® It is confirmed
that the dopant Mn ion plays a vital role in the growth mechanism of
the synthesised compound by widening the peak, followed by a drop
in crystallite size with an increase in the Mn concentration. The
lattice constant of Ba,gSTo 2SN0.0sMg 0505 is 4.112 A. The reduction
in the lattice constant (a) for the above sample indicates the presence
of oxygen vacancies.>® Fig. S1a (ESIt) shows the XRD plots for Mn-
doped/undoped Bay 6gSr,0,Sn0; perovskites. Fig. S1b (ESIT) shows
the Rietveld refinement plot of Bag 9gSto 025N0.95MnNg 0503, Which was
obtained using Profex 5.2 software, and the details are provided in
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the ESI.f It was found that as the crystallite size decreases, the
micro-strain increases. The crystallite size that is estimated
using Willamson-Hall (W-H) analysis is ~42 nm for
Bay 05T ,02SN0.05MNg 0505 (Fig. 1b) and for other compositions, the
details are provided in the ESIt (Fig. S2). The strain in the above
sample was calculated via a W-H plot and was ~2.04 x 10 °. The
thermogravimetric analysis of the samples was carried out and a
weight loss of 15% was observed for the decomposition of the
hydroxyl precursors to the final product.”” The details of the TGA/
DSC analysis are provided in the ESIt (Fig. S6).

3.2 Morphological analysis

The FE-SEM image of BagogSTry.02SNg.95sMnNg 0505 is shown in
Fig. 2. Fig. 2a displays the perfect cubic morphology of Bag gg-
Sro.02SN0.0sMnNg 4503. It can be seen that the cubes are compactly
packed and well segregated from each other. The Bag 0gSro.02-
Sny.95sMny 505 cubes have a rough surface and show the settle-
ment of some particles, which may be of hydroxylated cations
over the surface.®® The dopant atoms (Sr and Mn) are well
diffused into the lattice and induce a considerable variation in
the cubic size. The EDS analysis of the doped samples confirms
the presence of Sr and Mn in the Ba-Sn-O lattice. The weight %
and atomic % of elements of BagggSry.¢2SNgosMng 0503 are
shown in Fig. S3 (ESIt). The elemental mapping of Bag ¢St 0z-
Sny 95Mny 503 was also carried out and it shows the presence of
all the elements uniformly spread across the cube (Fig. 3). The
FESEM images of the other Mn-doped/undoped Ba, 9gStp.02Sn0;
also showed the cubic morphology having a rough surface
(Fig. S4, ESIY).

Fig. 2b shows the TEM image of Bag ggSr¢.02SN0.95MNg 0503
having cubic morphology. The size of the cube is estimated to
be ~0.6 um. The HRTEM image (Fig. 2c) for Bay 95Sr.0,SN0.05-
Mn, (503 shows an inter-planar spacing of 0.29 nm, which is
attributed to the lattice plane of (110). Fig. 2d shows the SAED
image of Bag.9gST¢.025N0.05MNg 0503. The XRD measurements of
these samples indicated that they are crystalline, and the

(a)
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211)

(200)

Intensity (a.u)

(b)

Beoso (1 0-—“2 .

(]
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2 ey T Y

50 60 70

40 80
20 (Degrees

Fig. 1
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(@) XRD pattern of the prepared Bag.9gSro.02SN0.95Mng.0503 sample (JCPDS: 015-0780) and (b) the W—H plot of Bag.9gSro.02Sn0.95MNg.0503.

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

Fig. 2 (a) FESEM image, (b) TEM image, (c) HRTEM image, and (d) SAED image of Bag 9gSro.025N0.95MNo.0503.

49% 0K
10% SrL
. 19% SnL
17% Bal

§% MnK

Fig. 3 (a) Elemental mapping and compositional analysis of Bag.9gSr0.02SN0.95MNg 0503, (b) Ba (17%), (c) Sr (10%), (d) Sn (19%), (€) Mn (5%), and (f) O (49%).

diffraction spots in the SAED patterns support this conclusion.
Furthermore, most of the spots are on the concentric circular
rings, indicating that the synthesized Ba 95Sr¢ 025N0.05MNg 0503
sample is polycrystalline.

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

3.3 BET analysis

The Bag 9gSTt.025N0.9sM1Ng 0503 perovskite’s specific surface area
and pore size distribution were determined by using the density
functional theory (density in this context refers to the statistical

Mater. Adv,, 2025, 6, 319-330 | 323
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Fig. 4 (a) Nitrogen adsorption—desorption isotherms and (b) BJH pore-size distributions of Bag 9gSro.025N0.95MNg 0503.

distribution of pores) to examine the desorption branch of N,
gas isotherms. Nitrogen adsorption-desorption isotherms of
Bay 05ST0.0251N0.05MNy 0503 show that it is a type IV isotherm (Fig. 4a),
characteristic of a mesoporous material with a hysteresis loop at
high partial pressures. As per the IUPAC classification of the
hysteresis loop, the given isotherm for Bag 9gSro02SN0.95MnNg 0505 in
Fig. 4a shows an H4-type hysteresis loop®" with a narrow-slit pore
(3.2 nm). It is observed that calcining the material at a low
temperature and period of 700 °C and 2 h, respectively, promotes
the formation of uniform narrow slit mesopores, which con-
tributes to the sensing application by enhancing the sensor
response of the material.®>®® The BJH pore-size distributions
(Fig. 4Db) reveal the pore size to be 2.6 nm. The micrometer-cubic
morphology formed from the plate-like hydroxylated cationic
sheets under this calcination temperature and the relatively
short time scale selected for our study would have stabilized
narrow and mesoporous pores.

The flat band potential (Eg,) was calculated from the Mott—
Schottky plot (Fig. 7d). The graph was plotted against 1/C” vs.
potential (V) and the line of intersection on the x-axis (potential)
gave the value of Eg,, which is ~—0.62 V. The negative value of
the Eg, indicates downward band bending, which makes the
flow of electrons easier®®® in the Bag ogSTo.02SN0.9sMNg 0503
semiconductor perovskite.

3.4 Raman analysis

Since BSO belongs to the space group Pm3m, the [SnOg] octahe-
dra may not show first-order Raman vibrational modes due to
the centre of symmetry,®®®” but there will always be some
defect-induced vibrational modes as discussed subsequently.®®
However, since the dopants are introduced (Sr and Mn), there’s
a slight distortion in the [SnO¢] octahedra, which facilitates the
Raman vibration. The presence of oxygen vacancies and defect-
oriented development might cause the observed Raman activity.
In Fig. 5, the Raman peaks at 109 cm™ ", 155 cm ™', 251 cm ™,
and 415 cm™ " are attributed to [SnOg] vibrational modes. The
peak observed at 645 cm ™! is due to the SnOg vibrational mode,
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Fig. 5 The Raman spectra of the Bag 9gSro.02SN0.95MNg 0503 perovskite.
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which becomes broad because of the presence of [MnOg]
stretching modes® after Mn doping (Fig. S8, ESI{). Since
vibrational Raman modes of MnO, are less dominant in our
sample,®>’° only stretching vibrations of [MnOg] have been
shown to reside between 500 and 700 cm™".”" It is to be noted
that the size of Mn*" is smaller than that of the Sn** ion and
hence it can substitute the Sn** ion. The Raman peak of [MnOg]
at 643 cm™ ' coincides with the broad peaks attributed to [SnOg]
(640 cm ™). The Raman peaks of both Mn-doped and undoped
Bag 9sST 02SN0; substrates and their details are mentioned in
the ESLt It was observed that the carbonate peak at 1054 cm !
diminishes with the increase in the concentration of Mn (Fig.
S8, ESIT). A possible reason for this observation is that the
interstitial carbon is replaced by the Mn** ion to form a trace
amount of MnO, (not detected in the XRD of our sample) close
to the surface of the nanocrystalline grains, with the increase in
the concentration of Mn in (Ba, Sr)(Sn, Mn)Os.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.5 UV-visible analysis

Doping the right quantity of Mn adjusts the bandgap of BSO, an
ultraviolet-absorbing material useful for visible light harvesting
applications. The bandgap in Bag.9gSrp.02Sn;_,Mn,O; reduces
when the Mn concentration increases.”” Tauc’s plot (Fig. S7d
ESIt) shows an indirect bandgap of 0.41 eV for BagogSro.ox-
Sny 9sMny 0503. The reduction in bandgap with the increase in
the concentration of Mn may be possibly due to the presence of
defects and hydroxylated cations. All these effects synergisti-
cally contribute towards the reduction of the energy level. The
Tauc plot for the Mn-doped and undoped Bag ¢gSr¢ 02Sn03 is
presented in the ESIt (Fig. S7).

3.6 XPS analysis

The presence of elements and their oxidation states were
determined by XPS analysis. Fig. 6 shows the XPS peaks for
Ba.05ST0.02SN0.05MN s03. From the XPS spectra (Fig. 6a), the
presence of constituent elements Ba, Sr, Sn, Mn, and O was
identified in the synthesised Bag.9gSro.02SN0.0sMng 0503 perovs-
kite. Fig. 6b gives a core level binding energy of Ba and there are
doublet peaks that appear at 780.03 eV and 795.40 eV assigned
to Ba 3ds/, and Ba 3d;, respectively. The difference in these two
peaks is 15.37 eV, which matches the reported data and
confirms Ba’s existence in the Ba®>" oxidation state.”® Fig. 6c
shows core-level splitting of Sr. In this, there are shoulder peaks
that appear at 135.22 eV and 138.22 eV, assigned to Sr 3ds/, and
Sr 3dj,, respectively. The difference in these two peaks is
2.97 eV which confirms the existence of Sr in the Sr** oxidation
state as per the reported data.”* The core-level binding energy
of Sn is given in Fig. 6d. There are doublet peaks that appear at
486.28 eV and 494.71 eV which are assigned to Sn 3ds,, and Sn
3d;, respectively. The difference in these two peaks is 8.43 eV

View Article Online
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which confirms the existence of Sn in the Sn*" oxidation state
as per the data.”® A core-level binding energy of Mn can be seen
in Fig. 6e. In this, there doublet peaks that appear at 641.74 eV
and 652.96 eV which are assigned to Mn 2p;, and Mn 2py,,
respectively. The difference in these two peaks is 11.22 eV,
which confirms the existence of Mn in the Mn™ oxidation state
as per the reported data.”®’” A single peak incorporating other
small peaks for O 1s is observed in Fig. 6f. There are two peaks
at 529.22 eV and 531.38 eV which are assigned to lattice oxygen
and oxygen (O>7) in the oxygen vacant region (oxygen vacancy)
respectively.”®”°

3.7 Sensing analysis

The sensing experiment was carried out for Bag ¢gSro 025N 95"
Mn, 4503 deposited over the trench of the ITO plate under
ambient conditions (~25 °C) and was probed for ethanol gas.
The sensor response for different Mn-doped Bag 9gSr¢ 0250095
Mn, (505 was also studied along with Bag 9gSro.025N0.05MNg 0503,
but it showed no good sensor response. The sensor response for
the Bag ST 02SN0.95MN 505 substrate for different concentra-
tions of ethanol was also studied, and it was found that 100 ppm
of ethanol shows the best results as compared to 25 ppm and 50
ppm of ethanol (Fig. 7a). Unlike other Mn-doped Bay ogSto.oz-
SnO; substrates, Bag 9sSro.02SN0.9sMnNg 0503 shows a good sensi-
tivity at room temperature (~25 °C) for ethanol, IPA, and
acetone, i.e., above 85%. It is observed that the sensitivity
almost remains stable and is above 85%. The sensor response
of all three VOCs is shown in Fig. 7e. A comparative graph giving
insights into the response and recovery time of these three VOCs
is demonstrated in Fig. 7f. The uniform cycles obtained for the
Bag.085T0.025N0.0sM1Ng 0505 sensor substrate (Fig. 7b) show a
prompt response and recovery time for ethanol (100 ppm) at
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Fig. 6 XPS analysis of Bag.9gSro.025N0.905MNo 05O3: (@) XPS survey spectrum, (b) core level binding energy peaks of Ba, (c) core energy binding energy
peaks of Sr, (d) core energy binding energy peaks of Sn, (e) core energy binding energy peaks of Mn, and (f) core energy binding energy of O.
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room temperature (~25 °C) and a humidity of 55% for Bag.9gSro.025Nn0.95Mng.0sO3, () response and recovery times for 100 ppm ethanol of the
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1.06 s and 1.81 s, respectively (Fig. 7c), compared to the other
VOCs (100 ppm), which shows its selectivity for ethanol, as the
dipole moment and electron affinities are unique for every gas
species. The above response was recorded at room temperature
(~25 °C) and a humidity of ~55% during summer. This is one
of the best results compared to the one recorded to date and is
tabulated in Table S1 (ESIT) based on the response and recovery
time. However, the stability of the same substrate when probed
after 5 months (during the rainy season) showed a sensitivity of
88% with a humidity of about 85%. Due to high humidity, there
was a delay in the response and recovery time. The response and

recovery time were recorded as 16 s and 4 s, respectively (Fig. S10a
and b, ESIt). At low humidity, fewer water molecules interact with
the Bay.9gST0.025N0.0sMNy 0503 sensor substrate thereby reducing
the dissociation of water. It is known that the hydroxyl group
impedes the adsorption of oxygen species.*>®! The repeatability
of the sensor substrate was also probed for 1100 s, and it showed
sensitivity above 85% (Fig. 8a) with response and recovery times
of 20.3 s and 4.2 s, respectively at ~70% humidity for ethanol
(100 ppm). The decrease in the intensity of the peaks with an
increase in time (s) is due to the decrease in the concentration of
ethanol gas which occurs while placing the sensor substrate in

35 : — 100
(a) = Repeatability (b) 89% 52
304 0
b ~
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2, e
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Fig. 8

(a) Repeatability of the sensor substrate Bag 9gSro.02SN0.95MNg 0503 at room temperature (~25 °C) and a humidity of ~70% for ethanol (100 ppm)

and (b) the sensitivity of the Bag 9gSro.025N0.95MNg 0503 sensor substrate probed in March, August and October (2024).
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(ethanol exposure) and taking it off (ambient condition) the gas
chamber, which is done manually. Fig. 8b shows the stability of
the sensor substrate based on sensitivity recorded for different
months, Ze., in March, August, and October the sensitivity (humid-
ity) was 89% (~55%), 88% (~85%), and 86% (~70%), respec-
tively. There is not much change in the sensitivity even after seven
months. The sensitivity was above 85% for the recorded months.

The electron densities in BSO can be increased by introdu-
cing a donor dopant,®*®** by oxide reduction (which occurs
due to the presence of oxygen vacancies and creating
electrons),”®**®> and by charge transfer that takes place at the
interface.®® EDS and XPS data of BagogSTo 02SN0.0sMNg 0503
reveal the presence of oxygen vacancies which act as electron
donors and result in n-type carriers. The number of donors (Ny)
present in Bag.ogSTo.025Ng.05MNg 0505 is of the order of 10**
cm > These electrons interact with the atmospheric oxygen
molecules and form oxygen species, further interacting with the
ethanol molecules, thereby giving a prompt sensor response.

At high humidity, H,O molecules compete with the charge
traps with O, on the surface thereby restricting O, adsorption.
H,0 molecules may further develop a hydrogen-bonded net-
work to capture more O, or H,O by even eliminating O, .%® The
supercell models of the perovskite solid solution having ethanol
or water molecules show that the molecules would orient along
the edges of the [Sn/Mn] centred polyhedral network in the
presence of defects like oxygen vacancies or adsorbed oxygen.
These favourable orientations would facilitate ethanol oxidation
(Fig. S12a and b, ESIt). Santiburcio and Marx®® have studied the
structural and dynamic properties of nano-confined water and
hydroxylated species in FeS sheets having mesoporous slit
pores. They concluded that the polar species prefer to perpen-
dicularly orient along the surfaces of the slit pores. Humidity-
dependent pore closing/opening within narrow slit pores have
been theoretically modelled by Schiller et al.*° In a relatively low-
humid environment, the sensitivity of the EtOH molecules is
improved in our sample (Bag 95ST0.025M0.0sMNg.0505) due to the
presence of low-hydroxylated pores.

The introduction of Mn into Bag ¢gSry 02Sn,03 gives rise to
more oxygen vacancies, as seen from the intense peak of the XPS
data for O 1s. It is also known that Mn ions in the perovskites
have high affinity towards adsorbed oxygen species.”> The evi-
dence of oxygen vacancies is confirmed by the presence of the O
1s peak at 531 eV in the XPS spectra. These oxygen vacancies act
like electron traps,”* which later participate in the reaction when
the sensor substrate is exposed to the volatile compounds. At
higher temperatures, the lattice oxygen is released, giving rise to
oxygen vacancies.”® Bag gSTo.02SN0.0sMNg 0503 shows a good sen-
sor response due to the presence of oxygen vacancies and the
absence of the adsorbed OH groups that hinder the interaction
between the substrate and the target gas. It also has a high
surface area of 5.208 m”> g, which provides enough space for the
interaction. A positive Mott-Schottky slope indicates that
Bay 95ST0.0251N0.05MnN, 0503 is an n-type semiconductor (Fig. 7d).
The interaction of the gaseous species with the n-type semicon-
ductor (Bag 0gSro.02SN0.95Mng 0503) involves two major steps.
The first interaction of the semiconductor occurs with the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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atmospheric oxygen molecule. Oxygen molecules being highly
electronegative easily get adsorbed over the sensor’s surface.
This adsorbed oxygen molecule withdraws electrons from the
sensor’s conduction band. It forms a chemisorbed oxygen
species like 0,7, O~, and O>~ as shown in the equation below.
These adsorbed oxygen species exhibit superior ethanol adsorp-
tion across the surface because of their great affinity for the
polar O-H bond of ethanol.”® Moreover, as proposed by Singh
et al.” in their ethanol sensing mechanism, the dominant
species adsorbed at room temperature is likely to be O,".
Adsorbed oxygen species in the presence of oxygen vacancies
facilitate the oxidation process.

02 +te - Ozi(ads) (3)
Oy (ads) T € — O (ag) (4)
Oi(ads) te - OZi(ads) (5)

After further reaction with the adsorbed oxygen species,
these adsorbed oxygen species react with ethanol and oxidise
it to produce CO,, H,O and free electrons.

C,H;0H + 60 (aq5) = 2CO, + 3H,0 + 6€” (6)
C,H;0H + 60 (ha5) > 2CO, + 3H,0 + 126~ (7)

The narrow-slit pores present in Bag.9gSrg.02SNg.05MNg 0503
enhance the oxidation process of EtOH at 55% humidity. Fig. 9
shows the layer of H,O over the surface of the particles that
hinders the oxidation of EtOH at 85% humidity, resulting in a
delay in the response and recovery time as mentioned earlier.

4. Conclusion

In this study, BagogSro.02SNo.0sMNg 0503 Was prepared using a
chemical co-precipitation method at a low temperature of
700 °C. The XRD peaks reveal the formation of the cubic phase
of the Bag 0gSTo 025N 05sMNg 0503 perovskite, the crystallite size was
determined to be 28 nm and the positive slope of the W-H plot
shows that the perovskite undergoes a microstrain of the order
107>, The FESEM and TEM images show the formation of cube-
like structures. The surface area of Bag¢gSr( ¢2SNg.9sMng 0505 was
high compared to that of the other Mn-doped/undoped
Bay 9551002503, enhancing the sensor activity. The Raman analy-
sis shows the vibrational modes for octahedral [SnO¢] and MnO,,
which are formed over the surface of the cube. Unlike the XRD
pattern, the Raman spectra reveal the formation of MnO,. Optical
studies determine BagogSro02SNy.95MNg o503 to be near-infrared
active having an indirect bandgap of 0.41 eV. The surface area of
Bayg 05ST0.025N0.0sMNg 0505 Was calculated to be 5.208 m* g~ *. The
response and recovery times for different Mn-doped substrates
were analysed, and the Bay 9gSTo.025N0.0sMNg 9503 substrate showed
the shortest response and recovery time of 1.06 s and 1.81 s (55%
humidity), respectively, which is one of the best time-scales
recorded to date for ethanol sensing at room temperature
(~25 °C). The substrate shows sensitivity above 85% even after 7
months. However, there is a further scope for advanced measure-
ments and computational studies. For example, it will be
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Fig. 9 Oxidation of EtOH over the surface of the Bag 9gSro.025N0.95MNg.0503 perovskite hindered due to the formation of an H,O layer over the surface

of the particles at 85% humidity.

worthwhile to carry out humidity-controlled sensing measurements
so that detection limits and sensing stability can be thoroughly
investigated. In addition to detailed experimental analysis, higher-
level computational methods such as simulation of the dynamic
adsorption-desorption process would help delineate the ethanol-
stannate perovskite solid solution interaction. Though replicating
the exact composition of solid-solution for modelling is difficult,
computational modelling provides valuable insights into the nature
of adsorption at the molecule-solid surface.
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