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Abstract

Chemiresistive gas sensors (CGSs) designed for the detection of
agricultural volatile organic compounds (VOCs) play a crucial role in monitoring
crop growth and ensuring the quality of agricultural products. However,
conventional metal oxide gas sensors continue to encounter challenges related
to high power consumption and limited detection capabilities. In this study,
bismuth stannate oxide Bi2Sn207 (BSO) quantum dots (QDs) were synthesized
via a hydrothermal method to facilitate room-temperature (RT) detection of 1-
octanol. A systematic investigation was conducted to elucidate the relationship
between the gas-sensing performance of the material and its microstructure,
surface valence states, and electronic structure. The BSO-8 sensor,
characterized by an exceptionally high specific surface area (BET=143.57 m?g"
1), demonstrated a wide detection range of 1 to 50 ppm, exhibiting a remarkable
response of 75.06+1.25 at 50 ppm under 30% relative humidity. Additionally,
the sensor displayed excellent reproducibility, long-term stability, and significant
selectivity toward 1-octanol. Further mechanistic insights were obtained
through valence band spectroscopy (VB-XPS) and density functional theory
(DFT) calculations, which provided a comprehensive understanding of the
evolution of the electronic structure and gas adsorption behavior. These
findings demonstrate the potential of BSO-based sensors for practical
applications in detecting 1-octanol at 30%RH, highlighting its significance as a

key biomarker for agricultural VOCs.
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1-Octanol, a volatile organic compound (VOC), is widely used in chemical
manufacturing, pharmaceuticals, and food processing. Recently, it has been
identified as an agricultural VOC emitted under stress conditions in crops,
serving as a crucial indicator for predicting infections and inhibiting mold growth
1.2 Additionally, this gas compound can act as a marker for grain aging and
assess flavor quality 34. In the quality monitoring of agricultural products, most
detection methods still rely on techniques such as gas chromatography-mass
spectrometry (GC-MS), which require expensive, large-scale equipment,
specialized technical skills, and lengthy procedures, complicating simple, real-
time monitoring °. Such limitations significantly hinder the practical application
of these detection systems. Therefore, the development of efficient and cost-
effective gas sensors has become essential. Among the alternatives, portable
sensing devices have emerged as effective solutions and have gained
considerable attention. In particular, CGSs gas sensors operate by detecting
the electron transfer generated from chemical reactions between target gas
molecules and the sensing layer on interdigitated electrodes (IDEs), converting
these interactions into measurable electrical signals 7. Due to their inherent
sensing principles, this mechanism enables selective detection of specific
target gases. Therefore, modifying sensing materials remains a crucial direction
for enhancing sensor performance.

Recent advancements in nanomaterials, particularly metal oxides, have

opened new avenues for improving gas sensors performance. Metal oxides are



known for their semiconducting properties, high stability, and ability to undergo
surface reactions with target gases 8°. However, achieving room temperature
operation and a wide detection range are still critical challenges for gas sensors,
as these features eliminate the need for complex heating elements, making the
sensors more energy-efficient and suitable for portable applications%'"
Bi2Sn207 (BSO), a representative pyrochlore-type oxide, possesses a
distinctive electronic configuration characterized by spatially ordered [SnQOg]®
regular octahedra at vertex positions and corner-sharing [BisO]®* tetrahedra
(Figure 1a)'. This structural architecture facilitates electron transfer during
surface-mediated gas adsorption and chemical reactions. Furthermore, as a
ternary metal oxide, BSO exhibits advantageous physicochemical properties,
including low work function, highly hybridized electronic orbitals, and easily
generated oxygen vacancies that actively participate in band structure
modulation, optimizing electron transport efficiency. Numerous reports have
documented the application of BSO in photocatalytic nitrogen fixation'314,
Recent first-principles calculations have demonstrated that BSO'®, as an n-type
oxide, exhibits superior electron/thermal transport characteristics at room
temperature (RT), positioning it as a promising candidate for electrochemical
gas sensing applications. The nanoscale design of the material further
enhances the performance of gas sensors. Specifically, nanomaterials with a
high specific surface area maximize gas-material interfacial contact, increase

the exposure of surface defects, and optimize charge transfer kinetics during



gas adsorption and desorption cycles, significantly improving gas adsorption
efficiency and promoting surface electron transfer processes. Consequently,
BSO exhibits exceptional potential for RT gas detection technologies. However,
its application in RT gas sensing has rarely been reported in the existing
literature.

This study reports the novel application of Bi2Sn207 (BSO) in room-
temperature gas detection. Nanometer-scale BSO QDs, characterized by a
large specific surface area and a high density of oxygen vacancies, were
synthesized using a hydrothermal method with polyvinylpyrrolidone (PVP) as a
reducing agent, followed by alkaline etching. The investigation systematically
examined the microstructure and electronic properties of BSO, as well as its
sensing performance toward 1-octanol. Additionally, first-principles calculations
were employed to model the electronic transfer and analyze gas adsorption
processes across various surface configurations. These findings contribute
significantly to the development of ternary metal oxide gas sensors capable of
effective operation at RT.

Experimental section

Synthesis of BSO. All chemicals were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. (AR grade) and used without further
purification. BSO was synthesized via a facile hydrothermal method (Figure 1a).
Specifically, 546 mg of mannitol was added to 30 mL of deionized (DI) water

and stirred continuously until fully dissolved. Subsequently, 486 mg of Bi



(NOs3)3-5H20 and 0.4 g of polyvinylpyrrolidone (PVP) were added as a
surfactant and reducing agent to the above solution to form Solution A. Then,
10 mL of Na2Sn0Os3-3H20 aqueous solution (containing 266 mg) was dripped
into Solution A. Under stirring, x mL of Sodium hydroxide (NaOH) solution (2
wt.%) was added dropwise to the mixture, followed by additional stirring for 25
min. The synthesized precursor was placed in a 100 mL Teflon-coated
stainless-steel autoclave and heated at 160°C for 24 hours, undergoing a self-
assembly process to yield the precursor. The product was thoroughly rinsed
with DI water and absolute ethanol. The obtained powder samples were
designated as BSO-x, where x represents the volume of NaOH solution added

(in milliliters), with values of x being 4, 6, 8, 10, and 12.

a " < mannitol _ Bi** ©Sn0;> \_PVP

%

—
Gas Out
[J
=

Gas test chamber

Water

Figure 1. (a) Synthesis of BSO, (b) Homemade gas sensing system.



Experimental characterisation of the sensing material. The crystalline
structures and phases of the synthesized samples were analyzed using X-ray
diffraction (XRD) on a Bruker D8 Advance instrument. The microstructure and
morphology were examined using a field emission scanning electron
microscope (FE-SEM, S-4800, Japan), high-resolution transmission electron
microscopy (HRTEM, Tecnai, Netherlands), and a high-angle annular dark-field
scanning transmission electron microscope (HAADF-STEM) with energy-
dispersive spectroscopy (EDS) was carried out to assess the element
distribution. Optical band gaps were evaluated from UV-Vis-NIR absorption
data (Cary 5000 system) using standard Tauc transformation methods The
chemical states were assessed using X-ray photoelectron spectroscopy (XPS,
Thermo Fisher ESCALAB250Xi, USA). An Autosorb 1Q3 instrument
(Quantachrome Instruments, USA) was employed to measure the Brunauer-

Emmett Teller (BET) surface area and pore size distribution.

Gas sensor fabrication and measurements. The obtained powder was
formulated into a suspension for drop-coating onto the sensor. Specifically, ~2
mg of BSO was homogenized with ~1 mL of deionized water through
mechanical grinding to form a uniform suspension. This dispersion
subsequently dropped onto the electrode region and dried for subsequent use.
Prior to the gas sensing test, the film-coated sensor chip underwent a
preconditioning protocol at 120°C for 12 h under an ambient atmosphere to

ensure baseline signal stabilization.



Gas sensing performance tests were conducted using a homemade
system (Figure 1b). Pt interdigitated electrodes were employed as planar test
chips for gas-sensing measurements. The device architecture comprised an
alumina substrate (6 x 30 mm) integrated with screen-printed platinum
electrodes (thickness: 5 um; inter-electrode gap: 0.42 mm). Gas-sensing
performance was evaluated using a four-channel gas sensing analysis system
(Wuhan Hua Chuang Rui Ke Technology Co., Ltd., Wuhan), consisting of Pt
interdigitated electrodes; an aluminum alloy gas test chamber (equipped with
CH341 serial port communication for data acquisition), and a dynamic gas-
mixing apparatus (Figure 1b). The gas-mixing system employed three mass
flow controllers (MFC, Bronkhorst, Netherlands) for precise gas blending. High-
purity synthetic air (79% N2+21% O2) was supplied by Nanjing Special Gases
Co., Ltd. Target gas concentrations were calibrated using saturated vapor
equilibrium methodology (Equation 1)'6. Gas concentration and relative
humidity (RH) control adjustment according to Equations 2 and 3:

Intial concentration of VOCs( ppm) = (Vapor pressure of VOCs (mmgH)/760x 10°) (1)

Flow rate of VOCs
Total flow

Adjustment concentration of VOCS( ppm) =

(2)

Adjustment of RH ( ppm) = Flow ;ZZIO;;VVWW (3)

For the n-type BSO sensor, the gas response was calculated using the
ratio Ra/Rg, where Ra denotes the resistance in air, while Rg refers to the

stabilized resistance in the presence of the target gas. The response time (Tres)



and recovery time (Trec) Were determined as the duration required for the
resistance variation to reach 90% of its maximum amplitude. All gas sensing
measurements were conducted at room temperature (~25 °C), 30% RH.
Theoretical modelling to analyze gas adsorption processes. All first-
principles calculations were conducted utilizing the CASTEP code implemented
in Materials Studio 2020, with the generalized gradient approximation (GGA) in
the Perdew-Burke-Ernzerhof (PBE) parametrization for exchange-correlation
effects’”. A plane-wave basis set with a 450 eV kinetic energy cutoff was
implemented to ensure computational accuracy. The convergence criteria were
set as 1x10° eV for total energy, 0.03 eV-A-! for maximum residual force, and
1x10-% eV for energy difference between successive iterations. During structural
optimization, a 5x5x5 Monkhorst-Pack grid was used for Brillouin zone
sampling, whereas surface calculations were performed with a 2x2x1 k-point
mesh corresponding to the (2 2 2) surface which exhibits a large number of
dangling bonds and defects due to its relatively high surface energy.
Interperiodic interference was minimized through the introduction of a 15 A
vacuum buffer along the z-coordinate. The optimization model is presented in

Figure S1.

The adsorption energy (Eads) of the target gas molecules on the surface

can be quantified through Equation 4 18;

+E

Eads = Etotal - (E Vocs) (4)

surface

where Eiota denotes the total energy of surface ((222) of BSO)-target gas



adsorption system under equilibrium configuration, with Esurface and Evocs
representing the energy of the pristine cleaved surface and free gas molecule
prior to adsorption, respectively.
Results and Dscussions

Morphology and Composition Analysis. TEM characterization of BSO
(Figure S3) indicates an average particle size of less than 10 nm, with minimal
variation observed. This small particle size enhances the exposure of surface
atoms, thereby facilitating defect formation. The fine-tuning of particle size at
the nanoscale is anticipated to positively affect the material properties through
defect engineering, modsAR  WQE321 ulation of the electronic structure,
and an increase in specific surface area, as discussed in subsequent sections.
Additionally, the ultrasmall crystallite dimensions may lead to quantum
confinement effects that enhance charge carrier mobility, thereby improving
gas-sensing performance. However, an excess of hydroxide ions (OH™) may
promote the dissolution and redeposition of small quantum dots, contributing to
the growth of larger particles, exacerbating agglomeration, and increasing
particle size. These changes could diminish size-dependent effects and
negatively impact gas sensing performance. Figures 2a and 2b display TEM
images of BSO-8, illustrating its nanoscale morphology, while the SEM images
of BSO-8 are presented in Figure S4. The BSO-8 particles are approximately
5-6 nm in size and consist of bismuth, tin, and oxygen atoms (Figure. 2c). To

further investigate, we conducted HRTEM studies. HRTEM analysis (Figure 2d)



is in close agreement with the JCPDS reference card (No. 87-0284), indicating
a lattice spacing of d=0.317 nm corresponding to the (222) crystallographic
plane, with parameters a=b=c=10.72A° and a=B=y=90°, as derived from
Fourier Transform (FFT) (Figures 2e and 2f). This suggests growth along the
[001] direction '>'°. The network structure offers advantages for carrier
transport. The SAED pattern (Figure 2e (insert)) further confirms the
crystallographic alignment with the (422) and (222) planes, while EDX spectra
(Figure S5) and EDS elemental mapping (Figure 2h) verifies the existence and

uniform spatial distribution of Bi, Sn, and O components.

Figure 2. (a)(b) TEM image, (c) particle size distribution, (d) HRTEM, (e) the
corresponding FFT pattern (The insets show the SAED pattern) and (f) IFFT

pattern, (g) HAADF-STEM elemental mapping of BSO-8.



a c
.
¢ BSO-12 _5 1.80
: o E
] BSO-10/ 5 44
-~ o P 175 S
2 BSO-8 N .| I
£ (7} S = H
= c 170
[ BSO-6 = 5.
b=
. o}
= BSO4 165
s 5 @& 14 \
~No - o~
oT e
10 20 3 4 5 60 70 8 80 L y i y ; 10
psO 6505 gs0® Bso"e 350"?'
26 (°)
d 2., 82 i e : LT f i
24 5898 2ty & ) i Bi 4f : Sn 3a
’3? o '5 35\1[’& “-?miﬁ 2 o % E ; —_— g 5"3d;‘;i 8.3eV
. . Wy o & 1 ! 3@
© o o 5.30 eV o !
- S - ;
.‘? é‘ — ‘? BSO8
7] 7] BSO-8 7] =
5 5 , 5 |
E £ 5
BSO4
BSO4
1200 1000 800 €00 400 200 O 168 166 164 162 160 158 166 500 495 490 485
Binding energy (eV) Binding energy (eV) Binding energy (eV)
g Raw peak 0, BSO-8 1 h BSO-12 i BSO-12
Sum peak = S BSO-10 BSO-10
= Background = BSO-8 a- BSO-8
: : BSO-6
3 ) =] BSO-6
® | o.=36 = BSO4 | T BSO4
p 81 3
& s 2
] Raw peak BSO4 | & N
£ Sum peak 9 = b ¥
Q pos ] >
1 Background 0 =
£ 0, 0 1 <
<
0, =29.5% |
540 536 532 528 524 200 300 400 500 600 700 800 1.6 24 3.2 4.0 4.8 5.6
Binding energy (eV) Wavelength (nm) Eg (eV)

Figure 3. (a) XRD patterns of all samples, (b) Crystal structures of BSO, (c)
Crystallite size distribution and (d) XPS survey spectra of all samples, High-
resolution scan of (e) Bi 4f, (f) Sn 3d and (g) O1s of BSO-4 and BSO-8, (h)

UV-vis absorption spectra and (i) Tauc plot of all samples.

The X-ray diffraction (XRD) patterns of all tested samples, recorded
between 26 angles of 20° and 80°, are displayed in Figure 3a. All observed
diffraction peaks align with the PDF card for Bi2Sn207, which is characterized
as a cubic pyrochlore (JCPDS No0.87-0284). These diffraction peaks
correspond to bismuth stannate oxide (BSO) with the Fd-3m space group®. As
illustrated in Figure 3b, cubic structure of BSO comprises octahedral SnOs units
(exhibiting a shared-vertex configuration) and hexahedral Bi2Os units

(demonstrating a corner-sharing arrangement), both of which confer significant



advantages for electron transport. The presence of sodium hydroxide (NaOH)
is critical for modulating the crystallization behavior of BSO. As shown in Figure
S6, the BSO-X sample synthesized without NaOH lacks discernible
characteristic diffraction peaks, indicating poor crystallinity. Furthermore, NaOH
facilitates the etching of Bi-O bonds in BSO, thereby generating additional
dangling bonds. An increase in NaOH concentration results in a slight peak shift
to lower higher angles (according to the slow scan at 2°/min from 27° to 31°, as
shown in Figure S7), which can be attributed to the etching effects of alkali that
create more defects, consistent with the findings from photoelectron
spectroscopy. Notably, all samples exhibit weak peak intensities coupled with
narrowed full width at half maximum (FWHM) (Figure 3a), indicative of
nanocrystallization within the grain structure. This observation aligns with
previously reported TEM results. Crystallite size estimations, calculated using
the Scherrer equation 2! (Equations S1), reveals that BSO-8 possesses the
smallest grain dimensions among the series, suggesting optimal gas-sensitive

performance (Figure 3c).

The surface chemical states and elemental composition were examined
using XPS. The survey spectra (Figure 3d) exhibit characteristic peaks
corresponding to photoelectrons emitted from energy levels, including C 1s
(284.8 eV, calibrated for charge correction), Bi 5d, Bi 5p, Bi 4f, Bi 4d, Bi 4p, Bi
4s, Sn 3d, Sn 3p, Sn 3s, and O 1s levels. The XPS spectra recoded on the Bi
4f region (Figure 3e), reveal the characteristic doublet peaks of Bi**, whith
components located at 164.3 eV (Bi 4fs2) and 159.0 eV (Bi 4f72), exhibiting a

spin-orbit coupling energy of 5.30 eV for BSO-8 (Figure 3e). In contrast, the Sn



3d spectra (Figure 3f) display the doublet with Sn 3d5/2 and Sn 3d3/2
componentes centered respectively at 494.7 eV and 486.4 eV, with a spin-orbit
coupling energy of 8.3 eV, confirming the predominance of Sn** oxidation states
22,23 A comparative analysis of BSO-4 and BSO-8 indicates slight shifts toward
lower binding energies in both Bi 4f and Sn 3d peaks. This reduction in binding
energy is likely attributable to an increased concentration of oxygen vacancies.
The deconvolution of the O 1s spectra reveals three distinct components: one
associated with chemisorbed oxygen (Oc), another with oxygen vacancies (OV),
and a third with lattice oxygen (OL), centered at 532.9 eV, 531.3 eV, and 529.8
eV, respectively?*. The relative concentration of oxygen vacancies in BSO-8 is
determined to be 36.7% compared to 29.5% in BSO-4. The elevated relative
concentration of oxygen vacancies can function as electron donors, thereby
augmenting the free electron concentration within the material. In n-type
semiconductors, the increased carrier density facilitates gas adsorption,
enhancing to capture of electrons and promoting the adsorption of gas
molecules (O2) on the surface. This interaction leads to the formation of reactive
oxygen species (027, O7), which subsequently react with target gases to amplify
the sensing signal®®. The metal atoms exposed by oxygen vacancies potentially
function as active centers, improving gas adsorption capability. These defect
sites may also catalyze surface reactions by lowering the activation energy
barrier.

The UV-Vis absorption spectra (Figure 3h) were used to elucidate the band



structure of the material. The bandgap (Eg) was determined using the Tauc plot
method, represented by the equation (ahv)'"= B(hv-Eg) %6, where n is set to be
2, as Bi2Sn207 is classified as an indirect bandgap semiconductor. The
calculated bandgap values for BSO-4, BSO-6, BSO-8, and BSO-10, BSO-
12were 2.52 eV, 2.49 eV, 2.30 eV, 2.24 eV, and 2.13 eV, respectively (Figure
3i). It was observed that the presence of defects leads to a progressive
narrowing of the bandgap, thereby facilitating electron transitions between
valence and condution band.

The specific surface area and pore size have a significant influence on gas-
sensing performance. Nitrogen adsorption and desorption experiments were
conducted to assess these parameters. From Brunauer-Emmett-Teller (BET)
measurements (Figures. 4a-4c), the surface areas followed the sequence:
BSO-4 (75.338 m? g') < BSO-6 (89.430 m? g') < BSO-12 (94.980 m? g) <
BSO-10 (129.493 m? g') < BSO-8 (143.568 m? g'), respectively. The average
pore diameters of BSO-4, BSO-6, BSO-8, BSO-10 and BSO-12 were
determined to be 3.126, 3.129, 3.506, 3.314, and 3.136 nm, respectively.
Additional BET results for other samples are present in Figure S8. Notably,
BSO-8 exhibited the largest specific surface area of 143.568 m?g’, and an
average pore diameter of 3.51 nm. A larger specific surface area enhances the
exposure of active sites on the surface of the material, thereby improving gas
sensing performance. Conversely, variations in pore size appear to have a

lesser impact compared to changes in specific surface area. For room-
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Figure 4. N2 adsorption and desorption isotherms (the insert shows the

distribution of pore size) of (a) BSO-4, (b) BSO-8, and (c) all samples.

Gas sensing properties. A gas sensing test was conducted using a
homemade system. All tests were performed under RT (25 + 2°C), 30%RH.
Figures. 5a and 5b show sensor response curves to 1-octanol at concentrations
ranging from 5 to 50 ppm. The experiment was conducted using three
independent sensors (n=3), with each sensor fabricated from an independently
synthesized material batch. It can be readily observed that the response values
of the gas are positively correlated with the gas concentration, with BSO-8
demonstrating superior performance (average response values were 2.70+0.09,
4.25+0.23, 6.68+0.18, 11.26+0.26, 17.90+0.39, 32.60+0.59, 44.40+0.62,
75.06+1.25 at 5, 10, 15, 20, 25, 30, 40 and 50 ppm, respectively). To compare
the performance of different BSO sensors, we performed a one-way analysis of
variance (ANOVA) to statistically compare all five BSO sensors at each

concentration point (5-50 ppm). The results revealed extremely significant



differences between groups (all P values < 0.0001). Subsequent Tukey's HSD
post-hoc tests specifically compared the optimal BSO-8 sensor with other
sensors. (as shown in Figure S2 and Table S2), More responses values can
be found in Table S1. The response values of different samples at varying
concentrations of the target gas can be found in the supplementary materials.
Within the range of 5 to 50 ppm, the gas concentration and response value
show a nonlinear growth. The non-linear fitting line of all samples is shown in
Figure 5c, where BSO-8 satisfies y = 0.026x? + 2.03x + 1.31, R?=0.99, while
the fitting data of all samples can be found in Table S3. Figure 5d delineates
the response and recovery times at different concentrations. The response time
fluctuates wildly at low concentrations, possibly due to insufficient occupation
of active sites, resulting in an unstable response. At high concentrations, the
active sites tend to be saturated, and the reaction rate slows down. The Trec
continuously shortens as the concentration increases, which may be related to
the accelerated desorption rate at high concentrations. The Tres is always longer
than the Trec, as the response process involves multiple steps of kinetics, such
as gas diffusion, adsorption, and surface reactions. In contrast, the recovery

process is mainly dominated by desorption and has a lower energy barrier.
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In practical applications, especially when used as a crop matter volatile gas,
the released concentrations during their initial emission stages are typically
extremely low (<10 ppm)?-3'. Notably, the BSO-8 sensor maintains a
detectable response within the 1-5 ppm range. The specific response values
are depicted in Table S4. As illustrated in Figure 6a, the dynamic response of
the sensor to 1-octanol across the 1-5 ppm concentration reveals a measurable

response value of 1.07 at the lower detection threshold (1 ppm). The limit of



detection (LOD) was calculated using the slope (M) of the fitting curves (Figure
6b) and the sensor noise (o), which was determined based on the baseline
resistance of 50 consecutive measurements (N=50) from the corresponding
sample (Equations S2 and S3)32. The results indicate that the LOD of the BSO-
8 sensors is 100 ppb. Linear regression analysis of the sensor responses to 1-
octanol over the 1-5 ppm concentration range (Figure 6b) reveals a significant
linear correlation between gas concentration and response. The slope of the
calibration curve quantifies the sensor sensitivity, with BSO-8 demonstrating
superior performance through its linear regression model (y=0.389x+0.677,
R?=0.99). This result demonstrates the sensor's suitability for detecting low
concentrations.

Humidity is a critical environmental factor that practical detection can't
overlook. The BSO-8 gas sensor was tested against 5 ppm 1-octanol at varying
humidity levels (30-90% RH). The results (Figures. 6¢ and d) demonstrate that
the sensor's response progressively declines with increasing humidity, with the
coefficient of variation (CV) of 59.1%, which was defined as Rsp/Raveragex100%
(where Rsp and Raverage are the standard deviation and average value of
responses with different humidity, respectively. Rsp=2.2982, Raverage=3.88667).
This finding is attributed to competitive adsorption between the target gas and
water molecules on the sensor surface. Specifically, the preferential adsorption
of water molecules reduces the availability of active chemisorption sites for the

target gas, thereby diminishing the response signal.



Repeatability and long-term stability are critical performance metrics for
gas sensors. Figure 6e displays the repeatability test of the BSO-8 sensor over
9 cycles at 10 ppm 1-octanol and 30% RH, with a SD of 0.55 (Equation S3).
Figure 6f illustrates the long-term stability of the BSO-4 sensor exposed to 25
ppm 1-octanol over 1, 3, 5, 7, 9, and 14 days. This sensor demonstrated stability
within two weeks, with a SD of 0.55, and the response value remained
unchanged after 14 days.

Figure 69 illustrates the responses of the BSO-8 sensor to potential
interfering gases in crop growth and storage environments at 30%RH, we
selected the following interfering gases: (Z)-3-hexen-1-ol (a stress marker
indicating pathogen or pest infestation during crop growth3334) 1-octen-3-ol
and ethyl acetate (characteristic volatile markers released during fungal
contamination in storage®), and n-hexane (a residual chemical from post-
harvest processing®®). For concentration selection, (Z)-3-hexen-1-ol, n-hexane,
and ethyl acetate were tested at 100 ppm to ensure a significant sensor
response, as lower concentrations did not produce detectable signal variations.
Additionally, 1-octen-3-ol was also examined at 30 ppm?, reflecting its typical
release level during early-stage mold activity, to better simulate real-world
contamination scenarios. The responses are 16.3£0.9, 1.5+0.15, 1.2+0.1, and
1.8+0.12, respectively, three measurements were repeated with similar results.

The BSO-8 sensor demonstrates good selectivity for 1-octanol.
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Figure 6. (a) Response curves and (b) Fitting curves to1-5 ppm 1-octanol at
30%RH, (c) Response value and (d) Real-time response curves at different
RH (30% RH-90% RH), (e) Electrical resistance change and response change
of the BSO-8 sensor in a continuous cycling test with 9 cycles, (f) Stability test
of BSO-8 sensor with 25 ppm 1-octanol in 14 days, (g) Selectivity of the BSO-
8 sensor with 30% RH. Error bars shown in (b), (c), and (e) indicate the SD

based on n = 3 independent measurements.

Sensing Mechanism.The sensing mechanism of the BSO-based sensor
for 1-octanol detection is illustrated in Figure 7a, based on oxygen adsorption
theory, which operates via a chemiresistive behavior driven by gas-surface
interactions and electron transfer dynamics. Upon exposure to ambient air,
oxygen molecules with high electronegativity chemisorb onto the BSO surface
(Equation 5), extracting electron-accepting surface states that reduce the

conduction band electron density in this n-type material (where electrons are



the majority carriers). This process generates temperature-dependent
adsorbed oxygen species (027, O7, or 0%7), with O2~ being the dominant ionic
state at room temperature (Equation 6). The resultant electron depletion in the
conduction band increases the electrical resistance of the baseline, leading to
the expansion of electron depletion layers, which is dependent on the adsorbed
gas concentration. Specifically, the electron transfer on the material surface is
intrinsically governed by the individual grains of the material. When electrons
migrate between grains, Schottky barriers form at grain boundaries, hindering
electron transport. In the absence of gas exposure, the height of the Schottky
barrier is determined by the material's work function. Upon oxygen adsorption,
a negative charge accumulates on the material surface, causing upward band
bending and an increase in Schottky barrier height. When exposed to reducing
gases such as 1-octanol, surface redox reactions occur between gas molecules
and chemisorbed oxygen ions (O27). The reactions release trapped charge
carriers into the semiconductor's conduction band, thereby enhancing the
charge carrier density while simultaneously reducing the depletion layer width
and lowering the potential barrier height. This effect ultimately reduces the
sensor's electrical resistance, as described in Equation 7. From an electronic
perspective, the sensing material can be regarded as a component with
continuous impedance. The reduction in particle size plays a crucial role in
enhancing the sensor response. Below the critical threshold of 2AD (where AD

represents the Debye length), the response of the gas sensor is significantly



enhanced %7,

02(abs) < 02(abs) (5)
Oy +€ > 05 (ads)(T<150°C) (6)
CH3(CH2)70H +1202 - 8CO2+9H20+12¢ (7)

Moreover, the gas-sensing mechanism fundamentally involves interactions
between gas molecules and the sensing layer, including gas diffusion,
subsequent adsorption/desorption, and selective catalytic reduction (SCR) of
gas molecules with the sensitive material within the nanostructured materials.
According to Knudsen's diffusion 38 and Arrhenius Equation 3° (Equations 8 and
9), where Dy represents the diffusion coefficient, and the rate constant (k)
denotes the SCR reaction rate, the SCR rate exhibits stronger temperature
dependence compared to the gas diffusion rate 4°. At room temperature,
catalytic reactions are more difficult to occur relative to gas diffusion #'.
Therefore, a high specific surface area (which can offer abundant active sites
for reactions) plays a more important role in improving the performance of
room-temperature sensors (by accelerating gas diffusion) than pore size, which

is consistent with the previous characterization results.

Dk ="Cx |252 (8)

k:Axexp(—g;j (9)

Here, R, T, M, and E, represent the gas constant, temperature, molar mass

of gas molecules, and activation energy of the chemical reaction, respectively,



while r denotes the radius of gas molecules. The energy band diagram (Figure
7b) was calculated according to the valence band recorded using XPS to further
investigate the electronic structure of BSO. The EvsnHeE=1.80 eV and AV=2.54
eV can be calculated based on the difference between the x-coordinates of the
tangent intersection and the inflection point, respectively, as shown in Figure
8c. According to Equations 10 and 1142, the valence band maximum (Evs)
position of the sensor with optimal performance was determined to be 1.88 eV,
with a work function (®) = 7.06 eV. Combined with the experimental bandgap

width, the detailed energy band diagram was constructed.

Epg e =P+ Epg yps —4.44 €V (10)
AV=¢—¢ (11)

where the @ was the work function of the tester (4.52 eV), AV were the
contact potential energy.

Furthermore, first-principles calculations were employed to elucidate the
gas-sensing mechanism of BSO. Figures 6d and 6e present the total density of
states (DOS) and projected density of states (PDOS) of Bi, Sn, and O atoms.
BSO's valence band maximum (VBM) is predominantly composed of Bi 6p and
O 2p orbitals, while the conduction band minimum (CBM) primarily originates
from O 2p orbitals. During electron transfer processes, electrons transition from
the O 2p orbitals to hybridized orbitals formed by Bi 6p and O 2p states,
participating in chemical reactions with target gas.

Additionally, adsorption models of 1-octanol molecules on the BSO (222)



surface were computed. Distinct adsorption configurations (M1-M8, Figure S10)
were investigated, including different adsorption sites and orientations. The
adsorption energies (Eads) and electron transfer were calculated for all models,
as summarized in Figure 7f. All adsorption configurations exhibit spontaneous
behavior, as confirmed by the negative adsorption energy values. This indicates
that the adsorption process is energetically favorable and exothermic®3.
Additionally, it can be observed that the adsorption sites have no significant
effect on 1-octanol adsorption on the BSO surface, as evidenced by the
negligible differences in adsorption energy and electron transfer, this suggests
that the adsorption configuration has little effect on the interaction between the
material and the gas molecules**. Among them, the M4 model exhibits the
lowest adsorption energy and the highest electron transfer, representing the
most stable adsorption configuration. This suggests that the adsorption
configuration has little effect on the interaction between the material and the
gas*®. The distance between the gas molecule and the material surface is 2.605
A (Bi-O bond), as described in Figure 7g. Before and after gas adsorption,
certain changes occur in the bond lengths of the gas molecule as shown in
Figure S9, the C-C and C-O bonds of the 1-octanol molecule-elengte elongate,
while the C-H and O-H bonds shorten after adsorption. During the adsorption
of 1-octanol on the Bi2Sn207 surface, intramolecular charge redistribution
occurs, primarily due to electron transfer from the hydroxyl (-OH) oxygen atom

to the surface via Lewis acid—base interaction, leading to strong adsorption.



This weakens and elongates the C-O and adjacent C—C bonds as electrons
are drawn toward the surface. Conversely, increased electron density around
the O—H bond and polarization effects strengthen the C—-H and O-H bonds,
resulting in their contraction64’. The differential charge density (EDD) map of
the M4 model was further employed to examine electron transfer in the
adsorption system (Figure 7h). In the electron density difference (EDD) map,
red regions signify electron depletion (loss of electrons). In contrast, blue
regions denote electron accumulation (gain of electrons). The results reveal
that electron transfer during the adsorption process on the BSO surface is
primarily concentrated between the region above the Bi atom and the area
below the O atom of 1-octanol, indicating a localized charge redistribution

mediated by the interaction between the molecule and the surface.
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Figure 7. (a) The gas sensing mechanism for the BSO sensor, (b) The band



structure and (c) The VBXPS spectrum of BSO-8, (d) DOS and (e) PDOS of
BSO models, (f) Adsorption energy and electron transfer of M1-M8, (g) After
adsorption configuration and (h) EDD spectra of M4.
Conclusion

This study presents the development of a room-temperature gas sensor
utilizing bismuth stannate oxide (BSO) quantum dots (QDs) characterized by a
high density of oxygen vacancies and an extensive specific surface area. The
BSO QDs were synthesized through a hydrothermal method for the detection
of 1-octanol across a broad concentration range of 1 to 50 parts per million
(ppm). The BSO-8 sensor demonstrated a remarkable response to 1-octanol,
achieving a response value of 75.06 at 80 ppm under 30% relative humidity,
with a limit of detection (LOD) of 100 parts per billion (ppb). Furthermore, the
sensor exhibited outstanding repeatability, with a SD of 0.67 over nine
measurement cycles, and long-term stability characterized by a SD of 0.55 over
a period of 14 days, alongside favorable selectivity towards the target gas.
Characterization results indicate that the enhanced room-temperature sensing
performance of the BSO-8 sensor is likely attributable to its unique crystal
structure, sub-nanoscale dimensions (approximately 4 to 5 nm), high defect
density (oxygen vacancies at 36.7%), and ultra-large specific surface area
(BET= 143.57 m?g"). Additionally, density functional theory (DFT) calculations,
in conjunction with band structure analysis, suggest that the superior room-

temperature detection capability of BSO for 1-octanol is primarily due to surface



reactions that are facilitated by the extensive specific surface area, which
outweighs the influence of pore size diffusion, as well as the electron transfer
processes occurring between the gas molecules and the material's surface.
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