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A wireless gas sensing system enabling real-time
seafood freshness monitoring based on Ru-1n,03
microtubes with dual-enhanced sensitivity and
selectivity
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Zhenquan Tan (2 *@
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The growing demand for seafood safety necessitates smart sensors with real-time monitoring capability
for the biomarker triethylamine (TEA). However, it still faces tremendous challenges due to the limited
sensitivity and selectivity of the sensing material. This study develops a topological transformation from a
Ru-MIL-68 precursor to a Ru-doped In,Oz hollow hexagonal prism. These structural merits, including
hierarchical porosity, uniform Ru dispersion, and abundant oxygen vacancies, endow this material with
enhanced gas adsorption-diffusion kinetics and surface reactivity. The optimized Ru-In,O3-0.8 sensor
exhibits exceptional TEA sensing performance: ultrahigh response (R./Rq = 493-100 ppm), fast recovery
(trec = 22 s), and a low detection limit (LOD = 11.3 ppb). Density functional theory calculations delineate
that TEA binds preferentially to the Ru-In,Oz surface with a much larger adsorption energy than that of
TEA on bare In,O3 or other gas molecules on Ru-In,Os3, supporting the enhanced sensitivity and selecti-
vity achieved by introducing Ru. Furthermore, a smart gas sensing system based on the Ru-In,Os-
0.8 material demonstrates a real-time half-fin anchovy freshness monitoring application on mobile
phones. This work not only proposes the structural modulations for exploration of advanced sensing
materials but also guides the potential for real-time analysis, monitoring and diagnosis.

ible exposure limit for triethylamine in air is 1 ppm.*
Therefore, the emitted TEA gas as an indicator of the freshness

Food safety insurance is of paramount importance since it is
directly related to public health. In particular, seafoods, such
as fish and shrimp, face inevitable risks of meat spoilage due
to their rich protein content during production, storage and
transportation processes.” As seafood spoils, volatile amines,
such as triethylamine (TEA), are released by the decomposition
of amino acids or proteins due to the dramatically increased
microbial activity.> During the early stages of spoilage, TEA
release becomes detectable. According to recommendations
from the European Commission and the American Conference
of Governmental Industrial Hygienists (ACGIH), the permiss-
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of seafood needs to be detected. The conventional methods,
such as gas chromatography spectrometry, mass spectrometry
and others, are limited by the precise sample pre-treatment,
high equipment costs, prolonged analysis (>2 hours) and the
requirement of well-trained operators.>® Moreover, these
methods cannot meet the requirements of real-time analysis
and portable devices for applications in cold-chain logistics.
Therefore, to negotiate these obstacles, it is essential to
develop portable smart gas sensors and simultaneously
explore advanced sensing materials for real-time food fresh-
ness monitoring. A smart gas sensor, also called an intelligent
gas sensor, is a systematic module that is composed of the cen-
tered sensing unit, transducer unit, communication unit and
other complementary parts.” In this context, the miniaturiza-
tion of self-powered gas sensing devices and their integration
with smartphones will provide an acceptable method for moni-
toring the seafood quality. Moreover, the performance of
smart gas sensors relies greatly on the sensing materials, in
which accessible sites, facile gas diffusion and reaction are in
demand.
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Indium oxide (In,0;), as a typical n-type semiconducting
metal oxide, has gained intensive attention in the gas sensing
field due to its low production cost, facile fabrication, excellent
conductivity and outstanding chemical  stability.> ™!
Nevertheless, the majority of pure or bulk In,O; based
materials usually suffer from unsatisfactory sensitivity and
selectivity at a low working temperature, not meeting the
requirement of seafood freshness insurance. As a conse-
quence, it is imperative to improve their gas sensing perform-
ance by nanostructure engineering, electronic modulation,
chemical sensitization and defect engineering. (i)
Nanostructure engineering: the morphologies are related to
the gas transportation, the exposed active sites and the recep-
tor function, greatly affecting the sensing performance. Up to
now, diverse nanostructures have been explored, such as nano-
particles, one-dimensional nanowires, and two-dimensional
nanosheets.'**® In particular, hollow structures, such as
micro-spherical and tubular morphologies with porous walls,
have demonstrated great promise for superior gas sensing per-
formance due to their good surface permeability, high specific
surface area and ample exposed sites on the inner and outer
surfaces.'”

(ii) Electronic modulation: the sensing performance is
greatly affected by the electronic band structure, since it may
lead to surface active species, carrier concentration and trans-
fer optimization. The heterojunctions with an intimate inter-
faces are powerful tools to regulate the electronic structure due
to the work function difference. For instance, various second-
ary semiconductive metal oxides have been integrated with
In,0; to fabricate p—n heterojunctions, such as NiO/In,0; as a
formaldehyde gas sensor and NiC0,04-In,03 and Co304-In,03
for TEA sensing.'®'® Specifically, the NiCo,0,-In,O; sensor
exhibits an 8.3-fold increase of response value (550 at 100 ppm
TEA) compared to that of bare In,O; due to the adjusted
carrier transfer process and other synergies. Its selectivity
needs to be further improved.>®*!

(iif) Chemical sensitization: anchoring another active com-
ponent onto In,O; will additionally facilitate surface gas
sensing reactions. Loading CuO with a strong chemical affinity
for H,S on In,0; porous nanosheets showed a lower limit of
detection and superior selectivity. To be notable, noble metal
units usually realize chemical sensitization according to gas
molecule dissociation and catalytic activation effects.”” In
recent years, ruthenium (Ru) has been widely employed due to
its excellent electronic sensitization effect on metal oxides and
its ability to enhance gas sensing performance. Qiao et al.
found that Ru dopants significantly reduce the activation
energy for TEA oxidation (from 71.12 k] mol™* to 29.39 kJ
mol "), accelerating reaction kinetics, and inducing oxygen
vacancies and forming Schottky junctions with In,O3, narrow-
ing its bandgap and optimizing carrier concentration.”® Co-
doping Ru and Mo in Co;0, further enhances oxygen vacancy
concentration and lowers the optimal operating temperature to
160 °C.** Xuw’s group utilized Ru-based alloys to strengthen
target gas interactions and stabilize amorphous active
phases.?®

Inorg. Chem. Front.

View Article Online

Inorganic Chemistry Frontiers

(iv) Defect engineering: precise control of intrinsic oxygen
vacancy concentration in metal oxides would simultaneously
optimize the electronic structure and surface active sites. As
electron donors, oxygen vacancies narrow the bandgap (e.g,
SnO, from 3.83 eV to 3.52 eV), increase carrier concentration,
and accelerate adsorbed oxygen ionization, thereby enhancing
gas response. For instance, oxygen-deficient SnO, (29.47% Oy)
exhibits a doubled response to 6 ppm H, (2.3 vs. 1.13 of pris-
tine SnO,) with a detection limit of 0.1 ppm. Similarly, black-
phase In,0; (B-In,0;) with 44.2% oxygen vacancies shows sig-
nificantly improved room-temperature NO, response due to
synergistic enhancement of gas adsorption and electron trans-
fer. This strategy provides a novel approach for overcoming the
limitations of conventional heterojunction/noble metal modifi-
cation by directly regulating intrinsic defects.>*>” Moreover,
notwithstanding the above achievements, it is still in the early
stage of simultaneously implementing the above-mentioned
structural design aspects to enhance the sensitivity and selecti-
vity, and the underlying mechanism is still unclear.

Metal-organic frameworks (MOFs) have been utilized as
precursors to fabricate multifunctional materials. The
different metal centers with atomical homogeneity enable the
homogenously distributed components and the corresponding
strong interaction.*® Furthermore, the morphologies of pris-
tine MOFs would be preserved and even converted into hollow
structures during structure transformation. These above
merits enable the fabrication of various materials in our pre-
vious work, such as single-atom Ce site within the Cu/
MoO,@C matrix, multi-shelled Ln-doped CoP/CoO micro-
spheres and triple-shelled ZnO/ZnFe,O, heterojunctional
hollow microspheres as sensing materials.>*" Therefore,
introducing an appropriate functional unit into In-based
MOFs at the source can effectively form hollow structures and
leverage the promoting effects induced by functional motifs.

As proof-of-concept research, this work proposes bimetallic
MOFs (Ru-MIL-68) as precursors to fabricate hollow hexagonal
Ru-In,0; microtubes. The confinement effect within bimetallic
Ru-MIL-68 ensures uniform Ru dispersion to strengthen the
Ru-In,0; interaction and modulate the electronic structure.
The structural merits, including hollow nanostructure engin-
eering, Ru-induced electronic band structure regulation and
chemical sensitization effects, synergistically enhance the sen-
sitivity and selectivity, supported by systematic experimental
and theoretical investigations. The Ru-In,03-0.8 based sensor
with an optimal Ru concentration shows an impressively high
response value of 493 at 100 ppm TEA and high selectivity
coefficients. The smart gas sensing system further demon-
strates practical potential in real-time monitoring of seafood
freshness.

2. Experimental details
2.1. Synthesis of Ru-In,0; materials

Ru-MIL-68(In) was synthesized by modifying a solvothermal
method. In(NO;);-4H,0 (186.4 mg, 0.5 mmol) and H,BDC
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(50.0 mg, 0.3 mmol) were dissolved in DMF (30 mL) and soni-
cated for 5 min. Then, a certain amount of RuCl; (0.83 mg,
0.004 mmol) was added to the mixed solution and stirred for
10 min. The uniform solution was transferred into an 80 mL
autoclave, heated to 100 °C, and kept at this temperature for
4 h. After natural cooling to room temperature, the brown pre-
cipitate was collected by centrifugation, washed several times
with ethanol, and then dried at 60 °C for 12 h. Thus, the bi-
metallic Ru(0.8%)-MIL-68 precursors were obtained. The Ru/In
molar ratios were precisely controlled at 0.4% and 1.6% by
adjusting the amount of RuCl; (0.415 mg and 1.66 mg) added
during synthesis, leading to the formation of Ru(0.4%)-MIL-68
and Ru(1.6%)-MIL-68 materials.

The resultant Ru(x%)-MIL-68 precursors were heated at
450 °C for 3 h at a heating rate of 2 °C min™" in a muffle
furnace, resulting in the formation of Ru-In,O; powders,
denoted as Ru-In,03-0.4, Ru-In,05-0.8 and Ru-In,0;3-1.6. For
the synthesis of the compared In,0; material, the precursor of
MIL-68 was adopted for thermal treatment, which was initially
prepared by adding only In(NO;);-4H,0 without Ru doping
modification.

2.2. Fabrication and measurement of the gas sensor

The gas-sensitive devices were fabricated according to the fol-
lowing standardized protocol. Sensing materials were hom-
ogenized via mechanical grinding in ethanol to form a
uniform suspension, which was subsequently applied onto the
exterior of alumina substrates (equipped with dual Au electro-
des and an integrated heating filament). Gas response evalu-
ations were conducted using a commercial CGS-8 analytical
platform (Beijing Elite Technology Co., Ltd, Beijing, China),
with system configuration schematics provided in Fig. S1. For
n-type semiconductor sensors, the response value was calcu-
lated as R,/R,, where R, and R, denote resistances in ambient
air and analyte gas, respectively. All measurements were per-
formed under controlled humidity conditions (50% RH)
unless explicitly varied.

2.3. Fabrication of the smart wireless TEA sensor and fish
freshness tests

The smart TEA sensing system based on the
STM32F103C8T6 microcontroller was utilized to assess the gas
sensing performance. The analog signal of the dynamic
change of the resistance (Rs) of the sensing material caused by
gas concentration was converted into a digital signal through
the Analog-to-Digital Converter (ADC), and the digital signal
was the voltage data (Vgy) collected by the ADC. The details are
included in the SI.

A 100 g sample of fresh half-fin anchovy was hermetically
sealed in a 1 L beaker at a room temperature of 30 °C and rela-
tive humidity of 50%. Subsequently, 50 mL of headspace gas
was extracted from the beaker at regular intervals and injected
into a 20 L sealed container, and the smart gas sensor was
used to detect the concentration of TEA gas.

This journal is © the Partner Organisations 2026
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2.4. DFT calculations

The adsorption energies and charge density difference were
determined using the DMol3 program package in Materials
Studio. The exchange and correlation terms were determined
using the Generalized Gradient Approximation (GGA) in the
form proposed using the Perdew-Burke-Ernzerhof (PBE) for-
mulation. The self-consistent calculations applied a conver-
gence energy threshold of 107> eV. The adsorption of TEA,
EtOH, acetone, hexane and n-PrOH on the In,0; (222) or Ru-
In,O; (222), and the adsorption between sensing materials
and target gas were investigated in this work. In surface
adsorption models, a vacuum layer of about 20 A was added in
the Z-direction of the slab model to avoid the effects of peri-
odic boundary conditions. The binding energies are calculated
with the following equation: Eyqs = Epsg — Ea — Eg, Where E,qq,
Exp, Ea and Ey are the energy of adsorption, the total energy
of In,03 (222) or Ru-In,0; (222) with the adsorbing target gas,
the total energy of In,0; (222) or Ru-In,0; (222), and the total
energy of the individual target gas molecule, respectively. The
isosurface level of charge density difference of In,O;3 (222) or
Ru-In,O; (222) with the adsorbing target gas was 0.02 e A~>.
The saturation level of the 2D display of charge density differ-
ence was set from —0.01 to 0.02 e A™>,

3. Results and discussion

3.1. Synthesis, structure and characterization studies

The fabrication process of Ru-In,O; microtubes is illustrated
in Fig. 1. Firstly, one-pot synthesis of Ru*" and In** involved bi-
metallic MOFs was achieved under solvothermal conditions.
Secondly, the bimetallic MOFs were thermally treated to form
the target Ru-In,O; microtubes as sensing materials. The
homogeneous introduction of Ru species within bimetallic
MOFs is quite different from the well-documented stepwise
loading of secondary noble metal or transition metal units.>
This elaborate design would guarantee the highly dispersed
Ru species at the atomic scale within In,0j3, significantly con-
tributing to the structural modulation and sensing ability.
Comprehensive structural characterization studies were
conducted through scanning electron microscopy (SEM) to
investigate the morphological evolution. Fig. 2a clearly illus-
trates the hexagonal prism morphology of Ru(0.8%)-MIL-68
with a size of 1-2 pm in length and 400-800 nm in width.
Regardless of the feeding amount of Ru, the hexagonal prism
morphology and the size are basically consistent in Ru(0.4%)-
MIL-68, Ru(1.6%)-MIL-68 and bare MIL-68 (Fig. S2). After sub-
sequent high-temperature calcination, the overall hexagonal
configuration was maintained, while the distinctive hollow
structures emerged in Ru-In,03;-0.8 microtubes, as evidenced
by the SEM images in Fig. 2b and c. The unique hollow hexag-
onal prism architecture was further confirmed by the trans-
mission electron microscopy (TEM) image (Fig. 2d). This
hollow feature with ample pores on the walls offers dual func-
tional advantages: the substantially increased specific surface
area providing abundant active sites for gas molecule adsorp-
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100 °C 4h 450 °C 3h
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Ru-MIL-68

Fig. 1 Schematic illustration of the synthesis of Ru-In,Oz microtubes.
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Fig. 2 SEM images: (a) Ru(0.8%)-MIL-68, and (b and c) Ru-1n,03-0.8; (d) TEM image, (¢) HRTEM image and (f) SAED image of Ru-In,03-0.8; (g)
HAADF-STEM image; and (h—j) elemental mapping images of Ru-In,03-0.8.

tion and the well-defined tubular channels facilitating rapid plane of cubic In,0;. This value is slightly larger than that of
gas diffusion. The HRTEM image in Fig. 2e shows an interpla- pristine In,0; (0.292 nm), indicating a minor lattice expansion
nar distance of 0.294 nm, which corresponds to the (222) due to the substitution of Ru with In in the lattice. This result

Inorg. Chem. Front. This journal is © the Partner Organisations 2026
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further confirms that Ru was successfully introduced. In
addition, this image also reveals that the walls of the hexag-
onal microtube are enveloped by a large number of small
nanoparticles (about 35 nm), serving as critical sensing units.
The diffraction rings in the corresponding SAED pattern
confirm the existence of the cubic In,0; phase (Fig. 2f). The
TEM elemental mapping images show that In, O and Ru
elements are uniformly distributed in the Ru-In,0;-0.8 micro-
tubes, maximizing the modulation effect endowed by Ru func-
tionality (Fig. 2h-k).

To characterize the crystal structure and phase composition
of In,0; and Ru-In,0; powders, X-ray diffraction (XRD) ana-
lysis was employed. As shown in Fig. 3a, pristine In,0; exhibi-
ted diffraction peaks at 21.5°, 30.6°, 35.5°, 51.0°, and 60.7°,
corresponding to the (211), (222), (400), (440), and (622) planes
of the cubic In,O; phase (JCPDS No. 06-0416). After Ru species
incorporation, the XRD patterns in Ru-In,O3; materials remain
unchanged without any detectable diffraction peaks of Ru,
which indicates that the Ru species does not induce any vari-
ation in the crystalline structure of In,O; and its homogeneous
distribution.® The surface elemental composition and oxi-
dation states of In,O3; and Ru-In,O; were further investigated
by using X-ray photoelectron spectroscopy (XPS). The full-
range XPS spectra presented in Fig. 3b provide clear evidence
of the presence of Ru, O and In elements in the Ru-In,O;-
0.8 material. As shown in Fig. 3c, the asymmetric peaks
observed in the O 1s spectra can be precisely deconvoluted
into three distinct peaks for bare In,O; and Ru-In,O3-
0.8 materials, corresponding to the lattice oxygen (O.), the
oxygen vacancies (Oy), and the surface absorbed oxygen (Oc¢).
The higher Oy concentration in the Ru-In,03-0.8 material criti-

S~
=)
-’

(b)
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cally influences the gas-sensing performance by providing
more active sites for gas molecule adsorption and surface
chemical reactions. Simultaneously, oxygen vacancies function
as catalytic centers that lower the activation energy for gas-
phase redox reactions, creating synergistic effects that enhance
both surface reactivity and charge transfer efficiency. This dual
functionality establishes oxygen vacancy engineering as a
pivotal strategy for improving adsorption capacity and catalytic
activity.>*3*

The XPS analysis of In 3d core-level spectra (Fig. 3d) reveals
distinct chemical environment modifications upon Ru incor-
poration. Bare In,O; exhibits characteristic In 3d;, and In
3ds,, peaks at 444.3 eV and 451.8 eV, respectively. After the
introduction of Ru, both peaks shift toward higher binding
energies.*>*® The higher electronegativity of Ru (2.2) compared
to In (1.78) may explain the binding energy shift and suggest
electron transfer from In to Ru centers, confirming chemical
interactions between In and Ru for gas sensing enhance-
ment.”” In general, the XPS spectrum of Ru 3d overlaps with
the binding energy range of C 1s.*® The additional character-
istic peak of Ru 3ds, is still observed with binding energies of
281.9 eV, 281.0 eV and 280.0 eV, implying that the majority of
the Ru species on the Ru-In,03-0.8 can be assigned to Ru®(4 <
8 < 8), Ru*" and Ru’, respectively (Fig. 3e and f).*®

The N, adsorption-desorption isotherms of Ru-In,03-0.8
exhibit characteristic Type IV isotherms, which is indicative of
their mesoporous nature (Fig. S3). The Ru incorporation
slightly increases the Brunauer-Emmett-Teller (BET) specific
surface areas from 36.60 of In,O; to 37.91 m”> g~ in the Ru-
In,03-0.8 material. The enlarged specific area can increase the
contact effectivity and subsequent reaction between gas mole-
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Fig. 3
of In,O3 and Ru-In,03-0.8, respectively.
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(a) XRD patterns of pristine In,O3, Ru-In,03-0.4, 0.8 and 1.6 samples. (b—f) Full, O 1s, In 3d, C 1s and Ru 3d and enlarged Ru 3d XPS spectra
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cules and the sensing material surface, being conducive to the
enhanced sensing performance.

3.2 Gas sensing properties

Encouraged by the unique microtube morphology with Ru
species as an electronic or chemical structure modifier, the
Ru-In,0; based sensors were fabricated to investigate the
sensing properties with bare In,0; as a comparison. The In,0;
and Ru-In,0; materials show decreased resistance upon
increasing temperature, revealing the thermally excited charge
carrier migration from valence to conduction bands (Fig. S4
and S5). Additionally, the resistance values of the Ru-In,O;
based sensor under an air atmosphere are much higher than
those of the bare In,O; counterpart at each temperature due to
the formation of a Schottky barrier.>® The enlarged baseline re-
sistance values of Ru-In,0;-0.8 in air may provide the foun-
dation for the improved response values for the n-type
semiconductor.

Owing to the fact that the operating temperature greatly
affects the sensing ability, the temperature-dependent gas
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sensing characteristics of In,O; and Ru-In,O; based sensors
toward 100 ppm TEA vapor were systematically performed
across the 100-200 °C operational window (Fig. 4a). All sensors
demonstrate similar volcano-shaped profiles, with a gradual
response growth followed by a falling tendency at a certain
temperature. This non-monotonic behavior originates from
competing thermal activation and molecular desorption pro-
cesses: elevated temperatures initially enhance surface reaction
kinetics by providing sufficient activation energy for analyte—
oxygen species interactions, while excessive heating (>120 °C)
accelerates molecule desorption rates beyond critical
thresholds, significantly reducing gas-surface contact duration
and response values. Meanwhile, the volcano-shaped response
dependence on the Ru content suggests an optimal doping
threshold (0.8 at%), potentially attributable to competing
effects: enhanced active sites at lower concentrations versus Ru
aggregation and electronic screening at higher loadings.>****!
The Ru-In,03-0.8 sensor demonstrates optimal performance at
120 °C with a remarkable response magnitude (R./Ry = 493) -
2.74-fold enhancement compared to pristine In,O; (Ra/Ry =

~
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180, Fig. S6). This temperature-specific response maximization
results from balanced thermal energy input and adsorption-
desorption equilibrium. The activation energy threshold of tri-
ethylamine precisely matches the catalytic ability of the Ru
catalytic center.”*” Systematic evaluation of temperature-
dependent response profiles establishes 120 °C as the optimal
operational temperature, which was adopted for further
investigations.

The dynamic sensing characteristics were quantitatively
evaluated through response-recovery kinetic analysis.
According to the standard protocol, the response time (zs)
and recovery time (z..) of the In,0; sensor were determined to
be 212 s and 176 s toward 100 ppm TEA at an optimal oper-
ation temperature (120 °C), revealing its sluggish response
dynamics. The recovery time of Ru-In,0;-0.8 dramatically
declined to 22 s, suggesting that the recovery kinetics were
accelerated with an 8-fold improvement by Ru species (Fig. 4b
and S6b). As illustrated in Fig. S7, for various interfering gases,
the Ru-In,03-0.8 sensor has the fastest recovery speed and a
considerable response speed for TEA. The responsiveness of
the In,0; and Ru-In,0;-0.8 sensors to different gases at
100 ppm concentration was investigated and is compiled in
Fig. 4c to evaluate the critical selectivity. The Ru-In,03-0.8
sensor shows the highest response to TEA and minimal
response values to other gases. The responses to EtOH
(ethanol), n-PrOH (n-propanol), HCHO (formaldehyde),
hexane, HAc (acetic acid), TEA, acetone and TMA (trimethyl-
amine) are 19.8, 32.5, 13.4, 1.9, 1.85, 493, 14.1 and 71.5,
respectively, indicating that the Ru-In,03-0.8-based sensor
exhibits superior selectivity to TEA gas (Fig. S8). Thorough
observation reveals the selectivity enhancement of Ru-In,O;3-
0.8: the response to TEA is significantly improved, while its
sensitivity toward most of other interfering gases is reduced to
varying degrees compared to pristine In,O;. The quantitative
evaluation and mechanistic investigation of outstanding
selectivity enhancement will be elucidated through selectivity
coefficients and theoretical calculations (vide infra).

The dynamic response-recovery characteristics of the Ru-
In,05-0.8-based sensor across a wide TEA concentration range
(0.05-100 ppm) are shown in Fig. 4d. The near-rectangular
response-recovery profiles indicate stable and reversible
surface interactions. The sensor exhibits a rising trend of
response values with an increased TEA concentration. The
data in the 0.05-100 ppm range were fitted with a power func-
tion (y = 25.865 x x>%%), which accurately describes the trend
of the response value tending towards saturation as the con-
centration increases. Linear regression analysis of the low-con-
centration regime (0.05-0.5 ppm) reveals an ultra-low limit of
detection (LOD) of 11.3 ppb, which was estimated by using the
equation LOD = 3*¢/S (the detailed calculation process is pro-
vided in the SI).>® This demonstrates precise quantification
capabilities for trace-level TEA detection (Fig. 4e). These collec-
tive features, including sub-ppm sensitivity, rapid recovery
kinetics (zec = 22 s) and robust performance across four orders
of magnitude of concentration variation, highlight its potential
for practical applications in marine product freshness assess-
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ment, where early spoilage detection at ppb-level TEA concen-
trations is critical.

Given the ubiquitous presence of moisture in real-world
TEA detection environments, we rigorously evaluated the
sensing ability and humidity tolerance of the Ru-In,03-0.8
sensor under varying high relative humidity (RH) conditions.
As depicted in Fig. 4h, the response values decreased to 81%,
54.5%, and 48.5% of the baseline (RH = 50%) at 60%, 70%,
and 80% RH, respectively. This response performance degra-
dation arises from the competitive adsorption of water mole-
cules. The Ru-In,0;-0.8 sensor also maintained responsive
kinetics even under humidity-induced effects (RH = 80%), with
Tres/Tree D€ING 226 s/32 s, representing only 8.5% and 45.5%
increases in response/recovery durations compared to those
under low humidity. The preserved temporal performance may
stem from oxygen vacancy-assisted water dissociation path-
ways, which mitigate moisture interference through enhanced
surface desorption efficiency.>**

All In,0; and Ru-doped In,0; sensors maintain quasi-rec-
tangular response profiles across all cycles, with no observable
signal attenuation or baseline drift. The Ru-In,03;-0.8 sensor
demonstrated exceptional reproducibility (Fig. 4f), exhibiting a
minimal response variation of +2.1% (relative standard devi-
ation) and consistent recovery kinetics (rpe. = 22 + 1.5 s)
throughout testing. This TEA sensing performance consistency
under alternative TEA/air exposure confirms robust structural
integrity and stable surface reactivity, being one strong suppor-
tive parameter for practical sensing applications. The response
values of the Ru-In,0;-0.8 sensor to 100 ppm TEA at different
time intervals presented in Fig. 4g showed negligible changes
over 14 days, indicating that the Ru-In,03-0.8 sensor also has
good long-term stability.

3.3. Gas sensing mechanism

A consistent rise in the baseline resistance of Ru-In,O;
materials was observed with increasing Ru doping concen-
tration at constant temperature, attributable to the work func-
tion difference between Ru and In,O;. This interfacial elec-
tronic effect was quantitatively confirmed by UPS analysis
(Fig. S10a and b), with a 0.13 eV increase in work function for
Ru-In,0;-0.8. The underlying modulation of electrical pro-
perties resulting from Ru incorporation can be explained by
electron transfer at the metal-semiconductor interface.
Electrons transfer from In,0; to the Ru dopants due to the
higher work function of Ru, leading to the formation of
charge-depleted regions and consequently an increase in
overall resistance. This aligns with the electronic sensitization
mechanism reported for noble metal/oxide systems, where
work function mismatch induces electron transfer to the metal
phase.”® Mott-Schottky characterization (Fig. S11) confirmed
the preserved n-type semiconductor behavior for both pure
In,0; and Ru-doped In,0;, as evidenced by positive slopes.
Fig. 5a presents the complete energy band structure of In,O;
and Ru-In,05-0.8. The band gaps of In,0; and Ru-In,03-0.8
are 3.25 eV and 3.17 eV, respectively, measured by UV-Vis
spectra (Fig. S12a and b). The narrowed band gap of Ru-In,Os-
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Fig. 5

0.8 facilitates electron transitions and oxygen vacancy gene-
ration, which contributes significantly to the enhanced gas-
sensing capabilities.*’ The decline of the Fermi level position
(Ru-In,05-0.8, —3.90 eV vs. pure In,03, —3.77 eV) leads to a
larger energy level difference with oxygen, which makes elec-
tron transfer between oxygen and the material easy and is also
conducive to the increase of adsorbed oxygen.***> An electron-
enriched Ru state facilitates the adsorption and reaction of
active oxygen species and TEA, thereby enhancing the overall
gas response.*®*

The collective electrical analyses reveal that Ru doping
effectively modulates carrier concentration through interfacial
charge redistribution while maintaining fundamental n-type
semiconductor characteristics, establishing a critical foun-
dation for optimizing gas-sensing performance through elec-
tronic structure engineering. The sensing mechanism of the
n-type In,05-based TEA gas sensor could be explained by the
electron depletion layer (EDL) model. It is well accepted that
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O

the resistance changes in the metal oxide sensing material are
related to the adsorption and desorption of reductive gas mole-
cules. As illustrated in Fig. S13, under an air atmosphere, Ru-
In,0; can adsorb oxygen molecules on its surface and oxygen
molecules further react with movable electrons in the conduc-
tion band, leading to the formation of negative oxygen species
(such as O, and O7) and a thick electron depletion region on
the surface of Ru-In,0;. Therefore, the electrical resistance of
the material is comparatively high.’®* When the sensing
material comes in contact with TEA gas, O~ and O, ions on
the surface of the material would react with the gas to form
NO,, CO, and H,0.>"® Electrons are simultaneously re-
injected to the material’s surface, resulting in a sharp decrease
in the sensor’s resistance (Fig. S5). Owing to the initial much
higher resistance in air of Ru-In,0;-0.8 and a more active
surface TEA sensing reaction, the resistance would decline to a
very large degree, resulting in a larger response value and
improved sensitivity. The selectivity coefficients (SC = Ryga/
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Rgss, Fig. 5b) of the pure In,O3-based sensor are calculated to
be 9.4, 10.1, 34 and 3.3 relative to EtOH, acetone, hexane and
n-PrOH. The Ru-In,03-0.8-based sensor exhibits sustainably
increased SC of 24.3, 34.2, 253.7 and 14.8 relative to the afore-
mentioned gases. This quantitative selectivity coefficient evalu-
ation demonstrates that Ru species also delivers pronounced
selectivity improvement.

To gain a deeper insight into the impact of Ru doping on
the improved sensing selectivity, density functional theory cal-
culations (DFT) were employed to examine the adsorption fea-
tures of different gas molecules on the surface of In,O; and
Ru-doped In,0;. The optimized structures of substrate In,0O;
(222), the modified Ru-doped In,O; and the optimized struc-
tures of gas molecules adsorbed on the surface of materials
are presented in Fig. S14.

The computed adsorption energy of TEA on the Ru-doped
In,0; surface was —3.95 eV, significantly higher than that on
the pure In,0; surface (—0.72 eV), indicating a markedly stron-
ger interaction and enhanced gas-sensitive performance. In
contrast, the absolute adsorption energies for interfering gases
—including EtOH, acetone, hexane, and n-PrOH—were lower
on the Ru-doped surface compared to the undoped counter-
part (Fig. 5b). These results demonstrate a selective enhance-
ment in TEA adsorption coupled with a suppression of inter-
actions with other gas molecules.’** The agreement between
theoretical calculations and earlier experimental observations
confirms that Ru incorporation effectively improves selectivity.
According to the charge density difference maps (Fig. 5c), the
charge transfer from TEA to Ru-In,O; is 0.198e, which is
bigger than that to pure In,Oz (0.162e), further consolidating
the strong interactions between TEA and Ru-In,05.*>%%%

Fig. 5d shows the density of states (DOS) of In,O; and Ru-
In,03, where the vertical dashed line represents the Fermi
level position. The band gap of Ru-doped In,O; is narrowed,
which is consistent with the experimental results of UV-vis
spectroscopy (Fig. S12). As shown in Fig. 5e, the DOS curve is
significantly shifted to the left after TEA gas adsorption,
reflecting the change in conductivity before and after
adsorption.>>>® As mentioned above, DFT calculations suggest
that Ru species introduction into In,O; significantly enhances
its adsorption energy for TEA, improves the electron transfer
properties, and enhances the interaction with TEA for sensitive
and selective sensing.

The main reasons for the improved sensitivity and selecti-
vity of Ru-In,05-0.8 compared to In,0O3 can be ascribed to the
following items (Fig. 5f): (i) The hollow microtubular structure
with abundant pores on the walls would provide a high
specific area and a large number of active sites for surface
sensing reactions. This unique structure can facilitate pene-
tration of more gas molecules into the inner region for sub-
sequent sensing reactions. (ii) The formed Schottky potential
barrier after incorporating Ru thickens the EDL, dramatically
elevating the baseline resistance in air. The increased oxygen
vacancies in Ru-In,03-0.8 can offer more active sites to boost
the surface sensing reaction. When exposed to TEA, the TEA
molecules interact with the adsorbed oxygen ions on the
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material surface, releasing trapped electrons back into the con-
duction band, decreasing the resistance (R,) to a large extent,
thereby enlarging the difference between R, and R,. As a conse-
quence, the gas response value is maximized. (iii) The high
selectivity can be attributed to the preferential adsorption of
TEA and its low bond dissociation energy. The bond dis-
sociation energy of C-N in TEA is 307 kJ mol™", which is much
lower than that of EtOH and n-PrOH (O-H, 458.8 k] mol™),
HCHO (C=0, 798.9 k] mol™"), and hexane (C-H, ~400 kJ
mol™; C-C, ~360 k] mol ").>***%” The Ru species will
promote the chemical reaction between active oxygen species
and TEA molecules via catalytic effects.>®>°

3.4. Seafood freshness monitoring demonstration

Stimulated by the improved sensing sensitivity and selectivity
and the impressive low-concentration detection and stability,
we fabricated a wireless TEA-sensing system for practical appli-
cation. The sensing device coating with Ru-In,05-0.8 as the
sensing module was integrated with a local power, a microcon-
troller unit (MCU) and WiFi mode. This as-developed sensing
system as a smart gas sensor with portable, lightweight and
reliable handheld features was demonstrated for the real-time
detection of the freshness of half-fin anchovy. The overall size
is only 100 mm, 70 mm and 60 mm in three dimensions with
an OLED display to show the monitored concentration of TEA.
This monitoring process is also visual on a mobile phone via
Wi-Fi technology. The outline and internal structure of the
handheld device are shown in Fig. 6. Considering that aquatic
products release complex volatile gases during meat spoilage
with TEA as an important biomarker, we used a 0.8-Ru-In,03
sensor to follow the spoilage process of 3 half-fin anchovies
(weighing approximately 100 g) in a closed system (the experi-
mental period was 24 hours).

The entire testing process was carried out in a sealed gas
chamber with a volume of 20 L. During the monitoring
process of the degree of food spoilage, we extracted 50 mL of
gas from a beaker containing half-fin anchovies and injected it
into the gas chamber after a certain period of time. Fig. 6f
illustrates the relationship between the aging time for half-fin
anchovy and the corresponding response values. It is evident
that the response values exhibit an upward trend as spoilage
progresses, reaching a response value of 16 at 24 hours (conc.
= 483 ppb). This sensitive response characteristic can effec-
tively capture the initial stage of fish spoilage. In Video S1, the
spoilage extent of half-fin anchovies was assessed after
12 hours of storage. Upon injection of 50 mL of decay gas into
the sealed chamber, the system enables online, real-time
monitoring, with both the TEA concentration and the corres-
ponding response value curve being simultaneously displayed
on the mobile phone interface.

Furthermore, Fig. S15 illustrates the correlation between
shrimp spoilage duration and Ru-In,03-0.8 sensor response
magnitude. The response values exhibit a continuous upward
trend with progressive spoilage, reaching a peak of 106.9 at
168 hours (corresponding TEA concentration = 9.6 ppm) and
demonstrating the universality of this sensor for monitoring
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(@) Schematic illustration of a smart TEA sensing system for monitoring fish freshness. (b) Image of the smart TEA sensor based on an

STM32 microcontroller. (c) Logical diagram of the smart TEA sensing system. (d) Concentration curve of monitoring 1 ppm TEA gas on a smartphone.
(e) Image of 100 g half-fin anchovy, a smart TEA sensing system and a smartphone. (f) Response values to the volatile biomarker TEA of half-fin
anchovy spoiled for different periods at 120 °C under 50%RH. (g) TEA concentration curve of half-fin anchovy spoiled for 24 hours at 120 °C under
50%RH. All the relevant tests in this figure were conducted using the smart TEA sensing system, with data collection and real-time monitoring

carried out using a smartphone.

the freshness of different types of seafood. The detailed testing
conditions are presented in the SI. These observed results
reveal that this smart gas sensing system could successfully
capture the instantaneous TEA concentration variations,
achieve the real-time monitoring of TEA, and ensure food
freshness and safety.

4. Conclusion

This work demonstrates a Ru-In,O; hollow hexagonal prism
sensor with dual-enhanced sensitivity and selectivity for tri-
ethylamine (TEA) detection. The exceptional performance
stems from a synergistic triple-mechanism design: (i) the hier-
archical hollow structure facilitating gas diffusion and provid-
ing abundant active sites; (ii) Ru-induced Schottky barriers
and oxygen vacancies that dramatically elevate baseline resis-
tance (R,), maximizing the response magnitude (R./R,); and
(iif) preferential TEA adsorption, its low C-N bond dissociation

Inorg. Chem. Front.

energy and Ru-catalyzed functions ensuring high selectivity.
The sensing mechanism was further elucidated by theoretical
calculations. The smart TEA sensing system enables real-time
half-fin anchovy freshness monitoring, validating practical
deployment potential. This work may expand the potential
application of smart gas sensors in environmental contexts,
food storage and transportation, and even noninvasive diagno-
sis by advanced sensing materials and sensing transducer
optimization simultaneously.
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