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A B S T R A C T

Indoor ozone (O3) and its reaction products jointly increase the burden of diseases on the human body. Metal- 
oxide semiconductor (MOS) sensors are attractive for miniaturization and ease of integration. However, prac
tical O3 sensing remains challenging due to low response and relatively high detection limits, especially in ppb- 
level actual environments. In this study, we fabricated oxygen vacancy-rich indium oxide (O-In2O3) nano
materials, which significantly enhanced the response and reduced the detection limit. The O-In2O3 sensor 
exhibited a response of 162.23 toward 130 ppb O3 at an operating temperature of 44◦C, approximately 33.50 
times higher than that of In2O3 (4.84). In addition, O-In2O3 had a detection limit of 10 ppb with a response of 
29.96, approximately a 10.40-fold enhancement over In2O3. More attractively, in-situ Fourier transform infrared 
spectroscopy analysis indicated that the oxygen vacancy enrichment promoted the adsorption of O3 by the gas- 
sensitive material and facilitated the reduction reaction of O3, which may result from the three-electron 
reduction pathway, thereby providing a mechanistic explanation for the observed performance improvement.

1. Introduction

Over the past few decades, rapid urbanization and industrial 
expansion have intensified episodic ozone (O3) pollution, making it a 
major global air-quality concern [1,2]. O3 in the environment can enter 
indoor spaces through opening windows for ventilation or mechanical 
ventilation systems [3,4]. Approximately 60% of indoor O3 reacts with 
indoor chemicals, forming various ozone reaction products, including 
formaldehyde, nonyl alcohol, and hydrogen peroxide [5,6]. Exposure of 
indoor occupants to O3 and its reaction products can cause respiratory, 
cardiovascular, and lung diseases in humans [7–9]. The World Health 
Organization (WHO) recommends that the 8-hour average O3 concen
tration should not exceed approximately 50 ppb (100 μg/m3) [10]. 
However, some studies have shown that even at indoor O3 concentra
tions far below the current regulatory standards, the effects of O3 and its 
reaction products on heart and lung health have been observed [11,12]. 
Therefore, accurate O3 monitoring in both residential spaces and in
dustrial workplaces is important for early warning, exposure control, 

and risk management [13,14].
Metal oxide semiconductor (MOS) gas sensors have attracted much 

attention for O3 detection due to their low fabrication cost, facile inte
gration, and high chemical stability [15–18]. In a typical MOS sensing 
mechanism, target gas molecules adsorb on the surface of the gas-sensitive 
material and interact with chemisorbed oxygen species, leading to charge 
transfer and modulation of the semiconductor’s carrier density [19,20]. 
This process demonstrates a measurable resistance change that enables O3 
detection [21]. MOS sensing materials include both n-type and p-type 
semiconductors. Representative n-type oxides include SnO2 [22], ZnO 
[23], In2O3 [24], and WO3 [25], whereas typical p-type oxides include 
Co3O4 [26], Mn3O4 [27], CuO [28], and NiO [29]. Among these materials, 
In2O3 has shown significant advantages for oxidizing-gas sensing [30–32]. 
Sui et al. [33] reported cubic bixbyite-type indium oxide (C-In2O3) with a 
response of 5.7 toward 100 ppb O3, due to the narrow band gap and the 
enrichment of chemisorbed oxygen. However, the In2O3 sensor exhibited 
a relatively low response to some target gases at ppb levels, and the 
detection limit under actual operating conditions was also relatively high.
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Because the adsorption of target gas molecules and the subsequent 
charge-transfer process are key determinants of the response and 
detection limit of MOS gas sensors, various strategies have been 
explored to enhance their sensing performance. Representative ap
proaches include constructing heterostructures to promote interfacial 
charge redistribution [34], regulating morphology to increase the 
number of accessible active sites [35], introducing dopants to modulate 
carrier concentration and electronic structure [36], and constructing 
bimetallic oxide systems to optimize surface reaction pathways [37–39]. 
Liu et al. [40] developed bimetallic In6WO12 nanospheres with a large 
specific surface area and abundant gas diffusion channels. They further 
optimized the surface reaction path of NO2 through gold atom clusters, 
enabling the In6WO12 sensor to exhibit a significant response to 2 ppm 
NO2 at room temperature, reaching 203, which is 54.8 times that of the 
original In6WO12, significantly improving the sensing performance of 
NO2. Zhang et al. [41] synthesized In2O3 hollow microtubes decorated 
with ZnO nanoparticles derived from metal-organic frameworks 
(MOFs). The combined effects of Zn-related oxygen-vacancy formation 
and an n-n heterojunction formed at the In2O3/ZnO interface enabled a 
response of 26.12 toward 1 ppm O3 at 150◦C.

Among these methods, oxygen-vacancy engineering was particularly 
significant because the controlled introduction of oxygen vacancies can 
regulate the electronic band structure and surface-state density [42], 
thereby enhancing the adsorption of O3 molecules and facilitating 
charge transfer [43,44]. Wang et al. [45] synthesized an oxygen-rich 
In2O3 film by in-situ growth of MIL-68 (In) on a ceramic tube and sub
sequent calcination. The abundant oxygen vacancies and high surface 
adsorbed oxygen content in the material delivered a response of 14.1 
toward 5 ppm Cl2 at 50◦C, which offered significant advantages over 
previously reported In2O3-based Cl2 sensors. Despite these advances, 
achieving strong O3 adsorption and efficient interfacial charge transport 
at low temperatures remains challenging. This limitation continues to 
hinder MOS sensors in ppb-level O3 detection, where both response and 
detection limit must be substantially improved.

In this study, an O-In2O3 nanomaterial with high surface oxygen 
vacancies was prepared to overcome the limitations of MOS sensors in 
the detection of low-concentration O3. The increase in the number of 
oxygen vacancies provided more adsorption sites for O3 adsorption and 
reduced the detection limit of O3. Moreover, oxygen vacancies could act 
as electron donors, promoting the occurrence of reduction reactions, 
thereby enhancing the response of O3 sensing. In summary, oxygen 
vacancy enrichment not only improved the adsorption capacity of the 
sensing material but also supplied additional electrons that participate 
in surface reactions, promoting the continuous accumulation of chemi
cally adsorbed oxygen species. These chemically adsorbed oxygen spe
cies further reacted with O3, which might enable a three-electron 
reduction pathway that significantly enhances the sensing perfor
mance under low-temperature conditions. This work systematically 
elucidated the adsorption and reaction mechanism of O3 on gas-sensitive 
materials from the perspective of oxygen vacancy engineering and 
provided design guidelines for precise O3 sensing technology.

2. Experimental section

2.1. Materials and characterization

Indium chloride tetrahydrate (InCl3⋅4H2O, 99.99%) was purchased 
from Chengdu Dianchun Technology Co., LTD. Ethylenediamine (En; 
C2H8N2⋅H2O, >98.0%) and 1-Hexadecyl-3-methylimidazolium chloride 
([C16Mim] Cl, >96%) were purchased from Aladdin Ind. Co. Ltd. In 
addition, deionized (DI) water and absolute ethanol were employed, and 
all chemical reagents were used as received without further purification. 
Toluene was purchased from Guangdong Guangshi Reagent Technology 
Co., Ltd. (China, purity ≥99.5%). Benzene was purchased from Macklin 
(China, purity ≥99.5%). Tetrachloroethylene was purchased from 
Macklin (China, purity 99%).

X-ray powder diffraction (XRD) patterns of the as-prepared samples 
were collected with a Bruker AXS D8 Advance. X-ray diffraction (XRD) 
patterns were recorded using Cu Kα1 radiation (λ = 1.5406 Å) in the 2θ 
range of 20◦ – 70◦ with a scanning rate of 5◦ min− 1. The morphologies of 
the as-synthesized samples were characterized using a field-emission 
scanning electron microscope (SEM, HITACHI SU-70) and a trans
mission electron microscope (TEM, Carl Zeiss AG Supra 55 Sapphire). 
Energy-dispersive X-ray spectroscopy (EDS) analysis was also performed 
using TEM attachments. The compositions of the products were 
analyzed by XPS (Thermo K-ALPHA). Bruker EMX Plus measured EPR 
spectra.

2.2. Synthesis of In2O3 and oxygen vacancy-rich In2O3 (O-In2O3) 
nanomaterials

In2O3 and oxygen vacancy-rich In2O3 (denoted as O-In2O3) were 
synthesized via a hydrothermal approach followed by calcination 
(schematic shown in Fig. 1). For In2O3, 0.15 g InCl3⋅4 H2O was dissolved 
in a mixed solvent of ethylenediamine (En) and DI water with a volume 
ratio of 25:15. The solution was magnetically stirred for 30 min to 
obtain a homogeneous mixture. Then, the resulting solution was trans
ferred into a 100 mL Teflon-lined stainless steel autoclave reactor and 
heated at 220◦C for 20 h. After naturally cooling to room temperature, 
the precipitate was collected by filtration, washed repeatedly with DI 
water, and dried at 60◦C in air. Finally, the obtained precursor was 
subsequently calcined in air at 400◦C for 1 h with a heating rate of 1◦C 
min− 1 in a muffle furnace to yield the In2O3 nanomaterials. The syn
thesis of O-In2O3 followed an identical procedure, except that before the 
hydrothermal process, 0.12 g [C16Mim] Cl needed to be dissolved in the 
mixture of InCl3⋅4 H2O and ethylenediamine-water.

2.3. Sensor fabrication and gas-sensing measurements

For sensor fabrication, 50 mg of the synthesized nanomaterial was 
dispersed in 1 mL of DI water to form a homogeneous suspension. The 
homogeneous mixture was drop-cast onto a ceramic substrate equipped 
with interdigitated gold electrodes and a nickel-chromium alloy 
microheater (Fig. S1). The coated sensor was aged at 300◦C for 24 h to 
stabilize the baseline resistance and improve adhesion between the 
sensing film and the substrate. All measurements were performed under 
controlled laboratory conditions with a relative humidity of 2.0% and an 
ambient temperature of 27℃.

The O3-sensing performance evaluation system is illustrated in 
Fig. S2. In brief, low-concentration O3 is generated through vacuum 
ultraviolet (VUV) irradiation, and the ozone concentration is controlled 
by adjusting the proportion of the mixed air. Finally, the ozone con
centration within the test platform is monitored by the 2B Technologies 
Model 205. The target VOCs are generated using the injection pump- 
assisted evaporation method [46]. The liquid VOCs (including ben
zene, toluene, and tetrachloroethylene) are loaded into a sealed syringe 
and continuously injected into the micro-evaporation chamber via an 
injection pump (LSP01–2A, Longer, China). The evaporation chamber is 
maintained at 125◦C to ensure a stable vaporization process. The VOC 
concentration is regulated by adjusting the injection rate, and the spe
cific calculation method is shown in Eq. (1). The sensing performance 
toward O3 was assessed using an SMT1028 gas-testing platform (Maimu, 
China). The sensor response (S) of oxidizing gases and reductive gases 
was defined, respectively, as Soxidizing = Rg / Ra and Sreductive = Ra / Rg, 
where Rg and Ra were the sensor resistances in the target gas and in air, 
respectively. The response time (tres) was defined as the time required 
for 90% of the total change in resistance upon O3 exposure, while the 
recovery time (trec) was the time required to recover 90% of the baseline 
resistance after O3 removal. The operating temperature refers to the 
surface temperature of the gas-sensitive sensing film. 

C = 24.62ρqP/MQ (1) 
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where, C is the VOC concentration, ppm; ρ is the density of the VOC 
liquid, mg/m3; q is the liquid injection rate, m3/s; P is the purity of the 
source liquid; Q is the total gas flow rate, m3/s; M is the molar mass of 
VOCs, g/mol.

3. Results and discussion

3.1. Characterization of synthesized O-In2O3 and In2O3

The morphology and microstructure of O-In2O3 and In2O3 were 

Fig. 1. Schematic diagram for the preparation of O-In2O3 and In2O3.

Fig. 2. (a) SEM image of O-In2O3, and the insert figure is the particle size distribution; (b) HRTEM image of O-In2O3 and the insert figure is the corresponding 
selection of electron diffraction; (c) HRTEM image of O-In2O3 and the lattice pattern analysis; (d) A local magnified view of the crystal lattice pattern of O-In2O3. (e-g) 
EDS mapping images of O-In2O3.
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examined by scanning electron microscopy (SEM) and High-resolution 
TEM (HRTEM). As shown in Fig. 2a and Fig. S3, both O-In2O3 and 
In2O3 exhibited cubic morphology, but the grain size of O-In2O3 had 
slightly decreased. The HRTEM images of O-In2O3 (Fig. 2b) showed 
significant contrast variations in the nanocrystalline surface, which were 
commonly associated with oxygen vacancy-rich domains [47]. In 
contrast, the surface of In2O3 was relatively smooth with far fewer 
structural defects (Fig. S4). From the perspective of crystal structure 
analysis, selected-area electron diffraction (SAED) patterns further 
confirm that both samples possess single-crystalline characteristics (in
sets of Fig. 2b and Fig. S3). The diffraction spots can be indexed to the (2 
2 2), (4 0 0), (4 4 0), and (6 2 2) planes, consistent with the cubic In2O3 
phase identified in the XRD analysis (Fig. S5). The XRD patterns of 
O-In2O3 and In2O3 showed characteristic peaks, consistent with the 
standard JCPDS reference and confirming its cubic In2O3 (Fig. S5). 
Meanwhile, the peak positions of O-In2O3 deviated to the left from those 
of the standard carbide and In2O3 (respectively, 30.2◦, 35.1◦, 50.8◦, and 
60.4◦), which was attributed to the lattice expansion caused by defects 
[48,49]. Meanwhile, the broadening of the diffraction peaks also 
confirmed the smaller grain size, which was consistent with the grain 
size analysis results obtained by SEM [50,51]. Importantly, no addi
tional peaks were observed, indicating that defect enrichment was 
achieved without introducing secondary phases or changing the crystal 
structure.

HRTEM also provides direct evidence for localized lattice disorder in 
O-In2O3. As shown in Fig. 2c and Fig. 2d, clear lattice fringes were 
observed alongside localized distortions and discontinuities, consistent 
with a defect-rich lattice [52]. The measured interplanar spacings of 
0.2921 nm and 0.1525 nm correspond well to the (2 2 2) and (6 2 2) 

planes of cubic In2O3, respectively, further corroborating phase reten
tion. Elemental mapping via energy-dispersive X-ray spectroscopy (EDS) 
(Fig. 2e-g and Fig. S6) demonstrated a uniform distribution of In and O 
throughout the O-In2O3 nanostructures, suggesting compositional ho
mogeneity at the microscale. Overall, the above analyses verify the 
successful synthesis of O-In2O3 with a surface lattice defect.

Further, the presence and relative content of oxygen vacancies could 
be determined through electron paramagnetic resonance (EPR) and 
Raman analysis. Fig. 3a shows the EPR spectra of O-In2O3 and In2O3. 
Both samples exhibited a resonance signal at g = 2.003, which was 
characteristic of oxygen vacancies [53]. The signal intensity reflected 
the relative concentration of oxygen vacancies [54], and O-In2O3 dis
played a significantly stronger signal compared with In2O3. This result 
provides direct spectroscopic evidence that the defects in O-In2O3 were 
oxygen vacancies and that their content was higher than that of In2O3. 
As shown in Fig. 3b, the peak at around 130 cm− 1 was ascribed to the 
In-O vibration of the InO6 structure, and two peaks at 306 and 493 cm− 1 

were assigned to the bending and stretching vibrations of the octahedral 
InO6 in In2O3, respectively [55]. In addition, the peak centered at 
368 cm− 1 was assigned to the stretching vibration of In-O-In, suggesting 
the existence of oxygen vacancies [56]. To further quantify the oxygen 
vacancies of O-In2O3 and In2O3, the intensity ratio I2 / I1 between the 
peaks at 306 cm− 1 (I1) and 368 cm− 1 (I2) was calculated [57]. O-In2O3 
exhibited a larger I2 / I1 value (0.384) than In2O3 (0.327), consistent 
with an increased oxygen vacancy population and in agreement with the 
EPR results.

X-ray photoelectron spectroscopy (XPS) analysis further confirmed 
that O-In2O3 had a high content of oxygen vacancies. Fig. S7 presents the 
XPS spectra of O-In2O3 and In2O3, where the prominent peaks 

Fig. 3. (a) EPR spectra of O-In2O3 and In2O3; (b) Raman spectra of O-In2O3 and In2O3; XPS spectra of (c) In 3d and (d) O 1 s of O-In2O3 and In2O3.
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correspond to In and O. High-resolution In 3d spectra (Fig. 3c) display 
two distinct peaks at binding energies of 451.7 eV (In 3d3/2) and 
444.2 eV (In 3d5/2) for both O-In2O3 and In2O3 [58]. The peak separa
tion of 7.5 eV indicated that indium predominantly exists as In3+ in 
these samples [59]. This observation indicates that the increase in ox
ygen vacancies does not cause a measurable change in the bulk indium 
valence, and instead mainly perturbs the oxygen sublattice.

Fig. 3d displays the O1s spectra of O-In2O3. The O1s peak can be 
deconvoluted into three components corresponding to different chemi
cal states: oxygen vacancies (OV), lattice oxygen (OL), and adsorbed 
oxygen (OC). OV, at ~530.16 eV, corresponds to oxygen vacancies, 
while OL, at ~529.57 eV, represents lattice oxygen, and OC, at 
~531.48 eV, is attributed to surface hydroxyl groups [60]. For In2O3, OL 
and OC were considered to have negligible contributions to the 
gas-sensing response, whereas OV plays a crucial role [61]. Higher OV 
content facilitates greater oxygen adsorption on the material surface 
[62]. The OV content in O-In2O3 was 26.48%, which was significantly 
higher than that in In2O3 (24.14%) and was consistent with the EPR 
results. The enriched OV sites were expected to increase the density of 
active adsorption sites, thereby providing a structural basis for improved 
sensing performance.

3.2. O3 sensing performance of O-In2O3

Because gas adsorption-desorption processes were governed by both 
thermodynamic driving forces and kinetic barriers, the operating tem
perature was a key parameter that determined the MOS sensor’s 
response and dynamic behavior. The response of O-In2O3 and In2O3 

sensors to 60 ppb O3 was evaluated over the temperature range of 25◦C 
to 66◦C (Fig. 4a). The O-In2O3 sensor exhibited a higher response than 
the In2O3 sensor, highlighting the beneficial role of oxygen-vacancy 
enrichment. Notably, the response decreased as the operating temper
ature increased, consistent with the general behavior of oxidizing-gas 
sensing at low concentrations, where elevated temperature can accel
erate desorption and reduce net surface coverage of reactive species 
[63]. Although the O-In2O3 sensor had the maximum response at room 
temperature (25◦C), excessively low temperature led to incomplete 
desorption and thus poor recovery. As shown in Fig. 4b, when the re
covery period was fixed at 10 min, the resistance recovery ratios were 
28.0%, 51.0%, 97.8%, 94.8%, and 95.5% at 25◦C, 34◦C, 44◦C, 52◦C, and 
60◦C, respectively. Above 44◦C, the recovery ratios remained relatively 
high (94.8–97.8%) without a clear monotonic dependence on temper
ature, indicating that the small variations are likely associated with 
experimental fluctuations. To balance response and recovery charac
teristics, 44◦C was finally selected as the optimal operating temperature 
for subsequent measurements.

To clarify the influence of oxygen vacancies on the O3 sensing 
behavior, the O3 sensing performance of O-In2O3 and In2O3 sensors was 
systematically compared at 44◦C. When exposed to 130 ppb O3 (Fig. 4c), 
the resistance of O-In2O3 increased rapidly, yielding a response time of 
463 s, which was 395 s shorter than that of In2O3. In addition, O-In2O3 
exhibited a substantially faster recovery (96 s) than In2O3. (1627 s). The 
response value of O-In2O3 reached 162.23 at 130 ppb O3, which was 
approximately 33.5 times higher than that of In2O3 (4.84). These sig
nificant differences indicate that high-density oxygen vacancies pro
vided more surface active sites for O3 adsorption and accelerated 

Fig. 4. (a) The response of O-In2O3 and In2O3 to 60 ppb O3 at different operating temperatures; (b) The percentage of resistance recovery of O-In2O3 after responding 
to 60 ppb O3 at different temperatures; (c) Response-recovery curves of gas sensors based on O-In2O3 and In2O3 toward 130 ppb O3 at 44◦C; (d) The Ra values of O- 
In2O3 and In2O3 under different operating temperatures.
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interfacial charge transfer, thereby effectively improving response and 
recovery kinetics.

Furthermore, as shown in Fig. 4d, the Ra values of both O-In2O3 and 
In2O3 initially increased and then decreased with the increasing operating 
temperature. The initial increase is attributed to enhanced oxygen 
adsorption at relatively low temperatures, where adsorbed oxygen mole
cules extracted more electrons from the conduction band, resulting in a 
thicker electron depletion layer and a larger sensor resistance [64]. At 
elevated operating temperatures, thermally activated electron transport 
became dominant. The increased free carrier concentration and enhanced 
electron mobility gradually offset the electron depletion effect induced by 
oxygen adsorption, thereby leading to a decrease in Ra [65]. Compared 
with In2O3, the O-In2O3 sensor exhibited a higher baseline resistance at 
intermediate temperatures, indicating that the increased oxygen vacancy 
density provided more active adsorption sites and promoted chemisorption 
of oxygen species, thereby further enlarging the electron depletion layer. 
As the operating temperature continued to increase, thermal activation 
gradually outweighed the effect of oxygen adsorption, causing the baseline 
resistances of the two sensors to converge.

Concentration-gradient tests further demonstrated the superior 
response of O-In2O3. As summarized in Fig. 5a, O-In2O3 maintains 
higher responses than In2O3 within the range of 10–130 ppb, indicating 
an amplified resistance modulation under weak O3 exposure. The 
enhanced response mainly originates from the abundant oxygen va
cancies on the surface of O-In2O3, which act as high-energy adsorption 
centers and electron donors that facilitate O3 capture and subsequent 
reduction reactions, thereby significantly increasing the extent of elec
tron depletion and resistance change. Meanwhile, compared with In2O3, 

the O-In2O3 sensor exhibits a higher Ra. This increase can be attributed 
to the introduction of abundant oxygen vacancies induced by the 
surfactant-assisted synthesis process. The increased oxygen vacancy 
concentration promotes oxygen adsorption and facilitates the formation 
of a thicker electron depletion layer on the surface, resulting in a higher 
resistance state under an air atmosphere.

In addition, Fig. 5a also shows that the Ra of both sensors undergoes 
slight variations during the continuous detection of different concentra
tions of O3, particularly at elevated gas concentrations. This behavior is 
mainly attributed to the gradual accumulation of strongly chemisorbed 
oxygen species and the incomplete desorption of reaction intermediates 
during prolonged operation. Owing to the higher concentration of surface 
oxygen vacancies, O-In2O3 exhibits stronger adsorption capability toward 
oxygen and O3 molecules, which may lead to a slight shift in the Ra. 
Despite the slight baseline drift, the sensor still maintains satisfactory 
operational accuracy, indicating its potential applicability in practical O3 
monitoring.

Meanwhile, O-In2O3 enables ppb-level detection with a substantially 
lower limit of detection. As shown in Fig. 5b, at 10 ppb O3, the O-In2O3 
sensor still shows a response of 29.96, which is approximately 10.37 
times that of the In2O3 sensor. Meanwhile, Fig. 5c shows that, compared 
with the O-In2O3 sensor, the In2O3 sensor shows only marginal differ
ences in response within the concentration range of 10–30 ppb. These 
results underscore that oxygen vacancy engineering was particularly 
effective in addressing the intrinsic limitation of conventional In2O3 
sensors for low-concentration O3 detection.

The corresponding calibration curves (Fig. 5c) confirmed this trend: 
O-In2O3 exhibited a good linear correlation between response and O3 

Fig. 5. (a) The response-recovery curves of O-In2O3 and In2O3 to different concentrations of O3 at 44◦C; (b) Resistance-recovery curves of O-In2O3 and In2O3 sensors 
towards 10 ppb O3 at 44◦C; (c) The fitted straight line between the O3 concentration and the response of the O-In2O3 and In2O3 sensors at 44◦C. (d) Response of O- 
In2O3 and In2O3 to 70 ppb O3 at 44◦C under different humidity conditions.
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concentration over 10–130 ppb, enabling quantitative detection in the 
ppb regime. The linear fitting relationships for O-In2O3 and In2O3 were 
provided in Eqs. (2) and (3), respectively. 

y = 1.1x+18.9 R2 = 0.999 (2) 

y = 0.02x+2.5 R2 = 0.918 (3) 

where, x means O3 concentration, and y means the response.
Humidity was also a key environmental factor that affects the per

formance of gas sensors, as it can change the surface properties and 
conductivity of the sensor materials [66]. Under the environmental 
temperature of 27℃ and the operating temperature of 44℃, we con
ducted tests on the response performance of O-In2O3 and In2O3 to O3 
under various humidity conditions, as shown in Fig. 5d. As the relative 
humidity increases from 0% to 80%, the responses of O-In2O3 and In2O3 
sensors show a significant downward trend. However, when the hu
midity is between 20% and 80%, the changes in the responses of O-In2O3 
and In2O3 sensors are relatively small. The reason for this phenomenon 
is mainly that, in a humid environment, water vapor molecules compete 
with gas molecules for adsorption, occupying the active sites originally 
used for gas adsorption. This physical adsorption effect reduces the 
effective adsorption area of the sensor for target gas molecules, thereby 
affecting its response performance [67]. Secondly, the accumulation of 
water on the sensitive layer surface forms a physical barrier, preventing 
sufficient contact between oxygen molecules and the surface of the 
sensitive layer. Since the formation of oxygen species on the sensor 
surface is crucial for the redox reaction on the sensor surface, this barrier 
reduces the gas sensing performance of the sensor [68].

The common methods for resisting humidity interference in MOS gas 
sensors mainly focus on inhibiting water molecule adsorption, reducing 
the generation of hydroxyl groups (-OH), and regulating the surface 
reaction process. On one hand, the application of hydrophobic materials 
such as PDMS and PrOx can reduce the adsorption of water molecules on 
the sensitive material surface [69]; on the other hand, humidity ab
sorbers such as NiO and CuO can be introduced to preferentially capture 
water [70], or variable-valent rare earth oxides such as Ce3+/Ce4+ and 
Pr3+/Pr4+ can be utilized to dynamically remove -OH generated by 
water adsorption through redox cycling [71]. Alternatively, the elec
tronic structure of the MOS surface can be regulated by F- doping to 
reduce the reactivity of chemisorbed oxygen with water, thereby also 
inhibiting humidity interference [72]. In addition, constructing heter
ojunctions such as SnO2/NiO and In2O3/WO3, and loading noble metals 
such as Pt, can enhance the target gas reaction through interface charge 
regulation and catalysis, improving the sensor’s effective response in 
high-humidity environments [73]. In the subsequent research, we will 
further address the adverse effects of humidity on the response perfor
mance of semiconductor sensors.

To evaluate the feasibility of quantitative O3 monitoring under 
practical conditions, the linear fitting equations (Eqs. (2) and (3)) 
derived for O-In2O3 and In2O3 sensors were used to convert sensor re
sponses into real-time O3 concentrations. These predictions were then 
benchmarked against a commercial reference O3 monitor instrument for 
measuring O3 concentration using ultraviolet spectroscopy technology 
(Dual-beam Technology, Model 205 Dual Beam Ozone Monitor) under 
the 100 ppb atmosphere and during programmed concentration varia
tions. This comparison probes not only steady-state accuracy but also 
dynamic tracking capability, which was critical for real-world 
monitoring.

As shown in Fig. 6a, during 70 min of exposure to an O3 atmosphere, 
the detected concentration obtained from the O-In2O3 sensor was highly 
consistent with the reference concentrations measured by the Dual- 
beam technology ozone monitor, demonstrating high agreement and 
minimal drift. Extended dynamic tests (Fig. S8) further reveal that the 
ambient O3 concentration underwent multiple rise-fall cycles over a 
200 min period. From the overall trend, both the O-In2O3 and In2O3 

sensors were able to track the changes in O3 concentration, but their 
response characteristics differed significantly. The O-In2O3 sensor 
showed rapid and consistent following behavior during both the con
centration increase and the decrease phases, yielding detected concen
trations that remained closely aligned with the reference monitor across 
successive cycles. In contrast, the In2O3 sensor showed significant de
viation from the reference values, characterized by a weaker response 
amplitude and more obvious fluctuations during low-concentration 
transitions. These results directly demonstrated that the O-In2O3 
sensor significantly outperforms the In2O3 sensor in real-time concen
tration-tracking accuracy and signal stability. This performance 
improvement could be attributed to abundant oxygen vacancies on the 
surface of O-In2O3, which not only enhance its adsorption capacity and 
reactivity toward O3 but also optimize carrier transport kinetics, thereby 
triggering multi-electron migration and enabling the sensor to respond 
more quickly and precisely to minute changes in environmental 
concentration.

Selectivity was assessed by exposing the O-In2O3 sensor to repre
sentative interfering gases at 44◦C, including benzene (C6H6), toluene 
(C7H8), and tetrachloroethylene (C2Cl4) at 110 ppm, H2 at 100 ppm, as 
well as SO2 at 1 ppm and NO2 at 200 ppb. As summarized in Fig. 6b, 
under the same operating conditions, the gas sensor exhibited a signif
icant response to O3, but showed no obvious response to C6H6, C7H8, 
C2Cl4, H2, and SO2. Although the sensor responded by 43.39 toward 200 
ppb of NO2, its response to only 110 ppb of O3 was as high as 135.4. The 
minimal cross-response indicated that the O-In2O3 sensor preferentially 
responds to O3, supporting its suitability for selective O3 monitoring in 
mixed-gas environments.

To comprehensively evaluate the performance advantages of this 
work, Fig. 6c and Fig. 6d summarize the key performance parameters of 
various O3 gas sensors reported in the literature, and detailed informa
tion can be found in Table 1. The comparison showed that most of the 
existing MOS sensors had a relatively low response to low concentra
tions of O3 (Fig. 6c). Additionally, some sensors had higher operating 
temperatures or higher detect concentration (Fig. 6d). In contrast, the 
sensor developed in this study achieved a higher response value and a 
lower detection limit (10 ppb) at a lower operating temperature (44◦C). 
Therefore, this sensor not only meets the practical need for precise 
detection of trace O3 but also has the potential for low power con
sumption due to its low-temperature operation characteristics, 
providing a promising solution for the practical application of MOS- 
based O3 sensing technology.

3.3. O3 sensing mechanism

To probe the surface reaction pathways underlying the enhanced O3 
sensing of O-In2O3, in-Situ Fourier-transform infrared (in-situ FTIR) 
spectroscopy was performed to monitor adsorption and surface-species 
evolution during O3 exposure (Fig. 7a). Before O3 exposure (at the 0- 
minute time point), the O-In2O3 sample exhibited a largely featureless 
spectrum in the monitored region (Fig. 7a), indicating the absence of 
strongly bound infrared-active adsorbates under the baseline condition. 
Upon introduction of O3, a new absorption band emerged at approxi
mately 1050 cm− 1 within 1 min, which could be assigned to the char
acteristic vibrational modes of adsorbed O3 molecules [95]. Notably, the 
intensity of this O3-related band increased monotonically with exposure 
time from 1 min to 6 min, evidencing progressive accumulation of 
O3-derived surface species and confirming strong adsorption of O3 on 
O-In2O3. In contrast, In2O3 showed substantially weaker O3 adsorption 
at the same wavenumber (Fig. 7b), and the O3 signal was observed until 
after a prolonged time of 5 min. The delayed onset and reduced intensity 
indicated limited O3 uptake on In2O3, consistent with its inferior sensing 
response at ppb levels.

In addition to molecular adsorption, the in-situ FTIR could also reflect 
the formation of reactive oxygen species during the O3 action process. It 
was shown that during the O3 induction process, there might exist a new 
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three-electron reduction pathway. At relatively low temperatures 
(<150◦C), the conventional working mechanism of the MOS O3 sensor 
was as follows: In the air without O3, oxygen molecules in the envi
ronment adsorb on the surface of the gas-sensitive material and undergo 
a reduction reaction to form O2

- (Step 1). When exposed to air containing 
O3, due to the high electron affinity of O3, it is superior to the oxygen 
molecules adsorbing on the surface of the gas-sensitive material and 
undergoing a reduction reaction to form O⁻ (Step 2) [93]. Therefore, 
during the detection process, O2

- was mainly produced through the 
adsorption of oxygen. Additionally, as shown in Fig. 7a and Fig. 7b, in an 
air environment (at the 0-minute time point), neither of these materials 
exhibited a significant O2

- absorption band (approximately at 
1095 cm− 1), indicating that the content of O2

⁻ generated by the 
adsorption of molecular oxygen was relatively low. However, with the 
introduction of O3, the O-In2O3 sample significantly enhanced the O2

⁻ 

generation peak. This phenomenon indicates that adsorbed O3 may 
undergo reduction reactions, generating chemically adsorbed oxygen 
species (Step 3, the three-electron reduction pathway). In contrast, 
In2O3 displayed much weaker absorptions at the same wavenumbers 
(Fig. 7b and Fig. 7c), suggesting limited O3 adsorption and fewer 
generated O2

- species. Additional absorption features observed between 
1620 cm− 1 and 1365 cm− 1 were attributed to the stretching and 

bending vibrations of -OH groups in adsorbed water [96], implying a 
competitive adsorption process between water and O3 on the surface.

Step1O2(ads) +e− →O−
2(ads) T < 150◦C

Step2O3(gas) +O−
2(ads) +2e− →O2(gas) +3O−

(ads) T < 150◦C
Step3O3(gas) +O−

(ads) +3e− →O2(gas) +2O−
2(ads) T < 150◦C

where, (gas) means the gas phase, referring to the existence of oxy
gen in gaseous form, and (ads) means the adsorbed content, referring to 
the state where oxygen was adsorbed.

The O3 sensing mechanism of O-In2O3 was shown in Fig. 7d. The 
enhanced sensing behavior can be primarily attributed to the high 
density of surface oxygen vacancies in O-In2O3. These oxygen vacancies 
not only provided abundant active sites for O3 adsorption, thereby 
improving the adsorption capacity, but also promoted the formation of 
chemisorbed oxygen species (e.g., O-) through O3 reduction. Further
more, oxygen vacancies acted as electron donors, increasing the carrier 
concentration. This electron-rich surface facilitated efficient electron 
transfer to adsorbed O3 molecules, enabling successive reduction re
actions, leading to enhanced generation of reactive oxygen species and 
improved sensing performance.

Fig. 6. (a) Under an O3 concentration of 100 ppb, the concentrations detected using O-In2O3 and In2O3 were compared in real time with the concentrations measured 
by a Dual-beam technology ozone monitor; (b) Selectivity tests of O-In2O3 and In2O3 sensors for different types of gases at 44◦C; Comparative analysis of (c) gas 
sensing response and (d) temperature response with reported O3 sensors in the literature. The numbers in (c) and (d) are consistent with those in Table 1.
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4. Conclusions

In this study, O-In2O3 nanomaterial was prepared for the high- 
response detection of ppb-level O3. The high oxygen vacancy content 

on the surface of O-In2O3 nanomaterials provided more active sites for 
O3 adsorption, acting as an electron donor and promoting the contin
uous transfer of electrons to the adsorbed O3 molecules, and may 
introduce a new three-electron reduction pathway and achieve highly 

Table 1 
Performance of reported sensor materials for O3 sensors.

No. Material Consentration Response (Rg / Ra) Operating temperature (◦C) Reference

1 ZnFe2O4 14 2.5 200 [74]
2 Ag-In2O3 100 1.58 25 [36]
3 Au/Pt@In2O3 20 2.9 90 [75]
4 Au-ZnO 30 108 26 [76]
5 CNF: In2O3 70 42 200 [77]
6 CuWO4 90 10 250 [78]
7 In2O3 100 16.7 80 [79]
8 In2O3 53 3.6 26 [24]
9 In2O3 100 44 70 [80]
10 In2O3 100 5.7 120 [33]
11 La0.8Pb0.1Ca0.1Fe1− xCoxO3 50 1.586 190 [81]
12 La0.8Pb0.1Ca0.1Fe1− xCoxO3 50 1.753 170 [82]
13 La0.8Pb0.1Ca0.1Fe0.8Co0.2O3 50 1.6 170 [83]
14 NiCo2O4 165 2.6 200 [84]
15 rGO/LaFeO3 80 2.6 100 [85]
16 rGO-ZnO 100 49.6 300 [86]
17 SrTi0.85Fe0.15O3 100 3 260 [87]
18 TiO2–In2O3 40 1.6 25 [34]
19 W0.29Ti0.71O2 94 30 100 [88]
20 ZnCo2O4 80 23.3 200 [89]
21 ZnO 100 6.2 250 [90]
22 ZnO 60 8 300 [91]
23 ZnO 100 6.2 200 [23]
24 ZnO 130 1.7 300 [92]
25 ZnO-SnO2 20 8 26 [93]
26 α-Ag2WO3 80 0.6 300 [94]

Fig. 7. In-situ Fourier Transform Infrared Spectroscopy (in-situ FTIR) analysis of (a) O-In2O3 and (b) In2O3; (c) The enlarged in-situ FTIR pattern at wavenumbers of 
900 cm− 1 to 1200 cm− 1; (d) Schematic diagram of the gas sensing mechanism for the O-In2O3 sensor towards O3 at low temperature (44◦C).
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sensitive detection. The O-In2O3 sensor with oxygen vacancy regulation 
operated at 44◦C achieved a response value of up to 162.23 toward 130 
ppb of O3, which was 33.5 times higher than that of the In2O3 sensor. 
Notably, at 44◦C, the detection limit of the O-In2O3 sensor was as low as 
10 ppb, and the response value reached 29.96. In the dynamic sensing 
performance test, the O-In2O3 sensor showed greater consistency with 
the detected concentrations than the Dual-beam technology ozone 
monitor. It demonstrated better follow-up performance and lower noise 
during concentration changes, indicating its superior real-time moni
toring accuracy. Finally, the O-In2O3 sensor exhibited excellent selec
tivity for O3 over C6H6, C7H8, C2Cl4, H2, SO2, and NO2.
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