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A B S T R A C T

Precise ozone (O3) monitoring is critical for human health, building environment, medical sterilization, and 
industrial process control. Metal oxide semiconductor (MOS)-based sensors offer high sensitivity and easy 
miniaturization, making them attractive for O3 detection, particularly in building and indoor air quality systems. 
Despite significant progress, a comprehensive analysis encompassing the fundamental sensing mechanism, ma
terial structure-property relationships, and performance enhancement strategies remains lacking. This review 
comprehensively elucidates the fundamental sensing mechanism of MOS-based O3 sensors, including interfacial 
O3 adsorption, charge transfer, and conductivity modulation. It also evaluates key performance metrics and the 
influence of environmental factors such as operating temperature, humidity, and lighting. Crucially, the corre
lations between material composition, microstructure, and sensing properties are analyzed to guide rational 
material design for robust performance in real-world applications like indoor monitoring. The development of 
gas sensor structures, from traditional sensors (sintered, thick film, and thin film types) to micro-electro- 
mechanical systems (MEMS) sensors and flexible sensors, was analyzed. Finally, emerging research directions 
aimed at improving sensitivity, lowering energy consumption, and enhancing operational stability for long-term 
indoor deployment are identified. These insights aim to support the development of next-generation MOS-based 
O3 sensors for real-world applications.

1. Introduction

The acceleration of industrialization and urbanization has intensified 
global air pollution, making it a critical environmental and public health 
concern worldwide [1]. Among key atmospheric pollutants, tropo
spheric ozone (O3), a secondary pollutant generated through photo
chemical interactions between volatile organic compounds (VOCs) [2,3] 
and nitrogen oxides (NOx) [4], has emerged as a contributor to air 
quality degradation, particularly in industrial regions and in urban 
building environments where indoor ozone infiltration and indoor 
chemical reactions exacerbate exposure risks [5,6]. As a potent oxidant, 
O3 contributes to respiratory dysfunction and chronic disease exacer
bation [7], and is linked to an estimated 147,100 premature deaths 

globally in 2019 [8–10]. Indoor ozone exposure, originating from out
door infiltration or indoor sources such as air purifiers and office 
equipment, further compounds these health risks, particularly in poorly 
ventilated residential and commercial spaces. Beyond its adverse human 
impacts, O3 pollution undermines agricultural productivity [11,12], 
disrupts ecosystem integrity [13,14], and accelerates the degradation of 
materials, including infrastructure and cultural heritage [15–17].

To mitigate these risks, many countries, including China, the United 
States, Italy, and Japan, have established regulatory thresholds for 
ambient O3 levels [10]. In 2021, the World Health Organization (WHO) 
revised its Air Quality Guidelines (AQGs), recommending a maximum 
daily 8-hour mean O3 concentration of 100 μg/m3 (50.11 ppb) for 
short-term exposure, and a seasonal 8-hour average not exceeding 60 
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μg/m3 (30.07 ppb) over six consecutive months. Despite regulatory ef
forts, O3 pollution remains a significant barrier to sustained improve
ments in air quality [18–20]. Consequently, precise and reliable O3 
monitoring has become indispensable across environmental science 
[21], industrial safety [22], and public health applications [23,24].

Meanwhile, O3, with its strong oxidizing property, has been exten
sively utilized across various fields, such as industry, medicine, and 
agriculture. In industrial settings, O3 at controlled concentrations fa
cilitates the degradation of organic pollutants, the synthesis of photo
resist, and the purification of water and air [25]. In medicine, the 
therapeutic applications of O3 include the treatment of chronic wounds, 
peripheral arterial disease, intervertebral disc herniation, and various 
dental conditions, with integrated sensors enabling precise monitoring 
of exposure levels [26]. In medical applications, integrated sensors can 
precisely monitor ozone exposure levels and are commonly used in 
scenarios requiring ozone treatment, such as chronic wounds, peripheral 
artery disease, disc herniation, and a range of dental disorders [27].

O3 sensors play a central role in applications ranging from human 
health, building environment, medical and sterilization applications, to 
industrial process control and safety. Depending on the sensing mech
anisms, O3 sensors can be broadly categorized into electrochemical [28,
29], optical [30,31], photoacoustic spectroscopic [32], and 
semiconductor-based devices [33]. As summarized in Table 1, each type 
of sensor offers analysis in terms of sensitivity, power consumption, cost, 
and operational lifespan. Electrochemical sensors offer high sensitivity 
but are frequently limited by short operational lifespans [34]. Optical 
sensors, characterized by exceptional precision and selectivity, are 
well-suited for specific high-accuracy applications. However, their 
complex structure and high production cost hinder widespread 
deployment [35]. Among these, metal oxide semiconductor (MOS)-
based O3 sensors present an alternative due to their low cost, ease of 
miniaturization, broad material compatibility, and compatibility with 
integrated electronic systems. Therefore, they have garnered significant 
research interest and are increasingly regarded as a promising platform 
for O3 detection [36,37]. Despite their potential, MOS-based O3 sensors 
face persistent performance bottlenecks, including insufficient sensi
tivity at low concentrations, slow response/recovery kinetics, vulnera
bility to environmental interferences, and long-term stability [38]. 
Addressing these constraints to enhance the overall performance of 
MOS-based O3 sensors represents a key research priority.

Despite the widespread use of MOS materials in gas sensing, a sys
tematic review comprehensively analyzing sensing mechanisms, mate
rial structure design strategies, and performance enhancement 
approaches for MOS-based O3 sensors is notably lacking. To fill this gap, 
this paper reviews recent progress in MOS-based gas sensors, providing 
the research community with an accessible overview of advanced 

technologies. First, we outlined the basic principles for MOS-based O3 
sensing, including the working mechanism and performance evaluation 
indicators. Subsequently, we analyzed the influencing factors affecting 
sensor performance from three aspects: operating temperature, ambient 
humidity, and light conditions. We then critically reviewed recent ad
vances in gas-sensitive materials for MOS-based O3 sensors, encom
passing material preparation, composition, and structure. An analysis 
was conducted on the structure of MOS-based O3 sensing devices. 
Finally, we discussed the future directions, focused on innovations in 
composite material design, device manufacturing technology, multi- 
functional integration, and intelligent systems to enhance sensor per
formance and enable real applications. By integrating interdisciplinary 
insights from materials science, environmental engineering, sensor 
physics, and data science, this review can guide the development of 
portable, real-time O3 monitoring devices suitable for various fields such 
as the environment, industry, and biomedicine.

2. MOS-based O3 sensors

2.1. Sensing mechanism of MOS-based O3 sensors

The working process of MOS-based O3 sensors consists of two stages. 

Stage 1: oxygen molecules in the ambient air are adsorbed on the 
sensor surface to form chemically adsorbed oxygen by capturing the 
electrons in the MOS material’s conduction band (Eq. (1)), thereby 
establishing a stable baseline resistance [46,47], which is the 
“initialization” stage of the sensor. The type of chemically adsorbed 
oxygen is related to the operating temperature [48]. When the 
operating temperature is below 150 ◦C, the main form of chemically 
adsorbed oxygen is O2

− (Eq. (2)). When the operating temperature is 
above 150 ◦C, oxygen mainly undergoes chemical adsorption, and 
the chemically adsorbed oxygen exists in the form of O− (Eq. (3)). 
When the operating temperature exceeds 300 ◦C, the chemically 
adsorbed oxygen mainly exists in the form of O2− (Eq. (4)). Mean
while, the presence of chemically adsorbed oxygen increases the 
activity on the surface of MOS materials, which can further enhance 
their reaction with O3 molecules. 

O2(gas)→O2(ads) (1) 

O2(ads) + e− →O2
− (ads)T < 150∘C (2) 

O2
− (ads) + e− →2O− (ads)150∘C < T < 300∘C (3) 

O− (ads) + e− →O2 − (ads)T > 300∘C (4) 

Table 1 
Summary of conventional O3 sensing technologies.

Sensor type Working principle Advantages Disadvantages References

Electrochemical gas sensor Electrochemical reaction • High sensitivity;
• Low power 

consumption;
• linear response;

• Limited life;
• Vulnerable to environmental 

interference;

[28,39,
40]

Optical gas sensor Optical properties such as light absorption and emission 
by gas

• Low power 
consumption;

• High stability;
• High precision;

• Expensive;
• Long response time;
• Large volume;

[41–43]

Photoacoustic spectral gas 
sensor

Photoacoustic effects and the principles of optical 
spectroscopy

• High sensitivity;
• Good selectivity;
• Fast response speed;

• Expensive;
• Large;
• High environmental requirements;

[44]

MOS-based gas sensor Oxidation-reduction reaction • Low cost;
• High sensitivity;
• Easy to integrate;
• Fast response speed;

• High power consumption;
• Vulnerable to environmental 

influence;
• Lack of stability

[45]
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where, (gas) means the gas phase, referring to the existence of oxygen in 
gaseous form, and (ads) means the adsorbed content, referring to the 
state where oxygen is adsorbed. 

Stage 2: When there is O3 in the air, as a strong oxidizing gas with 
high electron affinity, it will extract electrons from the conduction 
band or surface oxygen atoms of MOS materials, thereby reducing 
the carrier concentration. Specifically, O3 will undergo redox re
actions with surface active sites (Eq. (5)), inducing electron transfer 
on the MOS material surface and further altering the resistance [49]. 
Under certain operating temperatures or the excitation of active 
sites, the adsorbed O3 will undergo oxidation–reduction reactions 
with metal atoms [50], oxygen vacancies [51,52], adsorbed oxygen 
[53] and other active sites on the surface (Eq. (6)), which leads to 
changes in the electronic structure of the material surface and causes 
alterations in the resistance of MOS materials. 

O3(gas) + e− →O3
− (ads) (5) 

O3
− (ads) + O− (ads) + 2e− →O2(gas) + 2O2

− (ads) (6) 

The response to O3 concentration can be achieved by comparing the 
resistance changes before and after O3 exposure [45]. The variation law 
of the resistance of MOS-based O3 sensors is closely related to the type of 
MOS materials. According to the difference of carriers, MOS materials 
can be roughly divided into n-type and p-type semiconductors [54,55]. 
In n-type materials, electrons are the main carriers, while in p-type 
materials, holes are dominant [56]. The working mechanism of the two 
types of MOS-based O3 sensors is summarized in Fig. 1.

In n-type MOS materials, adsorbed oxygen molecules capture elec
trons from the conduction band, forming negatively charged oxygen 
species and inducing a positively charged electron depletion layer (EDL) 
at the surface. This process increases the surface potential barrier and 
raises the material’s resistance. In contrast, in p-type MOS materials, 
oxygen adsorption leads to the withdrawal of electrons from the valence 
band, effectively increasing the surface hole concentration. This results 

in the formation of a hole accumulation layer (HAL), which lowers the 
potential barrier and decreases the resistance [58].

When O3 gas interacts with the surface of n-type MOS materials, its 
strong oxidizing nature allows it to capture electrons from the conduc
tion band. This process leads to a decreased concentration of surface 
electrons and a widening EDL [59]. Consequently, the potential barriers 
at grain boundaries are further heightened, impeding charge carrier 
transport, reducing electrical conductivity, and ultimately increasing 
the resistance of the sensing material. When p-type semiconductor 
sensors are exposed to O3, the gas captures electrons from the semi
conductor, increasing the hole concentration. The increase in hole 
density reduces both the thickness of the depletion layer and the surface 
potential barrier. The reduced barrier enhances carrier transport and 
conductivity, leading to a decrease in sensor resistance.

2.2. Evaluation index of O3 sensing performance

The performance of an O3 sensor can be reflected by multiple pa
rameters, including response, response and recovery time, selectivity, 
and stability [60]. A comprehensive understanding of these parameters 
and their interactions is essential for designing advanced gas sensors. 

(1) Response

Response is a critical performance metric in evaluating gas sensors. 
This metric reflects how the sensor’s output varies with changes in gas 
concentration [61]. There are various methods for calculating response, 
as shown in Eqs. (7) and (8). Among them, Eq. (7) applies to scenarios 
that require high-sensitivity detection, while Eq. (8) is more suitable for 
high-concentration O3 detection or stability testing. 

S =
(
Rg − Ra

)/
Ra (7) 

S = Rg
/
Ra (8) 

where, S is the response, Rg is the resistance value exposed to the O3 gas, 
and Ra is the resistance value when exposed to clean air.

The sensor’s sensitivity refers to the change in response per unit of O3 
concentration, as shown in Eq. (9). 

Fig. 1. Schematic illustration of the surface reaction mechanisms and energy band diagrams of (a) p-type and (b) n-type MOS materials in dry air and the presence of 
O3. Reproduced with permission from Ref. [57], Copyright 2024 Elsevier.
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Sensitivity =
S
C

(9) 

where, C is the O3 concentration in the air. 

(2) Response time

Response time tres is the duration required for the sensor resistance to 
reach 90% of its total change upon exposure to the target gas. A shorter 
response time indicates a faster sensor reaction to dynamic gas con
centration changes. This characteristic is critical for applications 
requiring real-time monitoring, such as industrial gas leak detection 
systems. 

(3) Recovery time

Recovery time trec is the time required for the sensor resistance value 
to return to 10% of the baseline value after the target gas is removed. A 
rapid recovery time signifies the sensor’s ability to swiftly reset to its 
initial state, enabling continuous monitoring in dynamic environments. 

(4) Detection limit

The detection limit defines the concentration range that a gas sensor 
can reliably measure, from the low limit of detection (LOD) to the 
saturation concentration range. A lower LOD generally indicates higher 
sensor sensitivity and wider applicability. 

(5) Stability

Stability reflects a gas sensor’s ability to maintain consistent output 
signals over prolonged operation. It is generally classified into two 
components: active stability and conservative stability [62]. Active 
stability refers to the reproducibility of the sensor’s response when 
repeatedly exposed to the same target gas at different times. Conserva
tive stability pertains to the sensor’s ability to retain its selectivity and 
sensitivity during sustained environmental exposure, ensuring consis
tent target gas discrimination and signal reliability over time.

Common methods for improving the stability of MOS-based sensors 
can be categorized into three main aspects: optimization of sensitive 
materials, regulation of the test environment, and design of the device 
structure [63]. In terms of sensitive materials, techniques such as ther
mal treatment can be utilized as a pre-treatment method. This process 
cleans the material’s surface, removes impurities, and importantly, 
limits subsequent grain growth during operation [64]. For test envi
ronment regulation, temperature switches or modulation techniques can 
be employed to enhance sensor stability [65]. Concerning device 
structure design, optimizing factors such as microstructure and the type 
of film (thick or thin) can also contribute to improved stability [66]. 

(6) Selectivity

Selectivity denotes a gas sensor’s ability to discriminate a target gas 
from interfering species [67]. This capability is crucial for accurate 
detection in complex environments, including environmental moni
toring and biomedical diagnostics [68,69].

The primary strategies for enhancing selectivity in MOS-based sen
sors include designing advanced materials, optimizing operating tem
perature, and integrating gas filtration media. Advanced materials 
design focuses on tailored surface interactions through: (i) Catalyst- 
enabled surface modification/functionalization (using oxidizing/disso
ciation/adsorption catalysts), (ii) Defect engineering and structure 
control to modulate active sites, and (iii) Composite materials (e.g., 
conductive polymers) or chemical modifications (e.g., self-assembled 

monolayers) for molecular recognition and surface tuning [70,71]. 
Optimizing operating temperatures takes advantage of different gas 
response patterns that occur at specific temperatures. Techniques such 
as temperature switching or dynamic adjustments, combined with 
feature extraction, can enhance responsiveness to target gases [65]. 
Integrating gas filtration media helps to pre-screen interfering sub
stances before detection. Together, these approaches enhance target 
recognition through catalytic optimization, molecular-specific in
teractions, and regulation of surface energy levels.

To fulfill the stringent requirements of diverse application domains, 
an ideal O3 sensor should integrate exceptional selectivity with high 
sensitivity, rapid response and recovery, long-term stability, low 
detection limits, reduced power consumption, and facile integration into 
electronic platforms.

3. Influencing factors of MOS-based O3 sensor performances

The performances of MOS-based O3 sensors are critically determined 
by a complex interplay of external and intrinsic factors that include 
material surface reactions [72]. Among these, operating temperature, 
ambient humidity, and light conditions represent three critical param
eters that significantly affect the performance of the MOS-based O3 
sensor.

3.1. Operating temperature

Operating temperature significantly affects the performance of MOS- 
based O3 sensors by modulating surface reaction kinetics, carrier 
mobility [73], and adsorption-desorption dynamics [74], also intimately 
linked to power consumption [75,76]. Elevated operating temperatures 
enhance redox interactions and charge transfer efficiency, reducing 
resistance and improving sensitivity [15]. However, this thermal effect 
is inherently bidirectional. Excessive heat can disrupt the 
adsorption-desorption equilibrium, increase carrier scattering, and 
generate lattice defects, ultimately degrading sensitivity and stability 
[77]. Therefore, an optimal operating temperature exists where sensor 
performance is optimized by balancing reaction kinetics and material 
stability (Fig. 2a) [36]. Liu et al. [78] exemplify this duality through a 
systematic study of Co3O4-based O3 sensors, demonstrating distinct 
resistance variations and selective responses to O3 under different 
thermal conditions (Fig. 2b, c). Moreover, prolonged exposure to high 
temperatures may induce thermal expansion and irreversible micro
structural changes, compromising sensing accuracy and long-term 
reproducibility [79,80]. These findings underscore the necessity of 
material-specific operating temperature optimization, as illustrated by 
In2O3/ZnO composites with varying In: Zn ratios in Fig. 2d, whose 
response to 1 ppm O3 reveals dependence on both composition and 
thermal conditions [81].

3.2. Ambient humidity

Environmental humidity significantly affects the performance of 
MOS gas sensors by regulating surface chemical processes [82]. Water 
molecules adhere to the sensor surface through physical and chemical 
adsorption, altering the baseline resistance, sensitivity, and long-term 
stability. Physical adsorption mainly changes the dielectric environ
ment and the depletion layer thickness, increasing carrier scattering. 
Chemical adsorption induces water molecules’ dissociation into hy
droxide ions (OH⁻) and hydrogen ions (H+) (Eq. (10)), which react with 
the adsorbed oxygen or compete for adsorption sites, thereby influ
encing gas response [83,84]. The effect of humidity is dual, either 
enhancing or suppressing the sensor’s response. Therefore, it is neces
sary to perform material-specific optimization and environmental 
calibration. 
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(1) Positive effect of humidity

Water vapor can enhance MOS-based O3 sensing through synergistic 
mechanisms. For one thing, upon adsorption, water molecules dissociate 
on the sensor surface, injecting electrons into the sensing layer. These 
electrons recombine with holes, diminishing the HAL and amplifying the 
response. For another, the dissociation products (hydroxyl groups and 
hydrogen atoms) act as reactive intermediates that facilitate O3 
decomposition (Eqs. (11)–(13)), further enhancing the response. 
Experimental studies confirm this enhancement. Zhu et al. [85] reported 
increased O3 sensitivity in Ag-In2O3 composites with rising humidity. 

Fig. 3a illustrates the moisture-modulated reaction pathway. Lai et al. 
[86] observed similar behavior in CuO nanowires: response to 200 ppb 
O3 increased from 6.7% (50% RH) to 17.8% (90% RH), as shown in 
Fig. 3b. 

H2O→H+ + OH− (10) 

O3(gas) + H+ + 2e− →O2(gas) + OH− (11) 

O3(gas) + 2OH− →O2(gas) + 2O− (ads) + H2O (12) 

2O− (ads)→O2(gas) + 2e− (13) 

Fig. 2. (a) The resistance variation with temperature. There is an optimal value for the operating temperature. Reproduced with permission from Ref. [36], 
Copyright 2022 Springer Nature Link. (b) The resistance of the Co3O4 sensor varies with operating temperature. The resistance of the Co3O4 sensor decreases as the 
operating temperature increases, and the slope decreases when the operating temperature is over 260 ◦C. (c) The response variation to O3 and NO2 with operating 
temperature. The Co3O4 sensor shows selective gas-sensing to O3 at low operating temperatures. Reproduced with permission from Ref. [78], Copyright 2019 
Elsevier. (d) The responses of In2O3/ZnO composite with different molar ratios to 1 ppm O3 gas at 60–210 ◦C. The response of all sensors shows the trend of 
“increasing-maximum-decreasing” to O3. Reproduced with permission from Ref. [81], Copyright 2019 Elsevier.

Fig. 3. (a) Scheme of the O3 reaction mechanism for the Ag-In2O3 sensing material. Water molecules are adsorbed at the adsorption sites on the surface of Ag-In2O3, 
resulting in the dissociation of water molecules into hydrogen ions and hydroxyl groups. O3 gas molecules interact directly with hydrogen ions and hydroxyl groups, 
and the presence of Ag further enhances the reaction rate. Therefore, the Ag-In2O3 response increases with increasing humidity. Reproduced with permission from 
Ref. [85], Copyright 2016 Elsevier. (b) The sensor’s response of 3.3 μm CuO NWs gas sensor to 200 ppb O3 at 25 ◦C with relative humidity ranging from 50% to 90%, 
the response increased with increasing humidity. Reproduced with permission from Ref. [86], Copyright 2024 Elsevier.
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(2) Negative effects of humidity

Ambient humidity also critically degrades the sensitivity and reli
ability of MOS-based gas sensors [87]. Hydroxyl groups from water 
dissociation occupy surface active sites, inducing competitive adsorp
tion with O3 and limiting the interaction between O3 and the sensing 
material [88]. This competitive adsorption effect is particularly pro
nounced in high-humidity conditions [89,90]. Zhu et al. [91] demon
strated this phenomenon using Au@TiO2 core-shell nanoparticles. They 
found that water molecules preferentially adsorb at hydroxyl-rich TiO2 
surfaces under increasing relative humidity, forming a stable 
hydrogen-bond network that blocks the O3-active site. Consequently, 
the sensor’s response dropped from 4.36 at 30% RH to 2.32 at 70% RH.

3.3. Lighting condition

A light source with a specific wavelength can provide sufficient 
photon energy to excite the valence band electrons in MOS materials, 
allowing them to transition to the conduction band. This process gen
erates electron-hole pairs, which can influence the rates of gas 
adsorption-desorption, ultimately enhancing the O3 response of the 
sensor pair (Fig. 4a) [92,93]. Ultraviolet light (UV) is widely used as a 
light source because its photon energy is higher than the band gap of 
most MOS materials. Wu et al. [94] confirmed that UV-LED at 365 nm 

could detect O3 levels lower than 5 ppb in an Indium-Gallium-Zinc 
Oxide (IGZO) film. And with the increase in light intensity, the selec
tivity significantly improves by more than 60% (Fig. 4b). Furthermore, 
in MOS materials with heterogeneous structures or specific defect en
gineering, the electron-hole pairs generated by photoexcitation can be 
effectively separated (Fig. 4c), thereby enhancing the charge collection 
efficiency. Huang et al. [95] developed a self-powered sensor composed 
of Cu2O-coated Si nanowires (SiNWs). They found that visible 
light-enhanced charge collection (Fig. 4d) enables the device to generate 
an open-circuit voltage of 0.36 V, with a response of 47% to 10 ppm O3. 
It exhibits excellent selectivity and long-term stability (Fig. 4e). Mean
while, the electron holes generated by photoexcitation increase the 
surface-active sites, enhancing the gas adsorption and improving 
sensitivity. Huang et al. [96] demonstrated that 350 nm UV enhanced 
reactive oxygen species generation in ZnSnO/graphene nanocomposites 
(ZTO/GNS), resulting in high response and long-term stability towards 5 
ppm O3 (Fig. 4f).

Overall, the operating temperature plays a critical role in regulating 
surface redox reactions and charge carrier kinetics, with an optimal 
value that must be precisely tuned to maximize sensor performance. 
Environmental humidity exhibits a dual behavior. Moderate humidity 
levels can promote O3 decomposition and regulate carrier migration 
through hydroxyl-mediated reactions, whereas excessive humidity hin
ders sensitivity through competitive adsorption and site blocking. 
Furthermore, photo-assisted activation, especially under ultraviolet 

Fig. 4. (a) Light-assisted O3 sensing response of a nanocrystalline SnO2 sample as a function of O3 level. Reproduced with permission from Ref. [93], Copyright 2022 
Elsevier. (b) The resistance-time curves of O3 and nitrogen dioxide under different light intensities. Reproduced with permission from Ref. [94], Copyright 2018 
Elsevier. (c) Energy band diagram under UV illumination of ZTO/GNS. Under UV irradiation, after adding GNS to the ZTO layer, the recombination of photo
generated electron/hole pairs is inhibited. Reproduced with permission from Ref. [96], Copyright 2022 Elsevier. (d) Schematic diagram of the energy band structure 
for the p-Cu2O/n-SiNW heterojunction under light illumination in the absence/presence of O3 gas molecules. The visible light enhanced charge collection. (e) The V-T 
curve of a self-powered p-Cu2O/n-SiNW gas sensor exposed to O3 concentrations from 500 ppb to 5 ppm. Reproduced with permission from Ref. [95], Copyright 
2022 Elsevier. (f) Responsivity and gas response as a function of storage time. Reproduced with permission from Ref. [96], Copyright 2022 Elsevier.
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irradiation, can achieve efficient electron-hole generation and separa
tion. This process increases surface active sites and enables low-power 
operation at room temperature (RT).

4. MOS material design for O3 sensors

The performances of O3-sensitive MOS sensors, such as sensitivity, 
selectivity, and long-term stability, can be optimized through rational 
material design with tailored material components and high-surface- 
area nanostructures. This chapter summarizes major synthesis strate
gies of MOS sensing materials and then reviews recent progress on en
gineering material components and nanostructures for advanced O3 
sensors.

4.1. Synthesis strategies of MOS sensing materials

The synthesis strategy of MOS materials is crucial for adjusting pa
rameters such as the microstructure, crystallinity, and surface chemical 
properties of the materials, which directly affect the gas-solid interac
tion and sensing performance. To adjust the inherent properties of 
sensing materials, various synthesis techniques have been adopted, 
including solvothermal method [97], solution combustion and chemical 
precipitation method [98], lithography or laser ablation [99], spray 
pyrolysis [100], ion layer adsorption and reaction (ILGAR) [101], 
plasma-enhanced chemical vapor deposition (PECVD) [102], atomic 
layer deposition (ALD) [101]. Among them, solvothermal synthesis is 
the most commonly used method for preparing powder materials. 
Gas-sensitive films can then be fabricated through screen printing or 
drop coating [103]. RFMS and ALD are commonly used methods for 

directly fabricating gas-sensitive films, which will be discussed in detail 
as follows.

4.1.1. Solvothermal synthesis
Solvothermal synthesis enables precise control over the nucleation 

and growth of MOS material by adjusting precursor concentration, 
temperature, and reaction time [104]. Therefore, material morphology, 
crystal phase, and surface chemistry can be regulated towards boosted 
gas-sensing properties. As a typical example, Sui et al. [105] prepared 
In2O3 nanomaterials through sequential stages: raw material mixing, 
nucleation growth, self-assembly, and final high-temperature calcina
tion for removing the organic templates (Fig. 5a). The precursor ratio, 
bath temperature, and solvothermal reaction time were adjusted to 
tailor the crystal phases of In2O3 nanomaterials. The resulting cubic 
bixbyite-type (C-In2O3), rhombohedral corundum-type (Rh-In2O3) and 
mixed phase In2O3 (Rh+C-In2O3) exhibited distinct chemisorbed oxygen 
(Oc) content (31.8%, 8.9% and 28.3%, respectively) (Fig. 5b) and band 
gap widths (2.38, 2.73 and 2.51 eV, respectively) (Fig. 5c). The narrow 
band gap is conducive to promoting electron excitation, increasing the 
carrier mobility rate, and at the same time, the high content of Oc can 
provide more active sites, enhancing the adsorption performance for O3. 
Therefore, C-In2O3, with the narrowest band gap and highest Oc, 
delivered the strongest response (11.7 to 100 ppb O3), while Rh-In2O3 
showed significantly lower sensitivity (5.7) (Fig. 5d). Further advance
ment was reported by Zhang et al. [81], further enhancing O3 sensing by 
constructing In2O3/ZnO hollow microtube composites through a 
dual-step solvothermal process (Fig. 5e). The introduction of Zn2+

increased surface oxygen vacancies and enabled the formation of an n-n 
heterojunction, collectively boosting charge separation and oxygen 

Fig. 5. (a) The formation mechanism of the In2O3 nanostructures. (b) XPS patterns for O 1 s of C-In2O3, Rh-In2O3 and Rh+C-In2O3. (c) The UV–visible absorption 
spectra of C-In2O3, Rh+C-In2O3 and Rh-In2O3. (d)The responses of three materials to 100 ppb O3 at different operating temperatures. Reproduced with permission 
from Ref. [105], Copyright 2021 Elsevier. (e) Schematic illustration for preparing In2O3 hollow microtubes and In2O3/ZnO composite. Reproduced with permission 
from Ref. [81], Copyright 2019 Elsevier.
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adsorption.

4.1.2. Radio-frequency magnetron sputtering
RFMS is a versatile physical vapor deposition technique that utilizes 

orthogonal electric and magnetic fields to generate argon plasma. The 
as-produced plasma ions bombard a target material to release atomic 
species that uniformly deposit onto substrates, forming a dense and 
uniform film. De Lima et al. [106] utilized RFMS to deposit ZnO nano
particles on the rGO surface to produce rGO-ZnO nanocomposites. 
Fine-tuned interfacial properties were achieved through exacting 
nanoparticle size and morphology control, which are critical for boost
ing gas sensing performances (Fig. 6a). Xu et al. [107] developed an 
advanced approach combining glancing angle deposition (GLAD) with a 
reactive gas pulsing protocol (RGPP) during direct-current reactive 
magnetron sputtering. Tungsten oxide films with tailored sawtooth 
morphologies were produced (Fig. 6b), which significantly enhance gas 
diffusion and adsorption kinetics.

4.1.3. Atomic layer deposition
ALD is a vapor-phase thin film growth technique characterized by 

atomic-scale precision and exceptional conformality. It relies on 
sequential, self-limiting surface reactions between alternating gaseous 
precursors and the substrate. Each cycle deposits a single atomic or 
molecular layer, followed by inert gas purging to remove residual spe
cies. By controlling deposition cycles, the film thickness can be finely 
tuned with sub-nanometer accuracy, which is ideal for uniform and 
conformal coatings on substrates with complex topographies. Wu et al. 
[108] utilized ALD to deposit highly uniform ZnO films at 150 ◦C, 
achieving precise coverage and consistency of sensing properties across 
large-area substrates (15.6 × 15.6 cm2, Fig. 7). In addition to the 
meticulous thickness control, the ALD growth also ensures strong film 
adhesion and minimal defects, thereby enhancing O3 sensors’ long-term 
stability and reliability.

A comparative evaluation of MOS-based O3-sensing materials fabri
cated via solvothermal synthesis, RFMS, and ALD is summarized in 
Table 2. RFMS yields uniform and adherent films that align well with 
microfabrication processes; however, defect-related degradation may 
compromise long-term stability. ALD offers atomic-level precision, 
resulting in highly uniform and conformal coatings that are particularly 
suited for long-life sensors. Nevertheless, this method can be costly and 
exhibits limitations in terms of scalability. The solvothermal synthesis 
approach presents several advantages, including the production of high- 
purity crystalline phases, the utilization of eco-friendly reaction media, 
and compatibility with a variety of dopant incorporation strategies. In 
summary, solvothermal methods are advantageous for scalable and cost- 
effective fabrication, ALD excels in precision and reliability, while RFMS 
provides a balanced approach for the miniaturization and integration of 
sensors.

4.2. Material components

O3 sensing performances of MOS materials, such as O3 adsorption 
efficiency and charge transfer kinetics, are primarily governed by their 
intrinsic physicochemical properties, particularly surface defect density 
and charge carrier dynamics [109]. These critical properties can be 
precisely engineered through material design strategies ranging from 
controlled synthesis of single-component oxides to elemental doping 
and heterostructure construction, each approach offering distinct 
pathways to enhance surface reactivity and electronic properties for 
optimized O3 detection sensitivity.

4.2.1. Single-component MOS materials
The selection of MOS materials plays a decisive role in determining 

the performance of O3 gas sensors, primarily through the regulation of 
microstructure and electronic properties [109]. The key microstructural 
features, such as grain size, specific surface area, and surface defect 
density, directly determine O3 adsorption efficiency and surface reac
tivity. Meanwhile, the electronic structures, including band gap, carrier 
concentration, and surface state, govern the charge transfer process 
between the gas molecule and the sensing material and determine the 
gas detection sensitivity.

Table 3 provides a comparative summary of commonly studied 
single-component MOS materials for O3 sensing. Materials such as In2O3 
[110], ZnO [111], SnO2 [112], and WO3 [113] exhibit distinct sensing 
characteristics across varying O3 concentrations and operating temper
atures. For instance, In2O3 displays a wide response range (4–353.26) 
over 10–1200 ppb O3, especially under UV activation at RT. ZnO dem
onstrates stable O3 sensing performance even at elevated operating 
temperatures (200–300 ◦C), with responses up to 90.5 at 100 ppb. In 
contrast, SnO2 and WO3 generally display lower responses under similar 
conditions.

However, conventional single-component MOS often faces inherent 
limitations in O3 sensing due to insufficient surface reactivity and poor 
gas adsorption [130]. To address these challenges, researchers have 
developed material engineering strategies focusing on both chemical 
composition modification [131] and microstructural optimization 
[132]. These approaches enhance surface catalytic reactivity and charge 
transfer efficiency, leading to significant improvements in sensitivity, 
selectivity, response speed, and long-term stability [60,130].

4.2.2. Multi-component materials

(1) Hetero-elemental doped MOS materials

Hetero-elemental doping has emerged as an effective strategy for 
enhancing MOS-based O3 sensing performance by precisely engineering 
material properties through foreign atom incorporation. This approach 

Fig. 6. Preparation process of radio frequency magnetron sputtering technology. (a) Schematic representation of the experimental setup for the rGO-ZnO nano
composites preparation. Reproduced with permission from Ref. [106], Copyright 2021 Elsevier. (b) Schematic illustration of the GLAD and RGPP sputtering 
techniques used to prepare tungsten oxide thin films with normal, inclined, zigzag, and spiral columnar architectures. Reproduced with permission from Ref. [107], 
Copyright 2018 Elsevier.
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enables controlled modulation of both electronic structures and surface 
characteristics, leading to improved sensitivity, selectivity, and response 
kinetics [133]. Hetero-elemental doping is typically classified into two 
categories based on the chemical nature of the dopants: metal doping 
and non-metal doping [134]. Metal dopants can reduce the bandgap and 

facilitate electron excitation into the conduction band, thereby accel
erating the sensor’s response to O3 [135–137]. For example, incorpo
rating highly conductive silver (Ag) into the In2O3 lattice significantly 
enhances electron transport properties [85]. Moreover, metal doping 
can alter the lattice spacing and coordination environment of atoms 
[138], promoting the formation of oxygen vacancies in the doped MOS 
materials [139–141]. As a typical example, Catto et al. [142] fabricated 
Co-doped ZnO thin film sensors, where Co2+ substitution for Zn2⁺ altered 
the local structure (Fig. 8a), increased oxygen vacancy concentration, 
and facilitated O3 adsorption. The catalytic activity of cobalt also 
reduced the activation energy for the gas-solid reaction, significantly 
improving O3 sensitivity at low operating temperatures (Fig. 8b). 
Similarly, Onofre et al. [100] synthesized Zn0.95Co0.05O nanocrystalline 
thin films with high O3 selectivity. Cobalt doping introduced both im
purity states and structural defects, generating additional adsorption 
sites (Fig. 8c) and accelerating electron transport. These defect-induced 
active sites preferentially adsorb O3, enabling detection limit as low as 
20 ppb and markedly improving the O3 selectivity (Fig. 8d).

Doping with non-metallic elements offers an effective approach to 
tailoring the electronic configuration and surface chemistry of MOS, 
thereby modulating their O3

− sensing performance [143]. Notably, 
non-metal dopants with distinct electronegativity or bonding tendencies 
can alter the adsorption dynamics for target gas species because of 
varying electronic structures and porosity properties. For instance, 
Abbasi et al. [30] demonstrated that nitrogen doping in TiO2/WSe2 
nanocomposites introduced hole carriers and modified the electronic 
structure, thereby enhancing O3 molecule adsorption. Similarly, Kor
otcenkov et al. [144] found that selenium doping in In2O3 (Se-In2O3) can 
enhance O3 permeability by creating micropores (10–400 nm) that 
enhance gas diffusion. Further supporting this, Moeini et al. [145] 
examined the O3 adsorption behaviors on pristine BC2NNTs and those 
doped with Al, Ga, Si, and Ge by using density functional theory (DFT) 

Fig. 7. Preparation process of atomic layer deposition technology. (a) SALD equipment photograph. (b) Deposition mechanism for the ZnO films prepared at low and 
high O3 flow rates. Where Ov is oxygen vacancy. Reproduced with permission from Ref. [108], Copyright 2024 Elsevier.

Table 2 
Comparative analysis of common preparation processes of MOS gas-sensitive materials.

Methods Characteristics Gas sensitivity Key parameters Limitation

Solvothermal 
synthesis`

• Nanostructure;
• High specific surface area;
• High crystallinity and few 

defects;

• High sensitivity;
• Selective morphology and surface 

modification;
• Porous structures for fast response speeds;

• Temperature;
• Pressure;
• Reaction time;
• Precursor 

concentration;

• Poor repeatability;
• Difficulty in mass production;

RFMS • Dense and uniform film;
• Adjustable film thickness;
• Enhance crystallinity;

• Medium sensitivity;
• Fast response speed;
• Susceptibility to humidity;

• Power;
• Air pressure;
• Substrate temperature;
• Sputtering time;

• Complex process parameters;
• Difficult industrial 

production;

ALD • Ultra-thin and uniform film;
• Good controllability;
• Avoid substrate damage;

• High sensitivity;
• Adjustable selectivity by doping;
• Slow response speed;

• Precursor pulse time;
• Reaction temperature;
• Cycle number;

• Slow sedimentation;
• High cost;

Table 3 
Performance comparison of commonly used single MOS gas-sensitive materials 
for O3 sensing.

Material Concentration/ 
ppb

Response 
(Rg/Ra)

Operating 
temperature/ ◦C

References

In2O3 10 4 RT+UV [114]
100 5.7 120 [105]
100 16.7 80 [115]
200 20 100 [116]
200 5 70 [117]
500 6.3 150 [118]
1000 1000 250 [119]
1000 14.08 150 [81]

ZnO 2500 1300 / [120]
280 100 200 [121]
100 6.2 200 [99]
60 3 250 [111]
100 5.2 250 [111]
100 90.5 300 [122]
130 14 300 [123]
130 14 300 [123]
60 8 300 [124]

SnO2 1000 1000 200 [112]
58 1.1 20 [125]
500 3 RT [126]

WO3 30 16 250 [127]
500 3.9 150 [113]

CuWO4 50 4.2 250 [128]
Mn3O4 5000 1.62 RT [129]
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simulations. Their findings revealed that the electron affinity difference 
between the dopant atoms and the gas-phase O3 critically governs 
adsorption strength and charge transfer dynamics. 

(2) Composite MOS materials

Constructing MOS composites is another attractive strategy to 
enhance the O3 sensing performance. The incorporation of secondary 
materials can modulate surface chemistry, optimize charge transport 
pathways, introduce cooperative catalytic sites, and tune the electronic 
structure of the sensing matrix [30,146].

The combination of two or more materials with different band 
structures enables heterojunction formation, which regulates electron 
transport pathways [106,147], enhances charge separation efficiency, 
and improves gas molecule transport characteristics [148,149]. For 
instance, Sui et al. [150] fabricated n-n type In2O3/ZnO heterostructures 
where the interface induced an additional EDL, enhancing O3 adsorption 
sites and improving interfacial charge separation (Fig. 9a). As a result, 
the composite demonstrated a linear response in the 15–260 ppb O3 
range, with an optimal operating temperature of 110 ◦C and rapid dy
namics (235 s response time, 44 s recovery time at 15 ppb) (Fig. 9b). 
Similarly, Zhu et al. [151] developed p-n heterojunction nano
composites by combining Cu2O with rGO. The interfacial heterojunction 
promoted efficient photogenerated charge separation, suppressed 
electron-hole recombination, and enhanced selective interaction with 
O3 molecules (Fig. 9c). Zhang et al. [81] derived In2O3 from MOF and 
ZnO nanoparticles to form an n-n heterojunction. Upon O3 exposure, the 
interfacial depletion region between In2O3 and ZnO was widened due to 
decreased carrier concentration, leading to elevated sensor resistance 
and improved sensitivity (Fig. 9d, e). Under optimum operating 

temperature (150 ◦C), with In2O3 (S = 14.08, tres/trec time of 43/77 s) 
compared to the In2O3/ZnO compound sensor for 1 ppm O3 shows 
higher and faster response (S = 26.12, tres/trec of 21/42 s).

Overall, O3-sensing performances of MOS materials are fundamen
tally governed by their microstructures and electronic properties. 
Single-component MOS materials often exhibit limitations in sensitivity, 
response speed, and power consumption. Element doping proves 
particularly effective in regulating the carrier concentration and oxygen 
vacancy density, thereby enhancing the electronic properties and gas 
reactivity. Moreover, material hybridization and heterojunction engi
neering can enhance gas adsorption and charge transfer capabilities, 
ultimately leading to superior sensing responses. These approaches can 
collectively address the intrinsic limitations of MOS sensing materials 
while unlocking new possibilities for fabricating high-performance O3 
sensors.

4.3. Nanostructure design of O3 sensing materials

Nano-structuring is a fundamental strategy for structurally opti
mizing gas-sensing materials. Reducing particle size to the nanoscale 
significantly increases the proportion of surface atoms, thereby 
enhancing the density of active adsorption sites for O3 molecules [152,
153]. Different nanostructures exhibit distinct porosity characteristics 
and surface topographies, which directly influence gas transport 
mechanisms [104,154,155]. These nanostructures are systematically 
classified by dimensionality as zero-dimensional (0D), one-dimensional 
(1D), two-dimensional (2D), and three-dimensional (3D) architectures 
[60], with each category exhibiting unique sensing-relevant 
characteristics.

Fig. 8. (a) Gas sensor’s response of the CoxZn1–xO samples when exposed to 84 ppb of O3 as a function of the operating temperature. The maximum response 
operating temperature decreased from 250 ◦C for x = 0.0 to 200 ◦C for x = 0.05, indicating that Co doping enhanced the ZnO sensor’s response and provided 
additional sites for O3 adsorption. (b) Gas-sensing response of the CoxZn1–xO thin films exposed to different O3 levels (42, 84, 290, and 560 ppb) at 200 ◦C. 
Reproduced with permission from Ref. [142], Copyright 2016 American Chemical Society. (c) XPS spectra of the as-prepared Zn0.95Co0.05O sample of O 1 s. The O 1 s 
spectrum of the Zn0.95Co0.05O sample, deconvoluted into O 1s(1) (530.1 eV) and O 1s(2) (531.2 eV), is attributed to the existence of oxygen vacancies or defects at the 
sample surface or oxygen-deficient regions within the ZnO lattice. The O 1s(1) peak corresponds to the oxygen species located in a lattice bound to the metal cations 
(Zn2+ or substitutional Co2+), while the O 1s(2) peak reveals the presence of hydroxyl groups adsorbed on the sample surface. (d) Comparison of the sensor’s re
sponses of the Zn0.95Co0.05O thin film exposed to different gases at an operating temperature of 250 ◦C. Reproduced with permission from Ref. [100], Copyright 
2019 Elsevier.
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4.3.1. 0D nanostructures
0D nanostructures, typically represented by nanoparticles and 

quantum dots (QDs), are often characterized by their near-point entities. 
These structures exhibit a high surface-to-volume ratio, elevated surface 
energy, and a substantial density of unsaturated surface atoms. There
fore, abundant active sites are provided for molecular adsorption and 
facilitate surface reactions, enabling highly sensitive detection of O3 at 
trace concentrations [123]. 0D nanostructure design of MOS-based O3 
sensing materials has demonstrated significantly boosted sensitivity and 
selectivity. Catto et al. [128] synthesized CuWO4 nanoparticles via an 
ultrasonic-assisted method (Fig. 10a) and found that higher annealing 
temperatures improved particle uniformity and size, and had a higher 
response to 90 ppb O3 (Fig. 10b). In addition, Tseng et al. [156] 
employed a successive ionic layer adsorption and reaction technique to 
deposit Mn3O4 nanoparticles onto InGaZnO (a-IGZO) films (Fig. 10c), 
producing an increased oxygen vacancy density (Fig. 10d) and improved 
gas adsorption. And the as-fabricated MOS-based O3 sensors demon
strate significant improvements in both sensitivity and selectivity 
(Fig. 10e).

QDs, as semiconductor nanocrystals typically smaller than 10 nm, 
exhibit unique photoelectric properties due to quantum confinement 
effects. Their ultrafine size, high specific surface area, and abundant 
active sites render them suitable for sensitive gas sensing at room tem
perature [157,158]. Kumar et al. [159] synthesized lead sulfide (PbS) 
quantum dots using a hot-injection technique, achieving nanocrystals 
with diameters of approximately 3–4 nm (Fig. 11a, b), markedly 
increasing the surface area available for O3 adsorption and catalytic 
reaction. This nanoscale design significantly enhanced O3 adsorption/
catalytic surface and the intrinsic quantum confinement effect enabled 
efficient photoinduced charge generation/separation under fluorescent 
light. A photoactivated O3 sensor was constructed as illustrated in 
Fig. 11c. An ultralow detection limit of 1.34 ppb for O3 was achieved, 

outperforming commercial optical sensors. Moreover, the response/r
ecovery time ratio to 500 ppb O3 was determined to be as low as 1.18 
(Fig. 11d).

4.3.2. 1D nanostructures
1D nanostructures, including nanowires, nanorods, and nanotubes, 

enable directional charge transport with minimal energy loss [160]. 
Their unique structural features promote efficient O3 adsorption and 
rapid surface reactions, enhancing sensor performance [161]. Catto 
et al. [162] fabricated highly oriented α-Fe2O3 nanorod arrays on an 
Al2O3 substrate with Pt interdigitated electrodes. They exhibited a low 
detection limit (15 ppb) (Fig. 12a) and high selectivity at 150 ◦C 
(Fig. 12b). Lai et al. [86] prepared CuO nanowires on Si (100) substrates 
via thermal oxidation (Fig. 12c). The as-fabricated sensor exhibited a 
40% response to 50 ppb O3 at 100 ◦C (Fig. 12d), substantially exceeding 
unmodified a-IGZO films. Notably, the O3 response exhibited a clear 
positive correlation with nanowire length (Fig. 12e), highlighting the 
importance of morphological control for sensing performance 
optimization.

4.3.3. 2D nanostructures
2D nanostructures feature planar sheet-like morphologies that pro

vide extensive surfaces for O3 adsorption and diffusion. Their large 
surface areas facilitate rapid O3 dispersion across the material, accel
erating interactions with metal oxides and promoting electron transfer 
[163]. Ding et al. [164] fabricated hexagonal/orthogonal WO3 homo
junction nanosheets via hydrothermal synthesis. This structure 
increased the depletion layer thickness and facilitated carrier separa
tion, promoting O3 decomposition and significantly improving sensing 
performance (Fig. 13a). At 120 ◦C, the sensor achieved a response of 
320.8 to 3.0 ppm O3 (Fig. 13b), with a detection limit of 40 ppb. The 
layered structure enables multi-scale material integration, creating 

Fig. 9. (a) O3 sensing mechanism and band variation of n-n heterojunction. For pure In2O3 HPs, the electron depletion layer only existed on the surface of sensing 
layers, whereas the uniform loading of n-type ZnO NPs to n-type In2O3 HPs could lead to a noteworthy n-n heterogenous interaction at the physical interface of 
composites, inducing an additional thickness modulation of the electron depletion layer. (b) Response transients of the sensor to 15–260 ppb of O3. The lower left 
figure shows the transient response diagram of the sensor to 15 ppb O3 after magnification. Reproduced with permission from Ref. [150], Copyright 2023 Elsevier. (c) 
Response curves of the In2O3 and 3In:1 Zn sensors toward different concentrations of O3 gas at 120 ◦C and 150 ◦C. Reproduced with permission from Ref. [151], 
Copyright 2024 Elsevier. (d) Sensor’s response of 0.5 wt% rGO–Cu2O upon exposure to various gases at RT. (e) Response-recovery curves of In2O3 and 3In:1 Zn 
sensor toward 500 ppb O3 gas. Reproduced with permission from Ref. [81], Copyright 2019 Elsevier.
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hierarchical systems optimized for O3 adsorption, reaction, and charge 
conduction across micro-to-macro scales. It facilitates deep-layer O3 
interaction and ensures stable electrical signal output. Sui et al. [115] 
synthesized layered In2O3 nanosheets through a one-pot hydrothermal 
method followed by annealing treatment. The layered structure design 
can effectively increase the specific surface area of the material, up to a 
maximum of 60.6 m2/g (Fig. 13c). At 80 ◦C, the sensor exhibited a 
response of 16.7 to 100 ppb O3 (Fig. 13)), and the tres and trec were 707 s 
and 422 s, respectively, at the background of air (Fig. 13e).

4.3.4. 3D nanostructures
3D nanostructures are constructed through hierarchical assembly of 

lower-dimensional units such as nanowires and nanosheets. Porous ar
chitectures are formed that simultaneously maximize surface in
teractions and optimize gas diffusion pathways [123]. Nagarjuna et al. 

[165] fabricated ZnO porous nanostructures through controlled 
annealing (Fig. 14a). The as-fabricated sensor films demonstrated a 
response of 32% to 50 ppb O3 (Fig. 14b). Huang et al. [166] employed 
solution combustion synthesis to synthesize porous CuO nanoparticles 
with high surface areas (Fig. 14c). As the operating temperature de
creases from 120 ◦C to 25 ◦C, the response increases due to the enhanced 
adsorption of O3 gas (Fig. 14d).

Rational nanostructure design significantly enhances the perfor
mance of MOS-based O3 sensors. By increasing the specific surface area 
and active site density, nanostructures facilitate O3 adsorption and 
redox reactions. After critical microstructure parameters, such as 
dimension, porosity, and exposed crystal facets, are simultaneously 
optimized, O3 interaction can be tailored for rapid and selective detec
tion, even at trace concentrations.

To summarize, in this chapter, we have comprehensively 

Fig. 10. (a) High magnification FE-SEM image of CuWO4 sample annealed at 500 ◦C for 1 h. It presents a uniform morphology of nanoparticles. (b) Gas sensor’s 
response of CuWO4 samples exposed to 90 ppb O3 at different operating temperatures. Reproduced with permission from Ref. [128], Copyright 2018 Elsevier. (c) 
Schematic illustrations of the gas sensor before (left) and after exposure (right) to O3 gas. Relationship between soaking cycle and root mean square. Oxygen 
molecules adsorb on the a-IGZO thin film surface and extract free electrons, forming a surface depletion region with depth d₁. The attached p-type Mn3O4 nano
particles (NPs) further capture electrons, increasing hole concentration and expanding the depletion region beneath them to d2 (d2 > d1). When exposed to O3, more 
electrons are withdrawn from the a-IGZO surface, deepening the depletion region to d3 (d3 > d1). Due to the higher oxygen vacancy concentration in Mn3O4 NPs 
compared to a-IGZO, their depletion region can further expand to d4 (d4 > d2). (d) The relationship between immersion cycles and the average area ratio of oxygen 
vacancy. (e) Selectivity of pristine a-IGZO film (S0) and Mn3O4 NPs decorated a-IGZO film (S3) for various target gases. Reproduced with permission from Ref. [156], 
Copyright 2024 Elsevier.
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investigated the influence of MOS’s chemical composition and nano
scale architecture on the O3 sensing performances. Single-component 
MOS materials usually have inherent limitations due to insufficient 
gas adsorption and limited reaction sites. Elemental doping effectively 
modulates carrier concentrations, engenders oxygen vacancies, and 
tunes the bandgap energy, thereby enhancing electronic transport and 
surface reactivity. Additionally, composite structures and hetero
junctions facilitate interfacial charge transfer and synergistic adsorp
tion, significantly enhancing sensing responses. Nanoscale structural 
engineering strategies further boost O3 adsorption and redox kinetics by 
increasing the density of accessible active sites.

5. Device architecture design of the MOS sensors

Sensor technology has undergone a gradual transformation from 
traditional sintered type, thick film type, and thin film type to minia
turized and flexible architectures. Traditional MOS-based O3 sensors 
provide structural stability and reliable performance. They generally 
rely on rigid substrates and high-temperature treatment, which are un
favorable for miniaturization and integration, particularly within 
compact building environments and indoor air quality monitoring sys
tems. With the development of micro-nano manufacturing technologies, 
micro-electro-mechanical systems (MEMS) have emerged. It retains the 
traditional thin films as the sensitive layer and achieves low power 
consumption, high sensitivity, and batch production through integrating 
micro-heating platforms, electrodes, and packaging systems. Flexible 
sensors further integrate deformable substrates with stretchable elec
trodes and gas-sensitive materials, promoting the evolution of sensors 
from rigid devices to wearable, deformable, and building-integrated 
platforms suitable for spatially constrained indoor applications [167].

5.1. Traditional MOS-based O3 sensors

Traditional MOS-based O3 sensors can be classified into chip-type 
(Fig. 15a) and tube-type (Fig. 15b) based on their configurations. 
Depending on the preparation process of the gas-sensitive membranes, 
they can be further divided into sintered type, thick film type, and thin 
film type.

Sintered MOS sensors are usually fabricated by pressing powder 
materials into a specific shape and then subjecting them to high- 
temperature sintering [168]. They possess relatively high strength and 
can enhance their resistance to environmental interference. Thick film 
MOS-based O3 sensors are commonly fabricated using a screen printing 
technique [169]. While offering mechanical robustness and environ
mental stability, the thick film structure hampers gas diffusion, resulting 
in slower response and recovery times [170]. Under the intersection, 
thin film MOS sensors have been widely studied in recent years due to 
their compact size, ease of integration, miniaturization, and faster gas 
diffusion advantages [171–173]. Thin film MOS sensors are typically 
fabricated using techniques including physical vapor deposition (PVD), 
chemical vapor deposition (CVD), and drop coating to deposit ultra-thin 
MOS films on substrates [174–176]. They also operate at lower tem
peratures, making them ideal for high-precision detection, especially for 
low-concentration gases [177]. For instance, Huang et al. [178] 
deposited the sensing film on a glass substrate with gold electrodes using 
the radio frequency magnetron sputtering method. A self-powered 
a-IGZO thin film O3 gas sensor was fabricated (Fig. 15c), which could 
respond to O3 concentrations ranging from 100 ppb to 5 ppm (Fig. 15d).

5.2. MEMS sensors

The MEMS sensor is generally composed of three main components: 
the micro-heating plate, test electrodes, and sensitive materials [179]. 

Fig. 11. (a) HRTEM analysis of PbS QDS at 50 nm scale. (b) Average particle size analysis. The particle sizes are distributed mainly around 2.7 nm. Most of the 
particle sizes range from 2.3 to 2.8 nm. (c) The gas sensing mechanism of photoactivated PbS QDs.When the 0D PbS has been exposed to air, oxygen molecules get 
adsorbed onto their surfaces, then the oxygen molecule gets ionized by capturing the ions from the surface of QDs, formation of the depletion layer and creating a 
potential barrier across the junction. As a result, the depletion layer starts decreasing, which increases the electrical conductivity. On exposure to O3, the O3 
molecules get adsorbed on the junction and increase the depletion layer, which increases the potential barrier across them. When the PbS QDs were exposed to 
different light irradiations then holes were migrated from the valence band to the conduction band during oxygen species adsorption. (d) Comparison of the ratio of 
response and recovery time at different concentrations. Reproduced with permission from Ref. [159], Copyright 2022 Elsevier.
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Compared with traditional sensors, MEMS sensors achieve device 
miniaturization and significantly reduced energy consumption, making 
them ideal for space-constrained building environments and indoor air 
quality monitoring systems [180]. The existing MEMS-based micro-
heater plate structures can be divided into two types: closed membrane 
type (Fig. 16a) and suspended membrane type, both enabling reliable 
operation in temperature-controlled indoor settings (Fig. 16b).

The closed-type structure, featuring a back-etched silicon substrate 
that forms a hollow structure with a micro-heating layer on it, offers 
excellent mechanical strength but results in higher energy consumption 
[181]. The suspended type uses front-end etching technology, retains 

the bottom structure, and suspends the micro-heating plate through four 
beams. This design achieves low energy consumption and a smaller heat 
conduction area at the expense of mechanical strength [182]. For 
instance, Nagarjuna et al. [183] fabricated a MEMS O3 sensor using 
Sb/ZnO as the gas-sensitive material (Fig. 16c). The sensor exhibited 
optimal performance at an operating temperature of 200 ◦C, with a 
detection limit of 10 ppb for O3, as shown in Fig. 16d. In addition, 
optimization of the MEMS micro-heating platform’s design and 
manufacturing process achieved low heat loss, excellent long-term 
thermal stability, and robust mechanical stability [184,185]. As a 
typical example, Iyer et al. [186] explored various micro-heater 

Fig. 12. (a) Dynamic response-recovery curves of α-Fe2O3 nanorods exposed to five different O3 gas levels (26, 163, 300, 570 and 10 ppb) at 150 ◦C. The inset shows 
the sensing response as a function of O3 gas concentration. (b) Sensor’s responses to O3 and NH3 gases of α-Fe2O3 nanorods at 150 ◦C. Reproduced with permission 
from Ref. [162], Copyright 2023 Elsevier. (c) Schematic diagram of the manufacturing process of O3 gas sensors based on CuO NWs. (d) Gas sensor’s response of the 
3.3 μm CuO NWs gas sensors exposed to 200 ppb O3 at RT (25 ◦C). (e) The response of the O3 gas sensor varies with the length of CuO NWs at a thermal oxidation 
temperature of 450 ◦C. Reproduced with permission from Ref. [86], Copyright 2024 Elsevier.

Fig. 13. (a) Schematic illustration of energy band diagram and O3 sensing mechanism of h/o-WO3 phase-junction sensors. The h/o-WO3 homojunction enhances 
charge carrier separation at the phase interface, improving the decomposition of O3 into oxygen on the material surface. Reproduced with permission from 
Ref. [164], Copyright 2025 Elsevier. (b) The response time curves of three WO3 sensors to O3 concentrations ranging from 0.6 to 3 ppm at 120 ◦C and the response 
time curves of h/o-WO3 sensors to O3 concentrations ranging from 0.04 to 0.6 ppm (the inset). (c) Nitrogen adsorption and desorption isotherms of In2O3 prepared at 
different hydrothermal times. (d) The responses of In2O3 prepared at different hydrothermal times to 100ppb O3 at different operating temperatures. (e) Single 
dynamic sensing transients to 100 ppb of O3. Reproduced with permission from Ref. [115], Copyright 2021 Elsevier.

D. Pang et al.                                                                                                                                                                                                                                    Building and Environment 285 (2025) 113596 

15 



structures (single meander, double meander, spiral, and meander-spiral) 
(Fig. 16e) to optimize the uniformity of temperature distribution and 
enhance O3 adsorption efficiency. The results demonstrated that the 
meander-spiral geometric shape achieves the best temperature distri
bution uniformity across the sensor surface, thereby increasing the 
contact area of the sensor. This configuration exhibits a 4-fold sensitivity 
enhancement over the single meander design, and a 1.5-fold 

improvement compared to both double meander and spiral geometric 
shapes (Fig. 16f).

5.3. Flexible sensors

Flexible gas sensors have emerged as a promising solution to meet 
the rapidly growing industrial demand for intelligent wearable devices 

Fig. 14. (a) SEM images of Zn/ZnO samples. ZnO has a porous nanostructure. (b) Gas sensing responses of ZnO sensor with O3 at different operating temperatures. 
Reproduced with permission from Ref. [165], Copyright 2013 Elsevier (c) Nitrogen adsorption and desorption isotherms of the CuO samples, the insert is the pore 
size distribution. (d) Response curves of the CuO sensors synthesized by different quantities of citric acid and commercial CuO powder to 500 ppb O3 of samples 
synthesized from 3.5 mmol citric acid and commercially available CuO powder at an operating temperature of 25 to 120 ◦C. Reproduced with permission from 
Ref. [166], Copyright 2024 Elsevier.

Fig. 15. (a) Structural diagram of chip-type MOS gas sensor. (b) Structure of the tube-type gas sensor. (c) Schematic diagram of the device manufacturing process of 
the Au/ a-IGZO/Au self-powered thin film gas sensor. (d) I-T curves of a self-powered a-IGZO gas sensor exposed to O3 concentrations from 100 ppb to 5 ppm. Inset: R 
as a function of O3 gas concentration. Reproduced with permission from Ref. [178], Copyright 2022 American Chemical Society.
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[187]. Compared to traditional gas sensors (Fig. 17a), flexible sensors 
(Fig. 17b) mainly use flexible substrate materials such as textile [188], 
paper [189], and polymeric substrates [190]. It addresses the brittleness 

limitation of traditional sensor rigid substrates, such as glass and silicon 
wafers [45,191,192].

Gas sensing materials are an important component of flexible gas 

Fig. 16. (a) The structure of thin film MOS gas sensors of the closed type. (b) The structure of thin film MOS gas sensors of suspended type. (c) MEMS microheater 
design and layers. (d) Sb-doped ZnO sensor sensing responses. Reproduced with permission from Ref. [183], Copyright 2024 Elsevier. (e) The structural design of the 
miniature heater. (f) Comparison of the sensitivity of different structural MEMS sensors to O3. Reproduced with permission from Ref. [186], Copyright 2022 Elsevier.

Fig. 17. (a) Schematic diagrams of conventional gas sensors. (b) Schematic diagrams of flexible gas sensors. Reproduced with permission from Ref. [192], Copyright 
2023 Elsevier. (c) Schematic of the fabrication process for Mn3O4 NPs-decorated a-IGZO flexible gas sensors. (d) Gas response and device resistance as a function of 
bending angle. Inset of (d): image of a flexible gas sensor. Reproduced with permission from Ref. [156], Copyright 2024 Elsevier.
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sensors. The sensing material, together with the flexible substrate, must 
withstand mechanical deformation. Even under bending or stretching, 
the sensing performance should exhibit minimal change [192]. Mean
while, considering that many polymer-based flexible substrates lack 
heat tolerance, it is necessary to avoid high operating temperatures 
during the bonding process of the gas-sensitive material to the flexible 
substrate [193]. For instance, Tseng et al. [156] deposited Mn3O4 
nanoparticles on the surface of an a-IGZO thin film with excellent me
chanical properties as a gas-sensitive material. It addresses the technical 
concern that Mn3O4 nanoparticles require thermal bonding at high 
operating temperatures (Fig. 17c). Meanwhile, a polyethylene tere
phthalate (PET) film with finger-like Pt electrodes was used as the 
flexible substrate. It was found that the surface volume ratio and particle 
spacing of the gas-sensitive material changed with the bending angle of 
the sensor, resulting in changes in the baseline resistance of the material 
and the response to O3. When the bending angle exceeded 40 degrees, 
the connectivity between a-IGZO grains was reduced. Consequently, the 
baseline resistance increased, and the response value decreased 
(Fig. 17d).

With the continuous progress of materials science, micro-nano 
manufacturing technology, and interdisciplinary integration research, 
the device structure of MOS-based O3 sensors is continuously evolving 
from traditional thick film, thin film and sintered sensors to MEMS 
sensors and flexible sensors. The thin film and MEMS-type devices 
demonstrate outstanding performances in terms of response speed, en
ergy consumption, and miniaturization, enabling seamless integration 
into building and indoor monitoring networks. And flexible sensors meet 
the urgent demands of emerging wearable and intelligent terminal de
vices for portability and real-time monitoring. Going forward, designing 
MOS-based O3 sensor devices that are highly sensitive, use low power, 
and have a compact, integrated design while maintaining mechanical 
reliability for building environments and indoor applications will be a 
key focus of development.

6. Conclusion and prospects

Resistive MOS-based O3 sensors have advanced significantly through 
the strategic integration of material design, nanostructural engineering, 
and environmental modulation. This review highlights how O3 chemi
sorption, by driving both oxygen vacancy formation and charge transfer 
dynamics, underpins the high sensitivity and selectivity of MOS-based 
sensors at ppb levels. Doping strategies and heterojunction structures 
have proven essential for tailoring carrier concentrations and interfacial 
reactivity, enabling room-temperature operation with rapid response. 
Environmental factors, such as humidity-driven water dissociation and 
UV-light-activated photogenerated carriers, provide additional avenues 
to amplify sensor performance. However, achieving long-term opera
tional stability and reducing power consumption in building-integrated 
and indoor applications remains challenging, mainly due to intrinsic 
material degradation and thermal management complexities in 
controlled building environments1. To address these issues, future 
research should explore the following avenues for innovation in MOS 
gas sensor technologies. 

(1). Materials innovation. Future advances will depend on ratio
nally designing hybrid structures that couple MOS with carbon- 
based nanomaterials, noble metals, or conductive polymer ma
terials to achieve synergistic enhancements in surface area, 
charge mobility, and catalytic activity. Doping strategies and 
nanoscale structural engineering offer fine control over surface 
adsorption energetics, enabling faster response kinetics. In addi
tion, the controlled synthesis of nanocrystals with well-defined 
morphology, particle size, and porosity can significantly in
crease the surface-to-volume ratio, providing more active sites for 
gas interactions.

(2). Equipment manufacturing. Deposition techniques including 
sol-gel, ALD, and magnetron sputtering can enhance the unifor
mity and repeatability of gas-sensitive materials on sensor sub
strates, reduce problems such as uneven material thickness, 
unstable interfaces, and poor repeatability caused by methods 
like drop coating and scrape coating, improve the consistency and 
reliability of devices, and lay the foundation for industrial ap
plications. By simplifying the complexity of the deposition tech
nology operation, the controllability and consistency of the 
manufacturing process can be further enhanced, enabling the 
batch and automated production of sensors.

(3). Multifunctionality integration. Integrating O3 sensors into 
wearable and portable electronics is essential for enabling 
personalized, real-time monitoring of environmental O3 exposure 
at occupant level in buildings and indoor spaces. Concurrent 
integration with O3 sensors for other air pollutants (e.g., CO, NO2, 
VOCs) will support the development of compact, multifunctional 
platforms capable of comprehensive air quality assessment for 
building-scale monitoring and indoor environmental 
management.

(4). Intelligent system. The confluence of Internet of Things (IoT) 
platforms and artificial intelligence algorithms provides a route 
toward autonomous sensing systems. Real-time data trans
mission, remote diagnostics, self-calibration, and anomaly 
recognition are becoming increasingly feasible through machine 
learning approaches in indoor environmental monitoring. 
Advanced pattern recognition and data fusion methodologies can 
further enhance multi-gas detection capabilities in building en
vironments, fostering systems that respond dynamically to fluc
tuating environmental conditions with minimal human 
intervention.

Substantial advances have been made in the design, fabrication, and 
performance optimization of MOS-based O3 sensors. However, the 
transition from laboratory prototypes to robust, field-ready devices for 
building-integrated deployment and indoor environmental monitoring 
remains a major challenge. A key barrier is the limited long-term sta
bility of sensors operating under real-world building and indoor condi
tions. Factors such as fluctuations in operating temperature, humidity, 
oxygen concentrations, and mechanical stress from building operations 
can lead to degradation of sensor performance. The underlying mecha
nisms of material aging and device-level degradation in indoor envi
ronments remain insufficiently understood. Therefore, addressing these 
gaps will require systematic testing under controlled but variable envi
ronmental conditions to identify failure modes and guide the targeted 
improvements in material and device engineering for indoor 
deployment.
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