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Abstract: This paper aims to provide a large coverage of recent developments regarding environmen-
tal monitoring using metal oxide-based sensors. Particular attention is given to the detection of gases
such as Hp, COy, SOy, NOy, and CHy. The developments and analyses of the design of sensors and
types of metal oxide sensing materials are emphasized. The sensing mechanisms and peculiarities
of metal oxides used in chemoresistive sensors are provided. The main parameters that affect the
sensitivity and selectivity of metal oxide sensors are indicated and their significance to the sensor
signal is analyzed. Modern data processing algorithms, employed to optimize the measurement
process and processing of the sensor signal, are considered. The existing sensor arrays/e-nose systems
for environmental monitoring are summarized, and future prospects and challenges encountered
with metal oxide-based sensor arrays are highlighted.

Keywords: metal oxide sensors; chemoresistive detectors; environmental monitoring; sensitivity;

selectivity; electronic nose

1. Introduction

Monitoring of the environment is becoming an urgent need of our time, as its quality
affects human and biota life. Industrialization, automobile exhausts, and the burning of
fossil fuels are the most significant factors causing environmental pollution, including atmo-
spheric pollution. This problem can be successfully solved with the help of gas sensors that
rapidly and reliably detect a wide range of harmful gases in the ambient air environment.
Among the different types of gas sensors, such as electrochemical, catalytic combustion,
thermal conductivity, infrared absorption, and semiconductor metal oxide sensors (SMOs),
the latter is the most common due to their high sensitivity, ease of manufacture, ultrasmall
size, and cost effectiveness [1,2].

Research in the field of metal oxide gas sensors has developed rapidly in recent years.
Thanks to the progress made in the miniaturization of chemical sensors, the latter can
be integrated into low-cost small drones, which will exponentially increase the use of
gas sensors for online environmental sensing. The versatility of the chemical sensor and
drone combination will allow the rapid deployment of metal oxide-based sensors for gas
monitoring, for example, in atmospheric research, industrial emissions detection, and
environmental compliance control [3]. Also, metal oxide gas sensors are being widely
investigated in the areas of healthcare, food safety and quality, and agriculture. In this case,
e-nose systems are being developed to increase the sensitivity and selectivity of sensor
devices [4-6].

There are a number of factors that affect the sensitivity, selectivity, and stability of a
semiconductor metal oxide gas sensor, which can vary in each case. As a rule, dopants
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improve the gas-sensing properties of SMOs by changing the microstructure or morphology,
forming a stoichiometric solid solution, changing the activation energy, generating oxygen
vacancies, or changing the electronic structure/band gap.

Different morphologies of metal oxides, such as 0D, 1D, and 2D [7], are used as sensing
layers of gas sensors. The 0D morphology includes nanoparticles that are nanoscale in all
three dimensions. At the same time, 1D and 2D particles are nanoscale in one and two
dimensions, respectively. The inherent morphologies of 1D particles are wires, needles,
whiskers, belts, rods, etc., while the 2D morphology includes metal oxide nanosheets.

Synthesis methods of metal oxides that allow the achievement of different particle
morphologies include hydrothermal synthesis, the sol-gel method, thermal oxidation, elec-
trolysis, electrospinning, chemical vapor deposition, and vapor-liquid-solid [8]. Varying the
morphology during the wet-chemical synthesis of metal oxides is achieved by influencing
the pH of the medium, temperature, addition of templates, etc. [9]. Depending on the
process conditions, the CVD method can also produce different morphologies. For example,
the work of [10] shows that by varying the precursor type, it is possible to obtain either 0D
or 1D metal oxide particles, while the authors of [11] point out that the presence or absence
of catalysts has a significant effect on the resulting morphology.

The morphology of the metal oxide (MOx) particles themselves such as nanowires,
nanotubes, core-shell nanostructures, nanoneedles, nanosheets, and nanofibers contributes
significantly to the sensing mechanism and thus to the performance of the gas sensor [12].
Therefore, recently, the research on chemical sensors based on one-dimensional (1D) semi-
conductor nanostructures of metal oxides with individual geometry has significantly in-
tensified. Chemically sensitive 1D metal oxide nanostructures are usually considered
resistors, whose conductivity changes during the charge transfer process, or field-effect
transistors, whose properties are controlled by applying an appropriate potential to the
gate. This suggests that 1D MOx nanostructures have significant potential for use in the
next generation of chemical sensors that will be very small, low power, low cost, and more
sensitive than existing commercial sensors [13,14].

The main issue in the usage of sensors based on metal oxide 1D nanostructures is
ensuring the stable morphology of Mox particles, which directly affects the characteristics
of the sensors. Many new strategies, in particular in-synthesis approaches, have been
explored to solve this problem. For instance, nanomaterials synthesized by electrospinning
have unprecedented advantages, including catalyst introduction, morphological control,
thermodynamic stability, unique physicochemical properties, and composition control, and
are attractive for the development of highly sensitive and selective gas sensors [15,16]. The
formation of SMO-based nanoheterojunctions can effectively increase the response value
of a sensing element due to the increased number of oxygen vacancies, active sites, and
higher catalytic activity, resulting in a shorter detection time [17].

Despite the significant progress in the development of metal oxide-based gas sensors,
their low selectivity and necessity to heat the sensing element for effective operation remain
major problems. In this case, gas sensitivity can be improved by changing the particle size,
nanoarchitecture, porous or hierarchical structure, doping or defect engineering, and design
of nanocomposite and graphene hybrid sensor materials [18,19]. In turn, the development
of gas sensors based on metal oxide nanostructures that operate at room temperature will
reduce energy consumption, simplify device manufacturing, and improve the safety and
stability of the sensors.

In terms of environmental monitoring, the most common gases to be detected are H,
COy, NOy, SOy, and CHy. Hydrogen is flammable over a very wide range of air concen-
trations (4-75%) and explosive over a wide range of concentrations (15-59%) at standard
atmospheric temperatures [20]. Moreover, hydrogen produced by steam reforming of
natural gas is not considered environmentally friendly [21].

COx causes the greenhouse effect, photochemical smog, and haze, threatening the
urban atmosphere and human health [22]. CO is a colorless, odorless gas that is released
during combustion. Outdoors, it contributes to air pollution, and indoors, inhaling large
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amounts is very dangerous to human health, causing dizziness, confusion, loss of conscious-
ness, and ultimately, death. A fairly large amount of CO, is emitted into the atmosphere
as a result of burning fossil fuels, solid waste, and during the production of, for example,
cement. Carbon dioxide in the atmosphere causes climate change by warming the planet
but also affects the O, movement in blood.

Nitrogen oxides are the main greenhouse effect gases and harm the ozone layer. Thus,
N,O emissions lead to the destruction of the stratospheric ozone through nitrogen oxide-
catalyzed processes [23]. The emission of NOx (NO, NO,, and N,O) from vehicle exhaust
and industry leads to nitrogen deposition, causing over-fertilization. Moreover, increased
NOx concentrations may result in respiratory and cardiovascular sickness in human beings.

SO; is produced due to the fossil fuel combustion and power generation process. It is
a greenhouse gas and causes the greenhouse effect (atmospheric warming) [24]. In high
concentrations, gaseous SOy can harm trees and plants by damaging leaves and slowing
growth. Sulfur dioxide and other sulfur oxides can contribute to acid rain, which can
harm sensitive ecosystems. The long-term effect of SO, on human beings creates breathing
problems, respiratory disorders, and visibility impairment [25].

CHy4 is a colorless, odorless, and flammable gas. It is also a potent greenhouse gas,
which means it affects climate change by contributing to increased warming, according to
the U.S. Environmental Protection Agency. Methane is released during coal, natural gas,
and ore mining, at solid waste landfills, and on livestock farms [26].

Despite significant progress in the development of gas sensors based on metal oxides,
achieving high rates of efficient gas detection is a very challenging task. Although they work
effectively at high operating temperatures, the development of highly sensitive sensors
capable of operating at ambient temperatures is essential to reduce power consumption.
In general, it is believed that the development of low-temperature sensors should use
materials with a high surface area, which is a combination of metal oxides with other metal
oxides, either carbon or polymeric materials [27]. At the same time, the combination of
modern equipment and the latest materials allows researchers to create new technological
solutions incredibly quickly, which was the main reason for the creation of this work.

The purpose of this work is to highlight important advances in the field of metal oxide
gas sensors, to distinguish important factors that complicate the development of gas sensors,
and to review the development of old and new solutions to these problems. Particular
attention is paid to the use of the latest developments in the context of environmental
monitoring, which is becoming more relevant every year. We hope that this work will help
to demonstrate the extent of the advances made in recent years, the current status of metal
oxide gas sensors, and the main trends and direction of future development.

2. Environmental Monitoring by Metal Oxides Sensors

Semiconductor metal oxides have been widely used as the sensing layers of chemore-
sistive gas sensors for a variety of practical applications, with the main ones being real-time
environmental monitoring, exhaled air diagnostics, and food freshness analysis. Never-
theless, chemoresistive metal oxide gas sensors have some disadvantages, such as low
selectivity and high operating temperatures [28]. In order to overcome these disadvantages,
metal oxide sensors are either decorated [29,30] or nanomaterials/nanocomposites are
created [31,32]. In addition, chemoresistive metal oxide devices often suffer from nonlinear
responses, signal fluctuations, and cross-sensitivity to different gases, which limits their
use for air quality monitoring. To overcome these shortcomings, it has been proposed [33]
to use the impedance method, which allows measuring dielectric excitation and provides
sensors with a linear gas response, a wide dynamic range of gas detection, and high baseline
stability, and also reduces the effect of humidity and ambient temperature on the output
signal. The following are advances in metal oxide-based sensors for the environmental
monitoring of gases such as Hy, COx, SOy, NOx, and CHy.
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2.1. Hy

Monitoring the presence of hydrogen in the air, which is generated during the steam
reforming of natural gas, is an important task from the point of view of environmental
protection. Furthermore, to ensure the safe use of renewable hydrogen energy sources,
there is an urgent need to develop fast and sensitive sensors for leak detection.

For hydrogen detection, sensitive layers based on SnO;, ZnO, TiO,, Nb;Os, InyOs3,
FeO, Fe;O3, NiO, Gay03, SbyO5, MoO3, V2,05, and WO3 have been investigated [34], among
which SnO,- and ZnO-based layers are the most promising. For instance, investigations into
the morphology effect of SnO, and ZnO on sensitivity have demonstrated that nanobelts
significantly outdo the other types of 1D nanostructures. Herewith, sensors based on ZnO
are the most attractive due to their low cost, ease of preparation, and thermal/chemical
stability [35,36].

In addition to variation in the morphology, the sensitivity of SnO, and ZnO to hy-
drogen can be increased by combining two metal oxides [34,37], creating composites with
carbon materials [38], metal decorating [39], and creating core-shell nanoparticles [40].
For example, the researchers in [41] developed highly sensitive, stable, and selective sen-
sors for gaseous hydrogen through the use of core-shell PAAu@ZnO nanoparticles and
demonstrated that the core-shell sensors exhibit greater hydrogen sensitivity compared to
pure ZnO.

Metal oxide sensors used for hydrogen detection mainly work as transducers that
convert changes in physical or chemical properties into electrical signals. These sensors are
classified into resistance-based, work function-based, optical, and acoustic sensors based
on their detection mechanism [42].

Nanostructured thin-film sensors are generally used for hydrogen sensor fabrication
due to their advantages, such as ease of implementation, good compatibility with integrated
circuits, high sensitivity, and short response/recovery time. However, elevated working
temperatures are still required for most thin-film sensors, which can lead to poor long-term
stability and high power consumption [43].

To enhance gas selectivity and improve responses at lower temperatures, scientists
have extensively studied the impact of grain size, porosity, orientation, surface doping,
decorating, and device architecture on hydrogen sensor sensitivity. The selectivity problem
is not as easy to solve because metal oxide semiconductor sensors cannot discriminate
between Hj and other combustible gases.

Research has demonstrated that hydrogen sensors employing single SMO 1D nanos-
tructures can attain ultra-sensitivity, a fast response, high selectivity towards low concen-
trations of hydrogen, and long-term stability [43]. The metal oxide semiconductor sensing
material must have high sensitivity, selectivity, and linear response. Sensitivity can be
enhanced by surface functionalization, nanostructure engineering, or special signal process-
ing. In addition, as more green hydrogen becomes available, the fabrication of hydrogen
sensors with both acceptable sensitivity and fast responses at or near room temperature
remains an important issue [44].

2.2. COy

Carbon oxide detection using a MOx sensor is widely presented in the literature [45-47].
Most commonly, ZnO, SnO,, and TiO, are discussed as key oxides for COx detection.
However, sensitive materials based on CeO;, InpO3, WO3, CdO, CuO, composite oxides,
and yttria-stabilized zirconia are also considered [48].

As the chemical inertness of CO, makes it difficult to detect, to date, only a few CO,-
sensitive materials have been found. Among these materials, various ZnO nanostructures
showed high sensitivity. For example, sensitivity at the level of 0.1 ppm with an ultrafast
response of <20 s is observed for zinc oxide nanoflakes [47]. Also, ZnO nanostructures
obtained via hydrothermal synthesis have demonstrated responses in the range of 16-65%
for COy detection at low temperatures [45].
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For carbon monoxide, the situation is more predictable. In this case, various synthe-
sis/manufacturing methods, including CVD, hydrothermal, screen printing, sputtering,
spray pyrolysis, sol-gel, co-precipitation, electrospinning, the Peccini method, etc., are
described along with their advantages and limitations [49,50]. Due to the alteration of
the material’s morphological and compositional characteristics, these methods allow the
production of metal oxide-based films that are highly sensitive to CO. Thus, in the case of
the CVD method, the sensitivity and other performance parameters can be enhanced due to
the casting of surface conditions, pore/grain sizes, and morphology. The sensitivity of MOx,
synthesized via the hydrothermal method, depends mainly on the materials’ structure and
morphology, such as nanorods, nanoparticles, nanowires, nanosheets, nanotubes, and wall
coatings. In spray and spray pyrolysis approaches, the sensitivity and other performance
parameters can be improved due to the usage of alloying metals, in particular, Pd, Pt, Al,
Cu, Au, Ga, and Co, among others [48].

Zhang et al. investigated the effect of the synthesis method, doping effect, and
morphology on the performance of CO gas sensors based on the selected key oxides,
such as ZnO, SnO,, and TiO,. For instance, authors have demonstrated that among ZnO
materials, synthesized using various methods, powder obtained via the hydrothermal
method has shown a 16.3% response to 0.8% CO, under UV light with a 19 s response
time [51]. In turn, high sensitivity at low operating temperatures has been achieved for
sensors based on SnO;, synthesized via various synthesis methods, such as screen printing,
solvothermal synthesis, sol-gel, the chemical method, sputtering, etc. [45].

Despite significant progress in the development of CO sensors, the issues of sensitivity,
selectivity, low operating temperature, and low detection limit, as well as miniaturization,
low price, etc., remain the major challenges to date. In order to obtain even more sensitive
and selective COy sensors, researchers continue to work on improving the key operating
parameters of gas sensing—the so-called 4S parameters—Sensitivity, Selectivity, Stability,
and Speed. Finally, metal oxide-based sensors are expected to be in high demand for air
quality monitoring in the near future. Flexible sensors are also expected to be integrated
into smart devices for various applications.

2.3. SOy

Available studies on sulfur dioxide detection also indicate the promising use of metal
oxide nanostructures. For instance, the perspectives of NiO, NiO-modified metal oxide
films, NiO-ZnO composites [52], and NiO-doped SnO; [53,54] have been explored for
the manufacturing of effective gas sensors for toxic and dangerous gases. In their work,
Chaitra et al. synthesized Al-doped ZnO thin films, which exhibited a sensor response
of 71% towards SO, at concentrations below the threshold level value [55]. Tyagi et al.
demonstrated that among different metal oxide catalysts (PdO, CuO, NiO, MgO, and
V,05) deposited on the SnO, surface, the SnO, film with NiO nanoclusters exhibited the
maximum sensitivity of ~56 at a low operating temperature of 180 °C to 500 ppm SO, gas
with a fast response time of 80 s [56]. The usage of NiO for SO, detection has also been
proven to be promising in other studies [52,57,58].

However, currently, only electrochemical sensors are commercially available for the
measurement of SOy gases. The NASICON-based sensor is the most sensitive to this
gas and also remains stable for a long time even in a highly corrosive atmosphere [25].
Therefore, the development of SOx-sensitive metal oxide sensors remains an important task
to be addressed in the near future.

2.4. NOy

Numerous studies have shown the prospects of using SnO,, WO3, and ZnO metal
oxides for NOy gas detection [59-64]. For example, in [65], SnO, nanowires responded well
to 5 ppm NOx at a 200 °C operating temperature. One-dimensional ZnO particles modified
with InyO3; showed response of 55 at a NO, concentration of 1 ppm, and a sufficiently high
response (~18) was observed at a relatively low NO; concentration of 250 ppb [66].
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Researchers are currently focusing on the development of low-temperature, stable,
and highly selective NOy sensors. The most extensive research is being conducted on the
fabrication of ZnO-based nanocomposites and heterostructures [61,67]. The decoration of
ZnO with precious metals such as gold, platinum, and others is also quite popular [68].
In addition, the influence of morphology, porosity, defects, and optical properties on the
sensory properties of ZnO-based sensors are also being actively investigated [69].

In summary, NOy sensors based on SnO,, WO3, and ZnO metal oxides have already
demonstrated high sensitivity of up to 430% at room temperature [70-72] and can be easily
embedded into instrumental platforms, for example, into the SOGS (Small Open General-
purpose Sensor) platform. However, the reliability and sensitivity of ready-made sensor
devices during real-time monitoring of the environment for several gases at the same time
remain unresolved issues. In this sense, the main goal of further research should be related
to ways to improve the reliability of sensor technology for measuring pollution in urban or
field environments [73].

2.5. CHy

The development of effective sensor materials with superior performance for the selec-
tive, fast, and sensitive detection of organic gases is important not only for environmental
protection but also for human health. CHy can be successfully detected by various types of
sensors, but MOx-based methane sensors are generally inexpensive, lightweight, reliable,
durable, and poison-resistant. Nanocrystalline metal oxide CHy sensors are characterized
by sufficient sensitivity; however, they have a number of inherent disadvantages, such as
low selectivity, low and high operating temperature ranges, slow recovery, and significant
dependence on temperature and humidity [74].

To increase CHy4 sensor selectivity, additional modification/doping of MOx nanostruc-
tures is required [75,76]. For instance, studies on the doping of metal oxides with precious
and non-precious compounds exhibit the prospects of creating methane sensors based on ZnO
thin films modified with non-precious metals, such as cobalt or Pn nanowires [77-79]. Also,
researchers are proposing the use of metal-organic frameworks (MOFs) for the functional-
ization of metal oxides [80]. The latter have been widely investigated for their potential
use as high-performance sensors for the detection of many different organic gases due to
their large surface area, tunable pore size, functionalized sites, and interesting properties
such as electrical conductivity, magnetism, ferroelectricity, luminescence, and chromism.
The high porosity of MOFs allows them to interact closely with a variety of organic an-
alytes, including CHy, resulting in easily measurable responses to various physical and
chemical parameters.

The main problem with the detection of organic analytes in general and for CHy in
particular is the simultaneous presence of multiple gases. A previous paper [81] proposes
a new detection method based on ZnO metal oxide sensors that can selectively detect
different types and concentrations of organic gases, including CHy4. The method is based
on signal processing under temperature modulation using a generalized regression neural
network (GRNN).

2.6. Summary of Semiconductor Metal Oxide Gas Sensors to Hy, COy, NOy, SOy, and CH4 Gases

The performances of gas-sensitive properties of various SMO materials, along with
particle morphology and the synthesis technique, are presented in Table 1.
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Table 1. Gas-sensing performance of various SMO materials.
Target SMO/Mode of Synthems . Sensor
. . .. Technique/Particle Ref.
Gas/Concentration Signal Transmission Parameters
Morphology
Response: 80%
H, Pd35Au65@Zn0O/ Hydrothermal Response/recovery time: 0.6/12 min
.. route/core-shell A [41]
100 ppm chemoresistive nanoparticles Detection limit: N/A
P Operating temperature: 300 °C
Response: 22
H, SnO,/ Hydrothermal /nanosheet- Response/recovery time: ~15/~17 s 82]
400 ppm chemoresistive assembled nanoflowers Detection limit: N/A
Operating temperature: 350 °C
I Response: 1.48
H, ZnO/ Elecgrosﬁler;?;n% RE Response/recovery time: ~50/~200 s [83]
100 ppm chemoresistive OI‘O};S nano%ubes Detection limit: N/A
P Operating temperature: 200 °C
Response: 21.5%
H, Au-decorated Thermal CVD/ Response/recovery time: 4/24 s
ZnO/ L [84]
5 ppm chemoresistive nano-network Detection limit: N/A
Operating temperature: 150 °C
Response: 157.4
Hy Pt-Au@ZnO/ Hydrothermal/bimetallic Response time: 115 s [85]
250 ppm chemoresistive nanoparticles, nanorods Detection limit: 50 ppm
Operating temperature: 130 °C
PAO/WO;5 Responsez 8.02 .
Hy ) Response/recovery time: 2.1/5.8 min
nanohybrids/ Hydrothermal /nanorods ) ;o [86]
40 ppm chemoresistive Detection limit: 5 ppm
Operating temperature: 200250 °C
Response: 586
H, Pd—%\e]zg)rjlted Magnetron sputtering Response/recovery time: 360/90 s 7]
1000 ppm chemore3sis tive method/films Detection limit: N/A
Operating temperature: 200 °C
H Pd-decorated Response /EE?:E?/Z? e:ti7rfle' 21/13s
2 SnO, / Hydrothermal /nanosheets P covery. ) [88]
20 ppm chemoresistive Detection limit: N/A
Operating temperature: 220 °C
Response: 82
H, PdO-d?corated Ultrasonic spray pyrolysis/ Response/recovery time: 53/78 s
NiO/ . L RN [89]
50 ppm - needle-like thin films Detection limit: 500 ppb
chemoresistive : o
Operating temperature: 250 °C
Pd@PdO/ Response: 96.2
H, v-Fe,O3@GC Solvothermal/core-shells, Response/recovery time: 21/29 s [90]
100 ppm Heterostructures/ microcubes Detection limit: 500 ppb
chemoresistive Operating temperature: RT
Response: 30
CcO NiO-MOF/rGO/ me tﬁgéi;ﬁgfsn;arlticle Response/recovery time: 30/70 s [91]
25 ppm chemoresistive apore atss Detection limit: N/A
881¢8 Operating temperature: RT
Sol-gel Response: 3.8
Cco SnO,-PdOx/ & . Response/recovery time: N/A
. method/nanoparticle . .. [92]
50 ppm chemoresistive Detection limit: 7.33 ppm
aggregates

Operating temperature: 500 °C
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Table 1. Cont.
Target SMO/Mode of Synthems . Sensor
. . .. Technique/Particle Ref.
Gas/Concentration Signal Transmission Parameters
Morphology
Cco 2 P L Response/recovery time: 200/800 s
nanowires/ vapor-liquid— Lol [93]
300 ppm L . Detection limit: N/A
chemoresistive solid growth . o
. . Operating temperature: 250 °C
mechanism/nanowires
Radio frequenc Response: 15
CcO Lag gSrp,Co0O3/ quency Response/recovery time: 120/3000 s
: ; magnetron sputtering/thin S [94]
330 ppm potentiometric films Detection limit: 10 ppm
Operating temperature: 600 °C
Hyire(iﬁz)ecli‘r/nal Response: 14.8
Cco ZnO/SnSey / Response/recovery time: 19/13 s
. rod-shaped, .Y [95]
200 ppm chemoresistive Detection limit: 10 ppm
polyhedral . .
Operating temperature: RT
nanostructures
Response: 4.8
CcoO Pt-SnO, / Chemical oxidation in Response/recovery time: 1/3 min [96]
500 ppm chemoresistive solution/nanoparticles Detection limit: 50 ppm
Operating temperature: 350 °C
Response: 54
CO, BaTiO3-CuO/ Plasma enhanced chemical Response/recovery time: 30/230 min [97]
400 ppm chemoresistive vapor deposition/films Detection limit: N/A
Operating temperature: 300 °C
Response: 18.4
co, Ag doped ZnO/CuO Hydrothermal Response/recovery ’Flme:
1000 pom nanoflowers/ Method /nanoflowers 2.5-4.4/3.1-5.4 min [98]
PP chemoresistive Detection limit: 150 ppm
Operating temperature: RT
MoO Response: 15
CO, 3 Vacuum thermal Response/recovery time: 8/40 s
nanorods/ . . .. [99]
100 ppm L evaporation/nanorods Detection limit: 50 ppm
chemoresistive . o
Operating temperature: 250 °C
ZnO/CuO/RGO Response: 1.9
CO, nanocomposite/ Hydrothermal Response/recovery time: 19.1/32.5 s [100]
500 ppm radio frequency method /nanorods Detection limit: N/A
identification Operating temperature: RT
RT aqueous Response: 430%
NO; WS, /5n0,/ self-assembly/quantum Response/recovery time: 10/9 s [70]
5 ppm optoelectronic dot-decorated nanosheets Detection limit: N/A
heterostructure Operating temperature: RT
Response: 78%
NOx Au—%e;cgr/ated Colloidal templating /1D Response/recovery time: 110/100 s [71]
6 ppm . nanorods Detection limit: 550 ppb
chemoresistive .
Operating temperature: RT
ZnO/PbS . Response: 118.—122 Jo .
NO, . Hydrolysis/ Response/recovery time: 3/4 min
nanocomposite/ S [72]
1 ppm L nanorods Detection limit: 26 ppb
chemoresistive

Operating temperature: RT
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Table 1. Cont.
Target SMO/Mode of Synthems . Sensor
. . .. Technique/Particle Ref.
Gas/Concentration Signal Transmission Parameters
Morphology
Response: 213
NOx In, O3/ Hydrothermal /mesoporous Response/recovery time: 4/9 s [101]
10 ppm chemoresistive nanosheets Detection limit: 10 ppb
Operating temperature: 120 °C
Response: 5
NO, SnO,/ Hydrothermal/ Response/recovery time: 7/25 s [102]
5 ppm chemoresistive hollow nanospheres Detection limit: 0.1 ppm
Operating temperature: RT
Response: 14.9
NO, In, O3/ Response/recovery time: 14/32 s
800 ppb chemoresistive Hydrothermal/nanorods Detection limit: N/A [10]
Operating temperature: RT
Response: 4.59
NO, rGO-CeO,/ Solvothermal /nanosheets, Response/recovery time: 100/258 s
o SR [104]
10 ppm chemoresistive nanocrystals Detection limit: 0.3 ppm
Operating temperature: RT
Response: 40
NO In, O3/ Co-arc- Response/recovery time: 10 s/4 min [105]
50 ppm chemoresistive discharge/nanoparticles Detection limit: N/A
Operating temperature: RT
Response: 1.545
NO; Ag-(;(;cgr/ated Modified polymer-network Response/recovery time: 150/50 s [106]
5 ppm - gel route/nanoparticles Detection limit: <500 ppb
chemoresistive .
Operating temperature: RT
Calcination Response: 3.3
NO Pt/ SnOz-WQ3 / method /nanoparticle Response/ recovery time: 40/206 s [107]
1000 ppm chemoresistive ageresates Detection limit: 10 ppm
8818 Operating temperature: RT
Response: 27.5
SO, Sol-gel Response/recovery time: 40/206 s
LaNiTiO3/potentiometric =~ method/nanoparticle R ' [108]
5 ppm ageregates Detection limit: 0.05 ppm
881es Operating temperature: 510 °C
. Response: 3.47
SO, 1O, /rGQ Calcination method/thin Response/recovery time: 456/134 s
nanocomposite/ . . o [109]
20 ppm .. film Detection limit: N/A
chemoresistive -
Operating temperature: RT
. . Response: ~100
SO, ZnO/ Microwave-assisted Response/recovery time: N/A
L. hydrothermal/ . . [110]
50 ppm chemoresistive nanorods Detection limit: 5 ppm
Operating temperature: 200 °C
Sn-doped Response: 78.14
SO, p The microwave irradiation Response/recovery time: 17/200 s
Al,O3/ . N [111]
300 ppm s method/nanoparticles Detection limit: 10 ppm
chemoresistive . °
Operating temperature: 250 °C
Response: 4
SO, Cu-SnO,/ Hydrothermal Response/recovery time: 14/17 s [112]
5 ppm chemoresistive method/nanosheets Detection limit: 1 ppm

Operating temperature: 300 °C
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Table 1. Cont.
Target SMO/Mode of Synthems . Sensor
. . .. Technique/Particle Ref.
Gas/Concentration Signal Transmission Parameters
Morphology
Response: 50
SO, WO;/ Hydrothermal method/ Response/recovery time: 18/11 s [113]
5 ppm chemoresistive nanoparticles Detection limit: 1 ppm
Operating temperature: 260 °C
. e Response: 35
SO, v-Fe, O3 /surface Chemical precipitation Response/recovery time: 65/65 s
. method/ . . [114]
20 ppm acoustic wave Detection limit: 2.5 ppm
nanorods .
Operating temperature: RT
. Response: 6
SO, Ni doped Low temperature polyol Response/recovery time: 50/~2000 s
SnO, / route/ . g [115]
10 ppm - . Detection limit: 3 ppm
chemoresistive nanoparticles )
Operating temperature: RT
Response: 83.75
SO, PVE/TiO,/ Solution casting technique/ Response/recovery time: 66/107 s [116]
600 ppm chemoresistive nanocomposites Detection limit: 40 ppm
Operating temperature: 150 °C
Response: 12
SO, Sn0,/MoS, Hydrothermal method/ Response/recovery time: ~300/~600 s
heterostructure/ A [117]
15 ppm e nanospheres Detection limit: 1 ppm
chemoresistive .
Operating temperature: RT
e Response: 8.65
CH,y Pd I;I?Sl/ﬁed Hydrothermal Response/recovery time: ~700/~250 s [79]
100 ppm - method /nanosheets Detection limit: N/A
chemoresistive : °
Operating temperature: 200 °C
. T Response: 65.6
CHy Pt-SnO, / Chemical o>.<1dat10n m Response/recovery time: 1/3 min
ol solution/ RN [96]
1000 ppm chemoresistive nanoparticles Detection limit: 200 ppm
P Operating temperature: 350 °C
Ag-modified Solvothermal Response: ?0'15
CHy - Response/recovery time: 118/119 s
ZnO/ route/flower-like AR [118]
5000 ppm chemoresistive microspheres Detection limit: N/A
p Operating temperature: 200 °C
e - Response: 6.89
CHy ZnO/g-c3N4 Precipitation-calcination Response/recovery time: ~700/~300 s
composites/ route/ . A [119]
1000 ppm . Detection limit: 500 ppm
chemoresistive nanospheres .
Operating temperature: RT
Response: 57
CHy TiOy/ Hydrothermal method/ Response/recovery time: 99/162 s [120]
60 ppm chemoresistive nanofibers Detection limit: 5 ppm
Operating temperature: RT
Response: 1.16
CHy Pd/In, O3/ Hydrothermal method/ Response/recovery time: 13/27 s [121]
1000 ppm chemoresistive nanoflowers Detection limit: N/A
Operating temperature: 340 °C
. s Response: 1.3
CHy NiO-modified HydrothermaI. Response/recovery time: 33/64 s
In, O3/ method/flower-like R [122]
1000 ppm . Detection limit: N/A
chemoresistive structure

Operating temperature: 350 °C
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Table 1. Cont.
Target SMO/Mode of Synthems . Sensor
. . .. Technique/Particle Ref.
Gas/Concentration Signal Transmission Parameters
Morphology
Response: 1.2
CHy4 TiO15/Zn0O/ DC magnetron sputtering/ Response/recovery time: 430/228 s [123]
1000 ppm chemoresistive nanoparticles Detection limit: N/A
Operating temperature: 300 °C
Response: 60
CHy Pd-doped Screen printing/ Response/recovery time: 8/73 s
SnO,/ e R [124]
400 ppm chemoresistive thick films Detection limit: 50 ppm
Operating temperature—350 °C
. Response: ~8
CH, V,0s5/ Dt(; cr}?r?igr:le;;c})lrileﬁ;lct}tszgllg Response/recovery time: ~600/~550 s [125]
50 ppm chemoresistive q Detection limit: N/A

nanostructures Operating temperature: 100 °C

Analysis of the available literature shows that different variations of metal oxide
compounds are employed to fabricate layers sensitive to Hy, COx, NOy, SOy, and CHy
gases: from simple metal oxides to nanocomposites and/or heterostructures based on them.
For instance, the decoration of metal oxide layers and the production of 1D and flower-like
structures are popular techniques (Figure 1). The range of sensory properties of the metal
oxide layers under consideration indicates that the final properties of the obtained selective
layers rely on the structure, morphology, phase, and chemical composition of the metal
oxides, which in turn can be alternated via the synthesis method and processing parame-
ters. Numerous studies confirmed these observations [90,126,127]. The morphology and
structure of SMO particles also have an impact on the electrical properties of metal oxide
materials [113,128,129]. According to data presented in Table 1, the hydrothermal method
is the most widely used synthesis method due to its simplicity and the potential to vary the
particle morphology across a broad range. Nonetheless, other methods including sol-gel,
CVD, electrospinning, and magnetron sputtering have also been extensively studied.

Sensor configuration is another significant aspect, which shall be considered for the
development of high-performance sensing devices. Thus, in the case of NO detection at
room and low temperatures, memristor-based sensors (Figure 1d) [130,131] appear to be
the most promising candidates due to their miniature sizes, simple operation, low-cost
manufacturing, and easy integration [132].

Furthermore, the data in Table 1 indicates that researchers primarily focus on iden-
tifying the aforementioned gases within the following concentration intervals: Hj: 5 to
100 ppm; COx: 25 to 1000 ppm; NOy: 1 to 1000 ppm; SOx: 5 to 600 ppm; CHy: 50 to
5000 ppm. According to the literature, feasible responses for these gases of 586, 54, 430, 100,
and 65.6, respectively, have been achieved so far. Regrettably, the selectivity of metal oxide
sensors is not often considered by scientists, remaining mostly understudied. However, the
information available in the literature shows a wide range of selectivity values depending
on the nature of associated gases. For instance, the selectivity of hydrogen sensors ranges
from 1.3-156 [85], carbon monoxide sensors from 25-37 [92], and methane sensors from
6.3-68 [79,96]. The variation in metal oxide morphologies, doping, and the creation of
heterostructures allowed a reduction in response/recovery time of 10-20 s. Moreover, it can
be noted that there is a trend towards gas sensors operating at room temperature, which im-
plies researchers’ efforts to minimize energy consumption and reduce costs. This indicates
that researchers are increasingly making progress in creating highly sensitive, selective,
miniaturized, and energy-efficient sensors based on metal oxides. Thus, to date, metal
oxide sensors have demonstrated sufficiently high responses, sensitivity, and repeatability
at room temperature. However, some challenges remain in their development. These often
include low selectivity, insufficient lifetime, and problems in creating optimal geometric
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characteristics of the sensors [31]. Overcoming these shortcomings requires additional
in-depth theoretical (e.g., DFT modeling) and experimental studies, as well as the use of
modern micro-industrial approaches (e.g., 3D printing) to create the desired design and
reduce the time for sensor fabrication.

Figure 1. Typical nanostructures of metal oxides: (a,b) 1D structures. Reprinted with permission
from [131]. Copyright Creative Common CC BY license. (c-h) flower-like structures. Reprinted with
permission from [130]. Copyright Creative Common CC BY license.

3. Multisensor Systems/e-Nose Based on Metal Oxides for Environmental Monitoring

Most commercial gas analyzers have a wide range for the detection of gases but usually
employ different sensor types (metal oxide, electrochemical, optical, thermal, etc.) in one
device, which leads to increased costs, bulky systems, and reduced life span. According to
the data presented in Section 2, metal oxides are promising materials for creating affordable
sensors based on them; however, they suffer from insufficient sensitivity and selectivity.
The low-selectivity problem of SMO gas sensors can be solved by creating so-called e-nose
devices. Such systems are based on sensor arrays, which do not exhibit high selectivity but
rather require special statistical data processing, as well as the creation of gas signature
databases, which also leads to an increase in the costs and a narrowing of their application
scope [22,133]. The e-nose system overcomes the limitations of single SMO gas sensors by
collecting response patterns of the gas sensors in different conditions with different driving
temperature parameters [133].

Considering the fact that most air pollution has a complex composition, such multisen-
sory systems are essential for environmental monitoring. For instance, COy, hydrocarbons,
and suspended particles are the main components in automobile exhausts [22]. COx, NOy,
and SOy are emitted from combustion processes of coal, oil, and waste plants. Nitrogen
oxide can be attributed to fertilizer production. NOx and CHy are released by the digestive
processes in livestock waste management. Besides human activities, natural disasters are
other sources of air pollution. Thus, CO and NOy gasses are formed during wildfires, and
volcanic eruptions cause emissions of nitrogen compounds and SO, [134]. In the area of
environmental monitoring, e-nose systems can replace traditional analytical methods, pro-
viding real-time detection instead of costly analysis tools that often require long processing
time [135]. For instance, in contradistinction to the determination of odor concentrations in
gas samples by dynamic olfactometry [136], electronic noses can be used for continuous
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air monitoring and are able not only to measure the gas concentration but also to provide
information regarding odor type [135].

Some relevant parameters for the development of gas monitoring systems for envi-
ronmental applications are listed in Table 2. Furthermore, the greatest attention should
be paid to the set of characteristics, such as simplicity, rapidity, robustness, reliability, and
sensitivity [137].

Table 2. Requirements for environmental gas-monitoring systems [137].

Parameter/Specificity Example
Application type Qualitative/Quantitative analysis
Measurement type Continuous/Discrete
Device location In situ/Remote
Environmental Controlled /Variable, Harsh /Normal
Power Autonomous/Mains

To date, multiple research studies have been conducted on the detection of gas compo-
sitions using sensor arrays. Betty et al. demonstrated the real-time detection of NH3, H;S,
and NO, gases at room temperature using a SnO, nanocrystalline thin film. The developed
sensor showed not only sufficient selectivity to the detected gasses in the presence of other
interfering gasses but also high reliability with no changes in the response at high humidity
up to 98% [138]. In their work, Kang et al. confirmed the significance of deep learning
algorithms for the precise pattern recognition of sensor responses. The authors fabricated
a sensor array based on SnO,, In,O3, WO3, and CuO nanocolumnar films for real-time
selective CO, NH3, NO,, CHy, and C3HgO detection. The obtained sensor responses of the
gas sensor array to the target gasses overlapped in the specific concentration ranges. In turn,
it was possible to perform pattern recognition of the sensor signals by employing a con-
volutional neural network with a learning algorithm matrix (Figure 2). As a result, a high
accuracy of 98% for gas classification with a very short response time was achieved. In ad-
dition, the authors confirmed the possibility of simultaneous gas concentration predictions
with an average error of 10% [133].
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Figure 2. (a) Schematic illustration of the sensing data preprocessing; (b) structure of the convolutional
neural network for gas species recognition. Reprinted with permission from [133]. Copyright © 2022,
American Chemical Society.
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In general, multisensor systems are promising devices for air quality assessment,
gas detection, the quantification of specific compounds, and control processes at lower
costs. However, for real-time continuous environmental monitoring, specifically developed
and fine-tuned e-nose devices able to produce accurate and reliable results are required.
Simple instruments for the detection of gas leakage and the evaluation of gas concentration
are not suitable for these purposes [135]. The challenges of e-nose usage in the field of
environmental monitoring are mostly related to the adjustment of process parameters
for outdoor applications due to the instability of the sensor signal with variations in
temperature and humidity [139,140], cross-sensitivity to interfering substances [141], and
the problem of sensor response drift over time [142-144]. On the other hand, sensor array
systems are able to provide reliable results with high accuracy when the temperature and
humidity are kept at constant values [139], and the same is related to the presence of
other interfering gases [141]. The problem of sensor drift over time significantly affects the
device’s reliability. Thus, an investigation of sensor array performance in a long-term period
after sensor calibration demonstrated a radical deterioration of gas recognition over time
from 98% to 20% after 3 years [145]. To avoid sensor drift over time, periodic re-calibration,
as well as the use of specific software or specific equipment, is proposed [146,147].

4. Configuration and Geometry of Metal Oxide Sensors

The typical architecture of metal oxide-based gas sensors is generally represented
by a sensitive layer deposited on the substrate with electrodes. Electrodes are one of the
main elements of sensor construction and are used for the readout of the conductivity
change in the sensing surface layer depending on the presence of gas in the environment.
To date, several configurations of the electrodes of MOx sensors, such as cylindrical, disk-
type, interdigitated, and memristor-type, have been proposed (Figure 3). In cylindrical
gas sensors, the electrodes are deposited on or wound up around the cylindrical alumina
substrate and covered with a layer of sensitive material (Figure 3a) [148,149]. To produce
disk-type electrodes, the sensing material is sintered in pellet form and then the electrodes
are deposited on both sides of the pellet (Figure 3b) [148-150]. Two-finger electrodes that
comb parallel to each other with a fixed space between them form the interdigitated (IDE)
sensor configuration pellet (Figure 3c) [148]. In the memristor type or so-called top—-bottom
(TBE) sensors, the sensing metal oxide material is sandwiched between the top and bottom
electrodes (Figure 3d) [151].

@) Sensing materia (b) .
Gold wire ensing materia Wire Electrode

Heating wire
N

L Sensing material

Ceramic tube

(c) (d)

Figure 3. Configurations of the electrodes used in metal oxide-based gas sensors: (a) Cylindrical.
Reprinted with permission from [152]. Copyright Creative Common CC BY license; (b) disk-type;
(c) interdigitated; Reprinted with permission from [16]. Copyright Creative Commons Attribution
4.0 International License; (d) memristor-type. Reprinted with permission from [153]. Copyright @
2017 Elsevier B.V.
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The interdigitated and memristor-type sensors are the most widely accepted electrode
configurations of metal oxide-based gas sensors. IDE has an easy-to-produce stable ge-
ometry, which ensures a large active area between the electrodes, resulting in enhanced
electron conduction and reduced resistance of the sensitive film [148,154,155]. To fabricate
an interdigitated sensor, IDE electrodes are deposited onto the desired substrate (Si, glass,
or Al,O3) using the microfabrication process, such as pattering and lift-off, and then the
sensing material is coated on the top of electrodes [149]. The deposition of the sensing
material on already-fabricated electrodes allows one to avoid any damage to the sensitive
layer [150]. In the TBE geometry, one of the significant advantages is the equally small
thickness of the sensitive film and lower distance between the electrodes (below 2 um to as
low as 40 nm) [156]. The thickness of the MOx layer of only several tens of nanometers can
be achieved even without using sophisticated lithography methods, which in turn results
in a very small interelectrode distance and, therefore, a high electric field even at small
voltages [157]. Furthermore, the size of memristor-based sensors ranges from the nano- to
micro-scale, while a typical gas sensor is usually a few micrometers in size [132].

As the gas-sensing characteristics depend strongly on electrode spacing, including
the width of the digits and spacing between digits [148,158], an improvement in sensor
performance can be achieved by altering the electrodes’” geometry. For instance, a change
in the electrode gap size influences the resistance value, and consequently, the sensitivity.
A better gas sensor response is achieved when the spacing between electrodes is less
than the electrode’s width [159]. This is explained by the increased current conductivity
of the sensing film for the closed electrode spacing due to the short path for current
conduction. The wide gap between electrodes in turn results in current flow in both
horizontal and vertical directions, thereby sampling a wider area [150]. However, the
choice of the electrode gap size may also depend on the gas concentration. In their work,
Shaalan et al. investigated the effect of electrode spacing on NO, gas-sensing properties
and concluded that higher sensitivity to lower NO, concentrations was obtained for the
short gap size of 1 um. On the other hand, the authors observed that sensors with larger
electrode gaps (30 pm) became highly sensitive to high NO; concentrations [160]. A study
of the effect of micro-gap electrodes with gap sizes in the range of 0.1-1.5 um on sensing
performance demonstrated that the sensitivity to diluted NO; was almost unchanged
for gap sizes larger than 0.8 um but increased significantly with the decreasing gap size.
The enhanced sensing behavior for the smallest gap size of electrodes is explained by the
resistance change at two boundary types—the grain boundary and the electrode—grain
interface [161].

Nguyen Minh et al. designed nanogap IDE electrodes for gas-sensing applications with
controllable gaps in the range of 50-250 nm (Figure 4) and demonstrated that decreasing
the IDE’s gap from the micro- to nano-range leads to an improvement in sensitivity of up
to 35 times. The authors confirmed that the developed nanogap IDE can be used for the
detection of very small analyte amounts (as low as 6 ppm) and sensitivity could be further
enhanced by increasing the electrode area [162].

Similar to electrode spacing, electrode width contributes significantly to the electrode-
grain interface, and as a result, affects the sensitivity of gas sensors. Miyaji et. al. investi-
gated the sensitivity of WO3; microsensors with different electrode widths (10 and 50 um)
to NO, and found that the sensitivity values were 2-3 times higher for the sensor with a
50 um electrode width compared to the 10 um sensor [163].

Besides the electrode spacing and electrode width, the electrode position can also
contribute to the response of gas sensors. It has been assumed that the deposition of the
sensitive layer above the electrode provides a larger surface area for interaction with gas
molecules [154]. Nevertheless, the research work of Prajesh et al. on the positioning of
interdigitated electrodes with respect to the sensing layer demonstrated that the sensor
shows a significantly higher response to ammonia when the electrodes are placed above
the sensing film (45% sensor response with top placement of electrodes in contrast to 25%
sensor response for bottom electrode positioning). In this case, the enhanced gas sensor
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response is related to the fact that the majority of reactions between the gas and the sensing
film occur on the surface of the sensing layer, therefore the top electrode provides a more
accurate reading of the resistance changes compared to bottom-placed electrodes. The
electrode position becomes even more notable when the thickness of the sensing film is
higher than 100 nm since, in this case, the overall sensor response is highly dependent on
the surface changes [164].

(a) C Top finger electrode

Bottom finger electrode

Top electrode nanogaps Bottom electrode

(c)

Pa 1=62.09 nm

Au/Cr-Pd/Cr
top electrode

Au/Cr
bottom electrode

Figure 4. Interdigitated nanogap electrodes: (a) Overview and cross-section; (b,c) SEM images of the
bottom and top electrodes. Reprinted with permission from [162]. Copyright @ CC BY 3.0.

In this manner, interdigital and top—bottom electrode designs with controlled electrode
widths and electrode gaps in the nano-range are the preferable sensor configurations
to obtain high-sensitivity semiconductor metal oxide sensors. The variation in sensor
geometry influences the active area of the sensitive film, leading to the enhancement of
electron conduction and a reduction in resistance values, which in turn plays a major role
in sensitivity improvement.

5. Detection Mechanism and Parameters Affecting the Sensitivity/Selectivity of
the Sensors

5.1. Detection Models of Gas-Sensing Processes

Gas-sensing mechanisms for semiconductor metal oxide sensors have been extensively
studied and are generally well-understood. For SMO sensors, the interaction between
gas molecules and the surface and/or bulk of the oxide leads to a change in its electrical
properties, which can be registered and interpreted by appropriate measuring equipment.
The most commonly referred to theories are the electron depletion layer (EDL) theory
and the hole accumulation layer (HAL) theory, which describes microscopic changes in
the material itself, as well as the bulk resistance control mechanism and the gas diffusion
control mechanism, which describe the physical and chemical interactions between the gas
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and the sensing material [165]. These theories and mechanisms are often related and used
in combination for better modeling of the gas-sensing process.

The oxygen adsorption model is one of the most common models used to describe
gas-sensing processes for both n-type and p-type SMOs. This model suggests that the
gas-sensing properties of the SMO originate from the presence of point defects—oxygen
vacancies on the surface of the oxide, which eventually adsorb atmospheric oxygen to
form negative O,~, O~, and O?~ ions, taking electrons from the conduction band. This
process leads to the formation of a depletion zone near the surface and an increase in the
potential barrier at the oxide grain boundary. As a result of these phenomena, the oxide
surface behaves like an n-doped semiconductor, especially at high temperatures [166]. The
interaction with a reducing gas leads to a reduction-oxidation reaction with sorbed oxygen
anions, returning electrons to the conductivity band, shrinking the depletion zone, and
restoring electrical conductivity. Interaction with an oxidizing gas typically results in a
further decrease in conductivity. In p-type semiconductors, due to the metal-ion-deficient
defects, hole charge carriers are predominant. The hole accumulation zone is present,
which grows with the adsorption of molecular oxygen and the formation of oxygen anions,
leading to a decrease in electrical resistance. Interaction with the oxidizing gas leads to
a reduction in oxygen anions, its replacement by oxidizing gas atoms, enlargement of
the hole accumulation zone, and a further decrease in electrical resistance. Conversely,
exposure to a reducing gas narrows the hole accumulation zone and causes an increase in
electrical resistance [147].

In the case of the memristor-type sensors, the non-stoichiometry of the sensitive
layer plays an important role in the generation of oxygen vacancies, thus affecting the
overall sensing mechanism. Haidry et al. demonstrated that annealing of the Pt/TiO, /Pt
sensor structure results in the formation of two different zones in the sensitive layer: TiO,
composition near stoichiometry and non-stoichiometric TiO,. at the bottom electrode.
In turn, the thickness of the non-stoichiometric TiO,. zone plays a dominant role in the
sensing mechanism and may result in higher sensitivity due to the changes in the depletion
layer [153].

Another phenomenon that must be taken into account when considering the mecha-
nisms of gas sensitivity is chemical absorption/desorption itself. This process usually has
a small but measurable effect on the sensor response. The chemical adsorption of gases
on the surface of the oxide can lead to the formation of new compounds with different
electrical properties, which will affect the electrical conductivity of the sensor material, such
as the formation of SnS; on the surface of SnO, when sensing H,S gas [167]. In addition,
chemisorption can, in some cases, improve the sensitivity of the sensor in a vacuum or inert
atmosphere, as the gas can be adsorbed directly to oxygen vacancies, as described in [168]
for certain concentrations of Cl gas. In [82], the improved response of the SnO, sensor to
H; in a vacuum is also demonstrated, which was attributed to the chemical adsorption of
hydrogen and the subsequent shift in the valence band.

5.2. Parameters Affecting Sensor’s Performance

Surface morphology and particle size naturally affect the sensitive characteristics of
SMOs. Given the crystalline nature of metal oxides, they can form a variety of micro- and
nanostructures of different dimensions, densities, and geometries, dramatically changing
their electrical characteristics and interaction with different gases [169,170]. At a more basic
level, it is known that reducing the size of oxide particles can improve the sensing properties
of the sensor by increasing the specific surface area and reducing the surface charge
density [10,171]. With a sufficiently small particle size (less than two Debye lengths), the
electron depletion zone or hole accumulation zone extends over the entire thickness of the
oxide particle, resulting in the strongest response [166]. Considering the processes described
in the oxygen adsorption model, a high surface-area-to-volume ratio and the presence of
exposed planes with crystal defects improve the sensing characteristics of metal oxides.
The type of the exposed crystal facet directly affects the rate of chemisorption and electron
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transfer processes [82,166,172]. Changing the surface morphology can not only alter the
sensitivity of the sensor to a particular gas [83,101,173,174] but also enables the sensitivity
of the same material to different gases—in [175], the change in the sensitivity mechanism
depending on the surface morphology and the resulting detection of H,S and NO, using
dispersed nanoparticles and SnO; clusters is demonstrated. For instance, previous authors
have shown that a SnO; small nanoparticle film (Figure 5a) has more efficient contact with
plenty of conducting channels, leading to a larger current enhancement signal. In the case
of the SnO; big cluster film (Figure 5b), fewer conducting channels among clusters result
in a limited sensing signal. However, the morphology effect is strongly dependent on
the gas nature. Thus, the SnO, big cluster demonstrated better sensitivity towards NO,
down to ppb concentrations [169]. Xu et al. demonstrated control over the number of
oxygen vacancies on the surface of CeO; nanowires by controlling the composition of the
atmosphere during annealing [176]. With the help of precise control over the synthesis
conditions and modern approaches, such as refined GO and rGO synthesis and modification
procedures [177], and extensive use of organic precursors [178,179], it is possible to obtain
quite complex and exotic structures with defined morphologies. An example of this is the
CuO-ZnO cubic nanostructures with excellent sensitivity to acetone and a detection limit
of 9 ppb: such a structure promotes the formation of a large number of p-n heterojunctions,
which improves the sensor’s performance [179]. In [180], the authors developed a method
for the controlled synthesis of hollow GaFeO3 microcubes, which allows modulation of the
size and microstructure of such micro-assemblies. Tests conducted with this sensor with
such a morphology have shown an optimum response of 7.4 for 200 ppm of triethylamine
with a 9 s response time at 200 °C.
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Figure 5. Schematic of SnO; films of different morphologies: (a) small nanoparticles film; (b) big
cluster film. Adopted from [175].

Operating temperature is one of the key factors that directly affect the performance of
metal oxide sensors. For the majority of metal oxides, the normal operating temperature is
in the range of 150-500 °C, but depending on the type of oxide, surface morphology, and
target gas, it can be as low as room temperature or as high as 1100 °C [12,181-183]. The
process of chemisorption of oxygen and the formation of negative ions at a sufficient rate
usually occurs at higher temperatures [12,165], which, as mentioned above, is one of the key
elements of the gas-sensing process. In terms of chemical kinetics, an elevated temperature
accelerates the reactions that occur on the surface of the oxide [184]. The variety of effects
that the operating temperature has on SMO opens up interesting opportunities for gas
sensors. Particularly, at different temperatures, the response and sensing range of the
sensor can change as observed in [168], where, at temperatures of 300-400 °C, a WOs3
nanowire sensor demonstrated a decrease in response with an increase in the Cl, gas
concentration; at temperatures of 250 °C or lower, such a behavior was no longer observed.
Alternative sensitivities can occur at different temperatures, as shown in [185], where a
CuO thin-film sensor exposed to different VOCs demonstrated an enhanced response to
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2-propanol at 225 °C, while at 250 °C, the response to ethanol was significantly higher.
Even the changes at an ambient temperature in combination with humidity variations
can lead to false predictions of the gas source location when employing gas distribution
mapping algorithms [186]. The response speed can be altered significantly with the change
in operating temperature; a SnO, /rGO sensor in [187] demonstrated a decrease in response
time from ~400 s to almost ~200 s and faster recovery with an increase in the working
temperature from 200 °C to 250 °C. Taking advantage of the known patterns of temperature
effects on metal oxides, Yuan et al. achieved the detection of various VOC components
using a single ZnO sensor using temperature modulation and a general regression neural
network (GRNN) statistical model [81].

One of the important challenges constantly being faced by researchers is the efficient
operation of sensors at room temperature without sacrificing sensor performance. Room
temperature operation greatly expands the possible use of metal oxide sensors for wearable
and medical applications, in explosive atmospheres, and in low-power applications. In
recent years, much effort has been invested into solving this problem, opening up many
new possibilities. Particular attention has been given to photoactivated metal oxide sensors:
the use of UV radiation can improve the response and recovery time of sensors based
on unmodified ZnO, SnO;, and In,O3 at RT [84,102,103,188]. The change in the sensing
properties of SMO sensors in the presence of UV radiation is usually associated with
optoelectric and photocatalytic processes that can occur on the surface of the oxide. UV
radiation that has energies higher than that of the band gap of the metal oxide causes
the generation of electron-hole pairs in the sensing material that ultimately increases the
number of reactive adsorbed oxygen species [18,189]. Photoactivation with UV radiation
also intensifies adsorption/desorption processes [105] and may cause photocatalytic pro-
cesses to occur on the surface of metal oxide [76]. In [190], a polyaniline/NiO-loaded
TiO, sensor utilizing UV radiation showed high sensitivity to acetone (a minimum con-
centration of 176.2 ppb) and excellent stability at RT. The authors of [70] demonstrated
the use of WS, /5n0O; 2D /0D heterostructures with UV activation to achieve an improved
NO; response and fast response/recovery. Reduced graphene oxide and CeO, (rGO-CeO,)
heterostructures have demonstrated improved NO; sensitivity and response/recovery time
at RT in the presence of UV radiation [104]. Numerous methods have also been developed
to improve the performance of SMO sensors at room temperature without photoactivation.
Pedowitz et al. proposed a 6-MnO,/epitaxial graphene/silicon carbide heterostructure
that demonstrates selective sensitivity to NO, and NHj at room temperature [191]. The
use of rGO fibers coated with MoS,Se;., with an increased Se content in [192] allowed
the rapid recovery of the sensor surface with no additional heating. In [31], the authors
exhaustively covered the latest advances in the use of hybrid polymer—-metal oxide mixtures
as gas sensors operating at RT. The use of bimetallic Pt-Au particles on ZnO nanorods, as
demonstrated in [85], allows one to achieve a sensitivity of up to 250 ppm H, with fairly
high selectivity. Decoration with noble metals typically improves the sensing properties of
SMOs by increasing the sensitivity and response speed to certain gases (Hy, NO, NO;, H»S,
and CO), as discussed in detail in [29].

Humidity is one of the factors that affect the sensitivity and selectivity of metal ox-
ide sensors in real-world applications. In low-humidity conditions, water molecules are
chemically adsorbed at active sites on semiconductor metal oxide surfaces, resulting in
the formation of hydroxyl groups and mobile protons. At high humidity levels, all active
sites are occupied by the previously chemisorbed water molecules, leading to the forma-
tion of physically adsorbed layers on top of the chemisorbed layer. This results in the
formation of hydronium ions (H30%), and electrical conductance occurs due to proton
H* hopping between neighboring water molecules. Higher humidity levels also lead to a
reduction in chemisorbed oxygen anions and target gas adsorption due to competition with
water molecules [193]. This typically leads to reduced sensitivity and baseline resistance
drift [194]. Various strategies can be employed to negate the impact of humidity on SMO
sensors. Utilizing higher operation temperatures of up to 450 °C leads to the removal
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of hydroxyl ions from the sensor surface, resulting in a full signal recovery in several
minutes [181]. Nair et al. demonstrated that the formation of ZnO@MOF heterostructures
is promising for a reduction in humidity cross-sensitivity. In this case, the ZnO/MOF
interface acts as a diffusion barrier, resulting in the “trapping” of water molecules [195].
The formation of solid stoichiometric solutions of different oxides, for instance, Sn/Ti or
5Sn/Ti/Nb, was found to decrease the cross-sensitivity to humidity due to the lowering
of the interaction strength with water by surface modification [196]. Abdullah et al. pro-
posed a mathematical correction model to predict the corrected sensor response regardless
of humidity changes throughout the experiment. The developed model allowed them
to obtain more uniform sensor performances for more stable and reliable gas-sensing
operations [194].

5.3. Methods of Processing Sensor Signals to Improve Sensitivity/Selectivity of the Sensors

With the development of SMO sensor technologies, requirements for sensor perfor-
mance and efficiency have gradually increased, and new applications and tasks have
emerged. A logical consequence of recent advances in microelectronics, algorithms, statis-
tics, and artificial intelligence is the integration of these technologies into the field of
SMO sensors. New ways to improve sensor performance have been discovered, which
now include not only modifying the sensor structure or its chemical composition but also
optimizing the measurement process and processing of the sensor output. The classical
method of measuring the response of a metal oxide sensor is the measurement of resistance
change [182], but measuring changes in complex resistance [197], capacitance [198,199],
and measurements under alternating current conditions [200] allows us to enhance and
optimize the efficiency of sensors from multiple angles. This amount of data that can be
measured in real time requires adequate processing for its effective interpretation. Modern
equipment allows us to achieve such goals while offering low power consumption and
a compact form factor. The development of an integrated system consisting of a high-
electron-mobility transistor (HEMT) H; sensor and a readout-integrated circuit is described
in detail in [201]. HEMT’s performance typically suffers from process, temperature, and
voltage variations during the manufacturing process, which affects the repeatability of
measurements and limits their application. The proposed readout circuit can be integrated
with the sensor on the same chip and implements mechanisms of sensitivity nonlinearity
correction, noise suppression, and calibration at the hardware level with a power consump-
tion of only 3.1 mW and a resolution of 1 ppm. Another paper [202] demonstrated the use
of a Kalman filter and absolute-deadband sampling to process signals from four different
commercial gas sensors and determine the direction of the isopropyl alcohol “odor” source.
These processing techniques allow us to compensate for the relatively slow response and
recovery times of SMO sensors and detect quick changes in target gas concentrations.
In [203], Burgués et al. utilized similar algorithms, a quadcopter, and two commercial
SMO sensors to detect ethanol vapor sources in closed rooms and created a 3D map of
gas concentration with a special resolution of 1.38 m. Notably, the measurements were
conducted during continuous “sweeps” across the rooms, demonstrating the ability of the
proposed algorithm to be utilized effectively and interpret data from relatively slow SMO
sensors. The authors of [110] demonstrated the ability to effectively detect and distinguish
between three different gases (O, SOy, and NO;) in a mixture with a single ZnO-based
sensor. To achieve this functionality with an error of under 2%, resistance and impedance
measurements were used, followed by data processing by an artificial neural network.
Another previous paper [204] showed the use of conventional machine learning algorithms
(random forest, naive Bayes, support vector machine, and multilayer perceptron) to prepare
a dataset of various gas concentrations and interpret data from a single SnO, sensor, which
made it possible to distinguish formaldehyde, 2-propanol, toluene, and methanol and
estimate their concentrations.

However, the application of specific signal-processing approaches, for instance, ma-
chine learning algorithms and artificial neural networks, also introduces certain limitations
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and challenges specific to these technologies. The utilization of artificial intelligence pro-
cessing introduces additional inaccuracies due to the inherently imprecise nature of Al
algorithms. The application of even relatively basic machine learning techniques also adds
to the issues of algorithmic bias and the quality of the initial dataset used to train the
algorithm [205]. The initial dataset, known as the training dataset, generally comprises
various parameters including electrical conductivity, impedance, and relative humidity
for various concentrations of the target gas or a mixture of gases [159]. Calibrating metal
oxide sensors to account for physical variations in individual samples can be significantly
more difficult when using complex data processing algorithms and may require a new
training dataset [160,206]. These factors increase the complexity and hinder the use of these
technologies in cases where high reliability and confidence in the accuracy of the data are
required [205].

Despite these challenges, such technologies offer a new angle on improving the
performance of gas sensors. Clever use of the effects of nonlinearity and cross-selectivity,
which were previously considered undesirable, and modern data processing algorithms
have opened up new prospects for metal oxide gas sensors in non-critical applications.
It is safe to assume that the use of such approaches will continue to develop and will
bring the creation of full-fledged “electronic nose” systems and “smart sensors” closer than
ever before.

6. Conclusions

This article highlights recent advances in the field of semiconductor metal oxide gas
sensors for environmental monitoring (especially Hy, COx, NOy, SOy, and CHy4 gases),
underlines important factors that complicate the development of gas sensors, and discusses
the development of old and new solutions to these problems. The paper demonstrates the
extent of recent advances in the most common SMO sensors due to their high sensitivity,
ease of fabrication, ultra-small size, and cost effectiveness. In particular, it is emphasized
that 1D MOx nanostructures have significant potential for use in the next generation of
chemical sensors that will be very small, low power, inexpensive, and more sensitive than
existing commercial sensors. It is noted that recent research has aimed to develop low-
temperature sensors based on materials with high surface area and composites of metal
oxides with other metal oxides, carbon or polymeric materials, MOFs, etc.

For instance, according to the literature review, semiconducting metal oxides like SnO5,
Zn0, TiO,, and NiO are frequently studied as sensing layers for chemoresistive gas sensors
to monitor gases such as Hy, COy, SOy, NOy, and CHy in the environment. Herewith,
the increase in sensitivity and the reduction in the operating temperature can be achieved
via metal oxide decoration or creating metal oxide-based nanomaterials/nanocomposites.
Hydrothermal synthesis is the most frequently used approach to produce metal oxides.
Research on room-temperature sensors based on metal oxides is increasing. The sensors
can achieve a response of 100 or more with short response and recovery times of up to
10 to 20 s, respectively. This shows that researchers are making significant progress in
developing highly sensitive, selective, miniaturized, and energy-efficient sensors based
on metal oxides. However, there are still some challenges in the development of metal
oxide gas sensors. For instance, the selectivity issue is often overlooked by researchers
and not often considered in scientific articles, remaining one of the main drawbacks of
metal oxide sensors. Furthermore, insufficient lifetimes and challenges in creating optimal
geometric characteristics require further in-depth studies to develop sensor devices with the
desired design and at reduced fabrication times. In addition to the material’s properties, the
electrode spacing, electrode width, and electrode position can also significantly contribute
to the response of gas sensors. Accordingly, the configurations and geometry of SMO
sensors have been analyzed in the manuscript. It has been concluded that among different
electrode configurations, including cylindrical, disk-type, interdigitated, and memristor-
type, interdigitated and memristor-type are the most widely accepted due to the possibility
of enhancing sensor performance by altering the electrode’s geometry.
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The sensitivity mechanisms of sensors and the factors that affect their performance
are broad topics that are difficult to cover concisely. Therefore, only the main aspects of
the gas-sensing process in metal oxide sensors have been identified and briefly described,
such as the oxygen adsorption and chemisorption model, and the influence of operating
temperature, humidity, and surface morphology. Despite being researched for a long time,
there is still much effort being made to ensure metal oxide sensors work efficiently at room
temperature and obtain the most optimal surface structure for sensitive oxides. Some of the
studies reviewed in this paper have shown excellent results, demonstrating that significant
progress is being made in this direction. Sophisticated nanostructures and sensors that
effectively sense a wide range of gases at low temperatures have been developed.

The clever utilization of nonlinearity and cross-selectivity effects, previously con-
sidered undesirable, along with modern data processing algorithms have brought new
opportunities for metal oxide gas sensors. It is reasonable to assume that the use of these
approaches will continue to evolve and will bring us closer than ever to creating fully
fledged “electronic nose” systems and “smart sensors”. Considering the complex composi-
tion of most air pollutants, multisensory systems are promising devices for environmental
monitoring, including air quality assessment, gas detection, the quantification of specific
compounds, and control processes. The employment of such systems allows us to over-
come the insufficient selectivity of single-semiconductor metal oxide sensors; however,
specifically developed and fine-tuned data-processing tools are required to obtain reliable
results with high accuracy for real-time continuous environmental monitoring.
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