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With a rising emphasis on public safety and quality of life, there is an urgent need to ensure optimal air quality, both
indoors and outdoors. Detecting toxic gaseous compounds plays a pivotal role in shaping our sustainable future.
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| 1. Introduction

Due to rapid industrialization and urbanization, the world is facing the problem of severe air pollution. This is witnessed by
the increasingly large amounts of toxic and pollutant gases released into the environment, one of the negative aspects of
the industrial revolution. The demand to improve public safety and quality of life due to the development of different
industry sectors and the issues related to air pollution are significantly growing. These pollutants usually contain toxic
gases such as CO, SO,, NO,, and H,S that can harm humans, their surrounding atmosphere, and the environment
through ozone depletion, acid rain, and the greenhouse effect . The harmful effects of such gases on human health are
so severe that industrial workers exposed to such gases need a safety gas alert system capable of detecting and
quantifying harmful chemicals and gases. Detecting dangerous gases is becoming increasingly important for indoor and
outdoor air quality monitoring in houses, office buildings and factories, public safety, and mining and energy industries 2.

Gas sensors are also widely used to measure greenhouse gases. Furthermore, studies are being undertaken to detect
some of these gases in breath, including nitric oxide (NO), ethane, and NHg, for diagnostic applications. They also act as
biomarkers for different pathologies B4l The detection of volatile organic compounds (VOCs) is thus of significant
importance . There is a tremendous need for simple and portable sensors that can measure gases sensitively,
selectively, and easily in real time to analyze gases efficiently. As a result, simple, on-site, real-time monitoring of air
quality and pollutant content is vital for protecting human health from poisonous and dangerous gases. Meanwhile, there
is also a need for such devices to safeguard human health in various situations, including food protection and public
security. As a result, the demand for developing small-sized, lightweight, and portable sensing devices has drastically
increased. The global gas sensors market is projected to reach USD 2.1 billion by 2027, growing at a compound annual
growth rate (CAGR) of 8.9% 8. For this purpose, numerous sensing techniques, such as calorimetric, thermoelectric,
optical, and chromatographic methods, have been applied . However, most of these techniques have disadvantages,
such as relatively high cost, low sensitivity and selectivity, poor design, and a need for additional equipment; some even
lack portability [ZI.

| 2. Sensing Materials
2.1. 2D Nanostructures

These 2D nanostructures have gained broad interest owing to their superior electronic and material properties and high
photo-response. Numerous studies have shown the exceptional physical/chemical properties of 2D nanostructures and
their wide range of applications in healthcare, defence, environmental monitoring, and food safety. These 2D
nanostructures, such as graphene, graphitic carbon nitride (g-C3Ny4), poly-types of transition-metal dichalcogenides
(TMDC or TMD) materials (for example, MoS, and WS,), and oxides of group B elements such as MoO3;, WO3, and
MnO,, can have exceptional electrical, chemical, physical, and optical properties, with high electrical conductivity, electron
mobility, and a large surface area. These are attributes that are highly beneficial in sensing applications &, allowing the
use of these materials in photoelectrochemical, field-effect transistor (FET), fluorescence, surface-enhanced Raman
scattering (SERS), and colorimetric biosensors [£.



Graphene, hexagonal boron nitride (h-BN), and metal dichalcogenides, MX, (M, transition metal; X, chalcogen atom),
have dominated the spotlight. For instance, the application of 2D titanium carbide MXenes for detecting various gases
pollutants is proposed by Simonenko et al. to take advantage of lowering response and recovery times, increasing
sensitivity and stability, and improving sensitive functionality in humid atmospheres 9. The latest advancements in device
integration, microfabrication, and material and device processing make it possible to integrate materials such as TizC,Ty
MXene-loaded 3D-substrates into lab-on-a-chip systems, which can analyze multiple analytes in the gas form [,

2.2. Carbon Nanomaterials

Developing sensitive nanomaterials with a rapid response to detect and quantify low concentrations of gaseous pollutants
is a big challenge. Carbon nanomaterials have shown great potential to be efficient sensing materials due to their
exceptional characteristics like great sensitivity, high solid—gas interactions, and a superior surface-to-volume ratio 22!,
Optimizing key factors such as the physical structure and surface architecture of the deposited carbon nanomaterials on
the electrodes/substrates (e.g., porosity, thickness, and interface properties) should be deeply considered to achieve the
best device performance 13, On the other hand, two other key factors affect the sensitivity of carbon nanomaterial-based
gas sensors: surface area and electrical conductivity. These factors can be improved through the chemical modification of
the surface (e.g., surface functionalization with other nanoparticles, metal atoms, polymers, ionic liquids, enzymes, etc.)
(221 carbon-based nanomaterials are generally classified based on their geometric structures into three types of fullerenes
(spheres as in Cgg (soccer ball) or ellipsoids as in Cyg (rugby ball)), carbon nanotubes (CNTs, tube-shaped), and
graphene (single sheets of carbon atoms) 4. Gas sensors using such materials and their derivatives have been widely
demonstrated 15,

2.3. Conductive Polymers

Polymers are macromolecules with repeating structural units united by covalent connections. Although traditional aliphatic
polymers are usually insulators, polymers can also be electrically conducting. The conjugated backbones of CPs are their
primary building blocks. Due to the delocalization of electrons in a continuously 1t-overlapped orbital along the polymer
backbone, CPs, which are also referred to as conjugated polymers, possess some of the most interesting electrical and
optical properties. These properties are a result of the polymer backbone 28l As a result of their outstanding chemical and
environmental stability, biocompatibility, and unique optical and electrical properties, CPs have attracted considerable
attention in a wide range of scientific domains, such as chemistry, biology, electronics, and materials science [aa,

The attractive and distinctive optoelectronic features of CPs allow them to be exploited for numerous applications,
including gas detection. Flexible gas sensors that are constructed out of CP-sensing materials have drawn a lot of
attention due to their many advantageous properties. These properties include RT operation, tunable conductivity,
flexibility, environmental stability, low cost, and various functionalization options X8, A conjugated arrangement with
alternating single and double bonds, or a conjugated system linked with atoms which generate orbitals for a continuing
orbital overlap, appears to be an essential requirement for a polymer to conduct inherently. For polymers to be
electronically conducting, charge carriers and the orbital system that enables these carriers to move freely are necessary,
similar to the free electron movement associated with high conductivity in metals 2. Since the 1980s, CPs that are
solution-processable aromatic polymers such as poly(p-phenylene) (PPP), polypyrrole (Ppy), polyaniline (PANI),
polythiophene (PT), poly(3,4-ethyelenedioxythiophene) (PEDOT), and their derivatives have been utilized as active layers
(290 There are several ways to modify CP conductivity to achieve desired results. Doping modifies a polymer’s structure
chemically. Alternatively, CPs can be mixed with additives, including metals, semiconductors, acids, or surfactants. In a
study, an NH3-sensing composite was prepared by coating polymer sulfonic-acid-doped PANI with bacterial cellulose (BC)
nanofibers and co-doped with dodecylbenzene sulfonic acid (DBSA) and poly (2-acrylamido-2-methyl-1-propane sulfonic
acid) (PAMPS) [ BC/PANI-DBSA/PAMPS was successfully synthesized using an in situ chemical oxidation
polymerization technique. This synthesis method produced a profound structure of a nanoscale PANI layer connected to
the BC backbone. The homogenously coated three-dimensional network structure enabled faster gas
adsorption/desorption and electrical signaling.

Furthermore, a macromolecular sulfonic acid, PAMPS, made closer connections between the crystal islands because of
various interactions. Additionally, more sensing sites were created on the surface of the PANI, which enhanced the
structural stability of the DBSA doping and strengthened the conduction signaling of the material. The produced
chemiresistive sensor based on this macroscopic film had a simple device configuration. It displayed a sensing response
(defined as the ratio of the device’s intrinsic resistance to that in the presence of the target gas) of 6.1 up to 100 ppm, high
selectivity, and rapid response/recovery time of 10.2 s/8.6 s for 100 ppm with a LOD of 200 ppb to NH3 at RT. This easy
and versatile method for building sensing materials on nanofiber templates has potential in NHz-exposed areas.



The effectiveness of a nanohybrid sensor based on PANI, silver oxide (Ag,0), and GO (PANI-Ag,0-GO) was evaluated
for NO, sensing 22, The dispersed graphene and PANI/Ag,0 solutions in deionized water were combined to make the
composite sensor. The resulting solution was then dropped and dried over platinum microelectrodes attached to alumina
ceramic chips.

2.4. Nanohybrids

Detection of low traces of harmful toxic gases using nanohybrid sensors is increasing due to their low cost, feasibility, low
maintenance, simple structures, and capability to sense various types of gases [23. The conjugation of organic and
inorganic nanomaterials has introduced a new class of hybrid nanomaterials 4. In contrast to single-component
nanomaterials, nanohybrids offer versatile chemical and physical functionalities that are advantageous in various fields
(23], Nanohybrid sensors benefit from increased conductivity, porosity, catalytic activity, and optical and electrical potential,
with a low LOD for gases even at ppm concentrations [2411251(26]

Semiconductor-based gas sensors such as ZnO, SnO,, NiO, and CuO have attracted significant attention owing to their
good sensitivity, cost-effectiveness, and capability to detect a wide range of toxic gases. However, semiconductor-based
gas sensors suffer from low selectivity, surface defects, weak adsorption potential, and low anti-corrosive properties [24.
Nanohybrid-based sensors offer a new paradigm to attain selectivity with enhanced sensitivity. Polymers such as PT,
polyacetylene (PA), PEDOT, poly (phenylene vinylene) (PPV), PANI, and Ppy are among the CPs with potential use in gas
sensing as their conductivity changes upon exposure to gas molecules 28, Utilizing such polymers has the benefits of
high functionality, low cost, excellent stability, rapid response time, remarkable recovery, facile synthesis, and high surface
area. However, poor sensitivity, selectivity, response, and recovery restrict their gas-sensing capabilities. Incorporating
semiconductors and inorganic nanomaterials in polymer-based nanohybrid sensors, such as metal oxides and metal
oxide semiconductors, enhances their sensitivity, stability, and response by increasing the surface area and allowing the
detection of a wide range of gases 22139,

2.5. Metal Oxide Semiconductors

MOS materials have been extensively used in gas sensing due to their simple structure, simple and established
manufacturing process, compatibility with microelectronics manufacturing, low-cost, excellent response, and long-term
stability B, As a result, MOS materials and their use in gas sensing have been extensively studied over several decades.
The use of metal oxide gas sensors goes back to 1962, and it was realised that the resistance of such films changes in
the presence of CO,, toluene, and propane gases at a specific temperature B2, This chemiresistive characteristic of
semiconductor materials has made them ideal candidates for gas sensing. Initially, MOS gas sensors suffered from high
power consumption and complicated fabrication processes, which hindered their application. However, in 1986, gas
sensors based on SnO, were commercialized 231341,

The adsorption/desorption of gas molecules onto the surface of semiconductor-based sensors leads to changes in
electrical parameters, which determine the presence of analyte molecules in the environment. Subsequently, the analyte’s
composition and chemical structure and the semiconductor materials’ morphology significantly impact the operation of
chemical gas sensors. Therefore, the right sensing material choice is critical in detecting gaseous compounds in the
environment B2IBEIS7ISE The yse of MOSs to detect SO, gas in wearable sensors is increasing. MOSs such as ZnO,
Sn0,, and In,03 are relatively inexpensive, highly sensitive, and easy to fabricate 22, Nanostructured ZnO-based MOS
gas sensors, representative of n-type semiconductors, offer certain advantages including non-toxicity, cost-efficiency,
rapid response, and stability. These attributes make them notable candidates in the realm of gas sensing, especially for
wearable devices. The 1D ZnO nanostructure-based sensors have demonstrated the ability to detect gases like NO,,
NHs, CHa, H,, and C3Hg, though the sensitivity largely depends on specific operating temperatures 4941 However, it is
crucial to highlight that the choice of the best material is influenced by application-specific requirements. Comparing the
performance of ZnO with other metal oxide materials under standardized conditions would be imperative for a
comprehensive analysis. In addition to ZnO-based 1D nanomaterials, advancements in gas sensing also focus on other
one-dimensional semiconductors, such as Pd-doped 1D tungsten oxide nanowires 42,

| 3. Wearable Substrates and Conducting Electrodes
3.1. Paper-Based (PB)

A PB substrate can also be employed as a starting substrate for manufacturing flexible and wearable gas sensors. Paper
is becoming more popular in electronic devices as a flexible, low-cost, lightweight, tailorable, environmentally friendly,
degradable, and renewable material. Since they degrade quickly, they can reduce the quantity of electronic garbage



created for future generations. In recent years, numerous PB sensors have been described for wearable applications. PB
gas, humidity, and strain sensors are among the most widely researched PB sensors. In general, electrodes are required
for PB sensors. When compared to other substrates, PB substrates have an increased surface roughness and the
existence of holes, both of which prevent them from being compatible with high-quality thin film deposition and transfer.
Compared to other substrates, PB electrodes may be made using several processes, including printing, magnetron
sputtering, conductive tape pasting, and pencil drawing 43, Electrode production techniques such as printing, and
magnetron sputtering can be applied on various substrates. Simple, low-cost, solvent-free processing methods such as
pencil drawing and conductive tape pasting, which take advantage of the rough surface of the paper, can be used to make
the electrodes of PB sensors. The sensing materials employed to construct PB gas sensors include carbon compounds
and derivatives, MOS, and organic materials. Among these sensing materials, carbon compounds and their derivatives
are particularly helpful. Because paper is not resistant to heat, traditional MOS gas-sensing materials that perform well at
high temperatures are challenging. Furthermore, PB substrates are unsuitable for detecting VOCs due to their high
hygroscopicity. This is because absorbed humidity affects conductivity more than the presence of the target VOCs 4. PB
moisture sensors have been demonstrated for tracking respiration rates and patterns 42, These sensors are based on the
propensity of paper to absorb moisture from its surroundings. Gas sensing has a wide range of applications, and it would
be simple to print and attach a sensor like this to a human body.

Write printing is a method of printing that involves applying a solution of functional components to a surface with pens or
other writing implements. When expelled from the nozzle tip, functional ink for write printing must harden fast. Printed ink
should meet electrical, mechanical, and thermal standards to produce high-performance wearable sensors. For example,
write printing technology has created PB wearable gas sensors of nearly “zero cost” 43l These PB wearable gas sensors
can achieve sufficient precision, ecological sustainability, and durable operation under high relative humidity (RH) settings
due to appropriate printing materials and structural design.

3.2. Polymer-Based Sensors

Polymeric materials have gained popularity in sensing applications due to their processibility, durability, and low cost 241, A
recent study on polymeric sensors focuses on a nhanocomposite of polypyrrole and TiO, to detect volatile gas analytes
such as ammonia, acetone, and ethanol. The distinguishing characteristic of this nanocomposite is that it is wrapped in
poly-methyl methacrylate. Synthesis of polypyrrole was achieved through chemical oxidative polymerization of the pyrrole
monomer. Gaseous analytes were detected with TiO, nanoparticles in the composite structure. TiO, is advantageous as it
can endure temperatures as high as 600 °C, is abundant, has good stability, and is easy to process 8. After the
individual components of the composite material were prepared, the ternary nanocomposite was designed through
physical methods such as grinding and mixing. The stoichiometric ratio of TiO, to polypyrrole was taken as [1:1]. This ratio
is critical as it helps obtain a composite of strong adsorption after 30 min of manual grinding. The gas-sensing
performance of the nanocomposite was assessed with three different gases, as mentioned previously. The composite
material was subjected to an air atmosphere to simulate real application conditions. The resulting composite material
shows the highest sensitivity to NH3. Although this study does not propose a wearable solution for gas-monitoring
technologies as it is a fiber-optic sensor, it is nevertheless easy and fast to fabricate, and it is a promising technology and
approach for future wearable sensor technologies 48!,

A wearable chemiresistive CP-based NHj3; sensor was developed by constructing porous and neural-network-like
electrospun films 4. The intriguing characteristic of this sensor is that Au/Ppy was employed. The structure of the
developed material (3D interconnections), the porous structure, and the synergistic effects between Au and Ppy
nanoparticles make a sensitive sensor for NHs detection and monitoring. The neural-network-like structure of the
composite provides a practical pathway for signal transferring throughout the film, resulting in the effective transfer of
electric signals from NHs-Ppy active sites to the working electrodes. The porous and hollow capsule-like structure is the
key to fast and responsive detection of NH3. This structure allows for fast doping and re-doping between NH3 and Ppy
capsules. This is especially important for detecting NHsz in the atmosphere quickly and effectively.

Another area of polymeric material research focused on fabricating cellulose acetate (CA)-based nanofibers and
nanofilms 48, The study aimed to detect H,S, which is crucial as it leads to respiratory problems 42, The study’s novelty
was using an environmentally friendly CA and an ionic liquid (glycerol) to facilitate charge transfer within the composite
matrix. Ppy, a CP, and tungsten oxide (WO3) doping achieved the sensor’s conducting properties. Chemiresistive sensing
nanofilms were prepared by solution casting, whereas nanofibers were prepared by electrospinning. The final sensor was
fabricated and assembled by placing films/fibers between two plates of copper (bottom) and stainless steel (top).
Stainless steel was chosen as the top contact as it is resistant to the corrosive effect of H,S. Heatproofing of the sensor
was accomplished by using a conductive silver paste covering all the layers. Assessment of the H,S sensing capabilities



of the sensor was carried out with a mass flowmeter, subjecting the sensor to H,S flows at a fixed rate and different
concentrations (1-50 ppm). In addition, the sensor’s performance was tested under varying temperature conditions. This
allows the testing of the sensor under different weather conditions. Test results revealed that nanofilm and nanofiber
sensors could operate above 20 °C and have a minimum LOD of 1 ppm. In addition, the sensors showed a fast response
time, nearly half a minute, with a quicker response time of 22.8 s. The sensors’ distinctive reproducibility properties, long-
term stability, and low humidity dependence make them great candidates for application in outdoor and indoor
atmospheres [48],

3.3. Textiles

Textiles are a suitable substrate for the realization of wearable gaseous pollutant sensors, as such an approach would
render the integration of such sensors with clothing trivial. Several characteristics make textiles attractive. These include
their durability, breathability, and washability. Due to their availability, silk and cotton are the most commonly preferred
textile fabrics [BUEL, Cotton fabrics have gathered significant attention due to their high flexibility, low cost, high moisture
absorption, strong mechanical strength, good biocompatibility, and biodegradability. They can also be integrated into
smart clothing B2, Furthermore, encapsulation is essential in wearable sensor technologies regarding atmospheric

conditions. Encapsulation of electronic sensors ensures a waterproof coating and acts as a shielding layer for human skin
(53]

Graphene shows excellent performance in gas sensing; however, it also displays poor adhesion when used on textile
materials. Research addressing this gap used amyloid nanofibrils to fabricate graphene-based electronic textiles (e-
textile) 4. Amyloid nanofibrils were used as a bio-inspired adhesive, promoting adhesion between the graphene flakes
and the cotton yarn. Graphene flakes provide active sites for NO, molecules to absorb, enabling the detection of pollutant
gas in the environment. These interactions induce an increase in the electrical conductance of graphene.

Response characteristics of the e-textile yarns were measured through exposure to a constant concentration of NO, (100
ppm) over 15 min, and electrical current differences were plotted (Al = | — ). Among all textile composites examined,
RGO/FBLG/CY had the best monitoring performance regarding NO,. In addition, the sensitivity of all materials was
investigated by exposing them to NO, between the concentration range of 0—100 ppm. The results show that, similarly to
the results in monitoring performance, RGO/FBLG/CY achieved the highest sensitivity of 1 ppm, whereas the following
best composite showed sensitivity between 3-5 ppm. RGO/FBLG/CY has the best performance among all five examined
materials because amyloid nanofibrils retained the best affinity for GO flakes, as the GO flakes provided large binding
sites for NO, molecules. The selectivity tests were performed, and RGO/FBLG/CY showed a high response to NO, and
no reaction for N, acetone, CO, CO,, NH3, and NO. The negative response to NH3 exposure can be attributed to the
electron donor characteristics of NH3 on the rGO flakes, which results in decreased electrical conductivity. Finally, the
humidity test revealed that RGO/FBLG/CY does not exhibit any change in electrical conductivity under humidity.

3.4. Stretchable Electronics

Standard electronics and microelectronics are primarily based on thick, rigid, and fragile substrates. For example,
traditional printed circuit boards (PCBSs) typically use flame retardant (e.g., FR4) or other substrate materials. At the same
time, bipolar junction transistor (BJT), bipolar complementary metal-oxide-semiconductor (BiCMOS), and CMOS
technologies are traditionally based on silicon wafers. Wearable applications necessitate a move away from these
technologies and into devices and systems that are flexible and ideally stretchable. The human body and skin are not flat,
rigid surfaces; they are in constant motion and soft, flexible, and stretchable. The inconsistency between the mechanical
properties of skin and electronic devices can lead to many issues; for example, the wearable device might get damaged
due to the continuous motions and can fail or become detached from the skin or the wearer can also become injured from
prolonged device use. Depending on the sensing modality, it can also lead to recording noise signals and motion
artefacts. Other issues are related to the wearability and intrusiveness of the devices, which can create emotional stress
for the wearer or a feeling of intrusiveness.

In contrast, recorded data may be biased by the wearability factor, as the device itself may prohibit the wearer from
performing daily tasks 53, First-generation wearable devices have become widely available over the last ten years.
However, these are rigid devices that are limited in functionality. It has, thus, become obvious, driven by current market
and societal needs, that advanced next-generation technologies are needed to improve wearable devices’ wearability,
form factor, un-intrusiveness, and ubiquity. Flexibility and stretchability are key factors in this direction. Technologies and
devices can be divided into techniques and devices realized through standard clean-room-based microfabrication and
additive manufacturing approaches. Microfabrication techniques (thin-film deposition methods, photolithography, etc.) can
lead to high-quality and performance devices with high resolution. However, they require high-cost, complex fabrication



tools and facilities. Additive fabrication techniques (stencil screen, inkjet, extrusion-based printing, laser carbonization,
etc.) are lower-cost simpler technologies, which, however, are limited in resolution B2IBEIB7BE] Many devices have been
demonstrated using such techniques, including strain/pressure sensors, interconnects, and electrodes. Hybrid
technologies exploiting the advantages of each of these families of technologies but also in combination with standard
rigid technologies have emerged to address the challenges of wearable applications, particularly since the performance
and level of integration of traditional microelectronics technologies cannot yet be rivalled. For example, the island-bridge
approach can be used to allow some components and the electrical interconnects to be highly flexible and stretchable and
rigid components to sit on islands, thus allowing a hybrid implementation 581,

As the substrates of on-body types of wearable gas sensors are in direct contact with the skin surface, they must be light,
thin, flexible, and, most importantly, breathable to avoid airflow blockage and inflammation resulting from sweating. A
sufficient stretchability provides appropriate stability to the sensor during movements. However, conventional flexible
substrates such as polyethylene terephthalate and polyimide have low stretchability in the flat film form, so their suitability
for epidermal electronics is low. Similarly, PB and textile substrates are unsuitable for manufacturing high-density circuits.
They also cannot be used for the deposition of high-quality sensing materials. Therefore, designing advanced stretchable
substrates with proper stability and durability becomes crucial in fabricating wearable sensing devices B2,

| 4. Sensor Types
4.1. Colorimetric

Colorimetric-based gas sensors can detect the presence of gaseous analytes and the concentration of the analytes
through chemical reactions, resulting in color changes in the sensor 89, The use of colorimetric gas sensors, such as
thread-based washable textile gas sensors, is increasing due to their low power consumption and low LOD, low cost,
selectivity, and multiplexity L. Additionally, the color changing of these sensors is easy to visualize and, hence, is
intuitive, attributions that make them ideal for application in monitoring of air quality, personal exposure tracking,
assessment of food quality, detection of hazardous chemicals, and breath analysis. In addition, using a smartphone
camera to analyze their response quantitatively is another attractive characteristic. Colorimetric sensors typically employ
various organic compounds for capturing target molecules, such as dyes, fetal organic complexes, and polymers €9,
Colorimetric sensors operate based on various mechanisms. One is based on the ring opening and closing reactions (€2,
Various dyes and organic compounds of aromatic structures with several conjugated T-systems can be used as
colorimetric sensors based on the ring opening and closing reactions. This leads to a change in the number of conjugated
11-bindings.

4.2. Optical

Optical-based gas sensors have the advantages of fast response (allowing rapid real-time detection) with minimum drift
(owing to absorption of gas molecules at a specific wavelength) and extreme gas specificity and sensitivity without
disturbing the gas sample. If they are appropriately designed, cross-response to other gases can be eliminated, which
makes optical gas sensors inherently reliable 384 Furthermore, optical gas sensors can distinguish various gas species
by comparing their unique gas optical fingerprints. Optical gas sensors, thus, exhibit remarkably high selectivity, with
exceptional physical and chemical stability compared to chemiresistive metal oxide sensors. There are several different
optical techniques available that are suitable for gas sensing. These include non-dispersive infrared (NDIR) sensing,
photoacoustic spectroscopy (PAS), tunable diode laser absorption spectroscopy (TDLAS), and spectrophotometry.

4.3. Electrochemical

Compared to traditional instrumentation approaches, which require specialized apparatus and complicated protocols,
electrochemical sensors have several distinct advantages when it comes to detecting environmental contaminants. As a
result, they have been applied in various applications, including clinical diagnostics, food safety and quality, biological
analysis, and environmental monitoring. These advantages include ease of use, low cost and power consumption, high
miniaturization, and relatively simple instrumentation 2. When it comes to wearable sensors, biocompatibility is an
additional consideration. Electrochemical gas sensors are relatively more specific than other methods to detect individual
gases and have ppm- or ppb-level sensitivity. However, similarly to semiconductor-based sensors, they suffer from cross-
response issues and have a limited lifetime [G8IEZE8] | addition, they are susceptible to temperature fluctuations; thus,
the temperature should be kept constant and ideally known €9,



4.4. Transistors

In these types of sensors, sensing is achieved through a transistor, mainly using the MOS FET. One advantage of
transistor-based sensors is that they have the potential for high miniaturization and a high level of integration with all the
necessary readout electronics in the form of a standalone integrated circuit. Consequently, they are highly suited for
wearable applications. Furthermore, they have the potential to overcome limitations found in other technologies
concerning size, power consumption, dynamic range, and sensitivity 29, On the other hand, although semiconductor-
based gas sensors are susceptible at the low ppm level, they suffer from changing humidity levels which can cause drift
and cross-response to other gases A7 The subject and fundamental operation of the various approaches for FET-
based sensing were recently reviewed 41,

4.5. Chemiresistors

Chemiresistive sensing is the most popular sensing approach. The use of chemiresistors has been accelerated in recent
decades due to their relatively suitable amenability for inexpensive portable devices. Gas-sensing approaches achieving
higher accuracy are typically more expensive and complicated and may even be unsuitable for wearable applications. The
mechanism of gas response is based on the change in surface resistance due to gas interaction 2, In most printed gas
sensors, chemiresistive structures are employed to detect trace gas amounts due to their response principles to gas
analytes through changes in channel conductance. The structure of a chemiresistor contains two pairs of electrodes
linked together by a film of sensing materials, e.g., metals or semiconductors. Interdigitated electrodes (IDEs) are often
employed to boost the sensing response. A known constant current or potential can be applied across electrode pairs.
The resulting voltage or current is then measured upon exposure to gaseous analytes to obtain the film’s resistance
through Ohm’s law, which is a function of a target gas's concentration 43,

The MOS family, including materials such as SnO,, ZnO, In,03, TiO,, and WOs;, is frequently used in chemiresistive gas
sensors. While CeO,, Fe,03, CdO, and CuO are also employed in various sensor applications, their primary use in
chemiresistive gas sensors is often as catalytic additives rather than primary sensing materials.

4.6. Self-Powered Triboelectric Gas Sensors

Triboelectric nanogenerator-based (TENG) self-powered gas sensors have gained interest as they enable the
development of portable gas sensors that do not require an external power source. These sensors require no
maintenance and are able to be miniaturized and portable 877 Self-powered active gas sensors function
simultaneously as an energy source and sensor. The TENG-based self-powered wearable gas sensors response is due to
changing the TENG output as the triboelectric charge density varies upon gas exposure Z8. Since triboelectricity involves
temporary electrostatic charge, which is a common phenomenon in most materials, the use of various material options is
possible. Triboelectricity is simply a friction-generated static electrical charge 2. Metal oxide semiconductors and
conducting polymers are commonly used as sensing materials in the fabrication of TENGs 89,

Self-powered high-performance MXene-based flexible wearable sensors driven by triboelectric—electromagnetic
nanogenerators are developed as multifunctional detection systems for gas and movement monitoring 8. The TigC,Ty
MXene/Ag-based TENGs fabricated by microelectronic printer and electrospinning devices performed successfully on the
finger and knee with high selectivity to ethanol with a long-term stability up to 30 days. The sensor response to ethanol
was also ~25 higher than that of chemiresistors (1],

| 5. Environmental Gaseous Pollutants Monitoring
5.1. Ammonia (NH3)

NHs3 is a dangerous gaseous chemical with serious health consequences. Exposure to excessive amounts of NH3 can
result in life-threatening effects. It is an odorless, water-soluble, and poisonous gas that can pollute the environment and
cause severe lung conditions (2. It has a high solubility in water-rich environments and contact with its vapors causes
acute irritation of the eyes, mucous membranes, and respiratory system. Despite the essential industrial role of NHgz in
petrochemical, plastics, textiles, explosives, and nitric acid manufacture, it is one of the most hazardous gaseous
pollutants. The USA National Institute for Occupational Safety and Health has defined legal safety limits for NH3 exposure,
with a concentration limit of 25 ppm for long-term exposure of 8 h and 35 ppm for short-term exposure of 15 min.
However, prolonged exposure to higher concentrations of NH3 gas can cause significant injuries or even death B3l Thus,
it is vital to identify low levels of this gas by providing sensors with superior precision and performance, specifically in
small dimensions for environmental purposes. Furthermore, NHs is reported as a general marker in many illnesses (e.g.,



kidney failure), as well as an index for food quality monitoring (e.g., fish) since some bacteria produce it as part of their
metabolic processes [&4],

Three-dimensional maze-like graphene nano-sheets with improved structure and thickness were prepared from two-
dimensional graphene nanosheets by plasma-enhanced CVD and applied for the chemiresistive RT detection of NH3 gas.
Due to H, plasma etching, the surface area and the number of defect sites were enhanced, which led to an excellent
performance of this platform with small-sized crystalline sensing nanomaterials 82l Trace amounts of NH3 gas (10 ppm)
were also measured at 40 °C on a polyaniline nanofiber/SWCNT composite. Compared to pristine SWCNT-based
sensors, higher repeatability and long-term stability were observed for the chemiresistive sensor 8. The importance of
the functionalization of GO sheets in the sensing performance of NH3; sensors has also been investigated. Meta-toluic
acid was modified on GO thin films via esterification, leading to a lower sensor resistance from RT to 600 °C than bare GO
sheets. Sufficient sensor response of 32.7% and a response time of 10 s were obtained for 100 ppm NH3 gas B4, The
application of non-covalent functionalized pyrrole/phthalocyanine with MWCNTs has also been verified in ultrafast
detection (11.7 s) of NHs gas with a recovery time of 91.8 s. The improved chemiresistive sensing performance of the
platform to 50 ppm NH3 gas at RT was ascribed to the synergistic optimization and recombination of pyrrole,
phthalocyanine, and MWCNT [E8 The performance of ZnO-based chemiresistive sensors towards NH; has been
efficiently improved by MWCNT decoration compared to bare ZnO sensors.

5.2. Nitric Oxide (NO)

One of the most hazardous gaseous pollutants is nitric oxide (NO). It contributes to acid rain deposition and participates in
ozone layer depletion. It is formed by lightning in thunderstorms and combustion systems, such as car engines and
various industrial processes. Exposure to even infinitesimal concentrations (ppb-ppm) of NO can significantly impact the
environment and human health. NO is a colorless gas, and, along with CO, it is known as a silent killer and irritates the
skin, eyes, and mucous membranes. At the same time, it also increases the risks of respiratory and cardiopulmonary
diseases B9 The USA Occupational Safety and Health Administration (OSHA) has defined a safety limit at the
workplace of 25 ppm over an eight-hour workday; above this limit, it reduces the oxygen-carrying capacity of hemoglobin.
Above 100 ppm, it becomes immediately dangerous. NO is a signaling molecule in several physiological and pathological
processes in humans and other mammals. It can diffuse freely across cell membranes; it is, for example, a cardiovascular
signaling molecule. It increases vasodilation and blood flow while playing a strong role in angiogenesis. In almost all types
of organisms, it is a byproduct. As a diagnostic biomarker, its measurement in exhaled breath can be exploited for
diagnosing digestive diseases and inflammation in the stomach (gastritis, hepatitis, and colitis), liver transplant rejection,
cystic fibrosis, encephalopathy, helicobacter pylon digestive cancer, and respiratory diseases, such as chronic obstructive
pulmonary disease (COPD) and asthma B, Hence, converting NO into harmless nitrogen species through catalytic
reactions has gained attention 22931, Therefore, the production and development of gas sensors has become a significant
concern for researchers and scientists. Carbon structures such as fullerene (Cgp), graphene, graphene nanoribbons,
graphene quantum dots, and CNTs have been proposed for sensing CO, NO, and NH3 gases [24],

5.3. Nitrous Oxide (N>0O)

N,O is a toxic gas that finds widespread use in medicine, specifically in surgery and dentistry, due to its anesthetic and
analgesic properties. It is commonly known as ‘laughing gas’ due to its euphoric effects upon inhaling it, which can cause
slight hallucinations. As a result, it is also used as a recreational substance. Nevertheless, it is neurotoxic and can cause
irreversible neurological damage, while it has also been associated with DNA damage. It is a non-flammable and colorless
gas with a sweet smell and taste; it is stable at RT and easy to store. At elevated temperatures, it is a powerful oxidizer,
and it is thus used in motor racing and rockets as a propellant. It is also extensively used as a food additive as an aerosol
spray propellant for cooking sprays and aerosol whipped cream. N,O is known to be a primary ozone scavenger in the
stratosphere, contributing significantly to global warming, especially since it is the third most important long-lived
greenhouse gas. CO and N,O are critical greenhouse gases that play a crucial role in air pollution, with N,O being ~300
times more damaging and having a longer lifetime in the atmosphere than CO, [22],

N,O is primarily generated in industrialized agriculture, animal farms, and through excessive use of synthetic fertilizers
(98] |ts concentration in the atmosphere increases annually by approximately 1 ppb, and, in 2020, it reached a value of
333 ppb. About 40% of emissions between 2006 and 2016 are estimated to be due to human activity, primarily from
emerging economies’ industrial and agricultural sectors. The above highlight the necessity for developing reliable methods
to monitor NoO. Currently, N,O is analyzed using several methods, such as infrared laser spectroscopy using QCL, gas
chromatography, (MEMS)-based approaches, NDIR adsorption, and chemiresistive and electrochemical methods (e.g.,
amperometry) 3. Gas chromatography, however, requires the removal of moisture and particles and dilution steps that
increase measurement uncertainty, making this approach unsuitable for real-time measurements of N,O 71,



5.4. Nitrogen Dioxide (NO;)

NO, is a highly reactive gas and one of the most prevalent atmospheric gaseous pollutants, ranking second among the
hazardous pollutants produced by automobiles. It is mainly produced by fossil fuel combustion, automobile exhaust,
power plant emissions, and industrial activities. It is considered one of the most hazardous environmental and biological
pollutants. It can cause severe respiratory problems, such as asthma, lung inflammation, and increased susceptibility to
respiratory infections, even at short-term exposures and low (ppm) concentration levels. Some non-respiratory system
problems caused by NO, exposure are diabetes, hypertension, and heart and cardiovascular diseases 28, It is also a
threat towards animals, plants, and the environment, and also one of the primary factors producing photochemical
pollution and acid rain 2. Therefore, it is of utmost importance to develop high-performance gas sensors that can
precisely monitor concentrations of NO, at the parts per billion (ppb) level. MOS gas sensors, such as those based on
ZnO, SnO,, TiO,, In,03, M0oO3, and WO3, have garnered significant attention for their low cost, high sensitivity, and
abundance [2[100][101][102] '\j0Ss commonly requires elevated temperatures, which enable them to achieve considerable
sensing performance. However, this also results in higher power consumption, making their use impractical for portable
applications like wearable devices.

On the other hand, two-dimensional (2D) metal sulfides have emerged as high-performance and power-saving materials
for gas sensing but have received relatively little attention. However, doping of 2D metal sulfides has been shown to
enhance gas interaction properties, particularly at RT. For example, Cheng et al. synthesized three-dimensional (3D)
micro-combs from 2D N-doped In,Sg via hydrothermal synthesis, resulting in an RT reversible NO, gas sensor 193], They
have shown that N-doping significantly enhances the electronic band structure of In,S3, which enables hybridization with
NO, molecular orbitals.

5.5. Carbon Monoxide (CO)

CO is one of six primary air pollutants the World Health Organization (WHO) identified. CO is a colorless and odorless gas
that is less dense than air. It is produced by the incomplete combustion of fossil fuels, gas from automobiles, aeroplanes,
natural gas emissions, coal mines, fires, industrial waste, sewage leaks, solid fuel appliances, water heaters, open flames,
and other biological activities 194] This pollutant harms all natural resources, including the air, water, earth, and all living
organisms. Therefore, several attempts have been made to reduce and prevent exposure to harmful pollutants. As CO is
an industrial-based chemical gas that is widely used in fuel production and other applications, the WHO has set an
exposure limit of 9 ppm for CO for 8 h. Mild exposure to CO can cause breathing problems, headaches, nausea,
dizziness, and fatigue 19311981 However, more deadly symptoms are triggered when a person is exposed to a greater CO
concentration 287, When exposed to CO gas, CO molecules displace the oxygen in the body, leading to poisoning. CO
rise in blood carboxyhemoglobin (CO-Hb) is the best biomarker to characterize CO poisoning (1081,

On the other hand, the most probable direct cause of mortality is the buildup of CO in tissues. Apart from gas
chromatography, there is no dependable technology that can accurately assess the amount of CO present in tissues. A
synthetic supramolecular molecule called hemoCD1, consisting of an iron(ll) porphyrin and a cyclodextrin dimer, was
utilized as a reagent in a simple colorimetric test to measure the concentration of CO in biological samples 198!, The test
was validated in various organ tissues obtained from rats under standard settings and after exposure to CO. The kinetic
profile of CO in blood and tissues after CO treatment revealed that CO buildup in tissues was avoided by circulating Hb,
suggesting a protective function of Hb in CO intoxication. This finding was based on the kinetic profile of CO in blood and
tissues after CO treatment. According to the findings, the buildup of CO-Hb and CO in tissues in vivo is accelerated when
CO gas is inhaled. Even while air or O, ventilation can return CO-Hb levels to baseline levels, it is challenging to eliminate
CO from tissues, particularly in the brain. This is especially the case for accumulation.

5.6. Carbon Dioxide (CO»)

All aerobic organisms release CO, as a waste product when they metabolize organic compounds to produce energy by
respiration. CO, is also released from organic materials when they decay or combust (e.g., forest fires or by humans for
heating and other purposes). On the other hand, CO, is utilized by plants as part of their metabolism for photosynthesis,
releasing O,. Consequently, CO, is necessary for the survival of life on earth. CO, is also released into the environment
from the extraction and burning of fossil fuels (such as coal, oil, and natural gas) and natural processes like volcanic
eruptions. Other significant anthropogenic sources include biomass burning, deforestation, and cement production.
Transportation, industry, and agriculture are the primary sources of air pollution in cities. As of May 2022, the global
average concentration of CO; in the atmosphere is 421 ppm. Compared to 280 ppm before the mid-18th century, this is
an increase of 50% since the start of the Industrial Revolution . This is well above the threshold of 350 ppm required to
prevent irreversible climate change. This increase is due to human activity, mainly due to the burning of fossil fuels. In



addition, CO, absorbs and emits infrared radiation. As a result, it plays a significant role in influencing Earth’s surface
temperature through the greenhouse effect, making CO, a major contributor to global climate change. This phenomenon
has been linked to an increase in severe weather conditions, such as storms, droughts, and wildfires worldwide [109]

CO; is a colorless, odourless greenhouse gas 119 |t is an asphyxiant gas and not classified as toxic or harmful.
Nevertheless, high levels of CO, can have a significant impact on human health, causing everything from tiredness and
loss of concentration (100—-2000 ppm), drowsiness and a stuffy lung feeling (10,000 ppm), to death (>40,000 ppm), with
concentrations of 70,000 to 100,000 ppm causing suffocation, even in the presence of sufficient oxygen. This initially
manifests as dizziness, headache, visual and hearing dysfunction, and unconsciousness within a few minutes to an hour.
As a result, detecting CO, gas is crucial. More efficient building insulation can minimize the consequences of climate
change, but over-insulated buildings may not be healthy. Poor ventilation can lead to low oxygen levels and a build-up of
CO,. Even low levels of CO, can severely impact health and productivity. There is, thus, an increasing demand for
miniaturized and precise gas sensors that can be effectively employed in large-scale sensor networks to monitor
greenhouse gas concentration patterns. These sensors must be capable of monitoring fluctuations in greenhouse gas
concentrations L As a result, manufacturers of CO, sensor modules are seeing a rise in demand for smart indoor air
guality monitors that can detect rising CO, levels and inform the user or trigger a system reaction. Wearable CO, sensors
in smart homes and workplaces enable precise measurement of CO, levels. A recent study took advantage of the
widespread use of facemasks for combating the spread of the severe acute respiratory syndrome coronavirus (SARS-
CoV-2) virus that caused the COVID-19 disease.

5.7. Hydrogen Sulfide (H2S)

H,S is a colorless, poisonous, highly flammable, corrosive, and toxic gas that is produced during the processing and
breakdown of organic materials, e.g., from bacteria and industrial production activities related to fossil fuels, natural gas
and petroleum production, and refineries. It inhibits cellular respiration and can rapidly damage the organs, and cause
convolutions, breathing difficulties, and even death, affecting the nervous system. At low levels (~10 ppm), it causes eye
irritation, nausea, cough, shortness of breath, fatigue, dizziness, and headache over time; 50-100 ppm can lead to eye
damage. Consequently, it is classified as a hazardous air pollutant as it causes adverse health effects, making it a
dangerous gas.

Moreover, the odor of H,S diminishes beyond 100 ppm, which is considered a potentially fatal concentration, due to
damage in the olfactory nerve B9[12IIL13] An amount above 320 ppm leads to pulmonary oedema, and 530 ppm leads to
strong nervous system stimulation and potential loss of breathing. In contrast, 5 min exposure to 800 ppm is lethal for half
the population. At the same time, H,S is a signaling molecule and a mediator for several disease states and healthy
physiological processes. For example, overproduction of H,S is related to cancer and Down syndrome, while
underproduction is associated with vascular disease. Thus, a sensing solution for rapidly detecting low H,S
concentrations is required. Commercially available solutions typically provide an alarm to the user at 5-10 ppm and a
second alarm at 15 ppm.

5.8. Sulfur Dioxide (SO>)

SO, is a dangerous toxic pollutant produced by burning fossil fuels in places such as oil refineries, power stations, and
industrial plants. It is also generated from volcanic eruptions and forest fires. It is a widely used food preservative,
particularly with dried fruit, due to its antimicrobial properties and aptitude to prevent oxidation. It is extensively used in
winemaking as an antibiotic and antioxidant since it protects wine from bacteria, and oxidation can spoil it. It is widely
used for chlorinated wastewater treatment. It can be found in small concentrations in the atmosphere, in the region of 15
ppb. It is one of the six air pollutants monitored in the US, with a limit of 75 ppb for one hour of exposure. Endogenous
SO, is essential in regulating cardiac and blood vessel function, and its deficient metabolism can lead to cardiovascular
problems. Overexposure to SO, can cause severe health problems in the eyes, lungs, and throat. This pollutant harms
human health, due to its high solubility in water.

SO, molecules can accumulate in rivers, soil, and clouds, resulting in acid rain. Acid rain disrupts the natural balance of
wildlife and can damage building materials, such as limestone, ecosystem stability, and agricultural production 14, These
adverse effects of SO, have stimulated research in developing sensitive, low-cost, and wearable sensors.

5.9. Ozone (0O3)

Ozone formation in the troposphere occurs through a reaction between nitrogen oxides and volatile organic compounds
released into the atmosphere by solar radiation. Ozone has a negative impact on human health, as it can cause



respiratory and cardiovascular diseases and can affect the central nervous system. Ozone pollution in urban areas is
related to heat-related mortality during heat waves. Moreover, exposure to even low ozone levels, below those currently
regulated, can have chemical and toxicological effects due to its potent oxidative properties, leading to cellular-level
oxidative damage. Above 0.1 ppm, it causes damage to mucous and respiratory tissues in animals and in plant tissue. As
specified by the WHO, 50 ppb is the Oz exposure threshold for 8 h 13 At the same time, it also interferes with
photosynthesis, affecting the growth of certain plant species. These detrimental effects of ozone have prompted research
into its rapid and accurate detection, even at very low concentrations. In 2020, the USA Environmental Protection Agency
(EPA) established the safe limit for ozone exposure at 0.09 ppm/h. In addition to its harmful impacts, ozone is also utilized
for disinfecting medical environments owing to its oxidative properties. At high altitudes and in the so-called ozone layer,
its high concentrations in the range of 2—8 ppm protect life on Earth by preventing dangerous and damaging UV irradiation
from reaching the planet’s surface. It is important to note that catalytic decomposition with solid catalysts can be achieved
with noble metals, such as Pt, Rh, or Pd and transition metals, including Mn, Co, Cu, Fe, Ni, or Ag. Alternatively, it can be
decomposed with heat (a prolonged process below 250 °C) or under UV irradiation. However, given the potential toxicity
of ozone in public spaces, there is a need for portable sensors to detect its presence 1161117

5.10. Hydrogen Fluoride (HF)

Hydrogen fluoride (HF) is widely utilized in various industries, such as electronics manufacturing and metal cleaning, as
well as in the production of various pharmaceuticals and other chemicals, such as fluoropolymers, chlorofluorocarbons,
aluminum fluorides, and petrochemicals. Additionally, it is employed as a rust removal and car washing agent for domestic
use. With a pH level of approximately 5.5, HF is classified as a weak acid that can dissolve lipids. Its significant solubility
in lipids enables it to swiftly penetrate tissues when contacted or inhaled, resulting in poisoning upon ingestion, skin burns,
and blindness by rapid destruction of the cornea. Exposure to it necessitates immediate medical attention. In severe
cases, prolonged exposure to HF can cause hypocalcemia and hypomagnesemia due to its affinity for calcium and
magnesium in the body.

In contrast, it can cause death due to irregular heart rates or pulmonary oedema 128, Due to the toxic properties of HF
mentioned above, regulating, and detecting its presence is crucial. OSHA has set the permissible exposure limit for HF at
3 ppm, with a short-term exposure limit of 6 ppm. However, exposure to HF would quickly exceed these established limits
in case of a leak or spill. For example, the thermal decomposition of hydrofluorocarbon (HFC)-based fire extinguishers
and lithium-ion battery fires can result in high levels of HF exposure. In such cases, the rapid production of HF from HFC-
based fire extinguisher decomposition can exceed the limits set by OSHA by a significant amount (1181,

5.11. Volatile Organic Compounds (VOCs)

VOCs are chemicals with a relatively high vapor pressure at RT and atmospheric pressure. VOCs are a complex and
difficult-to-detect group of substances. This category encompasses alcohols, aldehydes, aromatic hydrocarbons, non-
methane hydrocarbons (NMHCs), oxygenated organic compounds, halogenated hydrocarbons, and organic compounds
that contain sulfur and nitrogen. Most VOCs are hazardous, possess strong odors, and can harm human health and the
environment. They can cause a wide range of versatile respiratory, immune, and allergic effects, among other issues,
such as liver, central nervous system and kidney damage, loss of co-ordination, nausea, headaches, irritation to the
throat, eyes and nose, allergic skin reaction, dyspnea, fatigue, vomiting, visual disorders, memory impairment, and nose
bleeds. In addition, their presence can affect the air quality inside and outside buildings; their indoor concentration can be
two to five times greater than outdoors, or even thousands of times more when specific activities occur indoors 191,
These compounds can originate from various sources, including natural processes and human activities. However, they
are mainly generated through manufacturing processes in the energy industries, fossil fuel production and use (through
their incomplete combustion or evaporation), and the use of solvents in paints, inks, and coatings, which are crucial
components in the production of ash and photochemical haze 129,

Nevertheless, they play an essential role in communicating with animals and plants. Consequently, VOC sensors are
crucial in the oil industry, food and agriculture, healthcare, safety, environmental monitoring, and other fields (121
Therefore, wearable VOC electrical, optical, and gravimetric sensors are gaining increasing scientific and technological
attention. Recently, TisC,Ty nanosheets and 2D TMDCs (such as WSe,) were combined to create a chemiresistive sensor
that selectively detects oxygen-based VOCs. The TizC,T,/WSe, hybrid sensor was found to have a reduced noise level,
quick response and recovery times, and high adaptability for a wide range of VOCs. In addition, the sensitivity of the
hybrid sensor to ethanol was increased by over 12 times, which is a significant improvement compared to unmodified
Ti3C,Ty. Inkjet printing was used to deposit the hybrid gas-sensing membrane on a polyimide substrate with an Au-
interdigitated electrode structure composed of six pairs of fingers with an active electrode area of 8 mm x 8 mm, allowing
measurements to determine the concentration of ethanol gas between 1 to 40 ppm [122],



A

prototype for a wearable VOC sensor was designed and demonstrated based on the synergistic effect of
123

mechanochromic—vapochromic luminescence 23], The synthesis pathway was developed based on crystal analysis and

emissions from molecules in crystalline states. These molecules adopt a planar conformation and avoid -1t stacking

through side-inserted molecules. Additionally, the mechanical structure of these crystals forces the molecules into coupled

mi-dimers to quench the light emission. However, upon detection of VOC, intermolecular interactions are rebuilt, and -

dimers are isolated, giving light emission an advantage. Such a molecular-level design allows for VOC detection at the

ppm level.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

. Miller, M.R. Oxidative Stress and the Cardiovascular Effects of Air Pollution. Free Radic. Biol. Med. 2020, 151, 69-87.

. Nath, S.; Dey, A.; Pachal, P.; Sing, J.K.; Sarkar, S.K. Performance Analysis of Gas Sensing Device and Corresponding

IoT Framework in Mines. Microsyst. Technol. 2021, 27, 3977-3985.

. Sett, A.; Rana, T.; Rajaji, U.; Sha, R.; Liu, T.Y.; Bhattacharyya, T.K. Emergence of Two-Dimensional Nanomaterials-

Based Breath Sensors for Non-Invasive Detection of Diseases. Sens. Actuators A Phys. 2022, 338, 113507.

. Xu, K.; Ha, N.; Hu, Y.,; Ma, Q.; Chen, W.; Wen, X.; Ou, R.; Trinh, V.; McConville, C.F; Zhang, B.Y.; et al. A Room

Temperature All-Optical Sensor Based on Two-Dimensional SnS2 for Highly Sensitive and Reversible NO2 Sensing. J.
Hazard. Mater. 2022, 426, 127813.

. Galstyan, V.; Moumen, A.; Kumarage, G.W.C.; Comini, E. Progress towards Chemical Gas Sensors: Nanowires and 2D

Semiconductors. Sens. Actuators B Chem. 2022, 357, 131466.

. Gardner, E.L.W.; Gardner, J.W.; Udrea, F. Micromachined Thermal Gas Sensors&mdash;A Review. Sensors 2023, 23,
681.
. Yuvaraja, S.; Surya, S.G.; Chernikova, V.; Teja Vijjapu, M.; Shekhah, O.; Bhatt, P.M.; Chandra, S.; Eddaoudi, M.;

Salama, K.N. Realization of an Ultrasensitive and Highly Selective OFET NO2 Sensor: The Synergistic Combination of
PDVT-10 Polymer and Porphyrin-MOF. ACS Appl. Mater. Interfaces 2020, 12, 18748-18760.

. Gil, B.; Anastasova, S.; Lo, B. Graphene Field-Effect Transistors Array for Detection of Liquid Conductivities in the

Physiological Range through Novel Time-Multiplexed Impedance Measurements. Carbon 2022, 193, 394-403.

. Keshavarz, M.; Chowdhury, A.K.M.R.H.; Kassanos, P.; Tan, B.; Venkatakrishnan, K. Self-Assembled N-Doped Q-Dot

Carbon Nanostructures as a SERS-Active Biosensor with Selective Therapeutic Functionality. Sens. Actuators B
Chem. 2020, 323, 128703.

Simonenko, E.P.; Simonenko, N.P.; Mokrushin, A.S.; Simonenko, T.L.; Gorobtsov, P.Y.; Nagornov, I.A.; Korotcenkov, G.;
Sysoev, V.V.; Kuznetsov, N.T. Application of Titanium Carbide MXenes in Chemiresistive Gas Sensors. Nanomaterials
2023, 13, 850.

Yang, K.; Zhu, K.; Wang, Y.; Qian, Z.; Zhang, Y.; Yang, Z.; Wang, Z.; Wu, L.; Zong, S.; Cui, Y. Ti3C2TxMXene-Loaded
3D Substrate toward On-Chip Multi-Gas Sensing with Surface-Enhanced Raman Spectroscopy (SERS) Barcode
Readout. ACS Nano 2021, 15, 12996-13006.

Alwin David, S.; Rajkumar, R.; Karpagavinayagam, P.; Fernando, J.; Vedhi, C. Sustainable Carbon Nanomaterial-
Based Sensors: Future Vision for the next 20 Years. Carbon Nanomater. Sens. 2022, 429-443.

Rani, S.; Roy, S.C. Carbon-Based Nanomaterials for Chemical and Gas Sensing Applications. In Carbon
Nanostructures; AIP Publishing LLC: New York, NY, USA, 2021; pp. 10-11.

Joseph, N.; Manoj, B. Nanomaterials-Based Chemical Sensing. Nanotechnol. Electron. Appl. 2022, 131-147.

Al Mamun, A.; Nafiujjaman, M.; Ahammad, A.J.S. Carbon Nanomaterial-Based Sensors in Air Pollution Remediation.
Carbon Nanomater. Sens. 2022, 105-123.

Guo, X.; Facchetti, A. The Journey of Conducting Polymers from Discovery to Application. Nat. Mater. 2020, 19, 922—
928.

Akande, |.G.; Ajayi, S.A.; Fajobi, M.A.; Oluwole, O.0.; Fayomi, O.S.l. Advancement in the Production and Applications
of Conductive Polymers (CPs). Key Eng. Mater. 2021, 886, 12—29.

Pavel, I.-A.; Lakard, S.; Lakard, B. Flexible Sensors Based on Conductive Polymers. Chemosensors 2022, 10, 97.

Namsheer, K.; Rout, C.S. Conducting Polymers: A Comprehensive Review on Recent Advances in Synthesis,
Properties and Applications. RSC Adv. 2021, 11, 5659-5697.



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Lin, C.H.; Lin, J.H.; Chen, C.F; Ito, Y.; Luo, S.C. Conducting Polymer-Based Sensors for Food and Drug Analysis. J.
Food Drug Anal. 2021, 29, 544-558.

Yang, L.; Yang, L.; Wu, S.; Wei, F.; Hu, Y.; Xu, X.; Zhang, L.; Sun, D. Three-Dimensional Conductive Organic Sulfonic
Acid Co-Doped Bacterial Cellulose/Polyaniline Nanocomposite Films for Detection of Ammonia at Room Temperature.
Sens. Actuators B Chem. 2020, 323, 128689.

Umar, A.; Ibrahim, A.A.; Algadi, H.; Albargi, H.; Alsairi, M.A.; Wang, Y.; Akbar, S. Enhanced NO2 Gas Sensor Device
Based on Supramolecularly Assembled Polyaniline/Silver Oxide/Graphene Oxide Composites. Ceram. Int. 2021, 47,
25696-25707.

Shinde, R.B.; Padalkar, N.S.; Sadavar, S.V.; Kale, S.B.; Magdum, V.V.; Chitare, Y.M.; Kulkarni, S.P.; Patil, U.M.; Parale,
V.G.; Park, H.-H.; et al. 2D-2D Lattice Engineering Route for Intimately Coupled Nanohybrids of Layered Double
Hydroxide and Potassium Hexaniobate: Chemiresistive SO2 Sensor. J. Hazard. Mater. 2022, 432, 128734.

Shakeel, A.; Rizwan, K.; Farooq, U.; Igbal, S.; Altaf, A.A. Advanced Polymeric/Inorganic Nanohybrids: An Integrated
Platform for Gas Sensing Applications. Chemosphere 2022, 294, 133772.

Nadeem, M.; Yasin, G.; Arif, M.; Tabassum, H.; Bhatti, M.H.; Mehmood, M.; Yunus, U.; Igbal, R.; Nguyen, T.A.; Slimani,
Y.; et al. Highly Active Sites of Pt/Er Dispersed N-Doped Hierarchical Porous Carbon for Trifunctional Electrocatalyst.
Chem. Eng. J. 2021, 409, 128205.

Sun, Y.; Li, X.; Liu, G. Enhanced Pollutants Removal and High-Value Cell Inclusions Accumulation with Fe2+ in Heavy
Oil Refinery Treatment System Using Rhodopseudomonas and Pseudomonas. Chemosphere 2022, 294, 133520.

Manjakkal, L.; Szwagierczak, D.; Dahiya, R. Metal Oxides Based Electrochemical PH Sensors: Current Progress and
Future Perspectives. Prog. Mater. Sci. 2020, 109, 100635.

Ghoorchian, A.; Amouzegar, Z.; Moradi, M.; Khalili, S.; Afkhami, A.; Madrakian, T.; Ahmadi, M. Use of Conductive
Polymers in Detection Stage of Analysis/Miniaturization Devices. In Conductive Polymers in Analytical Chemistry; ACS
Symposium Series; American Chemical Society: Washington, DC, USA, 2022; Volume 1405, pp. 165-184. ISBN
9780841297869.

Bhaduri, A.; Singh, S.; Thapa, K.B.; Yadav, B.C. Improved Room Temperature Liquefied Petroleum Gas Sensing
Performance of Ni0.5Zn0.5Fe204@Cl-Doped Polypyrrole Nanoweb. Mater. Sci. Eng. B 2022, 279, 115660.

Shinde, R.B.; Patil, A.S.; Sadavar, S.V.; Chitare, Y.M.; Magdum, V.V.; Padalkar, N.S.; Patil, U.M.; Kochuveedu, S.T;
Parale, V.G.; Park, H.H.; et al. Polyoxotungstate Intercalated Self-Assembled Nanohybrids of Zn-Cr-LDH for Room
Temperature CI2 Sensing. Sens. Actuators B Chem. 2022, 352, 131046.

Niu, G.; Wang, F. A Review of MEMS-Based Metal Oxide Semiconductors Gas Sensor in Mainland China. J.
Micromech. Microeng. 2022, 32, 054003.

Fine, G.F.; Cavanagh, L.M.; Afonja, A.; Binions, R. Metal Oxide Semi-Conductor Gas Sensors in Environmental
Monitoring. Sensors 2010, 10, 5469-5502.

Yasunaga, S.; Sunahara, S.; Ihokura, K. Effects of Tetraethyl Orthosilicate Binder on the Characteristics of AN SnO2
Ceramic-Type Semiconductor Gas Sensor. Sens. Actuators 1986, 9, 133-145.

Matsuura, Y.; Takahata, K.; Ihokura, K. Mechanism of Gas Sensitivity Change with Time of ShnO2 Gas Sensors. Sens.
Actuators 1988, 14, 223-232.

Zhao, C.; Gong, H.; Niu, G.; Wang, F. Ultrasensitive SO2 Sensor for Sub-Ppm Detection Using Cu-Doped SnO2
Nanosheet Arrays Directly Grown on Chip. Sens. Actuators B Chem. 2020, 324, 128745.

Ma, J.; Fan, H.; Zheng, X.; Wang, H.; Zhao, N.; Zhang, M.; Yadav, A.K.; Wang, W.; Dong, W.; Wang, S. Facile Metal-
Organic Frameworks-Templated Fabrication of Hollow Indium Oxide Microstructures for Chlorine Detection at Low
Temperature. J. Hazard. Mater. 2020, 387, 122017.

Li, Q.; Li, Z.; Zhang, Q.; Zheng, L.; Yan, W.; Liang, X.; Gu, L.; Chen, C.; Wang, D.; Peng, Q.; et al. Porous y-Fe203
Nanoparticle Decorated with Atomically Dispersed Platinum: Study on Atomic Site Structural Change and Gas Sensor
Activity Evolution. Nano Res. 2020, 14, 1435-1442.

Fu, H.; Yang, X.; Wu, Z.; He, P.; Xiong, S.; Han, D.; An, X. Gas-Sensing Performance of In203@Mo0O3 Hollow Core-
Shell Nanospheres Prepared by a Two-Step Hydrothermal Method. Sens. Actuators B Chem. 2022, 352, 131007.

Zhai, Z.; Zhang, X.; Wang, J.; Li, H.; Sun, Y.; Hao, X.; Qin, Y.; Niu, B.; Li, C. Washable and Flexible Gas Sensor Based
on UiO-66-NH2 Nanofibers Membrane for Highly Detecting SO2. Chem. Eng. J. 2022, 428, 131720.

Guo, X.; Ding, Y.; Yang, X.; Du, B.; Zhao, C.; Liang, C.; Ou, Y.; Kuang, D.; Wu, Z.; He, Y. 2D SnSe2 Nanoflakes
Decorated with 1D ZnO Nanowires for Ppb-Level NO2 Detection at Room Temperature. J. Hazard. Mater. 2022, 426,
128061.



41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Godse, P.R.; Mane, A.T.; Navale, Y.H.; Navale, S.T.; Mulik, R.N.; Patil, V.B. Hydrothermally Grown 1D ZnO
Nanostructures for Rapid Detection of NO2 Gas. SN Appl. Sci. 2021, 3, 360.

Li, P.; Zhang, Z.; Zhuang, Z.; Guo, J.; Fang, Z.; Fereja, S.L.; Chen, W. Pd-Doping-Induced Oxygen Vacancies in One-
Dimensional Tungsten Oxide Nanowires for Enhanced Acetone Gas Sensing. Anal. Chem. 2021, 93, 7465-7472.

Bag, A.; Lee, N.E. Recent Advancements in Development of Wearable Gas Sensors. Adv. Mater. Technol. 2021, 6,
2000883.

Macdougall, S.; Bayansal, F.; Ahmadi, A. Emerging Methods of Monitoring Volatile Organic Compounds for Detection of
Plant Pests and Disease. Biosensors 2022, 12, 239.

Tomié, M.; Setka, M.: Vojkdvka, L.; Vallejos, S. Vocs Sensing by Metal Oxides, Conductive Polymers, and Carbon-
Based Materials. Nanomaterials 2021, 11, 552.

Muthusamy, S.; Charles, J.; Renganathan, B.; Ganesan, A.R. Ternary Polypyrrole/Prussian Blue/TiO2 Nanocomposite
Wrapped Poly-Methyl Methacrylate Fiber Optic Gas Sensor to Detect Volatile Gas Analytes. Optik 2021, 230, 166289.

Li, Z.; Chen, J.; Chen, L.; Guo, M.; Wu, Y.; Wei, Y.; Wang, J.; Wang, X. Hollow Au/Polypyrrole Capsules to Form Porous
and Neural Network-Like Nanofibrous Film for Wearable, Super-Rapid, and Ultrasensitive NH3 Sensor at Room
Temperature. ACS Appl. Mater. Interfaces 2020, 12, 55056-55063.

Abdel Rahman, N.S.; Greish, Y.E.; Mahmoud, S.T.; Qamhieh, N.N.; El-Maghraby, H.F.; Zeze, D. Fabrication and
Characterization of Cellulose Acetate-Based Nanofibers and Nanofilms for H2S Gas Sensing Application. Carbohydr.
Polym. 2021, 258, 117643.

Schiliro, M.; Bartman, C.M.; Pabelick, C. Understanding Hydrogen Sulfide Signaling in Neonatal Airway Disease.
Expert Rev. Respir. Med. 2021, 15, 351-372.

Sun, M.; Lv, J.; Xu, H.; Zhang, L.; Zhong, Y.; Chen, Z.; Sui, X.; Wang, B.; Feng, X.; Mao, Z. Smart Cotton Fabric
Screen-Printed with Viologen Polymer: Photochromic, Thermochromic and Ammonia Sensing. Cellulose 2020, 27,
2939-2952.

Jung, W.T.; Jeon, J.W.; Jang, H.-S.; Kim, D.Y.; Lee, H.-K.; Kim, B.H. Commercial Silk-Based Electronic Textiles for NO2
Sensing. Sens. Actuators B Chem. 2020, 307, 127596.

Cho, S.; Chang, T.; Yu, T.; Lee, C.H. Smart Electronic Textiles for Wearable Sensing and Display. Biosensors 2022, 12,
222.

Libanori, A.; Chen, G.; Zhao, X.; Zhou, Y.; Chen, J. Smart Textiles for Personalized Healthcare. Nat. Electron. 2022, 5,
142-156.

Lee, S.W.; Lee, W.; Kim, |.; Lee, D.; Park, D.; Kim, W.; Park, J.; Lee, J.H.; Lee, G.; Yoon, D.S. Bio-Inspired Electronic
Textile Yarn-Based NO2 Sensor Using Amyloid—Graphene Composite. ACS Sens. 2021, 6, 777-785.

Kassanos, P.; Yang, G.Z.; Yeatman, E. An Interdigital Strain Sensor through Laser Carbonization of Pl and PDMS
Transfer. In Proceedings of the 2021 IEEE International Conference on Flexible and Printable Sensors and Systems,
Online, 16-19 August 2021.

Moorthy, V.; Kassanos, P.; Burdet, E.; Yeatman, E. Stencil Printing of Low-Cost Carbon-Based Stretchable Strain
Sensors. In Proceedings of the 2022 IEEE Sensors, Dallas, TX, USA, 30 October—2 November 2022.

Treratanakulchai, S.; Franco, E.; Garriga-Casanovas, A.; Minghao, H.; Kassanos, P.; Baena, F.R.Y. Development of a 6
DOF Soft Robotic Manipulator with Integrated Sensing Skin. IEEE Int. Conf. Intell. Robot. Syst. 2022, 2022, 6944—
6951.

Hu, M.; Kassanos, P.; Keshavarz, M.; Yeatman, E.; Lo, B. Electrical and Mechanical Characterization of Carbon-Based
Elastomeric Composites for Printed Sensors and Electronics. In Proceedings of the 2021 IEEE International
Conference on Flexible and Printable Sensors and Systems, Online, 16—-19 August 2021.

Yin, L.; Lv, J.; Wang, J. Structural Innovations in Printed, Flexible, and Stretchable Electronics. Adv. Mater. Technol.
2020, 5, 2000694.

Davidson, C.E.; Dixon, M.M.; Williams, B.R.; Kilper, G.K.; Lim, S.H.; Martino, R.A.; Rhodes, P.; Hulet, M.S.; Miles,
R.W.; Samuels, A.C.; et al. Detection of Chemical Warfare Agents by Colorimetric Sensor Arrays. ACS Sens. 2020, 5,
1102-11009.

Kim, D.-H.; Cha, J.-H.; Lim, J.Y.; Bae, J.; Lee, W,; Yoon, K.R.; Kim, C.; Jang, J.-S.; Hwang, W.; Kim, |.-D. Colorimetric
Dye-Loaded Nanofiber Yarn: Eye-Readable and Weavable Gas Sensing Platform. ACS Nano 2020, 14, 16907-16918.

Cho, S.H.; Suh, J.M.; Eom, T.H.; Kim, T.; Jang, H.W. Colorimetric Sensors for Toxic and Hazardous Gas Detection: A
Review. Electron. Mater. Lett. 2021, 17, 1-17.



63.

64.

65

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Li, B.; Feng, C.; Wu, H.; Jia, S.; Dong, L. Calibration-Free Mid-Infrared Exhaled Breath Sensor Based on BF-QEPAS
for Real-Time Ammonia Measurements at Ppb Level. Sens. Actuators B Chem. 2022, 358, 131510.

Chen, G.; Li, J.; Meng, F. Formic Acid Gas Sensor Based on Coreless Optical Fiber Coated by Molybdenum Disulfide
Nanosheet. J. Alloys Compd. 2022, 896, 163063.

. Lu, H.; He, B.; Gao, B. Emerging Electrochemical Sensors for Life Healthcare. Eng. Regen. 2021, 2, 175-181.

Mathew, R.; Das, A. Recent Advances in ZnO Based Electrochemical Ethylene Gas Sensors for Evaluation of Fruit
Maturity. In Advanced Functional Materials and Devices; Springer Proceedings in Materials; Springer: Singapore, 2022;
pp. 213-225.

Isailovi¢, J.; Vidovi¢, K.; HoCevar, S.B. Simple Electrochemical Sensors for Highly Sensitive Detection of Gaseous
Hydrogen Peroxide Using Polyacrylic-Acid-Based Sensing Membrane. Sens. Actuators B Chem. 2022, 352, 131053.

Zhang, H.; Yi, J.; Zhang, Z.; Zhang, H. The Relation between Mixed-Potential Hydrogen Response and Electrochemical
Activities for Perovskite Oxides. Sens. Actuators B Chem. 2022, 352, 130988.

Saleem, H.; Zaidi, S.J.; Ismail, A.F.; Goh, P.S. Nanotechnology in Air Pollution Remediation. In Nanotechnology for
Environmental Remediation; Springer: Berlin/Heidelberg, Germany, 2022; pp. 59-76.

Tan, P.-H.; Hsu, C.-H.; Shen, Y.-C.; Wang, C.-P,; Liou, K.-L.; Shih, J.-R.; Lin, C.J.; Lee, L.; Wang, K.; Wu, H.-M.; et al.
Complementary Metal-Oxide—Semiconductor Compatible 2D Layered Film-Based Gas Sensors by Floating-Gate
Coupling Effect. Adv. Funct. Mater. 2022, 32, 2108878.

Wang, J.; Ren, Y.; Liu, H.; Li, Z.; Liu, X.; Deng, Y.; Fang, X.; Wang, J.; Liu, H.; Li, Z.L.; et al. Ultrathin 2D NbWO6
Perovskite Semiconductor Based Gas Sensors with Ultrahigh Selectivity under Low Working Temperature. Adv. Mater.
2022, 34, 2104958.

Kwon, E.H.; Kim, M.; Lee, C.Y.; Kim, M.; Park, Y.D. Metal-Organic-Framework-Decorated Carbon Nanofibers with
Enhanced Gas Sensitivity When Incorporated into an Organic Semiconductor-Based Gas Sensor. ACS Appl. Mater.
Interfaces 2022, 14, 10637-10647.

Wei, S.; Li, Z.; John, A.; Karawdeniya, B.l.; Li, Z.; Zhang, F.; Vora, K.; Tan, H.H.; Jagadish, C.; Murugappan, K.; et al.
Semiconductor Nanowire Arrays for High-Performance Miniaturized Chemical Sensing. Adv. Funct. Mater. 2022, 32,
2107596.

Hong, S.; Wu, M.; Hong, Y.; Jeong, Y.; Jung, G.; Shin, W.; Park, J.; Kim, D.; Jang, D.; Lee, J.H. FET-Type Gas Sensors:
A Review. Sens. Actuators B Chem. 2021, 330, 129240.

Behi, S.; Casanova-Chafer, J.; Gonzalez, E.; Bohli, N.; Llobet, E.; Abdelghani, A. Metal Loaded Nano-Carbon Gas
Sensor Array for Pollutant Detection. Nanotechnology 2022, 33, 195501.

Chang, A.; Uy, C.; Xiao, X.; Chen, J. Self-Powered Environmental Monitoring via a Triboelectric Nanogenerator. Nano
Energy 2022, 98, 107282.

Huo, Z.; Wei, Y.; Wang, Y.; Wang, Z.L.; Sun, Q. Integrated Self-Powered Sensors Based on 2D Material Devices. Adv.
Funct. Mater. 2022, 32, 2206900.

Joo, H.; Lee, K.Y.; Lee, J.H. Piezo/Triboelectric Effect Driven Self-Powered Gas Sensor for Environmental Sensor
Networks. Energy Technol. 2022, 10, 2200113.

Yang, Y.; Guo, X.; Zhu, M.; Sun, Z.; Zhang, Z.; He, T.; Lee, C. Triboelectric Nanogenerator Enabled Wearable Sensors
and Electronics for Sustainable Internet of Things Integrated Green Earth. Adv. Energy Mater. 2023, 13, 2203040.

Liu, B.; Wang, S.; Yuan, Z.; Duan, Z.; Zhao, Q.; Zhang, Y.; Su, Y.; Jiang, Y.; Xie, G.; Tai, H. Novel Chitosan/ZnO Bilayer
Film with Enhanced Humidity-Tolerant Property: Endowing Triboelectric Nanogenerator with Acetone Analysis
Capability. Nano Energy 2020, 78, 105256.

Wang, D.; Zhang, D.; Tang, M.; Zhang, H.; Chen, F.; Wang, T.; Li, Z.; Zhao, P. Rotating Triboelectric-Electromagnetic
Nanogenerator Driven by Tires for Self-Powered MXene-Based Flexible Wearable Electronics. Chem. Eng. J. 2022,
446, 136914.

Tai, H.; Duan, Z.; Wang, Y.; Wang, S.; Jiang, Y. Paper-Based Sensors for Gas, Humidity, and Strain Detections: A
Review. ACS Appl. Mater. Interfaces 2020, 12, 31037-31053.

Meng, W.; Dai, L.; Li, Y.; He, Z.; Meng, W.; Zhou, H.; Wang, L. Mixed Potential NH3 Sensor Based on
La9.95K0.05Si5A11026.45 Electrolyte and Ag Doped BiVO4 Sensing Electrode. Sens. Actuators B Chem. 2020, 316,
128206.

Cai, S.; Chen, L.; Zhang, J.; Ke, Y.; Fu, X.; Yang, H.; Li, H.; Long, Y.; Liu, X. Facile Fabrication of PANI/Zn-Tpps4
Flexible NH3 Sensor Based on the “Bridge” of Zn-Tpps4. Sens. Actuators B Chem. 2020, 321, 128476.



85.

86.

87.

88.

89.

90

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Chu, J.; Han, Y.; Li, Y.; Jia, P.; Cui, H.; Duan, S.; Feng, P.; Peng, X. Study o f the Structural Evolution and Gas Sensing
Properties of PECVD-Synthesized Graphene Nanowalls. J. Phys. D Appl. Phys. 2020, 53, 9.

Ansari, N.; Yaseen Lone, M. Trace Level Toxic Ammonia Gas Sensing of Single-Walled Carbon Nanotubes Wrapped
Polyaniline Nanofibers. J. Appl. Phys 2020, 127, 44902.

Kumar, R.; Kumar, A.; Singh, R.; Kashyap, R.; Kumar, D.; Goel, R.; Kumar, M. Investigation of Sheet Resistance
Variation with Annealing Temperature and Development of Highly Sensitive and Selective Room Temperature Ammonia
Gas Sensor Using Functionalized Graphene Oxide. J. Mater. Sci. Mater. Electron. 2021, 32, 1716-1728.

Gai, S.; Wang, B.; Wang, X.; Zhang, R.; Miao, S.; Wu, Y. Ultrafast NH3 Gas Sensor Based on Phthalocyanine-
Optimized Non-Covalent Hybrid of Carbon Nanotubes with Pyrrole. Sens. Actuators B Chem. 2022, 357, 131352.

Hailili, R.; Wang, Z.-Q.; Ji, H.; Chen, C.; Gong, X.-Q.; Sheng, H.; Zhao, J. Mechanistic Insights into the Photocatalytic
Reduction of Nitric Oxide to Nitrogen on Oxygen-Deficient Quasi-Two-Dimensional Bismuth-Based Perovskites.
Environ. Sci. Nano 2022, 9, 1453-1465.

. Cui, Z.; Wang, X.; Ding, Y.; Li, E.; Bai, K.; Zheng, J.; Liu, T. Adsorption of CO, NH3, NO, and NO2 on Pristine and

Defective g-GaN: Improved Gas Sensing and Functionalization. Appl. Surf. Sci. 2020, 530, 147275.

Jeong, D.W.; Kim, K.H.; Kim, B.S.; Byun, Y.T. Characteristics of Highly Sensitive and Selective Nitric Oxide Gas
Sensors Using Defect-Functionalized Single-Walled Carbon Nanotubes at Room Temperature. Appl. Surf. Sci. 2021,
550, 149250.

Song, I.; Lee, H.; Jeon, S.W.; Ibrahim, I.LA.M.; Kim, J.; Byun, Y.; Koh, D.J.; Han, J.W.; Kim, D.H. Simple Physical Mixing
of Zeolite Prevents Sulfur Deactivation of Vanadia Catalysts for NOx Removal. Nat. Commun. 2021, 12, 901.

Inomata, Y.; Kubota, H.; Hata, S.; Kiyonaga, E.; Morita, K.; Yoshida, K.; Sakaguchi, N.; Toyao, T.; Shimizu, K.; Ishikawa,
S.; et al. Bulk Tungsten-Substituted Vanadium Oxide for Low-Temperature NOx Removal in the Presence of Water.
Nat. Commun. 2021, 12, 557.

Vadalkar, S.; Chodvadiya, D.; Som, N.N.; Vyas, K.N.; Jha, P.K.; Chakraborty, B. An Ab-Initio Study of the C18
Nanocluster for Hazardous Gas Sensor Application. ChemistrySelect 2022, 7, e202103874.

Milam-Guerrero, J.A.; Yang, B.; To, D.T.; Myung, N.V. Nitrous Oxide Is No Laughing Matter: A Historical Review of
Nitrous Oxide Gas-Sensing Capabilities Highlighting the Need for Further Exploration. ACS Sens. 2022, 7, 3598-3610.

Theerthagiri, J.; Lee, S.J.; Karuppasamy, K.; Arulmani, S.; Veeralakshmi, S.; Ashokkumar, M.; Choi, M.Y. Application of
Advanced Materials in Sonophotocatalytic Processes for the Remediation of Environmental Pollutants. J. Hazard.
Mater. 2021, 412, 125245.

Ramu, A.G.; Umar, A.; Gopi, S.; Algadi, H.; Albargi, H.; Ibrahim, A.A.; Alsaiari, M.A.; Wang, Y.; Choi, D.
Tetracyanonickelate (11)/KOH/Reduced Graphene Oxide Fabricated Carbon Felt for Mediated Electron Transfer Type
Electrochemical Sensor for Efficient Detection of N2O Gas at Room Temperature. Environ. Res. 2021, 201, 111591.

Ogen, Y. Assessing Nitrogen Dioxide (NO2) Levels as a Contributing Factor to Coronavirus (COVID-19) Fatality. Sci.
Total Environ. 2020, 726, 138605.

Ng, S.; PraSek, J.; Zazpe, R.; Pytlicek, Z.; Spotz, Z.; Pereira, J.R.; Michali¢ka, J.; Pfikryl, J.; Krbal, M.; Sopha, H.; et al.
Atomic Layer Deposition of SnO2-Coated Anodic One-Dimensional TiO2 Nanotube Layers for Low Concentration NO2
Sensing. ACS Appl. Mater. Interfaces 2020, 12, 33386—33396.

Zhang, B.; Bao, N.; Wang, T.; Xu, Y.; Dong, Y.; Ni, Y.; Yu, P.; Wei, Q.; Wang, J.; Guo, L.; et al. High-Performance Room
Temperature NO2 Gas Sensor Based on Visible Light Irradiated In203 Nanowires. J. Alloys Compd. 2021, 867,
159076.

Patil, D.B.; Patil, V.L.; Patil, S.S.; Dongale, T.D.; Desai, N.D.; Patil, P.R.; Mane, R.M.; Bhosale, P.N.; Patil, P.S.; Kadam,
P.M.; et al. Facile Synthesis of MoO3 Nanoplates Based NO2 Gas Sensor: Ultra-Selective and Sensitive. Chem. Phys.
Lett. 2021, 782, 139025.

Morais, P.V.; Suman, P.H.; Silva, R.A.; Orlandi, M.O. High Gas Sensor Performance of WO3 Nanofibers Prepared by
Electrospinning. J. Alloys Compd. 2021, 864, 158745.

Cheng, VY.; Li, Z.; Tang, T.; Xu, K.; Yu, H.; Tao, X.; Hung, C.M.; Hoa, N.D.; Fang, Y.; Ren, B.; et al. 3D Micro-Combs
Self-Assembled from 2D N-Doped In2S3 for Room-Temperature Reversible NO2 Gas Sensing. Appl. Mater. Today
2022, 26, 101355.

Larionov, K.B.; Zenkov, A.V.; Mishakov, 1.V.; Gromov, A.A. Decrease in Carbon Monoxide Release and Incomplete
Burning of Fuel during Activated Combustion of Coal. In Journal of Physics: Conference Series; IOP Publishing: Bristol,
UK, 2020; Volume 1675.



105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Manisalidis, |.; Stavropoulou, E.; Stavropoulos, A.; Bezirtzoglou, E. Environmental and Health Impacts of Air Pollution: A
Review. Front. Public Health 2020, 8, 14.

Dhall, S.; Mehta, B.R.; Tyagi, A.K.; Sood, K. A Review on Environmental Gas Sensors: Materials and Technologies.
Sensors Int. 2021, 2, 100116.

Utari, L.; Septiani, N.L.W.; Suyatman; Nugraha; Nur, L.O.; Wasisto, H.S.; Yuliarto, B. Wearable Carbon Monoxide
Sensors Based on Hybrid Graphene/ZnO Nanocomposites. IEEE Access 2020, 8, 49169-49179.

Mao, Q.; Kawaguchi, A.T.; Mizobata, S.; Motterlini, R.; Foresti, R.; Kitagishi, H. Sensitive Quantification of Carbon
Monoxide in Vivo Reveals a Protective Role of Circulating Hemoglobin in CO Intoxication. Commun. Biol. 2021, 4, 425.

Bhowmick, T.; Ghosh, A.; Nag, S.; Majumder, S.B. Sensitive and Selective CO2 Gas Sensor Based on CuO/ZnO
Bilayer Thin-Film Architecture. J. Alloys Compd. 2022, 903, 163871.

Amarnath, M.; Gurunathan, K. Highly Selective CO2 Gas Sensor Using Stabilized NiO-In203 Nanospheres Coated
Reduced Graphene Oxide Sensing Electrodes at Room Temperature. J. Alloys Compd. 2021, 857, 157584.

Kazanskiy, N.L.; Butt, M.A.; Khonina, S.N. Carbon Dioxide Gas Sensor Based on Polyhexamethylene Biguanide
Polymer Deposited on Silicon Nano-Cylinders Metasurface. Sensors 2021, 21, 378.

Zhang, X.; Hao, X.; Zhai, Z.; Wang, J.; Li, H.; Sun, Y.; Qin, Y.; Niu, B.; Li, C. Flexible H2S Sensors: Fabricated by
Growing NO2-UiO-66 on Electrospun Nanofibers for Detecting Ultralow Concentration H2S. Appl. Surf. Sci. 2022, 573,
151446.

Engel, L.; Benito-Altamirano, |.; Tarantik, K.R.; Pannek, C.; Dold, M.; Prades, J.D.; Wollenstein, J. Printed Sensor
Labels for Colorimetric Detection of Ammonia, Formaldehyde and Hydrogen Sulfide from the Ambient Air. Sens.
Actuators B Chem. 2021, 330, 129281.

Khan, M.A.H.; Thomson, B.; Yu, J.; Debnath, R.; Motayed, A.; Rao, M.V. Scalable Metal Oxide Functionalized GaN
Nanowire for Precise SO2 Detection. Sens. Actuators B Chem. 2020, 318, 128223.

Sui, N.; Wei, X.; Cao, S.; Zhang, P.; Zhou, T.; Zhang, T. Nanoscale Bimetallic AuPt-Functionalized Metal Oxide
Chemiresistors: Ppb-Level and Selective Detection for Ozone and Acetone. ACS Sens. 2022, 7, 2178-2187.

Zhao, Z.; Deng, Z.; Zhang, R.; Klamchuen, A.; He, Y.; Horprathum, M.; Chang, J.; Mi, L.; Li, M.; Wang, S.; et al.
Sensitive and Selective Ozone Sensor Based on CuCo0204 Synthesized by a Facile Solution Combustion Method.
Sens. Actuators B Chem. 2023, 375, 132912.

Roy, D.; Hossain, M.R.; Hossain, M.K.; Hossain, M.A.; Ahmed, F. Density Functional Theory Study of the Sensing of
Ozone Gas Molecules by Using Fullerene-like Group-III Nitride Nanostructures. Phys. B Condens. Matter 2023, 650,
414553.

Krebs, R.; Owens, J.; Luckarift, H. Formation and Detection of Hydrogen Fluoride Gas during Fire Fighting Scenarios.
Fire Saf. J. 2022, 127, 103489.

Khatib, M.; Haick, H. Sensors for Volatile Organic Compounds. ACS Nano 2021, 16, 7080-7115.

Kang, S.; Zhao, K.; Yu, D.G.; Zheng, X.; Huang, C. Advances in Biosensing and Environmental Monitoring Based on
Electrospun Nanofibers. Adv. Fiber Mater. 2022, 4, 404-435.

Li, M.-Z.; Han, S.-T.; Zhou, Y. Recent Advances in Flexible Field-Effect Transistors toward Wearable Sensors. Adv.
Intell. Syst. 2020, 2, 2000113.

Chen, W.Y,; Jiang, X.; Lai, S.N.; Peroulis, D.; Stanciu, L. Nanohybrids of a MXene and Transition Metal Dichalcogenide
for Selective Detection of Volatile Organic Compounds. Nat. Commun. 2020, 11, 1302.

Hu, J.; Liu, Y.; Zhang, X.; Han, H.; Li, Z.; Han, T. Fabricating a Mechanochromic AIE Luminogen into a Wearable
Sensor for Volatile Organic Compound (VOC) Detection. Dye. Pigment. 2021, 192, 109393.

Retrieved from https://encyclopedia.pub/entry/history/show/115592



