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ABSTRACT: Many different industries, including the pharmaceutical, medical engineering, Jp——
clinical diagnostic, public safety, and food monitoring industries, use gas sensors. The inherent o =
qualities of nanomaterials, such as their capacity to chemically or physically adsorb gas, and
their great ratio of surface to volume make them excellent candidates for use in gas sensing
technology. Additionally, the nanomaterial-based gas sensors have excellent selectivity,
reproducibility, durability, and cost-effectiveness. This Review article offers a summary of the
research on gas sensor devices based on nanomaterials of various sizes. The numerous
nanomaterial-based gas sensors, their manufacturing procedures and sensing mechanisms, and
most recent advancements are all covered in detail. In addition, evaluations and comparisons of
the key characteristics of gas sensing systems made from various dimensional nanomaterials
were done.
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1. INTRODUCTION sensors extensively. The dimensions, sensing powers, levels of
selectivity, mobility (portable and fixed), and ranges of gas
sensors are all different. This is predicated on the notion that
intricate physical and chemical processes can transform

The recent rise in atmospheric pollution is the result of a
number of factors, such as the use of motor vehicles,
population growth, industrialization, and urbanization. These

elements have increased the amount of toxic, flammable, and electrical signals by converting the content and concentration
hazardous gases released into the environment. High levels of of different gases. The sensor processes the input signal—
gas emissions have a negative effect on people’s social and physical, chemical, or biological—using optics, conductivity,
public lives. For instance, carbon monoxide (CO) can result in acoustics, etc. Gas sensing devices utilize various materials like
fatalities," and itchy eyes, respiratory problems, and even metals (Pd, Pt, Ag, and Ni), semiconductors (Si, GaAs, GaN,
cancer can result from exposure to volatile organic compounds and ZnS), ionic compounds (CaF,, Ag,S, and Na,CO;), and
(VOCs).>™" Throat discomfort, inflammation of the eyes, polymers (polyether, polyurethane, and Nafion). However,
fatigue, and nausea can all be brought on by exposure to too there are a number of disadvantages to these materials,
much nitrogen dioxide (NO,).” Similarly, exposure to carbon including low selectivity, protracted drift, toxic exposure, and
dioxide (CO,) can cause suffocation and, in extreme cases, sophisticated technology. Another drawback is that interfer-
death.” Hydrogen sulfide (H,S) exposure can cause serious ence from other gases can cause problems in complex sensing

harm to the central nervous system (CNS).” Chlorine (Cl,)
can cause respiratory illnesses and even death, and other
chemicals can also cause respiratory illnesses.” These harmful
and flammable gases cause significant problems for both
developing and developed countries. In order to more easily
detect and alert the public to such poisonous, explosive, and
volatile gases, it is imperative to develop a system. Gas sensor

scenarios. A gas sensor should have the following qualities in
order to function optimally: a long life cycle, strong selectivity,
reliability, low detection boundaries, outstanding repeatability,
and high sensitivity. To improve sensor performance, materials
with a higher surface-to-volume ratio must be developed in
order for the testing gas to interact with an active layer and

. . : . : ffect its behavior. This has led t t deal of interest i
technology is employed to achieve this. Electronic devices atiect 1is behavior. 1his fas fed 10 a great deal of Miterest 1m

called “gas sensors” are used to measure a gas’ composition or
concentration.” Monitoring and regulating these gases will Received: ~ August 31, 2023
raise living standards, lower health problem and mortality rates, Revised:  December 6, 2023
and make workplaces safer. Numerous industries, including Accepted:  December 12, 2023
manufacturing, the food and beverage industry, the automobile Published: January 10, 2024
and aerospace industries, environmental quality assessment,

public safety industries, and factories, to mention a few, use gas
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nanostructured materials or nanomaterials as a methodology
among the scientific community involved in gas sensing.

The development of gas detectors of the future with
enhanced sensor effectiveness is possible with the development
of nanotechnology, which opens up a wide range of
possibilities, including low power consumption, exceptionally
high sensitivity at very low gas concentrations, high accuracy,
rapid reaction, large load carrier concentrations, many surface-
active sites, and great reversibility at room temperature
(RT)."”"" Due to the fascinating characteristics of the
nanostructured materials mentioned above, there has recently
been a huge interest in researching the potential of using
various nanostructures of different sizes and shapes for sensing
applications."”™"* Numerous nanostructured materials were
tested and evaluated for use as sensing materials.'”~*° The
surface-to-volume ratio is possibly the most important factor
influencing the sensitivity of gas sensors. For nanodesigned gas
sensors, the surface area for absorbing the target gas is
improved, and greater efficiency is obtained than with
traditional bulk-designed gas sensors. > %

The production of effective sensors for many different
applications is made possible by nanotechnology. Modern
manufacturing techniques enable the miniaturization of sensors
while maintaining the sensing performance of nanosized gas
sensor arrays. The positions of the active surface, surface area,
and electronic properties vary depending on the morphologies
of the nanomaterials, which has an impact on the operation of
the nanomaterial-based gas sensor.”* Several nanomaterials
have been investigated for use as gas sensing materials based
on the interactions they have with the target analyte to
produce certain properties. Different nanostructured variants
of $n0,,*>*® In,0," ZnO,'”*’ graphene,zg_}’0 reduced
graphene oxide,”! Cu,0,"® Co0;0,,"" and TiO,”" have been
studied. The nanomaterial needs to be created first with
binders or solvents before it can be used to make the sensor.
Following the preparation of the slurry, the sensor electrode’s
surface is assembled using drop-casting, screen-printing, or
spin coating techniques.”” *° Among the numerous technol-
ogies that are employed on a daily basis, nanosized gas sensors
have a significant role to play in a number of ways. Some of
them are as follows: Gas sensors are used to quantify and keep
track of the trace gases including CO and NO,, along with
greenhouse gases, that are present when the environment is
being monitored."*” In the medical field, exhaled breath
analysis is used for diagnostic and patient monitoring
purposes.”® The gas sensors are also useful in the food and
beverage industries, managing fermentation procedures and
keeping an eye on food spoilage,”” and are employed to find
explosive remnants in both the military and the civilian security
fields.'>*" The gas sensor is also needed for the home that can
detect combustible gases, liquefied petroleum gas (LPG)
leaks,*’ humidity, smoke, and CO in heating and cooking
appliances. In factories and warehouses, gas sensors are used to
sound an alarm if there is a gas leak. By using gas sensors, it is
possible to detect toxic gases like NO,, O, SO, O,
hydrocarbons, or CO, in exhaust for environmental protection
while keeping track of the amount of oxygen in fuel mixtures
used in engines in the automotive and aerospace industries."”
For the sake of everyone’s safety, toxic and flammable gas
detection is essential.”

The nanostructured materials were recently found to exhibit
superior gas sensing capabilities comparable to their bulk
counterparts. The size and properties of nanostructures used in
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gas sensors have a significant impact on their performance,
influencing sensitivity, selectivity, and other sensing parame-
ters. The size reduction from microscale to nanoscale rapidly
enhances the active surface area of sensors and henceforth the
performance. Smaller nanostructures often have a higher
surface-to-volume ratio, which can enhance their sensitivity
to gas molecules.”" Nanomaterials can be divided into four
groups based on their dimensions, including zero-dimensional
(0OD) nanomaterials (nanoparticles), one-dimensional (1D)
nanomaterials (nanorods, nanotubes, and nanowires), two-
dimensional (2D) nanomaterials (nanosheets), and three-
dimensional (3D) nanomaterials (nanocrystals). The dimen-
sions have been found to have an impact on the sensing
behavior of the nanomaterial-based gas sensor. In contrast to
1D nanomaterials, which allow for the delocalization of
electrons, 2D nanomaterials keep their electrons inside.
Additionally, the electrons delocalize along the nanomaterial’s
axis, as opposed to 2D nanomaterials, which conduct electrons
across their thickness.”> Despite the homogeneity of the
surfaces in all dimensions, this results in the development of an
electron depletion region on the nanomaterials.*® Metal oxides
like ZnO** and TiO," exhibit varied gas-sensing performance
based on their nanostructure dimensions and properties. The
morphology and structure of nanostructures also play a crucial
role in the performance of oxide-based gas sensors.”® Using
strategic synthesis routes, it is possible to modify the size,
morphology and crystallographic structures of nanostructures
and thereby enhance the sensor’s response. In fact,
comprehensive analyses of the synthesis and size of nanoma-
terials, such as ZnO,** TiOZ,47 and metal oxide nanostructures
in general,49 are available in the literature. It is known that
resistive components provide an elevated sensor response,
vertical devices (such as a metal—insulator—semiconductor
and a metal—insulator—metal) enable rapid response, and thin-
film transistors (TFTs) devices can effectively sense at room
temperature.”® Capacitive sensors exhibit heightened selectiv-
ity for particular gases depending on the operating frequency.
To expedite the recovery issues linked with room temperature,
sensing using TFT technology, frequent UV exposure, or light
irradiation can be employed. The performance of gas sensors
can also be improved through modification with metal
materials, electron sensitization, and chemical sensitization,
especially in the case of metal oxide—semiconductor (MOS)
gas sensors.”’ Comprehending the correlation between the
structure and performance of gas sensors, it is vital for fine-
tuning their design and functionality to suit specific
applications. Nanostructured materials, like hierarchical ZnO
structures, have exhibited enhanced gas sensing capabilities
owing to their extensive surface area and reactivity.’">
Furthermore, the selection of materials plays a pivotal role in
determining sensitivity and selectivity. Metal oxide semi-
conductor sensors are frequently employed and possess
distinctive parameters that impact their performance.”® Gas
sensors featuring high aspect ratio configurations, such as
nanowires, can bolster the detection of particular gases at room
temperature.”® Gas sensors operate on the principle of
adsorption between semiconductor materials and gas mole-
cules, and comprehending this mechanism can lead to
performance enhancements.”> The electronic structure of
sensor materials, encompassing the energy levels of conjugated
materials, can closely correlate with sensor performance.*®
Again, employing fractal geometry in the design of gas sensors
at both the macroscale and the microscale can augment their
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Figure 1. (a) Mechanistic representation of acetone sensing by a metal oxide gas sensor. (b) Initial electronic levels. Changes in the electronic

levels of MOS upon exposure to (c) oxygen and (d) target gases.

performance.”” Therefore, in this report the discussion is
mainly focused on the gas sensing performances of various
types of surface modified/functionalized nanomaterials or their
composites.

2. MECHANISMS OF GAS SENSING

The mechanism of sensing target gas molecules by nanoma-
terial-based gas sensors is different depending on the type of
sensor materials and the nature of the target gas. A brief
summary of some of the mechanisms, including catalytic
combustion, thermal and electrical conductivity, electro-
chemical, and optical gas sensing mechanisms, is given in
this section.

2.1. Catalytic Combustion Mechanism. The catalytic
combustion mechanism is based on the principle that the
combustible gas mixtures, on contact with a specific chemical,
start burning even at low temperatures and produce heat. For
almost a century, this approach has been used in sensors to
identify flammable gases. In 1923, Jones discovered the first
kind of sensor based on catalytic combustion to detect
methane in mines.”® A Wheatstone bridge is used in this type
of sensing mechanism. The heat generated due to combustion
increases the temperature as well as the resistance of the coil in
the Wheatstone bridge and thereby disturbs its voltage, giving
a signal corresponding to the concentration of gas.” Here, the
sensing material acts as a heater. Although this gas sensing
technology is simple and inexpensive, measuring the
flammability of gases, it needs oxygen for its operation and
may get poisoned by the presence of substances like Si, Pb, and
Cl,.

2.2. Thermal Conductivity Mechanism. The sensor
compares the target gas’s thermal conductivity to air in order
to calculate the amount of heat lost from a body with a higher
temperature to one with a lower temperature. Gases with
higher thermal conductivities than air (like H, and CH,) can
usually be detected using the sensors involving a thermal
conductivity measurement mechanism. This method of sensing
is not useful for detecting the gases like NH;, CO, CO,,
butane, etc., which have thermal conductivities close to or
lower than air. This method is inexpensive and involves simple
and strong construction with wide range of measurement at
RT. However, its main drawbacks include possible reaction
due to wire heating and its sensitivity toward humidity and
temperature.59
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2.3. Electrochemical Mechanism. The sensor involving
an electrochemical mechanism is based on the working
principle of measuring an electric current produced in the
electrochemical cell containing a sensing electrode and a
counter electrode. The target gas, after diffusing across a
porous membrane, get oxidized or reduced at the surface of the
detecting electrode, and the electrical signal generated in the
electrochemical cell is in a direct proportion to the
concentration of the gas. As a result of this electrochemical
reaction, flow of current between the electrodes take place.>”
For instance, in detecting hydrogen gas, hydrogen is allowed to
undergo the oxidation reaction at the anode (sensing
electrode), and a simultaneous reduction reaction involving
oxygen takes place at the other electrode, as per eqs 1 and 2.

H, —» 2H" + 2¢” (1)

1 -
S0+ 2H" + 2¢” - H,0 2)

This method of gas sensing can be used for detection of a
wide range of gases, including toxic gases, even at low
concentrations, but it needs modern techniques for monitor-
ing.
2.4. Optical Sensing Mechanism. The light absorption/
emission and scattering behaviors of different gases are
different. This variation in the optical properties is utilized in
gas sensors involving an optical sensing mechanism. Light-
emitting, photodetecting, and gas-sensing components are all
present in this kind of sensor, which responds to light
including phosphorescence and fluorescence and convert it
into electrical signals. Here a gas is detected based on the
concentration prosportionated signal resulting from its specific
optical property.”” The approach generally makes use of
optical fibers coated with small layers of palladium or
chemochromic oxides as sensors. These materials are easy to
employ in an oxygen-free environment and are not affected by
electromagnetic interference, but they are affected by
surrounding light.>”

2.5. Electrical Conductivity/Resistivity Mechanism.
This type of sensing mechanism is generally observed in case
of metal oxide semiconductor (MOS) materials. The gas
sensing mechanism involving MOS nanomaterials is not
governed by a single, unified process. Instead, it relies on
intricate interactions that transpire at the interfaces between
the gas and solid phases when the target gas is adsorbed onto
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the catalyst’s surface. In the 1930s, scientists observed
alterations in the conductance and work function of a MOS
when it came into contact with gases like O, and co.”!
Indeed, the adsorption/desorption model is the major gas
sensing mechanism reported now-a-days. This model primarily
relies on the process of chemical or physical adsorption/
desorption of gas on a material's surface, leading to a
modification in resistance attributable to fluctuations in the
charge carrier concentration. A general oxygen adsorption
model with illustrations that explain the reactions on the
sensor surface and the corresponding changes in the energy
levels is depicted in Figure 1. The oxygen gas undergoes
adsorption on the surface of the sensor and accepts the
electrons from its conduction band to generate negatively
charged oxygen species, as presented in eqs 4—6, and an
electron depletion layer is created on the surface of the sensor
material, as presented in Figure 1a.°" This electron depletion
layer increases the resistance in the case of an n-type MOS
sensor, such as ZnO, TiO,, or SnO, (Figure 2a). When this

a) Adsorbed Adsorbed
oxygenion Targetgas OXygen ion Target gas
L °
@ &
7 S i
Conduction band - .

le

Valence band

Resistance
Resistance

n-type metal oxide p-type metal oxide

/

Interdigital
transducer

Piezoelectric
substrate

Figure 2. (a) Schematic illustration of resistance changes in the MOS
sensors (n-type and p-type) in the presence of oxygen (air) and the
target gas. (b) Schematic representation of gas sensing principle of a
SAW device.

surface is exposed to target gas, the later undergoes a redox
reaction with oxygen anions, and the electrons are given back
to the conduction band. As a consequence, the electron
depletion layer shrinks and the resistance decreases. Interest-
ingly, the resistance of the p-type MOS sensor (such as NiO or
Co0) decreases during the adsorption of oxygen and increases
after the exposure to the target gas, exactly the reverse process
compared to the n-type MOS sensor (Figure 2a).

0, © 0,(MOS-ads: adsorbed on MOS surface) 3)
0,(MOS-ads) + e~ « O,”(MOS-ads) (4)
0, (MOS-ads) + e~ < 20 (MOS-ads) %)
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O (MOS-ads) + e~ & O*(MOS-ads) (6)

(7)

The changes in the electronic energy levels due to the
adsorption of oxygen and target gases on the MOS sensor
surface are presented in Figure 1b—d. The Fermi level shifts to
lower energy, and the conduction band bends upward due to
the initial adsorption of oxygen gas, thus causing an increase in
the resistance. Upon the adsorption of the target gas, electrons
are given back to the conduction band and hence the electron
depletion layer gets reduced. As a consequence, the conduction
band and Fermi level revert back to their original positions,
decreasing the resistance. The sensors with this type of
mechanism exhibits quick response and recovery time and
remain unaffected under a highly humid atmosphere. However,
they are affected by the presence of contaminants and need
high operating temperatures.

2.6. Surface Acoustic Wave (SAW) Sensing Mecha-
nism. SAW is based on the principle of transduction,
employing an interdigitated transducer that makes advantage
of the piezoelectric effect to transform an electrical signal input
into a mechanical wave and back again into an electrical signal.
The target gas is selectively adsorbed onto a thin polymer to
enable gas detection. Due to the adsorption of gas, there is an
increase in the mass, resulting in an alteration in the electrical
signal (Figure 2b). A sensor involving this method could be
used for wireless applications and exhibits good response time.
However, during its fabrication, it has handling difficulties due
to its miniature size.*”®*

G(MOS-ads of gas) + e~ « reduced products + e~

3. GAS SENSORS BASED ON ZERO-DIMENSIONAL
NANOMATERIALS

3.1. Gas Sensors Based on Carbon Dots. The
advantages of carbon dots (CDs) include their exceptional
optical qualities, high degree of water solubility, minimal
toxicity, environmental friendliness, variety of raw materials,
sources, low price, and excellent biocompatibility.* CDs, a 0D
carbonaceous nanomaterial, have a number of peculiar
properties, including high conductivity, a high number of
functional groups, a large number of edges, and a quantum
size. They are the perfect component for a gas sensor, because
they significantly influence the growth of the nanofield, which
enhances the gas sensing efficiency. Using a green one-pot
technique, Hu et al. created reduced graphene oxide—carbon
dots (rGO-CDs) hybrid materials, where tiny particles of
carbon dots are produced on the surfaces while reducing
GO.” The schematic of the synthesis method and TEM
micrographs of GO and rGO-CDs are shown in Figure 3. The
detection of gases by rGO is significantly improved by the
addition of CDs. Composite structures are able to sense even
an extremely low amount of NO, (10 ppb) at RT. After being
exposed, the rGO-CDs that had been made displayed excellent
levels of selectivity, sensitivity, stability, and reproducibility for
NO, gas at RT. The tremendous improvements in rGO’s
capacity to sense gases can be attributed to the inclusion of
CDs and the creation of an all-carbon nanoheterojunction. The
addition of CDs to rGO, which results in a higher hole density
on the rGO surface with just minor nitrogen defects promoting
significant charge transfer, has been suggested as the cause for
its enhanced gas sensing characteristics. The sensor performs
better in terms of sensing when compared to the recognition of
bare rGO. The production of chemically adsorbed oxygen
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Figure 3. (a) Schematic representation of the synthesis of rGO-CDs hybrids, (b) TEM image of GO, and (c) HRTEM images of rGO-CDs.
Reproduced with permission from ref 65. Copyright 2017 Royal Society of Chemistry.
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Figure 4. (a) SEM image of ZnO microspheres. (b) TEM images of the CDs. (c) Representative graph indicating the selectivity of the ZnO/CDs
(1 equiv) composite toward 100 ppm of different gases. Reproduced with permission from ref 70. Copyright 2020 MDPL

species, such as 0,7, O*7, and O~, might occur as a result of
the adsorbed oxygen molecules on the sensor drawing
electrons from the semiconductor when exposed to air. This
causes the rGO-CDs’ surface to develop a depletion layer. On
contact with NO, gas, its selective adsorption occurs on the
numerous active sites available at the grain boundaries and the
all-carbon nanoscale interfaces of the rGO-CDs hybrid
material.® Charge transmission is considerably accelerated in
the depletion layer of nanomaterials by the existence of all-
carbon nanoheterostructures and a modest degree of N-
doping. The very intense interface electron exchange of the
sensor with NO, gas due to its lone pair electrons will result in
dramatic changes in the sensor’s resistance. The electrical
properties of the system are impacted by each of these factors
and significantly improve the sensor’s sensitivity.

The focus of Cheng Ming’s investigation is carbon dot-based
gas sensors. He employed a straightforward green hydro-
thermal technique, followed by annealing treatment, to
synthesize uniform and hierarchical In,0;/carbon-like nano-
spheres and investigated their gas detection capabilities.”” In
this method, gas sensors are produced by utilizing the excellent
properties of In,O;. Oxygen molecules will stick to the surface
of indium oxide (In,O;) when it comes into contact with air.
This adhesion causes the oxygen molecules to grab electrons in
the indium oxide conduction band, resulting in chemically
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adsorbed oxygen species (O*7). An electron depletion layer
forms as a result of this action close to the In,O; surface,
thereby reducing the electron concentration and increasing the
resistance. When in contact with oxidized gases like NO,,
NO,™ species will be formed by obtaining electrons from
In,0; causing the resistance to increase. After combining with
the CDs, the resultant In,O;—CDs hybrid materials become
excellent NO, gas sensors compared to pristine In,O;. The
creation of an In,0;—CDs heterojunction, which results in
electron transport from In,O; to CDs, is responsible for the
increased sensing capability of this hybrid nanostructured
material. The electron depletion layer enlarges as a result,
increasing the resistance. In addition, the introduction of
carbon dots provides a highly active surface effect that
facilitates the adsorption of oxygen and NO, gas, accelerating
the reaction and enhancing the gas sensing ability. The actual
nuclear charge decreases due to the shielding effect caused by
the addition of CDs. As a result, the NO, molecules will absorb
the released electrons easily and enhance the sensing
capability. The proportion of oxygen vacancies (O,) and
adsorbed oxygen (O;) in In,O;—CDs hybrid also increases
with the addition of CDs. Increases in the O percentage are
essential for enhancing sensing, because surface adsorbed
oxygen has high activity. The higher percentage of O, in the
crystal structure can increase the number of free electrons for
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with permission from ref 71. Copyright 2020 IOP Publishing.

the interaction of adsorbed oxygen with NO, gas, improving
the performance of the sensing system.’®® Thus, the gas
sensor’s distinct structure and properties enable it to
significantly enhance its sensing efliciency.

Yu et al. investigated the hydrothermal method for
synthesizing ZnO and carbon dots (CDs).”’ He doped the
CDs into the ZnO using a grinding technique to create ZnO/
CDs composites. The enormous surface area of ZnO for the
adsorption of gases may be discovered by analyses employing
optical sheet diffraction and scanning electron microscopy
(SEM) (Figure 4a and b). High gas sensitivity is demonstrated
by the ZnO/CDs combination in contrast to ZnO micro-
spheres. The ZnO/CDs composite sensor’s high NO response
is revealed by the gas sensitivity test (Figure 4c). In contrast to
conventional techniques, ZnO/CDs composites react with NO
much more quickly, and the NO is significantly influenced by
the active functional groups of the CDs. The main distinction
of this work is that doping CDs into ZnO has considerable
influence on the greater gas responsiveness of NO gas. One
distinguishing characteristic of NO gas is the spontaneous
formation of free radicals. Active functional groups bind to CD
surfaces by taking up free electrons in the composites’ ZnO
conduction band. Therefore, when the concentration of the
carrier increases, the material’s conductivity similarly decreases.
The measured resistance value increases, indicating an
enhancement in the ZnO/CDs composite’s gas sensing
response. The inclusion of CDs in the composite alerts the
gas adsorption process and the solid-phase contact reaction
undergoes an electron transfer more frequently. Large surfaces
can test more target gas molecules and adsorb more oxygen
molecules, as in the case of materials with porous micro-
morphologies. The improved gas sensing reaction will result
from the increased surface contact. ZnO/CDs composites can
interact with NO gases more intensely because their sheet
assemblies are in the shape of microspheres and have large
specific surface areas. With more NO gas-sensing reaction sites
made available by the various functional groups on CDs in the
composite, this technique can increase the material's gas
sensitivity and boost the effectiveness of the gas sensor.

3.2. Gas Sensors Based on Nanoclusters. In the field of
nanotechnology, nanoclusters have recently emerged as a novel
material. Since gold nanoclusters are thought to be the most
typical representative of metal nanoclusters and have received
the most attention, researchers have become increasingly
interested in them. Using organic molecules as templates,
molecular aggregates exhibiting fluorescence characteristics are
called gold nanoclusters. They can distinguish between
particular energy levels and have a size similar to a Fermi
wavelength. As a result, when excited at a particular

3097

wavelength, they release fluorescence. Gold nanoclusters are
superior materials for gas sensors compared to conventional
luminous materials like organic fluorescent dyes and nano-
particles because of their straightforward fabrication processes
and distinctive physicochemical characteristics. Because of
their many beneficial properties, including excellent bio-
compatibility, light-induced and light-stabilized fluorescence,
and superior sensing performance, nanoclusters have made
significant progress in the study and production of gas sensors.

In order to functionalize GaN submicrometer wires with
titanium dioxide (TiO,), Khan et al. investigated a very
sensitive and specific technique for detecting NO,. The
authors used nanoclusters and a top-down method to fabricate
dual-terminal GaN/TiO, sensor devices. The FESEM image of
the cross section of the devise is shown in Figure 5a. The
sensor’s ability to function at RT is made possible by gas
sensing.”' After the study, it was discovered that the sensor was
highly selective for NO, and capable of withstanding other
obstructing agents. The sensor device performed well over an
extended period of time at RT and humidity, and it is generally
reliable and stable in a variety of environments. In this study,
GaN sensors that were functionalized with metal oxide
nanoclusters were used to detect NO, molecules. The sensing
mechanism, as schematically represented in Figure 5b, involves
the creation of surface defects, active sites, and an electron—
hole pair framework on the GaN as a result of the
photodesorption of water and oxygen by metal nanoclusters
upon UV irradiation. Chemisorption of NO, molecules
(analyte) at these active sites actively absorbs and releases
charge carriers for alterations to the surface potential of GaN
main chains, adjusting sensor currents in proportion to analyte
concentrations. Chemisorption of oxygen molecules in Ti**
vacancies on the TiO, surface creates negative charges.72
Additionally, molecular adsorption or dissociation adsorption
of water molecules on the TiO, cluster surfaces generates OH™
compounds at the Ti®* defect sites, which have numerous
advantages as sensors.”” Clusters of TiO, and GaN exhibit
activated electron—hole pairs when exposed to UV illumina-
tion with energy greater than the bandgap energies of these
materials. The photocurrent in the GaN submicrometer wire
increases because of the diffusion of photogenic holes toward
the GaN surface, brought on by bending with a surface energy
band and carrier lifetime. Oxygen and water molecules that
have been chemisorbed on TiO, nanoclusters get desorbed
after receiving these photogenerated holes. Due to the high
electrophilicity, NO, is directly adsorbable on these newly
created sites. On the surface of nanoclusters, certain NO,
molecules engage in chemical reactions with chemisorbed
oxygen that result in their chemical adsorption. The charge
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transfer between TiO, nanoclusters and NO, molecules
widens the depletion region inside the GaN, reducing the
sensor’s sensitivity current. High-performance NO, gas sensing
is made possible by the regulation of the depletion area width
in GaN, caused by the light-induced desorption of oxygen and
the charge transfer between NO, molecules and TiO,
nanoclusters.

Silver nanoclusters and phosphorene were combined in a gas
nanosensor system that was studied theoretically by Wang et
al.”* The Agy nanoclusters (1 < N < 13) have different
structural characteristics and can successfully slow down the
breakdown of phosphorene and hypophosphorous in the
catalyst. A more active adsorbent interaction, which can
effectively serve an adsorption function, can significantly
increase the system’s selectivity and sensitivity to adsorbed
molecules. Phosphorene’s sensitivity can be increased by the
presence of valence electrons of silver atoms, which can also
control how charges are distributed among the atoms of
adsorbed molecules and phosphorene. The work function
changes dramatically as the amount of NO, molecules that
adsorb on Ag, phosphorene increases significantly. In
comparison to Ag; phosphorene, NO, adsorption also needs
a higher bias voltage. The detection of NO, gas is then
accomplished. In order to lessen the deterioration and
passivation of phosphorene by metals, as well as the
aggregation of silver nanoclusters, this work proposes a
composite system of silver-trimmed phosphorene for gas
sensing. This composite system has stronger interactions than
the original system. Adjusting the adsorption energy and
temperature increased the selectivity and sensitivity. The
reagent used in this study is stable and has good selectivity.

This study shows that the sensitivity of all four molecules
(CO, CH,, NO, and NO,) to Ag; phosphorene is considerably
enhanced due to the surface alteration of phosphorene/silver
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nanoclusters, as the Ag atoms increase the energy difference as
well as the adsorption energy. The amount of NO, molecules
that get adsorbed, as well as the sensitivity and selectivity of
NO, molecules, can all be boosted with Ag, phosphorene,
making it the perfect substance for gas sensors. The fact that
phosphorene is a better scattering substrate compared to MoS,
and graphene makes this experiment exceptional. Silver
nanoclusters are effectively scattered by strengthening the
silver—phosphorene bond and decreasing the binding of
silver—silver. In comparison to a single silver-modified
phosphorene, NO, adsorption requires a higher bias voltage.
With more Ag nanoclusters present, Agy nanoclusters become
more responsive to the adsorption energy of four gas
molecules, giving rise to a range of methods for the selective
adsorption of gas molecules. Thus, the phosphorene surface’s
sensitivity and selection properties as a gas sensing element can
be improved by adjusting the adsorption strength and
electronic properties by adding silver decoration that produce
new synergistic effects.

In order to detect NO, gas molecules, Byoun’s team
synthesized heterostructured nanomaterials made up of
discrete n-type ZnO nanoclusters (n-ZnO NCs) and p-type
TeO, nanowires (p-TeO, NWs).”> The formation of TeO,
NWs and its clusters with n-ZnO is confirmed by TEM study
of the samples (Figure 6al and bl). A thorough investigation
of NO,’s capabilities with respect to its response, selectivity,
and operating temperature has been conducted following the
atomic layer deposition and heat evaporation processes that
formed these nanomaterials. The report suggests that there is
great improvement in the p-TeO, nanowire sensor’s reaction
to NO, by combining it with discrete n-type ZnO nano-
clusters. The synthesized sensors exhibit strong NO, selectivity
when compared to SO,, C,H;OH, and other interfering gases.
ZnO-TeO, heterostructures have effective electron sensitiza-
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tion for NO, gas detection. When n-ZnO and p-TeO, come
into contact, electron flow occurs from n-ZnO to p-TeO,,
which is then transmitted back to n-ZnO to balance the Fermi
level, which creates a barrier with band bending. In addition to
improving p-TeO, nanowire resistance, oxidizing gas detection
may be done with the help of heterojunction nanowires
functionalized by n-ZnO nanoclusters. Because of this, oxidant
adsorption and desorption cause a greater relative change in
hole-accumulation layer volume than reductive gas. The
surface of ZnO-TeO,NW heterostructure nanocrystals can
adsorb NO, molecules more easily than SO, molecules. Thus,
there is a notable improvement in the response to NO,. The
schematic representation in Figure 6a and b describes the
sensing mechanism of the bare TeO, NWs and ZnO-TeO,
NW heterostructure in the presence of air as well as NO, gas.
The ability to create heterostructures like p-TeO, and
continuously functionalize them with n-ZnO nanoclusters by
adopting atomic layer deposition and thermal evaporation
methods is the main benefit of this study. Fabricated sensors
outperform the original sensors in terms of their ability to
detect NO,. The NO, gas sensing is specifically influenced
favorably by functionalizing the surface of the p-TeO,
nanowires with n-ZnO nanocrystals.

3.3. Gas Sensors Based on Metal Nanoparticles. Gold
nanoparticles (Au-NPs) have a tremendous amount of
potential for use in gas detection technology, and this potential
has long been recognized, thanks to developments in the study
of nanomaterials. Nanostructured gas probes and the
associated detection technology have received a lot of praise.
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In recent years, gas molecule—Au—NPs hybrid systems have
gained popularity and shown promising results in a number of
biological analyses. Au-NPs were used to create gas sensors
that could identify specific gases because of their ability to be
easily prepared and biochemically modified, to have a high
density, and to have a high dielectric constant. The effects of
Au-NPs on CO gas sensing sensor performance were studied
by Nasresfahani et al.”® They created Au/PAni nano-
composites by ultrasound mixing the colloidal solution of
Au-NP and polyaniline and thoroughly investigated the
properties of polyaniline and the Au/PAni composite at RT.
Additionally, using FESEM and energy dispersive X-ray (EDX)
analysis, it is confirmed that the fiber surface is modified as a
result of electrostatic interaction and hydrogen bonding of Au-
NP with PAni. The study then examined the gas sensitivity to a
limited range of carbon monoxide gases by employing different
Au/PAni sensors containing various amounts of Au-NP. The
Au/PAni sensor’s excellent responsiveness, low noise, rapid
reaction time, wide variable range, and strong stability have all
been demonstrated through experiments. The sensor’s
selectivity and high sensing capacity are both influenced by
the catalytic performance of Au-NPs. The positive charge on
the carbon atom of the CO molecule is transferred to the
nitrogen on the amine functional groups in PAni, increasing
both the positive charge and the conductivity of polyaniline.””
However, the sensitivity of the p-type semiconductor PAni to
CO gas increased with the introduction of Au nanoparticles.
Au-NPs with negative charges were deposited on the positively
charged polyaniline surface to form the Au/PAni composite by
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physical mixing of the two components. The produced Au/
PAni sensors display superior gas detecting characteristics over
a range of CO concentrations at RT because of the high
surface energy of the Au-NPs, which create adsorption sites for
CO gas molecules and transmit the positive charges to
polyaniline.”®

Kim et al. suggested a NO, gas sensor based on Au
nanoparticle-modified ZnO nanowires (Au-ZnO) that is highly
sensitive and quick to react.”” The surface of ZnO nanowires
(NWs) with and without a (3-aminopropyl)triethoxysilane
(APTES) layer was altered with Au-NPs, as depicted by TEM
images in Figure 7a—d. Because of the local surface plasmon
resonance (LSPR) of the Au-NPs, the model without the
APTES layer is highly sensitive to NO, gas. Surprisingly,
compared to bare ZnO nanowires, the model without the
APTES layer (i.e,, Au-ZnO) exhibited a three times faster NO,
gas response and an 86% lower response time. The APTES
surface layer facilitates better Au-NP attachment, and the
LSPR effect can significantly boost gas sensor performance.
The absorption and desorption mechanisms for NO, gas
response by Au-ZnO and Au-ZnO/APTES in the dark and
under green light illumination is clearly illustrated by Figure 7e
and f. The ZnO surface should be the only place where the
NO,™ ions suction emerges. By causing the Au-NPs to produce
plasmon-mediated hot electrons, the adhesion of Au-NPs to
ZnO should improve NO, gas adsorption when illuminated
with green light. To be more precise, under green light
illumination, hot electron afflux and light-stimulated electrons
from defect sites of ZnO NWs cause the conducting channel of
the ZnO NWs to become wider. As more electrons are added,
more NO, gas then adsorbed on the surface of ZnO by
trapping these electrons, thereby causing the depletion region
to be extended and decreasing ZnO NW’s electric channel. Au-
ZnO consequently attained the highest improvement ratio and
NO, gas response. Although the creation of ZnO NW holes
under green illumination also improved the removal of the
adsorbed NO, and O, ions, improvements were also observed
in the hot electron-associated gas adsorption method. On the
other hand, Au-ZnO/APTES’s ability to adsorb NO, gas is
obstructed by the APTES layer attached on the ZnO NW
surface.

As evidenced by the relatively thin NO, arrows in Figure 7f,
the APTES layer prevented NO, gas from adhering to the ZnO
NW. In contrast, compared to the absorption process, the
suction of the NO, gas was significantly less hampered by the
APTES layer once it had been adsorbed on the ZnO NW
surface of Au-ZnO/APTES. Due to the hot electron afflux and
light-induced electron stimulation, Au-ZnO/APTES demon-
strated a ZnO NW electric channel that widened upon
exposure to green light."”*" However, the narrowing of ZnO
NW’s electric channel was less than that of the Au-ZnO case
because the APTES layer’s interference prevented the NO, gas
adsorption process from being abundantly accelerated on the
surface of the ZnO NW. This could explain why, despite the
Au NPs’ LSPR effect, the Au-ZnO/APTES response to NO,
gas was less than that of Au-ZnO upon exposure to green light.
Additionally, for all three samples (bare ZnO, Au-ZnO, and
Au-ZnO/APTES) except Au-ZnO, where the LSPR effect was
particularly strong, both red and green illumination accelerated
the process of desorption of NO, gas more quickly than the
process of adsorption did. The hot electron generation from
the Au NPs by LSPR and the reduction in gas adsorption by
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the APTES layer might therefore be the basis for the NO, gas
sensing mechanism of the synthesized materials in this report.

In this study, Li proposed the fabrication of microgas sensors
by assembling and depositing Au-NPs functionalized with 11-
mercaptoundecanoic acid (MUA) between two electrodes
using laser writing technology.®” It predicted how conductivity
would change in response to volatile organic compounds
(VOCs) using interparticle characteristics, such as a dielectric
constant. The microsensor’s responses to seven different VOCs
were studied. This microsensor exhibited increased sensitivity
while cutting down the response time for all the VOCs analytes
compared to other conventional sensors. This Au-NP-based
gas sensor, however, responds more strongly to o-xylene. The
larger surface-to-volume ratio, resulting from surface abrasion
and device miniaturization, is proposed to be the reason for the
higher response and the shorter time for the gas to precipitate.
Gas sensors are becoming smaller, which increases response
time and speed.”® The sensing mechanism of this Au-NP-based
microsensor is based on a particle-to-particle electron
technique.** Unlike a metal oxide semiconductor, the gas
molecules and nanoparticles do not interact chemically. The
physical characteristics of the Au-NP-based sensor change
when it is exposed to analytes due to the VOCs’ ability to
adsorb on its surface. As the polar gas molecules (VOCs)
diffuse in the Au-NP-based microsensor, the dielectric constant
and the distance between particles are increased accordingly,
which changes the conductivity and gives rise to an appropriate
signal to sense the gas.

PbS nanocrystals were the subject of research by
Mosahebfard et al., and this material recently demonstrated
RT gas sensing capability for a particular gas (ie, CH,).*
Another typical noble metal that is added to device to enhance
performance is gold. The CH,-sensing capabilities can be
enhanced by adding Au-NPs.® The conductivity, sensor
response, and sensor speed of PbS-NCs for CH, sensing
have all been investigated and analyzed. PbS-NCs show that
the addition of the right amount of Au-NPs can improve the
sensing properties for methane. The impact of Au-NPs on the
electrical characteristics of PbS was investigated in this study
using a variety of properties. It is possible to lower the
electrical conductivity of the PbS-NCs by modifying their
surface with Au-NPs, which results in higher sensing
performance. The main reason is that Au-NPs have the
capacity to boost the quantity of oxygen adsorbed on the PbS-
NCs surface, and methane molecules find more adsorbed
oxygen to interact, in comparison to pure PbS NCs, under the
same environment and methane concentration.”> Compared to
the conventional method, this increases the sensor’s efficiency
and sensitivity. The improvement of the adsorption of oxygen
onto gold can enhance the sensor’s performance, which is
because O, and CH, molecules are competing for the gold’s
attention. At low methane concentrations and a high
percentage of Au-NPs on PbS NCs, methane molecules find
more oxygen molecules that are adsorbed, thus causing the
conduction of the PbS-NCs to vary significantly. On the
contrary, at high methane concentrations and a high
percentage of Au-NP on PbS NC, the interaction with the
adsorbed oxygen involves an interaction between Au-NPs and
CH, molecules. The quantity of Au-NPs on PbS NCs has an
impact on the increase of the sensor’s characteristics, and it is
discovered that the sensor performs at its best when 1 wt %
Au-NPs are added to the surface of the PbS NCs.
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4. GAS SENSOR BASED ON ONE-DIMENSIONAL
NANOMATERIALS

4.1. Gas Sensors Based on Nanowire. In addition to
raising production and living standards, the ongoing global
industrialization process also damages the surroundings to
different degrees. These last several years have seen an increase
in the diversity and complexity of hazardous gas components,
posing serious risks to both production safety and human
health. As a result, self-defense awareness among people has
increased. Therefore, it is necessary to continuously monitor
potentially dangerous and toxic gases in the environment.
Nanowire materials have flourished and assumed a crucial role
in the market due to their benefits of great sensitivity, easy
preparation, and affordability. The result has been a steady
improvement in the performance of devices using a nanowire
material as the carrier. By modifying the structure and
morphology and investigating synergistic recombination, the
sensor’s performance can be improved.

Lin et al. investigated a hydrogen detection SnO, nanowire
Hall effect gas sensor.’” It generated SnO, nanowires by
employing a horizontal electric furnace to produce stainless
steel mesh, and the authors used XRD and XPS to determine
its crystal structure, morphology, and electron binding energy.
A discussion of the SnO, nanowire Hall effect gas sensor’s
detecting process was also included in the review. Responses to
H, gas were displayed by the synthesized SnO, NW sensor at
various operating temperatures and H, concentrations. In
comparison to pure SnO, gas sensors, the Hall effect sensors’
response characteristics are shown to be superior. The target
gas sensing mechanism is related to the Hall effect principle
and the reactions of adsorbed H, and O, on the surface of
SnO, nanowires. As the adsorbed oxygen molecules accepted
the electron from the conduction band of the SnO, nanowires,
the density of electrons on the exterior surface of n-type SnO,
semiconductor nanowires decreased.*® Upon exposure to
hydrogen gas, the carrier concentration increased over time.
The interaction between adsorbed hydrogen and oxygen ions
released electrons when water was formed; hence, the carrier
concentration increased along with the increase in hydrogen
concentration. The Hall voltage and Hall coefficient therefore
saw a drop in their absolute values. Increases in H, gas
concentration were shown to cause a further drop in Hall
voltage. Therefore, this type of gas sensor has enormous
potential to be used for hydrogen gas in real life applications.

In order to create highly selective and sensitive nanowire
based hydrogen sensors, Cai et al. synthesized SnO, nanowires

3101

modified by Pd nanoparticles.”” The vapor—liquid—solid
method was used to prepare a SnO, nanowire, which was
subsequently subjected to UV irradiation using 1 mM PdCl,
solution to modify its surface with Pd nanoparticles. SnO,
nanowires modified with Pd nanoparticles perform electro-
chemically well compared to the bare SnO, nanowires and
show a range of hydrogen sensitivity as the Pd nanoparticle
concentration increases. The selectivity of this nanowire-based
sensor also gets better as the amount of Pd nanoparticle
increases. After surface modifications with Pd nanoparticles,
SnO, NWs display significantly improved hydrogen detection
sensitivity, in comparison to other gases.

Another unique feature of this discovery is that, when
exposed to air, oxygen from the air is adsorbed on the surface
of the SnO, nanowires due to the attraction of static charge. By
removing electrons from the surface of the SnO, nanowires,
adsorbed oxygen is transformed into oxygen ions. As a result,
the resistance increases and the nanowires’ surface depletion
layer grows. In the presence of hydrogen gas, hydrogen gas
adsorbs on the surface of the SnO, nanowires and
subsequently, reacts with the already adsorbed oxygen ions
to form H,0.” Through this reaction, oxygen ions that had
taken electrons from the SnO, nanowires return to them,
restoring the nanowires’ surface area, resistance, and carrier
concentration to their initial values. However, upon the
modification of the surface of the SnO, nanowires with the
Pd nanoparticle, the concentration of adsorbed oxygen and
hydrogen increases significantly due to the catalytic effect of
metal NPs. The initial depletion layer on the surface of the
SnO, nanowires was produced as a result, which also changed
the electrical band structure. The resistivity of such nanowires
in a hydrogen environment was greatly decreased as a result of
SnO, using electrons as electrical carriers on nanowire surfaces.
Thus, in the presence of hydrogen and air, the behavior of this
SnO, nanowire with respect to gas-sensing capabilities became
more apparent after the modification by Pd nanoparticles.

Weng team used multinetwork arrays and single nanowire
devices made up of pure $-Ga,O; nanowires and nanowires
that had been modified with gold to study the sensing behavior
toward CO gas at RT.”" High-density Ga,O; single crystal
nanowires were grown on silicon substrate using the vapor—
liquid—solid growth technique. The detailed growth mecha-
nism is depicted schematically in Figure 8a—f. Through the use
of FESEM and TEM, the authors examined the morphology of
the synthesized nanowires. Using the focused ion beam
technique, they created single-nanowire gas sensors. With the
help of the Au modification to the -Ga,O; nanowire, a single
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CO gas-detecting nanowire was proposed to detect CO gas at
RT with amazing sensitivity. The purpose of this study was to
determine how altered Ga,O; nanowire devices performed
when exposed to various gas concentrations with Au-NPs,
which have improved and reliable RT gas sensing properties.
Various gas sensors were used to measure the CO gas
concentration and produced a range of results. In those cases,
as gas concentrations fall, response and recovery times
gradually get shorter and longer, respectively. The modification
of the surface of the -Ga,O; nanowire with Au-NPs facilitates
the availability of free electrons on f-Ga,O; nanowire lattices,
which subsequently enhance the electronic conduction
through the formation of oxygen ions from the adsorbed
oxygen molecules. Depending on how much oxygen has been
deposited sensor’s surface, the response and recovery time
change. The performance of the sensor is also improved when
there are more oxygen vacancies in the Ga,O; nanowire
lattices, since this causes trapped oxygen molecules to be under
more pressure. It helped the CO-gas sensor via adsorption, and
as the reducing agent reacts with the material’s surface, the
resistance drops. Increased conductivity is the result of the free
electron after the reduced gas has chemically reacted with
absorbed the oxygen in semiconductor. This also explains why
Au-modified f-Ga,0; has excellent gas sensing capabilities.”” A
schematic diagram for CO gas sensing measuring unit is shown
in Figure 8g.

A ZnO/Si nanowire sensor for NO gas based on a
heterojunction array with a very high response, operating at
RT, was studied by Samanta et al.”* The sensor is very selective
for NO gas, and there is also little variation in the sensing
response in the presence of moisture. The sensor was
fabricated by combining Si nanowires and ZnO nanostruc-
tures, which were prepared by electroless etching, followed by
chemical solution deposition and spin coating. Because of the
synergistic effect, the heterostructures resulting from combin-
ing p-Si nanowires with n-ZnO exhibited greater sensing
response than the sum of their individual contributions. One
distinguishing quality of this gas sensor is its selectivity for a
specific compound. In order to ascertain NO gas sensing using
the ZnO/p-Si nanowire sensor, various types of gases were
tested on it. High NO gas selectivity is achieved using this
sensor. In addition, this ZnO/p-Si nanowire sensor’s response
toward the detection of gases improves, as the amount of
environmental moisture decreases. A study on the changes in
gas reaction at various temperatures is also included in the
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review. Temperature-dependent reactions between NO gases
and ZnO/Si nanowire devices are observed to increase,
thereby increasing their response with temperature. The
main reasons behind the high sensitivity of this device toward
NO gas are the strong oxidizing nature of NO gas and the
combination of p-type SiO, nanowires and n-type ZnO to
produce a p—n heterojunction.

Avansi et al. synthesized the TiO, nanoparticles and V,Oq
nanowires by the hydrothermal reaction of metal peroxide
complexes and studied the chemiresistive sensing ability of the
prepared V,05/TiO, heterostructure.”* Heterostructures are
generally created by combining different nanostructured
semiconductors with varying band energies. By using TEM
(Figure 9a), X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS) measurements, the formation of V,0/
TiO, heterostructures was investigated. Compared to bare
V,0;, this 1D V,0,/TiO, heterostructure is suggested to have
good detection capabilities as well as ozone sensing qualities
(Figure 9b) that are strongly correlated with repeatability and
selectivity. Here, the V,04/TiO, heterojunction that results
from n-type V,0; and n-type TiO, semiconductors exhibits a
distinct electron affinity, work function, and band gap. An n—n
type heterojunction is produced, which causes a change in the
resistance at the interface and the formation of an energy
barrier and depletion layer at the junction. When these two
semiconductors reach equilibrium, electrons move from TiO,
to the V,0; semiconductor’s low-energy conduction band until
they have identical Fermi levels. As a result of this, bending of
the band occurs at the junction, and more electron conduction
bands are present in the TiO,. The heterostructure of V,04/
TiO, exhibits a variety of kinetic curves for the sensor’s
response, indicating that the formation of the heterojunction
results in the creation of additional active sites. Thus, the
enhanced response of this V,0;/TiO, heterostructure towards
ozone gas can be correlated to the synergistic effect resulting
from the creation of an effective heterojunction at the biphase
interface of V,05 nanowires and TiO, nanoparticles, which
alters the resistance and subsequently enhances the response to
the gas.”>*

4.2. Gas Sensors Based on Carbon Nanotubes. The
potential to create energy-efficient, extremely sensitive,
affordable, and portable sensors has greatly increased with
the development of nanotechnology. Emerging nanomaterials
known as carbon nanotubes make excellent candidates for gas
molecule adsorption due to their superior electrical con-
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ductivity, substantial surface area, and distinctive hollow
structure. The frequently used semiconductor metal oxide
gas sensing materials often need to operate at a higher
temperature and display semiconductor properties.”” The
incorporation of CNTs affects semiconductor oxides’ ability
to detect gases, and as a result, the obtained composite gas
sensing materials have effective gas detection capabilities.
Kumar et al. investigated gas sensors based on single-walled
carbon nanotubes (SWCNTs) to more effectively detect one
of the toxic greenhouse gases, namely NO,.”® In this study, a
SiO, substrate was used to fabricate a thin-film of SWCNTSs
sensors via the thermal CVD method that was then
functionalized with polyethylenimine (PEI). The great
sensitivity of the PEI-functionalized SWCNTSs to potent
electron-absorbing compounds was confirmed. In comparison
to SWCNT gas sensing elements, SWCNTs with PEI
functionalization have a sensitivity that is almost 50% higher
at RT. Over the course of the entire concentration range of the
study, the gas sensor displays a recurrent response. By
functionalizing PEI, SWCNT’s gas sensing components
perform better compared to uncoated single-walled carbon
nanotubes, as PEI-coated ones have a higher NO, adhesion
coefficient, which absorbs electrons. The chemiresistive PEI-
SWCNT gas sensor performs well and reacts quickly in terms
of NO, sensing at RT. The improved sensitivity of PEI-
SWCNTSs, compared to bare SWCNTS, can be attributed to
the creation of additional defect sites on the surface of
SWCNTSs, which helps in the adsorption of more NO, gas
molecules. The increased charge transfer between SWCNTSs
and PEI leads to variations in the sensor’s resistance. It was
possible to achieve complete sensor recovery with careful heat
treatment process selection. The sensing ability of the SWCNT
can be enhanced with longer functionalization times with PEIL
PEI-SWCNTs sensors can be used in a variety of industries
depending on the type of chemical situations they are exposed
to, by adjusting the alkalinity and degree of modification of
SWCNTs networks.

Abdulla et al. investigated how thin films with effective
polyaniline (PAni) arrangements were created.”” Langmuir—
Blodgett (LB) technology was used to obtain highly directional
arrangement of multiwalled carbon nanotubes (MWCNTs),
which also enhances ammonia sensing capabilities. The coating
of the PAni is carried out by polymerization process as
depicted schematically in Figure 10a, and TEM analysis was
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done to confirm the formation of PAni/MWCNT nano-
composite (Figure 10b and c). At the gas—water interface,
polyaniline-MWCNTs gradually organize into ordered small
blocks during the interfacial assembly process, and they then
continue to assemble into a directed, globally defined
monolayer. In order to analyze the gas sensor properties, the
PAni@MWCNT LB films were spin coated onto the double
electrodes that had been previously cleaned with gold sputter.
The p-type polyaniline’s orientation and uniform coating on
the surface of the MWCNTs are what allow for its great
sensitivity and quick response to NH; at RT. In constract, the
surface-functionalized polyaniline-modified MWCNTs, used in
this study, have the ability to make up for surface imperfections
caused by the 3D aggregation of CNTs. In addition, the thin
layer of PAni coating on MWCNT enables effective NH;
molecule adsorption by providing a high surface area and
active sites. Compared to a random network, the sensitivity to
ammonia is higher with this aligned assembled polyaniline-
coated MWCNT sensor due to directional electron transport
in the presence of NH; at RT.'” Because of adequate
molecular regulation, ultrathin LB membranes permit quick
analyte diffusion and active sensing layer assembly.

A carbon nanotubes (CNT)-based transparent gas sensor
was studied by Loghin et al. for the detection of NH; and
CO.""" Using the spray deposition technique, a CNT-based
electrode and sensing layer were created. The sensing
properties of NH; and CO, have been investigated using
transparent sensor electrodes with high transmittance (>60%),
and the results have been compared against a reference sensor
that was created with the same sensing layer but an evaporated
gold electrode. Both the transparent sensor and the reference
sensor exhibited the same response for NH;. However, in
comparison to the reference electrode, the transparent sensor
device was found to be more sensitive to CO,. The study also
indicated that the spacing between consecutive electrodes
affects the sensitivity of the sensors. A transparent sensor with
wider spacing between electrodes exhibits enhanced sensitivity
due to its higher sensing resistance, whereas reference
electrodes did not exhibit this effect due to their minimal
resistance in comparison to CNTs. However, this study uses an
electrode distance that is larger, which will have an impact on
the sensor’s overall resistance and enhance the performance of
the translucent CO, sensor significantly. The sensor’s
sensitivity is greater at higher concentrations for transparent
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sensors than for the reference gold gas sensor.'”” This better
sensitivity effect of the fully-CNT gas sensor can be attributed
to the varied network densities. Again, CO, can significantly
alter electrode resistance at higher concentrations, which
increases distance-insensitive normalized resistance and
enhances gas sensitivity. Thus, the transparent sensors perform
better than other sensors, proving they have effective
transparent gas sensing properties.

Rong et al. created high-performance acetone gas sensors
made up of molecularly imprinted polymers of Ag-LaFeO;,
(ALFOMIPs) and multiwalled CNTs through the microwave-
assisted sol—gel process.'”” Additionally, they investigated the
functional groups, particle size, and surface morphology of
synthesized materials using a variety of techniques, along with
their responses to various sample gases. Through testing and
analysis using acetone gas sensing, the CNT and ALFOMIP
nanocomposites (CNT/ALFOMIP) were found to have
greater thermal stability than the reactions of the ALFOMIPs
models. The molecular imprinting process has provided the
sensor with improved acetone vapor selectivity and sensing
performance, which allows it to respond strongly to acetone at
a range of temperatures. The change in electrical resistance of
the CNT/ALFOMIP sensor can be correlated to the
adsorption—desorption of the gases.'”* When CNT/ALFO-
MIP gas-sensitive materials are exposed to air, oxygen atoms
are chemisorbed and physically adsorbed on the surfaces of the
sensors. Once the adsorbed O, molecules were transformed
into different oxygen anions, depletion layers close to the
sensor surface formed, causing the electron density to decrease
and the sensor resistance to increase. On contact with acetone,
the oxygen is chemically adsorbed onto the surface by
evaporating in acetone, and the gas-sensitive CNT/ALFOMIP
material lets go of its free electrons, which enter the
conduction band. The electrical resistance of the CNTs is
thus found to have significantly decreased. The CNTs are good
conductors of electricity, and the presence of so many surface
functional groups like —COOH or —OH can reduce the
sensor’s resistance. The operating temperature of CNT/
ALFOMIP composites is low, and their response time is
quick. The formation of a p—p homojunction between CNTs
and metal ALFOMIP further increases the sensor’s gas
sensitivity to acetone vapor.

Struzzi et al. looked into how electronic properties could be
altered on the surface of the film containing vertically aligned
and randomly distributed CNTs.'"® They also optimized the
sensing properties of these materials using the hydrophobic
characteristics of CNTs after exposing them to plasmas of
Ar:F,, and CF,. The resilience and sensitivity of these so-
obtained fluorinated CNTs toward two chosen pollutants,
namely NO, and NHj, were investigated thoroughly. When a
vertical carbon nanotube (VCNT) is used after fluorination to
increase the surface hydrophobicity, it is possible to enhance
the sensor’s response and reproducibility toward NH;
although fluorination does not change the high responsiveness
toward NO,. The higher sensitivity for NH; gas can be
attributed to the higher degree of interactions of NH; with the
fluorinated surface of CNTs due to hydrogen bond formation.
This interaction facilitates the charge transfer process in the
fluorinated CNT sensor.'”® Moreover, compared to randomly
distributed CNT film, the improved sensing property of the
vCNTSs can be attributed to the significant role played by the
tips of the vCNTs.
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4.3. Gas Sensors Based on Other One-Dimensional
Materials. Yang et al. investigated a novel carbyne nano-
crystalline system used in a visible-light-driven RT gas sensor.
The carbyne nanocrystals (CNCs), synthesized by the laser
ablation in liquid (LBL) method, were seen to be stacked
flakes composed of rod-like crystals."”” When exposed to light
with a wavelength 447 nm, a CNC sensor can detect NO,
molecules at concentrations as low as 2 ppb with a response
and recovery time of under 100 s. It explained that the
fluorescence emission of CNCs was what caused the light-
driven sensing. The stability and selectivity of the device were
found to be outstanding. In comparison to other gases, NO,
molecules have high adsorption energy on the surface of
CNCs, which enables highly sensitive NO, gas detection.
When light with a suitable amount of energy (447 nm) is
absorbed, the sensing process includes the creation of many
electron—hole pairs in CNCs. In the presence of gold, Au-
CNC Schottky junctions were created at RT due to the CNCs’
lower work function compared to gold. As a result, electron
transfer occurs from CNCs to Au, causing the development of
an interface-proximate depletion zone. In the presence of NO,
gas, chemisorption of the gas takes place by accepting these
electrons to form NO,™ ions. As the NO,™ adsorption is not
dissociated and is not influenced by thermal energy, the energy
barrier height is the sole variable that influences the adsorption
activation energy of NO,. The CNCs have a greater adsorption
energy barrier height, which decreases with the addition of Au
at the Au-CNC Schottky gunctions, thereby facilitating the
adsorption of NO,™ ions.'**'%” In addition, the energy barrier
height of the photogenerated electrons from the bottom
conduction band of the CNCs to NO, molecules is reduced in
the presence of Au-NPs. Therefore, preferential adsorption of
NO,™ occurs at the Au-CNCs Schottky contacts. This behavior
results in an increase in device resistance and a widening of the
depletion region. In a dark nitrogen atmosphere, the gas
exhibits high sensor resistance due to a small number of thin
layer of electron—hole pairs on its exterior, and a high barrier
height of the CNCs. These results demonstrate the capability
of this gas sensor as a visible light driven NO, gas sensor at RT.

Pytlicek et al. examined sputtered-deposited anodized
Nb,O; nanocrystalline films on a silicon dioxide-coated Si
wafer for the detection of gases.''” The Nb,Og nanorods are
kept upright by the niobium layers in the nanofilm. Two types
of nanofilms were prepared. A sophisticated 3D structure with
a silicon chip with a multilayer structure and 33 microsensors
was created using each of the films. In order to construct a Pt/
NiCr top electrode and a multifunctional SiO, sandwich on a
silicon wafer by etching, laser dicing, and ultrasonic wire-
bonding, it was necessary to combine procedures of high
temperature vacuum or air annealing, sputtering, and stripping
lithography. The on-chip sensor system that is being suggested
enables sensitive, quick, and highly selective hydrogen
detection. The efficiency and capacity of 1D metal oxide
nanomaterials for gas sensing can be improved by this
technology for making chips and thin films. According to the
study, completely depleted oxide nanorods exhibit a noticeable
increase in resistance following patching, because air-annealed
nanorods have lower oxygen vacancy concentrations deeper
down the rods. This flat band condition is caused by the
decreased oxygen vacancy concentrations. However, upon
vacuum annealing, the oxygen vacancy concentrations
increases, causing a greater electrical conductivity of the rods
as well as a smaller depletion layer at the Schottky junction.
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The reaction to H, is then greatly enhanced as the resistance
declines. As a result, the sensor on the high-capacity, low-
power semiconductor chip performs noticeably better in terms
of sensing.

In order to detect trace amounts of gases, Kim et al.
synthesized SnO,—Cu,O core—shell nanowires (Figure 11)."""

The variation of the resistances of the core—shell nanowires
(C—S NWs) sensors with different shell thicknesses was
examined in the presence of 10 ppm of C-Hg, CsHy, and NO,.
At 300 °C, the C—S NW sensor demonstrated detection
sensitivities of 11.7 and 12.5 to 10 ppm of C,Hg and C4Hj,
respectively. This was achieved by optimizing the shell
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thickness to 30 nm. Additionally, for both gases, the response
and recovery times were close to 4 s. However, the C—S NW
sensor’s ability to detect NO, was lowered by the presence of
Cu,O shell. Figure 12 depicts a proposed sensing mechanism
through the schematic diagram by SnO,—Cu,0 C-S NW
sensor in the presence of reducing gases, oxidizing gases, and
air and under vacuum conditions with total resistance
modulation. Figure 12b shows the concentration profiles of
holes in ambient air and vacuum conditions, respectively, as a
red line and a black dotted line. In Figure 12c, the blue line
represents the concentration profile of air holes traveling in the
direction of the red line. Due to the oxygen absorption onto
the Cu,O shell and the development of core—shell
heterojunctions, it is feasible to divide the concentration of
holes into three zones while examining ambient air conditions.
A hole-accumulated layer (HAL (p*)) is created as the
chemically adsorbed oxygen species remove electrons from the
valence band of Cu,O. The hole-deficient layer (p~) is created
when the electrons in the n—p heterojunction electrostatically
react with the hole layer, while the intrinsic hole concentration
layer (p,), which is formed at a certain temperature, stays at
the level of holes in Cu,O that is at equilibrium. When exposed
to reducing gas, the p-Cu,O shell layer of the sensor becomes
more resistant because the concentration of holes in the “p”
shell layer is reduced. As a result of the weaker hole-
accumulation layer, the detection capacity of pure Cu,O NWs
was lower than that of C—S NWs sensors. The resistance
modulation of the p* layer shifts inversely with respect to the
thickness of the shell. Therefore, a thicker shell suffers less
resistance modulation as a result of being in a partial hole
accumulation condition. Since the p~ | n~ interface acts as a
blocking layer for the extension of p* layer, the existence of this
interface further restricts the development of the p* layer,
which contributes to the sensor’s limited sensitivity to NO,.

5. GAS SENSORS BASED ON TWO DIMENSIONAL
NANOMATERIALS

5.1. Gas Sensors Based on Graphene. The applications
of 2D nanomaterials in a wide range of devices, including gas
sensing, storage, electronic devices, owing to their unusual
physical and chemical properties have drawn remarkable
research interest worldwide.''”™""* In industrial production
and environmental monitoring, graphene gas sensors are
crucial and widely used. The unique physical, chemical, and
mechanical characteristics of graphene have made it a popular
subject for academic research. The sensors consisting of
graphene are capable of lowering the working temperature and
enhancing recovery and also exhibit good gas sensitivity,
making them capable of being used as gas sensors for a wide
range of gases. Moreover, the graphene-based gas sensor with
organic polymers can be prepared for use at ambient
temperatures. Huang et al. investigated the use of flavin
monocleotide sodium salt (FMNS) functionalized graphene as
chemically resistive gas sensors for the detection of ammonia
gas."'> The thorough characterization shows the synthesis of
well-structured graphene sheets with negligible defects. This
sensor, under optimized conditions, exhibits an outstanding
sensing ability and an extremely low detection limit when
detecting gases. In regard to the role of FMNS in the
fabrication of graphene-based sensors for NH; sensing, this is
demonstrated through all-atomic molecular dynamics simu-
lations. Ammonia molecules bind weakly to graphene surface
when it is not functionalized with FMNS, and a very low

3106

number of electrons are transferred from NH; molecules to
graphene, resulting in a low sensinﬁg response even after contact
with high NH; concentrations.'' In the case of the FMNS-
functionalized graphene sensor, more electrons are transported
from NH; molecules to graphene, as the FMNS performs the
dual role as p-type dopant to graphene and active sites for NH;
molecule adsorption via forming hydrogen bonds. Thus,
graphene-based sensors with FMNS provide excellent sensing
response and gas sensing capability even in the presence of less
concentration of NHj;. Again, the weak hydrogen bonding
interaction of NH; molecules with FMNS facilitates the
recovery process of FMNS functionalized graphene sensor.""”

The possibility of utilizing graphene nanosheets to detect
NH; gas was investigated by Ahmed et al."'® The measure-
ment was performed using a comparison of electrical resistance
values obtained before and after the gas exposure. Upon gas
exposure, the resistivity was found to increase considerably in
response to the adsorption of gas molecules. This graphene-
based gas sensor was inclined toward NO, and NH;. When
gases are detected by ultraviolet or heating sensors, graphene
reacts quickly and provides enough energy for graphene sheet
desorption.'”” Since graphene is a p-type semiconductor, the
change in conductivity of graphene results from the carrier’s
predominant hole hybridization with coupled electrons on the
material’s surface following the weak gas molecule adsorption.
This device demonstrated the superb sensing properties of
particular gases as well as the sensor’s performance.

meta-Toluic acid (MTA) functionalized graphene oxide
(GO) films for RT gas sensors were prepared via chemical
deposition using the Langmuir—Blodget (LB) technique by the
research group of Kumar.''” They made use of the thermal
evaporation technology for the deposition of the aluminum
contact to measure the resistance of the synthesized film. The
MTA-functionalized GO was characterized using XRD, FTIR,
Raman spectroscopy, and SEM. Studies on the selectivity of
the sensor under various circumstances revealed that it was
strongly selective for ammonia gas, demonstrating the gas’s
favorable sensing properties. The group investigated how the
sensors responded to ammonia at various concentrations in the
range of 100—2000 ppm. For 100 ppm of NHj, the response
was found to be highest with the 75 mM MTA-GO sensor.
This improvement in the response to gas can be attributed to
accelerated ester formation processes on the detecting film’s
surface, leading to its increased interaction with ammonia
molecules. In addition, the flaws and carbon vacancies in the
MTA functionalized GO promote interactions with NH; on
the surface, leading to both high chemisorption and physical
adsorption. The structural and electrical characteristics of
functionalized GO surfaces are altered by the adsorption and
dissociation of NH;. As a result, charge transfer takes place
from NHj; to functionalized GO surfaces via the development
of hydrogen bonding.'** Alternatively, the sensing mechanism
can be explained as follows. The surface characteristics of GO
may be impacted by epoxide rings on its surface breaking
during functionalization or NH; dissociation (NH; into NH,
and H species). As a result of a reaction between free NH, and
H species on carbon and oxygen sites, OH and NH, molecules
may be chemisorbed. The sensor shows exceptional ammonia
gas sensitivity and selectivity.

In order to develop a mass-type poisonous gas sensor, Van
Cat et al. investigated GO nanosheets (GO-NSs) that were
used with a quartz crystal microbalance (QCM) transducer.'”’
Its working electrode, the QCM’s surface, was treated with a
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spray of GO-NS suspension. It was designed to study the
concentration of toxic gases such as SO,, CO, NO,, and NH;
using GO-NSs that have excellent adsorption capabilities and
work well as sensors for identifying dangerous gases.
Nanosheet-structured GO has a negatively charged large
surface area with oxygen functional groups (such as hydroxyl
and carboxylic) and is an excellent adsorbent for gases. The
GO-coated QCM sensor showed an excellent sensitivity factor
(S-factor) with SO, and NO, gases, according to the sensing
findings. The working principle of this mass-type gas sensor is
based on the layer of testing gas molecules that adsorb and
desorb on the surface of the GO-coated QCM sensor.'*> The
hydrogen bonding-type interaction between the polar analyte
gas molecules on the sensor’s surface is the key to the
adsorption process. Therefore, the S-factor of the GO-NS-
coated QCM sensor is influenced by the adsorption capacity
and molecular weight of the analyte gas molecules. The sensor
showed similar sensitivity factors for SO, and NO, but a
comparatively lower value for CO. The higher value of the S-
factor for NO,, even though it has a weaker dipole—dipole
interaction than CO, can be attributed to the fact that NO,
generally exists in its dimer form, and the dimerization of NO,
leads to the formation of a higher molecular weight, N,O,. For
harmful gases like SO, and NO,, the QCM sensor with GO-
NS coating has very high gas sensitivity. Additionally, QCM
sensors exhibit repeatability, long-term cycle stability, and
excellent responsiveness.

On the other hand, the response of graphene, when made
into nanocomposites with PAni via chemical oxidative
polymerization, toward 100 ppm of NH; was found to be
11.33 with a 50 s response time and good repeatability at
RT."” This performance may be attributed to the homoge-
neous distribution of PAni over graphene, which helps in
creation of the p—n junction and a positively charged depletion
layer.

Wang et al. investigated the application of borophene-based
materials as nanogas sensors, taking into account gold
electrodes, MoS, substrate, and gas molecules.'** According
to the study, CO, NO, NO,, and NH; gas molecules may be
detected and distinguished using borophene and borophene—
MoS, heterostructures with gold electrodes. In contrast to
systems without gold electrodes, the MoS, substrate produced
nonlinear current—voltage behavior, while the gold electrodes
decreased current levels.

5.2. Gas Sensors Based on MXenes. MXene-based
nanomaterials are a unique family of materials that are stacked
in two dimensions (2D) and have a morphology similar to that
of graphene. When A-element layers from the MAX phase are
etched with an appropriate etching agent, MXenes are created.
A denotes elements from groups 13 or 14; early transition
metal elements are represented by M; and C, N, or their
mixtures are represented by X in the standard formula for the
MAX phases, ie, M, AX,.'” M,, X, T, is the chemical
formula for MXenes, where T stands for surface terminal
functional groups (fluorine, hydroxyl, and/or oxygen) that
were added during etching. Various etching procedures can be
used to tailor surface termination groups on MXenes. >’
Because of its high electronegativity and surface area, the
MXene nanomaterial is perfect for surface reactions and gas
sensing. Because of the reaction between the gas analyte and
the MXene layer surface, its resistivity or conductivity changes.
Charge transfer takes place when gas molecules come into
contact with the MXene layer, changing the sensor layer’s total
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conductivity. MXene nanomaterials have an easy resistance-
type sensing mechanism, making them a potential material for
gas sensors. The electrons in MXene nanomaterials are taken
out by oxidizing gas molecules and added by volatile organic
chemicals. Adsorption and desorption processes are involved
in charge transfer. Through surface functionalization and metal
ion implantation, MXene-based gas sensors can have higher
selectivity and sensitivity."*”

Using MXene materials and their composites, researchers
have created gas sensors for a variety of gases, including H,,'**
methanol,'*’ forrnaldehyde,mo‘131 toluene,'*'33 NH3,134_137
and NO,."**" Due to their dependable portability, strong
potential for integration, adaptability, and handling simplicity,
MZXene-based flexible piezoresistive sensors have potential
applications in intelligent robot technology, touch displays,
electronic skin, and human—computer interactions. For
instance, a flexible pressure sensor constructed from poly(vinyl
alcohol) (PVA) and MXene (Ti;C,T,) has over 10 000 cycles
of durability, ultrahigh sensitivity (2320.9 kPa™'), a large
sensing range (65.3 Pa to 294 kPa), a low detection limit (~6
Pa), and a short reaction time (~70 ms)."** The review paper
on MXene gas sensing by Deshmukh et al. is referred to
interested readers.'*'

The increased hydrophilicity, high mechanical stability, and
improved conductivity of Ti;C,T, MXene-based gas sensors
are contributing to their growing popularity.'**'** The surface
of Ti;C,T, MXene is enhanced by the inclusion of functional
groups, creating more active sites for gas adsorption.144
Effective, inexpensive, and very sensitive gas sensors are
essential for tracking trace volatile organic compounds
(VOCs) in environmental and biological applications. The
2D Ti;C,T, MXene gas sensor created by Kim et al
outperforms the sensitivity of typical semiconductor channel
materials thanks to its high metallic conductivity, low noise,
and completely functionalized surface."*> The MXene-based
gas sensor outperforms the best gas sensors available today
with a low VOC gas detection limit of 50—100 ppb at ambient
temperature. Its robust association with the analyte is made
possible by its metal conductivity and high functional group
coverage. The sensor allows for early diagnosis and treatment,
since it can detect different VOCs at a 100 ppm level without
the need for pretreatment. The study’s findings point to the
creation of a high-sensitivity sensor with a highly functional
metal sensor channel.

Kim et al. used interfacial self-assembly to produce an
ultrathin Ti;C, MXene sheet with a thickness of 10 nm, which
they then deposited onto a variety of substrates.'*® At 100 ppm
of ethanol, 100 ppm of acetone, and S ppm of ammonia, the
gas response performance was evaluated. The films demon-
strated exceptional performance in thin-film devices when
employed as gas sensors. Because of its excellent conductivity,
the Ti;C, gas sensor has a low electrical noise of 0.0015%.
Ammonia’s signal-to-noise ratio reached 320, indicating its
exceptional gas-detecting sensitivity. Wu et al. achieved great
selectivity in the development of a Ti;C, MXene-based sensor
for room temperature NH; detection.'” To detect a range of
gases, such as ethanol, methanol, acetone, NH;, CH,, H,S, and
H,O, the sensor was coated on ceramic tubes. The most
selective gas was NHj, with a response of 6.13%, four times
more than that of the other gases. From 10 to 700 ppm of
concentration, the sensor’s linear response changed. The
outstanding performance of the sensor for NH; detection at
room temperature was validated by humidity and cycle testing.
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(d) structure and various functional groups on the surface of Ti;C,T, nanosheets. Reproduced with permission from ref 148. Copyright 2017
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respectively. Reproduced with permission from ref 149. Copyright 2020 American Chemical Society.
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Figure 14. (a) Schematic representation showing how NH; and H,O molecules adsorb to the surface of alkalized Ti;C,T,. Reproduced with
permission from ref 152. Copyright 2019 American Chemical Society. (b) A schematic depicting the acetone-W,40,,/Ti;C,T, composite reaction.
Reproduced with permission from ref 153. Copyright 2020 Elsevier.
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Figure 15. (a) A schematic diagram illustrating the structure of the final surface-functionalized V,CT,MXene produced via delamination and
synthesis of V,CT,MXene. (b) SEM image of the interdigitated platinum electrodes with a drop-cast V,CT, film deposit. (c) A V,CT, film cross-
sectional TEM image. Reproduced with permission from ref 144. Copyright 2019 American Chemical Society.

By synthesizing Ti;C,T, nanosheets by extracting Al atoms
from Ti;AlC,, Lee et al. developed an RT gas sensor that was
integrated into flexible polyimide substrates using an easy
solution-based technique, as schematically depicted in Figure
13 a—d."** Room temperature ethanol, methanol, acetone, and
ammonia gas levels are all detectable by the Ti;C,T, gas
sensor. The sensing material’s efficient adsorption/desorption
on the surface of the Ti;C,T, sheet is the sensor’s mechanism.
The replacement of surface functional groups by gas molecules
results in gas absorption, which modifies the resistance of the
Ti;C,T, film significantly and facilitates carrier transfer.
Certain sensing materials attach themselves to structural
defects in the Ti;C,T, nanosheet, while other materials work
by means of charge transfer with surface terminals such as
hydroxyl and oxygen groups.'**

The improved performance and distinct selectivity of
toluene were shown in Shuvo’s investigation on the gas
sensing characteristics of volatile organic compounds utilizing
sulfur-doped Ti;C,T, MXene.'*’ In order to create conducto-
metric gas sensors, the team synthesized a sensing material and
used drop-casting to construct the electrodes (silver) on PET
substrates. Volatile organic molecules with various functional
groups were evaluated for their presence using the sensors.
Unique toluene selectivity was demonstrated using sulfur-
doped Ti;C,T, MXene sensors, which show improved
responsiveness (from 214% at 1 ppm to 312% at SO ppm).
Ti;C,T, MXene sensors doped with sulfur exhibit exceptional
stability over time and a unique reaction to 500 ppb of toluene.
MXene nanoflakes come into contact with the reductive gas’
molecules when toluene is added. Compared to other volatile
organic compounds, sulfur-doped MXenes enhance the sensing
response to toluene by releasing trapped electrons back into
the conduction band."*” Compared to nonaromatic VOCs, the
benzene ring in toluene interacts more with preadsorbed sulfur
species. The sensor’s selectivity to toluene is determined by the
methyl group’s electron-donating action, which enhances
hydrogen atom activity on the benzene ring. More active gas
adsorption sites are made possible by the increased interlayer
gap caused by the sulfur doping process. TEM (Figure 13e and
f) investigations demonstrate the increased interlayer spacing.
This resulted in enhanced interaction between sulfur species
on MXene nanoflakes and toluene molecules and amplified the
gas sensing response.

Using flexible wet spinning, Lee et al. created a Ti;C,T,
MXene/graphene hybrid fiber for NH; sensing.””' In
comparison to MXene and graphene, the fibers show a
considerably increased NH; sensing response and high NH;
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gas sensitivity at ambient temperature. The fiber also has
outstanding mechanical flexibility, maintaining a low fluctua-
tion of +0.2% even after 2000 bending cycles with no
resistance fluctuation. Using organ-like MXene, Yang et al.
have created a gas/humidity sensor that can be treated with
alkaline to enhance its detecting capabilities.'>” Increased —O
terminals and Na® intercalation make the sensor to exhibit
improved humidity and gas detection capabilities. Changes in
electrical conductivity are brought about by the adsorption of
NH, and H,0 molecules (Figure 14a) as well as electron
transfer in the adsorption mechanism of the sensor. The NH;
molecule’s N atom adsorbed on the Ti atom in Ti;C,T, is
made possible by strong chemical interactions between the
titanium and nitrogen atoms (Figure 14a). The stretched Ti—
C bond pulls the NH; that the Ti atom has adsorbed out a
little bit, increasing the adsorption capacity. Alkaline treatment
increases the number of —O terminals, which increases the
number of N—Ti binding sites and improves NH; adsorption.

W 3049 nanorods were generated on the surface of 2D
Ti;C,T,-Mxene sheets by Sun et al. utilizing the solvothermal
process to manufacture W3O,/ Ti;C, T, composites.153 The
W50,/ Ti;C, T, composites show a low detection limit for
170 ppb of acetone, quick response and recovery times, long-
term stability, strong selectivity, and great responsiveness to
low acetone concentrations. This method offers significantly
enhanced acetone sensing capability compared to Ti;C,T, and
W30, nanorods alone. The even distribution of W3Oy
nanorods on the surface of Ti;C,T, the elimination of
fluorine-containing groups during solvothermal treatment, and
the synergistic contact between W ;30,9 nanorods and Ti;C,T,
are all responsible for this. The composite surface absorbs
oxygen molecules from the air and uses the electrons it
captures to create oxygen species. A new electron depletion
layer arises on the W 30,4 surface as a result of this decrease in
electron concentration, which also causes the Schottky barrier
at the interface to increase. Acetone and ionic oxygen react to
liberate electrons (Figure 14b), which lowers the W3O,/
Ti;C,T, sensor’s resistance. Owing to the oxygen vacancies in
W50, and facile acetone adsorption on the Ti;C,T, surface,
the adsorption of oxygen in air and acetone molecules is
enhanced, causing an increase resistance change and thereby a
strong sensor response.

A very sensitive gas sensor based on 2D vanadium carbide
MXene was also described by Lee et al. for the purpose of
finding traces of nonpolar gas.'"** Multilayered V,CT, was
produced by selectively etching Al atoms from the V,AIC MAX
phase using hydrofluoric acid. There is no direct delamination
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of this powder into 2D MZXene flakes. Tetra n-butyl
ammonium jon intercalation and dispersion were used to
delaminate the intercalated MXene particles and for device
fabrication, as depicted in Figure 15. The V,CTx surface’s
oxygen terminal groups support the receptor’s operation. The
adsorption of ionic species on the hydrophilic surface is more
advantageous as opposed to the hydrophobic surface. Research
has been done on the gas sensing capabilities of the V,CT, gas
sensor, which can detect a range of gases at ambient
temperature with a 2 ppm detection limit for hydrogen. The
nonpolar gas detection performance of this sensor is superior
to that of most cutting edge 2D gas sensor materials.

Zhao et al. used cobalt and aluminum as catalysts to create
MXene-based sensors with good selectivity for the detection of
only acetone gas. The V,C;T, film offers a lot of potential for
ultrasensitive and extremely selective gas sensing because of its
enormous specific surface area and distinctive atomic
structure.”>* The V,C,T, MXene sensor measures resistance
from a V,C;T, film using DC voltages. A sealed chamber with
varying quantities of acetone steam is allowed to be in contact
with the sensors. The V,C;T, MXene changes from metal
V,AIC; to semiconductor after HF treatment. The contact
performance of the V,C,T, film is impacted by the larger
molecular size of acetone, which causes greater resistance
changes for smaller water molecules. Despite this, the sensor
performs well in detecting acetone, with a 1 ppm detection
limit and at 25 °C operating temperature. MXene may find use
in gas sensors as a result of being one of the few acetone
sensors that can satisfy the parameters of low concentration,
high sensitivity, and good selectivity for mixed gases.

5.3. Gas Sensor Based on Metal Organic Frameworks
(MOFs). Inorganic secondary building blocks and organic
ligands combine to generate crystalline nanoporous materials
known as metal—organic frameworks (MOFs). They are
interesting for gas sensing applications because of their
distinctive qualities, which include strong crystallinity,
structural diversity, high thermal and chemical durability,
large specific surface area, tunable pore size/geometry
(physilogical interactions like host—guest interactions), and
reversible gas absorption and release. 5 In 2014, Zhang and
associates showed that formaldehyde and trimethylamine
vapors could be detected with cobalt-based ZIFs [Co-
(mim),],"*® (ZIF-67), and [Co-(im),],"*” (mim 2-
methylimidazolate; im = imidazolate), with detection limits
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of 5 and 2 ppm, respectively. These materials do, however,
have long response—recovery durations and poor conductivity
at ambient temperature. Selectivity and sensitivity for a range
of analytes have improved due to developments in the
construction of semiconductive chemiresistive MOF-based
RT sensors.">® RT chemiresistive sensors were developed by
Dinca and colleagues to detect ammonia concentrations as low
as ppm utilizing pristine MOFs such as Cu;(HITP), (HITP =
2,3,6,7,10,11-hexairninotriphemylene).159 Using drop-casting
onto gold electrodes, a MOF with 0.2 S cm™" bulk conductivity
was produced. In the range of 0.5—10 ppm, it showed linear
responses to NH;. The MOF was utilized to build a sensor
array that could distinguish between five volatile organic
compounds: amines, aliphatic hydrocarbons, aromatic hydro-
carbons, ketones/ethers, and alcohols. It also included
Cuy(HHTP), and Ni;(HITP), (HHTP = 2,3,6,7,10,11-
hexahydroxytriphenylene).'®” The nature of the metal largely
affects the response direction of this MOF-based chemir-
esistive sensor array, demonstrating a process of electron
transport between metal centers and analyte molecules. On the
other hand, the observed relationship on analyte concentration
implies the presence of an additional active mechanism, which
may be hydrogen bonding with organic linkers.

Xu et al. created a high-performance sensing device by
fabricating thin CuyHHTP), films on various substrates
patterned with gold IDEs using the spray layer-by-layer
liquid-phase epitaxy process.'®’ A number of performance
characteristics for their bulk powder equivalents were exceeded
by the resultant NH; gas sensors.'°”'®> The gas sensors
outperformed previous ones using Cu;HHTP, powders,
nanorods, or thick films, with a 129% response rate and faster
recovery times. They also selectively detected ammonia from
ten other reducing gases, including CO, H,, acetone, ethanol,
methane, methanol, n-hexane, toluene, benzene, and ethyl-
benzene.'®" Compared to the powder form, they also achieved
a low detection limit of 0.5 ppm of NH; and outstanding long-
term stability and repeatability.'®” By spray-coating flexible
polycarbonate foils or glass slides with Cu;HHTP, nano-
platelets, Behrens et al. developed a device that can detect
methanol with strong, quick, and reversible responses by a
chemiresistive mechanism.'®® In comparison to earlier studies,
the coatings demonstrated excellent interparticle interactions
and a conductivity of 0.045 S cm™'. Owing to their superior
chemical and thermal stability, zirconium MOFs have been
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shown by Dmello et al. to be able to detect acidic gases like
CO,, SO,, and NO,.'** For resistive detection, they employed
UiO-66-NH,, a zirconium-based compound functionalized
with amine. Because of its poor electrical conductivity (i.e.,
about 3.8 X 107 S cm™ at 300 K) and high working
temperature requirement of 150 °C, UiO-66-NH, is not a
good choice for most real-world applications.'®® The device
displayed responses of 21.6%, 7.6%, and 11.4% for 10 ppm of
SO,, 10 ppm of NO,, and 5000 ppm of CO,, respectively. It
also had rapid response—recovery durations and a low SO,
detection limit. Lower sensitivity in UiO-66-OH and UiO-66-
(OH,NH) and no resistance changes in nonfunctionalized
UiO-66 were also seen in the research. The distinct sensing
characteristics of MOFs functionalized with amines are
assumed to be caused by efficient charge-transfer networks
formed by acid—base interactions between NH, groups.

Chemiresistive sensor devices can be made by combining a
composite of MOFs with an appropriate conducting
component. The selectivity and sensitivity of the sensor are
increased by the analyte receptor function of an electrically
nonconducting MOF. Electrical transduction is carried out by
the composite’s conductive element, namely semiconductor
metal oxide (SMO). Applications involving sensors can benefit
from this strategy of making composites.'*°

Water-soluble ZIF-8/ZIF-67-coated zinc oxide (ZnO)
sheath-core nanowires with hydrophobic properties were
created by Xu and colleagues using a wet chemical method.'®”
For the hydrophobic ZIF-8/ZIF-67 film (Figure 16a), the
nanowired ZnO was used as template. Our ZIF-8/ZIF-67
shelled ZnO-based sensor’s ability to sense gas was put to the
test in a damp environment. In contrast to bare ZnO nanowire-
based sensors, the sheath-core nanostructure’s dynamic
response/recovery curve demonstrated enhanced selectivity
toward acetone (Figure 16b). Its usefulness was demonstrated
by the fact that the MOF structure’s hydrophobicity nullified
the influence of moisture on the sensing performance.

ZIF-8/67@ZnO0 is the ZnO nanowire coated MOF used in
the formaldehyde, acetone, and H, sensor series.'®” 1% Later
in 2017, using a thin, porous, and finely grained ZIF-8 coating
on a glass substrate, Wu et al. produced a ZnO/ZIF-8 core—
shell nanorod film. Good selectivity in detecting H, over CO
was demonstrated by devices made from this material.'”’
Utilizing a chemical solution deposition technique, the
composite microstructure was manipulated to provide a 110
nm thick ZIF-8 shell, which thereby increased the number of
oxygen vacancies. This added layer of oxygen vacancies
increased the sensitivity of the ZIF-8@ZnO nanorod film to
H, in comparison to the pure ZnO film. The ZIF-8 coating’s
tiny grain size (<140 nm) greatly improved its molecular
sieving function and hence prevented CO molecules from
interacting with it at 200 °C. Zhou et al. researched into the
correlation between MOF pore size and gaseous analyte
molecule size in a related study.'”' Through their methodical
study, they were able to demonstrate MOF@ZnO nanorods’
selective sensing by molecular sieving. Researchers used two
types of coatings (ZIF-71 with 4.8 A pores and ZIF-8 with 3.4
A pores) and probe molecules of varied kinetic diameters
(2.89—5.85 A). Utilizing ZIF-8-coated In,O nanofibers, Liu et
al. detected NO, at ppb levels chemiresistively in a different
study.'”> According to their findings, the ZIF-8@In,0,
heterostructure’s composition affected the resistive response.
The device with the greatest resistance response of 16.4 to 1
ppm of NO, over air and a detection limit of 10 ppb for NO,
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was that with ZIF-8/In,O; (1:4 Zn/In molar ratio).
Comparing ZIF-8@In,0; to prisitine In,0;, this composite
also showed improved resilience to humidity.

In place of semiconductor nanorods, Kalidindi and
colleagues employed SnO, nanoparticles to make a composite
with ZIF-67 for investigating CO, sensing properties.'”” With
a 16.5% response at 205 °C, the sensing behavior against CO,
was found to increase up to 12 times at the 50% CO, level and
twice at 5000 ppm of CO,. XPS investigations indicated that
the enhanced performance might be attributed to changes in
the electrical structure at the ZIF-67 and SnO, interface. Ren
et al. studied the ZIF-8 shell’s ethanol-sensing behavior on the
surface of ZnO microspheres.'”* When exposed to ethanol
vapor at 160 °C, the synthesized ZIF-8@ZnO core—shell
material demonstrated much higher sensor response (35.90),
selectivity, and stability than pristine ZnO microspheres (R,;/
Ry, = 14.54).

To improve the selectivity and sensitivity of the sensor,
sophisticated heterostructures have been employed, bring
novel transduction mechanisms including photoresponse.
Weber et al. have shown that three-component composites
made of metal oxide, nanoparticles, and a MOF may be used
for gas sensing, improving the sensitivity and selectivity of
hydrogen detection devices.'”> After growing ZnO nanowires
on interdigitated electrodes (IDEs) and decorating them with
Pd nanoparticles by atomic layer deposition, an outer
molecular sieve layer known as a ZIF-8 nanomembrane was
produced as a consequence of the partial solvothermal
conversion of the ZnO surface. At 200 °C, the ZIF-8@Pd@
ZnO gadget demonstrated strong responses (Rai,/Rgas = 3.2,
4.7, 6.7) to VOCs such acetone, toluene, ethanol, and benzene.
In another report, a Au@ZnO@ZIF-8 composite gadget was
used to detect and remove formaldehyde simultaneously by
oxidation.'”® Although acquiring photoresponses using this
device needed powerful photoirradiation, it could detect
formaldehyde concentrations (0.25—100 ppm) at RT even
when there was toluene interference and humidity. The
selectiveness of the analyte was increased by ZIF-8, and the
visible light-driven charge carrier production on ZnO surfaces
was improved due to plasmonic gold nanorods. However, there
were challenges, as MOF@SMO development needed high
temperatures. Wang et al. enhanced ZIF-8@ZnO’s sensitivity
and selectivity by adding polyoxometalate (POM) to the
apparatus.'”” Under Xe lamp irradiation, improved form-
aldehyde detection performance at room temperature air was
achieved by the POM@ZIF-8@ZnO device. It demonstrated
exceptional selectivity against ethanol and a 0.4 ppm detection
limit. The POM component, which prevents electron—hole
recombination in semiconducting materials, is responsible for
improving the sensing capability.

Carbon nanoparticles, graphite oxides, and other semi-
conductor materials have been mixed with MOFs. Cu-BTC/
GO composites were developed by Travlou et al. for ammonia
sensing; these composites had delayed reaction times (>10
min) but increased resistance (AR/R,) by 4% at 100 ppm.'”®
Because of the MOF structure collapsing and the poor
ammonia adsorption in the resulted amorphous phase, the
NH; sensing was initially irreversible but later became
reversible. Mirica et al. created ball-milled Cu;HHTP,, M-
CAT-1 (M = Co, Ni), or Fe-HHTP MOF/graphite blends to
construct chemiresistive sensors. These blends were then
mechanically abraded onto paper substrates using IDEs."”” At
80 ppm, a series of four chemiresitor devices identified and
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Figure 17. (a) Schematic representation of the threshold sensor’s operating principle based on switchable MOF composites. (b) MIL-53/CNP/
PTFE resistance actions to n-butane during dry environment cycling. Reproduced with permission from ref 180. Copyright 2017 American
Chemical Society. (c) SEM images. (d) In contrast to water vapor absorption at 298 K, the resistance responses of the JUK-8/CNP/PTEE to
humidity. Reproduced with permission from ref 182. Copyright 2020Wiley-VCH Verlag GmbH & Co.

distinguished NH;, NO, and H,S from each other. The use of
graphite improves the electrical contact between MOF and
IDEs, and graphite-containing composites made it easier to
integrate them with other materials and increased their
detection ability. The high detection limit in ball-milled
composites owing to pores that are blocked and limited surface
areas for analyte interaction was overcome by Kaskel and
colleagues with the development of the first MOF-based
electrically transducing threshold sensors.'®* Using structurally
flexible MOFs such as DUT-8(Ni), ELM-11(Cu), and MIL-
53(Al) with CNPs and a PTFE binder, they were able to
develop chemiresistive sensing composite membranes. The
mechanism of operation of the sensors is based on the MOF
particle volume change that occurs throughout the analyte
adsorption procedure, which causes a considerable resistance
change by disrupting the percolating carbon—-particle network
(Figure 17a and b). For n-butane detection, the switchable
DUT-8 MOF exhibits repeatable responses (AR/R,) of
5000%, spanning a broad range of gas concentrations of 20—
80%. This idea has been effectively applied to selective
threshold sensing of CO, utilizing MIL-53 (Al) in mixtures
including methane at high pressure'®' and moisture threshold
sensing using JUK-8 composites (Figure 17¢ and d)."*”

5.4. Gas Sensors Based on Covalent Organic Frame-
works (COFs). Planar building blocks are used to create 2D
covalent organic frameworks (COFs), which are layer-stacked
structures with periodic columnar 7-arrays and extended planar
networks. Because of their modest out-of-plane van der Waals
force, high stability, porosity, and crystallinity, they are
desirable for gas sensing,'*®

Even while MOF-based chemiresistive gas sensors have
improved, the limited applicability for electrically transduced
gas sensing by intrinsically conducting 7-conjugated COFs are
possibly related to their complicated synthesis process, along
with difficulty in generating a stable electrode contact and
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controlling the crystallinity of COF. With liquid phases,
COFs have become the 1principal sensing materials for
luminescence-based sensing. 55 In ambient conditions, chem-
iresistive detection of 1—200 ppm of NHj; is achieved using an
amorphous heptazine-based organic framework (HMP-TAPB-
1) in relative humidity ranges of 23—85%."*°

The sensor’s strong selectivity for ammonia was caused by
electron-withdrawing heptazine units, which also led to higher
responses with humidity and recovery durations. The
interaction of 2,3,9,10,16,17,23,24-octaamino-phthalocyanine
nickel(II) with pyrene-4,5,9,10-tetraone resulted in the
production of a novel multilayer COF (COF-DC-8) with a
macrocyclic metallic site.'”” According to the study, intrinsi-
cally conductive COFs have a tremendous bulk electrical
conductivity, which can be increased by three orders of
magnitude via iodine doping. It has good responses to NH;,
H,S, NO, and NO, gases when incorporated into chemir-
esistors, having detection limits at the ppb level. The charge
transfer interaction between the nickelphthalocyanine compo-
nent present in the COF and the analytes and surface
adsorption are responsible for the sensing process.

5.5. Gas Sensors Based on Other 2D Nanomaterials.
Two-dimensional nanomaterials, particularly transition metal
dichalcogenides (TMDs) have shown excellent capability to be
used as gas sensing devices due to their layered structure.'*®
Their naturally large surface-to-volume ratio and distinctive
adjustable band gap, characteristics of a semiconductor, make
them potential materials for sensing applications. The primary
cause of the 2D TMDs’ sensing process is the charge transfer
that occurs between the surface of the sensing material and the
gas molecule. Depending on whether the material used in 2D
TMDs is acting as a charge acceptor or donor, the device’s
electrical resistance changes. When reactive gases and gas
molecules interact, the gas molecules become electrostatically
adsorbed on the surfaces of 2D materials. Depending on the
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Chemistry.

nature of the adsorbed gases (whether reducing or oxidizing),
the direction of electron charge transfer varies; hence, the
degree of change in resistance modulation is decided by the
electron-releasing or electron-withdrawing behavior of the
adsorbed gases. The sensing material encounters resistance
equal to its initial value after gas molecules have been removed
from the surface. A p-type 2D sensing material’s resistance
usually increases as it is subjected to reduced gas. In contrast,
when the electrons from the reducing gas are transferred to the
metal oxide’s conduction band, the resistance of the sensor falls
in the case of metal oxide. However, the incorporation of the
metal oxides into 2D TMDs can improve the gas-sensing
capabilities resulted from the synergistic effect of the hybrid
material. Researchers have widely studied the synergistic
interactions of 2D-TMD and metal oxide hybrid materials, as
well as their sensing mechanism.

Hydrothermally synthesized 2D-TMD, MoS, nanosheets
with SnO, NPs, were found to be promising for the detection
of NH; at RT."*” This nanocomposite demonstrated responses
of about 2080 towards 200 ppm of NH; with a quick response
time and good reproducibility. The formation of nano-
composite facilitates the charge transfer process and the
interaction with NH; gas molecules. Similarly, Kaur et al
prepared a RT NH; gas sensor by making thin film of
consisting of a n-type MoS,/p-type CuO nanoworm
heterojucntion on a glass substrate coated with indium tin
using the magnetic sputtering method.'”” The response (47%)
and response time (17 s) with outstanding repeatability toward
100 ppm of NHj; gas were shown by the resultant gas sensor
device.

Wang et al. used a template-free hydrothermal method to
synthesize quasi-2D mesoporous ZnSnO; nanomaterials
(QTMZNS) (Figure 18a) for the detection of formaldehyde
(Figure 18b)."”" A mixture of Zns(OH)4(CO,), and ZnSnO,
solutions was heated under hydrothermal conditions to create
the high-purity QTMZNS, which was characterized by
different techniques, such as XRD, TG/DTA, FTIR, SEM,
and TEM (Figure 18c). The mechanism of quasi-crystal
growth and its impact on the 2D mesoporous structure along
with its gas-sensitivity characteristics were also discussed in the
report. When exposed to the vapors of formaldehyde, the
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sensor displayed strong gas sensitivity and detection
capabilities.

The sensing mechanism of this QTMZNS material involves
a change in electrical conductivity at the surface, which is due
to a cyclic adsorption, oxidation, and desorption process.'*>"'*>
The surface layer of the QTMZNS sensor becomes heavily
adsorbed with oxygen when it is exposed to the air, causing
significant oxygen adsorption by accepting electrons. At the
working temperature, this adsorption process caused the
oxygen species to change into oxygen ions and created a
layer that was lacking in electrons. Consequently, the material’s
resistance increases. Interaction with formaldehyde vapor at
the surface results in the release of oxygen and electrons into
the sensor material, thereby decreasing its resistance. The large
specific surface area of the material, ZnSnO;, helps the
conduction band, because it generates more voids and contact
areas, as well as lower band gap energies and more chemically
active sites. Adsorption is facilitated by special nanopores with
perforations that shorten the path of gas diffusion. Thus, a high
surface area, chemically adsorbed oxygen, and open nanoholes
can enhance the sensing efficiency. Table 1 compares a few
widely used nanomaterial-based gas sensors with various
dimensional nanomaterials.

Hashtroudi et al. studied the impacts of 2D hybrid
nanomaterial devices consisting of layered transition metal
dichalcogenides (TMDs) and graphene on the sensing ability
of gases at ambient temperature.'”* By functionalizing the
surface with metals or polymers, increasing the surface area,
making nanocomposites, or creating heterojunction layers, it is
possible to improve the performance of sensing. The unique
feature of this study is how the sensitivity, acceleration
response, and recovery of the sensor are improved by the
hybridization of several types of nanomaterials. The sensor’s
ability to detect gas is greatly enhanced by the interaction of
the gas with the active surface of the sensor, which changes the
resistance. The effectiveness of gas sensing is increased by the
addition of new physical and electrical properties brought by
gas molecules’ interaction with the sensor device’s surface. The
thickness and quantity of reaction sites for interactions
between gas molecules were modified through surface
engineering. The electrical and heterojunction layers’ con-
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Table 1. Comparison of Some Commonly Used Nanomaterial-Based Gas Sensors

dimensions

0D

1D

2D

sensing material

rGO—CD hybrid materials
In,0;—-CD

ZnO—CD composite
GaN-TiO,

ZnO—-TeO, NW
heterostructure

Au—PAni composite
ZnO—Au NPs

Au NPs—MUA-coated electrode
Au NPs—PbS NCs
Pd—SnO, NWs

Au NPs—Ga,0; NWs
SnO, NWs

ZnO — Si NWs

V,0s NW — TiO,
SWCNTs—PEI
MWCNTs—PAni
CNT—-ALFOMIP
fluorinated CNT

carbyne nanocrystal (flakes)

Sn0,—Cu,O core—shell
structure

graphene—FMNS
GO-MTA

mesoporous ZnSnO;
graphene—PAni

MoS, nanosheets—SnO,
MoS,—CuO nanoworms
Ti;C,T, MXene

Ti,C, MXene

Ti;C,T, MXene

S-doped Ti;C,T, MXene
Ti;C,T, MXene/graphene fiber

alkalized organ-like Ti;C,T,
MXene

Wi504 NR/Ti;C, T, MXene
composite

V,C,T, MXene

V,C;T, MXene
Cu;(HITP), MOF
Cu;(HITP), MOF

Cu,(HITP), MOF
Ui0-66-NH, MOF

S nm ZIF-8/ZIF-67 MOF
coated ZnO NWs

ZIF-8 MOF-coated ZnO NRs
110 nm ZIF-8-coated ZnO NRs
ZIF-8-coated In,O; NFs
ZIF-67-coated SnO, NPs
ZIf-8@Pd@ZnO NW core
HMP-TAPB-1 COF
COF-DC-8

target gas
NO,
NO,

NO

NO,
NO,

CcO
NO,
o-xylene
CH,

H,

CcO

H,

NO
Ozone
NO,
NH,
Acetone
NH;
NO,
C¢Hg

NH;
NH;
HCHO
NH;
NH;
NH;
acetone
ammonia
ethanol
acetone
ammonia
ethanol
acetone
ammonia
ethanol
toluene
ammonia

ammonia
acetone

acetone
H2
methane
acetone
ammonia

ammonia

methanol
NO,

acetone

HCHO
H,

NO,
CO,

H2
ammonia

ammonia

operating
temp. (°C)

RT

50
100
RT
RT

RT
RT
RT
RT
300
RT
125
RT
300
RT
RT

86
RT
RT
300

RT
RT
210
RT
RT
RT
RT
RT
RT
RT/
RT/
RT
RT/
RT/
RT
RT
RT
RT

RT

RT
RT
RT
RT
RT
RT

RT
150

260

300
250
140
205
200
RT
RT

sensing conc.

(ppm)
25
500
100
1
10

6000

100
10000
100
100
1000
10
1.25
20

10000

10

1000
100
100
100
200
100

0.05

0.1

0.1
100

100
100
100
100

10
100

0.17

25

0.5
0.5

10
10

100
S0

5000
S0
NY
40
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response

120%
130
238
133
2.1

27%
169%

47.6%
56

5%
7.8
35%
1.4
37%
15.5%
59
11%
LS
12.5

18.5%
12%
45.8
11.3%
2080
47%
0.97
0.80
1.7
0.22
0.46
0.18
0.115
0.075
0.21
214%
6.77
0.288

0.022
0.243
0.016
0.6
2.5%
129%

125%
7.6%

27

3.28
16.4
16.5
6.7

16.6
39%

response
time (s)

100
9.6
34
140
20

180
100
57

22
21

130
60
240

S8
600
90

900
60

S0

23
17

5.6

120
480
40

43

16

65

method of preparation

hydrothermal
hydrothermal
hydrothermal
etching, sputtering

thermal evaporation, atomic
layer deposition

ultrasound mixing
ultrasonication

laser writing technology
drop-casting

VLS growth

VLS growth

gas-phase reaction
chemical solution deposition
hydrothermal

CVD process

oxidative polymerization
MW-assisted sol—gel
catalytic CVD

LBL technology

atomic layer deposition

ultrasonication

LB technology
hydrothermal

magnetron sputtering
hydrothermal

magnetron sputtering
fully functionalized surface

self-assembly

solution casting

drop-casting
wet-spinning process

alkaline treatment
solvothermal

oxygen-functionalized

Al and Co as catalysts

drop-casting on IDEs

spraying LbL liquid-phase
epitaxy

spray-coating on glass slide

powder pellet between
electrodes

solution casting

hydrothermal

solution casting
electrospining

solution casting
VLS-ALD-Solvothermal
amine condensation

condensation reaction

EVE

ref
65
67
70
71
75

76
79
82
85
89
91
87

94
98
99
103
10S
107
111

115
119
191
123
189
190
145

146

148

149
151
152

1583

144

154
159
161

163
164

167

168
170
172
173
175
186
187
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ductivity, charge transfer, and Fermi properties at their
interfaces modify the longitudinal energy disparities that
govern the current carrying flow. Surface functionalization
and special processing enhance selectivity, sensitivity, and
particular sensing properties, as well as significantly enhancing
the sensor’s performance when utilized in a natural environ-
ment and its capacity to detect gases.

6. SUMMARY AND FUTURE SCOPE

The effectiveness of a gas sensor is decided by many
parameters, such as low power consumption, exceptionally
high sensitivity at very low gas concentrations, high accuracy,
rapid reaction, selectivity, response time, stability, great
reversibility, and other environmental conditions, as well as
the cost of production of the sensor. In this Review, the
fabrication of gas sensors made of nanomaterials with different
dimensionalities, their sensing effectiveness, and their prepara-
tion methods, along with the sensing mechanism, were
discussed. From the reported literature, it is found that the
sensing behavior of the nanomaterial-based sensors exhibited
varied degree of success toward a particular gas and was also
influenced by the synthesis routes besides the nature of
materials and their morphology. A comparison of different
parameters for some widely used nanomaterial-based gas
sensors with varying dimensionality and synthesis methods is
presented in Table 1. The performance of the gas sensor device
can be tuned as per requirement by controlling the
morphologies of the nanomaterials used. Depending on the
synthesis routes, nanomaterials with various types of surface
morphologies can be obtained. A wide range of synthesis
processes, such as hydrothermal, sol—gel, ultrasonication,
solution-phase reaction, solid-state reaction, vapor-phase
reaction, and etching processes, have been employed for the
fabrication of nanomaterials. Again, processes like drop casting,
sputtering, CVD, ALD, and LbL technology are used for the
fabrication of sensor devices. All these synthesis processes have
their own advantages and disadvantages. The mechanisms of
gas sensing have also some impact on the gas sensing ability of
different nanomaterials. The merits and demerits of different
mechanisms are discussed in the earlier section (section 2).
Among various mechanisms, the resistive based gas sensors are
more popular due to their many advantages but have limited
applications in mobile and portable devices because of their
high operation temperature, high energy consumption, and
sensitivity toward contaminants.

The dimensions of nanomaterials used for gas sensing
devices influence their performance. For instance, delocaliza-
tion of electrons may occur along the axial direction for 1D
nanomaterials, but in case of 2D nanomaterials electrons
remain restricted within and conduction occurs across their
thickness. However, whatever the dimensions may be, the
homogeneous surfaces of the nanomaterials cause the
development of electron depletion layer. The nanomaterials
with higher volume-to-surface area generally performed better
as gas sensors. Again, the crystalline structures fared better
compared to the amorphous structures. For this reason,
nanostructures with rougher surfaces are preferred over those
with smoother surfaces for better response.

In addition, it was observed that the sensitivity of the
nanomatrerial-based gas sensors is dependent on their
morphology. Large surface area, greater sensitivity and
selectivity, stability, low weight, lower power consumption,
and quick response are some of the merits of NWs and useful
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in detecting a wide range of gases. However, the higher
temperature condition for synthesis processes of NWs,
compared to that for NRs, is one of its drawbacks. Similarly,
NRs are also found to be good candidates for gas sensing
devices because of their large surface area with a highly active
surface for adsorption and powerful charge carrying capacity.
Among 1D nanomaterials, NTs benefit from their hollow
tubular structures with large surface area (both inner and
outer) and small grain sizes. The reactivity of various NTs
varies toward target gases as they withdraw or supply electrons
to the adsorbed gas molecules depending on their nature.
However, this behavior is not quite reliable. On the other
hand, 0D NPs having distinctive optical and electrochemical
properties are usually preferred for the modification of the
surface of the substrates to increase the surface area and to
alter the electronic properties for adsorption and interaction
with the analyte. Similarly, 2D nanomaterials like graphene
sheets and MoS, nanosheets benefit as better performing gas
sensors from their exceptional conductive path and thickness
that can be controlled easily.

From the reported literature, it is very much clear that the
sensing performance of gas sensors based on nanomaterials
toward a given gas can be improved by modifying their surface
states and/or bulk properties. This modification can be
achieved by metal doping, coating, or functionalizing their
surfaces with other materials. This enhancement in the sensor’s
performance is attributed to the electrical conductance
modulation and/or alternation in the adsorption process
obtained after modifications.

The sensing performance of litchi-like In,O; toward NO,
increased significantly after being combined with CDs.
Similarly, high NO response was observed for flower-like
microspheres of the ZnO/CDs composite in comparison to
bare ZnO microspheres. Functionalization of GaN submi-
crometer wires with TiO, and TeO, NWs with ZnO produced
improved selectivity and sensitivity toward NO,. However, in
the later case, the response and response time were found to be
significantly better, which may be attributed to the fabrication
process of the materials (Table 1). Among different metal NPs,
Au NPs, due to their biocompatibility, high density, high
conductivity, and high dielectric constant, were preferred for
preparing composites with conducting polymers (PAni), metal
oxide (ZnO NWs), and metal sulfide (PbS NCs) to achieve
improved sensing results at RT for toxic gases like CO, NO,,
and CH, gas, respectively. The amount of Au NPs has an
impact on the sensor’s performance. Enhanced sensing
behavior toward CO was also exhibited by Ga,0; NWs
when modified with Au-NPs. In addition, the composites of
metal NWs (Si NWs) and metal oxide NWs (V,0; NWs),
respectively, with ZnO and TiO, NPs were found to exhibit
better gas sensing behavior due to the formation of
heterojunctions. Furthermore, the gas sensing characteristics
of CNTs with surface modification, combined with their
superior electrical conductivity, large surface area, and hollow
structure, were found to be exciting compared to the bare
CNTs. The core—shell structure of SnO, NWs-Cu,O exhibited
very good response toward benzene, but its operating
temperature was quite high (300 °C). The gas sensors
consisting of 2D nanomaterials like graphene have shown
good sensing behavior because of their ability to lower the
working temperature and enhance recovery. However, their
sensing capacities toward NH; are improved upon surface
modification with MTA or PAni. 2D TMD MoS, nanosheets

https://doi.org/10.1021/acsomega.3c06533
ACS Omega 2024, 9, 3092—-3122


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

were also used to form composites with metal oxides (SnO,
and CuO), which exhibited good sensing ability toward NH,
compared to bare MoS,.

Graphene like 2D MXene nanomaterials are another type of
promising materials for gas sensing applications due to their
high electronegativity and surface area, which helps improve
their surface reaction with gas analyte, leading to changes in
their resistivity or conductivity. An adsorption/desorption-type
charge transfer mechanism is followed for the sensing process.
Other advantages of MXene-based gas sensors are their higher
selectivity and sensitivity. Further, the layer spacing and
resistivity of MXenes can be manipulated because of their
hydrophilic nature, which makes them mix easily with other
substances. Using MXenes, it is possible to make a composite
membrane on any rigid or flexible surfaces. The beauty of the
MXenes is they can react with both oxidizing gas molecules by
giving electrons and with VOCs by accepting electrons. Similar
to other nanomaterials, MXene-based gas sensors demon-
strated higher selectivity and sensitivity upon surface
functionalization or metal implantation. MXenes and their
composite can be used for detection of a wide range of gases
including VOCs, NH;, and NO,. For example, titanium
carbide-based MXenes can detect acetone, ethanol, and
ammonia. However, its overall sensing behavior improved
upon surface functionalization/modification. Compared to
titanium carbide-based MZXenes, vanadium carbide-based
MXenes can sense lower concentrations of acetone under
the same environmental conditions (Table 1).

MOFs have advantages like porosity-assisted high surface
area and coordinative active metal sites with terminated
functional groups for greater gas uptake and transportation.
The other benefits of possible manipulation of pore size or
geometry and their nature in MOFs provides them with higher
sensitivity and selectivity toward specific target molecules. In
addition, some MOFs have excellent thermal and chemical
stability along with reproducibility. The MOF-based gas
sensors discussed showed remarkable sensing behavior toward
a wide range of gases like ammonia, acetone, methanol,
HCHO, H,, CO,, NO,, etc. The MOFs have also been used as
coating materials on metal oxide to fabricate a sensor device,
where they mainly act as molecular sieves, thereby increasing
the selectivity toward a particular gas. On the other hand,
COFs have merits like layered structures with weak out-of-
plane van der Waals force, high stability, porosity, conductivity,
and crystallinity. However, in contrast to MOF-based
chemiresistive gas sensors, the application of COFs as gas
sensors are limited by their complicated synthesis process and
difficulty in generating a stable electrode contact and
controlling the crystallinity.

In conclusion, compared to conventional sensors, using gas
sensors made of nanostructured materials has a number of
benefits. Future generations of gas sensors may take a new turn
thanks to the multiple functional properties of nanomaterial-
based gas sensors, such as high sensitivity, superior gas
detection capability, and high selectivity. In order to address
the problem of gas sensors’ sensitivity and gas detection
capability, this might be helpful. As a result, nanomaterials’
applications in gas sensing have recently caught the attention
of researchers all over the world. The performances of some
gas sensors, in terms of sensitivity and selectivity to test gases
at RT, were found to be excellent for practical use. In the field
of nanomaterial-based gas sensors, we are hopeful that this
Review article will contribute to better advancement.
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6.1. Future Scope of Work. In spite of the remarkable
progress that is achieved in the field of nanomaterial-based gas
sensors, there are still many questions and challenges that need
to be addressed for the fabrication of devices for real life
applications under different environmental conditions. First,
the responses of some of the gas sensors toward very low
analyte concentration are found to be not very exciting, which
may be due to the influence of temperature and humidity
factors. Therefore, the study of the influence of moisture on
adsorption and desorption process of analyte molecules under
humid conditions may be one of the future scope of research in
this field. Second, as little attention is given to 2D TMD
materials compared to graphene-based gas sensors, the
fabrication and the synergistic electronic and chemical effects
of 2D TMD and metal oxide hybrid systems on the gas sensing
performance needs thorough investigation. Moreover, there is
also scope to design 2D hybrid materials for the detection of
VOCs and nonpolar gas molecules with larger size. Third, in
spite of having many advantages and better performance,
MXene based gas sensors have challenges like oxidation and
stability issues in the presence of oxygen and moisture, which
need further research attention. Fourth, more efforts are
required to address the challenges like long-term stability of
MOF-based gas sensors under real life conditions. Finally,
extensive research efforts require to be directed toward the
innovative design of high performance gas sensor devices with
better stability for applications under different environmental
conditions, such as in industries. Manipulation of the
dimension and the morphology of the gas sensing materials
may be a key feature in achieving these aspects of the gas
Sensors.
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