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Abstract: There is an increasing need for the development of low-cost and highly sensitive gas sensors
for environmental, commercial, and industrial applications in various areas, such as hazardous gas
monitoring, safety, and emission control in combustion processes. Considering this, resistive-based
gas sensors using metal oxide semiconductors (MOSs) have gained special attention owing to their
high sensing performance, high stability, and low cost of synthesis and fabrication. The relatively low
final costs of these gas sensors allow their commercialization; consequently, they are widely used
and available at low prices. This review focuses on the important MOSs with different morphologies,
including quantum dots, nanowires, nanofibers, nanotubes, hierarchical nanostructures, and other

structures for the fabrication of resistive gas sensors.

Keywords: semiconductor; metal oxide; morphology; gas sensor; sensing mechanism

1. Introduction

Although industrial modernization facilitates social, cultural, and economic devel-
opment globally, it results in the consumption of enormous amounts of energy every day.
Consequently, the toxic gas and vapor emissions released into the atmosphere cause air
pollution, which has been identified as a major concern in most countries. Air pollution
adversely affects humans, animals, vegetation, and materials [1]. Air pollution is mainly
caused by the presence of NO,, SO,, CO, and Os gases, along with volatile organic com-
pounds (VOCs), lead, and particulate matter (PM; 5 and PMyg) in the air [2-4]. Air pollution,
owing to its fluidity and diffusion, has a more adverse impact on human behavior and
economic growth than soil and river pollution [4]. About 12% of deaths in 2019 were
related to air pollution. In addition, it has been reported that air pollution was responsible
for approximately 20% of deaths from cardiovascular diseases [5]. Globally, air pollution
is the fourth-highest cause of mortality [6]. For example, the World Health Organization
(WHO) reports that approximately 200,000 people die every year from air pollution in
Bangladesh [7]. According to a WHO report, 92% of the global population lives in cities
with air pollution exceeding the WHO limits, indicating the need for further monitoring
and control of air pollutant gases and vapors [8].

Toxic gases are harmful to human bodies whether at low (chronic exposure) or high
(acute exposure) concentrations. The threshold limit value (TLV) is reported as the maxi-
mum concentration of gas exposure permitted for 8 h without serious health effects. The
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TLVs for CO, H;S, and NO; are 50, 10, and 3 ppm, respectively, indicating the high toxicity
of these gases [9]. Thus, the development of sensitive sensors for detecting these toxic gases
is vital.

The human olfactory system is very sensitive and complex, and comprises several
million olfactory receptor cells that contain nearly 900 olfactory receptor genes (Figure 1).
Thus, it can almost instantaneously detect even extremely low concentrations of odorant
molecules. It can detect 1 in 2.5 billion parts of the air containing ethyl mercaptan, usually
added as an odorant to natural gas [10].
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Figure 1. Schematic of the human olfactory system. Reprinted with permission from Ref. [11].
Copyright 2018, MDPI.

However, some toxic gases—such as CO—lack odor. Moreover, some gases at very
low concentrations cannot be detected by the human olfactory system. To precisely detect
dangerous gases and vapors, sensitive and high-performance gas sensors with the ability
to detect low amounts of gases with a fast response are necessary. Furthermore, such
sensors should be highly stable and cost-effective. Considering this, gas sensors using
different sensing materials and working principles have been introduced. Even though
chromatography techniques can be used for the detection of gases, the equipment is heavy,
expensive, and needs a skilled operator. Thus, gas sensors are the preferred devices for
gas-sensing applications.

Among all gas sensors, resistive-based gas sensors comprising metal oxide semicon-
ductors (MOSs) meet almost all criteria for a good gas sensor, although their selectivity and
sensing temperatures need to be optimized. MOS sensors are very popular and widely
used in different areas to detect up to 150 different types of gases and vapors, including
oxidizing and reducing gases [12]. Bardeen and Brattain were the first scientists to report
gas-sensitive effects on germanium in 1952 [13]. Two years later, in 1954, Heiland noted that
the change in the partial pressure of oxygen is influenced by the semiconducting properties
of ZnO [14]. After one decade, in 1962, Seiyama et al. [15] reported the first gas sensor
based on ZnO, in which the adsorption and desorption of gases changed its conductivity.
In 1967, Shaver used Pt and other noble metals as dopants in WOj3 for the first time [16].
Several years later, Taguchi used SnO; as the first commercial sensor [17]. Since then, many
gas sensors using different materials with various morphologies have been reported.

Different MOSs can be employed to produce gas sensors. However, a large band gap
(Eg) along with a low activation energy of the centers is suitable for use in MOS-based gas
sensors. Generally, for room-temperature gas sensors, a low-band gas is advantageous [18].
Other properties of a good MOS are high stability as well as the high mobility of the charge
carriers [19].
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Figure 2 schematically indicates a schematic of a gas-sensing device [20]. MOS-based
gas sensors are generally deposited as thick or thin films on insulating substrates (flat or
tubular), such as SiO, or Al,O3, equipped with interdigitated electrodes (e.g., Au, Pt, and
Ag/Pd) to read out the sensor resistance. Electrodes can be deposited on the substrate
before and after depositing the sensing film. This provides significant flexibility in the
fabrication process because of the compatibility with the sensing material. Generally,
interdigitated electrodes are used to read the sensor resistance, and their length and gap
size can affect the gas response. An excellent discussion on the influence of the electrode
parameters on the gas response can be found in the study by Korotcenkov [21]. In addition,
an integrated heater or external heater is employed to enable the sensor temperature to
reach the final value. Generally, the sensing temperature of MOS-based gas sensors is high,
and it is often necessary to heat the sensor to the required temperatures.

Sensing material
g Au electrode

Al, O, layer
RuO, heating layer

/

Figure 2. Schematic illustration of an MOS-based gas sensor, showing the sensing material, electrodes,
and heater. Reprinted with permission from Ref. [20]. Copyright 2020, MDPI.

Gas-sensing measurement systems are categorized into two types: dynamic and static.
In both cases, the system requires gas valves and gas flow controllers to inject the target gas
into the chamber. In addition, a system for controlling the sensing temperature is required,
and the output signal is continuously recorded using a computer. In a dynamic system, the
desired gas concentrations are continuously introduced to the gas chamber through tubes,
and the resistance of the sensor in an air target gas atmosphere at various temperatures is
registered. In a static system, the target gas is introduced into the chamber and evaporated
upon contact with the heater. The exact size of the gas chamber should be defined. Upon
stabilization of the sensor resistance, the gas chamber door or outlet is opened, and fresh
air is introduced into the chamber [9].

To date, different MOSs have been used for sensing studies. They are either n-type
or p-type MOSs. In most cases, the n-type MOS is preferred, because most of the n-type
MOSs are thermally stable and can function at low oxygen partial pressures. Furthermore,
the resistance of n-type oxides decreases upon exposure to reducing gases, contributing to
facile compatibility with the measurement systems [18]. According to Kim et al. [22], SnO,
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is the most popular MOS for gas-sensing applications, and ZnO is the second-most-used
MOS for sensing studies.

It is well accepted that the variation of the resistance in the presence of the target gas
is the basic mechanism of gas detection by resistive gas sensors. A schematic of the sensing
mechanism for n- and p-type MOS sensors in the presence of an oxidizing gas is shown in
Figure 3. Because of the high electronegativity of oxygen and the extraction of electrons by
oxygen species on the surface of the gas sensor, an electron depletion layer is formed on
the surface of n-type gas sensors, and a hole accumulation layer is formed on the surface of
p-type gas sensors, as shown in Figure 3a,c, respectively. When an n-type sensor is exposed
to an oxidizing gas, electrons are further extracted, leading to an increase in the width
of the electron depletion layer and an increase in the sensor resistance (Figure 3b). In a
reducing gas atmosphere, the width of the electron depletion layer decreases, resulting in a
decrease in the sensor resistance. Upon exposing p-type MOS gas sensors to an oxidizing
gas, more electrons are extracted, resulting in the expansion of the hole accumulation layer
and a decrease in the sensor resistance (Figure 3d). For reducing gases, the inverse is true,
and the resistance increases.

N-type gas sensor
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Figure 3. The general gas-sensing mechanism of (a,b) n-type and (c,d) p-type MOS gas sensors in the
presence of air and an oxidizing gas.

In resistive-based gas sensors, morphology plays a vital role in the response of the gas
sensor. As gas molecules are adsorbed on the surface of the sensing layer, the resistance
changes, and this modulation of the resistance contributes to the appearance of a sensing
signal. Accordingly, a higher surface area provides more adsorption sites for incoming gas
molecules, leading to the enhancement of the gas response. In recent years, many attempts
have been made to develop sensing materials with a high surface area, such as nanowires
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and nanofibers. This review mainly focuses on the most widely used morphologies and
structures for gas-sensing applications. In the following sections, the main features of
MOS-based gas sensors are discussed in detail.

2. MOS-Based Gas Sensors with Different Morphologies
2.1. Quantum-Dot-Based Gas Sensors Using MOSs

Morphology engineering is an important approach for enhancing the gas-sensing
features of MOS-based gas sensors, and MOS materials with different morphologies have
been explored for gas-sensing purposes. The main goal of using novel morphologies for
sensing studies is to increase the surface area. The larger the surface area, the greater
the availability of adsorption sites, resulting in the adsorption of more gas molecules on
the surface of the gas sensor, along with the appearance of a higher sensing signal. For
sensing studies, zero-, one-, two-, and three-dimensional morphologies have been explored.
Quantum dots (QDs) are zero-dimensional (0D) semiconductor nanoparticles, where the
motion of charge carriers is confined in all three directions. Thus, the energy difference
between energy bands changes depending on the size of the particle, and it is possible to
tune the band gap of QDs by changing their size. Accordingly, the electrical properties of
QDs can be engineered by controlling the dot size [23]. Owing to the extremely small size
of QDs, when the QDs are exposed to air, they are depleted of electrons, and subsequent
exposure to the target gas leads to extensive modulation of the electrical resistance, leading
to a high sensing signal. In addition, owing to their large resistance variation and good
electrical properties, most QD-based gas sensors can work at low temperatures. In [24],
different approaches to synthesized SnO, QDs are reviewed. Recently, QDs have been
widely used for sensing studies [25,26]. For example, Zhu et al. [27] used SnO; QDs with
a size of 5-10 nm for ethanol sensing at 200 °C at a fixed relative humidity (RH) of 40%.
The sensor exhibited a response to 220-300 ppm of ethanol gas. For SnO, with a size larger
than the space-charge layer, EDLs form on the surface of NPs, and upon exposure to a
reducing gas, the modulation of resistance occurs, as shown in Figure 4a. However, for
5nO; QDs with a size smaller than the space-charge layer, the QDs become depleted from
electrons in the air. In this case, a flat band is formed, and the energetic difference between
the conduction band and the Fermi level increases (Figure 4b). In the presence of ethanol,
the electrons are released back into the SnO, QDs. At this point, the QDs become more
conductive, resulting in a significant increase in the sensor conductivity.

(a) electron-depleted (b)

888 S;

E, (in air)

X

Figure 4. The sensing mechanism of SnO, NPs and SnO, QDs. (a) when the particle size is larger
than space-charge layer of SnO; (b) When the particle size is smaller than space-charge layer of SnO5.
Reprinted with permission from Ref. [27]. Copyright 2016, Elsevier.

2.2. Nanowire-Based Nanomaterial Gas Sensors

Among different morphologies, nanowires (NWs) with aspect ratios greater than
20 [28] are highly popular for sensing applications, owing to their high surface area, straight-
forward preparation methods, ease of gas sensor fabrication, high and rapid response to the
target gas, long-term stability, and high crystallinity [29,30]. Accordingly, several studies
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have realized the enhanced gas-sensing capacity of NW-based gas sensors [31,32]. In [33],
various methods to synthesize NWs are discussed in detail.

Among different MOSs with NW morphology, SnO; NWs are very popular for sensing
purposes [34-37]. SnO; has a band gap of 3—4 eV, depending on the synthesis method, size,
surface states, and impurities [38]. However, most studies have reported a band gap of
3.7 eV for this MOS [39]. SnO; is the most stable n-type oxide, and is extensively used in
the preparation of semiconductor gas sensors. Its high electron mobility (~160 cm?/V-s)
makes it a key choice for sensing applications [19,40]. In addition, SnO, NWs exhibit good
optical transparency and conductivity [41]. Wang et al. [42] performed one of the first
studies on SnO, NWs for the detection of H, gas, and compared the results with those
of SnO; nanorods (NRs). It was reported that owing to the higher surface area of NWs,
size effects when the diameter of the NWs was less than the Debye length of SnO,, and
the small electrode gap of the SnO, NW gas sensor, a larger response was observed for
the SnO,; NWs at 300 °C than that for SnO; NRs. Notably, not only SnO, NWs, but also
other MOS NWs, have been employed as gas sensors [43,44]. The construction of n—n and
p— junctions is a commonly employed strategy for improving the sensitivity of NW-based
gas sensors [45]. Owing to the generation of these heterojunctions, the resistance of gas
sensors is higher than that of the pure sensing material, and the subsequent modulation of
resistance in the presence of target gases generates a high sensing signal for heterojunction
gas sensors [46].

Branched NWs (e.g., nanoforests or nanotrees) are a special type of NWs that have
recently been used for sensing applications. Their 3D morphology and numerous homo- or
heterojunctions make the branching NWs highly popular for sensing studies. With high
surface area, branched NWs can detect extremely low amounts of gases. Branched NWs
also offer an increased number of carrier paths and improved conduction between the
NW branches and backbones [47-49]. Several studies have elaborated on the enhanced
gas-sensing properties of branched NWs [50,51]. Woo et al. [52] reported the p-xylene-
sensing characteristics of Ni-doped branched ZnO NWs. As an n-type MOS, ZnO has high
physical and chemical stability, a high electron mobility of up to 1000 cm?/V, and a wide
band gap—all of which are extremely favorable for sensing applications [53]. At 400 °C, it
showed a high response to 42.44-5 ppm of p-xylene. The enhanced p-xylene gas response
was related to the increased resistance modulation owing to the presence of numerous
Schottky barriers between the branches. Importantly, selectivity was found to be related
to the catalytic activity of Ni. Thus, by the combination of the high surface area of MOS
and the catalytic effect of metals, it is possible to achieve highly sensitive gas sensors for
practical applications. In another report, Bi;O3-branched SnO; NWs with a large surface
area were prepared for NO,-sensing studies [54]. Figure 5a—d show the relevant XRD and
SEM characterizations, which demonstrate the formation of Bi,O3-branched SnO, NWs
with the expected phase and morphology. The sensor exhibited a high response of 56.92
in the presence of only 2 ppm of NO, gas at 250 °C; this response is very high relative
to that shown by other MOS-based gas sensors. This superiority was attributed to the
presence of the following resistance modulation sources: (i) resistance modulation of the
exposed surfaces of SnO; NWs, (ii) resistance modulation of the exposed surfaces of BipOs
NWs, (iii) resistance changes in the SnO,-5nO; and Bi;O3-Bi;O3 homojunctions, and (iv)
resistance modulation in the SnO,-Bi, O3 heterojunctions. However, the contribution of
5n0O,-Bi; O3 heterojunctions was the highest.
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Figure 5. XRD spectra of (a) SnO, NWs and (b) Bi;O3-branched SnO, NWs. SEM images of (c) SnO,
NWs and (d) Bi;O3-branched SnO, NWs. Reprinted with permission from Ref. [54]. Copyright 2018,
Elsevier.

Overall, the high surface area along with numerous resistance modulation sources
between the stem and branches of the NWs makes them suitable for gas-sensing studies.
Furthermore, careful engineering of the branched NWs allows the fabrication of highly
sensitive gas sensors based on MOS materials.

In addition to NWs and branched NWs, single NWs have recently been used for
sensing various gases [55-57]. For instance, Tonezzer et al. [58] reported the use of a single
SnO,; NW for gas-sensing applications. By applying a thermal gradient to the single SnO,
NW gas sensor and combining its responses at five various working temperatures from 200
to 400 °C, the sensor was able to distinguish seven different gases—namely, acetone, NH3,
CO, ethanol, Hy, NO;, and toluene—and measure their concentrations. Even though it is
possible to achieve single NW gas sensors with the present technology, it should be noted
that the growth and realization of a single NW are difficult relative to other highly dense
NWs. Moreover, because of the lack of heterojunctions, resistance modulation is relatively
limited, and a high response cannot be expected from a single NW.

Core-shell (C-S) NWs are another category of NWs, where the core is coated with
another metal oxide to form the C-S NWs [59]. In C-S nanostructures, the core and shell
materials should be semiconductors. A good way to synthesize C-S NWs is by synthesizing
the core NWs and then coating them with a shell using atomic layer deposition (ALD).
In this way, the shell thickness can be easily adjusted by controlling the ALD cycles [60].
Thus, ALD is one of the most accurate techniques to control the shell thickness. The
shell permits the diffusion of the gas into deeper parts of the sensor; accordingly, porous
shells are more suitable for such applications. In C-S systems, the heterointerfaces are
maximized, and heterojunctions are formed between the core and shell layers, resulting
in superior modulation of the resistance [61]. Several C-S NW systems can be found in
the literature for sensing studies [62-65]. However, it should be noted that there is an
optimal shell thickness, at which the maximum response is obtained. This shell thickness is
often close to the Debye length of the shell material [65]. The effect of shell thickness on
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C-S systems has been extensively discussed in a review paper [66]. In addition, the use
of noble metals as decoration on the surface of the shell layer is a widely used technique
to enhance the sensitivity and selectivity of gas sensors to a particular gas. For example,
Au functionalization on the surface of SnO,-ZnO C-S NWs led to the enhancement of
the sensing response to CO gas, as shown in Figure 6a,b [67]. The senor showed a high
response of 26.6 to only 100 ppb of CO gas at 300 °C.

(a) Au functionalized SnO,-ZnO NW
1 ppm__10 ppm_20 p 30 ppm

N

DJD

J
Time (sec)

3.03 (1 ppm) * 100 ppb CO
1.93 (1 ppm) %
R

10M 4

=3

Resistance (ohm)

(b)

SnO, NW

ZnO NW

Au-functionalized
SnO, NW

Sn0,-ZnO C-SNW

Au-functionalized
Sn0,-ZnO C-SNW

A
26.6

7

0 10 20 30 40

Sensor response (R,/Ry)

Figure 6. (a) Dynamic resistance curve of a Au-functionalized SnO,—ZnO C-S NW gas sensor to low
concentrations of CO gas. (b) Comparison between the responses of different gas sensors to 100 ppb
of CO gas. Reprinted with permission from Ref. [67]. Copyright 2017, Elsevier.

In addjition to the formation of SnO,-ZnO heterojunctions, the formation of Au-ZnO
Schottky barriers can contribute to the sensing signal (Figure 7a,b). The presence of Au
changes the EDL thickness inside the ZnO shell, and in the presence of CO gas, variations
in EDL width can enhance the sensing response (Figure 7c). Finally, Au with a catalytic
(chemical sensitization) effect toward CO gas can promote the oxidation of CO gas on the
surface of the gas sensor, leading to an enhanced response to CO gas (Figure 7d).

Careful design and engineering of the shell choice as well as of the shell thickness
enables the formation of an additional EDL near the C-S interfaces, owing to electron
trapping at the interfaces. Thus, the depletion of the entire shell layer from the charge
carriers can occur. Furthermore, the large variations in the resistance of the C-S NWs can
result in the generation of a high response. Moreover, potential barriers are formed, and
the modulation of their height can contribute to the sensing signal [68]. In conclusion, C-S
NW sensors are among the most promising novel nanostructures for gas-sensing studies.
When the shell thickness is close to the Debye length of the shell material, they exhibit the
highest gas-sensing performance. Additionally, a core with a larger or lower work function
can significantly affect the optimized shell thickness.
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Figure 7. (a) Energy levels of SnO,—-Zn0O and Au in vacuum and air after contact. (b) Modulation of
SnO,-Zn0 heterojunctions in the presence of CO gas. (c) Modification of an EDL inside ZnO by Au.
(d) Chemical sensitization of Au. Reprinted with permission from Ref. [67]. Copyright 2017, Elsevier.

Self-heated gas sensors are a new generation of MOS gas sensors in which an external
voltage is applied to the electrodes of the gas sensors, leading to the generation of heat
through the Joule heating mechanism inside the sensing material [69]. Notably, the opera-
tion of the gas sensor in this mode allows for extremely low power consumption, without
the need for external heaters [69].

Typically, thin-film gas sensors with external heaters consume approximately 1-5 W
of power, and MEMS-based sensors consume less than 30-50 mW of power. However,
for a self-heated gas sensor, significantly lesser power (in the range of microwatts) is
consumed [70]. Among the different morphologies, NWs are the most efficient for the
development of self-heated gas sensors.

One NW in the self-heating mode can generate power densities 10,000 times higher
than a heater [60]. The length of the NWs directly affects the heat generated inside the
gas sensor, thus allowing Joule heating to warm the NWs and ensure a higher response to
the target gas. Moreover, power is consumed at the microwatt scale due to the minimal
thermal capacitance of the NWs [71]. Several studies have reported self-heating gas sensors
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for CgHg

based on NWs [72-75]. For instance, Kim et al. [76] reported that CuO-decorated SnO,-
ZnO C-S NWs with an optimized shell thickness of 80 nm exhibited a good response to
approximately 2-10 ppm of HjS gas at a voltage as low as 5 V. This was attributed to the
self-heating effect of the gas sensor, electrical contacts between the thick NWs, SnO,-ZnO
interfaces, and the presence of CuO. Kim et al. [77] fabricated a self-heated gas sensor based
on Pd-decorated SnO,—ZnO C-5 NWs. The corresponding gas-sensing results are shown
in Figure 8. A good response to 1.75-50 ppm of C¢Hg gas was reported for the sensor, with
a low applied voltage of 10 V and a low power consumption of 22.6 uW, which was related
to the presence of heterojunctions as well as the catalytic effect of Pd.
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Figure 8. (a) Dynamic resistance curves of a Pd-functionalized SnO,-ZnO C-S NW sensor at different
values of applied voltages, and 0.1-50 ppm CgHg, at room temperature. (b) Corresponding calibration
curves at different applied voltages. (c) Comparison between responses to 50 ppm CgHj at different
applied voltages. Reprinted with permission from Ref. [77]. Copyright 2020, Elsevier.

Although a self-heated single NW gas sensor has not yet been reported, a single NW
gas sensor can consume very low power if the sensor works in self-heating mode. Since
there is only one NW), it can be heated very fast with extremely low power consumption.
Self-heated gas sensors with extremely low power consumption can be integrated in
portable smart devices such as smart mobile phones.
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2.3. Nanofiber-Based MOS Gas Sensors

Nanofibers (NFs) are another type of 1D material used in MOS gas sensors. Similar
to NWs, NFs have an aspect ratio of more than 20. However, their surfaces have many
nanograins, which result in a further increase in the surface area [78]. There are various
methods to synthesize NFs; however, NFs are commonly produced using the electrospin-
ning (ES) technique. The ES technique consists of a spinneret section, a high-voltage power
supply, and a metal collector [79]. During electrospinning, NFs are formed from a liquid jet
and subsequently elongated under a high voltage. The NF formation process consists of the
following: (i) onset of jetting and development of a rectilinear jet, (ii) bending deformation
along with solvent evaporation to form solidified NFs, and (iii) NF collection [80]. In a
simplified view, a sol is initially prepared in this technique, and is subsequently poured into
a syringe. Upon applying a high voltage to the sol with a defined viscosity, it is possible
to collect extremely fine and long NFs on the collector placed at a fixed distance from
the syringe. After calcination of the synthesized NFs at an appropriate temperature for
sufficient time, the final diameter decreases due to evaporation of the solvent and organic
materials [79].

By optimization of the ES technique parameters—such as the applied voltage, distance
between the needle tip and the collector, flow rate, and temperature—it is possible to tune
the diameter of the resulting NFs [81,82]. In particular, the viscosity of the solution can
significantly affect the formation of long NFs [83]. If the viscosity of the ES solution is not
adjusted to the desired value, NFs with beads are formed [83].

Furthermore, with a special type of ES technique, known as coaxial ES, it is possible
to directly synthesize C-S NFs [84,85]. Many MOSs have been successfully synthesized
using the ES technique for gas-sensing studies [86]. Similar to C-S NWs, the thickness of
the shell layer should be adjusted to obtain the maximum response to the target gas. For
example, Kim et al. [87] reported that in SnO,-Cu,O C-S NF gas sensors with different
shell thicknesses, the sensor with a shell thickness of 30 nm gave the highest response to
CO gas—it showed a response to 5-10 ppm of CO gas at 300 °C.

MOS-based gas sensors with NF morphology possess a high surface area, which
provides many adsorption sites for the incoming gas molecules. Moreover, the nanograins
on the surface of the NFs act as a powerful source of resistance modulation (Figure 9) [88].

Figure 9. (a,b) TEM images of 0.5 SnO,-0.5 Co304 composite NFs. Reprinted with permission from
Ref. [88]. Copyright 2017, Elsevier.
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To date, several types of NFs have been used for sensing applications. Pristine NFs [89],
composite NFs [90], and noble-metal-decorated NFs [91] have been used for sensing studies.
Other relevant morphologies include hollow NFs [92] and C-S NFs [93]. Hollow NFs, in
particular, can provide a larger surface area for target gas molecules; hence, they are among
the most popular types of NFs for sensing studies. A detailed discussion of the sensing
mechanism of NFs can be found in the study by Kim et al. [94].

2.4. Nanotube-Based MOS Gas Sensors

Metal oxide nanotubes (NTs) have been studied less compared to their NW and NF
counterparts [95]. This may be due to the difficulty in the synthesis of MOS NTs. Various
techniques can be used for synthesizing MOS NTs. However, the most common method is
the use of a hard or soft sacrificial template. Hard templates have been prepared using silica,
carbon, and polystyrene beads, while soft templates have been fabricated from bubbles,
polymer vesicles, emulsion droplets, and surfactant micelles. The core can be removed
by dissolving in a solvent or calcination to generate hollow structures [96]. The main
features of gas sensors based on hollow structures such as NTs are (i) wall permeability,
(ii) wall thickness, and (iii) wall chemistry [97]. Although thinner NTs are expected to
provide greater surface area and more adsorption sites for gas molecules [98], the presence
of defects can sometimes alter the sensing properties. Hazra et al. investigated the effects of
shell thickness on the sensing characteristics of TiO, NTs. Interestingly, the sensor with the
thinnest wall and largest surface area did not show the highest response to the target gas,
due to the lower amount of oxygen vacancies. The device with a thicker wall and sufficient
oxygen vacancies exhibited the highest response [99]. In conclusion, MOS-based NTs for
gas-sensing studies offer a high surface area owing to the hollowness of their structure,
which can provide many adsorption sites for gas molecules.

2.5. Nanorod-Based MOS Gas Sensors

Nanorod-based gas sensors are another popular category of MOS materials for gas-
sensing studies, owing to their unique electrical properties and high surface area provided
by the NR morphology. The hydrothermal method provides a convenient, fast, versatile,
and low-cost route for constructing well-ordered nanorod arrays [100-103]. However, other
methods—such as chemical bath deposition (CBD), which is economical, straightforward,
and scalable—can also be used to prepare NRs from different materials [104]. Chemical
vapor deposition [105,106], metal-organic chemical vapor deposition [107,108], and pulsed
laser deposition [109] are other methods for obtaining NRs in MOSs. NR-based MOS
materials are popular for sensing studies because of their ease of production, high surface
area, and compositional versatility.

2.6. Nanosheet-Based MOS Gas Sensors

Two-dimensional MOS nanostructured materials with a sheet-like morphology are
popular for gas-sensing studies due to their high surface area. Only a few 2D MOS (MoOs3,
WO;3, and SnO,) analogs of graphene are known. Two-dimensional (2D) layered MOSs have
strong in-plane bonds and weak van der Waals forces between layers, and gas molecules
can be adsorbed on these sites. Thus, 2D layered MOSs can be employed for the production
of gas sensors [110]. Apart from the naturally 2D layered MOSs, other MOSs can also be
synthesized in a nanosheet-like morphology. For instance, Choi et al. [111] synthesized
porous ZnO nanosheets using a solvothermal technique for NO, detection. The sensor
exhibited a high response to 74.68-10 ppm of NO, gas at 200 °C. The width of the EDL
increased in the presence of NO; gas, contributing to the sensing signal. Moreover, homo-
junctions were formed, and changes in the height of the homojunctions led to resistance
modulation in the presence of NO; gas. Furthermore, the highly porous morphology and
high specific surface area (11.51 m?/g) contributed to the increased availability of active
sites for NO, gas molecules [111].
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In another study, Kim et al. [112] synthesized self-heated 2D pristine and Au-functionalized
WS,-5nO; core—shell NSs with different shell thicknesses of up to 60 nm on polyamide sub-
strates. Bare and Au-decorated gas sensors with shell thicknesses of 15 and 30 nm exhibited the
highest CO-sensing performance at a low voltage of 3.4 V. Figure 10a shows dynamic resistance
curves of Au-decorated WS,-SnO, with different shell thicknesses to 10 ppm CO at a fixed
applied voltage of 3.4 V. Figure 10b shows the corresponding plots of response and resistance
versus the shell thickness. The sensor with a shell thickness of 10 nm showed a high response to
12-10 ppm of CO gas.
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Figure 10. (a) Dynamic resistance plots of Au-decorated WS,-5nO, C-S NS gas sensors with different

shell thicknesses to 10 ppm of CO gas at 3.4 V. (b) Corresponding response and base resistance versus
the shell thickness. Reprinted with permission from Ref. [112]. Copyright 2022, Elsevier.

As shown in Figure 11a,b, when the thickness of the shell is less, the entire shell is
depleted of electrons in the air, and subsequent exposure to CO gas results in a significant
modulation of the sensor resistance. Furthermore, as shown in Figure 11c, the formation
of heterojunctions and modulation in the air and CO atmospheres contributes to the
sensing signal. Figure 11d—f show the effects of Au and the shell thickness on the sensing
performance. It can be concluded that the Au NPs have a positive catalytic effect on the
gas-detection mechanism.



Chemosensors 2022, 10, 289

14 of 23

(@) Thin shell (b) Thick shell
In air In CO In air In CO
® - - - [ ] ® °
° - .-5) o° - > e
® - o® < - @ L
® - - .0 U - [
@ Adsorbed oxygen molecules (C) Misnmiovel /]
® co
> 2
® co, Q) e 2 WS, SnO, Au
~
[ Electron depletion layer % E S E }
; c
= Hole accumulation layer '; = 'f;t Er
E
. WS, NS Ec— Y
: oS- .
. SnO, shell WS, e
Au NP Ev e
(d) Thin shell (€) Thick shell
g Additional
In air In CO Inair  gepletion region In CO
‘. 2 E e
'( )‘ .9 ( ) \_ q ; 9/ ) @
@ (') @ ]
- P - @'
- - ) -
&) -
(f) Resistance modulation of WS,-Sn0, C-S NSs and Au-WS,-SnO, C-S NSs
Contribution by the radial modulation Effect of the volume fraction of the Behavior of total
of the electron-depleted layer electron-depleted layer C-S NS resistance modulation
[} [} | S 2
7} 7} 7} N P
= o c e i
2 g [ ><
2 2 = /\
[} [} [0
4 14 14
Shell thickness Shell thickness Shell thickness
A Au-functionalized Au-functionalized
i C-S NSs C-S NSs Shift of
ol s ’ o @ maximum
@ \\ e ' Electronic @ 2 feeaid s
2 R \\\: Sensit.ization I ||‘ 2 Lors, thicker shell
e C-S NSs* ~«._A-Chemical 3 2 <l N
14 i Sensitization & L ¥ ¢ "~C-SNSs
Shell thickness Shell thickness Shell thickness

Figure 11. Gas-sensing mechanism of (a) thin-shell and (b) thick-shell pristine WS,-SnO, core-shell
NSs. (c) Energy bands of Au-functionalized WS,-SnO, core-shell NSs before and after contact.
Gas-sensing mechanism of (d) thin-shell and (e) thick-shell Au-decorated WS,—-SnO, core—shell
NSs. (f) Resistance modulation of pristine and Au-decorated WS,-SNO, core—shell NS gas sensors.
Reprinted with permission from Ref. [112]. Copyright 2022, Elsevier.

2.7. Three-Dimensional MOS Gas Sensors

Hierarchical nanostructures with three-dimensional (3D) morphology are composed
of zero-, one-, two-, and three-dimensional morphologies, such as nanorods, nanotubes,
or nanosheets [22]. Hierarchical nanostructures with high surface area provide more
adsorption sites for target gases. In addition, with pores or channels in their structure,
the diffusion of gases is facilitated, resulting in better interaction of the target gas with
deep parts of the sensing material [113]. Vapor-phase growth and hydrothermal techniques
are the two most-used methods to synthesize hierarchical nanostructures [22]. Owing
to these advantages, hierarchical morphologies of MOSs are widely used for sensing
studies [114,115].
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For instance, Guo et al. [116] used a 3D hierarchical hollow structure of CuO/WO3
for p-xylene-sensing studies (Figure 12). The sensor showed a good response to 6.36—
50 ppm of xylene gas at 260 °C. The sensing mechanism was related to the unique 3D
hierarchical structure with a high surface area of 23.4962m?-g !, the formation of defects
in the interfaces between CuO and WO3, and the formation of p—n heterojunctions between
CuO and WOs. Recently, Yu et. al. [117] reviewed MOSs with hierarchical structures for
gas-sensing studies.

Figure 12. (a,b) SEM images of hierarchical CuO-WOj3 nanostructures at two different magnifications.
Reprinted with permission from Ref. [116]. Copyright 2022, Elsevier.

2.8. Noble-Metal-Decorated MOS Gas Sensors

Gas-sensing properties can be improved by loading MOSs with small amounts of
appropriately chosen noble metals. Noble metals such as Au, Pt, Pd, Ag, and Ru are widely
used for the decoration or functionalization of the MOS surfaces to improve the overall
performance of the resulting gas sensors. The basic properties of the prominent noble
metals (i.e., Pt, Au, Pd, and Ag) are listed in Table 1 [118]. In particular, the work functions
of Pt, Pd, Au, and Ag are approximately 5.65, 5.3, 5.1, and 4.3 eV, respectively.

Table 1. Properties of some noble metals [118]. Reprinted with permission from Ref. [118]. Copyright
2015, Elsevier.

Property Pt Pd Au Ag
Melting point (°C) 1769 1552 1064.4 961.9
Atomic number 78 46 79 47
Atomic mass (g/mol) 195.09 160.4 196.97 107.86
Density (g/cm?) 21.45 12.02 19.30 10.49
Work function (eV) ~5.65 ~5.3 ~5.1 ~4.3
Electron negativity 2.2 22 24 1.9

It should be noted that the noble metals need to be dispersed as finely as possible
on the surface of the MOSs. Agglomeration of noble metals on the surface of the sensing
layer can lead to a poor response of the gas sensor. Generally, noble metals affect the
gas-sensing performance via two well-known mechanisms: The chemical sensitization
mechanism, which occurs via the spillover effect, is a commonly known phenomenon in
catalytic chemistry. In this case, the noble metal activates the target gas to facilitate catalytic
oxidation of gas. Noble metals increase the gas sensitivity as they increase the rate of
chemical processes [119]. In electronic sensitization, because noble metals generally have
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a larger work function than MOSs, electrons are transferred from the MOS to the noble
metals, leading to the formation of Schottky barriers and contraction of the EDL or HAL
inside the MOS. In the target gas atmosphere, the width of the EDL and the HAL changes,
leading to significant modulation of the sensor resistance. Among noble metals, Pd is
well known for Hp gas detection [120], owing to its excellent catalytic activation ability for
hydrogen through the hydrogen spillover effect [121]. When a sensor decorated with Pd
NPs is placed in an atmosphere containing H; molecules, hydrogen can easily dissociate
into hydrogen atoms on the Pd surface; in the spillover effect, hydrogen atoms move to the
neighboring MOS surfaces, leading to additional reactions between atomic hydrogen and
adsorbed oxygen [122]. Other noble metals also exhibit good catalytic activities toward
different gases. For example, Ag is often used for H,S detection because of the generation
of AgyS upon exposure to HyS gas [123]. Pt and Pd also have good catalytic activities
toward C7Hg and C¢Hg gases, respectively [124,125].

2.9. Hybrid MOS Gas Sensors

A good strategy to enhance the gas-sensing characteristics of MOS-based gas sensors
is using another material in combination with the MOS. Hybrid MOS nanocomposites
are either (i) composites of MOS and carbon materials such as graphene, graphene oxide
(GO), reduced graphene oxide (rGO), and carbon nanotubes, or (ii) composites of MOS
and conductive polymers (CPs). Graphene, which comprises sp? carbon atoms, is utilized
in gas sensors due to its high charge carrier mobility (200,000 cm? V=1 s71) and large
surface area (2630 m? g ~1) [126]. The first ever graphene gas sensor was introduced in
2007 [127]. Owing to its single-layer or few-layer nature, graphene can even interact with a
single molecule. Pristine graphene can easily agglomerate owing to the surface interactions.
Furthermore, graphene has no band gap, hindering its gas-sensing usage [128]. Thus, rGO,
with its many functional groups—such as -OH and -O—as well as defects, is a better choice
for gas-sensing studies. Although GO can be used for sensing applications, it has a very
high resistance owing to the presence of oxygen-based functional groups, limiting its use in
sensing studies [129]. rGO can be synthesized from GO using chemical reduction, thermal
reduction, and UV light reduction methods [130,131]. Many papers on gas sensors with
hybrids of MOSs and carbon allotropes have been reported. However, for sensing studies,
rGO is the most effective allotrope of carbon in its hybrid form. This is because of its
large surface area, presence of many defects, and high concentrations of charge carriers
with high mobility—all of which are beneficial for sensing. Accordingly, several studies
have been reported on hybrid MOS-rGO composites with the ability to operate at room
temperature [132,133].

CPs have tunable conductivity and high flexibility in synthesis and processing. How-
ever, because of the high affinity of CPs for moisture, they are unstable, and generally
exhibit poor sensitivity and selectivity for different gases in their pristine form. The use
of hybrid nanocomposites with CPs and MOSs could result in the development of room-
temperature gas sensors [134]. Accordingly, hybrids of CPs and MOSs have been used to
enhance the sensitivity of nanostructured sensors at low or room temperature [135,136].
One application of hybrids of MOSs and CPs is the development of flexible and wearable
gas sensors. Flexible gas sensors are generally deposited on flexible substrates, and need to
work at low temperatures, e.g., room temperature. Since composites of MOs and CPs can
function at low temperatures, they are good candidates for such applications.

2.10. Comparison of Performance of Gas Sensors with Different Morphologies

Table 2 summarizes the performance of gas sensors with various morphologies. Dif-
ferent morphologies and compositions have been used for the detection of various gases at
different temperatures. Moreover, pristine gas sensors show lower responses and higher
sensing temperatures, while composite or decorated sensing materials show better perfor-
mance at lower temperatures.
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Table 2. Gas-sensing properties of different sensors with various morphologies.
I?/Iesﬁzlrlilagl Morphology Gas Conc. (ppm) T (°C) Respo?riz /(tha)/Rg) O Ref
TiO, /SnO, QD NO, 1 300 2.62 [25]
SnO, QD C4Hyp 8219.2 25 8.09 [26]
SnO, QD C,Hs0H 300 N/A* 215 [27]
Pt-SnO, NW CyHg 100 300 55 [32]
In;O3/5n0, NW NO, 5 300 25 [34]
In; O3 NR cO 400 350 3.5 [35]
SnO, NW NO, 5 200 180 [36]
SnO, NW LPG 2000 350 21.8 [37]
SnO, NW H; 1000 300 3.3 [42]
ZnO NW NO, 20 225 95 [43]
SnO, NW C,H50H 100 300 50.6 [48]
ZnO NW NO; 5 300 106 [49]
ZnO-5n0O, NR C,H50H 100 275 18 [50]
Ni/ZnO NW p-xylene 5 400 42.44 [52]
Gr/ZnO NW C,Hs0H 20 125 23 [53]
BiyO3/5n0, NW NO, 2 250 56.92 [54]
Pt/CeO, NW cOo 200 25 3 [56]
SnO, NW NO, 500 300 17 [57]
SnO, NW C,H50H 50 350 6.7 [58]
NiO/NiFe,Oy4 Nanotetrahedrons HCHO 50 240 19 [61]
Zn0/5Sn0O, NW C,Hs0OH 200 400 280 [62]
ZnGayOy/ZnO NW NO, 10 250 23 [63]
ZnO/WOj3 NW Hy 1000 25 6.45 [64]
Ga203 /SHOZ NW C2H5OH 1000 400 66 [65]
Au/SnO,-ZnO NW co 0.1 300 26.6 [67]
Pt/W18049 NW Hy 1000 200 0.528 [70]
Ag/5Sn0O, NW H,S 0.5 N/A* 21.2 [73]
Rh/5n0O, NF C3HgO 50 200 60.6 [78]
Zn0/In;O3 NF C,H50H 100 225 31.87 [85]
SnO, /CuyO NF NO, 10 300 5 [87]
In; O3 NF cO 100 300 5.4 [89]
Pd/SnO, NF HCHO 100 160 18.8 [92]
Co304/ZnO NF HCHO 100 220 5 [93]
TiO,/ZnO Hemitube NO, 25 25 1.23 [98]
ZnO NR NO, 5 250 200 [100]
ZnO NR C,H50H 250 400 7 [101]
x-AgoWO, NR C3HgO 20 350 3.6 [103]
ZnO NR O3 2.5 575 850 [106]
ZnO NS NO, 10 200 74.68 [111]

*N/A: No available data.

3. Conclusions and Outlooks

MOS-based gas sensors are popular for different applications because of their high
sensing performance and low cost of synthesis and fabrication. Many MOSs can be utilized
for the production of gas sensors; however, most studies deal with n-type MOSs—especially
5SnO; and ZnO materials. There are many techniques to synthesize sensing materials
with different morphologies. One of the most popular techniques for the synthesis of
MOS NWs and branched NWs is the vapor-liquid—solid technique. In this technique, by
controlling the gas flow, furnace temperature, time, and catalyst, it is possible to achieve
extremely long MOS NWs. Electrospinning is mainly used for the synthesis of MOSs
with NF morphology. In this technique, by controlling the feeding rate, applied voltage,
solution viscosity, needle-to-collector distance, and temperature, it is possible to control the
morphology. In this way, the creation of very long and rough NFs is possible. The ALD
technique has been successfully used to deposit a shell over a core. In this technique, by
adjusting the ALD cycles, it is possible to control the thickness of the shell layer. MOS NTs
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are mainly synthesized using a soft core; after synthesis, the core is removed, and a hollow
structure remains. In this technique, choosing an appropriate soft core and annealing
temperature to remove the core are key factors determining the hollowness of the structure.
Chemical methods such as hydrothermal and sol-gel methods are used for the fabrications
of NSs, NRs, and hierarchical structures. In these techniques, appropriate choices of the
concentration of the solution, annealing temperature, time, and pH are important to obtain
the best morphology.

Various morphologies of MOS-based gas sensors—such as QDs, NWs, NFs, NTs, NRs,
NS, and hierarchical structures—have been fabricated for sensing applications, with the
goal of increasing the active surface of the resulting gas sensor. Furthermore, C-S structures
with NW or NS morphology have been extensively investigated, wherein an optimal shell
with the highest sensing performance was employed. NSs with 2D morphology offer a
high surface area for incoming gas molecules. However, owing to the presence of surface
forces, they are generally bonded together, which may decrease their sensing performance.
Hierarchical nanostructures are also promising for sensor fabrication. With the ease of
synthesis and high response, they are among the best materials for sensing studies. The
effects of different noble metals—such as Au, Ag, Pt, and Pd—on MOS gas sensors have
also been extensively studied. Noble metals promote sensing performance through both
chemical and electronic sensitization effects. However, uniform dispersion on the surface
and optimization of the amounts are necessary to achieve optimal performance. A hybrid
MOS with carbon and polymer materials can remarkably reduce power consumption and
enable operation at low temperatures. Another strategy is the use of a sensor in self-heating
mode to reduce power consumption.

Future directions for this research can include the production of novel morphologies
and combinations of 1D, 2D, and 3D materials with high surface area and high porosity.
For example, there is limited literature on the synthesis of 1D /2D composite materials for
sensing studies. Moreover, the combination of two noble metals on the surface of an MOS
can be used to increase the sensor response and the dynamics of the sensor, such as the
response and recovery times. Finding optimal composites of MOSs, carbon nanomaterials,
or CPs could lead to high-performance gas sensors suitable for low-temperature operation.
Composites with novel sensing materials such as MXenes, transition metal dichalcogenides,
and metal-organic frameworks can provide many opportunities to decrease the sensing
temperature, increase the response to target gases, and improve the selectivity of MOS-
based gas sensors. The integration of gas sensors into low-power-consumption and portable
electronic devices such as smartphones needs further development of MOS-based gas
sensors in terms of reduction in sensing temperature, increase in response, and selectivity.
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