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Semiconductor metal oxides (SMOxs) are widely used in gas sensors due to their excellent sensing properties, abundance, and ease of manufacture. The best examples of these sensing materials are SnO2 and TiO2 that have wide band gap and offer unique set of functional properties; the most important of which are electrical conductivity and high surface reactivity. There has been a constant development of SMOx sensor materials in the literature that has been accompanied by the improvement of their gas-sensitive properties for the gas detection. This review is dedicated to compiling of these efforts in order to mark the achievements in this area. The main material-specific aspects that strongly affect the gas sensing properties and can be controlled by the synthesis method are morphology/nanostructuring and dopants to vary crystallographic structure of MOx sensing material.
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INTRODUCTION

The control and monitoring of combustion-related emissions have been the top priority of many industrial processes in view of reduced energy consumption, improvement of product quality, productivity, and environmental protection ordered by the regulations. Sensor-based intelligent systems have thus entered into the daily life and found an increased use in health and safety-related application areas, such as medical diagnostics, air-quality monitoring, food processing and detection of toxic/flammable and explosive gases, and adjustment of energy efficiency. These and other applications in harsh industrial environments require the development of fast, sensitive, selective, reliable, and also low-cost sensors. Industrial processes relied for many years on gas detection systems using infrared spectroscopy, gas chromatography/mass spectrometry (GC/MS), and chemiluminescent analysis are available with good detection limits and fast response times (Docquier and Candel, 2002). These instruments are bulky, expensive, need maintenance, and incompatible with high-temperature environments and require gas sampling systems. In the last two decades, an increased need has urged that the gas sensors are miniaturized, stable and capable of detection in a wider temperature range, highly sensitive, and selective for in situ monitoring at low and high temperatures and have short response and recovery times to enable feedback control under fast and repeated gas flows.

Chemical sensor technologies based on electrochemistry, calorimetry, chromatography, and spectroscopic techniques are expensive and incapable to apply for in situ measurements involving high temperature and chemical contaminants. Microelectromechanical systems (MEMS) offer limited application possibility in such areas. Akbar et al. (2006) have recognized that the key technical challenge for implementation of new developed materials for chemical sensing lies in their fabrication as thin films.

Based on the pioneering work of Yamazoe (1991) on performance improvement of metal oxide (MOx) semiconducting gas sensors with nanometric crystallite sizes, many substantial efforts have been spent to produce nanostructured materials [e.g., nanoparticles (NPs), nanotubes (NTs), nanobelts, and nanowires (NWs)] demonstrating increased sensitivity and selectivity and decreased response time and operation temperature while still preserving long-term stability and reproducibility (Comini et al., 2002; Varghese et al., 2003; Kolmakov et al., 2005; Comini, 2006; Seo et al., 2009).

First introduction of MOxs as chemoresistive gas sensors was in 1952 by Brattain and Bardeen who demonstrated that some semiconductor materials modify their resistance depending on the surrounding atmosphere (Brattain and Bardeen, 1953). The conductivity changes caused by the electronic transfer in MOxs occur with the surface adsorption and desorption of gas molecules. Thus, the shape and the size of the nanostructures play a strong role in these changes. Moreover, the material characteristics, such as electronic, morphological, and chemical properties, namely band gap, Fermi level position, dispersion of catalyst, size of crystallites, and their network connection, are fundamentally required to enhance the sensitivity of sensors (Barsan and Weimar, 2001).

Metal oxides that are characterized as semiconducting transition [titanium dioxide (TiO2), Fe2O3, NiO, and Cr2O3] and post-transition (ZnO and SnO2) MOxs with d10 and d0 electronic arrangements and smaller band gaps are good candidates to be used as gas sensing material relying on the facilitated formation of electron–hole pairs. Moreover, they offer low cost and flexible production in various nanostructured morphologies, sizes and films and simple working principle, high sensitivity, and portability (Wang C. et al., 2010).

The most common of those semiconducting MOxs that yield excellent sensing materials toward versatile gases are SnO2 and TiO2. Chemoresistive gas sensors based on TiO2 emerged due to the promising features, such as reversible and large changes in the electrical resistance along with the exceptional chemical and high-temperature stability of TiO2 (Harris, 1980). TiO2 exists primarily in three forms: the brookite phase (orthorhombic), anatase phase (tetragonal), and rutile phase (tetragonal) with energy band gaps equal to 2.96, 3.2, and 3.02 eV, respectively. Among these crystal phases, the steady main phase is rutile, whereas the anatase phase yields better results for most gas sensor applications. In order to expand the applications of TiO2 nanostructures in chemical sensors, there are a number of parameters that need to be improved, namely the conductance of TiO2 in air, the sensing signal, the response and the recovery times by choosing an appropriate type, and level of doping (Zakrzewska et al., 1997; Varghese et al., 2003).

SnO2 has been widely accepted as a suitable gas sensing material because of its low-temperature response that persists from room temperature up to a few hundred-degrees Celsius depending on detected gas type. Not the lattice oxygen concentration of SnO2, but the chemisorbed (or ionosorbed) oxygen and other molecules with a net electric charge are critical factors for triggering a gas response. Band bending induced by charged molecules causes the increase or decrease in the surface conductivity responsible for the gas response signal. Moreover, SnO2 is modified by additives to either increase the charge carrier concentration by donor atoms or to increase the gas sensitivity or the catalytic activity by metal additives (Batzill and Diebold, 2005).

Relying on these attractive properties, in the last two decades, especially nanostructured SnO2 and TiO2 have been successfully synthesized in various morphologies, in particular as 0D, one-dimensional (1D), and hierarchical three-dimensional (3D) structures, as noble metal (NM) loaded and/or bulk doped particles and layers, and their influences on the gas sensing have been demonstrated in a waste number of literatures.

This review article describes the effect of physical and chemical material characteristics, such as crystal structure, morphology and size, surface modification, and bulk doping on the gas sensors properties basing on the literature data published in the last two decades.

The particular focus is given on the most recent and important achievements related the semiconductor SnO2 and TiO2. The gas sensing mechanisms relevant to the target gases and sensing MOx characteristics are also highlighted. The influence of different gases on the sensing properties is explored. Although the synthesis method plays an import role in achievement of beneficial characteristics, various methods may be utilized to obtain the same or similar physical and chemical properties of semiconductor metal oxides (SMOxs). Therefore, the emphasis is given to the archived modifications in the material characteristics rather than the synthesis method.

In addition to the morphological, compositional, and crystal structural influences of the SMOxs on gas detection, the recent research indicates achievement of excellent gas sensing properties with semiconductor SnO2 and TiO2 through formation of composites, integration with functional materials, and building sensor arrays. With this review, it was aimed to express the achievement so far in order to grant their meaningful adoption use in future gas sensor applications.



SEMICONDUCTOR METAL OXIDE AS GAS SENSING MATERIAL

Metal oxides form the basis of the modern intellectual and functional materials and devices due to the possibility of regulating their physical and chemical properties. The functional properties of MOxs depend on many chemical and structural characteristics, including chemical composition, structural defects, morphology, grains size, specific surface area, and so on. The change of any of these characteristics allow the control of their properties. Thus, the unique characteristics of MOxs make them the most diverse class of materials with properties that cover almost all aspects of materials science and physics in the fields of semiconducting, superconductivity, ferroelectricity, and magnetism (Dai et al., 2003).

SnO2, ZnO, In2O3, tungsten trioxide (WO3), CdO, TiO2, and other MOxs can be used as sensing material for semiconductor gas sensors. They are distinguished into a group of transparent conductive oxides due to a unique set of functional properties, the most important of which are electrical conductivity, transparency in a wide range of spectra, and a high surface reactivity. However, among the mentioned SMOxs, SnO2, and TiO2 are the most popular due to its manufacturability and low cost, high chemical stability, mechanical strength, heat resistance, and high adhesion to glass and other substrates.

The most important quality indicators of gas sensor performance are sensitivity, selectivity, response and recovery time, detection limit and resolution, stability, and working temperature (Bochenkov and Sergeev, 2010). These parameters of gas sensors based on SMOxs can be significantly improved by reducing the particle size to nanoscale, doping (modification) of the sensing material, and enhancement of sensor design.

Sensitivity indicates a change in the physical and/or chemical properties of the sensitive material in the presence of gas. It is determined as the ratio of sensor's resistance in the atmosphere of the target gas to its resistance in the air if the target gas is an oxidizing one:

[image: image]

and in the case of the reductive gas as the ratio of the device's resistance in the air to its resistance in the target gas atmosphere:
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where Rg is the resistance of the sensor element in the atmosphere of the target gas, Ohm; Ra is the resistance of the sensor element in the air, Ohm (Huang and Wan, 2009; Wang C. et al., 2010).

The analytical signal can also be defined as the absolute difference between the resistance of the sensing element under the reference medium (air) and under the target gas to the resistance under the air (Ahlers et al., 2005; Dufour et al., 2012):
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The sensitivity of gas sensors is significantly affected by the porosity of the sensitive material, the operating temperature, the presence of dopants/modifiers, and the size of the crystallites (Miller et al., 2006; Wang C. et al., 2010). Given that the sensing reactions take place mainly on the surface of the sensitive material, the control of the particle size of semiconductor materials is one of the first requirements to increase the sensitivity of the sensor. Nanocrystalline materials are characterized by the highest values of the sensor signal due to the high specific surface area, and thus higher adsorption capacity (Miller et al., 2006; Sun et al., 2012; Hamanaka et al., 2016). By reducing the particle size of sensing material, it has been possible to detect H2 at sub-ppm level (Yin et al., 2019). Furthermore, it was proven that the sensing materials based on NPs of TiO2 offer perspectives for humidity detection even at room temperature (Dubourg et al., 2017) and high selectivity and response toward H2S, CH3OH, and C2H5OH gases (Arafat et al., 2017) at lower temperatures. Thus, sensors were achieved that exhibit excellent mechanical stability, fast response/recovery times, and good reproducibility, with minimal energy consumption and low weight.

Selectivity characterizes the ability of the semiconductor layer to distinguish the group of target gases or single gas in the gas mixture (Bochenkov and Sergeev, 2010). To increase the selectivity of gas sensors, surface modification or bulk doping with various catalytic additives is used for better adsorption of the target components (Shamsudin et al., 2002; Salehi, 2008; Liang et al., 2014; Woo et al., 2016). Previous literature demonstrate that sensing materials based on SnO2 and TiO2 nanostructures yield high selectivity sensors through either their surface modification with NM loading or bulk doping with redox capable elements thus facilitating the selective gas detection in mixed gas environments. These studies indicate that the improvement of sensing performance in such cases is due to the creation of new active centers on the MOx surface or changing the electronic structure of material (Saruhan et al., 2013, 2016; Liu Y. et al., 2017; Majhi et al., 2018; Yin et al., 2019; Raza et al., 2020).

Stability or reproducibility is the ability of the gas sensors to provide repeatability of measurement results for the prolonged usage. The preheat treatment at temperatures above the sensor operating temperatures improves the stability of the sensitive layers.

Response time determines the period during which the parameter value changes by a certain percentage of its initial value at the certain gas concentration.

The shortening of the response time can be achieved by the doping of MOxs with NMs. Thus, Choi J.-K. et al. (2010) demonstrated that Pd-doped SnO2 sensing material shows response time <10 s. Dong et al. (2011) found that response time of 0.08 wt.% Pt-doped SnO2 nanofibers to H2S is much faster (1 s) than response time of the undoped SnO2 nanofibers (2–7 s).

Recovery time is the period required for sensor to come back to its initial value after decreasing of target gas concentration to zero. The long recovery time is associated with slow surface reactions and can be accelerated by the doping of metal catalysts, such as Pd and Ag. For instance, Pd-doped (0.4 wt.%) SnO2 hollow nanofibers exhibit significantly shortened recovery time under the exposure of H2, CO, CH4, and C2H5OH (31.8, 23.7, 38.5, and 88.5 s, respectively). In this case, the increase in recovery time can be explained by the Pd catalytic promotion of the oxygen adsorption (Choi J.-K. et al., 2010).

Both response and recovery times depend on the working temperature. Fields et al. (2006) developed the SnO2 single nanobelt-based sensor for the hydrogen detection and found that with the increasing of the sensor operation temperature to 80°C, the response time decreases from 220 to 60 s, whereas recovery time increases more than double. Landau et al. (2009) investigated the temperature influence on sensing characteristics and found that the sensitivity of TiO2 nanofibers to NO2 decreases with the temperature growth, whereas response time decreases with the increasing of temperature and decreases with the increasing of NO2 concentration.

Detection limit is the lowest gas concentration that can be detected by sensor element. The lowest concentration difference, which can be recognized by sensor, corresponds to the resolution of the device. Working temperature of sensor is the temperature at which sensor shows the maximal sensitivity (Bochenkov and Sergeev, 2010).

Besides characteristics of the sensitive material, schematics of sensors, their design, and dimensions play a significant role in the improvement of sensor performances (Nahirniak and Dontsova, 2017).

For instance, sensitivity, selectivity, and response time are temperature-dependent parameters as the surface adsorption/desorption processes and change in the energy to activate them are affected by the sensor operating temperature (Partridge et al., 2009). In turn, working temperature, power consumption, and temperature uniformity depends strongly on the material of heater and its thickness. The highly effective gas sensor shall provide minimal power consumption and heat losses. The study of three different metals (platinum, titanium, and tungsten) for heater production by Souhir et al. (2016) showed that the platinum has the biggest prospects as it provides good compromise between high temperature and power consumption. The power consumption can be reduced by decreasing the thickness of heating electrode and the decreasing of the inter track in the design of heater that leads to the better temperature homogeneity.

The other structural element of the MOx sensing element, which cause strong effect on the gas sensing characteristics, are electrodes, namely electrode geometry and gap size. The varying of the gap size of electrodes leads to the changes in the resistance of device and consequently in the sensitivity. Shaalan et al. (2011) studied the influence of gap size of SnO2 sensor on the NO2 detection and have concluded that the choice of the gap size of electrode depends on the concentration of detected gas. Thus, they showed that large-gap electrode sensors highly sensitive to the high NO2 concentration. On the one hand, the reducing of the gap sizes of electrodes improves the selectivity of sensing element to lower gas concentrations.

On the other hand, the improvement of selectivity can be achieved by the increasing of line width of electrodes. Miyaji et al. (2004) investigated the influence of electrode width and showed that sensor with bigger electrode width (50 μm) characterized by higher sensitivity compared to the sensor with electrode width of 10 μm.


Sensing Mechanism

The mechanism of analyte detection by sensitive semiconductor material can be described as follows: oxygen adsorption on the sensitive layer surface, electron transfer from material to oxygen, analyte adsorption, chemical reaction, electron transfer to the semiconductor, and desorption of the products.

The oxygen adsorption includes both physical and chemical process. Besides oxygen, water molecules and hydroxide groups are also adsorbed on the MOx surface. However, due to the high affinity to the electron, oxygen plays the main role in sensing mechanism. Depending on the temperature, oxygen can be present in the molecular ([image: image]) or atomic (O− and O2−) form. The molecular oxygen form can be found at the temperature below 150°C, whereas above 150°C the atomic forms exist (Barsan and Weimar, 2001; Tricoli et al., 2010; Krivetskiy et al., 2013):

[image: image]

The adsorbed oxygen species trap electrons and form a depletion layer, which causes changes in the electrical conductivity of the sensing layers. For instance, Saruhan et al. (2013) investigated the sensor response of TiO2 layers to NO2 and concluded that sensor behavior under the NO2 exposure depends on the partial oxygen pressure. At temperatures above 500°C, NO2 becomes thermodynamically unstable, which leads to the presence of excessive oxygen sub-ions in the system. The oxygen ions form an [image: image] layer, which decreases the sensor conductivity and lowers the desorption kinetics. This results in an unstable response and longer recovery time.

Depending on the charge carrier, two main types of semiconducting MOx materials are reported in the literature: p-type, where the charge carriers are the holes, and n-type, where the charge carriers are electrons. In fact, the charge carriers in wide band gap oxide semiconductors are determined either by doping aliovalent cations or by oxygen non-stoichiometry. For example, since the formation of oxygen vacancies follows the generation of electrons, undoped oxygen-deficient TiO2 shows n-type semiconductivity. Meanwhile the deficiency of metal ions in undoped CuO explained its p-type semiconductivity. Pristine TiO2 and SnO2 are n-type semiconductors. Since in the ambient atmosphere, the oxygen non-stoichiometry is constant at fixed temperature, the doping of TiO2 and SnO2 with higher and lower valency cations can be used to control the nature and the concentration of their charge carrier (Patil et al., 2015; Dey, 2018; Ji et al., 2019).


Sensing Mechanism of N-Type MOx

The gas sensing mechanism of MOxs is fundamentally a surface-related issue resulting in a change in sensor resistance that is tightly related to the adsorption or desorption processes of target gases. As early as 1988, Romppainen described the possible occurrence principles of the sensing mechanism with n-type SMOxs (Romppainen, 1997). According to him, the surface conductivity being the main defining factor for the sensing mechanism will be influenced by the following processes:

- Oxidation/reduction of the semiconductor: the charge carrier concentration and electron structure of the sensitive materials affects by the gas concentration due to the change of the surface or bulk stoichiometry.

- Ion exchange: the change of ions leads to the formation of the surface layer with the other electron structure in comparison to the base material.

- Gas adsorption: the molecule of gas adsorbs on the surface of the material and either donates electrons to the conducting band or acts as a trapping center.

- Reaction with adsorbed species: the adsorbed gas species react with oxygen previously adsorbed on the surface resulting in lowering number of trapped electrons on the surface.

After the n-type nanostructure is exposed to air, oxygen molecules are adsorbed on the surface. Due to the electrons transfer from the semiconductor powder to the surface, the development of potential barriers on the particle surface occurs, which affects in relatively few oxygen adsorption sites available on the n-type semiconductor surface. For conductance, electrons must pass over this surface barrier to move from one particle to the next (Morrison, 1987). Depending on the temperature, adsorbed oxygen ion species ([image: image], O−, and O2−) are formed by the extraction of conduction band electrons and by generating a space charge conduction area. This causes an increase in sensor resistance. When the target gas is injected, it is adsorbed on the material surface and then gets oxidized if the gas is a reducing gas resulting in the return of electrons back to the conduction band. As a consequence, this reduces the space charge width and the resistance proportional to the concentration of analyte. When the gas is an oxidizing one, it gets reduced by taking electrons from the conduction band, leading to the proportional increase of the resistance (Govardhan and Grace, 2016; Degler et al., 2019). Thus, in the case of n-type semiconductors, the presence of reducing gases causes the conductivity increase, and oxidizing gases decrease the sensor conductivity.



Sensing Mechanism of P-Type MOx

Compared to the n-type MOx sensors, for p-type semiconductors, the sensing mechanism in accordance to the resistance change is opposite. Figure 1 shows the change in sensor resistance of n- and p-type MOx gas sensors upon the exposure to the reducing gas. The adsorption of oxygen molecules following by their ionization generates a hole accumulation layer on the material surface and thus resulting in a decrease of resistance. Upon exposure to a reducing gas, the target molecules react (via oxidation) with the adsorbed oxygen species on the surface, leading to the release of the trapped electrons back to the conduction band, which then increases the sensor resistance as a result of the hole accumulation layer becoming thinner. If the target gas is an oxidizing one, it will get reduced by taking electrons from the conduction band and thus resulting in the decrease of resistance (Kim and Lee, 2014; Wei et al., 2020).


[image: Figure 1]
FIGURE 1. Schematic diagram for change of the sensor resistance upon exposure to the target gas (reducing gas) in the cases of n-type and p-type MOx sensors (Reproduced from Choopun et al., 2012).




Influence of Temperature and Humidity on Sensing Performance

The gas sensors based on SMOxs usually work at high temperature (≥150°C), and their response strongly depends on the temperature. In fact, the detection of specific gas depends partially on adsorption phenomena and precisely on the thermodynamic of gas adsorption on the surface of semiconductor materials, which is related to temperature. For a given sensor, the highest response for a specific gas is obtained at a specific temperature, where the equilibrium is reached between the adsorption and desorption rate. In addition, the activation energy of the reaction taking place during the detection is reached at an optimum temperature, then the optimization of the sensor working temperature by the detection of a target gas is usually used to enhance the selectivity. An example given by Liu et al. (2015) is presented in Figure 2 showing the response of gas sensors based on pure TiO2 and TiO2 NPs doped with tungsten to 3,000 ppm butane at different temperatures. As displayed in Figure 2, the sensitivity of sensors varies strongly with the working temperature. For instance, TiO2 doped with 5 and 7.5% tungsten yield the highest response at 420 and 440°C, respectively (Liu et al., 2015).


[image: Figure 2]
FIGURE 2. Gas response of sensor based on TiO2 and W-doped TiO2 nanoparticles to 3,000 ppm butane at different temperatures (Reproduced from Liu et al., 2015).


In general, the response and recovery times of a sensor depend also on the temperature because the kinetic reactions between semiconductors and gases are temperature dependent. Then, at the low temperature, sensors have a long response and recovery times because the kinetic reaction rate is low (Eranna, 2012).

The water vapor, which reacts as a reducing gas, can strongly affect the base line and the sensitivity of the sensor. The change in the water vapor quantity on the surface of semiconductors can influence the sensor performance during its work. For MOx sensors, the liability is guaranteed at relative humidity superior to 10% at operating temperature of 20°C. The base line and the sensibility can be affected by the humidity below this value. To explain the influence of water vapor, two considerations can be done. First, in the presence of humidity, the adsorption of water vapor reduces the number of the available adsorption sites, which reduces the number of the adsorbed oxygen species on the surface of semiconductor. The second thing is that the water vapor can also react as electron donors to the semiconductor and this will change its base line resistance. The presence of water molecules can also create OH sites on the surface at a specific operating temperature, and this can influence the response (Wang C. et al., 2010). H2O can be adsorbed on the Sn2O surface as a result of physisorption or chemiosorption processes. In the first case, H2O adsorbed in the molecular form at low temperatures, and in the second case, H2O adsorbed in ionized form at higher temperatures. Thus, at temperatures above 400°C, water molecules are adsorbed in the MOx surface in the form of OH− groups, which acts like electron donors. In the case of the reducing gas detection, the reaction of water molecules with the MOx surface leads to the release of the captured electrons, which causes to the decrease in resistance of sensor (Haidry et al., 2015).

In general, the adsorption of the water leads to the significant decrease of gas sensitivity. For instance, Qi et al. (2008) developed Sm2O3-doped SnO2 sensor and investigated its sensor response to C2H2 at the humidity content in the range 11–95%. Figure 3A displays that sensor response decreases with the increase of humidity. Moreover, authors found out that humidity slows down with the response and recovery times. In this case, water molecules can act as barriers against gas adsorption. Figures 3B,C shows the gas sensing mechanism of Sm2O3-doped SnO2 sensors to C2H2 in the humidity environment indicating that in the humid medium, the C2H2 migration on the SnO2 surface becomes difficult that leads to the decrease of the sensitivity and increase of response/recovery time.


[image: Figure 3]
FIGURE 3. (A) Sensor response of the Sm2O3-doped SnO2 sensor to C2H2 at the different humidity content. (B) The gas sensing mechanism of Sm2O3-doped SnO2 sensors to C2H2. (C) The gas sensing mechanism of Sm2O3-doped SnO2 sensors to C2H2 in the humidity environment (reproduced from Qi et al., 2008).






INFLUENCING FACTORS OF PHYSICAL AND CHEMICAL MATERIAL CHARACTERISTICS

Nanocrystalline materials were reported to yield good responses with the highest sensor signal values relying on their high specific surface area leading to higher adsorption capacities (Miller et al., 2006). Yin et al. (2019) have synthesized highly sensitive hydrogen sensors based on SnO2 NPs and reported that the reduction of the particle size of the sensitive material allows to obtain sensors for the H2 detection at sub-ppm level. In another work, it was shown that the achievement of high sensing characteristics, excellent mechanical stability, fast response/recovery time, and good repeatability when the TiO2 NPs were employed as the sensing material for the fabrication of room temperature humidity sensors (Dubourg et al., 2017).

The parameters of gas sensors based on MOxs (stability, sensitivity, selectivity, and response time) can be significantly improved by reducing the particle size to nanoscale. The reduction in grain size to the nanoscale is one of the most effective strategies for the enhancement of the gas-sensing properties. The grain boundary barriers provide the predominant impact of gas on the conductivity of the sensor leading to the absolute control of sensing mechanism. This condition relies on the depletion layer, encapsulating each grain or grain chains and the formation of grain boundaries between those as shown in Figure 4A (Sun et al., 2012). On the contrary, the sensitivity of the sensing material will be independent on the grain boundaries, but controlled by the grain size. For the grains with D ≥ 2L, the space–charge layer around each neck formed a conduction channel as illustrated in Figure 4B. The cross-sectional area and the grain boundary barriers affect the conductivity and thus resulting in enhanced sensitivity. In case of fully depletion of the grains with mobile charge carriers, the conduction channels between the grains become mislaid and conductivity decreases drastically. In such cases where D < 2L (Figure 4C), the grain size controls the sensitivity of the sensing material. These facts point out that not only the grain size but also the morphology and aspect ratio (D/L) of the grains in a gas sensing material plays a significant role in the characteristics of the gas sensors.


[image: Figure 4]
FIGURE 4. Schematic model of the effect of the crystallite size on the sensitivity of semiconductor metal oxide gas sensors. (A) D >> 2 L. (B) D ≥ 2 L. (C) D < 2 L (Reproduced from Sun et al., 2012).


Moreover, another efficient way to modify the physical and chemical properties of SMOxs is their doping with other elements, especially those of redox capable cations. The crystal structure of the sensing material (e.g., tetragonal, cubic, or polymorphs anatase or rutile as in TiO2) can be altered by the incorporation of elements into the crystal lattice through doping and thus the improvement of sensing, but in particular the selectivity of gas sensors. The introduced impurities and their levels change the original crystal parameters of SMOxs and simultaneously produce a large number of surface defects (dangling bonds) resulting in grain size reduction, increase of surface-active sites and in more conducive surfaces to enable gas adsorption and reaction (Li et al., 2013).


Effect of Morphology and Nanostructuring

In recent years, SnO2 and TiO2 nanostructures of various morphology, in particular 0D, 1D, and hierarchical 3D structures, were successfully synthesized, and it was demonstrated that morphology causes unique properties of the material, which is crucial for their further application.

The morphology and structure of MOx material that strongly affect the gas sensing properties are mostly controlled by the synthesis method. The selection of the synthesis method is decisive to achieve the desired grade of nanostructuring regarding morphology, grain/particle size, and the crystal and electronic structures of the sensing materials. The methods that are typically applied for the synthesis of the nanostructured SMOxs are electrochemical anodization (Gönüllü et al., 2012), hydrothermal method (Viet et al., 2015), template-assisted synthesis (Xu and Gao, 2012; Li Y.-X. et al., 2016), electrospinning (Osnat and Avner, 2015), and matrix-assisted pulsed laser evaporation (Caricato et al., 2011).


One-Dimensional SnO2 Nanostructures

One-dimensional tin (IV) oxide materials provide high values of the specific surface while maintaining sufficient chemical and thermal stability with minimal energy consumption and low weight that make them the ideal substrates for gas sensing applications. Besides a specific surface area, the exposed crystal plane causes the great effect on the sensing characteristics. For instance, it was demonstrated that among four different morphologies of SnO2 NPs, nanorods show excellent sensitivity and quick response due to the exposing of (111) planes (Hamanaka et al., 2016).

The most common methods of obtaining 1D SnO2 nanostructures reported in the literature include the solvo/hydrothermal synthesis (Hien et al., 2011; Tan et al., 2011; Sial et al., 2017), chemical vapor deposition (Müller et al., 2012; Sayago et al., 2015; Stuckert et al., 2016; Shaposhnik et al., 2019), thermal evaporation (Shen et al., 2009; Thong et al., 2010; El-Maghraby et al., 2013), and sol–gel method (Li et al., 2017).

Moreover, to obtain 1D SnO2 nanostructures, other synthesis approaches can also be used. Thus, Choi et al. (2008) showed that sensor based on SnO2 NWs with self-assembled electrical contacts exhibit higher sensitivity to NO2 compared to SnO2 powder-based thin films, SnO2 coating on carbon NTs (CNTs), or single/multiple SnO2 nanobelts. The NW-based SnO2 sensor was fabricated by a simple thermal evaporation method of metal Sn powder. Figure 5A shows the schematic illustration of SnO2 NWs growing above the SiO2/Si substrate bridging the gap between Au catalysts. Figure 5B presents the SEM image of the synthesized SnO2 NWs from which it can be seen that NWs were selectively grown on the Au layer. Based on the obtained results, authors proposed the sensing mechanism of the network-structured gas sensor (Figure 5C) according to which the enhanced sensitivity of the created sensor can be attributed to the resistance changes due to both a potential barrier at NW/NW junctions and a surface depletion region of each NW.


[image: Figure 5]
FIGURE 5. (A) The schematic illustration for a network of SnO2 nanowires floating above the SiO2/Si substrate. (B) A SEM image of SnO2 nanowires, selectively grown on the Au layer. (C) Schematic illustration of the gas sensing mechanism of the network-structured gas sensor (Reproduced from Choi et al., 2008).


Zhu et al. (2010) reported a good gas sensitivity and an excellent selectivity to acetone with rapid response and recovery times of 1D SnO2 nanostructures, produced by the sonochemical method using the cotton fiber templates. In comparison to other techniques, the sonochemical method is an effective and efficient method regarding the response and recovery times, and the produce quantity enabling the synthesis of novel materials with unique properties.

The application of different synthesis approaches allows to vary not only the size and crystallinity of the particles but also the morphological possibilities to obtain tin (IV) oxide NWs (Shen et al., 2009; Thong et al., 2010; Müller et al., 2012), NTs (Lai M. et al., 2009; Lai Y. et al., 2009; Shi et al., 2010; Sadeghzade-Attar, 2019), nanorods (Wang Y.-L. et al., 2010; Hien et al., 2011), nanoribbons (Dai et al., 2002; Kong and Li, 2005; Pan et al., 2012), and nanobrushes (Stuckert et al., 2016). Figure 6 shows examples of the SEM images of different 1D morphologies of SnO2 nanostructures.


[image: Figure 6]
FIGURE 6. SEM images of the 1D morphologies of SnO2 nanostructures: (A) nanowires (reproduced from Shen et al., 2009). (B) nanotubes (reproduced from Lai M. et al., 2009). (C) nanorods (reproduced from Khuc et al., 2010). (D) nanoribbons (reproduced from Zou et al., 2011).


Sensor devices based on 1D SnO2 nanostructures are capable to detect different gases and vapors including ethanol (Shen et al., 2012; Li T. et al., 2016), methanol (Shehzad et al., 2018), NO2 (Law et al., 2002), CO (Qian et al., 2006; Shehzad et al., 2018), H2S (Kumar et al., 2009), and CH4 (Shehzad et al., 2018). Table 1 presents the information on semiconductor gas sensors based on tin (IV) oxide nanostructures.


Table 1. List of selected sensors prepared using one-dimensional SnO2.
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Nanotubular TiO2 Surfaces or Layers

Use of 1D TiO2 nanostructures for chemical sensing is recently summarized in the review article of Kaur et al. (2020). In this context, we concentrated solely on the previous studies related to gas sensing with nanotubular TiO2.

Relying on the strong shape- and size-dependent conductivity changes observed in nanostructured MOxs, the spectacular surface modification of titanium foils yielding nanotubular TiO2 layers is utilized by the gas sensing research community for the fabrication of high-performance gas sensing devices. Due to their unique physical and chemical properties, these nanostructured titania with different tubular shapes have been considered as one of the most promising materials (Figure 7). The results gained from the related studies until 2013 have been presented in the review article of Galstyan et al. (2013), revealing that the chemical sensor devices manufactured through integration of titania NTs are capable of responding in a variety of gases, such as hydrogen (Lee et al., 2011), ethanol (Galstyan et al., 2011, 2012b; Kilinc et al., 2011; Kwon et al., 2012; Perillo and Rodriguez, 2012), ammonia (Perillo and Rodriguez, 2012), and carbon monoxide (Galstyan et al., 2011; Lee et al., 2011) in dry and humid air environment and nitrogen dioxide in argon atmosphere (Gönüllü et al., 2012) (Figure 8). Table 2 gives the details on some sensors that used TiO2 NTs as gas sensing material.
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FIGURE 7. Schematic of the evaluation of TiO2 nanotube arrays by means of potentiometric mode anodization (Reproduced from Galstyan et al., 2011).



[image: Figure 8]
FIGURE 8. Demonstrating the response improvement of gas sensors prepared with nanotubular TiO2 sensing layers (blue columns) in comparison to those with bulk TiO2 (black columns) toward CO, NO2, H2, Ethanol, and acetone at 500, 10, 1,000, 500 ppm, respectively, and working temperatures 100, 200, and 300°C (Reproduced from Galstyan et al., 2012a).



Table 2. List of selected sensors prepared using nanotubular TiO2.
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Moreover, Lin et al. (2011) used sensor prepared with 400°C annealed TiO2 NT array for formaldehyde sensing and reported the best response and good selectivity to formaldehyde concentrations from 10 to 50 ppm over 50 ppm methanol and 1,000 ppm ammonia in humidified air at room temperature. The authors point out that TiO2 NTs act as p-type semiconductor due to the generation of electronic holes through the substitution of Ti sites with induced trivalent Fe when stainless steel is used as the cathode material as indicated by Allam and Grimes (2008).

Literature on nanotubular TiO2 shows the employment of different synthesis approaches varying from electrochemical anodization (Gong et al., 2001; Beranek et al., 2003; Lai Y. et al., 2009; Galstyan et al., 2011), atomic layer deposition (ALD) (Foong et al., 2010; Chang et al., 2012; Huang et al., 2012), and hydrothermal synthesis (Suzuki and Yoshikawa, 2004; Choi M. G. et al., 2010; Zhao et al., 2012), among which the direct anodization of titanium foils appears to be the simplest route that yield the best promising gas sensing results.

The preparation of TiO2 NTs by means of ALD requires the use of porous templates, such as high quality, nanoporous anodic aluminum oxide. The template-assisted technique carries various limitations, such as choice of substrate and post-processing separation from the template and the damage of tubes and other problems related to their transfer and applications onto the final substrates (Foong et al., 2010). The hydrothermal synthesis uses the solutions of anatase- and rutile-phased titania powders as precursors and for their postgrowth annealing. The electrochemical anodization refers to the anodic formation of titania NTs in a two-electrode system by oxidation and etching of metallic titanium in suitable electrolytes by variation of the anodization parameters, such as potential. The method allows direct growth of well-aligned and highly ordered TiO2 tubular structures as thick continuous layers (see Figure 9) and the modification of the surface structure of titania at room temperature (Gong et al., 2001; Allam and Grimes, 2008; Galstyan et al., 2012b; Gönüllü et al., 2012).


[image: Figure 9]
FIGURE 9. Top-view (A) and cross-sectional (B) SEM micrographs of undoped TiO2 NTs synthesized by direct anodization in Ethylene Glycol (EG) based solution under an applied voltage of 60 V for different anodization times (Reproduced from Gönüllü et al., 2014).


Galstyan et al. (2011) produced transducer type of sensors by integrating titania NT arrays prepared by the direct anodization into the titanium thin films that are deposited on alumina transducers and contacted with the sputtered platinum interdigital electrodes. The results showed good sensing performances toward carbon monoxide and ethanol at 200°C using humid synthetic air as gas carrier.

Although most of the published research works concern NT arrays, there has been efforts to manufacture a single NT-based device by transferring the single TiO2 NT onto a silicon wafer and integrating this into a field effect transistor (Liang et al., 2012).

From the synthesis method, it is reported that the post-annealing temperature of TiO2 NTs influences the sensitivity and gas sensing behavior of the sensors, mainly because of variation of TiO2 phase constituents and also due to the differences in surface area, grain size, and surface chemistry (Lin et al., 2011; Gönüllü et al., 2012). Gönüllü et al. (2012) reported that the nanotubular TiO2 layer annealed at 450°C consists of only anatase phase, and the produced sensor detects NO2 selectively at a concentration range varying from 10 to 100 ppm and gas temperatures from 300 to 500°C, whereas the loss of sensitivity toward NO2 on annealing the nanotubular TiO2 layer at 700°C is anticipated to be due to the formation of some rutile phase.

The published research works on nanotubular TiO2-based gas sensors revealed that on the one hand a high surface area for the gas absorption and accessible open space and gaps for the surface/gas interaction exhibit high sensitivity toward a variety of oxidizing and reducing gases; on the other hand, their selectivity appears to be influenced factors other than the structuring and size. One indication is made regarding the grade of the sensitivity and selectivity change from reducing to oxidizing gases through the variation of post-annealing temperatures applied to the NTs prior to the gas exposure, emphasizing the importance of state of phases (Gönüllü et al., 2012). The other indication is that the effect of cation contamination and dopants on the sensor behavior (n-type vs. p-type) and the selectivity of the sensors toward a specific gas. The effect of contaminant trivalent Fe is mentioned in Lin et al. (2011) to improve the selectivity of the sensors toward room temperature detection of formaldehyde.

Investigations that are performed to demonstrate the role of niobium doping on titania NT conductance and gas sensing property displayed that though the conductance remained below the standard electronics, a remarkable sensing performance change is observed with the presence of 0.14 at% Nb dopant in TiO2 NTs (Galstyan et al., 2012b; Liu et al., 2012). The achievement of Nb doping was enabled by the anodization of Nb–Ti thin films. Liu et al. (2012) indicate that the presence of 5 wt.% Nb is required as dopant in TiO2 NTs for the obtainment of sufficiently high conductance (e.g., 10−4 S) as maintaining good hydrogen sensing performances.

Bayata et al. (2014) have demonstrated that the 9–10 at.% Al doping of TiO2 NTs can be achieved by parameter optimized anodization of the 5-μm thick TiAl thin films grown by the cathodic arc physical vapor deposition (CAPVD) method. In order to avoid any short circuits between the Pt pads used for contacting the sensors and any residue metallic layer, the TiAl metallic films on alumina were totally anodized in ammonium fluoride (NH4F) containing ethylene glycol (EG) electrolyte. The anodized TiAl nanopore structures were then subjected to the heat treatment at 485°C for 3 h to obtain anatase phase, and the sensors prepared with Pt pads tested for the hydrogen sensing performance in the range of 50–2,500 ppm hydrogen at different temperatures (25–350°C). Doping of titania NTs with aluminium resulted in a decrease of resistance and yielded, already at room temperature, high sensitivity and quick response toward H2. This sensitivity increases with the increasing of operating temperature.

Lai and Sreekantan (2013) reported another interesting approach to prepare mixed TiO2 NTs by incorporating WO3 throughout the TiO2 NT walls by a wet impregnation method. An anodized TiO2 NT foil was dipped into an ammonium paratungstate (APT) aqueous solution with different molarities for 1 h. To decompose the APT into WO3, a final annealing is applied at 400°C. These WO3-TiO2 NTs employed as photoelectrochemical catalysts.

In a similar approach, Gönüllü et al. (2015) have introduced trivalent Cr into the TiO2 NTs to obtain selective nitrogen dioxide gas sensors displaying p-type semiconducting sensing behavior. Response and recovery times of the sensors from Cr-doped TiO2 NTs were faster and yielded better signal quality as opposed to the slow and drifty signal of those sensors manufactured with the undoped TiO2 NTs. The authors have reported that 2.5% Cr doping of TiO2 NTs results in the improvement of the high-temperature NO2-sensing capability, especially in the temperature range of 300–500°C and in the gas concentrations between 25 and 100 ppm. Furthermore, it was observed that the Cr doping reduces the response toward CO drastically, whereas the response toward NO2 increases demonstrating the decrease of cross-sensitivity almost to a negligible level under mixed gas detection of NO2, probably due to the alteration of the band gap through the conductor change from n-type to p-type (Figure 10).


[image: Figure 10]
FIGURE 10. Comparison of sensor signal obtained with undoped and Cr-doped TiO2 nanotubes toward 50 and 100 ppm CO and NO2 under single gas exposure at 400°C (Reproduction from Gönüllü et al., 2015).


Ni-doped TiO2 NTs synthesized by the anodization of NiTi plates with nominal composition of 50.8 at% Ni under 20 V in a non-aqueous electrolyte of 5% EG/glycerol containing 0.15 M (NH4)2SO4 and 0.2 M NH4F (Li et al., 2013) exhibited good response and high sensitivity to an atmosphere of 1,000 ppm hydrogen at both room temperature and at temperatures up to 200°C.

Tong et al. (2019) gas synthesized a cobalt-doped free-standing TiO2 NTs (Co-doped TiNT) array film by a one-step anodization followed by the immersion method. The resulting sensor yields superior selectivity, stability, and reproducible sensor response value at 199.16 for 50 ppm H2S, indicating an improvement by 7.6 times higher than undoped ones.

This large number of previous works points out excellently the potential of the nanostructured and nanotubular SMOxs for the use in gas sensors to achieve high sensitivity and selectivity. The implementation of these ideas to the commercialized gas sensors however stumbles in the technological barriers and requires industrial acceptance of nanotechnological processing in the production lines.




Surface Loading and Bulk Doping

High selectivity of the created sensors to the detected gases can also be provided by the surface modification and doping of SnO2 and TiO2 nanostructures with catalytic additives or other oxides.


Nobel Metal Surface Loading

The NMs, such as Ag, Au, Pd, Pt, and Rh NPs loaded/decorated onto the surfaces of semiconducting SnO2 and TiO2 enhance the gas sensing performance, due to the creation of new active centers on the MOx surface or changing the electronic structure of material (Epifani et al., 2012). As the alteration of electronic structure changes the electron accumulation due to the different work functions between NMs and semiconducting oxide (Chen et al., 2017), the chemical sensitization relies on effective catalytic properties of NMs (Xing et al., 2018).

The electron transfer between the NM particles and MOx surface and the electron depletion layer formation on their surface increase the resistance and make them sensitive to the resistance changes on contact with the reducing gas molecules. In such case, the adsorbed oxygen species (O2−, O−, and O2−) on the NM decorated surface of MOx lead to an obvious change in resistance (David et al., 2020). The loading of NMs onto MOx surfaces increases the capacity for adsorbing oxygen molecules, which simultaneously can accelerate the reaction between adsorbed oxygen species and reducing gas molecules. On interaction with reducing gas molecules, first their adsorption on the NM surfaces occurs, which is then followed by redox reactions with the adsorbed oxygen species to promote the sensing response.

In the case of the metal loading, sensing mechanism can be explained by the formation of nano-Schottky barrier between the metal NP/nanocluster and surfaces of semiconductor. Due to the metal/semiconductor contact, the electron transfer occurs, forming an area with high resistance (the barrier layer) around metal NP. Thus, metal NP/nanocluster represents an electronegative surface. Under the gas/vapor exposure, the area with high resistance transforms to the area with high conductance, this brings about the great enhancement of the sensing performance. Namely, metal-decorated semiconductors exhibit higher sensitivity and selectivity, lower working temperature, shorter response/recovery time, and better reproducibility (Wang et al., 2012).

Figure 11 presents the schematic diagram for the sensing mechanism of sensor based on Pd-doped TiO2 NPs. As one can see, at the certain temperature, oxygen ions with different valence states are formed, and electron is excited and captured by the oxygen adsorbed on the TiO2 surface functionalized with Pd. This results in the electron depletion and large base line resistance of the sensing material. Upon the gas exposure (e.g., butane), the electrons are released back to the sensing material, leading to the thinner space–charge layer and resistance decreasing. In this case, the enhancement of sensing performance can be explained by the metal–semiconductor contact formation between Pd and TiO2 as shown in Figure 11. When TiO2 contact with Pd NPs, the electrons transfer from TiO2 to Pd NPs and accumulate on its surface. Electron-rich Pd NPs provide more sites for oxygen species adsorption on the sensitive layer surface, resulting in a significant increase of sensor response (Chen et al., 2017).
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FIGURE 11. A schematic diagram of Pd-doped TiO2 nanoparticles based sensor for enhancement caused by metal-semiconducor. Pd nanoparticles showed in blue (Reproduced from Chen et al., 2017).


Thus, for instance Ag-decorated tin (IV) oxide nanorods, obtained using microwave-assisted green synthesis, exhibit twice as much response and almost twice reduced response/recovery time to ethanol (Zhang et al., 2017). The modification of SnO2 NPs with Au allows to reduce response time of gas sensor to hydrogen (Yin et al., 2019). Ag-modified TiO2 porous NPs synthesized by one-pot hydrothermal method results in sensors yielding good selectivity (SF ~ 12.6) toward 100 ppm acetone against other volatile organic compounds (VOCs) (Wang et al., 2020).

Yang et al. (2019) have synthesized 1D core–shell structures based on the coating of silver NWs (Ag NWs) with a layer of TiO2 NPs where the length of the Ag NWs were ~10 μm and the diameter around 100 nm as the TiO2 polycrystalline shell was 10–15 nm in thickness. These Ag NWs at TiO2 core–shell nanocomposites exhibited better sensing properties relying on the Schottky barrier that exists at the interface between the Ag NWs and the TiO2.

One of the effective ways to improve the gas sensing performance is the formation of the metal/MOx nanoclusters, which are characterized by large surface-to-volume ratios, selective and rapid response to different gases (Ayesh, 2016). Nanoclusters of Au, Pd, and Pt are widely used to enhance the sensitivity and selectivity of the MOx sensors. For instance, in the review article on the gas sensors modified with gold NPs, it was shown that the functionalization of MOx surfaces with gold nanoclusters can be used for the development of high-performance gas sensors (Korotcenkov et al., 2016). Rane et al. (2015) prepared SnO2 thin films covered with a platinum layer of 80 nm thickness and showed that Pt–SnO2 composite exhibits promoted sensing properties for the H2 detection at low concentration (150 ppm). The Pt modification allowed the decreases in sensor operating temperature and response/recovery times to 0.5 and 25.5 s, respectively. Authors concluded that in this case, Pt acts as a promoter for hydrogen molecules dissociating at low temperatures and activator for the surface reactions between oxygen species and adsorbed hydrogen.



Bulk Integration of Dopants

Among resistive sensors, SMOxs are attracting more attention as gas sensing materials due to their simple working principle, yielding high sensitivity, and being lightweight and low cost. Although this type of sensors presents many advantages, its selectivity, stability, and sensitivity need to be tuning for the practical applications. Many researchers have suggested various ways to tune these sensing characteristics, which include the use of specific filters like zeolite thin films, the addition of noble catalytic metals to promote the reaction to specific gases, the use of composite MOxs, and the use of dopants.

Doping of an MOx has proven to be a facile and suitable approach to overcome the drawbacks of pristine SMOx gas sensing materials. The presence of dopants can cause the formation of new acceptor or donor states, shifting the bulk or surface Fermi level and changes the original crystal parameters of the SMOx. Tong et al. (2019) has proven by density functional theory (DFT) calculation that the doping method can remove the electrons from the top of the valence band, or injection the electrons at the bottom of the conduction band, thus reducing the forbidden band width of the semiconductor materials to improve the gas sensing performances. Up to date, many metallic dopants have been integrated to TiO2 (Al, Cr, Nb, Co, Zr, Mn, Ni, Cu, Ta, W, Fe, and Y) to yield sensors with enhanced gas sensing properties, relying on hinderance or promotion of phase transformation, change in surface potential, increase of chemical activity, charge carrier concentration and the amount of adsorbed oxygen ions and altering of the band gap.

The structures of SMOx and added metal compounds can be presented by the Me ions incorporated in the MOx lattice, clusters on the surface, or ordered mixture of different MOx materials. Figure 12 shows different structures on MOx materials and added metal or MOxs.
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FIGURE 12. Different structures of MOx (blue) and added metal/metal oxide (red). (A) Additives incorporated in the MOx lattice at the surface/in the bulk. (B) Additives forming a separate phase located on the MOx surface. (C) Random arrangement of MOx and additive grain. (D) Ordered arrangement of MOx and additive grain (Reproduced from Degler et al., 2019).


One of the early studies on Cr doping is given by Ruiz et al. (2003) for NO2 sensing that suggests a tendency for the electronic conduction to alter from n- to p-type as proven by a shift of the binding energy (BE) at the band edge to the lower energy side with Cr contents increasing to 20 at.%. Other following works with the trivalent Cr-doped TiO2 have proven the potential of chromium in gas sensing (Lyson-Sypien et al., 2012). Later, Gönüllü et al. (2015) have reported that as small as 2.5% Cr doping of TiO2 NTs was sufficient to improve the NO2-sensing capability (25 and 100 ppm) under high-temperature flowing gas in the range of 300–500°C.

Al–Co doping of sputtered synthesized TiO2 layers also yield sensors that can detect 50–200 ppm NO2 under humid hot gas exposure between 400 and 800°C and exhibit an altered semiconductor behavior from the p- to n-type in the temperature range of 600 and 800°C (Saruhan et al., 2013). Li et al. (2013) have also demonstrated p-type hydrogen sensing with Al and V doping of TiO2.

Substitution of Ti by Ni by different synthesis methods such as anodization (Li et al., 2013) and wet chemical synthesis of particles (Lontio Fomekong et al., 2020) resulted in change in the conductivity type, inducing effective reduction in the band gap of anatase phase, and thus playing a great role in sensing properties. The presence of Ni as an impurity in the TiO2 lattice is also known to create more oxygen vacancies due to the introduction of higher impurity levels that directly affect the gas sensing performance (Sun et al., 2012; Postica et al., 2018; Degler et al., 2019).

Lontio Fomekong et al. (2020) have recently synthesized Ni-doped TiO2 NPs by the oxalate-assisted coprecipitation method and conducted research to analyze the effect of Ni dopant on gas sensing properties. Their results indicate that the Ni doping modifies the ratio between the anatase and rutile phases that has proven to have an impact on the hydrogen sensing properties. Best H2 sensor response rate (DR/R0 = 72%) and selectivity were obtained with 0.5% Ni-doped TiO2, exhibiting almost equal amounts of anatase and rutile. The significant improvement of the sensing performance with 0.5% Ni-doped TiO2 NPs is mainly attributed to the formation of the highest number of n–n junctions present between anatase and rutile that influence the quantity of adsorbed oxygen (i.e., the active reaction site) on the surface and the conductivity of the sensing material.

By means of the same synthesis method, Lontio Fomekong et al. (2019) have synthesized Co-doped TiO2 and demonstrated that the main phase is anatase at the doping level lower than 1 mol% Co and rutile at the doping level equal or higher than 1 mol%. Accordingly, the sensors also show different properties as the Co-dopant concentrations alters. The TiO2 NP sensors with lower Co-dopant yield similar to the undoped TiO2, n-type behavior and significant H2 selectivity as those doped with higher Co-concentrations exhibit p-type behavior and higher selectivity to NO2 at 600°C.

Liu et al. (2015) prepared W-doped TiO2 NPs by a non-aqueous sol–gel route and obtained gas sensors with a low detection limit, good linear dependence, good repeatability, and long-term stability toward butane. It is reported that the response to 3,000 ppm butane increases from 6 to 17.8 through the doping with 5% tungsten, and at the same time, the recorded response and recovery times were as fast as 2 and 12 s, respectively.

Zhang et al. (2019b) synthesized nanoporous Sn-doped TiO2 NPs by hydrothermal method that yield sensors exhibiting good response, linear correlation, repeatability, and long-term stability toward VOCs at the operating temperature of 240°C. In particular, the 2.5% Sn-doped TiO2 NPs show a high gas response, the highest response being toward 100 ppm VOCs (i.e., 21.19). These values demonstrate the potential application of Sn-doped TiO2 NPs for the VOC detection.

The sol–gel technique was used to prepare Fe-doped TiO2 thin films for CO sensing application. The gas sensing behavior of the films was studied by measuring the electrical resistance and by the exposure of different CO concentrations. It was observed that Fe doping of TiO2 has a significant effect on the resistivity of the doped TiO2 thin films. The sensors having 7% (weight/volume) Fe-doped TiO2 exhibited high sensitivity and good response/recovery on exposing 100–900 ppm CO gas in Argon carrier gas (Kumar et al., 2015).

Nb doping of TiO2 is also adopted for gas sensing applications (Sharma et al., 1996, 1998; Liu et al., 2012). The flame-made Nb-doped TiO2 spherical NPs with crystallite sizes in the range of 10–20 nm employed to prepare sensing films by the spin coating technique. The gas sensing of acetone (25–400 ppm) studied at operating temperatures ranging from 300 to 400°C in dry air, whereas the gas sensing of ethanol (50–1,000 ppm) at operating temperatures ranging from 250 to 400°C in dry air. About 3 at.% Nb dispersed on TiO2 sensing films yield relatively high sensor response in comparison to those that were produced from undoped TiO2 (Phanichphant et al., 2011).

Bao et al. (2019) have synthesized Nb-doped rutile/anatase TiO2 heterophase junction thin films through one-step hydrothermal self-adjusted Nb doping for a highly sensitive H2 sensor. The H2 concentration detection range is remarkably expanded from 1 to 12,000 ppm for nanorod-decorated film as a result of the massive accumulation of reactive pre-absorbed on the surface due to the Nb doping. The H2 response at 1 ppm is recorded as 22.5% and reaches 98.9% at 8,000 ppm H2 for the bilayer structure.

Khatoon et al. (2020) investigated the Co and Ni doping of SnO2 material with aim to develop multisensor array. Figure 13 shows the selectivity radar chart of gas sensor array consisting of three different layers—pure SnO2, Co-doped SnO2, and Ni-doped. It may be noticed that metal loading of SnO2 changes the selectivity of sensitive material. Thus, SnO2 sensitive layer doped with Co exhibits higher selectivity to toluene, whereas Ni-doped SnO2 has good sensor response to isopropyl alcohol and 1-propanol.
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FIGURE 13. Radar chart showing selectivity of the sensor array (Reproduced from Khatoon et al., 2020).


These studies reveal that the type of the metallic dopant has influence on the type of sensing gas. Trivalent gases, such as Al and Cr, yield better sensing and selectivity toward NO2 at higher temperatures, whereas high valency dopants, such as Sn, W, and Nb, give sensors with good response toward reducing gases.




Composites and Heterostructures

It is known that semiconductor sensors based on a single MOx do not provide simultaneously an excellent comprehensive sensing performance on sensitivity, selectivity, and stability (Zhao et al., 2019). Among various approaches for improving the gas sensor performance, the formation of heterostructures between two semiconductors causes particular interest (Wang et al., 2018; Nakate et al., 2020). Heterojunction structures based on SnO2, TiO2, and other MOx materials characterize by outstanding gas sensing properties (Li et al., 2015). In comparison with single MOx materials, gas sensors fabricated based on p–n heterojunction structures exhibit high sensor response, lower working temperature, and short response time (Khoang et al., 2012; Shanmugasundaram et al., 2013). The improvement in conductivity and in response and recovery times in p–n junction structures related to the bending of conduction and valence bands and equalization of Fermi levels (Wang Z. et al., 2010; Shao et al., 2013).

In recent years, gas sensors based on SnO2 and TiO2 nanostructures with p–n and n–n heterojunctions have been developed. To produce composites and heterostructures, different synthesis approaches can be applied, including the hydrothermal method (Zeng et al., 2012; Shanmugasundaram et al., 2013; Li et al., 2015; Yang et al., 2015), electrospinning technique (Wang Z. et al., 2010), chemical vapor deposition process (Shao et al., 2013), sputtering techniques (Maziarz, 2019; Sharma et al., 2020), and flame spray method (Lyson-Sypien et al., 2017).

For instance, Li et al. (2015) created the SnO2-SnO composite by hydrothermal method, which exhibit high selectivity to NO2 with the detection limit and sensitivity of 0.1 ppm and 0.26 ppm−1, respectively, at 50°C. Authors explained the improved sensor performance by the formation of p–n junction through the growth of SnO2 nanocrystals on SnO nanoplates. Sharma et al. (2020) fabricated a highly sensitive and selective NO2 gas sensor based on SnO2/ZnO nanostructures. In this case, the established n–n heterojunctions between SnO2 and ZnO significantly rise the electrical resistance, resulting in a high gas performance, in comparison with pure SnO2 and ZnO materials. The created TiO2-B2O3 composite gas sensor shows a good performance to low H2 concentration at different operating temperatures. Moreover, the created gas sensor showed a good sensor performance at temperatures below 100°C (Chachuli et al., 2018).

Besides the usage of single SnO2 and TiO2 material for sensitive layers, the sensing characteristics can be improved by the creation of SnO2/TiO2 composites (Radecka et al., 2011; Maziarz, 2019). The combination of SnO2 with TiO2 leads to the formation of n–n heterojunction, which can facilitate the electron transfer and promote oxygen pre-adsorption that effects on the improved sensing performance of the sensor devices (Zeng et al., 2012; Yang et al., 2015). For instance, it was found that TiO2/SnO2 composite sensing materials characterized by three times higher response to the triethylamine low concentration in comparison with TiO2 sample (Jia et al., 2018). Kim and Choi (2017) in their work synthesized hybrid sensing material based on SnO2 NPs and TiO2 NTs with high sensitivity and short response time to CO and CH4 gases. Lyson-Sypien et al. (2017) synthesized TiO2/SnO2 heterostructures with different SnO2/TiO2 ratio by the flame spray method. The study on sensing characteristics of the obtained materials showed the detection limit of TiO2/SnO2 heterostructures is lower than 1 ppm, especially in the case of SnO2-rich samples. However, the response time for SnO2-rich samples is much longer in comparison with TiO2-rich materials.

The TiO2-B2O3 composite gas sensor shows a good performance to low H2 concentration at operating temperatures above 100°C (Chachuli et al., 2018). The Pt functionalization of 3D SnO2 nanostructures results in the fast response/recovery speed, good reproducibility, and higher response of the modified structures in comparison with pure SnO2 sensing material (Liu Y. et al., 2017).



Core–Shell Nanostructures

Recently as an alternative for the increasing the response of MOx gas sensors, hollow, and core–shell structures were proposed. The core–shell structures are heterogeneous NPs comprise of two or more materials, wherein one nanomaterial forms the core at the center and the other material or materials act as the shell, located around the core. Thus, core–shell nanostructures belong to the biphasic systems with inner and outer parts made up of different materials. The core–shell nanostructures can be labeled as nanocomposites, but in comparison to the nanocomposites with uniform structure, core–shell NPs usually have the noticeable separation between core and shell (Khatami et al., 2018). Thereby the physical properties of the core and shell can be easily and separately adjusted, whereas the individual properties of core and shell nanostructures bring the unique properties of core–shell particles compared to one-component materials (Rai et al., 2015). These structures exhibit new functional materials with unique structure features, such as providing more active cites for the electrochemical interaction in comparison with solid nanostructures, which results in improved electronic and sensing properties (Majhi et al., 2018; Zhang et al., 2019a).

A variety of methods have been introduced for the synthesis of SnO2 and TiO2 core–shell nanostructures, having NMs (Au, Ag, Pt, and Pd) as a core and SMOxs (TiO2 and SnO2) as a shell, including the sol–gel synthesis (Sakai et al., 2006; Haldar and Patra, 2008; Angkaew and Limsuwan, 2012; Goebl et al., 2014; Kanda et al., 2014), aqueous chemical technique (Oldfield et al., 2000), intermetallic-based dry oxidation method (Yu et al., 2008), sonochemical technique (Tripathy et al., 2013), and hydrothermal method (Song et al., 2015).

Besides NMs, other MOxs (NiO and WO3) are used for the SnO2 and TiO2 core–shell formation by the hydrothermal method (Zhang et al., 2014), sol–gel approach (Poloju et al., 2017), combination of hydrothermal and chemical bath deposition (Cai et al., 2013, 2014).

The core–shell structures have shown better sensing properties in comparison with pure MOx nanostructures and nanocomposites of MOxs with NMs. In this case, the MOx shell provides high thermal and chemical stability to NM. And as physical and chemical properties of core and shell can be varied separately, core–shell nanostructures are promising materials for high-performance sensing devices (Rai et al., 2015).

For instance, SnO2 core–shell spheres, synthesized by the hydrothermal process, characterized by more active sites for gas molecule adsorption, and as a result, sensors based on them exhibit higher sensing response to the ethanol compared with pure SnO2 particles (Zhang R. et al., 2019). Liu D. et al. (2017) showed that hybrid materials based on Ag NWs/TiO2 array with core–shell nanostructure display ultrasensitivity to the CH4 already at room temperature. The obtained material showed detection limit of 20 ppm, which is below the most existed CH4 sensors. In their research, Raza et al. (2020) demonstrated great perspective of 1D core–shell heterostructures for the creation of high-performance gas sensors. SnO2/NiO heterostructures, obtained by vapor–liquid–solid and atomic layer deposition techniques, showed excellent sensing properties to hydrogen due to the high surface area of 1D single-crystalline SnO2-core NWs, the NiO–shell layer with an optimized thickness, formation of a p–n junction, and chemical sensitization of NiO to hydrogen.

Song et al. (2015) studied the influence of shell thickness on sensing characteristics of Au at SnO2 core–shell nanostructures and found that the response for the CO detection was increased with the increasing shell thickness and showed the highest sensing response for 15 nm SnO2 shell. In general, the higher response is reported for Au at SnO2 core–shell nanostructures compared to the pure SnO2 particles, which may be attributed to the pronounced electronic sensitization, high thermal stability, and low screening effect of Au–Ps.

The 3D nanostructures with their larger surface area and well-organized structure attract much attention due to their improved gas adsorption and sensing properties (Xia et al., 2018). Li Y.-X. et al. (2016) synthesized shuttle-shaped, cone-shaped, and rod-shaped hierarchical SnO2 nanostructures via hydrothermal approach and demonstrated that cone-shaped nanostructures characterized by the highest response to acetone, ethanol, isopropanol, methanol, etc. remain in good stability and repeatability.



Sensor Arrays

The one of the ways to improve the performance characteristics of semiconductor gas sensor is by the creation of sensor arrays, or so-called electronic nose (e-nose) systems. According to the definition of Gardner and Bartlett (1994), an e-nose is an instrument, which comprises an array of electronic chemical sensors with partial specificity and an appropriate pattern recognition system, capable of recognizing simple or complex odors. The e-nose systems consist of three main elements: matrix of sensing elements, data acquisition system, and software with digital pattern recognition algorithms (Wilson and Baietto, 2009; Ramgir, 2013). Figure 14 presents the simplified scheme of e-nose system (Figure 14A) and illustrative comparison between olfactory system and an e-nose system (Figure 14B).


[image: Figure 14]
FIGURE 14. (A) Schematic of a simplified and complete e-nose. (B) Schematic comparison of olfactory system and an electronic nose (reproduced from Ramgir, 2013).


The signal processing of the e-nose system can be described as follows (Ramgir, 2013). The sensitive layers of sensor matrix in contact with gas species cause the change in the electrical characteristics. The data acquisition system captures sensor signals and delivers them to the processing system. The last one is usually presented by microcontroller, digital signal processor, or computer equipped with the appropriate software to process obtained signals. The used data acquisition system must be capable of storing and processing the signals simultaneously from the set of sensors. The software is based on the pattern recognition algorithm, the aim of which is to classify and identify vapors or odors using database with pattern or finger prints from known analytes. To facilitate this process, graphical analysis, multivariate data analysis, or network analysis can be used.

Electronic noses combine gas sensors with different sensitivity and selectivity, and compared to the single MOx gas sensors can consist of sensing elements with lower performance characteristics (Boeker, 2014). Measurement results from each individual sensor are collectively assembled and integrated to produce a digital response pattern, the unique electronic fingerprint of the collective sensor responses to the certain analytes. The sensor responses of different sensing elements usually are presented in the diagram form (Figure 12). Such result presentation is very convenient for the selectivity estimating of individual sensors to the same analyte.

To the main advantages of the semiconducting sensor arrays belong very high sensitivity, limited sensing range, rapid response, and recovery times (Wilson and Baietto, 2009). The creation of sensor array systems with a high sensing performance based on the commercially available MOx gas sensors (Penza et al., 2011; Fonollosa et al., 2015; Gebicki and Szulczyński, 2018) and on self-produced sensitive layers (Lee et al., 2002; Krivetsky et al., 2009; Abadi et al., 2011; Peng et al., 2019) have been already highlighted in the literature. For instance, the combination in one device MOx based on sensitive layers with different additives effects strongly on the sensing performance. Thus, Lee et al. (2002) fabricated sensor array consisting of nine metal oxide semiconductor gas sensors based on SnO2 sensitive layers. The good selectivity of sensors was achieved by doping SnO2 NPs with Pt, Pd, Au, CuO, La2O3, Sc2O3, TiO2, WO3, and ZnO. The resulting sensor array showed high sensitivity and long-term stability to low gas concentration at 400°C. Peng et al. (2019) showed that the use of various additives contributing to improve sensitivity and recognition ability of the gas sensor array ZnO/SnO2-based thin films to CO, NOx, and SO2. Gwizdz et al. (2014) studied the influence of chromium concentration on the sensing characteristics of TiO2-based sensor array. It was shown that the change of conductivity from n-type to p-type occurs for the sensitive TiO2 layer consisting 1% Cr, and the 5% Cr TiO2 exhibits the highest sensor response to hydrogen.



Carbon Integrated MOx

Another effective way to improve the gas sensing properties of the semiconducting oxides is to integrate the NP or nanostructures on carbon-based functional materials such as the reduced graphene oxide (rGO) and the multi-walled carbon NT (MWCNT) with fast electron transport dynamic, high surface area ratio, and unique electrical and mechanical properties.

For some specific application such as breath analysis, the characteristics of semiconductor sensors (size, phase composition, and structure) need to be tailored during their synthesis and processing. First, sensors should exhibit a high sensitivity to the low concentrations of analyte gases that are present in the breath, ranging from ppt to ppm. Second, selectivity is crucial for the detection of a specific analyte (breath marker) due to the large number of similar compounds present in the human breath. Third, the sensors also need to be able to work at the high relative humidity of the breath (90%) and to be robust to its fluctuations. Last but not the least, the sensors must exhibit rapid response and recovery times at room temperature for fast and on-line measurements.

To meet these requirements, more and more researchers have been focusing on the gas sensors based on two-dimensional (2D) nanostructured materials (graphene and its derivatives, transition metal dichalcogenides) and metal oxide hybrids, which may enhance the sensing performance at room temperature. In fact, the resulting new materials will take advantage of the collective benefits of 2D materials and MOxs. First, for geometrical effects, the construction of a hierarchical structure prevents the agglomeration or restacking of 2D materials or MOxs, which enlarges the active surface area for the reaction with analytes. The porous and controlled nanostructure by the incorporation of MOxs to 2D materials during the synthesis facilitates gas absorption and diffusion corresponding to fine-tuning of the MOx gas response. Second, for the electronic effects, the potential energy barrier and charge carrier depletion zone at the heterojunction can be modulated by gas adsorption and desorption to act as additional reaction sites. The built-in internal electric field formed at the interface promotes additional oxygen adsorption and the conveyance of charge carrier. Third, for the chemical effects, the chemical bonds created between 2D material and MOxs can act as efficient charge transport bridges during the gas sensing process. The density of chemisorbed oxygen on the surface of MOxs can be increased by the interfacial chemical bonds. The receptor function of MOxs can improve selective adsorption of analytes. Depending on the MOx used as decorating material and also the type of 2D materials (graphene and its derivatives, transition metal dichalcogenides), the performance of sensor based on this material can be optimized for a specific target gas (Chatterjee et al., 2015; Lee et al., 2018; Sun et al., 2018).

For instance, Tonezzer et al. (2019) used the gas sensor based on carbon-modified NWs grown by chemical vapor deposition to improve gas selectivity. The created device was able to distinguish all tested gases (acetone, ammonia, carbon monoxide, ethanol, hydrogen, and toluene) at low concentration. Moreover, gas sensor based on C–SnO2 nanostructures works at lower temperature in comparison with pure SnO2 and has better response and perfect gas classification.

Seekaew et al. (2019) showed a great perspective of Sn–TiO2 at rGO/CNT nanocomposite for gas sensing applications. In their work, they synthesized carbon modified tin–titanium dioxide, which exhibits ultrahigh NH3 selectivity, high response, relatively short response, and recovery times. Moreover, device is able to detect ammonia at room temperature and shows good repeatability of results.




CONCLUSIONS AND FUTURE PERSPECTIVE

This review described the most recent studies on SMOxs and their applications as gas sensors. Due to their unique intrinsic properties in terms of chemical, physical, optical, and electronic characteristics, they have already attracted the attention of researchers to use as gas sensing materials with high detection range, reaching to ppb levels. Over the last two decades, it has been proven that the SMOxs synthesized in various morphologies, sizes, and crystal and microstructures becoming more capable for detecting a variety of gases, such as H2, NO2, CO, NH3, O2, VOCs, NO, SO2, and H2S with high sensitivity, selectivity, and stability at a broad temperature range. The induced characteristics offer large specific surface area, superior electron transport rate, extraordinary permeability, and active reaction sites. Thus, it has been possible to detect gases more sensitively and selectively with sensors stable and capable at room temperature, at intermediate temperatures, and even at elevated temperatures well-exceeding 500°C.

The morphologies achieved so far are versatile and can be categorized as 0D (e.g., spheres particles with preferential planes), 1D (e.g., rods and wires), NTs, films, and loaded on 2D supports such as graphene. 0D nanostructured MOxs are prone to the occurrence of superficial chemical reactions at high rates, relying on their large specific surface areas and thus enabling the gas detection with fast respond/recovery time. The 1D nanostructured SMOxs are primarily capable of accelerating the rate of electron transport and consequently results in enhanced gas sensitivity.

It has been demonstrated that the gas sensing properties can be extensively improved by the employment of some other strategies, such as loading with NMs, bulk doping with elements, constructing heterojunctions, and compounding with other functional materials. NPs of SMOxs that are decorated with NMs on their surfaces can change the electron accumulation and enhance catalytic effect resulting in electronic and chemical excitation, respectively. Bulk dopants incorporated to the lattice of the semiconducting oxides change their crystal and electronic structure reducing the band width and increase the surface-active sites that affect the sensitivity and selectivity of the gas sensors.

Other strategies that offers the potential for achievement of better gas sensing materials include construction of heterojunctions and compounds by incorporating with other functional materials. Through the formation of heterojunctions, the electron transfer at the contact surface of the two materials can be effectively rectified yielding improved sensitivity. High resistivity of SMOxs is one of the limitations in respect of better sensor properties. The composite of SMOxs with other functional materials is expected to overcome this and result in high gas response at lower temperatures attributable to possible synergy effects as well as defect structures.

Despite all these achieve advances, some deficiencies exist that requires more research and development in terms of tuning the selectivity, sensitivity, and working temperature for each relevant gas. One of the greatest challenges is related to the selectivity in the presence of several gas species. Current studies report some improvement, however despite tailoring, the SMOx sensing materials, though low, still give response to other specious along with the target gas. The efforts can be devoted into the compositional coordination of nanostructures and components and the development of novel MOx composites and the ease of manufacturing of nanostructured sensors in order to enable their practical applications.

Hence, the future research must be dedicated to evaluating material characteristics for the highest selectivity under different environmental conditions with faster response/recovery time. Additional efforts are needed in tuning long-term stability and adoption of nanotechnological processing to gas sensor manufacturing.
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