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Coming from natural and anthropogenic sources, hydrogen sulfide gas (H2S) is a smelly hazardous substance at the sub-ppm level, which can lead to poisoning deaths at higher concentrations. Researchers have been working for decades to design sensors with sufficient/good/robust metrological properties and good stability in order to monitor and control in real time the risk associated with this gas. Among the devices proposed, chemiresistive sensors based on conductive polymer appear as a good alternative to the most common solutions such as electrochemical and optical sensors. They present various advantages in terms of design (easy fabrication, easy tuning of physical and chemical properties, low cost, etc.) and performances (good sensitivity, good reproducibility, room temperature operation, short response time, etc.). In this review, we summarize the progresses made on conductive polymer sensors dedicated to H2S detection, including the performance of the different materials and sensing mechanisms. Finally, we identify the limitations of these sensors and highlight the most promising approaches to enable the use of these technologies in real-world applications.
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INTRODUCTION

Corrosive, colorless, water-soluble, and flammable in ambient conditions, hydrogen sulfide (H2S) is a smelly hazardous substance at the sub-ppm level, which can lead to poisoning deaths at higher concentrations (Malone Rubright et al., 2017). The exposure toward this gas is mainly linked to geothermal activity (e.g., crude petroleum, natural gas, hot spring) and organic decomposition from sewers, wastewater treatment plants, landfills, Sargasse seaweeds, etc. It is also produced by the industry as a by-product of paper manufacturing and tanneries or synthetized intentionally for its use as an agricultural disinfectant and an intermediate in sulfuric acid production [(National Research Council (US) Committee on Acute Exposure Guideline Levels, 2010)]. According to the Occupational Safety and Health Administration and the Bureau of Labor Statistics, H2S is one of the most dangerous gases in the workplace (Malone Rubright et al., 2017; Occupational Safety Health Administration, 2020). International public safety organizations have established several exposure limits from 1 ppb to 100 ppm in order to (i) limit the olfactory disturbance from the natural and industrial production of H2S and to (ii) protect the workers from acute and chronic exposures (Malone Rubright et al., 2017). Humans can smell H2S at low concentrations (0.5 to 300 ppb) (Beauchamp et al., 1984), and the gas can produce severe damages such as possible nausea (~2 ppm), loss of smell (~20 ppm), severe lung/nose/throat irritation (~100 ppm), and death (>250 ppm) (Habeeb et al., 2018). Moreover, H2S is present in various and complex environments, in which the humidity as well as the concentration in co-pollutants (e.g., SO2, CO in geothermal activity) are continuously changing (Malone Rubright et al., 2017). Therefore, monitoring equipment working in different ranges of concentration and environmental conditions is needed.

Analytical methods such as gas chromatography and/or spectrometry are commonly used to quantify H2S concentration in air. Possessing high sensitivity toward low concentration, they present many drawbacks such as complex sampling and analyzing processes, high cost, and low temporal resolution or a posteriori measurements (Tranchida et al., 2016; Zoccali et al., 2019). Odor monitoring and safety control demand cost-effective, user-friendly, and continuous real-time measurements. As standardized methods are not fully fulfilling those requirements, many researches have been done to develop fast, portable, and low-cost devices (Llobet et al., 2017). Among the devices developed, chemiresistive, electrochemical, and optical sensors are the most popular in H2S sensing (Pandey et al., 2012; Serban et al., 2014). Even if few sensors have been commercialized, their sensitivity and stability need to be optimized.

Among the H2S sensors in vogue, the chemiresistive sensor is the simplest transducing system (Wong et al., 2020). Translating chemical information in an electrical signal, this device is based on a two-point contact measurement of the resistance of a sensitive material. Metal oxides (MOx) appear as a model sensitive material in gas sensing (Korotcenkov and Cho, 2017; Joshi et al., 2018) and more specifically in H2S sensing (Guo et al., 2015; Mirzaei et al., 2018) given their high sensitivity, fast response, and easy integration in compact electronic devices. Nevertheless, MOx-based sensors present a limited selectivity and a high dependence on relative humidity and generally require a high operating temperature (>100°C).

An alternative to MOx is the use of conductive polymer (CP) as a sensitizing surface. Showing electronic properties of metals and semiconductors while retaining mechanical properties and processing advantages of polymers, CPs have appeared as promising materials in the field of gas sensor in early 1980s (Nylabder et al., 1983). Since then, many works have been done to increase their metrological performances (Bai and Shi, 2007; Fratoddi et al., 2015; Park et al., 2017). Indeed, CPs present the advantages of being easily synthetized and modified through chemical or electrochemical processes, being easily included in low-cost and miniaturized devices, and being gas sensitive at room temperature, but their selectivity toward H2S and their long-term stability need to be enhanced.

The aim of this paper is to give an overview of the roles played by CPs in chemiresistive sensors dedicated to H2S. After a presentation of the mechanism of detection and sensing performances of pure CPs, the discussion focuses on their hybridization with inorganic fillers. Indeed, these materials trying to combine the advantages of CPs and inorganic nano-objects have awakened extensive interest in the last decade (Hangarter et al., 2013; Kaushik et al., 2015; Park et al., 2017; Iqbal and Ahmad, 2018). Mechanisms and performances are addressed for each type of inorganic fillers (i.e., noble metal, MOx, metal chloride, and carbon-based nanostructures). Finally, a cross-comparison of the sensing properties and the potential for future application of the different sensitive surfaces is done in order to highlight the promising approaches and the investigation needed for achieving those technologies employed in the field. The discussion is based on comparative tables (Supplementary Material) ordered by class of material (e.g., pure CPs, noble metal composites, etc.), where the sensing performance of the materials (i.e., limit of detection and response time) and properties allowing their access to real-field application (i.e., selectivity, stability, reversibility, operating temperature, behavior under humidity changes, etc.) are presented.



SENSORS BASED ON INTRINSIC CONDUCTIVE POLYMERS

Intrinsic CPs are π-conjugated systems presenting a multilevel structure at the scale of the monomers, the chains, and the bulk of the material. This chemical organization makes their properties highly tunable at different scales from combination of different monomers and chain conformation modification by additive to formation of various morphologies at nanoscale/microscale (Skotheim and Reynolds, 2007).

The π-conjugation along the polymer chain allows the formation of delocalized electrons at the origin of the electric conduction of CPs. Actually, electrons in double bonds are free to move along the carbon skeleton given the overlap of the pz orbitals (Dongmin Kang and Jeffrey Snyder, 2017). Due to the presence of imperfections [e.g., localization of charges induced by Peierls distortion (Anderson and Roth, 1994), short conjugation length, weak degree of crystallinity (Le et al., 2017)], this phenomenon provides low conductivity to CPs in neutral state. Dopants are often used to remove or add electrons from the chain to increase conductivity and form p-type and n-type doped CPs, respectively. In p-type doping, the electrons move from the polymer to the dopant (oxidation process), creating holes along the polymer chain. Conversely, the electron density increases in the n-type doped polymer by the movement of the electron from the dopant to the polymer (reduction process) (Le et al., 2017). Thereby, CPs display conductivity which can be modulated by redox reaction or protonation from near-insulator to metallic conductor (Bai and Shi, 2007).

As a nucleophilic (i.e., reducing) gas, H2S is expected to decrease the conductivity of p-type CPs and conversely increase the conductivity of n-type CPs (Wong et al., 2020). However, this classical behavior is observed only in few studies concerning polyaniline (PANI) deposited by thermal evaporation (Agbor et al., 1995), PANI doped in maleic acid with dodecyl hydrogen sulfate studied under nitrogen (Palaniappan and Saravanan, 2010), polycarbazole (Joshi et al., 2014), and polyazomethines studied in air (Patil et al., 2019). Those p-type materials show effectively a decrease in conductivity under H2S (Figure 1A). On the contrary, the other sensors based on pristine CPs display an increasing conductivity in the presence of H2S. In fact, in the presence of water at room temperature, H2S tends to dissociate into H+ and HS− (Agbor et al., 1995). H+ protonates the nitrogen atoms from PANI (Agbor et al., 1995; Dong et al., 2016), polypyrrole (PPy) (Kriván et al., 2000; Garg et al., 2015), or poly(N-propylaniline) (PNPA) (Chabukswar et al., 2013) and leads to an increase in conductivity toward H2S (Figure 1B). The reducing effect of H2S and the dissociation of the gas followed by the protonation of CPs are the two mechanisms at the origin of the resistance modulation of the H2S sensors based on CPs exclusively.
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FIGURE 1. Mechanisms of H2S detection by CPs. (A) The reducing gas H2S induces a reduction of the major charge carrier (holes, +) resulting in an increase in CP resistance (R0 < R). (B) In the presence of water, H2S releases protons, which increase the charge carrier in the polymer and thus decrease the resistivity (R0 > R).


In chemiresistive sensors, the presence of gaseous analyte induces changes in electronic conductivity of a sensitive surface. Therefore, the sensing performance depends on (i) the interaction between the gas and the sensitive material and on (ii) the charge transport (i.e., capacity to transmit the changes to the electrodes) (Park et al., 2017). Each property of the material affecting one of these two parameters will alter the sensing performance of the device.

Given the mechanism of action of H2S, the interactions of gas/polymer are mainly driven by the number of active sites (i.e., redox groups or atoms able to receive proton) capable of interacting with the gas. Beside the molecular structure of the polymer chain, which delimits the total number of active sites, the morphology controls the accessibility to the sites. This parameter can influence the sensitivity as well as the response time of the sensor. Indeed, an open structure (e.g., a porous material) facilitates the adsorption/desorption of the gas in the polymer. For example, the porous agglomerate of nanoparticles (50–100 nm) of PNPA insures a high surface-to-volume ratio leading to the best response from pure-CP sensor toward H2S, with a modulation of −25% of the resistance at 500 ppb and a response time lower than 60 s at 100 ppm (Chabukswar et al., 2013).

Then, the charge transport in CPs is achieved by two mechanisms, the intra-chain transport (i.e., along the chain) and the inter-chain transport, which are both influenced by many factors. The intra-chain transport is fast and localized along the conjugated backbone. It depends mainly on the charge carrier and the conjugation length (Kivelson and Heeger, 1988; Phillips and Wu, 1991). The inter-chain is based on hopping or tunneling of the charge carrier and depends mainly on the conformation of the chain and their organization, which can influence the distance between chains and the degree of crystallinity (Hangarter et al., 2013). Therefore, the disorder of the structure of the polymer can affect its sensing performance.

In the case of H2S detection by CPs, two parameters have shown a large impact on the performance of the sensor: the dopant and the process. The dopant is known to affect the charge transport and the morphology (Krukiewicz and Katunin, 2016). Thus, the size and nature of the dopant can influence the sensing performance of the CPs and their stability. For example, PANI doped with hydrochloride acid (HCl) has a response five times higher than the same material doped with sulfosalicylic acid (SSA) tested toward 100 ppm of H2S (Dong et al., 2016). SSA anions being bigger, they lead to larger chain spacing. The inter-chain transport is less effective, resulting in a lower activity. Moreover, PANI–HCl is less stable over 50 days. Small anions (as HCl) are known to be less stable (Li and Wan, 1999). They are more likely to migrate and volatilize from the CPs, leading to a drift of the resistance with time. Moreover, functional groups, such as the presence of both polar and non-polar groups on SSA, can increase the decomposition temperature (Dong et al., 2016). Those two parameters influence directly the stability of CPs.

Besides influencing the morphology of the sensitive surface, the process of fabrication can affect even the mechanism of variation of the conductivity of CPs. As illustration, PANI in emeraldine base form deposited on Au-IDE by spin-coating (1 μm thick) or thermal evaporation (210 nm) shows, respectively, an reversible increase or an irreversible decrease in the conductivity in the presence of H2S under dry nitrogen (Agbor et al., 1995). The increase in the conductivity from the spin-coated film is due to the protonation of PANI when H2S dissociates into H+ and HS− in contact with water from the film, whereas in the case of thermal evaporation, the film does not contain water and H2S acts as a reducing gas decreasing the conductivity of the film.

CPs have shown their ability to detect H2S from 0.5 to 1,000 ppm. They present the advantage of having a good sensitivity at room temperature and of being highly tunable chemically and physically, giving rise to many optimization approaches. However, as reported in Supplementary Table 1, intrinsic CPs dedicated to H2S sensing are often instable and present a low selectivity. Each reducing or oxidizing gas can affect differently their resistance depending on their mutual affinities. For example, PPy nanowires present an interesting 53% resistance decrease in contact with 200 ppm H2S but they also suffer a larger increase in resistance (143%) in the presence of ammonia (Garg et al., 2015). In order to overcome those main drawbacks, many works dedicated to H2S sensing by CPs are a focus on the hybridization of those materials with inorganic fillers.



HYBRIDS CONDUCTIVE POLYMER SENSORS: ORGANIC-INORGANIC COMPOSITES


Noble Metal Composites

Noble metals are often used in MOx sensors as sensitizing agent (Ramgir et al., 2013). Indeed, they provide additional absorption sites, promoting a chemical reaction occurring on the surface (chemisorption, redox). This strategy has been applied to CPs hybridized by surface functionalization or bulk inclusion of noble metal nanoparticles (NPs) or clusters in order to increase the sensitivity and/or selectivity toward H2S gas. PANI, PPy, polycarbazole, and polyimide have been used as a matrix when Ag and Au have been used as metallic additives (Supplementary Table 2).

The mechanisms at the origin of the sensing performance of polymer/metal hybrids are not perfectly understood. As shown in Figure 2, the metallic particles can have two effects on the response of CPs toward H2S. Firstly, they present high affinity with analytes carrying sulfur atoms, which facilitates the interaction gas/material (Joshi et al., 2014). Indeed, by reacting with the gas, the metallic items release protons, which dope the CP and induce an increase in conductivity. For example, in the PANI-AuNP system, the gas reacts with gold to form AuS and H+, leading to an enhancement in the doping level of PANI (Shirsat et al., 2009; Liu et al., 2012). Secondly, the presence of metallic particles in p-type CPs induces the formation of nano-Schottky junctions. At the interface between the two components of the material, the difference in work function between the metal and the organic semiconductor prevents the transfer of electron, resulting in an excess of negative charge at the surface of the particles and the formation of a depletion region (Joshi et al., 2014; Kaushik et al., 2015). Changes in the width of the depletion region modulate the conductivity of the sensing material by changing the resistance but also the capacitance of the material (Joshi et al., 2014; Mekki et al., 2014). The properties of the Schottky junctions are highly sensitive to adsorption phenomena, and their presence amplifies the response toward gas adsorbed, resulting in enhanced sensitivity.
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FIGURE 2. Mechanisms of H2S detection by CPs hybridized with metallic nanoparticles (Au-NPs). RCP and RSchott represent the resistance contribution of the polymer and depletion layer (in pale yellow) at the interface with the metal (Schottky junction), respectively. Those resistances tend to decrease in contact with H2S gas.


Given the sensing mechanism, the efficiency of the metallic fillers is highly dependent on their nature, geometry, and distribution. The role of sensitizing agents endorsed by metallic nanoparticles has been demonstrated on PANI nanowires decorated by Au-NPs (Shirsat et al., 2009). Electropolymerization followed by electrofunctionalization of the material leads to the formation of polymeric fibers with a diameter of 250–320 nm and well-dispersed NPs (70–120 nm). This system shows an extraordinarily high response at sub-ppb level (−20% at 0.1 ppb) when the unfunctionalized nanofibers have a limit of detection four orders of magnitude higher (>50 ppm). The high performance of the system is mainly attributed to its morphology (i.e., nanofibers decorated by nanoparticles) and the good dispersion of the metallic particles.

Moreover, the addition of metal can enhance the selectivity toward H2S. Compared to the pristine polymer, electropolymerized polycarbazole covered by a 1-nm layer of gold shows a response toward 40 ppm H2S doubled when its response toward 40 ppm NH3 is divided by a factor of 7.5 (Joshi et al., 2014). The slower response and recovery of the functionalized surface endorse the authors' assumption, i.e., this specific behavior is due to the enhanced interaction between H2S and the material.

Briefly, metal/CP composites have shown their ability to detect H2S from 0.1 ppb to 800 ppm. PANI nanofibers decorated with gold particles provide the lowest detection limit from the literature dedicated to organic chemiresistive sensors for H2S detection (Shirsat et al., 2009). The origin of this good performance can be attributed to three factors: (i) the morphology insures the accessibility to a high number of active sites, (ii) the presence of gold leads to the release of protons by reacting with H2S, and (iii) the formation of Schottky junction in the bulk of material leads to the amplification of the response toward H2S. In order to optimize the sensitive materials, the exact role of the metallic items in hybridized CPs needs to be clarified and, most importantly, the effects of environmental parameters such as humidity need to be considered. Indeed, those parameters have never been investigated on the hybridized metal/CPs when they are crucial for the end-use of gas sensors.



Metal Oxide and Sulfide Composites

Metal oxides (MOx) are the most commonly employed material in chemiresistive gas sensors in the academic and industrial field (Korotcenkov and Cho, 2017; Llobet et al., 2017; Joshi et al., 2018). The hybridization of such material with CPs often aims to overcome some of their drawbacks, e.g., their low selectivity and high operating temperature, and to optimize their sensing performances (Hangarter et al., 2013). For H2S detection, mechanical mixing and in situ polymerization have been used to prepare MOx/CPs hybrids based on PPy, PANI, or polythiophene and WO3, SnO2, or the metal sulfide CdS (Supplementary Table 3).

The presence of H2S can induce a decrease in the resistance of both CPs and n-type semiconductors. This fact tends to support the assumption that the conjoint effect of gas on the different moieties of the material is at the origin of the increased sensitivity of hybrids (Geng et al., 2006). However, it is not the lonely mechanism involved.

In composites based on organic and inorganic semiconductors, the inorganic moieties are often the main sensitizing agents when the polymer plays the role of amplifier (Hangarter et al., 2013). Indeed, the adsorption of reducing/oxidizing gas modulates easily the resistance of inorganic semiconductors by affecting the properties of the depletion layer at the interface gas/solid. In air, adsorbed oxygen traps electrons from n-type MOx (which are classically used in H2S sensing), resulting in a lower concentration of electron at the surface than in the bulk of the material (i.e., appearance of a depletion layer). Upon exposure to H2S, the gas reacts with adsorbed oxygen ions ([image: image]), leading to the release of the trapped electrons and the decrease in the resistance, as shown in the following equations (Moseley et al., 1991; Mirzaei et al., 2018):
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This mechanism of sensing often insures toward MOx a higher sensitivity than CPs. For example, polythiophene shows a response four times lower than WO3 and nine times lower than the composite loading WO3 and 10% of polythiophene toward 100 ppm H2S at 70°C (Bai et al., 2014).

As illustrated in Figure 3, the mechanism of amplification is based on the appearance of p–n junctions at the interface of p-type CPs and n-type MOx. The inclusion of CPs increases the width of the depletion layer of MOx (Su and Peng, 2014). As seen for noble metal/CP hybrids, the presence of heterojunctions produces a new potential barrier in material, which are highly sensitive toward gas absorption (Bärtsch and Niederberger, 2017; Walker et al., 2019). When H2S is adsorbed on the composite, more electrons migrate from the polymer to MOx, decreasing the potential barrier at the interface CPs/MOx. The induced resistance change is extreme and makes easier the detection of the gas.
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FIGURE 3. Mechanisms of H2S detection by CPs hybridized with metal oxide (MOx). RCP, RMOx, and Rp−n represent the resistance contribution of the polymer, the MOx, and the depletion layer at the interface between the two materials (p–n junction), respectively. The depletion layer is represented by lighter colors. The size of the resistance represents their tendency to decrease in contact with H2S.


Thereby, the presence of a heterojunction in the material leads to an increase in the sensitivity and decrease in the limit of detection. For example, WO3 NPs decorated with PPy by in situ photopolymerization show a response around −80% toward 1 ppm H2S when pure WO3 and PPy present a response of −10 and −25%, respectively. Noticeable changes in resistance (−8.9%) are still visible on the hybrid sensor at 100 ppb in contrast to the sensors based on pure material (Su and Peng, 2014). Moreover, hybridizing CPs with MOx can also shorten the response and recovery times. As illustration, in comparison to pure inorganic material, the oxidative polymerization of PPy around SnO2 nanograins results in a response time and a recovery time at 50 ppm divided by more than six and three, respectively (Shu et al., 2017). Additionally, among the enhancements allowed by hybridization is the decrease in the operating temperature. Indeed, the hybrid composites dedicated to H2S present a generally lower operating temperature than the pure MOx sensor does. As shown in the Supplementary Table 3, most of the systems work at room temperature when the others present an optimal response at 70 or 90°C.

However, the improvement in the performances of hybrids is not always easy to capture given the high sensitivity of this strategy to the quality of CPs, metal oxide, and interfaces as well as the ratio of CPs/MOx and the resultant morphology (Hangarter et al., 2013). As shown on polythiophene/WO3, the composite with 10% of polymer shows a response 2.3 times higher than that of pure WO3. However, above this content, the sensing performance decreases to reach a lower performance than pure WO3 at 30% (Bai et al., 2014). With a high amount of polymer, the organic layer is too thick to allow the gas to contact the inorganic sensitizing agent, affecting the sensing properties of the system. A compromise is necessary between the extent of the heterojunction (i.e., the extent of the interface CPs/MOx) and the accessibility to MOx.

Finally, a promising approach to optimizing the properties of hybrid CPs/MOx sensors is the inclusion of the doping agent in the MOx lattice in order to create new active sites. In the PPy/SnO2 composite, substituting Cu for Sn atoms by doping SnO2 with Cu2+ ions promotes the generation of oxygen vacancies acting as reaction sites (i.e., where adsorbed gas easily traps electrons from SnO2). Thereby, the response (defined as S = (Ig – Ia)/Ia, where Ig and Ia correspond, respectively to the steady-state current of the sensor in H2S and air) of the doped-hybrid material is about 4 at 50 ppb when the response of undoped PPy/SnO2 is not appreciable at 10 ppm (Shu et al., 2017). The synergetic effect from the doping providing an extra active site and the polymer creating a heterojunction gives rise to sensors having high sensitivity, fast response and recovery rate, satisfactory selectivity, and long-term stability over 1 month.

Concisely, MOx/CP composites have shown their ability to detect H2S from 0.05 to 1,000 ppm. The hybridization with MOx can enhance drastically the performance of the H2S sensor by improving the quality of the response (i.e., the sensitivity, limit of detection, response and recovery time) and the operating condition of the sensor by decreasing the temperature. Given the entanglement of the sensing mechanisms in the material (i.e., sensing from CP, MOx and p–n heterojunction), the synergetic effect between MOx and CPs can be found delicate and the parameters controlling their efficiency are numerous (e.g., synthesis, process of deposition, morphology). Further investigation is needed to understand better the impact of each sensing mechanism and their controlling parameter. Moreover, the impact of environmental conditions and long-term stability (>1 month) are too rarely investigated once they become crucial for sensor application.



Metal-Chloride Composites

The addition of metal chlorides to CPs has been done directly in solution or by alternate deposition (i.e., deposition of a polymeric layer covered by a metallic layer, etc.). In the literature dedicated to H2S sensing, only PANI has been hybridized with metallic chlorides (Supplementary Table 4). Commonly, CuCl2 is used for this purpose given its higher sensing performances (Virji et al., 2005).

Metal chlorides are used to overcome the fact that H2S is a weak acid, which cannot directly induce high changes in the conductivity of CPs. Indeed, hydrogen sulfide is known to react with metal salts (MCl2) in solution to form a metal sulfide (MS) and a strong acid (HCl) (Skoog and West, 1963), as illustrated in the following Equation:
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n air, metal and chloride ions are strongly bound, making the reaction with H2S unfavorable. The association with PANI by coordination of metal ions facilitates the reaction with gas. Therefore, the presence of the two components is necessary for the detection of H2S gas. In contact with metal salts lightly coordinated to nitrogen atoms from the polymer, H2S releases a strong acid, which dopes PANI resulting in a drastic increase in polymer conductivity (Virji et al., 2005).

Given the mechanisms of action, the hybrids based on metal chloride present two specificities. Showing a variation of resistance of a few orders of magnitude at 10 ppm, they have the highest response from literature but their responses are quasi-systematically irreversible. For example, screen-printed PANI–CuCl2 from an aqueous solution shows a resistance divided by 105 toward 15 ppm H2S at room temperature but the signal presents no recovery during the ventilation of the sample even after 20 h (Sarfraz et al., 2013). The enhanced response is attributed to the doping effect from HCl released, associated with a favorable morphology, facilitating the diffusion of the analyte in the bulk of the material. Unlike the doping of PANI, the reaction of metal chloride with H2S is irreversible, resulting in the formation of stable copper sulfides (CuS and/or Cu2S), which are good conductors at room temperature (Silvester et al., 1991).

The unique hybrid material based on metal chloride showing recovery are surface-printed layer-by-layer alternating PANI NPs and CuCl2 deposited on silver electrodes (Crowley et al., 2010). The reversibility of the signal depends on the nature of the electrode. Indeed, the signal is irreversible on carbon electrodes and completely reversible on silver for several exposures at a high concentration (100 ppm). The presence of silver postpones the end of the stock of reactants able to form strong acid. Silver chlorides (AgCl) can be formed in the presence of copper chlorides (CuCl2), leading to the formation of copper (Cu) and/or copper(I) chloride (CuCl). Under exposition to H2S, both chlorides and metal can react, resulting in the release of proton, electron, and HCl according to the following equations:
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The release of electrons is assumed to be at the origin of the reversibility of the signal. However, due to the finite reservoir of free copper, the sensor response results to be irreversible over time.

Shortly, CPs hybridized with metal chloride have shown their ability to detect H2S from 2.5 to 15 ppm. The use of metal chloride insures a high response toward H2S. However, due to the irreversible reaction at the origin of the enhanced response, those hybrid materials can be used only for short-time applications.



Graphitic Composites (CNT/Graphene)

Due to their good transducing properties, efficient adsorption of gas molecules, and high aspect ratio (Joshi et al., 2018), carbon nanotubes (CNT) and graphene are the most explored additives for the hybridization of CPs in gas sensing (Hangarter et al., 2013; Varghese et al., 2015). However, only few carbon-based composites are dedicated to H2S sensing (Supplementary Table 5). Graphitic hybrid CPs are exclusively composed of PANI decorated by single-wall nanotubes (SWNT), graphene oxide (GO), or reduced graphene oxide (rGO).

In the literature dedicated to H2S, carbon fillers have never been employed as sensitizing agent. Firstly, they are used to enhance analyte and/or charge transport. For example, in PSS-doped PANI hybridized with GO, H2S is not detected by pristine graphene sheets when the response of the composites is −20% toward 1 ppm of gas (Cho et al., 2014). Moreover, the conductivity is changing from 11.2 to 168.4 S/cm with the addition of 30 wt% of graphene.

Secondly, carbon fillers can be used as an amplifier in a ternary system based on the p–n junction by adding new p–n interfaces and thus increasing the effect of the depletion region on the signal. In the SnO2/RGO/PANI nanocomposite, the heterojunction is the main contributor to sensing enhancement (Zhang et al., 2019). The band gaps of SnO2, RGO, and PANI are 3.5, 4.39, and 4.49 eV, respectively, resulting in the formation of a p–n junction between the two p-type materials (i.e., RGO and PANI) and the metal oxide (SnO2).

Finally, carbon-based hybrids have shown their ability to detect H2S from 50 ppb to 30 000 ppm. However, the graphitic composites often result in low selectivity toward H2S with a higher response toward NH3, as shown for PANI hybridized with SWNT (Lim et al., 2010) or GO (Gaikwad et al., 2017).




SENSING PERFORMANCES

The first characteristics of sensing performance are the amplitude and rate of the response. Figure 4 summarizes the relative response of the materials discussed previously as a function of the lowest concentration tested and the response time at different concentrations (the values and references are detailed in Supplementary Tables 1–5).
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FIGURE 4. (A) Relative responses of different materials at the lowest H2S concentration tested. The relative response is defined as (Rg-R0)*100/R0, where Rg and R0 correspond to the resistance of the sensor in H2S and in the reference medium (air or nitrogen). It has been directly extracted or calculated from the papers presented in Supplementary Tables 1–4. (B) Response times of different materials directly extracted from the literature. Metal, MOx, MCl, and C refer to hybrid composites based on conductive polymers (CPs) mixed with noble metal particles and metal-oxide, metal-chloride, and carbon-based items, respectively.


Considering the relative response (Figure 4A), the hybrids filled with metal chloride present an extraordinarily high amplitude of response about several orders of magnitude. This performance can be explained by the sensing mechanism, resulting in the release of a strong acid in the presence of H2S jointly to the increase in filler conductivity. Tested between 2.5 and 15 ppm, those sensors show the highest relative response, but the contact with the target gas induces irreversible changes in the material giving rise to devices with a short lifetime.

In contrast, odor disturbance is felt below 1.5 ppm (Malone Rubright et al., 2017), and the guideline value likely to protect the public from H2S odor nuisance established by the World Health Organization is 7 μg/m3 (i.e., 4 ppb for an averaging time of 30 min) (World Health Organization, 2000); only few studies characterize the sensors at the sub-ppm level. The lack of characterization at lower concentrations is not specific to CP-based sensors. Indeed, a similar trend is observed on MOx sensors (Mirzaei et al., 2018). According to Figure 4A, PANI-nanofibers decorated with gold nanoparticles are the lonely CP-based material characterized below 50 ppb (Shirsat et al., 2009). Presenting a good response even at a lower concentration (−20% at 0.1 ppb), this nanostructured hybrid material highlights the high potential of CP-based sensors. Indeed, it largely outperforms chemiresistive sensors based on metal oxide nanostructures, whose best combination (i.e., highest response at the lowest concentration) is −33% at 10 ppb for CuO nanowires (Mirzaei et al., 2018).

Given the necessity of real-time measurement, the rapidity of the sensor is also an important parameter to consider. This parameter is often characterized by the response time and less systematically by the recovery time, which are the times to reach 90% of the resistance change upon injection of the target gas and reference gas (air or nitrogen), respectively. As shown in Figure 4B, the response time of pure CPs comprised the range 100–300 s. In general, the addition of MOx allows reducing the response time, to values lower than 120 s. The lowest response time (2.5 s at 5 ppm) is observed on nanostructured WO3 functionalized with polythiophene. Despite the increase in the response time with the concentration of H2S, it is still lower than 35 s even at 200 ppm (Bai et al., 2014). In addition, this material shows a fast recovery (<15 s). The hierarchical structure of the material can be one reason for this high rapidity. Here, the hybridization of CPs and the fabrication of an open hierarchical structure appear as functional approaches to enhancing the velocity of CP-based devices.

Beyond the sensitivity and velocity, selectivity needs to be considered in order to evaluate the performance of a device. Ammonia is the interfering species most frequently investigated on CP-based chemiresistive sensors dedicated to H2S sensing (Supplementary Tables 1–5). Commonly inducing an opposite change of resistance than H2S, ammonia can induce high response, which can disturb the ability of the sensor to quantify the target gas as seen on carbon-based hybrids and some of pure CPs. The hybridization with metal, MOx, or metal chloride seems to enhance the selectivity toward H2S. However, the exact benefit of the fillers on the selectivity is difficult to prove given the fact that the interfering studies are most of the time only conducted on the best composite and not on its different components. Further investigations are necessary to clarify the origin of increased selectivity in order to rationalize the research on sensitive material.

Then, the stability of the material under different environmental conditions is crucial to turning those CP-based sensors effective on the field. This pre-requisite encompasses two main capacities of the devices: (i) the preservation of its behavior under different humidities and temperatures and (ii) the conservation of its performance over time. Those two parameters undergo a lack of consideration in the literature. Indeed, <25% of the studies address the impact of humidity or time. When the increase in humidity can induce an increase or a decrease in response depending on the material, the mechanisms at the origin of this changing behavior are rarely explicated. Moreover, only short-term aging is considered. CP-based sensors seem stable for a few weeks. For example, WO3 nanoparticles decorated by PPy maintain 83% of its response toward 1 ppm of H2S after 54 days (Su and Peng, 2014), which corresponds to the longest aging test.



CONCLUSION AND PERSPECTIVES

Finally, working at room temperature, easily tuned by changing monomers or dopants, easily processed, and integrated into low-cost and miniaturized devices, CPs present a large potential in H2S sensing applications. The common approach to enhancing their sensing performance while retaining the advantages from their polymeric nature is to hybridize them with inorganic fillers (e.g., noble metal particles, metal oxide or chloride items, and carbon-based nano-objects). The addition of those fillers allows decreasing the limit of detection and the response time, leading to composites competing with MOx sensors. However, more investigation is needed to be able to establish a clear link between the material properties (chemical nature and morphology) and its sensing performance. Moreover, none of the sensors developed have been employed in realistic situations. Indeed, the impact of interfering species (other reducing/oxidizing gas), environmental conditions (humidity and temperature), and time should be examined more systematically. While field measurement can be complicated to implement, experiments with continuous changes in H2S concentration, using gas mixture as reference and controlled humidity/temperature, can easily be done in laboratory in order to validate the applicative potential of the materials under investigation.
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