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INTRODUCTION

In front of the increasing amount of sources of pollution, it has become vital to monitor and detect pollutants (toxic gases) to limit their impacts and prevent from the exposition. Among these toxic gases, hydrogen sulfide (H2S) [START_REF] Song | Sensitive Room-Temperature H2S Gas Sensors Employing SnO2 Quantum Wire/Reduced Graphene Oxide Nanocomposites[END_REF], ammonia (NH3) [START_REF] Trung | Controlled synthesis of manganese tungstate nanorods for highly selective NH3 gas sensor[END_REF], carbon monoxide (CO) [START_REF] Paliwal | Carbon monoxide (CO) optical gas sensor based on ZnO thin films[END_REF], nitrogen oxides (NOx) [START_REF] Sun | Highly active and porous single-crystal In2O3 nanosheet for NOx gas sensor with excellent response at room temperature[END_REF], etc. are commonly produced by man-made and industrial processes. Among the gases species classified as species to be monitored NH3 is of major importance since it can seriously impact our health. For humans, for instance, inhalation of a higher concentration of NH3 (over 300 ppm) is enough to induce accidents with irreversible effects depending on the concentration and exposition duration. At approximately 15-28% by volume in air, NH3 is also flammable [START_REF] Yoo | Effects of O2 plasma treatment on NH3 sensing characteristics of multiwall carbon nanotube/polyaniline composite films[END_REF]. For these reasons, threshold limit values (TLV) for NH3 corresponding to long-term and short-term exposure have been established. These values are 25 ppm during 8 h, for long-term exposure and 35 ppm during 15 min for short-term exposure [6]. But another worrying effect is that ammonia can be also produced during the fermentation process in bioreactors [START_REF] Kjeldsen | Present and Long-Term Composition of MSW Landfill Leachate: A Review[END_REF]. Taking into account that, as a source of renewable energy, biogas or bioenergy production is becoming more and more significant, it might be also envisaged to monitored such biogas production plants to protect both workers and digesters. In fact, ammonia can not only seriously affect the efficiency of biogas production [START_REF] Burak | Effect of High Ammonia Concentration on UASB Reactor Treating Sanitary Landfill Leachate[END_REF] but can be also dangerous for workers in such bioreactors. The development of sensors for monitoring such environment required that also the sensors film resist to an environment with a high level of humidity, a condition that is not satisfied by PANI alone.

To monitor these pollutants, the chemical sensors have attracted great interest in the detection of various toxic gases. In the last decades, materials for chemical sensors are mainly covered by three categories of materials having all advantages and drawbacks: metal oxide (MOX), carbon materials (CNTs and graphene), conducting polymers (CPs) and any combination of these materials [START_REF] Shamsi | Synthesis of CNT-polyurethane nanocomposites using esterbased polyols with different molecular structure: Mechanical, thermal, and electrical properties[END_REF][START_REF] Stankovich | Graphene-based composite materials[END_REF]. For MOX, higher temperature operating conditions and the lack of selectivity are the common drawbacks.

In recent years, a combination of MOX with other matrices such as CNTs or CPs has been developed and in some combinations (MOX with CPs and /or CNTs) for example, the operating temperature of the hybrid sensing structure can be drastically lowered compared to parent MOX structure [START_REF] Li | The room temperature gas sensor based on Polyaniline@flower-like WO3 nanocomposites and flexible PET substrate for NH3 detection[END_REF][START_REF] Liu | A high-performance flexible gas sensor based on self-assembled PANI-CeO2 nanocomposite thin film for trace-level NH3 detection at room temperature[END_REF][START_REF] Zhang | Facile fabrication of polyaniline/multi-walled carbon nanotubes/molybdenum disulfide ternary nanocomposite and its high-performance ammonia-sensing at room temperature[END_REF]. Carbon nanotubes have attracted great interest in recent years in the field of sensors because of their unique structure and the high surface-to-volume ratio [START_REF] Shamsi | Synthesis of CNT-polyurethane nanocomposites using esterbased polyols with different molecular structure: Mechanical, thermal, and electrical properties[END_REF][START_REF] Sherigara | Electrocatalytic Properties and Sensor Applications of Fullerenes and Carbon Nanotubes[END_REF][START_REF] Bai | Effect of the length and the aggregate size of MWNTs on the improvement efficiency of the mechanical and electrical properties of nanocomposites-experimental investigation[END_REF][START_REF] Xie | Mechanical and physical properties on carbon nanotube[END_REF] combined to their ability to detect both oxidizing and reducing gases and also a wide range of organic vapours [START_REF] Zaki | Characterization of difference carbon nanotubes (CNTs) as a sensing mechanism for development of formaldehyde gas detection sensor[END_REF][START_REF] Kumar | Effect of single wall carbon nanotube networks on gas sensor response and detection limit[END_REF][START_REF] Md | A review on recent advances of CNTs as gas sensors[END_REF][START_REF] He | Gas sensors for ammonia detection based on polyanilinecoated multi-wall carbon nanotubes[END_REF][21]. CNT-based sensors have some limitations such as moisture sensitivity and lack of selectivity to analytes for which they have low adsorption energy or low affinity. In order to overcome and improve the sensitivity and selectivity of CNTs, lots of effort are being focused on functionalization. However, as materials with good electrical properties, CNTs can be used also as a filler in polymer matrices to improve the electrical properties of the polymer matrix [START_REF] Shamsi | Synthesis of CNT-polyurethane nanocomposites using esterbased polyols with different molecular structure: Mechanical, thermal, and electrical properties[END_REF][START_REF] Ma | Enhanced Electrical Conductivity of Nanocomposites Containing Hybrid Fillers of Carbon Nanotubes and Carbon Black[END_REF][START_REF] Han | Fabrication of Conducting Polyacrylate Resin Solution with Polyaniline Nanofiber and Graphene for Conductive 3D Printing Application[END_REF].

Frequently used conjugated polymers for the development of gas sensors are PANI, polypyrrole (PPy) and polythiophene (PT). Among conducting polymer there is an increasing number of studies associating polyaniline as sensing materials [START_REF] Tanguy | A review on advances in application of polyaniline for ammonia detection[END_REF] for NH3. PANI has been investigated as a potential sensing material due to its controllable electrical conductivity, good sensitivity at room temperature and relative ease of processing [START_REF] Salvatierra | Carbon nanotube/polyaniline nanocomposites: Electronic structure, doping level and morphology investigations[END_REF]. Polyaniline presents different electronic properties inherent to its oxidations states which make it suitable for sensing applications [START_REF] Macdiarmid | Synthetic Metals": A Novel Role for Organic Polymers (Nobel Lecture)[END_REF][START_REF] Roy | Investigation on energy storage and conversion properties of multifunctional PANI-MWCNT composite[END_REF][START_REF] Tai | Fabrication and gas sensitivity of polyaniline-titanium dioxide nanocomposite thin film[END_REF][START_REF] Ding | Chemical Sensing with Polyaniline Coated Single-Walled Carbon Nanotubes[END_REF]. However, PANI suffers from the lack of solubility and infusibility leading to mechanical instability [START_REF] Tabellout | The influence of the polymer matrix on the dielectric and electrical properties of conductive polymer composites based on polyaniline[END_REF].

In fact whatever the synthesis way (powder, fibers, solid), PANI adhere not easily to surface devices. This is a common problem encountered in conjugated polymers and is mainly attributed to high polarizability and high backbone rigidity [START_REF] Tanguy | A review on advances in application of polyaniline for ammonia detection[END_REF]. Others difficulties concerns the fact that PANI reacts with gaseous species in acid-base reaction [START_REF] Srivastava | Characterization of gas sensing behavior of multi walled carbon nanotube polyaniline composite films[END_REF] which can lead to swelling of the structure [START_REF] Roy | Polyaniline-multiwalled carbon nanotube (PANI-MWCNT): Room temperature resistive carbon monoxide (CO) sensor[END_REF]. Therefore PANI has been also combined with polymers such as PMMA [START_REF] Srivastava | Characterization of gas sensing behavior of multi walled carbon nanotube polyaniline composite films[END_REF][START_REF] Abdulla | Highly sensitive, room temperature gas sensor based on polyaniline-multiwalled carbon nanotubes (PANI/MWCNTs) nanocomposite for trace-level ammonia detection[END_REF][START_REF] Zhang | High-sensitivity gas sensors based on arranged polyaniline/PMMA composite fibers[END_REF]or PS [START_REF] Yang | Environmental responses of nanostructured polyaniline films based on polystyrene-polyaniline core-shell particles[END_REF] blends or carbonaceous matrix [START_REF] He | Gas sensors for ammonia detection based on polyanilinecoated multi-wall carbon nanotubes[END_REF][START_REF] Al-Mashat | Graphene/Polyaniline Nanocomposite for Hydrogen Sensing[END_REF] to improve mechanical stability. PANI functionalized MWCNT have been found to be sensitive for ammonia detection, however, poor recovery of the sensor was noticed in many of these reports [START_REF] Ding | Chemical Sensing with Polyaniline Coated Single-Walled Carbon Nanotubes[END_REF][START_REF] Srivastava | Characterization of gas sensing behavior of multi walled carbon nanotube polyaniline composite films[END_REF][START_REF] Srivastava | Study of chemiresistor type CNT doped polyaniline gas sensor[END_REF].

Having an objective to reinforce the PANI structure and its mechanical stability we have focused on the use of PMMA/PS blend which has proven to be an adequate mixture to reinforce the tensile strength and the mechanical and conducting properties [START_REF] Rozik | Studies the behaviors of polyaniline on the properties of PS/PMMA blends[END_REF]. The presence of the PS (hydrophobic) [START_REF] Li | Contact Angle of Water on Polystyrene Thin Films: Effects of CO2 Environment and Film Thickness[END_REF][START_REF] Matsuguchi | Effect of humidity on NH3 gas sensitivity of polyaniline blend films[END_REF] also can be a judicious point for tuning the reactivity in humid environments. To this polymer blend, we have also added CNTs to improve the conductivity of the blend while conserving the main sensing properties from the PANI. To realize such structures (multi-components polymer blends), many strategies to associate polymers with nanocharges (CNTs and/or PANI), starting from simple methods to more elaborated ones, have been established. The simple methods of preparation consist in general mixing like solution mixing or melt mixing [START_REF] Guo | Morphology of polystyrene/poly(methyl methacrylate) blends: Effects of carbon nanotubes aspect ratio and surface modification[END_REF], mechanical mixing [START_REF] Segal | On the structure and electrical conductivity of polyaniline/polystyrene blends prepared by an aqueous-dispersion blending method[END_REF], while more complex methods can be coating PANI with electrospun PMMA [START_REF] Zhang | High-sensitivity gas sensors based on arranged polyaniline/PMMA composite fibers[END_REF][START_REF] Ji | Gas sensing properties of a composite composed of electrospun poly(methyl methacrylate) nanofibers and in situ polymerized polyaniline[END_REF],

scanned-tip electrospinning method [START_REF] Liu | Polymeric Nanowire Chemical Sensor[END_REF], simple electrospinning [START_REF] Subramaniam | Conductivity and thermopower of blends of polyaniline with insulating polymers (PETG and PMMA)[END_REF], spin coating [START_REF] Matsuguchi | Effect of humidity on NH3 gas sensitivity of polyaniline blend films[END_REF]. However, apart from the preparation methods, the stability of the polymer matrix blends is also important if at least more components are involved in the polymers matrix. A combination of the individual polymer component, to build a complex polymer blend has been theoretically described and it seems that a good association is mainly dependent on the surface tension of the individual polymers [START_REF] Hobbs | Effect of interfacial forces on polymer blend morphologies[END_REF]. In other studies [START_REF] Rozik | Studies the behaviors of polyaniline on the properties of PS/PMMA blends[END_REF][START_REF] Segal | On the structure and electrical conductivity of polyaniline/polystyrene blends prepared by an aqueous-dispersion blending method[END_REF], it has been shown that using a compatibilizer can facilitate the matching of the different components in the polymer complex and therefore allow us to realize stable films. PANI has been reported to act as a compatibilizer in complex polymer blends due to its high surface tension and polarity [START_REF] Ravati | Low percolation threshold conductive device derived from a fivecomponent polymer blend[END_REF].

In these methods, fibers-like polymers blends structures, as well as polymeric films can be generated and used as sensors. But, the stability of these sensing materials, made of several components, after routinely gas sensing exposures or experiments in a humid environment is not always guaranteed. Furthermore conjugated polymers blends, in either fibers-like forms or in film forms, often experience moisture/humidity sensitivity [START_REF] Zampetti | Effects of temperature and humidity on electrospun conductive nanofibers based on polyaniline blends[END_REF], [48], [49], [40], [50]. In our case, we will adopt a simple and low-cost method alternating heating and ultrasonic treatment in which sonication and heating under stirring ensure in one side to obtain a good and stable film without using a compatibilizer and on the other side, the perfect matching of the different components to circumvent test under humid environment.

In this paper, we will associate the polymer blend PMMA/PS with CNTs to isolate composite materials which can be used as a stable matrix to host PANI fibers to form our sensing materials (PANI/PMMA/PS/MWCNTs). The electrical characteristics of these materials will be analyzed and the sensing performance towards ammonia will be finely discussed. A special focus will be on the stability and the responses to the ammonia of this composite in a humid environment.

EXPERIMENTAL PART

1. Materials and solvents

Acetone, acetonitrile, methanol, and ethanol were purchased from Aldrich and used as solvents. Aniline, methyl methacrylate (MMA), styrene, sulphuric acid (H2SO4 (0.5 M)), nitric acid (HNO3), ammonium peroxodisulfate ((NH4)2S2O8), benzoyl peroxide (BPO)

and N,N-Bis(2-hydroxyethyl)-p-toluidine (p-toluidine) are purchased from Aldrich and used as reagents without further purification. MWCNTs were obtained from Helix materials solution.

Materials preparation.

Synthesis of MWCNT-OH:

The MWCNTs surfaces were prepared using the chemical oxidation for anchoring functional groups for better cohesion between the MWCNTs and the polymer. 150 mg MWCNT are dispersed in acidic media (H2SO4/HNO3, volume ratio 3:1). The mixture is then sonicated for 20 minutes and heated at 70 °C during 8 h under stirring. The resulting black mixture is then filtered and washed several times with deionised water. The powdered material is finally washed with ethanol and dry at 100 °C for 5 h.

Synthesis of the non-conducting Polymers (PMMA, PS and PMMA/PS blends):

PMMA: 20 ml of the MMA monomer was mixed with 20 mg of BPO and 160 mg of ptoluidine. This mixture is then heated under stirring to reach 90°C. The polymerisation starts to take place after 20-30 minutes of stirring at 90 °C. Soon after (5-10 minutes)

the formed PMMA can be either isolated or used in its viscous form for further reaction.

PS: 10 ml of the styrene monomer was mixed with 10 mg of benzoyl peroxide and 160 mg of p-toluidine. This mixture is then heated under stirring to reach 90 °C. The polymerisation starts to take place after 30 minutes of stirring at 90 °C. At this stage, the obtained PS can be either isolated or used for further reaction.

PMMA/PS blends: In a flask, 0.5 ml of PMMA (65 mg) and 0.5 ml of PS (65 mg) are mixed in acetone and sonicated for 20 minutes at room temperature. The resulting PMMA/PS foamy polymer is then collected and heated at 75 °C the viscous liquid starts to form after 10 minutes of heating under stirring. The resulting mixture can be used in further steps.

Synthesis of the conducting polymer (PANI-H2SO4 doped):

Polyaniline was prepared using the oxidative polymerization method using ammonium persulfate and sulphuric acid (H2SO4) as a dopant. In an example of synthesis 10 mL of aniline was cooled using an ice bath (0 °C) and 25 ml of a diluted solution of H2SO4 (0.25 M) was added under stirring to aniline and gives rise to a white salt-like mixture. To this mixture, was drop wisely added in an acidic solution of ammonium peroxodisulfate (31.26 g in 30 ml H2SO4). The white dispersion turns brown after the first drop and ends up with a green coloration at the end of the process. The resulting mixture was allowed to stay under stirring for 24 hours. The mixture is then filtered and washed with acidic water (100 ml H2O + 50 ml H2SO4 0.5 M) before being stored at room temperature. The resulting powdered PANI can be re-dispersed in acetonitrile for the coating process. Alternatively, a process consisting of either heating or sonicating (protocol 2 in Scheme 1) the mixture can be applied but this later does not allow to prepare homogeneous materials and stable films for our application.

Synthesis of PANI

For comparison, PANI/PMMA/PS and PANI/PS composites (without MWCNTs)

were also synthesized using the same procedure to evaluate the MWCNTs' effect. Table S1 (see supporting information file) gathers the composites' contents and preparation conditions.

3. Materials characterization.

Unless otherwise stated all characterizations were conducted at room temperature.

Scanning Electron Microscopy (SEM) micrographs are obtained from a JEOL 6060 Low Vacuum operating at 5 kV. The samples were prepared by drop-casting the sensing materials on copper substrates followed by drying at room temperatures. Fourier transform infrared spectrometry (FTIR) spectra are recorded in the attenuated total reflexion (ATR) mode using a Nicolet 5700 FTIR spectrometer in the mid-IR region 4000-400 cm -1 and with a resolution of 4 cm -1 .

4. Sensors preparation.

For the realization of resistive sensors, interdigitated electrodes (IDEs) made of platinum screen printed on an alumina substrate, with an inter-electrode distance of 125 μm (wide x length = 3mm x 5mm), were used. Both PANI and the polymer composites were thoroughly dispersed in acetonitrile and coated on IDEs. The coated IDEs were allowed to dry at room temperature and used as resistive devices for the sensing experiments. The electrical characteristics (I-V curves) were obtained from Keithley 2636 System Source Meter which is controlled by a Labview program. For the electrical characterization, the voltage was scanned from -1 V to +1 V while recording the current. Temperature dependence measurements of the sensors were carried out by adapting the measurement chamber with a cryostat device (filled with liquid nitrogen) which enables operating temperatures from 170 K up to 500 K.

5. Gas sensing experiments.

For gas exposure experiments, a dilution bench consisting of pollutant sources, the chamber, and a computer-assisted data acquisition and collection program monitored through a Labview software was used to study the gas sensing performances. The gas source (gas cylinders) was diluted with dry air (corresponding to a relative humidity of around 3-5 %) to obtain the desired concentration range. For relative humidity experiments, a humidity control unit is adapted to the test bench to provide between 10% and 70% of relative humidity. For monitoring the sensors resistance variation under gas exposure a Digital Multimeter (Keithley 2700) was used.

The resistance variation of the sensors under successive gas exposure will be given as a function of the gas concentration. For the resistive sensor's analysis as presented in the calibration curves, the sensors' responses are represented by their ∆R/R0 values, using the following formula:

∆R/R0 = (RGas -R0)/R0 where ∆R = RGas -R0; this ∆R/R0 value can be also expressed in % by multiplying with a factor 100.

In this formula, ∆R is the resistance variation caused by gas exposure and is defined as the difference between resistance under air zero (R0) and resistance under gas (RGas). The resistance under air zero is calculated by averaging the ten last values of the resistance under recovery while RGas is taken the maximum resistance under gas exposure.

Response time (τresp) is defined as the time needed to reach 90% of the maximum response amplitude while recovery time (τrec) is defined as the time needed to recover 90% of the background signal.

Sensitivity (S) of the sensors is defined as the sensor's response per unit concentration (ppm) detailed in the following formula:

S = ∆R/R0 (%)/Concentration (ppm)
Therefore, for the resistive sensors, the sensitivity is accordingly presented in % /ppm.

For the comparison with other articles, responses can be also expressed in percentage at a given concentration corresponding to ∆R/R0 in % at x ppm as presented in Table 1.

RESULT AND DISCUSSION

From the previous remarks concerning the lack of solubility and infusibility of PANI [START_REF] Tabellout | The influence of the polymer matrix on the dielectric and electrical properties of conductive polymer composites based on polyaniline[END_REF], we have prepared polymer composites based on PANI, PMMA, PS, and MWCNTs. In this synthesis PANI is the principal element, the supporting matrix PMMA/PS blend is supposed to serve as a polymer matrix able to rigidify the sensing structure while keeping the conductive properties of PANI. The MWCNTs are added to ensure good conductivity for the PMMA/PS blends by implementing an additional conducting path.

1. Materials synthesis: importance of the preparation protocol.

PANI has been synthesized using the oxidative method. This conductive polymer is known for its easy synthesis way in which a wide variety of acids such as hydrochloric acid [START_REF] Roy | Investigation on energy storage and conversion properties of multifunctional PANI-MWCNT composite[END_REF][START_REF] Farbod | Electrical properties and glass transition temperature of multiwalled carbon nanotube/polyaniline composites[END_REF], sulphuric acid [START_REF] Pandey | Elucidating the effect of copper as a redox additive and dopant on the performance of a PANI based supercapacitor[END_REF], etc. can be used and several morphologies can be obtained [START_REF] Trchová | Polyaniline: The infrared spectroscopy of conducting polymer nanotubes (IUPAC Technical Report)[END_REF][START_REF] Konyushenko | Polyaniline nanotubes: conditions of formation[END_REF]. In our case, we used sulphuric acid as a dopant and ammonium persulfate as an oxidant to prepare the conductive polymer material and we isolated fiber-like materials as revealed later in the SEM characterization. Afterward PMMA and PS have been synthesized separately and mixed together in a 50%/50% weight ratio forming the PMMA/PS blends. In fact, it has been reported that the PMMA/PS blend in such a ratio allows isolating polymers blends with good tensile strength and electrical properties [START_REF] Rozik | Studies the behaviors of polyaniline on the properties of PS/PMMA blends[END_REF]. As already published, the MWCNTs can bridge the different conducting domains in the matrix [START_REF] Farbod | Electrical properties and glass transition temperature of multiwalled carbon nanotube/polyaniline composites[END_REF]. In other configuration, the incorporation of an optimum quantity of CNT in PANI matrix can even increase mechanical stability by preventing the large volumetric change leading to instability of the layers [START_REF] Roy | Investigation on energy storage and conversion properties of multifunctional PANI-MWCNT composite[END_REF]. As we will see, adding

MWCNTs and the PANI to the polymer mixture has been proven to improve the electrical properties (see electrical characterization). For the following, we have chosen to work with 3.5 % -4 % in percentage weight of fillers corresponding to the concentration below the percolation threshold for PANI [START_REF] Tabellout | The influence of the polymer matrix on the dielectric and electrical properties of conductive polymer composites based on polyaniline[END_REF][START_REF] Rozik | Studies the behaviors of polyaniline on the properties of PS/PMMA blends[END_REF] and MWNTs [START_REF] Ma | Enhanced Electrical Conductivity of Nanocomposites Containing Hybrid Fillers of Carbon Nanotubes and Carbon Black[END_REF] even if a higher percentage of PANI can be found for PANI/MWCNTs composites [START_REF] He | Gas sensors for ammonia detection based on polyanilinecoated multi-wall carbon nanotubes[END_REF][START_REF] Abdulla | Highly sensitive, room temperature gas sensor based on polyaniline-multiwalled carbon nanotubes (PANI/MWCNTs) nanocomposite for trace-level ammonia detection[END_REF].

In both the incorporation of PANI or MWCNTs to the PMMA/PS matrix, the amount of fillers is important but more attention has been put on the preparation protocol ( scheme1). In fact, both PANI and MWCNTs are not soluble in this polymer matrix (PMMA/PS) which means that they cannot build a homogenous and stable film with the polymer matrix. Trying to disperse them by either heating or sonication (protocol 2) has failed since the mixture was unstable: i) the polymer matrix was separated from the PANI+MWCNTs few times after the end of the reaction if heating was chosen, ii) while the PANI+MWCNTs re-aggregate few seconds after the end of the reaction if sonication was chosen. To complete this study, other composites without MWCNTs or with higher MWCNTs contents discussed in this article are also prepared using the same protocol.

Readers can refer to Table S1 in the supporting information file for more information in the composites' preparation conditions.

2. Characterization by IR spectroscopy.

IR spectrum of the PANI-composite is displayed in Fig. 1 and for comparison, the other non-conducting polymers constituting the composite are also presented. For a better analysis of the structure, we first analyzed the PANI itself (black spectrum in Fig. 1) which constitutes the major element in the composite. The presence of strong peaks between 1450 -1530 cm -1 and between 1540-1600 cm -1 is attributed to aromatic ring stretching (C=C) of the benzonoïd and quinonoïd unit in PANI respectively [START_REF] Trchová | Polyaniline: The infrared spectroscopy of conducting polymer nanotubes (IUPAC Technical Report)[END_REF][START_REF] Yakuphanoglu | Electrical and Optical Properties of an Organic Semiconductor Based on Polyaniline Prepared by Emulsion Polymerization and Fabrication of Ag/Polyaniline/n-Si Schottky Diode[END_REF][START_REF] Mazzeu | Influence of reaction time on the structure of polyaniline synthesized on a pre-pilot scale[END_REF][START_REF] Furukawa | Vibrational spectra and structure of polyaniline[END_REF][START_REF] Ping | In situ FTIR-attenuated total reflection spectroscopic investigations on the base-acid transitions of polyaniline. Base-acid transition in the emeraldine form of polyaniline[END_REF].

The fact that the intensity of the quinoïd band at 1600 cm -1 is weaker compared to the benzonoïd band at 1500 cm -1 is confirmation that the emeraldine salt form of polyaniline has lower conjugation as result of acid doping. However, as already mentioned in the previous publications, the band characteristic of the conducting protonated form of PANI is observed at 1243 cm -1 and is assigned to a stretching vibration in the polaron structure [START_REF] Trchová | Polyaniline: The infrared spectroscopy of conducting polymer nanotubes (IUPAC Technical Report)[END_REF][START_REF] Boyer | Vibrational Analysis of Polyaniline: A Model Compound Approach[END_REF]. Other characteristics peaks are also revealed:

out-of-plane and in-plane bending vibrations of C-H are found in the region 750-850 cm - 1 and 1085-1200 cm -1 while C=N and C-N stretching vibrations are localized peaks around 1200 cm -1 -1380 cm -1 [START_REF] Yakuphanoglu | Electrical and Optical Properties of an Organic Semiconductor Based on Polyaniline Prepared by Emulsion Polymerization and Fabrication of Ag/Polyaniline/n-Si Schottky Diode[END_REF]. The peak at 3228 cm -1 is attributed to the N-H stretching. The characteristic band at 1722 cm -1 in the PANI/PMMA/PS/MWCNTs (3.5 wt%) composite is assigned to the C=O stretching modes of vibration of the carbonyl group from the PMMA. The peak at 692 cm -1 is attributed to the presence of PS in the matrix while the larger peak at 748 cm -1 is a superposition of PMMA and PS (from the PMMA/PS blend). It should be noted here that the MWCNTs are not visible since they are embedded in the matrix. The PANI peaks are falling within the region where the PMMA/PS matrix presents strong peaks, and are therefore not easy to be attributed. In the region 2800-3200 cm -1 , we can identify peaks (>3000 cm -1 ) representing both the

SEM analysis.

SEM analysis has been performed on polymer composites used in the sensor devices.

For comparison, PANI has been also characterized by SEM and presented in Fig. 2a. In this figure, the PANI is organized like small fibers but aggregates of non-fibrous morphology were also present in the samples to some extent. Such a morphology has been already observed for PANI synthesized in acidic media [START_REF] Konyushenko | Polyaniline nanotubes: conditions of formation[END_REF][START_REF] Stejskal | Oxidation of Aniline: Polyaniline Granules, Nanotubes, and Oligoaniline Microspheres[END_REF]. The fibers have generally diameters averaging 100 nm but they can collapse and reach larger aggregates (~µm range). In Fig. 2b SEM micrograph of PANI/PMMA/PS/MWCNTs prepared through protocol 2 is shown and we can distinctly identify the polymer matrix and the PANI/MWCNTs islands sitting on its top evidencing an unstable composite. In Fig. 2c the SEM image represents a rather stable film of PANI/PMMA/PS/MWCNTs obtained through the special protocol method alternating heating and sonication. A zoomed image as presented in Fig. 2d allow identifying embedded fibers and wires representing the PANI and MWCNTs. Unlike the image in Fig. 2B, in Fig. 2c and 2d the surface of the composite appears rough and smooth attesting the adequate. In the composite prepared trough protocol 1, the morphology suggests that all elements are present together with PANI and they synergistically act as a unique surface giving rise to a mechanically stable structure. This morphology resembles that from Rozik et al. [START_REF] Rozik | Studies the behaviors of polyaniline on the properties of PS/PMMA blends[END_REF] who evidenced an increase in interaction (leading to a smooth surface) due to the reduction in domain sizes if PANI is added to the PS/PMMA blend. In their work, Rozik et al. [START_REF] Rozik | Studies the behaviors of polyaniline on the properties of PS/PMMA blends[END_REF] explained this result by the role played by pluronic together with PANI acting as a mechanical compatibilizer between PS and PMMA. We can say here that we came to the same result through applying a protocol which plays the role of compatibilizer between PS and PMMA.

A zoom on such surface (Fig. S1) allows seeing also that the MWCNTs are embedded in the PMMA matrix. Even if the PANI looks like islands separated by PMMA/PS blend on the top of the surfaces, electrical connections are ensured by both PANI and MWCNTs into the volume. This will be further confirmed through electrical characterization.

4. Electrical characterization.

For this study, we have chosen to further experiment the PANI/PMMA/PS/MWCNTs composites in which the MWCNTs are 0.7-10% in weight and this corresponds to a PANI weight percentage averaging 3.6%. Fig. 3 represents characteristic curves at room temperature of the composites by varying the MWCNTs amount in the synthesized materials. PANI composites were layered on IDEs to perform current-voltage characteristics. For the electrical characterization, the current-voltage (I-V) characteristics were acquired within the range of -1 V to +1 V. All PANI composites based layers exhibited perfect ohmic behavior. This ohmic behavior clearly indicates that charge carriers are able to flow smoothly between the platinum electrodes through the polymer sensing material network. At higher MWCNTs contains (10%) the resistance was lower but still we conserved an ohmic behavior. But in such a configuration the conductivity was dominated by the MWCNTs part. Up to now and in the following discussion "PANI/PMMA/PS/MWCNTs" denotes the composite in which the MWCNTs are 3.5% in weight and PANI 3.6%. We have chosen to work with such concentration corresponding to the concentration below the percolation threshold for PANI [START_REF] Tabellout | The influence of the polymer matrix on the dielectric and electrical properties of conductive polymer composites based on polyaniline[END_REF][START_REF] Rozik | Studies the behaviors of polyaniline on the properties of PS/PMMA blends[END_REF] and MWNTs [START_REF] Ma | Enhanced Electrical Conductivity of Nanocomposites Containing Hybrid Fillers of Carbon Nanotubes and Carbon Black[END_REF]. At such concentrations of PANI and MWCNTs, we are below the percolation threshold and we have correct resistance value that allow us to further investigate the action of NH3. Working with higher MWCNTs concentrations will lead to films with lower resistance of course but the response will be dominated by the MWCNTs more than the PANI.

It is well accepted that the conduction mechanism in conducting polymers such as PANI is very complex since these materials exhibit a wide range of conductivity from insulator to metallic leading to different mechanisms within different regimes [START_REF] Ahlskog | The temperature dependence of the conductivity in the critical regime of the metal -insulator transition in conducting polymers[END_REF]. To analyze the conduction mechanism, we conducted temperature-dependent currentvoltage characteristics of the PANI-based composites by recording the resistance variation. While most of the studies focus on either higher temperature or lower temperature, for our study, we extend the temperature in both lower and higher temperature regime, i.e. from 180 K to 400 K. Fig. 4 shows the temperature dependence curve of PANI-based composites and for the comparison, we added the corresponding curve for PANI. Both PANI and PANI composites show a non-monotonic resistance variation. In fact, for both materials, the resistance decreases until 325 K for PANI and 380 K for PANI composites and then rises from these temperatures respectively to 460 K. The decrease in resistance in the range 180 K -325 K, for PANI, is more pronounced since the resistance decrease by factor 6.5 more than in the composite where it is only by a factor 1.5 and 2.5 for the PANI/PMMA/MWCNTs and PANI/PMMA/PS/MWCNTs respectively. Overall, the results show that this material and its composites present simultaneously a positive and negative temperature coefficient resistance (TCR) [START_REF] Long | Electronic transport in PANI-CSA/PANI-DBSA polyblends[END_REF]. In such a case it is difficult to find out one model which fits perfectly to explain the resistance evolution.

Such behavior where both the positive and negative variation of the TCR existed simultaneously was already observed in previous studies [START_REF] Kemp | Temperature-dependent conductivity of conducting polymers exposed to gases[END_REF][START_REF] Sixou | Effect of aging induced disorder on transport properties of PANI-CSA[END_REF] involving PANI-CSA (camphor sulfonic acid) or in PANI/PMMA blends [START_REF] Reghu | Transport in polyaniline networks near the percolation threshold[END_REF]. The positive TCR is believed to arise from carriers scattering along the chains by phonons [START_REF] Long | Electronic transport in PANI-CSA/PANI-DBSA polyblends[END_REF] and indicated a metallic nature. Long et al. [START_REF] Long | Electronic transport in PANI-CSA/PANI-DBSA polyblends[END_REF] proposed a mix of metallic and non-metallic conduction mechanisms as responsible for such resistance evolution inversion (positive and negative evolution). The mechanisms associated with this mix are probably the metallic conduction and conduction through a hopping mechanism. Lee et al. [START_REF] Lee | Electrical properties of polyaniline/sulfonated polycarbonate blends[END_REF] have also observed this phenomenon in polyaniline/sulfonated polycarbonate blends. In fact, mixed metallic and non-metallic behavior is often observed as a characteristic of conducting polymers [START_REF] Kaiser | Systematic Conductivity Behavior in Conducting Polymers: Effects of Heterogeneous Disorder[END_REF].

In the temperature range from 180 K to 360 K, the composites films show negative dR/dT indicative of nonmetallic behavior, while in the temperature range 360 K -460 K the films show positive dR/dT indicative of metallic behavior [START_REF] Bekyarova | Electronic Properties of Single-Walled Carbon Nanotube Networks[END_REF]. This confirms a system composed of mixed metallic-nonmetallic character in terms of conductivity.

It is also worth noting that PMMA as an insulating matrix is used here to improve mechanical stability. But besides improving mechanical stability of PANI composites, the PMMA helps also in reducing the barriers to conductivity around the PANI particles and by way enhanced the conductivity [START_REF] Subramaniam | Conductivity and thermopower of blends of polyaniline with insulating polymers (PETG and PMMA)[END_REF][START_REF] Collins | Conductive polymer-coated fabrics for chemical sensing[END_REF]. Kaiser et al. [START_REF] Kaiser | Systematic Conductivity Behavior in Conducting Polymers: Effects of Heterogeneous Disorder[END_REF] have also reported such a phenomenon and noticed that the blends are quite conductive. He explained this by the possibility for PANI to form PANI-rich seams running through the insulating host matrix [START_REF] Kaiser | Systematic Conductivity Behavior in Conducting Polymers: Effects of Heterogeneous Disorder[END_REF]. After this electrical characterization we have found useful to explore the sensing performances associated with these electrical properties.

5.

Sensing performance evaluation.

5. 1

Sensors response to ammonia. For all sensors, the resistance immediately increased up upon exposure to ammonia gas.

While for the PANI-based materials, the sensors more less reach promptly the steadystate, for the PMMA/MWCNTs the steady-state is not achieved. This can be attributed to the absence of PANI which is the most sensitive element in the reaction with ammonia.

During exposure, the NH3 molecules adsorb onto the surface of the PANI composite and react with PANI aggregates via deprotonation and this reaction results in the formation of ammonium ions. Since protonation ensures the doping of the PANI, reaction with NH3 which consumes proton is the reverse reaction i.e. undoping and leads to resistance increase.

Recovery to baseline resistance is only partially attained after the first exposure for the PANI-Based composites. This behaviour can be explained by focusing on the first exposure cycle. In fact, during the first exposure to ammonia gas, the sensor surfaces will offer all available interaction sites. While most of the interactions sites experience reversible adsorption/desorption reactions, some interactions sites are subjected to irreversible chemical reactions (with gaseous species or moisture). These reactions lead to uncompleted desorption during the first sweeping of the sensor surface by purified air. And since those interaction sites (subjected to irreversible chemical reactions) have been mostly involved during the first exposure cycle they are less active in the following cycles. Having a look at Fig. S6 in the supporting information, it should be noted that the sensor seems also to experience baseline resistance variation due to temperature fluctuation which could explain also the baseline drift. However, we have not found a real correlation between temperature fluctuation and the baseline resistance under dynamic exposure/air zero cleaning sequences (see temperature evolution in Fig. 5).

As announced earlier, to improve electrical properties and therefore sensitivity of sensor, multi-walled carbon nanotubes (MWCNTs) are added to the composite. It should be noticed that MWCNTs alone (embedded in PMMA) as presented in Fig. 5a do not display interesting features. In contrast, the presence of PANI, as presented in Fig. 5b-d provided a good and stable response. This means that PANI itself in these composites plays an important role in the detection of ammonia. In fact, as already observed and reported, PANI is well suited for the detection of ammonia. An example of ammonia detection using only PANI is shown in Fig. S3a where the sensor response gives a linear feature the second portion can be attributed to a sort of saturation when NH3 concentrations is laying in the higher concentrations range.

5. 2

Humidity effect on the NH3-sensing and cross sensitivity of the composite.

Fig. 7 shows the humidity responses of PANI composites exposed to 300 ppm of NH3 while varying the relative humidity (RH) from 10 to 70%. For clarity, the results of PANI itself are also incorporated for the discussion. The effect of humidity is attributed to the proton exchange mechanism between the polymer and the adsorbed water vapor on the surface. In fact, upon ammonia exposure in humid conditions, there is a competition between H2O and NH3 to interact with proton on the surface of polyaniline.

This transfer competition can be described by the following acid-base reactions [START_REF] Jain | Humidity sensing with weak acid-doped polyaniline and its composites[END_REF]:

PANI-NH + + NH3 ↔ PANI + NH4 + (Eq. 1)

NH2 + + H2O → NH + H3O + (Eq. 2)
The first equation consists of a proton consuming from the PANI (-NH + ) matrix and gives rise to resistance increase i.e. conductivity decreases while the second equation is a proton release from the leuco-emeraldine (-NH2 + ) salt and gives rise to conductivity increase [START_REF] Jain | Humidity sensing with weak acid-doped polyaniline and its composites[END_REF]. In this figure, we can see that, apart from PANI that experience an increase of the responses until 50% of relative humidity, for all the other displayed sensors, the responses slightly increase until 40% of relative humidity. Above 40% of RH for PANI/PS, and above 50% for PANI, the responses decrease while the PANI/PMMA/PS/MWCNTs composite tends to stabilize until higher humidity levels. The increase of the response within 10-40% of RH is attributed to a combined action of NH3 (deprotonation = resistance increase) on the PANI and swelling (reduction of the conduction path) of the polymer matrix with a domination of the equation 1. After 40% of RH, the response of the PANI/PS composite and PANI decreases continuously as the relative humidity increases. In this case, even if deprotonation by NH3 and the swelling (leading both to increase of the resistance) are important, the resulting resistance increase is counterbalanced by the resistance decrease as a result of the transformation from the leuco-emeraldine salt (proton release) as given in equation 2 and gives rise to a conductivity increase. This means that even if the two reactions are in competition, at a higher level of humidity the equation 2 should dominate and is certainly favored by the H2O introduction.

The result can be surprising for PANI/PS since PS is known for its hydrophobicity. However looking at the SEM picture where the PS forms sphere-like particles with PANI, we can imagine that the sensor films does not form a compact film and that PANI is not well embedded into the PS matrix to form a stable film which can limit the humidity action. This is further confirmed by the evolution of the response upon increasing the humidity in Fig. 7. For PANI/PMMA/PS/MWCNTs composite the response is relatively stable at higher humidity level showing an acceptable behavior to humidity action. This is the result of the stable film in which swelling is limited. We can see that, while the sensor response of PANI/PMMA/PS/MWCNTs tends to stabilize as the relative humidity increases, it continues decreasing for PANI alone, leading to a loss in the response. For the PANI/PMMA/PS a dramatic loss of sensitivity has been observed to that point that the sensor was even not usable after this experiment. It should be noted also that upon diffusion of NH3 molecules into the polymer, the conduction paths can be hindered by swelling and this will result on the loss of electrical properties. Humidity influence on PANI has been reported in early studies in which authors have shown that the presence of water molecules enhance the conductivity of PANI [START_REF] Nagaraju | Humidity Sensing Properties of Surface Modified Polyaniline Metal Oxide Composites[END_REF][START_REF] Taka | Humidity dependency of electrical conductivity of doped polyaniline[END_REF].

Having a look at the transient resistance response of the composite (Fig. S4 in the supporting information) allows seeing that the incomplete recovery is less accentuated in humidified conditions. As we already mentioned in section 3.5.1, some interactions sites are subjected to irreversible chemical reactions (with gaseous species or moisture).

In humidified conditions, the film is less moisture sensitive since the chamber is saturated with water molecules. Therefore, the sensor baseline is less sensitive to incomplete recovery. We have also observed that the response time under ammonia exposure in a humid environment was slightly higher than in dried condition (see the following section). The response time and recovery time at 30% RH under 300 ppm NH3, for example, were estimated to 360 sec and 690 sec respectively. This increase in kinetics of adsorption and desorption is also attributed to the competition between NH3 and water.

5. 3

Sensor performance in the lower concentration range: stability, repeatability and cross sensitivity of the composite.

As the sensor response gives a linear response in the range under 200 ppm as displayed in the calibration curve of Fig. 7, we focus on the lower concentration range to study the performances of the PANI/PMMA/PS/MWCNTs as being the most sensitive sensors over all the composites. In this experiment, we performed gas sensing exposures between 5 and 20 ppm and we also tested the stability and repeatability of the composite in this same range. The results are presented in Fig. 8. An example of sensor response to ammonia exposure (sequence A) for the composite PANI/PMMA/PS/MWCNTs is given in Fig. S5 in the supporting information. We can see in Fig. 8 that the sensor presents very good stability after 4 sequences of increasing and decreasing concentration. The responses are quite repeatable independently of the exposure sequences. This stability of the sensor (PANI/PMMA/PS/MWCNTs) and the repeatability of its response is of course attributed to the presence of PANI and MWCNTs but also to the mechanical stability provided by the presence of PMMA and PS [START_REF] Lenis | Mechanical Stability of Polystyrene and Janus Particle Monolayers at the Air/Water Interface[END_REF][START_REF] Zhu | Thermal stability and flame retardancy of poly(methyl methacrylate)-clay nanocomposites[END_REF][START_REF] Manikandan Nair | Thermal and dynamic mechanical analysis of polystyrene composites reinforced with short sisal fibres[END_REF][START_REF] Çaykara | UV degradation of poly(methyl methacrylate) and its vinyltriethoxysilane containing copolymers[END_REF]. The PANI/PMMA/PS/MWCNTs presents a sensitivity of 162 kΩ/ppm (corresponding to 5%/ppm) within the 5 -20 ppm range with a limit of detection (LOD) (using the 3S method: LOD=3xSD/slope; SD: standard deviation) averaging 830 ppb. The response time and recovery time at 20 ppm were estimated (from Fig. S5) at 270 sec and 630 sec, respectively.

Besides sensitivity, selectivity or cross-sensitivity is also an important parameter for checking the performance of gas sensors. Therefore the cross-sensitivity of the PANI/PMMA/PS/MWCNTs composite has also been investigated and the result presented in Fig. 9. benzene and toluene). The sensor film exhibits clearly a partial selective response for ammonia and negligible response toward a higher concentration of other volatile organic compounds (benzene and toluene). For the other interfering gases, H2S and NH3, they can potentially interfere with ammonia in the lower concentration range only if their concentration is higher than the reported (> 60 ppm for H2S, and > 75 ppm for CO). We have also tested the PANI-PMMA-PS-MWCNT composite, to nitrogen oxide (NO2) which is a strong oxidizing gas. However the results (Fig. S7 in the supporting information) seem to confirm a very weaker sensitivity and the resistance variation are difficult to calculate to be include here. However, globally, the composite sensor presents a higher sensor response compared to interfering gases.

Finally, the PANI-PMMA-PS-MWCNT composite is compared to other PANI-based composites able to detect NH3. The results are gathered in Table 1, and for the clarity, we delimitated the comparison with composites (PANI /polymers) or hybrids (PANI /CNTs) materials that fit best to our example. We can depict from this table that our composite presents very good performances compared to the already published works in this field of PANI-based composite sensors. In both the response time and recovery time as well as responses in the lower concentration range, we present acceptable performances. In this table, the term "response (%) at x ppm" means the response calculated as ∆R/R0 (given in %) at x (given concentration value) in ppm. [START_REF] Zhang | High-sensitivity gas sensors based on arranged polyaniline/PMMA composite fibers[END_REF]. However, having a look at the morphology of the align polyaniline/PMMA [START_REF] Zhang | High-sensitivity gas sensors based on arranged polyaniline/PMMA composite fibers[END_REF] allows seeing that in this case, the polymer matrix is a fiberslike structure that ensures a clear gain in the surface area giving rise to higher sensitivity and rapid kinetics. This is not the case in our film composite forming a smooth surface on which fibers are embedded. Such a surface state (with fibers embedded on the polymers) does not favour gain in surface area. However, our composite with response averaging 134% for 20 ppm, demonstrated better response for the detection of ammonia than that of sensors prepared using conventional mixing synthesis procedure [START_REF] He | Gas sensors for ammonia detection based on polyanilinecoated multi-wall carbon nanotubes[END_REF][START_REF] Zhang | High-sensitivity gas sensors based on arranged polyaniline/PMMA composite fibers[END_REF][START_REF] Yang | Environmental responses of nanostructured polyaniline films based on polystyrene-polyaniline core-shell particles[END_REF][START_REF] Lobotka | Thin polyaniline and polyaniline/carbon nanocomposite films for gas sensing[END_REF][START_REF] Anwane | Electrospun Poly(methyl Methacrylate)/Polyaniline Blend Nanofibres with Enhanced Toxic Gas Sensing at Room Temperature[END_REF][START_REF] Li | Electrospun Polyaniline/Poly(ethylene oxide) Composite Nanofibers Based Gas Sensor[END_REF] where responses are 100% at 75 ppm for PANI/MWCNTs, 200% at 100 ppm for PANI/PS, and 600% at 100 ppm PANI/PEO.

For the response and recovery time, PANI/MWCNTs [START_REF] He | Gas sensors for ammonia detection based on polyanilinecoated multi-wall carbon nanotubes[END_REF] and PANI/PMMA [START_REF] Anwane | Electrospun Poly(methyl Methacrylate)/Polyaniline Blend Nanofibres with Enhanced Toxic Gas Sensing at Room Temperature[END_REF] in this table present better values than our composite. This is partly explained, in the case of PANI/MWCNTs [START_REF] He | Gas sensors for ammonia detection based on polyanilinecoated multi-wall carbon nanotubes[END_REF], by the in-situ polymerization method which allows to perfectly cover the MWCNTs surfaces and ensuring rapid kinetics. While for the PANI/PMMA [START_REF] Anwane | Electrospun Poly(methyl Methacrylate)/Polyaniline Blend Nanofibres with Enhanced Toxic Gas Sensing at Room Temperature[END_REF], even if the synthesis procedure based on electrospinning and in situ polymerization allows to get stable structure, the operating temperature at 42° C can explain the rapid kinetics. It would be interesting to evaluate the sensing performance under a humid environment, unfortunately, its influence on the sensors has not been reported in these studies [START_REF] He | Gas sensors for ammonia detection based on polyanilinecoated multi-wall carbon nanotubes[END_REF][START_REF] Zhang | High-sensitivity gas sensors based on arranged polyaniline/PMMA composite fibers[END_REF][START_REF] Yang | Environmental responses of nanostructured polyaniline films based on polystyrene-polyaniline core-shell particles[END_REF][START_REF] Lobotka | Thin polyaniline and polyaniline/carbon nanocomposite films for gas sensing[END_REF][START_REF] Anwane | Electrospun Poly(methyl Methacrylate)/Polyaniline Blend Nanofibres with Enhanced Toxic Gas Sensing at Room Temperature[END_REF][START_REF] Li | Electrospun Polyaniline/Poly(ethylene oxide) Composite Nanofibers Based Gas Sensor[END_REF]. The performance of our sensors in the lower detection region, below the TLV for long and short term exposure, associated with the linearity of the calibration curve and the stability in a humid environment is clearly promising issues for future applications.

5. 4

Long-term stability studies of the PANI-PMMA-PS-MWCNT composite.

Besides sensing performance studied above, long-term stability is another important parameter for checking the performance of gas sensors. The long-term stability of the composite sensor has been evaluated through analyzing the resistance variation under ammonia gas from 600 ppm to 50 ppm. To this end, six similar cycles of exposure have been made within 4 weeks. Fig. 10 shows the results of this study and the corresponding responses are given in Fig. S8 in the supporting information. The analysis of the response evolution along the exposure cycles underlines acceptable long-term stability at lower concentration (< 300 ppm) while at the higher concentration (> 300 ppm) a slight deviation is observed. However, we can notice that the sensor responses globally satisfy the long-term stability tests. This observation is an important point showing that apart from the good result in a humid environment, the composite film also satisfies long-term stability making this material and the synthesis way a prominent way for our future application. As we have seen in this study the lower the concentration used the more reliable the response in the long-term period.

Therefore, we can assume that long-term stability might be improved if the sensors are exposed only to a lower concentration range. It is also worth noting that with this study, the repeatability of sensor response can be once more evidenced.

Even if adding other polymers to PANI is a good way to realize sensitive and stable films in humid environment, the right combination of these elements with a filler such as MWCNTs is essential. However, using a specific synthesis protocol seems to play a crucial role for the formation of sensitive and stable sensor film while keeping the role of PANI in the composite.

Conclusion

In this paper, we have prepared PANI composites based on the use of PMMA and PS blends. The addition of MWCNTs to this matrix has shown that these later are able to improve the conductivity of the composites by creating a conduction path through the polymer matrix. The presence of PS/PMMA improves mechanical stability while simultaneously limiting the humidity action. It comes out that the PANI/PMMA/PS/MWCNTs presents the best sensor performances for NH3 detection over all the composites. Furthermore, it presents very good stability and repeatability.

The PS-PMMA-MWCNT-PANI composite presents a lower detection limit averaging 830 ppb and shorter response time and recovery time at 20 ppm averaging 270 sec and 630 sec respectively. The success of this preparation is attributed to the synthesis way which alternates heating and ultrasonic treatment. The good sensor performances recorded are attributed to the combined action of all the elements composing this composite and the stability in a humid environment is a result of such synergetic effect. 

Scheme 1 :

 1 Scheme 1: Preparation details showing the specific synthesis protocols leading to the formation of PANI composites. Therefore we apply a special protocol mixing these two procedures in an alternating way (protocol 1). Therefore, to the polymer mixture (PMMA/PS), we have added MWCNTs (3.5 wt%) and PANI (3.6 wt%) following the protocol 1 alternating heating and ultrasonic treatment to ensure a good dispersion of the filler (PANI or/and MWCNTs) into the matrix as presented in Scheme 1 and later in Fig. 2 (C and D). The PANI+MWCNTs are dispersed and debundled through sonication while heating under stirring speeds up the polymerization and ensures the homogeneity. Alternating these two steps guarantees the stability and homogeneity of the blends as we will see in the SEM and IR characterizations. While the protocol 2 leads to unstable composites (see Scheme 1 and later Fig 2 B), protocol 1 has been evaluated as fitting perfectly to the synthesis of polymer blends associating different components.

Fig. 1 :

 1 Fig. 1: FTIR spectra of composite PANI/PMMA/PS/MWCNTs (MWCNTs 3.5 wt%), PMMA, PS, and PANI.

Fig. 2 :

 2 Fig. 2: SEM images of a) pure PANI, b) composite (MWCNTs 3.5 wt%) prepared by protocol 2, c) composite (MWCNTs 3.5 wt%) prepared by protocol 1, and d) a zoom on the composite prepared by protocol 1.

Fig. 3 :

 3 Fig. 3: I-V Electrical characteristics of composite (PANI/PMMA/PS/MWCNTs) with different MWCNTs contents 0.7 wt% (green), 3.5 wt% (black), 7 wt% (blue), and 10 wt% (red) at room temperature (~28°C).

Fig. 4 :

 4 Fig. 4: Temperature dependence of the resistance for both PANI and PANI composites.

Fig. 5

 5 Fig. 5 presents the typical response-recovery characteristics recorded at room temperature for PANI-based composites upon exposure to different concentrations of NH3 ranging from 50 to 600 ppm. For comparison, the data corresponding to PMMA/MWCNTs ( for the 10 wt% contents, but lower concentrations MWCNTs (7 wt%) are given in Fig. S2 in supporting information for more details), PANI/PS and PANI/PMMA/PS from 100 to 600 ppm are also displayed.

Fig. 5 :

 5 Fig. 5: Sensor response recorded at room temperature (~28°C) and RH of 4%: for (a) PANI/MWCNTs, (b) PANI/PS, (c) PANI/PMMA/PS and (d) PANI/PMMA/PS/MWCNTs towards ammonia gas (50-600 ppm).

  (see supporting information). The importance of PANI is confirmed through Fig.5band 5c where a sensitive and reversible signal is obtained for PS/PANI and PS/PMMA/PANI. To understand the role played by both PANI and MWCNTs when embedded in a PS/PMMA polymer matrix we can focus on Fig.5d. Here again, we observed a sensitive and reversible signal with a larger resistance variation compared to the previous examples. This improvement is attributed to the presence of MWCNTs which combined to the PANI allow increasing the conduction path through the insulating matrix. Working with this concentration of MWCNTs (3.5 wt%) is an optimum since the composite where the MWCNTs contain is higher (7 wt%) present lower response (see Fig.S3bin the supporting information).

Fig. 6

 6 Fig. 6 represents the calibration curves for PANI composites. In this figure, the responses are given as relative resistance variation (∆R/R0) (∆R) (but responses in the form of relative resistance given in is available in Fig. S4 in the supporting information). For clarity, the calibration curves of PMMA/MWCNTs and PANI/PMMA/MWCNTs are not represented. Here again the PANI/PMMA/PS/MWCNTs present the most important slope confirming the best performance of this composite.

Fig. 6 :

 6 Fig. 6: Calibration curves for PANI/PS, PANI/PMMA/PS and PANI/PMMA/PS/MWCNTs as function of NH3 concentration, measured at room temperature (~28°C) and RH of 4%.

Fig. 7 :

 7 Fig. 7: Sensors responses to 300 ppm of NH3 exposure at various relative humidity percentage for PANI composites and PANI measured at room temperature (~28°C).

Fig. 8 :

 8 Fig. 8: Sensor response to four sequences of exposure of NH3 in the lower concentration range (5 -20 ppm) for the PANI/PMMA/PS/MWCNTs composite, measured at room temperature (~28°C) and RH of 4.5%.Here we performed sequences by increasing the NH3 concentration (5-->10-->15-->20 ppm: sequences A and C) and by decreasing the NH3 concentration in a disordered way (20-->10-->15-->5 ppm: sequences B and D) to check the linearity and hysteresis.

Fig. 9 :

 9 Fig. 9: Selectivity histogram of composite film sensor (PANI/PMMA/PS/MWCNTs) toward different gases at room temperature (~28°C) and RH of 4.5%.

Fig. 9

 9 Fig. 9 shows the cross-sensitivity histogram of the composite film toward different gases (carbon monoxide (CO), hydrogen sulfide (H2S), ammonia (NH3),

Fig. 10 :

 10 Fig. 10: Sensor response to many cycles of exposure of NH3 (50 -600 ppm) for the PANI/PMMA/PS/MWCNTs composite, measured at room temperature (~28°C) and RH of 4.5%.
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 4 Fig. 4: Temperature dependence of the resistance for both PANI and PANI composites.
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 597 Fig. 5: Sensor response recorded at room temperature (~28°C) and RH of 4%: for (a) PANI/MWCNTs, (b) PANI/PS, (c) PANI/PMMA/PS and (d) PANI/PMMA/PS/MWCNTs towards ammonia gas (50-600 ppm).Fig. 9: Calibration curves for PANI/PS, PANI/PMMA/PS and PANI/PMMA/PS/MWCNTs as function of NH3 concentration, measured at room temperature (~28°C) and RH of 4%. Fig. 7: Sensors responses to 300 ppm of NH3 exposure at various relative humidity percentage for PANI composites and PANI measured at room temperature (~28°C).
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 10910 Fig. 10: Sensor response to four sequences of exposure of NH3 in the lower concentration range (5 -20 ppm) for the PANI/PMMA/PS/MWCNTs composite, measured at room temperature (~28°C) and RH of 4.5%. Fig. 9: Selectivity histogram of composite film sensor (PANI/PMMA/PS/MWCNTs) toward different gases at room temperature (~28°C) and RH of 4.5%. Fig. 10: Sensor response to many cycles of exposure of NH3 (50 -600 ppm) for the PANI/PMMA/PS/MWCNTs composite, measured at room temperature (~28°C) and RH of 4.5%.

/PMMA/PS/MWCNTs composites: In

  

	a flask, 1ml of PMMA/PS in
	acetone is sonicated for 20 minutes at room temperature. The resulting PMMA/PS
	foamy polymer is then collected and the MWCNTs-OH solution (1 mg MWCNTs-OH
	dispersed in acetonitrile) corresponding to 0.7% weight (MWCNTs) were injected into
	the polymer solution under sonication. For electrical optimization the filler (MWCNTs)
	content in weight percentage into the polymers blend (PMMA/PS) was varied at 3.5%
	(4.7 mg of MWCNTs), 7% (10 mg of MWCNTs) and 10% (15 mg of MWCNTs). The
	resulting grey/black mixture is sonicated during 15 minutes and 5 mg of PANI
	(dispersed in acetonitrile) is carefully injected to the mixture under sonication and
	further 15 minutes of sonication is performed. This corresponds to approximately 3.3-
	3.8% weight of PANI in the composites. The resulting mixture is then heated at 90 °C for
	10 minutes and results in a viscous green mixture. This later is then sonicated and
	heated in an alternating way to ensure good dispersion (protocol 1 in Scheme 1).

Table 1 : Comparison of the composite sensor performance to other PANI blends-based sensors for NH3 detection.
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		Detection	Response (%) at	Sensitivity	τ resp	τ rec	RH (%)	
		range	x ppm	(%/ppm)	(sec)	(sec)		Reference
		(ppm)						
	PANI/MWCNTs	0.2 -150	100% at 75 ppm	NA	22	202	NA	[20]
	PANI/MWCNTs	0.5 -290	320% at 100 ppm	0.9	1200	2400	NA	[78]
	PANI/PMMA	1-100	550% at 30 ppm	27	200	300	NA	[34]
	PANI/PMMA	800-2400 11% b) at 800 ppm	27.8 c)	22	400	NA	[79]
	PANI/PS	100 a)	200% at 100 ppm	NA	600	NA	NA	[35]
	PANI/PEO	0.5 -100	600% at 100 ppm	NA	420 -1020 300 -1080	NA	[80]
	PANI/PMMA/PS/	1 -20	134% at 20 ppm	5	270	630	10-70	This work
	MWCNTs							
	a) Exposure at 100ppm; b) response given as R/R0 ; c) sensitivity at 42 °C; NA: not

Available

In this table, the polyaniline/PMMA present sensitivity of 27%/ppm compared to 5%/ppm for our composite

Table 1 : Comparison of the composite sensor performance to other PANI blends-based sensors for NH3 detection.
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