Uncertainties in the last digit(s) of the parameter are given in parentheses. * Samples obtained by melt quenching ** Samples obtained by mechanical milling
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Monitoring the quality of water, air and soil has become indispensable in a modern society where environmental monitoring is generally the first pillar of environmental management policies for chronic risks and accidental risks to the environment. Therefore, and in this area of environmental monitoring, monitoring the level of heavy metals (e. g., mercury, cadmium, tellurium, etc.) is very important because there is a direct impact on public health. The fact that heavy metals are not biodegradable makes metal pollution of water, for example, a major problem. In this regards, one of these heavy metals, known to be the most dangerous from an environmental and health point of view, is lead.

The sources of lead emissions vary from country to country. For example, a source of lead emissions in the Dunkirk region is the steel industry, which uses about fifteen ores that are all leaded. In a country like Lebanon (my home country), and as a direct result of burning waste, the concentration of heavy metals such as lead, cadmium, manganese, titanium, chromium and arsenic increased by 98-144% in later years. A report (2016) by the Agricultural Research Institute show the real crisis of water resources in Lebanon, as the water from rivers that flow into the sea contains mercury, lead, copper, arsenic and nitrogen. For these reasons, and for both Dunkirk region and Lebanon, it is imperative to continuously monitor (i) the concentration of lead in the aquatic environment and (ii) the releases of lead into the atmosphere. One of these ways to achieve that, is the development of new sensors that are always more efficient. Hence, the current research work (Ph.D. subject) responds to a real societal demand and is as such cofunded by two universities ULCO (Dunkirk, France) and Lebanese University (Beirut, Lebanon).

In this context, the « Glasses and Sensors » team of the Laboratory of Physico-Chemistry of the Atmosphere (LPCA), located in one of the most industrialized regions of Europe and its Lebanese partners of the Laboratory of Materials, Catalysis, Environment and Analytical Methods (MCEMA) set out to develop potentiometric chemical sensors with chalcogenide glass membranes for the detection of lead in aqueous medium. These glasses are very promising materials as sensitive membranes in ISE (ion selective electrode) application. For this reason, during several years, one of the main activities of our team at LPCA was focused on developing potentiometric chemical sensors with membranes based on chalcogenide glasses to detect heavy metal ions (Hg 2+ , Cu 2+ , Cd 2+ and Tl + , etc.). Therefore, this thesis work represents a scene of an environmental theme where fundamental research which will be carried out on lead doped chalcogenide glasses is of great scientific interest. The development of new, more efficient sensors, in this case dedicated to lead, requires a determination of the relationships between the composition, the structure, and the ionic and/or electronic transport properties in the solid material. To this end, this thesis is made up of 4 chapters:

In this chapter, we present some generalities on glasses and specifically chalcogenide glasses (history, potential applications, etc.). The synthesis of (i) the quasi-binary PbS-As2S3 glass system along with selected crystals of the Pb-As-S crystalline counterpart (dufrénoysite Pb2As2S5, baumhauerite Pb5As9S18 and sartorite PbAs2S4) and (ii) the pseudo-ternary AgI-PbS-As2S3 system (series-A; series-B series-C) has been described. Macroscopic properties including density, mean atomic volume and thermal properties have been presented and discussed.

It is related to the electrical conductivity of the PbS-As2S3 system, the Pb-As-S crystals (Pb2As2S5, Pb5As9S18 and PbAs2S4), the annealed glasses yielding glassy/crystalline alloys and finally the AgI-PbS-As2S3 ternary system. These studies were performed using dc conductivity measurements and complex impedance spectroscopy. The results obtained through these measurements are discussed and analyzed in order to make certain hypotheses about the transport mechanisms within these vitreous materials. This part covers the structural analysis of the PbS-As2S3 and AgI-PbS-As2S3 glass systems.

Raman measurements were employed for both systems. For the primary, DFT modeling of binary Pb-S and ternary As-Pb-S size limited clusters was carried out to allow a reliable interpretation of the observed spectra. High energy X-ray and neutron diffraction measurements were only conducted for the quasi-binary PbS-As2S3 system and RMC/AIMD modelling of diffraction data of the equimolar (PbS)0.5(As2S3)0.5 composition was performed to further clarify the structural aspects at the short-and intermediate-range orders.

In this final chapter, lead doped chalcogenide glass compositions, in the pseudo-ternary (AgI)x(PbS)y(As2S3)z, were examined as active membrane materials for the construction of Pb(II)-ISE (ion-selective sensors). For the fabricated sensors, several key analytical parameters were investigated to evaluate the different glass compositions as active membranes in Pb(II)-ISE, including detection limit, sensitivity, linearity, ionic selectivity (in the presence of K + , Na + , Ni 2+ , Ca 2+ , Cd 2+ , Cu 2+ and Hg 2+ interfering cations), reproducibility and optimal pHrange.

I.1 Generalities on glasses

The history of glasses is an old one. It is thought that the earliest man-made glass was obtained about 4000 years ago in ancient Egypt, possibly in a fire for baking earthenware pots. However, in the earliest times of world history, nature has also made glasses, but in violent fury; the volcanic outflow of the molten magma from the bowels of the earth get cooled and formed glasses. For example, obsidian glasses, volcanic alumino-silicate glasses containing oxides of Na, Ca, K, Fe and traces of Mn, are millions of years old and most of them have crystallized during the history of earth's harsh and changing weather [1].

The Scientific understanding of glasses is very new. The studies began with Faraday and others at the beginning of the nineteenth century. Therefore, Glass can be defined as an amorphous solid with no regularity in the arrangement of the atoms in its structure [2], [3] Figure I.1. In addition, the American Society for Testing Materials (ASTM) defined the glass as an inorganic product of fusion which has been cooled to a rigid condition without being crystallized.

Consequently, it undergoes a second-order transition at the so-called glass transition temperature Tg, Figure I.2. This transition temperature corresponds to the accessibility of new configuration energy states; it marks the onset of softening and is accompanied by an increase in the thermal expansion coefficient and the heat capacity. Thereby, its thermal behavior could be described by the fundamental changes in physical properties such as the specific volume, enthalpy and electrical and thermal conductivities. The constituents of glass can be broadly divided into three categories: network formers, network modifiers, intermediate compounds and doping salts [4].

A. Network formers

The network formers are elements that, once cooled, tend to form glasses easily; they form a highly cross-linked network (e.g. mono-, bi-or three-dimensional network) of chemical bonds and constitute the bulk of the glass. Examples of networks formers include oxides or chalcogenides of silicon, boron, phosphorus, germanium or arsenic.

B. Network modifiers

The network modifiers, usually added to glass in small quantities, are used to fine-tune the 

C. Intermediate compounds

Depending on the glass composition, intermediates (e.g. titanium, zinc tantalum, or aluminium oxides or chalcogenides) can act behave either as the network formers or the network modifiers.

The intermediate compounds are usually oxides or chalcogenides. They are incorporated into the former's network changing, therefore, its structure.

D. Doping Salts

The doping salts comprise compounds such as halides, phosphates, or sulfates with the same cation as the modifier. For these components, the vitreous matrix (network former + network modifier) acts as a solvent. The choice of the doping salts to be added is related to the desired property/application. 

I.2 Chalcogenide glasses ChGs I.2.1 History and generalities

Chalcogenide glasses are the result of the research work related to transparent materials in the infrared region. The first known work on ChGs occurred in the early fifties and focused on glasses containing amorphous selenium, arsenic sulphide and arsenic selenide [5]- [8]. The research in this domain continued and involved elements such as germanium, phosphorus, tellurium and antimony [9]- [11]. Borisova in 1981 published the first review book entirely dedicated to Chalcogenide materials with the title of "Glassy semiconductors" [12].

Chalcogenide glasses, which are among the technologically very important materials, are compounds formed primarily from chalcogen elements of group VIA such as sulphur (S), selenium (Se) or tellurium (Te). They can be mixed with one or more elements from other groups of the periodic table such as elements of group VA {Arsenic (As), Antimony (Sb), This considerable glass forming capability with many elements of the Periodic Table makes it possible to vary the composition of chalcogenide glasses over a wide range, resulting in changes in physical and chemical properties. As such, ChGs come in a variety of colours that depend on their chemical constituents, ranging from partially transparent to completely opaque. In contrast with silica, for example, which is predominantly a passive material, chalcogenides exhibit active properties and are highly nonlinear. In addition, they are glassy semiconductors, which give them interesting electrical properties.

I.2.2 Potential applications

Due to the considerable ability to be doped with a large number of elements of the periodic table, mentioned earlier, chalcogenide glasses are considered as suitable model materials to verify theories of glass formation, network rigidity, ionic and electronic transport in disordered systems, etc. [13]- [15]. They appear to be suitable for various solid-state devices and a large number of advanced applications, Figure I.5. Owing to their unique low phonon energy (200-300 cm -1 ), high transparency in the near-and mid-infrared, high photosensitivity under laser beam, they have been used in many optical applications such as fibers [16], waveguides [17], [18], and solar cells [19]. In addition, the chalcogenide glasses show the largest non-resonant third-order non-linear susceptibility among inorganic glasses [20], [21], therefore they have been extensively investigated for telecommunication applications. They are also used in the field of environmental monitoring and industrial process control as sensible membranes in ion selective electrodes (ISE) for the detection of heavy metal (Cu 2+ , Pb 2+ , Cd 2+ , Zn 2+ , Ag + ) and toxic anions in solution [22]- [28]. The low detection limit and selectivity, long-life time, and fast response of the chalcogenide glasses make them commercially more favorable than the available sensors [29]. In addition, the high ionic conductivity obtained after doping the glasses with lithium or sodium ions permits their use as vitreous electrolytes for all solid-state batteries in rechargeable power systems [30], [31]. 

I.3 Presentation of the different systems studied

The work of this thesis is mainly focused on the synthesis and characterization of sulfur-based glasses for the application of active membranes in lead (Pb) potentiometric chemical sensors.

To achieve our target, we decided to work with two systems: the quasi-binary PbS-As2S3 and the pseudo-ternary AgI-PbS-As2S3. The basic and electronic properties of the PbS-As2S3 glasses were studied in the past [32]- [34], however, the relationship between the glass and crystal characteristics have not been established. Hence, the novelty in this work would be to (1) compare the glass-forming domain in the pseudo-binary system obtained by usual meltquenching and mechanical milling and (2) analyse the macroscopic and electrical glass properties in comparison with their crystalline counterparts: PbAs2S4, Pb5As9S18 and Pb2As2S5, and the annealed glasses yielding glassy/crystalline alloys. To our knowledge, the pseudoternary AgI-PbS-As2S3 is being studied for the first time. Here, our objective would be (1) to synthesize and identify the vitreous domain and (2) to examine the macroscopic, electric and structural characteristics. Furthermore, the mixed lead/silver chalcogenide glasses were examined as active membrane materials for the construction of Pb(II) ion-selective sensors, Pb(II)-ISE. The choice of this later system can be justified by 3 factors: (1) the arsenic sulfide As2S3 glasses act as network formers, (2) the silver iodide AgI has excellent ionic conductivity and a good conduction is a necessary condition for a proper functioning of the developed sensors and (3) lead sulfide PbS allows both the integration of Pb 2+ ions in the vitreous system and the ionic exchange with the aqueous solution.

I.4 Synthesis of chalcogenide glasses I.4.1 Synthesis techniques

Two different methods were employed in the synthesis of our chalcogenide glasses: (1) the classical melt quenching technique and (2) the mechanical milling technique. (1) For the classical synthesis technique, the experimental setup used during synthesis is shown in Figure I.6. It is composed of different parts:

➢ A vacuum pump to reach a vacuum of 10 -5 -10 -6 mbar.

➢ An impurities trap cooled with liquid nitrogen to protect the vacuum pump against the fumes produced from the various elements and to avoid the contamination of the ambient atmosphere.

➢ A well cleaned silica tube to which the high purity starting materials were introduced.

The tubes were first cleaned with an aqua regia (a mixture of acids: 1 3 ⁄ HNO3 and 2 3 ⁄ HCl) for several hours, then rinsed with water and alcohol and finally dried in the stove. (2) For the mechanical milling technique, the glasses were prepared using a planetary micro-mill Pulverisette 7 premium line (Fritsch GmbH, Germany). The starting materials were milled using a zirconia jar and ZrO2 grinding balls under argon atmosphere (Figure I.7).

I.4.2 Glass synthesis: PbS-As2S3 and AgI-PbS-As2S3 systems

As mentioned before, the melt-quenching method in evacuated silica tubes was employed for the synthesis of bulk lead thioarsenate (PbS)x(As2S3)1-x alloys, 0.0 ≤ 𝑥 ≤ 0.7. To this end, lead sulphide PbS (Sigma-Aldrich 99.9%) and arsenic sulphide As2S3 were mixed in appropriate quantities. As2S3 was prepared using arsenic pieces (99.9999% pure, Cerac) and sulphur pellets (99.999% pure, Acros Organics) and the obtained melt was air quenched from 650 °C to room temperature to obtain the red colored glass. The silica ampoules (8 mm ID/10 mm OD) containing the mixture were heated for 24 h at 600-650 °C before being quenched in a cold salt-water mixture, Figure I.8. Each sample composition prepared had a mass of 3 g. The same procedure was employed for the synthesis of the pseudo-ternary AgI-PbS-As2S3 glasses. The starting materials were silver iodide AgI, PbS and As2S3. However, the heat temperature applied for homogenization was 700-750 °C depending of the alloy composition.

The mechanical milling technique (MM) was also employed for the synthesis of MM-(PbS)0.6(As2S3)0.4 and MM-(PbS)0.7(As2S3)0.3 samples. In each case, 3 g of starting materials

were milled using the planetary micro-mill Pulverisette 7 premium line (Fritsch GmbH, Germany) under argon atmosphere. The mixtures were milled using a zirconia jar (45 mL) and ZrO2 grinding balls (23 balls with 10 mm in diameter) at a speed of 320 rpm for 50 hours.

I.4.3 Crystal synthesis: Pb-As-S system

Three different crystals were prepared successfully in the Pb-As-S system via the thermal synthesis procedure in cleaned silica tubes sealed under vacuum (10 -6 mbar). The crystals were dufrénoysite Pb2As2S5 (22.22 at.% Pb), baumhauerite Pb5As9S18 (15.62 at.% Pb) and sartorite PbAs2S4 (14.28 at.% Pb). We also note that these Pb-As-S compounds belong to the leadsulphosalts that exist as natural minerals. For Pb2As2S5, the two compounds PbS and As2S3

were mixed in a ratio 2:1, heated slowly up to 800 °C, homogenized at this temperature for 24h before being cooled down and annealed at 350 °C for 10 days, Figure I.9. Pb5As9S18 was obtained by applying the same procedure for nearly equimolar ratio 5:4.5. Finally, PbAs2S4 was obtained using the equimolar ratio 1:1 and the annealing temperature was 280 °C for 20 days. 

I.5 Characterization of chalcogenide glasses

In this chapter, the nature of the obtained alloys (amorphous vs. crystalline) as well as their physico-chemical properties (density, mean atomic volume, morphology, thermal temperatures) were studied using different methods such as density measurements, XRD, SEM, DSC.

I.5.1 X-ray diffraction analysis (XRD)

The vitreous/crystalline nature of the synthesized samples was determined from the X-ray diffraction patterns (XRD) obtained using a Bruker D8 Advance diffractometer at room temperature. This latter was equipped with a copper anticathode emitting Kα radiation, a

LinxEye detector, a goniometer θ/θ and a rotating sample holder. The scattering intensities were measured over the angular range of 10° ≤ 2θ ≤ 80° with a step-size of 0.02° and a count time of 2 s per step. The glassy samples were identified from the absence of Bragg peaks in the XRD patterns owing to the lack of long-range order in amorphous materials. Meanwhile, the samples presenting Bragg peaks were considered as crystallized and the crystalline phases were recognized via the comparison of the positions of the Bragg peaks obtained with those of reference compounds in the JCPDS database (Joint Committee on Powder Diffraction Standards) was made.

I.5.2 Density, mean atomic volume and glass packing density

Density is an important macroscopic property since it is related to other physical properties of the material. To obtain the density values d of the synthesized samples, a Sartorius YDK 01-OD density kit and a hydrostatic method (toluene as immersion fluid and germanium (5.323 g cm-3) as standard) were used for density d measurements. The formula utilized for density calculation is as follows:

d = 𝑚 𝑎𝑖𝑟 𝑠𝑎𝑚𝑝𝑙𝑒 𝑚 𝑎𝑖𝑟 𝑠𝑎𝑚𝑝𝑙𝑒 -𝑚 𝑡𝑜𝑙𝑢𝑒𝑛𝑒 𝑠𝑎𝑚𝑝𝑙𝑒  d toluene (I.1)
where 𝑚 𝑎𝑖𝑟 𝑠𝑎𝑚𝑝𝑙𝑒 the mass of the sample weighed in the open air, 𝑚 𝑡𝑜𝑙𝑢𝑒𝑛𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 is the mass of the weighed sample immersion toluene and dtoluene is the density of toluene.

Using the density values, both the average glass mean atomic volume Va and the glass packing density ρ (the ratio between 𝑉 𝑎 0 and Va) were calculated using the equations (I.2) and (I.3), respectively. We define 𝑉 𝑎 0 as the average atomic volume of the glass constituents that is calculated using glass stoichiometry and ionic radii (Eq. I.4). We also define ci as is the atomic fraction of the element i, Mi the atomic mass, ri the Shannon ionic radius and NA the Avogadro 

I.5.3 Scanning Electron Microscopy (SEM)

The scanning electron microscopy (SEM) allows investigating the morphology of the synthesized samples and assessing their composition through EDX. It produces images of a sample surface by scanning the surface with a focused beam of electrons. The process is upfront: two-sided carbon tape is fixed to an SEM sample stub and the sample is then set on the surface and examined in an SEM chamber; A carbon coating could be applied or not depending on the conductivity of the sample. SEM images are created following the scanning of the sample surface by an incident electron beam and the detection of the emitted backscattered or the secondary electrons. When a cathode emits electrons under the application of a very high electric field, it is also known as a field emitter-FE-SEM which gives better images. In this 

I.5.4 Differential Scanning Calorimeter measurements (DSC)

The differential scanning calorimetry (DSC) is an analytical technique that is used to measure the characteristic temperatures and heat flows associated with different thermal phenomena that may occur during the heating or cooling of materials. As such, the glass transition 𝑇𝑔 and the crystallization temperatures 𝑇𝑥, for all glassy samples, were obtained via differential scanning calorimetry DSC experiments carried out using a TA Q200 instrument. To obtain the average The glass transition temperature is a property of amorphous materials or the amorphous portion of a semi-crystalline materials; it corresponds to an endothermic feature and obtained via the intersection two linear portions [35] adjoining the transition bend of a DSC thermogram. Before this temperature, the glass is in the solid state (infinite viscosity), at Tg, the viscosity is 10 13 poises and beyond this temperature, the viscosity decreases continuously and gradually with temperature. When the viscosity becomes weak, the high mobility of atoms allows them to re- 

Glass forming-region and morphology

To verify the amorphous nature of the obtained bulk (PbS)x(As2S3)1-x alloys, 0.0 ≤ 𝑥 ≤ 0.7, both laboratory X-ray and hard X-ray diffraction techniques were employed. P21 [36]. Nevertheless, we should note that the x = 0.60 sample contains both vitreous and crystallised parts. Previously, a vitreous domain that extends up to x = 0.62 was reported for (PbS)x(As2S3)1-x alloys [32], [34], [37]. However, it was clearly indicated that for the x = 0.62 composition, it was difficult to obtain glass pieces of sufficient dimensions [37]. When possible, both density and thermal temperature values, taken from the corresponding references, are listed in Table I. 1. We note that, in literature and for both parameters, data are absent for many compositions in the current quasi-binary PbS-As2S3 system.

As mentioned before, using the density values, both the average glass mean atomic volume Va and the glass packing density ρ {see section I.5.2}. I. 1). In fact, the (PbS)x(As2S3)1-x glass density extrapolated to hypothetical PbS glass at x = 1 gives a similar density value to crystalline fcc PbS. Such behaviour makes sense as the density of cubic PbS (dPbS = 7.6 g.cm -3 [38]) is much higher than that of the As2S3 glassy matrix (dg-As2S3 = 3.19 g.cm -3 ) or crystalline orpiment As2S3 (dc-As2S3 = 3.46 g.cm -3 [39]). An alternative approach is related to lower lead coordination number 𝑁 Pb-S and shorter 𝑟 Pb-S interatomic distances in glassy lead thioarsenates compared to fcc PbS (𝑁 Pb-S = 6, 𝑟 Pb-S = 2.967 Å) [42]. In fact, our preliminary high-energy X-ray diffraction results (see chapter 3) indicate that 𝑟 Pb-S = 2.83 Å and 𝑁 Pb-S  4, coherent with denser glass packing. 

I.6.1.3 Thermal properties

The characteristic glass transition Tg and crystallization temperatures Tx of the pseudo-binary 

Figure I. 19(a)

shows a characteristic difference between the two metal thioarsenate glassy systems: HgS-As2S3 [43] and PbS-As2S3 (this work). Mercury thioarsenate glasses exhibit a monotonic Tg decrease related to a low mercury local coordination [43], [44], studied by pulsed neutron and high-energy X-ray diffraction. A parabolic shape of the glass transition temperature with a shallow minimum, Tg = -14 °C at x = 0.2, for the PbS-As2S3 counterparts is indicative of a different structural organisation confirmed by preliminary diffraction results. The initial Tg decrease seems to be related to a partial fragmentation of a quasi-continuous As2S3 glass matrix [41], observed experimentally and confirmed by computer modelling for a number of glassy thioarsenates and thiogermanates [44]- [46]. The increasing Tg at x > 0.2 might be related to presumably tetrahedral connectivity of lead species which will be verified by further diffraction analysis and first-principles molecular dynamics. Our DSC results are roughly similar to previously published data [34], [37].

I.6.2 Pseudo-ternary AgI-PbS-As2S3

I.6.2.1 Glass forming-region and morphology

The study of the pseudo-ternary AgI-PbS-As2S3 system has revealed a very large vitreous Regarding the diagram, it is clearly seen that the vitreous domain is concentrated in the arsenic sulfide As2S3-rich corner and covers an important diagram surface. To detail, the studies of the glass forming region were carried out on the basis of the following three series:

• (AgI) 𝑥 (PbS) 0.5-𝑥/ 2 (As 2 S 3 ) 0.5-𝑥/ 2 ; (0.0 ≤ x ≤ 0.6)

• (AgI) 0.3 (PbS) 𝑦 (As 2 S 3 ) 0.7-𝑦 ; (0.0 ≤ y ≤ 0.5) • (AgI) 𝑧 (PbS) 0.1 (As 2 S 3 ) 0.9-𝑧 ; (0.0 ≤ z ≤ 0.5)
The two series A and C represent compositions with increasing AgI content. Meanwhile, for the series B, it is the PbS content that increases. In case of the C-series, corresponding to substitution of As2S3 by AgI for a constant content of PbS (x = 0.1), the diffraction pattern is characteristic of vitreous samples up to an AgI content z ≤ 0.5, whereas well defined Bragg peaks appear for the z = 0.6 composition and are related to silver iodide AgI (00-001-0502) and gamma AgI (01-009-0399). Similarly to the alloys of the quasi-binary system, scanning electron microscopy analyses were performed on few selected compositions of the ternary system, i.e., series-A, B and C. The (a). This observed trend is related to silver iodide and is well expected since the density of the two crystalline forms of silver iodide (dα-AgI= 6.12 g.cm -3 and dβ-AgI =5.68 g.cm -3 [47]) is higher than that of the The measured density values of the B-series glasses vary between 3.58 g.cm -3 (y = 0.0) and 5.67 g.cm -3 (y = 0.5). Similarly to its quasi-binary counterpart (PbS) 𝑥 (As2S3) 1-𝑥 , where the As2S3 is being substituted by PbS, the density increase is expected since the crystal form of lead sulfide have significantly higher density (dPbS = 7.5 g cm -3 ) than that of the (AgI)0.3(As2S3)0.7-y host glass (d (AgI) 0.3 (As2S3) 0.7-y = 3.632 g cm -3 ). In both cases, i.e., in A-series and B-series, the behavior of both density and mean atomic volume, mimics that seen for the A-series and the Bseries of the (AgI) 𝑥 (HgS) 0.5-𝑥/ 2 (As 2 S 3 ) 0.5-𝑥/ 2 glass system [48]. The structures of these later glasses, studied using Raman spectroscopy, show that the A-and B-series form a hybrid Hg-S chain/As-S pyramidal network (presence of mixed interconnected (AgI2/2S2/2)n and (HgS2/2)m chains in the glass network). The question arises whether the current ternary lead sulphide system have similar structures. For the time being, we state that, in general, the addition of network-modifier to a chalcogenide network results in breaking the continuous network [49]- [51], transforming part of the bridging sulfur into non-bridging species. As such, each metal cation (Ag, Na or Li) in chalcogenide network will bond to sulfur forming terminal bonds. In contrast, the widely accepted point of view implies that the alloying with metal halides (AgI, AgBr, NaCl, AgCl) leads to an expansion of the glass network. The addition of silver iodide to the (PbS)0.5(As2S3)0.5 host glass leads to sharp decrease in 𝑇 𝑔 by 124° C from 199 °C (x = 0) to 75°C (x = 0.7). The decrease in 𝑇 𝑔 is monotonic in contrast to the mercury sulfide counterpart where the glass transition decreased at two different rates [48].

I.6.2.2 Density and mean atomic volume

The changes in glass transition temperatures have already been observed when AgI was added to both Ag2S-As2S3 and Ag2S-Sb2S3 host glasses [52]; the 𝑇 𝑔 decreases from 144 °C (36 mol% 

I.6.3 PbS-As2S3 crystal: synthesis and characterization

Earlier, in section I.4.3, we mentioned that lead-arsenic sulphide compounds are naturally occurring minerals and usually referred to as lead-sulfosalts. Examples of those compounds include sartorite, rathite, liveingite, gratonite, seligmannite, bartorite, etc. In this category, a lot of effort was invested in attempting to synthesize few of these Pb-As-S crystal compounds along with the Ag-Pb-As-S crystal which was not an easy task at all (Table I.4). Finally, we were able to prepare three different synthetic Pb-As-S crystals: the sartorite PbAs2S4 [53], the baumhauerite Pb5As9S18 [54] and the dufrénoysite Pb2As2S5 [36]. A period of several months 35 shows the XRD diffraction patterns of three crystalline compounds synthesised in the (PbS)x(As2S3)1-x system. The crystallising phases exhibit Bragg peaks corresponding to the reference minerals: sartorite PbAs2S4 [53], baumhauerite Pb5As9S18 [54] and dufrénoysite Pb2As2S5 [36], respectively.

The surface morphology of the three crystallized samples, obtained from SEM, is depicted in Finally, in Table I.5, we present the densities of the three synthesized crystals sartorite PbAs2S4, dufrénoysite Pb2As2S5, and the baumhauerite Pb5As9S18. We can notice from this table that the density values of our synthesized crystals are comparable with those of the naturally occurring minerals. The XRD patterns of the matched minerals are also presented [36], [38], [39]. 

I.7 Conclusion

In this first chapter, the physical and thermal characteristics of the glassy systems PbS-As2S3

and AI-PbS-As2S3 have been measured and analyzed. Also, synthetic Pb-As-S crystals were synthesized and characterized.

Two complementary techniques, melt-quenching and mechanical milling, were used to obtain vitreous alloys in the quasi-binary (PbS)x(As2S3)1-x system. Bulk glasses were synthesised over the 0  x  0.5 composition range; the amorphous MM-alloys at x < 0.7. The density and the glass packing increase with increasing x, while the molar volume shrinks and becomes denser in comparison with cubic lead sulphide. Tetrahedral lead local coordination with shorter Pb-S interatomic distances seems to be responsible for this trend, confirmed by preliminary highenergy X-ray diffraction. A single glass transition reveals a shallow minimum at x  0.2, Tg = -14 °C, presumably related to a partial fragmentation of a quasi-continuous As-S host network;

Tg increase at x > 0.2 might be caused by the raising connectivity of glassy lead thioarsenates.

Concerning the pseudo-ternary system, we have carried out a study on novel chalcogenide glasses in the AgI-PbS-As2S3 system. A relatively large glass-forming region, located in the As2S3-rich corner, was observed. In this category, three series were synthesized (A-, B-and Cseries) and characterized. The vitreous domain of the A-series extends up to silver iodide content (x ≤ 0.6) while that of B-series reaches lead sulfide content (y ≤ 0.5). Meanwhile, the vitreous domain of the C-series stretches out in the range (0.0 ≤ z ≤ 0.5). For all the A-, B-and C-series glasses, the density increases monotonically with AgI and PbS additions (depending on the dopant in the various series). The thermal studies of the A-series glasses show a monotonic decrease in glass transition with successive AgI addition. Only the PbS-poor glasses of the B-series were nonhomogeneous while the entire glass batch of the C-series were nonhomogeneous (The glasses of C series exhibit two or more Tg values depending on the composition). The inhomogeneity is explained in terms of phase-separation as evidenced the SEM-EDX data.

Finally, three crystals in the Pb-As-S have been synthesized and characterized: (i) the dufrénoysite Pb2As2S5, (ii) the baumhauerite Pb5As9S18 and (iii) the sartorite PbAs2S4.

II.1 Electrical conductivity: theoretical aspect II.1.1 Generalities

Total electrical conductivity σ is generated by the movement of electrically charged particles, referred to as charge carriers "j", in response to an electric field. It results from the sum of two different partial conductivities σj, i.e., (i) the electronic conductivity σe generated by electronic charge carriers (electrons or holes) and (ii) the ionic conductivity σi by generated by ionic charge carriers (cations or anions). Equation II.1 regroups the two contributions:

𝜎 = ∑ σj 𝑗 = σe + σi (II. 1)
The partial conductivity σj, associated with each charge-carrying species capable of moving within homogeneous and isotropic solid [1], can then be described as the product of the three terms related to the charge carrier "j": its charge (qj), its concentration (nj) and its mobility (µj).

This fundamental statement is correct for electronic conduction in solids; ionic conduction in solids, aqueous fluids, and melts; thus, we may write:

σj = nj qj 𝜇 𝑗 (II. 2)
In this regards, we mention that it is difficult to separately measure the mobility (µj) and the concentration of charge carriers (nj). Hence, the complication in determining the contribution of each factor alone to the partial conductivity (see section II.1.4.2). Also, we note that the partial conductivity σj is related to the electrical conductivity σ via the partial transport number tj of the charge carrier "j":

tj = σj 𝜎 (II. 3)
Consequently, combining II.1 and II.3 gives an expression for conductivity as

𝜎 = ∑ σj 𝑗 = σe + σi = (te + ti )𝜎 (II. 4)
where ti is the ionic transport number and te is the electronic transport number. The materials are considered to be purely ionic conductors when ti > 0.99 and purely electronic conductors for value of te > 0.99 [2].

II.1.2 Electronic conductivity

The electronic conductivity, characteristic of metals, semiconductors and superconductors, is (metals) is quite large, about 10 6 and 10 8 (S.m -1 ) while it is about 10 3 to 10 -6 for semiconductors, and less than 10 -6 for insulators.

II.1.3 Electronic conductivity in non-crystalline materials

The rules governing the electronic transport properties of crystalline (ordered) and amorphous (disordered) solids are generally different. In relation to these properties in disordered noncrystalline material, the question arose which of the solid crystalline concepts would be suitable for use in non-crystalline materials. Mott and Davis [3] showed that the concept of electron density of states 𝑁(𝐸) is equally valid for the two types of materials. In general, the available evidence suggests that the form (𝐸) in a liquid or non-crystalline solid does not differ much from that of the crystal, except for some details such as states located in the forbidden energy range or the energy gap in semiconductors. (𝐸) quantifies the number of electronic states likely to be occupied and possessing a given energy in a considered material. Banyai [5] suggested that, in most non-crystalline materials, the states are localized near the edges of conduction or valence bands. The concept of localized states is very simple; they are simply "traps" for the injected carriers. Furthermore, at the bottom of a conduction band or on top of a valence band, such localized states must necessarily occur in a disordered material.

In any non-crystalline system, the localized states (low electronic mobility) and the delocalized states (high electronic mobility) cannot coexist with same energy; there exist an energy (Ec) separating the two domains, by Mott [6] and referred to as mobility edge in reference [7].

For energies below the mobility edge, an electron moves by "hopping" from one localized state to another (a process involving interaction with phonons and with only small activation energy). This mobility disappears at T = 0 K, even if the wave functions of the neighboring states overlap. If the energy E is just above Ec, with E ≅ Ec, the conductivity has a finite value, called "minimum metallic conductivity". For T ˃ 0 K and electron excitation above the mobility limit, the electronic conductivity has an exponential form

𝜎 = 𝜎𝑚𝑖𝑛 exp[-(Ec -EF)/𝑘𝑇] (II.5)
where EF is the Fermi energy and the minimum metallic conductivity 𝜎min was calculated by Mott [3], 𝜎min ≈ 10 2 -10 3 S cm -1 .

Figure II.4 presents the two most common models of amorphous semiconductors. The Cohen-

Fritzsche-Ovshinsky model [7] suggests a pseudo-gap for non-crystalline materials when the localized states of the conduction band and valence band overlap in the band gap of the semiconductor. In contrast, Mott [6] assumes a real band gap for amorphous semiconductors with 𝑁(𝐸) = 0 below and above limiting energies EA and EB, which corresponds to the lowest electronic states located in the conduction band and at the highest electronic states located in the valence band. The electronic excitation in the localized states at EA also leads to an exponential dependence of the hopping conductivity on temperature: but the pre-exponential factor 𝜎ℎ𝑜𝑝 is very small compared to 𝜎min, with 𝜎ℎ𝑜𝑝 / 𝜎min ratio of the order of 10 -2 -10 -3 [3]. 

II.1.4 Ionic conductivity

Ionic conductivity is the electrical conductivity resulting from the motion of ionic charges through the medium network. It was introduced by elementary science as a property of liquid electrolyte solutions [8]. Initially recognized by Faraday, in solid lead fluoride at high temperature [9], it was related to the motion of fluoride anions within the structure. This kind of conductivity in solids is critically important in many electrochemical applications such as battery solid electrolytes, chemical sensors, ionic switches, etc. A brief overview is presented hereafter on ionic conductivity in crystalline and non-crystalline ionic solids.

II.1.4.1 Ionic conductivity in crystalline ionic materials

In an ideal crystal, all constituent ions are arranged in a regular periodic way and are often stacked in a compact form. Thus, there are little spaces for an ion to diffuse into the lattice.

However, at any non-zero temperature, some defects might exist in the structure. These defects could be positional disorders due to deviation from ideal stacking. The degree of such disorder can vary from one material to another or even in the same material can vary from one temperature or pressure to another. The defects can be classified into two categories: (i) intrinsic defects and (ii) extrinsic defects.

In the intrinsic category, two types of defects are important in the context of ion mobility and are 'Frenkel' defect and 'Schottky' defect, Figure II.5. Frenkel defect refers to the case where an ion is displaced from its normal lattice point and shifts to a nearby interstice, or space, between atoms in the lattice. Schottky defect refers to the lack of ions of opposite signs in the lattice, resulting in anionic and cationic vacancies, compensating for each other in the network (Since there must be the balance of electric charges). In the extrinsic category, the vacancies are generated following the substitution of one ion by another, the crystalline arrangement is then modified and no longer corresponds to that of the perfect crystal. As such, any ion in the immediate vicinity of vacant sites may jump to one of them. This leaves the previous site of the vacant ion that could now host another ion. The mechanism of diffusion and migration of ions via defects constitute the basic processes of ionic conduction in crystalline ionic solids (conductivity directly depends on the concentration of defects). The main mechanisms describing the diffusion of ions in solids were explained in reference [10] which distinguished between six of them, Figure II.6:

1. Direct exchange occurs when one ion takes the place of the other and vice versa on the same energy level. This mechanism is very unlikely in iono-covalent binary compounds due to the enormous local distortions and repulsions it would cause.

2. Cycle exchange is a variant of the previous mechanism. It involves a cooperative movement of several species.

3. The lacunar mechanism takes place by the passage of an atom from a normal site to a neighboring vacant site; this movement is done continuously, i.e., the atom will be able to continue its movement when a new gap -or the previous gap -arrives (or returns) to its neighborhood.

4. The direct interstitial mechanism, in which an atom moves from one interstitial site in the lattice to another nearby empty interstitial site. 

II.1.4.2 Ionic conductivity in non-crystalline materials

In the case of non-crystalline materials, the conduction mechanism is associated to the presence of defects in the material, yet not exactly. In contrast to the crystalline ionic materials, the conductivity does not depend on the concentration of defects which are in excess compared to the number of charge carriers. In fact, it is this excess, which is made possible by the disordered structure of the glass, that ensures ionic conduction. In this category, two main phenomena govern the conductivity: (i) the dissociation of the charge carriers and (2) the migration of charge carriers from one site to another through the vitreous network. It is therefore difficult to interpret ionic conductivity based solely on concepts applied to crystalline materials. In the regards, since it discovery in 1884 [11], the ionic transport in glasses (particularly oxide glasses [12]- [14]) was heavily studied in order to understand the mechanisms governing it.

In general, the conductivity, when only one type of carrier is concerned, is given by the relation (II.2). In addition, the mobility can be obtained from the diffusion coefficient using the Nernst-Einstein equation:

𝜇𝑘𝑇=q𝐷 (II.7)
For models involving jumps independent carriers, we can write D as follows:

𝐷 = 𝛼𝜆 2 𝜈0 𝑒𝑥p (-𝐸𝑚 / 𝑘𝑇) (II.8)
where 𝛼 is the degree of freedom, 𝜆 is the average jump distance, 𝜈0 is the attempt frequency of the ions and 𝐸𝑚 is the migration energy.

In addition, the most general expression of the concentration of mobile carriers is written as:

𝑛 = n0 𝑒𝑥p (-𝐸c / 𝑘𝑇) (II.9)
where n0 is the total number of the modifier cations and 𝐸𝐶 the energy related to the creation of mobile carriers.

Hence, the combination of equations (II.2), (II.7), (II.8) and (II.9) gives:

𝜎 = 𝑞 2 𝜆 2 𝑛 0 𝜈 0 𝛼 𝑘𝑇 e𝑥p (- 𝐸 𝑐 +𝐸 𝑚 𝑘𝑇 ) (II.10)
Most often the conductivity is expressed in the following simplified form:

𝜎 = 𝜎 0 𝑇 𝑒𝑥 𝑝 (- 𝐸 𝜎 𝑘𝑇 ) (II.11)
Therefore, the measured activation energy 𝐸𝑎 is the sum of two terms, the creation energy of mobile carriers 𝐸𝐶, which is directly linked to 𝑛 and the migration energy of the ions 𝐸𝑚, directly linked to 𝜇.

In the literature, the phenomenon of ionic transport in glasses is explained via numerous models.

Among those we mention, the model of the strong electrolyte (Anderson and Stuart model) [15], the model of the weak electrolyte (Ravaine and Souquet) [16], [17], the Monte-Carlo studies by Bunde et al. [18], the power law (Jonscher's law) [19], the Random Free-Energy

Barrier Model [20], [21], and the Jump Relaxation Model [22], etc.

II.2 Electrical conductivity in chalcogenide glasses

II.2.1 Overview

Unlike oxide-based systems, which mainly belong to insulators and/or ionic conductors, ion transport in chalcogenide glasses was observed for the first time in the 1970s. The great polarizability of sulfur, selenium or tellurium with respect to oxygen, and the ionic mobility and diffusivity make the chalcogenide glasses suitable candidates for fundamental research and ionic applications in solid state. Pure chalcogenide glasses, i.e. without metal, are electronic conductors [23], [24]. Their conductivity varies with increasing the atomic number of the chalcogen elements present in the glass [25]. In fact, chalcogenide systems having metals in their composition, act as ionic superconductors (where the electronic conductivity is lower than the ionic conductivity of several orders of magnitude). In this case, chalcogenide glasses are characterized by a conductivity that increases significantly with the metal content from 10 -16 -10 -14 (insulating materials) to values greater than 10 -7 S.cm -1 . This phenomenon, observed by Tanaka et al. [23], show that the increase in conductivity is due to the metal bonding occurring when passing from sulfur to selenium and then tellurium. The As-S binary system has a very low electronic conductivity at room temperature (298 K) (in the order of 10 -18 to 10 -13 S.cm -1 depending on the composition). The maximum conductivity value recorded for the As2S3 stoichiometric composition was 5×10 -16 S.cm -1 , and it also shows a low activation energy of ≈1.1 eV in [24]. These materials therefore have electrical properties almost identical to those of insulating materials (dielectric materials). Figure II.7 presents typical conductivities of some chalcogenide glasses. As we can see in the figure, the As2S3 glasses have the lowest conductivity value while selenium and tellurium-based glasses exhibit a conductivity that increases up to 8.0×10 -9 for As2Se3 to 2.5×10 -4 S.cm -1 for As2Te3 at room temperature, with a change in the activation energy of 0.7 to 0.3 eV respectively [25], [26].

The addition of metallic elements such as thallium (Z = 81) to the glass increases its electronic conductivity [27], except Tl-rich (> 17 at. %) vitreous alloys, showing ionic conductivity [28]- [30]. Meanwhile, the addition of lighter elements such as lithium (Z = 3) [31], silver (Z = 47) [32] or sodium (Z = 23) enhances the ionic conductivity due to the contribution of the mobile ions, hence the ionic transport phenomenon. We can say that the dopants used cause an increase in the ionic conductivity by an increase in the number of mobile carriers and by a redistribution of the negative sites which can be used for the movement of cations. This is the case with the glassy systems AgGeSe, AgGeS and AgGeSeSb which show a sudden change in ionic conductivity with the concentration of Ag + , so these ions are part of solid electrolytes with high ionic conductivity. The change in conductivity is always linked to the change in concentration (≈ 5 orders of magnitude in Ag concentration) as well as to the percolation transition [33], [34]. 

II.2.2 Electrical Measurements

II.2.2.1 Impedance spectroscopy: principle and operating mode

As mentioned earlier in section II.1.1, total electrical conductivity σ results from the combination of two contributions, i.e., ionic and electronic. Impedance spectroscopy is a technique that allows the measurement of these contributions combined. The technique is based on the variation of the imaginary part of the impedance of the sample and its real part as a function of frequency. By applying an alternating voltage 𝑈 to a sample, an alternating current 𝐼 is created and is out of phase with respect to the voltage. Hence the equations:

𝑈 = 𝑈0 exp(𝑖𝜔𝑡) (II.12) 𝐼 = I0 exp 𝑖(𝜔𝑡 + 𝜑) (II.13)
where 𝑈0 and I0 are the amplitudes of the voltage and current, respectively, 𝜔 is the angular frequency and 𝜑 is the phase difference between current and voltage.

The ratio between the voltage and the current then makes it possible to define the electrical impedance 𝑍(𝜔), characteristic of the sample at a given frequency and thus we can write:

𝑍(𝜔) = 𝑈 𝐼 (II.14)
When the above equations are combined, we get:

𝑍(𝜔) = U0 I0 exp(𝑖𝜔𝑡 -𝑖(𝜔𝑡 + 𝜑)) = U0 I0 exp(-𝑖𝜑) (II.15) 𝑍(𝜔) = |𝑍| cos 𝜑 -𝑖 |𝑍| sin 𝜑 = 𝑍 ′ (𝜔) -𝑖. 𝑍"(𝜔) (II.16)
In this regards, the real component of the complex impedance, i.e., 𝑍 ′ (𝜔) = |𝑍| cos 𝜑, represents the "effective resistance", while the imaginary component, 𝑍 ′′ (𝜔) = |𝑍| sin 𝜑, is referred to as the "reactance". Before performing the impedance spectroscopy measurements, the quenched samples, if hard, were cut as rectangular plates and polished using silicon carbide SiC powder (9.3 μ grain size).

On the contrary, the fragile samples were crushed to transform them into powder which is then strongly compacted and compressed, using a hydraulic pelletizing press, in order to obtain a well compact pellet. In both cases, gold was sputtered on opposite parallel sides of the sample in order to establish the blocking electrodes in the electrochemical cell, Au/glass /Au. The typical thickness of the samples was in the range of 0.5 to 1.5 mm. accompanied by horizontal arm at low frequencies. The presence of such arm, in the low frequency region, is characteristic of a polarization at the electrolyte/electrode interface; it highlights the phenomenon of diffusion and then accumulation of ions at the interface. In the high frequency domain, the ions do not have time to move sufficiently and the polarization is not observed. In contrast, at low frequencies, the ions travel longer and reach the electrolyte/electrode interface, where they remain blocked. As the phase of the electrolyte is a homogeneous and isotropic glass, it is characterized only by a resistive impedance R. The total solid resistance, corresponding to each temperature, is deduced from the point of intersection of the arc with the horizontal arm. The total conductivity values σ are then obtained using the relationship (II.17 

II.2.2.2 DC conductivity measurements

The conductivity measurements were performed using a Hewlett Packard 4339B high resistivity meter with a continuous current source (or voltage) and an applied voltage of 100 

II.3 Experimental results

In this chapter, we study the electrical properties of the 2 systems (binary and ternary) of leaddoped chalcogenide glasses that were previously synthesized either with impedance or with direct current as mentioned previously.

II.3.1 Electrical conductivity of glasses and crystals in the quasibinary PbS-As2S3 system

The total electrical conductivity 𝜎, determined from DC measurements, is plotted versus the inverse of absolute temperature (1000/T) for both glasses and crystals synthesised in the PbS- The conductivity is temperature dependent and obeys the Arrhenius law for all of our synthesized glassy and crystalline samples: 19) where σ0 is the pre-exponential factor, Eσ the conductivity activation energy, k the Boltzmann constant, and T the temperature. The room-temperature conductivity σ298, Eσ and σ0 were calculated from a least-square fit of the data to Eq. (II. 19) and the derived parameters summarised in Table II Table II. 1: Conductivity parameters of glasses and crystals in the PbS-As2S3 system: the roomtemperature conductivity 298, the activation energy E, and the pre-exponential factor 0. The observed conductivity increase is reasonable since cubic lead sulphide is a narrow-gap semiconductor with a high electron and hole mobility. Even colloidal PbS nanocrystals exhibit enhanced electronic conductivity, 10 -6 S cm -1 , and a moderate band gap Eg  2E = 0.8 eV [37]. However, the extrapolated values of  298 glass (1) and 𝐸 𝜎 glass (1) for hypothetical glassy PbS mechanism via the extended electron states [3]. This mechanism appears to be operational for most lead thioarsenate glasses, except probably domain 1. Similar conclusion was reported previously [35], [36].

𝜎 = 𝜎 0 𝑒𝑥 𝑝 (- 𝐸 𝜎 𝑘𝑇 ) (II.
Composition 298 (S cm -1 ) 423 (Ref) E (eV) E (Ref) 0 (S cm -1 K) 0 (Ref) 0 (Ref) (PbS)x(As2S3)1-x X [Pb] (at.%) [35] [ 35 
Likewise, the room temperature conductivity for the ternary crystals, PbAs2S4 (x = 0.5), Pb5As9S18 (x  0.526) and Pb2As2S5 (x = 0.67), increases with increasing lead content, and the activation energy slightly decreases from 0.93 to 0.89 eV. The conductivity parameters for ternary crystals are similar to those of glasses, however, the conductivity extrapolation to x = 1 yields a much higher  298 cryst (1) = 310 -9 S cm -1 , presumably related to a higher carrier mobility in the crystalline lattice.

To explore the effect of crystallisation on the structure and properties of lead thioarsenate glasses, thermal treatment of few selected glass samples, x = 0.1, 0. anneal (1) = 210 -8 S cm -1 , that is, approaching even further the nano-PbS value. Similar behaviour is often observed in ion-conducting systems, e.g. in Li7P3S11 glass ceramic [38] and its glassy counterpart [39]. More ordered crystalline lattice in the semiconducting PbAs2S4 phase seems to be the origin of weaker electronic carrier scattering, providing higher electronic mobility and thus conductivity in the annealed samples. 

II.3.1.1 Glassy and crystalline lead thioarsenate

Building on the results obtained in chapters I and II, we can emphasize the following with regards to glassy and crystalline lead thioarsenates, PbS-As2S3. The XRD results show a correlation between the PbS-As2S3 phase diagram [40] and crystallising phases. In the meltquenched glasses with x  0.5 and annealed at 280 °C, the appearing crystalline compound is orthorhombic PbAs2S4 (x = 0.5), stable below 305 °C [40]. The PbS-rich glasses and MMalloys, 0.6  x  0.7, yield a single congruently melting compound in the system, that is, monoclinic Pb2As2S5 (x = 0.67). Nevertheless, the glass crystallisation results do not mean a similarly between the crystal and glass structure. Both PbAs2S4 [41] and Pb2As2S5 [42] have high lead coordination, 6  𝑁 Pb-S  9 over a wide range of the Pb-S interatomic distances, 2.69

 𝑁 Pb-S  3.

Å, in contrast to our high-energy X-ray diffraction results (See chapter III).

Another open question remains whether the synthesised glasses and MM-vitreous alloys are homogeneous. From the one side, a single glass transition and systematic changes of thermal properties as a function of composition indicates a glass homogeneity on macroscopic level (chapter I). The SEM images also exhibit rather uniform morphology in contrast to previously reported results [36]. From the other, the electrical conductivity suggests a lead clustering for PbS-poor glasses (domain 1) leading to apparent inactivity of isolated lead sulphide aggregates with a step-like conductivity increase above a critical threshold (chapter II). Similar behaviour was observed for phase-separated silver sulphide glasses [43], [44]. The observed phenomenon assumes a glass heterogeneity on mesoscopic length scale (≲ 1000 Å), not visible in SEM.

Further studies using small-angle X-ray or neutron scattering are necessary to solve this puzzle.

II.3.2 Electrical conductivity of glasses in the pseudo-ternary AgI-

PbS-As2S3 system

We remind the lecturer that the first chapter had revealed, for the pseudo-ternary AgI-PbS- II.2. The later also presents the average interatomic distance between the silver ions in the glasses, rAg-Ag. The calculations were done assuming a random distribution of Ag + cation sites and a spherical approximation:

rAg_Ag = 2(3. Va /4𝜋.NA.CAg) 1/3 (II.20)
where Va is the mean atomic volume, NA is the number of Avogadro and CAg is the mobile Ag + cation fraction. The ionic conductivity evolution in region A exhibits all characteristic features of the critical percolation regime [33]. Diluted (AgI)x(HgS)0.5-x/2(As2S3)0. where σi(1,T) is the ionic conductivity of a hypothetical percolation-controlled phase at the mole fraction y = 1, y is the mobile Ag + ion content, and t(T) is the temperature-dependant powerlaw exponent:

t(T) = t0 + T0/T (II.22)
where t0 is the critical exponent at T = ∞ and T0 is the critical fictive temperature which reflects the interconnectivity of an infinite percolation clusters embedded in the host matrix. The conductivity activation energy, Ey, in the critical percolation domain is also depending on T0:

Ey = E0 -kT0ln(y/yc) (II.23)
where E0 is the percolation threshold activation energy needed to induce Ag + ion mobility in glass (yc ≅ 30 ppm Ag [33]) and kT0ln(y/yc) is the configuration entropy term related to the infinite percolation cluster(s) frozen below Tg;

The structural hypothesis behind the critical percolation regime suggests a random distribution of silver sites within the glass network [33]. The average Ag-Ag separation distance, calculated where a is a constant. In this region, pulsed neutron and hard X-ray diffraction as well as smallangle neutron scattering experiments reveal a non-random silver distribution in the modifiercontrolled domain and formation of preferential conduction pathways formed by direct contacts of corner-and/or edge-sharing silver-related coordination polyhedra [48], [49]. For the (AgI)x(HgS)0.5-x/2(As2S3)0.5-x/2 glasses, the change in the slope ∂ log σ/∂y at x ≈ 18 at.% Ag (x ≈ 0.5) was attributed to structural changes between regions B and C [45]. In this Modifiercontrolled domain, the silver species are distributed non-randomly in the glass network forming preferential conduction pathways and ensuring high Ag + ionic mobility.

Similarly to the mercury doped system (orange color), the A-series glasses in the AgI-PbS-As2S3 (blue color), show a remarkable increase in room temperature electrical conductivity with increasing silver halide content (≈11 orders of magnitude), . In fact, the conductivity of the glasses passes from values that are typical for insulating sulfide glasses (10 -14 S cm -1 ) [24] to those characteristic of superionic vitreous alloys (10 -3 S cm -1 )

[50], [51]. The maximum room-temperature conductivity is 7.8×10 -3 S cm -1 for the AgI-rich glasses (x = 0.7; 28.57 at.% Ag). The activation energy decreases from ~1.02 (x = 0.0) to 0.18 eV (x = 0.7), Figure II.19 (a). In contrast to the pre-exponential factor 0 of the mercury containing system (remains essentially invariant;10 5 ≤ 0(x) ≤ 10 6 S cm -1 K), the preexponential factor of the lead containing system fluctuates between 10 3 and 10 7 S cm -1 K,

Figure II.19(b).

In case of the current AgI-PbS-As2S3, three different conductivity regions are also distinguished: The later shows that, at low Ag content, the conductivity changes slightly with silver additions in contrast to the mercury containing system showing a nearly perfect straight line fit over 3 orders of magnitude in the concentration. This can be explained by the enhanced electronic conductivity of the (PbS)0.5(As2S3)0.5 host matrix, 𝜎298  6×10 -14 S cm -1 , masking the ionic transport at low cation content. Another evidence of the enhanced electronic conductivity of the leaded system, in this concentration region-A, could be the higher activation energy Eσ (partially) and the higher pre-exponential factor σ0 comparing to those of the AgI-HgS-As2S3. It was found earlier [52], [53] that the hole conductivity in mixed conducting silver selenide glasses is usually characterised by a higher activation energy and respectively higher σ0 compared to the Ag + ion transport. For high silver content (> 5 at.% Ag), the conductivity values of the AgI-PbS-As2S3 are typical of the modifier controlled domain. The observed two regions (B and C) are comparable to those in the AgI-HgS-As2S3 [45]. Earlier studies show that the transport parameters depend essentially on the modifier content, nature (Ag + , Cu + , etc.) and chemical form [33], [43]. In this modifier-controlled domain far above the percolation threshold y ≫ yc, the percolation clusters become predominant, cover the whole volume of glass, and form preferential conduction pathways [34]. As for its predecessor in ref [45], we suggest that the high Ag+ ionic mobility of the lead doped system in the modifier controlled domain is probably the results of the shows that the pre-exponential factor 𝜎0 fluctuates in the range, 10 3 ≤ 0(z) ≤ 10 5 S cm -1 K with a minimum at z = 0.2; 𝜎0 decreases initially from the glass z = 0.1 to z = 0.2 and increases thereafter with continuous AgI addition. We note that the z = 0.1 glass composition is at the limit of percolation domain for the C-series glasses (similar to A-series glasses).

Table II. 4 Electric properties of the C series glass system (AgI)z(PbS)0.1(As2S3)0.9-z.

x 

II.3.2.4 Ion transport in AgI-PbS-As2S3 glasses: role of PbS

It was previously reported [58] that The conductivity of the ternary C-series glasses (PbS-poor; only 10 mol.% PbS) is comparable to that of the binary AgI-As2S3. However, the ternary A-series glasses (PbS-rich) with the same Ag concentration exhibit a lower conductivity (up to 4 orders of magnitude) compared to the binary AgI-As2S3 and ternary C-series vitreous alloys. The observed difference in σ between the two ternary systems could be attributed to structural changes in the ternary glass and more precisely changes in the preferential conduction pathways topology. Similar phenomena were observed earlier for copper-containing chalcogenide Cu2Se-Ag2Se-AsSe [52] and chalcohalide CuI-AgI-As2Se3 [59] glasses and were attributed to the mixed cation effect in these glasses.

The ionic conductivity and Ag tracer diffusion decreases in the two ternary systems [52], [59] faster than that in the Ag2Se-AsSe and AgI-As2Se3 binaries with decreasing silver concentration. The observed phenomenon is similar to the mixed cation effect with the difference that the guest cation in our glasses is Pb 2+ (instead of Cu + [52], [59]) has a lower ionic mobility compared to Ag + . 

II.4 Conclusion

The electrical conductivity of (PbS)x(As2S3)1-x alloys increases by four orders of magnitude with x, however, the composition dependence is complicated. The PbS-poor glasses, x < 0. For the vitreous pseudo-ternary AgI-PbS-As2S3 system, the conductivity the A-series glasses (AgI) 𝑥 (PbS) 0.5-x/ 2 (As2S3) 0.5-x/ 2 at room temperature increases by ≈11 orders of magnitude from 6.8 10 -14 S.cm -1 (x = 0.0) to 7.810 -3 S.cm -1 (x = 0.7) while the activation energy decreases from ~1.02 (x = 0.0) to 0.18 eV (x = 0.7). The glasses with a high silver concentration are superionic conductors. A notable superionic transport behaviour is observed in glasses with high silver concentrations (˃ 17 at.% Ag). The enhanced electronic conductivity of the (PbS)0.5(As2S3)0.5 host matrix, 𝜎298  6×10 -14 S cm -1 , masks the ionic transport at low Ag + cation content. Meanwhile, the modifier controlled domain is divided into two distinct regions, indicating thus a difference in the local structure. For the B-series (AgI)0.3(PbS)y(As2S3)0.7-y, the conductivity decreases with increasing lead sulfide content. The room temperature conductivity decreases by 4 orders of magnitude from 2.5×10 -4 S.cm -1 (y = 0.0) to 1.8×10 -8 S.cm -1 (y = 0.5). The activation energy increases with y and the pre-exponential factor changes slightly. For the C-series (AgI)z(PbS)0.1(As2S3)0.9-z, an expected increase in the conductivity is recorded with increasing silver iodide content z. Indeed, the room temperature conductivity increases by more than 10 orders of magnitude from 8.9×10 -13 (z = 0.1) to 1.4 ×10 -3 (z = 0.5) while the activation energy decreases from 0.83 eV (z = 0.1) to 0.3 eV (z = 0.5).

III.1 Introduction

In order to have a deep understanding of the relationships between the chemical composition, atomic structure on the local, intermediate and extended range scales, and glass properties that are critical for sensing applications: fast ion transport, long-term stability and reversibility.

Structural studies of the synthesized compounds are of great interest. Since in our work, all compounds we are dealing with are chalcogenide glasses. The amorphous nature of these compounds means that they lack symmetry and periodicity and this makes their structural studies via efficient Rietveld-type structural methods unusable. However, these difficulties can be partially solved using indirect spectroscopic methods and/or direct techniques using synchrotron radiation, nuclear reactors or spallation neutron sources. Advanced spectroscopic methods such as EXAFS « Extended X-ray Absorption Fine Structure » [1]- [3], Nuclear Magnetic Resonance (NMR) [4], [5], Nuclear Quadrupole Resonance (NQR) [6], [7],

Mössbauer Spectroscopy [8], [9] and Raman spectroscopy [10], [11], have all proved to be effective in solving the local structure of chalcogenide glasses. However, in order to obtain structural information beyond the first coordination sphere, it is advisable to use high-energy X-ray diffraction and/or pulsed neutron diffraction [12]- [15].

In this chapter, we have studied the structure of the systems PbS-As2S3 and AgI-PbS-As2S3 by means of Raman spectroscopy, then we have completed these studies using neutron scattering and high-energy X-ray diffraction measurements which further provide information on short and medium distance orders. 

III.2 Raman spectroscopy

III.2.1 Principle

When light interacts with a molecule, the oscillating electromagnetic field of a photon induces a polarization of the molecular electron cloud which leaves the molecule in a higher energy state with the energy of the photon transferred to the molecule. This can be considered as the formation of a very short-lived complex between the photon and molecule which is commonly called the virtual state of the molecule. The virtual state is not stable and the photon is reemitted almost immediately, as scattered light. The vast majority of the photons are dispersed or scattered at the same energy as the incident photon. This is called elastic (energy of scattering particle is conserved) or Rayleigh scattering and is the dominant process (Figure Conversely, if the molecule loses energy by relaxing to a lower vibrational level the scattered photon gains the corresponding energy and its wavelength decreases; which is called Anti-Stokes Raman scattering. Quantum mechanically Stokes and Anti-Stokes are equally likely processes. However, with an ensemble of molecules, the majority of molecules will be in the ground vibrational level (Boltzmann distribution) and Stokes scatter is the statistically mo re probable process. Therefore, the Stokes Raman scatter is always more intense than the anti-Stokes and for this reason, it is nearly always the Stokes Raman scatter that is measured in Raman spectroscopy. We note that the position of the Raman scattering bands is directly related to the vibration frequencies of the bond. The equation (III.1), derived from Hooke's law, makes it possible to establish the relation between the frequency of vibration ν, bond type as well as the nature of the atoms involved:

 = 1 2𝑐 × √ 𝑘 µ (III.1)
where c is the speed of light, k is the force constant of the bond and μ is the reduced mass of atoms 1 and 2 where

 = 𝑚1×𝑚2 𝑚1+𝑚2 (III.2)
Hence, the frequency of vibration ν decreases with increasing atomic mass of considered atoms and increases with increasing bond strength.

III.2.2 Instrument

The vibrational properties of lead doped glasses were obtained by using a Raman spectrometer LabRAM HR Evolution in the 80-850 cm -1 spectral range [19], [20]. The spectrometer was equipped with a triple monochromator, liquid nitrogen cooled CCD detector and a microscope.

The instrument resolution was 1 cm -1 , the scattering was excited by a 785 nm solid state laser and the acquisition time was varied between 60 and 300 s. The absence of photo-induced phenomena and the homogeneity of the glass samples were ensured by recording, at different positions and different laser power (between 0.15 and 1.5 mW), of several spectra of the same glass sample. The background subtraction and data analysis were described previously [19].

III.3 Diffraction techniques

The lack of periodicity of amorphous materials hinders significantly the precise determination of their atomic structure. In this regards, using neutron and X-ray diffraction techniques, for structure determination, is extremely helpful as it allows obtaining a mean atomic arrangement around each atomic species. Those two techniques complement one another. This is due to the fact that (i) the sensitivity of the X-ray diffraction depends on number of electrons in the atom 

III.3.1 Structure factor and correlation functions

In his work, Y. Waseda [23] defines 2 indicators to precisely estimate the local order in the material, these are the structure factor 𝑆(𝑄) and the pair correlation function 𝑔(𝑟). The correlation function g(r) represents a radial distribution function in a system of particles (atoms, molecules, colloids, etc.); it describes the variation in density as a function of the distance from a reference particle. The number of atoms of type j in radial distance interval r to r + dr, from an atom of type i, is defined by: n ij (r) = 4r 2 c j g ij (r)dr

(III.3)
where  is the average atomic number density, cj is the fraction of atoms of type j present, and the gij(r) are the partial pair correlation functions. Meanwhile, (𝑄) corresponds to the sum of the contributions of each of the atoms present, taking into account the phase and the amplitude in reciprocal space.

In the Faber-Ziman formalism [24], the structure factor is related to the scattering intensity i(Q) and we have for neutron scattering and for x-ray scattering the following equation (Eq. III.4) and (Eq. III.5) respectively:

( )

( ) ( ) ( ) ( ) 1 ( ) MM N i j i j ij i i i Q c c f Q f Q S Q i Q = -=  𝑖 𝑋 (𝑄) = 𝑖(𝑄) (∑ 𝑐 𝑖 𝑓 𝑖 (𝑄)) 2 𝑀 𝑖 (III.5)
Where M represents the elemental species in the sample, 𝑓 𝑖 (𝑄) represents the atomic form factors for x-ray scattering taken from Waasmier and Kirfel [25] or coherent neutron scattering lengths, usually denoted 𝑏 ̅ i and taken from Sears [26]. The overbar represents isotopic averaging over the sample for the i th element. We note that the denominator in Eq. (III.5) acts to 'sharpen' [27] the distinct scattering diffraction pattern by approximately dividing out the form factor dependence. In the neutron scattering, where 𝑏 ̅ i values are independent of Q, such a procedure in not necessary.

For a system containing M elemental species, as it is always the case, the Faber-Ziman theory allows to define the total structure factor 𝑆(𝑄) as the weighted sum of M(M+1)/2 of the partial structure factors 𝑆𝑖𝑗 corresponding to each of the atomic pairs present in the component:

𝑆(𝑄) = ∑ 𝑊 𝑖𝑗 𝑆 𝑖𝑗 (𝑄) 𝑖𝑗 (III.6)
Where the 𝑊𝑖𝑗 factors are the weights of the different partial structure factors and are defined, for both neutron (N) and x-ray (X) as:

𝑊 𝑖𝑗 𝑁 = 𝑐 𝑖 𝑐 𝑗 𝑏 ̅ i 𝑏 ̅ j (III.7) 𝑊 𝑖𝑗 𝑋 = 𝑐 𝑖 𝑐 𝑗 𝑓 𝑖 (𝑄)𝑓 𝑗 (𝑄) (∑ 𝑐 𝑖 𝑓 𝑖 (𝑄)) 2 𝑀 𝑖 (III.8) (III.4)
The structure of a sample can be described in real space in terms of its pair correlation function g(r), which is proportional to the probability of finding an atom at a position r with respect to a reference atom at the origin. Therefore, the position of the peaks of g(r) allows determining the interatomic distances. The function g(r) is calculated from the Fourier transform of structure factor S(Q). we note that, as for the structure factor, the total function g(r) is a weighted sum of the partial pair-distribution functions. Equation III.9 relates both reciprocal and real space functions:

𝑔(𝑟) = 1 + 1 2𝜋 2 𝜌 ∫ 𝑞[𝑆(𝑄) -1] sin 𝑄𝑟 𝑟 𝑄𝑚𝑎𝑥 0 𝑀(𝑄)𝑑𝑄 (III.9)
In practice, the Fourier transform of the structure factor is not integrated up to infinity, the finite maximum 𝑄-value that is accessible in diffraction experiments, 𝑄𝑚𝑎𝑥, leads to peak broadening in real space after Fourier transformation as well as to non-physical oscillations in g(r) and in other r-space functions. These truncation oscillations can be avoided via prudent modulation of the experimental S(Q) by a damping function before Fourier transformation, being equivalent to a coarsening of the 𝑟-space resolution; it decreases slowly to 0 at 𝑄𝑚𝑎𝑥. The commonly used modification function is the Lorch function [28]:

𝑀(𝑄) = { sin( 𝑄𝜋 𝑄 𝑚𝑎𝑥 ⁄ ) 𝑄𝜋 𝑄 𝑚𝑎𝑥 ⁄
, 𝑄 ≤ 𝑄 𝑚𝑎𝑥 0, 𝑄 ≥ 𝑄 𝑚𝑎𝑥 (III.10)

Another equally important real space correlation function and that is usually used is RDF or N(r), i.e., the radial distribution function for the calculation of the coordination. This later has a direct physical interpretation and defined as the number of atoms in a range (r, r + dr) of any

given atom [29], [30].

𝑁(𝑟) = 4πr 2  𝑔(𝑟) (III.11)
RDF can be integrated to obtain the average number of neighboring atoms C in a coordination shell existing between the two distances r1 and r2 is thus:

C = ∫ 𝑁(𝑟) 𝑑(𝑟) 𝑟 2 𝑟 1 (III.12)
In this Ph.D. thesis, we have often used, the real space total correlation function T(r). This function represents a convenient compromise between g(r) and N(r). Comparing to T(r), the former represses high r structure and the latter, due to an additional factor of r, represses low r structure. T(r), for neutron and X-ray diffraction studies of glasses, is thus defined as:

𝑇(𝑟) = N(r) 𝑟 = 4𝑟𝑔(𝑟) (III.13)
Another advantage of T(r) is related to the fact that the symmetric distributions of interatomic distances remain symmetric. This allows easier modelling by Gaussian of symmetrical peaks which is important when determining the coordination number C.

III.3.2 Coordination number

The number of atoms of type j within a radial distance interval (r = r2 -r1) from an atom of type i correspond to the coordination number C which is obtained from T(r) via equation (III. Due to interference phenomena such as, air scattering, coherent scattering and incoherent scattering, multiple scattering, the coherent intensity is not accessible directly from the scattering intensity. There is therefore a need to make corrective corrections which take into account the above-mentioned contributions and to make a number of absorption corrections due to the sample geometry. In this regards, a software (matlab based) developed in the laboratory can perform all these corrections giving the total X-ray structure factor 𝑆(𝑄) and the pair correlation functions 𝑔(𝑟) and T(𝑟). These programs are based on the procedure described by Wagner [31] and according to this method, the scattered intensity is written:

III.3.3 High Energy X-Ray Scattering

𝐼(2Θ, 𝑄) = 𝐼 𝑝 [ 𝐴(2Θ, 𝐸, 𝐸 ′ )𝑃(2Θ)𝐼 𝑐𝑜ℎ (𝑄) +𝐼 𝑚𝑢𝑙𝑡 𝑐𝑜ℎ (𝑄) + 𝐴(2Θ, 𝐸, 𝐸 ′ )𝑃(2Θ)𝐼 𝑖𝑛𝑐𝑜ℎ (𝑄 ′ ) +𝐼 𝑚𝑢𝑙𝑡 𝑖𝑛𝑐𝑜ℎ (𝑄) ] (III.17)
where 𝐼𝑝 is the intensity of the primary beam, 𝐼x(Q) is the coherent and incoherent scattering intensity, 𝐴(2Θ, 𝐸) is the attenuation coefficient, 𝐼mult is the multiple scattering, 𝑃(2Θ, E) is the polarization factor and 𝐸′ = 𝐸 / (1 + 0.00392𝐸𝑠𝑖𝑛 2 (Θ)). The coefficient 𝐴(2Θ, 𝐸) is an attenuation term which depends on the geometry of the sample. It is calculated by integrating the optical path of the X-ray beam over the irradiated volume of the sample. Air scattering effects, important only at small angles, is recorded during an experiment without sample and subtracted. Multiple scattering is removed using the Warren and Mozzi procedure [32]. The Compton scattering intensity is calculated using the values in the tables of Balyuzi [33].

III.3.4 Neutron diffraction

Neutron diffraction is a method based on the elastic scattering in which the neutrons emerging from the experiment have more or less the same energy as the incident neutrons. scattering, self-attenuation and inelasticity effects using the GUDRUN [35] software and the Atlas [36] suite of programs in order to obtain the total neutron structure factor SN(Q).

III.4 DFT (Density Functional Theory)

Currently, due to its possible application to quantum systems of widely varying sizes ranging from a few atoms to several hundred, DFT ((Density Functional Theory)) is considered one of the most widely used methods for "ab initio" calculations of the structure of atoms, molecules, crystals and surfaces [37]. DFT, in principle, is a method of quantum computation allowing the study of electronic structure. It was mainly developed within the framework of non-relativistic quantum theory (time independent Schrödinger equation) and in the Born-Oppenheimer approximation [38] and was, subsequently, generalized to face many different situations (e.g. free energy at finite temperature, superconductors, relativistic electrons, thermodynamics of classical fluids, molecular dynamics, etc.). Instead of expressing the energy as a functional of its wave function  (Hartree-Fock method), DFT expresses the external potential of nuclei 𝑉𝑒𝑥𝑡(r) (and through it the total energy of the system) as a unique functional of the electron density () [39] which is determined from the equations given by Kohn-Sham (KS) [40]: where 𝑉 𝑒𝑓𝑓 (𝑟) is the effective potential, 𝑉 𝐻 is the classical contribution to the potential energy of particles without interaction and 𝑉 𝑋𝐶 the exchange-correlation potential. All the energy terms and their associated potentials, in KS equations, can be calculated except for this exchangecorrelation term 𝐸 𝑋𝐶 . To find an expression of this term, various correlation-exchange functionals have been developed by the researchers: Local density approximation (LDA), generalized gradient approximation (GGA) and (Meta-GGA) and hybrid functionals. In this chapter, we have systematically used the GGA and hybrid functionals.

𝑉 𝑒𝑓𝑓 (𝑟) =

III.4.1 GGA (generalized gradient approximation)

Contrary to the LDA approximation which states that the electronic density can be considered to be locally constant, the GGA approximation considers the gas of electrons in its real form, i.e. non-uniform and non-local. Thus, the exchange-correlation energy takes into account local variations in (𝑟), through the introduction of the gradient ∇ ⃗ ⃗ ρ(r) to the LDA equation. Thus:

𝐸 𝑋𝐶 𝐺𝐺𝐴 [𝜌(𝑟)] = ∫ 𝜌(r)𝜀 𝑋𝐶 [ρ(r), |∇ ⃗ ⃗ ρ(r)|]𝑑 3 𝑟 (III.20)
where 𝜀 𝑋𝐶 [ρ(r), |∇ ⃗ ⃗ ρ(r)|] represents the exchange-correlation energy per electron in a system of electrons mutually interacting of non-uniform density. Comparing to LDA, which underestimates the exchange energy by about 10%, overestimates the correlation energy by a value close to 100% and predicts shorter bond lengths than that given by experience in molecules, GGA improves total energies and lengthens and softens bonds and provides a better description of volumes at equilibrium. Many versions of GGA functionals exist, e.g. PBE (Perdew, Burke, Ernzerhof [41], [42], PW91 (Perdew et Wang [43]) and PBEsol (revised version of the Perdew-Burke-Ernzerhof GGA which improves the equilibrium properties of highly dense solids [44]), etc.

III.4.2 Hybrid functionals

In hybrid functionals, the exchange-correlation separation is reformulated to take into account the long-range correlation effects. To this end, a certain percentage of the true or exact exchange, which is the Hartree-Fock exchange, is added to the expression of the exchangecorrelation of the GGA functional. The exact amount of the Hartree-Fock exchange is determined in a semi-empirical fashion. The results obtained with this kind of functional show that the latter are the best in the description of the electronic structures of molecules and of associated properties. Regarding the choice of the calculation method, the differences between the density functionals are generally small for the structural parameters. GGA functionals provide good geometries and are sometimes even better than hybrid functionals, which also tend to be more expensive [45], [46]. Among the most used hybrid functionals, we found B3LYP, B3P86 and B3PW91.

III.4.3 Raman DFT modelling

DFT modeling was carried out using Gaussian 16 software [47]. Structural optimization and harmonic vibrational frequency calculations were performed for size-limited clusters: fcc-PbS, PbS2 H2, PbS3H3, PbS4H4, PbS6H6, Pb2S2, Pb2S6H4, Pb2S7H6, Pb4S4, Pb9S9, Pb14S13, AsPbS6H5, AsPbS5H3 and Pb3As4S10. Structural optimization and harmonic vibrational frequency calculations are a compromise between the cost of the calculations and the accuracy of the results. The terminal hydrogens are usually added to the isolated non-molecular clusters to avoid dangling bonds and simulate a continuous network [48]. In this work, the DFT calculations were performed with the Becke [49] three parameters hybrid exchange functional and the Lee-Yang-Parr correlation functional (B3LYP) [50]. The cc-PVTZ basis set was used for Arsenic, sulfur and hydrogen atoms. For Pb atoms, we have applied an external pseudopotential or Effective Core Potential available in the Environment Molecular Science Library [51]. The small-core relativistic pseudo-potential basis set (cc-pVTZ-PP [52]) was specifically employed. All the structures were optimized using the tight convergence option ensuring adequate convergence and reliability of computed wavenumbers. The B3LYP hybrid functional is often used in both ab initio molecular dynamics and cluster optimization/vibrational frequency calculations for chalcogenides and pnictides [54], [55], [56].

III.4.4 Preliminary FPMD (First-Principles Molecular Dynamic) simulations of diffraction data

Modelling of the high energy x-ray and neutron diffraction data was carried out using the Born-Oppenheimer molecular dynamics with the CP2K package [56]. The generalized gradient approximation (GGA) with hybrid PBE0 functional [57], [58], combining the exact Hartree-Fock solution and DFT approximation. This approach yields excellent agreement with experimental data for chalcogenide systems [59], [60], however, needs much more HPC (high performance computing) resources compared to classical functionals as PBE or PBEsol [41], [44]. The initial atomic configurations for glassy (PbS)0.5(As2S3)0.5 were created and optimized using the RMC_POT++ code [61], [62] against the derived x-ray and neutron structure factor of the lead thioarsenate glass to obtain a good agreement with experimental data. The size of the cubic simulation box at room temperature, containing 210 atoms (30 Pb, 60 As, and 120 S atoms), was chosen to match the experimental number density. Further optimization has been carried using density functional theory (DFT), adopting for each atom involved the molecularly optimized correlation consistent polarized triple-ζ valence basis set TZVP [63], [64] along with the Goedecker-Teter-Hutter (GTH) type pseudopotentials [65]. As a preliminary result, at the current stage we have made a DFT optimization at 0 K, and started heating the simulation box.

The last available temperature corresponds to supercooled liquid at 600 K. The results for this liquid will be compared with pulsed neutron and hard X-ray diffraction experiments.

III.5 Results and discussions

In this part, we are interested in studying the binary systems PbS-As2S3 and the A series of the ternary system, (AgI)x (PbS)0.5-x/2 (As2S3) 0.5-x/2, using Raman spectroscopy technique which is a predominant tool for the structural study of disordered materials. Therefore, a multi-technique approach combining spectroscopic diffraction techniques was used to better understand these complex microstructural materials. First, we characterized the glassy networks of the quasibinary PbS-As2S3 system and then studied the structural changes induced by the gradual addition of AgI.

III.5.1 Raman Spectroscopy Studies of PbS-As2S3 Glasses

Several Pb-As-S crystalline references were synthesized and studied using Raman spectroscopy in order to compare their Raman spectra with the spectra of our glassy samples. bimodal nature of the 300 cm -1 feature with a lower frequency component at 290 cm -1 , which emerges above 𝑥  0.3. The origin of these additional modes is two-fold. They could be related either to Pb-S vibrations, or reflect changes in the glassy matrix and, therefore, the As-S stretching frequencies. In order solve this puzzle, we will use the DFT modeling of size limited clusters.

III

III.5.1.2 Experimental Raman spectra of PbS-As2S3 crystals

The Raman spectra of (PbS) 𝑥 (As 2 S 3 ) 1-𝑥 glasses can also be compared with those of PbS-As2S3 crystalline compounds. Figure III. 6 shows typical Raman spectra of orthorhombic synthetic sartorite PbAs2S4 (𝑥 = 0.5) and monoclinic synthetic dufrénoysite Pb2As2S5 (𝑥 = 0.67). We note both similarities and differences between vitreous and crystalline lead thioarsenates, especially for equimolar composition (PbS) 0.5 (As 2 S 3 ) 0.5 = PbAs2S4, which exists in glassy and crystalline forms. The high frequency (stretching) spectral domain between 200 and 400 cm -1 in the two crystals consists of the most intense asymmetric feature at 300 cm -1 with lower frequency shoulders at 230 and 260 cm -1 . A distinct narrow peak at 335 cm -1 is followed by unresolved feature at 375 cm -1 , presumably containing multiple contributions. At low frequencies, a broad bending feature at 150 cm -1 is clearly distinguishable accompanied by several less intense peaks. The obtained spectra are rather similar to those reported earlier for sartorite and dufrénoysite minerals [75].

Comparing vitreous (PbS) 0.5 (As 2 S 3 ) 0.5 and orthorhombic PbAs2S4, we note that glassy counterpart exhibits a large fraction of the broad g-As2S3 spectral envelope. His Raman profile is also smooth without any narrow peaks characteristic of crystalline lead thioarsenates.

Nevertheless, the difference spectra reveal the additional vibration modes emerging at the same frequencies (230, 300, and 370 cm -1 ) as the distinct spectoscopic features of the crystalline compounds.

The Raman spectra of lead sulfosalt minerals [75] were attributed exclusively to As-S vibrations. The Pb-S stretching and bending modes were not considered. We should however note that despite a widely accepted conclusion that the first order Raman spectra are forbidden for cubic PbS, a combination of resonance Raman spectroscopy and second order Raman results allow to determine that the Pb-S stretching is located between 190 and 240 cm -1 [76], [77]. The small stoichiometric clusters (Pb2S2, Pb4S4 and Pb9S9) appear to be stable without imaginary frequencies, while the big non-stoichiometric entities (Pb13S14 and Pb14S13), representing two variants of the fcc elementary cell for cubic PbS, seem to be metastable, revealing 5 and 3 imaginary frequencies, respectively. All Pb-S clusters, except strongly metastable Pb13S14, exhibit clearly distinguishable stretching (180-310 cm -1 ) and bending (50-150 cm -1 ) spectral domains. For small stoichiometric clusters, the frequency of the intense 𝐴 1 symmetric Pb-S stretching correlates with the Pb-S interatomic distance. For shorter distances, 2.54-2.58 Å, the stretching frequency is maximal, 305-310 cm - 1 , and vice versa. Big metastable clusters are characterized by similar bond distance distributions, 2.76  0.02 Å  𝑟 Pb-S  3.00  0.05 Å, however, drastically different Pb-S stretching frequencies, specifically, for strongly metastable Pb13S14 with 5 imaginary frequencies. The DFT results for binary Pb-S clusters suggest that two emerging modes in glassy (PbS) 𝑥 (As 2 S 3 ) 1-𝑥 at 230 and 300 cm -1 may be attributed to asymmetric and symmetric Pb-S stretching, respectively. However, the most intense feature at 370 cm -1 is not related to Pb-S vibrations. The DFT results for As4Pb3S10 clearly show that the high-frequency peak at 375 cm -1 in crystalline and at 370 cm -1 in vitreous lead thioarsenates is related to the As-S stretching. The blue shift of this stretching mode is caused by shorter As -S 𝑡 distances (2.12-2.13 Å in crystalline PbAs2S4 [78] 

III.5.1.3 DFT Raman spectra of size-limited Pb-S or Pb-As-S clusters

III.5.2 Raman spectra of (AgI)x(PbS)0.5-x/2(As2S3)0.5-x/2 glasses (Aseries)

The measured raw Raman spectra of the AgI-PbS-As2S3 glasses (A-series) were recorded in the 80-850 cm -1 spectral range as was mentioned earlier. As no features were recorded in the highfrequency region above 500 cm -1 , we will focus our attention on the 100-500 cm -1 domain. As for the previous PbS-As2S3 system, this range is appropriate for describing and analysing the majority of bending and deformation modes at low frequencies,  < 200 cm -1 , as well as the stretching features above 200 cm -1 . In order to allow a direct quantitative comparison of the Raman spectra for different glass compositions, a Voigt function was used to fit the spectral background and then subtracted from the experimental data with subsequent normalisation to the As2S3 multimodal features centred at 340 cm -1 . Typical Raman spectra for A-series glasses, (AgI)x(PbS)0.5-x/2(As2S3) 0.5-x/2 are presented in Figure III. 12 for low (a) and high (b) silver iodide content. Similar to the (PbS) 𝑥 (As 2 S 3 ) 1-𝑥 system, the spectra show spectral features mostly related to As-S and Pb-S stretching with some characteristic composition changes. We clearly observe the broad feature centered at 340 cm -1 (corresponding to symmetric and asymmetric As-S stretching modes in corner-sharing AsS3/2 pyramids) as well as the two peaks at 230 cm -1 (As-As stretching) and 490 cm -1 (S-S stretching).

The 235 cm -1 peak is accompanied by another one at around 180 cm -1 . The most intense highfrequency peak at 370 cm -1 , attributed to As -S 𝑡 stretching according to DFT modelling and where S 𝑡 stands for terminal sulfur, is always present. Increasing the AgI content from x = 0.0 to x = 0.6 (Figure III. 12(c)), the 235 cm -1 and 180 cm -1 features decrease progressively in intensity in contrast to the peak at 370 cm -1 with increased intensity. Furthermore, with continuous AgI addition, a new vibrational mode emerges in the vicinity of 105 cm -1 as a shoulder accompanied with a filling up of the feature at 260 cm -1 .

To visualize these changes even more clearly, the spectral envelope for glassy As2S3 was subtracted and the difference spectra is presented in Figure III. 13(a). It clearly shows (i) the feature around 230 cm -1 (ii) the bimodal nature of the 300 cm -1 feature with a lower frequency component at 290 cm -1 , and (ii) the peak at 370 cm -1 , all seen earlier for the binary PbS-As2S3 glasses. The new vibrational mode at 105 cm -1 , increasing with AgI, becomes more pertinent. This peak is probably related to Ag-I stretching. The DFT modelling of AgI monomer reproduces well the AgI stretching frequency at 121 cm -1 for the Ag-I interatomic distance of 2.8 Å. The remaining vibrations should be related to AgI-based structural units and vibrational (structural) differences in the subtracted host, (PbS)0.5(As2S3)0.5, with increasing silver iodide content. Consequently, a monotonic increase of the Ag-I stretching at 105 cm -1 in the difference spectra, normalized to a constant spectral envelope of the (PbS)0.5(As2S3)0.5 host, is expected in accordance with the chemical composition of the ternary glasses, (AgI)x (PbS)0.5-x/2 (As2S3) 0.5-x/2. The Ag-I stretching also exhibits a blue shift with increasing x. In addition to the 105 cm -1 Ag-I stretching, a weak low frequency asymmetric feature at 265 cm -1 appears and grows up with AgI content (inset of Figure III. 14). The 265 cm -1 feature is similar to that found in crystalline Ag2S (Figure III. 15) but shifted to higher frequencies and can be attributed to Ag-S stretching for short Ag-S separations of 2.43 Å. Similar peak has been observed in many Ag-rich glasses, increasing with silver content [80], [81]. The above results suggest mixed silver environment in AgI-PbS-A2S3 glasses. An additional analysis is needed to clarify the observed changes.

III.5.3 Neutron and High-Energy X-Ray Diffraction Studies of PbS-A2S3 Glasses

III.5.3.1 𝑸-Space Results

The neutron 𝑆 N (𝑄) and X-ray 𝑆 X (𝑄) structure factors of (PbS) 𝑥 (As 2 S 3 ) where 𝑤 ij N are neutron weighting factors, 𝑤 ij X (𝑄) are 𝑄-dependent X-ray weighting coefficients and 𝑆 ij (𝑄) the Faber-Ziman partial structure factors. Systematic changes are observed for both 𝑆 N (𝑄) and 𝑆 X (𝑄) with increasing PbS content 𝑥. The first sharp diffraction peak FSDP at 𝑄 0  1.25 Å -1 decreases dramatically with 𝑥 and nearly disappears in the X-ray data. An additional peak emerges and grows at 𝑄 Pb  1.7 Å -1 and his amplitude is higher for 𝑆 X (𝑄)s. The first principle peak PP1 slightly increases with 𝑥 and shifts from 𝑄 1  2.4 Å -1 (𝑥 = 0) to 2.3 Å -1 (𝑥 = 0.5). In contrast, the amplitude of the second PP2 markedly decreases and exhibits a pronounced shift to lower scattering vectors: 𝑄 2  3.9 Å -1 (𝑥 = 0) to 3.6 Å -1 (𝑥 = 0.5). The amplitude of high-𝑄 oscillations also systematically decreases with 𝑥, and some additional features appear at 4.8 Å -1 and 7 Å -1 .The neutron data below 𝑄 ≲ 0.2 Å -1 exhibit some enhanced small-angle neutron scattering (SANS) except glassy As2S3.

The SANS intensity is small in the accessible low-𝑄 range, much smaller compared to phaseseparated glasses, that is, As 𝑦 S 1-𝑦 or Ge 𝑦 S 1-𝑦 at 𝑦  0.30 (Figure III. 18 [66]), however,

indicates some inhomogeneity at mesoscopic scale (≲ 1000 Å). We should also note that the studied PbS-As2S3 glasses show a single glass transition in contrast to phase-separated As-S or Ge-S glasses with strong SANS and two glass transitions.

The X-ray structure factors do not show the enhanced small-angle scattering because the available low-𝑄 domain is limited by 𝑄 min = 0.5 Å -1 .

The FSDP and related low-𝑄 features were isolated using the background subtraction reported previously [82], [83]. The results are shown in First, we note that the FSDP decreases faster in case of the X-ray structure factors. The origin of the FSDP in thioarsenate glasses is As-As correlations at the intermediate-range scale 𝐿 0 = 2𝜋 𝑄 0

 5-6 Å, verified both experimentally [84] and theoretically [85]- [87]. The neutron As-As weighting factors 𝑤 AsAs N are larger than the X-ray counterparts. For example, for equimolar glass (PbS) 0.5 (As 2 S 3 ) 0.5 , the ratio 𝑤 AsAs N /〈𝑤 AsAs X (𝑄)〉 appears to be 1.7, where angular brackets for 𝑄-dependent X-ray weightings mean the average value over the accessible 𝑄range. In other words, neutrons are more sensitive to As-As atomic pairs compared to X-rays, explaining the observed trend. The decrease of the FSDP amplitude with increasing 𝑥 also means a fragmentation of the host thioarsenate glass matrix. The origin of the emerging and growing pre-pic at 1.7 Å -1 and its higher amplitude for X-rays suggests it is related to lead. It was shown earlier for similar HgS-As2S3 glassy system, that the origin of the comparable prepic is related to Hg-Hg correlations [88]. In case of equimolar composition, 𝑤 PbPb N /𝑤 PbPb X (𝑄 = 1.7Å -1 ) is 0.5, thus explaining the difference in the Pb pre-pic amplitudes between neutrons and X-rays. Further confirmation will be done by first-principles molecular dynamics (FPMD). 

III.5.3.2 𝒓-Space Results

The neutron 𝑇 N (𝑟) and X-ray 𝑇 X (𝑟) total correlation functions, obtained through the usual The 𝑇 N (𝑟) and 𝑇 X (𝑟) functions exhibit the first peak at 𝑟 1 = 2.27 Å, corresponding to As-S nearest neighbors (NN). As expected, the amplitude of this peak decreases with 𝑥. The second peak at 𝑟 2  2.85 Å emerges and grows with increasing lead sulfide content and seems to be related to Pb-S NN correlations. The amplitude of the second peak is higher for X-rays in accordance with neutron and X-ray weighting coefficients, 𝑤 PbS N /〈𝑤 PbS X (𝑄)〉 < 1, where the 3.17  0.14 Å [78]. On the other, the Gaussian fitting is using symmetric functions, but we cannot exclude asymmetric bond distance distribution typical for crystalline lead thioarsenates.

Consequently, the local Pb-S coordination may be higher. Additional information will be done by our preliminary FPMD modeling. [20], [66]; ** approximate values using a three-peak symmetric Gaussian fitting Further analysis will follow when the FPMD modeling will be completed. 

III.5.3.3 Preliminary Results of First Principles Molecular Dynamics Modeling of Equimolar

III.6 Conclusion

Raman spectra of (PbS) 𝑥 (As 2 S 3 ) 1-𝑥 glasses, 0  𝑥  0.5, and crystalline references, monoclinic synthetic sartorite PbAs2S4 (𝑥 = 0.5) and monoclinic synthetic dufrénoysite Pb2As2S5 (𝑥 = 0.67),

have been studied at room temperature. The spectra of glasses basically represent a broad unresolved spectral envelope of glassy As2S3 with emerging and growing spectral features at 230, 300 and 370 cm -1 . The spectra of crystalline PbAs2S4 and Pb2As2S5 do not exhibit the contribution of g-As2S3 but show similar Raman features: an asymmetric peak at 290 cm -1 with low-frequency shoulders and a high-frequency peak at 375 cm -1 .

DFT modeling of binary Pb-S and ternary As-Pb-S size limited clusters allow a reliable interpretation of the observed spectra to be carried out. The features at 230 and 300 cm -1 seem to be related to asymmetric and symmetric Pb-S stretching, respectively. The most intense high-frequency peak at 370 cm -1 is attributed to As -S 𝑡 stretching, where S 𝑡 stands for terminal sulfur. The presence of this feature, accompanied by shorter As -S 𝑡 bond distances, indicates that lead is acting rather as a network modifier than a network former. Similar spectroscopic high-frequency feature was earlier reported for silver and alkali thioarsenates.

Pulsed neutron and high-energy X-ray diffraction results over a large accessible 𝑄-range with 𝑄 max = 30 Å -1 was used to study short and intermediate range order in glassy lead thioarsenates (PbS) 𝑥 (As 2 S 3 ) 1-𝑥 , 0  𝑥  0.5. It was found that all studied compositions are fully vitreous without any Bragg peaks even for large neutron samples. Nevertheless, an enhanced smallangle neutron scattering below 0.2 Å -1 suggests some mesoscopic inhomogeneity even for glasses with a single glass transition temperature. Lead sulfide additions do not change the trigonal arsenic coordination at a characteristic distance of 2.27 Å, however, seem to cause a host network fragmentation, visible through a systematic decrease of the first diffraction peak at 1.25 Å -1 and a gradual disappearance and shift of distant correlations in 𝑟-space at 5.3 Å.

The crystal structure of monoclinic PbAs2S4 and derived structural parameters of equimolar glass (PbS) 0.5 (As 2 S 3 ) 0.5 exhibit some similarities and pronounced differences. A big difference between interatomic distances involving terminal and bridging sulfur in monoclinic PbAs2S4 (𝑟 As-S 𝑡  2.12 Å, 𝑟 As-S 𝑏  2.60 Å) is not confirmed for glassy thioarsenates. The high lead local coordination in PbAs2S4, 𝑁 Pb-S = 9 at 𝑟 Pb-S = 3.17  0.14 Å, is not characteristic for glasses either, coherent with smaller Pb-S interatomic distances, 2.85  0.02 Å. However, the derived lead local coordination in glasses, 𝑁 Pb-S = 3.5  0.5, is likely to be underestimated because of the Gaussian fitting with symmetric functions.

Preliminary FPMD modeling of equimolar supercooled (PbS)0.5(As2S3)0.5 liquid at 600 K has been carried out using GGA/PBE0 hybrid functional. The derived GGA/PBE0 neutron and Xray structural factors and correlation functions in 𝑟-space appear to be in good agreement with experimental results for room-temperature glass suggesting the structural features of supercooled liquid and solid glass are rather similar. The FPMD modeling is consistent with usual conclusion that the FSDP in lead thioarsenate glasses is mostly related to the As-As Basically, the derived neutron, X-ray structural as well as the FPMD parameters are rather emphasize a structural role of lead as a modifier than a network former.

IV.1 Introduction

After having studied, in the previous chapter, the macroscopic, transport and structural properties of the lead containing glasses, we conclude with a study of the application of these glasses as ionic membranes in chemical sensors. In our case, the lead sensors are designed to work in an aqueous environment. Therefore, as a first step, it is interesting to understand the chemistry of lead in water as well as the techniques employed in its detection. In this regards, a bibliographic study of the techniques that have been used for the detection and the determination of lead quantity in water is made in order to understand the advantages and disadvantages of each technique. Finally, after some reminders of the principles of the potentiometric methods, we will present (for the fabricated sensors based on selected AgI-PbS-As2S3 glasses) the obtained results related to the evaluation of the different glass compositions as active membranes in Pb(II)-ISE, including detection limit, sensitivity, linearity, ionic selectivity (in the presence of K + , Na + , Ni 2+ , Ca 2+ , Cd 2+ , Cu 2+ and Hg 2+ interfering cations), reproducibility and optimal pH-range.

IV.2 Bibliography

IV.2.1 Chemical and physical properties of lead

Lead is one of more than 100 elements that make up the earth. In fact, it is known by the alchemists to be one of the first elements ever mined. Indeed, the chemical symbol and name of lead originate from the Roman word "plumbum" as do the modern words "plumbing" and "plumber" [1]. Lead, Pb, is a chemical element with the atomic number 82 and a member of group 14 (IV A) of the periodic table. It is a soft, silvery white or grayish heavy metal. Its closepacked face centered cubic structure and high atomic weight result in a relatively high density [2]. Metallic lead is malleable and ductile. It has low tensile strength and is a poor conductor of electricity [3], [4]. It is corrosion resistant. Even in powder form, lead has decreased reactivity by forming a thin protective layer of insoluble compounds, such as oxides, sulfates or oxycarbonates. It is hardened by alloying it with small amounts of arsenic, copper, antimony, or other metals. These alloys are frequently used in the manufacture of various products containing lead [5]. Lead exists in three oxidation states [6]: Pb(0), Pb(II), and Pb(IV). It is rare for lead to occur in nature in its elemental or pure form. The most common lead mineral is the galena (lead sulfide PbS), but sometimes it is found in other mineral forms, which are of lesser commercial importance, such as anglesite (lead sulfate PbSO4) and cerussite (lead carbonate PbCO3).

Inorganic Pb(II) complexes are known for their low solubility (Table IV. 1) [2], [7]. In this regard, for example, lead chloride is considered as moderately soluble while lead nitrate and lead acetate are reasonably soluble [6]. This low solubility has a profound effect on both environmental and biological chemistry of lead. In its native form as ores in the environment, e. g., galena PbS, lead tends to be extremely insoluble. It is interesting to speculate that this insolubility may play an important role in the susceptibility of living organisms to lead poisoning. Although lead is relatively abundant compared to other existing heavy metals, with an average abundance of ~20 ppm in the earth's crust, most naturally occurring lead compounds are highly insoluble that most biological systems (including people) have been exposed to a relatively little amount of lead on an evolutionarily relevant timescale. 

Stability of lead compounds in water

The 

IV.2.2 Sources and uses of lead throughout history

Although lead contamination occurs naturally due to volcanic eruptions and forest fires, anthropogenic emissions of lead remain the main sources of lead contamination (Table IV. 2) [9]. Lead is one of the seven metals of antiquity. It has been used from very early times where it had a very economical value and was produced in high amounts [3], [10]. It was present in all the metal ages and played a significant role in the development of mankind. Because of its softness, low melting temperature (327.5°C), its high density and its relatively low conductivity [11], it was relatively simple for early humans to manipulate lead into a wide variety of objects, ranging from axes to coins to tumblers and figurines. Since it is a major component in alloys such as bronze (~ 5-30% Pb), it was also figured in the development of the Bronze Age (~ 3000 -1000 B. C). Consequently, lead emissions increased from 160 tons/year to 10,000 tons/ about 2700 years ago [12]. During the Roman Empire about 2000 years ago, where lead was referred to as the "Roman metal", lead was used in a wide range of applications such as pipes, drinking vessels, coffins, statues and coins [13]. Thus, the production of lead underwent a further increase where it topped out at 50,000-80,000 tons/year [12], [14]. Galena, an essential compound for the production of lead and silver, was used in Egypt as eye paint and in the manufacture of lead glazes and glasses as well as for medicinal purposes in Greece and Rome and as make-up in China [3]. The anthropogenic emissions of lead increased again dramatically during the industrial revolution and have continued to rise in the 20 th century. During those times, one of the largest contributions to lead emissions came from the use of the Pb (IV) (e.g., tetraethyllead (TEL)) as an anti-knocking agent in gasoline [15]. In modern times, new and important applications of lead have developed. It was used in batteries, building materials, paint, soldering, wire and cable insulation and jacketing, ammunitions, as stiffener in candle wicks, in radiation shields and as pigments [6], [16]- [18].

Commercial lead metal is described as being either primary or secondary. Primary lead is produced directly from mined lead ore while secondary lead is produced from scrap lead products which have been recycled. In fact, in addition to the most common lead ore galena, lead bullions contain other elements such as zinc, silver, arsenic, gold, etc., that must be separated in a subsequent refining process [19]. After 20th century mining production has undergone a slow but steady decline, this is due to the fact that recycling has increased and thus, about 50% of the lead produced in the world in 2000 was obtained from recycled scrap lead products [20]. Secondary lead production is now significant in many countries, but mostly in the highly industrialized countries [21]. Indeed, the geographical distribution of lead production has changed worldwide during the past years. It showed a slight decrease in Europe, America, and Africa while it has increased in Asia [22], [23]. [24], [25]. By far the world's largest single lead application is in leadacid batteries. Since 1960 the manufacture of lead-acid batteries had remained the largest single use of lead in almost all countries, representing an ever-increasing percentage of total lead consumption [26]. Extruded lead is also widely used. In fact, the manufacture of lead sheets is the second most important use of metallic lead after batteries. Most lead sheets are used in buildings and construction industry, where typical applications are flashings and weathering, complete roofing systems and vertical wall cladding. The characteristics of lead sheets, such as durability, recyclable nature, low maintenance and low energy requirement for conversion make this material very useful compared to other more expensive alternatives.

IV.2.3 Toxicities of lead

The toxicity effects of lead were known to the ancients, but only recently, scientists have started to make methodical studies of the overall toxicity of this heavy metal. In Table IV. 4 the norms concerning certain heavy metals in industrial atmospheric emissions in France and the European Union are presented [27]. Lead is found in the third group and graded among the very toxic elements. Its concentration limit is estimated at 1 mg.Nm -3 . Since it cannot be degraded by microbial activities, lead is considered as an environmentally persistent toxin, which has accumulated upward the food chain. Once taken into the body, lead can circulate throughout the body in the blood and accumulate in the bones and soft tissues leading to chronic toxicity. Growing evidence supports the premise that there is no threshold for harmful effects from the lead exposure [28], [29]. Depending on the level of exposure, lead can cause neurological [30], [31], renal [32], hepatic [33], hematological, circulatory, immunological, reproductive, developmental [34], [35], auditory [36], gastrointestinal, and cardiovascular pathologies [37]. In general, lead harms children more than adults. Infants and young children are more sensitive to lower lead levels than adults, they show neurological effects contributing to lowered intelligence quotient (IQ) [38], [29], [39], learning deficits, cognitive deficits [40], [41], lower vocabulary and grammatical-reasoning ability [42], poorer hand-eye coordination [42], longer reaction time, deficits in psychological and classroom performance [43], hyperactivity and behavioral problems [44].

The reason for the high level of lead poisoning in children may be due to the facts that lead is efficiently absorbed and retained and the blood-brain barrier is not fully developed in very young children [45], [46]. High bone lead levels are associated with an increased risk of somatic complaints, social problems, attention problems, anxiety /depression, as well as aggressive and delinquent behaviors among children [47]. In addition, chronic occupational exposure to lead was shown to increase the risk of Parkinson's disease [48]. Chronic exposure to lead can also lead to tooth loss and damages to hard dental tissue [49]. Furthermore, lead can cross the placental barrier, which affects the development of the fetus, especially the developing baby's nervous system. Lead may also cause stillbirths and abortion. Polluted ecosystems cause losses in biodiversity, alteration in community components, decreased pollen germination and seed viability, and reduced growth and reproduction rates in plants and animals [50]- [53].

IV.2.4 Chemical and physio-chemical methods for the analysis of lead

Currently, there are a number of analytical techniques, by which the elemental composition of a heavy metal is determined, based on spectroscopic and colorimetric methods, biosensors and electrochemical analysis. Usually, to detect and determine the trace of heavy metals in water, the water samples are taken on site after a minimum of 6 hours of stagnation and then transported to a certified central laboratory in order to be tested.

The spectroscopic methods

The very often used analytical methods to determine the lead content in aqueous solutions are spectroscopic methods including atomic absorption spectroscopy (AAS), atomic emission spectroscopy (AES), and X-ray fluorescence (XRF), inductively coupled plasma mass spectrometry (ICP-MS).

AAS is based on the atomization of an aqueous sample in a flame or graphite furnace and the absorbance of light by the metal ions in the sample. AAS allows the analysis of only one element at a time and solid samples should be digested in the aqueous solution before analysis.

AES uses high temperature plasma, flame or spark to excite elements in an aqueous sample to an upper particular electronic state and observes the light emitted as it returns to the ground state in order to determine the quantity of an element in a sample. XRF involves using X-rays to cause excitation of inner shell electrons to high energy levels before decaying down and releasing energy in form of fluorescence [54]. ICP-MS is a technique for determining low concentrations (range: parts per billion, ppb) and ultra-low concentrations of elements (range: parts per trillion, ppt). Atomic elements are conducted through a plasma source where they become ionized. Then these ions are sorted according to their mass.

The aforementioned laboratory techniques offer very good sensitivity and limit of detection that can detect lead levels up to part per billion (ppb). However, in addition to the expensive, sophisticated, and bulky instrumentation required, trained personnel are needed to operate the instruments and perform the testing. These techniques are limited to laboratory testing on already prepared samples. Therefore, using these techniques for a large-scale determination of heavy metals can be very costly, time consuming, and labor intensive. Although there are portable XRF instruments, their detection limits are not appropriate for trace-level detection.

The colorimetric methods

A colorimetric method is based on spectrophotometry. It determines the presence and concentration of a chemical element or a chemical compound in a solution using a colored reagent. Depending on the level of precision required, the colorimetric results are analyzed using a spectrophotometer [55]. The main reagents available for the spectrophotometric or colorimetric determination of Pb metal are dithiazone, diethyldithiocarbamate, diphenylcarbazone, and porphyrin compounds. Although each chromogenic system has its advantages and disadvantages with respect to sensitivity, selectivity and stability most of them require extraction using organic solvents, surfactants, or cyanide to increase the sensitivity or selectivity [56]. Recently a renewed interest in detecting heavy metal ions using the colorimetric method has emerged using functionalized metal nanoparticles. Adding nanoparticles such as silica, polystyrene, alumina, gold avoid the aggregation and precipitation of lead sulfide and consequently enables sensitive and reliable detection of lead by using spectrophotometric or colorimetric methods [57]- [60]. This method is based on forming a very stable and dispersible PbS solution by reacting lead with sulfide ions in the presence of stabilizing nanoparticles. A colorimetric method enhanced with non-precious-metal nanoparticles for determining lead ions in water demonstrates that it can accurately measure lead concentration in the range of 0.5-500 ppm [61] where the test produces a visible color change in the solution if the lead sulfide concentration is ≥ 0.5 ppm. Another colorimetric method based on metal induced aggregation of N-decanoyltromethamine capped gold nanoparticles has been developed [62] shows that the addition of toxic metal Pb 2+ to NDTM-AuNPs alters the color from pink to violet due to aggregation. The detection limit was found to be at 10 μM by naked eye and 0.35 μM by spectrophotometry.

Biosensors

Biosensors, based on microorganisms, enzymes, microspheres, and nanomaterials, have been developed to detect heavy metals [63], [64]. Sensors with enzymes can detect ppb levels of lead, copper, uranium, zinc, mercury, and cadmium [57], [65].

Electrochemical methods

In response to the fast growing demands of rapid detection and evaluation of contamination by heavy metals, particularly in the field of environmental monitoring, great efforts have been made to develop technologies and methods for in-situ and continuous measurements of heavy metals. The main method of in-situ detection of heavy metals is electrochemical analysis using chemical sensors. Electrochemical methods can be divided in three main categories: potentiometry, coulometry and voltammetry. The earliest voltammetric form was developed by Jaroslav Heyrovsky in the early 1920s, an achievement for which he was awarded the Nobel Prize in Chemistry in 1959 [66]. Since then, many different forms of voltammetry have been developed. Although early voltammetric methods used only two electrodes, a modern voltammetry uses a three-electrodes system consisting of a working electrode, reference electrode, and counter electrode. The auxiliary electrode or the counter electrode is generally a platinum wire and the reference electrode usually is a silver/silver chloride (Ag, AgCl | KClsatd)

or the commercial calomel electrode (Hg, Hg2Cl2 | KClsatd). This technique is based on applying a time-dependent potential excitation signal to the working electrode changing its potential relative to the fixed potential of the reference electrode and measure the resulting current as a function of that potential providing quantitative and qualitative information about the species involved in the oxidation or reduction reaction. Indeed, the oxidation or reduction of a substance on the surface of the working electrode, at the appropriate applied potential, results in the mass transport of a new material to the surface of the electrode and the generation of a current. The main drawbacks encountered in voltammetric analysis are signal overlapping; when interfering species are present in the sample they can mask the presence of other studied species and the electrode fouling by existing organic matter, such as humic material, which binds with the metal ions and adsorbs on the electrode surface [67].

Regarding potentiometry, chemical sensors have been extensively used for the determination of different types of ions. Particularly, polycrystalline membrane ion-selective electrodes are commercially available. Table IV. 5 presents the available commercial electrodes and types of membranes. We can notice from the Table IV. 5 that there are 4 companies producing electrodes for the detection of lead ions (Pb 2+ ). These membranes are based on the mixture of two compounds (PbS and Ag2S) and all of them fell into the 10 -6 mol/L detection limit column in the Table IV. 6.

Table IV. 5 Available commercial electrodes and types of membranes [68]- [70].

Ions Radiometer

Analytical

Orion

Nico 2000

Hg 2+ - - HgS / Ag2S Pb 2+ PbS / Ag2S PbS / Ag2S PbS / Ag2S K + PVC PVC PVC S 2- Ag2S Ag2S Ag2S
Table IV. 6 Detection limits of some ion-selective electrodes [71]- [73].

10 -8 mol/L 10 -7 mol/L 10 -6 mol/L 10 -5 mol/L Orion Cu 2+ , I - NH3, NH4 + , Cd 2+ , Ca 2+

Br -, F -, Pb 2+ , K + , Na + Cl -

Nico 2000

Cu 2+ , Ag + , S 2- Ca 2+ , Cd 2+ , I - Na + , Hg 2+ , Pb 2+ , Br -, F - Cl -, K + , NO2 -

Van London

Co.

Cu 2+ Cd 2+ , I -, Ag + , S 2- F -, Pb 2+ , K + , Na + Ca 2+ , Br -, NH4 + , NO3 - Radiometer Analytical - CN -, F -, S 2- Br -, Ca 2+ , Cu 2+ , Cl -, Pb 2+ , K + , Na + NH4 + NH4 + , Br -, Ca 2+ , CN -, NO3 -

IV.2.5 Ion-selective electrodes

Ion-selective electrodes (ISEs) are electrochemical sensors that allow the detection of ionic species in aqueous and non-aqueous mediums. They convert the ionic signal into a measurable electronic signal, often electrical potential. The working of ion-selective membranes is provided by the existence of electrical conductivity that ensures the ion transport and ion-exchange, which explains the working mechanism. ISEs typically require the use of a reference electrode to electrochemically determine the concentration of target ions present in different chemical environments. They have received a worldwide attraction for detecting heavy metal traces because of their very low detection limits, good selectivity, low cost, and portability for in-situ measurements [74], [75]. Many organic, inorganic and composite materials have been studied

as electroactive materials for the preparation of ion-selective membrane electrodes. Moreover, the electrochemical detection used by ISE electrodes has short analytical time, low cost, high sensitivity and easy adaptability for in situ measurement. Therefore, electrochemical detection has become one of the most developed methods for the continuous in-situ monitoring of heavy metals. The following sections present and discuss the different types of lead selective ISEs developed in liquid contact and solid contact forms.

❖ Liquid membranes

Liquid membrane electrodes are based on active substances, generally some organic compounds which are dissolved in organic solvents and suitable polymers. Sensors with liquid membranes can be divided into two groups depending on the type of active substance: ion exchanger and neutral carrier.

A common type of conductive sensing membrane is made of a plasticized polymer phase, typically with polyvinylchloride (PVC) as the polymer matrix, and lipophilic ion-exchanger sites. These sensors have some weak points such as insufficiently good selectivity coefficients and having a short lifespan which extends to a maximum of a few months. Most of the work found in the literature [76]- [84] relates to liquid membranes for lead detection made up of an organic molecule embedded in a polymer, generally PVC and are presented in Table IV. 7.

❖ Solid membranes

The solid membranes are divided into two main subgroups: homogeneous and heterogeneous membranes. They generally exhibit a little interference with other ions, unlike liquid membranes. In fact, interference can take place only if the interfering ion can interact with the membrane or if a chemical reaction takes place between the membrane and the solution [85].

1-Homogeneous

Silicate glasses

The first ion-selective electrode was the pH electrode based on silicate glass [86]. This composition (72% of SiO2, 21.3% of Na2O and 6.4 % CaO) is the basic composition for the pH electrodes. But since it does not work very well in all pH regions, it was changed many times in order to find the best composition for pH greater than 10.

Table IV. 7

Different types of liquid membranes for lead detection and their characteristics.

Glass electrodes have many advantages such as: short response time, simplicity of calibration, reproducibility of the measurements, uses in very small volumes and at high temperature, etc.

However, there are some limitations of these electrodes, for example, they cannot be used in a 8.2 x10 -6 -1.0 x 10 -1 10 -4 30 2-6.8 3 months hydrofluoric acid environment (risk of glass attack) or in a rigorously anhydrous medium (risk of destruction of the hydrated thin ion exchange layer).

Chalcogenide glasses

The detection mechanism of ion-selective electrodes with homogenous membranes made from chalcogenide glasses is mostly the same as for the glass electrodes. A thin layer (5 to 100 nm) is formed on the surface of the glass membrane when it is placed in the solution [87]. The potential difference of the ionic exchange corresponding to the thermodynamic activity of the ion is therefore measured.

Although there is not yet a chemical sensor with chalcogenide glass membrane in commerce, membranes based on chalcogenides and chalcohalides are very promising materials for the detection of heavy metal ions (Pb 2+ , Hg 2+ , Cu 2+ , Cd 2+ , Tl + , etc...) and toxic anions (CN -, S 2-, AsO4 3-) due to several reasons such as: ionic and/or electronic conductivity, good stability, high selectivity coefficient and good chemical durability.

Different chalcogenide glass systems (e.g., PbS-Ag-As2S3, PbI2-Ag2S-As2S3 and GeSe2-PbSe-PbTe) have been investigated as ISE membrane materials (Table IV. 8).

Table IV. 8 Sensitivity and detection limit for some silver halide-based sensors for Pb detection found in the literature. The ion-selective membranes developed on the basis of thin evaporated layers of As2S3/Ag by Tomova et al. [88] showed high sensitivity towards Ag + and Cu 2+ ions, respectively down to the concentration range of 10 -6 mol/L, short response time and good selectivity to interfering ions but poor detection limits (10 -4 and 10 -5 M).

Chemical composition

Sensors based on glasses from the composition 40PbI2-30Ag2S-30As2S3 show a very good detection limit of 1-3×10 -7 M and a slope that coincides with the theoretical one S0. Vlasov and Bychkov [89] report a very good reproducibility and a pH working range between 2 and 5.5-6. These chalcogenide glass electrodes are highly selective in the presence of alkali and alkali-earth cations, cobalt, nickel, zinc and manganese (II) but are very sensitive to Cu 2+ and Hg 2+ ions.

The Pb(II)-ion-selective electrodes (Pb(II)-ISE) of 'coated wire' type developed by Vassilev et al. [90] show linear functions in the concentration range 10 -5 -10 -1 mol.L -1 with good detection limits in the range 3.5-7.9×10 -6 M and good selectivity in the presence of Zn 2+ , Cd 2+ , Cu 2+ and Al 3+ interfering ions but they work reliably only in the acidic pH-region for pH = 2-2.5.

Crystalline

The fluoride ion selective electrode is a well-known ion-selective electrode with a homogeneous solid crystalline membrane. The membrane of the electrode consists of a single crystal of lanthanum fluoride (LaF3) doped with europium fluoride (EuF2) which in turn creates gaps that facilitates the ionic transport in the structure of the crystal. This crystal is an ionic conductor specific to fluoride ions whose diffusion involves successive jumps in the created vacancies. A fluoride salt solution is used as a reference solution. In this example, the main interfering ion is the hydroxide ions OH -because it reacts with the lanthanum to form lanthanum hydroxide. Therefore, these electrodes must be used in the presence of an acidic buffer solution in order to maintain a low concentration of OH -ions [START_REF] Frant | Electrode for Sensing Fluoride Ion Activity in Solution[END_REF].

2-Heterogeneous

Crystalline

Ion-selective electrodes can be based on Ag2S-MS or Ag2S-AgX (X = halogen) compositions.

They are used for the dosage of M 2+ ions (for example, M = Pb, Cu, Cd, Hg) or halides. In this case, the membrane is in the form of a polycrystalline heterogeneous pellet. However, an oxidation of these electrodes is observed over time.

Inert matrix

It is possible to make an ion-selective membrane by incorporating small crystals into an inert matrix (polymer, silicon rubber) whose role is to serve as a binder so that the produced heterogeneous membrane can be easily elaborated. In general, the electrodes with heterogeneous membrane have longer response time than homogeneous electrodes.

IV.2.6 Basic principles of the potentiometric methods

Before discussing the properties of the chemical sensors developed within the framework of this project, we will present some generalities about potentiometric chemical sensors.

IV.2.6.1 Electrochemical cell

The measurement system which is simply an electrochemical cell ( The potential of the indicating electrode (chemical sensor) EM follows the Nernst's law:

𝐸𝑀 = 𝐸0 ± 𝑅 𝑇 𝑍 𝑖 𝐹 ln𝑎𝑖 (IV.1)
where 𝑎𝑖 is the activity of the measured ionic species, 𝐸0 corresponds to the standard potential of the membrane, 𝑅 is the gas constant (8.314 J.K -1 .mol -1 ), 𝑇 is the absolute temperature in Kelvins, 𝐹 corresponds to Faraday's constant (96485 Coulomb) and 𝑧𝑖 is the charge of the measured ionic species.

By replacing the activity 𝑎𝑖 of the ion i by the concentration 𝑐𝑖 and the coefficient 𝛾𝑖 (𝑎𝑖=𝑐𝑖𝛾𝑖), we obtain:

𝐸𝑀 = 𝐸0 ± 2.303 𝑅 𝑇 𝑍 𝑖 𝐹 log (𝑐𝑖𝛾𝑖) (IV.2)
In reality, the typical electrochemical cell can be represented as follows:

The total measured potential E between the two electrodes of the cell is therefore composed from:

𝐸 = 𝐸 𝑅1 + 𝐸 𝑗1 +𝐸 𝑗2 + 𝐸 𝑀 +𝐸 𝑅2 (IV.3)
where ER1 is the potential at the interface Ag, AgCl | KCl (saturated), ER2 is the potential at the interface Pb(NO3)2, AgNO3 | Ag, Ej1 is the diffusion potential at the interface between the reference electrode solution and the salt bridge solution, and Ej2 is the diffusion potential at the interface between the salt bridge electrolyte solution and the analyzed solution and EM is the potential at the interface of the selective membrane and the analyzed solution. the overall potential difference becomes identical to that of equation (IV.2). However, it should be remembered that the diffusion potential is not always constant. 

IV.2.6.2 Liquid junction potential

The liquid junction potential results from contact between two liquids with different The existence of a liquid junction potential between two electrolytes complicates the experimental measurements, because 𝐸j can have significant and variable values. Therefore, the global potential E is not described precisely by equation (IV.2) but rather by the following

𝐸=𝐸 𝑅1 + 𝐸 𝑗1 + 𝐸 𝑗2 +𝐸 𝑅2 +𝐸0±2.303 𝑅 𝑇 𝑍 𝑖 𝐹 log (𝑐𝑖𝛾𝑖) (IV.5)
In order to have direct measurements of the liquid junction potential 𝐸j, we should know the ion coefficient activity. In turn, we must know 𝐸j to measure the ion coefficient activity. This is a thermodynamically indefinite situation. Actually, there are three possible solutions to solve this problem:

(a) using of the appropriate construction and the appropriate solution of the salt bridge in order to minimize the liquid junction potential;

(b) using of a support solution with ionic strength at least ten times higher than the concentration of the measured solution to have a constant liquid junction potential;

(c) using the Henderson equation in order to estimate the liquid junction potential:

Ej = -( 𝑅𝑇 𝐹 ) ∫ ∑ ( t i z i ) 𝜕 ln 𝑎 𝑖 2 1 (IV.6)
where ti is the transport number of the i-th ion, 1 and 2 representing the two solutions forming the junction potential Ej.

In our case, we have chosen the (b) and as a support solution we use the potassium nitrate. 

IV.2.6.3 Reference electrode

The main requirements for the reference electrodes are [START_REF] Janz | Silver, Silver Chloride Electrodes[END_REF]:

The reference electrodes must be reversible. Their reversibility can be estimated by the value of the ion-exchange current between the reference electrode and the electrolyte, which must be very high.

chemical sensor with liquid contact and photos of the actual sensors obtained by the end of fabrication process, respectively.

Table IV. 9 Chemical compositions of the prepared membranes and the conditions of their synthesis. 

Chemical composition

IV.4 Main characteristics of Pb 2+ sensors

The assembled lead sensors were diagnosed for a number of parameters related to the calibration functions: detection limit, slope, linear response range, selectivity coefficient in presence of interfering ions (KPb 2+ , M Z+ ), reproducibility and optimal pH-range.

IV.4.1 Sensitivity and detection limit in standard solutions

The sensitivity and the detection limit are known to be the most important parameters characterizing chemical sensors. They could be found using the calibration curve if we plot the potential as a function of Pb 2+ concentration in a semi-logarithmic scale (see Figure IV. 7 for example). The detection limit corresponds to a limit concentration below which the sensor is no longer sensitive to the ions being measured. It is determined as the intersection of two parts of the calibration curve: the first horizontal part with the constant potential and the second part with the rising potential. The sensitivity is a characteristic that defines the ability of the sensor to respond to a certain ionic species present in a liquid medium. The sensitivity is deduced from the slope (S) of the linear range of the second part of the calibration curve. The Nernst's law (equation IV.1) gives the theoretical value of the slope Sth = 29.6 mV/decade for Pb 2+ ions at 25°C. The sensitivity of the sensors was studied in standard solutions of lead nitrate Pb(NO3)2 prepared from 1 mol. L -1 Pb(NO3)2 by consecutive dilution with ultrapure water up to 10 -5 mol.

L -1 . Calibrations were carried out over a range of concentrations between 10 -8 mol. L -1 and 10 - 3 mol. L -1 . All the calibrations were performed using the titration method where Pb (NO3)2 additions are introduced into 100 ml of potassium nitrate KNO3 solution with a concentration of 10 -1 mol. L -1 (pH ≈ 7). After having introduced the Pb(NO3)2 additions, it is necessary to wait to reach the equilibrium potential. The waiting time is normally about 2 minutes and the potential does not change more than ± 2 mV during these 2 minutes.

- 

Pb-ISE30

Pb(NO 3 ) 2 concentration (mol/L) chemically stable; a better performance of Pb-ISE20 seems to be related to higher AgI fraction (60 mol.%).

Table IV. 11 Sensitivity and detection limit of lead sensors presented in the literature. real sample measurements. The lower the value of the selectivity coefficient (𝐾 𝑃𝑏 2+ ,𝑀 𝑍+ ), the more selective the chemical sensor. Theoretically, the selectivity coefficient is given by the Eisenman-Nicolsky equation [START_REF] Růz̆ic̆ka | A new type of solid-state ion-selective electrodes with insoluble sulphides or halides[END_REF]:

Chemical composition

E = E0 + (RT/zx F) ln(𝑎x+Kx,y 𝑎y) (IV.7)
where:

𝑎𝑥 -activity of the primary species X detected by the sensor, 𝑎𝑦 -activity of the interfering ion Y, K𝑥,y -selectivity coefficient with respect to species X in the presence of Y ions, 𝑧𝑥 -charge of the primary ionic species X.

In order to determine the selectivity coefficient, we can use the method recommended by IUPAC [START_REF] Guillbault | Recommendations for nomenclature of ion-selective electrodes[END_REF]. This is the mixed solutions method with two versions:

(1) Constant concentration of interfering ions and

(2) Constant concentration of primary ions.

The first method means that we use as a measuring solution a solution containing interfering ions with a constant concentration, whereas the concentration of primary species is variable. In contrast, in the second method, the concentration of the primary ions is fixed while the concentration of the interfering species is variable. This version is generally used when the influence of interfering ions is very strong, in order to avoid possible contamination of the selective membrane by interfering species. Normally, the concentration is chosen according to the interference strength. Typically, when the interference is strong, we work with a low concentration of interfering ions which is generally in the order of 10 -3 to 10 -4 mol. L -1 .

a. Selectivity to potassium ions K +

The response of the Pb-ISE20 sensors in the presence of interfering K + ions is presented in Figure IV. 9. The selectivity coefficient was measured using the mixed solutions method and more precisely its first version (1) with constant concentration of interfering ions. The following equation was applied to calculate the selectivity coefficient:

𝐾 𝑥,𝑦 = 𝑎 𝑥 𝑎 𝑦 (IV.8)
with 𝐾 𝑥,𝑦 is the selectivity coefficient, 𝑎 𝑥 the intersection of the extrapolation of the linear part of the E/C curve (primary ion) and 𝑎 𝑦 the concentration of the interfering.

The results are showed in Table IV. 12. The selectivity coefficient KPb 2+ , K + decreases when the concentration of K + ions increases from KPb 2+ , K + = 4  10 -3 in 0.001 mol. L -1 KNO3 to KPb 2+ , K + = 3.5  10 -5 in 0.1 mol. L -1 KNO3. This behavior can be related to the strong decrease in ionic strength when the concentration of KNO3 decreases by two orders of magnitude. In this case, the influence of the diffusion potential is remarkable. Table IV. 13. allows us to compare our selectivity coefficients with those detected in the literature. The Pb-ISE20 sensors show the selectivity towards K + which is comparable with that found by V.S. Bhat et al. [82] (4-tert-butylcalix [6]arene based sensor), A.K. Jain et al [78] In Table IV. 15 are also given the selectivity coefficients of Pb 2+ sensors in the presence of Na + ions found in the literature. From this table we can notice that our electrodes clearly show better selectivity coefficients with respect to the Na + ions than the sensor developed by M. Mazlum Ardakany et al. [83] (a factor of 100 is observed) and a comparable coefficient to that of Yu.

G. Vlasov and E. Bychkov [89]. In Table IV. 17 we can also find the bibliographical data for the coefficients of selectivity of lead sensors with respect to the interfering ions of Ca 2+ and Ni 2+ . It can be concluded that our developed sensors clearly show comparable to better selectivity coefficients for both cations. Table IV. 21 Selectivity coefficient of Pb 2+ sensors in the presence of the interfering ions Hg 2+ found in the bibliography The measurements are carried out using the mixed solutions method with constant concentration of interfering ions (method (1)). The comparison of the data in Table IV. 22 and in Table IV. 23 proves that:

Concentration of the interfering ion

Chemical composition Concentration of the primary ion Pb

➢ Cd 2+ ions are generally not interfering Pb 2+ ions;

➢ Our sensors exhibit a high selectivity for Pb 2+ ions over the interfering ions Cd 2+ and we can notice that the selectivity values are better than the other sensors in the bibliography. 4-tert-butylcalix [6]arene (V.S. Bhat et al. [82]) (1) 10 -3 7.7710 -6 -1.810 -3 PbI2-Ag2S-As2S3 (Yu .G. Vlasov and E. Bychkov [89])

(2) 10 -3 10 -1.6

PbS-Ag2S-As2S3 (Yu .G. Vlasov and E. Bychkov [89])

(1) 10 -3 10 -1.6

PbS-Ag2S (Yu .G. Vlasov and E. Bychkov [89])

(1) 10 -3 10 -0.5

N,N'-bis(5-methyl salicylidene)-pdiphenylene methane diamine (M. Mazlum Ardakany et al. [83])

(1) 10 -1 1.310 -3 *(1) Constant concentration of interfering ions; (2) Constant concentration of primary ions.

IV.4.3 Influence of pH in standard solutions

Determining the optimal pH range in which the potential of the lead sensor is invariant for a given concentration of Pb 2+ is an essential potentiometric measurement. The measurements were performed in the pH range 1 to 8, using constant Pb 2+ primary cation concentrations and two different concentrations were employed, i.e., 110 -2 M and 110 -5 M Pb(NO3)2. HCl or NaOH were added to alter the hydrogen ions concentration. The pH value was recorded simultaneously with chemical sensor potentials.

One observes from the Figure IV. 16 and Table IV. 24 that the potential is constant in the pH range 2.5-4.8 for the diluted lead concentration (110 -5 M Pb(NO3)2). The working pH ranges improves slightly with increasing the lead nitrate solution concentration to 110 -2 M and the recorded pH range for which the potential is more or less invariant is 1.9-5. The decrease in the sensor potential values at pH > 5 and pH < 2 is mostly due to the hydrolysis of Pb 2+ ions on solution and to changes in the liquid junction potential, respectively.

The sensor Pb-ISE20 shows a similar behavior to those developed by Malinowska et al. [81] and Yu. G. Vlasov and E. Bychkov [89], and it presents a wider working pH range in comparison to that developed by V. Vassilev et al. [90] (Table IV. 25). 

IV.4.4 Reproducibility in standard solutions

The reproducibility parameter, primordial for continuous in situ measurements, was investigated using a series of consecutive measurements in standard solutions 

IV.5 Conclusion

The work presented in this last chapter clearly shows that the glasses of the AgI-PbS-As2S3 system are promising for synthesizing sensitive membranes of chemical sensors. More specifically, the Pb-ISE20 sensor with the membrane based on 60AgI-20PbS-20As2S3 glass shows very satisfactory results in laboratory conditions:

➢ A good detection limit of 3.3-5.710 -6 mol. L -1 or 0.336-0.631 ppm (Pb).

➢ Good selectivity to Pb 2+ ions in the presence of K + , Na + , Ni 2+ , Ca 2+ and Cd 2+ interfering cations. However, the Pb-ISE20 sensor was sensitive to Cu 2+ and Hg 2+ interfering ions.

➢ Good pH working range (2-5 pH).

➢ Excellent reproducibility of potentials of the order of ± 2-3 mV.

The objective of this thesis was to address the problem of water pollution by heavy metal ions and more precisely Pb 2+ . The latter is one of the most harmful trace elements for humans. In order to measure the quantities of lead being discharged into the water directly and continuously, we set out to develop a new chemical sensor, the main element of which is a Pb 2+ ion-selective membrane made of chalcogenide glass.

The development of new, more efficient sensors requires a rigorous methodology making it possible to determine all the relationships between the composition, the structure, and the electric transport properties in the solid material. The improved response of the sensors is ultimately directly correlated with all of these characteristics and properties. Hence, the current work can be devided into two main parts:

(i) a first part devoted to the fundamental research, i.e., the synthesis of the chalcogenide glasses and the characterization of their physicochemical properties (Chapter 1, 2 and 3)

(ii) a second part devoted to application in sensor, i.e., evaluating the potential of the synthesized glasses to be used as sensitive membranes in potentiometric chemical sensors.

In this work, we opted for the complete study of the quasi-binary PbS-As2S3 chalcogenide glass system along with selected synthetic Pb-As-S crystals, the dufrénoysite Pb2As2S5, the baumhauerite Pb5As9S18 and the sartorite PbAs2S4. In addition, three glass series were synthesized in the pseudo-ternary AgI-PbS-As2S3 system, i.e., (AgI)x(PbS)0.5-x/2(As2S3)0.5-x/2, (AgI)0.3(PbS)y(As2S3)0.7-y, and (AgI)z(PbS)0.1(As2S3)0.9-z denoted A, B, and C, respectively. For the PbS-As2S3 system, the maximum amount of PbS added to the host glass As2S3, using meltquenching method, was 50 mol.% (x = 0.5). The vitreous domain was extended up (x = 0.6) using the mechanical milling method. For the AgI-PbS-As2S3 system, the diagram has revealed Les paramètres de conductivité tracés en fonction du pourcentage atomique de l'ion plomb pour les composés cristallins et vitreux montrent une dépendance claire de la composition. 𝜎𝑑𝑐(𝑥,𝑇) et l'isotherme de conductivité 𝜎298(𝑥) montrent que les verres de thiorsénate de plomb sont des isolants électroniques. Les paramètres de conductivité présentent des dépendances complexes avec la composition. La conductivité à température ambiante pour les échantillons (PbS)x(As2S3)1-x, 0,0 ≤ x ≤ 0,7, augmente de plus de 4 ordres de grandeur, de 1.010 -16 S cm -1 (x = 0.0) à 3.210 -12 S cm -1 (x = 0.7). Néanmoins, deux domaines de conductivité différents ont été observés pour les verres trempés à l'état fondu : (1) 0,0 ≤ x ≤ 0,2 (≤ 4,5 at.% Pb), ( 2 Mots-clés : verres de chalcogénures, thioarsénates de plomb, propriétés thermiques, mesures de conductivité ac et dc, structure, capteurs chimiques.

Figure I. 1

 1 Figure I.1 Comparison of crystalline and amorphous structure of SiO2.

Figure I. 2

 2 Figure I.2 Plot of specific volume vs. temperature, contrasting the formation of a glass vs. crystals from the melt.

  properties of glasses to suit a number of niche engineering applications. Their incorporation, in the glass network, induces important structural changes that are at the origin of several optical, electric, thermal phenomena, Figure I.3. Network modifiers include compounds as alkali, alkaline-earth or metal oxides or chalcogenides e.g. Li2S, Na2S, LiO2, Ag2S, Cu2O, MgO, Na2O, etc,.

Figure I. 3

 3 Figure I.3 An example of a glassy network.

  Bismuth (Bi) or Phosphorus (P)}, elements of group IVA {Germanium (Ge) or Silicone (Si)}, elements of group IIIA {Indium (In), Gallium (Ga) or Thallium (Tl)}, and/or halogens salts of group VIIA {Fluorine (F), Chlorine (Cl), Bromine (Br) or Iodine (I)}, Figure I.4.

Figure I. 4

 4 Figure I.4 Periodic table showing the chalcogen elements (red) and the main elements (yellow) that can be associated with them to form chalcogenide glasses.

Figure I. 5

 5 Figure I.5 Some applications of chalcogenide glasses.

Figure I. 6

 6 Figure I.6 The experimental setup used for the synthesis of the glasses.

Figure I. 7

 7 Figure I.7 Pulverisette 7 premium line used in our LPCA laboratory.

Figure I. 8

 8 Figure I.8 Image of lead sulfide thioarsenate glasses synthesized via classical quenching method.

Figure I. 9

 9 Figure I.9 Image of the crystal dufrénoysite Pb2As2S5 synthesized in LPCA laboratory.

  work, a JEOL JSM-7100F thermal field emission scanning electron microscope equipped with three EDX Bruker QUANTAX 800 spectrometers (3 x 30 mm 2 ) was used to check the sample uniformity, Figure I.10. This permits both surface observation and elemental analyses.

Figure I. 10

 10 Figure I.10 The scanning electron microscopy (SEM), available at LPCA, used to examine the morphology of the synthesized samples and estimate their composition through EDX.

  characteristic temperatures, 3 to 4 tests per sample were performed and the samples mass was 3 to 15 mg. The samples were hermetically sealed in standard aluminium capsules and then heated in the temperature range 20-450 °C under nitrogen flow. The heating rate was 10 K min - 1 and an empty aluminium pan served as a reference.

Figure I. 11

 11 Figure I. 11 Typical DSC curve for a multicomponent chalcogenide glass with characteristic temperatures.

  organize and the atomic structure to re-arrange, this is how crystallization occurs. In thermal analysis, crystallization is characterized by an exothermic peak, Figure I. 11. The difference between these two values, that is the parameter ∆𝑇 = 𝑇 𝑥 -𝑇 𝑔 , gives an indication about the stability of the glass facing crystallization. The larger ∆𝑇, the greater is the stability of the glass, and the molding of the material by heating above its glass transition temperature is realizable.

  Figure I. 12(a) shows the X-ray structure factor SX(Q) for the two x = 0.10 (lead-poor) and x = 0.50 (lead rich) compositions. The absence of Bragg peaks in both cases is a clear indication that these compositions are glasses. The glassy nature of the x = 0.60 and x = 0.70 compositions, synthesized via melt-quenching technique, was analysed using laboratory X-ray diffraction.

Figure I. 12

 12 Figure I. 12 (a) X-ray structure factor SX(Q) for the x = 0.10 and x = 0.50 glass compositions (preliminary high-energy X-ray diffraction results). (b) Diffraction pattern for the x = 0.60 composition prepared by melt-quenching method. The main crystalline phase corresponds to monoclinic dufrénoysite Pb2As2S5, space group P21 [36].

Figure I. 13

 13 Figure I. 13 Diffraction patterns for the x = 0.60 and x = 0.70 compositions obtained by melt quenching in silica tubes and mechanical milling. In melt-quenched samples, monoclinic Pb2As2S5, space group P21, seems to be the major crystalline species. MM-(PbS)0.6(As2S3)0.4 appears to be vitreous (blue curve), while MM-(PbS)0.7(As2S3)0.3 (red curve) seems to remain glassy/crystalline.

Figure I. 13

 13 Figure I. 13 shows that MM-(PbS)0.6(As2S3)0.4 appears to be completely vitreous, the Bragg peaks of crystalline dufrénoysite have completely disappeared (blue curve). In contrast, broad features, reminiscent of Bragg peaks for Pb2As2S5, persist in MM-(PbS)0.7(As2S3)0.3; and this composition can be classified as glass-ceramic (red curve). Hence, according to this work, we can conclude that the vitreous domain for the bulk (PbS)x(As2S3)1-x alloys lies in the range, 0.0 ≤ 𝑥 ≤ 0.7 (Figure I. 14).

Figure I. 14

 14 Figure I. 14 The vitreous domain of the quasi-binary system (PbS)x(As2S3)1-x. To highlight possible microstructural changes of the studied (PbS)x(As2S3)1-x alloys, SEM analysis has been performed on few selected compositions. The SEM images are presented in Figure I. 15 and Figure I. 16. It can be clearly seen that the alloys with x = 0.10, 0.30 and 0.60, obtained by melt-quenching, are rather smooth and homogeneous, Figure I. 15(a-c). It should also be noted that for the x = 0.6 sample a vitreous part was chosen for SEM studies. Meanwhile, the morphology of the x = 0.7 composition is quite different; particles of different shapes and sizes are seen, Figure I. 15(d). The size of these particles varies from 1 µm or less up to 15-20 µm. In a similar manner, a SEM micrograph is presented for the powdered glassy MM-(PbS)0.6(As2S3)0.4 composition, Figure I. 16(a). The observed particles are in the micrometer range. Further analysis, using energy-dispersive X-ray spectroscopy (EDX), shows the morphology and element distribution of the glassy MM-(PbS)0.6(As2S3)0.4 sample. The constituent elements (Pb, As and S) are evenly and densely distributed over the microparticles of the MM-glass, Figure I. 16(b-d).

Figure I. 15

 15 Figure I. 15 SEM micrographs for selected compositions in the (PbS)x(As2S3)1-x system prepared by melt quenching: (a) x = 0.10, (b) x = 0.30, (c) x = 0.60 and (d) x = 0.70.

Figure I. 16 Table I. 1 .

 161 Figure I. 16 (a) SEM micrograph for the glassy MM-(PbS)0.6(As2S3)0.4 sample and (b-d) corresponding EDX element mapping of Pb (blue), As (dark red) and S (yellow), respectively.

Figure I. 17

 17 shows the composition dependence of the above three parameters, that is, d, Va and ρ, as a function of the lead sulphide PbS content x. The density increases monotonically with x (Figure I. 17(a)). This trend continues even for the two crystallised compositions x = 0.6 and x = 0.7 obtained by meltquenching (Table

Figure I. 17 ( a )

 17a Figure I. 17(a) also shows that the obtained density values for melt-quenched (PbS)x(As2S3)1-x are similar to those reported by Katyal et al. [40] (see the dashed black line). On the contrary, the mean atomic volume Va shows a gradual monotonic decrease from 15.440.24 cm 3 mol -1 (x = 0.0) to 14.750.25 cm 3 mol -1 (x = 0.7), Figure I. 17(b). The trend is reversed for the glass packing density ρ increasing with x from 0.62 (x = 0.0) to 0.66 (x = 0.7), Figure I. 17(c).

Figure I. 17

 17 Figure I. 17(a) Density, (b) mean atomic volume and (c) glass packing density of the (PbS)x(As2S3)1-

  Figure I. 17(a) Density, (b) mean atomic volume and (c) glass packing density of the (PbS)x(As2S3)1x alloys plotted as a function of the lead sulphide content. The data corresponding to density and mean atomic volume of orpiment c-As2S3 [39] and crystalline lead sulphide PbS [38] are also plotted. The black dashed line seen in Fig.(a) is a reproduction of the density values taken from reference [40].

(

  PbS)x(As2S3)1-x alloys, 0.0  x  0.7, are listed in TableI.1 along with the calculated values for the T parameter, T = Tg -Tx1, where Tx1 corresponds to the first crystallization peak. In Table I. 1, we distinguish between the x = 0.60 and 0.70 compositions obtained by melt quenching* and mechanical milling**. Despite the overall crystalized state of the x = 0.60* sample, a tiny vitreous piece of sufficient dimensions, enough for DSC, was obtained. Typical DSC traces of the glassy lead thioarsenate samples (0.10  x  0.50), obtained by classical meltquenching, are plotted in Figure I. 18. The traces show both endothermic and exothermic features corresponding to glass transition and crystallization phenomena, respectively. In contrast, vitreous As2S3 shows only a glass transition. All the samples are homogenous in nature as indicates a single Tg feature. The first crystallization peak increases in intensity with x and slightly shifts towards lower temperatures, reflecting diminished glass ability. This trend is also confirmed by decreasing T parameter, Figure I. 19(c).

Figure I. 18

 18 Figure I. 18 DSC traces of (PbS)x(As2S3)1-x glassy samples, 0.1  x  0.5, obtained by melt quenching.

Figure I. 19

 19 Figure I. 19 (a) Glass transition Tg, (b) first crystallisation Tx1 temperatures, and (c) the T parameter for (PbS)x(As2S3)1-x glasses, 0.0  x  0.5. The Tg values for glassy HgS-As2S3 [43] are also shown.

domain, Figure I. 20 .

 20 In order to confirm the glassy state of our samples, many compositions were analyzed by X-ray diffraction. For the characterized samples with no diffraction peak, only a broad feature characteristic of the glassy state is observed. The glassy samples are represented by circles whereas the crystalline ones are represented by stars, Figure I.20.

The

  XRD patterns of the A-series (Figure I.21), corresponding to the formula (AgI) 𝑥 (PbS) 0.5-𝑥/ 2 (As 2 S 3 ) 0.5-𝑥/ 2 with 0.0 ≤ x ≤ 0.8, exhibits only broad features characteristic of glassy and amorphous materials up to x ≤ 0.6. Only few low intensity Bragg peaks appear for the x = 0.7 composition; It is mostly glassy as indicated the broad feature which dominates the XRD pattern. In contrast, for the x = 0.8 composition, the feature characteristic of the glassy nature has completely disappeared and the observed intense Bragg peaks correspond to the silver iodide crystallites (00-001-0502).For the B-series, corresponding to substitution of As2S3 by PbS for a constant content of AgI (x = 0.3), the diffraction pattern is characteristic of vitreous samples up to a PbS content y ≤ 0.5, whereas well defined Bragg peaks appear for the y = 0.6 composition and, according to JCPDC, are related to Galena, PbS, (00-001-0880).

Figure I. 20

 20 Figure I.20 Glass forming region in the quasi-binary PbS-As2S3 system and the pseudo-ternary AgI-PbS-As2S3 system. The axis units are mol.%. A series: (AgI) 𝑥 (PbS) 0.5-𝑥/ 2 (𝐴𝑠 2 𝑆 3 ) 0.5-𝑥/ 2 , B series: (AgI) 0.3 (PbS) 𝑦 (𝐴𝑠 2 𝑆 3 ) 0.7-𝑦 , and C series: (AgI) 𝑧 (PbS) 0.1 (𝐴𝑠 2 𝑆 3 ) 0.9-𝑧 .

Figure I. 21

 21 Figure I.21 XRD pattern of the A series: (AgI) 𝑥 (PbS) 0.5-𝑥/ 2 (𝐴𝑠 2 𝑆 3 ) 0.5-𝑥/ 2 with x = 0.1, 0.4-0.8.

Figure I. 22

 22 Figure I.22 XRD pattern for the B series: (AgI) 0.3 (PbS) 𝑦 (𝐴𝑠 2 𝑆 3 ) 0.7-𝑦 with y = 0.5, 0.6.

Figure I. 23

 23 Figure I.23 XRD pattern of the C series: (AgI) 𝑧 (PbS) 0.1 (𝐴𝑠 2 𝑆 3 ) 0.9-𝑧 with z = 0.1, 0.4-0.6.

SEM images are presented in Figure I.24 and Figure I. 25 .

 25 As evidenced from the SEM images of the glasses (Figure I.24), the introduction of AgI (in the A-series) and PbS (in the B-series) does not show any significant effect on the glass morphology at the micro-meter spatial scale. Similarly to the studied (PbS)x(As2S3)1-x system, one observes that the compositions with x = 0.2 and 0.5 (the A-series) and with z = 0.2 and 0.5(the B-series) are smooth and homogenous in general, Figure I.24(a-b) and Figure I.24(cd), respectively. Also, the distribution of the constituent elements of the glasses obtained from energy-dispersive X-ray spectroscopy (EDX) measurements are listed in Table I.2; the atomic percentage of the elements (As, Pb, S, Ag, and I) are comparable with those calculated.

Figure I. 24 Figure I. 25

 2425 Figure I.24 Scanning electron microscopy images of A-series (AgI) 𝑥 (PbS) 0.5-𝑥/ 2 (𝐴𝑠 2 𝑆 3 ) 0.5-𝑥/ 2 : (a) x = 0.2, (b) x = 0.5 and B-series (AgI)0.3(PbS)y(As2S3)0.7-y: (c) y = 0.2, and (d) y = 0.5.

(Figure I. 27 .

 27 Figure I.27. The non-monotonic change, as a function of the composition, of the mean atomic volume is more likely to indicate a drastic change in the structure of the glass, which is not observed in the A-series and the B-series of the (AgI) 𝑥 (PbS) 0.5-𝑥/ 2 (As 2 S 3 ) 0.5-𝑥/ 2 (this work).

Figure I. 26

 26 Figure I.26 (a) Density and (b) mean atomic volume of the A-series (AgI) 𝑥 (PbS) 0.5-𝑥/ 2 (𝐴𝑠 2 𝑆 3 ) 0.5-𝑥/ 2 and (AgI) 𝑥 (HgS) 0.5-𝑥/ 2 (𝐴𝑠 2 𝑆 3 ) 0.5-𝑥/ 2 alloys as a function of the silver iodide content.

Figure I. 27

 27 Figure I.27 (a) Density and (b) mean atomic volume of the B-series (AgI)0.3 (PbS)y (As2S3)0.7-y and (AgI)0.3(HgS)y(As2S3)0.7-y alloys as a function of the lead sulfide content.

Figure I. 28 I. 6 . 2 . 3

 28623 Figure I.28 (a) Density and (b) mean atomic volume of the C series (AgI) 𝑧 (PbS) 0.1 (A𝑠 2 𝑆 3 ) 0.9-𝑧 alloys as a function of the silver iodide content.

Figure I. 29

 29 Figure I. 29 DSC traces of the A series (AgI) 𝑥 (PbS) 0.5-𝑥/ 2 (𝐴𝑠 2 𝑆 3 ) 0.5-𝑥/ 2 glasses with x= 0.1, 0.3 and 0.7, obtained in the temperature range from 30 to 450 °C.

AgI) to 85 3 .Figure I. 30

 85330 Figure I.30 Variation of the glass transition temperature Tg as a function of AgI content for the A series (AgI) 𝑥 (PbS) 0.5-𝑥/ 2 (𝐴𝑠 2 𝑆 3 ) 0.5-𝑥/ 2 (orange) and (AgI) 𝑥 (HgS) 0.5-𝑥/ 2 (𝐴𝑠 2 𝑆 3 ) 0.5-𝑥/ 2 (green).

Figure I. 31

 31 Figure I.31 Variation of the glass transition temperature Tg as a function of PbS content for the B series (AgI)0.3(PbS)y(As2S3)0.7-y (red) and (AgI)0.3(HgS)y(As2S3)0.7-y (green).

Figure I. 31

 31 Figure I.31 show that the glass transition of the B-series glasses of the lead sulfide, (AgI)0.3(PbS)y(As2S3)0.7-y system, behaves in a similar manner to that of the previously studied mercury sulfide one, i.e., (AgI)0.3(HgS)y(As2S3)0.7-y [52]. The PbS-poor glass (y = 0.1) presents two 𝑇 𝑔 values (𝑇 𝑔1 = 117 and 𝑇 𝑔2 = 180 °C) indicating the non-homogenous nature of this composition. This is evident from SEM-EDX graphs of Figure I.25B. We note that the y = 0.1 composition of B-series and the z = 0.3 composition of C-series are two different nomenclatures of the same sample (intersection between the green and blue lines in Figure I.20. At higher PbS content (y > 0.1), the lead sulfide samples of B-series show a single endothermic step-like feature indicating a homogenous nature. 𝑇 𝑔 values increase with increasing y ; it increases from 136 °C (y = 0.2) to 155 °C (y = 0.5).

Figure I. 32

 32 Figure I.32 DSC traces of the C series (AgI) 𝑧 (PbS) 0.1 (A𝑠 2 𝑆 3 ) 0.9-𝑧 glasses, 0.1 ≤ z ≤ 0.5, obtained in the temperature range from 30 to 450 °C.

Figure I. 32 3 .

 323 Figure I.32 shows that all glasses in the C-series, i.e., (AgI) z (PbS) 0.1 (As 2 S 3 ) 0.9-z , exhibit two endothermic step-like features corresponding to glass transition (𝑇 𝑔1 and 𝑇 𝑔2 ) indicating a nonhomogeneous glass nature on macroscopic and mesoscopic scale. This inhomogeneity is explained in terms of phase-separation which was evidenced in the SEM previously showed. The evolution of 𝑇 𝑔 , as a function of the AgI content, for the studied glasses in the C-series, is shown in Figure I.33 and Table I.3. The continuous addition of AgI to the (PbS)0.1(As2S3)0.9 host glass lead to a monotonic decrease in 𝑇 𝑔1 values by 87 °C from 184 °C (z = 0.0) to 97 °C (z = 0.5). We note that for the x = 0.5 an additional glass transition appears at lower temperature 𝑇 𝑔0 = 74 °C. The 𝑇 𝑔2 values, on the other hand, remain essentially constant except for the AgI-richest composition (z = 0.5).

Figure I. 33

 33 Figure I.33 Variation of the glass transition temperature 𝑇 𝑔 as a function of AgI content for the C series (AgI) 𝑧 (PbS) 0.1 (A𝑠 2 𝑆 3 ) 0.9-𝑧 .

  and a lot of unsuccessful essays (Figure I.34) were necessary to define the specific conditions leading to the correct synthesis of the desired crystals, Table I.4.

Figure I. 34

 34 Figure I.34 XRD patterns of different unsuccessful attempts to synthesize (a) the sartorite PbAs2S4, (b) the jardonite Pb9As4S15 and the marrite AgPbAsS3crystals.

Figure I. 36 (

 36 Figure I.36(a-c). The micrographs reveal crystallites with different sizes (varying within 2-50 µm).Figure I.36(d) displays a SEM image for the Pb5As9S18 crystallite ( 3000) as well as its

Figure I. 36 (

 36 d) displays a SEM image for the Pb5As9S18 crystallite ( 3000) as well as its corresponding EDX element (Pb, As, S) mapping. Overall the elements are well distributed but we note the presence of a zone that is rich in arsenic (bright blue), Figure I.36(f), and poor in both lead and sulphur, Figure I.36(e) and Figure I.36(g).

Figure I. 35

 35 Figure I.35 XRD patterns of the three crystalline compositions synthesized in the PbS-As2S3 system (this work): the sartorite PbAs2S4 structure (Orthorhombic), the baumhauerite Pb5As9S18 structure (triclinic) and the dufrénoysite Pb2As2S5 structure (monoclinic).The XRD patterns of the matched minerals are also presented[36],[38],[39].

Figure I. 36

 36 Figure I.36 SEM micrograph for the crystalline compounds (a) PbAs2S4, (b) Pb2As2S5, (c) Pb5As9S18, (d) Pb5As9S18 SEM micrograph ( 3000) and its corresponding EDX element mapping of (e) Pb (cyan), (f) As (blue) and (g) S (green).

1 .

 1 explained by the band theory. The bands are regarded as possible energy level for electrons of atoms inside the solid material and depend on atoms' atomic orbitals overlap. The two bands allowed are the valence band and the conduction band, Figure II. The valence band VB, at a lower energy level than the conduction band in the energy level diagram, is defined as the energy band that comprises of valence electrons present in the outermost shell of an atomic structure. These valence electrons, when provided with sufficient energy, get changed into free electrons and moves to conduction band thereby causing conductivity. The conduction band CB, at higher energy state above the fermi level, is is the band of electron orbitals that electrons can jump up into from the valence band when excited. When the electrons are in these orbitals, they have enough energy to move freely in the material (free electrons responsible for conduction).

Figure II. 1 A

 1 Figure II. 1 A diagram showing the valence and conduction bands of insulators, metals, and semiconductors

  Anderson gave a quantitative criterion for the electron localization; the localization results in an exponential decrease in the wave function with distance [4]. The localized states therefore exist in terms of potential wells where the electrons remain trapped and cannot move. The variation of the potential of each atom of the lattice is visible on the graph by the depth of the wells; this is generated by the disorder of the crystal lattice, Figure II. 2.

Figure II. 2 ( a )

 2a Figure II. 2 (a) Potential wells for a crystalline lattice (b) Potential wells of a non-crystalline lattice.

Figure II. 3 .

 3 Figure II. 3. This energy was first mentioned

Figure II. 3

 3 Figure II. 3 Density of electronic states in Anderson's model. E c and E' c separate regions of localized and non-localized (extended) states.

Figure II. 4

 4 Figure II.4 The density of states in non-crystalline amorphous semiconductors: (a) the Cohen-Fritsche-Ovshinsky model [7], and (b) Mott model [6] with states in the gap bonds pendants acting as deep donors below acceptors; 𝐸𝑉 and 𝐸𝐶 are the energies separating localized and extended states in the valence and conduction bands, respectively; ΔE = 𝐸𝐶-𝐸𝐴 and Δ𝐸'=𝐸𝐵-𝐸𝑉 are the bandwidths of localized electronic states in the conduction and valence bands.

Figure II. 5

 5 Figure II.5 Schottky's defect (a) and Frenkel's defect (b).

5 . 6 .

 56 The indirect interstitial mechanism: the atom in the interstitial position forces a nearby atom of the same nature, located on a normal site, into a free interstitial site. The cooperative jump mechanisms proposed to explain the conductivity in certain ionic conductors containing a large concentration of mobile carriers.

Figure II. 6

 6 Figure II.6 Diagram of the main diffusion mechanisms taken from reference [10].

Figure II. 7

 7 Figure II.7 Conductivity variation as a function of temperature for a set of chalcogenide glasses.

Figure II. 8

 8 illustrates the plot of 𝑍(𝜔)in the complex plane, with the real part of 𝑍 ′ (𝜔) = |𝑍| cos 𝜑 on the abscissa and the imaginary part 𝑍 ′′ (𝜔) = |𝑍| sin 𝜑 on the ordinate and each measured point corresponds to the impedance at a given frequency ω. If several impedances Zk are in series, the total impedance Z will be then the sum of these impedances such that: Z = Σ Zk.

Figure II. 8

 8 Figure II. 8 The real components 𝑍 ′ (𝜔) and the imaginary component 𝑍 ′ (𝜔) of the impedance vector in the complex plane.

Figure II. 9 :

 9 Figure II. 9: The Hewlett-Packard 4194A impedance meter used at the LPCA laboratory Figure II. 10: Conductivity cell used during electrical measurements.

Figure II. 11 :

 11 Figure II. 11: The Hewlett Packard 4339B High Strength Resistivity Meter used at LPCA

  factor of the sample (𝐿 = thickness, 𝑆 = surface). Finally, the values obtained are plotted according to the function ln(𝜎) = 𝑓(

Figure II. 12 :

 12 Figure II. 12: Impedance diagrams as a function of temperature.

Volts, Figure II. 11 .

 11 The operating mode related to the electrochemical cell and the sample preparation is similar to the description in the previous section {II.2.2.1}. The DC (direct current) measurements apply Ohm's Law: the length of the sample in centimeters 𝑆 : the surface of its cross-section in square centimeter 𝑈 : the voltage in volts 𝐼 : Intensity of current flowing through the body in Amperes.

  As2S3 system, Figure II. 13. The results corresponding to the quenched (PbS)x(As2S3)1-x glass compositions (0.0 ≤ x ≤ 0.5) as well as the mechanically milled MM-(PbS)0.6(As2S3)0.4 and MM-(PbS)0.7(As2S3)0.3 compositions are presented in Figure II. 13(a). The results of the crystalline compounds PbAs2S4, Pb5As9S18 and Pb2As2S5 are traced in Figure II. 13(b).

Figure II. 13 :

 13 Figure II. 13: Total electrical conductivity  plotted as a function of 1000/T (K) for (a) the (PbS)x(As2S3)1-x, 0.0 ≤ x ≤ 0.5, glass compositions obtained by melt-quenching and the two composition obtained by mechanical milling MM-(PbS)0.6(As2S3)0.4 and MM-(PbS)0.7(As2S3)0.3 and (b) the crystalline compounds PbAs2S4, Pb5As9S18 and Pb2As2S5. The solid line represents a least-square fit of the data to Eq. (II.19).

. 1 and

 1 Figure II. 14.

Figure II. 14 :

 14 Figure II. 14: Electrical conductivity parameters plotted as a function of lead sulphide fraction x both for pseudo-binary (PbS)x(As2S3)1-x glasses (dark yellow circles), MM-alloys (dark green squares), and the crystalline compounds PbAs2S4, Pb5As9S18 and Pb2As2S5 (dark blue diamonds): (a) room-temperature conductivity σ25, (b) activation energy Eσ. Reported data for nanocrystalline nano-PbS [37] are also shown (red circle).

(x = 1 )

 1 are drastically different from the nanocrystalline parameters;  298 (𝑛𝑎𝑛𝑜-PbS)/  298 glass (1)  10 5 , and E( 𝑛𝑎𝑛𝑜-PbS)/ 𝐸 𝜎 glass (1)  0.44, Figure II. 14. The disordered nature of glassy PbS-As2S3 network significantly reduces the carrier mobility while the difference in the lead local environment (tetrahedral vs. octahedral) seems increasing the band gap. The pre-exponential factor, 10 ≲ 0 ≲ 1000 S cm -1 , indicates a conductivity

  3 and 0.5, has been carried out at 280 °C for 30 days. XRD studies on the annealed samples indicate that sartorite PbAs2S4 is the only crystal phase being precipitated during the crystallisation, and its formation is independent of the glass composition, Figure II. 15 (b). Broad diffraction patterns characteristic of glassy materials and well-defined Bragg peaks of crystalline PbAs2S4 indicate the glassy/crystalline nature of the annealed samples. SEM studies of the annealed x = 0.3 composition revealed the existence of interconnected few micron long stick-like particles assumed to be embedded into residual amorphous phase, Figure II. 15 (a). The room temperature conductivity of the annealed samples increases compared to that of the original glasses and monotonically grows with increasing x, Figure II. 15 (c). In addition, the annealed glassy/crystalline samples exhibit a higher conductivity in comparison with the synthesised Pb-As-S ternary compounds and yield  298

Figure II. 15 :

 15 Figure II. 15: Morphology, XRD and conductivity results for annealed glass samples: (a) SEM micrograph for the annealed x = 0.30 composition, (b) diffraction patterns for selected (PbS)x(As2S3)1x compositions, x = 0.1, 0.3 and x = 0.5, after annealing at 280 °C, (c) room-temperature conductivity σ25 of the annealed samples (magenta), and crystalline references (navy).
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 3215 As2S3 system, the presence of a large vitreous domain. The later was illustrated in Figure I.20 along with the three series, i.e., (i) the A-series (AgI) 𝑥 (PbS) 𝟎.𝟓-𝐱/ 𝟐 (As2S3) 𝟎.𝟓-𝒙/ 𝟐 , (ii) the Bseries (AgI)0.3(PbS)y(As2S3)0.7-y and (iii) the C-series (AgI)z(PbS)0.1(As2S3)0.9-z. After having studied the physical, thermal and morphological characteristics of the glasses of the three series, the electrical conductivity measurements of the various synthesized compositions were studied in the current chapter 2. Depending on glass resistivity, the electrical conductivity was determined either by the complex impedance method ( ≥ 10 -8 S.cm -1 ) or from DC measurements ( < 10 -8 S.cm -1 ) -series glasses (AgI) 𝒙 (PbS) 𝟎.𝟓-𝐱/ 𝟐 (As2S3) 𝟎.𝟓-𝒙/ 𝟐 Typical Cole-Cole impedance plots, at various temperatures (90, 120 and 140°C) and (20, 70, 100 and 110 °C), are displayed for the glass compositions x = 0.3 (Figure II.16(a)) and x = 0.Figure II.16(b)), respectively. The former is characterized by the presence of deformed demi circles attached to small polarization-tails. The demi-circle, typically related to electronicconduction in glasses, decreases progressively with increasing temperature due to the decrease of the sample resistance. With increasing silver iodide content x, the demi-circle presents a further decrease (|𝑍| cos 𝜑 axis in the range of k-ohms for x = 0.5 vs. M-ohms for x = 0.3). This is accompanied by an enhancement of the polarization tail at low-frequency, indicating an enhancement of the ionic character in glass due to the increase of mobile ion concentration.

Figure

  Figure II.16(b).

Figure II. 16

 16 Figure II.16 Nyquist plot of impedance of the (a) x = 0.3 at 90, 120 and 140°C and (b) x = 0.5 at 20, 70, 100 and 110 °C glass compositions in the A-series (AgI) 𝑥 (PbS) 𝟎.𝟓-𝒙/ 𝟐 (As2S3) 𝟎.𝟓-𝒙/ 𝟐 .

Figure II. 17

 17 Figure II.17 Temperature dependences of the total electrical conductivity 𝜎 for the A series (AgI) 𝑥 (PbS) 𝟎.𝟓-𝒙/ 𝟐 (As2S3) 𝟎.𝟓-𝒙/ 𝟐 glass system. The right figure presents the results for the host matrix (PbS)0.5(As2S3)0.5 and the glass compositions (x = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7). The left figure plots the results for the diluted compositions (x < 0.1).

Figure II. 18

 18 Figure II.18 displays the room-temperature conductivity 𝜎 298 of the A-series glasses in the current AgI-PbS-As2S3 system (blue color), as a function of the silver content x, along with the A-series glasses of the previously obtained AgI-HgS-As2S3 system (orange color)[45]. Before presenting the electrical properties of the current leaded system, we summarize the electrical behavior in the previous mercury doped one. The conductivity isotherms of this later present at least three different concentration regions with clearly distinct variation in the electrical conductivity: (a) region-A with diluted silver content (≤ 2-5 at.% Ag), (b) region-B with rich silver content (8 ≤ [Ag] ≤ 18 at.% Ag) and finally (c) region-C with extremely rich silver content (> 18 at.% Ag), Figure II.18(a). In this regards, the observed ionic conductivity evolution in the AgI-HgS-As2S3 glasses shows characteristic transport regimes for ion-conducting chalcogenide glasses over a wide composition range: (i) critical percolation regime for diluted glasses (region A), and (ii) modifier-controlled regime for intermediate-and high Ag-rich vitreous alloys (regions B and C). The main difference compared to previously reported conductivity and tracer diffusion results[46],[47] appears to be two sub-regions B and C for

  5-x/2 chalcogenide glasses show a rapid increase of conductivity (≈ 4.5-5 orders of magnitude) in a limited concentration range, y ≤ 2-5 at.% Ag (region A), revealing a power-law composition dependence, Figure II.18:σi(y,T) = σi (1,T).y t(T)(II.21)

  using a Wigner-Seitz type relation (Eq. II.20) changes between 80 Å and 10 Å depending on the silver content y. Consequently, the preferential conduction pathways are not yet formed in the critical percolation domain A. The transport properties of the glass in this percolationcontrolled domain are governed by the number, interconnections, and topology of the percolation clusters and the backbone of these later is strongly affected by the structural organization of the host matrix. The nature of the mobile cation (e.g. Ag + , Cu + , etc.), the chemical form of the dopant (e.g. metal chalcogenide or halide) as well as the chemical form of the host matrix (sulfide or selenide) are irrelevant[45].➢ Modifier-controlled regions B and CThe ionic conductivity of the (AgI)x(HgS)0.5-x/2(As2S3)0.5-x/2 glasses[45] diverges from the power-law behaviour (II.21) in the modifier-controlled domain at higher silver content y > 3 at.% Ag (x > 0.1), Figure II.18. Instead, one observes an exponential increase of conductivity as a function of y: i(y) = i(0).e ay (II.24) 

  Figure II.18(a) and Figure II.18(b)

  (a) region-A (≤ 3 at.% Ag), (b) region-B (5 ≤ [Ag] ≤ 18 at.% Ag) and (c) region-C (> 18 at.% Ag). To the contrary of its mercury counterpart, the diluted glasses in the AgI-PbS-As2S3 (region-A) show a limited percolation-controlled-mechanism, Figure II.18. This is evidenced from the log-log scale plot of the conductivity isotherm, Figure II.18(b).

Figure II. 18

 18 Figure II.18 Conductivity at room temperature 𝜎298 for the ternary A series system (AgI) 𝑥 (PbS) 𝟎.𝟓-𝒙/ 𝟐 (As2S3) 𝟎.𝟓-𝒙/ 𝟐 (blue color) and (AgI) 𝑥 (HgS) 𝟎.𝟓-𝒙/ 𝟐 (As2S3) 𝟎.𝟓-𝒙/ 𝟐 (orange color) (a) semi-logarithmic scale (b) log-log scale.

Figure II. 19

 19 Figure II.19 (a) the activation energy Eσ and (b) the pre-exponential factor 𝜎0 for the A series ternary systems (AgI) 𝑥 (PbS) 𝟎.𝟓-𝒙/ 𝟐 (As2S3) 𝟎.𝟓-𝒙/ 𝟐 (blue color) and (AgI) 𝑥 (HgS) 𝟎.𝟓-𝒙/ 𝟐 (As2S3) 𝟎.𝟓-𝒙/ 𝟐 (orange color).

  interconnected tetrahedral (AgI2/2S2/2)n chains (B domain) or AgI3/3S1/2 mixed tetrahedral (C domain) present in the glass network. II.3.2.2 B-series glasses (AgI)0.3(PbS)y(As2S3)0.7-y Typical temperature dependencies of the AC conductivity for the B-series glasses, (AgI)0.3(PbS)y(As2S3)0.7-y (0 ≤ y ≤ 0.5), are shown in Figure II.20.

Figure II. 20

 20 Figure II.20 Total electrical conductivity 𝜎 of the ternary system (AgI)0.3(PbS)y(As2S3)0.7-y (B series) as a function of 1000/T.

Figure II. 21

 21 Figure II.21 (a) Room temperature conductivity 𝜎298, (b) the activation energy 𝐸𝜎, and (c) the preexponential factor 𝜎0 for the ternary system (AgI)0.3(PbS)y(As2S3)0.7-y (B series) as a function of PbS content y.

from 2 .

 2 5×10 -4 S.cm -1 (y = 0.0) to 1.83×10 -8 S.cm -1 (y = 0.5), Figure II.21(a). The activation energy increases from ~0.25 eV to 0.58 eV, Figure II.21(b). Meanwhile, the pre-exponential factor 0 is quasi constant throughout the composition range, 10 3 ≤ 0(y) ≤ 10 5 S cm -1 K (FigureII.21(c)).Rather constant pre-exponential factor is often observed in ion-conducting sulphide glasses even over a wide composition range[54],[55],[56] and was explained by contrasting composition trends of the effective jump distance l(y), decreasing with y, the cation content C(y), increasing with y, the attempt frequency ν 0 (y) and the entropic term exp[ΔS(y)/k] giving σ0(y)  𝑙(𝑦) 2 ν 0 (𝑦)𝐶(𝑦) 𝑒𝑥𝑝 ( 𝑆(𝑦) 𝑘 )  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡[57].II.3.2.3 C-series glasses (AgI)z(PbS)0.1(As2S3)0.9-zThe electrical conductivities of the C-series glasses, (AgI)z(PbS)0.1(As2S3)0.9-z, were obtained using AC (alternating current) or DC (direct current) measurements (depending whether the sample is electronic insulator or not). Figure II.22 displays the typical dependencies of conductivity as a function of temperature. The Arrhenius law is well obeyed and the hysteresis effects are absent. The obtained conductivity parameters 𝜎298, 𝐸𝜎 and 𝜎0 are summarized in Table II. 4.

Figure II. 22

 22 Figure II.22 Total electrical conductivity 𝜎 of the C-series glasses, (AgI)z(PbS)0.1(As2S3)0.9-z, as a function of 1000/T.

Figure II. 22

 22 Figure II.22 shows a sharp increase in conductivity (10 orders of magnitude) with increasing silver iodide content z; the room temperature conductivity of the glasses jumps from 8.9×10 -13 (z = 0.1) to 1.4 ×10 -3 (z = 0.5), Figure II.23(a). This increase is accompanied by a decrease in

Figure II. 23

 23 Figure II.23 (a) Conductivity at room temperature 𝜎298, (b) the activation energy 𝐸𝜎 and (c) the pre-exponential factor 𝜎0 for the C series ternary (AgI)z(PbS)0.1(As2S3)0.9-z system.

  AgY-As2S3 glasses (Y = I ou Br) glasses are superionic conductors. Raman spectroscopy, neutron and high-energy X-ray diffraction results combined with preliminary AIMD simulations show that the AgY (Y = I ou Br) molecules interact with the host glass network and mixed silver environment of either 3:1 (3S + 1Y) or 2:2 stoichiometry (2S + 2Y) are formed. Figure II.24 show that the presence of PbS in the glass leads to an overall decrease in the conductivity. The observed decrease of the electrical (essentially ionic) conductivity with increasing PbS content appears to be reasonable, since the binary AgI-As2S3 glasses belong to Ag + ion-conducting or superionic materials. Lead sulfide additions reduce the total silver concentration in the ternary system (for both series A and C), thus decreasing the Ag + ion transport. However, the electrical conductivity in the binary AgI-As2S3 and ternary AgI-PbS-As2S3 glasses, plotted as a function of the silver content (Figure II.24), shows a difference.

Figure II. 24

 24 Figure II.24 Room-temperature conductivity σ298 for the AgI-As2S3 binary glasssystem (magenta colour) and for the two ternary A series (AgI) 𝑥 (PbS) 0.5-𝑥/ 2 (As2S3) 0.5-𝑥/ 2 (wine colour) and C series (AgI)z(PbS)0.1(As2S3)0.9-z (blue colour) glass systems plotted as a function of the silver content.

Figure II. 25

 25 Figure II.25 Room-temperature conductivity σ298 for the AgI-As2S3 binary (magenta colour) and the ternary B series (AgI)0.3(PbS)y(As2S3)0.7-y (green colour) glass systems plotted as a function of the silver content.

III. 1 )Figure III. 1

 11 photons) [18] Raman scattering occurs. It is an inelastic scattering process with a transfer of energy between the molecule and scattered photon. Indeed, if the molecule gains energy from the photon during the scattering (excited to a higher vibrational level) then the scattered photon loses energy and its wavelength increases which is called Stokes Raman scattering (after G. G. Stokes) (Figure III.1).

2 .

 2 simplistically associated with the size of electronic cloud and (ii) the sensitivity of the neutron diffraction depends on the coherent neutron scattering length schematically shown as a relative size of the atomic nucleus, Figure III. Using these two techniques gives us access to a large domain of diffusion vectors, 𝑄 = 4𝜋𝑠𝑖𝑛𝜃/𝜆, where 𝜃 is the scattering angle and 𝜆 is the radiation wavelength. In fact, the larger is the range of scattering vector; the better is the resolution in real space. The pulsed neutrons (𝜆min = 0.05-4 Å) and the hard X-rays (0.1 ≤ 𝜆 ≤ 0.2 Å) allow to reach 𝑄 values up to 50 Å -1 , which is very advantageous compared to the ≈10 Å -1 obtained with laboratory diffractometers using copper 𝐾𝛼 radiation. A brief description of the treatment of theory of scattering of x-rays and neutrons by amorphous materials, and more precisely application to diffraction experiments, is presented below. However, for more details, we refer you to the work of Fischer et al.[21] and references therein.

Figure III. 2

 2 Figure III. 2Comparison of the sensitivities of some elements to neutrons and X-rays[22].

𝑟 1 (

 1 14): 𝐶 = 𝑟̅ 𝑖𝑗 ∫ 𝑇(𝑟) 𝑑(𝑟) 𝑟 2 III.14)where 𝑟̅ 𝑖𝑗 is the position of the peak in 𝑇(𝑟) and represents the interatomic bond of mean length between atoms of type i and j in the glass alloy. C N and C X denote the neutron and HE-XRD coordination number and are written as follows: 𝑁 and 𝐴 𝑖𝑗 𝑋 represent the integrated area of a symmetric Gaussian peak obtained by fitting of a certain peak of T(r).

  High energy X-ray diffraction measurements (HE-XRD) were conducted at the X-ray Pair Distribution Function XPDF (I15-1) beamline on the Diamond Light Source synchrotron facility, UK (Figure III. 3). The beam was monochromated with a Bent-laue monochromator to an energy of 76.7 keV (wavelength  0.16 Å). This energy provides data at 𝑄 values up to40 Å -1 . A Perkin Elmer model XRD 1611 CP3 detector was used for the data collection. This detector has a good signal to noise ratio and very small pixel size (100 μm). The beam size at focus was 700 μm horizontal by 10 μm vertical. We note that the glass sample was held inside 1 mm diameter silica glass capillary (10 µm wall thickness).

Figure III. 3

 3 Figure III. 3 View inside I15-1 Experimental Hutch.

  The neutron technique is similar to X-ray diffraction technique, but different types of radiation give complementary information. It is a very well suited technique because the scattering power of a given nucleus is independent of the momentum transfer, as consequence of the short range interaction between the neutron and the nucleus[34]. This scattering power is proportional to the square of the scattering lengths. The examined sample is placed in a beam of thermal or cold neutrons and the pattern of intensity around the sample gives information about the structure of the material. In this work, time-of-flight neutron diffraction experiments were carried out on the ISIS spallation source located at the ISIS Facility, Rutherford Appleton Laboratory, UK. Diffraction measurements were made using Sandals diffractometer at room temperature. This instrument has a large number of detectors which cover a large solid angle, and therefore offers high count rates over a large portion of reciprocal space (up to 40 Å -1 in reciprocal space. The glass samples were held in thin-walled 6 mm diameter vanadium foil cans inside the evacuated sample tank through which the incident neutron beam passed. The beam cross section was 40 ×15 mm 2 , larger than the diameter, but shorter than the height of the cylindrical sample. Data were acquired typically for ~ 10 to 11 hours of counting time per sample. Measurements were also performed on empty vanadium cans and a 6 mm vanadium rod for normalization purposes and to allow for subtraction of background signals. The neutron diffraction data were corrected for background effects and container scattering, multiple
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 511 Experimental Raman spectra of PbS-As2S3 glasses Typical Raman spectra of (PbS) 𝑥 (As 2 S 3 ) 1-𝑥 glasses are shown in Figure III. 4. Glassy As2S3shows usual poorly resolved spectral envelope between 300 and 400 cm -1 , corresponding to symmetric and asymmetric As-S stretching vibrations[66]-[71]. The low-frequency bending modes are located below 200 cm -1 . Two distinct spectroscopic features are visible at 235 and 490 cm -1 , related to As-As and S-S stretching[69],[70],[72]-[74] and indicating a small chemical disorder in g-As2S3, possibly related to a dissociation in the glass-forming melt: 2 As-S ⇄ As-As + S-S.

Figure III. 4

 4 Figure III. 4 Typical Raman spectra of (𝑃𝑏𝑆) 𝑥 (𝐴𝑠 2 𝑆 3 ) 1-𝑥 glasses: (a) 0  𝑥  0.2, (b) 0.3  𝑥  0.5. The As-As and S-S stretching at 235 and 490 cm -1 are highlighted by the brown and yellow circles.

Figure III. 5

 5 Figure III. 5 (a) Typical Raman spectra of glassy (𝑃𝑏𝑆) 𝑥 (𝐴𝑠 2 𝑆 3 ) 1-𝑥 , normalized to the 340 cm -1 mode, (b) difference Raman spectra of (𝑃𝑏𝑆) 𝑥 (𝐴𝑠 2 𝑆 3 ) 1-𝑥 glasses after subtraction of the spectral envelope for glassy As2S3.

Figure III. 6

 6 Figure III. 6 Typical Raman spectra of crystalline (PbS) 𝑥 (As 2 S 3 ) 1-𝑥 : (a) orthorhombic synthetic sartorite PbAs2S4 (𝑥 = 0.5) and (b) monoclinic synthetic dufrénoysite Pb2As2S5 (𝑥 = 0.67). The difference spectra, Figure III. 5(b), have confirmed the above trends and also show a

  Two types of size-limited clusters were studied: two-component Pb-S and three-component Pb-As-S. After geometry optimization, harmonic frequency calculations have been carried out. The calculated Raman spectra for binary Pb-S clusters are shown in Figure III. 7.

Figure III. 7

 7 Figure III. 7 DFT Raman spectra for (a) Pb2S2, (b) Pb4S4, (c) Pb9S9, (d) Pb13S14, and (e) Pb14S13 optimized clusters. The insets show the cluster geometry and interatomic Pb-S separation distances.

Figure III. 8

 8 Figure III. 8 DFT Raman spectra of mixed (a) corner-sharing CS-AsPbS6H5, (b) edge-sharing ES-AsPbS5H3, and (c) As4Pb4S10 clusters. The Pb-S stretching is highlighted in light grey; the As-S stretching in light violet; the S-S stretching of the S-S dimer is highlighted in yellow. The optimized geometry of the clusters is shown on the right panel together with typical interatomic distances. The terminal hydrogens are omitted, and the H-related vibrations are removed from the spectra.

Figure III. 9

 9 Figure III. 9 Crystal structure of monoclinic PbAs2S4 [78]: (a) crystal structure nearly parallel to the (001) plane, (b) two types of corner-sharing CS-AsSS2/2 chains, (c) local coordination of lead. The insert shows the Pb-S bond distance distribution over the range 0  𝑟 𝑃𝑏-𝑆  4 Å.

  and 2.18 Å in optimized As4Pb3S10, Figure III. 8.c , where S 𝑡 stands for terminal sulfur. In other words, lead is acting rather as a modifier and not as a network former. It should also be noted, that silver and alkali additions to glassy As2S3 have led to similar changes in Raman spectra, the appearance of a high frequency peak at 375 cm -1 with increasing silver or alkali content (Figure III. 11[79]).

Figure III. 10

 10 Figure III. 10 Initial fragment As4Pb3S10, corresponding to the crystal structure of monoclinic PbAs2S4 [78].

Figure III. 11

 11 Figure III. 11 Raman spectra of (Ag 2 S) 𝑥 (As 2 S 3 ) 1-𝑥 glasses [79].

Figure III. 12

 12 Figure III. 12 Raman spectra for the pseudo-ternary A-series glasses, (AgI)x (PbS)0.5-x/2 (As2S3) 0.5- x/2, with (a) low and (b) high silver iodide content x. (c) Typical Raman spectra of the glassy A-series pseudo-ternary system normalized to the 340 cm -1 mode.

Figure

  Figure III. 13 (a) difference Raman spectra of (AgI)x (PbS)0.5-x/2 (As2S3) 0.5-x/2 glasses after subtraction of the spectral envelope for glassy As2S3. (b) DFT Raman spectra of AgI monomer.

Figure III. 14

 14 Figure III. 14 The difference Raman spectra obtained by subtraction of the scaled Raman signal for (PbS)0.5(As2S3)0.5 and normalized to a constant (PbS)0.5(As2S3)0.5 spectral envelope.

Figure III. 15 DFT

 15 Figure III. 15 DFT Raman spectra of Ag2S compared to the experimental data for β-Ag2S.

Figure III. 19 and

 19 Figure III. 20. We note that the observed evolution is similar for the two data sets. Nevertheless, different sensitivity of neutrons and hard X-rays causes slightly different quantitative trends.

Figure III. 16

 16 Figure III. 16 Neutron structure factors 𝑆 N (𝑄) of (PbS) 𝑥 (As 2 S 3 ) 1-𝑥 glasses at (a) low scattering vectors 𝑄 and (b) over the entire accessible 𝑄range.

Figure III. 17 X

 17 Figure III. 17 X-ray structure factors 𝑆 X (𝑄) of (PbS) 𝑥 (As 2 S 3 ) 1-𝑥 glasses at (a) low scattering vectors 𝑄 and (b) over the entire accessible 𝑄range.

Figure III. 18

 18 Figure III. 18 (a) Neutron structure factor and (b) DSC trace for phase-separated AsS5 glass [66].

Figure III. 19

 19 Figure III. 19 Neutron FSDP parameters for PbS-As2S3 glasses: (a) FSDP and Pb pre-pic positions, (b) FSDP and Pb pre-pic amplitudes, and (c) isolated low-𝑄 features.

Figure III. 20 X

 20 Figure III. 20 X-ray FSDP parameters for PbS-As2S3 glasses: (a) FSDP and Pb pre-pic positions, (b) FSDP and Pb pre-pic amplitudes, and (c) isolated low-𝑄 features.

Fourier

  transform, are shown in Figure III. 21 and Figure III. 22: 𝜌 0 is the experimental number density, 𝑀(𝑄) the Lorch window function, and 𝑄 max = 30 Å -1 .

3 Å.

 3 angle brackets represent the average values over the accessible 𝑄-range. A broad unresolved feature at 3.5 Å represent second neighbor correlations. The second neighbor peak decreases with 𝑥 and shifts to higher 𝑟. In addition a new feature appears and increases in intensity at 4 Å, also filling the gap between the second neighbor peak and more distant correlations at 5.The last correlation in glassy As2S3 corresponds to center-center distance between AsS3 pyramids, forming the intermediate-range order in a disordered network consisting of As 𝑝 S 𝑞 rings. Monoclinic orpiment and triclinic anorpiment As2S3 are formed by As 6 S 6 rings [89], [90]. These indirect results show that population of As 𝑝 S 𝑞 rings decreases, and the initial intermediate range order changes, most probably caused by the host network fragmentation, also reflected by the decreasing amplitude of the FSDP (Figure III. 19 and Figure III. 20).

Figure III. 21

 21 Figure III. 21 Neutron total correlation functions 𝑇 𝑁 (𝑟) for PbS-As2S3 glasses: (a) limited 𝑟-range to nearest and second neighbors , (b) extended 𝑟range up to 10 Å.

Figure III. 22 XFigure III. 23 .Figure III. 8 .

 22238 Figure III. 22 X-ray total correlation functions T X (r) for PbS-As2S3 glasses: (a) limited r-range to nearest and second neighbors , (b) extended rrange up to 10 Å.

Figure III. 23

 23 Figure III. 23(a) Neutron total correlation functions 𝑇 𝑁 (𝑟) for equimolar (PbS)0.5(As2S3)0.5 glass and monoclinic PbAs2S4, obtained using the XTAL code[91] from the cif file[78]; (b) 𝑇 𝑁 (𝑟) and selected partial functions 𝑇 𝑖𝑗 (𝑟) for monoclinic PbAs2S4.

Figure III. 24 A

 24 Figure III. 24 A three-peak Gaussian fitting of experimental total correlation functions for selected PbS-As2S3 glasses: (a) neutron data for (PbS)0.3(As2S3)0.7, (b) high-energy X-ray data for (PbS)0.5(As2S3)0.5. The As-S and Pb-S NN correlations are highlighted in light red and gray.

  As mentioned earlier {III.4.4}, we are using a 210-atoms box, containing 30 Pb, 60 As and 120 S atoms. The size of the box corresponds to the experimental number density. Typical snapshot of the 600 K simulation box is given in Figure III. 25. Even for simulation time at 600 K of 12 ps, we have reasonably good agreement with neutron and high-energy X-ray results, Figure III. 26 and Figure III. 27.

Figure III. 25 Figure III. 26 ,

 2526 Figure III. 25 Typical snapshot of the 600K FPMD simulation box containing 30 Pb, 60 As and 120 S atoms. This composition corresponds to equimolar (PbS)0.5(As2S3)0.5. The size of the box was chosen to match the experimental number density.

Figure III. 26

 26 Figure III. 26 Experimental (room temperature) and GGA/PBE0 at 600 K (a) neutron 𝑄[𝑆 N (𝑄) -1] and (b) X-ray 𝑄[𝑆 X (𝑄) -1] interference functions for equimolar composition (PbS)0.5(As2S3)0.5.

Figure III. 27

 27 Figure III. 27 Experimental (room temperature) and GGA/PBE0 at 600 K (a) neutron 𝑔 𝑁 (𝑟) and (b) X-ray 𝑔 X (𝑟) pair-distribution functions for equimolar (PbS)0.5(As2S3)0.5.

Figure III. 28

 28 Figure III. 28 GGA/PBE0 partial structure factors 𝑆 ij (𝑄) for (a) As-As, As-S and S-S atomic pairs, and (b) Pb-Pb, Pb-S and Pb-As correlations.

Figure III. 29

 29 Figure III. 29 GGA/PBE0 partial pairdistribution functions 𝑔 ij (𝑟) for (a) As-As, As-S and S-S atomic pairs, and (b) Pb-Pb, Pb-S and Pb-As correlations.

Figure III. 30

 30 Figure III. 30 Estimation of the Pb-S local coordination number in supercooled equimolar (PbS)0.5(As2S3)0.5 at 600 K; (a) a three-peak Gaussian fitting of the first 𝑇 𝑃𝑏𝑆 (𝑟) feature; (b) integration of the 𝑇 𝑃𝑏𝑆 (𝑟) function taking the maximum Pb-S interatomic distance in monoclinic PbAs2S4 as a cutoff. The 𝑇 𝑃𝑏𝑆 (𝑟) partial for monoclinic PbAs2S4 is also shown. The derived coordination numbers are indicated. The second neighbor peak in (a) is highlighted in magenta.

  intermediate range order correlations with additional contribution from the As-S pairs. The emerging new feature at 𝑄 Pb  1.7 Å -1 is essentially related to the principle peak in 𝑆 PbPb (𝑄) partial with additional contribution from Pb-As correlations. The supercooled (PbS)0.5(As2S3)0.5 liquid exhibits small chemical disorder  evidenced by the As-As and S-S homopolar bonds, also visible in Raman spectra of lead thioarsenate glasses. The chemical disorder is small,  = 4.5  0.5 %. The local arsenic coordination is trigonal, 𝑁 AsX = 𝑁 AsAs + 𝑁 AsS = 3.03  0.03, consistent with known structural studies of sulfide glasses. The lead local environment appears to be strongly asymmetric and rather octahedral, 𝑁 PbS = 6  1. Nevertheless, a further careful analysis is needed after completing FPMD simulations.

  potential-pH diagram of lead (also known as the Pourbaix diagram) is presented in Figure IV. 1 [8]. This diagram shows that metallic lead, usually stable in presence of aqueous solutions free of oxidants, can be dissolved in oxidizing acid solutions with the resulting formation of divalent plumbous ions Pb 2+ . A very strong oxidizing action may transform these Pb 2+ ions directly into the brown tetravalent lead peroxide PbO2 which is insoluble in neutral or moderately acid solutions, slightly soluble in strongly acid solutions with the resulting formation of plumbic ions Pb 4+ , and very soluble in strongly alkaline solutions with the resulting formation of plumbate ions PbO3 2-. Both PbO and Pb(OH)2 dissolve in acid solutions with formation of Pb 2+ ion and in alkaline solutions with formation of biplumbite ion HPbO2 - and, to a lesser extent, plumbite PbO2 2-.

Figure IV. 1

 1 Figure IV. 1 Pourbaix diagram of Pb species.

Figure IV. 2

 2 Figure IV. 2 Scheme of the classification of ISEs.

Figure IV. 3 )

 3 comprises: a) A reference electrode which has a constant potential 𝐸𝑅 regardless of the solution studied; b) An indicator electrode (or a chemical sensor) whose potential 𝐸𝑀 depends on the chemical composition of the medium.

  𝐸 𝑗1 + 𝐸 𝑗2 + 𝐸 𝑅2 = constant, (IV.4)

Figure IV. 3

 3 Figure IV. 3 Schema of the simplified electrochemical cell used for potentiometric measurements.

4 .

 4 compositions and concentrations. The mechanism of formation of the liquid junction potential is schematized in Figure IV. When ions, in two different zones A1 and A2, have different mobilities and the activities a1 and a2 of the two zones are different, uncompensated charges are then created at the interface forming a liquid junction potential 𝐸j.

Figure IV. 4

 4 Figure IV. 4 (a) Schematization of the formation of liquid junction potential at the interface between two solutions A1 and A2 and (b) Potentiometric cell assembly with a liquid inner contact ion selective membrane electrode as indicator electrode and a double junction reference electrode.

Figure IV. 5

 5 Figure IV. 5 Chemical sensor with liquid contact.

Figure IV. 6

 6 Figure IV. 6 Chemical sensors with a membrane sensitive to lead ions based on chalcogenide glasses.

Figure IV. 7

 7 Figure IV. 7 Selected calibration curves for the fabricated Pb 2+ sensors. In case of the sensor labeled Pb-ISE20, the curves belong to two different sensors.

Figure IV. 9

 9 Figure IV. 9 Typical selectivity of a Pb-ISE20 sensor in the presence of K + ions.

c.

  Selectivity to calcium Ca 2+ and nickel Ni 2+ ions In the case of calcium and nickel, the selectivity coefficients were measured according to the same mixed solutions method with a constant concentration of interfering ions (0.1 mol. L -1 of Ca(NO3)2 and Ni(NO3)2). Typical responses of Pb-ISE20 sensors in the presence of the interfering Ca 2+ and Ni 2+ ions are presented in Figure IV. 11 and Figure IV. 12, respectively.The results of the selectivity coefficients calculations are given in TableIV. 16.

Figure IV. 11 Figure IV. 12

 1112 Figure IV. 11 Typical selectivity of a Pb-ISE20 sensor in the presence of interfering ions Ca 2+ .

Figure IV. 14

 14 Figure IV. 14 Typical selectivity of a Pb-ISE20 sensor in the presence of interfering ions Hg 2+ .

Figure IV. 15

 15 Figure IV. 15 Typical selectivity of a Pb-ISE20 sensor in the presence of interfering ions Cd 2+ .

Figure IV. 16

 16 Figure IV. 16 Influence of pH on the response of our Pb-ISE20 sensors.

  . The sensor measures, for 2 minutes, the potential of the solution of a given concentration, and is then placed in the open air for another 2 minutes. This procedure is repeated several times for about one hour in order to study the reproducibility of the potential as a function of time. The mean value of the potential and especially the mean square deviation of this value give us a good estimate of the stability and reproducibility of the response of the sensor.

Figure IV. 17

 17 Figure IV. 17 shows the reproducibility of the sensor Pb-ISE20 for six different concentrations of Pb(NO3)2 solution, i.e., in the concentration domain 10 -8 -10 -3 M. It can be seen from the Figure IV. 17 that the change in potential during consecutive measurements is small:  2-3 mV. The obtained values demonstrate that the reproducibility does not depend on the concentration of the primary Pb 2+ ions.

Figure IV. 17

 17 Figure IV. 17 The reproducibility of the sensor Pb-ISE20 in different concentrations of the standard lead nitrate Pb(NO3)2 solution.

a

  large glass-forming region, located in the As2S3-rich corner. In relation to physical and thermal characteristics, the density measurements, for both pseudo-binary and pseudo-ternary systems, show a monotonic increase with PbS and AgI additions. The DSC thermal studies show a single glass transition with a shallow minimum at x  0.2 (Tg = -14 °C) for the (PbS)x(As2S3)1-x presumably related to a host network partial fragmentation visible through a systematic decrease of the first diffraction peak (FSDP) at 1.25 Å -1 and a gradual disappearance and shift of distant correlations in 𝑟-space at 5.3 Å. However, we note that the lead sulfide additions do not change the trigonal arsenic coordination at a characteristic distance of 2.27 Å. Meanwhile, with silver iodide addition, the glass transition decrease was monotonic in the A-series glasses. The C-series glasses were non-homogenous as deduced from the two Tg values, indicating a phase separation in the glass evidenced by SEM images. For the B-series glasses, only the PbS-poor glasses of the B-series were nonhomogeneous.The study of the electronic properties of the (PbS)x(As2S3)1-x shows a four orders of magnitude increase in electrical conductivity with x but the change was non-monotonic. The PbS-poor glasses, x < 0.2, show nearly invariant conductivity parameters, possibly related to inhomogeneity of the Pb-poor glasses on mesoscopic length scale (≲ 1000 Å) as slightly implied by the enhanced small SANS (small-angle neutron scattering) intensity in the low-𝑄 range (𝑄 ≲ 0.2 Å -1 ) accessible by 𝑆 N (𝑄) may be an indication of this. Furthermore, with increasing lead content, the electronic transport increases monotonically in both (i) PbS-rich glasses, (ii) ternary Pb-As-S crystals and (iii) annealed glassy/crystalline samples. The observed conductivity increase is reasonable since cubic lead sulphide is a narrow-gap semiconductor with a high electron and hole mobility (e.g. 298(nano-PbS)  10 -6 S cm -1 ). The conductivity extrapolation to x = 1 yields the following order: 298(nano-PbS)    298 anneal (1)   298 cryst (1)  298 glass (1). This behaviour is explained by the higher carrier mobility in the nano-PbS crystalline lattice. The higher conductivity of the annealed samples compared to synthetic crystal is presumably related to weaker electronic carrier scattering in the latter originating from the more ordered crystalline lattice in the semiconducting PbAs2S4 phase. The carrier mobility is furthermore reduced by the disordered nature of glassy PbS-As2S3 network. In the binary glasses, lead is acting as a network modifier than a network former. This is indicated from the DFT Raman modelling showing the presence of the most intense high-frequency peak at 370 cm -1 (attributed to As -S 𝑡 stretching) accompanied by shorter As -S 𝑡 bond distances. The obtained structural information on lead, obtained from the derived neutron, X-ray and preliminary FPMD modelling structural parameters, assumes that lead is rather acting as a modifier than a network former. Comparing to monoclinic PbAs2S4, the equimolar glass (PbS) 0.5 (As 2 S 3 ) 0.5 exhibits shorter Pb-S interatomic distances, 2.85  0.02 Å vs. 3.17  0.14 Å in the high lead environment crystal (𝑁 Pb-S = 9). The shorter distance is coherent with lower lead local coordination in glasses (𝑁 Pb-S = 3.5  0.5 via Gaussian fitting of diffraction data or 𝑁 Pb-S = 6  1 via preliminary FPMD modeling).
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 111211312 Figure I.1 Comparison of crystalline and amorphous structure of SiO2. ................................ 11 Figure I.2 Plot of specific volume vs. temperature, contrasting the formation of a glass vs. crystals from the melt. .............................................................................................................. 11 Figure I.3 An example of a glassy network. ........................................................................... 12 Figure I.4 Periodic table showing the chalcogen elements (red) and the main elements (yellow)

Figure I. 9

 9 Figure I.9 Image of the crystal dufrénoysite Pb2As2S5 synthesized in LPCA laboratory. ...... 17
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 1019112012211322142315 Figure I.10 The scanning electron microscopy (SEM), available at LPCA, used to examine the morphology of the synthesized samples and estimate their composition through EDX. ......... 19 Figure I. 11 Typical DSC curve for a multicomponent chalcogenide glass with characteristic temperatures. ............................................................................................................................ 20 Figure I. 12 (a) X-ray structure factor SX(Q) for the x = 0.10 and x = 0.50 glass compositions (preliminary high-energy X-ray diffraction results). (b) Diffraction pattern for the x = 0.60 composition prepared by melt-quenching method. The main crystalline phase corresponds to monoclinic dufrénoysite Pb2As2S5, space group P21 [36]. ...................................................... 21 Figure I. 13 Diffraction patterns for the x = 0.60 and x = 0.70 compositions obtained by melt quenching in silica tubes and mechanical milling. In melt-quenched samples, monoclinic Pb2As2S5, space group P21, seems to be the major crystalline species. MM-(PbS)0.6(As2S3)0.4 appears to be vitreous (blue curve), while MM-(PbS)0.7(As2S3)0.3 (red curve) seems to remain glassy/crystalline. ..................................................................................................................... 22 Figure I. 14 The vitreous domain of the quasi-binary system (PbS)x(As2S3)1-x. ..................... 23 Figure I. 15 SEM micrographs for selected compositions in the (PbS)x(As2S3)1-x system prepared by melt quenching: (a) x = 0.10, (b) x = 0.30, (c) x = 0.60 and (d) x = 0.70. ............ 23 Figure I. 16 (a) SEM micrograph for the glassy MM-(PbS)0.6(As2S3)0.4 sample and (b-d) corresponding EDX element mapping of Pb (blue), As (dark red) and S (yellow), respectively. .................................................................................................................................................. 24
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  surveillance du taux de métaux lourds est donc très importante. Parmi ces métaux lourds, celui connu pour être le plus dangereux d'un point de vue environnemental et sanitaire est le plomb. Et c'est la raison pour laquelle nous avons choisi d'étudier de nouveaux verres chalcogénures spécifiquement dédiés à sa détection en solution aqueuse. De nombreuses techniques sont disponibles sur le marché aujourd'hui qui sont utilisées pour détecter la présence et la quantité de métaux lourds. Parmi ces techniques, seule la potentiométrie permet une mesure in-situ et en continu des teneurs en métaux lourds dans les eaux. Les verres chalcogénures sont des matériaux prometteurs en tant que membranes sensibles pour des électrodes ioniques spécifiques dédiés à la détection du plomb dans l'eau. L'équipe « Verres et Capteurs » du Laboratoire de Physico-Chimie de l'Atmosphère (LPCA) de l'Université du Littoral Côte d'Opale (ULCO), possède une grande expertise dans la réalisation de telles membranes. Pendant plusieurs années, notre équipe s'est concentrée sur le développement de capteurs chimiques potentiométriques à membranes à base de verres chalcogénures pour détecter les ions de métaux lourds (Hg 2+ , Fe 3+ , Cu 2+ , Cd 2+ , Pb 2+ , Ag + and Tl + ). Par conséquent, ce travail de thèse représente une scène d'une thématique environnementale où les recherches fondamentales sur les verres chalcogénures à effectuer en amont sont d'un intérêt scientifique particulièrement intéressant. Le développement de nouveaux capteurs plus performants, dédiés au plomb dans ce cas, nécessite une détermination des relations entre la composition, la structure, les propriétés de transport ionique et/ou électronique dans le matériau solide. Au final, cette thèse est composée de 4 chapitres. Le chapitre I présente quelques généralités sur les verres et plus particulièrement les verres chalcogénures dopés au plomb. La synthèse des systèmes PbS-As2S3 et AgI-PbS-As2S3 a été décrite. Les propriétés macroscopiques, y compris la densité, le volume atomique moyen et les propriétés thermiques, ont été présentées et discutées. Le chapitre II traite la conductivité électrique des systèmes PbS-As2S3 et AgI-PbS-As2S3. Ces études ont été réalisées par spectroscopie d'impédance complexe. Les résultats obtenus grâce à ces mesures sont discutés et analysés afin de faire certaines hypothèses sur les mécanismes de transport dans ces matériaux vitreux. Le chapitre III présente l'analyse structurale des verres PbS-As2S3 et AgI-PbS-As2S3. Ces études ont été réalisées par différentes techniques. Dans un premier temps, nous avons utilisé la spectroscopie Raman afin d'avoir une idée sur la structure des verres. Dans un deuxième temps, nous nous sommes intéressés à utiliser la diffraction des rayons X à haute énergie et la diffusion des neutrons pour mieux caractériser la structure des verres. Le chapitre IV consiste d'une étude préliminaire des capteurs chimiques à base de verres chalcogénures pour la détection des ions Pb 2+ . Des électrodes avec différentes compositions membranaires ont été testées afin de définir la sensibilité et la limite de détection, les coefficients de sélectivité en présence d'ions interférents, la reproductibilité et l'influence du pH. Ces mesures ont été réalisés afin de mettre en évidence les différences significatives dans le comportement des capteurs. Chapitre 1 Lors de ce travail, nous avons choisis de synthétiser et de caractériser de verres à base de soufre pour l'application de membranes actives dans des capteurs chimiques potentiométriques au plomb (Pb). Pour atteindre notre objectif, nous avons décidé de travailler avec deux systèmes : le quasi-binaire PbS-As2S3 et le pseudo-ternaire AgI-PbS-As2S3. Les propriétés de base et électroniques des verres PbS-As2S3 ont été étudiées dans le passé, cependant, la relation entre les caractéristiques du verre et du cristal n'a pas été établie. Par conséquent, la nouveauté de ce travail serait de (1) comparer le domaine de formation du verre dans le système pseudo-binaire obtenu par la trempe à l'état fondu habituelle et le broyage mécanique et (2) d'analyser les propriétés macroscopiques et électriques des verres en comparaison avec leurs homologues cristallins : PbAs2S4, Pb5As9S18 et Pb2As2S5, et les verres recuits donnant des alliages vitreux/cristallins. A notre connaissance, le pseudo-ternaire AgI-PbS-As2S3 est étudié pour la première fois. Ici, notre objectif serait (1) de synthétiser et d'identifier le domaine vitreux et (2) d'examiner les caractéristiques macroscopiques, électriques et structurelles. De plus, les verres mixtes de chalcogénure de plomb et d'argent ont été examinés en tant que matériaux membranaires actifs pour la construction de capteurs sélectifs d'ions Pb(II)-ISE. Le choix de ce dernier système peut se justifier par 3 facteurs : (1) les verres de sulfure d'arsenic As2S3 agissent comme formateurs de réseaux, (2) l'iodure d'argent AgI a une excellente conductivité ionique et une bonne conduction est une condition nécessaire au bon fonctionnement des capteurs développés et (3) le sulfure de plomb PbS permettent à la fois l'intégration des ions Pb 2+ dans le système vitreux et l'échange ionique avec la solution aqueuse. Deux méthodes différentes ont été employées dans la synthèse de nos verres : (1) la technique classique de trempe à l'état fondu et (2) la technique de broyage mécanique. Alors, du sulfure de plomb PbS (Sigma-Aldrich 99,9 %) et du sulfure d'arsenic As2S3 ont été mélangés en quantités appropriées. Les ampoules de silice (8 mm de DI/10 mm de DE) contenant le mélange ont été chauffées pendant 24 h à 600-650 °C avant d'être trempées dans un mélange eau-sel froid. La même procédure a été employée pour la synthèse des verres pseudo-ternaires AgI-PbS-As2S3 mais les matériaux de départ ont été chauffées à 700 à 750 °C. La technique de broyage mécanique (MM) a également été utilisée pour la synthèse des échantillons MM-(PbS)0.6(As2S3)0.4 et MM-(PbS)0.7(As2S3)0.3 dans lesquels 3 g de matières premières ont été broyés à l'aide d'une jarre en zircone (45 mL) et de billes de broyage ZrO2 (23 billes de 10 mm de diamètre) à une vitesse de 320 tr/min pendant 50 heures. Pour vérifier la nature amorphe des alliages (PbS)x(As2S3)1-x obtenus, 0.0 ≤ 𝑥 ≤ 0.7, des techniques de diffraction des rayons X et des DRX ont été utilisées. Tous les échantillons synthétisés par la méthode de trempe classique étaient vitreux jusqu'à une teneur en PbS de 50 %, le pic de Bragg apparaît pour x ≥ 0.6. Les pics de Bragg intenses observés pour x = 0,60 et x = 0,70, correspondent au Pb2As2S5 monoclinique (dufrénoysite). Auparavant, un domaine vitreux s'étendant jusqu'à x = 0,62 a été rapporté pour les alliages (PbS)x(As2S3)1-x. Cependant, il était clairement indiqué qu'il était difficile d'obtenir des morceaux de verre de dimensions suffisantes pour la composition x = 0,62. La technique de broyage mécanique (MM) a été utilisée pour étendre davantage le domaine vitreux. MM-(PbS)0.6(As2S3)0.4 était complètement vitreux, les pics de Bragg de la dufrénoysite cristalline ont complètement disparu. En revanche, de larges caractéristiques, rappelant les pics de Bragg pour Pb2As2S5, persistent dans MM-(PbS)0.7(As2S3)0.3, et cette composition peut être classée comme vitrocéramique. Ainsi, nous pouvons conclure que le domaine vitreux pour les alliages (PbS)x(As2S3)1-x se situe dans la plage 0,0 𝑥 ≤ 0,7.Pour mettre en évidence les changements microstructuraux possibles des alliages (PbS)x(As2S3)1-x étudiés, une analyse SEM a été réalisée sur quelques compositions sélectionnées. On peut dire que les alliages avec x = 0,10, 0,30 et 0,60, obtenus par fusiontrempe, sont plutôt lisses et homogènes. Notant que la morphologie de la composition x = 0,7 est assez différente ; des particules de différentes formes et tailles sont observées. la variation de la densité, du volume atomique moyen des échantillons (PbS)x(As2S3)1-x , 0.1  x  0.7 ont été étudiées. La densité augmente de façon monotone avec x. En fait, la densité du verre (PbS)x(As2S3)1-x extrapolée au verre PbS hypothétique à x = 1 donne une valeur de densité similaire au fcc PbS cristallin. Un tel comportement est attendu puisque la densité du PbS cubique (dPbS = 7.6 g.cm -3 ) est plus élevée que celle de la matrice vitreuse As2S3 (dg-As2S3 = 3.19 g.cm -3 ) ou de l'orpiment cristallin As2S3 (dc-As2S3 = 3.46 g.cm -3 ). Au contraire, le volume atomique moyen Va montre une diminution monotone progressive 15.440.24 cm 3 mol -1 (x = 0.0) à 14.750.25 cm 3 mol -1 (x = 0.7).Les propriétés thermiques des échantillons ont également été étudiées. Les traces DSC présentent à la fois des caractéristiques endothermiques et exothermiques correspondant différents ont été préparés avec succès dans le système Pb-As-S via la procédure de synthèse thermique dans des tubes de silice nettoyés scellés sous vide. Les cristaux étaient de la dufrénoysite Pb2As2S5(22,22 at.% Pb), de la baumhauerite Pb5As9S18 (15,62 at.% Pb) et de la sartorite PbAs2S4 (14,28 at.% Pb). Pour Pb2As2S5, les deux composés PbS et As2S3 ont été mélangés dans un rapport 2:1, chauffés lentement jusqu'à 800 °C, homogénéisés à cette température pendant 24h avant d'être refroidis et recuits à 350 °C pendant 10 jours . Pb5As9S18 a été obtenu en appliquant la même procédure pour un rapport presque équimolaire 5:4,5. Enfin, PbAs2S4 a été obtenu en utilisant le rapport équimolaire 1:1 et la température de recuit était de 280 °C pendant 20 jours. Chapitre 2 Dans ce chapitre, nous étudions les propriétés électriques des 2 systèmes (binaire et ternaire) de verres chalcogénures dopés au plomb qui ont été précédemment synthétisés soit par des mesures d'impédance soit par DC. Les échantillons trempés, après ouverture du tube de préparation, sont mis pour les mesures de conductivité de deux manières. Les échantillons durs sont découpés en plaques rectangulaires et polis à l'aide de poudre de carbure de silicium SiC (taille de grain de 9,3 μ). Les côtés de l'échantillon ont été meulés parallèlement et de l'or a été déposé sur les côtés opposés. L'épaisseur typique des échantillons était comprise entre 0,1 et 1,5 mm. Au contraire, les échantillons fragiles sont broyés pour les transformer en poudre qui est ensuite fortement compactée et comprimée, à l'aide d'une presse à granuler afin de réaliser des granulés d'une épaisseur d'environ 1 mm. Les conductivités de tous nos échantillons vitreuse et cristallins dépendent de la température et obéissent à la loi d'Arrhenius : σ = σ0/T exp (-Eσ/kT) Avec σ0 est le facteur pré-exponential, Eσ l'énegie d'activation, k la constanre de Boltzmann, et T la température.

  ) 0,25 ≤ x ≤ 0,5(5,8 ≤ [Pb] ≤ 14,2 at.%), et une tendance distincte pour les alliages MM, x ≥ 0,6(18,7 at.% Pb). Le domaine 1 est caractérisé par une conductivité quasi invariante 10 -16 S cm -1 , et une énergie d'activation, 0,93 0,05 Ev. Ensuite, la conductivité fait une saute d'un facteur 20, et augmente exponentiellement pour les alliages vitreux riches en Pb (domaine 2), accompagné d'une diminution monotone de E. Enfin, les alliages MM présentent une augmentation supplémentaire de deux ordres de grandeur avec un faible changement de la conductivité et de l'énergie d'activation.Pour explorer l'effet de la cristallisation sur la structure et les propriétés des verres de thioarséniate de plomb, un traitement thermique de quelques échantillons de verre sélectionnés, x = 0,1, 0,3 et 0,5, a été effectué à 280 °C pendant 30 jours. Les études XRD sur les échantillons recuits indiquent que la sartorite PbAs2S4 est la seule phase cristalline obtenue pendant la cristallisation, et que sa formation est indépendante de la composition du verre. La conductivité à température ambiante des échantillons recuits augmente par rapport à celle des verres originaux et croît d'une façon monotone avec l'augmentation de x. De plus, les échantillons vitreux/cristallins recuits présentent une conductivité plus élevée par rapport aux composés ternaires Pb-As-S synthétisés et donnent  298 anneal (1) = 210 -8 S cm -1 , c'est-à-dire qu'ils se rapprochent encore plus de la valeur du nano-PbS. Un réseau cristallin plus ordonné dans la phase semi-conductrice PbAs2S4 semble être l'origine d'une plus faible diffusion des porteurs électroniques, ce qui permet une plus grande mobilité électronique et donc une meilleure conductivité dans les échantillons recuits. La conductivité électrique des différentes compositions synthétisées dans le système ternaire a également été étudiée : A series: (AgI) 𝑥 (PbS) 0.5(1-𝑥) (As2S3) 0.5(1-𝑥) , B series: (AgI)0.3 (PbS)y (As2S3)0.7-y and C series : (AgI)z (PbS)0.1 (As2S3)0.9-z. locale de l'arsenic est trigonale, 𝑁 AsX = 𝑁 AsAs + 𝑁 AsS = 3.03  0.03, en accord avec les études structurales connues des verres sulfurés. L'environnement local principal semble être fortement asymétrique et plutôt octaédrique , 𝑁 PbS = 6  1. Néanmoins, une analyse plus approfondie est nécessaire après avoir terminé les simulations FPMD. Fondamentalement, les paramètres neutroniques dérivés, structuraux aux rayons X ainsi que les paramètres FPMD mettent plutôt l'accent sur le rôle structurel du plomb en tant que modificateur que comme formateur de réseau. Chapitre 4 Après avoir étudié les propriétés macroscopiques des verres et après avoir dévoilé leurs propriétés de transport et de structure, nous pouvons étudier l'application de ces verres comme capteurs chimiques. En effet, le choix des compositions à utiliser dépend des mécanismes de transport ionique mis en jeu. Une fois les compositions à tester choisies, une étude préliminaire des caractéristiques de ces verres en tant que membrane ionique spécifique est réalisée. Les capteurs spécifiques au plomb sont développés pour fonctionner dans un environnement aqueux. C'est pourquoi, dans un premier temps, nous avons pensé qu'il serait intéressant d'étudier la chimie du plomb dans l'eau. Aussi, une étude bibliographique des techniques qui ont été utilisées pour la détection et la détermination de la quantité de plomb dans l'eau est réalisée afin de comprendre les avantages et les inconvénients de chaque technique. Enfin, après quelques rappels de potentiométrie, nous présenterons les travaux réalisés sur l'application des verres du système AgI-PbS-As2S3 comme capteurs potentiométriques. Nos capteurs sont constitués des membranes sensibles qui ont généralement un diamètre de 5-6 mm et une épaisseur de l'ordre de 2 à 4 mm. Les membranes ont ensuite été collées sur le tube PVC à l'aide de la résine époxy. Ensuite, nous avons réalisé le contact liquide en utilisant une électrode d'Ag recouverte d'AgCl dans une solution d'AgNO3 10 -1 M pour les membranes contenant de l'argent, et un mélange (1:1) AgNO3 10 -1 M et Pb(NO3)2 10 -1 M pour les membranes contenant de l'argent et du plomb.Principales caractéristiques des capteurs Pb 2+La sensibilité est une caractéristique qui définit la capacité du capteur à répondre à une certaine espèce ionique présente dans un milieu liquide et est connue pour être le paramètre le plus important caractérisant les capteurs chimiques. La deuxième caractéristique importante est la limite de détection qui correspond à une concentration limite en dessous de laquelle le capteur n'est plus sensible aux ions mesurés. La sensibilité et la limite de détection des capteurs ont été étudiées dans des solutions standards de nitrate de plomb Pb(NO3)2. Des calibrations ont été effectuées sur une gamme de concentrations entre 10 -8 mol. L -1 et 10 -3 mol. L -1 . Toutes les calibrations ont été effectuées en utilisant la méthode de titrage où les additions sont introduites dans 100 ml de solution de nitrate de potassium KNO3 avec une concentration de 10 -1 mol. L -1 .Après avoir introduit les additions, il est nécessaire d'attendre pour atteindre le potentiel d'équilibre. Le temps d'attente est normalement d'environ 2 minutes et le potentiel ne varie pas de plus de ± 2 mV pendant ces 2 minutes. Toutes les solutions étalons ont été préparées par la méthode des dilutions successives. La solution de support ayant une force ionique constante était le nitrate de potassium KNO3 (10 -1 mol/L, pH≈7). Cette force ionique constante nous permet également d'utiliser la concentration des ions au lieu de leur activité et donc d'éviter le calcul des coefficients d'activité des ions. La réponse typique du capteur Pb-ISE10, Pb-ISE30, Pb-ISE25 et Pb-ISE20 mesurée pendant quatre semaines a été présenté. On peut dire que la limite de détection et la pente des capteurs dépendent de la composition des membranes. Les changements significatifs de la pente des courbes (S) et du potentiel standard de la membrane (E0) indiquent une instabilité à court terme et une perte de sensibilité des capteurs Pb-ISE10 et Pb-ISE30. Les membranes avec les compositions 50AgI-25PbS-25As2S3 (capteur Pb-ISE25) et 60AgI-20PbS-20As2S3 (capteur Pb-ISE20) montrent une meilleure limite de détection et une meilleure stabilité comparées à celles des capteurs Pb-ISE10 et Pb-ISE30. Les résultats des études de limite de détection et de sensibilité pour les capteurs Pb-ISE25 et Pb-ISE20 révèlent que les capteurs Pb-ISE20 avec les membranes basées sur la composition 60AgI-20PbS-20As2S3 montrent une meilleure stabilité que le capteur Pb-ISE25. En même temps, tous les capteurs ont une pente différente de la valeur théorique (29 mV / décennie). Par conséquent, il a été décidé de poursuivre les études des paramètres des capteurs utilisant la composition 60AgI-20PbS-20As2S3. La stabilité à 6 mois de l'électrode Pb-ISE20. Afin de déterminer le coefficient de sélectivité, nous pouvons utiliser la méthode recommandée par l'IUPAC. Il s'agit de la méthode des solutions mixtes avec deux versions : (1) Concentration constante d'ions interférents et (2) Concentration constante d'ions primaires. La première méthode signifie que nous utilisons comme solution de mesure une solution contenant des ions interférents avec une concentration constante, alors que la concentration des espèces primaires est variable. En revanche, dans la deuxième méthode, la concentration des ions primaires est fixe tandis que la concentration des espèces interférentes est variable. Cette version est généralement utilisée lorsque l'influence des ions interférents est très forte, afin d'éviter une éventuelle contamination de la membrane sélective par les espèces interférentes. Sélectivité aux ions potassium K + Le coefficient de sélectivité a été mesuré en utilisant la méthode des solutions mixtes et plus précisément sa première version avec une concentration constante d'ions interférents. Les résultats montent que le coefficient de sélectivité KPb 2+ ,K + diminue avec la concentration des ions interférents. Ce comportement est possible à cause de la forte diminution de la force ionique (0.1, 0.01 et 0.001 mol. L -1 in KNO3). Dans ce cas, l'influence du potentiel de diffusion est remarquable. Ces très faibles valeurs du coefficient de sélectivité indiquent que les capteurs peuvent être utilisés dans des environnements où la concentration en potassium est ~10 6 fois plus importante. Sélectivité aux ions sodium Na + Le coefficient de sélectivité a été mesuré en utilisant la méthode des solutions mixtes et plus précisément sa première version avec une concentration constante d'ions interférents. Les additions ont été faites dans la gamme de 10 -8 to 10 -3 mol. L -1 . La concentration des ions interférents (NaNO3) était de 0.1 mol. L -1 et 1 mol. L -1 . La réponse typique des capteurs Pb-ISE20 en présence d'ions interférents Na + présentent clairement de meilleurs coefficients de sélectivité vis-à-vis des ions Na + que le capteur développé par M. Mazlum Ardakany et al. (un facteur de 100 est observé) et un coefficient comparable à celui de Yu. G. Vlasov et E. Bychkov. Sélectivité aux ions calcium Ca 2+ et nickel Ni 2+ Dans le cas du calcium et du nickel, les coefficients de sélectivité ont été mesurés selon la même méthode des solutions mixtes et plus précisément selon sa première version avec une concentration constante d'ions interférents (0.1 mol. L -1 de Ca(NO3)2 et Ni(NO3)2). Les additions dosées ont été faites dans la gamme de 10 -8 à 10 -3 mol. L -1 . Nous pouvons également conclure en comparant nos résultats avec ceux des données bibliographiques que nous capteurs développés ont clairement les meilleurs coefficients de sélectivité. Les verres de chalcogénures sont très prometteurs pour les applications en tant que membranes actives dans les capteurs chimiques potentiométriques. Dans le cadre de ces travaux de thèse, nous avons exploré la possibilité d'utiliser les verres de chalcogénures dopés au plomb pour l'analyse quantitative des ions Pb 2+ . Nous avons également étudié leurs propriétés physiques, thermiques, électriques et structurales. Tout d'abord, des verres de chalcogénures (0  x  0.6) et des cristaux (PbAs2S4, Pb5As9S18 and Pb2As2S5) de thioarsénate de plomb ont été synthétisés dans le système quasibinaire (PbS)x(As2S3)1-x. Deux techniques complémentaires, la méthode classique de synthèse en tubes silice et le broyage mécanique, ont été employées à cette fin. De plus, trois séries différentes de verre (A-, B-et C-séries) ont été synthétisées dans le système pseudo-ternaire AgI-PbS-As2S3 et le domaine vitreux a été établi. Les propriétés macroscopiques des deux systèmes telles que les densités et les températures caractéristiques (températures de transition vitreuse et de cristallisation) ont été mesurées et analysées selon les compositions des verres. Deuxièmement, à l'aide d'un courant alternatif (spectroscopie d'impédance complexe) et d'une mesure de conductivité en courant continu (résistivité), les propriétés électriques ont été étudiées pour tous les systèmes vitreux et cristallins mentionnées ci-dessus et les effets/rôles des additions de sulfure de plomb PbS et d'iodure d'argent AgI sont examinés. Troisièmement, pour comprendre l'origine des diverses propriétés (relation composition-structure-propriété), nous avons mené des études structurales à l'aide d'un ensemble d'outils de mesure structurale (par exemple, la spectroscopie Raman, la diffraction de neutrons et de rayons X haute énergie). Grâce à notre équipe de modélisation au sein du laboratoire LPCA, la modélisation DFT des donnéees Raman ainsi que la modélisation RMC/DFT et FPMD des données de diffraction ont été réalisées dans le système quasi-binaire PbS-As2S3 vitreux. Enfin, la dernière partie de ce travail est entièrement dédiée à la fabrication et à la caractérisation de nouveaux capteurs chimiques à base de membranes de verres de chalcogénures contenant du plomb/argent pour la détection des ions Pb 2+ en solution. Différentes compositions sont testées afin de définir la sensibilité, la limite de détection et les coefficients de sélectivité en présence d'ions interférents. La reproductibilité et l'influence du pH sont également évaluées.

  

  

  

  

  

Table I .

 I 

	Composition	Density (g.cm -3 )		𝑇 𝑔 (°C) (±3)	𝑇 𝑥1	𝑇 𝑥 (°C) (±3) 𝑇 𝑥2	𝑇 𝑥3	∆𝑇 (°C) (±3)
			[33]		[34]		[34]				[34]
	0.0	3.19 (5) 3.03	197	185	-	-	-	-	-	-
	0.1	3.39 (8) 3.38	184	195	239 235 248 315	55	40
	0.2	3.63 (2)	-	183	-	237	-	250 314	54	-
	0.3	3.97 (9) 3.95	187	205	238 244 252 314	51	39
	0.4	4.22 (3)	-	188	-	238	-	251 314	50	-
	0.5	4.64 (5)	-	197	195	238 230	-	309	41	35
	0.6 *	5.11 (3)	-	196	-	235	-	315 306	31	-
	0.7 *	5.64 (9)	-	-	-	-	-	-	-	-	-
	0.6 **	-	-	187	-	271	-	-	315	49	-
	0.7 **	-	-	174	-	270	-	-	312	60	-

1 Density, glass transition temperature (Tg) and crystallization temperature (Tx) of the binary glass system (PbS) 𝑥 (As2S3) 1-𝑥 . Glass forming and thermal stability criteria are also given: ΔT =Tx -Tg.

Table I .

 I 

	Atom %		10%	50%		60%
		SEM	Calculated	SEM	Calculated	SEM	Calculated
		(X-rays)		(X-rays)		(X-rays)
			A series: (AgI) 𝒙 (PbS) 𝟎.𝟓-𝒙/ 𝟐 (As2S3) 𝟎.𝟓-𝒙/ 𝟐	
	S	47.71	53.73			23.84	30.76
	As	27.79	26.86			15.44	15.38
	Pb	17.77	13.43			10.54	7.69
	Ag	2.69	2.98			24.18	23.07
	I	4.03	2.98			26	23.07
			B			

2 Comparison between the calculated atomic percentages of the constituent elements of the glasses of A, B and C series and those obtained from X-rays measurements

series : (AgI)0.3 (PbS)y (As2S3)0.7-y

  

	S	61.03	50	45.69	46.87
	As	30.01	31.57	25.51	25
	Pb	4.03	2.32	12.71	9.37
	Ag	3.75	7.89	8.27	9.37
	I	1.18	7.89	7.83	9.37
			C series : (AgI)z (PbS)0.1 (As2S3)0.9-z
	S	54.91	56.81	31.29	40.62
	As	37.26	36.36	27.32	25
	Pb	7.32	2.27	7.25	3.12
	Ag	0.43	2.27	17.4	15.62
	I	0.08	2.27	16.75	15.62

  𝑥 (PbS) 0.5-𝑥/ 2 (As 2 S 3 ) 0.5-𝑥/ 2 are presented in Figure I.26 and the values are listed in

	The	glass	density	and	the	mean	atomic	volume	of	the	A-series:
	(AgI) Table I.3. We can clearly see that the density increases monotonically with increasing AgI
	content from 4.64 g.cm -3 (x = 0.0) to 5.53 g.cm -3 (x = 0.7), Figure I.26			

Table I .3

 I Density, glass transition temperature and the crystallization temperature for the AgI-PbS-As2S3 alloys.

	Composition Density	𝑇 𝑔 (°C) (±2)		𝑇 𝑥 (°C) (±2)		∆𝑇 (°C)
		(g.cm -3 )	𝑇 𝑔1	𝑇 𝑔2	𝑇 𝑥1	𝑇 𝑥2	𝑇 𝑥3	
			A series: (AgI) 𝒙 (PbS) 𝟎.𝟓-𝒙/ 𝟐 (As2S3) 𝟎.𝟓-𝒙/ 𝟐		
	0.0	4.64 (5)	199	-	238	310	-	39
	0.0001	4.64 (1)	201	-	241	317	-	40
	0.0003	4.64 (1)	200	-	244	318	-	44
	0.001	4.65 (1)	199	-	241	315	-	42
	0.003	4.66 (1)	198	-	241	314	-	43
	0.01	4.67 (2)	194	-	240	314	-	46
	0.02	4.67 (8)	193	-	240	313	-	47
	0.05	4.67 (1)	191	-	241	312	-	50
	0.1	4.73 (5)	179	-	236	300	-	57
	0.2	4.87 (6)	165	-	253	300	-	88
	0.3	4.97 (3)	148	-	-	-	-	-
	0.4	5.13 (2)	132	-	-	-	-	-
	0.5	5.31 (4)	117	-	-	-	-	-
	0.6	5.44 (1)	102	-	-	-	-	-
	0.7	5.53 (4)	75	-	147	153	161	72
			B series : (AgI)0.3(PbS)y(As2S3)0.7-y			
	0.1	3.87 (5)	117	180	-	-	-	-
	0.2	3.99 (4)	136	-	-	-	-	-
	0.3	4.72 (2)	148	-	289	327	-	141
	0.4	5.22 (2)	154	-	-	-	-	-
	0.5	5.67 (1)	155	-	208	234	281	53
			C series : (AgI)z(PbS)0.1(As2S3)0.9-z			
	0.1	3.43 (5)	152	178	-	-	-	-
	0.2	3.63 (5)	127	176	-	-	-	-
	0.3	3.87 (5)	117	180	-	-	-	-
	0.4	4.12 (2)	106	179	-	-	-	-
	0.5	4.44 (1)	97	147	-	-	-	-

Table I .4

 I Table showing the different steps followed to synthesize the desired crystals

Crystals Melting temperature (°C) Annealing temperature (°C) Time (days) Result

  

			350	10	×
			350	20	×
	Sartorite PbAs2S4	800	350	30	×
			280	20	✅
	Dufrénoysite	800	350	10	×
	Pb2As2S5		350	20	✅
	Baumhauerite	800	350	10	✅
	Pb5As9S18				
			850	10	×
	Jardonite	˃ 1170	550	20	×
	Pb9As4S15		550	40	×
			350	10	×
			350	20	×
	Marrite	750	450	10	×
	AgPbAsS3		450	40	×
	Figure I.				

Table I . 5

 I5 Comparison between the densities of the synthesized crystals and those in the bibliography.

		d measured	d reference
	Sartorite PbAs2S4	4.841	5.08-5.12 [55]
	Dufrénoysite Pb2As2S5	4.935	5.5-5.57 [56]
	Baumhauerite Pb5As9S18	5.182	5.33-5.45 [57]

  Uncertainties in the last digit(s) of the parameter are given in parentheses.

						]		[36]	[35]	[36]
	0.00	0.00	1.010 -16	-	0.921 (48)	-	0.41	1.2010 5	-	-
	0.05	1.03	2.010 -16	-	0.915 (23)	-	0.63	-	-	-
	0.20	4.54	2.010 -16	-	0.966 (39)	-	4.4	-	-	-
	0.25	5.88	4.610 -15	-	0.978 (10)	-	1.610 2	-	-	-
	0.30	7.32	1.110 -14	1.8×10 -10 1.099 (10)	0.92	1.310 3	-	12	-
	0.40	10.52	1.610 -14	-	0.994 (10)	-	1.410 3	3.0710 0	-	3.07
	0.50	14.28	5.110 -14	2.2×10 -9 1.002 (09)	0.88	4.610 3	1.2510 5 30 1.25 10 5
	0.60	18.75	2.310 -12	-	0.856 (10)	-	7.210 2	-	-	-
	0.70*	24.14	3.210 -12	-	0.861 (10)	-	1.210 3	-	-	-
					Pb-As-S crystals				
	PbAs2S4 14.28	9.810 -15	-	0.930 (10)		5.410 1	-	-	-
	Pb5As9S18 15.62	5.910 -14	-	0.926 (20)		2.710 2	-	-	-
	Pb2As2S5 22.22	6.410 -13	-	0.899 (10)		1.110 3	-	-	-

Uncertainties in the last digit(s) of the parameter are given in parentheses.

* glassy/crystalline samples

Table II . 2

 II2 Electric properties of the A series glass system (AgI) 𝑥 (PbS) 0.5-𝑥/ 2 (As2S3) 0.5-𝑥/ 2

	x	[Ag] (at.%)	rAg-Ag (Ȧ)	log 𝜎298	𝐸𝜎 (eV)	log 𝜎0 (S cm -1 K)
	0	0	-	-13.21	1.025	6.58
	0.0001	0.003	118.3	-13.19	1.039	6.83
	0.0003	0.009	82.1	-13.13	1.054	7.16
	0.001	0.029	54.9	-13.09	1.023	6.67
	0.003	0.086	38.1	-13.04	1.028	6.81
	0.01	0.287	25.1	-12.95	1.031	6.94
	0.02	0.576	20.2	-12.78	1.018	6.89
	0.05	1.460	14.9	-12.67	0.999	6.69
	0.1	2.985	11.8	-11.96	0.919	6.04
	0.2	6.25	9	-9.69	0.703	4.67
	0.3	9.836	8	-7.43	0.577	4.8
	0.4	13.793	7.2	-5.58	0.462	4.7
	0.5	18.182	6.6	-3.99	0.378	4.86
	0.6	23.077	6.1	-2.88	0.281	4.34
	0.7	28.571	5.8	-2.11	0.182	3.44

Table II .

 II 

				log 𝜎298	𝐸𝜎 (eV)	log 𝜎0 (S cm -1 K)
	0.0	0	8.9	-3.602	0.253	3.15
	0.1	2.6	8.7	-4.128	0.334	3.99
	0.2	5.7	8.6	-5.435	0.381	3.48
	0.35	9.4	8.1	-7.428	0.577	4.8
	0.4	13.8	7.8	-7.658	0.581	4.64
	0.5	19.2	7.6	-7.738	0.583	4.59
	Similarly to the previous systems, the samples do not show any significant hysteresis effects
	and obey the Arrhenius law. The parameters 𝜎298, 𝐸𝜎 and 𝜎0, calculated from the least fit squares
	of the data using Eq. (II.11), are represented in Figure II.21 and Table II.3. With increasing
	lead sulfide PbS content, the room temperature conductivity decreases by 4 orders of magnitude

3 Electric properties of the B series glass system (AgI)0.3(PbS)y(As2S3)0.7-y.

[Pb] (at.%) rAg-Ag (Ȧ)

  𝑉 𝐻 + 𝑉 𝑋𝐶 + 𝑉 𝑒𝑥𝑡 (III.18) 

	𝑉 𝑒𝑓𝑓 (𝑟) =	𝛿𝐸 𝐻 𝛿𝜌(𝑟)	+	𝛿𝐸 𝑋𝐶 𝛿𝜌(𝑟)	+	𝛿𝐸 𝑒𝑥𝑡 𝛿𝜌(𝑟)	(III.19)

Table III

 III 

	𝑥	𝑟 As-S (Å)	As-S	𝑁 As-S	𝑟 Pb-S (Å)	Pb-S	𝑁 Pb-S
			Neutron diffraction			
	0*	2.27(1)		2.95(10)	-		-
	0.2	2.27(1)		2.95(10)	2.84(2)		3.7(2)**
	0.3	2.27(1)		2.97(10)	2.84(2)		3.4(2)**
	0.4	2.28(1)		2.89(10)	2.85(2)		3.6 (2)**
	0.5	2.27(1)		2.89(10)	2.87(2)		3.8(2)**
			High energy X-ray diffraction			
	0	2.27(1)		3.00(10)	-		-
	0.1	2.27(1)		2.95(10)	2.85(2)		4.2(4)**
	0.2	2.27(1)		2.92(10)	2.82(2)		3.3(3)**
	0.3	2.27(1)		2.91(10)	2.85(2)		3.7(3)**
	0.4	2.27(1)		2.88(10)	2.85(2)		3.2(3)**
	0.5	2.27(1)		2.91(10)	2.85(2)		3.3(3)**
	* Refs.						

.

1 

Nearest-neighbor interatomic distances 𝑟 𝑖𝑗 and local coordination numbers 𝑁 𝑖𝑗 in PbS-As2S3 glasses, calculated from the neutron and high-energy X-ray diffraction results.

Table IV . 1

 IV1 Solubility of Common Inorganic and Organic Complexes of Pb(II)[6].

	Chemical formula	Solubility (g/100 cm 3	Ksp (25°C)
		of cold H2O)	
	Pb(C2H3O2)2	44.3	
	Pb(NO3)2	37.56	
	PbCl2		1.70× 10 -5
	Pb(SCN)2		2.11× 10 -5
	PbBr2		6.6× 10 -6
	PbSeO4		1.37× 10 -7
	PbF2		3.3× 10 -8
	PbSO4		2.53× 10 -8
	PbI2		9.8× 10 -9
	PbC2O4		8.5× 10 -10
	PbCrO4		2.8× 10 -13
	Pb(IO3)2		3.69× 10 -13
	PbCO3		7.4× 10 -14
	Pb(OH)2		1.40× 10 -20
	PbS		8.81× 10 -29
	Pb3(PO4)2		1× 10 -54

Table IV . 2

 IV2 Lead emission from natural and anthropogenic sources[9].

		Lead sources	Emission, thousand t/year (%)
	Natural	Soil particles transport by wind	0.3-7.5
		Marine aerosols	0-2.8
		Volcanoes	0.5-6.0
		Forest fires	0.1-3.8
		Biogenic processes	0-3.4
		Total	0.9-23.5 (0.3-5.9)
	Anthropogenic Combustion:	
		Coal	1.8-14.6
		Mineral oil	0.9-3.9
		Gasoline	248
		Wood	1.2-3.0
		Metallurgy	30.1-69.6
		Wood industry	5.1-33.8
		Garbage burning	1.6-3.1
		Total	288.7-376.0 (94.1-99.7)

Table IV . 3 .

 IV3 Trends in uses of lead in selected countries a[24],[25].

	Use	Percentage of total use in year		
		1985	1990	1996	2001
	Batteries	57.7	63.0	72.5	76.7
	Cable sheathing	5.6	4.5	2.1	1.4
	Rolled and extruded products b	7.6	7.7	5.9	6.0
	Shot/ammunition	2.8	2.8	2.3	2.1
	Alloys	4.2	3.3	3.2	2.5
	Pigments and others compounds	14.2	12.8	10.0	8.1
	Gasoline additives	3.7	2.1	0.9	0.4
	Miscellaneous	4.2	3.8	3.3	2.8
	a Countries include: Australia, Austria, Belgium, Brazil, Canada, China (Hong Kong Special Administrative Region), China
	(Province of Taiwan), Denmark, Finland, France, Germany, India, Indonesia, Italy, Japan, Malaysia, Mexico, Netherlands,
	New Zealand, Norway, Philippines, Republic of Korea, Singapore, South Africa, Spain, Sweden, Switzerland, United Kingdom
	and USA				
	b Including lead sheet				
	Table IV. 3 shows the total lead consumption by major use category in selected countries
	between 1985 and 2001				

Table IV . 4

 IV4 Heavy metal limit concentrations in industrial air emissions in France and the European Union[27].

	Group number	Elements	Flow limit to	Flow limit for in	Concentration
			start the control	situ control	limit
			(g.h -1 )	(g.h -1 )	(mg.Nm -3 )
	1	Cd, Hg, Tl	1	10	0.05 per metal
				(Cd + Hg)	0.1 for the whole
					group 1
	2	As, Se, Te	5	50	1
	3	Pb	10	100	1
	4	Sb, Cr, Co, Cu,	25	500	5
		Sn, Mn, Ni, V			

Table IV .

 IV 17 Selectivity coefficient of Pb 2+ sensors in the presence of the interfering ions Ca 2+ and Ni 2+ found in the bibliography.

	Chemical composition	Concentration of
		the interfering ion
		M

2+ = Ca 2+ or Ni 2+ (mol. L -1 ) KPb 2+ , Ca 2+ KPb 2+ , Ni 2+

  

	d.			
	N,N'-bis(5-methyl salicylidene)-p-	10 -1	1.26 × 10 -4	1.2 × 10 -3
	diphenylene methane diamine (M.			
	Mazlum Ardakany et al. [83])			
	40PbI2-30Ag2S-30As2S3 (Yu. G. Vlasov	10 -1	10 -4.3	10 -4.5
	and E. Bychkov [89])			
	2,12-dimethyl-7,17-diphenyltetrapyrazole	10 -3	5.5 × 10 -3	5.1 × 10 -3
	(A.K. Jain et al. [78])			
	PbS-Ag2S (Yu.G. Vlasov and E.	10 -1	10 -3.9	10 -4
	Bychkov [89])			
	4-tert-butylcalix[6]arene (V.S. Bhat et al.	10 -3	6.7 × 10 -4 -	1.1 × 10 -3 -
	[82])		2.02 × 10 -5	2.07 × 10 -4

Selectivity to cupper Cu 2+ , mercury Hg 2+ and cadmium Cd 2+ ions

  The selectivity coefficients in the presence of Cu 2+ , Hg2+ and Cd 2+ ions were measured using the second mixed solutions method, i.e. with a fixed primary ion concentration and varying 𝑥 the selectivity coefficient, 𝑎 𝑥 the intersection of the extrapolation of the linear part of the E/C curve (interfering ion) and 𝑎 𝑦 the concentration of the primary ion. This method is usually used when the selectivity of a sensor in the presence of interfering ions is susceptible to cause possible poisoning of the membrane by interfering species. Therefore, it has been assumed that Cu 2+ , Hg 2+ and Cd 2+ ions belong to this category and as such method(2) was used to avoid poisoning of the electrode.

	interfering ions concentration (2). The following equation was applied to calculate the
	selectivity coefficient:	
	𝐾 𝑦,𝑥 = 𝑎 𝑦 𝑎 𝑥	(IV.9)
	with 𝐾 𝑦,	

❖ Selectivity

to cupper Cu 2+ ions Figure IV. 13 and Table IV. 18

  show the results of the selectivity measurements of our developed sensors in the presence of Cu 2+ ions. Meawhile, TableIV.19 presents the selectivity coefficients of Pb 2+ sensors in the presence of Cu 2+ ions found in the literature.

Table IV .

 IV 18 Selectivity coefficient of Pb-ISE20 sensors in the presence of interfering ions Cu 2+ .

to cadmium Cd 2+ ions Figure IV. 15 and Table IV. 22

  present the results of the selectivity measurements towards Cd 2+ for our developed sensors. TableIV.23 allows us to compare our results with those of the bibliography.

	2,12-dimethyl-7,17-diphenyltetrapyrazole	10 -3	9  10 -3 -
	(A.K. Jain et al. [78])		1.110 -2
	4-tert-butylcalix[6]arene (V.S. Bhat et	10 -3	2.910 -2 -
	al.[82])		1.4710 -1
	PbI2-Ag2S-As2S3 (Yu .G. Vlasov and E.	10 -2	10 12 -10 16
	Bychkov [89])		
	❖ Selectivity		

Table IV .

 IV 23 Selectivity coefficient of Pb 2+ sensors in the presence of the interfering ions Cd 2+ fond in the literature.

	Chemical composition	The method*	Concentration	KPb 2+ , Cd 2+
		for measuring	of the primary	
		KPb 2+ , Cd 2+	ion Pb 2 +	
			(mol. L -1 )	

Table IV .

 IV 25 pH range where the response of the Pb 2+ sensors does not depend on pH for membranes found in the literature.

	Chemical composition	Concentration of the	pH
		primary ion Pb 2 +	
		(mol. L -1 )	
	Calix[4]arenes (E. Malinowska et al. [81])	10 -2	3 ≤ PH ≤ 6
	GeSe2-PbSe-PbTe (V. Vassilev et al. [90])	10 -2	1.85-2 ≤ PH ≤ 3-4
	PbI2-Ag2S-As2S3 (Yu .G. Vlasov and E.	-	2 ≤ PH ≤ 5.5-6
	Bychkov [89])		
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 IV 24 pH range for a given Pb 2+ concentration where the response of the Pb-ISE20 Une série notable de développements qui ont mis en évidence l'importance des verres chalcogénures ont été observées au cours des dernières années. Actuellement, la recherche sur ce type de verres est très active en raison de leur grand potentiel d'utilisation pratique. Les propriétés photoconductrices uniques, la transparence infrarouge, la conduction ionique, le phénomène de changement de phase et les propriétés de transport électrique et thermique des verres chalcogénures les rendent très intéressants pour une large gamme d'applications, du stockage de données et d'énergie, mémoires optiques haute densité, photonique, imagerie, dispositifs thermoélectriques, batteries et détection chimique.En effet, au cours du XXe siècle, les impacts environnementaux et de santé publique liés aux activités anthropiques ont continué à prendre de l'importance tant au niveau du grand public qu'au niveau des instances politiques et de recherche dans lesquelles divers programmes visent à renforcer la recherche et le développement dans le contrôle de la qualité de l'eau, de l'air et du sol. A cet effet, la pollution métallique de l'eau est un problème particulier car les métaux lourds tels que le mercure, le cadmium, le plomb, le tellure, etc… ne sont pas biodégradables. La

sensors does not depend on pH .............................................................................................. 173 Table IV. 25 pH range where the response of the Pb 2+ sensors does not depend on pH for membranes found in the literature. ......................................................................................... 173

The reference electrodes must be reproducible, i.e. their potential must be the same under identical conditions and without hysteresis phenomena.

The potential of the reference electrodes must be independent of the concentration of ionic species present in the solution to be measured.

The stability of their potential on the long-term has to be high.

The silver/silver chloride (Ag, AgCl | KClsatd), and the commercial calomel electrode (Hg, Hg2Cl2 | KClsatd) correspond perfectly to all these conditions and can therefore be used as reference electrodes.

IV.2.6.4 Indicator electrode

The conditions imposed on the reference electrodes are also valid for the indicator electrodes, except the third requirement. On the contrary, the indicator electrode must be sensitive to the measured ionic species and must obey the Nernst's law. There are several types of chemical 

IV.3 Assembling of chemical sensors

Four different chalcogenide glass compositions were used as active membrane materials in the fabrication of the Pb(II)-ISEs sensors. The chemical compositions of the prepared membranes and the conditions of their synthesis are summarized in Table IV. 9. The sensitive membrane is typically 5-6 mm in diameter and has a thickness of the order of 2 to 4 mm. The back sides of the as-prepared glasses were polished with SiC powder (9.3 μ grain size). The ball-shaped membranes were then glued into PVC tubes using an electrical isolator epoxy resin and left to dry for few days under an infrared lamp. After this step, 2 ml of the liquid mixture (1:1) Pb(NO3)2/AgNO3 (0.1 M) was added inside the PVC tube; this electrolyte ensures the electrical contact between the glass membrane and the AgCl coated silver wire serving as inner reference electrode.

For each composition, four electrodes were prepared. Thus, the total number of electrodes tested during this study amounts to 16. The support solution of KNO3 with a constant ionic strength allows us to use the concentration of the ions instead of their activity and therefore we can avoid the calculation of the ion activity coefficients. In addition, it stabilizes the liquid junction potential. In order to avoid contamination of standard solutions by Cl -ions, a combined reference electrode containing a salt bridge has also been used. In this case we have succeeded in minimizing the potential of liquid junction. IV. 10 summarizes the obtained data of the slope, the linear response range as well as the detection limit for all assembled sensors. Linear range (mol.L -1 ) 210 -4 -10 -3 210 -5 -10 -3 210 -5 -10 -3 10 -4 -10 -3

Detection limit (mol.L -1 ) 3.910 -5 3.3-5.710 -6 6.110 -6 1.810 -5

The membranes Pb-ISE10 and Pb-ISE30 exhibit detection limits in the concentration range 10 -5 M, limited linear responses in the range 10 -4 -10 -3 M as well as low slopes of 12.9 and 18.3 mV.decade -1 , respectively. The calibration parameters improve for the Pb-ISE20 and Pb-ISE25 membranes. The detection limits are in the range around 10 -6 M and the lowest value recorded was 3.310 -6 M for the Pb-ISE20 sensor. The linear range increases by more than one order of magnitude and the calculated slopes are 22.5 and 21.3 mV/decade, respectively. All the sensors present slopes different from the theoretical value (29.6 mV/ decade). This confirms that the operating mechanism depends on the composition of the glass and its structure. It is clear that, out of the various membranes tested, the sensors with code Pb-ISE20 present the best results in terms of sensitivity (the highest slope) and detection limit (the lowest).

As such, these Pb-ISE20 membranes will be used for further potentiometric characterizations. Table IV. 11 shows the sensitivity and detection limit values of the Pb 2+ sensors presented in the literature. For an easier comparison, the characteristics of our Pb-ISE20 sensor are noted in red. The results of the detection limits of the developed sensors are comparable to those of V.

Vassilev et al. [90] and E. Malinowska et al. [81]. Yu .G. Vlasov and E. Bychkov [89], S.

Anastasova et al. [79] and A. Kamal [START_REF] Kamal | Selective and sensitive lead (II) solid-contact potentiometric sensor based on naphthalene-sulfonamide derivative[END_REF] reporter sensors with higher detection limits.

However, our Pb-ISE20 sensor show a significantly improved detection limit compared to those developed by A.K. Jain et al. [78], V.K. Gupta et al. [80], R. Tomova et al. [88] (100 times), X. Yang et al. [76], [77] and C. Bohnke et al. [91] (10 times).

In this work, the question arises about the origin of the difference in performance of the different fabricated sensors. We note that optimal sensor performance is a complex function of several parameters. Insufficient ionic sensitivity of the Pb-ISE10 sample is related to low lead sulfide content (10 mol.%) and inhomogeneous glass nature reflected by two glass transition temperatures and SEM studies, chapter 1. The Pb-ISE30 sample has the highest PbS content (30 mol.%) but simultaneously the lowest ionic conductivity (410 -6 S cm -1 ), chapter 2.

Consequently, the ion-exchange current density at the glass/solution interface is lower than for both Pb-ISE25 and Pb-ISE20 membranes and, as a result, the sensor performance is also insufficient. The last two membranes (Pb-ISE25 and Pb-ISE20) are rather close to each other and are characterized by two contrasting trends (an increase in the PbS content is accompanied by a decrease in the ionic conductivity). Glasses with higher silver iodide content are also more (2,12-dimethyl-7,17-diphenyltetrapyrazole based sensor) and Yu. G. Vlasov and E. Bychkov [89] (PbS-Ag2S and PbI2-Ag2S-As2S3 based sensors). We can see clearly that our sensors show much higher selectivity towards K + than the other sensors in the bibliography (by a factor of 10 to 1000) [83], [84]. 4-tert-butylcalix [6]arene (V.S. Bhat et al. [82])

Concentration of the primary ion

GeSe2-PbSe-PbTe (V. Vassilev et al. [90]) (1) 10 -3 7.110 -5 -3.5  10 -6 PbI2-Ag2S-As2S3 (Yu .G. Vlasov and E. Bychkov [89])

(2) 10 -2 10 3.6 -10 3.9

PbS-Ag2S-As2S3 (Yu .G. Vlasov and E. Bychkov [89])

(2) 10 -3 10 2.8

PbS-Ag2S

(Yu .G. Vlasov and E. Bychkov [89])

(2) 10 -3 10 3.3

*(1) Constant concentration of interfering ions;

(2) Constant concentration of primary ions.

Comparing these results with those of our developed sensors (Table IV. 19) we can make the following conclusions:

➢ Cu 2+ ions are strongly interfering;

➢ The selectivity coefficients obtained in this thesis with respect to Cu 2+ are clearly higher than those published by other authors except the sensor developed by Yu. G. Vlasov and E. Bychkov [89] with the comparable selectivity.

➢ Finding a way to avoid Cu interference is essential for the use of the sensors.

❖ Selectivity to mercury Hg 2+ ions

The results of the selectivity coefficient measurements in the presence of Hg ➢ Direct use of sensors in the presence of Hg 2+ requires elimination of its influence.

Table IV. 20 Selectivity coefficient of Pb-ISE20 sensors in the presence of interfering ions Hg 2+ . 

Concentration of the interfering ion

Pseudo-ternaire AgI-PbS-As2S3

L'étude de ce système a mis en évidence un large domaine vitreux qui est concentré dans le coin riche en sulfure d'arsenic As2S3 et couvre une surface de diagramme importante. Pour détailler, les études ont été réalisées sur la base des trois séries suivantes :

• (AgI) 𝑥 (PbS) 0.5-𝑥/ 2 (As 2 S 3 ) 0.5-𝑥/ 2 ; (0.0 ≤ x ≤ 0.6)

• (AgI) 0.3 (PbS) 𝑦 (As 2 S 3 ) 0.7-𝑦 ; (0.0 ≤ y ≤ 0,5)

• (AgI) 𝑧 (PbS) 0.1 (As 2 S 3 ) 0.9-𝑧 ; (0.0 ≤ z ≤ 0. 

Cristaux de PbS-As2S3

Beaucoup d'efforts ont été déployés pour tenter de synthétiser quelques-uns des composés cristallins de Pb-As-S et d'Ag-Pb-As-S, et ce qui n'a pas été une mission facile du tout.

Finalement, nous avons pu préparer trois cristaux synthétiques différents de Pb-As-S : la sartorite PbAs2S4, la baumhauerite Pb5As9S18 et la dufrénoysite Pb2As2S5. Les trois cristaux Pour La série A, la conductivité électrique totale, 𝜎, déterminée soit par la méthode de l'impédance complexe, pour 𝜎 ≥ 10 -8 S cm -1 , soit à partir des mesures de conductivité 𝑑𝑐, pour 𝜎 ˂ 10 -8 S cm -1 , ne présente pas des effets significatives d'hystérésis et obéit à la loi d'Arrhenius.

La conductivité à température ambiante augmente de ≈11 ordres de grandeur avec l'augmentation de la teneur en AgI. En effet, la conductivité des verres passe des valeurs qui sont typiques des verres sulfurés isolants (10 -14 S cm -1 ) à celles caractéristiques des alliages vitreux superioniques (10 -3 S cm -1 ). La conductivité maximale à température ambiante est de 7.8×10 -3 S cm -1 pour les verres riches en AgI (x = 0,7, 𝑥 = 28,57 at.% Ag). L'énergie d'activation diminue de ~1,02 à 0,18 eV, tandis que le facteur pré-exponentiel 𝜎0 varie entre 10 3 et 10 6 S cm -1 K. De plus, nous pouvons dire que notre système de verre pseudo-ternaire et de manière similaire au système de sulfure de mercure, possède au moins trois régions de concentration différentes avec une variation clairement distincte de la conductivité électrique : 

Reproductibilité dans les solutions standards

Les mesures de reproductibilité ont été effectuées dans le domaine de concentration 10 Second, using alternative current ac (complex impedance spectroscopy) and direct current dc conductivity (Resistivity Meter) measurement, the electric properties were studied for all of the above vitreous and crystalline systems and the effects/roles of lead sulfide PbS and silver iodide AgI additions are examined.

Third, to understand the origin of various properties (composition-structure-property relationship), we have conducted structural studies using a set of structural measurement tools (e.g. Raman spectroscopy, neutron and high-energy X-ray diffraction). Thanks to our modeling team at LPCA laboratory, Raman DFT modelling as well as RMC/DFT and FPMD modelling of the diffraction data were performed in the quasi-binary PbS-As2S3 glass system.

Finally, the last part of this Ph.D. thesis is fully dedicated to the fabrication and characterization of new chemical sensors based on the lead/silver containing chalcogenide glass membranes for the detection of Pb 2+ ions in solution. Different compositions are tested in order to define the sensitivity, the detection limit and the selectivity coefficients in the presence of interfering ions. Both reproducibility and the pH influence are also evaluated.

Keywords: chalcogenide glasses, lead thioarsenates, thermal properties, ac and dc conductivity measurements, structure, chemical sensors.