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Ré sumé en Franç ais

Dans le monde d'aujourd'hui, la crise é nergé tique et la pollution de l'environnement sont deux problè mes majeurs que les gens doivent ré soudre. Les maté riaux thermoé lectriques peuvent effectuer une conversion entre l'é nergie é lectrique et l'é nergie thermique et ê tre appliqué s pour gé né rer de l'é lectricité à partir de diffé rences de tempé rature ou effectuer un refroidissement à l'é tat solide. Ils peuvent ainsi amé liorer efficacement l'efficacité de l'utilisation de l'é nergie et fournir un nouveau moyen d'atté nuer la pé nurie d'é nergie et la pollution de l'environnement.

Avec le dé veloppement rapide des appareils portables et des é quipements é lectroniques flexibles, il existe une demande croissante pour des appareils flexibles auto-alimenté s qui peuvent fournir en continu de l'é nergie é lectrique sans avoir besoin de batteries ou de sources d'alimentation externes. Dans le mê me temps, avec le dé veloppement de la miniature ou de la ré duction d'é chelle, les nouveaux dispositifs né cessitent de moins en moins de consommation d'é nergie, ce qui apporte de nouvelles opportunité s et de nouveaux dé fis pour les maté riaux et dispositifs thermoé lectriques flexibles. Les maté riaux à couches minces thermoé lectriques flexibles, qui peuvent ré aliser directement la conversion entre la diffé rence de tempé rature et l'é nergie é lectrique et s'adapter aux nouveaux besoins d'application, ont donc reç u beaucoup d'attention.

Les maté riaux thermoé lectriques inorganiques conventionnels pour les applications à tempé rature ambiante, tels que Bi2Te3 ou Sb2Te3, sont dé jà disponibles dans le commerce dans de nombreux domaines. Cependant, le bismuth est un mé tal lourd toxique, tandis que le tellure est é galement toxique. Les composé s à base de ces é lé ments peuvent potentiellement libé rer des substances toxiques dans certaines conditions et ne conviennent donc pas aux applications inté rieures ou portables (par example, sur la peau ou sur les vê tements). En particulier, ces maté riaux TE conventionnels et en "bulk" sont lourds et rigides, non adaptables à la fabrication des é lectroniques portables ou à grande é chelle à faible coût. Par consé quent, il est important de dé velopper de nouveaux candidats de maté riaux thermoé lectriques avec une flexibilité mé canique, une capacité de traitement en solution et des performances TE é levé es, sans exigences de synthè se complexes ou à haute tempé rature.

Dans cette thè se de doctorat, j'ai principalement é tudié trois domaines : (1) La synthè se de nanoparticules (NPs) plasmoniques traité es en solution, qui servent de revê tements photothermiques et permettent la conversion entre lumiè re et chaleur. Ces revê tements à base de NP ont ensuite é té appliqué s pour augmenter la diffé rence de tempé rature du dispositif thermoé lectrique mentionné ci-dessous. (2) La ré alisation et les caracté risations de gé né rateurs photo-thermoé lectriques hybrides organiques-inorganiques souples et portables (photo-TEGs). Ces photo-TEGs, combinant le revê tement de photothermique à base des NPs mentionné ci-dessus et les TEGs p-n hybrides soigneusement conç us, ont dé montré une ré cupé ration d'é nergie sous illumination solaire. (3) L'é tude des maté riaux thermoé lectrique à base de Ag2Se dopé s au soufre (S-dopé s) de type n, proposant une nouvelle synthè se en solution à tempé rature ambiante (RT) et conduisant à une sé rie de couches minces thermoé lectriques et flexibles avec des proprié té s optimisé es. Ces films minces de Ag2Se Sdopé s de type n ont ensuite é té appliqué s, dé montrant une ré cupé ration d'é nergie proche de la RT dans diffé rentes situations. Pour pré senter les ré sultats de cette thè se, six chapitres sont formé s au total, parmi lesquels trois chapitres (Chapitre 3, 4 et 5) sont utilisé s pour dé crire les ré sultats obtenus concernant les trois aspects susmentionné s ainsi qu'une introduction (Chapitre 1), un chapitre expé rimental (chapitre 2) et un chapitre de conclusion (chapitre 6).

Chapitre 1 : Ici, une introduction gé né rale est donné e sur les deux principaux aspects impliqué s dans cette thè se : (1) Les nanoparticules plasmoniques et (2) Les maté riaux et dispositifs thermoé lectriques. Sur (1), la physique conduisant aux proprié té s optiques plasmoniques et à l'effet photothermique induit par le plasmonique est d'abord discuté e. Les mé thodes de synthè se colloï dale, les boutons de ré glage synthé tiques et les ré sultats de l'é tat de l'art obtenus sur les nanoparticules d'or (Au) et d'argent (Ag) sont ensuite pré senté s. Sur (2), les principes de base des effets thermoé lectriques sont d'abord introduits. Ces descriptions sont suivies de la pré sentation de leur facteurs de mé rites ("figure-of-merit") et des diffé rents paramè tres physiques impliqué s. A la fin, l'é tat de l'art obtenu sur diffé rents maté riaux inorganiques et organiques est pré senté .

Chapitre 2 : Ce chapitre donne toutes les procé dures expé rimentales utilisé es dans cette thè se, y compris les procé dures de synthè se des nanoparticules plasmoniques d'Au et d'Ag, les procé dures de synthè se et de dé pôt en couche mince des diffé rents maté riaux thermoé lectriques impliqué s, les procé dures de fabrication des diffé rents de TEGs construits et les mé thodes de caracté risations appliqué es sur ces maté riaux et dispositifs. En outre, les principes de fonctionnement de quelques techniques de caracté risation majeures appliqué es dans cette thè se, telles que le XRD, SEM, TEM et UV-vis absorption optique, sont pré senté s. Chapitre 3 : Dans ce chapitre, j'ai pré senté les ré sultats obtenus sur la synthè se colloï dale et les caracté risations de maté riaux afin de fournir une riche bibliothè que de nanoparticules plasmoniques colloï dales candidates pour les applications photothermiques abordé es dans les chapitres suivants. Tout d'abord, les ré sultats de synthè se d'Au nanobâ tonnets (NRs) avec une absorption optique accordable dans le spectre visible/SWIR sont pré senté s : position de longueur d'onde maximale ré glable de 554 nm à 1250 nm. Ces NP d'Au peuvent ê tre conç us comme des revê tements de conversion lumiè re-chaleur pour le spectre visibles et/ou proches de l'IR applicables dans les chapitres suivants. Sur la synthè se de NPs colloï dales d'Ag, la mé thode de ré duction chimique a é té appliqué e avec diffé rents paramè tres de synthè se expé rimenté s. Dans un cas optimisé , une absorption plasmonique bien dé finie situé e dans le spectre d'ultra-violet (UV) (LSPR  385 nm) a é té obtenue, applicable à la conversion photothermique entre illumination d'UV et chaleur. Les ré sultats de la caracté risation des proprié té s maté rielles et optiques de ces nanoparticules plasmoniques sont pré senté s. Les diffé rents lots de NP photothermiques plasmoniques synthé tisé s au chapitre 3 ont é té appliqué s ici. Des « encres NP absorbant le visible, le proche-IR et les UV » ont é té formulé es afin d'absorber les diffé rentes parties du spectre solaire. Une sé rie de gé né rateurs photothermoé lectriques hybrides organiques-inorganiques flexibles et traité s en solution sont fabriqué s, appliquant le fort effet photothermique des nanoparticules plasmoniques colloï dales sur des modules thermoé lectriques de type p/n optimisé s basé s sur le couplage PEDOT:PSS et avec diffé rents maté riaux de type n. Les maté riaux de type n é tudié s ici, pouvant ê tre dé posé s sur des substrats en PET flexibles et ne né cessitant aucun ou seulement des traitements thermiques lé gers aprè s le dé pôt, sont respectivement les poudres d'orthorhombiques β-Ag2Se, les nanofeuilles de MoS2, et les films commerciaux d'oxyde d'é tain dopé à l'indium (ITO).

Sous un é clairage solaire simulé , des gé né rateurs photo-thermoé lectriques hybrides optimisé s sur des substrats en polyé thylè ne té ré phtalate (PET) ont é té obtenus par des couples PEDOT: PSS / Ag2Se revê tus des NPs d'Au absorbant le spectre de visible, capables de gé né rer une tension de sortie de 34 mV et une puissance de sortie maximale de  146 nW. Ce puissance de sortie est considé rablement plus grand (de  13 fois) que celui obtenu sur les dispositifs de contrôle sans NPs photothermiques. Des gé né rateurs photo-thermoé lectriques portables ont ensuite é té fabriqué s sur des tissus non tissé s en polypropylè ne, pré sentant une tension de sortie de 24 mV sous la lumiè re naturelle du soleil dans l'air lorsqu'ils sont porté s sur le bras.

Ce travail met en é vidence les forts potentiels des NPs photothermiques plasmoniques et leurs inté grations dans des dispositifs thermoé lectriques organiques et hybrides pour la collecte de lumiè re sans avoir besoin de techniques complexes de concentration de lumiè re. Les gé né rateurs photo-thermoé lectriques hybrides ré alisé s offrent é galement de belles perspectives pour les dé veloppements de textiles intelligents capables de ré cupé rer de l'é nergie.

Chapitre 5 : Alors que les photo-TEGs pré senté s au chapitre 4 ont montré des ré sultats prometteurs, la puissance de sortie obtenue ( 146 nW) est cependant modeste. Vers des amé liorations, ici, une nouvelle approche de synthè se en un seul pot à tempé rature ambiante (RT) est pré senté e, combiné avec une straté gie de dopage au soufre, pour optimiser la flexibilité et le facteur de puissance des couches minces thermoé lectriques d'Ag2Se de type n dé posé es par des procé dé s en solution sans avoir besoin de recuit à haute tempé rature ni de pressage à chaud. Ces straté gies de dopage au soufre ont é té identifié es comme des mé thodes puissantes pour optimiser à la fois la flexibilité et les caracté ristiques thermoé lectriques des é chantillons. Les films minces d'Ag2Se flexibles S-dopé s et optimisé s pré sentaient un facteur de puissance (PF) maximal de  2 mW m -1 K -2 à tempé rature ambiante, ce qui est plus de 2 fois supé rieur par rapport aux ré sultats obtenus dans le chapitre pré cé dent. Ils ont maintenu > 90 % de leur PF initial aprè s 1000 cycles de flexion. Ces films minces d'Ag2Se flexibles Sdopé s optimisé s permettent la fabrication de gé né rateurs thermoé lectriques flexibles (TEGs) capables de produire une puissance de sortie maximale (Pmax) de 3,98 µW et une densité de puissance maximale Pdensité de 11,06 W m -2 à tempé rature proche-ambiante avec un T de 31 K. Des dé monstrations ont é té faites pour appliquer ces TEGs flexibles à base d'Ag2Se Sdopé s pour ré colter la chaleur de faible qualité des ordinateurs portables, de la lumiè re solaire non concentré e, et du corps humain, ainsi que la ré alisation d'un capteur de mouvement humain auto-alimenté par TEG. Ce capteur de mouvement pré sente une sensibilité de 6 mV/kg en termes de lecture de tension par unité de force. Les TEGs actuels, à base d'Ag2Se S-dopé s, fonctionnels et flexibles, exempts d'é lé ments de mé taux lourds et obtenus par une synthè se de solution à tempé rature ambiante compatibles avec des mé thodes de dé pôt de solution é volutives, offrent ainsi des perspectives passionnantes pour le dé veloppement en cours de l'é lectronique intelligente portable et de la ré cupé ration d'é nergie. Chapitre 6: Dans ce chapitre, une conclusion gé né rale est donné e avec des perspectives sur le domaine de la technologie thermoé lectrique flexibles, portable et à faible coût ainsi des textiles intelligents à ré cupé ration d'é nergie.

Mots clé s : nanoparticules plasmoniques, effet photothermique, Ag2Se, maté riaux thermoé lectriques, gé né rateurs thermoé lectriques, gé né rateurs photo-thermoé lectriques Due to the interaction of these metal nanostructures with incident light, collective oscillations of free electrons become dominant and generate surface plasmon resonances. The large number of electrons involved in surface plasmon resonance leads to strong absorption, scattering, and near-field enhancement of the natural frequencies of plasmonic metal nanoparticles. 3 When the size of metal nanoparticles is much smaller than the wavelength of incident light, excited by light, the surface charge is polarized, and the induced charge of metal nanoparticles cannot propagate along the plane as a wave but is confined and concentrated on the particle surface. The resonance condition is reached when the collective oscillation has approximately the same frequency as the incident light. Such a condition is known as localized surface plasmon resonance (LSPR), as shown in Figure 1. 2,4 The LSPR properties of metal nanoparticles, which are resonance wavelength and intensity, are determined by several factors, geometry of the plasmonic nanoparticles, 5,6 the dielectric properties of the surrounding medium, and the coupling between the particles. 7 The LSPR excitation in plasmonic materials reveals that metallic nanoparticles (e.g., Au NRs and Ag NPs) have effective photosensitive and photothermal properties. investigated to develop their functions and applications in many fields, such as catalysis, 8 photothermal therapy, 9 plasma optical sensing, 10 medical imaging, 11 and surface-enhanced Raman spectroscopy, 12 and many other significant advances. 1,4 Many functions, as mentioned above, are closely related to the surface plasmon resonance generated when metal nanoparticles interact with light (as shown in Figure 2).

Au plasmonic nanoparticles

Nanogold refers to tiny nanoparticles composed of gold atoms. The size distribution of the particles is 1-100 nm, in the form of spheres, rods, flowers, stars, and other shapes. The nanostructure has high electron density, dielectric properties, and solid catalytic activity among other properties. At the same time, gold nanoparticles can bind to various biological macromolecules or proteins without affecting the original activity of biological materials. In experimental synthesis, different particle sizes of gold nanoparticles can be easily and rapidly prepared by reducing chloroauric acid in the presence of stabilizers. Because of the LSPR effect, the nanogold shows different colors, such as red, pink, purple, and blue, depending on the particle size and morphological properties. 13,14

Synthesis of Gold Nanoparticles

The synthesis of nanogold has always been of great interest. 15 The synthesis routes are mainly divided into the following categories according to different methods: direct redox, seed growth, electrochemical methods, biological methods, and template methods. Furthermore, the application and properties of nanogold are closely related to its size, morphology, and surface modification groups. According to the morphology of nanogold, we classify it into (1) gold nanoparticles, 16,17 (2) gold nanorods, 15 (3) gold nanostars, 18 and (4) gold nanoclusters 19 and other types of nanostructures. 20,21 The physical and chemical properties of gold nanoparticles in terms of their size and morphology are of great interest for sensing, catalysis, and biomedicine. In this section, different types of gold nanoparticles are introduced, and their respective synthesis and functionalization methods are summarized.

(1) Gold nanospheres (AuNPs)

Au nanospheres refer to 9-120 nm. Traditionally, gold nanospheres can be synthesized by two types of methods. One is chemical reduction and the other is ligand passivation. First, a chemical reduction strategy was reported by Turkevich et al. 22 A reducing agent, trisodium citrate, was used for the chloroauric anion to reduce the gold nanospheres stabilized by the citrate ion. In addition, various improved chemical reduction methods have been reported. For example, the citrate ion was replaced by other efficient ligand materials (e.g., sulfhydryl molecules, DNA, peptides, proteins, etc.), which can be used to directly grow gold nanospheres in the presence of stabilizers. Meanwhile, NaBH4 (sodium borohydride) and ascorbic acid are ideal reducing agents to obtain gold nanospheres with good dispersion in stabilizer citrate ions. 23,24 Gold nanospheres can be prepared by a ligand passivation reaction, also known as the Brust-Schiffrin method. In this method, stable gold nanospheres in the organic phase are obtained by a two-phase synthesis approach. 25 Initially, toluene and tetraoctylammonium bromide (TOAB) were added to the aqueous solution of chloroauric ions as organic phase conversion reagents. Subsequently, an amount of aqueous NaBH4 was added to the mixed solution to obtain gold nanospheres with a small size and narrow distribution range. In addition, other reducing reagents were also used, such as organic molecules, bacteria, microorganisms, plant extracts, liposomes, polymers, and inorganic reagents. 26 The size of gold nanospheres can be modified by optimizing the reaction conditions during the synthesis process.

(2) Gold nanorods (AuNRs)

In contrast to gold nanospheres, gold nanorods have a spatially anisotropic structure. At the same time, they have SPR absorption peaks that are correlated with the aspect ratio. A number of methods have been reported for the synthesis of gold nanorods. 27,28,29 The liquid-phase synthesis method has proven to be the most efficient and widely used method for synthesizing gold nanorods due to its good reproducibility. In 2001, Murphy et al. 28 used the crystal growth method to synthesize gold nanorods. This method has become one of the most popular and widely used synthesis methods based on the advantages of simplicity, high efficiency, adjustable aspect ratio, homogeneity, and reliability of the subsequent modification process.

In this way, significant progress has been made in the size and shape tuning of gold NRs through multi-step processes. 30,31 Despite these tremendous advances, thick gold NRs (>30 nm in diameter) have been grown with monodisperse thick gold NRs with widely tunable LSPRs using the existing synthesis methods. The conventional synthesis method consists of two steps: 1) synthesis of gold nanoparticles stabilized by citrate ions as growth seed solution.

2) Re-growth of the seed with surfactants (e.g., cetyltrimethylammonium bromide (CTAB)) to form anisotropic nanorod structures. However, during the second growth of the crystal seed, the synthesis of gold nanorods can be mainly divided into two different mechanisms. 32,33 In the absence of Ag + ions, the formation of gold nanorods depends on the selective adsorption of CTAB on the specific crystallographic surface of the gold species. On the other hand, in the presence of Ag + ions, the growth mechanism is quite different. Ag + prefers to be reduced to Ag atoms in solution and therefore preferentially adsorbs of zero valent Ag species on {110} facets of the growing Au nanoparticles. Since Ag atoms prefer to interact with Br -ions in CTAB, the selective deposition of Ag atoms on the{110} surface inevitably prevents the further growth of gold atoms on this surface. 34 As a result, the subsequent growth of gold atoms on the surface of gold seeds is delayed, leading to anisotropic gold nanorods. 33,35 Meanwhile, good experimental results have shown that the aspect ratio of gold nanorods and their optical properties can be achieved by regulating the ratio of gold ions to gold seeds in the second growth process, as shown in Figure 3. In recent years, gold nanorods have attracted considerable attention due to their promising applications such as plasmon-enhanced spectroscopy, 37 bioimaging and therapy, 38 chemical sensing, 39 photonic and optoelectronic devices, 40 and others. The collective oscillations of free electrons results in localized surface plasmon resonance and sizeable electric field enhancement near the NR surface. 41 One of the most intriguing properties of gold NRs is their longitudinal surface plasmon resonance (LSPR), which can be excited by incident light polarized along the axial direction, which strongly depends on the aspect ratio of NR.

Moreover, the scattering and absorption cross sections at a given LSPR wavelength are primarily determined by the overall size of the gold NRs. The scale bar is 100 nm. 43 Similar to gold nanorods, gold nanostars are gold nanoparticles with anisotropic structures (as shown in Figure 4). Their optical properties can be modulated by changing the degree of branching and size. Scientists from many fields have extensively investigated the synthesis and properties of gold nanostars. 18,44,45 In contrast to the directional growth of gold nanorods in both the length and width directions, the anisotropic growth of gold nanostars initially originates from multiple sites on the surface of the crystalline species. Subsequently, the growth from multiple sites forms a fixed length of dendritic nanostructures. In general, gold nanostars can grow by two strategies: (i) selective deposition of gold atoms on individual seed particles in stable reagents and (ii) aggregation and directional growth of seeds through selfcore effects. 46,47 Nowadays, they can be used for the surface-enhanced Raman imaging signal under complex conditions. 48

(4) Gold nanotriangles (AuNTs)

Nanotriangles are a kind of anisotropic nanoparticles with good properties of surfaceenhanced Raman scattering (SERS) and electro-catalysis. 49,50,51 The sharpness of the edges and tips is of particular importance in improving the enhancement factor (EF), so an important application is catalysis by SERS. 52 AuNTs can be synthesized by various strategies, such as one is that silver-free growth of CTAC-coated (cetyltrimethylammonium chloride) nuclei with the exist of iodide anions or the other is that a seedless synthesis by oxidative etching. 53 The scale bars is 500 nm. 50 The experimental method with high shape yield for synthetic gold NTs consists of three steps:

first, the formation of a gold nucleating solution containing CTAC; second, the generated nucleating solution is quickly added to the final growth solution; and finally, the product is purified (as shown in Figure 5). 50 The synthetic process has a higher yield Au NTs with a wide tunable NT dimensions. Researchers can tune the LSPR peaks of noble metal nanoparticles to the near-infrared region, which is the transmission window of biological systems. Then, these noble metal nanoparticles can be used as light absorption and photothermal conversion media, which can be applied in the many fields. After more than a decade of development, there are some applications of noble metal nanomaterials in biomedical field. The foremost application in this area, Rajes et al. show that the plant extract of Zinnia elegans (abbreviated ZE, see Figure 7)

Applications of Nanoparticles

contributes to the synthesis of highly biocompatible gold nanoparticles (AuZE), leading to their noninvasive bioimaging application in the near-infrared region (red emission at 820 nm:

near-infrared region). 55 Another application is as a photodetector. Benefiting from the surface plasmon resonance (SPR), have a significant photothermal effect that can be applied to NIR photodetector. Due to the excellent optical performance of colloidal nanocrystals, Xiang et al. [START_REF] Xiang | Plasmon Coupled Colloidal Gold Nanorods for Near-Infrared and Short-Wave-Infrared Broadband Photodetection[END_REF][START_REF] Xiang | Long-Term Stable Near-Infrared-Short-Wave-Infrared Photodetector Driven by the Photothermal Effect of Polypyrrole Nanostructures[END_REF] combined Au NRs with photoelectric devices to form the innovative SWIR photodetectors, as shown in 

Ag plasmonic nanostructures

Among various metals, silver nanoparticles (Ag NPs) have received particular attention thanks to their remarkable antibacterial properties [START_REF] Gao | Controlled Synthesis of Ag Nanoparticles with Different Morphologies and Their Antibacterial Properties[END_REF] and localized surface plasmon resonance. [START_REF] Li | Photothermal Modulation of Propagating Surface Plasmons on Silver Nanowires[END_REF][START_REF] Natsuki | A Review of Silver Nanoparticles: Synthesis Methods, Properties and Applications[END_REF] Silver nanoparticles have also a good electrical conductivity, which promotes their application in electronic pastes and electrical contact materials. Due to their excellent plasma properties, they develop rapidly in catalytic and photosensitive materials. Ag is a noble metal material, which is increasingly used in daily life (Figure 9). Moreover, it is more suitable for industrial applications because of its low price and high performance compared to other precious metals. Therefore, the production and properties of silver-based nanomaterials has been the target of many researchers. The size of silver nanoparticles is typically between 1 and 100 nanometers. Many methods and approaches have been reported to synthesize Ag NPs through chemical, physical, photochemical, and biological pathways. In the chemical method, Ag NPs are prepared by chemical reduction of colloidal dispersed Ag NPs in water or organic solvent. The reduction of silver ions in solvents results in colloidal silver nanoparticles that have different particle diameters. [START_REF] Natsuki | A Review of Silver Nanoparticles: Synthesis Methods, Properties and Applications[END_REF] In recent years, with a deep understanding of nanocrystal growth mechanisms and the emergence of new preparation methods, we have gradually mastered and realized the controlled preparation of nanocrystals. Significant progress has been made from the initial preparation of nanocrystals of different sizes to the controlled synthesis of anisotropic nanoparticles. Nanomaterials include zero-dimensional silver nanoclusters, quantum dots, one-dimensional silver nanowires, nanorods, two-dimensional nanosheets, three-dimensional cubes, triangular bipyramids, and nanocages, as shown in Figure 10.

Figure 10. Extinction, absorption and scattering (black, red and blue) spectra deliberated for

Ag NPs for different nanostructures. [START_REF] Khurana | Localized Surface Plasmonic Properties of Au and Ag Nanoparticles for Sensors: A Review[END_REF] The successful fabrication of nanoparticles with different morphologies will undoubtedly improve fundamental theoretical knowledge and expand practical applications. Especially in recent years, it has been gradually realized that single Ag atoms have a large surface area of single-atom catalysts. It can be used as an active site in the catalytic process and greatly improve the utilization rate of metal atoms in the catalytic process.

As previous mentioned, silver-based nanomaterials have many excellent properties, among which their optical properties are the most commonly used. Ag nanoparticles in such photocatalysts can effectively store photoelectrons and achieve the separation of photoelectrons and holes on the surface of the active material, which is able to greatly improve the degradation efficiency, as shown in to prevent oxidation of Ag by direct contact with TiO2. [START_REF] Awazu | A Plasmonic Photocatalyst Consisting of Silver Nanoparticles Embedded in Titanium Dioxide[END_REF] The good electrical conductivity of silver nanomaterials makes them excellent conductive materials, especially one-dimensional silver nanowires (Ag NW) and nanorods, [START_REF] He | Flexible Transparent Conductive Films on the Basis of Ag Nanowires: Design and Applications: A Review[END_REF] which are widely used in electronic circuits (see Figure 12). A modified electrostatic spinning method has produced silver nanowires with high yield and quality. The tight silver interconnection between these nanowires facilitates electron transfer between silver nanowires. Their micro and nanofibers form a conductive mesh material that is also ideal for silver fiber electrodes. 66 NW over 500 mm synthesized by the SMG process. [START_REF] Lee | Very Long Ag Nanowire Synthesis and Its Application in a Highly Transparent, Conductive and Flexible Metal Electrode Touch Panel[END_REF] Catalytic properties of silver-based nanomaterials in addition to their excellent optical and electrical properties, Ag nanomaterials can be applied into a wide range of applications, such as catalysis. Currently, catalytic decomposition of water is a significant and challenging task, 

State-of-the-art of thermoelectric devices

With the gradual depletion of fossil energy sources and the increasing demand for electricity and energy, the energy crisis and environmental pollution become two significant problems that need to be solved today. Thermoelectric materials have a wide range of applications to solve the energy crisis and environmental problems due to their environmental friendliness, lack of moving parts and maintenance-free. Thermoelectric conversion technology, also known as differential temperature conversion technology, is a technology that enables direct conversion of heat and electricity and has the advantages of simple structure, wide temperature range, absence of transmission parts, etc. [START_REF] Bell | Heating, Generating Power, and Recovering Waste Heat with Thermoelectric Systems[END_REF][START_REF] Zhang | Thermoelectric Devices for Power Generation: Recent Progress and Future Challenges[END_REF] This technology began to gain practical application as early as the 1950s and has played an irreplaceable role as a unique energy source and local cooling in space technology and military equipment for more than half a century. It is limited to thermoelectric cooling for civilian applications, such as portable thermoelectric refrigerators, automotive thermoelectric seats, optical modules for temperature control in optical communications, etc. [START_REF] He | Advances in Thermoelectric Materials Research: Looking Back and Moving Forward[END_REF][START_REF] Tan | Rationally Designing High-Performance Bulk Thermoelectric Materials[END_REF] In recent years, with the continuous development of Internet technology, flexible wearable electronic devices based on the Internet of Things (IOT) as the architecture have gradually entered people's lives from the initial concept.

Whether smart bracelets that can count steps and monitor sleep or smartwatches with medicalgrade monitoring of heart rate and blood oxygen levels, they have greatly improved people's lives. However, the conventional batteries that power these devices still struggle with poor battery life and a short lifespan, which not only affects the continuity of data recording of these devices, but also affects the usability of the product. The thermoelectric device can directly convert the temperature difference between the human body surface and the environment, and has the advantages of reliable performance, long service life, noiseless and emission-free operation. So it has a wide range of application prospects and is regarded as one of the strong competitors in replacing the traditional power supply. [START_REF] Zebarjadi | Perspectives on Thermoelectrics: From Fundamentals to Device Applications[END_REF] However, the application of thermoelectric devices is still limited to a few specific fields and cannot be further applied on a large scale for two main reasons: first, the energy conversion efficiency of thermoelectric devices is low, about 10%, while the efficiency of ordinary internal combustion engines is about 35%; second, the cost of thermoelectric devices is high. [START_REF] Zhang | Thermoelectric Devices for Power Generation: Recent Progress and Future Challenges[END_REF][START_REF] Snyder | Complex TE Meterials[END_REF] These factors are closely related to the main components of thermoelectric devicesthermoelectric materials. The research for and development of materials with excellent thermoelectric properties is crucial for thermoelectric research. The comprehensive evaluation of thermoelectric properties of materials is based on the thermoelectric optimum (ZT) value, which is related to electrical conductivity, Seebeck coefficient and thermal conductivity.

These three parameters are coupled with each other and it is difficult to achieve synergistic regulation, which makes it difficult to optimize the thermoelectric properties of materials. [START_REF] Shi | Thermoelectric Materials Step Up[END_REF][START_REF] Zeier | Thinking Like a Chemist: Intuition in Thermoelectric Materials[END_REF] Looking back at the history of thermoelectric materials, in 1821, Thomas Johann Seebeck accidentally observed a strange phenomenon in a closed loop of two metallic conductors. A temperature difference between the two junctions resulted in a magnetic field near the loop.

Later, Hans Christian Oersted confirmed that this phenomenon was due to a temperature difference that caused a potential difference between the two junctions, resulting in a loop current and an induced magnetic field, known as the Seebeck effect. In 1834, the French scientist J. C. A. Peltier discovered that the current applied to the Bi-Sb circuit resulted in heat absorption and exothermic phenomena at the junctions of the two metals. This phenomenon is the reverse of the Seebeck effect, known as the Peltier effect. In 1855, William Thomson succeeded in resolving the intrinsic correlation between the Seebeck and Peltier effects and predicted another phenomenon: when an electric current flows through a uniform conductor with a temperature gradient, in addition to the Joule heat, there is also a reversible heat gain and loss in the conductor, known as the Thomson effect. The Seebeck effect, the Peltier effect, and the Thomson effect form a complete system for describing thermal and electrical energy conversion effects, forming the basis of thermoelectric theory.

At this stage, the three effects of thermoelectricity have been discovered, but the study of thermoelectric materials was still limited to metals and their alloys. Due to the high thermal conductivity of these materials, the Seebeck coefficient is too small and the thermoelectric properties are poor, limiting the application and further development of thermoelectric conversion technology. By the 1950s, with the development of the physical theory of semiconductors, it was found that semiconductor materials have high Seebeck coefficient and low phonon thermal conductivity, so the focus of thermoelectric materials research shifted from metals to semiconductors. The development of thermoelectric materials has been further advanced by nanoscale, band engineering, and phonon-glass electron crystals. Many traditional thermoelectric materials have broken the ZT = 1 barrier, because of lower thermal conductivity and higher Seebeck coefficient, such as Bi2Te3, [START_REF] Goldsmid | Bismuth Telluride and Its Alloys as Materials for Thermoelectric Generation[END_REF][START_REF] Poudel | High-Thermoelectric Performance of Nanostructured Bismuth Antimony Telluride Bulk Alloys[END_REF] PbTe, [START_REF] Heremans | Enhancement of Thermoelectric of the Electronic Density of States[END_REF] SiGe, [START_REF] Bathula | The Role of Nanoscale Defect Features in Enhancing the Thermoelectric Performance of P-Type Nanostructured SiGe Alloys[END_REF] etc. From the late 1990s to the present, new design concepts and regulatory methods such as "phonon glass electron crystals", [START_REF] Shi | Multiple-Filled Skutterudites: High Thermoelectric Figure of Merit through Separately Optimizing Electrical and Thermal Transports[END_REF] multiscale phonon scattering, [START_REF] Biswas | High-Performance Bulk Thermoelectrics with All-Scale Hierarchical Architectures[END_REF] superlattices, [START_REF] Harman | Quantum Dot Superlattice Thermoelectric Materials and Devices[END_REF] and nanocomposites [START_REF] Liu | Recent Advances in Thermoelectric Nanocomposites[END_REF] have been discovered, as well as new thermoelectric materials such as oxides, [START_REF] Sui | Texturation Boosts the Thermoelectric Performance of BiCuSeO Oxyselenides[END_REF] skutterudites, [START_REF] Rogl | In-Doped Multifilled n-Type Skutterudites with ZT = 1.8[END_REF] and half-heusler alloys [START_REF] Xie | Beneficial Contribution of Alloy Disorder to Electron and Phonon Transport in Half-Heusler Thermoelectric Materials[END_REF] . The ZT values of thermoelectric materials have been optimized and updated, and the maximum ZT values of many materials have exceeded 2.0, supporting the high performance and industrialization of thermoelectric devices.

Inorganic semiconductors are currently the leading research target in thermoelectric research due to their superior thermoelectric properties. However, inorganic thermoelectric materials have the disadvantages of high fabrication cost, complicated process, low flexibility, limited resources and high price, which greatly limit their development. On the other hand, with the gradual development of small and miniaturized electronic devices, thermoelectric devices that provide electrical power for small wireless sensor devices with low power consumption (e.g., biosensors) have become an essential aspect of thermoelectric materials and devices. [START_REF] Perez-Marí N | Micropower Thermoelectric Generator from Thin Si Membranes[END_REF] The weight and shape of the material required for this application are as important as the power consumption and efficiency of the device. These requirements have stimulated great interest in preparing lightweight, nontoxic organic or composite flexible thermoelectric materials and devices through simple and inexpensive solution methods. Organic materials are lightweight, inexpensive, flexible, and can be processed in large areas by the liquid-phase method, which compensates for the shortcomings of inorganic thermoelectric semiconductor materials.

Compared with inorganic semiconductor materials, the thermal conductivity of organic thermoelectric materials is generally 0.1-1 W/mK, which is 1 to 2 orders of magnitude lower than that of inorganic semiconductors, which is crucial for improving the performance of thermoelectric materials. [START_REF] Culebras | Recent Progress in Flexible Organic Thermoelectrics[END_REF] Although the research on organic thermoelectric materials has made considerable progress, the thermoelectric properties of organic thermoelectric materials are still poor compared with those of inorganic thermoelectric materials due to the poor electrical transport properties.

In recent years, the efforts of many researchers have led to a deeper understanding of the physical mechanisms of thermoelectric transport and developed new design concepts for thermoelectric materials. The rapid development of nanotechnology has provided new ideas for fabricating high-performance thermoelectric materials by providing multi-scale methods for regulating structured thermoelectric materials. The preparation of high-performance thermoelectric materials for broader applications is imperative, and more efforts are needed from the research community.

Basic principles of thermoelectric device

The thermoelectric conversion effect determines how thermal and electrical energy are converted and how thermoelectric materials work. Thermoelectric conversion technology is based on three essential transport phenomena discovered in the 19th century: the Seebeck effect, the Peltier effect, and the Thomson effect. The Seebeck effect is used to convert heat into electricity, and the Peltier effect is used for the purpose of energy cooling. Both effects require the formation of junctions between N-type semiconductors (where electrons are the primary charge carriers) and P-type semiconductors (where holes are the primary charge carriers). The Thomson effect, which combines the Seebeck effect with the Peltier effect, requires only one conductor and releases or absorbs heat along the length of the conductor carrying the DC when a temperature is present. The thermoelectric conversion effect is the theoretical basis for the study of thermoelectric materials and for the development and application of thermoelectric devices.

Seebeck effect

The Seebeck effect is a thermoelectric phenomenon caused by the difference in voltage between two different materials due to the difference in temperature. It was discovered in 1821 by the German physicist Thomas Seebeck during the experimental study of electricity and heat, and is also known as the first effect of thermoelectricity. In the Seebeck effect, the two ends of conductors A and B are connected to form a loop. A current is generated in the closed-loop when the two connections are kept at different temperatures (low temperature T and high temperature T+ΔT). The current flowing in the loop is called the temperature differential current, and its direction depends on the direction of the temperature gradient.

Under open-circuit conditions, the electric potential (ΔV) due to the temperature difference between the two connections (low temperature and high temperature) is called the electric potential or thermoelectric potential, as shown in Figure 14. [START_REF] Subramanian | Thermoelectric properties of biopolymer composites[END_REF] The temperature difference potential ΔV is proportional to the temperature difference ΔT. Its proportionality constant is the Seebeck coefficient or Thermopower, expressed by the following equation:

∆𝑉 = 𝑆 𝐴𝐵 * ∆𝑇 (1-1)
Where SAB (α in the Figure 14) is the differential Seebeck coefficient between A and B, The microphysical nature of the Seebeck coefficient can be illustrated by the change in the distribution of charge carriers in a conductor subjected to a temperature gradient, as shown in Figure 15. [START_REF] Tzounis | Organic Thermoelectrics and Thermoelectric Generators (TEGs)[END_REF] Initially, the temperature gradient between the two ends has not yet been established, and the charge carriers are uniformly distributed in the conductor. Once the temperature gradient is established in the conductor, the charge carriers at the hot end have higher a kinetic energy. They spread to the cold end and accumulate there, so that the number of carriers at the cold end is greater than at the hot end. This accumulation of charge destroys the electric neutrality of the conductor. On the other hand, the charge accumulation at the cold end causes a self-built electric field in the conductor, which prevents further diffusion of charge carriers from the hot end to the cold end. Thus, when the conductor reaches equilibrium, there is no net directed charge motion in the conductor. The potential difference between the two ends of the conductor is the Seebeck coefficient.

Figure 15. A schematic diagram of the thermoelectric effect showing the charge carriers of a

p-or an n-type material to diffuse from the hot side to the cold, when there is a temperature gradient. [START_REF] Tzounis | Organic Thermoelectrics and Thermoelectric Generators (TEGs)[END_REF] The absolute Seebeck coefficient is not related to the direction of the temperature field, but only to the nature of the material itself. For example, electrons in n-type semiconductors diffuse from the hot end to the cold end in the temperature gradient field, resulting in a difference of the electric potential from the hot end to the cold end and a negative absolute Seebeck coefficient. In general, the Seebeck coefficient of metals and their alloys is low, about a few microvolts per kelvin (μV/K). However, the Seebeck coefficient of semiconductor materials can reach tens to hundreds of microvolts per kelvin. Therefore, the discovery of semiconductor materials has extensively promoted the development of thermoelectric materials.

Peltier effect

In 1834, French physicist C.A. Peltier discovered that when an electric current flows through a closed circuit between two different conductors A and B, exothermic or heat-absorbing phenomena occur at the junction of the two materials. This phenomenon is called the Peltier effect and is the opposite of the Seebeck effect. Figure 16 shows a diagram of the Peltier effect. The heat that the conductive material absorbs or gives off due to the Peltier effect is called Peltier heat. It was found that the magnitude of the Peltier heat is proportional to the magnitude of the flowing current and has the following relationship.

dQ = ΠAB • IAB • dt (1-2)
Where Q is the absorbed or released heat, I is the flowing current, t is the energizing time, and ΠAB is the differential Peltier coefficient between materials A and B (in V). Similar to the Seebeck coefficient, ΠAB is also positive or negative. It is generally specified that ΠAB is positive when current flows from conductor A to B at a junction, if heat is absorbed in the junction; otherwise, it is negative. 

Thomson effect

The Seebeck effect and the Peltier effect are both for the case where two different conductors form a closed circuit loop. However, the phenomenon of thermoelectric conversion in a single conductor is defined as the Thomson effect. Figure 18 shows a schematic diagram of the Thomson effect. When a current flows in a conductor with a temperature gradient, the original temperature gradient in the conductor is broken. To maintain the original temperature distribution, the conductor absorbs or exerts heat, in addition to the Joule heat associated with the resistance, additional heat absorption or exotherm is generated in the conductor. This phenomenon is known as the Thomson effect. In the Thomson effect, the rate at which a single conductor gives off or absorbs heat Q is proportional to the current I and the temperature difference applied in the current direction. When the current flows in the direction of temperature T, the heat given off or absorbed per unit time and per unit volume can be expressed as follows:

𝑑𝑄 𝑑𝑡 = τ𝐼 ( 𝑑𝑇 𝑑𝑥 ) (1-3)
Where τ is called the Thomson coefficient in V/K and its value is related to the material's physical properties and temperature. When the current direction flows from high to low temperature, the conductor with a positive Thomson coefficient gives off heat. The conductor with a negative Thomson coefficient absorbs heat because the Thomson effect is reversible.

The Thomson effect has a similar origin to the Seebeck effect. However, it differs because the Seebeck effect represents a difference in potential energy between charge carriers in two different materials. In contrast, the Thomson effect is a difference in potential between charge carriers in the same material with a temperature gradient. 

Relationship between the three effects

The three parameters Seebeck coefficient S, Peltier coefficient Π and Thomson coefficient are not independent of each other but are interrelated. William Thomson derived the relationship between the three parameters as follows [START_REF] Giaretto | Experimental Investigation from 363 k to 213 k on Various Peltier Modules[END_REF][START_REF] Morrison | Thermal Imaging of the Thomson Effect[END_REF] Π=S* ΔT (1-4)

Thomson coefficient:

τ=S*dS/dt (1-5)
It is clear from these equations that they are not independent, but are closely related. After Kelvin's equation was proposed, its correctness was confirmed by rigorous theoretical derivations and experiments with the development of thermoelectric materials.

Working principle and performance evaluation index of thermoelectric devices 1.4.1 Working principle and conversion efficiency of thermoelectric devices

Based on the Seebeck effect and the Peltier effect, devices made of thermoelectric materials can be used to generate electricity or produce cooling. When one end of the junction is heated to a higher temperature and the other end is under a lower temperature, a temperature difference is created between the two ends of the device.

The charge carriers (holes, positive charge) in the p-type semiconductor and the carriers (electrons, negative charge) in the n-type semiconductor move from the high-temperature end (T+ΔT) to the low-temperature end (T) due to heat absorption, and then recombine to release heat at the cold end. Driven by the mobility of holes/electrons, the Seebeck voltage is generated between the two ends of the device, and a current is generated in the circuit, resulting in thermoelectric generation where there is a temperature difference. Due to the limited conversion efficiency of a single thermoelectric component, multiple pand n-type thermoelectric components are usually thermally connected in parallel and electrically connected in series, forming a circuit through a conductor with good electrical conductivity. [START_REF] Bell | Heating, Generating Power, and Recovering Waste Heat with Thermoelectric Systems[END_REF] When generating electricity or cooling, the thermoelectric material itself generates a certain amount of Joule heat when the circuit is formed due to the internal resistance of the material. Thus, when a thermoelectric device produces a thermoelectric effect, the heat change between the material and the environment consists of three components: heat transfer, Joule heat and heat of thermoelectric effect. The maximum power generation efficiency of a thermoelectric generator (TEG) and the maximum cooling efficiency of a thermoelectric cooler (TEC) can be determined by calculating these physical quantities:

𝜂 𝑚𝑎𝑥 = 𝑇ℎ-𝑇𝑐 𝑇ℎ √1+ZTm-1 √1+ZTm+ 𝑇𝑐 𝑇ℎ (1-6)
For thermoelectric devices (TEG), [START_REF] Snyder | Figure of Merit ZT of a Thermoelectric Device Defined from Materials Properties[END_REF] the maximum power generation efficiency 𝜂 𝑚𝑎𝑥 can be calculated by equation (1.6)

𝐶𝑂𝑃 𝑚𝑎𝑥 = 𝑇𝑐 𝑇ℎ-𝑇𝑐 √1+ZTm- 𝑇ℎ 𝑇𝑐 √1+ZTm+1 (1-7)
For thermoelectric cooling devices (TEC), [START_REF] Riffat | Improving the Coefficient of Performance of Thermoelectric Cooling Systems: A Review[END_REF] the cooling efficiency of a TE cooling device is characterized by the coefficient of performance (𝐶𝑂𝑃 𝑚𝑎𝑥 ). Its maximum cooling efficiency can be calculated by equation (1.7).

Here, ZTm is the averaged ZT between Th and Tc. Th, Tc, and Tm correspond to the high temperature, low temperature, and average temperature, respectively, and (Th-Tc) /Th indicates the efficiency of the Carnot cycle. For application-specific thermoelectric devices, the range of temperature difference is limited, and the efficiency of the thermoelectric device can only be maximized by increasing the ZT value. Each thermoelectric element in a thermoelectric module usually consists of two or three different thermoelectric materials combined in the current direction to form a segmented element. The maximum efficiency of thermoelectric materials for power generation and cooling mainly depends on their Figure-ofmerit (ZT). It is a dimensionless value related to the electro thermal transport properties of the material itself and is an important criterion for evaluating the performance of thermoelectric materials. It is given by expression (1.8):

𝑍𝑇 = S 2 𝛿 κ 𝑇 (1-8)
The ZT value depends on the Seebeck coefficient (S), the absolute temperature (T), the electrical conductivity (𝛿), and the thermal conductivity (κ). Power factor PF =S 2 𝛿, where S is the Seebeck coefficient, 𝛿 is the electrical conductivity) is used to evaluate the electrical transport properties of the material. A good thermoelectric material needs good electrical transport properties and a small thermal conductivity. The determinants of the three parameters (S,𝛿,κ) of thermoelectric materials and their interrelationships will be discussed below for application in the optimization and design of thermoelectric materials.

Seebeck coefficient

Seebeck coefficient is a characteristic parameter of a material related to its composition, structure and energy band. In general, the Seebeck coefficient can directly reflect some basic information about the electronic state. A positive Seebeck coefficient indicates that the material sample is a hole transport type (P-type), where the holes are the main charge carriers.

A negative Seebeck coefficient, on the other hand, indicates that the material sample is of the electron transport type (N-type), in which the electrons are the main charge carriers. You can use the Seebeck coefficient test to first determine whether a material is P-type or N-type.

The magnitude of the Seebeck coefficient and its temperature dependence are closely related to the material structure and the charge transport mechanism inside the material. In general, the Seebeck coefficient of pure metal materials is small (less than ten µV/K). In contrast, those organic and inorganic semiconductor materials have a wide distribution range, from tens to thousands of µV/K. For metallic (or semi-metallic) and simple semiconductors, the Seebeck coefficient can be expressed (1-9):

𝑆 = 8𝛱 2 ƙ 𝐵 2 3eℎ 2 𝑚 * 𝑇 ( 𝛱 3𝑛 ) 2 3 ⁄ (1-9)
Where kB is the Boltzmann constant, and e is the electrical charge of an electron, h is the Planck constant, and m* is the effective mass of the carrier, and n is the carrier concentration.

From this equation, we can see that the Seebeck coefficient is directly proportional to the effective mass of the carrier and inversely proportional to the carrier concentration. So we can increase the Seebeck coefficient though increasing the effective mass of carriers and decreasing the concentration of carriers.

Electrical conductivity

The main carriers of charge transport in a material are electrons or holes, respectively. In general, the intrinsic excitation of an intrinsic semiconductor at higher temperatures produces electrons and holes with an equal number of charge carriers. In contrast, in an extrinsic semiconductor, depending on the doping element, most charge carriers (electrons or holes) are generated at lower temperatures. The material's electrical conductivity is related to the concentration and mobility of the majority of carriers in the material as follows.

𝜎 = neµ (1-10)
Moreover, e is the electric charge of an electron, μ is the carrier mobility, and n is the carrier concentration. Optimizing the charge carrier concentration and mobility can improve the conductivity of the material and thus increase the thermoelectric advantage of the material.

Thermal conductivity

In solids, both charge carriers and lattice vibrations can transfer thermal energy. Therefore, the thermal conductivity of a material is mainly composed of two parts: the electronic thermal conductivity and the lattice thermal conductivity, which is usually given as follows:

K = ƙ 𝑒 +𝑘 𝑙 (1-11)
Effective thermoelectric materials also need to have low thermal conductivity. The two components:𝑘 𝑙 , which is generated by phonons that transfer heat through the lattice, and κe, which is generated by charges (electrons or holes) that transfer heat through the lattice.

According to the Widmann-Franz law:

ƙ 𝑒 = LơT = neµLT (1-12)
This value changes significantly with carrier concentration, where L is the Lorenz number. 100 This equation clearly shows that thermal conductivity is related to carrier concentration.

However, in semiconductors and insulators, the contribution of the thermal conductivity of the charge carriers to the total thermal conductivity is small (~10%). The thermal conductivity of the lattice mainly affects the thermal conductivity of the material. When the electrical conductivity of the material is substantial (e.g., metallic materials), the contribution of the thermal conductivity of carriers to the thermal conductivity cannot be neglected.

The lattice thermal conductivity is generated by the energy transfer of phonons through the lattice and is therefore called phonon thermal conductivity. The lattice thermal conductivity can be approximated using the classical theory of phonon dynamics:

𝑘 𝑙 = 1 3 (𝑐 𝑣 𝑣 𝑠 𝜆 𝑝ℎ ) (1-13)
Where Cυ is the heat capacity, υs is the speed of sound, and λph is the mean free path length of the phonons. As can be seen, the thermal conductivity of the lattice is the only parameter that is not determined by the electronic structure, so the increase in ZT can be achieved by minimizing the thermal conductivity of the lattice.

In general, for semiconductors, the lattice thermal conductivity and the electronic thermal conductivity are independent. In most organic materials and semiconductors, thermal conduction is mainly achieved by phonon transport, so reducing the lattice thermal conductivity plays an essential role in reducing the thermal conductivity of the material. The lattice thermal conductivity is related to the average free range of phonons, which is affected by various factors such as crystal structure, composition, and defects in the lattice. Thus, increasing the interfaces and defects in the material to increase phonon scattering effectively reduces the thermal conductivity of the lattice. 101

Interconnection between thermoelectric performance parameters

The electrical conductivity, Seebeck coefficient and thermal conductivity of the material depend on the carrier concentration and are coupled with each other. The main challenge in optimizing the thermoelectric properties of materials is that these three properties do not follow the same trend with carrier concentration, and there are interactions and constraints among them. In order to optimize the thermoelectric properties of the material, the carrier concentration in the material must be in an optimal range. Therefore, the maximum ZT value can be obtained by adjusting the appropriate carrier concentration n. 

Research progress of Inorganic thermoelectric materials

Due to the high Seebeck coefficients of semiconductor materials, thermoelectric materials have been studied mainly on inorganic semiconductors, such as Bi2Te3, PbTe, and so on.

These inorganic materials exhibit excellent thermoelectric properties over a wide temperature range. Although some thermoelectric materials have been successfully used in thermoelectric devices, their efficiency is still not enough, such as solar cells and other energy cells. 103 Therefore, improving the ZT value of materials remains an important goal in thermoelectric research. In order to obtain high-performance thermoelectric devices, much research has been done to achieve ZT values higher than 1, such as Bi2Te3 superlattice 104 , PbTe 105 , and Ag2S 106 . In recent years, a variety of approaches have been used to improve the ZT of inorganic thermoelectric materials. Among the most effective are carrier concentration and band structure optimization to decouple the conductivity and Seebeck coefficient and increase the power factor, and nanostructural engineering to significantly reduce the material's thermal conductivity while maintaining superior electrical properties, thereby increasing the ZT.

Current methods for optimizing the ZT value of inorganic thermoelectric materials are presented below.

Nanostructuring

When the power factor of a thermoelectric material is increased by doping or alloying, 114 the lattice thermal conductivity 𝑘 𝑙 decreases due to phonon scattering caused by the introduction of doping ions or atoms . In contrast, an increase in carrier concentration leads to an increase inƙ 𝑒 . In order to reduce both 𝑘 𝑙 and K, nanoengineering is an effective way to achieve high ZT values. Nanoengineering improves the thermoelectric properties of materials by developing low-dimensional nanomaterials and introducing nanocomposites/nanostructures into bulk materials 115 . Thus, the increase of ZT values in low-dimensional thermoelectric materials is mainly due to the quantum effect of nanomaterials, while the increase of ZT values in bulk materials containing nanocomposites/nanostructures is mainly due to complex phonon scattering mechanisms and the filtering effect of low-energy charge carriers. [START_REF] Biswas | High-Performance Bulk Thermoelectrics with All-Scale Hierarchical Architectures[END_REF]116 In 1993, L. D. Hicks et al. 117 showed that low-dimensional/nanocrystalline materials could increase the ZT value by reducing 𝑘 𝑙 caused by quantum size effects and enhanced phonon scattering. The reduction in the dimensionality of nanomaterials changes the density of states (DOS) of the material. It leads to the formation of quantum confined domains in the nanostructure, which increases the Seebeck coefficient. This hypothesis has led to many theoretical calculations and experiments to obtain higher performance thermoelectric materials.

As with two-dimensional superlattice films, low dimension is primarily based on quantum wells that, when formed, trap charge carriers (electrons and holes) in the two-dimensional plane, resulting in transport properties that differ from those of conventional semiconductors and can increase the density of states around the Fermi energy level EF. The advantages of low-dimensional thermoelectric materials and their devices compared to conventional bulk thermoelectric materials are: (1) the internal interface scattering effect is enhanced, thus reducing the thermal conductivity of the material; (2) low-dimensional thermoelectric materials have high responsiveness, high energy density and the ability to localize small static effects.

Band convergence

Band convergence is another effective method for optimizing power factors. 118 According to the basic principles of the thermoelectric effect, an excellent thermoelectric material requires a high degree of band simplification and energy valleys near the Fermi level to optimize the thermoelectric power factor to the greatest extent possible S 2 σ for systems with multiple energy bands near the Fermi level. Thermoelectric performance is improved when the band edges overlap. A common way to achieve overlapping energy band edges is to adjust the composition of the solid solution. This strategy is particularly suitable for solid solutions with a wide solubility range, where compositional adjustment can lead to significant changes in the energy band structure and greatly increase the effective mass of the density of states, leading to large values of the Seebeck coefficient without affecting carrier mobility. This approach has been applied to Mg2Si1-xSnx solid solutions and Half-Heusler alloys, where the material's power factor and ZT values were significantly improved. 119,120

Superionic conductors

Superionic conductors such as Cu sulfide 121 , Ag sulfide compounds 122 , and their mixtures 123 have the unique properties of an ordered anion lattice and a statistically distributed cation distribution. Vacancies in the cations and disorder give rise to solid phonon scattering, so these materials have intrinsically high mobility and low thermal conductivity. To explain the low thermal conductivity and high thermoelectric properties of superionic conductors, the "phonon-liquid-electron-crystal" concept was proposed, 124 which offers new possibilities for decoupling the Seebeck coefficient, conductivity, and thermal conductivity. Since these materials have a simple anionic lattice structure, the highly disordered cations have liquid-like mobility, resulting in low thermal conductivity. Cu2Se is a typical superionic conductor.

Cu2Se is in the α-phase at room temperature, and at a high temperature around 400 K, it is in the β-phase, reversing the phase transition. 125,126 (see Figure 22) The Se ions form a facecentered cubic skeleton during the phase transition, and the Cu + partially occupies the interstitial sites. These Cu + migrate at a high rate and exhibit superionic liquid-like behavior. 127 These properties are essential for the intrinsically low lattice thermal conductivity, as these liquid-like ions can strongly scatter phonons, ultimately giving Cu2Se a high ZT value of 1.82 at 850 K. 128 In the 1990s, the theory of "phonon glass electron crystal" (PGEC) was proposed by the American scientist Slack, leading to the discovery of new materials such as filled skutterudites and Half-Heusler alloys, which significantly broadened the range of thermoelectric materials. The concept can be extended to other structures of thermoelectric materials or composites, i.e., low thermal conductivity similar to that of glass, resulting in high thermoelectric properties, using modifications such as multiscale crystal structure and microstructure while maintaining excellent electrical transport properties in the crystal. The most important idea of the PGEC concept is that a promising and excellent TE material should be able to strongly scatter phonons with a disordered atomic arrangement, just as in a glass. On the other side, it also should have a periodic structure that allows free transport of charge carriers, such as in a perfect crystal. 129 These framework materials have better thermoelectric performance. Experimentally, stoichiometric Ag2S shows low electron concentrations and low electrical conductivity at room temperature. 129 Thus, Ag2S inorganic materials have a very low ZT at 300 K. However, it undergoes a phase transition from a room temperature monoclinic to a body-centered cubic phase near 450 K. And it exhibits excellent flexibility. On the other hand, for inorganic semiconductor Ag2Te material, it exhibits excellent TE performance, that's because of its high carrier mobility and low lattice thermal conductivity. The thermal conductivity is around 1 W m -1 K -1 with a ZT value of about 0.2, and the room temperature phase had better performance than the high temperature phase. 138 In 2018, Shi's group 106 reported a room-temperature inorganic flexible semiconductor material, Ag2S, with excellent flexibility and bending properties. However, its extremely low conductivity at room temperature makes it unsuitable for use as a flexible thermoelectric material. So in 2019, this group 139 synthesized a series of Ag2S materials doped with Se or Te solid solution using a regional melting method and found that the doping of Se and Te significantly improved the carrier transport capacity. Thus, the electrical transport performance of the doped Ag2S was significantly improved, resulting in a ZT value of up to 0.44 at room temperature. In addition, the ratio was optimized by mechanical testing. When the composition of Se or Te was within a certain range (20%-60%), the material could have high thermoelectric properties while maintaining good flexibility and plasticity. The flakes (Ag2S0.5Se0.5) can resist specific compressive and bending stresses, indicating the excellent flexibility of the flakes. In addition, they prepared an in-plane type temperature difference generator using Ag2S0.5Se0.5 flakes as thermoelectric arms. The maximum normalized power density reached 0.08 W m -2 at a temperature difference of 20 K, which was over 1 order of magnitude higher than the best pure organic thermoelectric devices available. Many researches have been done to reduce the high post-printing pressing process and high sintering temperature to make large-scale application feasible.

Research Progress of Organic Thermoelectric Materials

Although inorganic materials have high ZT values, attempts have been made to replace inorganic thermoelectric materials with other types of thermoelectric materials due to their complexity, high raw material costs, inflexibility, and toxicity. The emergence of organic conductive polymers has provided new ideas for the development of thermoelectric materials.

Conducting polymers are polymeric materials with a conjugated large n-bond structure that are chemically or electrochemically doped to conduct electricity. 140 Current research on organic thermoelectric materials is generally divided into conducting polymers and small organic molecules. Some common organic thermoelectric materials are shown in Figure 25.

Compared to inorganic thermoelectric materials, conducting polymers have the following advantages as thermoelectric materials:

1. Lightweight, easy synthesis, abundant raw materials, and low price, preparing organic-inorganic thermoelectric composite to combine the advantages of organic and inorganic materials through synergistic effects. In addition, structural modulation of polymers and addition of fillers are also essential methods to improve their thermoelectric properties. Some of the most important methods are described below.

Doping

The selection of suitable dopants for doping conductive polymers is an effective way to improve the performance of conductive polymers. Recently, the interaction between polymer concentration and dopant has been used to optimize the thermoelectric properties of conductive polymers. Like inorganic materials, the carrier concentration has different effects on the thermoelectric parameters of conducting polymers. In general, an increase in carrier concentration increases the conductivity of the conducting polymer. However, an increase in conductivity leads to a rapid decrease in the Seebeck coefficient. Therefore, the doping level of the polymer must be optimized to maximize the ZT value. As for the doping, molecular 

Organic-inorganic composites

The development of organic-inorganic composites as novel TE materials is attracting attention because they offer a practical way to overcome the disadvantages of organic TE materials and inorganic materials, such as low electrical conductivity and Seebeck coefficient. The combination of organic and inorganic TE materials may lead to the next generation of flexible and portable TEGs, as they can be applied to greatly improve thermoelectric performance by combing these advantage of the low thermal conductivity of organic materials with the high electrical conductivity of inorganic materials. 148 The main reasons for adding inorganic fillers to polymer matrices to improve the thermoelectric properties of composites are, first, the significant Seebeck coefficients of the inorganic materials and, second, the influence of the energy filtering effect between the polymer and the inorganic materials. In 2012, Toshima et al. 151 also successfully combined PEDOT with Au NPs under the protection of the ligand dodecanethiol (DT). The result showed that the addition of gold NPs increased the electrical conductivity of PEDOT films from 104 S cm -1 to 241 S cm -1 and also increased the thermoelectric figure of merit from 0.62 × 10 -2 to 1.63 × 10 -2 at 50°C. Therefore, nanostructure and interface engineering can optimize the thermal and electronic properties of organic/inorganic materials. For example, by matching the work functions and energy gaps of the different components of the hybrid material, the charge transport properties at the interface between the components of the hybrid material can be improved, resulting in optimized electrical conductivity and higher thermoelectric potential. At the same time, by designing a suitable nanostructure at the interface and changing the shape and size of the interface, the phonon scattering effect at the interface can be improved, reducing the thermal conductivity of the material.

Topic selection and research content of the thesis

The thermoelectric effect enables the direct conversion between thermal and electrical energy, therefore, thermoelectricity is attracting more and more attention as a new type of green and clean energy. As an important research subject in the field of thermoelectric, thermoelectric materials and devices also face remarkable opportunities and challenges. The research on thermoelectric properties of materials mainly focuses on improving the electrical conductivity and Seebeck coefficient and reducing the thermal conductivity of materials. Due to the quantum confinement effect and interfacial scattering, the thermal conductivity of thermoelectric thin films is much lower than bulk materials. In contrast, the Seebeck coefficient and electrical conductivity are simultaneously regulated, which favors the increase of the ZT value of materials. With a high ZT value, the thin film material can achieve high efficiency of thermal-to-electrical energy conversion at a small temperature difference.

As a typical liquid-like material, Ag2X (X = S, Se, Te), a silver-sulfur compound with low thermal conductivity and tunable electrical properties, has received much attention in recent years due to its excellent thermoelectric properties. The simple elemental composition of this group of compounds, with a high abundance of Ag2Se and Ag2S raw materials, is economical and nontoxic and is one of the most promising thermoelectric materials. It is one of the research directions to optimize the thermoelectric properties of this group of compounds.

Doping with heteroatoms can effectively tune the charge carrier concentration and scattered phonons.

Based on the above considerations, the main research ideas of this work are presented and the specific contents of the study are described as follows. First, we consider that typical inorganic TE materials have excellent TE performance but are inherently rigid and brittle, which makes their direct use in flexible TE devices difficult. Therefore, we investigated the reaction process/mechanism of synthesis of Ag2Se at room temperature using a simple method to make it printable, and systematically studied the effects of variation of synthesis components on the crystal structure, microscopic morphology, and thermoelectric properties of Ag2Se. However, Ag2Se, as a traditional inorganic semiconductor material, has high TE performance at room temperature, while Ag2S has the worst TE performance but excellent flexibility. Therefore, we came up with the idea of doping the material with sulfur to achieve high TE performance and good mechanical flexibility. S-doped Ag2Se materials were synthesized by a one-pot synthesis method. The crystal structure and microscopic morphology of S-doped Ag2Se were characterized, focusing on the effects of S content on the electrical and Seebeck coefficient properties of the samples. The thermoelectric properties of S-doped Ag2Se were improved. Finally, we fabricated flexible folded TEGs with different TE structures, Ag2Se-based ink as n-type legs and modified commercial PEDOT:PSS as p-type legs using a printable approach.

On the other hand, in our living environment, light sources (e.g., sunlight) can provide thermal energy via the photothermal effect in addition to direct heat sources. Based on the photothermal effect and the Seebeck effect, we have investigated photo-thermoelectric generators that convert light energy into electrical energy without spatial temperature gradients. To generate the required temperature difference, the conventional approach uses various bulky components such as vacuum shields, focusing lenses, and heat sinks. These additional modules increase the weight and size of the thermoelectric generator and affect the flexibility of the whole device, which is very important for wearable electronic devices. The development of novel photothermal materials and device structures is the key to optical thermoelectric nano-devices.

Gold nanorods and silver nanoparticles are the most intensively studied metal nanoparticle systems. This is due to their large optical absorption in the wavelength range corresponding to their localized surface plasmon resonance (LSPR). Therefore, metal nanoparticles are an efficient medium to convert photons into thermal energy that can be used in solar energy harvesting applications. In addition to the visible part of the solar spectrum, we also explored the possibility of harvesting solar energy from the UV, NIR and SWIR light with hybrid TE generators. For this reason, we investigated the photothermal effect and optoelectronic properties of plasmonic nanoparticles. Finally, we have developed a solution-based fabrication process for the synthesis and devices that combines gold nanoparticles with Ag2Se-based thermoelectric devices to obtain flexible and wearable hybrid photothermoelectric generators.
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Experimental Section

All chemicals were purchased from sigma-Aldrich and Alfa Aesar unless indicated otherwise and used as received.

Synthesis of colloidal Au NRs

CTAB-capped Au NPs.

To realize the hybrid solar-TE generators under study, we first carried out colloidal synthesis to obtain various batches of plasmonic Au NPs with different ARs. A seeded-mediated growth method 1,2 was applied with the presence of hexadecyltrimethylammonium bromide (CTAB). The procedure applied involved first the preparation of a "seed solution": 5 ml of 0.5 mM gold (III) chloride (HAuCl4) solution was added into 5 ml of 0.2 M CTAB solution at room temperature under magnetic stirring. Then, freshly prepared 0.6 ml of 0.01 M sodium borohydride (NaBH4) solution was injected into the above solution, followed by vigorously stirring at 1200 rpm for 2 minutes. After the color of this solution changed from yellow to brown, it was kept unstirred for aging at room temperature for 30 minutes.

The growth of elongated Au NPs or nanorods was then achieved by the following procedure:

In a 100-ml-volumn glass vessel, 1.8 g of CTAB and 0.3086 g of sodium oleate (NaOL) was added. Then, 50 ml of water at 50 ℃ was added into this glass vessel to dissolve the mixture under magnetic stirring. After the solution was cooled down to 30 ℃, different amounts of 4 mM silver nitrate (AgNO3) solution were added. The whole solution was then kept unstirred for 15 minutes at 30 ℃. Separately, 50 ml of 1mM HAuCl4 solution was prepared and poured into the above-mentioned solution under magnetic stirring at 700 rpm for 90 minutes until the solution turned colorless. Different amounts of 12.1 mM HCl solution were then added into this solution under magnetic stirring (at 400 rpm) for 15 minutes. Then, 250 μl of 0.064 M ascorbic acid (AA) solution was added as well under stirring for 30s to form the growth solution. Next, different amounts of Au nanoparticle seed solutions prepared above were added into the growth solution under vigorously stirring at 1200 rpm for 30s. Finally, the whole solution was kept unstirred over night for 12h at 30℃ for NP growth. The final product was isolated by centrifugation at 6000 rpm for 30 minutes and decantation. The obtained NPs were then re-dispersed in deionized water. The centrifugation/decantation process was repeated twice in order to get rid of the left-over reactants and impurities. The final Au NPs were re-dispersed in deionized (DI) water.

Formulation of Au NP ink. The above-mentioned different batches of CTAB-capped Au NPs

were then mixed in an optimized proportion, in order to absorb the visible portion of solar spectrum ( from  = 500 nm to 850 nm, referred below as "visible NP ink"): The batch a, b, and c of NP solutions were first diluted to a certain concentration (5.7 mg/mL for a, 5.3 mg/mL for b, and 2.2 mg/mL for c) and then mixed together according to the volume ratio a:b:c = 7%:18%:75% before applied. For the NIR ink, the batch d and e NP solutions were diluted to a concentration of 3.4 mg/mL and 2.6 mg/mL, respectively. They were then combined together according to a volume ratio of d:e = 14%:86%.

Cysteamine-capped Au NPs. Plasmonic Au NPs passivated by short-chain ligands of cysteamine were synthesized according to previous reports. 3,4 In brief, 400 uL of cysteamine (213 mM) was mixed with 40 ml of HAuCl4 (1.42 mM) solution under gentle stirring in dark.

After that, 10 uL of NaBH4 (10 mM) solution, freshly prepared in an ice-water bath, was added into the above solution under vigorous stirring for 10 min, resulting in a color change of the solution from the brownish to clear wine red. Mild stirring was continued for another 30 minutes. Finally, the solution was stored in dark in the refrigerator (4 °C) before use.

Synthesis process of Ag NPs

The synthesis process of Ag NPs solution is to apply NaBH4 to reduce AgNO3 in deionized water, adding the citrate as a stabilized agent, according to the previous research. 5 Briefly, 0.0127 g AgNO3 was dissolved in 25 ml of deionized water (3 mM). Subsequently, 5 ml of the trisodium citrate solution (0.01M) was added into the AgNO3 solution under constant stirring for 30 min. Afterwards, 5 ml of fresh 0.01 M NaBH4 solution was slowly injected to the Ag-citrate solution under vigorous stirring. The solution color changed from colourless to brown. In the end, the reaction vessel solution was settled to 50 ml with deionized water. And then the solution was aged at room temperature for 3 h for Ag NPs growth. The final products were centrifuged at 6000 rpm for 20 min and washed twice by deionized water. The asobtained Ag NPs were re-dispersed in deionized water for further characterization and application.

Fabrication of hybrid photothermoelectric generators

Deposition of p-type PEDOT:PSS legs. 1.9 mL of aqueous PEDOT:PSS (PH1000, Ossila) was first doped by adding 0.1 mL dimethyl sulfoxide (DMSO) or ethylene glycol (EG) corresponding to 5 vol% of doping according to previous reports. 6 The p-type PEDOT:PSS legs were fabricated by drop-casting the doped PEDOT:PSS solution through a screen mask onto the unmasked areas of a clean substrate of PET (polyethylene terephthalate) or polypropylene nonwoven fabrics to form multiple 2 cm by 0.3 cm PEDOT:PSS strips, followed by drying on a hotplate at 130 °C for 15 minutes under ambient conditions and mask removal. These legs on PET were subsequently immersed in ethylene glycol (EG) for 120 minutes according to previous reports 6,7 to optimize the thermoelectric figure-of-merit (ZT), followed by a rinse of DI water and drying on a hotplate at 120º C for 15 minutes. The EG treatment step was omitted for the legs deposited on polypropylene nonwoven fabrics.

Synthesis and deposition of n-type Ag2Se legs. The Ag2Se ink was prepared according to

Mallick et al. 8 Briefly, 1.22 g of Ag and 0.45 g of Se powders were mixed in 1.81 mL toluene together with 0.1 g of polystyrene. This was followed by an addition of a 2 wt% adhesive solution, formed by string 0.2 g of ethyl cellulose, 8 ml of terpineol, and 0.5 ml of titanium isopropoxide together until forming a homogenous solution. The ink was then stirred for at least 48 h at 1200 rpm at room temperature. To form n-type Ag2Se legs on substrates, the above-mentioned Ag2Se ink was printed on either the PET substrate or polypropylene nonwoven fabrics by doctor blading followed by drying on a hotplate at 150 °C for 10 minutes.

Synthesis and deposition of n-type MoS2 legs. Molybdenum disulfide MoS2 nanosheet

powders were synthesized by a modified hydrothermal method similar to that reported by Lun et al. 9 Briefly, 0.3 g of MoO3 and 1.8 g of Na2S•9H2O were first mixed into 30 mL of DI water under magnetic stirring. After they were totally dissolved, 2.8 ml of 0.6 M hydrochloric acid solution was then added into the mixture. The mixture was then transferred into a PTFE lined stainless steel autoclave and heated at 260 °C for 12 h. After 12 hours of heat treatment, the autoclave was allowed to cool down to room temperature. The resultant black solids was collected, filtered, and washed with DI water. The solids were then dried under vacuum at 80°C for 24 h. In order to deposit MoS2 legs on PET substrates, 0.1g of MoS2 powder and 0.01g of Poly(vinyl alcohol) (PVA, average Mw = 13000 -23000 g/mol) were mixed into 1 ml of DI water. This solution was then used to deposit MoS2 legs on PET substrates by the same doctor blade method as for Ag2Se legs.

(46 cP), 8 ml of -terpineol, and 0.4 ml of titanium isopropoxide together at RT until forming a homogenous solution. The ink was then stirred for at least 48 h at 1200 rpm at room temperature. To form p-type CuSe legs on substrates, the above-mentioned CuSe ink was printed on clean PET substrates by doctor blading through a screen mask onto the unmasked areas of the substrates followed by drying on a hotplate at 150 °C for 10 minutes prior to mask removal.

P-type CNT thin film legs.

To form p-type TE legs based on CNTs on PET substrates, the above-mentioned CNT ink was directly printed on the PET substrate by the same doctor blading procedure mentioned above followed by drying on a hotplate at 70 °C in air for 10 minutes.

Fabrication of p/n-and uni-leg-type TEGs.

Upon defining the legs by above-mentioned procedures, gold electrodes were evaporated through a shadow mask by thermal evaporation (with a chamber pressure < 5  10 -6 mbar) onto the two extremity of each TE thin film leg.

For p/n-type TEGs, the connections between the p-and n-legs were achieved by the abovementioned gold electrodes. For uni-leg-type TEGs, after evaporating gold electrodes on the two ends of each leg, they were further connected to each other (with hot ends connected to cold ends) by silver lines achieved by commercial silver paint. Care was taken not to avoid direct contact between the S-doped Ag2Se legs and the silver paint. In the case of contact issues, commercial conductive carbon paint was applied between the silver lines and the evaporated gold electrodes.

Fabrication of p/n-type photothermoelectric generators.

After obtaining p/n-type or uni-legtype TEGs, the above-mentioned CTAB-capped Au NP visible ink was deposited onto the "hot ends" of the device (i.e. electrodes that will be exposed under illumination) followed by complete drying off the solvent (water). This NP ink deposition was repeated multiple times (referred as numbers of NP coatings below). The "control" devices refer to the devices without any deposition of Au NPs.

Fabrication of cysteamine-Au NP-doped PEDOT:PSS uni-leg type photothermoelectric

generators. Uni-leg-type photothermoelectric generators were also fabricated based on eight PEDOT:PSS legs with cysteamine-capped Au NPs doped inside the PEDOT:PSS layer.

Briefly, 1 to 10 ml of the above-mentioned cysteamine-capped Au NP solution was precipitated by centrifugation with solvent discarded. The precipitate was then redispersed into 1 ml of PEDOT:PSS solution with the help of ultrasonic agitation. The resultant cysteamine-Au NP-doped PEDOT:PSS solution was applied by the same manner described above to form multiple Au-doped PEDOT:PSS legs onto PET substrates. Finally, these legs were connected in series by conductive silver paint.

Characterization Section

Structural, optical, and TE characterizations

Thin film thickness was measured by a Dektak mechanical profilometer. The optical absorbance of different Au NP solutions and NP films on PET substrates were measured by a Jasco V770 UV-Visible/near-IR spectrometer. SEM and Energy-dispersive X-ray spectroscopy (EDX) characterizations were performed by a FEI Magellan 400 system with a standard field emission gun source and equipped with EDX. XRD spectra were measured by a PANalytical X'Pert X-ray diffractometer using Cu-K𝛼 radiation. Glass substrates were used for XRD measurements. TEM samples were prepared by drop-casting the Au NP solution onto a carbon-coated copper TEM grid followed by solvent drying. TEM images were obtained by a JEOL 2010 TEM microscope operated at 200 kV. X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250 Xi), using Al-K𝛼 radiation, was used to examine the binding energies of the elements of the undoped and different S-doped Ag2Se samples.

The electrical conductivity was measured at the room temperature (1 atm, 25-27 °C) by a standard four-point probe method (Ossila Four-Point Probe system with built-in source measurement unit). On each p-or n-type materials involved in this thesis (Chapter 4), their Seebeck coefficients were measured in an argon-filled glovebox at room temperature by a home-built setup according to previously reported methods 10,11 on a device composed of 8 legs of this type of material deposited on a PET substrate and connected in series with their hot ends connected to cold ends. The Seebeck coefficients were extracted from the slope of the linear fit of the output voltage (V) generated under the different steady temperature difference (T) measured between the hot and cold end of the sample via the formula ∆𝑉 = 𝑁 • 𝑆 • ∆𝑇, where N is the number of legs, and S is the Seebeck coefficient.

On the n-type s-doped Ag2Se thin films with an optimized S-doping (Chapter 5), thin film sample was deposited onto a rectangular glass substrate on which a PPMS (Physical property measurement system, Quantum Design) system was applied to determine the temperature-dependent carrier density (n) (by Hall effect measurements with an applied reversible magnetic field up to ± 3 T), electrical conductivity (𝜎), and carrier mobility (µ) for the near-RT temperature range from 300 -350 K. On the same type of optimized s-doped Ag2Se sample, the temperature-dependent Seebeck coefficient was measured for the same temperature range by fixing the sample onto a PPMS puck with the cold end contacting a copper heat-sink stage and the hot end contacting a current-controlled heating table (by a chip-fixed resistor of 1000 Ω). Two Pt100 temperature sensors were fixed onto the two ends of the sample to measure the temperature different obtained and the Seebeck coefficient was measured by recording the Seebeck voltage (ΔV) induced by a temperature gradient (ΔT).

Concerning the characterizations of the hybrid photothermoelectric generators on PET substrates, I have applied the two different measurement methods: Method I (applied in Chapter 4): The IV and power output characterizations under a certain ΔT were measured directly by a Keithley 2612B source measurement unit (SMU) according to previous reported methods. 12,13 While method I is very simple, the same set of IV and power output characteristics can be also measured by the Method II (applied in Chapter 5): The IV and power output characterizations under a certain ΔT were measured by connecting the output of the TEG with an external load (rheostat) RL. 14,15 Under a certain ΔT, the output voltage and the current flowing through the TEG can be measured by varying the RL. The experimental circuit can be found the Figure 9 of Chapter 5. As will be discussed in the following parts, these two methods are equivalent giving near identical results on the same device (Fig. 1). But

Method II exhibits some advantage allowing one to identify the external load RL corresponding to the maximum power output (under a fixed ΔT), a situation where RL equals the internal resistance of the TEG.

Characterizations of the TEGs in Chapter 4 by Method I: TEGs were measured inside an Arfilled glovebox by exposing half of them (with their hot ends) to simulated solar AM1.5G illumination operated at 1-sun condition (100 mW cm -2 ) whereas the other half of the devices were kept in dark. Under illumination, the temperature difference (T) between the hot and cold ends of the device was monitored over time by digital thermometers (RS PRO RS42).

After reaching a steady-state T, I-V sweeps was performed on the device by a Keithley 2612B source measurement unit (SMU). Steady-state T was achieved after one minute of light exposure. Response over time characteristics were measured by a Keithley 2612B SMU (for voltage outputs) or by a digital thermometer (for light-induced T) when the hot side of the device was exposed or covered from simulated 1-sun illumination. 13 For the characterizations of the photothermoelectric generators on polypropylene nonwoven fabric, devices were wear on arm with half of it exposed to natural sun light at ambient condition at room temperature ( 25 °C) with the generated voltage measured by a digital multimeter. 

Characterizations of the

Main instruments used for characterization

UV-Visible/near-IR spectrometer

The V-770 ultraviolet, visible, and near-infrared spectrophotometer is a unique monochromator design that provides maximum light throughput with excellent absorption linearity. The measurement uses a PMT (photomultiplier tube) detector for the UV to visible range and a Peltier-cooled PbS detector for the near-infrared range. The wavelength range measured by the spectrophotometer is from 190 to 2700 nm. The single monochromator design provides significantly higher energy throughput than a dual monochromator design.

The spectrophotometer can be used for virtually any biological, materials science or other measurement. And we have used it to measure the optical absorbance of various NP solutions and NP films on PET substrates.

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray

Spectroscopy (EDX)

The FEI Magellan is a field emission scanning electron microscope (SEM), which is equipped with a monochromator. The principle of this superbly characterized technique is to use a narrow electron beam to collect high-resolution, high-magnification images of backscattered electrons emitted from the measured sample surfaces. Thus, the SEM analysis is a very powerful investigative tool that can be used to analyze complex sample surfaces that require high magnification images. We have used the SEM to characterize the synthesized plasmonic nanoparticles and thermoelectric materials.

In addition, the SEM is equipped with an EDX (energy dispersive X-ray spectroscopy)

microanalysis system that can be used for quantification and chemical mapping. Energy dispersive spectroscopy (EDX) is used for elemental analysis of material surfaces. It involves measuring the energy and intensity distribution of the X-ray signals produced when the electron beam attacks the material's surface. Thus, we can use the EDX to determine the chemical composition of materials down to a point size of a few micrometers. The instrument can also produce elemental composition maps, which are related to basic compositional information about a variety of materials. We have used the EDX to analyze S-doped Ag2Se to analyze the composition of materials and verify the S element in this composite material.

Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a sophisticated technique that uses an accelerated electron beam to visualize very small samples and produce a highly magnified image that we can obtain and analyze the structure and morphology. And the basic principle of TEM works on the same as the light microscope, but TEM uses electrons instead of light. We drop coated the Au NRs and Ag NP solution onto a carbon coated copper grid TEM and then dried it in a

Chapter 3. Colloidal Synthesis of Plasmonic Photothermal

Nanoparticles with Tunable Optical Properties

Introduction

In this chapter, I mainly investigated the colloidal synthesis and material characterizations in order to provide a rich library of colloidal plasmonic nanoparticle candidates for the photothermal applications discussed in the following chapters. First of all, the synthesis of Au NRs with tunable optical absorption in the visible/SWIR spectrum was studied by tuning the aspect ratio. In addition, the synthesis of colloidal Ag nanoparticles by chemical reduction method was also studied in order to effectively absorb UV illumination and perform UV-heat photothermal conversion. The remarkable photothermal effect of these plasmonic nanoparticles origins from their surface plasmon resonance (SPR) excitation under illumination and their subsequent decay processes.

Results and Discussion

Colloidal gold nanorods

Here, we have synthesized a series of monodisperse colloidal Au NRs (gold nanorods) with different aspect ratios (ARs) whose LSPR maximum wavelength is tunable from 554 nm to 1250 nm through careful synthetic parameters tuning. These Au NRs that had with different aspect ratios were synthesized by modifying the silver-assisted seed-mediated growth method with binary surfactants, which has been reported previously. 1,2 Various batches of plasmonic Au NPs were synthesized by colloidal route, leading to wavelength-controllable localized surface plasmon resonance (LSPR) by modifying the aspect ratio (AR) of the NPs from synthesis. Different types of Au NP inks were then formulated to absorb either the visible portion of the solar spectrum ( from  = 500 nm to 850 nm, "visible NP ink") or the nearinfrared spectrum ( from  = 800 nm to 1800 nm, "NIR NP ink"), generating enough photothermal effect. First, we synthesized the gold nanoparticle seeds solution by reduction of gold (III) chloride (HAuCl4) with the fresh cold sodium borohydride (NaBH4) solution in the presence of hexadecyltrimethylammonium bromide (CTAB) as surfactant. Second, during the formation of the growth solution, different volumes of Au seeds were then added into a growth solution in which Au (III) was slowly reduced to Au(I) by a combination of ascorbic acid (AA) and sodium oleate (NaOL) with the help of hydrochloric acid (HCl), CTAB, and silver nitrate (AgNO3). Under these synthesis conditions, we optimized with different amounts of Au seed, AgNO3, the surfactant NaOL, and the acidity of the growth solution, which together affects the ARs of the Au NRs (summarized in Table 1). First, we compared the results of sample e with those of sample f (Table 1) and found that with the higher amount of Au seeds, the average length and diameter of Au NRs increased accordingly. And sample e had larger aspect ratio compared to sample d. And both had smaller NR width (diameter). This is due to the role of Ag + in such synthesis. It has been previously reported that Ag + interacts with CTAB to form elongated templates and hinder the growth of certain crystallographic facets of Au NRs. 3,4 If we continuously increase the amount of Ag + from the result of comparing sample d and e, it will lead to a decrease of AR due to the thicker NR width. In addition, when we decrease the amount of surfactant NaOL from 1.234 g to 0.925 g (sample g and h, Table 1), we can observe that the Au NRs have a larger AR, with a large LSPR wavelength. This was because the NaOL functions as a binary surfactant strategy together with CTAB in the growth solution. Moreover, NaOL can act not only as a reducing agent but also as a surface binding mediator between CTAB and certain facets of Au to enable NR morphological tuning. As for the acidity of the growth solution, we can control the amount of HCl to modify the NR growth. Using samples h and i (Table 1), we found that a larger amount of HCl here led to a decrease in the acidity of the growth solution, which had a positive effect on the formation of a larger AR. Thus, we were able to adjust the AR of NRs by controlling these parameters from 1.9 to 10.5. Since the L-LSPR of Au NRs is very sensitive to their AR, these synthetic samples exhibit a distinct optical property that the LSPR wavelength increases with increasing AR (Figure 1 and Figure 2). Au NRs for high AR, the majority of the synthesized products remained of high uniformity and quality during the process, as we can see from the characterization of TEM (Figure 3).

Colloidal silver nanoparticles

The ratio of AgNO3 to trisodium citrate was varied, while the concentration of NaBH4 was kept constant (0.01 M). The chemical reduction process of Ag NPs was monitored by UV/vis spectroscopy as shown in Figure 4 and Table 2. Trisodium citrate is a reducing and stabilizing agent that generates Ag NPs. Different concentrations of AgNO3 and trisodium citrate were used in the synthesis process of Ag NPs. They were both done to optimize the concentration for the formation of Ag NPs. When the AgNO3 concentration was increased from 1 mM to 3 mM (sample b, d and f, Table 2), we observed that the SPR band at about 385 nm became narrower and sharper, and the extra tail in the absorption at higher wavelengths gradually decreased until it disappeared, which was characteristic of monodisperse spherical nanoparticles. And when the concentration was continuously increased to 4 mM, the peak was found to become broader, indicating the formation of large silver nanoparticles.

The variation of trisodium citrate amount was optimized at the growth and formation of Ag NPs and to find the optimal trisodium citrate amount. In samples e and f, the 0.01 M trisodium citrate exhibit the characteristic well-defined surface plasmon band at λ = 385 nm and a stable yellow Ag NPs color (Figure 5d), indicating the formation of Ag NPs within the usual range of spherical Ag NPs. Thus, the addition of trisodium citrate as a stabilizing agent was effective in preventing the agglomeration of the NPs. 5,6 Comparing the results of sample a, sample c, and sample e (Table 2), we observed that the small peak at about 540 nm was noticeable in the absorption spectra and that this was due to the result of large spherical or no spherical particles. In such a multi-parameter synthesis, we explicitly experimented with different amounts of AgNO3 and trisodium citrate (summarized in Table 2). 

Conclusion

In conclusion, first of all, by a careful synthetic tuning, we synthesized a series of monodisperse colloidal gold nanorods of different aspect-ratios (ARs) with their longitudinal 

Introduction

Thermoelectric (TE) devices based on solution-processed conjugated organic and organicinorganic hybrid materials represent currently an emerging system for near-ambient energy harvesting applications (< 200 °C). [1][2][3][4][5][6] While many previous examples demonstrated only TE conversion, [7][8][9][10][11] new application needs have emerged recently requiring photothermoelectric conversions, 5,[12][13][14] aiming to perform light harvesting 12,14 and in some case positioning for device integration into multifunctional smart textile. 5 By comparison photovoltaic technologies, photothermoelectric generators can offer their unique functionality in both situations with light (e.g. by light-induced temperature difference) 5,12,15 or without light (e.g. by environment-induced temperature difference). 5,16,17 Concerning light harvesting, organic solar TE generators face similar challenges as inorganic TE counterparts to obtain sufficient temperature difference across the device under illumination. On classical inorganic TE modules, a few mitigation strategies have been proposed: For example, on Bi2Te3 TE elements, commercial multilayer thin-film light absorbers have been applied to boost the temperature difference of the device under solar illumination. 18 Similar photothermal effect can be also well achieved by plasmonic nanoparticles: 19,20 A layer of metal nanoparticle/polymer hybrid beads, 21 or simply a layer of silver nanoparticles, 22 was recently applied on a commercial inorganic TE module. The mechanism of the strong photothermal effect of plasmonic metal nanoparticles lies in their large optical absorption cross-sections thanks to the localized surface plasmon resonance (LSPR) excitation, and the fast decay processes of the hot carriers which are generated through Landau damping following LSPR excitation. 20,23,24 In particular, if no specific device structure is there to extract efficiently plasmonic hot carriers, carrier relaxation processes, through electron-electron and electronphonon collisions, will result in heat generation and thermal dissipation on the piconanosecond time-scale. 25,26 Plasmonic metal nanoparticles are therefore highly efficient mediums to convert photons to heat, achieving successful applications in different fields including nanopatterning, 27 light-driven catalytic reactions, 28,29 optical switching, 30 photodetection, 31,32 cancer therapy, [33][34][35][36] and drug delivery. 37 On flexible organic and organicinorganic hybrid solar TE generators, nevertheless, there is hardly an attempt to apply such a plasmonic-induced photothermal concept.

Indeed, in contrast to common solar concentration techniques involving the integration of mirrors to generate sufficient temperature difference across the device, 12,14 the photothermal concept gains advantages in the simplicity of device fabrication and installation favorable for the light-weight and flexible characteristics of the final devices. A few studies were reported recently applying non-plasmonic photothermal materials on organic/hybrid TE devices but exhibiting only modest performances: For example, applying a MoS2/polyurethane photothermal composites on the hot ends of a tellurium-doped PEDOT:PSS TE generator, He et al achieved a voltage output of 1.48 mV under sun light. 15 Recently, towards the application of smart textile, on polypropylene nonwoven fabrics, Zhang et al. applied a polypyrrole as the photothermal layer to fabricate flexible polypyrrole/PEDOT:Tos-based photothermoelectric generators capable to generate 0.677 mV and 0.0636 nW under sun light when worn on arm. 5 How to achieve flexible photothermoelectric generators with more significant voltage and power output remain currently a hot topic of research. In comparison to non-plasmonic photothermal materials including semiconducting PbS nanocrystals, organic dyes and carbon black, previous mass-based comparison experiments have revealed the highest photothermal conversion efficiency on plasmonic gold nanocrystals. 19 Here, we therefore explore the potentials of plasmonic gold nanoparticles on their applications in flexible photothermoelectric generators.

In this work, for the first time, carefully designed solution-processed colloidal plasmonic gold nanoparticles (Au NPs) are integrated onto organic-inorganic hybrid TE generators to achieve solution-processed and flexible photothermoelectric generators on flexible polyethylene terephthalate (PET) substrates and on polypropylene nonwoven fabrics for solar light harvesting without complex solar concentration techniques. Various batches of plasmonic photothermal Au NPs were synthesized by colloidal routes and a "visible NP ink" was formulated in order to absorb the majority of the visible portion of the solar spectrum. In order to maximize the device performance, we first investigated three different types of n-type flexible TE materials applicable on PET substrates and compared their performances when coupled with p-type PEDOT:PSS. The photothermal layer, the visible-absorbing Au NPs, or near-IR-absorbing Au NRs, or UV-absorbing Ag NPs inks, was then deposited onto the hot ends of optimized hybrid TE generators to optimize and complete the final device structure.

Under simulated AM 1.5G 1-sun solar illumination, we investigated the achieved temperature difference (T) measured between the hot and cold electrodes and the maximum voltage and power output generated by the final device by comparison to the control device without photothermal visible Au NPs. Optimized photothermoelectric devices were further fabricated onto polypropylene nonwoven fabrics on which we explored the device characteristics under natural sun light as the device worn on arm.

Results and discussion

The Au NP photothermal layer

The morphologies of three batches of CTAB-capped Au NPs are shown in Figure 1 (a), (b), and (c), namely batch a, b, and c, respectively. The elongated morphology of these Au NPs can allow a facile tuning of their longitudinal LSPR absorption. These three batches thus exhibit a distinctive solution optical absorption peak at  = 745 nm, 652 nm, and 554 nm, respectively (Figure 1(d) and Table 1). In order to absorb the majority of the visible portion of solar spectrum ( from  = 500 nm to 850 nm), a visible Au NP ink was formulated by combining these three batches of NP solutions according to a certain proportion (described in the experimental section). The solution-state optical absorption of this NP ink and the thinfilm absorption when this ink was deposited and dried onto a PET substrate are shown as the green and purple curves in Figure 1(d). The major part of the visible-absorbing capability of this NP ink was still maintained after being deposited and dried onto PET. In contrast to the metallic nature of bulk gold, revealed by standard four-point probe measurements, a film of  2.5-µm -thickness formed CTAB-capped Au NPs deposited onto a PET substrate is however resistive with an average conductivity of 1.5×10 -5 S/cm (Figure 2(a)). This is likely due to the insulating NP ligands, CTAB, with a 16-carbon alkyl chain in its chemical structure. Such an Au NP film was then applied below as the photothermal layer on the hot electrodes of the photothermoelectric generators, with its resistive nature preventing electrical shorting between electrodes after its deposition. 

The optimization of the hybrid TE devices

In order to optimize the flexible TE devices to be applied below for photothermoelectric generators, three different n-type materials were explored here to couple with the p-type PEDOT:PSS, which is currently still one of the state-of-the-art p-type printable TE materials compatible with flexible substrates. 4 The n-type materials investigated here, possible to be deposited onto flexible PET substrates and requiring no or only mild (⩽ 150 °C) heat treatments after deposition are orthorhombic 𝛽-Ag2Se, MoS2 nanosheet powders, and commercial indium-doped tin oxide (ITO) films, respectively. Both 𝛽-Ag2Se and ITO films have been recently reported to be promising n-type flexible TE materials exhibiting roomtemperature power factors ranging from a few hundreds to 1700 µW m -1 K -2 for 𝛽-Ag2Se 38 and a few tens of µW m -1 K -2 for ITO 39 (power factor PF = S 2 𝜎, where S is the Seebeck coefficient, 𝜎 is the electrical conductivity). MoS2 was also shown to be an interesting TE materials with room-temperature n-type transport behavior. [40][41][42][43] But its physical property is highly dependent on the sample orientation (due to its anisotropic nature), 40 number of layers (or bulk), 41 doping conditions, 40 and the sample preparation techniques (e.g. exfoliated 44 or synthesized from chemistry routes 42,43 ).

The XRD spectrum and the microscopic morphology revealed by scanning electron microscopy (SEM) of the orthorhombic 𝛽-Ag2Se film synthesized in this work are shown in 00-024-1041) together with the existence of a small amount of unreacted Se, which is not uncommon for 𝛽-Ag2Se films without high temperature annealing 38 (not compatible to the flexible PET substrates). In order to measure the Seebeck coefficient, "uni-leg" structure devices were fabricated on PET substrates, where the hot ends of each stripe was connected to the cold ends by conductive silver paste. The Seebeck coefficient near room temperature (T  55 K), extracted from the slope of the linear fit of the Seebeck voltage (V) per leg generated under different steady temperature difference (T) between hot and cold ends, 7,8,45,46 was measured to be 19.8 µV K -1 for the p-type PEDOT:PSS stripes (Fig. 3(c)).

With the same method, among the three n-type materials investigated, the 𝛽-Ag2Se film exhibited a largest Seebeck coefficient reaching -129.2 µV K -1 (Fig. 3(c) and Table 2). By a 4-point probe method, the room-temperature conductivity () of the p-type PEDOT: PSS stripe and the three n-type materials were measured and listed in Table 2 (and Figure 3). With the measured Seebeck coefficient and the electrical conductivity, one can determine the roomtemperature power factor of these p and n-type stripes, among which 𝛽-Ag2Se exhibited a largest power factor of 802 µW m -1 K -1 , followed by PEDOT: PSS with a power factor of 43 µW m -1 K -1 . Various TE devices were then fabricated on PET substrates, formed by 6 pairs of p/n legs of PEDOT: PSS together with one of the three above-mentioned n-type materials.

The measured TE characteristics are shown in Fig. 3(d) and Fig. 4(c). In agreement with the power factor evaluation, under an identical ∆T of 50 K, among the different devices fabricated, the most optimized TE device was found to be the one based on PEDOT: PSS/𝛽-Ag2Se exhibiting a maximum power output of 310 nW. 

Hybrid photothermoelectric generators on PET substrates with visible

Au NPs

We then applied the visible Au NP ink together with the most optimized TE configuration found above, with a p/n structure of p-type PEDOT:PSS and n-type 𝛽-Ag2Se stripes, to build photothermoelectric generators on flexible PET substrates. The functioning of such photothermoelectric generators rely mainly on two aspects: (1) the flexible p/n TE device applied underneath must be functional. The better the TE performance of the TE device, the larger power output can be achieved under a fixed heat source (i.e. sun light in the current case). This justifies the optimizations performed on the flexible p/n TE device described in the previous section. (2) The magnitude of ∆T achievable by sunlight illumination. On this aspect, the strong photothermal effect of plasmonic Au NPs is expected to be highly beneficial and will be explored below. These devices, with and without NPs (the control condition), were then tested under a halfcovered condition (Fig. 5(a)), by exposing their hot ends to simulated solar AM1.5G illumination operated at 1-sun condition (100 mW cm -2 ) whereas the cold ends were kept in dark. Here, the simulated solar illumination thus served as an indirect heat source. After one minute of illumination, a stable (steady-state) T was generated between the hot and cold electrodes of the devices (Figure 6). As shown in Fig. 5(d), by comparison to the control device, devices with their hot ends coated by Au NPs systematically exhibit higher voltage and power output under illumination. The most-optimized condition was found on the hybrid device with four NP coatings (red symbols, Fig. 5(d)), where a steady-state voltage output of 34 mV and a maximum power output of 146.4 nW were measured. The increase of device performance over the first four times of NP coating indicates the beneficial effect of the photothermal agents (i.e. Au NPs) as more and more of them were deposited (Fig. 7 and Table 3). A saturation of power output was found experimentally at four NP coatings, likely due to a trade-off between NP absorption and thermal transport over NP film thickness. We conjecture that, as the Au NP layer thickness further increases beyond the optimal condition, the increase of difficulty in terms of heat transport in the CTAB-capped Au NP layer outweighs the benefits due to the availability of more photothermal Au NPs. Overall, the device characteristics obtained on the optimized NP-decorated hybrid photothermoelectric generators are clearly much higher than those measured on the control device, where only a voltage output of 10 mV and a maximum power output of 11.3 nW were measured. The essential reason behind the 13-fold higher power output of the NP-coated device than the control device lies in the higher temperature difference (T) built up between the hot and cold ends of the devices under 1-Sun illumination thanks to the photothermal effect of the Au NPs: a steady-state T of 36.7 K was measured on the hybrid device with four NP coatings under 1sun illumination, whereas a T of 11.8 K was measured on the control device under identical measurement conditions (Figure 6). In terms of device stability, repeated device testing in Arfilled glovebox under 1-sun illumination revealed no obvious voltage and power output decrease over at least 12 days (Fig. 8). polyethylenimine-doped single-wall CNTs generated a power output of 180 nW under 2-sun illumination. 14 While higher output power can be achieved by connected multiple modules in series or in parallel and/or applying sun light concentration lenses, previously reported single module of PEDOT:PSS-based solar TE generators, when tested under 1-sun illumination and a similar half-covered testing condition, generated only power outputs ranging from 11 nW to maximum 110 nW depending on the sample crystallinity and the doping conditions. 7 Recent solar TE generators based on p-type PEDOT:PSS and n-type Nickel metallic thin film achieved only 9.8 nW under 1-sun illumination. 47 Comparisons of current and previous results are given in Table 4. The current hybrid photothermoelectric devices thus represent an interesting strategy to boost the power output without complex light concentration lenses. 

UV-silver nanoparticles with p/n photo-thermoelectric generators

To investigate the photothermal plasmonic effect of Ag NPs for the organic-inorganic TEGs, we synthesized the Ag NPs by a simple chemical reduction method, and the details of the preparation process can be found in the chapter 3. Subsequently, how to apply the Ag NPs ink nW, which is more than 3.9-fold larger than that of the control device without Ag NPs (7.0 nW), as shown in Figure 11(f). Besides that, the power output of the hybrid TEGs device with 1.8 mg/ml is slightly lower than that of the TEGs device with 2.4 mg/ml, but the difference between them is not too large. Which concentration of Ag NPs film is the optimal choice for the UV blocking filter of PSCs (Perovskite solar cells) will be discussed in the future work by Zhelu Hu in our group. Here, we applied this NIR NP ink together with doped PEDOT: PSS to build flexible hybrid solar generators. 

Wearable hybrid photothermoelectric generators on fabrics

Motivated by the growing interests on the application of flexible TE devices for wearable smart textile, based on the optimized device architecture achieved above (Fig. 5), we further fabricated functional and wearable photothermoelectric generators based on hybrid photothermal Au-NP-coated PEDOT:PSS/Ag2Se on polypropylene nonwoven fabrics (Figure 14). Under sunshine and ambient condition (in air) at 25 °C, a voltage output of 24 mV was measured on the device (Fig. 14 conductive polymers, 3 carbon nanotubes (CNTs) and their hybrid composites, 7,8 and a few families of inorganic semiconductors where the processing in the form of powder-formulated ink is possible. [9][10][11][12][13][14] For a given TE material, its energy conversion efficiency can be evaluated by the dimensionless figure-of-merit, defined as 𝑍𝑇 = 𝑆 2 𝜎𝑇

𝑘

, where S, , k, and T are the Seebeck coefficient, electrical conductivity, thermal conductivity, and absolute temperature, respectively. ZT is governed simultaneously by both the material's electrical property, represented by the power factor (PF, defined as S 2 ), and the thermal property, represented by the thermal conductivity k. For conductive polymers, despite the intrinsic advantages in terms of low thermal conductivity, their low Seebeck coefficients lead to only modest PF typically ranging from a few tens to a few hundreds of μW m -1 K -2 ) and a maximum ZT of 0.42, [15][16][17][18] with the exception of p-type electrochemically-reduced poly(3,4-ethylenedioxythiophene) (PEDOT) films on which a maximum RT PF of 1270 μW m -1 K -2 was reported with an external applied voltage. 19 In addition, the PF demonstrated on n-type polymers remains more than an order of magnitude smaller than those of p-type polymers. 20 The formation of CNT/polymer composites allows for freedom to engineer p-or n-type conductivity of the final organic composite, resulting in reported PFs of similar order of magnitude as those obtained in conductive polymers. 21 Nevertheless, the synthesis of CNTs is energy demanding typically requiring chemical vapor deposition (CVD)-based processes and a high deposition temperature ( 1000 °C or more). 22 On inorganic semiconductor thin films, p-type Bi0.4Sb1.6Te3 thin films screen-printed from ball-milled nanoparticle ink demonstrated an impressive PF of 3 mW m -1 K -2 at RT and ZT of about 1. 9 Yet, the relatively high postprinting sintering temperature (450°C) of these Bi0.4Sb1.6Te3 thin films is not compatible to common polyethylene terephthalate (PET) and polyethylene naphthalate (PEN) flexible substrates.

By comparison to the above-mentioned materials, the inorganic silver chalcogenides Ag2X (X = S, Se, or Te) is currently considered as one of the most promising material family for flexible TE application near-RT. [23][24][25][26][27] In particular, bulk 𝛂-Ag2S (monoclinic, RT phase 28 ) has been recently discovered as one of the rare inorganic semiconductors exhibiting surprising metal-like ductility. 26 But its poor TE property near RT hinders its further application. 10,26 In contrast, bulk 𝛂-Ag2Te (monoclinic at RT) and -Ag2Se (orthorhombic at RT) and are not ductile but they exhibited much better TE characteristics, in view of their higher near-RT PF ( 2 mW m -1 K -2 for bulk Ag2Te and  3.5 mW m -1 K -2 for bulk Ag2Se) and ZT ( 0.5 for

Results and discussion

Undoped and S-doped Ag2Se ink and n-type TE thin films

After a 72-hour room-temperature stirring of the reactants for ink formation and the subsequent ink deposition on a substrate (cf. the experimental section), even without any heattreatment, the orthorhombic -Ag2Se crystalline phase was formed as identified from the clear diffraction peaks well corresponding to the orthorhombic -Ag2Se phase (JCPDS no. 00-024-1041) (Fig. 1(a), grey curve). On the undoped sample before heat treatment, the average grain size was estimated by the Debye Scherrer formula to be about 28 nm. The crystallinity of such thin films was significantly improved after a mild heat treatment at 150 °C, leading to the appearance of shaper diffraction peaks in their XRD patterns (Fig. 1(a), black curve) and a larger average grain size of about 39 nm estimated by the Debye Scherrer formula. Besides the enlarged grain size, from SEM measurements (Fig. 1(c) and (d)), we can observe that, after the heat treatments, the different multi-crystalline domains are fused together forming interconnected networks with smooth edges, which is likely favorable for charge transport properties. This is further confirmed by electrical conductivity (𝜎) measurements by which a 8.2-fold enhancement of 𝜎 was found on heat-treated Ag2Se thin films (𝜎 = 1026 ± 40 S cm -1 ) by comparison to the non-heat-treated films (𝜎 = 125 ± 1 S cm -1 ) (Fig. 2).

Sulfur doping was achieved by applying different amounts of sulfur powders directly into the reactants for ink formation. 

TE properties and flexibility

The TE properties of the undoped, different S-doped Ag2Se, and various p-type flexible thin films were first cross-compared by examining their electrical conductivity, Seebeck coefficient and PF at ∼RT. For a given sample, "uni-leg"-type devices were fabricated on PET substrates, where a few numbers (N) of thin film stripes were connected in series (N = 8 legs for Ag2Se devices). The near-RT Seebeck coefficient (T  26.5 K) was then estimated by the slope of the linear fit of the Seebeck voltage (V) normalized per leg generated under different steady temperature difference (T) between hot and cold ends. 22,30,31 The results obtained on the different p-type materials are summarized in the Figure 5. On n-type undoped and S-doped Ag2Se thin films, results indicate that both the conductivity and the Seebeck coefficient at ∼RT are not optimized for the undoped sample and a mild S-doping can boost these characteristics (Fig. 6(a) and (b)). This can be linked to the fact that the undoped sample was not stoichiometric with a molar ratio Ag:Se > 2:1 as discussed above. This is coherent as Besides the improvement on TE characteristics, S-doping also enhances significantly the flexibility of the doped Ag2Se thin films. A bending test was performed to compare the undoped Ag2Se thin film and sample B (S-doped Ag2Se) thin film, both deposited on a PET substrate. The sample under study was applied around a rod with a radius of 6 mm, while its RT electrical conductivity and Seebeck coefficient were monitored over different numbers of bending cycles. As shown in Fig. 7, after 1000 cycles of bending, sample B maintained > 91% of its initial PF while for the same condition the undoped sample exhibited only  81% of its initial PF. From the evolution of the conductivity and Seebeck coefficient over bending cycles (Fig. 8), we observed that, upon 1000 cycles of bending, on the undoped sample, there was a 9% loss in terms of conductivity and a  6% loss of Seebeck coefficient. This was significantly improved on the S-doped sample B, where only a  6% loss of conductivity was observed with a stable Seebeck coefficient over 1000 bending cycles. The improved flexibility due to S-doping likely originates from the more ductile nature 26 

TEGs by S-doped Ag2Se thin films

To demonstrate the energy-harvesting functionality, flexible TEGs were fabricated by applying the optimized S-doped Ag2Se TE thin films (sample B condition) under both a unileg (Fig. 9(d)-(e)) and a p/n-type (Fig. 10) device architecture on PET substrates. To characterize these TEGs, a rheostat was connected to the TEG as a variable external load resistor (RL) while we monitored the output voltage (V) of the TEG and the current (I) flowing through the circuit (Fig. 9(f)) for a certain T created between the hot and cold end of the TEG (Fig. 9(d)). For a given T, the power output (P) of the TEG reaches a maximum value when RL equals the internal resistance (Rin) of the TEG and it can be calculated by 𝑃 = 𝐼 2 𝑅 𝐿 . , 14 where N is the number of legs) achieved by the current TEG can be obtained and plotted in Fig. 9(c) over different T, together with other results from the literature for comparison. For example, under a T of  31 K, which was considered as a most relevant T for near-RT energy harvest, 40,41 a power density of 11.06 W m -2 , equivalent to T 2 -normalized power density of 11.51 mW m -2 K -2 , was obtained by the current S-doped Ag2Se TEG. This value is significantly higher than those obtained on previous TEGs based on PEDOT, 40,[42][43][44] carbon nanotubes, 45 silver and/or copper chalcogenides 12,34,40,44 and their composites. 32,43 Indeed, the current Pdensity value at T =  30 K is only slightly lower (but remains comparable) to that reported on TEGs based on Ag/Ag2Se nano-dendritic composite powders, 14 where a maximum Pdensity of 13.56 W m -2 was reported at T = 30 K. But these previous samples were not solution-processed (i. 
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Application of S-doped Ag2Se TEGs on near-RT energy harvesting

We show that the optimized S-doped Ag2Se TE flexible thin films proposed in this work can be applied into various situations to perform near-RT low-grade heat energy harvesting (Fig. 11), suggesting bright perspectives for their applications in future wearable self-powered smart electronics. 46 For example, the temperature difference between a laptop running at full 

Conclusion

In summary, a new room-temperature one-pot synthesis approach was proposed to achieve Outlooks. Up to now, thermoelectric (TE) devices based on solution-processed conjugated organic and organic-inorganic hybrid materials represent an emerging system for nearambient energy harvesting applications. Recently, new applications of TE conversion have emerged that require photo-thermoelectric conversions to harvest light and integrate the devices into multifunctional smart textiles. Photo-thermoelectric generators can provide unique functionality under different conditions, such as with light (e.g., due to light-induced temperature differences) and without light (e.g., due to environmental temperature differences). So far, while promising results were obtained to demonstrate flexible organic hybrid photo-thermoelectric generators, how to achieve flexible photo-thermoelectric generators with higher voltage and power output is currently a hot research topic.

Below, I present some ideas for future development of flexible hybrid photothermoelectric generators. Flexible thermoelectric generators enable direct and environmentally friendly conversion of the heat from the human body or the environment into electricity, leading to sustainable power sources for wearable electronics. As for the prospects of further improving the performance of Ag2Se-based thermoelectric devices, there are opportunities to examine other inorganic thermoelectric materials and/or to dope the current system with other elements, such as Te, Ag or PEDOT (i.e. inorganic-organic composites). On the part of photothermal conversion, it is plausible to use other photothermal nanomaterials (e.g. polypyrrole) that may provide equivalent or better photothermal conversion than the current plasmonic NPs.

From the current demonstration of TEG-enabled motion detector, I imagine that one can apply similar flexible TEGs for other pressure sensing systems. The obtained sensitivity such a self-powered detector is related to the temperature gradient (𝛥T) felt onto the TEG, the sensitivity of the force-sensing resistors, and the designed circuit. More sensitive systems can be potentially achieved if 𝛥T can be larger, or a more sensitive force-sensing resistor can be applied, or with an improved circuit (e.g. Wheatstone bridge type). Here we did not mention the possibility of amplification because amplification likely demands other power sources. In a further optimized configuration, I expect that continuous self-powered monitoring of human physiological signals and/or body movements can be achieved by the current flexible TEG
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 4 Dans ce chapitre, nous avons synthé tisé et fabriqué des films photothermiques constitué s de NPs densé ment assemblé s basé s sur des NPs d'Au absorbant le spectre de visible, des NRs d'Au absorbant la lumiè re de proche-IR, ou des NPs d'Ag absorbant le spectre d'UV.
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Figure 1 .

 1 Figure 1. Carriers generated after photoexciting metallic nanoparticles at the LSPR and interband transition. (A) A classical description of LSPR shows oscillation of collective electrons driven by the electric field (left). The LSPR decay generates a population of hot carriers at various energies (right). The integral energy of both e -(red area) and h + (blue) occupation is equivalent to single photon energy. A quantum mechanical description of LSPR uses red arrows to represent a superposition of multiple isoenergetic, single-electron

Figure 2 .

 2 Figure 2. Schematic representation from plasmonic nanostructure design to applications.4
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Figure 3 .

 3 Figure 3. (a-d) Different TEM images of Au NRs with different AR and L-LSPR absorbance wavelength maximum. e) Absorbance spectrum of Au NRs in water. The absorbance feature at 1400 nm originates from the absorption of water. f) The evolution of the L-LSPR maximum over the AR of Au NRs. Red curve represents the linear fit of the data.36 
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 34 Figure 4. SEM images of gold Nanostars were prepared with different seed concentrations.

Figure 5 .

 5 Figure 5. TEM images of Au nanotriangles with different increasing edge lengths. These samples were prepared by using different amounts of seed solution transferred into the growth solution: 1.2 mL (a), 800 μL (b), 600 μL (c), 400 μL (d), 200 μL (e), and 100 μL (f).

Figure 6 .

 6 Figure 6. The synthesized of Gold nanoparticles for different LSPR application.[START_REF] He | Biomolecule-Tailored Assembly and Morphology of Gold Nanoparticles for LSPR Applications[END_REF] In general, the LSPR wavelength peak of gold nanoparticles shifts relatively with the change of the dielectric parameters of the nanoparticles' external environment. For example, the LSPR absorption wavelength peak depends on the size of the nanoparticles. At the same time, as the size of the nanoparticles increases, the number of conductive electrons increases, leading to an increase in scattering intensity and absorption for larger nanoparticles. The aggregation of gold nanoparticles is accompanied by a decrease in the interparticle spacing, which leads to a red shift in the LSPR wavelength. Due to their unique plasmonic surface resonance (LSPR)-derived optical, electronic, and magnetic properties, gold nanoparticles have many potential applications depending on their different morphologies and nanostructures shown in Figure6.

Figure 7 .

 7 Figure 7. The synthesized gold nanoparticles that used a Zinnia elegans extract, and AuZE and ZE both exhibited green fluorescence at 350 nm excitation and red fluorescence in the NIR region (710 nm).[START_REF] Kotcherlakota | Biosynthesized Gold Nanoparticles: In Vivo Study of Near-Infrared Fluorescence (NIR)-Based Bio-Imaging and Cell Labeling Applications[END_REF] 

Figure 8 .

 8 Figure 8.It is achieved by obtaining suitable Au NRs whose absorption can be tuned range from the visible to SWIR spectrum. In order to harvest the efficient photothermal effect from these plasmonic NRs, they combined them with resistive temperature detectors (RTDs) to form a hybrid photodetector that is a low-cost negative temperature coefficient (NTC) thermistor. The as-synthesized NIR Au NRs in water were directly dropped onto the surface of the thermistor, resulting in the formation of a hybrid Au NRs/thermistor. In such a hybrid

Figure 8 .

 8 Figure 8. (a) Colloidal Au NRs in water. (b) A optical image of NTC thermistor fixed on a glass slide. Colloidal Au NR solution was drop-casted onto the thermistor substrate. (c) The dimension of the thermistor applied in this work in our group. (d) SEM image of the Au NRscoated thermistor exhibiting mostly Au NRs on the surface of the hybrid device. (e) A schematic describing the hybrid thermistor device structure to harvest the photothermal effectof Au NRs for SWIR sensing.[START_REF] Xiang | Short-Wave Infrared Sensor by the Photothermal Effect of Colloidal Gold Nanorods[END_REF] 

Figure 9 .

 9 Figure 9. The related Synthesis, different application, exposition route, factors of toxicology,and paradigm changes with the synthesized Ag NP.[START_REF] León-Silva | Silver Nanoparticles (AgNP) in the Environment: A Review of Potential Risks on Human and Environmental Health[END_REF] 

Figure 11 .

 11 photocatalytic degradation rate.[START_REF] Awazu | A Plasmonic Photocatalyst Consisting of Silver Nanoparticles Embedded in Titanium Dioxide[END_REF] 

Figure 11 .

 11 Figure 11. Depositing TiO2 on a NP comprising an Ag core covered with a silica (SiO2) shell

Figure 12 .

 12 Figure 12. The Synthesized Ag NW and the application were for highly transparent metal conductors. (A) Schematic diagram of a very long Ag NW flexible and transparent conductor fabrication process. (B) Digital camera image of a highly transparent metal electrode on a glass substrate. (C) The Ag NW length distribution graph and corresponding SEM images of original Ag NWs (top graph and inset picture) and very long Ag NWs by the SMG process (middle graph and inset picture). Bottom inset picture (red colored) shows the longest single

  and silver-based catalysts are excellent and efficient for the decomposition of water. Thus, Ag nanoparticles (Ag NPs) were combined with TiO2 nanotubes (Ag/TiO2 NTs) by the microwave-assisted chemical reduction, which enhanced the surface plasmon resonance (SPR) effect due to the combination. The suitable visible light excites the surface of Ag/TiO2 NTs to produce the SPR effect, which can change the active sites on the surface of Ag/TiO2 NTs and improve the inherent electrochemical activity of silver catalysts. shown in Figure13.[START_REF] Wu | Photocatalytic Activity of Ag/TiO2 Nanotube Arrays Enhanced by Surface Plasmon Resonance and Application in Hydrogen Evolution by Water Splitting[END_REF] 

Figure 13 .

 13 Figure 13. Schematic diagram of photocatalytic water splitting through Ag/TiO2 based on the LSPR effect.[START_REF] Wu | Photocatalytic Activity of Ag/TiO2 Nanotube Arrays Enhanced by Surface Plasmon Resonance and Application in Hydrogen Evolution by Water Splitting[END_REF] 

  which is only related to the energy band structure of the material itself. The standard unit of Seebeck coefficient is μV/K, and its positive and negative values are related to the properties of the two materials, A and B.

Figure 14 .

 14 Figure 14. Schematic diagram of Seebeck effect.[START_REF] Subramanian | Thermoelectric properties of biopolymer composites[END_REF] 

Figure 16 .

 16 Figure 16. Schematic diagram of Peltier effect.[START_REF] Kodeeswaran | Precise Temperature Control Using Reverse Seebeck Effect[END_REF] 

Figure 17 .

 17 Figure 17.A schematic diagram of a thermoelectric cooler.[START_REF] Bongsang | Phonon Manipulation with Phononic Crystals (No. SAND2012-0127[END_REF] 

Figure 18 .

 18 Figure 18. Schematic diagram of Thomson effect.[START_REF] Thakkar | Peltier Cooling Module[END_REF] 

Figure 19 (

 19 a) shows the schematic diagram of a thermoelectric device that generates electricity based on the Seebeck effect.

Figure 19

 19 (b) shows the schematic diagram of a thermoelectric device based on the Peltier effect for cooling. When a voltage is applied to the p-n junction, electron/hole pairs are generated near the junction and flow out, resulting in an increased temperature at one end of the junction and a decreased temperature at the other end, thus achieving thermoelectric cooling.

Figure 19 .

 19 Figure 19. The schematic diagrams of working principle of TE modules: (a) thermoelectric generator; (b) thermoelectric cooler.[START_REF] Zang | Printed Flexible Thermoelectric Materials and Devices[END_REF] 

Figure 20

 20 shows the correlation between the three thermoelectric performance parameters: conductivity, Seebeck coefficient, thermal conductivity, and carrier concentration. As the carrier concentration n increases, the electrical conductivity 𝛿 increases, the Seebeck coefficient decreases, and the thermal conductivity k increases with the carrier concentration, mainly because the carrier thermal conductivity ke is proportional to the carrier concentration. In contrast, the lattice thermal conductivity 𝑘 𝑙 largely depends on the carrier concentration. The ZT value of the material peaks when the carrier concentration is in the range of 10 19 to 10 21 /cm 3 . The Seebeck coefficient, conductivity, and thermal conductivity of the material compromise each other, and the thermoelectric properties of the material are optimized.

Figure 20 .

 20 Figure 20. Interdepended relationship between thermoelectric performance parameters and carrier concentration.102

Figure 21

 21 Figure21 shows the best-developed thermoelectric materials in recent years. The inset shows the relationship between small T and ΔT for materials with different ZT values. A large ZT value and a large temperature difference (ΔT) are essential in improving conversion efficiency.PbTe has low intrinsic thermal conductivity, good electron transport properties, and a tunable band structure, 105,107 which gives it high thermoelectric properties over a wide temperature range. Cu2Se and SnSe are the recently discovered materials with good thermoelectric properties, mainly because of the liquid-like behavior of Cu2Se and the extremely low thermal conductivity of SnSe, which has been demonstrated in many sulfur compounds.108 In addition, the commercial application of thermoelectric materials is a major aspect of thermoelectric research.[START_REF] Zhang | Thermoelectric Devices for Power Generation: Recent Progress and Future Challenges[END_REF] The development of nontoxic, inexpensive thermoelectric materials is considered

Figure 21 .

 21 Figure 21. The different ZT value obtained with different materials under different temperatures from 2002 to 2021. And these different materials are sulfides (red), tetrahedrites (yellow), earth-abundant oxides (blue), silicides (green), and Half Heusler (grey).113

Figure 22 .

 22 Figure 22. The crystal structure of inorganic thermoelectric material β-Cu2Se. (a) The main β-Cu2Se crystal structure (blue and green are Cu and Se atoms). (b) Multiple atomic sites forCu + and Se 2-ions, with designations. The Se atoms form a rigid framework (fcc site, 4a) and Cu + ions readily drift among the different sites (octahedral, 4b; tetrahedral, 8c; trigonal site, 32f).125 

Figure 23 .Figure 24 .

 2324 Figure 23. a) Thermoelectric figure of merit ZT for some typical Cu-and Ag-based materials. The blue columns denote Cu-based materials while the yellow columns are for Ag-based materials. The red and purple prisms are for p-type and n-type plastic/ductile materials,
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 25 Low intrinsic thermal conductivity (0.1-1 W/mK),3. They can be fabricated on a large scale by spraying or printing, 4. Flexible and suitable for the preparation of flexible thermoelectric materials, Rich electronic energy band structure and electrical properties can be tailored by molecular design and doping of dopants.In recent years, research in thermoelectric has focused on improving the thermoelectric properties of conducting polymers. Since conducting polymers have low intrinsic thermal conductivity, their thermoelectric properties can be improved by tailoring their electrical conductivity and Seebeck coefficient.

Figure 25 .

 25 Figure 25. The main chemical structure of typical high performance organic thermoelectric materials and some related dopants. 141

  doping and solution-mixed doping can effectively change the charge carrier concentration of organic materials to optimize the thermoelectric power factor. 148 Jiwoo Min et al. 149 fabricated the Poly(2,5-bis(3-hexadecylhiophene-2-yl)thieno[3,2-b]thiophene) (PBTTT) films, which were doped by vapor doping with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ). The dopants in the crystalline domains affect the trade-off relationship between σ and S, resulting in high electrical conductivity values and rapidly increasing the power factor.

Figure 26 .

 26 Figure 26. (a) The chemical structure of organic material PEDOT:PSS, (b) schematic diagram of changing the benzoid structure to the quinoid structure in the PEDOT chain, the morphology of the PEDOT:PSS films changed through the different addition of (c) EG as an organic polar solvent, (d) a co-solvent (e) 1.6 vol% 2,5-bis(2-hydroxy-3methacryloyloxypropoxy)-1,4:3,6-dianhydro-sorbitol (Iso-GMA) concentrations as a solution of organic solvent and salts, (f) and (g) H2SO4 as an acid. 148

  photothermal coating based on plasmonic gold NPs were applied on the hot end of the TEG (the same NP coating as described in Chapter 4). This photothermal coating converts the absorbed solar illumination into heat. The half-covered (with the cold end covered) TEG was then placed under a class AAB (ASTM) ABET solar simulator (with an AM 1.5G filter) operated at 1-SUN (100 mW cm -2 ) at ambient condition. The output voltage was measured by a digital multimeter. For the demonstration of self-powered human motion detection: the hotend of the TEG under test was hand-held (i.e. in-contact with a human palm) while the coldend was left in ambient air. A T was created by the temperature difference between the hand and the ambient temperature. A circuit is made so that the output of the TEG was connected to two resistors connected in series (cf. Fig.11in the chapter 5), among which one (R1) is a fixed-value resistor (R1 = 1.19 ± 0.05 MΩ) and Rf is a force sensing resistor (FSR03BE from OHMITE). This force sensing resistor Rf was then attached onto a human arm by a medical adhesive tape. During the repetitive arm movements, the evolution of the voltage felt onto R1 over time was monitored by a computer-controlled Keithley 2632B SMU. The bending test of the film was performance using a home-made apparatus around rod with a specific bending radius of 6 mm.

Figure 1 .

 1 Figure 1. Steady-state current-voltage and power output-current curves measured on the same hybrid Au-NP-PEDOT:PSS/Ag2Se TEG (a) by Method I and (b), (c) by Method II. Symbols are measured data. Solid lines are linear fits of the measured IV data (left Y axis). Dotted lines are power output (right Y axis). Method II allows one to measure also the power output-external load resistance (P-RL) characteristics.
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 312 Figure 3. (a-i) TEM images of different morphology Au NRs with different aspect-ratio. And the corresponding samples are a-i in the table 1 respectively. Aspect-ratio is figured out from specific value of NR average length and NR average diameter, as shown inFigure 1.

Figure 4 .

 4 Figure 4. Absorbance spectrums of Ag NPs in water.

Figure 5 .

 5 Figure 5. (a)Top-view SEM image of Ag NPs under low-magnification. (b) HRTEM image of the Ag NPs. (c) XRD spectrum of Ag NPs deposited on Si wafer substrate. (d) UV-Vis absorption spectrum of Ag NPs solution and with an inserted photograph.

Chapter 4 .

 4 photothermoelectric generators are fabricated, applying the strong photothermal effect of colloidal plasmonic nanoparticles (visible-absorbing Au NPs, near-IR-absorbing Au NRs, or UV-absorbing Ag NPs) on optimized p/n-type TE modules based on the coupling PEDOT:PSS and with different n-type materials. Under simulated 1-sun illumination, optimized hybrid photothermoelectric generators on polyethylene terephthalate (PET) substrates were achieved by Au-NP-coated PEDOT:PSS/Ag2Se couples, capable to generate a voltage output of 34 mV and a maximum power output of 146 nW, which is drastically larger (by 13 folds) than that achieved on the control devices without NPs. Wearable photothermoelectric generators were further fabricated on polypropylene nonwoven fabrics, exhibiting a voltage output of 24 mV under natural sun light in air when worn on arm. This work highlights the strong potentials of the plasmonic photothermal NPs and their integrations into organic and hybrid TE devices for light harvesting without the need of complex light concentration techniques. The optimized hybrid photothermoelectric generators achieved offer also bright perspectives for the development of energy harvesting smart textiles.

Figure 1 .

 1 Figure 1. (a), (b), and (c) TEM images of the three batches of plasmonic Au NPs listed in Table 1 with an average aspect-ratio (AR = average length/average diameter) of 3.9 (a), 2.3 (b), and 1.9 (c), respectively, namely batch a, b, and c. (d) The optical extinction measured on these three NP solutions, the visible NP ink formed by a combination of these three batches, and the NP layer after the NP ink was deposited and dried onto a PET substrate.

Figure 2 .

 2 Figure 2. Sheet resistance (black filled symbols) and conductivity (red empty symbols) of the thin films deposited from (a) CTAB-capped Au NPs and (b) cysteamine-capped Au NPs.

Figure 3

 3 Figure 3 (a) and (b). The XRD and morphology characterizations of the MoS2 synthesized in this work are shown in Figure 4. XRD confirmed the crystallinity of both materials, with the majority of the Ag2Se film corresponds well to the orthorhombic 𝛽-Ag2Se phase (JCPDS no.

Figure 3 .

 3 Figure 3. (a) The XRD spectrum and (b) the SEM image of the orthorhombic 𝛽-Ag2Se film synthesized in this work. (c) The absolute value of the Seebeck voltage per leg, measured on N legs of different materials connected in series, over different ∆T measured between the hot and cold electrodes. N = 6 for the 𝛽-Ag2Se and MoS2 devices, N = 3 for the ITO device, and N = 8 for the PEDOT:PSS device. (d) The current-voltage (filled symbols) and power output (P)-voltage (empty symbols) curves measured on two TE generators based on six pairs of n/p 𝛽-Ag2Se /PEDOT:PSS stripes (black symbols) or ITO/ PEDOT:PSS stripes (blue symbols), under a ∆T of 50 K.

Figure 4 .

 4 Figure 4. (a) TEM image and (b) XRD pattern of the MoS2 powder synthesized. (c) Steadystate current-voltage (solid diamonds) and power output-voltage (empty diamonds) curves

Figure 5 (

 5 photothermoelectric generators fabricated in this work. To complete the hybrid device structure, Au NPs were coated multiple times onto the hot-ends of the device by drop-casting the visible NP ink and subsequent drying off the solvent (water), resulting in an Au NP film with a thickness of about 2.4  0.2 µm for a four-time coating (Table3). A typical image of a completed flexible hybrid TE generator is exhibited in Figure5(b). In order to confirm the existence of Au NPs, SEM characterizations were performed on the surface of the hot-ends of an optimized hybrid device with four-time NP coatings. Due to the insulating nature of the PET substrate and the roughness of the electrodes underneath the NPs, it is challenging to

Figure 5 .

 5 Figure 5. (a) Schematic describing the device architeture and (b) the optical image of the flexible Au-NP-coated PEDOT:PSS/Ag2Se hybrid photothermoelectric generators fabricated in this work. (c) The SEM image performed on the hot-ends of a devices with four coatings of Au NPs. (d) Steady-state current-voltage (filled symbols) and power output-voltage (empty symbols) curves measured on a hybrid Au-NP-PEDOT:PSS/Ag2Se generator, with different numbers of NP coating, under simulated 1-sun solar illumination (AM1.5G, 100 mW cm -2 ). (e) Voltage outputs measured over time, with the 1-sun illumination modulated ON and OFF, on a hybrid photothermoelectric generator with four NP coatings by comparison to the control device without NPs.

Figure 6 .

 6 Figure 6. Temperature difference (T) measured over time between the hot and cold end of a devices built on a PET substrate where the hot end was covered by four Au NP photothermal coatings (red circles) by comparison to the same type of device without NP photothermal coating on its hot end (empty circles). "Light ON" and "Light OFF" refer to the simulated 1sun illumination (100 mW cm -2 ) modulated ON and OFF, respectively.

Figure 7 .

 7 Figure 7. SEM characterizations on the Au NP layer deposited by (a) 1-coating, (b) 2-coating, (c) 3-coating, (d) 4-coating, and (e) 5-coating. As revealed by the SEM images, 1-coating and 2-coating methods could not achieve a continuous NP coverage and therefore no thickness measurements were performed on these layers. The layer thicknesses of the NP films achieved by 3-coating, 4-coating and 5-coating methods are tabulated in the Table 3 below.

Figure 8 .Figure 5 (

 85 Figure 8. Results on the (a) voltage output and (b) power output of the optimized flexible Au-NP-coated PEDOT:PSS/Ag2Se hybrid photothermoelectric generators fabricated in this work, tested repeatedly under simulated AM 1.5G 1-sun illumination in an Ar-filled glovebox, where the device was stored between testes. (c) Optical absorbance of a representative batch of CTAB-capped Au NPs in water, in as-synthesized condition and after 6-month storage in air.No obvious degradation was observed on these Au NPs.
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 24424 Hybrid photothermoelectric generators on PET substrates with other plasmonic NPs 1 cysteamine-Au NPs doped PEDOT:PSS photothermoelectric generatorsIn addition to the device architecture shown in Fig.5(a), we have also experimented another device configuration where the photothermal Au NPs incorporated directedly inside the TE elements (results and discussions as shown in Fig.9 and 10). Despite the different optimizations performed, the maximum power generated under 1-sun illumination was found to be modest ( 14 nW) on these devices. These results nevertheless indicated that it is more advantageous to place the photothermal Au NPs on top of the hot-electrode side of the device (as in Fig.5(a)) instead of incorporating the NPs inside the TE materials.

Figure 9 .

 9 Figure 9. Optical absorbance cysteamine-capped Au NPs solution in water. Insets show the image of the solution and the TEM image of these NPs.

Figure 10 .

 10 Figure 10. (a) Schematic describing the device structure of the flexible "uni-leg"-type cysteamine-Au NPs doped PEDOT:PSS photothermoelectric generators fabricated in this work. (b) Optical extinction measured on cysteamine-Au NPs doped PEDOT:PSS legs on PET substrates with different amounts of Au NP solution applied in the fabrication. The Au NP solution was centrifugated and decanted prior to NP redispersion by the PEDOT:PSS solution and subsequent hybrid solution deposition on PET (described in the experimental section above). (c) and (d) Steady-state current-voltage (c) and power output-voltage (d) curves measured on a hybrid cysteamine-Au-NP-doped PEDOT:PSS photothermoelectric generator, with different amounts of Au NP solution applied, under simulated 1-sun solar illumination (AM1.5G, 100 mW cm -2 ).

Figure 11 (

 11 Figure 11(c) and (d).

Figure 11 .Figure 12 .

 1112 Figure 11. (a) Schematic describing the device structure of the flexible Ag NPs-hybrid solar TEGs prepared in this work. (b) The optical image of a typical hybrid solar TEGs with Ag NPs, deposited on the top transparent area of PET substrate. (c) Top-view SEM image and (d) XRD spectra of the orthorhombic β-Ag2Se film. (e) The absolute value of the Seebeck voltage per leg, measured on N legs of different materials connected in series, over different ∆T tested between the hot and cold electrodes. N =6 for the 𝛽-Ag2Se and N=8 for PEDOT: PSS device. (f) Steady-state current-voltage (hollow dotted line) and power output (P)-voltage (solid dotted line) curves measured on various concentrations Ag NPs with hybrid n/p 𝛽-Ag2Se /PEDOT:PSS stripes deposited on the flexible PET substrate under simulated solar illumination (AM 1.5G, 100 mW cm -2 ) by comparison of a control TEGs without Ag NPs.

Figure 12 (

 12 a) exhibits the device structure of the hybrid solar TE generators fabricated in this work. To complete the hybrid device structure, NIR-Au NPs were then deposited onto the hot-ends of the above-mentioned TE device by drop-casting the NP ink and subsequent drying off the solvent (water). A typical optical image of a completed flexible hybrid TE generator is exhibited in Figure12(b). Interestingly, the solution tunability of LSPR of colloidal plasmonic NPs can allow another interesting aspect of the hybrid device.That is the capability to easily modify the spectrum window for energy harvesting. For example, besides the harvesting the visible portion of the solar spectrum, by modifying the morphology and thus the LSPR of the Au NPs, it is possible for the hybrid generators to harvest energy from the NIR and the SWIR spectra, where state-of-the-art solar cells (e.g. Si, organic, or hybrid perovskite solar cells) have little optical absorption. As a proof-of-concept demonstration, we synthesized two batches of rod-shape Au NPs, namely batch d and e, with a solution (water)-state LSPR absorption maximum located at  = 943 nm and 1143 nm, respectively. Their morphologies and optical absorptions are shown in Figure13 (a-c).

Figure 13 .

 13 Figure 13. (a) and (b) TEM images of two batches of as-synthesized NIR-absorbing plasmonic Au NPs with an average aspect-ratio AR = 4.7 (a) and 6.7 (b), respectively, namely batch d, and e. (c) Normalized UV-Vis/NIR optical absorbance of these NP solutions (in water; batch d: dark curve; batch e: red curve), the combined NP solution (NIR NP ink, green), and the combined NPs when deposited and dried onto a glass substrate (blue). For solution samples, their absorbance were recorded until  = 1400 nm due to the strong absorbance artifact from the solvent (water) from   1400 to 1500 nm. (d) Steady-state current-voltage (solid line) and power output (P)-voltage (dotted line) curves measured on a hybrid NIR Au-NP/PEDOT:PSS solar TE generator (red curves) under a longpass filtered (cut-on = 780 nm) simulated solar illumination (AM1.5G, 100 mW cm -2 ) by comparison of a control device of PEDOT:PSS without Au NPs (dark curves).

  photothermoelectric conversion capable of light harvesting without complex light concentration lenses. The hybrid photothermoelectric generators achieved also offer bright perspectives for the developments of smart textiles capable of energy harvesting.

Figure 1 .

 1 Figure 1. X-ray diffraction (XRD) spectra (a, b) and SEM images (ch) of the different TE thin films under study. The compositions of undoped and S-doped samples are listed in Table 1. (d) -(h) were measured on samples after a 150 °C post-deposition heat treatment. (b)Zoom-in view of the two strongest XRD peaks corresponding to the (112) and (121) reflections of the -Ag2Se phase from these samples.

Figure 2 .

 2 Figure 2. Sheet resistance (black symbols) and electric conductivity (red symbols) measured at RT on the thin films of (a) undoped Ag2Se before heat treatment, (b) undoped Ag2Se after heat treatment, (c) S-doped Ag2Se (sample A), (d) S-doped Ag2Se (sample B), (e) S-doped Ag2Se (sample C), and (f) (d) S-doped Ag2Se (sample D). SampleA, B, C, and Dwere measured after heat treatment and their doping conditions are listed in Table1.

Figure 4 .

 4 Figure 4. (a) XPS spectrum of the Se 3p regions of an undoped Ag2Se thin film; (b) The evolution of the XPS spectra in the same spectral region comparing an undoped and different S-doped Ag2Se thin films. (c) XPS spectrum of the Se 3p and S 3p regions a doped sample B. (d) and (e) XPS spectra of the Ag 3p regions of an undoped (d) and doped sample B (e).

Figure 6 .

 6 Figure 6. (a) and (b): Cross-comparison of the TE properties of different undoped and Sdoped Ag2Se thin film samples under study. (a) The absolute value of the Seebeck voltage per leg, measured on eight legs of each sample connected in series, over different ∆T measured between the hot and cold electrodes; (b) The RT electrical conductivity, Seebeck coefficient and power factor values of samples with different S-doping. (c) and (d): On the optimized doping condition (sample B), the temperature dependence of (c) carrier concentration (n) and Hall mobility (μ) as well as (d) electrical conductivity, Seebeck coefficient and power factor were measured for the near-RT range from 300 to 380 K.

  of Ag2S and/or the coarsening of the interconnected multi-crystalline network-like morphology (as shown in Fig.1(d) and (e)) leading to more porous microstructures which are favorable for flexibility.39 

Figure 7 .

 7 Figure 7. Bending tests comparing the power factor (PF) loss over initial values of an undoped (a) and S-doped (b) Ag2Se thin film on a PET substrate with a bending radius r = 6 mm. Inset show the sample image under bending.

Figure 8 .

 8 Figure 8. Bending tests comparing the loss of RT Seebeck coefficient (dark symbols) and RT electrical conductivity (red symbols) of an undoped (a) and S-doped (b) Ag2Se thin film on aPET substrate with a bending radius r = 6 mm.

Fig. 9 (

 9 Fig. 9(a) and (b) shows the measured I-V and P-RL characteristics on the optimized uni-leg Sdoped Ag2Se TEG for different T near the RT range. Similar characteristics of p-n type TEGs applying the optimized S-doped Ag2Se legs are shown in the Figure 10. Uni-leg TEGs allow for a higher power output by comparison to p-n type TEGs due to the large PF differences between the n and p-type legs (Fig. 5b and Fig. 6b). On the uni-leg TEG, a maximum output P was found when the load resistance RL equals to  191 . Remarkably, under a small T of  17 K, 25 K, 31 K, 45 K and 58 K, respectively, a maximum power output reaching  1.55 W, 2.68 W, 3.98 µW, 5.39 µW and 6.47 W was obtained by the Sdoped Ag2Se TEG. Dividing the maximum output P by the sum of the cross-sectional area (A) of all legs, the maximum power density (defined as 𝑃 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑃 𝐴•𝑁

  e. requiring hot pressing at 210 °C and 1 MPa). The current flexible TEGs, employing entirely RT solution synthesis, with TE thin films deposited from inks and requiring only a mild (150 °C) post-deposition heat treatment thus represents a significant progress towards the large-scale development of this technology.

Figure 9 .

 9 Figure 9. Steady-state (a) current-voltage (I-V) and (b) power output-load resistance (P-RL) characteristics curves measured under different T on a unli-leg-type TEG formed by 12 legs of S-doped Ag2Se (sample B doping condition) on a PET substrate. (c) The comparison between the maximum power density generated by the current S-doped Ag2Se TEG and those reported in the literature. (d)-(e) Schematic (d) and optical image (e) of the S-doped Ag2SeTEG under study. (f) Schematic of the circuit applied to characterize the TEG under study.

Figure 10 .

 10 Figure 10. p-n type TEGs form by coupling PEDOT:PSS legs together with the optimized Sdoped Ag2Se legs. (a) Device image and (b) Schematic of the circuit applied to characterize the TEG under study. Steady-state (c) current-voltage (I-V) and (d) power output-load resistance (P-RL) characteristics curves measured under different T on the p/n-type TEG formed by 6 legs of PEDOT:PSS and 6 legs of S-doped Ag2Se (sample B doping condition) on a PET substrate.

  photothermal coating absorbs the visible spectrum of non-concentrated sun illumination and converts the absorbed light into heat, generating a T  40 K between the hot and the cold end of the device. As a result, an open-circuit output voltage reaching  32 mV can be

Figure 11 .

 11 Figure 11. Different demonstrations applying the optimized flexible S-doped Ag2Se TEG to harvest near-RT low-grade heat. (a)-(c) The harvest of a laptop wasted heat (a), or nonconcentrated (simulated) 1-sun illumination (b), or human body (hand) (c). For the application in (b), a photothermal Au NP coating (which converts the sun illumination to heat) was applied onto the hot end of the TEG, while the cold end of the TEG was covered preventing direct sun-light-heating. The T achieved in (a), (b), and (c) was respectively from the temperature difference between the laptop (a), or the photothermal Au NP coating (b), or hand (c) and the cold end of the TEG kept under ambient conditions.(d) exhibits the infrared image confirming the T in (c). The measured temperature at the location of the green-cross (at the cold end of the device) is shown at the upper left corner of the image (25.4 °C). The red and blue cross represent respectively the highest and lowest temperature point of the image (measured value shown in the scale bar). (e)-(h) By harvesting the body heat, the TEG can be further applied to detect motion by connecting its output to two resistors in series,R1(fixed) = 1.19 M and Rf (a force-sensing variable resistor) which is attached to arm ((e) and (f), circuit shown in (g)). (h) The evolution of the voltage felt onto R1 over time when the arm was bent multiple times (corresponding voltage peaks labeled as "b").

  functional n-type flexible Ag2Se TE thin films deposited by solution-processes with a postdeposition heat-treatment temperature as low as 150 °C. Sulfur-doping strategies were investigated leading to an optimization on both the flexibility and the TE characteristics of the achieved TE thin films. The most optimized S-doped Ag2Se thin films exhibited a maximum PF of  2 mW m -1 K -2 at RT and maintained > 90% of their initial PF after 1000 cycles of bending. Flexible TEGs, capable to perform near-RT energy harvest, were then fabricated by applying these optimized S-doped Ag2Se thin films, allowing for a maximum power output Pmax of 3.98 µW and a maximum power density Pdensity of 11.06 W m -2 at T =  31 K near RT. Demonstrations were made to apply these flexible S-doped Ag2Se TEGs to harvest the low-grade heat from laptop computers, non-concentrated sun light, and human body together with the realization of a TEG-enabled self-powered human motion detector with a sensitivity of 6 mV/kg in terms of voltage readout per unit of force. The current functional and flexible S-doped Ag2Se TEGs, free of heavy-metal elements and achieved by room-temperature solution synthesis and scalable solution deposition methods, thus provide exciting perspectives for the ongoing development of wearable smart electronics and energy harvesting. orthorhombic β-Ag2Se, MoS2 nanosheet powders, and commercial indium-doped tin oxide (ITO) films, respectively. Under simulated 1-sun illumination, optimized hybrid photothermoelectric generators on polyethylene terephthalate (PET) substrates were achieved by visible-absorbing Au-NP-coated PEDOT:PSS/Ag2Se couples, capable to generate a voltage output of 34 mV and a maximum power output of  146 nW, which is drastically larger (by 13 folds) than that achieved on the control devices without NPs. Wearable photothermoelectric generators were further fabricated on polypropylene nonwoven fabrics, exhibiting a voltage output of 24 mV under natural sun light in air when worn on arm. This work highlights the strong potentials of the plasmonic photothermal NPs and their integrations into organic and hybrid TE devices for light harvesting without the need of complex light concentration techniques. The hybrid photo-thermoelectric generators achieved also offer bright perspectives for the developments of smart textiles capable of energy harvesting.Indeed, the photo-TEGs presented above exhibited only a modest the power output achieved ( 146 nW) under 1-sun illumination. A main cause of this remains on the far-from-ideal performance hybrid TEGs applied. In order to obtain further improvements, I devoted the last part of my PhD thesis on the research methods to obtain more performing flexible n-type TE materials. Here, a new room-temperature (RT) one-pot synthesis approach is presented, together with a sulfur-doping strategy, to optimize the flexibility and the power factor of ntype Ag2Se TE thin films deposited by solution-processes without the need of high temperature annealing nor hot-pressing. Sulfur-doping strategies were investigated leading to an optimization on both the flexibility and the TE characteristics of the achieved TE thin films.Optimized S-doped flexible Ag2Se thin films exhibited a maximum power factor (PF) of  2 mW m -1 K -2 at RT, which is more than 2-fold higher by comparison the results obtained in the previous part. They maintained > 90% of their initial PF after 1000 cycles of bending (with a bending radius of 6 mm). These optimized S-doped flexible Ag2Se thin films allow for the fabrication of flexible thermoelectric generators (TEGs) capable to produce a maximum power output (Pmax) of 3.98 µW and a maximum power density Pdensity of 11.06 W m -2 at near-RT environment with a T of 31 K. Demonstrations were made to apply these flexible Sdoped Ag2Se TEGs to harvest the low-grade heat from laptop computers, non-concentrated sun light, and human body together with the realization of a TEG-enabled self-powered human motion detector with a sensitivity of 6 mV/kg in terms of voltage readout per unit of force. The current functional and flexible S-doped Ag2Se TEGs, free of heavy-metal elements and achieved by room-temperature solution synthesis and scalable solution deposition methods, thus provide exciting perspectives for the ongoing development of wearable smart electronics and energy harvesting.

  

  

  

  

  

Table of notations Abbreviations

  

	PVA	Poly(vinyl alcohol)
	ITO	Indium-doped tin oxide
	Au NRs PS	Gold nanorods Polystyrene
	Ag NPs Sulfur-doped	Silver nanoparticles S-doped
	UV CuSe	Ultraviolet Copper selenide
	NIR CNTs	Near-infrared Carbon nanotubes
	SWIR PEDOT	Short-wave infrared Poly(3,4-ethylenedioxythiophene)
	UV-Vis-IR PEDOT:PSS	Ultraviolet-visible-infrared Poly(2,3-dihydrothieno-1,4-dioxin)-
	LSPR	Localized surface plasmon resonance poly(styrenesulfonate)
	SPR Ar	Surface plasmon resonance Argon
	AR Si	Aspect ratio Silicon
	AP PSCs	Absorbance peak Perovskite solar cells
	TE SEM	Thermoelectric Scanning Electron Microscope
	TEGs	Thermoelectric generators
	Photo-TEGs	Photo-thermoelectric generators
	RT	Room-temperature
	PET	Polyethylene terephthalate
	IOT	Internet-of-things
	CTAB	Hexadecyltrimethylammonium bromide
	CTAC	Hexadecyltrimethylammonium chloride
	HAuCl4	Gold (III) chloride
	NaBH4	Sodium borohydride
	AgNO3	Silver nitrate
	AA	Ascorbic acid
	HCl	Hydrochloric acid
	DI	Deionized water
	NaOL	Sodium oleate
	DMSO	Dimethyl sulfoxide
	EG	Ethylene glycol
	Ag2Se	Silver selenide
	Ag2S	Silver sulfide
	MoS2	Molybdenum disulfide
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Table 1 .

 1 The synthetic parameters of the different batches of CTAB-capped Au NPs used in this work. Error bars were calculated from 50 NPs measured by TEM. The aspect-ratios (ARs) are calculated by the NP average length over their average diameter. (L-LSPR = longitudinal localized surface plasmon resonance). L-LSPR maximum wavelength of Au NRs is extracted from the Absorbance spectrums of Au NRs in water, as shown in Figure 1.

	Sample	4 mM	Au	12.1 M	NaOL	NP average	NP average	Aspect-	L-LSPR
		AgNO3	seed	HCl	(g)	length (nm)	diameter (nm)	ratio	wavelength
		(mL)	(mL)	(mL)					maximum (nm)
	a	12	0.8	0	1.543	72.6  6.6	38.2  5.4	1.9	554
	b	12	0.05	1.5	1.543	98.4  11.5	43.7  5.8	2.3	652
	c	18	0.2	1.5	1.543 101.1  6.7	25.7  2.5	3.9	745
	d	36	0.2	2.1	1.234	103.1  9	22.2  1.9	4.7	943
	e	24	0.2	2.1	1.234	103.3  6.5	19.9  1.1	5.2	966
	f	24	0.4	2.1	1.234	81.7  5.7	14.1  1.6	5.8	1050
	g	24	0.8	4.2	1.234	86.1  7.7	12.8  1.8	6.7	1143
	h	24	0.8	4.2	0.925 132.3  16.9	17.5  2.0	7.6	1193
	i	24	0.8	5.0	0.925	92.2  11.4	8.7  1.1	10.5	1250

Table 2 .

 2 The synthetic parameters of the different batches of Ag NPs used in this work. Ag NPs' L-LSPR maximum is extracted from the Absorbance spectrums of Ag NPs in water, as shown in Figure 4.

	Sample AgNO3	Trisodium	NaBH4	L-LSPR
		(mM)	citrate	( mM)	wavelength
			(M)		maximum (nm)
	a	1	0.001	0.01	380
	b	1	0.01	0.01	380
	c	2	0.001	0.01	380
	d	2	0.01	0.01	382
	e	3	0.001	0.01	385
	f	3	0.01	0.01	385
	g	4	0.01	0.01	393

Table 1 .

 1 The synthetic parameters of the different batches of CTAB-capped Au NPs used in this work. Error bars were calculated from 50 NPs measured by TEM. The aspect-ratios (ARs) are calculated by the NP average length over their average diameter. (L-LSPR = longitudinal localized surface plasmon resonance).

	Sample	4 mM	Au seed	12.1 M	NaOL	NP average	NP average	Aspect-	L-LSPR
	batch no.	AgNO3	(mL)	HCl (mL)	(g)	length (nm)	diameter	ratio	peak (nm)
		(mL)					(nm)		
	a	18	0.2	1.5	1.543	101.1  6.7	25.7  2.5	3.9	745
	b	12	0.05	1.5	1.543	98.4  11.5	43.7  5.8	2.3	652
	c	12	0.8	0	1.543	72.6  6.6	38.2  5.4	1.9	554

Table 2 .

 2 The room-temperature electrical conductivity (𝜎), Seebeck coefficient (S), and power factor measured on the different materials investigated in this work.

	Material	PEDOT:PSS	Ag2Se	ITO	MoS2
	𝜎 (S cm -1 )	1107 ± 18	481 ± 30	1050 ± 0.5	11 ± 0.2
	S (µV K -1 )	19.8 ± 0.8	-129.2 ± 2.2 -14.6 ± 0.3	-32.3 ± 0.51
	Power factor	43.4	802.9	22.4	1.1
	(µW m -1 K -2 )				

Table 3 .

 3 The thickness of the Au NP layer achieved by different numbers of NP coating

	measured by Dektak profilometer. (N/A = not available due to incomplete layer coverage;
	error bars represent standard deviation).			
		1-coating	2-coating	3-coating	4-coating	5-coating
	Thickness	N/A	N/A	1.7  0.3	2.4  0.2	3.3  0.2
	(µm)					

Table 4 .

 4 Comparison of the photothermoelectric generator characteristics of previous and

	current works. (Note: V = Voltage; P = Power; PET = polyethylene terephthalate; N/A = not
	available; w. = with)					
	Device	Materials	Substrate	Output V	Output P	Fabricated	Reference
	structu					on textile	
	re					(wearable) ?	
	Uni-leg	Te-doped	PET	1.48 mV	N/A	N	He et al.
		PEDOT:PSS, w.		@ natural			Nano
		Polyurethane/MoS2		sunlight			Energy
		photothermal layer					(2018) 15
	Uni-leg PEDOT w. different	PET	0.54 -1.37	11-110 nW	N	Kim et al, J.
		conductivity and		mV (single	(single		Mater.
		crystallinity		module,	module, half-		Chem. A
				half-	covered)		(2019) 12
				covered)	@ 1-sun		
				@ 1-sun	illumination		
				illumination			
	p/n	Polypropylene-	Polypropy	0.677 mV	0.0636 nW	Y	Zhant et al.,

Table 1

 1 lists the different nominal compositions of the inks under study and the corresponding average compositions of the achieved TE thin films determined by EDX spectroscopy (coupled with SEM) from different spots of each sample. Despite the "additional" sulfur added into the doped inks, all TE thin films under study exhibited phase-

	pure orthorhombic -Ag2Se phase (JCPDS no. 00-024-1041) by XRD (Fig 1(a)), without the
	appearance of any diffraction peaks corresponding to sulfur, Ag2S, or Ag phase. It is likely
	that the amounts of these impurity phases, if existed in some of the samples, were too small to
	be identified in XRD experiemnts. The zoom-in view of the two strongest XRD peaks of
	these samples, corresponding to the (112) and (121) plane reflections of the -Ag2Se phase,
	revealed a slight peak shift towards higher angles upon S-doping (Fig. 1(b)). On sample D (i.e.

the strongest S-doping condition), by comparison to the un-doped sample, a maximum shift of ~ 0.04° in 2𝜃 towards higher angles could be observed corresponding to a ~ 0.1% shrinkage of lattice parameters due to S-doping. EDX coupled with SEM was applied to examine the
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Deposition of n-type Indium-doped tin oxide (ITO) legs. ITO-coated PET substrates were

obtained from Sigma Aldrich. 3M adhesive tapes were applied as a mask to cover certain area of the ITO-PET substrate in order to define multiple ITO strips (legs). On the un-covered area, the ITO layer was etched by diluted hydrochloric acid solution ( 3.4 wt%) and together with zinc powders, followed by DI-water rinsing and adhesive tape removal.

Synthesis & deposition for different undoped and S-doped Ag2Se thin films. Briefly, for undoped Ag2Se ink, 0.305 g (2.8 mmol) of Ag and 0.11 g (1.4 mmol) of Se powders were mixed in 0.4 mL toluene together with 0.025 g of polystyrene. For the S-doped inks, in addition to the above-mentioned materials and solvents, various amounts of sulfur powders (0.005 g, 0.01 g, 0.015 g, and 0.025 g, corresponding to 0.156 mmol, 0.312 mmol, 0.468 mmol, 0.780 mmol, respectively) were added in order to achieve different levels of S-doping in sample A, B, C, and D, respectively. This was followed by an addition of 50 µL of adhesive solution, which was pre-formulated by string 0.1 g of ethyl cellulose (10 cP), 0.1 g of ethyl cellulose (46 cP), 8 ml of -terpineol, and 0.5 ml of titanium isopropoxide together at RT until forming a homogenous solution. The final ink was then stirred for at least 72 hours at 1200 rpm at room temperature. To form undoped and s-doped Ag2Se legs on substrates, the final ink was printed by doctor blading through a screen mask onto the unmasked areas of the PET substrates followed by drying on a hotplate at 150 °C in air for 10 minutes prior to mask removal. Each thin film Ag2Se leg (to build the undermentioned TEGs) has a geometrical dimension of about 3 mm (width)  15 mm (length)  10 µm (thickness). P-type PEDOT:PSS thin film legs. 1.9 mL of aqueous PEDOT:PSS was first doped by adding 0.1 mL ethylene glycol corresponding to 5 vol% of doping according to previous reports. 1 The p-type PEDOT:PSS legs were fabricated by drop-casting the doped PEDOT:PSS solution through a screen mask onto the unmasked areas of a clean PET substrate to form multiple 1.5 cm by 0.3 cm PEDOT:PSS strips. These PEDOT:PSS strips were then dried on a hotplate at 130 °C for 15 minutes under ambient conditions before mask removal. These legs on PET were subsequently immersed in ethylene glycol for 120 minutes according to previous reports 1,2 to optimize the TE characteristics, followed by de-ionized (DI) water rinsing and drying at 120º C for 15 minutes on a hotplate.

P-type

CuSe thin film legs. Briefly, 0.41 g of CuSe powder was mixed in 0.5 mL toluene together with 0.025 g of polystyrene. This was followed by adding 50 µL of adhesive solution, which was pre-formulated by string 0.1 g of ethyl cellulose (10 cP), 0.1 g of ethyl cellulose solvent. Then we can use the TEM to study the composition, size, quality and morphology of the nanomaterials.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) analyzes the material's surface chemistry. The Physical principle of XPS is to irradiate the sample with X-rays and excite the internal electrons and valence electrons of the atoms, called photoelectrons. The essential reason for this is that although X-rays can penetrate very deeply into the sample, only a thin layer near the surface of the sample emits photoelectrons that can escape. XPS can be used for qualitative and semi-quantitative analyzes. In general, from the peak position and shape of the XPS spectrum, we can obtain information about the composition, chemical state, and molecular structure of the elements on the surface of the sample. Since only photoelectrons can escape from the surface within a few nanometers, the information reflects the state of a few nanometers thick layer on the surface of the material.

When a photon beam irradiates the surface of a sample, the photons can be absorbed by an electron in the atomic orbit of an element in the sample, releasing the electron from the nucleus and emitting it from inside the atom with a certain kinetic energy into a free photoelectron, while the atom itself becomes an excited ion. And the following energy equation rule applies:

Where ℎ𝑣 is the photon energy, 𝐸 𝐵 is the electron BE (binding energy with respect to the vacuum level) prior to ionization, and 𝐸 𝐾 is the kinetic energy of the photoelectron. From Eq. it is clear that for a given monochromatic excitation source and atomic orbital, the energy of the photoelectron is characteristic. When the energy of the excitation source is fixed, the energy of the photoelectron depends only on the type of element and the ionically excited atomic orbitals. Therefore, we can qualitatively analyze the elemental species of a substance based on the binding energy of the photoelectrons.

X-ray Diffraction (XRD)

XRD, which stands for X-ray diffraction, is a research method to obtain information about the composition, the morphology and structure of materials by analyzing the diffraction pattern of the material by X-ray diffraction. Energy conversion is generally divided into three parts. Diffraction occurs when the scattered X-rays have the same wavelength as the incident X-rays, i.e., when the difference in optical range between crystal planes is equal to an integer multiple of the wavelength. By comparing the diffraction pattern specific to each crystal substance with the standard diffraction pattern and using the principle of three strong peaks, the phases present in the sample can be identified. XRD diffractometers are widely used and are typically used to measure bulk materials such as powders, single crystals or polycrystals. They have the advantages of fast detection, simple operation and easy data processing.

The Bragg equation is the basic condition that needs to be satisfied for X-rays to diffract in crystals, and it reflects the relationship between diffraction line direction and crystal structure.

nλ = 2d sin θ

Where λ is the X-ray wavelength, d is the spacing of the crystal layers, θ is the incident angle (the angle between incident ray and the scatter plane), and n is the integer. When we use the X-rays to irradiate the sample, the X-rays scattered from each atom in the crystal interfere and strong X-ray diffraction lines are formed in certain directions. When X-rays irradiate the sample from different angles, diffraction occurs at different crystal faces, and the detector records the number of diffracted photons reflected from that crystal face to obtain a spectrogram of the relationship between angle and intensity.

The Sherrer formula describes the relationship between the grain size and the half-peak width of the diffraction peak. And the Scherrer equation can be written as:

Where λ is the wavelength of the X-ray, β is the line broadening at half the maximum intensity (FWHM) in radians, θ is the diffraction angle, and k is a dimensionless shape factor that usually is about 0.89, but varies with the actual shape of the crystallite; constant. The Sherrer formula describes the relationship between the grain size and the half-width of the diffraction peak, which is related to the grain size. The smaller the grain, the more diffuse and wider the diffraction line will be. Nevertheless, the voltage output (24 mV) measured on the current device when worn on arm and under natural sun illumination is significantly higher than previous reports on wearable photothermoelectric generators: For example, nanogenerators based on MoS2/PU photothermal film on PET substrates generated only a voltage output of 1.48 mV under outdoor sun light illumination. 15 Polypyrrole-enabled PEDOT:Tos-based photothermoelectric generators built on polypropylene nonwoven fabrics generated only 0.677 mV under natural sun light with device worn on arm. 5 There were also flexible and wearable TE devices based on p/n Sb2Te3/Bi2Te3 fabricated on silk 48 and uni-leg-type MoS2-CNTs fabricated on cotton. 17 But no sun light harvest has been reported on these devices built on silk or cotton.

Considering the on-going developments obtained on ultra-low power electronic circuits 49,50 and the possibility to combine wearable electronics with the micro-electromechanical system (MEMS) technology, 51,52 the current wearable photothermoelectric generators offer bright perspectives to harvest energy for multifunctional smart textiles. 

Conclusions

In summary, in this work, through a series of synthesis and optimizations, we successfully fabricated functional, wearable, and solution-processed flexible photothermoelectric 

Introduction

Facing the ever-rising energy demand worldwide, we urgently need to increase our energy production from renewable and sustainable sources. Among the different technologies to harvest renewable energy, thermoelectric (TE) generators represent a highly promising route capable to convert heat to electricity base on the Seebeck effect, [1][2][3] by which a voltage can be generated between the cold and hot ends of a thermoelectric material. In particular, there exist abundant ambient and near-room-temperature (near-RT) low-grade wasted heat sources, such as those from human body, household electronics, and sun illumination. At the arrival of internet-of-things (IOT) era, research to identify new routes to efficiently harvest near-RT heat sources into energy in an ideally flexible and wearable manner is of high importance to develop next-generation consumable electronics and to reduce our dependence on nonrenewable energy sources. 4,5 Under this context, much research effort have been focused recently on the quest of flexible, solution-processed and low-temperature-derived material alternatives for near-room temperature TE applications. 3,[6][7][8] So far, promising TE functionality has been observed on Ag2Te and  1 for Ag2Se) from previous reports. [23][24][25] The RT ZT of n-type Ag2Se has recently been further boosted to 1.2 by pulsed hybrid reactive magnetron sputtering. 27 In order to tailor both the TE characteristics and sample flexibility, the formation of alloys by doping S into bulk Ag2Se and Ag2Te was found to be a promising aproach. 10 In addition to S-doping, various other attempts have been made towards flexible Ag2X thin films, forms of which are required by most flexible TE generators (TEGs): For example, flexible Ag2X TE thin films have been reported by "top-down" methods involving conventional high-temperature synthesis (> 1000 °C) and a subsequent crushing or cutting of ingots together with hotpressing into flexible thin films. 10,11 By the technique of hot-pressing which typically requires a few MPa of pressure and a simultaneous heat-treatment, various "bottom-up" synthesized nano-and sub-micron size Ag2Se powers were integrated into flexible TE thin films. [12][13][14] Recently, without the use of any vacuum equipment, high-temperature annealing, nor hotpressing, Lemmer et al reported an one-pot solution-synthesis of Ag2Se ink formulated with the aid of a commercial additive. 29 The screen-printing of this ink generated flexible Ag2Se TE thin films, requiring a post-deposition temperature as low as 200 °C, with a maximum PF of 1.7 mW m -1 K -2 and ZT of 1.03 at 300 K. 29 composition of the TE thin films deposited by the different inks (Table 1, Fig. 3, and Table 2).

Results revealed that, even though the molar ratio between Ag and Se was kept as 2:1 in all inks under study, thin films deposited by the undoped ink were clearly Se-deficient or Agexcess (with an Ag/Se molar ratio slightly > 2:1). With a small amount addition of sulfur doping (e.g. sample A, Table 1), when averaged over five different spots of the same sample, the detected Ag/Se molar ratio of the sample, gets closer to 2:1 but with some sample spot still clearly Se-deficient or Ag-excess (e.g. two out of five sample spots still exhibiting a Ag/Se ratio > 2:1, Table 2). With a further increase of S-doping providing sufficient anions to react with all available Ag + cations, on sample B, C and D, all examined sample spots exhibit an Ag/Se ratio close 2:1 and in some cases ≤ 2:1 with the existence of sulfur excess as Sdoping increases. SEM revealed similar morphologies on doped thin films by comparison to undoped conditions (Fig. 1(d)-1(h)), with interconnected domains formed by multiple crystalline grains and a slight coarsening of these domains with the addition of S-doping.  Nominal compositions are derived from the molar ratio of the reactants added into the synthesis.

Table 2. The molar ratio between the different elements in the TE thin films under study determined by EDX spectroscopy from different sample spots (of the same sample) by which

an average molar ratio was obtained on each case and listed in the Table 1. X-ray photoelectron spectroscopy (XPS) was applied to examine the surface chemistry of the undoped and S-doped Ag2Se thin films (Fig. 4). For the undoped thin film, one can observe that the Se 3p core splits into doublet of Se 3p3/2 and Se 3p1/2 at binding energies of ∼160.6

eV and ∼166.1 eV, respectively (Fig. 4(a)), together with the identification of Ag 3d5/2 at ∼368.7 eV and Ag 3d3/2 at ∼374.8 eV (Fig. 4(d)). The binding energies and the shapes of these Se 3p and Ag 3d peaks are consistent with Se 2-and Ag + in a Ag2Se lattice. [34][35][36] Upon Sdoping, a clear peak-shape modification can be observed at the binding energies corresponding to doublet of Se 3p3/2 and Se 3p1/2 (Fig. 4(c)), with fittings revealing contribution from S 0 2p (163.9 eV), as well as S 2p3/2 (∼161.8 eV) and S 2p1/2 (∼162.9 eV), suggesting a co-existence of S 0 and Ag2S. 35,37 This corroborates with the formation of peak shoulders on the Ag 3d5/2 and Ag 3d3/2 peaks upon S-doping (Fig. 4(e)) due to the slightly lower binding energies of the Ag 3d peaks in Ag2S by comparison to those in Ag2Se. 38 previous reports, where the TE properties of Ag2+xSe are found to be very sensitive to the molar ratio between Ag and Se and the situation of Se-deficiency was found to be disadvantageous to both conductivity and Seebeck coefficient. 27,29 On the optimized sample temperature applications, such as Bi2Te3 or Sb2Te3, are already commercially available in many areas. However, bismuth is a toxic heavy metal element while tellurium is also toxic.

Their compounds are thus not suitable for indoor or wearable applications. In addition, these bulk TE materials are heavy and rigid, non-adaptable to wearable electronic or large-scale low-cost fabrication. In this part of my thesis, I thus aim to develop new thermoelectric material candidates with mechanical flexibility, solution-processability, and high TE performance, without complex or high-temperature synthesis requirements. Here, a series of solution-processed and flexible organic-inorganic hybrid photo-thermoelectric generators (photo-TEGs) are fabricated, applying the strong photothermal effect of colloidal plasmonic nanoparticles on optimized p/n-type TE modules based on the coupling PEDOT:PSS and with different n-type materials. The n-type materials investigated here, possible to be deposited onto flexible PET substrates and requiring no or only mild heat treatments after deposition are approach, enabling new applications in areas such as wearable electronics, sports, health and wellness.