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Résumé en Français Introduction

Le bouleversement climatique principalement causé par l'effet de serre dû à la consommation de combustibles fossiles ainsi que le potentiel épuisement de ces derniers mettent l'humanité au défi de passer à des ressources énergétiques alternatives. À cet égard, les dispositifs thermoélectriques qui utilisent la chaleur résiduelle comme source d'énergie peuvent constituer une alternative durable pour la production d'énergie dans certaines applications. Ces dispositifs utilisent des matériaux thermoélectriques, susceptibles de générer de l'électricité à partir d'un gradient de température ou de fonctionner comme un refroidisseur Peltier en générant un gradient de température lorsqu'une tension leur est appliquée. De plus, la structure des modules thermoélectriques, sans pièces mobiles, leur confère une longue durée de vie sans entretien majeur. Malgré ces avantages des, les rendements de production d'énergie des matériaux thermoélectriques sont assez faibles et les plus performants sont composés de métaux et de terres rares. C'est pourquoi, à l'heure actuelle, ils sont principalement appliqués dans les domaines où le rapport coût-efficacité n'est pas une préoccupation (99%), comme les missions militaires et spatiales. Pour stimuler son application de masse, de nombreuses recherches sont menées pour concevoir des matériaux thermoélectriques avec une meilleure efficacité ou pouvant être produits par des procédés adaptable à grande échelle, moins énergivores et économiquement viables.

Les thermoélectriques à basse température ont un potentiel particulier en raison de l'absence d'autres systèmes de collecte d'énergie à faible gradient de température et de l'abondance de la chaleur résiduelle à basse température, comme la chaleur corporelle ou celle des moteurs de voiture. Depuis sa découverte, le tellurure de bismuth Bi2Te3 et ses dérivés restent les matériaux thermoélectriques les plus performants dans cette gamme de température.

Au cours des deux dernières décennies, ses propriétés thermoélectriques ont été considérablement améliorées grâce à diverses méthodes. L'une de ces méthodes est la nanostructuration, en particulier depuis que Hicks a postulé la morphologie nanostructurée du Bi2Te3 devrait diminuer la conductivité thermique du matériau, tandis que la faible dimension des nanoparticules devrait induire un effet de confinement quantique qui améliore les propriétés de transport électrique du matériau. En combinaison, ces deux effets conduisent à l'amélioration des performances thermoélectriques du matériau. Cependant, l'incorporation de ces nanostructures dans un matériau continu est un autre processus difficile et très consommateur d'énergie. Le frittage de nanoparticules dans une masse continue peut entraîner une structure poreuse qui diminue le potentiel thermoélectrique des nanostructures. De plus, les techniques de frittage les plus efficaces, comme le pressage à chaud et le frittage par plasma, nécessitent une énergie élevée et sont donc coûteuses.

Une façon de surmonter ces inconvénients est d'introduire des propriétés thermoélectriques dans des matériaux dont la mise en oeuvre nécessite moins d'énergie. Grâce à ce projet de recherche, nous voulons explorer les possibilités de fabriquer des matériaux composites basés sur une matrice thermodurcissable dans laquelle un réseau conducteur thermoélectrique composé de charges thermoélectriques percolées peut être incorporé. Afin d'abaisser le seuil de percolation et d'augmenter la conductivité du réseau, il est préférable d'utiliser des particules fortement anisotropes. C'est pourquoi le premier objectif de cette thèse de recherche a été de développer des méthodes faciles et facilement développables à grande échelle pour préparer des nanoparticules de Bi2Te3 avec une morphologie nanotubulaire.

Ensuite, ce projet vise à explorer les méthodes de préparation de composites hybrides polymères avec un réseau percolant de charges Bi2Te3.

Cette thèse est présentée en trois chapitres. Le premier chapitre est une revue de la littérature dont le but est de présenter le contexte du sujet de la thèse en général. Le chapitre 2 décrit les méthodes développées pour la synthèse des nanoparticules de Bi2Te3 et discute de l'effet des conditions de synthèse sur la morphologie des particules et les performances thermoélectriques des matériaux. Le chapitre 3 décrit les tentatives de préparation de composites polymères hybrides par différentes méthodes utilisant le Bi2Te3 synthétisé comme charge, suivies de la caractérisation thermoélectrique des composites hybrides. v

Résultats expérimentaux et discussion

Conformément aux objectifs de la thèse, le chapitre 2 décrit les différentes méthodologies développées pour la synthèse à reflux assistée par le 1-DDT des nanoparticules de Bi2Te3 qui ont permis d'augmenter la teneur en nanotubes dans le produit de 30% à 100% .

Toutes les méthodologies suivent deux mécanismes distincts : l'enroulement et la diffusion à vi Lors de nos premières tentatives pour augmenter la teneur en nanotubes des nanoparticules de tellurure de bismuth synthétisées selon la méthode décrite dans le schéma-1, nous avons remarqué que le Bi-DDT pouvait également réagir avec les nanoparticules de Te0, par un processus de diffusion connu sous le nom d'effet Kirkendall à l'échelle nanométrique.

Au cours de ces synthèses, la morphologie du composé final est régie par la morphologie de Te0. Pour obtenir des particules tubulaires de Bi2Te3, il est important d'avoir comme support sacrificiel des particules de Te0 en forme de bâtonnets allongés. Les méthodes permettant d'obtenir de meilleurs supports de Te sont donc discutées. Les réactions dont les protocoles suivent n'ont pas été effectuées dans un réacteur de 2 L comme précédemment rapporté, mais dans des flacons à fond rond conventionnels plus petits afin de faciliter le travail de traitement post réactionnel.

Les bâtonnets de Te sont obtenus par précipitation des ions Te 2-, qui ont été obtenus comme dans la première étape de la synthèse de Bi2Te3 précédemment décrite. La réduction en milieu basique s'accompagne visuellement d'une effervescence et d'un changement d'aspect du mélange réactionnel qui passe d'une suspension à une solution pourpre foncé, puis à une solution claire pourpre pâle. L'effervescence suggère qu'une hydrolyse partielle du NaBH4 a également lieu et conduit à la formation d'hydrogène. Après réduction complète du Te, il est reprécipité en permettant à l'oxygène de l'air d'accéder au mélange réactionnel. Après la précipitation complète de Te, qui s'observe visuellement par la formation d'une suspension grisnoir dans une solution transparente claire, celle-ci est filtrée et lavée à plusieurs reprises par de l'eau, de l'EtOH et de l'acétone, puis séchée. Cette procédure standard a été réalisée plusieurs fois, en modifiant à chaque fois un seul paramètre, afin d'évaluer l'effet des conditions modifiées sur la qualité des bâtonnets de Te. Les paramètres modifiés sont l'intensité de l'agitation, le temps d'accès à l'oxygène, le mode d'application de l'oxygène et l'ajout de surfactant. Des nanoparticules de Te avec 50% de nanobarres ont été obtenues sous agitation, tandis que 80% de nanobarres de Te ont été obtenus lorsque l'oxygène est introduit par injection directe dans la solution. Des bâtonnets à 100% de Te avec un rapport d'aspect élevé ont été obtenus lorsque le surfactant supplémentaire SDBS a été appliqué avant l'oxygène. vii Schéma-2. Procédure générale de synthèse de Bi2Te3 via un mécanisme de diffusion sur des gabarits synthétisés in-situ En appliquant différentes conditions de précipitation de Te, des nanoparticules de Bi2Te3 ont ensuite été synthétisées via une procédure de modélisation in situ décrite dans le schéma-2. Ce processus permet également d'obtenir du Bi2Te3 rhomboédrique à phase pure avec le groupe spatial R-3m (figure-2) par diffusion Kirkendall à l'échelle nanométrique.

Comme il s'agit d'une formation de nanotubes assistée par unsupport sacrificiel, la teneur en nanotubes dans les particules dépend de la quantité de nanorods de Te dans le modèle. Ainsi, en fonction des conditions de recristallisation du Te, des échantillons de Bi2Te3 avec 50%, 80% x Conclusion L'objectif principal de la présente thèse était de développer des méthodes pour synthétiser des nanoparticules de Bi2Te3 avec une morphologie tubulaire pour une application thermoélectrique. En conséquence, la méthode de synthèse à reflux assistée par le 1-DDT, qui permet d'obtenir des nanoparticules de Bi2Te3 avec différentes teneurs en nanotubes en modifiant légèrement les conditions de réaction, a été établie. Lorsque l'on laisse les précurseurs réagir à l'état ionique, les nanotubes se forment par un mécanisme d'enroulement, qui implique la formation de feuilles et leur enroulement ultérieur en tubes. Dans de telles conditions, la réaction donne du Bi2Te3 rhomboédrique monophasé avec une teneur en nanotubes de 30 %.

Lorsque la réaction est effectuée selon un mécanisme de diffusion de Kirkendall à l'échelle nanométrique, des nanoparticules deBi2Te3 avec une teneur en nanotubes allant de 50 % à 100 sont obtenus. Ainsi, l'oxydation du Te à partir de son état réduit en solution conduit à sa recristallisation dans une morphologie différente et régit la morphologie des particules finales de Bi2Te3, car le Te précipité joue le rôle d'un support sacrificiel. Par conséquent, l'effet des conditions de recristallisation sur la morphologie du Te précipité a été étudié de manière approfondie. L'étude montre que la morphologie du Te est fortement affectée par le tensioactif et le mode d'introduction de l'oxydant. Les barres de Te de meilleure qualité sont obtenues à des taux élevés d'apport d'oxydant et en présence de surfactant. L'originalité de la méthode de synthèse à reflux assistée par le 1-DDT développée est la douceur des conditions de réaction. Toutes les nanoparticules de Bi2Te3 sont obtenues à 70°C sous reflux et l'eau est utilisée comme solvant principal. La réaction est facilement adaptable à plus grande échelle. Malgré la différence dans les mécanismes, cette méthode produit toujours une phase Bi2Te3 pure avec un arrangement rhomboédrique des atomes dans le réseau cristallin selon les spectres XRD. La caractérisation thermoélectrique des échantillons sélectionnés démontre des coefficients Seebeck de type n compétitifs autour de 180 μV/K après frittage.

Bien qu'une certaine amélioration de la réduction de la conductivité thermique ait été obtenue, d'autres améliorations sont nécessaires pour concurrencer les matériaux de pointe. L'aspect principal qui limite la performance thermoélectrique des échantillons testés est la faible conductivité électrique. Pourtant, compte tenu de l'absence de dopage extrinsèque et des conditions de réaction relativement douces, le ZT de 0,49 est une valeur compétitive. L'optimisation des conditions de frittage et l'utilisation de nanotubes de meilleure qualité devraient permettre d'augmenter cette valeur. xi Enfin, les méthodes d'élaboration des nanoparticules obtenues dans un composite hybride polymère ont été explorées. Parmi les méthodes étudiées, seule la méthode d'infusion permet d'obtenir un nanocomposite avec un réseau de charges percolant, qui confère des propriétés thermoélectriques au matériau. La spécificité du processus de préparation en trois étapes permet d'aligner la majorité des nanotubes de Bi2Te3 dans une direction plane. L'inclusion de la matrice polymère isolante conduit comme prévu à des matériaux ayant une conductivité thermique inférieure à celle du Bi2Te3 pur. Cependant, cette diminution n'est pas suffisante pour compenser la baisse de la conductivité électrique et du coefficient Seebeck, ainsi, le composite a un ZTmax (apparent) beaucoup plus bas de 0,025. Pourtant, il s'agit du premier exemple de composite hybride massif de Bi2Te3 avec une matrice polymère isolante et ses performances thermoélectriques sont comparables à celles de son analogue en couche mince, même si les tubes de la meilleure qualité n'ont pas été utilisés.

Les résultats obtenus sont intéressants à plusieurs égards. Premièrement, la méthode de synthèse assistée par le 1-DDT développée montre la possibilité d'obtenir des nanoparticules de Bi2Te3 dans des conditions de réaction relativement douces, contrairement aux méthodes similaires rapportées. Elle montre également comment le contenu morphologique peut être réglé en modifiant les paramètres de la réaction. L'obtention de nanoparticules de Bi2Te3 avec différentes teneurs en nanotubes a permis de mettre en évidence que pour améliorer les propriétés thermoélectriques d'un matériau par nanostructuration, ce n'est pas seulement la taille des particules qui compte, mais aussi leur morphologie. Ainsi, après frittage l'échantillon de Bi2Te3 avec une teneur plus élevée en nanotubes présente clairement de meilleures performances thermoélectriques par rapport aux échantillons contenant plus de nanoparticules.

Troisièmement, l'adoption de la préparation du composite par la méthode d'infusion, qui est habituellement utilisée pour les charges de NTC, démontre la possibilité d'appliquer le processus à des charges plus rigides avec un rapport d'aspect plus faible.

Les travaux futurs du projet devraient commencer par une caractérisation plus approfondie des nanotubes Bi2Te3 de meilleure qualité qui ont été obtenus à la toute fin de ce projet de recherche. Les travaux pourraient également porter sur l'étude de la dépendance de la taille des domaines cristallins et du rapport d'aspect des tubes aux conditions de réaction. Plus précisément, il s'agit d'étudier si la taille du domaine cristallin du modèle de Te est en corrélation avec la taille du cristal de Bi2Te3 résultant et, si c'est le cas, d'explorer des méthodes pour ajuster la taille du cristal de Te dans le but de gouverner la taille du cristal de Bi2Te3 résultant. Le contrôle précis de la concentration en tensioactifs et du rapport xii tensioactifs/précurseurs pourrait permettre d'adapter la morphologie des tubes. L'optimisation des conditions de frittage de ces particules à haut rapport d'aspect permettrait d'établir des relations entre le rapport d'aspect des nanotubes et les propriétés thermoélectriques des échantillons frittés. À terme, l'utilisation de ces nanotubes de Bi2Te3 de qualité supérieure pour élaborer des mats dans lesquels les résines thermodurcissables seront plus facilement infusées pourrait contribuer à accroître les propriétés thermoélectriques globales de cette nouvelle catégorie de composites polymères conducteurs.
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General introduction

Alerting state of the climate change mainly caused by greenhouse effect from fossil fuel consumption and the depletion potential of the last are challenging humanity to switch to alternative energy resources. In this regard, thermoelectric devices which utilize waste heat as an energy source can be a sustainable alternative for energy generation in certain applications.

Principles of thermoelectric devices based on thermoelectrical material, which can generate electricity from temperature gradient (heat source) and also can function as Peltier cooler by generating temperature gradient when voltage is applied. Additionally, solid structure of thermoelectric modules without moving parts is expected to provide long lifespan without major maintenance. Despite these advantages of thermoelectrical modules energy generation efficiencies of the known thermoelectric materials are quite low and the best performing ones are composed of rare earth metals. Therefore, currently they are mainly applied in the fields where the cost efficiency is not a concern (99%), as military and space missions. To boost its mass application, many researches are conducted to design thermoelectrical materials with better energy generation efficiency, using both rare and abandoned elements, along with designing economically feasible facile mass production method.

Low temperature thermoelectrics have special potential due to the absence of alternative energy harvesting systems at low temperature gradients and abundance of the low temperature waste heat as body heat or car engines heat. Since its discovery Bi2Te3 and its derivatives remain the best thermoelectrical material with intrinsically high thermoelectrics properties owing to its special structure. Over the last 2 decades its thermoelectric properties were vastly improved using various methods. One of such methods is nano-structuring, especially since Hicks postulated that Bi2Te3 quantum well can have ZT as high as 14. Nanostructured morphology of Bi2Te3 is expected to decrease the thermal conductivity of the material, while thin dimension of nanoparticles is expected to induce quantum confinement effect which improves the electrical transport properties of the material. In combination, both effects lead to improvement the thermoelectrical performance of the material. However, incorporation of these nanostructures into continuous material is another challenging and high energy consuming process. Sintering of nanoparticles into continuous bulk can result in porous structure which decreases the thermoelectric potential of the nanostructures. Additionally, most effective sintering techniques as hot pressing and spark plasma sintering require high energy, therefore expensive.

One way to overcome these drawbacks is to introduce thermoelectric properties in materials whose processing requires less energy. Through this research project we want to explore possibilities to process composite materials based on an easily processable thermoset matrix in which a thermoelectric conductive network made of percolated thermoelectric fillers can be incorporated. In order to lower the percolation threshold and to increase the conductivity of the network, use of highly anisotropic particles is preferable. This explain why the first goal of this research thesis has been to develop scalable and facile methods to prepares Bi2Te3 nanoparticles with nanotubular morphology. Then, this project aims to explore methods to prepare polymer hybrid composites with percolating Bi2Te3 filler network. This thesis is reported in three chapters. First chapter is a literature review with the aim to provide a background to the thesis topic in general and into specific topics within it. Chapter 2 describes the developed methods of Bi2Te3 nanoparticles synthesis and discusses the effect of the synthesis conditions on the morphology of the particles and thermoelectrical performance of the materials. Chapter 3 describes attempts to prepare hybrid polymer composites via different methods using synthesised Bi2Te3 as a filler, followed by thermoelectrical characterization of the hybrid composites.

Chapter I -Literature review I Introduction

The idea of converting waste heat into electricity by thermoelectric materials is appealing. This led to intensive research in searching the best thermoelectric material. Yet, low conversion efficiency of available thermoelectric materials made the research in the field to broaden by searching different categories of materials. Current state of the thermoelectric material search is thus broad and difficult to systemise, yet with clear aims. This literature review aims at giving context to the thesis research topic. It begins by introduction of thermoelectricity concept and its development history, followed by presentation of state-of-the-art bulk inorganic thermoelectric materials. The main methods developed to improve the thermoelectric properties and widen their fields of applications are discussed with a particular focus on recently developed solution-based bottom-up methods of Bi2Te3 nanoparticles. Since their easy processability is interesting for room temperature applications, organic and hybrid composite thermoelectric materials have also been recently investigated and will be presented in a last paragraph with a focus on the more relevant types of composites such as organic-inorganic hybrids. The last sub-chapter is presented by dissecting individual examples in the relevant topic to allow the reader to understand the broadness of the field.

I.1 Concept and history of thermoelectricity

I.1.1 Discovery of thermoelectric effect

Thermoelectricity is a conversion of temperature difference into electric voltage or viceversa through a thermocouple, which is made of two thermoelectrical materials (TM). The thermoelectric effect was first discovered by T. J. Seebeck in 1821 when he noticed that a voltage difference is formed in a circuit made by attaching the ends of two dissimilar metal wires when these wires were kept at different temperatures 1,2 . A decade later J. Peltier noticed that the application of a voltage to a thermocouple produces slight heating or cooling depending on the direction of the current. Those two phenomena were later known as Seebeck and Peltier effect correspondingly. However, the interdependency between Seebeck and Peltier effects was 

𝛱 𝑎𝑏 = 𝛼 𝑎𝑏 𝑇 (2)
Later, as a result of empirical evaluation of different materials, semiconductors found to be more efficient in thermoelectrical application. Highest power output was obtained when two dissimilar materials where replaced one by semiconductor with positive electrical conduction and the second with negative conduction. In semiconductors with positive electrical conduction holes play the role of charge carrier responsible for electrical conduction and materials demonstrates positive Seebeck coefficient. Contrarily, electrons act as charge carriers in the semiconductors with negative electrical conduction and material shows negative Seebeck coefficient. This understanding set the model for the thermoelectric power generator and cooler and materials applied started to be considered in such pairs. The next discovery which had a weighted contribution to the development of the field was made in 1909 by E. Altenkirch 4 . He mathematically derived a relationship between physical properties of thermoelectric materials and the efficiency of a thermoelectric generator which included electrical and thermal conductivities along with other parameters and coefficients. In 1949 A. F. Ioffe integrated the parameters from Altenkirch derivation into the Z parameter, later known as the figure of merit, in order to evaluate the efficiency of a TM pair [START_REF] Polozine | History of Development of Thermoelectric Materials for Electric Power Generation and Criteria of Their Quality[END_REF] :

𝑍 = 𝛼 2 (𝛼 𝑝 -𝛼 𝑛 ) 2 [(𝜆 𝑝 𝜌 𝑝 ) 1 2 +(𝜆 𝑛 𝜌 𝑛 ) 1 2]
(3) where αelectromotive force (currently known as a Seebeck coefficient and often expressed as S), ρelectric resistivity, λthermal conductivity, subscripts p and n stand for the materials with positive and negative electrical conduction. Higher the Z, better the performance of TM pair.

In selection of TM materials for TM pair, it is more reasonable to optimize and zT. Thus, reported zT for the materials is the maximum value measured at the optimal temperature.

𝑧𝑇 = 𝛼 2 𝜎 𝜆 𝑇 (5) 
The nominator of the equation ( 5) is known as a power factor (PF) and often used to evaluate the TMs along with zT, especially when measuring thermal conductivity of the material is difficult as in the case of thin films:

𝑃𝐹 = 𝛼 2 𝜎 (6) 
From the equation ( 6) it is clear that to obtain high zT material should have PF (↑α 2 σ) and small thermal conductivity (λ) at a given temperature. Combination of these requirements is tricky to realize, because all three parameters are interrelated as we will explain later on.

To simplify further the comparison between thermoelectric materials, three categories have been defined depending on the temperature range of maximum zT (also stated as application temperature): Low temperature (below 453K), intermediate temperature and high temperature thermoelectric materials (>900K). It is only reasonable to compare zTs of materials belonging to the same category.

Derivation of these equations which allow to evaluate the performance of single materials and recognition of semiconductors and doped semiconductors as suitable materials for TE application in early 1950s 5 fuelled the development of the field for the next two decades until 1970 when started a second stagnation period 1 . Nevertheless, the field of TE materials vastly advanced since the 1990s driven by environmental concerns (both related for current refrigeration systems impact and the need for alternative energy sources) and new discoveries as a size related effect (quantum confinement effect by Hicks [START_REF] Hicks | Effect of Quantum-Well Structures on the Thermoelectric Figure of Merit[END_REF] ), microstructure [START_REF] Hicks | Thermoelectric Figure of Merit of a One-Dimensional Conductor[END_REF] effect and band gap engineering [START_REF] Pei | Band Engineering of Thermoelectric Materials[END_REF] which opened wide opportunities to optimize the material properties. These methods and related developments will be discussed in the following chapters as current and ongoing methods of optimizing the performance of existing TMs and creating new ones.

Two kinds of device use the phenomenon of thermoelectricity: thermoelectric generators (TEG) which generate electricity from heat source and thermoelectric coolers (TEC) which produce temperature gradient in the thermoelectric module upon application of current, thus used as cooler [START_REF] Twaha | A Comprehensive Review of Thermoelectric Technology: Materials, Applications, Modelling and Performance Improvement[END_REF][START_REF] Jouhara | Thermoelectric Generator (TEG) Technologies and Applications[END_REF] -2c). Each thermocouple pair produces electrical potential upon application of heat difference and total electromotive force of the device is generated by summing up these potentials. Consequently, the higher the number of the thermocouple pairs in the circuit the higher the performance of the device. Whereas the dimensionless figure of merit allows to compare the intrinsic performance of thermoelectric materials, the efficiency of materials or devices (TEG or TEC) also needs to be calculated and compared with other available electricity generators and coolers in order to evaluate the viability for commercial application. The efficiency of TMs is calculated using the following equation [START_REF] Jouhara | Thermoelectric Generator (TEG) Technologies and Applications[END_REF][START_REF] Andrei | Thermoelectricity in the Context of Renewable Energy Sources: Joining Forces Instead of Competing[END_REF] :

𝜂 = (1+𝑧𝑇 𝑚 ) 0.5 -1 (1+𝑧𝑇 𝑚 ) 0.5 + 𝑇 𝑐 𝑇 𝐻 * 𝑇 𝐻 -𝑇 𝐶 𝑇 𝐻 (7) 
where THtemperature of heat source; TCtemperature of heat sink;

𝑇 𝑚 = 𝑇 𝐻 +𝑇 𝐶 2
The efficiency of current thermoelectric materials ranges mainly from 5% to 15%. [START_REF] Polozine | History of Development of Thermoelectric Materials for Electric Power Generation and Criteria of Their Quality[END_REF][START_REF] Champier | Thermoelectric Generators: A Review of Applications[END_REF] The same equation is used to estimate the TEG efficiency only by replacing the figure of merit of single material by figure of merit of the device (Z). Despite the intriguing concept of thermoelectricity, efficiency of current TEGs remains lower than most other power generation systems (vapor compression, photovoltaics (27%)) [START_REF] Alam | A Review on the Enhancement of Figure of Merit from Bulk to Nano-Thermoelectric Materials[END_REF] . Therefore, their main application niche remains to be military and space engineering (>90%) [START_REF] Zevros | Thermoelectric Generators: A $750 Million market by[END_REF] where the cost of produced energy is not a concern. One of the famous applications of TEG is in space missions. For example, the Perseverance rover send to explore Mars is powered by TEG based on PbTe. Yet, it does not utilize waste heat, but the heat is supplied by decay of a radioactive element. Other industrial applications of thermoelectric modules take only few percent of the market and mainly thermoelectric coolers.

The highest zT of current TMs reached values around 2.5 (PbTe 15 and SnSe [START_REF] Chang | 3D Charge and 2D Phonon Transports Leading to High Out-of-Plane ZT in n-Type SnSe Crystals[END_REF] ). Physical laws do not prohibit the increase of either zT or material and device efficiencies. Therefore, the search for better performing TM continues intensively. Low temperature (near room temperature) materials are of particular interest since at small temperature differences (5°C) they can surpass the efficiency of other power generator systems when ZT is around 1 [START_REF] Alam | A Review on the Enhancement of Figure of Merit from Bulk to Nano-Thermoelectric Materials[END_REF] .

Nevertheless, the progress made in understanding the influence of the materials structure on their performance and the possibilities opened by technology for tailoring and monitoring this structure pushed the field further. These novel methods to "tailor controlling" the TM performance, which is current state of the art for the last decades, are discussed in the following chapter. Bismuth chalcogenides (Te, Se, Sb) remain to be the best performing TMs for room temperature application for decades [START_REF] Hegde | A Review on Doped/Composite Bismuth Chalcogenide Compounds for Thermoelectric Device Applications: Various Synthesis Techniques and Challenges[END_REF] . Their remarkable performance is rationalized by their layered structure which provides intrinsic low thermal conductivity. Possibility to tune the conduction type (n or p) by slight changes of the composition makes bismuth chalcogenides excellent TM for commercial application. They are based on Bi2Te3 structure in which either Bismuth or Tellurium are partly replaced by respectively Antimony or Selenium (called dopants) to tune the thermoelectric properties. Thus, BixSb2-xTe3 is an excellent p-type semiconductor with a zT around 1.8 around 300K [START_REF] Kim | Dense Dislocation Arrays Embedded in Grain Boundaries for High-Performance Bulk Thermoelectrics[END_REF][START_REF] Liu | High Thermoelectric Figure-of-Merit in p-Type Nanostructured (Bi,Sb)2Te3 Fabricated Viahydrothermal Synthesis and Evacuated-and-Encapsulated Sintering[END_REF][START_REF] Fan | P-Type Bi0.4Sb1.6Te3 Nanocomposites with Enhanced Figure of Merit[END_REF] , while a n-type representative of the class can be Bi2Te3-xSex with zT values close to 1 [START_REF] Yan | Experimental Studies on Anisotropic Thermoelectric Properties and Structures of N-Type Bi2Te2.7Se0.3[END_REF] . Excellent solubility of dopants in the structure [START_REF] Tan | Rationally Designing High-Performance Bulk Thermoelectric Materials[END_REF] allows to enhance further the intrinsically high zT values of the bismuth chalcogenides by different structuring techniques, thus the research in optimization of their TE characteristics is ongoing as will be discussed later in this chapter.

I.1.2 State-of-the-art Bulk TMs

Chalcogenides of lead, notably PbTe is the best-known TM widely applied in space exploration missions (often called superstar of TE field) [START_REF] Sharma | Revisiting the Thermoelectric Properties of Lead Telluride[END_REF] . PbTe structures with zT as high as 2.5 [START_REF] Fu | Enhanced Thermoelectric Performance of PbTe Bulk Materials with Figure of Merit ZT >2 by Multi-Functional Alloying[END_REF] [START_REF] Fu | Realizing High Figure of Merit in Heavy-Band p-Type Half-Heusler Thermoelectric Materials[END_REF] . Nevertheless, they are widely investigated due to their stability at high temperature and consequent potential as high temperature TM [START_REF] Quinn | Advances in Half-Heusler Alloys for Thermoelectric Power Generation[END_REF] . Such potential is rationalized by the fact that they meet most of the requirements for commercial application such as easy matching of n and p counterparts, relative abundance and low cost, high mechanical properties and thermal stability. Half-Heusler alloys have F 3m (216) cubic space group [START_REF] Graf | Simple Rules for the Understanding of Heusler Compounds[END_REF] which provides high power factor, however low zT values arise from high thermal conductivity. The last can be decreased by different structure tailoring techniques.

Clathrates (inorganic) structurally differ from other TMs classes. They consist of two substructuresa rattling guest in a clathrate framework which are specially separated [START_REF] Shevelkov | Thermoelectric Power Generation by Clathrates[END_REF] .

Covalent bonding in the clathrate framework provides high electrical conductivity to the material, while the rattling guest atom inside the oversized framework, which acts as a cage, scatter the phonons, thus low thermal conductivities are obtained. High zT values as 1.45 at 500 K was reported for Ba8Ga16Sn30 clathrate [START_REF] Saiga | Thermoelectric Properties of Type-VIII Clathrate Ba8Ga16Sn30 Doped with Cu[END_REF] . This value is lower than the zT of Bi chalcogenides for near room temperature application, but structural tailoring (phonon engineering) promises great enhancement of this value by further decreasing the lattice thermal conductivities of clathrates.

Skutterudites have a complex crystal structure with the unit cell consisting of 8 cubes [START_REF] Rull-Bravo | Skutterudites as Thermoelectric Materials: Revisited[END_REF] (made of transition metals and denoted as T in the structure below). (adapted from reference [START_REF] Shi | Advanced Thermoelectric Design: From Materials and Structures to Devices[END_REF] ) and show great enhancement for most of them for the last several years.

I.2 Enhancement of thermoelectric performance of materials/device

As mentioned earlier thermoelectric performance of the material and thermocouple is evaluated by its dimensionless figure of merit:

𝑧𝑇 = 𝛼 2 𝜎 𝜆 𝑇 (6) 
According to the equation ( 6) t to obtain a high zT, a material should have a high

Seebeck coefficient (α), high electrical conductivity (σ) and a small thermal conductivity (λ) at a given temperature. However, the combination of these requirements is tricky to realize, because all three parameters are interrelated. The increase of one leads to unfavourable increase or decrease of the others: exp., conventional increase of electrical conductivity leads to decrease of the Seebeck coefficient and increase of the thermal conductivity.

The values of α, σ and λ are interrelated through the carrier concentration n, which in turn depends on the level of doping. To adjust the level of doping to its optimal value, the influence of n on each parameter should be understood. With certain assumptions (the semiconductor is degenerate, band dispersion is parabolic, dopant does not affect the band structure significantly, some of were proven to be not true, but the equation remained to be applicable 1 ), the Seebeck coefficient can be expressed as [START_REF] Cutler | Electronic Transport in Semimetallic Cerium Sulfide[END_REF] :

𝛼 = 8𝜋 2 𝑘 𝐵 2 3𝑒ℎ 2 𝑚 * 𝑇 ( 𝜋 3𝑛 ) 2/3 (8) 
kB -Boltzmann constant; h -Plank constant; eelectron charge, m* -density of states effective mass. Inverse proportionality between α and n in equation ( 9) allows to conclude that the Seebeck coefficient will drop when increasing the carrier concentration. Meanwhile, the electric conductivity is directly proportional to the carrier concentration, thus a high concentration of carrier leads to an increase of the σ (μcarrier mobility):

𝜎 = 𝑛𝑒𝜇 (9) 
To understand the influence of the carrier concentration on thermal conductivities, the last should be divided into its constituents: electronic thermal conductivity -κele and lattice thermal conductivities -κlat ensured by phonons:

𝜅 = 𝜅 𝑒𝑙𝑒 + 𝜅 𝑙𝑎𝑡 (10) 
The influence of n on lattice thermal conductivity of the material is negligible, therefore it is considered as single parameter and not affected by it. This independence opens a possibility to decrease the overall thermal conductivity by favouring phonon scattering without distorting the other properties. Nevertheless, electronic thermal conductivity directly depends on electric conductivity and subsequently on carrier concentration via Wiedemann-Franz equation (L -Lorenz factor): to identify the most suitable carrier concentration for the best performance of a thermoelectric material (maximum ZT). Such trends should be identified for each system individually, but for most of the semiconductors the optimized carrier concentration lies between 10 19 and 10 20 cm - 3 . [START_REF] Snyder | Complex Thermoelectric Materials[END_REF] Considering the influence of each parameter defining the ZT and their inter-dependency, different strategies have been established to improve the thermoelectric properties of semiconductors and they are briefly presented hereafter.

𝜅 𝑒𝑙𝑒 = 𝐿𝜎𝑇 = 𝐿𝑛𝑒𝜇𝑇 (11) 

I.2.1 Doping Strategies

Doping is the most established method to enhance the thermoelectric performance of semiconductors. Generally, it is a process of inclusion of elements into the structure of semiconductor to optimize its carrier concentration. Nevertheless, this theoretical optimal n (Figure-1.4a black line) which results in the best ZT at a given temperature (Figure a.4b and c, black lines) is not constant and increases with temperature according to the power law of T 1.5 .

For conventional doping methods the n does not vary with temperature (Figure-1.4a, green line). As a consequence, at low temperatures the n is higher than its optimal value and lower at high temperatures and only at one temperature the optimal n and correspondingly maximum ZT is reached (point A in Figure-1.4a).

In order to obtain values, close to the optimal n at different temperatures, the strategy of graded doping has been developed. These thermoelectric materials are made of several segments (two or more) with different levels of doping [START_REF] Tan | Rationally Designing High-Performance Bulk Thermoelectric Materials[END_REF][START_REF] Pei | Stabilizing the Optimal Carrier Concentration for High Thermoelectric Efficiency[END_REF] . The performance of graded TM is compared with performances of its low and high doped segments on Figure 1.4b. Grated doping, allows indeed to approach the ZT curve at optimal n (black line) in contrast with its segments and conventional doping (Figure-1.4c, green curve). Such graded doping have been realized [START_REF] Dashevsky | Thermoelectric Efficiency in Graded Indium-Doped PbTe Crystals[END_REF] , however, due to the diffusion, after number of cycles materials performance drops vastly.

An alternative approach to maintain optimal n when the temperature varies is to apply T-dependant doping [START_REF] Tan | Rationally Designing High-Performance Bulk Thermoelectric Materials[END_REF][START_REF] Pei | Stabilizing the Optimal Carrier Concentration for High Thermoelectric Efficiency[END_REF] . It relies on using certain dopants which have T-dependant solubility in the host material. This method indeed allows to reach values ( 

I.2.2 Electronic tailoring

When the maximum achievable zT is already reached by the most optimal n, the next strategy to increase further the zT is to tailor the electronic structure [START_REF] Tan | Rationally Designing High-Performance Bulk Thermoelectric Materials[END_REF] . Electronic structure tailoring is also reached by doping, but with assumptions that doping does not influence the electronic and phonon structure significantly (scattering), but only affects the chemical potential [START_REF] Pei | Band Engineering of Thermoelectric Materials[END_REF] . In such case the zT depends only on atomic and electronic structure of the materials and it is determined by the dimensionless thermoelectric quality factor [START_REF] Wang | Weak Electron-Phonon Coupling Contributing to High Thermoelectric Performance in n-Type PbSe[END_REF] :

𝐵 = ( 𝑘 𝐵 𝑒 ) 2 2𝑒(𝑘 𝐵 𝑇) 3/2 (2𝜋) 3/2 ℏ 3 𝑁 𝑉 𝜇 0 𝑚 𝑏 * 3/2 𝜅 𝐿 𝑇 (12) 
where NV -band degeneracy; μ0mobility of nondegenerate limit; mb*carrier effective mass.

The dependence of zT on B factor is expressed with a more complex equation which apart from B factor contains more complex parameters which is out of the scope of this literature review, but in short, higher zT is obtained at higher B factor values. Increase of B factor so far have been realised by two main methods, which are increasing number of degenerate valleys (NV) or carrier effective mass mb*. Both methods rely on careful selection of dopant and doping level, which leads to favourable distortion of the crystal structure and bands.

NV highly depends on the symmetry of crystal structure: higher the symmetry higher the NV. Thus, in order to increase the NV the symmetry of the crystal structure should be increased.

This was demonstrated by Zhang et al. [START_REF] Zhang | High-Performance Pseudocubic Thermoelectric Materials from Non-Cubic Chalcopyrite Compounds[END_REF] by distorting non-cubic tetragonal structure of two chalcopyrites by mixing them and creating total pseudo-cubic structure. This allowed to obtain an overall higher zT.

A second way to increase the NV is to converge different bands. Such approach was successfully realized on SnTe, which is considered as environmentally friendly substitution of PbTe. Pure SnTe is poor TM because its Σ valence band is unavailable for charge transport due to high energy gap of ΔΕL-Σ=0.35eV [START_REF] Rogers | Valence Band Structure of SnTe[END_REF] between L and Σ valence bands. In general case the NV of the Σ valence band is higher than the NV of the L band, and converging the bands by decreasing ΔΕL-Σ allows to achieve an effective NV which is usually higher than the NV of the Σ valence band. Doping of SnTe with Mn, allowed indeed to achieve such an effect which resulted in tremendous improvement of the Seebeck coefficient and PF of Sn1-xMnxTe. [START_REF] Tan | Valence Band Modification and High Thermoelectric Performance in SnTe Heavily Alloyed with MnTe[END_REF] This finding is notable, because earlier inefficient material showed TE properties comparable with the state-of-the-art materials (PbTe). Therefore, this method is considered as promising to tune the poor TMs into good ones.

The increase of carrier effective mass mb*can be achieved by band flattening effects [START_REF] Tan | Rationally Designing High-Performance Bulk Thermoelectric Materials[END_REF] .

The last in turn achieved by doping the structure with atoms which have strongly localized orbitals. Such substitution decreases the overlap of orbitals and leads to an increase of mb* (mainly increases the Seebeck coefficient). However, the increase of mb* leads to a decrease of the carrier mobility (μ), thus to the decrease of the electrical conductivity (equation 12). This adverse effect can be overcome only at high levels of doping; therefore, band flattening is considered to be effective only at high levels of doping. Solid example of band flattening effect is substitution if Sr in SrTiO3 by La. [START_REF] Ohta | High-Temperature Carrier Transport and Thermoelectric Properties of Heavily La-or Nb-Doped SrTiO3 Single Crystals[END_REF] Another way to increase the mb* is by the introduction of resonance level. [START_REF] Heremans | Resonant Levels in Bulk Thermoelectric Semiconductors[END_REF] This is done by the introduction of a small amount of impurities-dopant. With proper selection of the dopant, their electron couples with valence or conduction band electrons of the main semiconductor.

This gives rise to an additional density of states at resonant energy and increases the mb*. This improvement only takes place at low temperature, as at high temperature the resonance level effect diminishes.

Electronic tailoring methods require in depth understanding the effect of structure on each component of the TE properties of TM. The main challenge is to distinguish the improvement of zT arising from targeted effect from the additional effects likes phonon scattering raised from crystal structure distortion and etc. Nevertheless, some methods of electronic tailoring are promising, especially when the possible maximum zT is reached by increasing the carrier concentration adjustment.

I.2.3 Reduction of Lattice Thermal Conductivity

The concept of "Phonon glass, electron crystal" (PGEC) material asserts the design of the structure which allows low thermal conductivity as in the glass (by restraining the thermal lattice thermal conduction via phonon scattering) and electrical conductivity as in the semiconductors [START_REF] Beekman | Better Thermoelectrics through Glass-like Crystals[END_REF] . This concept was introduced nearly 3 decades ago by Glen Slack and remains to be leading concept to design the best performing TMs. As a part of this concept, great deal This approach is proven to be more effective than the previous. Another way to create point defects is to introduce vacancies in the structure (Figure-1.5c), either on dopants or host atoms positions. Such vacancies are observed in partially filled skutterudites [START_REF] Meisner | Structure and Lattice Thermal Conductivity of Fractionally Filled Skutterudites: Solid Solutions of Fully Filled and Unfilled End Members[END_REF] and clathrates [START_REF] May | Influence of Band Structure on the Large Thermoelectric Performance of Lanthanum Telluride[END_REF] (due to void cages).

In order to scatter the phonon with higher wavelengths nanoscale and mesoscale defects should be introduced into the structure. Defects up to 100 nm (usually several tens) are considered as nanoscale defects. They must be homogeneously distributed in the structure in order to obtain efficient phonon scattering. The most reliable method to reach such distribution is by second phase precipitation ("in-situ") which produces bulk crystals with nanosized second phase impurities. It can be achieved when the impurity and the host are completely miscible in the molten state, but do not form solid solutions. When this criterion is met, the molten mixture of the two components is cooled down rapidly which results in a fine distribution of nanoscale defects in the bulk crystal which effectively scatters the phonons of corresponding sizes, and thus increases the zT of the material. Bi2Te3 with nanosized Cu or Zn inclusions [START_REF] Wang | Metal Nanoparticle Decorated N-Type Bi$\less$sub$\greater$2$\less$/Sub$\greater$Te$\less$sub$\greater$3$\less$/Sub$\greater $-Based Materials with Enhanced Thermoelectric Performances[END_REF] can be considered as a good example of such improvements of zT among many others.

Phonons with the highest wavelength range can be effectively scattered by mesoscale defects. In deference with all the above methods, introduction of mesoscale defects is not realised by doping with a second phase or atoms, but by breaking down bulk crystals into mesoscale grains and assembling them into a polycrystalline bulk material. Typical range considered as mesoscale is from 100 nm up to 3-5 μm. The high wavelength phonons are scattered by grain boundaries. The common methods to assemble the grains into continuous bulk are hot pressing and spark plasma sintering. One of the first examples which proved of the effectiveness of the concept is SiGe [START_REF] Rowe | Phonon Scattering at Grain Boundaries in Heavily Doped Fine-Grained Silicon-Germanium Alloys[END_REF] . Alloys of SiGe consisting of grains less than 5 μm showed 20% reduction of thermal conductivity in comparison with single crystal sample.

Mesoscale structuring can be obtained by two main routes: top-down or bottom-up [START_REF] Tan | Rationally Designing High-Performance Bulk Thermoelectric Materials[END_REF][START_REF] Snyder | Complex Thermoelectric Materials[END_REF] .

Top-down preparation is realised by breaking down big coarse crystals (sometimes single) into fine powders of required particle sizes. Common top-down methods are mechanical grinding, ball milling, spattering [START_REF] Baig | Nanomaterials: A Review of Synthesis Methods, Properties, Recent Progress, and Challenges[END_REF] among which ball-milling is being widely used for TMs due to is cost effectiveness. In bottom-up approach particles are grown into required sizes from molecular precursors. Common bottom-up methods are chemical vapour deposition, hydrothermal, solvothermal, aqueous synthesis, or electrochemical deposition. In some cases, bottom-up synthesis produces polycrystalline mesoscale particles, with nanosized crystal domains.

Utilization of such particles promises to scatter phonons in both meso and nanoscales.

Nevertheless, defects introduced to scatter phonons can also scatter electrons, resulting in the decrease of the electronic conductivity thus TE properties of TM. Thus, to have a net positive impact the phonon scattering efficiency should be much greater than the adverse effect of electron scattering.

I.2.4 Quantum confinement

The tremendous influence of mesoscale structuring on the reduction of lattice thermal conductivity raised interest in low-dimensional materials synthesis such as nanoparticles. This interest was later fuelled by the introduction of quantum confinement effect in quantum-wells by Hicks and Dresselhaus at the beginning of 1990s [START_REF] Hicks | Effect of Quantum-Well Structures on the Thermoelectric Figure of Merit[END_REF] , which suggests the improvement of PF of materials in thin nanoscale structures.

Quantum confinement effect in thin quantum wells raised interest in application of superlattices thin films as TMs [START_REF] Chen | Thermoelectric Thin Films: Promising Strategies and Related Mechanism on Boosting Energy Conversion Performance[END_REF] . Superlattices are layered structures consisting of alternating layers of two materials with different conductivities. The layer with higher conductivity acts the role of conduction layer while the second layer acts as a barrier. The thickness of layers required to be sufficiently thin to ensure transfer of charge carriers in 2D quantum-well. It enhances the electronic properties of the material and low thickness of films provides low thermal conductivity to the material. Nevertheless, integration of thin films into devices comes with costs as difficulties to attach. Another direction developed with introduction of quantum confinement effect is to synthesize nano and mesoscale 2D materials as nanorods and nanowires and also 3D nanotubes which can transfer charge carrier through its thin confined wall. These low dimensional materials can be integrated either into a superlattice or into a bulk.

Improvement of thermoelectrical properties of semiconductors by the last two mentioned techniquesreduction of lattice thermal conductivity and induction of quantum confinement effect requires preparation of nanoscale materials. The next sub-chapter, in this regard, discusses synthesis methods of Bi2Te3 nanoparticles.

I.3 Bismuth Telluride nanoparticles synthesis

Since the great influence of phonon scattering at grain boundaries on the reduction of thermal conductivity and possibility to increase the power factor by quantum confinement effect were discovered, the interest in low dimensional materials increased tremendously. To give a context to the experimental section of the thesis, in the current section of literature review common techniques to prepare low dimensional TMs will be discussed in the example of Bi2Te3 nanoparticles. Since the discovery of applicability of semiconductors as effective TM, Bi2Te3 was and remains to be intrinsically high performing TM for room temperature applications, not only in TEG, but also in TEC and topological insulators [START_REF] Hosokawa | Growth of Single-Crystalline Bi2Te3 Hexagonal Nanoplates with and without Single Nanopores during Temperature-Controlled Solvothermal Synthesis[END_REF] . Excellent performance of Bi2Te3 relies on its highly anisotropic rhombohedral tetradymite-type crystal structure with R-3m space group and layered arrangement of atoms [START_REF] Hosokawa | Growth of Single-Crystalline Bi2Te3 Hexagonal Nanoplates with and without Single Nanopores during Temperature-Controlled Solvothermal Synthesis[END_REF][START_REF] Teweldebrhan | Exfoliation and Characterization of Bismuth Telluride Atomic Quintuples and Quasi-Two-Dimensional Crystals[END_REF] . The unit cell of Bi2Te3 is formed by the stacking of three The principal physical methods are (co-) evaporation methods [START_REF] Goncalves | Optimization of Thermoelectric Properties on Bi2Te3 Thin Films Deposited by Thermal Co-Evaporation[END_REF][START_REF] Zou | Growth of P-and n-Type Bismuth Telluride Thin Films by Co-Evaporation[END_REF][START_REF] Takashiri | Thermoelectric Properties of N-Type Nanocrystalline Bismuth-Telluride-Based Thin Films Deposited by Flash Evaporation[END_REF] , sputtering methods [START_REF] Marinho | Thermoelectric Properties of BiSbTe Alloy Nanofilms Produced by DC Sputtering: Experiments and Modeling[END_REF][START_REF] Takashiri | Use of H2-Ar Gas Mixtures in Radio-Frequency Magnetron Sputtering to Produce High-Performance Nanocrystalline Bismuth Telluride Thin Films[END_REF][START_REF] Zhou | Thermoelectric Properties of Pb-Doped Bismuth Telluride Thin Films Deposited by Magnetron Sputtering[END_REF] , and pulsed laser deposition [START_REF] Le | Thermoelectric Properties of Nanostructured Bismuth-Telluride Thin Films Grown Using Pulsed Laser Deposition[END_REF] . The main drawback of these methods is once again the lack of the control over the morphology of particles, but also a relatively high cost and a difficulty for big scale production. Yet, physical methods are effective to prepare nanostructured thin films.

The main chemical methods are aqueous solution synthesis, hydrothermal synthesis, solvothermal synthesis, electrochemical deposition, galvanic displacement, and chemical vapor deposition. Among these chemical methods electrochemical and chemical vapor deposition (CVD) should be discussed together and separate from others. Both methods are generally applied to prepare thin films on a substrate and mainly result in nanostructured thin films.

Nevertheless, fine nanowires can also be obtained by electrodeposition under proper selection of substrate and deposition conditions. [START_REF] Manzano | Electrodeposition of V-VI Nanowires and Their Thermoelectric Properties[END_REF][START_REF] Rostek | A Review of Electroplating for V-VI Thermoelectric Films: From Synthesis to Device Integration[END_REF] Most often used substrates to prepare nanowires are polycarbonate and anodic aluminium oxide which define the morphology of the wires. [START_REF] Manzano | Electrodeposition of V-VI Nanowires and Their Thermoelectric Properties[END_REF] Structural properties of wires, such as density and composition, are defined by the deposition conditions. Most common solution used for the electrodeposition of Bi2Te3 is a solution of Bi 3+

and TeO 2+ in nitric acid. Freestanding nanowires can be obtained after selective removal of the substrate. Reported diameters of the nanowires synthesized by electrodeposition mainly varies from 15 nm [START_REF] Martín | High-Aspect-Ratio and Highly Ordered 15-Nm Porous Alumina Templates[END_REF][START_REF] Picht | Tuning the Geometrical and Crystallographic Characteristics of Bi2Te3 Nanowires by Electrodeposition in Ion-Track Membranes[END_REF] to 70 nm [START_REF] Li | Pulsed Electrodeposition of Bi2Te3 and Bi2Te3/Te Nanowire Arrays from a DMSO Solution[END_REF] and few with diameters exceeding 200 nm [START_REF] Sapp | Template Synthesis of Bismuth Telluride Nanowires[END_REF] . CVD reported to produce mainly grained and porous continuous films 70,71 on different substrates, but also size controllable nanoplates [START_REF] Benjamin | Controlling the Nanostructure of Bismuth Telluride by Selective Chemical Vapour Deposition from a Single Source Precursor[END_REF] and mixture of nanoplates with nanowires [START_REF] Schönherr | Perfect Quintuple Layer Bi2Te3 Nanowires: Growth and Thermoelectric Properties[END_REF][START_REF] Andzane | Catalyst-Free Vapour-Solid Technique for Deposition of Bi2Te3 and Bi2Se3 Nanowires/Nanobelts with Topological Insulator Properties[END_REF] . Yet, synthesis of morphologically pure nanowires by CVD was not reported.

Another notable method to prepare Bi2Te3 nanostructures is galvanic displacement.

Upon careful selection of the displacement conditions and sacrificial template, this method promises to obtain any targeted morphology in terms of shape and size [START_REF] Jung | Programmable Synthesis of Shape-, Structure-, and Composition-Modulated One-Dimensional Heterostructures by Galvanic Displacement Reaction[END_REF] . However, so far only 1D structures of Bi2Te3 particles such as nanowires [START_REF] Liu | Fabrication of DNA-Templated Te and Bi2Te3 Nanowires by Galvanic Displacement[END_REF] , nanotubes [START_REF] Xiao | Synthesis of Bi2Te3 Nanotubes by Galvanic Displacement[END_REF] and composite belts [START_REF] Jung | Programmable Synthesis of Shape-, Structure-, and Composition-Modulated One-Dimensional Heterostructures by Galvanic Displacement Reaction[END_REF] prepared by galvanic displacement were reported. Common templates are Ni, Cu and Co wires.

Electrochemical reaction takes place in the acidic (nitric acid) solution/dispersion of Bi 3+ and HTeO2 + (or TeO2 + ) precursors and templates.

The rest of the above listed chemical synthesis methods can be assembled into one categoryso called wet chemical synthesis methods, because the synthesis takes place in a solution phase and follows few common reaction mechanisms. Those methods are hydrothermal, solvothermal, aqueous solution (sometimes referred to as aqueous reflux) and polyol synthesis methods. Also, few examples of Bi2Te3 nanoparticles synthesis in different solvents under reflux or just elevated temperature (no pressure) were reported. [START_REF] Scheele | Synthesis and Thermoelectric Characterization of Bi 2 Te 3 Nanoparticles[END_REF] The main advantages of these methods are the possibility to obtain a wide range of morphologies (both shape and size) as rods, tubes, platelets, belts, flower-like, hexagonal sheets and the scalability of the process.

The most common reaction mechanism in a wet chemical synthesis is a redox reaction [START_REF] Wei | Review of Current High-ZT Thermoelectric Materials[END_REF][START_REF] Akshay | Surfactant-Induced Structural Phase Transitions and Enhanced Room Temperature Thermoelectric Performance in n-Type Bi2Te3 Nanostructures Synthesized via Chemical Route[END_REF] and can be summarized as following: This step, along with composition of the final product, defines its morphology.

Morphology is governed by once again reaction conditions (method, temperature, concentration and etc.) and surfactant. Certain cases of such diffusion resulted in rods were also reported. The purification step proceeds exactly as in the redox reaction mechanism.

Solvothermal synthesis method is used to produce nanoparticles at high pressure and high temperatures above the boiling point of the solvent. When the solvent is water, the method is distinguished as hydrothermal synthesis. This distinction could be explain by high number of reports published in hydrothermal synthesis in comparison with cases when other solvents than water are used (9 times higher) [START_REF] Nunes | 2 -Synthesis, Design, and Morphology of Metal Oxide Nanostructures[END_REF] . Reaction takes place in a sealed autoclave container which can vary in size as desired. High temperature and pressure facilitate the solubility of reactive species, while change of solvent properties (such as decrease of dielectric moment at high temperature) changes the equilibrium of the reaction towards precipitation of Bi2Te3. Aqueous reflux synthesis, both for nanoparticles in general and for nanosized Bi2Te3 is considered as green, cheap and easily scalable production method. As the name states, reaction takes place in water under reflux conditions. The drawback of this method is relatively long reaction duration required to obtained desired morphology and composition [START_REF] Aditha | Aqueous Based Reflux Method for Green Synthesis of Nanostructures: Application in CZTS Synthesis[END_REF] . In polyol synthesis nanoparticles are formed from the suspension of precursors in high-boiling polyols such as glycols [START_REF] Dong | Polyol Synthesis of Nanoparticles: Status and Options Regarding Metals, Oxides, Chalcogenides, and Non-Metal Elements[END_REF] . The most common polyols used in the synthesis of Bi2Te3 nanoparticles are ethylene glycol and triethylene glycol. The main advantages of polyol synthesis is multifunctionality of the solvent as it can act as reductant and surfactant along with being a solvent [START_REF] Bensebaa | Chapter 2 -Wet Production Methods[END_REF] . Nevertheless, additional reducing agents and surfactants can be introduced to the reaction medium. 

Method Reported morphology

Hydrothermal Nanorods [START_REF] Yu | Preparation and Thermoelectric Properties of Inhomogeneous Bismuth Telluride Alloyed Nanorods[END_REF][START_REF] Zhao | A Facile Two-Step Hydrothermal Route for the Synthesis of Low-Dimensional Structured Bi2Te3 Nanocrystals with Various Morphologies[END_REF][START_REF] Mi | Biomolecule-Assisted Hydrothermal Synthesis and Self-Assembly of Bi2Te3 Nanostring-Cluster Hierarchical Structure[END_REF] , hexagonal plates [START_REF] Xu | Hydrothermal Synthesis of Single-Crystalline Bi2Te3 Nanoplates[END_REF][START_REF] Fu | Bi2Te3 Nanoplates and Nanoflowers: Synthesized by Hydrothermal Process and Their Enhanced Thermoelectric Properties[END_REF] , nano-flowers [START_REF] Zhao | A Facile Two-Step Hydrothermal Route for the Synthesis of Low-Dimensional Structured Bi2Te3 Nanocrystals with Various Morphologies[END_REF][START_REF] Fu | Bi2Te3 Nanoplates and Nanoflowers: Synthesized by Hydrothermal Process and Their Enhanced Thermoelectric Properties[END_REF] , nanotubes [START_REF] Zhu | Synthesis of Highly Crystalline Bi2Te3 Nanotubes and Their Enhanced Thermoelectric Properties[END_REF][START_REF] Wang | Synthesis and Characterization of Bi2Te3 Nanotubes by a Hydrothermal Method[END_REF] Solvothermal Nanowires [START_REF] Zhao | Effect of Solvent on the Microstructures of Nanostructured Bi2Te3 Prepared by Solvothermal Synthesis[END_REF] , nanotubes [START_REF] Kim | Solvothermal Synthesis of Bi2Te3 Nanotubes by the Interdiffusion of Bi and Te Metals[END_REF] , hexagonal plates [START_REF] Wada | Fabrication of Bismuth Telluride Nanoplates via Solvothermal Synthesis Using Different Alkalis and Nanoplate Thin Films by Printing Method[END_REF][START_REF] Xu | Fabrication and Characterization of Bi2Te3 Nanoplates via a Simple Solvothermal Process[END_REF] , nanoflowers [START_REF] Jin | Growth Mechanism and Thermoelectric Property of Flower-like Bi2Te3[END_REF] Polyol Nanowires Thoroughly review every publication of Bi2Te3 nanoparticles synthesis is difficult, as when it comes to targeting to specific morphology, the field expands from only TMs to general nanomaterials science. However, to provide understanding to the process, one specific example of Bi2Te3 nanoparticles synthesis for each wet chemical method are discussed below. 

I.4 Organic and composite TMs

Current climate change crisis and geopolitical situation resulting in fossil fuel supply crisis makes recovery of waste heat to produce energy critically important. Nearly 50% of waste heat is generated at temperatures below 150°C 105 which requires low temperature TMs. Among the state-of-the-art inorganic TMs only Bi2Te3 and its derivatives show reasonable efficiency (ZT around 1) at low temperature for actual application, but high production cost and nonflexibility restrict their mass application. Considering above said and advances made in the last decades in conducting organic materials, interest raised in the last years in developing organic thermoelectric materials (OTM) due to combination of properties such as natural abundance, low cost, non-toxicity, light-weight, flexibility, scalable and non-expensive large surface production 106-108 . These properties of OTMs in combination with their operating range which is below 200°C, make them good candidates for near room temperature mass application.

Nevertheless, ZT of organic materials is often several magnitudes lower than their inorganic counters due to their intrinsic low electrical conductivities. The main methods to improve the ZT of OTMs and related challenges will be discussed in this chapter.

I.4.1 Organic Thermoelectrical materials

TE performance of OTM is characterized by its ZT (equation ( 6)) as for inorganic TMs.

However, in contrast, OTMs have intrinsically low thermal conductivities, therefore enhancement of their ZT is mainly focused on improving its power factor (PF). 106 The most apparent method to improve the PF of OTMs is to increase the electrical conductivity by increasing the carrier concentration via doping. 106-109 Most of the OTMs have low electrical conductivities and attempts to increase it by heavily doping usually leads to lowing of Seebeck coefficient, as increase of carrier concentration adversely affect the Seebeck coefficient.

Conduction and doping mechanisms of organic materials differ from the traditional inorganic semiconducting materials. Here, conduction mechanism of organics TMs is explained in the perspective of conjugated polymers because they are the most studied class of organic materials and have established transport mechanisms, then a few examples will be described.

I.4.1.a Conduction mechanisms in organic thermoelectric materials

The vast majority of Organic thermoelectric materials (OTMs) are based on the use of conjugated polymers. In conjugated polymers the delocalization of electrons caused by conjugation of double bonds (π-orbitals) between carbon atoms extends across the polymer chains. However, in pristine conjugated polymers all the orbitals involved in conjugation are occupied and electrons mobility is low. This results in a low electrical conductivity (10 -3 -10 -8 S/cm) which does not suit for practical applications. As a result, higher doping levels lead to higher electrical conductivities and record conductivities were recorded for heavily doped polymers. 108 Inverse effect of high carrier mobilities caused by increase of carrier concentration on Seebeck coefficient remains in organics systems as for inorganic systems. However, understanding the correlation between Seebeck coefficient and carrier concentration is more complicated in organics due to the weakly ordered morphology of the last. Although the introduction of dopant introduces additional charge carrier, it also introduces additional disorder which might reduce carrier mobility. The extent of this newly introduced disorder depends on the dopant morphology and size, thus its influence on Seebeck coefficient and PF is complex. Nevertheless, a compromise should be reached between positive effect on electrical conductivity and negative effect on Seebeck coefficient while selecting the doping level and type.

Organic (semi-)conductors have low order in contrast with crystalline inorganic ones.

Existing ordered domains have relatively low extent. Thus, charge carriers might scatter while passing from one ordered domain to another, which decreases the electrical conductivity of the material. The higher the order the higher the charge carrier mobility and electrical conductivity.

Thus, the morphology of polymers has an impact on its PF. 108 One method to enhance the TE The main classes of OTMs are briefly presented in the next paragraphs.

I.4.1.b Thermoelectric properties of organic materials

Conjugated polymers are the main organic materials considered for semiconductor application, including TEs. 112 The first conjugated polymer studied for TEs was transpolyacetylene doped with iodine and oriented by stretching which demonstrated electrical conductivity of 10 000 S/cm at 28% of doping. 113 Nevertheless, due to oxidative instability, it did not find broad application.

The most studied of all conjugated polymer is PEDOT:PSS. Originally being designed as antistatic polishing finish, PEDOT itself is highly conducting (300 S/cm) and very stable at oxidized states, but rigid and insoluble, which makes it difficult to process. 114 The latter problem was solved by using the poly(styrene sulfonic acid) as charge balancing dopant (in the step of polymerization). This approach resulted in a water soluble PEDOT:PSS polyelectrolyte system which is easy to process, has relatively high conductivity and stability. In this system positively charged PEDOT chains is linked to the negatively charges PSS chains by Columbic attraction. As a result of PSS doping, the TE properties of PEDOT:PSS system drops significantly in comparison with pristine PEDOT. 115 Therefore, number of approaches were tried to improve the power factor of the system. Except aforementioned general methods of improving the power factor of conjugated polymers, methods such as secondary doping and dedoping were also applied, being effective at certain conditions. Furthermore, control of the PEDOT morphology and molecular weight found to have certain influence on TE properties of the polymer. Record high electrical conductivity of 4600 S/cm was reported for the PEDOT:PSS aligned by shearing during the film deposition. 116 Highest ZT value was reported to be 0.42 at electrical conductivity of around 900 S/cm for DMSO annealed PEDOT:PSS films. 117 Other famous conjugated polymers are doped polypyroles, polyanilines and polythiophenes. All these well studied TE conjugated polymers are p-type semiconductors. This is because n-type π -conjugated polymer generally have low ionization energy, therefore these polymers have high oxidation rate which results in instability in application conditions like humidity. 118 Therefore, the progress in n-type OTMs lags behind the p-type OTMs.

A few developments have also been achieved with Metal-Organic coordination polymers. These consist in the association of a metal ion and organic ligand where the last also carries the role of linker. Despite the achievements highlighted above in improving the thermoelectrical properties of OTMs, they still remain to be relatively difficult to process and expensive to produce. Additionally, n-type OTMs are highly unstable for environmental conditions. These reasons hinder the application of OTMs and leads the research of optimal thermoelectrical material towards alternatives as hybrid inorganic/organic composites.

I.4.1.c Hybrid thermoelectric materials

Preparation of hybrid organic-inorganic composite TMs can be considered as another method of improving the TE characteristic of organic TMs 105,120,121 . In an ideal scenario, a hybrid composite should possess positive features of OTMs such as processability, flexibility and low thermal conductivity in combination with high power factor of inorganic TMs. It is also facile method to prepare air stable organic based flexible TMs with n-type conductivity. 118 Additionally, several hybrids combinations were reported to nearly decouple the advert correlation between electrical conductivity and Seebeck coefficient. In a conventional case, in order to benefit from the processability and flexibility, polymers are chosen as a matrix. Depending on the arrangement of the filler the matrix can be either conducting or isolating. In the case of the last, the filler must form percolated network 123 in the matrix to provide electrical conductivity to the composite, thus the minimum amount of the filler should be equal or higher than the percolation threshold. The advantages of isolating polymers over conjugated ones is low cost, even easier processability and better stability of the structure. However, such hybrids usually show very low electrical conductivity and consequently several order of magnitude lower PF and ZT. While when using conducting matrix, the filler is not required to percolate, thus depending on the optimized feature (σ, α or κ) amount and arrangement of the filler can be varied. Small organic molecules and metal organic coordination polymers are not well studied themselves as OTMs, thus their application in hybrids is even smaller.

Fillers used in hybrid composite can be divided into three main categories 120 : metal nanoparticles, carbon derivatives or inorganic thermoelectric nanoparticles. Since transport mechanisms of charge carriers, phonons and other species is not firmly established for OTMs itself, thus discussion TE properties of hybrid composites is even more difficult. Thus, most of the achievements in the field are obtained by empirical research. Due to the wide variety of both matrices and fillers, complicated by strong effect of processing conditions the comparison of the obtained results can be difficult. In addition to the dissimilar transport mechanisms in organic matrices and inorganic fillers, different behaviours of the species at the interface should be considered. The interface between the matrix and filler is often considered as a filter for traversing species formed due mismatch of the energy levels. The possibility to decouple the relation between electrical conductivity and Seebeck coefficient is not apparent for all the systems, and many hybrids where the correlation between those properties remains were reported. Below, certain examples of hybrid TMs are discussed with the aim to show versatility of correlation of properties from system to system.

I.4.1.c.1 Composites with metallic nanoparticles

First category is metal nanoparticlesclassical filler for composites. They are usually added in a small amount in order to increase the electrical conductivity of the conjugated polymers. Classical examples are Au, Pt nanoparticles 124 . Also, metal nanoparticles can be added as the second filler when additional enhancement of electrical conductivity is required.

To obtain maximum improvement of composite properties from inclusion of metal nanoparticles, the last have to be homogenously distributed within the polymer matrix. Metal nanoparticles usually have small size of several dozen nanometres and tendent to agglomerate in the absence of stabilizing surfactant. Therefore, to incorporate the metal nanoparticles into a polymer matrix surfactant is applied alongside. However, the surfactant usually acts as insulator and decreases the electrical transport properties of the composite. Thus, balance should be made between insulating effect of the surfactant and adverse effect of nanoparticles agglomeration in the absence of the surfactant. For example, in the work of Toshima et al. 124 inclusion of 0.2 wt% Au nanoparticles into PANI increased the electrical conductivity from 150 S/cm to 300 S/cm. Further increase of nanoparticles ratio did not improve the properties of the composite due to the agglomeration of Au particles. While addition of PVP stabilized Au particles inversely led to decrease of the electrical conductivity of the hybrid to 50 S/cm. Here, PVP, in spite of providing excellent dispersion of the Au particles in the matrix, acted as insulator.

Lately metal nanoparticles are mainly used in small amount and only to increase the electrical conductivity.

I.4.1.c.2 Composites with carbon derivatives

The most studied fillers for thermoelectric composites processing are low dimensional carbon derivatives such as carbon nanotubes (CNT) and graphene. Low dimensional carbon allotropes as CNT, graphene, carbon black are extensively used in material science for various purposes from increasing the mechanistical strength of the material to tuning the specific properties as catalytic selectivity or electric conductivity. Under certain combination and processing condition, very interesting TE performances such as a ZT as high as 0.5 can be obtained 125 , which is very appealing considering abundance, relatively low cost and low TE properties of carbon derivatives alone.

In With an increase of the stabilizer ratio it is assumed that the dispersion of CNT improves, forming more homogeneous arrangement of the filler, thus increasing the electrical conductivity. Constant values of Seebeck coefficients and thermal conductivities upon increase of stabilizer ratio demonstrates that this type of composite one of the ones where decoupling between Seebeck coefficient, electrical conductivity and thermal conductivity could be reached.

Choi et al compared the effect of CNT type on CNT/Nafion hybrid composites. 131 The results

showed that while electrical conductivity is varied by the type of CNT (MWCNT, FWCNT and SWCNT), the Seebeck coefficient of the composite remained nearly constant.

I.4.1.c.3 Composites with inorganic semiconductor fillers

Interest in using inorganic thermoelectric nanoparticles as fillers raised since the boost in the research on the synthesis of nanosized semiconductors. Although their addition enhances the TE performance of the organic matrix, the overall PF and ZT are usually much lower than for pure sintered filler. However, sintering the pure semiconductor nanoparticles is generally energy consuming, thus expensive. Therefore, when easily processable hybrid composites show relatively high ZT, a trade-off between cost and efficiency can be met. One of the interesting representatives of this category filler is Bi2Te3 and its derivatives because their optimal operating temperature is close the operating temperatures of the organic matrix. Regarding the composites with an insulating polymer matrix, but with an end application which requires electrical conductivity, the most important feature is percolation of the conducting filler 134 therefore it was closely studied.. Namely the effect of amount, size and shape on percolation threshold was investigated. The main collusion is that the percolation threshold is reached for lower filler amounts when filler particles size decreases or particles aspect ratio increases. Moreover, the percolation threshold also depends on the quality of the filler dispersion in the matrix which is mainly affected by preparation mechanism. Yet, after the reaching the percolation threshold, the overall properties of the material will depend on many parameters such as the respective properties of the matrix, the filler and the interface, the filler amount and its aggregation level.

Up to date only few papers reported Bi2Te3/insulating polymer composites for TE application. This can be related to the fact that Bi2Te3 is relatively expensive compound.

Obtaining small sized Bi2Te3 particles by top down methods usually accompanied with oxidation of particles surface which deteriorate the TE properties. Also, the size of particles remains relatively large and aspect ratio low, which would require high amount of the filler for reaching the percolation. Synthesis of Bi2Te3 filler particles by bottom up methods are usually small scaled and time consuming. The same authors later reported improvement of electrical conductivity of the composite which lead to improvement of the power factor by changing the Bi2Te3 preparation method and doping (the filler). 136 The filler particles were prepared by ball milling, but by bottom-up method from elemental components Bi and Te with Se dopant. The composites were prepared following the similar procedure as in previous report by dispenser printing and the effect of the dopant concentration in the filler on the TE properties of the composite were evaluated. Both electrical conductivity and Seebeck coefficient varied with the dopant concentration, which suggest, that those characteristics in composites highly depend on the fillers intrinsic properties.

In the optimally doped composites, the effect of curing temperature was completely different in comparison with the previous report. Thus a much better electrical conductivity of 100 S/cm and a slightly lower Seebeck coefficient of -175 μV/K were obtained at higher curing temperature in contrast with 25 S/cm and -182 μV/K at lower temperature. PF was once again were better for the samples cured at higher temperature, this time due to the increase of electrical 1.2) was obtained when film was cured at 350°C and 4 MPa. These value so far is the highest reported for PF for Bi2Te3 derivative/ epoxy resin hybrid composites. 

I Conclusion

This literature review summarized the TE field from concept through history to the stateof-the-art materials. The current motivation of the field to grow further is mass commercial application. Both organic and inorganic materials offer their advantages and disadvantages for commercial application. Organic TMs are more available, cheaper and easy processible, but have low conversion efficiency, while inorganic TMs are exactly the opposite. Preparation of hybrid composites might offer a trade-off solution, but Is still it in their early stages of development.

Inorganic TMs efficiency already reached quite high values, yet most of them are for high temperature application. Physical laws do not prohibit the efficiency of the current TMs to grow further, even predicting ZT as high as 14 for Bi2Te3 quantum wells. Thus, research in inorganic TMs should be continued with an emphasis on abundant, non-toxic and low temperature operating TMs development. On the opposite, fully organic TMs field currently lacks the fundamental studies to understand the charge carrier transport Hybrid composite TMs are quite in an early state of the development and realized by empirical method of randomly trying different systems. Efficiency of hybrid TM is expected to be in between its constituents efficiencies. However, some hybrid TMs with efficiencies even lower that the efficiency of the least efficient component are sometimes reported. One way to improve the efficiency of hybrid materials, might be to work on the synthesis of thermoelectric nanoparticles specifically designed for this kind of application and simultaneously develop processing techniques which would allow to obtain composite materials benefiting from each of his components intrinsic properties.

Chapter II -1-DDT assisted reflux synthesis of Bi2Te3 nanoparticles II Introduction

The aim the Chapter 2 is to obtain Bi2Te3 nanoparticles with tubular morphology according to the main objectives of the thesis. In this chapter various methodologies of 1-DDT assisted reflux synthesis of Bi2Te3 nanoparticles which allowed increasing nanotubes content in the product from 30% to 100% are presented. All methodologies follow two distinct mechanisms: rolling up and nanoscale Kirkendall diffusion. While both mechanisms are well reported in the literature, current methods offer alternative easy scalable, mild reaction conditions. Nanoscale Kirkendall effect requires a sacrificial template, therefore, development of the in-situ preparation method of the template is also reported. Synthesized nanoparticles were characterized by SEM, TEM and XRD.

First methodology, 1-DDT assisted reflux synthesis of Bi2Te3 nanoparticles via rolling up mechanism is developed based on preliminary results of the research group. 141 The content of the particles with nanotubular morphology in the obtained particles is 30%. Increase of this value is expected to improve the thermoelectrical properties of the final material and also reduce the percolation threshold in composite preparation. In order to increase the nanotubes content, the second synthesis methodology of Bi2Te3 nanoparticles via nanoscale Kirkendall diffusion was developed. The methodology is kept similar to the first one in order to keep the advantage of mild reaction conditions and it yields Bi2Te3 phase with nanotubes content from 50% up to 100% depending on the template quality. Thermoelectrical properties of the obtained Bi2Te3 nanoparticles are discussed in the final sub-chapter.

II.1. 1-DDT assisted reflux synthesis of Bi2Te3 nanoparticles via rolling up mechanism

II.1.1 Experimental Protocol

Synthesis was carried out in 2 L reactor equipped with stirrer and condenser. The temperature of the reactor is controlled by fluid flow through the jacket of the reactor. The reaction temperature can be controlled in two modes: jacket temperature and reaction temperature.

Synthesis itself was carried out in three steps as described on scheme 2. shown on the image taken along its longitudinal axis. The thickness of the walls is estimated at 20-30 nm. These observations are in agreement with TEM characterizations reported in the literature. [144][145][146] No differences in the chemical formula can be observed in the two types of Bi2Te3 shapes. In all cases the Bi/Te ratio deduced from these analyses is close to 2/3, in good agreement with the nominal composition of the samples. On the EDX spectra carbon and copper peaks are systematically observed. These C and Cu contributions are coming from the holey carbon coated copper grid supporting the observed samples. Although Bi2Te3 is often referenced with rhombohedral settings, its description is easier using a hexagonal cell. Indeed, the hexagonal cell is made of layers of atoms stacked perpendicularly to the c-axis with the following stacking sequence -Te 1 -Bi-Te-Bi-Te 1 -. The superscript labelling refers and exemplifies the difference of bonding within the quintet, e.g., the Te layer is bonded to two Bi layers whereas the Te 1 layer is bonded to Bi on one side and to another Te 1 layer on the other. The Te 1 -Te 1 bonding is of Van der Waals type whereas the interaction between Bi and Te is rather ionic-covalent. This 5 layer-sequence is called a quintet and there Recalling that one of the goals of the work is to use the synthesized nanoparticles as a filler to prepare hybrid composite with percolating Bi2Te3 network, 30% of nanotubes content in the sample is quite low to ensure the percolation of the particles at lower filler loading.

II.1.2 Results and discussion

Therefore, other strategies to increase the content of nanotubes are explored and reported in the following sections.

II.2 Preparation of Te-template rods

During our first attempts to increase the content of nanotubes in bismuth telluride nanoparticles synthesized according to method described in § II.1, we noticed that Bi-DDT could also react with Te 0 nanoparticles, by a diffusion process known as nanoscale Kirkendall effect. During such syntheses, the morphology of the final compound is governed by the morphology of Te 0 . To obtain Bi2Te3 tubular particles, it is important to have elongated rod like Te 0 species as a template. Mechanism of synthesis by Kirkendall diffusion is discussed in § II.3, while in this chapter results of attempts to obtain better Te templates are discussed.

Reactions in the following protocols were not carried out in 2 L reactor as in the previously reported reaction protocol, but in smaller conventional round bottom flasks in order facilitate the post reaction work up by scaling it down.

II.2.1 Reaction mechanisms

Sodium borohydride (NaBH4) has been studied due to its potential for hydrogen generation, but later was extensively used as a reducing agent for metal ions to generate nanosized particles of zero valent/pure metals or metal borides. 148,149 Hydrolysis of NaBH4 has potential to generate 0.213g of hydrogen per 1 g of the compound according to equation [1]:

NaBH4 + 2H2O → NaBO2 + 4H2 [1]
However, according to Chatenet et al, to use BH4 -as a reducing agent and avoid its hydrolysis, reactions must be performed in alkaline media (pH>12). 150 In that case the following reduction reaction can take place:

BH4 -+ 8OH -→ BO2 -+ 8e-+ 6 H2O [2]
The reaction of interest in our case is a reduction of Te(0) in water by NaBH4 in a basic media (pH>13). Considering the reaction [2], it is reasonable to state that the following reaction takes place since the redox potential of Te 0 /Te 2-is -1.14V:

4 Te + BH4 -+ 8OH -→ 4Te 2-+ BO2 -+ 6H2O [3] The next mechanism to discuss is the oxidation of Te 2-back to Te(0) in contact of the solution with oxygen. Exact stoichiometry of the reaction is not presented in the articles, however Chen et al. 151 state that oxygen is used to precipitate the Te 2-ions in a similar reaction.

They do not present any mechanism but considering the alkaline pH of the solution, could probably be reduced following one of the to the standard oxygen reduction reaction (ORR) 152 :

O2 + 2H2O + 4e → 4OH - [4]
Overall reaction can be estimated as following: 2Te then to clear pale purple solution. The effervescence, suggest that partial NaBH4 hydrolysis also takes place leading to the hydrogen formation.

After complete reduction of Te, it is re-precipitated by allowing the oxygen from air to access the reaction mixture. After complete precipitation of Te, which visually observed as formation of black-grey suspension in a clear transparent solution, it is filtered and washed repeatedly by water, EtOH and acetone, then dried. This standard procedure is followed several times, each time changing a single parameter, to evaluate the effect of changed conditions on the quality of Te rods. Varied parameters are stirring intensity, oxygen access time, and oxygen application mode.

All the reactions conducted with this protocol produce pure Te phase nanoparticles with elongated morphology of particles according to its XRD spectrum and SEM images. XRD spectra of all synthesised samples presents the peaks pattern of trigonal tellurium with space group P 3121 (blue spectrum on The role of prepared Te particles is to be a template for the formation of Bi2Te3 tubes by diffusion, therefore their morphology has to be rod like, in our case rods with hexagonal cross-section. To improve the quality of the template, it is favourable to eliminate or decrease the amount of shapeless blocks and increase the ratio of rods. For this purpose, the effect of different reaction conditions on the final morphology of Te particles have been investigated. 

II.2.2.b Effect of stirring intensity

II.2.2.c Influence of Oxygen access duration

Variation of the oxygen access duration during the precipitation step proves that the formation of Te 0 particles indeed proceeds via redox reaction involving oxygen (reaction [5]).

In the absence of oxygen upon cooling down, if the reaction mixture is well sealed, Te 2-ions can stay in the solution without precipitation for weeks. When the oxygen (air) allowed to enter the reaction flask, as described above, but only for limited amount of time, then the solution is sealed again, only partial precipitation takes place. At short periods of oxygen access as 3 to 30 min, only partial precipitation takes place, which is visually noticed as a reaction solution remaining dark purple coloured with some particles in it for days after it is cooled down.

Allowing the oxygen access only for 1h and then sealing it, leads to increase of the time required for complete precipitation, which is visually observed as a formation of suspension in a clear solution, up to 4h. While when the oxygen access allowed till the completion of the reaction, in a standard reaction, complete precipitation takes place between 2 to 3 h. Ceasing the oxygen access probably mainly affects the concentration of dissolved oxygen in the solution, leading to its decrease. Therefore, more reaction takes place in the interface, as the surface remains saturated with oxygen, leading to slight increase of unfavoured Te blocks ratio in the final powder. Therefore, it can be concluded, that for increase of the favoured elongated morphology in the precipitated Te, keeping the constant oxygen access is beneficial. Last, the mode of oxygen introduction on the morphology of Te particles was evaluated.

II.2.2.d Influence of Oxygen introduction mode

In the standard protocol oxygen is introduced through the hollow needle inserted into the septum sealing the reaction mixture, where it reaches the solution through its surface. In the alternative method, oxygen is introduced directly into the solution by inserting a needle attached to the air filled balloon into the solution, otherwise described as bubbling. The idea was to increase the oxygen concentration in the solution in order to favour the formation of the particles in the solution, rather than at its surface. As mentioned earlier, particles formed at interface, due to high concentration of oxygen at the surface, have tendency to grow into big sized irregular shaped blocks and also form dense packed sheet like agglomerations of particles Considering the results summarized in table-2.2.1, the set of the following conditions (highlighted in green) is concluded to be the best to improve the quality of Te hexagonal rods by increasing the rods ratio to the unfavoured irregular blocks: increased stirring rate to avoid surface agglomeration and improved oxygen application way via injection in the solution. 

Results

No precipitation Partial precipitation

Complete precipitation, slightly higher amount blocks

Complete precipitation, highest ratio of hexagonal rods

Oxygen supply mode

Through surface Through solution

Results

Mixture of rods and blocks, flakes consisting from agglomeration of blocks

Mainly hexagonal rods, but shorter than usual (small aspect ratio), very few small blocks In order to further improve the quality of the tellurium templates, alternate protocols have been developed. First logical approach is to introduce surfactant. SDBS is selected as a surfactant thanks to its frequent application to prepare elongated nanoparticles, as well as Te rods. [START_REF] Fu | Enhanced Thermoelectric Performance of PbTe Bulk Materials with Figure of Merit ZT >2 by Multi-Functional Alloying[END_REF] 

II.2.3 Surfactant assisted long Te rods synthesis

In this second method (Protocol 2. Trigonal structure of Te crystals favours its growth along 001 plane, giving it tendency to form particles elongated in one direction (rods, tubes, belts). [START_REF] Zhu | Controlled Synthesis of Tellurium Nanostructures from Nanotubes to Nanorods and Nanowires and Their Template Applications[END_REF]154 Although method to prepare Te rods was already set above, increasing the rods ratio came in cost of decrease of their length.

As all the possible parameters in the Standard synthesis protocol (II.2.2) were varied, additional approach to increase the aspect ratio of the Te rods was searched. Despite number of reported synthesis methods of Te particles from solution with controlled morphology and dimensions [START_REF] Zhu | Controlled Synthesis of Tellurium Nanostructures from Nanotubes to Nanorods and Nanowires and Their Template Applications[END_REF][155][156][157][158] , in order to keep reaction conditions similar to the already developed method, which would allow further synthesis of Bi2Te3 synthesis in one pot, we decided not to vary a lot the conditions from the Standard protocol. Reaction carried out according to this protocol 2.2 produces Te nanorods with higher aspect ratio than in the synthesis without surfactant (Figure-2.2.6). The length of the rods varies from 2 µm up to 10 µm, but small portion of rods with length as 500 nm also exist. Apart from change in length, diameter of the rods is decreased. Although the aspect ratio of rods is not homogeneous throughout the sample, but has a tendency to increase with the length of the rod, if the 500 nm length rods prepared in standard Te reduction way (improved protocol 2.1) has a diameter of 100 nm, rods prepared with SDBS with corresponding length have diameter of only 50 nm. This difference increases with increasing length of the rods, as the diameter of Te rods prepared with SDBS remains small. Another noticeable difference in the rods is that the last ones lose the hexagonal cross-section with apparent edges and round up. The high length and relatively small diameter of the rods is attributed to the hindering effect of SDBS as in many systems. 158,159 SDBS ions (anions) are adsorbed on/attaches to the side faces of growing Te hexagonal rods ({100} family plane faces) and hinders its growth towards normal to those planes. In turn, it facilitates the growth of crystal along those planes. highlights the importance of using a reducing agent 161 to form Bi 0 which further interacts with Te template following nonequilibrium diffusion route. In the absence of sufficient amount of the reducing agent, Bi remains in ionic state and diffusion does not take place.

Number of other articles reporting similar synthesis routes of Bi2Te3 hollow nanostructures via Kirkendall effect under reflux were also published. [START_REF] Wang | Templating Synthesis of Uniform Bi2Te3 Nanowires with High Aspect Ratio in Triethylene Glycol (TEG) and Their Thermoelectric Performance[END_REF]101,104,160,162 In these synthesis procedures mainly Te(0) and BiCl3 are used as precursors along with hydrazine hydrate reducing agent and various surfactants. Another common feature for those reported synthesis procedures is that the final Bi2Te3 is formed in glycols, either EG or TEG, at 160°C or higher temperatures under reflux. Only, Kim et al reported the synthesis of Bi2Te3 at lower temperature, when nanotubes were obtained in the mixture of oleic acid-oleylamine and smaller portion of precursor carrying trioctylphosphine at 85°C 154 , which suggests that it can be performed at lower temperatures .

We chose to use a low temperature protocol similar to the above described reported routes, but without adding a reducing agent to reduce the Bi 3+ ions into Bi 0 species, since we use Bi[DDT]3 complex solution as Bismuth source. Thiolate anion in the complex reduces the Bi 3+ ions on the template surface to Bi(0) through electron transfer and forms thiolate radicals, which eventually forms disulfate. Thus, this process eliminates the use of aggressive reductant. nm for the tubes with diameter of 500 nm (length approximately 2.5 µm). The grains have length from 100 nm up 700 nm. The grains have tendency to be elongated having shorter dimensions perpendicular to the length (diameter). This tendency is apparent with the increase of the particle size: small particles closer to spherical morphology, while longer ones close to the closed tubes. The size of bigger grains exceeds to the size of small tubes, however they are designated as grain like, because in the powder they are encountered along with small sized grains. Isotropic particles are too irregular to characterize, in terms of shape and size. The surface of all particles is rough. Volume fraction of tubes and grains (since they meet elongated particles definition) is approximately 50% from analysis of small fraction of Bi2Te3 powder by SEM. Therefore, sample prepared by above procedure is designated as Bi2Te3 with 50% nanotube content. Since these particles might not be anisotropic enough for the processing of nanocomposites, the protocol has been improved to increase the quality of the tellurium templates. 

II.3.2 One pot Synthesis of Bi 2 Te 3 by in-situ templating

II.3.3 Improvement of the protocol for One pot Synthesis of Bi 2 Te 3 by in situ templating

The protocol of Bi2Te3 by in-situ templating has been modified to evaluate the effect of the tellurium template formation conditions on the quality and yield of the Bi2Te3 nanoparticles.

As described in the previous chapter, we first played on stirring intensity and oxygen introduction method, then developed a surfactant assisted oxidation step (which produces long tellurium rods) and finally used a 2 steps synthesis from previously isolated tellurium rods.

II.3.3.a Improved oxygen introduction mode (Protocol 3.2)

In order to improve the quality of the Bi2Te3 nanoparticles, the procedure of template formation has been improved according to the results previously obtained in § II.2. After the reduction of Te in a standard way, upon cooling down, the oxygen is introduced via needle attached to an air-filled balloon. The outlet end of the needle is inserted into the solution, thus facilitating better interaction of oxygen molecules with Te ion particles in the solution.

Precipitation is carried out under vigorous stirring 450 rpm to avoid formation of particles on the surface of the solution. Along with the air-balloon, Ar-balloon is also inserted into the solution in the same manner to avoid accumulation of air on the surface of the solution.

Precipitation is carried out under vigorous stirring 450 rpm to prevent formation of big sized particles on the surface of the solution. The rest of the reaction carried out according to the Then the suspension is cooled down under Ar atmosphere. Meanwhile, in a separate flask, as in a standard procedure, Bi-DDT complex is prepared in a separate flask by placing 25 ml (104 mmol) of 1-DDT and 2.01 g (6.37 mmol) of BiCl3 are placed in 125 ml of degassed THF and stirred under Ar atmosphere for 24h until complete dissolution of the salt. The complex solution is then transferred via cannula to the main reaction flask with Te suspension. Reaction mixture is stirred and refluxed under inert atmosphere for 72 h. Obtained Bi2Te3 particles are filtered and washed by THF, water, EtOH and acetone repeatedly and finally dried.

As described in earlier sub-chapter, application of surfactant leads to the formation of high aspect ratio long Te rods. This change in template morphology leads to the change in the morphology of the final Bi2Te3 particles accordingly, resulting in long nanotubes with the length mainly from 1 µm up to 2 µm and diameter 50 nm -80 nm. Small portion of shorter tubes also exists. Interestingly, diameter of the tubes remains relatively small despite the significant increase in the length, in contrast to the particles morphology of tubes obtained without SDBS. The surface of the particles is rough, but significantly smoother that earlier obtained Bi2Te3 particles surfaces. XRD diffraction pattern is in accordance with standard In two pot reaction, firstly Bi-DDT complex is prepared in a standard way by mixing 25 ml (104 mmol) of 1-DDT with 2.01 g (6.37 mmol) BiCl3 in a THF for 24 h under inert atmosphere. Then, pre-prepared Te rods, are placed in a 450 ml of degassed water with dissolved 0.16 g (0.45 mmol) of SDBS in it. The suspension is formed by mixing it by sonication tip for 10 min with pulse 5 s on, 10 s off under an inert atmosphere. Then, Bi-DDT complex solution is introduced into the suspension via cannula and reaction mixture is refluxed for 72 h at 70°C under stirring and Ar atmosphere. Obtained particles are filtered, washed with THF, water, EtOH and acetone and dried. This two-step procedure also allowed to confirm the importance of using Bi[DDT]3 as Bismuth source where thiol groups simultaneously acts as reductant. Since the NaBH4 is not added to the reaction solution in any prior steps the likeliness of residual BH4-to reduce Bi 3+

to Bi(0) is eliminated which confirms the reductant role of thiol groups.

II.4 Thermoelectrical characterization

Thermoelectrical properties of three types of synthesized Bi2Te3 samples are characterized. First sample is designated as "R-30" and corresponds to the Bi2Te3 nanoparticles with 30% nanotube content synthesized following rolling up mechanism described in the section II.1 section of the chapter. Second sample is named "nK1-50" and corresponds to the Bi2Te3 nanoparticles with 50% nanotube content prepared by nanoscale Kirkendall diffusion in one pot in-situ templating method described in section II.3.2. The last sample designated as "nK2-100" corresponds to the Bi2Te3 nanoparticles with 100% nanotube content prepared by two-step templating method where reaction follows also nanoscale Kirkendall diffusion, but

where template was prepared in advance as described in section II.3.3.c.

To characterize thermoelectrical properties of the obtained Bi2Te3 nanoparticles, the powders were sintered into pellets with d = 10 mm by spark plasma sintering (process and machine is described in appendix-x). Electrical resistivity and Seebeck coefficient were measured by ZEM3 (appendix-3) as a function of temperature. Thermal diffusivities of the samples were measured by laser flash analysis (appendix-5.1) at varying temperatures and the values were used to calculate the thermal conductivity according to the formula: Herein, Cp is estimated according to Dulong-Petit law with assumption that it does not vary with temperature, while density is measured by Archimedes method. All properties were measured perpendicularly to the sintering direction. Bi2Te3 is highly anisotropic due to its layered crystal structure. n-type Bi2Te3 exhibits 6-fold higher electrical conductivities along the ab plane in contrast with c-axis direction 164 (along the van der Waals gap between Te (1) -Te

𝜅 = 𝐷 •
(1)). While the thermal conductivity is only two-fold higher. 165 Therefore, ZT is expected to have higher values along the ab plane. According to the HRTEM investigation of the sample R-the ab plane is located along the nanotubes wall, therefore, it is expected that nanotubes will have better TE performance along the tube walls direction. Sintering applies pressure on the powder which leads to the alignment of the tubes perpendicular to the sintering direction.

High surface area of nanoparticles led to failure of sintering step and subsequent loss of powders until conditions for stable sintering were set up (more air is released when the surface area is high, which leads to the increase of pressure beyond the capability of the sintering dye to withhold, end eventually to explosion). Additionally, several samples were lost after successive sintering during the resistivity and Seebeck coefficient measurements. When a sample is set in ZEM3, to ensure stable positioning and a good thermal contact, the sample is sandwiched between cold and hot elements with certain pressure in a direction perpendicular to the sintering direction. Under these conditions due to the layered structure of the sample (nanotubes alignment), the sample is likely to break into non-uniform sheets at high temperatures. Due to these losses, thermoelectrical characterization of only three types of Bi2Te3 samples were carried out. corresponds to the behaviour of classical Bi2Te3. [166][167][168][169] Resistivities of the samples increases with temperature which correspond to the behaviour of degenerate semiconductor. 167,170,171 Seebeck coefficient has negative sign meaning that the conduction is n-type. Considering that the samples were not doped extrinsically charge carriers concentration arises from antisite point defects in the crystal structure of the Bi2Te3 (also known as intrinsic or self-doping). 166,171,172 Antisite point defects occurs when an atom in certain lattice point is replaced by the other atom from the lattice. 173 

II Conclusion

In this chapter Bi2Te3 nanoparticles with different nanotubes contents were synthesized by 1-DDT assisted reflux synthesis method. Although the main step of the reaction between Bi and Te precursors proceeds under the same conditions, difference in the Te precursor state lead the particles to grow in two completely different mechanisms. When Te is in an ionic state prior the reaction with Bi source, reaction follows "rolling-up" mechanism and yields powder with 30% of nanotubes. When Te is in elemental state (0 charge), the reaction follows nanoscale Kirkendall diffusion mechanism, and yields powders with different content of nanotubes, depending on the morphology of the Te particles. Thus, when the quality of Te template is improved by adjusting the re-crystallization (precipitation) condition of Te 2-to Te 0 or by application of surfactant, the content of nanotubes rises from 50% to 80%, and finally reaches 100%. The aspect ratio of the nanotubes also can be varied by varying the template characteristics.

The uniqueness of this method, apart from allowing to vary the morphological content of the powder, is mild reaction conditions. All Bi2Te3 nanoparticles are obtained at 70°C under reflux and water is used as a major solvent. The reaction is easily scalable, as produces morphologically same powder at ranging the scale from 575 ml up to 1.8 L in the case of rolling up mechanism, and from 57 ml up to 575 ml in the case of Kirkendall diffusion mechanism.

Despite the difference in the mechanisms, this method always produces pure Bi2Te3 phase with rhombohedral arrangement of atoms in the crystal lattice according to XRD patterns. The succeeded attempt to carry out the reaction with pre-prepared templates and closed ends of the obtained nanotubes opens up a possibility to transfer this method into different morphologies as spheres.

Thermoelectrical characterization of selected samples demonstrates competitive n-type Seebeck coefficients around 180 μV/K. Although certain improvement in reduction of thermal conductivity is achieved, yet further improvement is needed to compete with state-of-the-are materials. The main aspect restraining the thermoelectric performance of the tested samples are low electrical conductivities. Recalling that the sintered samples were porous, the first way to enhance their properties would be to improve the sintering conditions to decrease or eliminates the pores. Yet, considering the absence of extrinsic doping and relatively mild reaction conditions, the ZT of 0.49 is a competitive value. Presented characterization of transport properties represents the feature of the bulk samples affected by their structure (arrangement of particles), rather than the single particles.

Chapter III -Preparation & Characterization of Bi2Te3/epoxy resin hybrid composites

III Introduction

Percolation of the Bi2Te3 nanoparticles is crucial since the matrix has isolating nature and TE process will take place only through the Bi2Te3 network. Disruption of continuity of the network would lead to the loss of the TE properties of the material. Epoxy matrix is selected due to number of reasons. Firstly, low viscosity of uncured epoxy resin mixture allows its good miscibility with filler and its impregnation in all cavities in the network. Being a thermoset, after curing, epoxy resin insures stability of the structure even at elevated temperatures. Epoxy resin has good chemical, thermal and mechanical resistivity. Flexibility of the epoxy resin, as well as of the final hybrid composite can be easily varied by changing the curing agent, while processing conditions can be easily adjusted to selected system. Low viscosity of the uncured epoxy resin mixture allows easy processability in deferent shapes. Bi2Te3/epoxy resin composites were attempted to be prepared by two mixing methods manual mixing and speed mixing; and by infusion method. Composite preparation experiments were carried out along with improvement of the Bi2Te3 nanotube content.

Therefore, Bi2Te3 nanoparticles with different morphological content were used at different stages of the composite preparation. Due to limited amount of the filler only few composites were prepared, especially with mixing methods which require high quantity of the mixing components. Yet, valuable conclusions were obtained. Among employed methods infusion is the most notable one as it is first time it was employed for Bi2Te3 nanoparticles and final composite showed highest potential.

III. 1. Composite preparation by mixing

III.1.1 Manual mixing

To prepare composite via manual mixing DGEBA/IPDA resin mixture (Appendix-7) (Tg = 150°C) was selected as a matrix. As a filler Bi2Te3 particles R-30 with 30% of nanotubes were used. In a general procedure stoichiometric ratio of DGEBA (20. When homogenous mixing is ensured and suitable ratio of the resin to hardener is selected, the network density (extent of the cross-lining reaction) depends on the curing profile temperature and duration of the curing. Thus, to ensure the maximum curing density the effect of the filler addition on the curing kinetics and rheology evolution is important, as changes to the curing profile should be introduced depending on the impact of the filler. One of the important characteristics of crosslinking reaction is gelation. Gelation is an abrupt increase of the viscosity and change of a state from a liquid-like to solid-like. 178 Structurally it corresponds to the formation of a giant macromolecule which percolates throughout the system. Conversion or time at which gelation takes place is known as gelation point and determination of gelation point is important for selection of processing conditions. In our case, gelation arrests the structure of the composite, restraining the movement of filler. One of the methods to identify the gelation point is evaluation of the curing rheology at multi-frequency mode. Depending of the applied frequency, the loss factor tan δ (G'/G'') evolves differently, but at gelation point the rheological properties of the resin are independent of the frequency. This marked with intersection of all tan δ (t) curves at this point. Electrical conductivity test showed high resistance of the material for current flow, which suggest that percolating network did not form. Probably reason is insufficient amount of the filler and its aggregation.

Several conclusions can be drawn from the above experiments:

-Addition of Bi2Te3 does not introduce considerable changes to the curing kinetics of the resin, therefore, in composite preparation the curing profile selected for pure resin can be used;

-Manual mixing does not provide sufficient distribution of the filler as part of it remained aggregated, which further settled in the bottom of the composite forming uneven morphology of the composite;

-Resin mixture probably does not suit to be used in composites with Bi2Te3 as composite had tiny pores even after long degassing steps.

Whether 10% of Bi2Te3 is sufficient for formation of the percolating network is not conclusive since it is not clear how the filler would be distributed if part of it did not aggregate.

High amount of insulating epoxy resin did not allow to observe the distribution of the well distributed part of the filler at higher magnification.

III.1.2 -High speed rotational mixing (speed mixing)

High speed rotational mixing of composite components was carried out on speed mixer.

Mixing in a speed mixer takes place by dual asymmetric centrifugation, where holder of the mixing container rotates clockwise, while the container itself rotates counter-clockwise around its vertical axis, providing centrifugations in opposite directions. 179 Thus, the shear caused by two rotational movements of the mixture in opposite directions mixes the components. Speed mixing is proven to be effective and often used to mix pure resin components as well as filler/matrix systems. It also efficiently removes bubbles, but not completely. Small containers (12 ml) available for speed mixer makes it possible to efficiently mix small quantities. This allowed to prepare composite with high filler loading, considering the limited amount of the filler particles. High filler loaded composite obtained by adding small amount of the matrix, which led to overall small volume of the composite mixture. Mixing small quantities efficiently is challenging for many other mixing techniques.

To prepare composite via speed mixing RIMR 135/RIMH 137 resin mixture (Appendix-7) (Tg = 80°C) was used as a matrix. Bi2Te3 particles nK1-50 with 50% nanotubes content prepared by nanoscale Kirkendall diffusion in one pot was used as a filler. For preparation of composite with speed mixing the resin system has been changed to RIMR-135/RIMR-137, because micro-sized pores remained in the composite with previously used DGEBA/IPDA resin mixture even after prolonged degassing. RIMR-135 is a mixture of epoxy resins Bisphenol A-Co-epichlorohydrin and 1.6-bis(2.3-epoxyperoxy) hexane in a ratio 70-90% to 15-20%. The corresponding hardener RIMH-137 advised by the producer (Epicure) is a mixture of two common hardeners poly(oxopropylene)diamine and IPDA in a ratio 50-75% to 35-50%. The resin mixture prepared from these two components provides better curing and less gas emission at mixing and widely used both in laboratory and industrial scale for hybrid composite preparation.

In a general procedure the mixture of RIMR-135 resin (0.48 g) with RIMH-137 hardener (0.12 g) in a mass ratio 100 to 30 (stoichiometric ratio recommended by manufacturer)

was loaded with 75 w% (1.8 g, 2.25 mmol) Bi2Te3 nanoparticles nK1-50. The mixture was briefly homogenized by spatula, then mixed by speed mixer at 3000 rpm for 3 min.

Homogenous mixture was then degassed at room temperature for 10 min, transferred into a Teflon mould with d = 15 mm and l = 5 mm, degassed again in mould at 60°C for another 10 min the cured at 80°C for 2 h.

The Bi2Te3 filler ratio was selected to be 75 w% as it was maximum possible loading to prepare the composite by speed mixing. Bi2Te3 filler has nanosized morphology which creates big surface area. Increasing further the filler amount, while keeping the matrix amount constant, did not allow complete wetting of the all filler particles by resin. The mixture of the resin and filler is required to be preliminarily homogenized by manual mixing prior speed mixing.

Considering this requirement, maximum loading amount from empirical study was identified to be 75 w%. Selected amount of the filler was placed in a container and resin mixture added on it starting from 5% in an increasing order by increment of 5 until all the filler particles surface was wetted.

High level of filler loading led to highly viscous RIMR-135/RUMH-137-Bi2Te3 mixtures. Therefore, degassing carried out at 50°C in order reduce the resin viscosity and facilitate degassing. In spite of the elevated temperature, high viscosity of the mixture (before curing) did not allow complete degassing, which lead to a porous composite with rough surface.

The cured composite had dimensions d = 15 mm, and the h = 4.5 mm. As expected speed mixing provided relatively fine distribution of the filler particles in the matrix according to SEM images. However, big pure epoxy areas between filler particles and a few continuous agglomerations of the resin did not allow segregation of the Bi2Te3 network, which prevented the composite to be conductive.. Therefore, it can be concluded that speed mixing is not suited to prepare TE active composite from as synthesised Bi2Te3 sample nK1-50 content with epoxy resin. One could suggest addition of solvent to increase the wettability and improve pre-mixing and mixing of Bi2Te3 with resin. This tactic is usually applied to lower the viscosity and facilitate the mixing in epoxy resin mixtures. However, considering high viscosity of the Bi2Te3/epoxy resin, further complete removal of the solvent can be problematic. Trapped solvent deteriorate the properties of the composite. Therefore, as we did not succeed in obtaining conductive composites at maximum filler loading attainable for mixing methods, an alternative method has been experimented.

III.2 Composite preparation by infusion

The infusion method, earlier developed for CNT/epoxy thin films 180 , was adopted for the first time for Bi2Te3 nanotube fillers. It relies on preparation of Bi2Te3 buckypapers and further infusion of it by resin and subsequent curing. So far only thin films of Bi2Te3/isolating matrix hybrids were reported 135,136,139 , while our method allows to prepare bulk samples of any thickness. For the following experiments, Bi2Te3 with 50% nanotube content were used as a filler, while a resin mixture RIMR135/RIMH-137 was used a matrix. Additionally, ternary composites with addition of MWCNT (Nanocyl 7000) were prepared to explore possibility of reinforcing the Bi2Te3 buckypaper to improve its structural stability. CNT/epoxy composite was also prepared as comparative sample to understand CNTs contribution in the ternary composite.

III.2.1 Preparation of buckypapers (Bi 2 Te 3 , CNT, CNT/Bi 2 Te 3 )

Buckypapers were prepared by gradual filtration of dispersions of the corresponding nanoparticles in methanol. To prepare the dispersions corresponding amount type of nanoparticles (Table -3 the last has higher pore size than the NP size. However, even with using several layers, at the beginning of the filtration certain amount of the NP escapes the filter paper until certain layers of NP forms on top of the filter paper and act as additional membrane. At the early stages the dispersion was filtered by portions of 0.5 ml, but after formation of the certain thickness of filtered nanoparticles residue layers which slowed down the filtration, the suspension was added dropwise. Disruption of suspension supply leads to cracks on forming BP due to negative pressure. Therefore, filtration must be carried out continuously and meticulously. Forming BP was periodically pressed, which prevented formation of cracks, facilitated denser packing and decreased the shrinkage in the case of CNT BP. Filtration speed decreases with an increase of the BP thickness. After required amount of the suspension is filtered, the BP pressed further by filtering through the BP additional amount of pure solvent. Then BP carefully removed from the filtration set-up to flat surface and dried at 50°C for 18 h.

Bi2TE3 BP (Figure-3.2.3a) is very fragile, thus requires careful handling, both before and after drying. This is explained by the fact that only 50% of used Bi2Te3 nanoparticles were elongated, while the rest is small isotropic particles. Additionally, the length of the tubes is considerably shorter than CNTs which is usually used to prepare BPs. No shrinkage was observed after drying. BP had d = 15 mm, l = 3 -3.5 mm, which allowed to estimate the density to 2.6 g/cm 3 ± 15%, which is three time less than the density of bulk Bi2Te3 (7.7 g/cm 3 ). It indicates that the structure is porous, thus suitable for infusion.

CNT BP is more facile to prepare and mechanically quite stable both before and after drying, owing to long and non-rigid structure of the tubes which easily entangle, thus form stable 3D structures. CNT BP considerably shrinks after drying, therefore to obtain at least d = 15 mm BP and composite, CNT BP were prepared directly in the funnel without application of additional Teflon mould. Thus, CNT BP prepared in a funnel with inner diameter of 20 mm had d = 17 mm after drying. Interestingly, increase of the pressing frequency during the filtration decreases the shrinkage. Density of CNT BP is estimated to be 0.26 g/cm [START_REF] Chen | Recent Developments in Thermoelectric Materials[END_REF] .

Preparation of CNT/Bi2TE3 BPs were similar to the preparation of pure Bi2Te3 BP because of the higher content of the last component. The ratio was selected in a volumetric percent as, due to low density of the CNT it is added in mg scale. Conversion of volume to mass to calculate the powders amount to prepare suspension was carried out using the estimated densities of Bi2Te3 BP and CNT BP as indicated above, rather than using bulk densities. 10 V% CNT-Bi2Te3 BP showed brittleness similar to the pure Bi2Te3 BP, while the sample with 20 V% CNT showed considerable mechanical stability. Despite the high amounts of CNT added, no noticeable shrinkage took place. Assembled mould is preheated in an oven at 80°C for 2h, then BP is placed in the Teflon mould and the set placed in a desiccator with side valve and rubber sealed hole on the cover. Pumping speed was adjusted to provide slow drop-by drop supply of the resin on the BP.

III.2.2 Composite preparation

Approximately 0.75-1 ml of the resin is fed over 30 min. Infused composite allowed to degas for 30 min by removing the feed and increasing the pumping speed to maximum.

Slow dropwise supply of the resin and vacuum force along with the gravity are expected to facilitate fine infusion of the resin in enter-particle pores of the BPs. Exact amount of the fed resin is difficult to control; therefore, resin is fed till the surface of the BP is slightly covered with resin after saturation of the enter-particle pores, which required approximately 1 ml of the resin. The resin mixture was not degassed prior to supply; therefore, it is allowed to degas for 30 min after it was fed into the BP. It was more reasonable to degas the resin after it was infused, as epoxy resins are known to produce additional gasses after transfer. Curing of the resin right after the degassing step in the case of Bi2Te3/epoxy resin composite led to formation of electrically non-conducting composite, which means the excess resin added in uncontrolled matter interrupts the percolating network of the filler. Therefore, an excess resin removal step has been introduced. In contrast CNT/epoxy resin composite still maintained electrical conductivity even with extra epoxy amount. However, to keep the coherence between samples all the composites were prepared by two step infusion involving the removal step.

Removal of the excess resin is carried out in a way similar to the method known as vacuum assisted process, which in contrast is used to infuse the resin into substrate. The set up 

III.3 TE characterization of composites

The composites prepared by infusion has cylindrical shape with dimensions d = 15 mm and h = 3 mm. Governed by the requirements of specimen size for further measurements of transport properties, the samples were cut as shown in the Figure-3.3.1: square with dimensions 6 x 6 x 1 mm for LFA and rectangular block with dimensions 10 x 3 x 3 for analysis on ZEM3.

The electrical resistivity and Seebeck coefficient were measured in a direction perpendicular to the z axis (perpendicular to the filtration direction and along the tubes walls, in-plane) on ZEM3. While thermal diffusivity and specific heat capacity were measured along the z axis (out-of-plane). Such ZT calculated from values measured in perpendicular directions is denoted as apparent ZT. where 𝜌 𝑐density of the composite; 𝜌 𝑓 -density of the filler; 𝑓 𝑓 -volume fraction of the filler;

𝜌 𝑚density of the matrix.

The density of the composites (Table-3.3.1) and epoxy resin (1150 kg/m 3 ) were measured by Archimedes method. The following assumptions were made: density of the Bi2Te3 was taken as its bulk density value of 7700 kg/m 3 , the bulk density of the CNT is assumed as 1700 kg/m 3 (the lower limit of the possible bulk density of MWCNT). Thermal conductivities of the ternary composites are mainly governed by the ratio of the matrix. Thus, the sample with 20% of CNT, which has higher ratio of the matrix according to calculation (Table -3.3.1) shows lower thermal conductivity. In the case of similar matrix to filler ratio, the opposite is expected as CNT has higher thermal conductivity than Bi2Te3, thus its higher ratio would lead to higher thermal conductivity. CNT loading. Therefore, despite providing a mechanical stability and simplifying the infusion step, incorporation of CNT dramatically decreases the TE properties of the Bi2Te3/epoxy resin composites. Therefore, more productive way to improve both, mechanical and TE properties of Bi2Te3/epoxy resin composites would be utilization of Bi2Te3 nanoparticles with higher content of nanotubes and higher aspects ratios developed later in the Chapter II.

III Conclusion

In this chapter Bi2Te3/epoxy resin hybrid composites were prepared by several methods.

Mixing methods as manual mixing and speed mixing are concluded to be not-suitable to prepare composite with percolating network using as-synthesised Bi2Te3 nanoparticles. Manual mixing leads to agglomeration of the particles and sedimentation of the agglomerate, while speed mixing, even at maximum attainable filler loading for the method, could not provide homogeneous composites. In contrast, newly adopted infusion method yields nanocomposite with percolating filler network, which provide thermoelectrical properties to the material.

Specificity of the three-step preparation process allows to align majority of the Bi2Te3 nanotubes in one plane direction. Inclusion of the isolating matrix leads to a strong decrease of the thermal conductivity compared to pure Bi2Te3. However, this decrease is not sufficient to fully compensate the decrease of electrical conductivity and Seebeck coefficient, thus, the composite has much lower ZTmax = 0.025 in contrast with pure Bi2Te3. Inclusion of the MWCNT into the composite had negative influence on the properties of the composite. Ternary composites showed higher porosity and much lower thermoelectrical performance.

General conclusion

The main focus of the current thesis was to develop methods to synthesize Bi2Te3 nanoparticles with tubular morphology for thermoelectric application. As a result, 1-DDT assisted reflux synthesis method, which yields Bi2Te3 nanoparticles with different content of nanotubes at slight changes of the reaction conditions, was established. When the precursors are allowed to react in an ionic state the nanotubes form via rolling-up mechanism, which involves formation of sheets and its subsequent rolling up into tubes. Under such conditions, reaction yields single phase rhombohedral Bi2Te3 with 30% nanotubes content. When the precursors are reacted after their oxidation into elemental states, the reaction follows nanoscale Kirkendall diffusion and yields Bi2Te3 with nanotubes content ranging from 50% up to 100%, depending on the re-crystallization step of the Te precursor. Thus, oxidation of Te from its reduced ionic state which leads to its re-crystallization into different morphology governs the morphology of the final Bi2Te3 particles, as precipitated Te plays the role of an in-situ template.

Therefore, the effect of re-crystallization condition on the morphology of the precipitated Te was thoroughly investigated. Investigation shows that the Te morphology is highly affected by the surfactant and the rate of the oxidant application. Best quality Te rods are obtained at high rates of oxidant supply and in the presence of surfactant.

The uniqueness of the developed 1-DDT assisted reflux synthesis method is mild reaction conditions. All Bi2Te3 nanoparticles are obtained at 70°C under reflux and water is used as a major solvent. The reaction is easily scalable. Despite the difference in the mechanisms, this method always produces pure Bi2Te3 phase with rhombohedral arrangement of atoms in the crystal lattice according to XRD patterns. Thermoelectrical characterization of selected samples demonstrate competitive n-type Seebeck coefficients around 180 μV/K.

Although certain improvement in reduction of thermal conductivity is achieved, yet further improvement is needed to compete with state-of-the-art materials. The main aspect restraining the thermoelectric performance of the tested samples are low electrical conductivities. Yet, considering the absence of extrinsic doping and relatively mild reaction conditions, the ZT of 0.49 is a competitive value. Optimization of sintering conditions and using best quality nanotubes should allow increasing this value.

Additionally, methods to elaborate the obtained nanoparticles into polymer hybrid composite were explored. Among studied methods, only newly adopted infusion method yields nanocomposite with percolating filler network, which provide thermoelectrical properties to the material. Specificity of the three-step preparation process allows to align majority of the Bi2Te3 nanotubes in one plane direction. Inclusion of the isolating polymer matrix leads as expected to materials with lower thermal conductivity than pure Bi2Te3. However, this decrease is not sufficient to compensate the lower electrical conductivity and Seebeck coefficient, thus, the composite has much lower (apparent) ZTmax = 0.025. Yet, it is the first example of bulk hybrid composite of Bi2Te3 with an insulating polymer matrix and its thermoelectrical performance is comparable with its reported thin film analogous even if the best quality tubes have not been used.

Obtained results have value in several aspects. Firstly, developed 1-DDT assisted synthesis method shows possibility of obtaining Bi2Te3 nanoparticles at relatively mild reaction conditions in contrast with reported similar methods. It also shows how morphological content can be tuned by changing the reaction parameters. Obtaining Bi2Te3 nanoparticles with different content of nanotubes allows to highlight that in improving the thermoelectrical properties of material by nano-structuring, not only the size of particles matters, but also its morphology, as Bi2Te3 sample with higher content of nanotubes clearly shows better thermoelectric performance in comparison with low nanotube content samples. Thirdly, adopting the composite preparation by infusion method, which is usually used for CNT fillers, demonstrates the possibility that the process can be applied to more rigid fillers with lower aspect ratio.

Future work in the project should start from a deeper characterization of best quality Bi2Te3 nanotubes which have been obtained at the very end of this research project. Further direction of the work could be investigation crystal domain size and tubes aspect ratio dependence on the reaction condition. More precisely, investigate if the crystal domain size of Te template correlates with the size of resulting Bi2Te3 crystal size and if it does, explore methods to adjust the Te crystal size with the aim to govern the crystal size of the resulting Bi2Te3. Monitoring precisely the surfactant concentration and surfactant to precursors ratio could allow tailoring the tubes morphology. Optimizing the sintering conditions for these high aspect ratio particles would allow establishing relationships between the nanotubes aspect ratio and the thermoelectrical properties of sintered samples. Eventually using these top-quality Bi2Te3 to process buckypapers in which thermoset resins will be more easily infused might help increasing the overall thermoelectric properties of this new category of conductive polymer composites.

locations in the sample than secondary electron. Back-scattered electrons mainly used to analyse the distribution of the constituents of the sample as their signal intensity correlates with the atomic number of the elements, therefore different species have distinctive contrast on the images. Characteristic X-ray electrons are used to do elemental analysis of the sample surface known as electron dispersive X-ray spectroscopy (EDS).

In the course of the current thesis research, to characterise the powder samples, ZEISS Supra 55 microscopy with secondary electron and characteristic X-ray electron detectors was used, without specific sample preparation. The bulk samples, as composites and sintered samples was characterized by JOEL microscope, with prior ion beam polishing of the sample surface by JOEL SM-09010 cross-section polisher.

Transmission electron microscopy

Transmission electron microscopy is a type of microscopy where the images are acquired by detecting the electrons passed through the sample. Therefore, high-energy electron beams are used in contrast with other electron microscopy and the sample is required to have small thickness. The electrons, passed through the sample contains specific information as a result of their interaction with specimen atoms and detected to produce images. Owing to the low wavelength of the electrons, TEM images have high resolution and can be used to images very small samples. In the current thesis JOEL 2010 FEG TEM equipped with double tilt sample holder for High resolution analysis, was used to characterize Bi2Te3 samples.

Appendix-2. X-ray diffraction

X-ray diffraction is material analysis technique to determine its crystallographic structure. To analyse the material the sample is irradiated by incident X-rays and angles and intensities of the scattered X-rays are measured and used to calculate crystal structure of the material using Braggs law:

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃
where, d -is a distance between diffraction planes; λ -beam wavelength; θincident angle;

ninteger number. 

Appendix-3. Sintering

Sintering of the samples by Spark Plasma Sintering

  l'échelle nanométrique de Kirkendall. Si les deux mécanismes sont bien décrits dans la littérature, les méthodes actuelles offrent d'autres conditions de réaction douces et faciles à mettre à l'échelle. L'effet Kirkendall à l'échelle nanométrique nécessite un support sacrificiel, c'est pourquoi le développement de la méthode de préparation in-situ du support est également rapporté. Les nanoparticules synthétisées ont été caractérisées par MEB, MET et DRX. Schéma -1. Processus schématique en deux étapes pour la préparation du Bi2Te3 via un mécanisme d'enroulement La première méthodologie, la synthèse à reflux assistée par le 1-DDT de nanoparticules de Bi2Te3 via un mécanisme d'enroulement, est développée sur la base des résultats préliminaires du groupe de recherche. La préparation des nanoparticules de Bi2Te3 selon le schéma-1 a été réalisée dans une cuve de réacteur agitée à double enveloppe de 2 L avec un contrôle précis de la température qui permet d'obtenir 7,00 g de Bi2Te3 pur pour chaque réaction. La réaction produit des nanoparticules de Bi2Te3 à phase pure qui, d'un point de vue morphologique, sont constituées de 30 % de nanotubes et de 70 % de particules isotropes, comme le montrent les images MEB de la figure-1.

Figure - 1 .

 1 Figure -1. Images MEB typiques d'un échantillon de Bi2Te3, en médaillon spectres EDX de la poudre.

  Figure-2. Spectres XRD des nanoparticules de Bi2Te3 synthétisées en comparaison avec le standard de COD (COD ID 9011962)

Figure- 5 .

 5 Figure-5. Dépendance des propriétés TE du composite Bi2Te3/résine époxy (préparé par infusion) en fonction de la température mesurée en mode chauffage : a) résistivité et coefficients Seebeck ; b) conductivité thermique (calculée) ; c) diffusivité thermique et chaleur spécifique ; d) ZT et PF (calculés).
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  only recognized in 1855 by W. Thomson, who established relationship between Seebeck and Peltier coefficients.
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 11 Figure -1.1. Basic thermoelectric circuit: a and bdifferent conductors; H and C hot and cold junctions

  Figure of merit vary with temperature, Therefore, it should be considered as a function of temperature rather than a single number. Comparing functions is bit difficult than the single characteristic values, therefore the temperature value is introduced to the characteristic of the TMs and earlier known z with the unit of [K -1 ] becomes the "Dimensionless figure of Merit"
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 12 Figure -1.2. Schematic representation of: a) TEG unit with single thermocouple; b) TEC with single thermocouple; c) Practical TEG unit with interconnected multiple thermocouples
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 13 Figure -1.3. Evolution of zT for state-of-the-art bulk TMs over the years 17
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 13 Figure -1.3. Dependence of ZT and related parameters (α,σ, κ) on carrier concentration (the trends were adopted from reference[START_REF] Tan | Rationally Designing High-Performance Bulk Thermoelectric Materials[END_REF] which in turn was plotted using the data from reference[START_REF] Rowe | α-in σ Plot as a Thermoelectric Material Performance Indicator[END_REF] for Bi2Te3)

Figure- 1 .

 1 4a red curve) close to the optimal n on a wider range of temperatures and as a consequence approach the optimized ZT values (Figure-1.4c red curve). In contrast with graded doping, T-dependent doping does not present diffusion related issues.

Figure- 1 . 4 .

 14 Figure-1.4. Schematic representation of variation of acarrier concentration (n) b -ZT with temperature via different doping methods 23

  of research is directed to reduce the thermal conductivity (κ) of TM. The only way to do it without deteriorating the other properties of TM is to reduce only the lattice thermal conductivity -κlat component of κ. The lattice thermal conductivity arises from propagation of phonons through the lattice of the crystal. Phonons are heat carriers in a form of vibrational waves of different wavelength and are created as a result of displacement of atoms from their positions at equilibrium due to the inter-atom interactions. The defects in the crystal structure can scatter the phonons instead of propagate them which leads to a decrease of the lattice thermal conductivity. Phonons have different wavelength and in order to be able to scatter the phonon these structural defects must have similar dimensions.
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 15 Figure-1.5. Point defects created by: aaliovalent single doping; bcross-substitution; clattice vacancy
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 16 Figure-1.6. Crystal structure of Bi2Te3 53

6 Figure- 1 . 7 .

 617 Figure-1.7. Bi2Te3 and related TMs with highest zT reported (adopted from reference[START_REF] Pei | Bi2Te3-Based Applied Thermoelectric Materials: Research Advances and New Challenges[END_REF] 
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 123 Reduction of Te precursor. Common Te precursors are metallic Te particles, TeO2 and Na2TeO3. After introduction into the solution they are reduced mainly by NaBH4, KBH4 or N2H4*H2O into different reduction states depending on the precursor and other species in the solution. When water is used as solvent (aqueous and hydrothermal), usually NaOH is added to control the pH of the solution. In those cases, along with the reduction of Te precursors its dissolution by disproportionation is claimed to take place. Addition of Bi precursor. Commonly BiCl3 and Bi(NO3)3*5H2O are used. Mostly they are directly added to the solution and produce Bi 3+ upon dissolution. Redox reaction. Redox reaction between Bi 3+ and reduced Te precursor produces Bi2Te3. This reaction takes places upon reaching the set reaction conditions (temperature and pressure). Exact mechanism of the reaction depends on the reduction state of the Te precursor and other species present in the solution, but all lead to the formation Bi2Te3.

4 .

 4 Purification. Due to the complex composition of the solution (balancing ions of precursors, oxidation product of reducing agent, surfactant and etc) and high surface area (sometimes porous structure) of the Bi2Te3 nanoparticles, the product can be contaminated upon separation from the solution. Purification of nanoparticles based on the fact that the pollutants are soluble in different solvents and implemented mainly by filtration washing or centrifugation in different solvents.
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 18 Figure -1.8. Formation of Bi2Te3 nanotubes from Te rods by nanoscale Kirkendall diffusion: aschematic representation 81 ; bexperimental TEM observation 82

Figure- 1 . 9 .

 19 Figure-1.9. Microscopy images of Different Bi2Te3 nanoparticle morphologies obtained by wet chemical reaction methods: a and bhexagonal nanoplates with (a) and without (b) pore by solvothermal synthesis 54 ; cnanoflowers by hydrothermal synthesis 89 ; dnanowires by aqueous reflux synthesis 103 ; enanotubes by polyol method 104

  Doping of OTMs is carried out by introduction of strong electron donors (for n-type) or acceptor (for p-type) by chemical or electrochemical treatment of the polymer. For p-type doping, dopant accept an electron from polymer double bond and a polaron is formed. The charge carried by the polymer (hole in this case) can be displaced under the application of an electrical field making the doped conjugated polymer conductive (Figure-1.10). Conductivity values as high as 10 4 S/cm were reported after doping for OTMs 107 . Conversely n-type dopant are strong donors which introduce additional electrons on the polymer.

Figure- 1 .

 1 Figure-1.10. p-type I-doping of trans-polyacetylene and electron conduction in doped transpolyacetylene

  properties of OTMs is mechanical stretching which increases the order in the polymers by aligning the polymer chains109 . Number of examples demonstrated that stretching indeed improves the ZT of polymer TMs, as doped PANI 110 and 2,5-dialkoxysubstitutedphenylenevinylene111 . Enhancement of electrical conductivity by stretching dominates its adverse effect on Seebeck coefficient, thus overall ZT increases upon increasing the order. Another interesting consequence of stretching is that it increases the anisotropy of properties in the material and power factor considerably increases along the stretching direction in comparison with other directions. There are other methods to improve the ZT of OTMs as solvent annealing, or designing new molecular structures.

  122 

Figure- 1

 1 Figure-1.11. Common composition of hybrid organic-inorganic composite TMs

  TE field, CNTs are the most used carbon derivatives, including the preparation of carbon/polymer composite TMs 123 . In contrast with the state-of-the-art semiconductor fillers, CNTs source is abundant. Additionally, because of their transport properties lying between metallic and semiconductor behaviours, CNTs themselves are relatively poor thermoelectric materials due to low Seebeck coefficient and high thermal conductivity. However, upon preparation of composites with conducting polymers, PF and ZT higher than that of individual components are reported. In most of such examples, improvement is achieved thanks to decoupling of the electrical conductivity and Seebeck coefficient relation and only slight increase of thermal conductivity of the polymer.

Figure- 1 .

 1 Figure-1.12. CNT/PANI hybrid composites with different conformational arrangement of PANI chains, prepared by ain-situ polymerisation; bex-situ mixing 126

  132 Du et al. compared the effect of fabrication method on the TE properties of Bi0.5Sb1.5Te3/PEDOT:PSS composite133 . In a general procedure, fine suspension/solution of hexagonal Bi0.5Sb1.5Te3 sheets and (DMSO)/PEDOT:PSS in EtOH with varying content of the filler. Then hybrid TM films were prepared on a glass substrate by two methods: drop casting and spin coating. Both type of films had rough surface and certain agglomeration, but their TE characteristic were rather interesting. Both electrical conductivity (from 750 S/cm up to 1300 S/cm) and Seebeck coefficient (from 10 μV/K up to 17 μV/K) increased with the increase of the filler content for drop casted films (Figure-1.13a). While spin coated films demonstrated dramatic decrease of electrical conductivity (from 700 S/cm to 110 S/cm) and increase of Seebeck coefficient (from 10 μV/K up to 48 μV/K) with an increase of the filler amount.Overall, both type of films demonstrated increase of PF with an increase of the filler content (Figure-1.13b). The spin coated hybrid films represent the classical inverse correlation between σ and α, while drop casted films demonstrates rare cases where both σ and σ were enhanced simultaneously. It can be attributed to the different alignment of the filler particles governed by processing method, thus as an effect of the composite morphology.

Figure- 1 . 13 .

 113 Figure-1.13. Electrical conductivity, Seebeck coefficient and PF of Bi0.5Sb1.5Te3/PEDOT:PSS hybrid composite films prepared by spin coating versus drop casting 133

  One of the first such works was reported by Madan et al where they prepare Bi2Te3/epoxy resin composite by dispenser printing method. 135 Bi2Te3 nanoparticles with average size of 10 μm were obtained by ball milling the commercial powder. The printing slurry was prepared by mixing the components of epoxy resin -DGEBA resin and methylhexahydrophtalic anhydride hardener along with catalyst, Bi2Te3 particles and solvent for adjustment of the viscosity in a vortex mixer. The slurry was then dispenser printed on glass substrate with the thickness of 100-200 μm and printed composite was cured at different temperatures and for different duration of time. The loading of the filler was 80 wt%. TE properties of the films varied depending on both, curing temperature and time. When cured for 12 h, electrical conductivity of the composite slightly decreased with an increase of the curing temperature from 24 S/cm at 200°C to 17 S/cm at 350°C. On the contrary Seebeck coefficient significantly increased from -168 μV/K to -275 μV/K. Yet it had net positive effect as PF increased from 6.8*10 -5 W/m*K 2 to 1.28*10 -4 W/m*K 2 . Authors suggest that at elevated temperature the particles sinter and aggregate, which decreases the electrical conductivity but do not comment on the more important effect on the Seebeck coefficient.

Figure- 1 . 14 .

 114 Figure-1.14. Dispenser printed Bi2Te3 (1w% Se)/epoxy resin composite TM : aschematic and image of printed device, b -SEM image 136

  conductivity. No solid explanation was given for such change of the behaviour with changing the curing temperature. Additionally, due to inconsistencies of the calculations, the ZT values in these reports should not be considered for comparison. Authors of the above discussed papers also published several similar papers where different derivatives of Bi2Te3 was used as filler.137,138 Cao et al. also reported Bi1.8Te3.2/epoxy resin composite prepared by screen printing methods. Filler particles had relatively high particles size as it was used as received139 . Printing slurry was prepared by mixing the filler with resin components and along with solvent triple roll mill, then was screen printed on a Kapton substrate through polyester screen. Deposited film was cured at 250°c for 3h. Then electrical conductivity and Seebeck coefficient of the films were evaluated over time. While conductivity of the samples slightly decreased gradually over time from 4 S/cm to 2.8 S/cm after 100 days, the Seebeck coefficient remained relatively unchanged around -125 μV/K.
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 115 Figure-1.15. SEM images of Bi0.5Sb1.5Te3/epoxy resin composite films cross-sections prepared by brush printing and subsequent hot pressing at temperature a -200°C; b -250°C; c -300°C; d -
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 116 Figure-1.16. SEM images of Bi0.5Sb1.5Te3/epoxy resin composite films cross-sections prepared by brush printing and subsequent hot pressing at pressures: a -0 MPa; b -2 MPa; c -4 MPa 140
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 211 Scheme 2.1.1. Schematic two-steps process for the preparation of the Bi2Te3 via rolling-up mechanism

Figure - 2

 2 Figure -2.1.1. X-ray diffraction patterns of: a -Bi(SC12H25)3 precursor; b -Synthesized Bi2Te3 in comparison with literature data (space group R-3m, COD ID 23108039)

Figure - 2

 2 Figure -2.1.2: a -Typical SEM images of Bi2Te3 sample, within inset EDX spectra of the powder (a) blocks of matter are made of two type of Bi2Te3 crystals; benlargement evidencing small isotropic Bi2Te3 nanocrystals aggregated (white arrow A) and open Bi2Te3 nanotubes (pointed by white arrow B)
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 2 Figure -2.1.3: a -X-ray diffraction patterns of pure Tellurium Te(0) (in red) and synthesized sample without using DDT (in black); b -SEM images and corresponding EDX spectra of the aggregates for the sample synthesized without using DDT

Figure- 2 . 1 .

 21 Figure-2.1.4a and b reveal the specific morphology feature of a hollow tube showing respectively its extended shape along its main axis with spiral walls and the opening of a tube

Figure - 2

 2 Figure -2.1.5: a -TEM picture of a Bi2Te3 nanotube with its spiral wall indicated by black arrows; in inset Fast Fourier Transform of the white square area perpendicular to the plane of the wall showing the average hexagonal orientation of the plane of the crystals; b -HRTEM of a tube wall with white arrows indicating the c parameter close to 30.4 Å and the basic quintet of Bi2Te3 (close to 10 Å) in inset Fast Fourier Transform perpendicular to the wall where the C axis orientation is clearly evidenced in the wall of the tube , ctypical SAED diffraction pattern of the Bi2Te3 aggregates indexed referring to ref 6 parameters. d, e and f -Bi2Te3 typical images of respectively nanograin aggregates (d,1), flat sheets (d,2) and sheets beginning to roll (e,3) to form a nanotube (f)

are 3

 3 quintets per unit cell. The cell parameters are a = 4.3835 Å and c = 30.360 Å at 77 K. 147 It is, therefore, reasonable to estimate the thickness of a quintet around 10 Å. The measurement in Figure-2.1.5b of a distance close to 10 Å along the c direction between two bright dots rows corresponds to the thickness of the quintet. The HRTEM observations correlate well with the structural features of Bi2Te3 crystalline structure. The fast Fourier transform performed in white square area perpendicular to the plane of the wall indicates the average hexagonal orientation of (a, b) plane of the crystals (inset in Figure-2.1.5a). HRTEM of tube wall endows us to evaluate the c parameter close to 30.4 Å (Figure-2.1.5b). Figure-2.1.5c displays SAED pattern of the sample. The good indexation according to literature data and hkl planes identification evidenced the confirmed Bi2Te3 rhombohedral, R(-3)m crystalline structure features. Figure-2.1.5b also shows that the c-axis is not exactly perpendicular to the nanotube axis. This slight disorientation towards that direction is caused by the orientation of the Bi2Te3 (a, b) planes from the nanotube wall plane probably caused by their formation via a rolling-up mechanism as previously proposed in the literature. 80,145 The observation of intermediate shapes particles in the powder like nanograin aggregates (Figure-2.1.5d) such as sheets (Figure-2.1.5d), sheets beginning to roll (Figure-2.1.5e) and nanotubes (Figure-2.1.5a and f) comforts the likeliness of this mechanism.
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 222 . Matching and refinement of XRD spectra were carried out on Maud software in comparison with the standard Te phase 153 , data taken from crystallography open database (COD). Formation of particles proceeds by reaction of the solution with oxygen, which is applied through the surface of the solution. Therefore, Te particles start to form on the surface, and later due to mixing, and in certain cases due to saturation of the solution surface, particles start to appear in the solution. SEM images of synthesized Te particles show that it consists in elongated rod like structures (Figure-2.2.1a, A) and bigger sized block like structures with small aspect ratio (Figure-2.2.1a, B). The size of elongated particles varies vastly from several hundred nanometres up to 10 µm. Closer examination of those particles (Figure-2.2.1b) shows that they have sharpened ends and hexagonal cross-section, which confirms hexagonal unit cell (trigonal crystal structure).Therefore, later on those particles referred to as "rods with hexagonal cross section". Block like particles have bigger size, and if due to small aspect ratio they are considered as spheres, their diameter varies from 5 µm up to 20 µm. Interestingly, the majority of the block particles form sheet like agglomerations, consisting mainly of big blocks, but mixed with occasional rods (Figure-2.2.1c). When the reaction stirred at slow rate, those agglomerations first cover the surface of the solution (Figure-2.2.1d), therefore it is possible to isolate them and observe by SEM.
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 221 Figure -2.2.1: SEM images of Te particles prepared according to the Protocol 2.1: ageneral view: A -Te-rods with hexagonal cross-section, B -Te blocks; bcloser view of Te rods with hexagonal cross-section; cagglomeration consisting of B type blocks and occasional Te-rods; dparticles from the surface layer of the reaction solution with view of giant agglomerations
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 222 Figure -2.2.2. XRD spectra of Te nanoparticles prepared according to standard protocol (II.2.2.a) under different stirring speed in comparison with the standard from COD (COD ID 23108039)

Figure - 2

 2 Figure -2.2.3: a -Precipitation of Te without stirring after 3 days: A -Te particles growing downwards; B -reduced Te solution (darkens due to certain amount of oxygen); C -Te particles fallen from the top forest due to vibrations; b -SEM images of Te particles precipitated without stirring
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 224 Figure -2.2.4. SEM images of Te particles precipitated by direct oxygen application

(Figure- 2 . 2 .

 22 1c and d). Additionally, to avoid the accumulation of high concentration of O2 at the surface, as a result of bubbling, another needle attached to argon filled balloon is also inserted into the solution. This novel oxygen introduction method indeed, allows to avoid formation of sheet like agglomerations of particles and vastly decreases the amount big blocks, thus improving the quality of the template. The major drawback of such direct oxygen introduction method is that formed Te rods are shorter (Figure-2.2.4). In general, two major clusters of rods forms: small rods with average length of 200-300 nm and long rods with length of 2 to 3 µm. Decrease of the rods size is likely to be triggered by increase of the oxygen concentration and thus, simultaneous formation of many seeds. This hypothesis is supported by increased rate of complete the precipitation, which occurs in 1 h in comparison with 2 to 3 h in standard protocol. Figure-2.2.5 shows the XRD spectra of Te particles prepared at two different oxygen application modes and direct application of oxygen leads to slight decrease of crystalline domain size.

Figure- 2

 2 Figure-2.2.5. XRD spectra of Te nanoparticles prepared according to protocol 2.1 changing the oxygen introduction mode

  2), Te template is prepared with the aid of surfactant SDBS. As in the standard reduction procedure Te is reduced by placing 3.36 g (84 mmol) of NaOH, 1.2 g (9.4 mmol) of Te and 1.45 g (38 mmol) of NaBH4 in 450 ml of degassed water and refluxing for 3 h at 100ᵒC under Ar flow. Solution of reduced Te is then cooled down, but still under Ar flow for 2 h (until it is close to the room temperature) to not allow the Te 2-to react with oxygen and precipitate. Then 0.16 g (0.45 mmol) of SDBS is dissolved in a reaction mixture. After complete dissolution of SDBS, oxygen is introduced into solution through a needle attached to an air-filled balloon. Needle is inserted into solution, allowing direct contact of air with Te ion particles in the solution. On the other hand, to avoid accumulation of oxygen on the top of solution, thus preventing the precipitation from the surface, a needle attached to an Ar-filled balloon is also attached. Solution is allowed to stir for 1 h and after formation of black stabilized suspension, it is filtered and washed repeatedly with water, EtOH and acetone and dried.

Figure- 2

 2 Figure-2.2.6. SEM images of Te particles prepared with SDBS (Protocol 2.2)

Figure- 2

 2 Figure-2.2.7. a -XRD spectra of long Te nanoparticles prepared with SDBS (Protocol 2.2) (red line, long Te rods) and short homogeneous Te nanoparticles prepared by dilution (Protocol 2.3) (blue line, short Te rods); b -Comparison of peak broadening of long Te rods (red line) versus Te prepared by improved standard protocol (blue line)

Figure- 2 . 2 . 3 )

 223 7a (red line) shows XRD peaks of Te particles which corresponds to trigonal Te phase. Figure-2.2.7b depicts the section of XRD pattern of these Te particles in comparison with the XRD peaks of Te prepared without surfactant. In spite the considerable increase in the rods length, the peaks are broader in the first case. It suggests that long Te rods prepared by SDBS are polycrystalline with smaller crystal domain size.II.2.4 Synthesis of short homogeneous Te rods (Protocol 2.Earlier described methodologies allow to obtain two types of Te rods with high size distribution of the particles, having either length from 200 nm up to 2 µm for synthesis without surfactant, and 2-10 µm for the surfactant assisted synthesis. An alternative protocol in which the Te 2-solution is injected in an oxidation bath has been experimented.

Figure- 2 . 2 . 8 .II. 3

 2283 Figure-2.2.8. Te rods prepared according to protocol 2.3: awithout surfactant; b-with SDBS
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 231 Figure -2.3.1. Schematic illustration of Bi2Te3 nanotube formation by nanoscale Kirkendall diffusion, view from top of the tube 160
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 231 Scheme-2.3.1. General synthesis procedure for Bi2Te3 via diffusion mechanism on in-situ synthesized templates

Figure- 2

 2 Figure-2.3.2. XRD spectra of synthesized Bi2Te3 nanoparticles in comparison with the standard from COD (COD ID 9011962)
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 233 Figure-2.3.3. SEM images of Bi2Te3 nanoparticles with 50% nanotube content (Protocol 3.1): atubes; bgrains; cisotropic particles; dtubes in grains

protocol 3. 1 .

 1 Composition of the particles remains to be pure Bi2Te3 phase with space group R3m-H according XRD spectra in comparison with standard (Figure-2.3.2 blue line). Direct introduction of oxygen, as described in the previous section of the chapter (II.2), leads to an increase of the reaction rate, which in turn results in shorter Te templates (Figure-2.2.4), but with narrower size distribution. Morphology of the final Bi2Te3 particles changes accordingly: majority of the particles have length in the range of 300 nm-500 nm and diameter 50 nm (Figure-2.3.4), with very few portion of longer particles (Figure-2.3.4c). Open ends of the tubes are less apparent than previously (Figure-2.3.3), but coincide with the earlier conclusion that the clear open ends are encountered in bigger sized tubes. The surface of the particles remains to be rough. The ratio of tubes to random particles can be estimated to be up to 80% according to SEM images. Current protocol designated as protocol 3.2 and the sample obtained by it as Bi2Te3 with 80% nanotube content.
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 234 Figure-2.3.4. SEM images of Bi2Te3 nanoparticles with 80% nanotubes, synthesised according to the protocol 3.2, but in different batches: yellow arrowsopen ends of tubes

  Bi2Te3 crystal structure with R3m-H space group (Figure-2.3.2 green line). The peaks are broader (zoomed insets of Figure-2.3.2) in comparison with Bi2Te3 samples prepared without additional surfactant (protocol 3.1 and 3.2) which suggests that the size of crystal domains is smaller. According to SEM images (Figure-2.3.5) the morphological composition of the obtained Bi2Te3 particles is 100% tubes corresponding to the template quality which is pure rods.

Figure- 2 . 3 . 5 -

 235 Figure-2.3.5 -SEM images of Bi2Te3 nanoparticles synthesised with SDBS during template formation

Figure- 2

 2 Figure-2.3.6. XRD spectra of Bi2Te3 nanoparticles synthesized according to two-step (pot) synthesis process in comparison with the standard from COD (COD ID 9011962)

Figure- 2 . 3 . 7 .

 237 Figure-2.3.7. SEM images of nanoparticles: a, b -Te long rods; c, d -Bi2Te3 particles corresponding to the template

  𝐶 𝑝 • 𝜌 where: Dthermal diffusivity [m 2 /s]; Cp -specific heat capacity [J/kg•K]; ρdensity [kg/m 3 ].

Figure- 2 . 4 .

 24 Figure-2.4.1 depicts the SEM images of the sintered Bi2Te3 samples (after ion polishing). Two of the depicted structures show porosity. The porosities in sample nK1-50 (a and b) probably result from both, the holes of the bigger tubes (arrows on b) and interparticle space due to non-dense packing. Meanwhile, the porosities in the second sample (c and d) are more likely due to a packing default. These porosities resulted in densities of the samples to be lower than the theoretical density of the bulk Bi2Te3 (7700 kg/m 3 ) and reached only 94% for nK1-50 and 95% for nK2-100 of the theoretical value.
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 2 Figure-2.4.1. SEM images of Bi2Te3 samples after sintering: a and b nK1-50; c and d -nK2-100

Figure- 2 . 4 . 2 .

 242 Figure-2.4.2. TE properties variation with temperature of Bi2Te3 samples: a) Electrical resistivity; b) Seebeck coefficient; c) Power factor; d) Thermal conductivity; e) ZT

Figure- 2

 2 Figure-2.4.3: a) Electron and lattice thermal conductivities of Bi2Te3 samples R-30 and nK2-100; b) in-plane and out-of-plane thermal conductivities of R-30

Figure- 3 .

 3 Figure-3. Schematic representation of the Bi2Te3 nanotubes/epoxy hybrid structure

  49 g, 53.8 mmol) and IPDA (4.67 g, 27.4 mmol) were mixed with 10w% (2.51 g, 3.13 mmol) of Bi2Te3 by spatula for 5 min. The mixture was degassed in a vacuum line for 30 min while being stirred with magnetic stirrer. After the first step of the degassing aliquots were taken for DSC and rheology analysis and the rest of the mixture was transferred into silicon moulds (2.5 cm, 5 cm) and degassed for another 30 min under slow vacuum. Degassed mixture was then cured at 100°C for 30 min and post cured at 160°C for 40 minutes according to the selected curing conditions for pure DGEBA/IPDA resin system.

Figure- 3

 3 Figure-3.1.1. a) rheograms of pure DGEBA/IPDA resinblue lines, and composite with 10w% Bi2Te3 orange lines measured at 100°C and multifrequency mode (frequencies 5 rad/s, 10 rad/s, 23 rad/s, 50 rad/s); b) DSC traces of apure DGEBA/IPDA resin and b -composite with 10w% Bi2Te3 (heating ramp 10°C/min, T0 -0°c, Tmax -300°C)

Figure- 3 . 1 .

 31 1a depicts the evolution of tan δ of pure resin and composite, measured at isothermal (100°C), multi-frequency mode. According to the measurements the gelation point of the pure resin and composite is 500 s and 475 s accordingly. Figure-3.1.1b depicts the DSC trace of the curing of the resin (trace a) and composite (trace b) and show almost identical curing profile. Close gelation points and similar curing kinetics allows to conclude that no changes are required to be introduced for the curing profile of the resin when it is loaded with Bi2Te3 filler since it does not impact significantly the network curing kinetics.

Figure- 3

 3 Figure-3.1.2. a) top and b) side images c) optical microscope and d) SEM images of the cross section of the DGEBA/IPDA/Bi2Te3 composite Distribution of the filler in the matrix was evaluated by optical microscope and SEM (Figure-3.1.2c and d). Complete black coloration of the composite (Figure-3.1.2a and b) suggests homogeneous distribution of the particles throughout the resin. However, unevenly distributed big aggregates were also observed on SEM images (Figure-3.1.2d), with the size ranging from 20 μm up to 300 μm. Mapping of the cross section along the vertical direction of the sample shows no aggregates on the upper region, less and smaller aggregates in the middle, big and denser packed aggregates on the bottom of the composite. It is very likely that particles sedimented at the beginning of the curing, when the viscosity of the resin drops dramatically due to the temperature increase and allows particles settle easily by gravitation. Random sizeand shapes of the aggregates suggests that they did not form during the mixing, but rather existed in the powder state before the mixing. In general, it can be concluded that the Bi2Te3 filler is evenly distributed in the matrix and partly unevenly aggregated. Optical microscope

  Figure-3.1.3 displays SEM images of the cross-sectional area of the composite after ion beam polishing. Figure-3.1.3a represents the general morphology of the composite. Zoomed image on Figure-3.1.3b shows A-particles pointed with white arrow which represent Bi2Te3 nanotubes cross-sectioned perpendicular to its length, while B-particles pointed with red arrows represent tubes crosssectioned along its length. Frequent encounter of both types indicate that tubes are randomly oriented in the matrix, without apparent orientation, thus composite can be considered isotropic. Pieces of the sample with no apparent big pores were cut and its electrical conductivity was measured both by multimeter and ZEM 3. However, the composite surprisingly showed resin like resistance, which mean percolation was not obtained throughout the whole sample. It is evident from Figure-3.1.3c, where a considerable "resin only" area between filler particles is indicated by a green arrow. Additionally, green arrows on Figure-3.1.3d show considerably continuous aggregations of epoxy resin, which would highly contribute to the destruction of percolation.
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 313 Figure-3.1.3 -SEM images of Bi2Te3/epoxy resin composite prepared by speed mixing: ageneral morphology; b -Bi2Te3 tubes cut: Aacross the tube length; Balong the tube length; cgreen arrow indicating resin reach areas; darrows indicating continuous unloaded resin phases

. 2 . 1 )

 21 and 50 ml of MeOH were placed in a 100 ml RB flask and mixed by sonicating tip (Bandelin-Sonopulsprobe KE76). The amplitude of the sonication was set to 30%, with pulse 15 s on, 5 s off, duration 30 min. The dispersion gradually filtered on a small Buchner funnel under vacuum. The funnel (Figure-3.2.1) was fitted with a Teflon mould with an inner diameter of 15 mm and an outer diameter corresponding to the inner diameter of the funnel. Inner circle surface of Buchner funnel was fitted with two layers of cellulose filter papers (pore size 0.22 μm and 2 μm) followed by two layers of PTFE membrane (0.1 μm). The mould was tightly attached to the funnel covered by membranes through plasticine to avoid the waste of the vacuum power around the mould, and secure high pressure only in the intended inner circle of the mould. Filtration carried out slowly drop-by-drop, but continuously till the end. BP forming in the mould was periodically pressed. Dispersion was re-sonicated every 60 minutes for 5 mins to maintain the homogeneity of the dispersion and BP. After completion of the filtration the BP was pressed by filtering over it additional 1-2 ml of pure MeOH. BP is then carefully removed from the mould, placed on a petri dish and residual solvent was evaporated by drying in an oven at 50°C for 18 h.
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 321 Figure-3.2.1 -Filtration set-up to prepare BPs

  Infusion was carried out in two stepsfirst proper infusion of the BP then removal of the excess resin. The infusion step is carried out under vacuum in a custom-made mould placed in a desiccator (Figure-3.2.2). Custom-made mould consisted of three partsstainless-steel block with d = 50 mm and l = 60 mm; Teflon tubular mould with inner diameter corresponding to the diameter of the BPs (usually 15 mm), outer d = 25 mm and l = 20 mm; metallic top circular hole with d = 20 (not to block the hole in Teflon mould, but keep cover in through the thickness of the tube wall) attached to the block via screws placed surrounding the Teflon mould. The purpose of the top cover is to provide close contact between block and Teflon mould. A piece of Kapton foil is placed between block and Teflon mould then the top is tightly screwed.

Figure- 3 . 2 . 2 -

 322 Figure-3.2.2 -Vacuum infusion set-up

  is depicted on Figure-3.2.3a. After the BP was infused with resin and degassed, the infusion mould is dismantled by unscrewing upper cover and removing it along with Teflon mould. The infused BP along with the Kapton foil underneath it are transferred on the metallic plate (150x150 mm) of the resin removal set-up depicted in Figure-3.2.3a which is constantly heated to 50°C. Sheets of peel-ply and fleece were placed on top of the composite. Peel-ply is to facilitate the removal of the set up from the composite, while fleece is placed to uptake the excess of the resin. Then upper part of the set (Figure-3.2.3b) is placed on top of the fleece in a close contact and attached to the metallic plate via thick all-sticky tape surrounding the composite. The upper part is a hand-made layered structure consisting of layers in a sequence Gore-Tex®fleece ply 1straight sheet of metallic meshfleece ply 2small vacuum foil big vacuum foilconnector valve. Gore-Tex® and small vacuum foil re-sealed together on sides via sticky tapes, sandwiching the intermediate layers, while the small and big vacuum foils where attached through the valve. After upper part is attached and sealed the bigger foil is also brought to close contact with the plate and attached to it via additional tacky tape surrounding the upper set. Once all closely sealed the vacuum is applied though from the top of the set via valve and removal of excess starts and lasts for 30 min.
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 323 Figure-3.2.3 -Resin removal set up: ageneral view; bthe detailed upper part structure
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 332 Figure-3.2.4: a -Bi2Te3 Buckypaper; b -Bi2Te3/epoxy resin after curing (before polishing); c -CNT/epoxy resin composite after polishing
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 325 Figure-3.2.5: SEM images of Bi2Te3/epoxy resin composite prepared by infusion method
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 331 Figure-3.3.1 -Cutting schematics of the composites into specimens for transport properties measurement and transport property measurement directions
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 32 as a function of temperature between room temperature and 150°C to avoid any temperature induced structural modification as observed by Madan et al. Due to insulating nature of the epoxy resin, the resistivity of the composite is 51 mΩ•cm (Figure-3.3.2a), which is 25 times higher than resistivity of pure Bi2Te3. However, considering highly insulating nature of the matrix this value is logical. The resistivity increases with temperature, retaining degenerate nature of the conduction. Dependence of the Seebeck coefficient on temperature (Figure-3.3.2a) also remains similar to the evolution of the Seebeck coefficient in pure Bi2Te3, and passes through maximum around 130°C. Yet, the maximum Seebeck coefficient in pure Bi2Te3 is observed at 100°C. This lag can be explained by slower diffusion of the heat in the polymer. The composite demonstrates maximum Seebeck coefficient of αmax = -108 μV/K, which is almost twice lower than the Seebeck coefficient of sintered pure Bi2Te3 (αmax = -190 μV/K). Upon incorporation of Bi2Te3in epoxy resin matrix, the carrier concentration for the bulk mass of the composite is expected to decreases as the matrix does not produce charge carriers. This, in turn, is expected to increase the Seebeck coefficient. However, in the current case, the Seebeck coefficient decreased. It could be a result of probable decrease of the main charge carrier mobility in the Bi2Te3 due to scattering at filler/matrix interface. This behaviour contradicts to the observation made by Madan et al.135 where Seebeck coefficient is increased upon preparing Bi2Te3/epoxy resin composite via dispenser printing. Yet, the morphology of the filler in the report byMadan et al. is coarse particles with sizes more than 2 μm, which in comparison with our composite create less interface, thus less scattering. Comparing two contradicting observations in similar hybrid composites, it can be concluded that the amount of the interface might play a tremendous role in governing the TE behaviour of the composite.
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 332 Figure-3.3.2. Dependence of TE properties of Bi2Te3/epoxy resin composite (prepared by infusion) on temperature measured in a heating mode: a) Resistivity and Seebeck coefficients; b) thermal conductivity (calculated); c) thermal diffusivity and specific heat; d) ZT and PF (calculated) Thermal conductivity κ of the composite is around 0.4 W/m•K (Figure-3.3.2b) and logically lower than that of pure sintered Bi2Te3, which has been measured at 0.7 W/m•K for the R-30 sample. Yet, such reduction is not enough to fully compensate the drop in electrical conductivity and Seebeck coefficient. The thermal conductivity of the composite undergoes through minima around 100°C. Such evolution of κ can be explained by increasing specific heat capacity and decreasing thermal diffusivity by temperature (Figure-3.3.2c). The PFmax is 22 μW/m•K 2 , which is 70 times less than the PF reached by pure Bi2Te3 sample. Such value is expected considering the dramatic decrease of the electrical conductivity and Seebeck coefficient upon compositing. ZTmax is 0.025, considering only slight improvement in thermal conductivity while both Seebeck coefficient and electrical conductivity significantly decreased compared to pure Bi2Te3.
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 333 Figure-3.3.3. Dependence of TE properties of Bi2Te3/CNT/epoxy resin composites (as a function of temperature: a) Resistivity b) Seebeck coefficients; c) thermal conductivity (calculated); d) ZT and PF (calculated) Analysis of CNT/Bi2Te3/epoxy resin composites is shown in Figure-3.3.3. Comparison of the values are complicated because the preparation method did not allow to control the filler/matrix ratio precisely and calculation of this ratio after the preparation made with certain assumptions, therefore not precise. Yet the trends of the properties as a function of temperature are comparable. In contrast with the composite with only Bi2Te3 filler, the resistivities of the later composites decrease with temperature, demonstrating the dominance of conduction governed by CNT. The resistivities of the composites, in spite the addition of more conductive CNT increases dramatically up to 1800 mΩ•cm for a 10%CNT composite and 1120 mΩ•cm for 20%CNT composite, in contrast with 51 mΩ•cm for the composite without CNT. In contrast with bulk rigid Bi2Te3 nanoparticles, CNT (higher surface area and softer structure) forms more porous structure during the preparation of BP, which might result in a higher ratio of the epoxy resin in the composite (according to the table 3.3.1), thus in higher resistivities. Additionally, porous structure of the composite itself also contributes to the increase of electrical resistivity. Evolution of the Seebeck coefficient shows positive values in accordance with the p-type conduction of CNT. Seebeck coefficient of the three component composites varies from 5 μV/K to 11 μV/K, which is comparable with the Seebeck coefficients of CNT/epoxy composites in the literature 180 and the one prepared in the course of this experiment (αmax = 8 μV/K).

  Due to high electrical resistivity and low Seebeck coefficients, PF and ZT values are dramatically low in comparison with Bi2Te3/epoxy resin composite with PFmax=0.5•10 -2 μW/m•K and ZTmax=0.3•10 -5 for composite with 10% CNT loading, and PFmax=1.1•10 -2 μW/m•K and ZTmax=10 -5 for composite with 20%
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 2 Figure -A.2. X-ray diffraction scheme in a crystal structure

  Bi2Te3 nanoparticles were sintered by Spark Plasma Sintering (SPS) technique for further thermoelectrical characterizations. SPS is a sintering technique applied for densification of powders and synthesis. Schematics of the sample loading part of the conventional SPS is depicted on Figure-A.3a.1 In a general procedure the sample powder is placed in the graphite die and between two punches. Then, this sample loading part is placed in the mechanical loading part of the machine, which acts as both, to apply a mechanical pressure and as an electrical circuit. Sintering is activated by pulsed direct current passing from machine to punches, die and through the sample (in the case of conductive samples). Current creates Joule heating; therefore, no external heat is applied. Materials in the electrical circuit (die, punches and other parts of the machine in the circuit) have good electrical conductivity, therefore upon applying low voltages high current and efficient Joule heating is produced. Joule heating allows efficiently heat the sample, thus permits fast sintering. Heating rate as 1000°C/min and cooling rate as 150°C/min is possible to achieve with SPS. Mechanical pressure is applied while the sample is being heated. The process is regulated by temperature control via pyrometer and thermocouple or by displacement of the punches. Pulsed current passing through the sample does not only heat it, but also activates the particles surface, thus increases the diffusion rate.2 It leads to efficient sintering and densification as high as 95% of the theoretical values.

Figure -A. 3

 3 Figure -A.3: ageneral schematics of sintering chamber of SPS machine; bsintering chamber of SPS HP D25 FCT used for experiments; csample loading unit of the used SPS machine

  

  

  

  

  

  

  

  

  

Table - 1

 - .1. Bi2Te3 morphologies obtained by wet chemical methods

  [START_REF] Wang | Templating Synthesis of Uniform Bi2Te3 Nanowires with High Aspect Ratio in Triethylene Glycol (TEG) and Their Thermoelectric Performance[END_REF]100 , nanotubes 101 , nanosheets102 

	Aqueous reflux	1D particles 80 , Nanowires 103

Table-1.1 summarises different morphologies of Bi2Te3 nanoparticles obtained using wet chemical synthesis.

Table - 1

 - .2 PF Bi0.5Sb1.5Te3/epoxy resin composites140 

Figure-1.17. σ and α of Bi0.5Sb1.5Te3/epoxy resin composite films obtained at different curing temperature and pressures 140

Table -

 - 

	2.2.1. Effect of reaction and precipitation conditions on the morphology Te particles (favoured
	conditions highlighted in green)			
	Stirring	0 rpm	250 rpm	450 rpm	
	intensity				
	Results	Isotropic big	Mixture of rods	Mixture of rods	
		particles	and blocks, flakes	and blocks with	
			consisting from	decreased amount	
			agglomeration of	of the last, no	
			blocks	flakes	
	Oxygen supply	0 min	Up to 30 min	1h	∞
	duration				

  Higher electronegativity of Te results in positively charged Bi and negatively charged Te. Thus, in Bi2Te3, to produce electron charge carriers corresponding to n-type conduction by antisite defects, certain lattice points occupied by Bi have to be replaced by Te (TeBi). Stoichiometric Bi2Te3 demonstrates p-type conduction caused by intrinsic BiTe defects.Thus, since the samples demonstrate n-type conduction, it can be concluded that they are Terich. The values of Seebeck coefficients rise with temperature which is explained by increase of the charge carrier mobilities. However, for samples nK1-50 and nK2-100, upon further increase of the temperature the Seebeck coefficients drops after going through maximum (around 150°C). Such behaviour is explained by bipolar conduction, where both electrons and holes exist.174 Increase of temperature leads to generation of minority charge carriers -holes,

	which eventually leads to decrease of the Seebeck coefficient, as an increase of the carrier
	concentration leads to decrease of the Seebeck coefficient. 166 The PF of samples with nK1-50
	and nK2-100peaks due to the peak in Seebeck coefficient. Slight peaking in the PF of sample
	with 30% nanotubes (around 180°C) is explained by increase of inversely affecting resistivity,
	while directly proportional Seebeck coefficient is also increased with temperature. The peaking
	of the ZT of nK2-100 is more prominent due to the increasing thermal conductivity. ZT of R-
	30 ample gradually increases with temperature due to the increase of thermal conductivity. Due
	to earlier mentioned processing problems, thermal conductivity of nK1-50 was not measured,
	thus ZT was not calculated.

  174,176,177 51,53,54 in contrast with state-of-the-art Bismuth telluride, while Seebeck coefficient values are quite competitive (180 μV/K versus 150-200 μV/K). In spite achievement of reduction of thermal conductivities with nano-structuring, the values remain higher in comparison with state of the are materials where lower κ is obtained by extrinsic doping (by Sb). Therefore, higher thermal conductivities further decrease the ZT. Yet, for pure Bi2Te3 without extrinsic doping the ZT of 0.49 is quite competitive.

Table - 3

 - .2.1 Amounts of nanoparticles for preparation of dispersions

	Corresponding composite name	Amount of Bi2Te3 (g)	Amount of CNT (mg)
	Bi2Te3/epoxy resin	2.7	-
	CNT/epoxy resin	-	300
	10V%CNT-Bi2Te3/epoxy resin	2.7	30
	20V%CNT-Bi2Te3/epoxy resin	2.5	68

Table - 3

 - .3.1 Densities and filler fractions of the composites Thermoelectric properties of Bi2Te3/epoxy composite are depicted on Figure-3.

	Name of the composite	Measured density,	Volume fraction	Mass fraction of the
		kg/m 3	of the filler, %	filler, %
	Bi2Te3/epoxy	3787	40	81
	10% CNT-Bi2Te3/epoxy	3457	42	82
	20% CNT-Bi2Te3/epoxy	3018	31	74

Figure-3.2.6: SEM images of 20%CNT-Bi2Te3/epoxy resin composite prepared by infusion method
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Appendixes Appendix-1. Analysis by Electron Microscopy

Scanning electron microscopy

Appendix-5. Thermal analysis

Thermal conductivity of the samples was calculated using the following formula:

where, Dthermal diffusivity, Cpspecific heat capacity, ρdensity.

Laser Flash analysis (LFA)

Thermal diffusivity of the samples was measured by light flash method on equipment LFA-457 MicroFlash of Netzsch. In a general procedure of measurement, thin flat sample is placed in the sample holder and lower surface of the sample is heated by pulsed short energy In the measurements for the samples in this thesis samples with dimension 6 x 6 x 1 was used and analyses were carried out under Ar. To avoid the loose of heat by reflection, samples were first covered by thin carbon layer. The calculations were carried out on the Pyris software for Dimond DSC.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a thermal analysis method where the weight of the sample is evaluated as a function of temperature under controlled atmosphere. TGA allows to detects temperatures at which changes as phase transition, sorption and thermal decomposition takes place. A general equipment for TGA consists of high precision balance, furnace, chamber to control the atmosphere (within the furnace) and crucible. Sample is placed in the crucible, which is then placed on the balance. Depending on the type of machine, the furnace is closed and after application of the selected atmosphere (gas), the furnace is heated at selected rate. The weight of the sample is then recorded as a function of temperature, then the change of the weight is calculated as a function of temperature or time. In the experiments for the current thesis research, TGA were carried out on Pyris 1 analyser of Perkin Elmer. Analyses were carried out in Al2O3 crucible, under nitrogen atmosphere and heating rate of 20°C/min.

Appendix-6. Rheology

The rheology of the epoxy resin mixture was investigated by rheometer AR 1000 of TA Instrument. Rheometer is a device to measure the flow behaviour and deformation of a viscous liquid as a response to an applied force. They can measure Dynamic, storage and loss modulus, along with viscosity of the liquid and other properties. Used rheometer is a shear stress type, meaning that rotational shear stress is applied to the liquid and resulting strain rate is measured.

In the current research all rheological measurements were carried out on plate-plate type holder as shown on Figure-A.6. Plate diameters are 25 mm. In a general procedure, the liquid is placed between lower fixed plate and upper rotating plate, then shear stress is applied by torque. 

Abstract

Current thesis aims at developing methods to synthesise Bi2Te3 nanoparticles with nanotubular morphology in order to process composite materials. In the course of the thesis research 1-dodecanthiol assisted aqueous reflux synthesis methods of Bi2Te3 nanoparticles were developed. We evidenced that nanotubes formation can follow two mechanisms, rollingup or nanoscale Kirkendall diffusion, which resulted in variation of nanotubes content from 30% up to 100% depending on the experimental parameters. Optimizing the synthesis protocols also leads to improvements of the thermoelectrical properties of the samples processed by spark plasma sintering. The developed methods are easily scalable and proceed under mild reaction conditions. Subsequently, methods to prepare polymer hybrid composites with percolating Bi2Te3 nanoparticles network, were explored as an alternative to energy consuming sintering process. Infusing a thermoset resin in a preformed Bi2Te3 buckypaper was demonstrated to be the more efficient way to obtain a non-porous conductive polymer composite with specific orientation of the filler. Keywords: Bismuth telluride, bismuth telluride nanotubes, thermoelectric material, Bismuth telluride/epoxy resin hybrid composite

Résumé

Ce travail de thèse est consacré au développement de méthodes de synthèse de nanoparticules de Bi2Te3 à facteur de forme élevé afin de concevoir des matériaux composites thermoélectriques à matrice polymère. A cet effet, des protocoles de synthèse à reflux en milieu aqueux faisant intervenir le 1-dodecanethiol ont été mis au point. Il a été mis en évidence que la formation de nanotubes peut survenir par enroulement de structures bidimensionnelles ou par un effet d'interdiffusion à partir de nanotubes de tellure préformés selon le mécanisme de Kirkendall à l'échelle nanométrique. En fonction des conditions de synthèse la proportion de nanotubes au sein des nanoparticules obtenues a varié de 30 à 100%. Cette augmentation de la proportion de nanotubes s'est accompagnée d'une amélioration des propriétés thermoélectriques d'échantillons élaborés par frittage flash à partir de ces particules. Ces protocoles de synthèse en conditions douces sont facilement utilisables à plus grande échelle. Dans un second temps, des méthodes de mise en oeuvre de matériaux composites thermoélectriques basés sur la formation d'un réseau de nanoparticules ont été explorées en tant qu'alternatives aux procédés énergivores de frittage. Une méthode originale, basée sur l'infusion de résine dans un réseau préformé sous forme de mat de nanoparticules, a permis d'obtenir des composites polymères conducteurs massifs dotés de propriétés thermoélectriques satisfaisantes.

Mots clés: Tellurure de bismuth, nanotubes de tellurure de bismuth, matériau thermoélectrique, composite hybride tellurure de bismuth/résine époxy