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Résumé étendu

Chapitre 1 : Matériaux 2D : contexte, bases et au-delà Michigan Micro Mote (M 3 ) est un appareil si petit que la première version de celui-ci, "Phoenix", pourrait être insérée à l'intérieur d'un oeil capable de détecter la pression intraoculaire, un paramètre critique pour les patients atteints de glaucome. Ce Micro Mote de surveillance du glaucome ne consomme que 35 pW en mode veille. Les besoins en puissance pour le fonctionnement des M 3 comme les capteurs Internet of Things (IOT) de nouvelle génération ont diminué parallèlement à la réduction de la dimension des appareils. La batterie qui servait de source d'alimentation était la partie la plus consommatrice d'espace, au fil du temps ces batteries ont été remplacées par d'autres sources d'alimentation. Par exemple, pour satisfaire les besoins en énergie de M 3 , un petit module photovoltaïque est fixé sur le dessus de l'appareil. Et si nous pouvions créer des dispositifs avec des fonctionnalités multimodales, par exemple, les dispositifs qui peuvent extraire l'énergie de l'ambiance et en même temps agir comme des capteurs auto-alimentés. Pour réaliser cette vision, l'ingénierie minutieuse des matériaux et l'optimisation de la structure de l'appareil doivent être prises en compte. De plus, pour rendre ces dispositifs prêts à être commercialisés, une synthèse évolutive doit être développée pour produire des matériaux d'intérêt. Les matériaux en couches sont un choix viable pour de tels dispositifs, compte tenu de leur nature ultra-mince et de leurs propriétés exotiques. Les matériaux en couches sont généralement caractérisés par une forte liaison covalente intracouche et une faible interaction intercouche de Van der Waal (VdW ). L'interaction faible de VdW permet d'extraire un certain nombre de couches (peu nombreuses ou uniques) du cristal massif. Il est intéressant de noter que la monocouche d'un matériau présente des propriétés extraordinaires par rapport à son homologue massif. De plus, les propriétés optiques, électriques, catalytiques et mécaniques peuvent être ajustées en fonction du nombre de couches (simple, par-tri-couche, etc.) ou d'une éventuelle combinaison avec des couches d'un matériau 2D différent. Mounet et al ont rapporté qu'à partir de la riche bibliothèque de 1,08,423 matériaux tridimensionnels (3D) uniques connus expérimentalement, 5,619 composés sont stratifiés, dont 1,825 matériaux peuvent être mécaniquement/chimiquement exfoliés jusqu'à une monocouche [1]. Il n'entre pas dans le cadre de cette thèse de décrire tous les matériaux et par conséquent cette thèse se concentre principalement sur deux classes de matériaux en couches, à savoir le graphite (graphène) et les dichalcogénures de métaux de transition, décrits par la formule MX 2 (M : Mo, W, Ta,...et X : S, Se, Te).

Il y a près d'un demi-siècle, Landau et Peierls ont affirmé que les matériaux strictement bidimensionnels (2D) sont thermodynamiquement instables et ne pourraient pas exister [70,71]. Cette prédiction a été invalidée en 2004 lorsque Geim et Novoselov ont réussi à exfolier une seule couche de graphène [2]. Le graphène est un réseau hexagonal 2D d'épaisseur atomique, composé d'atomes de carbone sp 2 étroitement incorporés dans un réseau en nid d'abeille, se tenant indépendamment et ne faisant pas partie intégrante du matériau carboné. Chaque atome de carbone dans le réseau en nid d'abeille de graphène est lié à trois atomes de carbone adjacents dans le plan avec σ de longueur a = 1,42 Å ayant un angle de 120°C et une liaison π hors du plan. La cellule unitaire du graphène monocouche est constituée de deux atomes de carbone, A et B, formant chacun un réseau triangulaire. Dans le graphène à quelques couches, en fonction de l'ordre d'empilement de ces A et B dans la direction z, l'ordre d'empilement peut être de type Bernal ou rhomboédrique. En cas de perte d'ordre d'empilement, due à un désalignement en translation ou en rotation des couches [3], la structure résultante est dite turbostratique. La constante de réseau dans le plan pour la couche de graphène est de 0,246 nm et la distance intercouche pour le graphène turbostratique (> 0,342 nm) est supérieure à celle de la forme empilée de Bernal (c/2 = 0,335 nm). L'absence d'ordre d'empilement et d'amélioration de la distance entre les couches dans le graphène turbostratique entraîne l'amélioration des propriétés électriques de chaque couche, par rapport aux couches des structures empilées de Bernal.

La cellule unitaire du graphène constituée d'une paire d'atomes de carbone sp 2 possède deux liaisons π par cellule unitaire. L'extraordinaire propriété électronique du graphène est le résultat de l'hybridation de ces liaisons π formant les bandes π et π * (ces bandes π peuvent être imaginées comme les bandes de conduction et de valence). L'intersection de ces bandes π au coin de la zone de Brillouion (également appelées points kappa ou points de Dirac) se traduit par la bande interdite nulle du graphène. Contrairement à la structure de bande parabolique des semi-conducteurs typiques, la dispersion des bandes π est presque linéaire aux points de Dirac. Outre sa conductivité électrique exceptionnelle, le graphène est le matériau le plus résistant qui ait été testé jusqu'à aujourd'hui (résistance à la traction 130 GPa, module de Young 1 TPa) [4,5]. L'excellente mobilité des porteurs, même dans un état déformé, fait du graphène un candidat idéal pour l'électronique flexible [6]. Bien que l'absence de bande interdite n'éclipse pas les autres excellentes propriétés du graphène, c'est une raison majeure qui a orienté l'intérêt vers d'autres matériaux 2D, qui se caractérisent par une bande interdite finie, essentielle pour les dispositifs optoélectroniques.

La classe "au-delà du graphène" de matériaux en couches est généralement constituée des dichalcogénures de métaux de transition (TMD), grâce à la facilité d'extraction monocouche des TMD ! La couche TMD est composée d'une couche d'un métal de transition, prise en sandwich entre deux couches d'atomes de chalcogène. Ces couches d'épaisseur polyédrique interagissent avec les forces de van der Waal hors du plan avec les couches adjacentes, ce qui rend possible leur clivage jusqu'à la monocouche. Au total, les TMD sont au nombre de 60, dont 40 ont une structure en couches. La plupart d'entre eux peuvent être préparés en laboratoire mais peu d'entre eux, comme MoS 2 , sont présents dans la nature avec les structures cristallines 2H et 3R. Le type structurel des TMD est un facteur important régissant les propriétés globales du matériau. Trois polymorphes courants pour les TMD sont 1T, 2H et 3R, où les nombres définissent le nombre de couches par cellule unitaire et les lettres représentent les symétries trigonale (T), hexagonale (H) et rhomboédrique (R). Il est intéressant de noter que la liaison des métaux de transition des groupes 4 et 10 conduit à une géométrie octaédrique, tandis que les atomes du groupe 7 suivent une phase octaédrique déformée. Au contraire, la majorité des TMD du groupe 5 sont octaédriques, quelques-uns étant prismatiques trigonaux, alors que l'inverse est vrai pour les éléments du groupe 6. Il a été observé que la voie de synthèse et le traitement post-synthèse affectent énormément la phase finale des TMD. Par exemple, le MoS 2 exfolié mécaniquement conduit à la phase 2H tandis que le MoS 2 intercalé et exfolié Li-ion est observé sous forme de polymorphe 1T. Le polymorphe 1T pourrait également être généré à partir de la couche d'eau bicouche formée lors de la synthèse de MoS 2 , qui s'est formée en raison d'une utilisation excessive d'eau lors de l'exfoliation. Indépendamment du type de phase, la famille des TMD se compose de semi-conducteurs, de métaux et de supraconducteurs. Cela offre la liberté d'explorer la physique des matériaux de faible dimension et les applications possibles dans des domaines très différents. Bien sûr, cela est possible en raison du changement de propriétés des TMD lors de la transformation du matériau massif en monocouche. La multicouche semi-conductrice MoS 2 a une bande interdite indirecte de 1,3 eV, tandis que l'exfoliation conduit à l'ouverture de la bande interdite, qui dans le cas d'une monocouche devient directe avec une amplitude de ∼1,8 eV [7]. Parallèlement à la configuration électronique spéciale contribuant aux phases variables et aux propriétés inédites dépendant de la couche, la composition des TMD et des défauts (c'est-à-dire les lacunes, les dislocations et les joints de grains) modifie les propriétés physiques [8]. De plus, la possibilité de chalcogénures mixtes (MoS x Se 2-x ) [9], de métaux de transition mixtes (Mo x W 1-x S 2 ) [10] et d'hétérostructures verticales/horizontales de deux ou plusieurs TMD (MoS 2 /WSe 2 ) [11] exploite l'espace pour explorer leurs nouvelles activités physiques, électriques, optiques et catalytiques dans le futur à venir. Cette correspondance de type lego et la place des TMD se traduisent par un grand nombre de permutations et de combinaisons, encourageant la personnalisation des matériaux en fonction des exigences de l'application.

Cette classe particulière de matériaux est considérée comme atteignant des performances électroniques qui vont au-delà de la loi de Moore. Plus précisément, une conductivité et une transparence élevées font du graphène un candidat idéal comme électrode pour l'électronique flexible, tandis que les TMD vont répondre à des applications potentielles dans la détection de photons et l'optoélectronique en raison de leur bande interdite finie. Malgré les mérites importants des matériaux 2D et le fort potentiel de nouvelles applications dans le monde réel, plusieurs obstacles liés à la synthèse contrôlée et cohérente de cristaux de haute qualité doivent être surmontés, ainsi que des problèmes liés à la compatibilité.

Dans les prochains chapitres, je développerai de nouvelles méthodes utilisées pour synthétiser des matériaux 2D et leurs hétérostructures ou matériaux composites. Pour commencer, le chapitre 2 présentera la croissance et le transfert simultanés assistés par laser du graphène sur tous les substrats souhaités (et ses composites), ce qui a un potentiel pour un grand nombre d'applications dans le monde réel. La technique proposée est simple et industriellement évolutive. Comme démonstration de la nouvelle technique assistée par laser décrite au chapitre 2, des électrodes de graphène sont fabriquées par dépôt direct (sans transfert) sur des polymères pour récolter l'énergie des gouttelettes d'eau, du mouvement humain et des capteurs tactiles auto-alimentés. La récupération d'énergie et la détection auto-alimentée (présentées au chapitre 3) exploitent le mécanisme triboélectrique. Le chapitre 4 se concentre sur les TMD et leur interaction avec la lumière. Le diséléniure de platine (PtSe 2 ), un matériau 2D récemment développé qui peut être élaboré à des températures assez basses, par rapport aux autres TDM, ouvre des possibilités de combinaisons avec des matériaux sensibles à la température. Il a une bande interdite dépendante de la couche dans la région visible et NIR, étant métallique dans la multicouche. L'électrodéposition est utilisée pour le dépôt du précurseur de platine suivi d'une sélénisation pour préparer et étudier la morphologie du PtSe 2 utilisé comme contre-électrode dans les cellules solaires sensibilisées par colorant (DSSC). Le séléniure d'antimoine (Sb 2 Se 3 ) est connu comme un matériau à topologie 1D en ce qui concerne la structure locale. Connu de longue date, il a récemment attiré l'attention en raison de ses propriétés optiques intéressantes (bande interdite et très forte absorption de la lumière visible) qui font de ce matériau un candidat idéal comme couche dans le photovoltaïque. La combinaison de PtSe 2 et Sb 2 Se 3 dans des hétérostructures verticales peut conduire à la formation d'un photodétecteur large bande auto-alimenté. En outre, la couche de recouvrement de PtSe 2 fournit une protection au Sb 2 Se 3 qui sinon s'oxyde facilement lorsqu'il est exposé à l'atmosphère.

Chapitre 2 : croissance assistée par aser du graphène "Graphite lamellaire...d'un éclat métallique brillant et possédant une structure fibreuse distincte...par broyage prolongé dans l'eau, il peut être réduit en plaques plates minuscules". Il s'agit de la première description d'une des formes du carbone par BC Brodie, exprimée dans l'article « On the atomic weight of graphite » publié en 1859 [12]. Brodie mentionne en outre qu'il est très difficile par les procédés mécaniques d'amener ce graphite à un état de division fin...". Il est à noter que bien que la première déclaration annonce le célèbre matériau qui s'appelle aujourd'hui "graphène", la méthode d'exfoliation mécanique (qui était difficile à réaliser en 1859) a été utilisée par Novoselov et Geim pour démontrer l'exfoliation d'une seule couche d'allotropes du carbone sp 2 . Après l'isolement du graphène monocouche ou à quelques couches, et surtout après la suggestion d'une méthode optique simple pour estimer rapidement le nombre de couches exfoliées, le nombre d'articles de recherche portant sur le graphène a explosé et, dans cette optique, de nombreuses techniques différentes pour la synthèse de graphène ont été développés. Une méthode générale de classification est basée sur des voies de synthèse « top-down » ou « bottom-up » . Dans le cas de la synthèse top-down, la forme massive du graphite est désintégrée en monocouches pour former du graphène, par exemple, une exfoliation mécanique ou liquide. Au contraire, l'approche bottom-up consiste en une synthèse basée sur des précurseurs contenant du carbone pour former un graphène monocouche ou à peu de couches, par exemple, le dépôt chimique en phase vapeur (CVD) et la croissance épitaxiale sur SiC. Plus récemment, la graphitisation assistée par laser a attiré l'attention en raison de sa polyvalence. L'exposition instantanée d'une énergie hautement localisée sur un matériau précurseur peut conduire à une excitation ultrarapide des molécules et/ou à des effets thermiques dus à l'irradiation, qui peuvent altérer la composition du matériau vis-à-vis du carbone élémentaire.

Le degré de déséquilibre électronique et thermodynamique dans le matériau irradiédépend de la nature de l'irradiation incidente et du temps de relaxation électronique. La conséquence de ce déséquilibre est la génération de vagues de chaleur localisées déclenchant des réactions homogènes et hétérogènes régies par des interactions photochimiques ou des processus photothermiques [13,14]. L'effet photothermique provoque une chaleur localisée générée par un laser incident qui entraîne la réduction des groupes oxygénés dans GO ou même la synthèse complète du graphène à partir d'un précurseur riche en carbone. Dans le cas du processus photochimique, la fluence des photons incidents est suffisamment élevée pour rompre la liaison entre le carbone et les groupes oxygénés résultant en une structure de graphène. Lorsque les longueurs d'onde laser incidentes passent de la plage IR à la plage UV, l'effet dominant est de nature photochimique au lieu de photothermique. La synthèse de graphène à partir de précurseurs à base de polymères non aromatiques nécessite une énergie localisée extrêmement élevée. Les lasers IR sont préférés dans de tels cas et, par conséquent, seul GO est largement exploré pour la réduction à l'aide de lumière UV (avec quelques rares rapports sur la graphitisation de Kapton à l'aide d'un laser UV). La polyvalence de la synthèse et du traitement assistés par laser du graphène peut être réalisée à partir des rapports très divers de la littérature actuelle sur ce sujet en ce qui concerne les types de lasers employés, les matières premières précurseurs utilisées, les principes de la transformation assistée par laser des matériaux, et les applications potentielles qui peuvent être associées aux méthodes de croissance du graphène par laser. Malgré de nombreuses expériences approfondies de traitement au laser, un processus qui a attiré une attention accrue est la formation de graphène de polyimide (Kapton). La graphitisation du Kapton à l'aide de faisceaux laser permettant la formation de chemins conducteurs à sa surface est connue depuis longtemps [72,73]. Les études précédentes se sont principalement concentrées sur l'utilisation de l'ablation par laser UV des films de polyimide. Le produit ablaté collecté à la surface autour de la zone irradiée a été principalement identifié comme du carbone vitreux, à l'ère pré-graphène [74].

La graphitisation du polyimide (Kapton) à l'aide de faisceaux laser en vue de la formation de chemins conducteurs sur sa surface est connue depuis longtemps [15,16]. Il y a quelques années, Lin et al. ont testé la capacité de 15 polymères à se transformer en matériaux de type graphène sous irradiation laser [17]. Parmi ces précurseurs, ils ont découvert que seuls le polyimide (PI) et partiellement le polyétherimide (PEI) pouvaient être graphités à l'aide d'un laser CO 2 (10 µm). Ce produit graphitisé a été nommé graphène induit par laser (LIG). À la lumière de ces découvertes liées à l'inscription du graphène directement sur un substrat flexible, de nombreux rapports ont été publiés à ce jour, visant à explorer les phénomènes sousjacents et à tester la viabilité du graphène dans différentes applications. Compte tenu de l'importance de la croissance assistée par laser et du dopage du graphène pour des applications potentielles [18], les chercheurs ont contribué au développement de méthodologies pour le transfert de graphène par laser ou par d'autres moyens comme la coulée de polymère [19]. Dans la plupart des études, le graphène se développe et adhère au substrat précurseur ; par conséquent, des processus supplémentaires doivent être suivis pour délaminer et transférer le graphène sur le substrat souhaité. Souvent, le transfert à base de polymère laisse généralement des résidus de polymère, qui détériorent les propriétés électroniques du graphène. Peu d'études ont utilisé des transferts avant/arrière induits par laser (LIFT/LIBT). LIFT [20,21] /LIBT sont les processus en deux étapes impliquant le transfert initial de graphène CVD du substrat de croissance au substrat porteur (feuille de Ni pour LIBT et spin de couche de triazène sacrificiel -revêtu de quartz pour LIFT). Ensuite, à l'aide d'ondes de choc induites par laser, le graphène est transféré sur le substrat souhaité. Il existe plusieurs inconvénients associés à de tels procédés. Outre la nature multi-étapes du processus, une étape majeure concerne la géométrie de l'expérience d'irradiation. En particulier, le laser incident doit traverser le support/substrat final et donc il doit être transparent limitant l'approche générale de ces procédés. Pourtant, ces efforts mettent en évidence la nécessité d'une approche plus contrôlée du transfert de graphène.

Sur la base des défis actuels, nous avons conçu une méthode polyvalente pour la croissance et le transfert simultanés de graphène en décomposant certains précurseurs et en déposant directement des flocons de graphène sur tout type de substrat. Il s'agit d'un processus simple et évolutif, qui peut être utilisé pour préparer du graphène turbostratique à quelques couches de haute pureté et des nanohybrides à base de graphène en fonction de la composition chimique des matériaux précurseurs. Sur la base du mécanisme sous-jacent, la méthode que nous avons appelée synthèse et transfert explosifs à médiation laser (LEST) du graphène. Le processus fonctionne dans des conditions environnementales et peut produire et transférer simultanément du graphène sur n'importe quel substrat, tel qu'un polymère mou, du verre, du papier carbone, du métal, de la céramique, etc. Le graphène et ses nanohybrides présentent des structures sp 2 d'empilement turbostratique , avec une faible résistance par feuille et un rapport C/O très élevé (∼30). Les mérites des nanostructures à base de graphène sont présentés dans la thèse par des exemples liés à l'énergie, c'est-à-dire des nanogénérateurs triboélectriques flexibles à électrode unique. Cette nouvelle méthode apparaît comme un paradigme de fabrication additive pour les dispositifs à base de graphène avec un impact considérable pour des applications dans des secteurs tels que l'électronique flexible.

Basé sur le principe de LIFT, nous proposons un nouveau procédé laser polyvalent qui permet une production évolutive en une seule étape de matériaux et de nanohybrides à base de graphène, dans des conditions ambiantes, en évitant tout prétraitement ou post-traitement par chimie humide. La méthode implique l'irradiation de diverses sources de carbone (CS), c'est-à-dire des polymères et des matières liées à la biomasse, en l'absence d'environnement protecteur. L'irradiation a lieu dans un agencement capable de synthétiser et de transférer simultanément le produit violemment décomposé sur n'importe quel substrat arbitraire. L'approche proposée est basée sur la synthèse et le transfert explosifs par laser (LEST) du graphène vers le substrat. Le caractère explosif de la décomposition du composé cible est primordial dans ce processus car les gaz produits imposent un flux propulseur, indispensable au transfert du graphène et des nanohybrides de graphène. La configuration flexible du processus LEST permet trois variantes qui sont illustrées à la Fig. 1. Le laser Nd :YAG fonctionnant à 1064 nm en régime millisecondes (ms) a été utilisé pour toutes les expériences LEST. Les paramètres laser ont été optimisés pour atteindre des conditions optimales pour la transformation du précurseur de carbone en structures de graphène à quelques couches turbostratiques de haute pureté. Deux types de matériaux Kapton TM commerciaux ont été utilisés comme précurseurs pour la décomposition assistée par laser ; une feuille de Kapton propre et une bande de Kapton, c'est-àdire une feuille de PI dont l'un des côtés est recouvert d'un film adhésif en silicone. Des fluences laser allant de 13 à 186 J/cm 2 ont été testées et les produits résultants ont été évalués avec diverses techniques de caractérisation. En gardant les autres paramètres identiques, l'irradiation de la feuille de Kapton donne du graphène pur, tandis que la bande de Kapton produit un nanohybride composé de nanoparticules de graphène et de SiO x . Pour simplifier la lecture, à partir d'ici, les échantillons préparés et caractérisés seront appelés LEST-xy, "x" désignant le type de précurseur (F pour feuille de Kapton pur et T pour ruban adhésif Kapton/silicone) et "y" représentant la valeur de la fluence d'irradiation en J cm -2 . Il convient de noter qu'un seul laser à l'atmosphère ambiante est suffisant pour convertir à la fois la feuille et la bande en graphène et graphène/ SiO x nanohybrides, respectivement, ce qui rend le processus simple et efficace. Pour démontrer la polyvalence de l'approche proposée, le processus LEST a été utilisé pour développer des films sur un ensemble diversifié de substrats, notamment des matériaux souples, du verre, de la céramique, des métaux, etc. Les substrats typiques utilisés dans la présente étude sont le polydiméthylsiloxane (PDMS), le polyéthylène téréphtalate (PET), la feuille de molybdène, le papier en fibre de carbone, le silicium et le verre.

La microstructure hautement poreuse provenant de la décomposition violente du précurseur provoquant un dégazage rapide des espèces d'oxygène et d'azote est enregistrée à l'aide de la microscopie électronique à balayage d'émission de champ (FE-SEM). Dans le cas de la décomposition PI/silicone, les structures de type graphène apparaissent décorées de nanoparticules de SiO x . Ce dernier provient de la désagrégation de la couche adhésive à base de silicone du ruban Kapton.

Le rapport sp 2 à sp 3 amélioré de l' hybridation du carbone était également évident dans les spectres Raman. Les spectres Raman montrent que les trois bandes principales, D, G et 2D sont bien résolubles et étroites, indiquant une forte étendue de graphitisation et une concentration de défauts plutôt modérée. En particulier, l'absence d'asymétrie dans la forme spectrale de la bande 2D indique un empilement non Bernal. La forme symétrique et le caractère lorentzien unique de la bande 2D sont caractéristiques du graphène turbostratique [22], ce qui confirme l'espacement intercouche élargi d002 observé par HR-TEM. L'arrangement turbostratique provient de couches faillées en rotation et/ou de couches avec une distance intercouche élargie. Plusieurs bandes Raman faibles apparaissent dans la gamme d'énergie entre les pics G et 2D. Ce sont des bandes Raman combinées, qui peuvent fournir des informations sur l'ordre d'empilement des couches de graphène adjacentes [23,24], et leur émergence démontre la croissance de l'arrangement turbostratique des couches de graphène. En particulier, la bande située à ∼1850 et ∼2050 cm -1 a été associée respectivement aux modes iTALO et iTOLA /LOLA. T, L, O et A représentent respectivement les modes transversal, longitudinal, optique et acoustique.

Le rapport sp 2 /sp 3 amélioré obtenu pour la fluence de 74 Jcm -2 est conforme à la résistance la plus faible, R s , de la couche. Les images de microscopie électronique à transmission haute résolution (HR-TEM) soutiennent l'affirmation de la nature turbostratique des films de graphène produits et d'une morphologie plus détaillée à l'échelle nanométrique. Les images montrent la formation de couches de carbone, montrant des couches de graphène presque libres sur les bords des structures. Une inspection plus approfondie révèle que des bandes à quelques couches -composées de 2 à 4 couches -percolent à travers la structure du matériau. Ces observations vont dans le sens d'une croissance de structures graphitiques non compactes qui fondent le caractère graphène à quelques couches du matériau. L'espacement moyen de d002 entre les couches, obtenu en analysant ces images à l'aide de transformées de Fourier rapides locales, révèle des valeurs de d002 comprises entre 0,344 et 0,364 nm. Une grande densité de nanoparticules de SiO x se forme lorsque le matériau adhésif PI/silicone est irradié. La taille de la grande majorité de ces nanoparticules se situe entre 15 et 20 nm, tandis que quelques plus grosses, mais de moins de 50 nm de diamètre, sont également évidentes.

En conclusion, l'approche actuelle est générique ; donc applicable à plusieurs autres précurseurs, tels que les déchets organiques, polymères, de biomasse, etc. Actuellement, nous démontrons que divers précurseurs peuvent être engagés dans une décomposition et une transformation simultanées vers une matrice poreuse de graphène turbostratique de haute pureté et son dépôt sur divers substrats pertinents pour un certain nombre d'applications. Dans ce cadre, la méthode LEST avancée ici, englobant la croissance et le transfert de graphène assistés par laser, apparaît comme un paradigme de fabrication additive pour les dispositifs à base de graphène. L'évolutivité inhérente à la méthode LEST peut être exploitée pour faire progresser une technologie capable de combler le fossé entre la recherche universitaire et la fabrication industrielle dans les matériaux nanohybrides à base de graphène.

Chapitre 3 : Électrodes en graphène LEST optimisées pour une récupération efficace de l'énergie triboélectrique et des dispositifs de détection auto-alimentés

La tribo-électrification est l'effet combiné de l'électrification par contact et de l'induction électrostatique. Le terme triboélectrification a été inventé par le philosophe grec Platon en 300 av. L'effet de la génération de charge électrique sur une surface due au frottement est appelé triboélectrification. Les nanogénérateurs triboélectriques (TENG) sont des dispositifs soigneusement conçus pour optimiser et récolter l'énergie mécanique et la transformer en énergie électrique pour diverses applications telles qu'un capteur IoT [25] qui nécessite une puissance ultra-faible pour fonctionner, des capteurs auto-alimentés [26,27], la peau artificielle [28], des dispositifs pour capter l'énergie marine (énergie bleue) [29].

Les TENG peuvent être classés en mode de séparation des contacts, en mode de glissement latéral, en mode d'électrode unique et en mode tribocouche autonome. Quel que soit le mode du dispositif TENG, au moins une électrode est indispensable à la collecte des charges générées par frottement. Malgré ce fait, l'importance de l'ingénierie des électrodes est négligée. Pour des performances optimales des dispositifs TENG à électrode unique, la construction globale doit être évolutive, durable et, surtout, conforme au corps humain. Bien que la plupart des polymères soient tripotentiels sélectionnés qui sont intrinsèquement flexibles, la principale préoccupation concerne les électrodes. Dans la littérature, divers métaux traditionnels (pulvérisés/évaporés), des rubans métalliques disponibles dans le commerce (rubans aluminium/cuivre), des métaux liquides (comme le Galistan) ou des nanofils d'argent (Ag) plus complexes sont utilisés pour la collecte de charge. Outre les matériaux chers et rares, la synthèse complexe, les procédés incompatibles avec des polymères sensibles à la température, la nature corrosive et le manque de flexibilité constituent d'autres préoccupations. La plupart des problèmes associés aux collecteurs de charge mentionnés ci-dessus peuvent être surmontés par l'utilisation d'électrodes liées au graphène.

Les méthodes traditionnelles de synthèse de graphène ne sont ni compatibles avec les matériaux sensibles à la température (ainsi que les exigences d'étapes de transfert fastidieuses) ni évolutives pour les besoins industriels. Par conséquent, nous avons utilisé notre méthode LEST décrite au chapitre 2 pour la préparation directe de matériaux liés au graphène comme électrode pour les TENG. Il était de la plus haute importance de comparer nos matériaux LEST avec les méthodes traditionnelles. Par conséquent, un mode de séparation de contact simple TENG a été conçu où le verre et la feuille de téflon fonctionnent comme des tribocouches. Le boîtier avec de l'aluminium (Al) et du cuivre (Cu) comme collecteurs de charge pour le téflon et le verre présente les meilleures performances. Le fait d'avoir une fonction de travail inférieure des métaux sur les matériaux trio-négatifs du minerai donne lieu à un potentiel intégré (V bi ) qui améliore la sortie triboélectrique. Pour vérifier cela davantage, différents métaux [Or (Au,), Molybdène (Mo,), Tungstène (W,), LEST graphène (LEST Gr,) et LEST graphène/ SiO x (LEST Gr/ SiO x )] ont été déposés sur téflon gardant constant le verre avec l'électrode Cu. Les puissances de sortie instantanées pour différentes électrodes sont de 0,68, 9,7, 9, 28,7, 14,9 et 59,6 µW/cm 2 pour Au, Cu, Mo, W, LEST Gr et LEST Gr/ SiO x . La fonction de travail (WF) de ces électrodes a été mesurée par photo-spectroscopie ultraviolette (UPS). Le WF pour Au, Cu, Mo, W, LEST Gr et LEST Gr/ SiO x sont respectivement de 5,7, 4,8, 5,0, 4,4, 4,9 et 4,4 eV. Malgré une WF similaire pour les électrodes LEST Gr/ SiO x et W, la densité de puissance de sortie correspondante pour les électrodes LEST GR/ SiO x est d'environ 200% supérieure à celle des électrodes W. Cette amélioration synergique peut être attribuée à la nature poreuse et à la présence de nanoparticules de SiO x qui agissent comme des couches de piégeage pour éviter la recombinaison des charges. De notre expérience, nous avons pu conclure en toute sécurité que la sélection rigoureuse des électrodes est importante pour l'amélioration des performances triboélectriques. Nous avons en outre appliqué ces revêtements de graphène sur la face arrière du polydiméthylsiloxane (PDMS) pour construire un TENG à électrode unique (SE-TENG) qui peut fonctionner comme un capteur tactile auto-alimenté. Le SE TENG spécifique a été préparé avec des matériaux LEST Gr comme couche de collecte de charge, du PDMS comme tribomatériau et le toucher humain agit comme un deuxième tribomatériau. Un simple tapotement du doigt a été utilisé pour imiter un mouvement humain normal qui a entraîné une tension en circuit ouvert de 60 V pp et 30 V pp pour les électrodes LEST Gr et LEST Gr/SiO x . Les densités de puissance de sortie instantanées correspondantes sont d'environ 90 mW /m 2 et d'environ 110 mW /m 2 sur des résistances de 3 M . Selon le théorème de Norton, la puissance de sortie maximale peut être atteinte lorsque l'impédance interne de l'appareil TENG correspond à l'impédance externe. Dans notre cas, cette valeur était de 3 M et c'est l'impédance la plus basse mentionnée jusqu'à aujourd'hui. Nous pensons que la réduction d'impédance est due aux électrodes LEST. Enfin, nous pourrions allumer au moins 8 LED vertes en tapant doucement sur notre appareil SE TENG. Cet appareil a fonctionné pendant 5,000 cycles et a démontré une grande stabilité dans l'atmosphère sans aucune mesure de protection.

Chapitre 4 : PtSe 2 : matériau émergent pour les applications photovoltaïques

Les nanogénérateurs triboélectriques (TENG) sont parmi les meilleurs dispositifs pour récupérer l'énergie des vibrations ambiantes à basse fréquence. Malgré leur potentiel élevé en tant que sources d'énergie renouvelables émergentes, le développement de nanogénérateurs triboélectriques pour des applications viables en est encore à ses débuts. À l'inverse, le photovoltaïque (PV) est une technologie mature, avec de nombreux types d'appareils disponibles sur le marché. Il est intéressant de noter que l'effet photovoltaïque a été signalé pour la première fois par le physicien français Edmond Becquerel en 1839. À l'âge de 19 ans, il a observé qu'en éclairant du chlorure d'argent en solution acide, une tension et un courant était généré [75]. Depuis lors, l'effet est connu sous le nom "d'effet Becquerel". À ce jour, trois générations de cellules solaires ont été développées pour répondre à des besoins et applications spécifiques. La troisième génération [30] comprend les cellules solaires à colorant (DSSC), les pérovskites, les cellules solaires organiques/polymères, les PV à points quantiques et d'autres technologies similaires à venir basées sur les nanomatériaux. La troisième génération de PV est toujours un sujet brûlant de recherche et développement, car de nombreux défis liés à l'efficacité, à la stabilité et au coût de fabrication de ces appareils doivent encore être réglés. En effet, haut rendement, faible coût et stabilité à long terme sont les trois angles du "problème du triangle d'or" qui doivent être pris en compte pour le développement de PV viables. Divers composants des DSSC ont encore besoin de développements supplémentaires pour devenir la future technologie PV viable. Ici, nous traitons de l'amélioration de la contre-électrode des DSSC.

Les DSSC sont composés de quatre composants principaux, à savoir le colorant sensibilisant, le semi-conducteur à oxyde métallique (anode), l'électrolyte à couple redox et la contre-électrode (CE). La contre-électrode, également connue sous le nom de cathode, est généralement préparée en revêtant un substrat conducteur de platine (Pt), à travers lequel les électrons pénètrent dans l'électrolyte. Une contre-électrode idéale doit présenter une activité catalytique élevée, une conductivité élevée, une réflectivité élevée, un faible coût, une surface élevée, une nature poreuse, une épaisseur optimale, une stabilité chimique, électrochimique et mécanique, une résistance à la corrosion chimique et une bonne adhérence avec le film conducteur sur un verre substrat [30]. Il est plutôt impossible de développer un matériau atteignant des valeurs optimales pour tous les paramètres énumérés ci-dessus ; cependant, il existe encore des efforts de recherche systématiques dans cette direction. Couramment, une couche de platine (Pt) déposée sur un substrat d'oxyde conducteur transparent (TCO) est utilisée comme contre-électrode pour minimiser la résistance de transfert de charge (R CT ) et pour réaliser la réduction des espèces oxydées de l'électrolyte. Comme alternative au Pt, d'autres métaux, des matériaux à base de carbone, des polymères conducteurs, des chalcogénures de métaux de transition et des alliages complexes sont aussi bien explorés que les CE [30][31][32]. Notamment, parmi les séléniures du groupe 10 (MSe 2 , M=Ni, Pd, Pt), seuls les composés à base de nickel ont été évalués comme CE dans les DSSC. Il est déconcertant qu'il n'y ait jusqu'à présent aucun rapport étudiant les performances CE d'un membre important du séléniure du groupe 10, à savoir le PtSe 2 dans les DSSC.

PtSe 2 appartient au groupe spatial D 3d 3 (P3m1) et présente une structure en couches où une couche d'atomes de Pt est prise en sandwich entre deux couches d'atomes de Se [33,34]. Les atomes de Pt et de Se sont liés par des liaisons covalentes dans le plan, tandis que la liaison intercouche est dictée par de faibles forces de van der Waals (VdW), ce qui facilite encore l'exfoliation de la couche, comme dans le cas du graphite. Des électrons d excessivement riches avec des orbitales d restreintes dans les métaux nobles, restreignent PtSe 2 (et d'autres dichalcogénures de métaux nobles, NMDC) pour former l'hybridation d 2 SP 3 , résultant en une phase 1T avec un arrangement AA comme phase la plus stable [35]. Compte tenu de la structure de bande riche, de la bande interdite dépendante des couches (étroite ∼ 0,34 eV pour très peu de couches PtSe 2 ) et de son excellente activité catalytique, PtSe 2 peut trouver des applications importantes dans l'optique non linéaire ultrarapide [36,37], la détection (gaz [38], pression [39], humidité [40], contrainte [41], lumière [42]), transistors à effet de champ (FET) [43] et catalyse [44,45]. Cependant, malgré sa bande interdite idéale, son activité catalytique à mobilité électronique élevée et sa stabilité à l'air, le PtSe 2 n'a pas encore été exploré en tant que CE dans les PV (DSSC).

Les techniques de dépôt ont un impact fort sur la taille des particules, la surface, la morphologie et donc les propriétés catalytiques et électrochimiques. Le CE le plus performant est celui avec une taille de particule plus petite avec une surface améliorée résultant en plus de sites catalytiques. Zhong et al. [46] ont démontré que le Pt électrodéposé possède plus de sites actifs catalytiques que le métal Pt pur. Partant de ce constat, lors de nos travaux, nous avons opté pour le Pt électrodéposé couramment utilisé comme source de platine dans la formation de PtSe 2 . Des films de platine ont été préparés par électrodéposition, à un potentiel constant de -400 mV appliqué à l'aide d'un potentiostat Autolab PGSTAT 204 , pour différents intervalles de temps allant de 50 s à 400 s. Une solution aqueuse d'acide hexachloroplatinique (0,002 M) et une configuration à trois électrodes ont été utilisées, avec un substrat de verre FTO nu (15 /sq) servant d'électrode de travail, une électrode Ag/AgCl comme référence et un fil de Pt comme contre-électrode [47]. Les échantillons préparés dans cette étude sont désignés par Pt-50, Pt-100, Pt-200 et Pt-400, qui correspondent aux temps d'électrodéposition de Pt de 50, 100, 200 et 400 s, respectivement. Une sélénisation à basse température a été utilisée pour convertir les films de Pt électrodéposés en PtSe 2 . L'étape de sélénisation a eu lieu dans un four tubulaire à 430 °C pendant 90 min, sous le flux de gaz Ar à un débit de 100 sccm. Des pastilles de Se ultrapur (Alfa Aesar, pureté 99,9990%) ont été placées en amont à ∼ 220 °C pour fournir une pression de vapeur adéquate dans le tube. Sur la base de la notation fournie ci-dessus, les films sélénisés sont désignés par sPt-50, sPt-100, sPt-200 et sPt-400.

Des images FE-SEM représentatives (enregistrées à l'aide d'un microscope électronique à balayage à émission de champ haute résolution (FE-SEM) (Zeiss, SUPRA 35VP) fonctionnant à 15 kV) ont été capturées montrant la morphologie de surface des films Pt préparés à différents temps de dépôt et des films sélénisés correspondants. Nous observons que les films Pt-50 et Pt-100 sont constitués de nanoparticules de Pt (NP) peu dispersées et presque sphériques. Leur distribution en taille et la fraction de couverture du substrat FTO ont été déterminées à l'aide d'un logiciel d'analyse de traitement d'images ( Gwyddion ). Pour le film Pt-50, les NP dont les tailles vont de 100 à près de 300 nm, la plupart d'entre elles ayant des tailles comprises entre 150 et 250 nm. Dans le cas d'un dépôt de 100s, le pic principal de la distribution se situe dans la plage 50-150 nm, tandis que la queue s'étend jusqu'à 350 nm. En prolongeant davantage le temps de dépôt, c'est-à-dire pour les films Pt-200 et Pt-400, les NP de Pt précédemment observées avec des tailles supérieures à 100 nm ont maintenant évolué vers des superstructures avec des formes ressemblant à des nanofleurs. Cependant, de petites NP de tailles inférieures à 50 nm sont dispersées dans l'espace entre les nanofleurs. On s'attend à ce que l'évolution observée de la mor-phologie de structures presque sphériques à des structures en forme de fleur améliore davantage la surface électrocatalytiquement active. La sélénisation engendre une rugosité de surface améliorée des nanostructures de Pt (NP et nanofleurs) dans tous les films préparés par différents temps de dépôt. En particulier, à mesure que le temps de dépôt augmente, la croissance verticale des couches de PtSe 2 est plus probable en raison de l'épaisseur accrue des films de Pt pré-déposés, comme indiqué dans [48,49].

Comme nous le savons d'après la littérature, la composition de CE joue un rôle vital dans les performances catalytiques, par conséquent, la spectroscopie photoélectronique à rayons X (XPS) ainsi que la spectroscopie Raman ont été effectuées sur les échantillons pour comprendre la cristallinité et la composition des produits finaux. La bande Pt4f dans XPS apparaît comme un doublet, qui est analysé en deux composantes attribuées aux états chimiques suivants : platine métallique Pt 0 (Pt4f7/2 = 71,2 eV) et platine lié à Se formant PtSe 2 (Pt4f7/2 = 73,0 eV). Les données révèlent qu'il y a une fraction n'ayant pas réagi du film de Pt pré-déposé sur la surface FTO. D'autre part, le doublet Se3d est constitué d'un composant attribué aux atomes de Se entièrement liés au Pt, c'est-à-dire PtSe 2 (Se3d3/2 = 54,6 ) [50]. L'analyse montre que pour les conditions actuelles de sélénisation du Pt-50 films, c'est-à-dire 430 °C pendant 90 min, il y a une fraction mineure du métal Pt, d'environ 12%, qui n'a pas réagi. En gardant les mêmes conditions de sélénisation pour tous les films, il est évident que pour les films avec une charge en Pt plus élevée par électrodéposition, une fraction accrue de métal Pt restera sans réagir. En effet, la fraction Pt 0 pour le film Pt-200 s'élève à ∼ 62%. Sur la base d'arguments thermodynamiques, nous nous attendons à ce que la sélénisation ait lieu à partir de la surface externe des NP et de la structure en forme de fleur. Par conséquent, on s'attend à ce que le composant PtSe 2 apparaisse comme une peau recouvrant les particules de Pt, laissant le composant Pt 0 n'ayant pas réagi à des niveaux plus profonds sous la surface électrochimiquement active. Dans ce contexte, on peut conclure sans risque que le Pt 0 , n'entre pas en contact avec l'électrolyte et donc, la fraction Pt n'ayant pas réagi, ne contribue pas aux effets électrochimiques étudiés ici. La diffusion Raman a été utilisée pour étudier la cristallinité et estimer l'épaisseur des différents films sélénisés . PtSe 2 croît dans la structure octaédrique 1T et appartient à la symétrie du groupe ponctuel D 3d . Il existe deux modes Raman dominants désignés par les symétries A 1g et E g , qui sont respectivement attribuées aux vibrations hors plan et dans le plan des atomes de Se. Le nombre d'onde de crête A 1g varie dans la plage de 205 à 207 cm -1 parmi les divers échantillons. De même, le nombre d'onde du pic E g se situe dans la plage 175-178 cm -1 . Ces valeurs concordent avec les données de la littérature fournies par divers groupes. Les données actuelles montrent que ce rapport d'intensité de bande varie entre 0,6 et 0,8. Sur la base de cette découverte et compte tenu de la variation du nombre d'onde de la bande E g entre les différents films, on conclut qu'il existe une distribution de l'épaisseur des films de PtSe 2 allant de 1 à 5 nm. Ce n'est pas une découverte inattendue car l'analyse XPS a montré l'existence d'une couche plutôt mince de PtSe 2 , qui permet d'enregistrer un signal fort à partir du composant Pt 0 sous-jacent. La sélénisation partielle de particules à distribution granulométrique large peut justifier la présence d'une variété de particules de PtSe 2 allant de quelques couches à plusieurs (plus de 10) couches d'épaisseur.

Après une caractérisation minutieuse de nos CE, nous les employons pour la réaction redox catalytique qui est le coeur du DSSC. La voltampérométrie cyclique (CV) a été utilisée pour évaluer l'activité catalytique des films Pt et PtSe 2 vis-à-vis du couple redox iodure/triiodure (I -/I 3-). Nous observons que dans le cas des électrodes de Pt nues, la valeur de pic de J montre une augmentation négligeable lorsque le temps de dépôt est passé de 50 à 100 s. Lorsque le temps de dépôt augmente encore, c'est-à -dire pour l'électrode Pt-200, la morphologie du Pt passe également de presque sphérique à en forme de fleur. Par conséquent, des sites actifs catalytiques supplémentaires sont révélés, conduisant à une surface active électrochimique améliorée, et améliorant ainsi de manière significative la valeur du J pic [51]. Cependant, pour l'électrode Pt-400, une autre augmentation négligeable de la valeur maximale de J a été observée.

Le même comportement a été observé après sélénisation, même si la variation du pic J avec le temps d'électrodéposition n'était pas aussi intense que dans le cas des électrodes de Pt nues. Cependant, la valeur de crête J des électrodes sPt a été augmentée par rapport aux électrodes Pt nues équivalentes, révélant un nombre amélioré de sites actifs catalytiques pour la réduction de I 3-. Comme le montrent les images SEM, après la sélénisation, la rugosité de surface augmente, également en raison de la croissance verticale des couches de PtSe 2 , conduisant à une surface active électrocatalytique améliorée avec de nombreux sites de bord. Une augmentation significative de la valeur de J 0 , conduisant à une valeur inférieure de R CT , a été obtenue pour une électrode sPt-200 par rapport à une électrode Pt-200, impliquant une meilleure activité électrocatalytique et un processus de transfert d'électrons plus facile au CE /interface électrolyte, en accord avec les résultats CV. Une valeur élevée de J 0 ou également une valeur faible de R CT pourrait également conduire à une valeur élevée de densité de courant de court-circuit (J SC ) des DSSC résultants [52]. D'après ce qui précède, les propriétés électrocatalytiques améliorées des électrodes sPt par rapport aux électrodes Pt nues équivalentes ont été vérifiées par différentes techniques. En outre, les expériences CV ont révélé que les électrodes sPt-50 ont des performances comparables aux électrodes Pt-200, même si la charge en Pt est trois fois plus faible. Par conséquent, nous nous sommes concentrés sur les propriétés des électrodes Pt-50, Pt-200 et de leurs homologues sélénisés , c'est-à-dire sPt-50 et sPt-200, avant de les utiliser comme CE dans les DSSC.

Les dispositifs DSSC réels ont été fabriqués et testés comme une étape évidente après toutes les études physico -chimiques et catalytiques. Les électrodes Pt-50 et Pt-200 préparées et les électrodes sPt correspondantes, c'està-dire sPt-50 et sPt-200, ont été utilisées comme contre-électrodes (CE) dans les DSSC. Pour la construction de dispositifs DSSC réels, des films de TiO 2 nanostructurés ont été déposés sur un substrat FTO/verre (15 /sq) par la méthode de raclage, à l'aide d'une lame de verre, après avoir préparé une pâte appropriée selon nos travaux précédents [53]. Après séchage à l'air, les films de TiO 2 ont été recuits à 450 °C pendant 30 min. Leur épaisseur (∼10 µm) a été mesurée à l'aide d'un profilomètre à stylet Ambios XP-1. La sensibilisation a été réalisée en trempant les films de Ti02, tout en les chauffant à 80 °C, pendant une nuit dans une solution de colorant N719 (0,3 mM dans EtOH). Les films de TiO 2 sensibilisés et les films de Pt ou PtSe 2 servant de contre-électrodes sont disposés face à face. Le scellement a été réalisé en plaçant les électrodes à 120 °C pendant 10 min, en utilisant un thermoplastique (Surlyn, GreatCellSolar, 50 micromètres d' épaisseur). Enfin, un électrolyte redox liquide, également fourni par GreatSellSolar (EL-HPE High Performance Electrolyte), a été inséré à partir de minuscules trous pré-percés au niveau de la contre-électrode. Les trous ont ensuite été scellés avec du Surlyn et un petit morceau de verre. Un simulateur solaire Oriel 96000, équipé d'un filtre AM1.5G, associé à un compteur de source Keithley 236 a été utilisé pour enregistrer les courbes JV caractéristiques des DSSC. L'irradiance incidente a été fixée à 1000 W/m 2 . Une amélioration significative de J SC et une légère augmentation de FF ont été observées pour les dispositifs avec Pt-200 CE par rapport aux Pt-50 CE, provoquant une augmentation de PCE de près de 20%, de 7,7% à 9,2%, en accord avec la variation dans leurs propriétés électrocatalytiques. Plus précisément, l'augmentation du nombre de sites actifs catalytiques avec le temps de dépôt de Pt entraîne une augmentation subséquente non seulement des valeurs maximales de J dans les CV mais également de J SC de 15,8 mA/cm 2 à 18,8 mA/cm 2 . De plus, la réduction de la résistance série Rs indique une diminution de la valeur de la résistance de transfert de charge à l'interface CE/électrolyte, améliorant FF [54]. Dans le cas des CE sPt, l'augmentation du temps d'électrodéposition a eu un effet mineur sur les performances des DSSC résultants, où tous les paramètres photovoltaïques, y compris le PCE, ne s'écartent pas au-delà de l'erreur expérimentale. Plus important encore, les dispositifs avec EC sPt-50 et sPt-200 surpassent les dispositifs avec EC Pt-50 et Pt-200, puisque le PCE est passé de 7,7% et 9,18% à 9,5% et 9,62%, respectivement, tandis que les performances des dispositifs avec des CE sPt-50 est légèrement meilleur avec celui des CE Pt-200, même si ce dernier était trois fois plus chargé en Pt métal. L'amélioration des performances peut être attribuée au nombre plus élevé de sites actifs catalytiques pour la réduction de I 3-et à leur coefficient de diffusion plus élevé, conduisant à une augmentation de la densité de courant de court-circuit, tandis que la valeur réduite du R CT à l'interface CE/électrolyte conduit à une valeur réduite de R s , améliorant FF. En raison des meilleures propriétés électrocatalytiques, une densité de courant plus élevée a été mesurée après l'application d'un potentiel de polarisation inverse jusqu'à -0,3 V dans des conditions d'obscurité. Le potentiel de polarisation inverse a été maintenu inférieur à la valeur de -0,3 V pour éviter la dégradation de l'électrolyte [55]. Dans ce cas, les électrons circulent dans des conditions de fonctionnement normales lors de l'illumination, ce qui signifie que la réduction du triiodure a lieu au CE [56]. Par conséquent, une densité de courant plus élevée correspond à une réduction de I 3 plus efficace au CE. Enfin, un transfert d'électrons plus facile du CE vers l'électrolyte est favorisé dans le cas des électrodes sPt en raison de la valeur inférieure de la fonction de travail (4,8 eV) par rapport aux électrodes Pt nues (5,1 eV) [57,58].

Une caractérisation approfondie montre l'adéquation du PtSe 2 au photovoltaïque. Pour exploiter davantage la synergie entre l'effet photovoltaïque et le PtSe 2 , nous étendons nos recherches dans le sens de la préparation de photodétecteurs auto-alimentés stables à l'air qui travaillent sur les phénomènes photovoltaïques. Comme vu précédemment, les films PtSe 2 de haute qualité avec une épaisseur contrôlée peuvent être développés à des températures beaucoup plus basses (∼ 450 °C), ce qui en fait le TMD le plus compatible avec les plates-formes technologiques actuelles, ainsi que bénéfique pour la combinaison avec des matériaux sensibles à la température comme Sb 2 Se 3 . Alors que le PtSe 2 massif ou multicouche est un semi-métal (bande interdite nulle), la monocouche présente des propriétés semi-conductrices (par exemple ∼ 1,2 eV). La large distribution, dépendante de la couche, de l'énergie de la bande interdite chevauche la région de l'infrarouge moyen, faisant du PtSe 2 à quelques couches un matériau photonique essentiel. Alors que des études systématiques ont été entreprises pour des cristaux vierges de PtSe 2 à quelques couches, les recherches concernant les propriétés des hétérojonctions de van der Waals basées sur PtSe 2 avec d'autres cristaux 2D sont encore sporadiques dans la littérature.

Le triséléniure d'antimoine, qui appartient au groupe 6 des chalcogénures, diffère des TMDC car il est considéré comme un cristal semiconducteur unidimensionnel (1D) composé de rubans (Sb 4 Se 6 ) n disposés selon la direction (001). Les rubans sont liés de manière covalente, interagissant via de faibles forces de van der Waals formant des couches bidimensionnelles. Les chalcogénures d'antimoine sont principalement connus sous forme de matériaux non cristallins préparés sous forme de films et/ou de verres amorphes [76]. Les verres bruts peuvent être préparés à n'importe quelle composition du système binaire Sb x Se 40-x pour la plage de composition 0 < x < 30 [59]. En raison de sa faible bande interdite optique et de son grand coefficient d'absorption, le composé stoechiométrique, Sb 2 Se 3 , a suscité une vive attention au cours des dernières années en tant que matériau absorbant pour des applications potentielles dans le photovoltaïque [60,61].

Comme Sb 2 Se 3 et PtSe 2 sont apparus comme deux matériaux optiques très importants, nous tentons ici une exploration des propriétés optiques et électroniques de l'hétérojonction verticale de ces deux cristaux. Il est bien connu que Sb 2 Se 3 est fortement sujet à l'oxydation qui pourrait altérer ses propriétés et donc ses performances en tant que couche d'absorption solaire dans le photovoltaïque. En raison de la très grande stabilité de PtSe 2 dans les conditions environnementales, les hétérojonctions PtSe 2 /Sb 2 Se 3 pourraient atténuer la propension de Sb 2 Se 3 à l'oxydation en fournissant une couche protectrice, qui en même temps augmente l'absor-bance de la lumière vers le milieu infrarouge.

Dans un premier temps, des films de Sb 2 Se 3 de différentes épaisseurs (< 5 nm, 150 et 320 nm) ont été déposés sur des substrats de verre BK7 ; ci-après, les films d'épaisseur < 5 nm seront qualifiés de films ultrafins. Des films amorphes de Sb 2 Se 3 ont été déposés sur des substrats par pulvérisation magnétron RF avec une cible de Sb 2 Se 3 stoechiométrique pure à 99,99% obtenue par la méthode de fusion à haute température [62]. Les films amorphes tels que déposés ont été cristallisés par chauffage à 300 °C pendant 60 minutes, sous une pression de 0,2 mbar [63]. Les durées de pulvérisation étaient de 1, 36 et 80 min, ce qui correspond à des épaisseurs de film < 5 nm, 150 et 320 nm, respectivement.

Les hétérojonctions PtSe 2 /Sb 2 Se 3 ont été développées en déposant des couches ultrafines de Pt (entre 1 et 2 nm d'épaisseur nominale) sur la surface ultrafine de Sb 2 Se 3 par évaporation thermique, suivie d'une sélénisation à basse température à l'aide de pastilles de Se ultrapur (Alfa Aesar, pureté 99,9990%). L'étape de sélénisation a eu lieu dans un four tubulaire à 430 °C pendant 90 min, sous le flux de gaz N 2 /H 2 :95/5 à un débit de 100 sccm. Des films Pristine PtSe 2 ont également été préparés sur des substrats Si/SiO 2 et SiO 2 , selon la même procédure, pour étudier leurs propriétés visà-vis des hétérojonctions. La croissance directe de PtSe 2 sur Sb 2 Se 3 évite toute étape de transfert des hétérojonctions, comme cela a été le cas dans les études précédentes, évitant ainsi la contamination et l'altération des hétérojonctions telles que développées.

Pour tirer une conclusion sur l'interface, l'hétérostucture mentionnée a été caractérisée à l'aide de la spectroscopie Raman, de la spectroscopie UV-Vis-IR et des techniques XPS/UPS. La Fig. 2 montre les spectres Raman des matériaux vierges, Sb 2 Se 3 , PtSe 2 , et leur hétérojonction.

Les spectres Raman de films de Sb 2 Se 3 cristallisés thermiquement de différentes épaisseurs sont montrés, révélant que les formes sont identiques, tandis que le film ultrafin de Sb 2 Se 3 présente la plus faible intensité. Bien qu'un grand nombre (30) de modes actifs Raman soient attendus par la symétrie du cristal, seules quelques bandes sont typiquement observées dans les spectres Raman expérimentaux. Dans le domaine spectral représenté sur la Fig. 2, les spectres Sb 2 Se 3 contiennent les trois bandes caractéristiques du cristal, situées à ∼153 (E g 2 ), ∼190 (A 1g 2 ) et ∼211 (mode combinaison) cm -1 , conformément aux résultats de la littérature [64,65].

Comme tout autre dichalcogénure de métal de transition, PtSe 2 pré- Les techniques XPS et UPS ont été utilisés pour étudier l'alignement de la bande d'énergie à l'hétérojonction PtSe 2 /Sb 2 Se 3 en mettant l'accent sur l'estimation du décalage de la bande de valence (VBO) ∆E V et du décalage de la bande de conduction, ∆E C . Le ∆E V peut être dérivé sur la base d'une méthode de Kraut et al. [67], en utilisant les spectres d'énergie au niveau du coeur (CL) des atomes associés, tandis que ∆E C est estimé en utilisant les bandes interdites d'énergie calculées à partir des tracés Tauc [68]. Ainsi, le VBO entre le PtSe 2 et le Sb 2 Se 3 estimé est (∆E V = -0.25eV±0.05eV). Par conséquent, le CBO calculé est (∆E C =1.0eV±0.05eV). En combinant l'analyse XPS/UPS et les bandes interdites optiques calculées à partir du tracé de Tauc, les positions des niveaux d'énergie, l'alignement "naturel" des bandes de l'interface et la structure de bande proposée pour l'hétérojonction PtSe 2 /Sb 2 Se 3 sont illustrés dans la Fig. 3. La structure de bande de l'interface est d'une grande importance pour la fonctionnalité d'un dispositif construit avec cette hétérojonction. L'analyse ci-dessus démontre que l'hétérojonction PtSe 2 /Sb 2 Se 3 présente un alignement de bande de type II à l'interface, présentant un gap décalé. Il est bien connu que, dans leur majorité, les hétérojonctions de van der Waals présentent un alignement de bande de type II [69]. Une telle structure à hétérojonction implique qu'après la photogénération des porteurs de charge, les électrons et les trous se déplacent vers des directions opposées de l'interface, engendrant un champ électrique intégré en raison de la séparation spatiale. En effet, lors de la formation de l'interface, les électrons vont passer du matériau de plus haute E F (Sb 2 Se 3 ) vers celui de plus basse valeur de E F (PtSe 2 ), ce qui va créer une tension interne. Une telle distribution de charge est essentielle pour les photodétecteurs, le photovoltaïque et d'autres dispositifs optoélectroniques, où le contrôle des porteurs de charge affecte de manière critique les performances du dispositif. Dans de telles hétérojonctions de type II, l'absorption de la lumière peut être étendue à des longueurs d'onde plus longues par rapport aux bords d'absorption des composants individuels. L'épitaxie de van der Waals entre PtSe 2 et Sb 2 Se 3 permet la croissance sans contrainte d'un matériau au-dessus de l'autre même si leurs paramètres de maille ne correspondent pas parfaitement, comme c'est le cas de ces matériaux, soit 3,98 Å (Sb 2 Se 3 ) et 3,75 Å (PtSe 2 ). Du point de vue de l'appareil, cela est important car la contrainte d'une interface véritablement épitaxiée peut être levée.

Pour conclure, des efforts ont été déployés au cours de cette thèse pour identifier les principaux problèmes qui entravent l'intégration des matériaux 2D dans les capteurs de nouvelle génération. Une attention particulière a été accordée à la production à grande échelle de graphène et de PtSe 2 et à des dispositifs basés sur cette paire de matériaux 2D pour récupérer l'énergie de l'ambiance. L'analyse fondamentale de la compatibilité du graphène et du PtSe 2 en tant qu'électrodes pour les nanogénérateurs triboélectriques et les dispositifs DSSC photovoltaïques a été évaluée. De plus, des conceptions d'appareils avancées proposées sur la base de l'effet triboélectrique et de l'effet photovoltaïque ont abouti à des capteurs autoalimentés pour le toucher et la lumière. 
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Introduction

Wearable electronics are electronic devices that a human body carries persistently to provide specific, and frequently vital, information about the body function and environmental changes. Such devices are designed to sense, monitor, interact and communicate the information acting as an interface between the user and the surroundings. Wearable electronics stand at the crossroad where advanced (nano)materials, engineering, design, and fashion aspects intersect. Despite their significant merits and functions to provide continuous monitoring of personal health, their user adoption will ultimately depend upon their comfort and energy autonomy (battery lifetime), among other factors.

A number of functional materials and various concepts have been explored in this Ph.D. thesis, in an effort to fabricate prototype devices that can be used to provide perpetual energy harvesting and conversion; i.e. mechanical energy and friction converted to electricity. In addition, the design principles of these devices have been aligned toward the requirements of flexible electronics; therefore, care was exercised to achieve integrability into flexible substrates. Recycling wasted energy by harvesting low-grade mechanical energy or friction, by means of triboelectricity, has been the main energy conversion mechanism, which can be the key to empower batteryless portable/wearable electronics. As we are gradually moving at a fast pace into the era of Internet of Things (IoT), wireless sensor networks, robotics, security, and emerging technologies, such as smart skin, being key elements of the IoT for personalized healthcare, demand the utilization of pervasive energy conversion solutions to sustainably power billions of distributed devices.

2D materials offer a viable choice for such devices, considering their ultrathin nature and unique properties. The current Thesis has been an en-deavour in the world of various types of 2D materials, including graphene and other TMDs crystals. The main emphasis has been placed on the development of methods for the synthesis of high-quality crystals, paying particular attention to ensure that these methods will be simple, environmentally friendly, and most importantly, scalable to large area production and compatible with current technological platforms. Based on the properties of the 2D materials grown, selected applications in energy conversion and self-powered devices have been explored. The controlled synthesis of graphene has greatly evolved since the exfoliation-based isolation of a single layer. However, most of the techniques developed still remain incompatible with current back-end-of-line processes of the semiconductors industry and most times it is even difficult to maintain high quality and scalability at the same time. In any previous report where lasers where used to prepare graphene, special and complex processes were necessary to transfer graphene on the desired substrate. To tackle these limitations, we developed in the Thesis a laser-mediated explosive synthesis and transfer (LEST) method, which enables the simultaneous synthesis and transfer of graphene-related materials on desired substrates, including temperaturesensitive polymers. With proper precursor selection and laser parameters tuning, synthesis of pure turbostratic graphene and its nanocomposite with SiO x nanoparticles was achieved. It was inferred from various experiments that the LEST graphene electrodes deposited onto Teflon perform better as a charge collecting layer in comparison to traditional metals. Later, a selfpowered tactile sensor operating on the principle of triboelectric nanogenerator (TENG) was prepared with direct deposition of LEST graphene-related electrodes on polydimethylsiloxane (PDMS). The unique characteristic of TENG devices with LEST electrodes is that the current devices demonstrate the lowest internal impedance (∼ 3 MΩ). Having lower impedance devices are crucial for real-world applications.

For sensing and other optical applications, the selection of semiconducting material with an appropriate band gap is vital. Platinum diselenide (PtSe 2 ) is a newcomer in the family of transition metal dichalcogenides (TMDs). Alike other TMDs, PtSe 2 as well exhibits layer dependent bandgap. Considering, the catalytic and electrical activities of PtSe 2 along with optical properties, nanoparticles of this layered materials were tested as counter electrode (CE) in dye-sensitized solar cells (DSSC). Electrodeposited Pt nanoparticles were converted into PtSe 2 by soft selenisation. It was revealed from a series of experiments that a PtSe 2 film outperforms the neat Pt nanoparticles as CE in DSSC applications. Further, vertical heterostructure was created by stacking a few-layered PtSe 2 onto the ultrathin Sb 2 Se 3 . Optical and band-alignment studies performed using UV-Vis-IR spectroscopy and XPS/UPS measurements suggest that type-II heterojunction is formed at the interface. It is evident from the literature that type-II heterojunctions can be employed for self-powered photodetection. Moreover, this staggered type heterojunction between PtSe 2 and Sb 2 Se 3 can be used for broadband photodetection in visible to mid-IR regions.

To conclude, efforts were focused in the course of this thesis to explore novel scalable synthesis routes for 2D materials, namely graphene and PtSe 2 . The application of these materials in energy harvesting and self-powered sensing was tested during which interesting results were and achieved as described in detail in the following chapters.

Chapter 1 2D Materials : Background, basics and beyond

Researchers have "thrown much darkness on this subject, and it is possible that, if they continue we shall soon know nothing at all about it" -Mark Twain (Carson, D. A. The Gagging of God: Christianity Confronts Pluralism 57 (Apollos, Leicester, 1996)

Background

"In the early 1950s, a person could walk inside a computer and by 2010 a single computer (or 'cluster') with millions of processors will have expanded to the size of a building. More importantly, computers are beginning to 'walk' inside of us", said by Gordon Bell [1]. This statement is clear indication of how miniaturized microprocessors replaced a room size gigantic computer. Bell's law of computers classes is corollary to, and consequence of, Moore's law which proposed that nearly after every 10 years there is new class of computers. Every time with the rise of new computer class, the Bell's law comes into the discussion, this time was the occasion of Michigan Micro Mote (M 3 ) [2]. Numerous "Motes" (or "smart dust") spread on the ground can form a wireless sensor network (WSN) that can sense environmental variations like temperature, pressure, vibrations or light. Unlike vintage computers, M 3 is such tiny device that the first version of it, "Phoenix", could be inserted inside an eye that can sense the intraocular pressure, a critical parameter for the patients with glaucoma. This glaucoma monitoring mote consumes only 35 pW power in standby mode. This is an extraor-1.1. Background dinary example of directly proportional relation between the shrinking of computer volume to the energy required for the processing. Fig. 1.1 is the timeline from the first ever built "Mainframe" computers to more recent M 3 . 1.2. Layered materials : Basics of them is "Can we go beyond micro motes and do we need to?" [3], I personally feel that micro motes are just a beginning. The day is not far when a single device can sense multiple parameters and yet generate energy required for its operation from the ambient. To achieve this goal, new materials, better device structures and processes to produce consistently these materials and devices at industrial scale have to be devised. Contrary to current batch production strategies, upcoming class of computers, ranging from biomedical/healthcare devices to wearable electronic, devices will be made as per users expectations. Along with the cost and efficiency, the conformability of the device with the user will be of great importance. Traditional semiconductors are out of discussion not only because they require complex and expensive synthesis procedures but they are bulky hindering the flexibility of devices. Therefore, systematic efforts have been undertaken over the last 15 years to explore the potential of a new class of materials which could be the building elements for the new class of computers and electronic devices. This class of materials is known as "layered materials" or "2D crystals".

Layered materials : Basics

It is said that the "challenges and opportunities come hand in hand". Sensors and solar energy-harvesting have been ruled by silicon technology over many years and credit goes to the control over the sub-micron scale precision due to advanced manufacturing technologies and availability of crystalline silicon in bulk. Despite of silicon being the dominant semiconductor in the electronics, it is approaching its limit in terms of scaling down and device performance. Therefore, very systematic research for new materials has resulted into various novel materials with extraordinary properties, such as individual organic molecules and polymers, carbon nanotubes (CNTs) and semiconducting nanowires, to name a few examples of such materials. However, certain weaknesses have emerged along with the advent of 1.2. Layered materials : Basics Figure 1.3: Various classes of layered materials [4] new functional (nano)materials. Lack of uniformity at the nanoscale, and structural polydispersity may result in non-homogeneous electronic properties and no reliable performance. These weaknesses accompanying newly developed materials have severely constrained their potential to replace and/or supplement the traditional silicon. This handicap has been to a large extent alleviated with the development and control of "layered materials" down to the thickness of the atomic level. Layered materials are typically characterized by strong intralayer covalent bonding and weak interlayer Van der Waal's (VdW) interaction. The weak VdW's interaction makes it possible to extract a certain number of layers (few or single) from the bulk 1.2. Layered materials : Basics crystal. It is interesting that the monolayer of a material exhibits extraordinary properties in regard to its bulk counterpart. Moreover, the optical, electrical, catalytic and mechanical properties can be tuned according to the number of layers (single-, by-tri-layer, etc.) or possible combination with layers of a different 2D material. Mounet et al. have reported that from the rich library of 1,08,423 unique experimentally known three dimensional (3D) materials 5,619 compounds are layered, out of which 1,825 materials can be mechanically/chemically exfoliated down to mono-layer [5]. It is out of the scope of this thesis to describe all the materials and hence this thesis mainly focuses on two classes of layered materials, namely the graphite (graphene) and the transition metal dichalcogenides, described by the formula MX 2 (M: Mo, W, Ta,...and X: S, Se, Te).

Graphene

Almost half a century ago, Landau and Peierls claimed that strictly twodimensional (2D) materials are thermodynamically unstable and could not exist [6,7]. This prediction was vitiated in 2004 when Geim and Novoselov successfully exfoliated a single layer of graphene [8]. Graphene is an atomic thick 2D hexagonal network of sp 2 carbon atoms tightly packed in honeycomb lattice, independently standing and being no integral part of carbon material. Every carbon atom in the graphene honeycomb lattice is bonded to three in-plane adjacent carbon atoms with σ bond of length a = 1.42 Å having an angle 120°and one out-of plane π bond.

The unit cell of mono-layer graphene consists of two carbon atoms, A and B, each forming triangular network. In few-layer graphene, depending on the stacking order of these A's and B's in z-direction, the stacking order can be either Bernal or rhombohedral type. When A of the first layer is aligned with the B of the second layer, the stacking is known as AB stacking. If the third layer of atoms is in the vertical position of the A (first) layer, then the structure is called Bernal stacking (i.e. ABAB...). Bernal stacking 1.2. Layered materials : Basics Figure 1.4: unit cell and monolayer graphene [9] is the most naturally occurring state of graphite and exfoliation of highly oriented pyrolytic graphite (HOPG) leads to this type of arrangements [10]. When the third layer of atoms is positioned between the sites of the A and B layers, then the final structure is characterized as the rhombohedral stacking (i.e. ABCABC...). In case of loss of stacking order, due to translational or rotational misalignment of layers [11], the resulting structure is called turbostratic. The in-plane lattice constant for the graphene layer is 0.246 nm and the interlayer distance for turbostratic graphene (> 0.342 nm) is larger than that of the Bernal stacked form (c/2 = 0.335 nm). The absence of stacking order and enhanced interlayer distance in turbostratic graphene results in enhancement of the electrical properties of each layer, in relation to the layers of the Bernal stacked structures.

The unit cell of graphene consisting of a pair of sp 2 carbon atoms possesses two π bonds per unit cell. The extraordinary electronic property of graphene is the outcome of hybridisation of these π bonds forming π and 1.2. Layered materials : Basics π * bands (these π bands can be imagined as the conduction and valence bands). The intersection of these π bands at the corner of the Brillouion zone (also known as κ points or Dirac points) result in the zero-band gap of graphene. Unlike the parabolic band structure of typical semiconductors, the dispersion of π bands is nearly linear at the Dirac points.

E = × V F × |K| (1.1)
Where is reduced Planck's constant, K is the wave vector at Dirac points and the V F is the Fermi velocity in graphene (approx. 106 m/s) [12]. The linear dispersion suggests that the kinetic energy of fermions in graphene is much bigger than that of rest mass of the particle and hence the quasi-massless particle is responsible for the extraordinary electronic mobility [12,13]. Along with the outstanding electrical conductivity, graphene is the strongest material that has been tested till today (tensile strength 130 GPa, Young's modulus 1 TPa) [14,15]. Excellent carrier mobility even under deformed state establishes graphene as an ideal candidate for flexible electronics [16]. Although the absence of bandgap does not overshadow 1.2. Layered materials : Basics other excellent properties of graphene, it has stood as a major reason that turned the interest to other 2D materials, which are characterized by a finite bandgap, essential for opto-electronic devices.

Transition Metal Dichalcogenides (TMDs)

The "beyond graphene" class of layered materials is typically the Transition Metal Dichalcogenides (TMDs), thanks to the ease of monolayer extraction of TMDs! Just like graphite, even particles of multilayer crystals of MoS 2 have been used as additives in lubricating oils. The first ever atomically thin semiconducting layered material exfoliated was MoS 2 assisted by lithium intercalation method [17], whereas monolayer exfoliation of [18] and NbS 2 [19] is even older. These reports prove that the interest of research community in exploring the 2D materials for fundamental physics like charge density waves, superconductivity and enhanced phonon-photon coupling, is not new, albeit the actual boost was experienced after the onset of graphene research. A TMD material is composed of layers, which are not atomically thin as in graphene and BN. The TMD layer is composed of a layer of a transition metal, sandwiched between two layers of chalcogen atoms. These polyhedral-thick layers interact with out-of-plane van der Waal's forces with adjacent layers, which makes their cleavage down to monolayer feasible. The various possible TMDs that can be synthesized today is represented in Fig. 1.6. Chalcogens (sulfur, selenium and tellurium) are the group VI elements highlighted with orange color in the periodic table above. The colored elements in the transition block (also called d block) have the ability to form layered structures with chalcogens whereas the elements with only colored frame may result in layered structure with very specific combinations (e.g. NiTe 2 is layered but NiS 2 is not). In total TMDs are 60 in number out of which 40 has layered structure. Most of these can be prepared in lab but few of them, like MoS 2 , are present in nature with the 2H and 3R crystal Tansition metals that selectively crystallise in layered structure are framed [10] structures. The structural type of TMDs is an important factor governing the overall properties of the material. Three common polymorphs for TMDs are 1T, 2H and 3R, where numbers define the number of layers per unit cell and letters stand for trigonal (T), hexagonal (H) and rhombohedral (R) symmetries. Although these polymorphs (schematic representation in Fig. 1.7) are the most commonly observed in TMDs, synthetically there are 11 possible polymorphs for these MX 2 (M:Transition Metal sandwiched between 2 X:Chalcogen atoms) [20]. The number of d-electrons in the transition metal is the deciding factor for the phase of corresponding TMD, even though, relatively small-sized atoms also have some contribution. It is interesting that bonding of Group 4 and 10 transition metals leads to octahedral geometry, while atoms in group 7 follow a distorted octahedral phase. On the contrary, the majority of the group 5 TMDs are octahedral with few of them being trigonal prismatic, whereas opposite holds true for the group 6 elements. The stable H and T phases for the different groups of It has been observed that the synthesis route and post-synthesis treatment vastly affect the final phase of the TMDs. For example, the mechanically exfoliated MoS 2 leads to 2H phase whereas Li-ion intercalated and exfoliated MoS 2 is observed as 1T polymorph. The 1T polymorph might also be generated from the bilayer water layer formed during synthesis of MoS 2 , that formed due to excess use of water while exfoliation. Further the co-existence of both phases has also been observed under certain synthesis conditions, while proper post-treatment is employed to transform the metastable 1T phase into the stable 2H phase [21]. Independent of phase type, the family of TMDs consist of semiconductors, metals and superconductors. This provides the freedom for exploring physics of low-dimension TMDs with grey color are unstable in both the phases [10] Along with the special electronic configuration contributing to varying phases and exciting layer dependent properties, composition of TMDs and defects (viz. vacancies, dislocations and grain boundaries) modify the physical properties [23]. Moreover, the possibility of mixed chalcogenides (MoS x Se 2-x ) [24], mixed transition metals (Mo x W 1-x S 2 ) [25] and vertical/horizontal heterostructures of two or more TMDs (MoS 2 /WSe 2 ) [26] leverages the space to explore their novel physical, electrical, optical and catalytic activities in coming future. This lego like match and place of TMDs results into a great number of permutations and combinations, 1.3. Beyond : Applications and challenges encouraging to customize the materials as per application requirements.

Beyond : Applications and challenges

This distinctive class of materials is considered to reach electronic device performance that goes beyond the Moore's law, by creating ultrathin monolayer memoristors [27] and field effect transistors [28,29], to improve well studied opto-electronic devices for sensing/emitting photons [30,31], creating nanocavity tunable laser [32] and to generate energy from photovoltaics [33], catalytic (photo/electro/both stimulated) processes like hydrogen evolution reactions (HER) [34], and finally to provide efficient storage solutions like supercapacitors [35] and batteries [36]. But the real merit of these layered materials lies in the novel physics that otherwise could not be explored in studies of their bulk counterparts. Exotic physical phenomenal in the areas of non-linear optics, Hall effect, valley-contrasting physics, spin-orbit physics, chiral quasiparticles, piezoelectricity, superfluidity and superconductivity have been demonstrated. A basic ingredient of the novel physics underlying these phenomena is related to the broken symmetry either inversion, rotational, time-reversal or gauge-symmetries [37]. In fact, the revolutionary applications like spintronics, valleytronics and twistronics rely on the foundation of possible selective engineering of the symmetry breaking. Flexibility, arising from the ultrathin nature of layered materials renders them apt for state-of-the-art flexible electronics. Specifically, high conductivity and transparency makes graphene an ideal candidate as electrode for flexible electronics whereas TMDs are going to meet potential applications in photon sensing and optoelectronics due to their finite band-gap.

Despite the significant merits of the 2D materials and the strong potential for novel real-world applications, several hurdles related to controlled and consistent synthesis of high quality crystals must be overcome, along with issues related to compatibility. The first ever monolayer 1.3. Beyond : Applications and challenges graphene was cleaved with a naive method of mechanical exfoliation using scotch tape. Although this is a proper method to prepare monolayer or few-layer 2D materials for fundamental studies, it is by no means a viable method to prepare such materials at large scale. To address the scale-up in production of 2D materials, other methods such as chemical exfoliation of bulk materials have been devised, which however result into the polycrystalline powders/inks with inferior quality than the monolayer or few-layer material. Eventually, researchers have adapted chemical vapor deposition (CVD) for the production of large lateral area single crystal growth. Graphene can be grown at high vacuum and temperature near 1000 °C using selected substrates like copper and nickel (which act as catalysing agent as well), whereas TMDs can be grown by CVD at even lower temperatures, i.e. 100 °C lower than that of graphene growth temperature. These specific high-temp/low-pressure synthesis conditions and dependency on the substrate make this process CMOS incompatible and restrict the easy incorporation of 2D materials in real world applications.

In upcoming chapters, I will elaborate novel methods employed to synthesize 2D materials and their heterostructures or composite materials. To start with, Chapter 2 will introduce laser assisted simultaneous growth and transfer of graphene on any desired substrates (and its composites) which has potential for a diverse number of real-world applications. The proposed technique is easy and industrially scalable. As a demonstration of new laser assisted technique described in chapter 2, graphene electrodes are fabricated by direct (transfer-free) deposition onto polymers to harvest energy from water droplets, human motion and for self-powered tactile sensors. Energy harvesting and self-powered sensing (exhibited in Chapter 3) exploits the tribo-electric mechanism. Chapter 4 focus on the TMDs and their interaction with light. Platinum Diselenide (PtSe 2 ), a recently developed 2D material that can be grown at quite lower temperatures, in relation to other TMDs, opens opportunities for combinations with temperature sensitive materials. It has a layer-dependent bandgap in the visible and 1.3. Beyond : Applications and challenges NIR region, being metallic in the multilayer. Electro-deposition is used for the deposition of the platinum precursor followed by selenization to prepare and study the morphology of PtSe 2 used as a counter electrode in Dye Sensitized Solar Cells (DSSC). Antimony Selenide (Sb 2 Se 3 ) is known as a material with 1D topology as regards the local structure. While it has been known for long time, it has recently gathered attention because of its interesting optical properties (bandgap and very high absorption of visible light) which render this material an ideal candidate as the layer in photovoltaics. Combining PtSe 2 and Sb 2 Se 3 in vertical heterostructures can lead to the formation of self-powered broadband photo-detector. Further the capping layer of PtSe 2 provides protection to Sb 2 Se 3 which otherwise oxidises easily when exposed to atmosphere.

Chapter 2

Laser assisted growth of graphene "This class of research is simple-seeming. But those who have spent time on the subject will allow that it is very baffling: those who have not done so will at least remember that despite great efforts by physicists the subject has not yet passed the pioneer stage-Peter Shaw"

Introduction

"Lamellar graphite...of a brilliant metallic lustre, and possessing distinct fibrous structure...by prolonged grinding in water, it may be reduced to minute flat plates". This is first description of one of the forms of carbon by B. C. Brodie, expressed in the article "On the atomic weight of graphite" published in 1859 [1]. Brodie further mentions that "it is very difficult by the mechanical processes to bring this graphite to a fine state of division...". It is worth noticing that although the first statement heralds the celebrated material which today is called "Graphene", the mechanical exfoliation method (which was difficult to achieve in 1859) was used by Novoselov and Geim to demonstrate exfoliation of single layer of sp 2 carbon allotrope. After the isolation of mono-or few-layer graphene, and especially after the suggestion of a simple optical method to estimate quickly the number of exfoliated layers, the number of research articles focusing on graphene were skyrocketed and, in this light, many different techniques for graphene synthesis were developed. As shown in Fig. 2.1, graphene synthesis can be differentiated depending on the quality of graphene (crystalline, surface area), final application (composite materials,inks, supercapacitors, field 2.1. Introduction effect transistors etc.), cost-of-production and scalability. However, a more general way of classification is based on synthesis routes, namely, topdown or bottom-up. In case of top-down synthesis, bulk form of graphite is disintegrated into monolayers to form graphene, e.g. mechanical or liquid exfoliation. On the contrary, the bottom-up approach incorporates synthesis based on carbon-containing precursors to form monolayer or few-layer graphene, e.g. chemical vapor deposition (CVD) and epitaxial growth on SiC. The key steps involved in each process for the production of graphene is described in Box 1 for top-down and bottom-up techniques. 

Mechanical Exfoliation

Geim and Novoselov obtained monolayer graphene in 2004 via mechanical exfoliation using scotch tape; a method known for decades by electron microscopy technicians. Currently, efforts are involved in creating automated systems for reliable and reproducible graphene flake using mechanical exfoliation. Jayasena et al., incorporated ultrasharp single crystal diamond wedge for exfoliation of monolayer from highly oriented pyrolytic graphite (HOPG) [2], whereas Chen et al. [3] used the well-known three-roll mill machine. The use of polyvinyl chloride (PVC) increases the cost of production making it industrially incompatible. Although the ball-milling technique is time consuming and factors like grinding media type, time, matrix, speed and initial graphite precursor being used affect the final quality of the product, the method was preferred for graphene exfoliation and functionalization of the flakes for laboratory studies [4,5].

Arc Discharge

The arc discharge technique has shown potential for the production of CNTs [7] and fullerenes [8] and hence can be modified to synthesize graphene [9]. The arc discharge system consists of an anode (graphitic precursor) and cathode (graphitic rod) submerged in gas/liquid media. The precursor sublimes due to high temperature plasma that is generated by applying electric voltage between anode and cathode. The necessity of high vacuum for utilisation of gases as a media makes this process expensive. The high precision required in the control of process and energy demanding nature of the technique hinders the scalability of the production of graphene.

Oxidative Exfoliation -Reduction

Reduction of graphene oxide (GO) produced from oxidative exfoliation of graphite powder results into reduced graphene oxide (RGO) [10]. The final product can be achieved using any of Brodie, Staudenmaier, Hofmann, or Hummers method. Although lower temperature synthesis (less than 100 °C) for all four routes is an advantage, toxic byproducts such as nitrogen dioxide (NO 2 ), dinitrogen tetroxide (N 2 O 4 ) released during the process, hinder the industrial scale growth. Modified Hummers method is considered as fast and environmentally safe method compared to other approaches, as it does not produce explosive gases like chlorine dioxide (ClO 2 ) and acidic fog. Chemical, thermal, electrochemical,and laser-assisted reduction is generally used to restore the honeycomb sp 2 structure from the GO structure by removing oxygenous groups. Although the bigger extent of oxygenous functional groups like carbonyl, hydroxyl and carboxylic are removed, complete reduction to pure graphene is unachievable. The large C/O ratio suggests high degree of reduction but the electrical properties of RGO are quite far from being suitable for a number of applications. Hydrazine (N 2 H 2 ) [10] is a commonly used reducing agent in chemical reduction method, but it is expensive and highly toxic. The search for efficient greener reducing agent (e.g., borohydrides, hydrohalic acid) is ongoing. Few mentionable reagents from a big list are zinc/hydrochloric acid, thionyl chloride and sodium borohydrides that result in higher C/O ratio but the safety concerns, extra chemical cost, environment pollution and lengthy process impacts on the industrialization of the technique. Thermal reduction needs very high temperatures increasing operational cost, precluding at the same the use of temperature sensitive substrates; it thus can only be applied to powdered GO. The hydrothermal reduction is preferred for some applications due its rapid reduction, cost effectiveness, environmentally friendliness and facileness. Other reducing treatments tested are using microwave, photothermal, photocatalytic and laser treatment. Overall, the oxidative exfoliation-reduction method is cost-efficient, high yield process but low surface area, poor electrical conductivity, low solubility and re-stacking of graphene sheets makes the final product less industrially acceptable.

Liquid phase exfoliation (LPE)

Dispersing graphite in proper solvents, exfoliation and purification are the main steps of the LPE process to obtain few-layer graphene flakes. Suitable solvent is determined based on its surface energy, surface tension and Hildebrand/Hansen solubility. Matching of surface energy (70-80 mJ/m 2 ) and surface tension (40-50 mJ/m 2 ) of graphite with solvent results in smaller mixing enthalpy, hence better exfoliation [10]. Sonication parameters are equally important for successful synthesis, as lower frequency vibrations (20-100 kHz) may cause physical modification like fragmentation, shock wave, well mixing effect. LPE has a potential to produce graphene at industrial scale; however, optimization of synthesis parameters (time, duration, temperature) related to ultrasonication must be achieved. The biggest drawback is the modification caused at the edges and basal plane of graphene flakes during exfoliation.

Chemical Vapor Deposition (CVD)

A typical CVD setup consist of a quartz reaction chamber, mass flow controllers, a pump to control vacuum, thermocouples for temperature measurement, a gas delivery system, an energy system and a computer for the auto-control, which constitute a rather 2.1. Introduction expensive production line [11]. The graphene growth process takes place via decomposition of hydrocarbon gases like methane (CH 4 ), acetylene (C 2 H 2 ), ethylene (C 2 H 4 ) and hexane (C 6 H 14 ) using as substrates transition metal catalyst at elevated temperatures, ca. 1000 °C under specific vacuum conditions. Transition metals such as Cu, Ni, Fe and Co play a dual role of being the growth substrate, and the catalysts that promotes reduction of the temperature required to decompose the hydrocarbon gases. Fe, Co and Ni are not preferred as substrates for the controlled growth of mono/bi-layer graphene because they can dissolve quite high amount of atomic C, which results in the formation of thicker graphene films. Carbon exhibits low solubility to Cu, which allows the controlled monolayer growth of graphene [12]. At elevated temperature, Cu facilitates decomposition of hydrocarbon molecules; hence atomic C species dissolve into the Cu lattice. Upon decreasing the temperature, the solubility of carbon to Cu becomes limited and carbon aggregates onto the Cu forming graphene nucleation centers and finally diffusion and attachment of carbon atoms to nucleation site takes place to form a graphene layer [13]. Kalita et al. has demonstrated graphene growth at lower temperature and pressure by modifying the conventional CVD system to plasma enhanced CVD (PECVD) [14]. CVD can produce high quality, large area graphene with low defects.

Epitaxial Growth

Thermal decomposition of hexagonal SiC (vacuum or inert atmosphere) results in sublimation of Si atoms from the surface, which leads to aggregation of the excessive C atoms form a sp 2 network leading to epitaxial graphene growth on SiC. Epitaxial graphene has 2.1. Introduction two subtypes, layers grown on the Si-face and the C-face. Graphene growth on Si-terminated face is much better controlled from the viewpoint of the number of layers, than that grown on the C-face. So far, this technique is in development stage but based on current achievements, epitaxial graphene growth is still considered to be expensive due to energy intensive process and constraints on the SiC wafer size [15]. However, as SiC is a very useful platform for electronics, the successful growth of epitaxial graphene on SiC exhibits high prospects for achieved graphene-based integrated circuits.

The above-mentioned synthesis routes are among the most explored ones and have shown high potential to produce graphene at large scale. However, additional techniques have been developed for graphene synthesis, for example on the unzipping of carbon nanotubes (CNTs) [16], substrate-free gas-phase (SFGP) [17], template route [18], total organic synthesis [19]. Sustainable Development Progress Metrics provided by the Institution of Chemical Engineers (IChemE SDPM) [20] addresses a sustainability assessment methodology that defines the potential of the technique for industrial implementation based on three main factors: environment, economic and social indicators. Lee et al. [21] have evaluated the abovementioned graphene synthesis routes using IChemE SDPM parameters like cost (precursor and operational), scalability potentials, product quality, process condition (safety, complexity), yield and environment (hazardous chemicals) to conclude that oxidative exfoliation-reduction, chemical vapor deposition (CVD) and liquid phase exfoliation (LPE) score the highest points out of all. Though the need for commercial grade mass production of graphene is very well acknowledged and ongoing progress based on the above-mentioned techniques may be able to fulfil the requirements, the biggest hurdle remaining is the compatibility with existing growth techniques (high temp growth, substrate limitations etc.) and the complex transfer steps involved. Solutions to these problems can either be modifica-2.2. Laser assisted graphene growth tion of existing technologies (e.g. changing traditional CVD technique with PECVD technique) or a radically new concept for a process that will be able to develop next generation devices suitable and adaptable for a wide range of applications. Fast, low-cost and energy efficient sustainable processing with complete control over processing parameters and versatility to program a desired pattern,are desired to cope with a diverse class of graphene applications. In this light, it is worth trying to engage lasers as a novel technique in synthesis and processing of graphene. Figure 2.2 summarizes the various laser sources used for the production and modification of graphene in relation to a class of potential applications with which this approach is compatible.

Laser assisted graphene growth

Instantaneous exposure of highly localized energy on a precursor material can lead to ultrafast excitation of the molecules and/or thermal effects due to irradiation, which can alter the material composition towards elemental carbon. The degree of electronic and thermodynamic imbalance in irradiated material depends on the nature of incident irradiation and electronic relaxation time. Consequence of this imbalance is the generation of localized heat waves triggering homogeneous and heterogeneous reactions which are governed by photo-chemical interaction or photo-thermal process [23,24]. Photo-thermal effect causes localized heat generated due to incident laser that drives the reduction of oxygenouse groups in GO or even complete synthesis of graphene from carbon-rich precursor. In case of photo-chemical process the fluence of incident photons is high enough that to breaks the bond between carbon and oxygenous groups resulting into graphene structure. As the incident laser wavelengths shifts from the IR range to the UV range the dominant effect is photo-chemical in nature instead of photo-thermal. The synthesis of graphene from non-aromatic polymer-based precursors requires extremely high localized energy. IR Figure 2.2: Summary of the recent progresses in laser processing of graphene. [22] lasers are preferred in such cases and hence only GO is widely explored for the reduction using UV light (with some exceptional reports on graphitization of Kapton using UV laser). Smirnov et al. has reported that the photo-chemical processes dominate if the incident photon energy is equal to or higher than the 3.2 eV (≈ corresponding wavelength λ ≤ 390 nm). For less energetic radiation, photo-thermal effects are critical [25]. The weak bonding of -OH and -COOH at the edges and the narrow band structure of GO, facilitate the absorption of light, rendering GO favorable material for laser processing. Therefore, at early years (2010) the very first laser assisted graphene growth was reported by reduction of GO with femtosecond laser [26]. The versatility of laser assisted synthesis and processing of graphene can be realized from the very diverse reports in the current literature on this topic as regard the types of the lasers employed, the precursor raw materials used, the principles of laser-assisted materials transformation, and the potential applications that may be associated with the laser-based graphene growth methods. It is worth mentioning that the fine tuning of the irradiation parameters of any laser (over the range from UV to IR) can result into graphene-like synthesis or processing. There have been also reports for reduction of GO using solar light (visible light) [27]. Hence, it is of paramount importance to understand the key details that influence laserassisted graphene processing. Figure 2.3 summarizes the basic parameters one need to consider while working with laser processing, as suggested in a recent review article [28]. [28,32] Despite many thorough laser processing experiments, a process that has gained the increased attention is the graphene formation of polyimide (Kapton). Graphitization of Kapton using laser beams towards formation of conductive paths on its surface has been known for long [29,30] Preceding studies have mainly focused on the use of UV laser ablation of polyimide films. The ablated product collected from the surface around the irradiated area was predominantly identified as glassy carbon, in the pre-graphene 94 2.2. Laser assisted graphene growth era [31].

Graphitization of polyimide (Kapton) using laser beams towards formation of conductive paths on its surface has been known for long [29,30]. Detailed studies were undertaken to explore the composition of the ablated plume. Mass spectroscopy has revealed the presence of species such as C 2 H 2 , HCN, CO, CO 2 , C 4 H 2 , and C 6 H 2 [33]. The composition of the plume depends upon the ablation fluence [34] and the chamber environment [35]. Particular attention was also paid on the deposited product following ablation [36]. Polyimide has recently been reconsidered as one of the most successfully graphitized commercial polymers [37].

Few years ago, Lin et al. tested the ability of 15 polymers to be transformed to graphene-like materials under laser irradiation [10.1038/n-comms6714]. Out of these several precursors, they found that only polyimide (PI) and partially polyetherimide (PEI) could be graphitised using a CO 2 laser (10 µm). This graphitized product was named laser induced graphene (LIG). In the light of these findings related to the scribing of graphene directly onto a flexible substrate, many reports have been published up to now, aimed at exploring the underlying phenomena and test graphene s viability in different applications. Several studies were focused on the optimization of parameters that maximize graphene quality. It was found that a fluence of 5.5 J/m 2 is essential for successful transformation of Kapton to graphene, while further tuning of lasing parameters has direct consequence on the porosity, and the thickness of the graphene produced [38]. Control over the doping is of utmost importance to manipulate the electronic and electrochemical properties of graphene. Doping in laser assisted graphene can be achieved in different ways by changing the precursor or substrate or environment in which irradiation has been performed. The simplest form is GO, whereby changing the dose of laser, degree of reduction (hence removal of oxygen species) can be altered and processing under reducing environment like N 2 /NH 3 can even incorporate N atoms in graphitic lattice [39]. Whereas Ruoff et al. followed a two-step process where a fluoropolymer was coated onto laser scribbled graphene followed by a second laser-assisted decomposition of the fluoropolymer onto the graphene scaffold enabling fluorine species to react with the underlying graphene [40]. Similar efforts have been reported for achieving boron doping [41] or metallic nanoparticles functionalization [42]. These examples of doping or functionalization resulted in functional materials with enhanced performance for various applications [43]. Considering the significance of laser assisted growth and doping of graphene for the potential application [22], researchers have contributed towards developing methodologies for the transfer of graphene using laser or by other means like polymer casting [44]. In most of the studies, graphene grows and adheres onto the precursor substrate; hence additional processes must be followed to delaminate and transfer graphene on the desired substrate. Often polymer-based transfer that is undertaken typically leaves some polymer residues, which deteriorate the electronic properties of graphene. Few studies have employed laser induced forward/backward transfers (LIFT/LIBT). LIFT [45]/LIBT [46] are the two step processes involving initial transfer of CVD grown graphene from the growth substrate to the carrier substrate (Ni foil for LIBT and sacrificial triazene layer spin coated quartz for LIFT). Afterwards, using laser-induced shock waves, the graphene is transferred to the desired substrate. There are several drawbacks associated with such processes. Apart from the multi-step nature of the process, a major one relates to the geometry of the irradiation experiment. In particular, the incident laser must pass through the carrier/final substrate and hence it must be transparent limiting the general approach of these processes. Yet, these efforts highlight the need of more controlled approach to transfer graphene. Based on current challenges, we have devised a versatile method for the simultaneous growth and transfer of graphene by decomposing some precursor and directly depositing graphene flakes onto any type of substrate. This is an uncomplicated and scalable process, which can be employed to prepare high-purity few-layer turbostratic graphene and graphene-based nanohy-2.3. Laser-mediated Explosive Synthesis and Transfer (LEST) brids depending on the chemical composition of the precursor materials. Based on the underlying mechanism, the method which we have called Laser-mediated Explosive Synthesis and Transfer (LEST) of graphene. The process operates at environmental conditions, and is capable of producing, and simultaneously transferring, graphene on any substrate, such as soft polymer, glass, carbon paper, metal, ceramics, and so on. Graphene and its nanohybrids exhibit sp 2 structures of turbostratic stacking, with low sheet resistance and very high (∼ 30) C/O ratio. The merits of the produced graphene-based nanostructures are showcased in the current thesis by an energy-related examples,i.e. flexible single-electrode triboelectric nanogenerators. This novel method emerges as a paradigm of additive manufacturing for graphene-based devices with far-reaching impact for applications in sectors such as flexible electronics.

Laser-mediated Explosive Synthesis and Transfer

(LEST)

Principle of LEST

Articles demonstrating Material Transfer Recording [47] and Laser writing [48] are the primeval works reporting material transfer onto an acceptor substrate using laser. The principle of these reports are exactly in-line with the experiments performed by Bohandy et al. [49] to directly deposit various metals onto substrate using high energy excimer laser that resulted into enormous publicity and wide acceptance of the term Laser Induced Forward Transfer (LIFT). LIFT process can be vaguely described as the localized predefined pattern transfer of material from source to the substrate placed in closed proximity (or sometimes in contact) independent of surface type or material form. Often the material to be transferred (may be of liquid/solid or paste form) is coated onto the substrate. The transparency of substrate to the laser wavelength allows laser to pass through and interact with 97 

LEST experimental details

Based on the principle of LIFT, we propose a new versatile laser-based process that entitles single-step, scalable production of graphene-based materials and nanohybrids, at ambient conditions, avoiding any wet-chemistry pre-treatment or post-processing. The method entails the irradiation of various carbon sources (CS), i.e. polymers, and biomass-related matter, in the absence of protective environment. The irradiation takes place in an arrangement capable of simultaneously synthesizing and transferring the violently decomposed product onto any arbitrary substrate. The proposed approach, is based upon the laser-mediated explosive synthesis and transfer (LEST) of graphene towards the substrate. The explosive character of the decomposition of the target compound is vital in this process, because the produced gasses impose a propelling stream, essential for the graphene and graphene nanohybrids transfer. The flexible set-up of LEST process allows three variations that are illustrated in Fig. 2.4. Scheme (1A) illustrates an example of a forward LEST process. The target source is a semi-transparent film (in regard to the incident laser wavelength) comprising the CS material. Graphene is deposited at the acceptor substrate (AS). Scheme (1B) illustrates an example where a CS layer has been pre-deposited on the rear side of a transparent substrate (TS). Graphene is deposited at the acceptor substrate (AS). Scheme (1C) illustrates an example of a backward LEST process where the laser beam passes unhampered through the TS and reaches the CS film. Graphene material is collected at the side of the TS facing the CS, while the TS plays also the role of the AS. Nd:YAG laser operating at 1064 nm in millisecond (ms) timescale was employed for all LEST experiments.Laser parameters were optimised to attain optimum conditions for the transformation of the carbon precursor to high-purity turbostratic few-layer graphene structures. Two types of commercial Kapton TM materials were utilized as precursors for laser-assisted decomposition; a neat Kapton foil and a Kapton tape, i.e. a PI foil with one of its sides covered by a silicone adhesive film. Polymeric structure of polyimide (Kapton) is shown in Fig. 2.5. For all experiments concerning Kapton TM [polyimide(PI)] pulse duration and spot size was fixed at 1.5 ms and 1.5 mm (with 50% overlap) respectively. Laser fluence ranging from 13 to 186 J/cm 2 were tested and resultant products were evaluated with various characterisation techniques. Keeping other parameters identical, irradiation of Kapton foil yields pure graphene, whereas Kapton tape produces nanohybrid comprising of graphene and SiO x nano-particles. To 2.3. Laser-mediated Explosive Synthesis and Transfer (LEST) simplify reading, from here on the prepared and characterized samples will be referred to as LEST-x-y, with "x" denoting the type of precursor (F for neat Kapton foil, and T for Kapton/silicone adhesive tape) and "y" representing the irradiation fluence value in J cm -2 . It is worth-noting that a single lase at ambient atmosphere is sufficient to convert both the foil and tape into graphene and graphene/SiO x nanohybrids, respectively, which renders the process simple and efficient. To demonstrate the versatility of the proposed approach, the LEST process was employed to develop films on a diverse set of substrates including soft materials, glass, ceramics, metals, and so on. Typical substrates used in the current study are polydimethylsiloxane (PDMS), polyethylene terephthalate (PET), molybdenum foil, carbon fiber paper, silicon, and glass. Representative optical images are shown in Fig.

2.5.

It is instructive to reminisce few important, frequently overlooked, early data related to Kapton laser-induced ablation. Preceding studies have mainly focused on the use of UV laser ablation of polyimide films. The ablated product collected from the surface around the irradiated area was predominantly identified as carbon, in the pre-graphene era [31]. Notably, this solid product has been found to be charged, with an almost equal distribution of positively and negatively charged particles [51]. The electrostatic nature of the ablated products was assigned to the presence of ambient atmosphere [51]; indeed previous studies had shown that carbon molecular species of Kapton under irradiation are neutral [52]. Whereas these experimental facts have emerged from Kapton ablation processes related to UV irradiation (mostly 193 and 308 nm), they could handily serve to account for current observations of Kapton decomposition by a near-IR laser. In particular, the electrostatic attraction of the oppositely charged species in the gaseous phase might be a decisive factor for the enhanced adhesion and integrity of the graphene films on the surface of a wide variety of substrates, as discussed above. The ablation mechanism of PI has been the subject of previous investigations [53] using a 20-kHz nanosecond pulsed laser operating at 1064 nm with pulse width in the ns time scale. Despite that PI exhibits very weak absorption at 1064 nm, as evidenced by the low absorption coefficient α ∼ 16 cm -1 , the ablation of PI with this photon energy is still feasible. Dyer et al. [53] showed that the ablation of PI, takes place at moderate fluence in the range 3-30 J cm -2 . The process becomes activated after some degree of incubated absorption. Such incubation effects are potentially associated with carbonization induced by photochemical and/or thermally-induced degradation. These effects can cause rise of the absorption coefficient from α ∼ 16 cm -1 to ∼ 150 cm -1 after 15 pulses of irradiation, of ∼ 2 ns width, which take place in less than 0.2 ms. In the current work, we employ the same photon energy at fluences similar to 101 2.3. Laser-mediated Explosive Synthesis and Transfer (LEST) those used by the previous study [53]; however, the carbonization of PI takes place by a single pulse. The reason is that the pulse duration, 1.5 ms, is much longer than that used in the previous study. In the current case, the incubation time is certainly shorter than the pulse duration. Therefore, the incubation step for the formation of absorbing elements in the PI structure, takes place within the first fraction of the pulse duration, while the rest part of pulse energy results in fast temperature rise, graphitization and ablation of the graphene flakes towards the acceptor substrate.

Characterization of LEST products

Highly porous microstructure originating from the violent decomposition of precursor causing a rapid outgassing of oxygen and nitrogen species is recorded using Field Emission Scanning Electron Microscopy (FE-SEM). Representative examples for graphene and graphene/SiO x nanohybrids deposited on PDMS and carbon fiber paper are illustrated in Fig. 2.6. In the case of PI/silicone decomposition, the graphene-like structures appear decorated with SiO x nanoparticles, Fig. 2.6 (b),(d). The latter arises from the disintegration of the silicone-based adhesive layer of the Kapton tape. The thickness of the deposited graphene-based films was estimated by SEM images; see Fig. 2.6 (e) taken at the cross section of films deposited by LEST on glass substrates. The images show that the thickness of the graphene films is within the range 20-30 µm. The texture and morphology of the LEST products were investigated with the aid of a high-resolution field-emission scanning electron microscope (FE-SEM) instrument (Zeiss, SUPRA 35VP) operating at 10 kV.

It is well known that the precursor structure and composition have immense impact on the decomposition process and hence on the final product; it is therefore vital to investigate the precursor in a depth. To reveal the co-relations between PI and the product we employed X-ray photoelectron spectroscopy. Survey scans (Fig. 2.7 (a)) exhibit the existence Nitrogen (< 0.5 ±0.1 at. %) demonstrates a very efficient laser-induced decomposition of the polyimide structure to elemental graphitic carbon. Each of the deconvoluted C1s peaks of the LEST-F-74 and LEST-T-74, illustrated in Fig. 2.8 (d), (e), consists of six components. The relevant binding energies (BE) and the assignments of these components to various species [56] are compiled in table 2.2. The relative fractions of the various species are similar for the C1s peak of the graphene and graphene/SiO x films. A very high likely to exist in the graphene/SiO x films obtained by PI/silicone decomposition. However, the fraction of this species cannot be accurately determined because their BE emerges at 286.2 eV [57], which coincides with the BE of the epoxy groups. The deconvolution of the Si2p XPS peak, of the graphene/SiO x films, is presented in Fig. 2.8 (f), which shows that three components constitute this composite peak. The peak at 103.5 eV has unequivocally been assigned to stoichiometric silica, SiO 2 , where Si has the +4 oxidation state [58]. The peak at 102.2 eV corresponds to Si oxidation state +3 and can be associated with Si-C bonds in tetrahedral species of the type O 3 -Si-C [57]. The peak at the higher BE is related to Si(OH) x species [59], with x estimated to be in the range 1.5 < x ≤ 2 according to current data. The fractions of the Si atoms participating in these three different environments (see table 2.2) have been estimated using the total areas of the C1s, O1s and Si2p peaks weighted by the relevant sensitivity factors and the transmission function of the energy analyzer. Combining the results of Si2p analysis (table 2.2) with the total Si at. % (table 2.2) we estimate that 26.6% is the fraction of the O atoms. The larger part of O atoms, which correspond to 24.6 % of the total atoms, are bonded to Si. The remaining, 2% of O atoms, bond to C atoms, yielding an atomic ratio of C/O ≈ 30 for the graphene/SiO x film (PI/silicone precursor), which is the same with the C/O ratio of the graphene film (PI precursor).

The enhanced sp 2 to sp 3 ratio of Carbon hybridisation was as well evident in Raman spectra. Raman spectra of graphene grown on the front and back side (in regard to the incidence of the laser beam) of neat PI foil generated during laser irradiation are shown in Fig. 2.9 (a). The Raman spectra of LEST graphene are presented in Fig. 2.9 (b). In all these cases the spectra reveal successful transformation of the polyimide structure to sp 2 carbon networks. The comparison of the Raman spectra of graphene grown on the surface of the PI film and the spectra of LEST graphene, provides evidence that the quality of these two graphene products is similar. This observation essentially reveals that the laser-mediated transfer process of graphene does not affect its quality. The Raman spectra show that all three main bands, D, G, and 2D are well resolvable and fairly narrow, indicating a high extent of graphitization and a rather moderate defect concentration. Typical spectral parameters resulting from Lorentzian type fitting are presented in Fig. 2.9 (b), (c). In particular, the absence of skewness in the spectral shape of the 2D band is indicative of non-Bernal stacking. Bernal stacking in few-layer graphene platelets can severely diminish their electronic transport in relation to monolayer graphene, leading to properties similar to bulk graphite 109 2.3. Laser-mediated Explosive Synthesis and Transfer (LEST) [60]. A series of Raman spectra obtained from the films produced by the decomposition of both precursors (Kapton foil and tape) using various laser fluences are shown in Fig. 2.10. In all cases, the 2D line is evident in the spectra; whereas the optimization of graphene quality was undertaken considering the sp 2 content (D/G intensity ratio) and the intensity of the 2D band. The spectral changes are not dramatic against laser fluence; however, the data show a fairly optimized process for LEST-74 for both the tape and the foil. The symmetric shape and single-Lorentzian character of the 2D band shown in Fig. 2.9 (a), (b) is characteristic of turbostratic graphene [61], lending support to the expanded d002 interlayer spacing observed by HR-TEM (discussed in following text). Additional evidence of the turbostratic nature of the graphene-like structures produced by laser-assisted decomposition of Kapton is provided in Fig. 2.11 (c). The turbostratic arrangement originates from rotationally faulted layers and/or layers with expanded interlayer distance. A number of weak Raman bands appear in the energy range between the G and 2D peaks. These are combination Raman bands, which can provide information about the stacking order of adjacent graphene layers [62,63], and their emergence demonstrates the growth of turbostratic arrangement of the graphene layers. In particular, the band located at ∼ 1850 and ∼2050 cm -1 have been associated with the iTALO and iTOLA/LOLA modes, respectively. T, L, O, and A stand for transverse, longitudinal, optic and acoustic modes, respectively. Typically, the current findings demonstrate one of the very rare cases -a few examples being epitaxial graphene on SiC, [64] biomass-produced graphene [65] and lastly polymer (phenol-based resin) derived graphene [66], where laser-assisted decomposition of a precursor can lead to turbostratic graphene.

The enhanced sp 2 /sp 3 ratio obtained for the fluence of 74 J cm -2 is in accordance with the lowest sheet resistance, R s , as shown in Fig. 2.9 (d). The figure displays the sheet resistance values of the graphene-like films prepared by Kapton foil and tape on two different substrates, i.e. glass and PDMS. The fluence dependence of R s for graphene grown on the Kapton surface is also shown for comparison. The curve shows an appreciable decrease of R s , while increasing fluence, reaching the value of 129 Ωsq -1 at 74 J cm -2 , followed by a mildly increasing trend for higher fluences. Either sharper or less pronounced, the curves exhibit minima in the sheet resistance curves against fluence. It should, however, be noticed that the measured values represent an upper limit of the true R s values of the graphene materials under investigations. It is well-perceived that the sheet resistance of a particulate system (e.g., powder or film) can be appreciably higher than that of the individual particles. The enhanced resistance arises from the interfaces between the particles which impedes carrier transport. To overcome this issue, powdered samples are pressurized to decrease interparticle gaps and increase the contact area [67]. R s values shown here have been measured in as-prepared LEST films without any further treatment. Graphene/SiO x on glass shows the lowest R s values, almost an order of magnitude, among the other cases shown in Fig. 2.9 (d), despite that this film consists of a large fraction of non-conducting SiO x 2.3. Laser-mediated Explosive Synthesis and Transfer (LEST) nanoparticles.

This finding could be attributed to the enhanced integrity of the film containing such oxide nanoparticles, which act as "binding" elements between graphene-like layers bridging gaps for carrier transport. The wrapping of graphene layers over the SiO x nanoparticles observed by HR-TEM, may enhance conductive pathways, hence providing a rationale for the various sets of R s data.

High-resolution transmission electron microscopy (HR-TEM) images depicted in Fig. 2.11 supports the claim of turbostratic nature of produced graphene films and more detailed morphology at nanoscale. Images 2.11 (a), (b) demonstrate the formation of carbon layers, showing nearly-free, graphene layers at the edges of the structures. A deeper inspection reveals that few-layer stripes -comprised of 2 to 4 layers -percolate through the structure of the material. These observations point towards the growth of non-compact graphitic structures lending foundation to the few-layer graphene character of the material. The average interlayer d002 spacing, obtained by analyzing those images using local area fast Fourier transforms, reveals d002 values in the range 0.344 -0.364 nm; a typical paradigm is shown in 2.11 (e). SAED analysis shows that the interlayer spacing is far larger than that of the Bernal stacking (0.334 nm), signifying a turbostratic nature of the graphene-like structures. A large density of SiO x nanoparticles are formed when the PI/silicone adhesive material is irradiated, as shown in image 2.11 (c). The size of the vast majority of these nanoparticles lies in the range 15-20 nm, while few larger ones, yet less than 50 nm in diameter, are also evident. Image 2.11 (d) shows a magnification of the upper right part of image 2.11 (c) marked in the yellow rectangle. This image demonstrates that graphene layers are disposed wraparound the nanoparticles forming an interacting phase of the nanohybrid system. The graphene-like phase of the nanohybrid, does not present structural differences in comparison to the graphene obtained by the Kapton foil (neat PI) irradiation. Furthermore, X-ray diffraction (XRD Fig. 2.12) analysis embraces the turbostratic nature The data shown in Fig. 2.12 provide additional evidence of the increased interlayer spacing. Indeed, the data show appreciable shift of the (0 0 2) Bragg peak towards lower angles in comparison to both the two main graphite allotropes, i.e. the hexagonal graphite (2H-G) and the romhohedral graphite (3R-G). The Bragg peak positions of these two forms of graphite is denoted by the vertical lines in Fig. 2.12. The (002) Bragg peak of the LEST few-layer turbostratic graphene is observed at 26.0°, resulting in interlayer spacing of 3.42 Å, which is 0.10 Å larger than the case of Bernal 2.4. Conclusion stacked graphite. More details about the use of the XRD data to study the turbostratic nature of few layer graphene can be found elsewhere [65,66].

The aforementioned physico-chemical characterization vouches for the excellent grade of graphene and graphene/SiO x nanohybrids that can be deposited onto a desired substrate using the LEST technique. To evaluate the integrity and sheet resistance of the graphene-based films for some energy harvesting applications, we present in next Chapter how graphene and graphene/SiO x can be incorporated as active materials in electrodes employed for tribo-electric nanogenerators.

Conclusion

In summary, we have presented a novel laser-based physical method, LEST, of growing and simultaneously transferring turbostratic graphene and graphene-based nanohybrids on any kind of substrate. An industrialtype laser has been used to decompose various carbon sources (polymers, biomass), with the emphasis being placed on the case example of PI and PI/silicone adhesive towards graphene and graphene/SiO x nano-hybrids. The process developed in this work operates at ambient environment using single lase mode at large irradiation spots (few mm). These conditions advocate for the scalability of the method to an industrial level. A detailed morphological and spectroscopic analysis has revealed the formation of sponge-like graphene with high specific surface area and low sheet resistance. In the case of the graphene/SiO x nanohybrid, HR-TEM showed a narrow particle size distribution of silicon oxide nanoparticles in the scale < 50 nm, which are wrapped around by graphene layers. A worth-noting finding of Raman scattering and HR-TEM, pertains to the turbostratic stacking of the graphene structure, which arises as a scarce but very beneficial attribute of laser-assisted graphene, due to electronic decoupling of the layers. XPS analysis has shown a very high C/O ratio, ∼ 30, in the laserdecomposed products, for both neat graphene and graphene/SiO x . A rich 2.5. Perspective Si environment was revealed by XPS, quantified as -Si-O-C-, Si-(OH) x with x≈2 and SiO 2 , with the latter representing almost 60% of the Si species.

Concluding, the current approach is generic; hence being applicable to a number of several other precursors, such as organic, polymer, biomass waste, and so on. Currently, we demonstrate that various precursors can be incurred into a simultaneous decomposition and transformation towards high-purity turbostratic graphene porous matrix and its deposition on various substrates relevant to a number of applications. In this frame, the LEST method advanced here, encompassing the laser-assisted graphene growth and transfer, emerges as a paradigm of additive manufacturing for graphene-based devices. The inherent scalability of the LEST method can be exploited to advance a technology capable of bridging the gap between academic research and industrial manufacturing in graphene-based nanohybrids materials.

Perspective

The development of an innovative method for the direct, chemicals-free preparation of graphene films onto various types of substrates opens up a number of pathways for the development of more efficient processes and graphene-based devices. Towards this direction, a number of steps need to be taken, few of them are described below.

• Carbon precursor -Laser-assisted decomposition of Kapton yields,up to now one of the best graphene qualities in terms of crystalliinity and sheet resistance. However,Kapton is quite expensive to be used as a precursor for large-scale graphene growth. To achieve viable industrialization of any process, several parameters must be controlled. Thus, quality vs. quantity, simplicity of the process and low cost have to be fulfilled. In this context, the substitution of polyimide is imperative! In the quest of more viable precursor material, we have tested biomass-derived materials and low-cost polymers. In particular, raisin homogenates and resorcinol-furfural have been used for the simultaneous synthesis and transfer of graphene related materials. Figure 2.13 shows the Raman spectra and micro-porous structure of the products obtained 117 2.5. Perspective after laser-assisted decomposition. "Graphene from the waste" might be a research line branching out, as the direct deposition with environmental processing is made possible by LEST. Unlike now either very high energy and/or pressure with atmosphere was required for the decomposition of the waste products either synthetic polymer or bio-degradable byproducts. • Nano-hybrids and doping -Laser assisted graphene growth is becom-118 2.5. Perspective ing common and more researchers have started exploring this method for various applications ranging from energy storage (supercapacitors, batteries), to energy conversion (TENG) as well as applications related to soft actuators [68]. Typically, laser assisted graphene, needs to be functionalized by heteroatoms or decorated with nano-particles of metals, semiconductors or proteins to enhance its properties. This additional functionalization/decoration step adds more complexity and cost to the final process. To alleviate this issue, a single-step process for the preparation of nano-hybrids sing LEST needs to be explored. As a proof-of-concept,for doping graphene with heteroatoms, i.e.Fluorine, we attempted the decomposition of polyimide foil coated with fluorinated ethylene propylene (FEP). The simultaneous decomposition of these two precursors resulted in F-doped graphene material. Fluorinated Graphene Oxide (FGO) or Reduced FGO are well-known semiconductors commonly used for gas and other electrolytic sensing. Having direct laser-based deposition of fluorinated graphene on a flexible substratecan be a important step towards catalyzing the development of flexible portable sensors. Representative UPS data showing the work function dependence on the concentration of fluorine is depicted in Fig. 2.14. The data reveal that by controlling laser irradiation parameters (i.e. laser fluence incident onto the precursor) results in the desired doping level of fluorine into graphene structure. Though this work is in preliminary stage, it has great potential from the application point-of-view and apart from fluorine, we plan to employ other precursors to achieve graphene doping with different heteroatoms.

Chapter 3

Optimized LEST graphene electrodes for efficient triboelectric energy harvesting and self-powered sensing devices "Aristotle, on the other hand, and Hippias say that Thales, with arguments based on the properties of the magnetic stone and the amber, attributed soul to inanimate objects as well-Thales" LAERTIUS DIOGENES I, 22-44

Tribo-electric nanogenerator

Tribo-electrification is the combined effect of contact electrification and electro-static induction. The term tribo-electrification was first coined by Greek philosopher Plato in 300 BC. Tribo comes from the Greek work "τ ριβη ", which means friction. Hence, the effect of electric charge generation on the surface due to friction is termed as tribo-electrification. After the first reference of this effect (Fig. 3.1 show timeline of major developments in the field), the interest reappeared in 1600 when Gilbert divided materials into two categories; namely, materials getting charged after rubbing (electrics) and from those who do not (analectrics). Great progress was achieved in 70's when researchers investigated into great detail and laid the foundations of contact electrification, a phenomenon according to which when two materials are brought into contact and then separated, they become charged [1]. Systematic efforts were devoted to explore three types of materials electrification, i.e. between metals and metals, between insulators and metals, as well as between insulators and insulators. Recently, considering develop- In this paper it was demonstrated that the periodic contact and separation of PET and Kapton was exploited to generate electricity, which was used for instant lighting of LEDs. This was the first time that the contact electrification effect was demonstrated as beneficial phenomena, but that does not mean that the scientific community was unaware of it. Till today static electricity is considered as an ill-effect in various areas, such as the pharmaceutical industry and electronics. In addition, every year there is a huge amount of energy losses experienced due to friction. Certainly, all of us has experienced these static shocks when we suddenly touch any metallic parts or while walking through rugs or you must have enjoyed rubbing balloon on hair and sticking it to the wall. But the question that arises is whether the tribo-electrification is beneficial or detrimental? Well, the clearer answer is that this effect can be useful if exploited in a proper way. Tribo-electric Nanogenerators (TENG) are devices which are carefully designed to optimise and harvest the mechanical energy and transform it into electrical energy for various applications such as an IoT sensor [4] which needs ultra-low power for operation, for self-powered sensors [5,6], artificial skin [7], for harvesting energy from ocean (blue energy) [8]. The
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appropriate geometry of a TENG device is decided depending on the source of the mechanical action and the targeted application.

Fundamentals of Triboelectric Nanogenerators

The group of Z. L. Wang contributed to the understanding the origin of the electrostatic induction and the voltage difference formation after putting apart the surfaces of the tribo-materials [9]. The Maxwellâs displacement current was considered as a key element providing the theoretical background underlying energy conversion by means of from piezo/triboelectricity.

J D = ∂D ∂t = ∂E ∂t + ∂P ∂t (3.1)
J D is free electric current density, D is the displacement field, is the permittivity of dielectric material, E is the electric field and P is the polarization field. The first term in the equation 3.1, ∂E ∂t is the fundamental of electromagnetic waves related to application like antennas, TV, radio, and wireless communications. Whereas the later term ∂P ∂t is known as polarization current density arising from the change in molecular polarization of the dielectric. The change in polarization is consequence of perturbation arising from piezo-/tribo-mechanism. When two tribo-materials move apart from each other, a time varying electric field is generated. Dielectric surfaces gain charge densities of ±σ tribo and after multiple cycles of contact/separations the charge densities on the surface of dielectrics saturate. The electrostatic field created due to charges present on the surface of dielectric materials is high during full contact mode. Whereas in separated state charges on the dielectric materials are counter-balanced with the opposite charges generated onto the electrodes due to electrostatic induction, resulting into weak or zero electrostatic field. Therefore, during the course of separation the varying electric field initiates the flow of electrons via external load through capacitive conduction current. An external mechanical perturbation changing the separation (Z) between the dielectric materials alters also the net charges being transferred (σ tr ) between the electrodes. The free electric current density (J D ) arises from the time dependent charge transfer, the displacement current generated from it is nothing but the capacitive conduction current which can be expressed by equation 3.2: Irrespective of the mode of tribo-electric nanogenerators described below, the output current of TENG by electromagnetic induction is solely based on the displacement current, and is a more essential factor for the charge carrier transport in capacitive conduction than the actual flow of free charge of capacitor. Along with the working principle model from the physics point of view, the circuit model is equally important to advance better understanding of the performance of a TENG device. In the contactseparation mode, the capacitance of a TENG device varies depending on 3.2. Fundamentals of Triboelectric Nanogenerators the distance (Z) between the two tribo-layers. In parallel, the open circuit voltage (V OC ) of TENGs depends on the charge densities formed onto the surface of the tribo-layers and the distance between them (Z). Based on the schematic depicted in Fig. 3.2, V OC can be formulated as described in equation 3.3:

V OC (Z) = Q tribo C(Z) = σ tribo Z o (3.3)
Because the output of a TENG device is a distance dependent open circuit voltage and capacitance, the circuit model shown in Fig. 3.2 suggests that TENG represents a series combination of open circuit voltage source with variable capacitance. Further, the short circuit current (I SC ) flowing through an external load resistor when TENG is connected in series can be calculated using Kirchoffâs law as following.

V Load = - 1 C(Z) xQ + V OC (Z) (3.4) 
The proposed circuit model is useful for the fundamental study, advanced design, and optimization of future highly efficient TENGs. Though the earlier proposed mechanism of TENG in literature is described for the vertical contact-separation mode, it can be generalized for other modes as well. Figure 3.3 summarizes the classification of TENG architectures depending on the type of contact and number of metallic electrodes involved in the structure. These modes have been termed as: Contact Separation mode, Lateral Sliding Mode, Single Electrode mode and Freestanding tribo-layer mode.

The contact-separation mode was deployed by Fan et al. for the creation of the first TENG devices [2]. The details of the contact-separation mode of a TENG device consisting of tribo-materials A and B having conducting electrodes on back side of each tribo-material is depicted in Fig. 3.4. Tribo-electrification takes place as soon as the tribo-materials are in contact. Material A becomes positively charged, as electrons are transferred 

Performance of TENG

Irrespective of the working operation mode of TENG used, these miniaturized devices are great sources of electrical energy for small power consumption devices. They can even act as multi-modal self-powered devices for sensing. The performance of the device and in particular the generated average output or the sensing properties can be enhanced depending on few external and internal factors. The choice of tribo-materials employed is one of the decision-making factor for the output of the devices. The larger the distance of the two tribo-materials in the tribo-electric series, the higher the charge generation and hence the better the performance. The tribo-electric series is a classification of materials based on their tribo-electric properties. Depending on their propensity of electron acceptance or electron donation materials are categorized as "tribo-negative" and "tribo-positive", respectively. Figure 3.5 points out clearly that both the ends of the series are mainly occupied by some typical polymeric materials, i.e. PTFE (Teflon), being the 3.2. Fundamentals of Triboelectric Nanogenerators most tribo-negative member of the list, and Nylon, which is situated at the extremum of the tribo-positive side of the scale.

In more generalized web-search there are various versions of the "tribo-electric series" that can be found in the current literature. While some materials are common to each list, there is no complete list containing any possible material. The first ever tribo-electric series was suggested by Wilcke [10] consisting of nearly ten common materials placed as per their polarity. This series was further extended by Shaw [11] and Henniker [12], which sorted polymers based on their surface and environmental conditions. Efforts are still ongoing and the work by Kim et al. [13] is the latest example. The authors conclude the importance of relative permittivity over tribo-electric polarity. This work allocates most oxide dielectric materials like HfO 2 , SiO 2 , and Al 2 O 3 , as more tribo-positive than Nylon, where TiO 2 holds the position of being the most tribo-positive in the series. Yet, it is strenuous to control factors like humidity [14], surface roughness [15], temperature [16,17], force/strain [18,19] and other mechanical forms of the material being tested. This has been the main source of ambiguity in the formation of a universal tribo-electric series. In this regard, Zou et al. measured the normalized tribo-electric charge density with high precision [20]. These authors performed experiments under inert atmosphere (inside a glove box) with a Faraday cage to overrule the stray noise and environmental factors affecting tribo-electricity. Pairing polymers tested in this work with mercury (Hg) as an interacting tribo-material, problems related to morphology, force/strain were eliminated. This work not only created a universally trustworthy tribo-electric list of polymers (although is limited to a few of them), but has also provided the protocol for upcoming measurements, which using this methodology, will lead to direct addition of material in the already existing list. 

What drives the tribo-electrification?

The origin of the tribo-electrification has been a topic of great debate over the last years. The omnipresent tribo-electric effect in solids, liquid, gases, crystalline and amorphous materials make it burdensome to propose a unified theory. There have been reports proposing that transferring either of electrons, ions, materials species (or combination of all these three entities) from one tribo-material to another, is the driving force for tribo-electricity! Lacks and Shinbrot has aptly stated in their review article the challenges involved in the study of tribo-electric effects, which have perplexed the scientific community, about an effect that is typically known since antiquity [3]. Further, these authors discuss in detail the role of electrons or ions transfer in the tribo-electrification and how mechano-chemistry is involved.

Recently, Xu et al. has proposed that electron transfer is the dominant cause underlying tribo-electrification, with a possibility of ion-transfer or material-transfer being a supportive effect as well [16]. The mechanism proposed by Xu et al. is demonstrated in Fig. 3.6 with by invoking the electron cloud model and the corresponding quantum well structure. As can be seen in Fig. 3.6 (a), "d" is the distance between electron clouds of tribomaterials A and B. E A , E B represent occupied states for the two materials, while E 1 and E 2 stand for the energies required for an electron to escape from the potential well for materials A and B, respectively. In the initial state, electrons are localized in their particular states. After contact, electrons with higher energy, can jump from material A to the well of materials B having lower energy. When these materials are separated, some of electrons transferred to the lower energy state of material B, prefer to stay in the same state. This results in net positive charging of material A and net negative charging of material B, which stands for tribo-electrification. A similar model to account for this effect at elevated temperatures is depicted in Fig.

(d).

As the temperature increases, electrons at the excited state in material B, have enough energy either to jump back to material A, or in general to
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escape from the double well potential generated due to the overlap of electron clouds. These experimental findings agree with results obtained by simulation, where decay of charge transfer at increased temperature is observed. This model not only provides an atomic scale description of contact-electrification but it also provides solid reasoning of why electron is stored at the surface. Specific details about the mechanism mentioned above can be found in the original reports [3,16,21].

Improving TENG performance

Research efforts for the optimization of the tribo-electric nano-generators have been conducted since the very first report of the TENG device operation. Ample reports have been dedicated on the design of the TENG architecture and the accompanying circuit needed to transform the AC to DC output. Evolution of various modes of TENG, effective utilization of elastic spacers [22][23][24][25], arc shape design for effective contact-separation [26], creative origami [27]/ kirigami [28] architectures and development in power management using simple half/full bridge rectifier [29] or advanced electronic circuits like Bennet's doubler [30] are distinctive key examples. A number of reports have been focused on the evaluation of TENG performance from an electronics perspective using Paschen's law [31] and Norton's theorem [32,33]. These works deal with the time varying current and charge density that are the essentials of the TENGs. These parameters depend on multiple factors, such as frequency and magnitude of the applied mechanical load, the dimension (surface) of tribo-materials films used to construct the TENG device and the permittivity of dielectric materials being used. These factors not only impact the voltage generated but also determine the internal impedance of the TENG device. Based on the principle of maximum power transfer (Norton's theorem), the instantaneous or the average power generated from a TENG device is maximized when the internal impedance of the TENG device is comparable with the external Though essential, the above-mentioned factors are secondary in relation to the materials themselves that are the main actors of tribo-electrification. In this context, the proper selection and modification of the materials surfaces has to be the prime research focus to achieve the long-term goals of the field. In a review article, Kim et al. [34] have suggested in a detailed way some essential steps to be followed for improving the performance of TENG devices. These authors have categorized the TENG devices into three components, i.e., the charge generating layer, the charge-trapping layer and the charge-collecting layer. Contemplating that the charge density generated by contacting two materials is mainly responsible for the output performance of the TENG devices, it was reasonable that a large number of efforts was dedicated to enhance the charges generated at the surface by appropriate modification. Micro-/nano-patterned surfaces [35,36], surface functionalisation [37][38][39] to enhance the charge density, or the electrical polling or doping to ease the surface charge transfer, are common practices followed by various research groups. Lee et al [40] have predicted the dependence of the tribo-electrification extent on the adhesiveness of the surfaces in contact. This provides support to the experimental findings that the surface patterning increases the true "contact area" of the two tribomaterials, which along with the adhesive forces can lead to enhanced charge transfer and hence boost the device performance. Changing the physical properties of materials (that ultimately can lead to a much different material) by using additives to prepare composites or apply chemical modification and polling, is a well explored strategy of TENG improvement. Varying the type of doping ions, PVDF can be moved in the tribo-scale from the highly tribo-negative position to extreme tribo-positive place [41]. Charge recombination, which restricts the extent of surface charge accumulation, degrades the performance of TENG devices. To tackle this issue, various charge trapping strategies have been adopted. Physical defects (like amorphous patches, dangling bonds, cross-linking points etc.) in polymers may 3.2. Fundamentals of Triboelectric Nanogenerators help in trapping the charges [42,43]. Polymers with aromatic rings in the structure, such as polystyrene (PS) and polyimide (PI), which exhibit energy gradient through main chain are excellent candidates to trap charges. The utilization of a PI layer between PVDF and the electrode has been demonstrated by Feng et al. [44]. Further, polymers like polydimethylsiloxane (PDMS) having deeper traps with larger trap densities are excellent candidates as tribo-layers for generation and management of charges [45]. Similarly, numerous publications have been devoted to the exploration of polymer composites with nanoparticles additives, such as metal oxides, graphene related materials and other 2D materials (MoS 2 , MXenes), used to enhance charge trapping.

Nanogenerators of any architecture have at least one tribo-material and the corresponding electrode. Hence, despite that the charge collecting layer is equally crucial as the tribo-material, much less attention has been paid to this component. Metals [46,47] and transparent conductive oxides, such as ITO/FTO [48,49] are preferable charge collecting layers due to their outperforming low sheet resistance, easy access for any lab and well established fabrication techniques (evaporation or sputtering or commercial availability of conductive Cu/Al tapes [50,51]). More elaborate materials, such as silver nanowires (Ag NW) were also tested for the effective collection of charges. Though their transparency is an advantage, the costly and complicated procedure of fabrication are the main hurdles for their wide use [52,53]. Considering possible application in wearable sensors and mobile energy generator (or agility of tribo-layers as requirements), the charge collector layer must also be flexible, so it could tolerate bending requirements imposed by the applied mechanical forces. Curvy metallic interconnects were proved incompetent in terms of flexibility and stretchability. As a solution, polymeric composites incorporating metallic nano-particles/plates [54,55] were employed, and even liquid metals [56] have been tested, as they are handy due to room temperature liquidity with metallic conductivity. PEDOT:PSS, physio-logical saline, hydro-/ion-gels 3.3. LEST graphene as a TENG electrode in comparison to traditional metals and other graphene films are other solutions were also tested for flexible single electrode TENGs [57][58][59][60]. Wearable (or flexible) devices must fulfil certain requirements, e.g. they must provide conformability to the body or object on which they will be mounted. Conformability can be achieved by incorporating flexible materials to prepare the device and by thinning down the overall thickness, so that the device can mimic the surface. In this context, thin layers of highly conductive graphene electrodes are very promising.

LEST graphene as a TENG electrode in comparison to traditional metals and other graphene films

Graphene-related materials (GRMs) have been used in various parts of TENG devices. Transparent TENGs were fabricated by CVD-grown graphene which was transferred on PET, where few-layer graphene had the dual role of the tribo-material and the electrode [25]. In addition to the complicated steps followed for device fabrication, a rather limited open circuit voltage, V OC , and short-circuit current density, J SC , were achieved. Comparable results were obtained by a similar method, which took advantage of a water-based approach to achieve delamination of CVD graphene grown by a roll-to-roll process and transfer onto plastic substrate [61]. In an alternative approach, laser-grown graphene on polyimide and cork was used as the electrode of a TENG device with a dielectric-to-conductor structure [62]. It was also shown that flexible/stretchable devices can be prepared by transferring graphene grown on Kapton to PDMS using, however, an elaborate method entailing many steps, which may affect the integrity of the GRM film Shi et al. suggested an inexpensive carbon-based substitute for metallic adhesive tapes as an electrode [51]. The enhancement observed in the performance of TENG was attributed to the micro-pores present at the interface of the PDMS and carbon-tape electrode. The conductive carbon 3.3. LEST graphene as a TENG electrode in comparison to traditional metals and other graphene films tape, which is typically used to mount samples in scanning electron microscopy (SEM) has encouraged further exploration of fundamentals behind graphene as an electrode. A systematic attempt undertaken by the group of Bonaccorso dealt with the evaluation of the proper electrode pair that could maximize the TENG performance. Graphene, in addition to other materials was explored in an effort to define its performance in relation to some metals, such as gold [63]. An extreme tribo-positive (Nylon) and a highly tribo-negative (PVDF) material were employed to construct the TENG device. Micro-porous structured Nylon was used to further enhance the tribo-charge density. In that study, few layer graphene (FLG) produced by the wet-jet milling technique was mixed with carbon black and polymeric binder in a mass ratio of 1:250:40 (FLG:Carbon black:polymeric binder). This electrode was applied onto the tribolayer via doctor blade and tested against a device where gold was used as the electrode. The device with the FLG-based electrode exhibited higher output than the device made of gold electrodes. However, the amount of few-layer graphene is negligibly small in comparison to carbon black and the binder polymer used. Some agglomerates were clearly visible in the SEM images of FLG electrodes. The porosity of the tribo-materials, which increase the roughness of the FLG electrodes, were considered to be partially responsible for the performance enhancement. However, the role of the work function (WF) was also examined by authors to understand the device performance. To study the influence of the WF, self-assembled monolayers (SAM) were deposited on the gold surface by dip coating, which alters the work function of the surface. SAMs [64] composed of organic compounds offer terminal functional groups and head groups on opposite sides with an alkane chain between them. SAMs anchor on the metallic electrodes with their head groups and create a dipole moment that alters the overall work function of SAM-metal electrode. It is worth noting that, considering binding of SAMs, the terminal functional groups of SAMs used in the above-mentioned work, will interact with the polymers in contact. The consequence of the dipole 3.3. LEST graphene as a TENG electrode in comparison to traditional metals and other graphene films moment generated due to SAMs were not considered in that study. Four electrodes with different WFs, e.g. Au (4.88 eV), Au-CH 3 (4.37 eV), Au-NH 2 (4.66 eV) and FLG (4.20 eV) were used to prepare TENG devices and their performance was compared. The comparison revealed that FLG and Au are the most-and least-performing electrodes, respectively, while the Au-CH 3 was ranked second after the FLG electrode. It was also suggested a correlation between the in-built potential (V bi ) and the corresponding electric field (E bi ). The main conclusion was that a low work function electrode coupled with a tribo-negative material, leads to device improvement. Further, the aluminium (Al) electrode whose WF (being in the range 4.06-4.41 eV) is very close to the WF of the SAM-decorated Au-CH 3 (WF 4.37 eV) was compared in the same report. The instant output power for Al electrode (3.40 µW cm -2 ) does not differ to large extent from that of the Au-CH 3 electrode (3.78 µW cm -2 ). The same group, reported recently another study regarding the use of nitrogen-doped graphene (N-graphene) as an interlayer between the tribo-material and the FLG electrode, aimed to enhance the performance [65]. It was claimed that the N-graphene plays a significant role as a trapping layer for enhancing the capacitive function of electrodes. It was also suggested that the ratio of pyridinic to graphitic carbon present in the N-graphene, has a great significance on its performance as a TENG electrode.

It is evident from the results of the two studies mentioned above, i.e. the use of FLG as an additive in carbon black electrodes and the employment of N-graphene inter-layers, that the main idea relates to the charge trapping strategy along with some additional contribution arising from the porous electrode morphology, in addition to the built-in potential generated from the different work functions of the selected electrodes. Beyond these studies, the use of neat graphene electrodes has not yet been explored in detail, which calls for a systematic study of their performance as TENG electrodes. As mentioned previously, Standford et al. [62] has prepared TENG electrodes using laser induced graphene on cork and kapton. Zhao et 3.3. LEST graphene as a TENG electrode in comparison to traditional metals and other graphene films al. [66] have presented a study on the potential of laser-induced graphene as a TENG electrode. Graphene was engraved by laser irradiation onto the surface of two substrates, i.e. tribo-negative Kapton and tribo-positive cellulosic paper. The surface chemistry of graphene, studied by XPS, revealed that the two different precursors are transformed by irradiation to graphene-based structures having slightly different heteroatom composition and hence different properties as TENG electrodes. For example, Kelvin Probe Force Micrscopy (KPFM) was performed onto the precursors (bare Kapton and cellulosic paper) and the graphene films produced by them. Interestingly, the surface potential is different between the two graphene films. The net amount of C-O, C=O, N and O affects the surface potential and hence the work function of the graphene. The direct synthesis of graphenelike films onto the surface of a precursor material, such as a polymer, is an effective method to develop a flexible and conductive electrode for a TENG device, which can be used to replace metallic electrodes. However, the method proposed by Zhao et al. is limited because graphene is grown onto the surface of the precursor material (i.e. Kapton or cellulosic paper), which severely limits the selection of substrates supporting the graphene layer.

We suggest that LEST graphene may be an efficient electrode for TENG electrode, because the method provides the freedom and flexibility of synthesizing and transferring at the same time, high-quality graphene, on any type of substrate; hence overcoming the limitations described above.

LEST Graphene electrodes

To provide a methodical exploration of the role of the electrode material WF on the performance of a TENG device, we have followed a systematic study of various metals and graphene materials prepared in a way eliminating drastic alterations among the devices studied and compared. Unlike previous works, instead of modifying the WF of the electrode material with 3.3. LEST graphene as a TENG electrode in comparison to traditional metals and other graphene films elaborate methods, various metallic electrodes were sputtered on the surface of the tribo-material and their performance was compared with that of LEST graphene and graphene/SiO x electrodes.

To evaluate the correlation between the WF of metals and the extent of electron affinity that particular tribomaterials exhibit, a number of experiments were performed using glass and teflon as the tribomaterials with typical metals as electrodes. A glass plate and a teflon foil were employed as tribo-materials without any special pre-treatment, beyond their cleaning in ethanol using mild ultrasonication for 10 min. to remove any possible surface contaminants. Copper (Cu) and aluminium (Al) electrodes were either sputtered or evaporated on the tribo-materials surfaces. Four combinations of tribo-materials and electrodes tested were in this work, as is depicted in Fig. 3.7. Teflon is located at the negative extremity of tribo-electric series, whereas glass is comparatively tribo-positive. It is evident from Fig. 3.7 that having the same metal as electrode on both tribo-materials of the device, the performance is quite lower than that by selecting an asymmetric use 3.3. LEST graphene as a TENG electrode in comparison to traditional metals and other graphene films of electrodes. The work function of Al and Cu metallic electrodes 3.4 and 4.8 eV, respectively, have been measured in the current study by UPS (see discussion below). The notation x/A-B/y is used for simplification, where x and y are the electrodes attached to A and B tribo-materials, respectively. The case of Al/teflon-glass/Cu outperforms the V OC of all other three cases. The open circuit voltage (peak-to-peak) generated for this combination reaches on average ∼ 30V pp . The worst performance is exhibited for the device with the symmetric Cu electrodes on both tribo-materials. What still remains puzzling is the behavior of the Al/Teflon-Glass/Al and Cu/Teflon-Glass/Al combinations. The V pp for both of these cases is almost the same. However, these simple experiments point to the fact that electrodes with low WF when combined with tribonegative material result in better output of the device. To further support this finding, various metals and two graphene-based materials with WFs spanning a wide range were selected. As the Al/teflon-glass/Cu structure exhibits best performance, we decided to keep Cu/glass as a constant electrode/tribo-positive material combination and use systematically the other materials as the teflon electrode. This study might also provide some insight about why the two combinations Cu/Teflon-Al/Glass and the Al/teflon-Al/Glass exhibit similar output open circuit voltage. Figure 3.8 shows a schematic of the TENG device construction operating under the contact-separation mode. Plexiglass was used as support for the tribomaterials, while spacers were used to provide the restoring forces that put apart the two tribo-materials in the contact-separation mode. The same parameters (distance, intensity, and type of mechanical perturbation) were employed for all cases to minimize uncertainties and provide a rationale comparison of the different tested electrode combinations.

The aforementioned literature survey (see previous sections) points out the main four parameters that are essential to boost the performance of graphene (or carbon-based) electrodes in TENG devices. In particular, these main parameters are the WF of the electrode, the presence of intermediate air pockets, the constructive/destructive built-in potential due to the combination of electrodes, and the initial transfer of charges from the dielectric medium to the electrode. To explore the role of these parameters, various metallic electrodes, such as Au, Mo, Cu, and W, as well as graphene-based electrodes were coated to teflon for charge collection. Graphene and graphene/SiO x electrodes were fabricated directly onto teflon via laser-mediated explosive synthesis and transfer (LEST) technique that was developed during this thesis. As these graphene electrodes were simultaneously synthesized and transferred onto the tribo-materials surfaces, starting from the same precursor, their structure and properties are similar among the different deposition experiments. Briefly, Gr and Gr/SiO x electrodes were prepared by irradiating polyimide foil (Kapton) and polyimide 3.3. LEST graphene as a TENG electrode in comparison to traditional metals and other graphene films tape, i.e. a Kapton foil coated on one side with silicone adhesive (PDMS). Irradiation took place using a 1064 nm pulsed laser (Rofin) operating at the fluence of 74 J/cm 2 as this was found to provide best graphene quality and lower sheet resistance. Therefore, the percentages of heteroatoms (N, O) and other carboxyl-functional groups that may affect the WF, are very similar for both Gr electrodes prepared by the two precursors. The main difference among the two graphene electrodes is that the one prepared by irradiation of polyimide/silicone adhesive precursor is decorated with SiO x nanoparticles (more details are presented in Chapter 2).

The WFs of the two graphene electrodes and typical metals used in this work is estimated using Ultra-Violet photoelectron spectroscopy (UPS). The results are shown in Fig. 3.9 and Fig. 3.10. The WFs of Gr and Gr/SiO x were found to be 4.9 eV and 4.4 eV, respectively. UPS measurements were performed in an UHV from a UV source (model UVS 10/35), using HeI irradiation (h ν = 21.22 eV) with the analyzer operating at the Constant Retarding Ratio (CRR) mode, with CRR=3). The WF and the Valence Band Maximum (VBM) cut off were directly estimated by the UPS spectra, by linear extrapolation of the high and low energy cutoffs to the baseline and determining their intersections with the binding energy axis. For the WF determination a bias of ∼12.30 V was applied to the sample in order to avoid interference of the spectrometer threshold in the UPS spectra. Corresponding UPS and valence band data are illustrated in Fig. 3.9.

The significant reduction of the WF from 4.9 eV for neat Gr to 4.4 eV for Gr/SiO x is presumably attributed to the presence of SiO x nanoparticles. LEST Gr (4.9 eV) has one of highest WF of the materials in this study (being almost similar to that of Mo), with Au exhibiting the highest WF (5.7 eV). However, the V OC of the device with the LEST graphene electrode (V OC ≈ 20 V pp ) is almost double in comparison to that of the Au electrode (V OC ≈ 10 V pp ). The main finding of this study is the trend exhibited by V OC which increases with decreasing the WF of the electrode. The average values of V OC,pp for the Au, LEST Gr, Cu, Mo, W and LEST Gr/SiO x electrodes are 150 3.3. LEST graphene as a TENG electrode in comparison to traditional metals and other graphene films The corresponding values of WFs for these materials are 5.7, 4.9, 4.8, 5.0, 4.4 and 4.4 eV for the Au, LEST Gr, Cu, Mo, W and LEST Gr/SiO x electrodes. The WFs of all the electrodes used in this work and along with the maximum output power density of the corresponding TENGs are summarized in Table 3.1.

To obtain the average output power of the TENG devices, one needs to measure the short circuit current I SC . This was measured for the different TENG devices across various external load resistors. The data related to I S C flowing through and the voltage across resistors (V SC ) for each electrode is plotted in Fig. 3.11. As the data reveal, the resistance-dependence of the V SC and I SC is nearly similar for all electrodes. The instantaneous output power, of the TENG devices was calculated using I SC and V SC measured across each external resistor. The calculated power for all electrodes tested here are plotted in Fig. 3.12 along with their WF values. The traditional ultra-smooth metallic electrodes Au, Cu, MO and W yield output powers of 6.8, 9.7, 9, and 28.7 µW/cm 2 respectively. It is evident that the WF and output power densities are inversely proportional to each other.

It is worth mentioning that the Cu and LEST Gr electrode having WF values of 4.8 eV and 4.9 eV respectively, exhibit much different output power behaviour. Despite the small difference in their WF, i.e. 0.1 eV, the output power of the device with the LEST Gr electrode is ≈ 150 times higher than that of the TENG with the Cu electrode. Further, the commonly used Au electrode has WF 5.7 eV, that is 0.6 eV higher than that of LEST Gr electrode (4.9 eV). Yet, the power output using LEST Gr electrode is 14.9 µW/cm 2 that is nearly ≈ 220% higher than that obtained when using the Au electrode. Surprisingly, LEST Gr/SiO x electrode outperforms all the electrodes with an output power density of 59.6 µW/cm 2 . This value is ≈ 880 % higher than that of Au electrode and 400 % higher than that of LEST Gr electrode. Another clear indication that LEST Gr electrode outperforms traditional metals is the comparison between LEST Gr/SiO x and W. Both these charge collectors exhibit exactly similar WF, i.e., 4.4 eV (± 0.05 eV) yet the power generated using LEST Gr/SiO x electrode is 59.6 µW cm -2 and that by W is 28.7 µW cm -2 . This gigantic enhancement in the output power density of LEST Gr/SiO x can be attributed to synergistic effect of lower work function, porous nature of graphene, enhanced adherence of graphene to the teflon and the presence of SiO x nano-particles. These SiO x nano-particles presumably contributes to the mechanism of charge trapping and thus enhance further the capacitive current of the TENG device. Hence, a multiple enhancement in the output performance of TENG with LEST GR/SiO x electrode is observed in comparison to other metallic electrode and pure LEST Gr electrode. This series of experiments provide solid evidence that the electrodes are vital constituents of TENG devices and smart solutions are essential for the overall enhancement of the output of TENG. Reckoning on the current state of the art, there is still plenty of room to engineer the electrodes to achieve performance optimization of TENG devices either as energy harvesters or as self-powered sensors. In the upcoming section, we present a study which also demonstrates the applicability of the LEST Gr films as competent electrode for the efficient self-powered tactile sensing.

To obtain the average output power of the TENG devices, one needs to measure the short circuit current I SC . This was measured for the different 3.3. LEST graphene as a TENG electrode in comparison to traditional metals and other graphene films TENG devices across various external load resistors. The data related to I SC flowing through and the voltage across resistors (V SC ) for each electrode is plotted in Fig. 3.11. As the data reveal, the resistance-dependence of the V SC and I SC is nearly similar for all electrodes. The instantaneous output power, of the TENG devices was calculated using I SC and V SC measured across each external resistor. The calculated power for all electrodes tested here are plotted in Fig. 3.12 along with their WF values. The traditional ultra-smooth metallic electrodes Au, Cu, MO and W yield output powers of 6.8, 9.7, 9, and 28.7 µW/cm 2 respectively. It is evident that the WF and output power densities are inversely proportional to each other.

It is worth mentioning that the Cu and LEST Gr electrode having WF values of 4.8 eV and 4.9 eV respectively, exhibit much different output power behaviour. Inspite of smaller difference of 0.1 eV, the output power of LEST Gr electrode is ≈ 150 times higher than that of Cu electrode. Further, commonly used AU electrode has WF of 5.7 eV that is 0.6 eV higher than that of LEST Gr electrode (4.9 eV). Yet the power output using LEST Gr electrode is 14.9 µW/cm 2 that is nearly ≈ 220% higher than that of Au. Surprisingly, LEST Gr/SiO x electrode outperform all the electrodes with output power density of 59.6 µW/cm 2 . This value is ≈ 880 % higher than Au electrode and 400% higher than that of LEST Gr electrode. The clear indication of LEST Gr electrode outperfroming traditional metals is the comparison between LEST Gr/SiO x and W. Both these charge collectors exhibit exactly similar WF, i.e., 4.4 eV (± 0.05 eV) yet the power generated using LEST Gr/SiO x electrode is 59.6 µW cm -2 and that by W is 28.7 µW cm -2 . This gigantic enhancement in the output power density of LEST Gr/SiO x can be attributed to synergistic effect of lower work function, porous nature of graphene, enhanced proximity of graphene with teflon and presence of SiO x nano-particles. These SiO x nano-particles play a role of charge trapping and enhances further the capacitive current of the TENG device. Hence multi-fold enhancement in the output performance of TENG with LEST GR/SiO x electrode is observed in comparison to other metallic electrode and pure LEST Gr electrode. The above experiments prove that electrodes are vital constituent of TENG devices and smart solutions are essential for the overall enhancement of the output of TENG. There is a plenty of room to engineer the electrodes for the best performance of TENG devices either as energy harvesters or as self-powered sensors. In upcoming section, we have tested the applicability of these LEST Gr derivatives as an electrodes for the efficient self-powered tactile sensing.

Self-powered tactile sensors

The outermost layer of human skin (epidermis) has an impedance of ∼ 10 MΩ [67], whereas the underneath layer of tissues demonstrate low resistance of ∼ 300 Ω [68]. In this sense, the human body can be considered as a structure combining a "tribo-material" and an "electrode" attached to it. Though there are multiple reports that involve human body either as an electrode or as a tribo-material (Fig. 3.13, represent possible wearable Figure 3.13: Possible applications of TENG attachment to the body, as a power source or self-powered sensor exploiting the biomechanical energy [4] . devices that may involve single electrode TENGs), Zhang et al. [69] were the first to study the possibility of using tribo-electricity to harvest energy by means of a "human TENG" (H-TENG). The authors have hypothesized two possible mechanisms through which the human body can behave as a tribo-electric nanogenerator. In hypothesis I, the surface voltage is higher than the breakdown voltage of the high impedance layer, hence the current directly flows and human body acts as a conductor. In hypothesis II, it is proposed that the human body acts as a combination of capacitors and resistors, where the surface potential is smaller so that it cannot penetrate through the high impedance layer. Hence, the human body can store the charges and deliver them to the designated area of human body due to imbalance in the potential. Though, the impedance can be altered with the presence of water/sweat, as the liquid may form conductive paths. This is a crucial criterion one must take into account when designing and fabricating a single electrode TENG, while highest sensitivity is essential for the best performance as a self-powered sensor.

We have seen in previous sections that the LEST graphene electrodes can provide enhanced performance of TENG devices surpassing that of several metallic electrodes. In the next section, we try to explore the potential of LEST electrodes as effective collectors for tribo-charges generated due to contact electrification of human body with PDMS. We propose this basic structure as a self-powered sensitive tactile sensor that operates under the principle of tribo-electrification.

LEST electrodes for self-powered tactile sensing

The simplicity of single-electrode TENG shows great potential to be integrated with the human body, as shown in the various examples of Fig. 3.13. To demonstrate the potential of the flexible, wearable TENG devices fabricated by the LEST process, the single-electrode construction adopted here employs PDMS and human skin as active tribo-materials. Therefore, the single-electrode TENG design was implemented using LEST graphene and graphene/SiO x hybrids as the electrodes and a thick PDMS film as the tribonegative material, while human skin was used as the paired tribo-positive material. Both types of polyimide (Kapton foil and tape) were decomposed and deposited on PDMS. The graphene and graphene/SiO x films are highly conductive and serve as the electrodes for collecting the generated carriers. The TENG device was covered by Kapton tape on one of its sides to secure the graphene electrode from possible leaching as well as to ensure a good connection between the graphene electrode with the connecting wires.

Self-powered tactile sensors

Voltage peaks were generated by soft finger tapping of the PDMS at a non-constant frequency to simulate random body motion. The generated V OC was measured with the aid of a digital oscilloscope (Tektronics TBS1052B-EDU). Short-circuit current was measured across a range of external load resistors (1 to 100 MΩ). A fairly low sheet resistance of the graphene film and its ability to withstand several cycles of operation are key factors towards replacing the precious metals deposited on the back side of the contact material [70]. The schematic design of the TENG devices prepared in this work, are shown in Fig. 3.14 (a). The proposed method is simpler than previously reported works, where multi-step processes are involved to transfer of graphene from Kapton on PDMS, i.e. by mold-casting the PDMS on the graphitized side of Kapton and peeling off the Kapton foil [62]. The active area of the device is 1 × 2 cm 2 . Trains of the open circuit voltage, generated by tactile motion (finger tapping) imposed on the PDMS for the neat graphene electrode and the electrode of the graphene/SiO x nanohybrid, are displayed in Fig. 3.14 (b), (c). The normal force applied in this way is typically in the range 0.2 -1.0 N [71]. The comparison reveals that the average peak-to-peak V OC induced by the PDMS/human skin-based TENG lies within the range of 50 -60 V for the device employing neat graphene as the electrode (LEST-F-74), whereas it almost halves, ∼ 30 V, when the nano-hybrid graphene/SiO x (LEST-T-74) is used as the electrode material.

The irregularity of the peak maxima reflects the fact that the signal has not been measured using a constant force generated by a vibrating motorized machine, but by means of finger tapping, as mentioned above. This simulates more realistically vibrational energy generated by the human body. The experiments were reiterated several times providing a very high degree of repeatability. Long-term tests reaching 5000 cycles over a period of few months showed a decrease of the V OC of ∼ 50 %. Despite the fact that the TENG devices were not treated under protective conditions they exhibited high stability and integrity being able to light at least eight green LEDs by finger tapping (see Fig. 3.15). This result demonstrates that graphene and graphene/SiO x films prepared by LEST on PDMS overcome issues, i.e. adhesion and atmospheric effects, which is a main concern in the case of electrodes made of vacuum-deposited metallic films on PDMS.

The output power of the TENG device has been determined by adding various load resistors, ranging from 1 to 100 MΩ, and measuring the output voltage, V output and I SC as shown in Fig. 3.14 (d), (e). A better response, as regards both these two parameters, is observed for the device prepared by the graphene/SiO x nanohybrid in comparison to that incorporating neat graphene. This is more quantitatively reflected in the generated power per unit area, P A out , depicted in Fig. 3.14 (f) for the two types of devices. The instantaneous P A out is ∼ 82 and ∼ 10 mW/m 2 for the TENGs using graphene and graphene/SiO x , respectively. This is obtained when the load resistance is R L ≈ 3 MΩfor both TENG devices. Based on the principle of maximum power transfer, the output power from an energy device, such as the TENG, coupled to an external load, is maximized when the internal impedance of the device and the load are equal. As Fig. 3.14 reveals, the V OC of the Kapton foil electrode (graphene) is higher than that of the Kapton tape (graphene/SiO x ). However, the instantaneous power of the device prepared by Kapton foil is slightly lower than that prepared by Kapton tape. A possible reason is that the different sheet resistance of the two electrodes could influence the observed behavior and the different thickness of PDMS substrates being used. Indeed, films prepared by the Kapton tape (graphene/SiO x ) tend to exhibit lower sheet resistance than films prepared using the Kapton foil (graphene). The difference in sheet resistance of the electrodes is responsible for the somewhat higher short circuit current values in the case of the Kapton tape, Fig. 3.14 (d), which in turn provided slightly higher values in the instantaneous output power. A remarkable finding of this work is that the external resistance value providing maximum output of the TENG, R L max , is the lowest one reported in the literature. Given the high impedance of other reported TENGs, this is a significant advantage of the current device, considering that the reduction of the internal impedance is highly desirable in a number of devices requiring low impedance loads for many practical applications [32]. A detailed investigation on the conditions of P A out in TENGs has shown that the value of the R L max decreases proportionally with the frequency of the force applied to the TENG device [32]. This is a very significant result, as the implementation of high frequency TENG operation in wearable electronics is practically limited in several application to physical constraints. Apparently, the current design emerges as a promising solution towards realizing tactile sensors and other components embedded in electronic textiles. Theoretical modelling of TENG operation has shown that R L max and P A out depend upon the film thickness of the tribo-material [32]. The lower the thickness, the lower the R L max ; whereas, the opposite trend holds for the P A out . More dramatic effects have been observed when increasing the TENG area (lateral dimensions). This causes significant increase of the P A out and appreciable decrease of the that R L max . Considering the above criteria of TENG operation optimization, it is evident that the low PDMS thickness (200 µm) and lateral dimensions (1 ×2cm 2 ) used in our devices leave room for improvement by further tuning the TENG parameters.

Conclusion

To conclude, tribo-electric nanogenerators are effective energy conversion miniaturized devices that exploit the combined effect of contact electrification and electrostatic induction. There are four modes of TENG devices sought depending on the number of tribo-layers and electrodes. Tribomaterials can be listed as per their electron affinity, and the proper pairing of a tribo-positive material with a tribo-negative one results in enhanced performance. Further, surface modifications of the tribo-materials or the use of composites can enhance the performance of TENG devices. However, beyond the optimization of the tribo-materials and the energy management system, particular attention still needs to be paid to the electrodes.

The findings of the current work demonstrate the importance of careful selection and fabrication of an electrode. The details concerning the combination of electrodes with the tribo-materials is significantly important. We have used teflon and glass as tribo-materials and have investigated into detail the influence of various combinations of electrodes attached to these two materials. For example, the performance of TENG devices was examined by interchanging sputtered/evaporated copper and aluminium as electrodes for the Teflon/glass pair of tribo-materials. The specific combination of having aluminium as an electrode associated with teflon and glass with copper results into the best performance. This suggest one important criterion for the selection of the electrodes, namely, the electrode with lower work function should be incorporated with the tribo-negative material. Building upon the outcome of this study, we further attempted a systematic investigation of a number of metals and graphene as electrodes. In this investigation glass/Cu was used as one of the tribo-layer/electrode component, whereas various charge collecting layers (Au, Mo, W, Cu and LEST graphene and graphene SiO x ) were attached onto Teflon operating as the second tribo-layer-electrode component. LEST Gr (WF 4.9 eV) with a WF somewhat lower than that of Au (WF 5.1-5.4 eV), exhibits higher instant power density i.e. ∼ 1.5 µW/cm 2 than the device with the Au electrode, i.e. ∼ 0.6 µW/cm 2 . The LEST Gr/SiO x electrode has the smallest work function ∼ 4.4 eV and demonstrates the highest instant power density ∼ 6.6 µW/cm 2 among all electrodes explored. These finding show a tremendous, almost tenfold, enhancement of the output power of the TENG device using the LEST Gr/SiO x electrode in comparison to the device with the Au electrode, which can be assigned to the lowest work function, the porous nature and the presence of SiO x nanoparticles. These nanoparticles may help in restricting the recombination rate of the charge carriers. As our findings have revealed that the LEST electrodes outperform traditional metals, self-powered tactile sensors were prepared using LEST electrode and PDMS.

The excellent features of the graphene and graphene/SiO x nanohybrids has allowed the development of electrodes deposited directly by LEST onto PDMS for the evaluation performance of TENG devices. A simple design of a single electrode TENG device was elaborated and its output power against soft finger tapping was assessed. The maximum P A out was estimated to be ∼ 82 and ∼ 110 mW/m 2 for the TENGs using graphene and graphene/SiO x , respectively. Perhaps the most important finding is that these values have been obtained for load resistance R L ∼ 3 MΩ. This remarkable result demonstrates that the single electrode TENG devices constructed here present the lowest reported impedance of similar devices.

Perspective

The current study and the discussion presented in this chapter has revealed the essential role of the electrode, which must be properly constructed and matched with the tribo-material, to boost the optimization of a TENG device. Obviously, the method we have demonstrated, i.e. the laser-mediated explosive synthesis and transfer (LEST) of graphene directly onto any type of substartes, based on decomposition of precursors combination (into 3.6. Perspective either pure graphene or its nano-hybrids) is highly promising and can be exploited in a wide gamut of applications. Some directions of the ongoing work currently undertaken in our group are listed below:

• TENG-Utilisation of LEST either as electrode or tribo-material in other architectures for harvesting energy from all sorts of vibrations generating from rain drops, wind, human motion, or machine vibra-tion has to be explored. Figure 3.16 represents the three TENG geometries, where deposited electrodes are LEST graphene and teflon is the tribomaterials. Corresponding open circuit voltage generated when water droplets interact with teflon is evident. Novelty than the earlier report lies in the freedom of tribo-materials to be used, previous reports are restricted to polyimide use only whereas this constrain is completely eliminated with LEST. The deposition of LEST on textiles for harvesting human motion and for self-powered sensing is one of the ongoing projects in the lab. PtSe 2 : Emerging material for photo-voltaic applications "Thus, the photons which constitute a ray of light behave like intelligent human beings: out of all possible curves they always select the one which will take them most quickly to their goal.-Max Planck"

Photovoltaic

Tribo-electric nanogenerators (TENGs) are among the best devices for harvesting energy from low frequency ambient vibrations. Despite their high potential as emerging renewable energy sources for special applications, the development of tribo-electric nanogenerators for viable applications is still in its early stage. Conversely, photovoltaics (PVs) is a mature technology, with many types of devices available on the market. It is interesting that the photovoltaic effect was first reported by French physicist Edmond Becquerel dating back to 1839. At the age of 19, he observed that shining light on silver chloride in acidic solution generates voltage and current [1]. Since then, the effect is known as "Becquerel effect". To date, three generations of solar cells have been developed to deal with specific needs and applications. The first generation [2,3] of PVs are the conventional solar cells made up of poly-crystalline or single crystal Silicon (Si). The second generation [3,4] of PVs, often called thin film solar cells, are mainly based on chalcogenide materials such as Cadmium Telluride (CdTe), Copper Indium Gallium Selenide (CIGS) etc. The third generation [3] includes dye-sensitized solar cells (DSSCs), perovskites, organic/polymer solar cells, quantum dot PVs 4.1. Photovoltaic and other similar upcoming technologies based on nanomaterials. The third generation of PVs is still a hot topic of research and development, as many challenges related to the efficiency, stability and manufacturing cost of these devices, still need to be settled. Indeed, high-efficiency, low-cost and longterm stability are the three corners of "Golden Triangle Issues" that have to be considered for the development of viable PVs. Various components of DSSCs still need further developments to become the future viable PV technology. Here, we deal with the improvement of the counter electrode of DSSCs.

Counter electrode: Introductory remarks

DSSCs are composed of four main components (as depicted in Fig. 4.1) viz., the sensitizing dye, the metal oxide semiconductor (anode), the redox couple electrolyte and the counter electrode (CE). The counter electrode, also known as the cathode, is typically prepared by coating a conductive substrate platinum (Pt), through which electrons enter the electrolyte. An ideal counter electrode should exhibit high catalytic activity, high conductivity, high reflectivity, low-cost, high surface area, porous nature, optimal thickness, chemical, electrochemical and mechanical stability, chemical corrosion resistance and good adhesion with the conductive film on a glass substrate [3]. It is rather unfeasible to develop a material achieving optimum values for all the parameters listed above; however, there are still systematic research efforts towards this direction. Commonly, a Pt layer deposited onto a transparent conductive oxide (TCO) substrate is used as counter electrode for minimizing the charge transfer resistance (R CT ) and to carry out the reduction of the oxidized species of the electrolyte. A value of 2-3 Ω cm 2 is desirable for R CT [5]. As an alternative to Pt, other metals, carbon-based materials, conductive polymers, transition metal chalcogenides and complex alloys are as well explored as CEs [3,5,6]. In particular, transition metal selenides and alloys with the general formula of M x Se y , where M is a transition metal from groups 5-10, have been already evaluated as CEs in DSSCs [7], due to their distinctive electronic and chemical properties. Exhibiting higher optical transparency and charge transfer ability, in comparison to Pt, transition metal selenides are ideal candidates for bifacial DSSCs [8][9][10] or for photoelectrochromic devices [11]. Besides, intentional defect formation, offers additional active sites for I 3-adsorption and reduction [12]. For example, Sun et al. used single-crystal CoSe 2 nanorods as an efficient electrocatalyst for CE in a DSSC replacing Pt, and achieved an increase in the photoconversion efficiency (PCE) value from 8.17% to 10.2% [13]. CoSe hollow spheres [14] exhibited excellent electrocatalytic activity along with a light-scattering 4.1. Photovoltaic ability, resulting in PCE of ∼ 10.35%, compared to ∼ 8.57% for the bare Pt CE. Similar improvements were also observed in several works, [12,[15][16][17], where an iodide/triiodide redox couple was used, whereas the electrocatalytic properties of CoSe 2 CEs against a cobalt (2 + /3 + ) redox couple were also examined in [10,15]. Indeed, using a transparent Co 0.85 Se/graphene composite film as a CE, a PCE of 11.26% was achieved, compared to 9.68% for the Pt CE [10]. In that case, graphene was used to increase the electrical conductivity and the surface area of the composite film.

CEs with group 5 diselenides (MSe 2 , M=V, Nb, Ta), such as VSe 2 with a cauliflower-like morphology [18] and NbSe 2 nanosheets [19], both showing a metallic behavior, have outperformed Pt-based CEs, while TaSe 2 exhibited as a CE inferior performance compared to Pt [20]. In the same work, group 6 selenides (MoSe 2 , WSe 2 ) were also prepared via a solvothermal method, where WSe 2 showed the best electrocatalytic properties among the other selenides, due to the lower charge transfer resistance at the CE/electrolyte interface; however, PCEs were inferior to the efficiency of the Pt CE [20]. However, a CE based on few-layered MoSe 2 nanostructures, fabricated by surface selenization of a molybdenum coated glass, surpassed the PCE achieved by a Pt-based CE [21]. Group 8 diselenides (MSe 2 , M=Fe, Ru) have been also evaluated as CEs. Recently, a FeSe 2 CE showed not only an improved PCE (7.2%) compared with a Pt CE (6.99%), but also enhanced corrosion resistance to the I -/I 3-redox electrolyte [22]. Moreover, a few binary-alloy metal selenides (M-Se: M=Co, Ni, Cu, Fe, Ru) were applied as CEs in bifacial DSSCs in [12], exhibiting transparencies higher than 70% in the visible and NIR and a PCE value up to 9.22% in the case of a Ru 0.33 Se CE, compared to 7.23% for a Pt CE.

Notably, from group 10 selenides (MSe 2 , M=Ni, Pd, Pt) only nickelbased compounds have been evaluated as CEs in DSSCs. Wu et al. [23] examined the effect of the morphology of NiSe CEs on their electrochemical activity and stability, and on the PCE of the resulting DSSCs. In the case of nanoparticles, due to the low charge transfer resistance at the CE/electrolyte 4.1. Photovoltaic interface, the PCE value (7.82%) surpassed that of a Pt CE (7.62%) [23]. Similarly, a transparent Ni 0.85 Se CE yielded a PCE of 10.63% compared with 8.78% for a Pt CE, when they were irradiated from both sides [8], while a ternary alloy of NiCoSe 2 showed an enhanced catalytic activity towards the iodide/triiodide redox couple, resulting in an improvement in PCE value of corresponding DSSCs, compared with bare Pt [24]. On the other hand, other efforts for substituting Pt with NiSe were not so successful [16,22]. Based on this brief survey, it is baffling that there are no reports so far studying the CE performance of two important members of group 10 selenides, namely PtSe 2 and PdSe 2 in DSSCs.

Noble-metal chalcogenides (NMCs) were highly researched in the 19 th century [25,26], whereas reports characterizing their counterparts Noble-metal dichalcogenides (NMDCs : MX 2 , M: Pt, Pd and X: S, Se and Te) appeared in 20 th century [27][28][29]. Though NMDCs belongs to the class of transition metal dichalcogenides (one of the central attraction for current research community) that possess layered structure, yet the pace of research in 20 th century was hindered due to the high cost. However, research on NMDCs as 2D materials was rejuvenated due to the fact that for study and application of in-plane devices, mono-to few-layers are all necessary that further eliminates the economic hurdle. PdX 2 exhibit more complex structures than the PtX 2 [30], rather reports on the controlled synthesis of 1T phase PdX 2 with various techniques are scarce. Especially PtSe 2 that exhibit astonishing properties like, anisotropic high theoretical mobility (at least 8 times higher than the MoS 2 ), ultra-stability in air, layered dependent sizeable band-gap and fabrication methods compatible with the current semiconductor processes. In general PtS 2 is under-searched due to the fact that, thermodynamically stable PtS phase interfere to achieve successful synthesis of PtS 2 phase [31,32]. Following sections deals with the structure, properties and applications of PtSe 2 .

PtSe 2 : An emerging 2D material

PtSe 2 belongs to the D 3 3d (P 3m1) space group, and exhibits a layered structure where a layer of Pt atoms is sandwiched between two layers of Se atoms [33,34]. Pt and Se atoms are bonded with in-plane covalent bonds, whereas the inter-layer bonding is dictated by weak van der Waals (VdW) forces, which further makes layer exfoliation easy, as in the case of graphite. Excessively rich d-electrons with restricted d-orbitals in Noble metals, restrict PtSe 2 (and other noble-metal dichalcogenides, NMDCs) to form d 2 SP 3 hybridisation, resulting into 1T phase with AA arrangement as the most stable phase [35]. Considering the rich band structure, layered dependent band gap (narrow ∼ 0.34 eV for very few layer PtSe 2 ) and its excellent catalytic activity, PtSe 2 can find important applications in ultrafast non-linear optics [36,37], sensing (gas [38], pressure [39], humidity [40], strain [41], light [42]), field effect transistors (FETs) [43] and catalysis [44,45]. However, despite of its ideal bandgap, high electron mobility catalytic activity, and air-stability, PtSe 2

has not yet been explored as a CE in PVs (DSSCs).

Despite that few-layer PtSe 2 has quite recently been under focus, significant advances have been made in regard to synthesis methods for the controlled growth of this 2D material. Most of the synthesis routes employed for the PtSe 2 are compatible with the current back end of line (BEOL) fabrication process. The commonly used synthesis techniques used to prepare various forms and morphologies of PtSe 2 , with some of them exhibiting potential for scalability, are summarized in Box 1.

Box 1 : Synthesis routes for PtSe 2 Molecular Beam Epitaxy (MBE) Wang et al [46] reported synthesis of PtSe 2 for the first time, using Molecular Beam Epitaxy to selenize a single-crystal Pt substrate. Though synthesis was performed at rather lower temperatures (≈ 250 °C), strict conditions, such as the use of special MBE chambers, and ultrahigh vacuum makes the use 4.2. PtSe 2 : An emerging 2D material of this method difficult.

Mechanical Exfoliation (ME) Applied to any type of 2D materials, ME is a simple and useful method to produce single crystalline, small lateral-sized flakes with not good control on thickness. Such samples are useful for the fundamental lab studies [47].

Chemical Vapor Transport (CVT)

Though the high quality of crystals is an advantage, high temperature and time-consuming growth conditions restrict the use of various substrates for PtSe 2 growth via the CVT method. In a typical example of the CVT technique application, an optimal molar ratio (1:2:1:3) of Pt:Se:Red Phosphorous (P) and sulfur (S) was sealed into an evacuated quartz tube along with Iodine as transport agent. The tube was placed at high temperature for 5 days [48]. The result of this reaction is bulk single crystal that had to be processed further for thinning down to monolayer.

Chemical Vapor Deposition (CVD) is among the most frequently employed techniques to produce high quality, large area 2D crystals. Yu et al co-evaporated PtCl 2 and Se, to obtain PtSe 2 deposition onto SiO 2 /Si substrate placed downstream in the reaction zone [48]. In another work, H 2 PtCl 6 [49]was involved as Pt precursor instead of PtCl 2 . Compared to other TMDs (like MoS 2 ), CVD does not provide easy control for the thickness of PtSe 2 .

Thermally Assisted Conversion (TAC) is the most commonly used technique for synthesis of films of PtSe 2 and is often known as soft-selenization or vapor-phase senlenization. Relatively low temperature growth is a strong advantage of TAC making it compatible with the Back End of Line (BEOL) fabrication process. In this method, pre-deposited (either by sputtering or evaporation) Pt films are exposed to selenium vapors at around ∼400 °C, which result into PtSe 2 growth. The growth method can also be achieved at temperature as low as ∼250 °C making it ideal for PtSe 2 growth on high-temperature sensitive substrates, such as polymers and glasses. The amount (thickness) of pre-deposited Pt is typically used to control the thickness of PtSe 2 film after selenization. Despite that the quality of TAC-grown PtSe 2 crystals is not comparable to that of the ME or CVT grown crystals, the TAC polycrystalline films can be used for industrial production and applications such as sensing [50,51].

Liquid Phase Exfoliation (LPE)

Umar et al has reported two step liquid phase production of PtSe 2 . Potassiun hexacholorplatinate (K 2 PtCl 6 ) along with hexamethylenetetramine (HMT) were added to mixture of Se powder and NaBH 4 . This results in intermittent PtSe complexes which result in the growth of PtSe 2 on further treatment. The detailed recipe for such production can be found in the Ref. [52]. This method is useful for large amount powder production of PtSe 2 .

PtSe 2 : Counter electrode for DSSC

Far from advanced techniques being used for the PtSe 2 synthesis, fast large scale processing at lower temperatures is the prerequisites for the solar industry. The benchmark CE being used in DSSc is Pt electrode, and imaginative methods like thermal decomposition, electrochemical deposition, chemical reduction, chemical vapor deposition, hydrothermal reaction, sputter deposition, in-situ polymerization, etc have been tested for the same. It has to be remembered that the deposition techniques have solid impact onto the particle size, surface area, morphology and hence the catalytic and electrochemical properties. Best performing CE is the one with smaller particle size with enhanced surface area resulting into more catalytic sites. Zhong et al. [53] has demonstrated that the electrodeposited Pt has more catalytic active sites than the pure Pt metal. On similar lines the DSSC prepared via electrochemically deposited Pt CE showcase enhanced efficiency of 7.6 % compared to the sputter/thermally deposited Pt electrodes (≈ 6.4% efficiency) [54].

PtSe 2 CE : synthesis and physico-chemical characterisation

Based on the above considerations, we have chosen to use electrodeposited Pt as a source for platinum for the growth of PtSe 2 via selenization. Platinum films were prepared by electrodeposition, at a constant potential of -400 mV applied using an Autolab PGSTAT 204 potentiostat, for different time intervals ranging from 50 s to 400 s. An aqueous hexachloroplatinic acid solution (0.002 M) and a three-electrode configuration were used, with a bare FTO glass substrate (15 Ω/sq) serving as the working electrode, an Ag/AgCl electrode as the reference and a Pt wire as the counter electrode [55,56]. The samples prepared in this study are denoted as Pt-50, Pt-100, Pt-200 and Pt-400, which correspond to the Pt electrodeposition times of 50, 100, 200, and 400 s, respectively. Low-temperature selenization was used to convert the electrodeposited Pt films into PtSe 2 . The selenization step took place in a tube furnace at 430 • C for 90 min, under the flow of Ar gas at a flow rate of 100 sccm. Pellets of ultrapure Se (Alfa Aesar, purity 99.9990%) were placed upstream at ∼ 220 • C to provide adequate vapor pressure in the tube. Based on the notation provided above, the selenized films will be denoted as sPt-50, sPt-100, sPt-200, and sPt-400.

A typical variation of the current density during a potentiostatic electrodeposition procedure (V applied = -400 mV) is shown in Fig. 4.2 (a). The observed variation is explained by a progressive nucleation mechanism, 4.3. PtSe 2 : Counter electrode for DSSC as proposed elsewhere [57]. Pt loading or equally the amount of deposited Pt charge density (Q P t ) was calculated by integrating the current density during deposition (Fig. 4.2 (a)). It was noted that Q P t varies linearly, to a very good extent, with the deposition time, taking values from nearly 20 mC/cm 2 to above 100 mC/cm 2 (Fig. 4.2 (b)). in the range 50-150 nm, while the tail extends up to 350 nm. Similar trends were also observed by Zhang et al. [58], who used a potentiostatic method for realizing one-step electrodeposition of Pt nanoflowers.

Extending further the deposition time, i.e., for the Pt-200 and Pt-400 films, the previously observed Pt NPs with sizes above 100 nm have been evolved now to superstructures with shapes resembling nanoflowers. However, small NPs with sizes lower than 50 nm are dispersed in the space between the nanoflowers (Fig As we know from literature the composition of CE plays vital role in the catalytic performance, therefore, X-ray photo-electron spectroscopy (XPS) along with Raman spectroscopy was performed on the samples to understand the crystalinity and the composition of the final products. The surface analysis measurements were performed in a UHV chamber (P∼ 5 × 10 -10 mbar) equipped with a SPECS Phoibos 100-1D-DLD hemispherical electron analyzer and a non-monochromatized dual-anode Mg/Al x-ray source for XPS. The XP spectra were recorded with MgKa at 1253.6 eV photon energy and an analyzer pass energy of 15 eV giving a Full Width at Half Maximum (FWHM) of 0.85 eV for Ag3d5/2 line. The analyzed area was a spot of 3 mm in diameter. The atomic ratios were calculated using the intensity (peak area) of the XPS peaks weighted with the corresponding relative sensitivity factors (RSF) and the energy analyzer transmission function. For spectra collection and treatment, including fitting, the commercial software SpecsLab Prodigy (by Specs GmbH, Berlin) was used. The XPS peaks were deconvoluted with a sum of Gaussian-Lorentzian peaks after a Shirley type background subtraction.

Figure 4.6 shows the combined XPS Pt4f and Se3d spectral window of sPt-50 and sPt-200 films, respectively. For both spectra, the Pt4f band appears as a doublet, which is analysed into two components assigned to the following chemical states: metallic platinum Pt 0 (Pt4f7/2 = 71.2 eV) and platinum bonded to Se forming PtSe 2 (Pt4f7/2 = 73.0 eV). The data reveal that there is an unreacted fraction of the pre-deposited Pt film on the FTO surface. On the other hand, the Se3d doublet consists of one component assigned to Se atoms fully bonded to Pt, i.e. PtSe 2 (Se3d3/2 = 54.6 eV) [61]. The percentage concentrations of the Pt and Se are calculated using the integrated peak areas of Pt4f and Se3d; the results are shown in table 4.1. The above analysis shows that for the current conditions of selenization of the Pt-50 films, i.e. 430 • C for 90 min, there is a minor fraction of the Pt metal, of about 12 %, which remains unreacted. Keeping the same selenization conditions for all films, it is obvious that for the films with higher Pt loading via electrodeposition, an increased fraction of Pt metal will remain unreacted. Indeed, the Pt 0 fraction for the Pt-200 film amounts to ∼ 62%. Based on thermodynamic arguments, we expect that selenization takes place starting from the outer surface of the NPs and the flower-like structures. Therefore, it is expected that the PtSe 2 component appears as a skin covering conformally the Pt particles, leaving the unreacted Pt 0 component in deeper levels below the electrochemically active surface. In this context, it can be safely concluded that the Pt 0 component, does not come into contact with the electrolyte and hence, the unreacted Pt fraction, does not contribute to the electrochemical effects studied here.

Further, a micro-Raman set-up (T-64000, Jobin-Yvon, France) was employed to analyse back-scattered light which was focused by an objective to an area of 2-3 µm. The Raman mode of Si single crystal at 520 cm -1 was used to calibrate the wavenumber scale of the spectra. Low incident laser power was used to avoid heat-induced damage of the crystals. Raman scattering was used to study the crystallinity and estimate the thickness of the various selenized films. PtSe 2 grows in the 1T octahedral structure and belongs to the D 3d point group symmetry. There are two dominant Raman modes denoted by the A 1g and E g symmetries, which are assigned to the outof-plane and in-plane vibrations of Se atoms, respectively. To examine the Similarly, the wavenumber of the E g peak lies within the range 175-178 cm -1 . These values agree with the literature data provided by various groups. A much weaker band appears near 230 cm -1 , which is assigned to an overlap between the A 2u and E u modes, and becomes more intense when the PtSe 2 film thickness is reduced to 1-2 monolayers as shown by O'Brien et al. [62]. Further, in that work [62] the authors suggested a correlation between the features of the Raman peaks and the number of PtSe 2 monolayers. The E 2g peak shifts from 174 to 182 cm -1 when the film thickness changes from 5 to 0.5 nm. At the same time, the band intensity ratio A 1g /E g decreases from ∼ 1.1 to ∼ 0.3 upon decreasing the film thickness from 5 to 0.5 nm. The current data show that this band intensity ratio varies between 0.6 and 0.8. Based on this finding and considering the variation in the wavenumber of E g band among the various films, it is concluded that there is a distribution in the thickness of the PtSe 2 films ranging from 1 to 5 nm. This is not an unexpected finding because XPS analysis has shown the existence of a rather thin layer of PtSe 2 , which permits a strong signal to be recorded from the underneath Pt 0 component. The partial selenization of particles with broad size distribution can justify the presence of a variety of PtSe 2 particles ranging from few-layer to several (more than 10) layers thick. of the electrodes and an optimum Pt NP's size is above 150 nm. Similarly, in [55] for thermal evaporated Pt films, the increment of Pt film thickness beyond 10 nm led also to a negligible improvement in J peak value, probably due to the coalescence of particles into a nearly uniform film. In our case, the size of the particles determines the electrocatalytic properties.

When deposition time increases further, i.e. for the Pt-200 electrode, except from the higher Q P t (65 mC/cm 2 ) and coverage fraction (Fig. 4.3 (b) and Fig. 4.5), the morphology of Pt also changed from nearly spherical to flower-like (Fig. 4.3 (c)). Therefore, extra catalytic active sites are revealed, leading to an enhanced electrochemical active surface area and thus improving significantly the J peak value [58]. However, for the Pt-400 electrode, a further negligible increment in J peak value was observed, even though Q P t was nearly doubled (116 mC/cm 2 ) (Fig. 4.2 (b)). Due to the higher amount of Q P t , a larger number of NPs fills the space between the nanoflowers, having sizes less than 100 nm (Fig. 4.3 (c)-(d)). As a result, their contribution to the electrocatalytic performance of the electrodes is limited. Therefore, the increment in the J peak value does not follow the increment in Q P t and in the surface coverage fraction.

The same behaviour was observed after selenization, even though the variation in J peak with the electrodeposition time was not as intense as in the case of bare Pt electrodes. However, the J peak value of sPt electrodes was increased compared with equivalent bare Pt electrodes, revealing an improved number of catalytic actives sites for I 3-reduction (Fig. 4.8 (c)). As depicted from the SEM images (Fig. 4.3), after selenization, the surface roughness increases, also due to the vertical growth of the PtSe 2 layers, leading to an improved electrocatalytic active surface area with plenty of edge sites.

The peak-to-peak potential (E pp ) values between Peak I and Peak I' appears in Fig. 4.8 (d). High values indicating a lower reaction rate of the corresponding redox reactions, were observed for Pt-50 electrodes initially, followed by a steep reduction in the case of Pt-200 electrodes. However, an improved reaction rate and a reduced charge transfer resistance (R CT ) at the interface are expected, regardless of the deposition time, for sPt electrodes compared with equivalent bare Pt electrodes, resulting from the lower values of E pp (Fig. 4.8 (d)).

To estimate the values of the R CT for Pt-200 and sPt-200 electrodes, Tafel and EIS analysis were performed. In Tafel polarization curves (Fig. 4.9 (a)), the intercept with the y-axis of the line resulting from the linear regression analysis in the Tafel zone (200 mV< V <400 mV) of the cathodic or the anodic branch is the exchange current density J 0 . R CT can be calculated using Eq. 4.1 [16,64,65] where R is the gas constant, T the temperature, F the Faraday's constant and n the number of electrons involved in I 3-reduction reaction (n=2). A significant increment in the value of J 0 (table 4.2), leading to a lower value of R CT (Eq. 4.1), was achieved for a sPt-200 electrode compared with a Pt-200 electrode, implying a better electrocatalytic activity and a more facile electron transfer process at the CE/electrolyte interface, in agreement with the CV results (Fig. 4.8 (c)-(d)). A high value of J 0 or equally a low value of R CT could lead also to a high value of short circuit current density (J sc ) of the resulting DSSCs [13,14,16]. Moreover, from the Tafel polarization curves (Fig. 4.9 (a)), the limiting current density (J lim ) is found by the intersection of the cathodic branch of the curves with the y-axis and can be expressed by Eq. 4.2 [12,16,66]:

J lim = 2nq e DcN A l (4.2)
where N A the Avogadro constant, l the spacer thickness, D the diffusion constant, n the number of electrons involved in I 3-reduction reaction (n=2), q e the elementary charge and c the concentration of I 3-ions. Therefore, a high value of J lim in the case of sPt-200 electrode (table 4.2) corresponds to a high value of the diffusion coefficient. Nevertheless, D was estimated also from cyclic voltammetry using different scan rates, as shown below.

Nyquist plots of symmetrical cells with Pt-200 and sPt-200 electrodes are shown in Fig. 4.9 (b). From the diameter of the left semicircle in the high-frequency region, the values of the R CT at the CE/electrolyte interface were estimated. The R CT decreases from 0.259 Ω cm 2 to 0.132 Ω cm 2 , in agreement with the results from the Tafel analysis (table 4.2). A decreased value of R CT is essential for achieving a high fill factor (FF) in the resulting DSSCs since it affects their internal series resistance (R s ) [14,64]. Moreover, the higher value of the capacitance (C) achieved for sPt-200 electrode shows a large contact surface area between the CE and the electrolyte (table 4.2) [20,67], as expected from the higher J peak values (Fig. 4.8 (c)).

From the above, the improved electrocatalytic properties of sPt electrodes compared with equivalent bare Pt electrodes has been verified by different techniques. Besides this, the CV experiments have revealed that The diffusion coefficient of triiodide ions was calculated for Pt-50 and Pt-200 electrodes and their stability under successive cycling was evaluated, along with their selenized counterparts, i.e., sPt-50 and sPt-200 electrodes. Therefore, CVs for Pt-50 and Pt-200 electrodes were recorded at different scan rates ranging from 5 to 60 mV/s and the results are shown in Fig. 4.10 (a),(b), respectively. Both peak current densities (Peak I and I') increase linearly with the square root of the scan rate (Fig. 4.10 (c)), according to the Randles-Sevcik equation (Eq. 4.3), which indicates that the mass transport can be approximately described in diffusional terms. Moreover, from the peak current density (J peak ) for Peak I', the diffusion coefficient of I 3-ions was calculated with the use of the Randles-Sevcik equation (Eq. 4.3):

I p = (2.69 × 10 5 ) • n 3/2 • A • D 1/2 α • C * 0 • v 1/2 (4.3)
where I p is the peak current in Amperes, A is the electrode surface, n is the number of electrons involved in the reaction (n = 2), D α is the diffusion coefficient, C * 0 is the bulk concentration of the I 3-ions, and ν is the scan rate. The calculated values are shown in Fig. 4.10 (c), and as expected a higher value is achieved for Pt-200 electrode, due to the larger availability of catalytic active sites provided by the flower-like nanostructures and the improved reaction rate.

Moreover, to evaluate their stability upon cycling, up to 100 successive cycles were performed. No significant changes were observed for both Pt-50 and Pt-200 electrodes (Fig. 4.10 (d),(e)). More specifically, the J peak value for triiodide reduction (Peak I'), after an initial increment, attained a stable value both for Pt-50 and Pt-200 electrodes Fig. 4.10 (f). In Fig. 4.11 (a),(b) appear CVs recorded at different scan rates (from 5 mV/s to 60 mV/s) for sPt-50 and sPt-200 electrodes, respectively. As previously, both peak current densities (Peak I and I') increase linearly with the square root of the scan rate (Fig. 4.11 (c)). Diffusion coefficients of 2.41 ×10 -6 cm 2 /s and 3.53 ×10 -6 cm 2 /s were calculated for sPt-50 and sPt-200 electrodes, showing an improvement of nearly 22 % and 35 %, compared with Pt-50 and Pt-200 electrodes, respectively. However, after examining their stability upon cycling (Fig. 4.11 (d),(e)), the J peak value for I 3-reduction of the sPt-200 electrode was reduced by nearly 5%, whereas the sPt-50 electrode retains the 97% of the initial value of J peak . A similar percentage was achieved in [17] for a Co 20.85 Se 79.15 CE.

PtSe 2 CE : DSSC device characterisation

Actual DSSC devices were fabricated and tested as an obvious next step after all the physico-chemical and catalytic studies. As-prepared Pt-50 and Pt-200 electrodes and the corresponding sPt electrodes, i.e., sPt-50 and sPt-200, were used as counter electrodes (CEs) in DSSCs. For the construction of actual DSSC devices, nanostructured TiO 2 films were deposited on an FTO/glass substrate (15 Ω/sq) by the doctor blade method, using a glass slide, after preparing an appropriate paste according to our previous work [68]. After air drying, TiO 2 films were annealed at 450 • C for 30 min. Their thickness (∼10 µm) was measured using an Ambios XP-1 stylus profilometer. Sensitization was performed by soaking the TiO 2 films, while being heated at 80 • C, overnight in a N719 dye solution (0.3 mM in EtOH). The sensitized TiO 2 films and the Pt or PtSe 2 films, serving as counter electrodes, were arranged to face each other. Sealing was performed by placing the electrodes at 120 • C for 10 min, using a thermoplastic sealant (Surlyn, GreatCellSolar, 50 µm thickness). Finally, a liquid redox electrolyte, supplied also by GreatSellSolar (EL-HPE High Performance Electrolyte), was inserted from tiny holes pre-drilled at the counter electrode. The holes 202 4.3. PtSe 2 : Counter electrode for DSSC were then sealed with Surlyn and a small piece of glass. An Oriel 96000 solar simulator, equipped with an AM1.5G filter, in conjunction with a Keithley 236 source meter was used for recording the characteristic J-V curves of the DSSCs. The incident irradiance was fixed at 1000 W/m 2 [68].

Typical J-V curves for bare Pt and sPt CEs are shown in Fig. 4.12 (a),(b), respectively, and their photovoltaic properties are derived from measuring each time the J-V curves of 3 identical solar cells are shown in table 4.3. The series resistance R s was also calculated, using Eq.4.4, and plotting the variables -dV/dJ vs (J sc -J) -1 .

-dV where A is the diode ideality factor, k B is the Boltzmann constant, T is the absolute temperature, e the elementary charge and R s the series resistance. After performing a linear regression analysis, the value of R s was calculated from the intercept with the y-axis (Fig. 4.12 (c)) and the results are shown in table 4.3 [69].

dJ = Ak B T e • (J SC -J) -1 + R s (4.4)
A significant improvement in J sc and a small increase in FF were observed for devices with Pt-200 CEs compared with Pt-50 CEs, causing an increase in PCE by nearly 20%, from 7.7% to 9.2% (Fig. 4.12 (a) and table 4.3), in agreement with the variation in their electrocatalytic properties. More specifically, the increment of the number of the catalytic active sites with Pt deposition time results in a subsequent increment not only to J peak values in CVs (Fig. 4.8 (c)) but also to J sc from 15.8 mA/cm 2 to 18.8 mA/cm 2 , as also observed in [10]. Moreover, the reduction in the series resistance R s (table 4. In the case of sPt CEs, the increment of the electrodeposition time had a minor effect on the performance of the resulting DSSCs (table 4.3 and Fig. 4.12 (b)), where all the photovoltaic parameters, including PCE, deviate within the experimental error. More importantly, devices with sPt-50 and sPt-200 CEs outperform devices with Pt-50 and Pt-200 CEs (table 4.3), since the PCE was increased from 7.7% and 9.18% to 9.5% and 9.62%, respectively, while the performance of the devices with sPt-50 CEs is slightly better with that of Pt-200 CEs, even though the later had three times more loading of the Pt metal. The improved performance can be attributed to the higher number of catalytic actives sites for I 3-reduction and their higher diffusion coefficient, leading to an increment in short circuit current density, while the reduced value of the R CT at the CE/electrolyte interface leads to a decreased value of R s , improving FF. Due to the better electrocatalytic properties, a higher current density was measured after applying a reverse bias potential up to -0.3 V under dark conditions (Fig. 4.12 (d)). The reverse bias potential was kept lower than the value of -0.3 V to avoid degradation of the electrolyte [71]. In this case, electrons flow as under normal operation conditions upon illumination, meaning that triiodide reduction takes place at the CE [72]. Therefore, a higher current density corresponds to a more efficient I 3-reduction at the CE. Finally, a more facile electron transfer from the CE to the electrolyte is favored in the case of sPt electrodes due to the lower value of the work function (4.8 eV) compared to bare Pt electrodes (5.1 eV) [73,74].

The aforementioned in-depth characterization demonstrates the suitability of PtSe 2 for photovoltaics. To further exploit the synergy between photovoltaic effect and PtSe 2 , we expand the current research to include the exploration of this material in applications of air-stable self-powered photodetectros that operate with the principles of photo-voltaic phenomena.

Photovoltaic effect for self-powered photodetection

A great deal of effort has been dedicated over the last years to understand basic phenomena and application-oriented subtleties for a very large number of two-dimensional (2D) crystals. Apart from discovering unconceivable new physics, the exploration of 2D materials has paved the way for a wide range of potential applications related to energy, environment, bioscience, and high-technology products [75]. Graphene-related materials and group VIB transition metal dichalcogenides (TMDCs) have dominated, during the past years, fundamental studies and device evaluation. Vertical and horizontal heterojunctions of various types of 2D crystals, have also emerged as promising combinations of materials, which offer additional functional features at the heterojunction, by combining the unique properties of the individual crystals [76]. Besides enhanced performance, simple fabrication processes of heterojunction devices is of vital importance for up-scaling and production compatibility. Here, we demonstrate, for the first time, the scalable low temperature growth of heterojunctions based of 1D-Sb 2 Se 3 and 2D-PtSe 2 . Investigations of their optical properties and band alignment, highlight the prospects of such heterojunction in optoelectronic devices such as excitonic transistors, switches, lasers and photo-detectors [START_REF] Jiang | Interlayer exciton formation, relaxation, and transport in TMD van der Waals heterostructures[END_REF].

PtSe 2 heterostructure as self-powered photodetector

Antimony triselenide, which belongs to group 6 chalcogenides, differs from TMDCs as it is considered a one-dimensional (1D) semiconducting crystal composed of (Sb 4 Se 6 ) n ribbons arranged along the (001) direction. The ribbons are covalently bonded, interacting via weak van der Waals forces forming two-dimensional layers. Antimony chalcogenides have been mostly known as non-crystalline materials prepared as amorphous films and/or glasses [START_REF] Adam | Chalcogenide glasses: preparation, properties and applications[END_REF]. Bulk glasses can be prepared at any composition of the binary Sb x Se 40-x system for the composition range 0 ≤ x ≤ 30 [START_REF] Kostadinova | Raman spectroscopic study of Sb x Se 100-x phase-separated bulk glasses[END_REF]. Due to its low optical bandgap and large absorption coefficient, the stoichiometric compound, Sb 2 Se 3 , has attracted vivid attention over the last years as absorbing material for potential applications in photovoltaics [START_REF] Ngo | Electrodeposition of Antimony Selenide Thin Films and Application in Semiconductor Sensitized Solar Cells[END_REF][START_REF] Luo | Thermal evaporation and characterization of superstrate CdS/Sb 2 Se 3 solar cells[END_REF].

As seen earlier, high-quality PtSe 2 films with controlled thickness can be grown at much lower temperatures (∼ 450 °C) making it most compatible TMD with current technology platforms, as well beneficial for combining with temperature sensitive materials like Sb 2 Se 3 . While bulk or multi-layer PtSe 2 is a semimetal (zero bandgap) the monolayer exhibits semiconducting properties (Eg ≈ 1.2 eV). The layer-dependent broad distribution of the bandgap energy straddles up the mid-IR region, rendering few-layer PtSe 2 an essential photonic material. While systematic studies have been undertaken for few-layer PtSe 2 pristine crystals, investigations concerning properties of van der Waals heterojunctions based on PtSe 2 with other 2D crystals are still sporadic in the literature. As Sb 2 Se 3 and PtSe 2 have emerged as two very important optical materials we attempt here an exploration of the optical and electronic properties for the vertical heterojunction of these two crystals. It is well-known that Sb 2 Se 3 is highly prone to oxidation which could alter its properties and hence its performance as a solar absorbing layer in photovoltaics. Hence, studies have focused on investigating the band alignment details between Sb 2 O 3 and Sb 2 Se 3 [START_REF] Shiel | Band alignment of Sb 2 O 3 and Sb 2 Se 3[END_REF]. Owing to the very high stability of PtSe 2 at environmental conditions, PtSe 2 / Sb 2 Se 3 heterojunctions could emaciate the propensity of Sb 2 Se 3 to oxidation by providing a protective layer, which at the same time increases the light absorbance towards the mid-infrared.

To start with, Sb 2 Se 3 films with various thicknesses (< 5 nm, 150, and 320 nm) were deposited on BK7 glass substrates; hereafter, films with thickness < 5 nm will be denoted as ultrathin films. Before deposition, substrates were ultrasonically cleaned using detergent, ethanol and deionized water for 10 min. Sb 2 Se 3 amorphous films were deposited onto substrates by RF magnetron sputtering with a 99.99% pure stoichiometric Sb 2 Se 3 target obtained by high temperature melting method [START_REF] Chen | Magnetron sputtered Sb 2 Se 3 -based thin films towards high References performance quasi-homojunction thin film solar cells[END_REF]. The pressure of the vac-uum chamber was less than 3 ×10 -5 Pa before deposition. The Sb 2 Se 3 target was initially etched by argon plasma for about 10 min to eliminate surface contaminants. The working pressure and sputtering power were fixed at 0.5 Pa and 12 W, respectively with 30 sccm of Ar, to obtain a low and constant deposition rate. The substrate temperature was not specifically controlled during the sputtering process. The amorphous as-deposited films were crystallized by heating 300 °C during 60 minutes, under a pressure of 0.2 mbar [START_REF] Ren | Fundamental Physical Characterization of Sb 2 Se 3 -Based Quasi-Homojunction Thin Film Solar Cells[END_REF]. The sputtering times were 1, 36 and 80 min, which correspond to film thicknesses of < 5 nm, 150, and 320 nm, respectively. The 150 and 320 nm films thicknesses were determined by spectrophotometer method [85]. The 1 min sputtered ultrathin film was estimated to be 3 nm in thickness.

PtSe 2 / Sb 2 Se 3 heterojunctions were grown by depositing ultrathin layers of Pt (between 1-2 nm nominal thickness) on top of the ultrathin Sb 2 Se 3 surface by thermal evaporation, followed by low temperature selenization using pellets of ultrapure Se (Alfa Aesar, purity 99.9990%). The selenization step took place in a tube furnace at 430 °C for 90 min, under the flow of N 2 /H 2 :95/5 gas at a flow rate of 100 sccm. Pristine PtSe 2 films were also prepared on Si/SiO 2 and SiO 2 substrates, following the same procedure, to study their properties in relation to the heterojunctions. Direct growth of PtSe 2 on Sbe 2 Se 3 avoids any transfer step of the heterojunctions, as has been the case in previous studies, hence preventing contamination and alteration of the as-grown heterojunctions.

To draw a conclusion about the interface, mentioned heterstucture was characterised using Raman spectroscopy, UV-Vis-IR spectroscopy and XPS/UPS techniques. Raman spectra were recorded at room temperature using the micro-Raman Jobin-Yvon (T-64000) spectrometer and 1800 grooves/mm gratings for the analysis. Spectra were excited with a He-Ne laser (632.8 nm or 1.96 eV) using a power less than 0.2 mW on the sample. This intensity is low enough to secure that thermal-induced oxidation of Sb 2 Se 3 films is avoided, within the time scale of spectra accumulation. A large number of spectra were collected from various places of the samples 208 4.4. Photovoltaic effect for self-powered photodetection to ensure homogeneity of the grown materials.

Figure 4.13 displays the Raman spectra of the pristine materials, Sb 2 Se 3 , PtSe 2 , and their heterojunction. The Raman spectra of thermally crystallized Sb 2 Se 3 films of various thicknesses are shown, revealing that the shapes are identical, while the ultrathin Sb 2 Se 3 film exhibits the lowest intensity. Despite that a large number (30) Raman active modes are expected by the symmetry of the crystal, only a few bands are typically observed in the experimental Raman spectra. In the spectral range shown in Fig. 4.13, the Sb 2 Se 3 spectra contain the three characteristic bands of the crystal, located at ∼153 (E 2 g ), ∼190 (A 1 g 2 ) and ∼211 (combination mode) cm -1 , in accordance with literature results [START_REF] Bera | Sharp Raman Anomalies and Broken Adiabaticity at a Pressure Induced Transition from Band to Topological Insulator in Sb 2 S 3[END_REF][START_REF] Vidal-Fuentes | Multiwavelength excitation Raman scattering study of Sb 2 Se 3 compound: fundamental vibrational properties and secondary phases detection[END_REF]. The absence of bands near 234 and 250 cm -1 demonstrates the lack of both elemental Se and oxides on the film surface, respectively, which indicates excellent stoichiometry and good purity of the Sb 2 Se 3 films.PtSe 2 crystals grow in the 1T octahedral structure which is characterized by the D 3d point group symmetry. Like any other transition metal dichalcogenide, PtSe 2 exhibits layer-dependent Raman spectra. The two main Raman modes with symmetries A 1g and E g correspond to out-of-plane and in-plane vibration of Se atoms, respectively. Raman spectra of pure PtSe 2 (top spectrum) are collected by crystals grown on Si/SiO 2 substrate with pre-deposited Pt layer with minimum thickness. The E g and A 1 g peaks are observed at 178 and 207 cm -1 , respectively. Along with these two prominent vibrational peaks, a broad weak band in the area 230-235 cm -1 arises as the superposition of IR-active modes A 2u and E u . These values agree with the literature data by O' Brien et al. [62] who proposed a useful correlation among Raman spectra parameters and the thickness of the PtSe 2 layer. The wavenumber of the E g band and the band intensity ratio A 1g / E g appear as useful indicators of the film thickness. For the current spectra of pristine PtSe 2 we find E g ≈ 178 cm -1 and A 1g / E g ≈ 0.5. Based on the data provided in Ref. [62], our spectra reveal a pristine PtSe 2 film thickness up to 1.5 nm. It is worth mentioning that the optical and band alignment studies for the heterojunction in this work, refer 
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to PtSe 2 grown on the ultrathin Sb 2 Se 3 film. As far as the heterojunction is concerned, the vibrational modes of PtSe 2 , which is the top layer, dominate the Raman spectra. Due to the higher Raman cross section of PtSe 2 in comparison to Sb 2 Se 3 , and the stronger absorption of the former at the laser energy (1.96 eV), the weak intensity of Raman modes of the Sb 2 Se 3 film (underlayer) is not resolved in the spectrum. The E g and A 1g peaks appear at 177 and 207 cm -1 , respectively and the A 1g /E g intensity ratio is of about 0.6. These values for the heterojunction indicate a similar thickness of the PtSe 2 film grown on Sb 2 Se 3 , i.e. less than 1.5 nm. Slight changes in the band wavenumbers and the intensity ratio observed between the pristine PtSe 2 film on Si/SiO 2 and the heterojunction may arise from interactions of the PtSe 2 with the Sb 2 Se 3 .

Optical absorption curves were transformed to the form of Tauc plots, which can provide more insight into the character of the optical absorption. The Tauc plot has emerged as a versatile method in determining optical properties of amorphous and crystalline thin films, such as the magnitude and the type (direct or indirect) of the optical bandgap E g . In particular, the absorption coefficient, α depends on energy according to the following relations:

α = 0 f orE < E g (αhv) n = B(hv -E g ) f orE > E g
where h is Planck's constant, ν is the frequency of light, and B is a proportionality constant. The value of the exponent n is indicative of the type of the electronic transition, as it can be used to determine whether the transition is direct (i.e. negligible variation of the electron wave-vector), indirect, allowed or forbidden. Specifically, for direct allowed transitions n=2, for direct forbidden transitions n=2/3, for indirect allowed transitions n=1/2, for indirect forbidden transitions n=1/3. Considering that the allowed transitions are prevailing in the absorption processes, the typical explored cases pertain to the exponents, n=2 and n=1/2, for the direct and indirect transition, respectively. Therefore, (ahν) n is plotted against the photon energy by choosing the proper value of n that creates a linear dependence for a certain photon energy range. An extrapolation of the linear part of the absorption coefficient, intersects the energy axis at the value of the direct or indirect bandgap, E g . In a more generalized approach, the absorption coefficient is described by a combination of processes involving direct and indirect transitions, represented by the first and second terms, respectively, of Eq. 4.5, [START_REF] Fox | Optical Properties of Solids[END_REF] 

αhv = B (hv -E dir g ) 1/2 + B"(hv -E ind g ± E ph ) 2 (4.5)
where B' and B" are proportionality constants, E ph is the absorbed/emitted phonon energy, and E dir g , E ind g are the direct and indirect bands energies, respectively. Neglecting reflection from the filmâs surface, the absorption coefficient of a film of thickness d, is calculated by the measured absorptance, A=1-T-R, (where T and R stand for the transmittance and reflectance, respectively) via the relation [START_REF] Ritter | Suppression of interference fringes in absorption measurements on thin films[END_REF]:

α(cm -1 ) = 1 d ln( A T )
Despite that Sb 2 Se 3 is a material which has been thoroughly studied over the last thirty years, there are still contradictory reports in the current literature about the direct [START_REF] Chen | Optical properties of amorphous and polycrystalline Sb 2 Se 3 thin films prepared by thermal evaporation[END_REF] or indirect [START_REF] Rodriguez-Lazcano | Polycrystalline thin films of antimony selenide via chemical bath deposition and post deposition References treatments[END_REF][START_REF] Gilbert | The thermal activation energy of crystalline Sb 2 Se 3[END_REF][START_REF] Chen | Characterization of basic physical properties of Sb 2 Se 3 and its relevance for photovoltaics[END_REF] nature of the optical bandgap of this semiconductor. It has been reported that the bandgap magnitude lies (typically) in the range 1.0 -1.5 eV, while higher values (up to 1.8 eV) have also been reported. Early works on single crystals have suggested that indirect forbidden [START_REF] Kosek | Optical, photoelectric and electric properties of single-crystalline Sb 2 Se 3[END_REF][START_REF] Birkett | Band gap temperature-dependence of close-space sublimation grown Sb 2 Se 3 by photo-reflectance[END_REF] transitions are responsible for the changes of the absorption coefficient. It has also been reported in a temperaturedependent study [START_REF] Chen | Optical properties of amorphous and polycrystalline Sb 2 Se 3 thin films prepared by thermal evaporation[END_REF] that the bandgap is direct at low temperatures (5 -100 K) and indirect at high temperatures (100 -300 K). Further, representing the absorption coefficient data both with the n=1/2 and n=2 values, it has been 4.4. Photovoltaic effect for self-powered photodetection shown [START_REF] El-Shair | Optical properties of Sb 2 Se 3 thin films[END_REF] that the corresponding linear parts of each curve could provide both the indirect (1.1 eV) and direct [START_REF] Ren | Fundamental Physical Characterization of Sb 2 Se 3 -Based Quasi-Homojunction Thin Film Solar Cells[END_REF][START_REF] Ren | Structure, Morphology, and Photoelectric Performances of Te-Sb 2 Se 3 Thin Film Prepared via Magnetron Sputtering[END_REF] bandgaps of Sb 2 Se 3 . The Tauc plot shown in Fig. 4.14 (a) reveals that the n=1/2 transforms the experimental data to a better straight line than the n=2 exponent. Therefore, the indirect bandgap of Sb 2 Se 3 is estimated to be E ind g ≈ 1.05 eV, in agreement with the majority of the previous recent studies [START_REF] Chen | Characterization of basic physical properties of Sb 2 Se 3 and its relevance for photovoltaics[END_REF].

PtSe 2 , a more recently explored material, exhibits a layer-dependent bandgap as is the case of other TMDCs. However, the dependence of the bandgap on the number of monolayers for PtSe 2 , is much stronger than that observed in other typical layered dichalcogenide crystals. Bulk PtSe 2 exhibits semimetallic character (zero bandgap) whereas a semimetal-tosemiconductor transition takes place when the number of layers decreases below 3. The mono-and bi-layer have bandgaps of 1.2 (direct) and ∼ 0.2 eV, respectively [46]. A bandgap of ∼ 0.75 for the bilayer at room temperature has also been reported [START_REF] Ejehi | Graphene Oxide Papers in Nanogenerators for Self-Powered Humidity Sensing by Finger Tapping[END_REF]. Notably, there are reports about a much softer dependence of the optical bandgap on the number of layers Zhao et al. [START_REF] Zhao | Thickness-dependent ultrafast nonlinear absorption References properties of PtSe 2 films with both semiconducting and semimetallic phases[END_REF] who estimated bandgaps ranging for 0.97 to 0.57 eV when the thickness varies in the range from 2 to 8 nm. The authors assigned this unexpected finding to the coexistence of semiconducting and semimetallic for CVDgrown PtSe 2 films.

The absorption spectra (Fig. 4.14) were recorded with a Perkin-Elmer (model Lambda 900) spectrophotometer over a broad spectral range from 2800 to 350 nm. Optical spectra were also recorded repetitively from various areas of the samples, demonstrating identical spectra shapes. Figure 4.14 (b) shows the experimentally measured absorptance curves for pristine PtSe 2 and the heterojunction, Sb 2 Se 3 /PtSe 2 . The curves bear the same shape as those reported elsewhere [42] over a wide energy range. Obviously, in the case of the heterojunction, the absorption of the PtSe 2 film dominates the absorption spectrum in relation to the absorption of Sb 2 Se 3 . Using Eq. 4.5, the indirect bandgaps of these materials were found to be E ind g (PtSe 2 ) ∼ 0.30 ± 0.05 eV and E ind g (Sb 2 Se 3 /PtSe 2 ) ∼ 0.40 ± 0.05 eV. The phonon energies for PtSe 2 is too low, ∼0.02 eV, i.e. less than the error, to affect these values. Despite the discrepancies in previously reported results about the thicknessdependence of the bandgap magnitude in PtSe 2 , as stated above, the values obtained by the current study suggest that the PtSe 2 films (pristine and heterojunction) are up to 2 or 3 monolayers thick.

It is vital to know band bending and other parameters like work function (WF), ionization potentials (IP), valence band maximum (VBM) and conduction band minimum (CBM). In order to experimentally measure these values, XPS/UPS studies were performed onto the pure PtSe 2 , Sb 2 Se 3 and their heterostructure. X-ray photoelectron spectroscopy was performed 4.4. Photovoltaic effect for self-powered photodetection in UHV (P ∼ 5×10 -10 mbar) system equipped with a hemispherical electron analyzer (SPECS, Phoibos 100-1D-DLD) and a non-monochromatized dualanode Mg/Al x-ray gun. The spectra were recorded with MgKa at 1253.6 eV photon energy and an analyzer pass energy of 10 eV giving a Full Width at Half Maximum (FWHM) of 0.85 eV for Ag3d5/2 line. The analyzed area corresponds to a spot of ∼ 3 mm diameter. For spectra collection and treatment, including fitting, the commercial software SpecsLab Prodigy (by Specs GmbH, Berlin) was used. The XPS peaks were fitted by decomposing each spectrum into individual mixed Gaussian-Lorentzian peaks after a Shirley background subtraction. The atomic ratios were calculated from the intensity of the XPS peaks divided by the appropriate relative sensitivity factors derived from the Scofield cross-section taking into account the electron transport properties of the matrix, and the energy analyzer transmission function characteristics. Ultra-Violet photoelectron spectroscopy (UPS) measurements were performed in UHV from a UV source (model UVS 10/35), using HeI irradiation (hν =21.22 eV) with the analyzer operating at the Constant Retarding Ratio (CRR) mode, with CRR=3. The work function (WF) and the Valence Band Maximum cut off (VBM) were directly estimated by the UPS spectra, by linear extrapolation of the high and low energy cutoffs to the baseline and determining their intersections with the binding energy axis. For the WF determination a bias of ∼12.30 V was applied to the sample in order to avoid interference of the spectrometer threshold in the UPS spectra.

XPS and UPS have been employed to investigate the energy band alignment at PtSe 2 /Sb 2 Se 3 heterojunction with a focus on the estimation of the valence band offset (VBO) ∆E V , and the conduction band offset, ∆E C . The ∆E V can be derived based on a method by Kraut et al. [START_REF] Kraut | Precise Determination of the Valence-Band Edge in X-Ray Photoemission Spectra: Application to Measurement of Semiconductor Interface Potentials[END_REF], using the core level (CL) energy spectra of the related atoms, whereas ∆E C is estimated using the energy bandgaps calculated from the Tauc plots [START_REF] Shiel | Natural Band Alignments and Band Offsets of Sb 2 Se 3 Solar Cells[END_REF]. To apply the Kraut method the binding energy of the core levels and the valence band maximum (VBM) must be measured for the two neat materials and their heterojunction. The overlayer materials of the heterojunction must be thin enough to allow the penetration, through this layer, of the photoelectrons arising from the underneath film. Therefore, XPS peaks from both layers need to be resolved in a single measurement. According to the Krautâs method ∆E V is defined as: The band structure of the interface is of great importance for the functionality of a device built with this heterojunction. The above analysis demonstrates that the PtSe 2 /Sb 2 Se 3 heterojunction exhibits band alignment of type II at the interface, exhibiting a staggered gap. It is well known, that in their majority van der Waals heterojunctions exhibit type II band alignment [START_REF] Zheng | Rational design of type-II nanoheterojunctions for nanoscale optoelectronics[END_REF]. Such heterojunction structure implies that after the photo- generation of charge carriers, electrons and holes move towards opposing direction through the interface, engendering a built-in electric field due to the spatial separation. Indeed, when the interface is formed, electrons will flow from the material with the higher E F (Sb 2 Se 3 ) to that of the lower E F value (PtSe 2 ), which will create a built-in voltage. Such charge distribution is essential for photodetectors, photovoltaics and other optoelectronic devices, where the control over charge carriers critically affects device performance. It should be noted that an ultrathin layer of Sb 2 O 3 is sandwiched between the capping layer of PtSe 2 and the Sb 2 Se 3 underlayer film. As discussed above, this oxide layer is formed due to the exposure of as-prepared Sb 2 Se 3 films to the ambient environment and the high proclivity of this material to oxidation. The presence of the oxide has been investigated in detail by Shiel et al. [START_REF] Shiel | Band alignment of Sb 2 O 3 and Sb 2 Se 3[END_REF] who studied the band alignment of Sb 2 O 3 and 4.4. Photovoltaic effect for self-powered photodetection Sb 2 Se 3 . The influence of native oxides due to air exposure was compared with intentionally deposited Sb 2 O 3 films. Negative valence band offset was observed for both the air-exposed and the intentionally deposited oxides. The difference in values was attributed to various factors including the polycrystalline vs. single crystal structure and the thickness of the oxide layers. On the same direction, Fleck et al. [START_REF] Fleck | How Oxygen Exposure Improves the Back Contact and Performance of Antimony Selenide Solar Cells[END_REF] studied the effect of oxides, grown due to air exposure, on the time-dependent performance of photovoltaic devices. Interestingly, the presence of ultrathin layers of oxide, through which holes can tunnel, results in enhanced device performance in comparison to Sb 2 Se 3 samples stored in vacuum. The oxide over layer (∼ 1 nm) creates Se-rich Sb 2 Se 3 underlayers that in turn assist efficient performance, although thicker oxide layers can be detrimental for the devices. In this regard, our findings demonstrate that the PtSe 2 overlayer provides shielding preventing further oxidation. At the same time, the thin oxide layer present at the interface between PtSe 2 and Sb 2 Se 3 is beneficial for PV devices, albeit detailed device study is necessary before drawing solid conclusions. In such type II heterojunctions, light absorption can be extended to longer wavelengths in relation to the absorption edges of the individual components. The van der Waals epitaxy between PtSe 2 and Sb 2 Se 3 permits the unstrained growth of one material on top of the other even if their lattice parameters do not perfectly match, as is the case of these materials, i.e. 3.98 Å (Sb 2 Se 3 ) and 3.75 Å (PtSe 2 ). The van der Waals epitaxy of 2D materials arises from their fairly chemically inert surfaces and can significantly reduce the strict requirements for lattice matching in epitaxial growth. The lack of an appreciable fraction of dangling bonds decreases the covalent bonding of the epilayer atoms. Overall, the van der Waals epitaxy benefits from the strain-free growth and the proper rotational alignment among the two materials. It should also be emphasized that irrespective of the growth method, i.e. selenization of a Pt ultrathin film, or other growth method of the Sb 2 Se 3 /PtSe 2 systems, the bonding characteristics of the heterojunction between two materials with âinertâ outer surfaces, will be similar, because it 4.5. Conclusion will be ultimately dictated by the van der Waals interactions. From a device perspective, this is important because the constrain of a truly epitaxially grown interface can be lifted.

∆E V = (E P tSe 2 CL -E P tSe 2 V BM ) -(E

Conclusion

In summary, we have presented a detailed comparison between the electrocatalytic properties of Pt and PtSe 2 films of varying loading, to explore their role as CEs in DSSCs. Pt films were deposited on FTO substrates using a potentiostatic electrodeposition procedure for various deposition times and their electrocatalytic properties against the I -/I 3-redox couple were evaluated. It was found out that the deposition time, besides Q P t and the coverage fraction of the substrate, also affects the morphology of the deposited Pt nanostructures. For low loading of Pt (50 and 100 s of electrodeposition) nearly spherical NPs with sizes ranging from few tens of nm up to nearly 350 nm are formed. A correlation between their size and their electrocatalytic performance was found, where NPs with size above 150 nm exhibited a better performance than smaller NPs. For higher Pt loading (200 and 400 s of electrodeposition) the films develop a morphology dominated by structured particles in the form of flower-like structures, while small NPs can also be found dispersed on the substrate. The increased value of the electrochemically active surface area, in this case, resulted in a significant increase of the current density, J peak , an improved reaction rate and a higher diffusion coefficient. As expected, the enhancement of all these parameters, contributed to the optimization of the photovoltaic performance of the DSSCs employing these films as CEs. An overall increase by nearly 20% in PCE value was achieved, by properly selecting the electrodeposition time. Growth of PtSe 2 layers with good homogeneity and conformal coverage of the Pt surface, took place by selenization at a low temperature. XPS and Raman data provided information about the PtSe 2 film thickness, ranging from a few-layers to several (more than 10) layers. An enhanced surface 4.5. Conclusion roughness was observed after the growth of PtSe 2 layers, leading to the exposure of more catalytically active sites, while a more facile electron transfer is expected, due to the lower values of the R CT and of the work function. In all cases, their electrocatalytic performance against the I -/I 3-redox couple is evidently better than that of the bare Pt electrodes with the corresponding loading. As a result, the DSSC with the sPt-50 CE exhibited not only much higher PCE (9.5 ± 1.2 %) compared with a device with the Pt-50 CE (7.7 ± 0.2 %), but also slightly better than that of the DSSC prepared with the Pt-200 CE, which has three times higher Q P t (9.18 ± 0.21 %). In conclusion, we have proposed a PtSe 2 -based CE for DSSCs as an alternative solution to achieve similar or higher PCE than that offered by bare Pt CEs, using however, much lower Pt loading. The overall process is simple and scalable, as it is based on short time electrodeposition and low-temperature selenization of the Pt films. Besides offering improved PCE with lower Pt loading the PtSe 2 -based CEs can also overcome shortcoming exhibited by Pt electrodes under harsh environments.

A van der Waals heterojunction of PtSe 2 /Sb 2 Se 3 was prepared in a direct way that does not necessitate the transfer of any of these materials. Ultrathin Pt films were evaporated onto Sb 2 Se 3 films and were selenized at low temperature to prepare crystals of high purity and crystallinity. The heterojunction was investigated by Raman spectroscopy, optical absorption and XPS/UPS. Raman spectra revealed the successful growth of few layer (less than 3) PtSe 2 , which was confirmed by optical absorption, resulting in indirect bandgaps for both the PtSe 2 and the PtSe 2 /Sb 2 Se 3 heterojunction, namely ∼ 0.30± 0.05 eV and ∼ 0.40± 0.05 eV, respectively. The combination of XPS and UPS data enable the construction of the band structure diagram for the PtSe 2 /Sb 2 Se 3 heterojunction interface, which was found to be of type II. Due to the particular attention paid to Sb 2 Se 3 over the last years in the field of photovoltaics owing to its enhanced absorption, the fact that PtSe 2 /Sb 2 Se 3 heterojunction exhibits type-II behavior is essential. Indeed, type-II heterojunctions are currently under scrutiny because they 4.6. Perspective offer enhanced charge separation between the carriers which is beneficial to develop high performance optoelectronic devices. Further, the current study has shown that the PtSe 2 overlayer acts as a barrier layer eliminating the oxidation of the very sensitive to ambient condition Sb 2 Se 3 underlayer. The handy benefits provided by the particular heterojunction between materials of different dimensionality, i.e. 2D/PtSe 2 -1D/Sb 2 Se 3 , may pave the way for a rational design in the field of trans-dimensional heterostructures.

In a line, PtSe 2 is indeed an emerging TMD for applications in photovoltaic applications like DSSC and self-powered broadband photo-detection based on type II heterostructure.

Perspective

• Photo-voltaic devices : Based on the optic and electronic properties of the noble metal dichalcogenide explored in this part of the work, there is interest to extend our research efforts towards capitalizing the merits of this material, through the preparation and evaluation of PV devices based on the Sb 2 Se 3 /PtSe 2 heterojunction.

• In-situ heterostructure synthesis and device fabrication :

Because PtSe 2 is actually a newcomer into the 2D materials family, in comparison to other TMDs such as MoS 2 , WS 2 , etc., there is plenty of room to fully explore its potential in various areas. For example, in-situ deposition of Pt layer onto as-prepared Sb 2 Se 3 taking place inside the growth chamber, followed by selenization can potentially lead to the development of a method that suppresses oxidation of the underlayer. The success of such a process will have far-reaching implications partly because complete procedure takes place at low temperatures. This will allow to prepare similar heterostructures onto flexible substrates, e.g. polymers like Kapton. This would pave the way for developing novel devices for flexible photovoltaics and Chapter 5

Summary and Outlook

As an epilogue, this short chapter summarizes the work presented in the Ph.D. Thesis and discusses potential directions for future developments on the most prospective and mature results.

As has become evident from the previous chapters, the current Thesis has been an endeavor in the world of various types of 2D materials, including graphene and other TMDs crystals. The main concern has been focused on the development of methods for the synthesis of high-quality crystals, paying particular attention to ensure that these methods will be simple, facile, environmentally friendly and most importantly, scalable to large area production and compatible with current technological platforms. Based on the particular properties of the 2D materials grown, selected applications of in energy conversion devices has been explored. In summary, the main achievements of the current Ph.D. Thesis include:

• The development of an innovative method for transfer-free graphene growth : A laser-assisted method (named LEST) was developed through which one can simultaneously achieve the synthesis and transfer of graphene flakes onto any desired substrate. The whole process takes place in ambient atmosphere, which renders the process simple and user friendly. With the help of a digital technology, such as laser irradiation, graphene can be deposited in predetermined patterns. This will help in single step fabrication of in-plane graphene electrodes, capacitors and various sensors. With this technique, careful selection of precursors can tune the final product, e.g., laser-irradiation of polyimide results in pure graphene whereas replacing the pre-cursor with polyimide having a coating of silicone adhesive yields graphene with SiO x nanocomposites. Finally, the properties of the LEST graphene-related materials were examined with various characterisation techniques and was found that LEST graphene is characterized by superior quality amongst various laser-grown graphene-like materials reported in the literature. An international PCT patent was filed based on the LEST technology.

• The successful implementation of self-powered tactile-sensing based on triboelectric nanogenerators : LEST graphene-related electrodes were directly deposited onto various polymers, such as Teflon (PTFE) and polydimethylsiloxane (PDMS), as proof-of-concept of compatibility of LEST technique with temperature-sensitive materials. The efficiency of LEST electrodes as charge collectors in TENG devices was compared in relation to traditional metals. The LEST Gr/SiO x electrode was found to outperform every other electrode. The lower work function, porous nature, conformal deposition of graphene onto the tribomaterials surface and the presence of dielectric SiO x nanoparticles, are the main parameters for enhancement. The output power density of the TENG device using the Gr/SiO x electrode is higher by one order of magnitude in comparison to commonly used gold electrodes. Further, self-powered tactile sensors working with the TENG principles, were prepared using PDMS as the tribolayer and LEST graphene the electrode material. These single electrode TENG devices exhibited lowest internal impedance ∼ 3 MΩ. Having lower internal impedance, sensors are important for real world applications.

• The development of PtSe 2 counter electrodes (CE) outperforming Pt in DSSC : Counter electrodes are a vital component of the whole dyesensitized solar cells (DSSCs) device structure. Platinum is considered as the benchmark material for the iodide/triiodide redox reactions and for efficient charge collection. There have been numerous attempts to replace Pt with other cheaper materials, but surprisingly there have been no reports examining the role of PtSe 2 as a CE. In this Thesis we prepared PtSe 2 films by soft selenization of pre-deposited ultrathin Pt films on FTO substrates. We systematically studied the relation between Pt deposition time (and hence the morphology of Pt nanoparticles) and the efficiency of the CE. It was found that the nanoflowers of Pt (deposition time 200s) perform better than the nanoparticles (deposition time 50s) due to a larger fraction of catalytically active sites. Though, this enhancement is no proportional with the deposition time.

An interesting finding is that the selenisation of any pre-deposited amount of Pt (to form PtSe 2 ) in all cases resulted in better performance in relation to the CE of the bare Pt. Moreover, the PtSe 2 prepared by selenization of Pt(deposition time 50s) exhibit similar performance as that of bare and selenised Pt with 200s deposition. In the light of these findings, we suggest that by a simple additional step of soft slenisation, the amount of Pt being used can be reduced without compromising the efficiency of DSSC.

• The fabrication of a trans-dimensional PtSe 2 /Sb 2 Se 3 heterojunction for optoelectronic applications: The heterojunction between two materials brought into contact, for example in the form of vertical van der Waals heterostructures, exhibit interesting features offering novel functionalities to devices stimulated by light. We studied in this Thesis, an investigation of the optical and electronic properties of the heterojunction formed between Sb 2 Se 3 , a material with promising role in photovoltaics characterized by 1D topology (ribbons) and an emerging 2D material, PtSe 2 , exhibiting unique optical properties for photoelectronics and photonics. The controlled growth of PtSe 2 on Sb 2 Se 3 underlayer took place using a transfer-free process by low temperature selenization of 1-2 nm Pt films thermally evaporated on Sb 2 Se 3 ultrathin substrates. XPS data analyzed in the context of the Kraut method, provided an estimate for the band offsets at the interface. The valence band offset and the conduction band offset of the PtSe 2 /Sb 2 Se 3 heterojunction was found to be -0.25eV and 1.0eV, respectively, indicating a type-II heterojunction. The ultrabroad optical absorption of the heterojunction and the protection offered by PtSe 2 to Sb 2 Se 3 , against oxidation of the latter, render this particular heterojunction a robust candidate for applications in photovoltaics.

Finally, the current study of a heterojunction between materials of different dimensionality, may pave the way for a rational design in the field of trans-dimensional heterostructures.

The results of the current Ph.D. Thesis, as summarized above, can be the starting point for a number of prospective developments and applications in a number of areas. We have already commenced in the laboratory a number of investigations to exploit the potential of the processes developed.

In brief, possible extensions of this work include:

• Laser-assisted doping of graphene with heteroatoms and single-step preparation of graphene-based nanohybrids : The development of a simple (chemicals-free) process to control doping in graphene with various types of heteroatoms, would have strong impact in developing functional materials for various classes of applications. Based on the single-step graphene synthesis and transfer (LEST technique), we have already explored the results of decomposing various types of precursors. In particular, we have placed the emphasis on F-containing polymers, whose laser-assisted decomposition can result in F-doped graphene. Preliminary results provided by XPS/UPS suggest successful controlled doping of fluorine in graphene and the modification of the graphene's work function. Currently, attempts to dope graphene with N is implemented via a simultaneous decomposition of carbon precursors and urea. The graphene-doped is materials will be characterized as gas sensors. As an extension of this work, plan include the simultaneous decomposition of two precursors to obtain graphene-based nanohybrids, where graphene flakes will be decorated by nanoparticles, either metal oxides, or TMDs.

• Development of self-powered flexible/wearable sensors using LEST graphene electrodes : The development of a simple and scalable method to deposit high-quality graphene on various substrates, including textiles, is the basis for the development of flexible e-textiles with the specific functions of wearable power supplying and selfpowered sensing. We plan to explore novel ideas and materials engineering to achieve e-textile fabrication, by incorporating TENGs configurations to sustainably convert biomechanical energy (friction, vibration, tactile and body motion, etc.) to electricity. Energy storage devices, in the form of flexible supercapacitors, will be coupled to TENGs acting as energy reservoirs to provide on-demand battery-less charging to wearable devices and sensors. All-in-one self-charging power textiles with integrated electronic systems will provide a human-bodycentric technology and interface of the user to the IoT by wireless transmission of sensors' signals.

• Exploit the merits of trans-dimensional heterojunction devices : The excellent electronic and photonic properties of the PtSe 2 /Sb 2 Se 3 heterojunctions explored in this Ph.D. Thesis open the road for the preparation of devices based on such heterojunctions. In particular, the protection offered by PtSe 2 overlayer to Sb 2 Se 3 against oxidation, may be a strong advantage for the photovoltaics applications of Sb 2 Se 3 which have gain ground over the last decade. Finally, soft (low-temperature) chalcogenisation of other, in-situ deposited, transition metals onto the Sb 2 Se 3 films can also explored as a method suitable to form vertical heterostructures. Efforts will be extended to prepare various types devices based these heterostructures. Abstract : The current Thesis has been an endeavor in the world of various types of 2D materials, including graphene and other TMDs crystals. The main emphasis has been placed on the development of methods for the synthesis of high-quality crystals, paying particular attention to ensuring that these methods will be simple, environmentally friendly, and most importantly, scalable to large area production and compatible with current technological platforms. Based on the properties of the 2D materials grown, selected applications in energy conversion devices have been explored. Laser-mediated explosive synthesis and transfer technique developed to directly prepare graphenebased electrodes on various polymers. Selfpowered tactile sensors, operating on the principle of triboelectric nanogenerators (TENG) with a very low internal impedance were developed. PtSe2, a newcomer in the family of TMDs, was prepared by low-T selenization of pre-deposited Pt particles and was found to that outperform neat Pt as a counter electrode in dye-sensitized solar cells. Further, heterojunctions of type-II were fabricated by vertical stacking of 2D PtSe2 on top of the 1D Sb2Se3 material. The junction has the potential to serve as a self-powered photodetector over a broadband region.

Figure 1 -

 1 Figure 1 -Irradiation geometries for forward and backward LEST graphene deposition.

Figure 1 :

 1 Figure 1 : Irradiation geometries for forward and backward LEST graphene deposition Le schéma (1A) illustre un exemple d'un processus LEST direct. La source cible est un film semi-transparent (en ce qui concerne la longueur d'onde laser incidente) comprenant le matériau CS. Le graphène est déposé sur le substrat accepteur (AS). Le schéma (1B) illustre un exemple dans lequel une couche CS a été pré-déposée sur la face arrière d'un substrat transparent (TS). Le graphène est déposé sur le substrat accepteur (AS). Le schéma (1C) illustre un exemple d'un processus LEST vers l'arrière où le faisceau laser passe librement à travers le TS et atteint le film CS. Le matériau de graphène est collecté sur le côté du TS faisant face au CS, tandis que le TS joue également le rôle de l'AS.

Figure 2 -

 2 Figure 2 -Representative Raman spectra of the pristine films and the heterojunction. The top spectrum stands for the pristine PtSe 2 film grown on Si/SiO 2 . Multiplicative factors, for better visualization of the spectra for PtSe 2 and ultrathin Sb 2 Se 3 , are applied to raw data.

Figure 3 -

 3 Figure 3 -(a) Energy level positions determined by XPS for PtSe 2 and Sb 2 Se 3 , showing electron affinity (EA) and ionization potential (IP) of each material. (b) band alignment of the interface between PtSe 2 and Sb 2 Se 3 based on the Kraut's method. (c) Schematic band structure diagram for the PtSe 2 /Sb 2 Se 3 heterojunction. For clarity, the energy levels are not shown in scale.
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 11 Figure 1.1: Bell's timeline of computer classes

Figure 1 . 2 :

 12 Figure 1.2: Michigan Micro Mote balanced on penny and three variations of it for sensing temperature, pressure and imager.

Figure 1 . 5 :

 15 Figure 1.5: Different stacking structures for fewlayer Bernal (ABAB), rhombohedral (ABCABC) and turbostratic (ABCB) graphene[10] 

Figure 1 . 6 :

 16 Figure 1.6:The transition metals and the three chalcogens exhibiting layered structure are highlighted in periodic table. Tansition metals that selectively crystallise in layered structure are framed[10] 

1. 2 .

 2 Layered materials : Basics TMDs are sorted in Fig. 1.8.

Figure 1 . 7 :

 17 Figure 1.7: Schematic of the structural polytypes of TMDs namely 1T (tetragonal symmetry), 2H (hexagonal symmetry) and 3R (rhombohedral symmetry). Spatial position of chalcogens is represented by the solid yellow triangles[10] 

1. 2 .

 2 Layered materials : Basics materials and possible applications in vastly different fields. Of course, this is possible owing to the change in properties of TMDs while transforming the material from bulk to monolayer. The semiconductor multilayer MoS 2 has an indirect band gap of 1.3 eV, while exfoliation leads to bandgap opening, which in the case of monolayer becomes direct with magnitude of ∼ 1.8 eV [22].

Figure 1 . 8 :

 18 Figure 1.8: 44 different MX 2 compounds exhibiting possible 2H and/or 1T phase.TMDs with grey color are unstable in both the phases[10] 
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 21 Figure 2.1:The range of synthesis techniques for large scale production of graphene depending on the flake size, quality and price[6] 
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 23 Figure 2.3: Basic laser parameters.[28, 32] 
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 983 Laser-mediated Explosive Synthesis and Transfer (LEST)

Figure 2 . 4 :

 24 Figure 2.4: Irradiation geometries for forward and backward LEST graphene deposition.

Figure 2 . 5 :

 25 Figure 2.5: Top : polymer structure of Polyimide, Bottom : Optical images of LEST graphene deposited on four typical substrates.

Figure 2 . 6 :

 26 Figure 2.6: FE-SEM images of (a) graphene and (b) graphene/SiOx nanohybrids deposited on PDMS. FE-SEM images of (c) graphene (d) graphene/SiOx nanohybrids, deposited on carbon fiber paper and (e) Cross-sectional SEM images of LEST-F-74 on glass slide.

103 2. 3 .

 1033 Laser-mediated Explosive Synthesis and Transfer (LEST) of C/O in PI foil and tape, but the N1s peak is present only in foil. The presence of Si and the absence of N1s in PI tape can be explained due to the fact that spectra were recorded from the side of PI tape where ∼ 35 µm thick silicone adhesive is deposited. The C1s XPS peak of the Kapton foil, Fig. 2.8 (a), is analyzed into four components assigned to C-C sp 2 , C-C sp 3 , C-N / C-O and C=O bonds. The binding energies and the relative concentration of these components are shown in Fig. 2.8 and table 2.1, respectively. The N1s peak, Fig. 2.7 (b), centered at 400.6 eV, is assigned to N-C bonds [54]. The Si2p XPS peak of the silicone adhesive (Kapton tape), Fig. 2.8 (b), is analyzed into two components assigned to C-Si-O [55], and to SiO 2 species [58]. The C1s peak (Fig. 2.7 (c)), consists of one peak at 284.5 eV characteristic of carbon bonding in PDMS [55].

Table 2 . 1 :

 21 XPS data of the precursors, PI (foil) and PI/silicone (tape). Survey spectra of the laser-assisted decomposed products, LEST-F-74 and LEST-T-74, are shown in Fig. 2.8 (c). The almost complete absence of

Figure 2 . 7 :

 27 Figure 2.7: (a) Survey scan of the two precursors, PI and PI/silicone, (b) N1s XPS peak of the PI precursor. (c) C1s XPS peak of silicone-based adhesive layer on Kapton tape and table summarising % relative atomic concentration of C, O, N, and Si derived from the XPS analysis of the two precursor materials [PI (foil) and PI/silicone (tape)].

Figure 2 . 8 :

 28 Figure 2.8: Analysis of XP spectra of (a) C1s from neat PI and (b) Si2p from the silicone adhesive. (c) Survey scans of the laser-assisted produced graphene and graphene/SiO x materials. Analysis of XP spectra of the C1s peak of (d) graphene and (e) graphene/SiO x . Analysis of the Si2p component of the graphene/SiO x nanohybrid.

Figure 2 . 9 :

 29 Figure 2.9: Raman spectra of (a) graphene grown on front and back side of Kapton foil in the course of a single irradiation step, and (b) graphene grown by LEST for the foil and tape precursors (fluence: 74 J cm -2 ). (c) Lorentzian line fitting of a Raman spectrum; the inset shows in magnification the spectral area of the turbostratic peaks. (d) Sheet resistance of graphene and graphene/SiO x transferred onto glass and PDMS substrates. For comparison R s for graphene grown on Kapton foil is also presented.
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 210 Figure 2.10: Raman spectra of (a) LEST-foil and (b) LEST-tape for different fluence values.

Figure 2 .

 2 Figure 2.11: (a) and (b) HR-TEM images of graphene from PI foil (c) Low magnification, (d) HR-TEM images of graphene/SiO x from PI tape (e) HR-TEM image of graphene with FFTs of corresponding green areas (d002 ∼ 0.344-0.364 nm).
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 23 Laser-mediated Explosive Synthesis and Transfer (LEST) of the few-layer graphene.

Figure 2 .

 2 Figure 2.12: X-ray diffractogram of LEST-F-74 deposited on Zn foil (the asterisks denote Zn Bragg peaks; the vertical red dash line and green dash/dot line represent the (002) and (003) peaks of 2H-graphite and 3R-graphite, respectively

Figure 2 . 13 :

 213 Figure 2.13: Representative Raman spectra and FE-SEM images of various classes of carbon source materials, i.e. phenol-based thermosetting resins, and in particular a mixture of resorcinol and furfural, and biomass-derived products, e.g. homogenates of raisins

Figure 2 . 14 :

 214 Figure 2.14: Representative UPS/Valence Band Maximum spectra for bare FEP coated polyimide and the fluorine doped graphene produced for different incident voltages. The associated data regarding content of fluorine, carbon, oxygen and corresponding work function values are tabulated.
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 1 Tribo-electric nanogenerator ments in materials processing and characterization this field resurfaced in the pioneering works by the group of Prof. Zhong Lin Wang (Georgia Tech University, USA) who published the first paper on flexible Tribo-electric nanogenerator in 2012[2].

Figure 3 . 1 :

 31 Figure 3.1: Timeline of major developments in the history of tribo-electric charging. Image credits Ref. [3].

Figure 3 . 2 :

 32 Figure 3.2: Left: basic schematic design of a TENG device. Right: Corresponding equivalent circuit model describing the TENG device

Figure 3 . 4 :

 34 Figure 3.4: Schematic representation of working principle for contact separation mode.

Figure 3 . 5 :

 35 Figure 3.5: Representative triboelectric series from Ref. [13] that explored electron affinities of some of the oxide dielectric materials.

Figure 3 . 6 :

 36 Figure 3.6: Electron cloud model with subsequent potential well demonstrating mechanism of tribo-electrification between tribo-materials A and B at different stages : (a) before-contact (b) in-contact (c) after-contact and (d) temperature dependent electron emission. Image credit [16].

Figure 3 . 7 :

 37 Figure 3.7: Combination of Al and Cu electrodes with teflon and glass as tribomaterials and their corresponding open circuit volatge, V OC .

Figure 3 . 8 :

 38 Figure 3.8: Schematic of experiments performed utilising various metallic and LEST electrodes on teflon (keeping Cu electrode constant onto glass) with corresponding open circuit voltage and the work functions listed in accompanying table.

Figure 3 . 9 :

 39 Figure 3.9: Work function and valence band maximum (VBM) for Gr and Gr/SiO x electrodes.

Figure 3 .

 3 Figure 3.10: UPS spectra and WFs of 50 nm thick sputtered/evaporated typical metals (gold, molybdenum, tungsten, copper and aluminium).

Table 3 . 1 :

 31 List of electrodes used in this work (graphene-based and typical metals sputtered/evaporated of 50 nm thickness, along with their WFs measured by UPS and the maximum power density of the corresponding TENG devices.

Figure 3 . 11 :

 311 Figure 3.11: Schematic of experiments performed utilising various metallic and LEST graphene electrodes on teflon (keeping Cu electrode constant onto glass) with corresponding open circuit voltage and the work functions listed in Table 3.1.

Figure 3 .

 3 Figure 3.12: (a) Train pulses of the Voc obtained by TENGs constructed with various metallic and LEST graphene electrodes on teflon (keeping the same Cu/glass combination the saem for all cases). (b) Correlation between the WF and the outpower density of the various devices, in regard to the electrode material WF.

Figure 3 .

 3 Figure 3.14: (a) Schematic of the structure of the single-electrode TENG device. (b), (c) V OC generated during contact and separation of PDMS with human skin with graphene and graphene-SiO x nanohybrid as electrode, respectively. (d), (e) Output voltage and short circuit current (I SC ) generated upon different external load resistors. (f) Output power density of the TENG devices as a function of the load resistance.
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 315 Figure 3.15: As prepared PDMS with LEST electrode TENG device stored in ambient atmosphere over few months can light at least eight green LEDs with gentle finger tapping.
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 316 Figure 3.16: TENG modes for optimised energy harvesting from water droplets
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 41 Figure 4.1: Dye-sensitize Solar Cell (DSSC) device structure and mechanism involved [3]

Figure 4 . 2 :

 42 Figure 4.2: (a) Applied potential and current density variation, and calculated Pt charge density (Q P t ) during a typical potentiostatic electrodeposition procedure, (b) Variation of deposited Pt charge density (Q P t ) with the electrodeposition time.

Figure 4 . 3 :

 43 Figure 4.3: Left: SEM images for electrodeposited Pt films on a FTO substrate for different times: (a) 50s, (b) 100s, (c) 200s and (d) 400s Right : SEM images for electrodeposited Pt films on a FTO substrate, after selenization, for: (e) 50s, (f) 100s, (g) 200s and (h) 400s

  . 4.3 (c)-(d) and Fig. 4.5 (c)-(d)). The observed morphology evolution from nearly spherical to flower-like structures is expected to enhance further the electrocatalytically active surface area. Evidently, the coverage fraction of the FTO substrate increases in a sublinear way vs. the electrodeposition time, as shown in Fig. 4.5. Selenization engenders enhanced surface roughness of the Pt nanostructures (NPs and nanoflowers) in all films prepared by various deposition times, as shown in Fig. 4.3. Especially, as deposition time increases, vertical growth of PtSe 2 layers is more probable due to the increased thickness of the predeposited Pt films, as stated in [59, 60].

Figure 4 . 4 :

 44 Figure 4.4: Pt NPs size distributions for Pt-50 and Pt-100 films shown in Fig. 4.3. The statistical analysis was performed on areas of 7.6 × 5.2 µm 2 and 2 × 1.3 µm 2 , respectively.

Figure 4 . 5 :

 45 Figure 4.5: Estimation of surface coverage of the FTO substrate using SEM images shown in Fig. 4.3 for a Pt-50 film (a), a Pt-100 film (b), a Pt-200 film (c) and a Pt-400 film (d), (e) variation of surface coverage with the deposited Pt charge density (Q P t ).
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 46 Figure 4.6: Top: Pt4f-Se3d Spectral window with the deconvoluted Pt4f and Se3d core level peaks of sPt-50 and sPt-200 samples Bottom : Pt:Se relative atomic ratios in tabular form, Se component concentration of sPt-50 and sPt-200 samples.

Table 4 . 1 :

 41 Pt:Se relative atomic ratios, Se component concentration of sPt-50 and sPt-200 films. homogeneity of the selenized films, several Raman spectra were collected from each sample, which exhibited almost identical spectra. Typical Raman spectra for each of the selenized films are presented in Fig. 4.7. The A 1g peak wavenumber varies in the range 205-207 cm -1 among the various samples.

Figure 4 . 7 :

 47 Figure 4.7: Raman spectra of selenized Pt films prepared by different deposition times. The Raman bands are assigned to the PtSe 2 bands with symmetries A 1g and E g

Figure 4 . 8 :

 48 Figure 4.8: Typical CVs of electrodeposited Pt electrodes prepared for different deposition times, before (a) and after selenization (b) (scan rate: 20 mV/s). Peak current density for triiodide reduction (c) and peak-to-peak potential values (d).
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 3 PtSe 2 : Counter electrode for DSSC R CT = RT nF J 0 (4.1)

Figure 4 . 9 :

 49 Figure 4.9: (a) Nyquist plots and (b) Tafel polarization curves of bare Pt and PtSe2 electrodes with t dep = 200s and bottom parameters obtained by Tafel and EIS analysis (t dep = 200 s) in tabular form.
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 2 Parameters obtained by Tafel and EIS analysis.

4. 3 .

 3 PtSe 2 : Counter electrode for DSSC the sPt-50 electrodes have a comparable performance with the Pt-200 electrodes (Fig. 4.8 (c)-(d)), even though Pt loading is three times smaller (Fig. 4.3 (b)). Therefore, then we have focused on the properties of Pt-50, Pt-200 electrodes and their selenized counterparts, i.e., sPt-50 and sPt-200, before using them as CEs in DSSCs.

Figure 4 . 10 :

 410 Figure 4.10: Typical CVs of electrodeposited Pt electrodes prepared for two different deposition times, (a) 50 s and (b) 200 s at different scan rates, (c) Variation of peak current densities against the square root of the scan rate, (d) Plot of 100 consecutive scans of electrodeposited Pt electrodes prepared for two different deposition times, (d) 50 s and (e) 200 s, (f) Variation of peak current density for triiodide reduction with the number of cycles.

Figure 4 . 11 :

 411 Figure 4.11: Typical CVs of selenized electrodeposited Pt electrodes prepared for two different deposition times, (a) 50 s and (b) 200 s at different scan rates, (c) Variation of peak current densities against the square root of the scan rate, (d) Plot of 100 consecutive scans of electrodeposited Pt electrodes prepared for two different deposition times, (d) 50 s and (e) 200 s, (f) Variation of peak current density for triiodide reduction with the number of cycles.

Figure 4 .

 4 Figure 4.12: J-V curves of best performing DSSCs with (a) Pt counter electrodes and (b) PtSe 2 counter electrodes, (c) typical plots of -dV/dJ vs (J SC -J) -1 for the determination of the series resistance, (d) J-V curves under dark conditions.

  3) indicates a decreased value of the charge transfer resistance at the CE/electrolyte interface, as expected also from the variation of the E pp 4.3. PtSe 2 : Counter electrode for DSSC values (Fig. 4.8 (d)), improving FF [55, 70].

Figure 4 . 13 :

 413 Figure 4.13: Representative Raman spectra of the pristine films and the heterojunction. The top spectrum stands for the pristine PtSe 2 film grown on Si/SiO 2 . Multiplicative factors, for better visualization of the spectra for PtSe 2 and ultrathin Sb 2 Se 3 , are applied to raw data.

Figure 4 .

 4 Figure 4.14: (a) Tauc plot (ahv) 1/2 vs. energy for the Sb 2 Se 3 pristine film. (b) Absorptance curves for pristine PtSe 2 and the Sb 2 Se 3 heterojunction. (c) Tauc plot (ahv) 1/2 vs. energy for the PtSe 2 pristine film. (d) Tauc plot (ahv) 1/2 vs. energy for the Sb 2 Se 3 / PtSe 2 heterojunction. The dashed lines represent best fits to the linear parts of the experimental data.
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 3 BM correspond to the core level BE (Sb3d 5/2 ) with respect to the VBM of the underlying Sb 2 Se 3 and ∆E CL represents the BE separation of two core levels from materials Sb 2 Se 3 and PtSe 2 for the heterojunction. The conduction band offset (CBO) ∆E C , is calculated as: ∆E C = E Sb 2 Se 3 g -E P tSe 2 g -∆E V (4.7) XPS analysis of the ultrathin Sb 2 Se 3 film (∼ 3 nm) reveals the presence of an oxide overlayer Sb 2 O 3 as shown in Fig. 4.15 (a) [100].

Figure 4 .

 4 Figure 4.15: (a) Deconvoluted Sb3d peaks and valence band maximum of the ultrathin Sb 2 Se 3 film deposited on BK7. (b) Deconvoluted Sb3d peaks of a freshly selenized, oxygen-free, Sb 2 Se 3 film.

Figure 4 .

 4 Figure 4.16: (a) Pt4f peak and valence band maximum of a thick PtSe 2 film. (b) Pt4f and deconvoluted Sb3d peaks of the PtSe 2 /Sb 2 Se 3 heterojunction.

Figure 4 .

 4 Figure 4.17: (a) Energy level positions determined by XPS for PtSe 2 and Sb 2 Se 3 , showing electron affinity (EA) and ionization potential (IP) of each material. (b) band alignment of the interface between PtSe 2 and Sb 2 Se 3 based on the Krautâs method. (c) Schematic band structure diagram for the PtSe 2 /Sb 2 Se 3 heterojunction. For clarity, the energy levels are not shown in scale.

Titre:

  Synthèse évolutive de matériaux 2D pour capteurs et détecteurs auto-alimentés basés sur l'effet tribo-électrique et photovoltaïque Mots clés : Synthèse et transfert explosif par laser (LEST), Graphène, Diséléniure de platine, Nanogénérateur triboélectrique (TENG) Résumé : La thèse se positionne comme une exploration dans le monde des matériaux 2D, y compris le graphène et les cristaux TMD. L'accent principal a été mis sur le développement de méthodes de synthèse de cristaux de haute qualité, en accordant une attention particulière à ce que ces méthodes soient simples, respectueuses de l'environnement et, surtout, évolutives pour une production à grande surface et compatibles avec les plates-formes technologiques actuelles. Sur la base des propriétés des matériaux 2D développés, des applications sélectionnées dans le domaine des dispositifs de conversion d'énergie ont été explorées. La technique de synthèse et de transfert d'explosifs par laser (LEST) a été développée pour préparer directement des électrodes à base de graphène sur divers polymères. Des capteurs tactiles auto-alimentés, fonctionnant sur le principe des nanogénérateurs triboélectriques (TENG) à très faible impédance interne ont été développés. Le PtSe2, un nouveau venu dans la famille des TMD, a été préparé par sélénisation à faible T de particules de Pt prédéposées, et s'est avéré plus performant que le Pt pur en tant que contre-électrode dans les cellules solaires sensibilisées par un colorant. De plus, des hétérojonctions de type II ont été fabriquées par empilement vertical de PtSe2 2D sur le matériau Sb2Se3 1D. La jonction a le potentiel de servir de photodétecteur autoalimenté sur une région à large bande. Title: Scalable synthesis of 2D materials for self-powered sensors and detectors based on triboelectric and photovolatic effect Keywords: Laser-mediated Explosive Synthesis and Transfer (LEST), Graphene, Platinum Diselenide, tribo-electric nanogenerator (TENG)

  

  

  

  

  

  

  

  

  2 film grown on Si/SiO 2 . Multiplicative factors, for better visualization of the spectra for PtSe 2 and ultrathin Sb 2 Se 3 , are applied to raw data. PtSe 2 . Le nombre d'onde de la bande E g et le rapport d'intensité de bande A 1g /E g apparaissent comme des indicateurs utiles de l'épaisseur du film. Pour les spectres actuels du PtSe 2 vierge on trouve E g ∼ 178 cm -1 et A 1g /E g ∼ 0,5. Sur la base des données fournies dans la Réf.[66], nos spectres révèlent une épaisseur de film PtSe 2 vierge jusqu'à 1,5 nm. Il convient de mentionner que les études d'alignement optique et de bande pour l'hétérojonction dans ce travail se réfèrent au PtSe 2 développé sur le film ultra-mince de Sb 2 Se 3 . En ce qui concerne l'hétérojonction, les modes vibrationnels de PtSe 2 , qui est la couche supérieure, dominent les spectres Raman. En raison de la section efficace Raman plus élevée de PtSe 2 par rapport à Sb 2 Se Se 3 /PtSe 2 ) ∼ 0,40±0,05 eV.

	sente des spectres Raman dépendant de la couche. Les deux principaux
	modes Raman avec les symétries A 1g et E g correspondent respectivement
	aux vibrations hors plan et dans le plan des atomes de Se. Les spectres
	Raman de PtSe 2 pur (spectre supérieur) sont collectés pour des cristaux
	obtenus par croissance sur un substrat Si/SiO 2 avec une couche de Pt pré-
	déposée d'épaisseur minimale. Les pics E g et A 1g sont observés respective-
	ment à 178 et 207 cm -1 . Parallèlement à ces deux pics vibrationnels proémi-
	nents, une large bande faible dans la zone 230-235 cm -1 apparaît résultant
	de la superposition des modes actifs IR A 2u et E u . Ces valeurs concordent
	avec les données de la littérature de O' Brien et al. [66] qui ont proposé
	une corrélation entre les paramètres des spectres Raman et l'épaisseur de la
	couche de 3 , et
	de la plus forte absorption du premier à l'énergie laser (1,96 eV), la faible
	intensité des modes Raman du film Sb 2 Se 3 (sous-couche) n'est pas résolue
	dans le spectre. Les pics E g et A 1g apparaissent respectivement à 177 et 207
	cm -1 et le rapport d'intensité A 1g /E g est d'environ 0,6. Ces valeurs pour
	l'hétérojonction indiquent une épaisseur similaire du film PtSe 2 développé
	sur Sb 2 Se 3 , c'est-à-dire moins de 1,5 nm. De légers changements dans les
	nombres d'onde de bande et le rapport d'intensité observés entre le film de
	PtSe 2 vierge sur Si/SiO 2 et l'hétérojonction peuvent provenir d'interactions
	du PtSe 2 avec le Sb 2 Se 3 . Les courbes d'absorption optique ont été transfor-
	mées sous la forme de tracés Tauc, ce qui peut fournir plus d'informations
	sur le caractère de l'absorption optique. Le tracé Tauc est devenu une mé-
	thode polyvalente pour déterminer les propriétés optiques des films minces
	amorphes et cristallins, telles que l'amplitude et le type (direct ou indirect)
	de la bande interdite optique E g . Les bandes interdites indirectes de ces
	matériaux se sont avérées être E gind (PtSe 2 ) ∼ 0,30±0,05 eV et E g ind
	(Sb 2

  2.3. Laser-mediated Explosive Synthesis and Transfer (LEST)the material. Laser energy surpassing the minimum ablation threshold knocks-out a part of material which corresponds to the size of focusing beam and drives it to the final substrate of interest. Using the conventional LIFT technique to deposit material onto substrate without special pre-/posttreatment and clean-room/vacuum necessities has facilitated the transfer of multiple metallic patterns, alternate metallic super-lattices and transfer of functional oxide films[50]. Though the basic principle remains the same, a variant of more detailed LIFT-based approaches, such as MAPLE-DW (Matrix Assisted Pulse Laser Evaporation-Direct Write), LAT (Laser Ablative Transfer), LITI (Laser Induced Thermal Imaging), LIPS (Laser Induced Patternwise Sublimation) and LMI (Laser Molecular Implantation) has branched-out from LIFT[50].

Table 4 . 3
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: Characteristic photovoltaic properties of DSSCs prepared with bare Pt and sPt CEs.

  Sb 2 Se 3 Sb 2 Se 3 V BM + ∆E CL ) (4.6) where E P tSe 2 P tSe 2 V BM denotes the core level BE (Pt4f 7/2 ) relative to the VBM of the deposited PtSe 2 , E Sb 2 Se 3

CL

-E CL -E CL -E Sb 2

4.4. Photovoltaic effect for self-powered photodetection

4.6. Perspective photodetectors.

Acknowledgements

Figure 1: The company!

The journey was long, not only with many ups and downs but full of adventures! Research is enthusing and having your best ones around you makes life easier. Thankfully, I was surrounded by a bunch of people on whom I could rely. It will not be enough even if I thank several times [8] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. Grigorieva, A. A. Firsov, Electric Field Effect in Atomically Thin Carbon Films, Science (80-. )306 (2004) 666-669. https://doi.org/10.1126/science.1102896.

[9] Unit cell of graphene, (n.d.).

List of Tables

PtSe 2 CE : catalytic characterisation

After careful characterization of the CE, we employ them for the catalytic redox reaction that is the core DSSC. Cyclic voltammetry (CV) was used to evaluate the catalytic activity of Pt and PtSe 2 films towards the iodide/triiodide (I -/I - 3 ) redox shuttle. The composition of the electrolyte, used for the CV experiments was 10 mM KI, 1 mM I 2 and 0.1 M LiCLO 4 in propylene carbonate. The same three-electrode setup was used as for the electrodeposition, with the sweep rate varying between 5 and 60 mVs -1 . Moreover, the electrochemical stability of the platinum-based films was evaluated by performing continuous cycling (up to 100 cycles). Typical CVs of the as-prepared Pt electrodes at various deposition times, before and after selenization, appear in Fig. 4.8 (a), (b), respectively. As expected, two anodic (Peak I and Peak II) and two cathodic current peaks (Peak I' and Peak II') are observed, that correspond to the following chemical reactions [63]:

The variation of the peak current density (J peak ) for the reduction of triiodide ions (Peak I') with deposition time, before and after selenization, appears in Fig. 4.8 (c), where the numbers in parentheses show the samples used for estimating the average values and the error bars. We observe that in the case of bare Pt electrodes, J peak value shows a negligible increment when deposition time was increased from 50 to 100 s, even though Q P t was increased significantly from 21 to 32 mC/cm 2 (Fig. 4.2 (b)) leading also to an increment in the coverage fraction of the FTO substrate (Fig. 4.5). Therefore, the presence of Pt NPs with size less than 100 nm (Fig. The Sb3d peak consists of two Sb3d doublets (with spin-orbit separation of 9.25 eV) due to Sb 2 Se 3 and Sb 2 O 3 ; additionally, a single O1s peak at 532.2eV is visible [START_REF] Shiel | Band alignment of Sb 2 O 3 and Sb 2 Se 3[END_REF]. The oxide thickness, d, is determined from the XPS intensities of Sb3d components using an appropriate model, which is based on the ratio, R, of component's intensities of each Sb 2 Se 3 and Sb 2 O 3 chemical states and the attenuation experienced by the Sb3d electrons passing through the Sb 2 O 3 overlayer (inelastic mean free path, λ=1.56 nm) [START_REF] Jablonski | Overlayer thickness determination by XPS using the multiline approach[END_REF][START_REF] Sygellou | A comparative X-ray photoelectron spectroscopy and medium-energy ion-scattering study of ultra-thin, Hf-based high-k films[END_REF]. In the current case, the native oxide is formed due to air exposure of the Sb 2 Se 3 surface after being removed from the sputtering chamber. Therefore, the equation for the oxide thickness is simplified to d = Lcos(α)ln(K Ṙ + 1), where L is the effective attenuation length, equal to ∼0.9 ×λ ≈ 1.4 nm, and K is the intensity ratio of Sb 2 Se 3 and Sb 2 O 3 materials in their bulk form. The above estimation yields d ≈ 1.4 ± 0.2 nm. The detailed valence band region is also shown in Fig. 4.15, which serves to determine VBM positions for each material. The binding energies of Sb3d 5/2 relative to valence band are: V BM = 529.04 ± 0.05eV which does not differ significantly from the Sb 2 Se 3 film with the oxide overlayer. This finding demonstrates that partial oxidation does not practically affect the properties of interest in this study. 

List of publications Patent