Résumé

La chimiluminescence électrogénérée, également appelée électrochimiluminescence (ECL), qui appartient à la famille des phénomènes de luminescence, fait intervenir des intermédiaires réactionnels produits électrochimiquement à la surface d'une électrode. Par une réaction de transfert d'électrons hautement exergonique, ils génèrent l'état excité du luminophore, qui retourne à l'état fondamental en émettant un photon. Ainsi, l'ECL est initiée par une étape électrochimique, se poursuit par une réaction chimique homogène et se termine par une étape photochimique. Cette combinaison de la chimiluminescence (CL) et de l'électrochimie présente de nombreux avantages potentiels, à savoir qu'elle ne nécessite pas de source de lumière externe, ni l'ajout de réactifs et élimine l'utilisation de réactifs toxiques ou corrosifs. Pour déclencher la génération de l'ECL, l'électrochimie offre un grand contrôle de la position de l'émission et du temps des réactions ECL. Le signal ECL est en général moins intense que la CL car la réaction se produit à proximité de la surface de l'électrode, et non au sein de la solution (« bulk »). Au cours des trois dernières décennies, l'ECL s'est développée rapidement et est devenue une technique puissante pour les immunodosages, les diagnostics cliniques, les tests environnementaux, la détection d'agents de guerre biologique et la visualisation de systèmes dynamiques.

Le chapitre 1 présente une vue générale de l'ECL dans le contexte de la luminescence et de l'électrochimie. Après une introduction historique, l'ECL et d'autres formes d'émission de lumière sont présentées dans leurs contextes respectifs. Ensuite, les principaux mécanismes d'annihilation et ceux impliquant un co-réactif, les luminophores organiques et inorganiques et les applications analytiques sont détaillés.

Dans le chapitre 2, le nouveau concept d'électrochimiluminescence photoinduite (ou P-ECL) est introduit pour la première fois avec deux types d'électrodes de semi-conducteurs de type n en utilisant des systèmes ECL modèles. La P-ECL combine la photoélectrochimie des semi-conducteurs (SC) avec l'ECL. L'émission ECL est déclenchée par des trous (h + ) photogénérés dans une électrode semi-conductrice de type n, qui peut produire une émission P-ECL à un faible potentiel anodique. Dans la première partie de ce chapitre, la P-ECL est générée sur des électrodes à base de Si, protégées par des films minces de SiO x et de Ni de quelques nanomètres d'épaisseur, avec le système ECL modèle impliquant l'oxydation simultanée de [Ru(bpy) 3 ] 2+ et de la tri-n-propylamine (TPrA) dans l'eau. 1 Le système [Ru(bpy) 3 ] 2+ /TPrA nécessite classiquement des potentiels fortement anodiques supérieurs à +1 V vs ECS pour la génération de l'ECL. Cependant, le système développé à base de silicium repose sur un processus de conversion haute (ou « upconversion »). En effet, l'absorption de lumière à 810 nm induit une émission ECL (635 nm) à un faible potentiel électrochimique de 0,45 V vs ECS. Ni cette longueur d'onde d'excitation ni ce faible potentiel appliqué ne sont capables de stimuler la lumière ECL s'ils sont appliqués seuls, mais leurs actions conjointes conduisent à une émission ECL stable et intense en milieux aqueux. Les expériences P-ECL ont été réalisées dans une cellule spécifiquement conçue comprenant une fenêtre en quartz devant laquelle était localisée la photoélectrode. Le spectre d'efficacité photon-courant incident (IPCE) du n-Si/SiO x /Ni a d'abord été enregistré (1,5 nm) (Figure 2a, courbe violette). Il montre une photoconversion efficace à des longueurs d'onde supérieures à 550 nm, avec une efficacité de conversion maximale de ∼10% aux alentours de 700 nm. La baisse en dessous de 550 nm s'explique par l'absorption du [Ru(bpy) 3 ] 2+ présent dans l'électrolyte, comme le confirme le spectre d'absorption de l'électrolyte (courbe noire de la Figure 2b). Le spectre IPCE enregistré sur n-Si/SiO x dans les mêmes conditions (Figure 2a, courbe verte) ne présente aucune photoconversion. Ce comportement indique que la passivation de cette dernière électrode s'est produite lors de cette expérience et confirme l'importance de la couche mince de Ni pour promouvoir un transfert de charge stable à l'interface solide-liquide. Pour enregistrer l'ECL en temps réel sur les surfaces n-Si/SiO x /Ni illuminées, une longueur d'onde incidente de 810nm, qui correspond à un IPCE raisonnable de 9% (Figure 2a), a été employée et est suffisamment éloignée du pic d'émission de l'ECL (λ ECL = 635 nm, Figure 2b).

Le voltamogramme cyclique (CV) et l'intensité ECL correspondante ont été enregistrés sur n-Si/SiO x /Ni (1,5 nm) dans l'obscurité et sous éclairage (Figure 3a et b).

On peut noter l'absence de signaux de courant et d'ECL dans l'obscurité (courbe noire), ce qui montre le comportement redresseur de la jonction dans cette gamme de potentiel.

En revanche, lorsque l'électrode a été éclairée, une densité de photocourant de l'ordre de 1 mA cm -2 couplée à l'ECL est apparue à des potentiels supérieurs à 0,45 V (courbes violettes de la figure 3a,b), sans baisse pendant six cycles consécutifs. La stabilité a été confirmée par chronopotentiométrie (CP) sous illumination, où une densité de courant constante de 1 mA cm -2 a été appliquée pendant 15min, au cours desquelles seules des variations négligeables de l'ECL ont été enregistrées (Figure 3c, courbes violettes). En revanche, le n-Si/SiO x a présenté une désactivation rapide pendant les mesures de CP (Figure 3c, courbe verte). Ce test de stabilité confirme l'importance de la couche de Ni.

La comparaison des courbes d'intensité ECL en fonction du potentiel obtenues sur le n-Si/SiO x /Ni (1.5 nm) photoactif illuminé avec celles enregistrées sur le p + -Si/SiO x /Ni (1.5 nm) non-photoactif (Figure 3e) permet d'estimer un photovoltage (V oc ) considérable de 410 mV. Ensuite, l'effet de la couche de Ni est étudié en employant une électrode n-Si/SiO x /Ni (25 nm). Ce système était également actif en P-ECL, bien qu'il ait présenté une densité de photocourant et une intensité ECL plus faibles. En outre, l'épaississement du film de Ni était également associé à une diminution considérable du photovoltage (V oc =150 mV), en bon accord avec les rapports récents montrant que les films métalliques ultraminces sur les photoélectrodes à jonction Schottky à base de n-Si augmentent considérablement la hauteur de la barrière de jonction. 2,3 Ces résultats démontrent pour la première fois la génération de P-ECL dans l'eau et ce concept permet l'émission ECL du système [Ru(bpy) 3 ] 2+ /TPrA à un potentiel proche de 0,45 V, ce qui, à notre connaissance, n'a jamais été rapporté auparavant. L'effet de la puissance d'illumination sur le signal P-ECL a finalement été étudié, comme le montre la figure 4. Dans l'obscurité, il n'y a pas de photocourant et de signal ECL correspondant (courbe noire dans (a) et (b)). Dans ces expériences, les CV et les profils d'intensité ECL correspondants ont été enregistrés à différentes valeurs de puissance d'illumination, montrant que les deux signaux dépendent de la puissance d'illumination incidente. Pour une illumination de 17,3 mW cm -2 , le plus grand photocourant et la lumière ECL la plus forte ont été obtenus. Cette stratégie P-ECL peut être étendue à d'autres types de réactions sur une variété de SCs de types n-et p-, et peut trouver des applications pour la conception de nouvelles stratégies de détection, de systèmes adressables par la lumière ou de dispositifs d'imagerie infrarouge.

Dans le cas de la P-ECL, la lumière incidente est convertie en une longueur d'onde différente par une réaction électrochimique sur une photoélectrode SC et permet de déclencher l'ECL à de faibles potentiels. Ce concept a été utilisé pour concevoir des systèmes de conversion haute. Cependant, la P-ECL souffre fortement de l'instabilité photoélectrochimique de ces SCs à faible bande interdite. La deuxième partie de ce chapitre rapporte pour la première fois une stratégie originale de conversion de la lumière basée sur la P-ECL d'un dérivé du luminol (L-012) sur des photoanodes BiVO 4 à large bande interdite dans l'eau. 4 La lumière incidente de 375 nm photoexcite simultanément la fluorescence du L-012 et la photoanode. Cependant, le signal résultant est dominé par l'émission P-ECL. L'émission P-ECL peut être induite à un potentiel aussi bas que -0,4 V pendant plusieurs heures et peut être utilisée pour régler finement la luminescence de L-012 (Figure 5). Ces développements de l'ECL sont prometteurs pour la conception de nouveaux dispositifs analytiques luminescents. Les CVs ont été enregistrés soit dans l'obscurité soit sous illumination LED.

Alors que des courants négligeables ont été mesurés dans l'obscurité, un photocourant anodique est apparu sous illumination par la LED, suggérant la consommation des trous photogénérés dans un processus d'oxydation. Cette CV démontre la photoactivité de la surface du BiVO 4 sous illumination (Figure 6a). L'influence du potentiel appliqué sur la luminescence est clairement illustrée par la figure 6b. Dans l'obscurité, aucun signal ECL n'est apparu. Inversement, sous illumination, des pics ECL intenses sont apparus sur la surface. L'émission en circuit ouvert (courbe rouge) est causée par le L-012 FL et présente un maximum à λ em =503 nm. De manière remarquable, l'application d'un potentiel de 0 V à la surface du BiVO 4 amplifie considérablement la luminescence, entraînant une augmentation de l'intensité de la luminescence (c'est-à-dire λ em ) de plus de 70% (spectre violet). La figure 7a montre l'effet du potentiel sur l'intensité du signal P-ECL dans la plage de -0,4 à 0,1 V et révèle que la P-ECL augmente avec l'augmentation du potentiel.

Plus précisément, son intensité a été multipliée par 5,5 dans cette plage de potentiel. Il est également frappant d'observer que la P-ECL a pu être mesurée à un potentiel aussi bas que -0,4 V (Figure 7 a, spectre violet), qui est, à notre connaissance, le potentiel le plus bas jamais rapporté pour la génération d'ECL d'un dérivé du luminol. Dans la figure 7b, l'effet de la puissance d'illumination de la LED est clairement démontré. La puissance de la LED varie de 1,3 à 15,3 mW et le potentiel est maintenu constant (E = 0 V) ; la P-ECL a une réponse cohérente avec l'augmentation de la puissance de la LED.

Ainsi, cela prouve clairement que la puissance d'illumination par la LED a une forte influence sur le signal P-ECL et a conduit à une augmentation de son intensité de plus de 13 fois.

Une série de résultats, obtenus en faisant varier le potentiel et la puissance de la LED (P LED ), est rassemblée dans la figure 8 a, qui montre l'intensité maximale de P-ECL en fonction de ces paramètres, et illustre clairement comment ils influencent le signal P-ECL. Alors que l'émission PECL n'est pas générée à faibles valeurs de P LED , elle devient très élevée pour des valeurs importantes de potentiel et de P LED . Quantitativement, la plus forte amplification a été obtenue pour + 0,1 V et 15,3 mW.

La stabilité de cette électrode a été testée en mesurant l'intensité P-ECL en fonction du temps sous illumination intermittente. Comme le montre la figure 8b, la P-ECL répond instantanément à l'illumination et est plutôt stable à 0 V sur 2 heures. Ce système peut être employé pour adapter précisément l'émission de L-012 et ce rapport constitue le premier exemple de PECL où λ exc < λ em . Ce concept prometteur pourrait trouver des applications potentielles dans la biodétection et les dispositifs adressables par la lumière. L'alliage Pt-Ir déposé est obtenu en faisant circuler une densité de charge de 4 C cm -2 . Il présente des propriétés exceptionnelles telles qu'une surface extérieure parfaitement lisse (Figure 10a) et une épaisseur uniforme du film Pt-Ir déposé d'environ 500 nm (Figure 10b). 5 L'image de microscopie électronique à transmission (Figure 10c) révèle une disposition des pores très ordonnée avec un diamètre moyen des pores d'environ 5 nm. 6 La porosité élevée de l'électrode Pt-Ir poreuse préparée est encore soulignée par une courbe de voltampérométrique cyclique significativement plus grande que celle du Pt commercial plat. Typiquement, la surface électrochimiquement active est estimée dans la région d'adsorption/désorption d'hydrogène dans une fenêtre de potentiel entre 0,0 et -0,25 V vs Ag/AgCl, 7 et ces mesures permettent de calculer un facteur de rugosité allant jusqu'à 100 (Figure 10d), indiquant que la structure mésoporeuse a été générée avec succès à la surface de l'électrode. Même si les électrodes Pt-Ir fraîchement préparées peuvent distinguer les énantiomères de PA, la sensibilité de cette analyse ECL reste limitée car la surface peut être progressivement passivée par l'adsorption de molécules. Afin d'améliorer le signal ECL, une technique de régénération de surface induite par le potentiel a été développée. La surface métallique a été activée et nettoyée en utilisant la chronoampérométrie, par application d'un potentiel négatif constant de -0,1 V pendant 30 s pour éliminer toute espèce physisorbée sur la surface métallique mésoporeuse avant l'analyse ECL. 8 Il est intéressant de noter que la capacité de discrimination est considérablement améliorée dans ce cas (Figure 11c L'adsorption énantiosélective de molécules chirales sur des surfaces métalliques est contrôlée par la chiralité des sites de reconnaissance imprimés dans la structure des alliages métalliques, ce qui conduit à la différence des signaux ECL. Ces métaux mésoporeux à impression chirale, combinés à la mésoporosité qui peut augmenter le transport de masse, et aux sites de reconnaissance qui peuvent améliorer la durée de vie des molécules préférées pour augmenter l'intensité de l'ECL, ont démontré une discrimination énantiomérique efficace par la différence de sensibilité de l'ECL et une stabilité exceptionnelle après de nombreux cycles catalytiques. Cette stratégie illustre la puissance de l'utilisation d'une lecture basée sur l'ECL, étendant l'application de la technique ECL et ce concept en tant que détection chirale présente de nombreux avantages, comme un fonctionnement simple, un faible signal de fond, une sensibilité élevée à faible concentration. Ce concept permet de surmonter les nombreuses limitations des autres techniques, comme le coût élevé des instruments avancés, les processus analytiques longs, etc. Les résultats de ces premières expériences de preuve de principe ouvrent des perspectives intéressantes pour le développement d'autres structures métalliques à codage moléculaire pouvant être utilisées pour une telle détection optique. En outre, elle peut être développée comme une technique de détection efficace pour la discrimination des énantiomères en (bio)analyse.

Abstract

Electrogenerated chemiluminescence (ECL) is a light emission phenomenon initiated by electrochemically generated radical species, which then undergo a series of electron transfer reactions. It leads to the final generation of an excited state that radiatively decays to the ground state. In this work, my goal was to develop fundamental aspects of ECL at different scales. In the first part, the novel concept of photo-induced electrochemiluminescence (P-ECL) was introduced on two kinds of n-type semiconductor electrodes. The ECL was generated in the model ECL system involving the simultaneous oxidation of [Ru(bpy) 3 ] 2+ /TPrA and L-012. The ECL emission is triggered by photogenerated holes (h + ) in an n-type semiconductor (SC) electrode, where can generate P-ECL at a low potential. This P-ECL strategy can be extended to other types of reactions on a variety of absorbing n-and p-type semiconductors and can also be developed to use other luminophores and is a promising technique for ultrasensitive detection, light-addressable and imaging devices. In the second part of the thesis, a new ECL detection technique, chiral ECL is presented. The effective discrimination through ECL sensitivity between two enantiomers was observed on PA imprinted Pt-Ir alloy metal with cavities. In this system, PA is used as chiral target compound and the co-reactant, triggering bright and defined ECL on the preferable Pt-It metal surface with cavities which can enhance the lifetime, increasing the sensitivity of the preferable ECL.
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--《ZhuangZi》

The road ahead is long and has no end, yet high and low I will search with my will unbending.
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Overview of electrogenerated chemiluminescence 1.1 Introduction

Electrochemiluminescence (ECL), also referred to as electrogenerated chemiluminescence, belongs to the family of luminescence phenomena. It involves reactive intermediates produced electrochemically at the surface of an electrode and further generating an excited state of luminophore by undergoing a chemical step characterized by a highly exergonic electron-transfer reaction, followed by emission of a photon during relaxation from an excited state to the ground state. 1 Thus, ECL is initiated by an electrochemical step, continues with a homogeneous chemical reaction, and ends with a photochemical step. Such combination of chemiluminescence (CL) and electrochemistry, presents many potential advantages, i.e. it does not require an external light source, the regeneration of reactants to take part in ECL reactions with an excess of coreactants, eliminate the use of toxic or corrosive reagents. 2,3 To trigger ECL generation, electrochemistry allowed greater control of the position of emission and time of ECL reactions and it is possible to electrochemically transform some compounds into species to take part in CL reaction. ECL is weaker than CL since the reaction occurs in the vicinity of the electrode surface, not in the bulk. Thus, sensitive light detectors are highly required.

The first report concerning light emission was initially published in the 1920s. 4 Later, the electrochemically generated luminescence of fluorescent aromatic molecules in organic solvent was generated by the triplet-triplet annihilation mechanism. 

Light emission phenomena

Luminescence is an emission of ultraviolet, visible or infrared photons from an electronically excited species. The word luminescence, which comes from the Latin "lumen", describes 'all those phenomena of light, which are not solely conditioned by the rise in temperature'. Luminescence is cold light and various type of it are classified according to the mode of excitation.

Table1 shows the family of luminescence. Typically, photoluminescence (fluorescence, phosphorescence or delayed fluorescence) is a particular case of luminescence. The mode of excitation is absorption of a photon, which brings the absorbing species into an electronic excited state. Light emission is initiated by photoexcitation (i.e. photons that excite electrons to a higher energy level in an atom or a molecule). 15 CL is the light phenomenon provided by the homogeneous chemical reaction(s) between at least two reagents, it's chemi-excitation. 16 ECL is a specific case where the reaction of reactive species are produced electrochemically on the electrode surface, in other words, it is electrochemi-excitation. The difference between CL and ECL is that, CL is produced in the bulk and is controlled by the fluid flow, while ECL is produced in situ by applying different potentials at the electrode. Bioluminescence is a form of chemiluminescence where light emission is produced by a living organism. 17 Electroluminescence (EL) is an optical and electrical phenomenon in which a material emits non-thermal emission of visible light as a result of a current flow or in response to a strong electric field. 18 Thermoluminescence is a form of luminescence in which certain crystalline materials emit light upon heating by absorbing energy from electromagnetic radiation or other ionizing radiation. 19 Other light emission phenomena include triboluminescence 20 (light is generated when the material is mechanically pulled apart, ripped, scratched, crushed, or rubbed) and sonoluminescence 21 (short bursts of light emission from imploding bubbles with clock-like precision in a liquid when excited by sound). In this This emission process can be represented by the Jablonski diagram (Figure 1). S 0 represents the singlet ground state, S 1 and S 2 represent the first and second electronic excited states, respectively. Triplet electronic excited states are named T 1 , presented on the right side, separated to distinguish their multiplicity. Each electronic energy level of the molecule constitutes many vibrational energy levels, named 0, 1, 2, etc. With the absorption of light, several processes can occur. When the molecule is excited by photon absorption, it can return to the ground state with the emission of fluorescence and phosphorescence or follow many other pathways of de-excitation, such as internal conversion (nonradiative transition between two electronic states with the same spin multiplicity), intersystem crossing (non-radiative transition between two isoenergetic vibrational levels belonging to electronic states with different spin multiplicity), intramolecular charge transfer and conformational change. The photons emission produced by the lowest vibrational level of S 1 to S 0 relaxation is fluorescence. Due to vibrational relaxation, energy loss occurs in the excited state, where the fluorescence spectrum is located at a wavelength higher than the absorption spectrum. This phenomenon is called "Stokes shift".

The transition from T 1 to S 0 is forbidden, but it can be observed due to the spin-orbit coupling and low radiative rate constant. This radiative de-excitation from the triplet state T 1 to S 0 is called phosphorescence. The phosphorescence spectrum wavelength is higher than the fluorescence spectrum, because the energy of the lowest vibrational level of the triplet state T 1 is lower than the one of the singlet state S 1 .

When the energy difference between S 1 and T 1 is small, the reverse intersystem crossing from T 1 to S 1 can occur. This results in the same emission as normal fluorescence but with a much longer decay time constant because the molecules stay in the triplet state before emitting from S 1 to S 0 . This fluorescence emission is thermally activated, named as delayed fluorescence of E-type. The other fluorescence is called delayed fluorescence of P-type, was observed with pyrene. In concentrated solutions, a collision occurred between two molecules in the T 1 state that can provide enough energy to allow one of the molecules to return to the S 1 state, and this triplet-triplet annihilation leads to a delayed fluorescence emission.

Chemiluminescence

In CL, the energy source is provided by the homogeneous chemical reactions between at least two reactive species. CL is produced in the bulk by mixing the reactive species and controlled by the fluid flow. It is usually considered as a fluorescence process rather than a phosphorescence process since the triplet state has a longer lifetime compared to the singlet state and shows radiationless deactivation in the presence of some molecules such as dioxygen (quencher). Some fractions of the product or intermediate are formed in an electronically excited state and then relax to the ground state, emitting photons. In general, CL reaction can be divided into two types: direct and indirect CL. The direct reaction 23 contains two steps. The first step comprises production of excited molecule. A substrate and an oxidant react to generate a product or intermediate in the presence of some cofactors. Cofactors can provide an efficient leaving group if bond cleavage is required to produce the excited state, or can transform one or more of the substrates into a more active form, able to react and interact with the catalyst. Meanwhile, the use of enzymes or metal ions as catalysts could reduce the activation energy and generate an adequate environment for improving CL efficiency. The second step is concerning the excited products return to its ground state followed by several routes (e.g. emission of light, energy transfer or quenching). Another pathway is called indirect CL or energy transfer CL, 24 which is based on the energy transfer process that occurred from the excited species to a fluorophore. This process is possible for different molecules that are unable to be directly involved in CL reaction. These molecules transfer their excess energy to a fluorophore that in turn is excited, returning to its ground state with photon emission. During the indirect CL process, a substrate is converted into an electronically excited molecule, related to light emission or acting as the energy transfer donor.

A classical example of CL is luminol in an alkaline solution in the presence of hydrogen peroxide or dioxygen, 25 iron or copper, 26,27 or an auxiliary oxidant. 28 The rate of the luminol oxidation process varies with the oxidant and it has been found to be different for each particular system. The complete mechanism of luminol CL can be divided into two parts (Figure 2). In the first part, the pathway leads to the generation of the key intermediate hydroperoxide adduct (LO 2 H - ) in a two oxidation steps. The first step involves the oxidation of the luminol anion (LH - ) to luminol radical anion (LH • ), which could be achieved by different one-electron oxidants including horseradish peroxidase, copper, manganese, or iron. The second oxidation step is that LH • oxidized either to aminodiazaquinone (L) or hydroperoxide adduct (LO 2 H - ) directly (oxidized by O 2 - ). The second part is the decomposition of this key intermediate

(LO 2 H -
), from which molecular nitrogen is expelled, generating excited state 3-aminophthalate dianion.

The formation of this key intermediate is heavily dependent upon the composition of the system, like the nature of the oxidant, overall concentrations, additives, buffer and pH. However, its decomposition only depends on the pH of bulk of the solution.

Merenyi 29 showed that in the second part, by adding OH - or N 3 - to diazaquinone, a new intermediateacyldiazene is obtained. Thus, the nucleophilic attacked by OH -or N 3 - gives rise to the decomposition, and then produce the excited state 3-aminophthalate dianion, which can emit light.

The mechanism pattern is represented below, 

Electroluminescence

Electroluminescence (EL) is an optical and electrical phenomenon in which a material emits light when a high electric field is applied or when an electric current passes through it. 31 This is the result of the radiative recombination of electrons and holes in a material, that usually appears on semiconductor electrodes in the electrochemical cells. The excited electrons release their energy by emitting light.

Electrons and holes are separated before the process of recombination either by doping the material, forming a new heterostructure material with a junction or through the excitation of high-energy electrons accelerated by a strong electric field. For example, when a cathodic current passes through an ZnS electrode doped with Mn in a peroxydisulfate (S 2 O 8 -2 ) solution, an intense light emission centred at about 580 nm was observed. 32 The emission was attributed to the injection of electrons into the conduction band of ZnS:Mn. The current flow leads to the reduction of S 2 O 8 2-and causing the formation of the strong oxidant SO 4 -• , which can inject holes into the valence band of ZnS:Mn, resulting in electron-hole recombination and emission. This EL process is close to ECL if S 2 O 8 2-is used as a co-reactant.

Electroluminescent materials contain organic, inorganic, semiconductor or liquid crystal and so on, which can be employed to fabricate electroluminescent devices. Generally, the active materials are semiconductors with suitable bandwidth. Organic semiconductors with anthracene single crystals were first reported in the 1950s. 33 These early studies established that the process responsible for EL requires the injection of electrons from one electrode and holes from the other, the capture of oppositely charged carriers (so-called recombination), and the radiative decay of the excited electron-hole state (exciton) is produced by this recombination process.

ECL mechanisms

In this section, the two dominant pathways for the excited states generation, annihilation and coreactant ECL pathways are summarized.

Annihilation pathway

Annihilation pathway involves the reaction between oxidized and reduced species which are generated on the electrode surface by a potential step or sweep. These species interact to produce a ground state and an electronically excited state, which then emits light by returning to its ground state. Most of aromatic compounds used for ECL, follow this kind of mechanism, such as rubrene, 34 phenanthrene, 35 anthracene. 36 Besides forming singlet and triplet excited states, ion annihilation reactions can lead to generating excimers (excited dimers) and exciplexes (excited complexes). In most cases, molecules with π-orbital overlapping are involved in the formation of excimers and exciplexes, for example, planar polycyclic aromatic hydrocarbons (PAHs), such as pyrene and perylene. 37,38 TTA (triplet-triplet annihilation) process can also lead to the formation of excimers and/or exciplexes. The annihilation ECL is generally produced as follows, where 1 A* and3 A* represent singlet state species and triplet state species, respectively.

A→ A •+ + e - (oxidation at electrode) (1) A→ A -• -e - (reduction at electrode) (2) 
S-route:

A •+ + A -• → A + 1 A* (excited singlet formation) (3) 
The enthalpy (-∆H ann ), which is directly related to the energy available in Eq.3 and Eq. 4, can be calculated from the redox potentials of reaction 1 and 2 as defined in Eq. 4. The value of T ∆S 0 is usually estimated as 0.1 (0.1) eVEp is the cyclic voltammetric peak potential for each oxidation and reduction and 0.16 eV is a correction for T△S and the difference between Ep and the standard electrode potential. 7,

39

-

∆H ann = E° (A •+ , A) -E° (A,A -• ) -0.1 eV (4) 
The light emission process is defined as the singlet route ''S-route'' (Eqs. ( 1)-( 3)), 40 if the ECL system has sufficient energy, which means the estimated enthalpy (-∆H ann ) is larger than the energy (E s ) required to produce the lowest excited singlet state from the ground state. The singlet state 1 A* will be generated directly. When E S > -∆H ann , the triple state energy 3 A* will be produced first, and 1 A* will be generated by subsequent annihilation of 3 A* (this energy transfer mechanism is named as triplet-triplet annihilation), following the so-called '' T-route'' (Eqs. ( 5)-( 7)). 41 Or T-route:

A •+ + A -• →A + 3 A* (excited triplet formation) (5) 
A •+ + A -• → A 2 * (excimer formation) (8) A •+ + A′ -• → (AA′)* (exciplex formation) (9) 3 A* + 3 A*→ 1 A 2 * (TTA excimer formation) (10) 
The classic example of a molecule following the S-route is rubrene. 5,42 ECL spectrum is recorded when the potential was applied not only on the metal electrode (platinum and gold) but also on glassy carbon, producing the radical cation (RUB •+ ) upon anodic oxidation and the radical anion (RUB -• ) upon cathodic reduction. The recombination of both electrogenerated radical ions (RUB •+ and RUB -• ) produce the excited state (RUB * ) which is able to emit light through the annihilation mechanism (Eq.13).

RUB→ RUB •+ + e - (E°RUB/RUB •+ )= +0.95 vs SCE (11) RUB→ RUB -• -e - (E°RUB/RUB -• )= -1.37 vs SCE ( 12 
) RUB •+ + RUB -• →RUB+ RUB* (13) 
RUB* →RUB + hv (

The ECL emission spectrum of rubrene (λ max at ~540 nm) is identical to its fluorescence emission spectrum, 42 which indicates that the ultimate product of the charge transfer is the lowest singlet RUB species, 1 RUB • .

In addition, different ECL systems involving two different precursors can generate light emission. The "cross-reactions" mechanism between the radical cation of one species (A -• ) and the radical anion of a different species (D •+ ) in order to produce ECL, is presented:

A + e - → A -• (15) 
D -e -→ D •+ ( 16)

A -• + D •+ →A • + D (or A + D • ) (17) A • (or D • ) → A (or D) + hν (18) 
A classic example of triplet-triplet annihilation is the ECL of 9,10-diphenylanthracene (DPA)/TMPD (TMPD = N,N,N,N-tetramethyl-p-phenylenediamine) system in dimethylformamide. 43 The emitted ECL light is identical to DPA photoluminescence, indicating that 1 DPA • is the ultimate product of charge transfer. This is due to the low enthalpy value required for the electron-transfer reaction of the DPA/TMPD system (2.03 eV), compared with the enthalpy value to reach the emitting species 1 DPA • (3.00 eV). Therefore, such system is called "energy-deficient" 18 and triplet intermediates are generated during the reaction process. In this case, the scheme is more complicated than the one depicted in Eqs.

(19)- (22). The proposed mechanism involves triplet intermediates, called triplet or T-route (Eq. ( 5)).

DPA

+ e - →DPA -• (E° DPA/DPA -• )= -1.89 V vs SCE (19) 
TMPD -e -→ TMPD •+ (E°TMPD/TMPD •+ )= +0.24 V vs SCE ( 20)

DPA -• + TMPD •+ → 1 DPA • + TMPD (21) 1 DPA • → DPA + hν ( 22 
)
The energy from the electro-oxidation and electro-reduction reactions is combined to provide sufficient energy to form the singlet excited state. The reactions of the DPA/TMPD system are present as below:

DPA -• + TMPD •+ → 3 DPA • + TMPD ( 23 
) 3 DPA • + 3 DPA • → DPA+ 1 DPA • ( 24 
)
The ECL of many inorganic compounds, which include [Eu(bpy) 3 ] 2+ /[Os(bpy) 3 ] 2+ or related species has been reported. In these metal complexes, because of spin-orbital coupling, spin-allowed excited states undergo rapid deactivation. The emitted light originates mainly from the lowest energy excited states via energy-sufficient routes. Other than ruthenium and osmium chelates, the ECL system of other inorganic species is inherently weak. For [Ru(bpy) 3 ] 2+ , an orange light (λmax = 610 nm) can be observed by generating electrochemically at the oxidized and reduced potential of the complex. 44 The reaction sequence is as follows((Eqs. ( 25)-( 28)):

[Ru(bpy

) 3 ] 2+ + e - → [Ru(bpy) 3 ] + (25) 
[Ru(bpy

) 3 ] 2+ -e - → [Ru(bpy) 3 ] 3+ (26) 
[Ru(bpy

) 3 ] + + [Ru(bpy) 3 ] 3+ → [Ru(bpy) 3 ] 2+ *+[Ru(bpy) 3 ] 2+ (27) 
[Ru(bpy

) 3 ] 2+ *→ [Ru(bpy) 3 ] 2+ + hv ( 28 
)
Annihilation ECL of [Ru(bpy) 3 ] 2+ was reported for the first time on platinum electrode in acetonitrile solution. 45 Annihilation ECL has been extensively studied in different systems which include lightemitting electrochemical cells (LECs) 46 and microelectrodes to study sol-gel composites 47 containing [Ru(bpy) 3 ] 2+ and diode-like CL 48 with polymer poly-[Ru(vbpy) 3 ](PF 6 ) 2 . To produce annihilation ECL, the potential window must be wide enough (from ∼3.3 to 2 V), in order to generate the necessary radical anions and cations via electrochemical reactions, and the related precursor molecules should be sufficiently stable to be evaluated via potentiodynamic measurement. In addition, the products with good PL efficiency often can be produced for the efficient generation of ion annihilation ECL. At last, sufficient exergonicity of the electron transfer reaction is required to produce the excited state.

Co-reactant pathway

ECL can be generated by a single potential step or one directional potential scanning in the presence of a luminophore and co-reactant. It depends on the polarity of the applied potential. Both the luminophore and the co-reactant species can first be oxidized or reduced at the electrode to form radicals, and an intermediate formed from the co-reactant, which then decompose to produce a powerful reducing or oxidizing species that can react with an oxidized or reduced luminophore to produce excited states with the concomitant light emission. This ECL mechanism is divided into two types, "oxidative-reduction"

ECL and "reductive-oxidation" ECL. It is due to highly reducing intermediate species generated from the electrochemical oxidation of the co-reactant, or highly oxidizing ones produced by the electrochemical reduction of the related co-reactant.

Oxidative-reduction ECL

In 1977, Bard reported the oxalate and [Ru(bpy) 3 ] 2+ system on a platinum electrode in acetonitrile as the first co-reactant ECL system. 9 It showed that a new CL reaction occurred on the platinum electrode surface where oxalate and the fluorescent compound were oxidized. The electrochemical results suggest that CO 2 • can be formed by an overall one-electron oxidation of oxalate, similar to the one observed in aqueous solutions. 49 The excitation process was based on the oxidation of oxalate to form C 2 O 4 -• , and its correspondent fast decomposition component are CO 2 and CO 2 -• . The CO 29)-( 32)).

[Ru(bpy

) 3 ] 2+ -e - → [Ru(bpy) 3 ] 3+ (29) C 2 O 4 -2 -e - → C 2 O 4 -• (30) C 2 O 4 -• → CO 2 -• + CO 2 (31) 
[Ru(bpy

) 3 ] 3+ + CO 2 -• → [Ru(bpy) 3 ] 2+* + CO 2 (32) 
This co-reactant ECL reaction not only occurred in organic solution but also has been studied in an aqueous solution. 50 Oxalate can be oxidized as C 2 O 4 -• , then release CO 2 , producing a strongly reducing species CO 2 -• (E°=-1.9 V vs. NHE). 51 On carbon electrode, the oxidation peak of oxalate and [Ru(bpy) 3 ] 2+ was similar to that on oxide-covered Pt electrode, although with a higher overpotential compared to that on reduced Pt. In the presence of oxalate, the anodic current for [Ru(bpy) In an aqueous solution, ECL is generated via two pathways (Eqs. ( 33)-( 39)). At first, [Ru(bpy) [Ru(bpy

) 3 ] 2+ -e - →[Ru(bpy) 3 ] 3+ (33) 
[Ru(bpy

) 3 ] 3+ + C 2 O 4 2-→[Ru(bpy) 3 ] 2+ + C 2 O 4 -• (34) C 2 O 4 - →CO 2 -• + CO 2 (35) 
[Ru(bpy

) 3 ] 3+ + CO 2 -• → [Ru(bpy) 3 ] 2+* + CO 2 (36) 
[Ru(bpy

) 3 ] 2+ + CO 2 -• → [Ru(bpy) 3 ] + + CO 2 (37) 
[Ru(bpy The CL of [Ru(bpy) 3 ] 3+ with aliphatic amines was reported by Noffsinger and Danielson. 52 Following this study, Leland and Powell reported [Ru(bpy) 3 ] 2+ /tripropylamine (TPrA) 53 ECL system, which is another classical "oxidative-reduction" system. This system or related derivatives are commercially used in ECL immunoassays and DNA analyses [54][55][56] due to high ECL efficiency.

) 3 ] 3+ + [Ru(bpy) 3 ] 2+ →[Ru(bpy) 3 ] 2+ + [Ru(bpy) 3 ] 2+* (38) [Ru(bpy) 3 ] 2+* → [Ru(bpy) 3 ] 2+ + hv (39) 
The ECL intensity for this system depends on the concentration of both [Ru(bpy) 3 ] 2+ and TPrA species, 58 the solution pH and the electrode material, which commonly consists of a glassy carbon, platinum or gold electrode. 59 In general, the ECL response of this system as a function of applied potential consists of two waves. The first wave is associated to the direct oxidation of TPrA which can lead to the formation of reducing radicals (TPrA • ) on the electrode surface, becoming smaller when the used concentration of [Ru(bpy) 3 ] 2+ is higher, showed in Figure 4 a and c; the second wave is associated to oxidation of [Ru(bpy) 3 ] 2+ . 57 These two waves lead to the emission of light.

For this system, four possible reaction routes have been reported (Scheme 1, (Eqs. ( 40)-( 44)). 60 

TPrAe - → TPrA •+ (41)

TPrA •+ → TPrA • + H + (42) 
[Ru(bpy) 3 ] 3+ + TPrA • → [Ru(bpy) 3 ] 2+ * + products (43) [Ru(bpy) 3 ] 2+* → [Ru(bpy) 3 ] 2+ + hv (44) In the second possible route (Scheme 2, Eqs.( 45)-( 50)), the first three steps are similar to the previous route, however the difference relies in the formation of [Ru(bpy) 3 ] + , generated from the reaction between [Ru(bpy) 3 ] 2+ and TPrA [Ru(bpy

) 3 ] 2+ -e - → [Ru(bpy) 3 ] 3+ (45) 
TPrAe - → TPrA •+ (46)

TPrA •+ → TPrA • + H + (47) 
[Ru(bpy) 3 ] 2+ + TPrA 

[Ru(bpy

) 3 ] 2+ + TPrA → [Ru(bpy) 3 ] 2+ * + TPrA •+ (52) [Ru(bpy) 3 ] 2+* → [Ru(bpy) 3 ] 2+ + hv (53)
Finally, in the fourth route (Scheme 4. Eqs.( 54)-( 58)), the direct oxidation of TPrA occurs at the electrode and generates TPrA volume) containing 1mM Ru(bpy)3(PF6)2. [58] The mechanism of [Ru(bpy) 3 ] 2+ /S 2 O 8 2-system can be explained as follow. The S 2 O 8 2-is reduced at the electrode surface and generates SO 4 -• , which reacts with [Ru(bpy) 3 ] + , producing [Ru(bpy) 3 ] 2+* . Then annihilation pathway occurred. This reaction process can also be used for the [Os(bpy) 3 ] 2+ /S 2 O 8 2- system, 62 [Ru(phen) 3 ] 2+ /S 2 O 8 2-system 63 and other derivatives systems. [64][65][66] 

S 2 O 8 -2 + e - → SO 4 -• + SO 4 -2 (59) 
[Ru(bpy

) 3 ] 2+ + e - → [Ru(bpy) 3 ] + (60) 
[Ru(bpy

) 3 ] + + SO 4 -• → [Ru(bpy) 3 ] 2+* + SO 4 2- (61) 
[Ru(bpy

) 3 ] 2+ + SO 4 -• → [Ru(bpy) 3 ] 3+ + SO 4 2- (62) 
[Ru(bpy

) 3 ] 3+ + [Ru(bpy) 3 ] + → [Ru(bpy) 3 ] 2+ + [Ru(bpy) 3 ] 2+ * (63) 
[Ru(bpy

) 3 ] 2+* → [Ru(bpy) 3 ] 2+ + hv ( 64 
)
Benzoyl peroxide (BPO) (Figure 6) is another effective co-reactant for reductive-oxidation ECL, which often has reaction with organic systems, like rubrene, 67 9,10-DPA, 68 fluoranthene, and anthracene.

Peroxides can be used as co-reatants because they produce oxidizing agents when they are reduced. The electron density of the oxygen-oxygen (O-O) bond is the crucial factor to produce oxidizing agents. [START_REF] Ertem | Oxygen Atom Transfer as an Alternative Pathway for Oxygen-Oxygen Bond Formation[END_REF] Usually, the lower electron density on the O-O bond in peroxides, the stronger reactive oxidizing agents can be produced. 70 This is due to the strong effect on the electron density caused by functional groups attached to the O-O bond, thus, oxidizing agents generated from peroxides that contained electronwithdrawing groups are more reactive than those formed from peroxides with electron-donating groups.

Figure 6. Molecular structure of benzoyl peroxide. 71 BPO is electrochemically reduced via an overall two-electron mechanism. BPO is reduced to benzoate anion (C6H5CO2 -) and benzoate radical (C6H5CO2 • ). The benzoate radical is further reduced to the benzoate anion (C6H5CO2 -). When the potential is negative enough, the benzoate radical formed is energetic deficient by reacting with aromatic hydrocarbon cation radicals to generate the excited states and emits light. "A" is marked as the luminophore.

A + e -→ A -• (65

) BPO + e - → C6H5CO2 - +C6H5CO2 • (66) A -• + BPO→ A+ C6H5CO2 - +C6H5CO2 • (67) A -• + C6H5CO2 • → 3 A * + C6H5CO2 - (68) 3 A * + 3 A * → 1 A * + A ( 69 
) 3 A * + BPO → A •+ + C6H5CO2 - +C6H5CO2 • (70) 3A * + C 6 H 5 CO 2 • → A •+ + C 6 H 5 CO 2 - (71) 
A •+ + A -• → 1 A * +A (72) 1 A * → A + hv ( 73 
)
The C6H5CO2

• formed is energetic enough to react with [Ru(bpy) 3 ] 2+ to form [Ru(bpy) 3 ] 2+* , because the redox potential value for the (C 6 H 5 CO 2

• /C 6 H 5 CO 2 - ) couple is +1.29 V vs. SCE. 71 The mechanism of ECL produced with [Ru(bpy) 3 ] 2+ is showed here.

[Ru(bpy

) 3 ] 2+ + e - → [Ru(bpy) 3 ] + (74) BPO + e - → C 6 H 5 CO 2 - + C 6 H 5 CO 2 • (75) 
[Ru(bpy

) 3 ] 2+ + C 6 H 5 CO 2 • → [Ru(bpy) 3 ] 2+* + C 6 H 5 CO 2 - (76) 
[Ru(bpy 

) 3 ] 2+ + C 6 H 5 CO 2 • → [Ru(bpy) 3 ] 3+ + C 6 H 5 CO 2 - (77) 

Metal chelates

The widely used inorganic luminophores are tris(bipyridine)ruthenium(II) ion [Ru(bpy) 3 ] 2+ and its derivatives, which show outstanding luminescent properties, due to their fully reversible one-electron transfer electrochemical process, good stability and ECL efficiency in aqueous media, tunable solubility in various nonaqueous or aqueous media and excellent bio-capabilities with various of analytes. The complex is chiral with D 3 symmetry. In its lowest lying triplet excited state, the molecule is thought to attain lower C 2 symmetry, since the excited electron is localized primarily on a single bipyridyl ligand.

The excited-state configurations result from an electron residing in a bpy π* orbital interacting with the d 5 Ru π orbital. The metal-centred (MC) excited states occurred by an electron promotion from π orbital to σ orbital of metal. The promotion of an electron from π to π* orbital of ligand produce the ligandcentred (LC) excited states. 72 One electron excitation from a  M metal orbital to the * L ligand orbitals rise to the metal-to-ligand charge transfer (MLCT) excited states.

In order to improve molecular recognition ability, the majority of studies have focused in designing or Steady-state ECL for [Ru(bpy) 3 ] 2+ was generated at a rotating ring-disk electrode (RRDE) and yielded an ECL efficiency of 5-6%. Recently, [Ru(bpy) 3 ] 2+ ECL have been widely used for the determination of numerous co-reactants, like oxalate, alkylamines, amino acids and etc. [74][75][76][77][78] More importantly, when coupled with TPrA via co-reactant route, it has found broad applications in commercial ECL immunoassays and clinical analysis as a sensitive label detection at subpicomolar concentration. It is worth mentioning that the ECL efficiencies of coreactant [Ru(bpy) 3 ] 2+ not only are dependent on photoluminescence quantum yields, but also are sensitive to minor structure changing of ruthenium complexes. For example, Ru(II) heteroleptic complexes ([Ru(BPS) n (bpy) 3-n ]( 2n-2 ) -) bearing mixed 2,20bipyridine (bpy) and bathophenanthrolinedisulfonate (BPS) ligands were studied, observing that when n decreases from 3 to 1, the net charge changes from -4 to 0. Surprisingly, ECL intensities increased approximately 5 to 26 times with respect to decrease of n from 3 to 1 under a constant potential with the usage of TPrA as a coreactant. [START_REF] Ertem | Oxygen Atom Transfer as an Alternative Pathway for Oxygen-Oxygen Bond Formation[END_REF] Thus, this work prove that the ECL efficiency was related to the structure of complex.

To extend ECL applications and improve ECL efficiency, many efforts have been made to find new coreactants for [Ru(bpy) 3 ] 2+ ECL. Glyoxal, methylglyoxal and glyoxylic acid exhibited higher ECL intensity than oxalate. [70] This is caused by the electrogenerated hydroxyl radicals, implying that compounds electrochemically generated hydroxyl radicals can be expanded to be used as coreactant.

Figure 10. Photophysical processes for the 𝜷-Diketonate (L-) Ligand. 79 Even though [Ru(bpy) 3 ] 2+ has become the most famous used ECL-active label, its broad emission bands can be a disadvantage in analytical applications. Thus, alternative labels emitting at other wavelengths and with narrower emission bands for ECL methods are thus of interest. Many trivalent lanthanide complexes have attracted attention as potential ECL labels, because they display narrow emission spectra, high photoluminescence efficiencies, large Stokes' shifts (~300 nm) and long excited-state lifetimes. [80][81][82] The first report of these compounds described the observation of intermolecular energy transfer occurred from exciplex to europium chelate directly, resulting in ECL of europium complex via exciplexsensitized luminescence. Exciplex was formed by the radical cation of tri-p-tolylamine and either the benzophenone or dibenzoylmethane radical anions. Excited states are formed by an energetic electron transfer reaction where the energy donor was formed electrochemically, not optically. However, no direct ECL of the Eu(III) chelate was found in that study. 83 Further studies showed the direct ECL of rare earth chelate, (TBA)Eu(DBM)4 and (TBA)Eu(TTA)4. 79 Intermolecular energy transfer occurred from the lowest excited state of an energy donor-neutral ligands to the acceptors-anionic ligands states of the rare earth chelate. 84 Such intramolecularly transfers of energy from the ligands to the metal-centred 4f state with subsequent narrow band emissions, has been observed by spectroscopic studies. ECL was obtained for the chelates and mixed ligand systems in the presence of S 2 O 8 2-in acetonitrile solutions and was attributed to the electron-transfer reaction between the reduced bound ligands and SO 4 2-, also called "ligand-sensitization" route. 79 V; (----) ECL-2 spectra at -3.1 V. [START_REF] Yu | Luminescence: The journal of biological and chemical luminescence[END_REF] After 10 years, Yu et al. [START_REF] Yu | Luminescence: The journal of biological and chemical luminescence[END_REF] reported the cathodic ECL of acetonitrile-ternary Eu(III) complex systems using a gold electrode. ECL was also obtained via ligand-sensitization route. For the first step, S2O8 2-was reduced to SO4 -• , which further to react with ligand radical dianions, generating nonemissive ligandexcited states, which then underwent intramolecular energy transfer to the Eu(III) f orbitals to form the excited states Eu(III)* and emit light at 610 nm with narrow peak. The ECL intensity of Eu(TTA) 3 phen was also much stronger than the obtained for Eu(DBM) 3 phen, which was attributed to closer triplet-state levels of TTA to the resonance energy level of Eu(III), causing a more efficient the intramolecular energy transfer.

However, only a few researches reported ECL behavior of europium complex, thus, a further study of such systems, in order to better understand the ECL mechanism and to prove its applicability in diagnositic field is needed.

Organic luminophores

The earliest organic ECL luminophore involved polyaromatic hydrocarbons(PAHs), followed by the studies of PAHs, and other organic systems including luminol, polymers [START_REF] Fan | [END_REF]87 and the amino acid tryptophan have 88 also been extensively investigated.

Luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) is an inexpensive classic organic reagent considered as an efficient ECL luminophore or label, able to generate a strong ECL signal in presence of

H 2 O 2 .
Luminol is a yellow-colored crystalline solid powder and soluble in most polar organic solvents.

It is a diprotic acid (denoted as LH 2 ) with pKa values of 6.74 and 15.1. Luminol as a famous CL probe, show relatively high CL around its optimal pH (9.5), although it generates extremely low CL under physiological conditions (pH7.5).

Figure 12. Structure of Luminol and Luminol-012. 89,90 Luminol ECL have been widespread used for determination of H 2 O 2 , 91 glucose, glucose oxidase, 92 enzymes, 93 and many studies have been performed in order to enhance its ECL intensity 94,95 and for cell imaging. 96 Drugs, like bromhexine hydrochloride can be selectively detected in biological samples based on its quenching effect on luminol-H 2 O 2 ECL system. 97 Generally, ECL of luminol is often produced in alkaline solution in the presence of hydrogen peroxide upon electro-chemical oxidation. 99 This study shows the possible use of stainless steel electrodes as a highly promising material for ECL applications, such as ECL biosensing, disposable sensors, and wearable sensors. The ECL mechanism of luminol in the presence of hydrogen peroxide in alkaline medium is well studied and could be briefly described as follow: at first, luminol is deprotonated to generate an anion LH -under alkaline solution; subsequently, the LH -can be electro-oxidized to form an intermediate which undergoes further electro-oxidation in the presence of H 2 O 2 to produce excited state 3-aminophthalate; the excited state 3-aminophthalate finally returns to ground state and emit lights at 410 nm.

Figure 13. Reaction mechanism for the luminol-H 2 O 2 ECL system. 99 L-012, a new luminol analog with higher self-luminescence, has presented higher activity than classical luminol. Thus, L-012 is rapidly emerging as a popular CL probe for the detection of reactive oxygen species (ROS). 89 Although ECL generation on L-012 is less reported, a few works involving cell imaging have been used as ECL emitters and some of those i.e. like CdS, 106 CdTe, have found applications in the biosensors field.

Besides quantum dots, other miscellaneous nanomaterials, like graphene and its related material, 107 graphite-like carbon nitride, 108 carbon nanodots, 109 have been used as promising ECL luminophores due to their characteristic-structure and properties, controllable size and shape and tunnable electron-transfer.

The possible ECL mechanism of graphite-like carbon nitride(C 3 N 4 ) was reported recently. 108 TEA • , deprotonated by TEA •+ , react to electrogenerated C 3 N 4 •+ to produce C 3 N 4 * with light emission by subsequently returning to C 3 N 4 . Therefore, C 3 N 4 was used as electrode for detection of Cu 2+ and rutin.

Au-functionalized C 3 N 4 nanohybrids showed improved ECL intensity and stability of ECL immunosensors for detection of CEA (carcinoembryonic antigen). 110 Silicon NPs doped with [Ru(bpy) 3 ] 2+ /in outer shell as red emitter and fluorescein isothiocyanate inside the shell as green coding dye (RFSiNPs) were used as light emitting diodes. 111 By changing the molar ratio of doped dyes, the optical coding can be improved, which allows the use of this dual-dyes coped Si NPs (RFSiNPs) to determine different analytes in a single sample.

The combination of ECL and stimuli-responsive microgels functionalized with ruthenium complex derivatives have been reported recently. 112 ECL intensity can change reversibly by changing temperature.

A reversible ECL amplification correlated with the swell-collapse transition of the microgels reach to 2 orders of magnitude was demonstrated in stimuli-responsive 100-nm microgel particles. The application of upconversion material was less studied in ECL field. Up-conversion, is a process in which the sequential absorption of two or more photons give rise to an emission wavelength shorter than excitation wavelength, also named as "anti-Stoke emissions". For example, it is first time to mention that a graphene-upconversion material exhibit a cathodic hot electron-induced ECL emission. 113 The ECL intensity of the graphene-upconversion nanocomposite was increased by about 5-fold, which makes this synthesized functionalized graphene-based hybrid materials an interesting alternative for optoelectronics, microelectronics and ECL based-sensors.

ECL applications

ECL has shown great potential for various analytical applications. Recently, ECL techniques have been introduced for imaging, lasers, lighting and up-conversions devices.

ECL analytical applications have also been developed for biomedical applications, such as immunoassays, 114 DNA detection, 115 aptamer and nucleic acid sensors. 116 Compared to other detection systems, this approach has many advantages including no usage of a radioactive isotope, a wide linear dynamic range, rapid measurement, disposal and storage of samples, allowing multiple labelling of the same molecules without affecting the immunoreactivity or hybridization of the probes. One of the most important applications of ECL is in the field of immunoassay. [Ru(bpy) 3 ] 2+ can be modified and formed as active labels for proteins, nucleic acids, and other molecules. 117 Luminol-based ECL is widely used in immunoassays for a long time. 118 When nanoparticles, like Pd nanoparticles, ZnO nanoparticles, were introduced, the sensitivity of these immunoassays was improved.

For example, a sandwich-type immunosensor based on luminol ECL with Pd nanoparticles and glucose oxidase as synergetic catalysts were proposed (Figure 16). Pd nanoparticles can not only catalyze ECL reaction but also retain the activity of glucose oxidase because of its biocompatibility. This immunosensor was successfully used for the detection of α1-fetoprotein with rather a low detection limit. 119, 120 nanoparticle bio-barcode method for DNA detection has been developed. 121 In this system, an ECL nanoprobe was fabricated that relied on a DNA-gold nanoparticle modified by using [Ru(bpy) 3 ] 2+ labeled cysteamine for boosting the ECL signal. This probe allows limit of an extremely low quantity (100 fM)

and the assay exhibits excellent selectivity for single-mismatched DNA detection even in human serum.

ECL imaging technology provides a facile method to study the microenvironment in the close vicinity of the electrode surface. From this technology, the image of surface electrochemical activity distribution with the location, size, and geometry of individual active regions can be obtained. With the development of the ECL techniques, more potential applications are expected to be explored.

Conclusions

ECL has been established as a powerful analytical tool for the determination of a wide range of analytes and for understanding fundamental questions in chemistry, biology, and physics. The clinical application of ECL also facilitates other new applications, like food safety, water safety, and environmental monitoring.

More studies about ECL are aimed to exploit new ECL systems, such as new organic luminophores, nanomaterial systems, to improve the ECL efficiency and combine ECL with other techniques to extend its applications. The ECL of [Ru(bpy) 3 ] 2+ /TPrA or luminol system is obtained generally at high potential, which limits some application to detect the analyte that oxidized easily at high potential, so exploiting suitable electrodes generating ECL at low potential or even at negative potential are needed.

Electrochemiluminescence (ECL) with near-Infrared (NIR) emission has attracted attention to become a powerful analytical tool in biomedical and diagnostic fields in terms of its versatility, high stability and near zero background. Studies of the new ECL system with NIR emission that can show less photochemical damage and lower background interference are still in the progress.

Chapter 2.

Photoinduced electrochemiluminescence at depleted semiconductor electrodes in water

Introduction

Basics in Semiconductors

An intrinsic semiconductor (SC), is a chemically pure (i.e., undoped) SC without dopant species. Intrinsic SCs present and possess poor conductivity. In an intrinsic SC, the density of charge carriers is only determined by thermal excitation following the mass law. The equation of Mass-Action Law: np = n i 2 .

The product of the free electron concentration n and the free hole concentration p is equal to a constant square of intrinsic carrier concentration n i . If somehow n is increased (e.g. by doping), p must decrease to keep np constant. In monocrystalline silicon (the archetypal SC), silicon atoms form a cubic diamond structure with the four peripheral electrons of the Si atom providing bonds with neighboring atoms.

According to molecular bonding theory, the formation of bonding and antibonding levels is determined by the combination of atomic orbitals of several atoms. Closely located energy levels are usually referred to as energy bands, which comprise the valence band (VB, E VB being the energy of the valence band edge, similar to the highest occupied molecular orbital, HOMO) and the conduction band (CB, E CB being the energy of the conduction band edge, similar to the lowest unoccupied molecular orbital, LUMO).

The energy gap between the two bands is called the band gap (E g ), it corresponds to the minimum energy required to excite electrons from their bound state to a free state where they can participate in conduction.

In an intrinsic Si, the Fermi level (E F ) is in the middle of E g . The fermi level for intrinsic semiconductor is given as, E F =(E CB +E VB )/2. E F is an important parameter because it is the electrochemical potential of the SC. SC doping is very useful to modulate the electrical, optical, and structural properties of SC. It consists of the intentional introduction of impurities into an intrinsic SC. After this process, the doped SC is referred to as an extrinsic SC, and can belong to two main groups, the group of n-type SCs (i.e., SCs doped with donor atoms) or the group of p-type SCs (i.e., SCs doped with acceptor atoms).

n-type Si has been doped with an element from group V as an impurity, such as phosphorus (P), arsenic (As), or antimony (Sb). In an n-type Si SC, the impurity has five valence electrons which is more than the valence electron of Si, one valence electron from the impurity becomes free to move and can participate in the conductivity through the conduction band. The electrons are the major carriers of the n-type SC, shown in Figure 2.1b. For an n-type SC, the probability of finding an electron in the conduction band is larger than the probability of finding a hole in the valence band, therefore, as a consequence of n-doping, E F is shifted toward higher energy (closer to E C ). Taking the vacuum level as the zero energy, SHE appears to lie at -4.5 eV with respect to the vacuum level. E F,redox is given by E F,redox = -4.5 eV -eoUredox (2.2)

As a result of this equilibration process, a built-in electric field is formed in the SC, which can help for charge separation and for directing photogenerated minority charge carriers (holes for n-type SC, electrons for p-type SC) into the solution. 3 The band bending is determined by the difference between Three main regimes (Figure 2.3) are possible which can be described as "flat band regime", "depletion regime" and "accumulation regime". 

Depletion

In an n-type SC, if E F, Redox <E F , electrons move to the solution until equilibrium is reached. Since the Fermi levels in both phases must be the same, the energy bands in SC are bent upward at the equilibrium.

The majority charge carriers (e -) are depleted at the interface resulting in the formation of a depletion layer. Conversely, in a p-type SC, if E F, Redox > E F , the energy bands are bent downward and the band bending is also produced and the majority charge carriers, the holes (h + ), are depleted at the interface.

In this case, the majority carriers (the e -for an n-type SC and the h + for a p-type SC) cannot flow from the SC to the electrolyte.

Accumulation

For an n-type SC, when E F, Redox > E F , the bands are curved downward and majority charge carriers (e -) are enriched at the interface. Conversely, for a p-type SC, when E F, Redox <E F , the bands are curved upward and majority charge carriers (h + ) are enriched at the interface. In this case, the majority carriers can flow from the SC to the electrolyte.

Therefore, only the flat band situation (very unlikely to occur at equilibrium) and the accumulation situation allow the reaction to occur to the interface in the dark. In this last situation (Figure 2.3c and f), in an n-type SC, the majority carriers e -can therefore react with the species of the electrolyte to trigger a reduction reaction. Conversely, in a p-type SC, the h + can react with the species of the electrolyte to perform an oxidation reaction.

The Semiconductor-Electrolyte Junction Under Illumination

When the energy of illuminated photons is greater than E g of SC, electrons are excited to the unoccupied In depleted SCs, minority carriers are driven to the interface under illumination. Thus, illumination has a considerable effect on an interface in a depletion situation, however, due to the band bending direction, it will not have a consequence on the reactivity of an interface in the accumulation regime.

Under illumination (non-equilibrium conditions), the quasi-Fermi level is a descriptor of the electrochemical potential of one carrier. In n-type SCs under illumination, E F,n is the electron quasi-Fermi level and E F,p is the hole quasi-Fermi level. The voltage generated by the built-in electric field within semiconductors is referred to as the open-circuit voltage (V oc ) or photovoltage, which is equal to the difference between E F,n and E F,p under no net current flow. V oc is a key parameter for describing semiconductor photoanodes and photocathodes.

If we consider the complete electrochemical cell, in the case of an n-type SC photoanode, the photogenerated holes driven by the energy difference between the valence band edge and the redox level of the species in the solution move to the solution, the photoinduced electrons are collected and transferred through the external circuit to the counter electrode or move to the cathode to perform a reduction and ensure the electroneutrality of the system. The opposite phenomenon occurs on a p-type SC photocathode. This phenomenon, therefore, results in the flow of a photocurrent, corresponding to an electrochemical reaction induced by photogenerated charge carriers at the depleted SC/electrolyte interface, then the photoelectrochemical cell is illuminated.

Photo-induced Electrochemiluminescence (PECL)

Photo-induced electrochemiluminescence (PECL) is a new concept in which ECL is generated on depleted semiconductor electrodes under illumination. The electrochemical and photoexcitation energies are coupled to produce sufficient energy for emitting light. PECL combines ECL and photoelectrochemistry of SCs. This concept relies on employing photogenerated minority carriers within a depleted semiconductor which can decrease the potential required to trigger an electrochemical reaction, 4,5 involving the conversion of an input light signal (photons absorbed by the SC, λ exc ) to an output light signal (photons emitted by ECL process, λ emi ).

ECL on p-type silicon electrodes by a photosensitized reduction process in acetonitrile solution was firstly reported in 1975. 6 It described the illuminated electrode to perform photosensitized electron transfer processes at lower electrode potentials (i.e., less positive for oxidations and less negative for reductions) than metal electrode. For PECL, the active portion of the electrode is that of the exciting light beam instead of the emission occurring over the entire metal electrode surface. ECL from photosensitized oxidations and reductions on p and n-type GaAs and InP electrodes of aromatic species in aprotic solvents were further investigated by Luttmer and Bard. 7 The initial study was done in the dark, where no current flows, until the SC is illuminated with light having an energy higher than the bandgap of the electrode, giving emission at potentials less positive than those required for emission on a metal electrode. Thus, the SC/liquid interface behaves like a Schottky junction and shows diode-like behavior under dark conditions. Therefore, it can be concluded that when the ECL reaction is carried out on an SC electrode, three new features can emerge. One feature is that no current flows under dark, another feature is that the electrochemical oxidations occurred on irradiated n-type SC at less positive potential, the last feature is ECL generated on irradiated n-type SC at less positive potential. The same feature occurs on p-type SC under dark, as electrochemical reductions occurred on irradiated p-type SC at a less negative potential than on an inert electrode. Specifically, the "negative overpotential" effect on n-type SC is the basis for light energy conversion utilizing electrochemical systems (caused by the V oc , as seen in the previous section).

In this chapter, I will now report the PECL on n-Si/SiOx/Ni photoanode in an aqueous solution with the model system [Ru(bpy) 3 ] 2+ /TPrA 8 and PECL on BiVO 4 photoanode with L-012 in NaOH. 9 PECL of n-Si/SiOx/Ni photoanode is an upconversion process, where 810 nm light absorption induces ECL emission in the visible (635 nm). Intense PECL emission can be obtained at a potential as low as 0.45 V vs SCE.

Bright PECL emission is also observed on BiVO 4 at an even lower potential -0.4 V vs Ag/AgCl, amplifying the overall luminescence. This work constitutes the first example of PECL where λ exc < λ emi and this PECL concept can be extended to other SCs and could find potential applications for lightaddressable and imaging devices. This project is a collaboration with the group of Gabriel Loget from Institut des Sciences Chimiques de Rennes, University of Rennes.

PECL by Upconversion at Silicon Electrodes in Water

Silicon, the second most abundant element in the Earth's crust, is attracting particular attention as a photoelectrode material because of its abundance, low toxicity, and tunable electronic properties. 10 Silicon SC has a narrow band gap (Eg ∼1.1 eV), which is relatively well matched to the solar spectrum.

It becomes a promising material for photoelectrodes because a large number of photons can be absorbed and converted compared to other wider band gap SCs. Furthermore, highly controllable structures of Si can be produced with mature technological infrastructure. Thus, after the report from Candea et al. on photoelectrolysis of water, 11 Si has become one of the most studied materials in the early evolution of the photoelectrochemistry field using SC as the electrode. Besides, Si is also employed as a substrate to manufacture a broad diversity of microfluidic systems, 12 including diagnosis microchips, 13,14 which makes it a relevant candidate as an ECL electrode. However, this material is generally highly unstable when used as a photoanode in water. 15 To solve this problem, a Ni layer was designed to be a protection layer. 16 The choice of Ni was driven by reports in the field of photoelectrochemical water electrolysis.

Indeed, it was shown by Kenney et al. 16 that nm-thick Ni layers can considerably stabilize Si electrodes for electrochemical reactions occurring in conditions particularly harsh for Si. Then, it has been shown in different reports that with Ni protection, Si photoanodes exhibited dynamic photoelectrochemical response with a low onset potential, high photocurrent density, and durability. 17 18, 19 In these systems, it is thought that the low onset potential is caused by the increased junction photovoltage, induced by the oxidation of Ni. 20,21 In our study, direct current (DC) magnetron sputtering was used to obtain deposited Si/SiO x /Ni(#nm) electrode with different thickness of Ni layer (# denotes the thickness of the Ni layer).

The SiO x tunnel layer had in all case, a thickness comprised between 1.5 to 2 nm, as determined previously by ellipsometry and transmission electron microscopy (TEM). Figure 2.5a shows the overall PECL scheme that involves the coupling of the input light energy having a wavelength of 810 nm and the electrical energy to produce an output emission with higher energy (wavelength of 635 nm). The combination of Si photoelectrochemistry and [Ru(bpy) 3 ] 2+ /TPrA ECL creates a PECL system producing light from photogenerated h + . The light was obtained from n-Si/SiO x /Ni electrode surface, due to the appearance of the excited state [Ru(bpy) 3 ] 2+* , produced by the reaction between [Ru(bpy) 3 ] 2+ and TPrA. This system emits light at 635 nm (Figure 2.5b), a wavelength that is shorter than its input light at 810 nm. This is reminiscent of up-conversion and allows triggering [Ru(bpy) 3 ] 2+ /TPrA ECL at a low potential of 0.45 V vs SCE. The proposed mechanism of the reaction that occurred at the interface can be explained as follow.

[Ru(bpy

) 3 ] 2+ + h + → [Ru(bpy) 3 ] 3+ (1) 
TPrA+ h + → TPrA •+ (2) TPrA •+ → TPrA • + H + (3) 
[Ru(bpy) 3 ] 3+ + TPrA 

TPrA + h + → TPrA •+ ( 7) From the X-ray photoelectron spectroscopy (XPS) spectra, the large decrease in the intensity of the Si 2p and 2s peaks after deposition shows that the Ni layer densely covered Si/SiO x . Chronoamperometry (CA) was also recorded on p + -Si/SiO x /Ni (5 nm) and p + -Si/SiO x in the dark. In this case, current densities (j) in the range of 1 mA cm -2 were recorded at 1 V vs SCE, associated with ECL that could be observed by the naked eye on p + -Si/SiO x /Ni (5 nm) and recorded with a digital camera for more than 2 h (Figure 2.9). This is in strong contrast to the behavior observed on Ni-free hydrogenated Si (Si-H) and Si/SiO x electrodes, which exhibited a quick decay of j and the ECL, which disappeared after a few minutes (Figures 2.8 and 2.9). Thus, these experiments demonstrate the importance of the Ni layer for stabilizing the anode and show that stable ECL can occur at Si/SiO x /Ni MIS electrodes, allowing the study of photoactive n-Si/SiO x /Ni electrodes, which is described in the following.

TPrA •+ → TPrA • + H + ( 8 
Electrochemistry and PECL of n-Si/SiO x /Ni I will now discuss the behavior of photoactive Si anodes, that were made by employing a moderately doped n-type Si (n-Si) surface, these electrodes were studied in the same media as before: PBS (pH 7. CVs and corresponding ECL spectra were also performed on n-Si/SiO x under illumination with consecutive 6 scans. In contrast to the previously discussed case where a Ni thin film is used, n-Si/SiO x exhibited fast deactivation during CV cycling, shown by the decay of the corresponding ECL signal (Figure 2.12). This is in good agreement with the sharp increase of potential on n-Si/SiO x shown in CP measurements (Figure 2.11c, green curve). These results all confirm that Ni layer provides a degree of protection. The effect of the illumination power on the PECL was finally investigated, as shown in Figure 2.13. Under dark, there is no photocurrent and corresponding ECL signal (black curve in (a) and (b)). In these experiments, CVs and corresponding ECL intensity profiles were recorded at different values of the illumination power (by controlling the current provided by the power generator connected to the LED). Photocurrent and ECL intensity was recorded under LED illumination with 5 powers, 2 mW cm - 2 , 5.9 mW cm -2 , 9.7 mW cm -2 , 13.5 mW cm -2 , 17.3 mW cm -2 . The photocurrent and ECL signal is smallest when 2 mW cm -2 power is used on the LED. When the illumination power increase, photocurrent, and the corresponding ECL also increase, and at 17.3 mW cm -2 , the largest photocurrent and strongest ECL light was obtained. The results from Figure 2.14 further show the relationship between photocurrent, ECL signal, and the illumination power. It has a linear relationship between photocurrent and illumination power. Figures 2.13 and 2.14 all confirm that photocurrent and ECL are dependent on the illumination power.

Luminescence Amplification at BiVO 4 Photoanodes by PECL

Among n-SCs, BiVO 4 has been extensively studied and has emerged as a promising photoanode because of its favorable electronic and optical properties, its stability in neutral electrolytes, 25 its nontoxicity. 26 It has a bandgap of 2.4-2.5 eV and can absorb a significant portion of UV and visible light. BiVO 4 with the monoclinic scheelite phase shows the most photoactive activity, compared to tetragonal zircon-type and tetragonal scheelite structures. 27 Monoclinic scheelite BiVO 4 has a strong yellow color and potentials corresponding to its E CB of ~0 V vs. the reversible hydrogen electrode (RHE) and to its E VB of 2.4 V vs.

RHE, providing sufficient overpotential for holes to photooxidize water. 28 The effective masses of electrons and holes in BiVO 4 are predicted to be much lighter than those of other semiconductors (e.g. Here, I will show that anodic PECL of this system can be induced at a low potential to amplify the overall luminescence (i.e. Fluorescence of Luminol-012(FL)+PECL) in a precise manner. In the present configuration, FL of electrolyte is generated under incident light without applied potential and PECL enhances the luminescence signal when a potential is applied. The concept presented here is based on the use of λ exc , which can photoexcite both the SC and the luminophore. As shown in Figure 2.15 a, when no electrochemical potential is applied to the surface (i.e. in open circuit condition), only FL is emitted at the liquid/solid interface, provided that the incident light is transmitted through the BiVO 4 surface.

However, as depicted in Figure 2.15 b, when a potential is applied, PECL can be generated on the photoanode, which amplifies the intensity of the light emission. Before this work, PECL examples have been reported for designing electrochemically assisted up-conversion systems at Si electrode in water with the co-reactant system [Ru(bpy) 3 ] 2+ /TPrA 8 and other SC photoelectrodes using organic luminophores dissolved in dried organic electrolytes were studied. 6,7 In the previous section of my thesis, PECL allowed light production at a potential of 0.45 V vs. SCE, all potentials of these electrodes in this study were much lower than the typical potential (>1 V vs. same reference electrode) required on the conventional electrode with [Ru(bpy) 3 ] 2+ /TPrA system. In this work, the potential for PECL on BiVO 4 photoanode using a luminol analogue (L-012: 8-amino-5-chloro-2,3-dihydro-7-phenyl-pyrido [3,4d]pyri-dazine-1,4-dione) 29,30 is much lower, at -0.4 V vs. Ag/AgCl. A fundamental difference between this system and the former PECL study is that, in the first one, FL was avoided by using an incident wavelength, λ exc , higher than the absorption band (λ exc > λ abs ) of the ECL emitter. The PECL and fluorescence of L-012 emit at 503 nm with the incident light at 375 nm.

Hydrogen peroxide (H 2 O 2 ) is often used as an additive to increase anodic luminol ECL, because anodic luminol ECL is generally weak due to the difficult oxidation of water to generate reactive oxygen species. 31 In the present study, L-012 was selected because it has been proved that it can produce stronger luminescence than luminol. 32 Surprisingly, the L-012 ECL is still intense without the addition of H 2 O 2 .

The reaction mechanism for the luminol-H 2 O 2 ECL system was already explained in the first chapter, but the reaction mechanism without H 2 O 2 is not clear yet. In a previous study, the illumination of a glassy carbon electrode with a wavelength greater than 500 nm increased the ECL of luminol. 33 It has been proposed that hot carriers (electrons and holes) are responsible for the photocurrent generation on carbonfiber or graphite electrode. 34,35 According to the authors, hot holes can be induced at the electrode surface by light irradiation and the hot holes can oxidize hydroxide anions (OH - ) to hydroxyl radicals (OH • ), which is capable of promoting the oxidation of luminol, generating larger current and stronger ECL. Here we speculate the possible L-012 ECL mechanism is that photogenerated holes oxidize OH -to • OH, which is a sufficiently strong one-electron oxidant, 36 then promote the oxidation of L-012. Generally, L-012 exhibits a strong CL in alkaline solution. 37 Diazaquinone is termed as L.

OH -+h + → • OH ( 12)

LH 2 + OH -→LH -+H 2 O (13) 
The photogenerated electron flow to the external circuit, move to the counter electrode, and inject into an aqueous solution. Due to the presence of oxygen in the solution, the oxygen reduction occurred at the counter electrode, inducing the generation of superoxide radical O 

O 2 •-+ e -+2H 2 O→ H 2 O 2 + 2 OH - (14) 
H 2 O 2 + e -→ • OH + OH - (15) 
So with • OH, the CL pathway can be started by one-electron oxidation followed by rapid deprotonation of the formed LH • radical. 39,40 LH

-+ • OH →L •-+ H 2 O or LH -+ • OH →L •-+ H + + OH - (17) 
L •-radicals can either disproportionate to yield LH -and diazaquinone (L) or be oxidized a second time by a one-electron oxidant to yield L,

L •-+ • OH →L + OH - (18) 
And in the presence of O 2 •-or H 2 O 2 generated before, an endoperoxide species, LO2 2-or LO2H2, is produced, from the reaction of L •-with O 2 •-or the reaction between L with H 2 O 2 .

L •-+ O 2 •-→ LO 2 2- ( 19 
) L + H 2 O 2 → LO 2 H 2 (20) 
After this, LO2 Photocurrent spectroscopy revealed that the BiVO4 layer has an indirect bandgap 43 of 2.4 eV (see Figure 2.17a), in good agreement with the expected theoretical value. 44 UV-vis measurements showed the partial transparency of the SiO 2 /FTO/BiVO 4 surface in the 350-400 nm range (see Figure 2.17b), as required to transmit λ exc to the solution phase (red spectrum in Figure 2.18), this is the reason why we chose 375 nm as the incident light. This CV is very similar to those previously reported for BiVO4 photoanodes 27 and demonstrates the photoactivity of our BiVO4 surface under these conditions. The influence of the applied potential on luminescence is clearly shown in Figure 2.19 b. In the dark, no ECL appeared. Conversely, under illumination, intense ECL peaks appeared on the surface. The emission at the open circuit (red curve) is caused by the L-012 FL and exhibits a maximum at λ em =503 nm. Remarkably, applying a potential E = 0 V to the BiVO 4 surface considerably amplifies the luminescence, resulting in an increase of the luminescence intensity (i.e. λ em ) by more than 70% (purple spectrum). Spectra were also performed in dark with potential on and off. Figure 2.20 proves that without LED illumination, no emission was measured regardless of whether a potential was applied (black curve) or not. To know the effect of LED power (P LED ) connected with a power generator, CVs and FL spectra were recorded at BiVO 4 by controlling the power source of LED (1.3 mW, 7.1mW, and 15.3 mW). Figure 2.21a shows that photocurrent increases with the increase of P LED . Thus, the effect of P LED is remarkable because it allows control of the h + density and, thus, the photocurrent. Meanwhile, P LED also has the same effect on the FL of L-012. Figure 2.21b shows FL intensity increase when the applied power increase. PECL spectra recorded at a constant potential (0 V) at different LED illumination power (PLED).

To precisely focus on PECL, in the following, the FL spectrum (recorded before each measurement) was subtracted from the overall luminescence (FL + PECL). constant (E = 0 V), PECL has a consistent response with the increase of P LED . Thus, it proves clearly that P LED has a strong influence on PECL and led to an increase in its intensity by more than 13 times. All measurements were performed at λexc=375 nm in 0.1m NaOH with an L-012 concentration of 10 mM.

A series of results, obtained by varying E and P LED , are gathered in Figure 2.23 a, which plots the PECL maximum intensity as a function of these parameters, and clearly illustrates how they influence PECL.

While PECL is not generated at low P LED , it becomes very high for high E and P LED values. Quantitatively, the highest amplification was obtained for + 0.1 V and 15.3 mW. The electrochemical and spectroscopic data allows one to relate the luminescence amplification to the photoanodic activity of BiVO 4 . At this stage, we rationally assume that PECL is triggered by the direct oxidation of the luminophores and the hydroxide anions by photogenerated h + . 27,33,45 Nevertheless, it is also plausible that concomitant photoelectrochemical processes, such as a local pH decrease caused by OH-consumption 46 or H 2 O 2 generation, 47 could also play a role in the PECL, which would be investigated in future. The stability of this electrode was tested by measuring the PECL intensity as a function of time under intermittent illumination. 15.3 mW was used as PLED when the light is on. As shown in Figure 2.23 b, PECL responds instantaneously to illumination and is rather stable at 0 V over 2 hours.

Conclusion

In conclusion, we reported for the first time PECL of the aqueous model system [Ru(bpy) 3 ] 2+ /TPrA, which was demonstrated at MIS n-Si/SiOx/Ni photoanodes. The upconversion process (λ exc > λ emi ), which combines photoactivation at the SC and electrochemistry, gives a remarkably stable and intense ECL emission in water at a low potential of 0.45 V vs SCE. Another PECL mechanism involving L-012 at BiVO 4 photoanodes using a light source at 375 nm, that is suitable for exciting the luminophore fluorescence as well as the SC photoelectrode, was studied. This system is the first example of PECL on an oxide photoelectrode. When an appropriate potential is applied to the photoanode, bright emission is obtained with a significant PECL contribution, which increases with the potential, to the overall light intensity. It has been shown that, because of the low oxidation potential of L-012, the high photovoltage, and the chemical stability of BiVO 4 , PECL can be induced on the BiVO 4 surface at a lower potential than 0.4 V for several hours. This concept can be employed to precisely tailor L-012 emission and this report constitutes the first example of PECL where λ exc < λ emi . These findings show that the recent developments in photoelectrode protection can be beneficial for applications outside energy, opening exciting opportunities in various fields such as ECL. Indeed, the concept of PECL can be applied to other types of reactions (including cathodic ones) on a variety of absorbing n-and p-type SCs, and thus, a wide range of PECL systems with different absorption/emission characteristics should be readily accessible. Besides being beneficial in terms of electrochemical potential gain, this concept may find application in biosensing, light-addressable systems, or for the design of new detection strategies and infrared imaging devices.

Experimental section The Ni thin films were deposited on the clean Si/SiO x surfaces by sputtering with a Leica EM ACE600 coating system (Ni target purity: 99.8%, Leica). The Ar pressure for sputtering was 2 ×10 -2 mbar and the current 100 mA (pre-sputtering time of 1 min), the thickness of the film was determined in situ by a quartz crystal microbalance. After deposition, the system was degassed with N 2 . The coated surfaces were further processed to fabricate electrodes. The Ohmic contact was done on the backside of Si wafer by scratching the surface with a diamond glass cutter; then a droplet of InGa eutectic and a metal wire were applied on the scratched part. A thin layer of silver paste was painted to cover the InGa eutectic contact as well as a part of the metal wire. After drying of the paste, epoxy resin (Loctite 9460, Henkel) was deposited to shield the backside and frontside of the surface except an active area comprised between 0.1 and 0.2 cm2, the exact geometrical value was precisely measured using the Image J software prior to the (photo)electrochemical experiments. The electrodes were baked in the oven at 90 °C for 1.5 h to cure the epoxy resin. The P-ECL experiments were performed in a homemade cell comprising a quartz window in front of which was localized the photoelectrode. The LED and the optical fiber coupled to a spectrometer were placed in front of the quartz window (Figure 2.24) to illuminate the surface and simultaneously acquire ECL emission spectra every 500 ms, respectively. This setup allowed separation of the incident excitation LED light (λ LED = 810 nm) from the ECL signal (i.e., λ ECL ) and enabled recording of the ECL intensity, which was integrated from 550 to 650 nm on the ECL spectra, as a function of the potential during CV cycles. The position of Si electrode, LED and fiber placed like a rectangle, to make sure the electrode can be irradiated by LED light can be observed and ECL light can be captured by optical fiber, which showed in the front view. The distance between LED and the Si electrode is 1cm, 0.8cm is the distance between the Si electrode and optical fiber which is coupled with the spectrometer.

Electrochemical and photoelectrochemical experiments

Cyclic voltammetry (CV), chronoamperometry (CA) and chronopotentiometry (CP) measurements were performed in a three-neck cell comprising a quartz window. The reference electrode was a KCl saturated calomel electrode (SCE) and the counter electrode was a graphite rod. The cell was filled with the electrolyte that comprised 5 mM [Ru(bpy) 3 ] 2+ , 100 mM TPrA in the buffer solution. The working electrode was placed in front of the quartz window. The light was provided by a LED (ILH-IX01-81SLSC201-WIR200, Radiospares) that was placed facing the quartz window with an angle of 45° and a distance from the electrode of ~1 cm. The power of the LED was controlled by the current applied with a power generator. Unless specified the applied current was 25 mA, which corresponds to a power density of 17.3 mW cm -2 , as measured with a PM200 Thorlabs powermeter fitted with a S130VC Thorlabs detector. Electrochemical measurements were performed with a SP150 (Biologic) or a μ-Autolab Type III (Autolab). The CVs reported in this work were recorded at 20 mV s -1 . ECL spectra were recorded using a spectrograph Spectra pro 2300i (Princeton Instrument) connected to a collecting optical fiber, under potential scanning with an exposure time of 0.5 s. The optical fiber was placed as well in front of the quartz window with a distance from the electrode of ~0.8 cm (see the scheme in Figure 2.2). ECL intensity was calculated by the integration of the ECL spectra from 550 nm to 650 nm and background spectra where the LED was ON and the cell was left at the OCP were recorded before each experiment and subtracted to the spectra. Photovoltages were estimated by subtracting the potential corresponding to an arbitrary set value of ECL intensity of 1×10 5 on p + -Si/SiO x /Ni (in the dark) and n-Si/SiO x /Ni (under illumination). IPCE measurements were performed with a CIMPS-QE IPCE 3 workstation (Zahner) comprising a TLS03 tunable light source controlled by a PP211 potentiostat in the same cell as the one used for the classical electrochemical experiments and the applied potential was 0.7 V. The light modulation frequency was 1 Hz, the settling time was 10 s and the number of counts 25. The Thales software provided the spectra in photocurrent efficiency (A W -1 ) or IPCE (%). In order to check the validity of the P-ECL measurements, the IPCE spectra obtained in A W -1 (Figure 2.7) allowed calculating that a theoretical current density of 0.95 mA cm -2 should be obtained at 810 nm with a power density of 17.3 mW cm -2 , which is (considering experimental errors related with the experimental setup) relatively close to the value of 1.2 mA cm -2 obtained at 0.7 V in Figure 2.11a, thus, confirming the validity of our measurements. They were finally rinsed and dried under an Ar flow. The method we used to coat these FTO surfaces with BiVO4 was adapted from reference. We first electroplated metal Bi that was then converted in BiVO4, as described in the following. The Bi plating electrolyte was prepared by dissolving 0.77 g of Bi(NO 3 ) 3 .5H 2 O in 80 ml of ethylene glycol. Before electrodeposition, a piece of copper tape was disposed at one extremity of a cleaned FTO slide (to be used as an electrical contact) that was then partially covered with hydrophobic tape (3M) to define a ~0.5 cm² active area. The electrochemical cell was an open beaker filled with the plating electrolyte, the working electrode was the FTO slide, the reference electrode was a KCl-saturated calomel electrode (SCE) and the counter electrode was a large Pt plate. Bi electroplating was carried out by chronoamperometry imposing 7 cycles composed of two steps (-1.85 V for 30 s followed by 0 V for 5 s) using a Biologic SP-150 potentiostat. After electrodeposition, the electrode was rinsed with ultrapure water and dried with Ar. After that, the copper and the hydrophobic tape were removed from the surface and 40 µL of a 0.15 M solution of vanadyl acetylacetonate in DMSO was cast over the surface to fully cover the Bi surface. The DMSO was evaporated by heating the surface for 20 min on a hot plate at 100°C and the surface was then annealed at 500 °C for 2 h in the air (2 °C min-1) in a tube furnace (Carbolite EHA 12300). After annealing, the surface was immersed in a 1 M NaOH aqueous solution for 30 min under stirring to remove V2O5 from the layer. The surface was finally copiously rinsed with ultrapure water and dried under Ar.

Material characterization

XRD analysis was performed on a Rigaku SmartLab instrument (3 kW, Kalpha1,2 Cu) using grazingincidence X-ray diffraction (GIXRD) with incident angle ω = 0.3°, incident slit of 0.2 mm, angular range 15-65°, speed 2°/min. Scanning electron microscopy (SEM) was performed using a JSM 7100F (JEOL).

SEM picture analysis was performed using the ImageJ software. The colourized SEM pictures were prepared using the Inkscape freeware, the non-colourized SEM picture is presented in Figure 2.16.

1.2.4. Electrochemical, photoelectrochemical and optical characterization The BiVO 4 /FTO material was then employed as the anode in the photoelectrochemical cell which contained an electrolyte composed of 10 mM L-012 in 1M NaOH. This cell comprised an LED (λ exc = 375 nm), placed below the FTO side of the photoanode to illuminate it. An optical fiber was positioned above the BiVO 4 in the electrolyte solution and coupled to a spectrometer. This photoelectrochemical setup allowed to record emission spectra as a function of the incident illumination intensity (P LED ) and E. The FL of L-012 was measured under illumination when there is no applied potential, and when the potential was applied, PECL was therefore recorded and it amplifies the luminescence signal.

Cyclic voltammetry (CV) and chronoamperometry (CA) measurements were performed with a μ-Autolab Type III (Metrohm). The scan rate of CVs was 20 mV s -1 . Except for the electrodeposition experiments (introduced before), the reference was an Ag/AgCl (3 M NaCl) electrode and the counter electrode was a carbon rod. The working electrode was the FTO/BiVO 4 surface, which was sealed with its mirror image, and the two mirror-image forms are generally named enantiomers. 1 Chirality can be defined at different length scales, ranging from the molecular to the supramolecular and macroscopic scale, 2 such as pharmaceuticals, biological molecules and agrochemicals. The chiral molecules (two enantiomers) have identical physical and chemical properties, like the same melting point, the same solubility, except for optical rotation. Since many biological molecules are enantiomers, they often play a mark difference on biological activities. In many cases, only one isomer in a chiral compound show the desired activity, while the other isomer may exhibit no therapeutic value and potentially cause unsuspected adverse effects. For instance, in drugs, often one of a drug's enantiomers is responsible for the desired physiological effects, 3 while the other one is less active, inactive or sometimes even with the adverse effects. In the case of the human being, the stereoselectivity of receptors prefers for single Dsugar molecules to be used for energy production. 4 Moreover, many important metabolic pathways of our bodies favour mostly L-amino acids as reactants, while the D-enantiomer is still not completely understood for its functions. 5 Thus, the present technology for discrimination between enantiomers is of a consequential challenge to further being explicated in the more facile utilization together with higher sensitivity, especially in chemical, food, medical and pharmaceutical industries. 6 Chiral discrimination approaches have been proposed relied on a large number of fundamental aspects.

Previous reports have demonstrated the utilization of various analytically spectroscopic, e.g., UV-Vis spectrometry, 7 fluorescence, 8 H 1 nuclear magnetic resonance (H 1 -NMR) 9 and circular dichroism (CD), 10 polarimetric, 11 chromatographic 12,13 and electrochemical techniques 14 for investigating the enantiomeric recognition of chiral molecules. However, these methods often suffer from some limitations related to the high cost for advanced instrumentation, the difficulty of sample purification or derivation, and timeconsuming analytical processes.

Thus, there is still a strong need for the development of new and straightforward approaches allowing the discrimination of enantiomers. In this context, electrochemical concepts offer several advantages.

One of them, which is of particular interest in terms of an easy readout and low cost, is ECL. ECL is a light-emitting phenomenon, which can be decomposed into three sequential main steps: i) the electrochemical trigger with the generation of reactive intermediates involving a luminophore and a sacrificial co-reactant; ii) their homogeneous reaction leading to the formation of the excited state of the luminophore; and iii) its relaxation to the ground state accompanied by photon emission. ECL provides several outstanding advantages, including no requirement of an excitation light source, high sensitivity second, that the enantio-discrimination recognition occurs on metal surfaces, which are encoded with structural chiral information.

Apart from the technical point of view, a well-designed material should be also taken into consideration.

Several alternative materials have been adopted into chiral discrimination and enantioselective analysis, for example, enantioselective membranes, 21 molecularly imprinted polymers (MIPs) 22 and modified cyclodextrins. 23 To meet the requirements for practical applications in terms of high productivity, lowcost manufacturing, friendly environmental issues, stereoisomeric capability, their stability is still the major negative aspect. Theoretically, a degree of chiral discrimination directly depends on chiral surface properties; in particular, a significant improved chiral recognition has been successful on mesoporous surfaces. Recently, novel chiral porous materials, namely chiral encoded mesoporous metals, have been successfully fabricated and combine the beneficial advantages of the mesoporosity, providing a high active surface area and improved mass transportation 24 with an enantioselective adsorption on metal surfaces. 25,26 To extend the scope of using this strategy to a wide range of metals, several noble and nonnoble materials, such as monometallic platinum (Pt) 27,28 and nickel(Ni) 29 alloyed platinum-iridium (Pt-Ir) or the same alloys supported on nickel foam 30 , have been investigated. These nanostructured surfaces could be successfully used as electrodes for the three major schemes of chiral technologies including a catalyst for asymmetric catalysis, 31 a stationary phase for chiral separation 32 a sensor for the chiral actuator, 33 and enantioselective analysis. 34 Chiral encoded mesoporous Pt could act as the stationary phase elaborated with the electro-assisted approach for the separation of enantiomers such as tryptophan and naproxen. 35,36 Furthermore, the chiral Pt electrode could be fabricated together with polypyrrole and this hybrid film revealed an efficient enantioselective actuation ability via wireless bipolar electrochemistry. 37 Monometallic Pt usually suffers from passivation after the reuse for many cycles, alloying metals like Pt-Ir could conquer the major difficulty. As illustrated in the latest reports, 25 when an alloy material with chiral properities, the chiral-encoded mesoporous Pt/Ir has been introduced instead of monometallic metals such as Pt, the remarkably improved enantioselective discrimination capability has been observed even after several recognition cycles using a simple electrochemical analysis such as differential pulse voltammetry (DPV). Interestingly, the designed materials also are resistant to harsh conditions, and therefore the high chiral discrimination capability is observed still even at high oxidative potentials. This notable stability also allows the usage of the Pt-Ir as a catalyst for the production of selective chiral molecules via both electrocatalysis 25 and chemical heterogeneous catalysis, 38 and the catalyst revealed outstanding stability observed by highly enantiomeric excess values even after many catalytic cycles. achieve enantioselective ECL detection, we target the initial electrochemical triggering step in this approach and not the final optical product, light and its polarization, as in previous works. 39,40 An amino acid, like phenylalanine (PA)(Scheme1), either D-or L-stereoisomeric enantiomers, was selected for this study to act as dual functional compound, a chiral target molecule as well as co-reactant for the ECL system. 41 Pt-Ir electrodes can discriminate between PA enantiomers, the sensitivity of this ECL analysis is still limited as the surface can be gradually passivated by the adsorption of molecules. In order to enhance the ECL signal, a potential-induced surface regeneration concept was introduced. The metal surface was activated and cleaned by using chronoamperometry, applying a constant negative potential of -0.1 V for 30 s to remove any physisorbed species on the mesoporous metal surface before ECL analysis. 46 This enhanced enantioselectivity could be ascribed to the fact that the cleaning step equally affects the enantioselective internal surface of mesopores and the unselective outer surface of the Pt-Ir layer. As the mesopores represent a higher fraction of the total available surface area, this leads to a relative increase of the signal of the imprinted species, which preferentially reacts inside the pores. This results in a higher probability for the bimolecular reaction between oxidized [Ru(bpy) 3 ] 2+ and PA species to occur in a stereoselective way, and consequently generates a significantly larger ECL signal for the imprinted enantiomer (Scheme 2). 47 Scheme 2. Illustration of the reaction between [Ru(bpy) 3 ] 3+ and PA radical generated through the oxidation in cavies on D-PA imprinted mesoporous Pt-Ir alloys electrode surface.

In this case, the ECL pathway would be proposed similar to the Miao et al. report in the [Ru(bpy) 3 ] 2+

/TPrA system as mentioned in the introduction part. 45 The ECL generation and discrimination process is displayed in Scheme 2. Briefly, the reaction routes mainly relate to the three parts include: 

Where I L and I D are the maximum ECL intensities that were analyzed in L-PA and D-PA solutions, respectively.

the first example of "fluorescence type" PECL where λ exc <λ emi . This P-ECL job may find potential applications in biosensing and light-addressable devices.

In total, the concept of P-ECL can be applied to other types of reactions (including cathodic ones) on a variety of absorbing n-and p-type SCs, and thus, a wide range of P-ECL systems with different absorption/emission characteristics should be readily accessible. Besides being beneficial in terms of electrochemical potential gain, the adaptable P-ECL systems coupled with suitable irradiation can be designed as new detection strategies or used for bio-analysis. As we all know, tissues are relatively transparent to near-infrared light, which can reduce the scattering of themselves in such wavelength region, thus, P-ECL concept with up-conversion system can be developed for biomedical imaging. Besides, it can be developed as an effective detection technique for discrimination of enantiomers in (bio)analysis, food and environment investigations.

Figure 1 .

 1 Figure 1. Schéma montrant une photoanode MIS n-Si/SiOx/Ni pendant PECL (le produit secondaire des radicaux TPrA formés pendant le processus ECL est désigné par p). (b) Schéma montrant les électrodes Si/SiOx/Ni utilisées dans ce travail avec émission ECL (λECL).

Figure 2 .

 2 Figure 2. (a) Spectres IPCE enregistrées sur des électrodes n-Si/SiOx (courbe verte) et n-Si/SiOx/Ni(1.5 nm) (courbe violette) à un potentiel de 0.7 V vs SCE. (b) Spectre d'absorption normalisé de l'électrolyte (courbe noire), de l'émission P-ECL obtenue sur n-Si/SiOx (courbe verte) et sur n-Si/SiOx/Ni (1.5 nm) (courbe violette) à 0.6 V vs SCE sous illumination à λLED = 810 nm. Les expériences ont été réalisées dans une solution PBS (pH 7.3) contenant 5 mM [Ru(bpy)3] 2+ et 100 mM TPrA.

Figure 3 (

 3 Figure 3 (a) CV enregistrés sur n-Si/SiOx/Ni (1.5 nm) sous éclairage LED à 810 nm (six balayages consécutifs, courbes violettes) et dans l'obscurité (courbe noire). (b) Intensité ECL correspondante vs courbes E. (c) Courbes CP (lignes) enregistrées à 1 mA cm -2 sur n-Si/SiOx/Ni (1.5 nm) (courbe violette) et n-Si/SiOx (courbe verte) sous illumination à 810 nm. L'évolution de l'intensité ECL sur n-Si/SiOx/Ni (1,5 nm) est représentée par des cercles violets. (d) CV enregistrés dans l'obscurité sur p + -Si/SiOx/Ni (1.5 nm) (courbe rouge) et sous illumination sur n-Si/SiOx/Ni (1.5 nm) (courbe violette) et n-Si/SiOx/Ni (25 nm) (courbe bleue). (e) Intensité ECL correspondante vs courbes E. Ces mesures ont été réalisées dans du PBS (pH 7.3) avec 5 mM de [Ru(bpy)3] 2+ et 100 mM de TPrA à 20 mV s -1 . Les courbes rouges en (d) et (e) ont été divisées par 3 pour plus de clarté.

Figure 4 .

 4 Figure 4. (a) CV enregistrés sur n-Si/SiO x /Ni (1.5 nm) à différentes densités de puissance LED. (b) Intensité ECL correspondante vs courbes E. Ces mesures ont été effectuées dans une solution PBS (pH 7.3) contenant 5 mM de [Ru(bpy) 3 ] 2+ et 100 mM de TPrA avec une lumière incidente de 810 nm à une vitesse de balayage de 20 mV s -1 .

Figure 5 .

 5 Figure 5. a,b) Schéma de principe illustrant l'amplification de la luminescence. (a) FL est générée à une interface BiVO4/liquide lors d'une illumination à 375 nm. (b) La luminescence est amplifiée en imposant un potentiel à la surface qui déclenche l'émission P-ECL.

Figure 6 .

 6 Figure 6. a) CV enregistrés au BiVO4 à 20 mVs -1 dans l'obscurité (noir) et sous éclairage (violet). b) Spectres de luminescence enregistrés à 0 V dans l'obscurité (courbe noire), à circuit ouvert sous éclairage LED (courbe rouge, FL) et à 0 V sous éclairage LED (courbe violette, FL+P-ECL). Les mesures ont été enregistrées avec PLED = 15.3 mW (λexc = 375 nm) dans du NaOH 0.1 M avec une concentration en L-012 de 10 mM.

Figure 7 .

 7 Figure 7. a) Spectres P-ECL obtenus sous illumination LED constant à différents potentiels imposés. b) Spectres P-ECL obtenus constant à un potentiel constant (0 V) sous différents puissances d'illumination de la LED (PLED).

Figure 8 .

 8 Figure 8. a) Graphe montrant l'évolution de l'intensité du signal P-ECL en fonction du potentiel appliqué et de la puissance d'illumination. b) Variations de l'intensité du signal P-ECL en fonction du temps à 0 V sous illumination intermittente. Les spectres P-ECL sont obtenus en soustrayant aux spectres globaux luminescents (FL+PECL) les spectres FL enregistrés à circuit ouvert. Les mesures (b) ont été obtenus à PLED=15.3 mW. Toutes les mesures ont été réalisées à λexc=375 nm dans 0.1M NaOH contenant 10 mM L-012.

Le chapitre 3

 3 présente des surfaces d'alliage mésoporeux Pt-Ir à impression chirale combinées à l'ECL pour la détection sélective des deux énantiomères de la phénylalanine (PA). Cet acide aminé peut agir simultanément comme une cible chirale et comme un co-réactif pour générer des différences significatives dans les signaux ECL dans des conditions physiologiques (Figure 9).

Figure 9 .

 9 Figure 9. Représentation schématique de la réaction entre [Ru(bpy)3] 3+ et le radical PA généré par oxydation sur les surfaces d'électrode d'alliage mésoporeux Pt-Ir imprimées avec D-PA.

Figure 10 .

 10 Figure 10. Caractérisation des surfaces d'électrode chirale d'alliage mésoporeux Pt-Ir imprimées par imagerie MEB avec a) Vue du dessus (barre d'échelle : 10 µm), b) Vue de profil (barre d'échelle : 100 nm). c) Images du film mésoporeux Pt-Ir (barre d'échelle : 50 nm); d) CVs du Pt-Ir mésoporeux (courbe rouge) et d'une surface plane de Pt commercial (courbe noire) enregistrés dans une solution de 0.5 M H2SO4 à la vitesse de balayage de 100 mV s -1 . Le dépôt de l'alliage Pt-Ir est obtenu par électrodéposition en faisant passer une densité de charge de 4 C cm -2 .

Figure 11 .

 11 Figure 11. Discrimination chirale par ECL sur des surfaces d'électrode chirale d'alliage mésoporeux Pt-Ir imprimées avec a), c) L-PA, and b), d) D-PA soit fraîches (haut) ou activées (bas). Cela montre la bonne discrimination des 2 énantiomères de PA. Les expériences ont été réalisées avec 10 mM L-PA ou D-PA/1 mM [Ru(bpy)3] 2+ dissous dans une solution de 0.1 M PBS.

  et d). L'énantiosélectivité, exprimée par le rapport des signaux ECL respectifs, atteint des valeurs supérieures à 20. Ces valeurs sont environ cinq fois 4,9(1,6) plus élevées que celles des électrodes Pt-Ir imprimées PA non activées. Cette meilleure énantiosélectivité pourrait être attribuée au fait que l'étape de nettoyage affecte également la surface interne énantiosélective des mésopores et la surface externe non sélective de la couche de Pt-Ir. Comme les mésopores représentent une fraction plus élevée de la surface totale disponible, cela conduit à une augmentation relative du signal de l'espèce imprimée, qui réagit préférentiellement à l'intérieur des pores. Il en résulte une plus grande probabilité pour que la réaction bimoléculaire entre le [Ru(bpy) 3 ] 2+ oxydé et l'espèce PA se produise de manière stéréosélective, et génère par conséquent un signal ECL significativement plus important pour l'énantiomère imprimé.

Figure 12 .

 12 Figure 12. Test de stabilité d'un alliage Pt-Ir imprimé avec D-PA pour la discrimination des énantiomères de PA à l'aide de l'ECL. a) -d) Courbes ECL normalisées enregistrées avec les deux énantiomères d'acides aminés lors de quatre cycles voltampérométriques consécutifs ; e) Rapport des signaux ECL respectifs en fonction du nombre de cycles. Les expériences ont été réalisées par balayage voltampérométrique dans des solutions de L-PA et de D-PA/1 mM de [Ru(bpy)3] 2+ dissoutes dans des solutions PBS 0,1 M, en utilisant une électrode mésoporeuse Pt-Ir imprimée avec D-PA. Une régénération de surface induite par le potentiel a été réalisée avant chaque analyse.
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Figure 1 .

 1 Figure 1. Schematic illustration of the Jablonski energy diagram.22 

Figure 2 .

 2 Figure 2. Mechanism of CL luminol oxidation processes.

Figure 3 .

 3 50 In neutral solution, ECL intensity is quite strong. No light was observed when only oxalate was oxidized and potentials sufficiently positive to trigger oxidation of [Ru(bpy) 3 ] 2+ are required. In total, the ECL intensity of [Ru(bpy) 3 ] 2+ -oxalate system is very stable, strong and constant in the aqueous solution.

Figure 3 .

 3 Figure 3. Dependence of the ECL intensity (at 610 nm) on the pH. The solution contained 1.0 mM Ru(bpy)3(ClO4)2 and 6.0 mM H2C2O4, with the pH adjusted by addition of NaOH to 0.1 M H2SO4.50 

Figure 4 .

 4 Figure 4. (a) ECL and (b) cyclic voltammogram of 1.0 nM [Ru(bpy)3] 2+ in the presence of 0.10 M TPrA with 0.10 M Tris/0.10 M LiClO4 buffer(pH=8) at a 3 mm diameter glassy carbon electrode at a scan rate of 50mV/s. (c) As (a) but with 1.0 µM [Ru(bpy)3] 2+ . The ECL intensity scale is given for (c) and should be multiplied by 100 for (a).57

Figure 5 .

 5 Figure 5. Relative ECL intensity as a function of (NH4)2S2O8 concentration in degassed MeCN-H2O solution (1:1 by

[

  Ru(bpy) 3 ] 3+ + [Ru(bpy) 3 ] + → [Ru(bpy) 3 ] 2+ + [Ru(bpy) 3 ] 2+* (78) [Ru(bpy) 3 ] 2+ * →[Ru(bpy) 3 ] 2+ + hv (79) 1.4 Luminophores ECL luminophores are entities or moieties that undergo a redox reaction to generate light by applying potential on the electrode surface with or without an ECL co-reactant. There are three main categories: 1) inorganic complexes, including different organometallic complexes; 2) organic molecules, like polycyclic aromatic hydrocarbons; and 3) nanoparticles, like silicon nanoparticles, gold nano-clusters and quadrupolar fluorescent dye nanoparticles. Nowadays, many research works are exploiting new type ECL luminophores to develop analytical applications.

Figure 7 .

 7 Figure 7. Structure and transitions of [Ru(bpy)3] 2+ .72 

Figure 8 .

 8 Figure 8. Absorption and emission spectra of [Ru(bpy)3] 2+ .72 

73 Figure 9 .

 739 Figure 9. Structure of 1,10-phenanthroline (phen); 2,2′-bipyrazine (bpz);2,4,6-tripyridyl-2-triazine (TPTZ); 2,2′,2′′terpyridine (terpy).66,73 

Figure 11 .

 11 Figure 11. Structural formula of Eu(DBM) 3 phen and Eu(TTA) 3 phen and ECL spectra at different potentials of (A) Eu(DBM) 3 phen and (B) Eu(TTA) 3 phen all in 0.1 mol/L TBABF 4 in the presence of(TBA) 2 S 2 O 8 in acetonitrile solution, (-) ECL-1 spectra at-2.5

  on modified indium tin oxide (ITO) surface. Recently, Jiang et al.100 used single lithium iron phosphate (LiFePO 4 , LFP) nanoparticles on the surface of indium tin oxide (ITO) electrodes for enhancing ECL generation from L-012 and hydrogen peroxide at a low voltage of 0.5V. The enhancement of ECL should be ascribed to the formation of FePO 4 from LFP particles during the charging process, which includes a mixture of Fe 2+ and Fe 3+ to enhance the production of oxygen intermediates from water. The decrease in the voltage minimize the electrochemical interruption of the cellular activity, which offers a special strategy to produce more realistic information of cells. Moreover, further enhancement of the ECL intensity from the nanoparticles can be performed in order to improve the temporal resolution and monitor the dynamic behavior of cellular activity.

Figure 14 .

 14 Figure 14. Schematic ECL mechanism based on lithium migration between single LFP particle and ITO surface for the local sensing of hydrogen peroxide efflux from single cells. 100

Figure 15 .

 15 Figure 15. a) Schematic representation of the swell-collapse transition of the thermoresponsive ECL microgel; b)chemical structure of the cross-linked microgels with different chemical groups R1 and R2; c) transmission electron microscopy image of dried microgels. 112

Figure 16 .

 16 Figure 16. Representation of ECL-based sandwich-type immunosensor and the synergetic catalysis effect of GOD and PdNPs for ultrasensitive immunoassay of AFP. 120
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 21 Figure 2.1 Schematic bond representation for (a) intrinsic silicon; (b) n-type silicon doped with phosphorus and (c) p-type silicon doped with boron.1, 2

Figure 2 . 2

 22 Figure 2.2 Equilibration of the Fermi levels results in the formation of a space charge region in the n-type semiconductor.

  the original Fermi level of the SC and the Fermi level of the redox couple, shown on the left-hand side of Figure 2.2. The region formed by the transfer of charge is called the space charge layer or the depletion layer. If the external potential is biased from equilibrium to more negative values, the band bending decreases, and electrons transfer occurs from the conduction band to the electrolyte, thus it involves the reduction of oxidized species and a flow of current. If the external potential is biased to more positive values, the Schottky barrier avoids the transfer of electrons from the electrolyte to the conduction band, leading to only a very small current flow related to the oxidation of reduced species by thermal excitation of electrons into the conduction band. In this condition, the junction behaves as a Schottky diode, which blocks current flow in one direction, as shown in the middle figure of Figure 2.4.

Figure 2 . 3

 23 Figure 2.3 The three possible equilibria in the dark

  photogenerated electrons in the conduction band under illumination can migrate to the surface to react with oxidized redox species from the electrolyte, leading to a reduction reaction.

Figure 2 . 4

 24 Figure 2.4 Band energetics of an n-type semiconductor/electrolyte contact showing the relationships between the electrolyte redox couple (H2O/O2 and H2/H + ), the Helmholtz layer potential drop (VH), and the semiconductor work function (s), the electrolyte work function (R), the electron quasi-Fermi level (EF,n) and hole quasi-Fermi level (EF,p) in three cases: (A) before equilibration between the two phases; (B) after equilibration under dark conditions; and (C) in quasi-static equilibrium under steady-state illumination. The voltage (VOC) generated by the junction under illumination is given by the difference between the potential corresponding to EF,n and the electrochemical potential of the redox couple of interest (H2O/O2 for an n-type semiconductor and H2/H + for a p-type).
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Figure 2 .

 2 Figure 2.5 (a) Scheme showing an n-Si/SiOx/Ni MIS photoanode during PECL (the side product of the TPrA radicals formed during the ECL process is denoted by p). (b) Scheme showing the Si/SiOx/Ni electrodes employed in this work with ECL emission (λECL).

  Figure 2.6 a) XPS survey spectra recorded for n-Si/SiOx (purple curve) and n-Si/SiOx/Ni (1.5 nm) (red curve). b)

Figure 2 .

 2 6 b shows that the deposited Ni has characteristic features of a Ni 0 metal film covered by a native oxide/hydroxide native layer. 23 In this figure, the peak positions attributed to Ni 0 are displayed in purple and the peak positions attributed to Ni(OH) 2 are displayed in black; note that the NiO 2p 3/2 component (~854 eV) is located between these two peaks. Thus, Ni was covered by a native NiO/Ni(OH) 2 layer in all cases, as confirmed XPS.

Figure 2 .

 2 Figure 2.7 a) IPCE spectra recorded on n-Si/SiOx (green curve) and n-Si/SiOx/Ni (1.5 nm) (purple curve) at 0.7 V vs SCE. The measurement was performed in PBS (pH 7.3) with 5 mM [Ru(bpy)3] 2+ and 100 mM TPrA. b) Spectrum of the LED employed for P-ECL experiments.
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 23 Figure 2.8 a) CVs (6 consecutive scans) recorded in the dark on p + -Si/SiOx/Ni (5 nm) (red curves) and p + -Si/SiOx (blue curves). b) Corresponding ECL intensity vs E curves. These measurements were performed in PBS (pH 7.3) with 5 mM [Ru(bpy)3] 2+ and 100 mM TPrA at 20 mV s -1 .
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 29 Figure2.9 CAs recorded at 1 V in the dark on p + -Si/SiOx/Ni(5 nm) (red curve), at 1.2 V on p + -Si/SiOx (blue curve), and at freshly-hydrogenated Si(Si-H) (green curve). Inset: Optical photographs showing the ECL emission observed on p + -Si/SiOx/Ni(5 nm) (top) and p + -Si/SiOx (bottom). These measurements were performed in PBS (pH 7.3) with 5 mM [Ru(bpy)3] 2+ and 100 mM TPrA.

Figure 2 .

 2 Figure 2.10 Normalized absorption spectrum of the electrolyte (black curve) and PECL emission spectra recorded on n-Si/SiOx (green curve) and n-Si/SiOx/Ni (1.5 nm) (purple curve) at 0.6 V vs SCE under illumination at λLED = 810 nm.

3 )

 3 with 5 mM [Ru(bpy) 3 ] 2+ and 100 mM TPrA. When a potential of 0.6 V vs. SCE was applied with an LED illumination of 810 nm on n-Si/SiO x and n-Si/SiO x /Ni (1.5 nm), an ECL emission peak can be detected at 635 nm (green and purple curves of Figure 2.10), which is identical to the spectra recorded on classic glassy carbon electrode. This result indicates that the same metal-to-ligand charge transfer excited state, [Ru(bpy) 3 ] 2+ *, was reached on the different electrode surfaces. This figure also features the electrolyte absorption which shows a peak at almost 465 nm. To study the photoelectrochemistry and PECL on n-Si/SiO x /Ni (1.5 nm), the CV and the corresponding ECL intensity, respectively, were recorded on n-Si/SiOx/Ni (1.5 nm). It is interesting to note the absence of current and ECL signals in the dark (black curve), showing the rectifying behavior of the solid/liquid junction in that potential range. In contrast, when the electrode was illuminated, a photocurrent density in the range of 1 mA cm -2 coupled with ECL signals appeared at potentials above 0.45 V (purple curves in Figure 2.11 a,b) with no decay during six consecutive cycles. The stability of n-Si/SiO x /Ni (1.5 nm) was further confirmed by chronopotentiometry (CP) under illumination, where a constant current density of 1 mA cm -2 was applied for 15 min, during which only negligible potential and ECL variations were recorded (Figure 2.11c, purple plots). Here, n-Si/SiO x is used as a comparison. The curve of n-Si/SiO x shows that its potential increases largely in a short time, which means that photocorrosion occurs on n-Si/SiO x with poor stability. The fast deactivation during CP meansurement on n-Si/SiO x further confirms the importance of Ni layer. A comparison of the photocurrent and ECL intensity versus E curves obtained on illuminated photoactive n-Si/SiO x /Ni (1.5 nm) with the ones recorded on non-photoactive p + -Si/SiO x /Ni (1.5 nm) is shown in Figure 2.11d and e. The figures reveal that the onset potential for ECL emission at non-photoactive p + -Si/SiO x /Ni (1.5 nm) is much larger than that recorded at n-Si/SiO x /Ni (1.5 nm).

Figure 2 . 24 Figure 2 .

 2242 Figure 2.11 (a) CVs recorded on n-Si/SiOx/Ni (1.5 nm) under LED illumination at 810 nm (six consecutive scans, purple curves) and in the dark (black curve). (b) Corresponding ECL intensity vs E curves. (c) CP curves (lines) recorded at 1 mA cm -2 on n-Si/SiOx/Ni (1.5nm) (purple curve) and n-Si/SiOx (green curve) under illumination at 810 nm. The ECL intensity evolution on n-Si/SiOx/Ni (1.5 nm) is shown by purple circles. (d) CVs recorded in the dark on p + -Si/SiOx/Ni (1.5 nm) (red curve) and under illumination on n-Si/SiOx/Ni (1.5nm) (purple curve) and n-Si/SiOx/Ni (25 nm) (blue curve). (e) Corresponding ECL intensity vs E curves. These measurements were performed in PBS (pH 7.3) with 5 mM [Ru(bpy)3] 2+ and 100 mM TPrA at 20 mV s -1 . The red curves in (d) and (e) have been divided by 3 for clarity.

Figure 2 .

 2 Figure 2.13 (a) CVs recorded on n-Si/SiOx/Ni (1.5 nm) at different LED power densities. (b) Corresponding ECL intensity vs E curves. These measurements were performed in PBS solution (pH 7.3) containing 5 mM [Ru(bpy)3] 2+ and 100 mM TPrA with 810 nm incident light at a scan rate of 20 mV s -1 .

Figure 2 .

 2 Figure 2.14 Curves show a) the evolution of the photocurrent density and b) the ECL intensity as a function of the illumination power density.

TiO 2 ,Figure 2 .

 22 Figure 2.15 a,b) Schemes illustrating the luminescence amplification principle. In (a) Fluorescence of Luminol-012(FL) is generated at a BiVO4/liquid interface when a backside 375 nm illumination is applied. In (b) the luminescence is amplified by imposing a potential to the surface which triggers PECL.

Figure 2 .

 2 Figure 2.16 a) Colored SEM cross-section showing the FTO/BiVO4 surface used as a photoanode in this work (scale bar: 1 µm). b) XRD pattern of an FTO/BiVO4 surface (red curve). The top black lines indicate the predicted peak position for BiVO4 (ICSD #100604) and the peaks corresponding to FTO (ICSD #39178) are indicated by purple lines.

Figure 2 .

 2 Figure 2.17 a) Tauc plot obtained by photocurrent spectroscopy using the BiVO4 photoanode in the ECL electrolyte. b) UV-vis absorbance spectra of FTO (black curve) and FTO/BiVO4 photoanodes (purple curve).

Figure 2 .

 2 Figure 2.18 Normalized spectra showing the emission of the LED used in this work (red), L-012 absorption (purple), and the emission of L-012 (blue).

Figure 2 .

 2 18 shows that L-012 absorbs at almost 410 nm and fluoresces with a maximum intensity at λ em = 503 nm (blue spectrum). The experimentally determined bandgap of BiVO 4 is represented by the green dotted line.

2. 3 . 3 Figure 2 .

 332 Figure 2.19 a) CVs recorded at BiVO4 at 20 mVs -1 in the dark (black) and under illumination (purple). b) Luminescence spectra recorded at 0 V in the dark (black curve), at open circuit under LED illumination (red curve, FL), and at 0 V under LED illumination (purple curve, FL+PECL). The measurements were recorded with PLED=15.3 mW (λexc=375 nm) in 0.1M NaOH with an L-012 concentration of 10 mM.

Figure 2 .

 2 Figure 2.19 a shows CVs recorded in the dark and under illumination (black and purple curves, respectively). While negligible currents were measured in the dark, an anodic photocurrent appeared under LED illumination, suggesting the consumption of the photogenerated holes in an oxidation process.

Figure 2 .

 2 Figure 2.20 Spectra recorded at 0 V in the dark (red curve) and an open circuit in the dark (black curve).

Figure 2 .

 2 Figure 2.21 a) CVs recorded at BiVO4 at 20 mV s -1 in the dark (black) and under illumination with an incident power of 1.3 (red), 7.1 (blue), and 15.3 mW (purple). b) FL spectra recorded in open-circuit conditions at different LED illumination powers (PLED).

Figure 2 .

 2 Figure 2.22 a) PECL spectra recorded with a constant LED illumination at different potentials E vs. Ag/AgCl. b)

Figure 2 .

 2 22 a shows the effect of E on PECL intensity in the -0.4 to 0.1 V range and reveals that PECL increases with potential increases. Precisely, its intensity increased by 5.5 times in this potential range. It is also striking to observe that PECL could be measured at a potential as low as -0.4 V (Figure2.22 a, purple spectrum), which is, to the best of our knowledge, the lowest potential ever reported for ECL generation of a luminol derivative. In Figure2.22 b, the effect of P LED is clearly shown. P LED is varied from 1.3 to 15.3 mW and the potential is kept

Figure 2 .

 2 Figure 2.23 a) Graph showing the intensity of the PECL peak as a function of the applied potential and the illumination power. b) Graph showing the PECL intensity as a function of the time at 0 V under intermittent light illumination.PECL spectra were obtained by subtracting the FL spectra recorded under open-circuit potentials from

Figure 2 .

 2 Figure 2.24 Set-up employed for P-ECL experiments, in front view(left) and in top view(right).

Figure 2 .

 2 Figure 2.25 The set-up employed for P-ECL experiments.

Scheme 1 .

 1 Scheme 1. Optimized structures of L-phenylalanine(left) and D-phenylalanine(right)

  When the chiral Pt-Ir encoded with D-PA was used as a working electrode, remarkably different enantioselectivity between D-and L-PA was observed by ECL. As illustrated in Scheme 2,when Pt-Ir encoded with D-PA is used as a working electrode, an ECL signal with a significantly higher amplitude is expected for D-PA as an analyte compared to L-PA, due to a preferential oxidation at the specific chiral recognition sites. This concept opens up perspectives for a more general use of molecularimprinted metals in combination with an ECL readout in advanced chiral technologies. This job is a collaboration with the group of Alexander Kuhn from University of Bordeaux,and Chularat Wattanakit To further verify the high porosity of the prepared porous Pt-Ir electrode, an enhanced active surface area can be emphasized by a significantly larger cyclic voltammetric (CV) curve with respect to that of the commercial flat Pt, analyzed in 0.5 M H 2 SO 4 solution. Typically, the electrochemically active surface area is estimated in the region of hydrogen adsorption/desorption in a potential window between 0.0 to -0.25 V vs Ag/AgCl,42 and these measurements confirm that the significantly improved roughness factors in the case of the porous Pt-Ir approximately up to 100 order of magnitude compared to the commercial flat Pt (Figure3.1d), indicating that the mesoporous structure has been successfully generated at the chiral porous Pt-Ir electrodes surface.Electrochemical and ECL characterization of PA/[Ru(bpy)3] 2+ system on non-imprinted surfacesAs already mentioned, phenylalanine (PA), an amino acid, was selected as the dual-functional substrate to demonstrate chiroptical ECL-based detection, applied with an imprinting chiral template formed by Pt-Ir alloy surface. PA is also the sacrificial co-reactant and reacts with the model luminophore [Ru(bpy) 3 ] 2+ . Both compounds were dissolved in phosphate buffer solution (PBS, pH 7.3).

Figure 3 . 2

 32 Figure 3.2 Physical properties of the PA enantiomer (UV-VIS spectra).

Figure 3 . 5

 35 Figure 3.5 Chiral discrimination by ECL on fresh (upper raw) and activated (lower raw) Pt-Ir alloy electrodes, demonstrating the ECL signals for discrimination between PA enantiomers of a), c) L-PA, and b), d) D-PA imprinted Pt-Ir electrodes. The experiments were conducted in both 10 mM L-PA and D-PA/1 mM [Ru(bpy) 3 ] 2+ dissolved in 0.1 M PBS solutions using the DPV-ECL technique.

8 )

 8 (i) and (ii) the direct oxidation of PA(1) and [Ru(bpy) 3 ]2+ (3) at the Pt-Ir electrode surfaces, respectively, and (iii) the generated [Ru(bpy) 3 ] 2+ react to the PA • radical species at the excited state (4) to promote the light emission(5). The simplified equations to demonstrate the major routes are shown below,PA → PA +• + e -(1)PA +• → PA • + H +(2)[Ru(bpy) 3 ] 2+ → [Ru(bpy) 3 ] 3+ + e -(3)[Ru(bpy) 3 ] 3+ + PA • → [Ru(bpy) 3 ] 2+* + PA(4)[Ru(bpy) 3 ] 2+* → [Ru(bpy) 3 ] 2+ + hv (5)Notably, in case of an excess of co-reactant like PA compared to [Ru(bpy) 3 ] 2+ , [Ru(bpy) 3 ] 2+* species could be also created upon alternative routes. As shown in (6), [Ru(bpy) 3 ] 2+ oxidize PA • radical species, resulting in a possibly annihilation pathway between the [Ru(bpy) 3 ] 3+ and [Ru(bpy) 3 ] + to produce the excited [Ru(bpy) 3 ] 2+ * reactive species (7), with the light emission. [Ru(bpy) 3 ] 2+ + PA • →[Ru(bpy) 3 ] + + PA (6) [Ru(bpy) 3 ] 3+ + [Ru(bpy) 3 ] + → [Ru(bpy) 3 ] 2+ +[Ru(bpy) 3 ] 2+* (7) [Ru(bpy) 3 ] 2+* → [Ru(bpy) 3 ] 2+ +hv (Reusability testing of the chiral-encoded Pt-Ir alloys for discrimination of enantiomers using ECL approach As these ECL experiments require quite high positive potentials, which might lead to an oxidation of the metal surface and thus to a gradual loss of chiral information, the stability and reusability of the chiral imprinted Pt-Ir alloy during several cycles for the ECL enantioselective discrimination were investigated.

Figure 3 . 6

 36 Figure 3.6 Reusability testing of the D-PA imprinted mesoporous Pt-Ir for the discrimination of PA enantiomers by ECL analyzed in L-or D-PA and [Ru(bpy) 3 ] 2+ dissolved in PBS system. a), b), c), d) and e) represent ECL intensities for the experimental runs in the first to fifth cycles, respectively. The experiment was done in 10mM PA dissolved in 1mM [Ru(bpy) 3 ] 2+ solution. After each analysis, the Pt-Ir electrode was rinsed and cleaned in MilliQ water for 6 h. Surface regeneration by chronoamperometry at -0.1 V for 30 s was applied before each analysis. The same Pt-Ir electrode was used in all cases.

Figure 3 .

 3 Figure 3.6a shows the ECL responses of a D-PA imprinted Pt-Ir surface in presence of D-and L-PA during the first anodic scan of fresh electrodes. It shows a good enantioselectivity.Figure 3.6b-e displays the ECL signals recorded during the next 4 anodic scans with the same electrode. The ECL intensity measured in the solution containing L-PA tends to increase in comparison to D-PA (Figure 3.6a-e). It shows that the D-PA imprinted Pt-Ir can be reused up to five detection cycles, despite a decrease in

In chapter 3 ,

 3 electrochemiluminescent enantiomeric discrimination is introduced on chiral imprinted Pt-Ir alloys electrode for the first time. The selected amino acid, L and D-PA enantiomers used as chiral compound and the co-reactant to generate the stereoselective emission of ECL signals in [Ru(bpy) 3 ] 2+ /PBS system were discriminated by ECL difference on PA imprinted mesoporous Pt-Ir alloys. Enantioselective adsorption of chiral molecules on metal surfaces is controlled by the chirality of the recognition sites imprinted in metal alloys structure, thus, leading to the difference in ECL signals. These chiral-imprinted mesoporous metals combined with mesoporosity which can improve mass transportation, and with recognition sites can enhance preferable molecule lifetime to increase ECL intensity, demonstrated efficient enantiomeric discrimination through ECL sensitivity difference and outstanding stability after many catalytic cycles. This strategy illustrates the power of using an ECLbased readout, extending the application of ECL technique and this concept as a chiral detection introduces many advantages, like simply operated, low background signal, high sensitivity with low concentration. This concept overcomes many limitations of other techniques, like high cost for advanced instrumentations, time-consuming analytical processes and so on. The finding of these first proof-of-principle experiments open up interesting perspectives for the development of other molecular encoded metal structures able to be used for such an optical detection.
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		General introduction
	2.2 Synthesis of phenylalanine (PA)-encoded mesoporous Pt-Ir alloy electrodes .....................105 2.3 Characterization of chiral-encoded mesoporous Pt-Ir alloy electrodes ................................106 Anionic ligand BPO benzoyl peroxide CA chronoamperometry CE counter electrode ACN acetonitrile CL chemiluminescence CV cyclic voltammetry DCM dichloromathane DPV differential pulse voltammetry ECL electrochemiluminescence EL electroluminescence E potential FL fluorescence FTO fluorine doped tin oxide GC glassy carbon L-012 8-amino-5-chloro-7-phenylpyrido[3,4-d]-pyridazine-1,4(2H, 3H)-dione] LED light-emitting diode NL neutral ligand OH - hydroxide anion OH • hydroxyl radical PA phenylalanine Electrochemiluminescence (ECL) is a kind of luminescence produced during electrochemical reactions on the electrode surface. ECL is mostly used for analytical applications. Moreover, ECL combined with other techniques or different materials can be developed as a new detection technique or analytical method. Chapter 1 presents the overview of ECL. ECL and other forms of light emission including photoluminescence, chemiluminescence and electroluminescence, were introduced. Then the general view of annihilation and co-reactant mechanisms, organic and inorganic luminophores and analytical applications were presented. Chapter 2 presents photo-induced electrochemiluminescence of the model ECL systems in water on n-type semiconductors as photoanodes under an excited light source. The combination between ECL and photochemistry of semiconductors is termed as photo-induced electrochemiluminescence. This part introduces "up-conversion type" and "fluorescence type" P-ECL, which relied on employing photogenerated minority carriers within a depleted SC (holes in n-type SC photoanode) observed in a low potential. Chapter 3 presents the chiral discrimination of two phenylalanine (PA) enantiomers on chiral-imprinted 2.4 AL PECL photo-induced electrochemiluminescence mesoporous Pt-Ir alloy surfaces combined with ECL. A amino acid, PA, acts as the chiral target
	P LED PAH compound and a co-reactant to obtain notable ECL signals in physiological conditions. The chiral LED illumination power polyaromatic hydrocarbons
	PBS information encoded in the mesoporous alloy is converted into the efficient electrogeneration of the phosphate buffer saline
	PL excited state of the model [Ru(bpy) 3 ] 2+ dye, which produces in fine light emission. photoluminescence
	PMT	photomultiplier tube
	QRE	quasi reference electrode
	RE	reference electrode
	SC	semiconductor
	SCE	saturated calomel electrode
	TBAPF 6	tetra-n-butylammonium hexafluorophosphate
	TPrA	tri-n-propylamine
	WE	working electrode

table ,

 , 

	Photoluminescence (fluorescence, phorsphorescence, delayed	Absorption of light (photons)
	fluorescence)	
	Electroluminescence	Electric field
	Thermoluminescence	Heating after prior storage of energy
	Chemiluminescence	Chemical process(e.g.oxidation)
	Bioluminescence	Biochemical process
	Triboluminescence	Frictional and electrostatic forces
	Sonoluminescence	Ultrasounds
	1.2.1 Photoluminescence	
	Photoluminescence (i.e., fluorescence or phosphorescence), is the phenomenon of the emission of
	photons through the excitation of luminophores by ultraviolet or visible light photons.
	to better understand the principles of luminescence, modes of excitation on luminescence
	phenomenon are described.	
	Table 1. Various type of luminescence	
	Phenomenon	Mode of excitation

  2 -• can transfer an electron to [Ru(bpy) 3 ] 3+ to produce [Ru(bpy) 3 ] 2+* , which can emit light by returning to [Ru(bpy) 3 ] 2+ ((Eqs. (

  3 ] 2+ was larger and the cathodic current, on the reverse scan, was smaller than in the absence of oxalate, showing that oxalate is not directly oxidized on the electrode surface directly, but in a catalytic reaction with [Ru(bpy) 3 ] 3+ . The potential of oxalate oxidation is affected by pH and becomes less positive with an increase in pH. This report showed that the redox reaction occurred in 0.1M H 2 SO 4 , but not in 1M H 2 SO 4 .When the potential of oxalate is more positive than that for oxidation of [Ru(bpy) 3 ] 2+ , orange light is emitted from Pt or carbon electrode surface in 0.1 M H 2 SO 4 even at low concentrations of [Ru(bpy) 3 ]

2+

(0.1 mM) and at different concentrations of oxalate. Meanwhile, ECL intensity is strongly dependent on pH, as shown in

  Ru(bpy) 3 ] 3+ cation reacts with the oxalate (C 2 O 4 2-) in the diffusion layer to form the oxalate radical anion (C 2 O 4 -• ). This anion splits into a strong reductant (CO 2 -• ) and carbon dioxide (CO 2 ). CO 2 -• reduces the [Ru(bpy) 3 ] 3+ to form the excited state [Ru(bpy) 3 ] 2+ *, or also reduces [Ru(bpy) 3 ] 2+ to form [Ru(bpy) 3 ] + , which reacts with [Ru(bpy) 3 ] 3+ to generate the excited state [Ru(bpy) 3 ] 2+ *. Orange light with λmax ∼

	620 nm was observed. The proposed mechanism of reaction between oxalate and [Ru(bpy) 3 ] 2+ can be
	explained as follow.

3 ] 3+ is obtained by oxidation of [Ru(bpy) 3 ] 2+ on the electrode surface upon the anodic potential scanning. Then

[

  Both[Ru(bpy) 3 ] 2+ and TPrA are oxidized at the electrode surface to generate [Ru(bpy) 3 ] 3+ and TPrA •+ .Afterwards, deprotonation of TPrA •+ to produce TPrA • occurs, which then react with obtained [Ru(bpy) 3 ] 3+ to produce the excited state [Ru(bpy) 3 ] 2+* and emit light.

	Scheme 1:
	[Ru(bpy) 3 ]

2+ -e - → [Ru(bpy) 3 ] 3+

  • , then [Ru(bpy) 3 ] + reacts directly with [Ru(bpy) 3 ] 3+ to form the excited state [Ru(bpy) 3 ] 2+* and emit light.

	Scheme 2:

  2 O 8 2-reduction in some organic solution and aqueous solution. In addition, [Ru(bpy) 3 ] + generated from reduction of [Ru(bpy) 3 ] 2+ is able to reduce S 2 O 8 2-. No ECL is observed at potential up to -1.4 V vs. SCE in CH 3 CN-H 2 O solution, where S 2 O 8 2-is reduced directly at both GC and Pt electrodes. 2+ and [Ru(bpy) 3 ] 2+ , MeCN for [Ru(bpy) 3 ] 2+ and also in aqueous solutions for [Cr(bpy) 3 ] 3-. 62 Actually, S 2 O 8 2-has been used as an effective quencher of [Ru(bpy) 3 ] 2+* in aqueous solutions, suggesting that ECL efficiency is dependent on the concentration of S 2 O 8 2-. The maximum intensity is obtained at 15-20 mM S 2 O 8 2-in solution containing [Ru(bpy) 3 ] 2+ . Figure 5 demonstrates that more excited states are formed with the increase of (NH 4 ) 2 S 2 O 8 concentration until almost 18 mM. At a high S 2 O 8 2-

	However, ECL is observed when the potential is biased more negative than the onset of [Ru(bpy) 3 ] 2+/+
	reduction wave (-1.4 V), indicating that [Ru(bpy) 3 ] + is necessary to the production of the corresponding
	excited state species [Ru(bpy) 3 ] 2+* . Similar results were obtained in organic solvents, such as DMF for
	[Os(bpy) 3 ]	
	Scheme 4:	
	TPrA -e - → TPrA •+	(54)
	TPrA •+ → TPrA • + H +	(55)
	Ru(bpy) 3 2+ + TPrA • → [Ru(bpy) 3 ] + + products	(56)
	Ru(bpy) 3 + + TPrA •+ → [Ru(bpy) 3 ] 2+* + TPrA	(57)
	[Ru(bpy) 3 ] 2+* → [Ru(bpy) 3 ] 2+ + hv	(58)
	Therefore, the excited state [Ru(bpy) 3 ] 2+* can be obtained via three different routes: (1) the oxidation of
	[Ru(bpy) 3 ] + by TPrA •+ cation radicals; (2) the reduction of [Ru(bpy) 3 ] 3+ by reacting with TPrA • free
	radicals; and (3) the annihilation reaction of [Ru(bpy) 3 ] 3+ and [Ru(bpy) 3 ] + .	
	1.3.2.1 Reductive-oxidation ECL	
	The first reductive-oxidation co-reactant ECL reaction model is the [Ru(bpy) 3 ] 2+ /S 2 O 8 2-system, which

•+ and TPrA occurs. The subsequent reaction between TPrA • and [Ru(bpy) 3 ] 2+ generates [Ru(bpy) 3 ] + , which then reacts with TPrA •+ to form the excited state [Ru(bpy) 3 ] 2+ *. The ECL route is in below, was introduced independently by Bolletta et al. and White and Bard. 61 They showed ECL production by the reaction between electrogenerated luminophores and the strong oxidizing intermediate SO 4 -• , generated from S concentration (˃30 mM), the negligible ECL intensity is obtained, not only because the excited states are quenched by S 2 O 8 2-, but also maybe because S 2 O 8 2-reacts with the electrogenerated [Ru(bpy) 3 ] + to give [Ru(bpy) 3 ] 2+ , further decreasing the [Ru(bpy) 3 ] + steady-state concentration near the electrode surface.

  However, in neutral pH solutions, strong luminol ECL has been obtained by modifying the electrode surface. Cui et al. studied the ECL behavior of luminol on various modified electrodes with gold nanoparticles of different size in neutral solution. 98 Two anodic luminol ECL were obtained on a gold nanoparticle selfassembled gold electrode in neutral pH conditions, although with a 16-nm-diameter gold nanoparticle modified electrode, the most intense ECL signals were observed. This allows the development of luminol ECL for the sensitive detection of biologically important compounds in physiological pH, due to excellent biocompatible properties of gold nanoparticles. Xu et al. reported the detection of H 2 O 2 , glucose, and glucose oxidase activity by producing luminol ECL on stainless steel electrode.

  2 •-and H 2 O 2 . 38 O 2 + e -→ O 2 •-

  In this present system, (i) reaction sequence 12 and 16 rapidly supplies the hydroxyl radical • OH necessary for the first common step for all CL routes(17 and 18) and for reaction 20 to produce diazaquinone L, (ii) reaction 14 supplies a superoxide radical O 2 •-for reaction 15, and (iii) reaction 15 supplies hydrogen peroxide H 2 O 2 for reaction 16. On this basis, L-012 ECL is formed by CL pathways and • OH would be required to trigger two pathways.2.3.2 Characterization of BiVO 4 electrode

	2-or LO2H2 eliminates molecular nitrogen or LO2H -, 41 generating excited 3-aminophthalate
	dianion (AP 2-*), which return to 3-aminophthalate dianion with light emission.	
	LO 2 2-→N 2 + AP 2-*	(21)
	AP 2-*→ AP 2-+ hv	(22)

Cependant, la P-ECL souffre fortement de l'instabilité photoélectrochimique de ces SCs à faible bande interdite. Dans la deuxième partie de ce chapitre, une stratégie originale de conversion de la lumière basée sur la P-ECL générée sur un autre SC à large bande interdite a d'abord été présentée. La PECL n'a pas seulement été induite à des potentiels assez bas, mais elle peut également répondre instantanément à une illumination pendant plus de 2 heures à un potentiel constant. Dans ce travail, BiVO 4 a été utilisé comme photoanode dans le système ECL L-012/NaOH avec une source de lumière à 375 nm pour la luminescence de L-012 ainsi que la génération de P-ECL. En raison du faible potentiel d'oxydation du L-012, du photovoltage élevée de l'électrode et de la stabilité chimique de BiVO 4 , une luminescence amplifiée induite par des trous photogénérés à la surface de la photoanode BiVO 4 sous une illumination de 375 nm a été observée, lorsque le potentiel appliqué est aussi bas que -0,4 V par rapport à Ag/AgCl. Une émission plus intense est obtenue avec une contribution significative de P-ECL, qui augmente avec le potentiel, à l'intensité lumineuse globale. En raison de la stabilité chimique du BiVO 4 , la P-ECL peut être induite à la surface de l'électrode pendant plus de 2 heures à 0 V. Cette stratégie peut être employée pour adapter précisément l'émission de L-012 et ce travail constitue le premier exemple de PECL de " type fluorescence " où λ exc <λ emi . Au total, le concept de P-ECL peut être appliqué à d'autres types de réactions (y compris les réactions cathodiques) sur une variété de SCs de type n et p, et ainsi, une large gamme de systèmes P-ECL avec différentes caractéristiques d'absorption/émission devrait être facilement accessible. En plus d'être bénéfiques en termes de gain de potentiel électrochimique, les systèmes P-ECL peuvent être conçus comme de nouvelles stratégies de détection, utilisées en biodétection ou pour des dispositifs d'imagerie infrarouge ou adressables par la lumière.Le chapitre 3 présente pour la première fois un nouveau concept d'ECL chirale

A* + 3 A* → A + 1 A* (triplet-triplet annihilation) (6) 1 A* →A + hv (light emission)(7)When the reactions are related to the formation of excimers and exciplexes, the route is called "E-route" (Eqs. (8)-(10)):
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an O-ring (photoelectrochemically active surface area of ~0.3 cm²) at the bottom of a homemade opentop photoelectrochemical cell and a piece of copper tape was employed as an electrical contact. 5 mL of the ECL electrolyte, comprised of 10 mM L-012 dissolved in the 0.1 M NaOH solution, was injected into the cell and the two other electrodes were placed on the sides in order to prevent shadowing of the front surface. A 375 nm light-emitting diode (LED, 733-4745, Radiospares) filtered with a low bandpass filter was placed below the photoanode (Figure 2.25) to illuminate its backside of our (through the FTO).

The LED was connected to a power generator that allowed to control the emission power intensity. A calibration curve (light power as a function of applied current) was recorded using a photodiode power sensor (S130VC, Thorlabs) connected with a power meter (PM200, Thorlabs) and allowed to measure the illumination power of the LED. Unless specified the applied current was 150 mA, which corresponds to a power of 15.3 mW. ECL spectra were acquired by an optical fibre coupled to a spectrograph Spectra pro 2300i (Princeton Instrument) at different potentials with an exposure time of 0.1 s. The optical fibre was placed above the electrolyte/air interface at a distance of ~4 cm from the electrode. PECL+FL spectra were recorded from 200 nm to 900 nm under different power and at different potentials and FL spectra were recorded with LED ON but without applying a potential to the electrode (open circuit conditions). In Figure 2 

Electrochemiluminescent enantioselective detection with chiral-imprinted mesoporous metal surfaces

Introduction

Chirality is one of the properties of the object which cannot be indistinguishable or superimposed from at physiological pH, simple instrumentation and detectable light emission, a controllable fine-tuning electrochemical reaction by an imposed potential and an ultrasensitive detection of the emitted light due to the nearly zero-background signal, 15 allowing it can be achieved in a relatively low concentration ranging from 10 -11 to 10 -15 M, 16,17 down to imaging at the single molecule level. 18 In addition, ECL is considered as a rapid, cost-effective, and easy to operate technique. Qualitative and quantitative analysis of specific compounds can be carried out based on the luminescence produced by the electrochemical reaction occurring at the electrode surface. Up to now this approach has been also widely associated with other techniques for a large number of practical clinical and biological applications, such as bioassays for immunosensing, 19 and imaging of (bio)chemical reactions. 20 ECL is a technique which is usually insensitive to chiral information, because its intrinsic readout signals such as the current, the wavelength or the intensity of the emitted light are identical for two enantiomers.

Therefore, in general it is impossible to distinguish them. Recently, the circular polarization of the ECL emission providing valuable information on the excited state of the luminophore was reported. The two individual enantiomers of different luminophores (bispyrene organic macrocycle and the model [Ru(bpy) 3 ] 2+ ) were detected selectively by circularly polarized-electrochemiluminescence (CP-ECL). 19,20 Other groups reported stereoselective ECL sensors based on various ingredients. 21,22 For example, a molecular grafting approach was followed to anchor hemoglobin (Hb) on gold (Au) nanoparticles, which were then further immobilized on carbon nitride nanosheets (g-C 3 N 4 ) for a final deposition on glassy carbon electrodes (Hb/Au-g-C 3 N 4 /GCE) in order to discriminate penicillamine enantiomers. 23 In another study, cysteine (Cys) functionalized nitrogen-doped copper oxide/cobalt oxide (CuO/CoO) nanofibers (Cys@N-CuO/CoO NFs) have been proposed to distinguish the enantiomers of 3,4dihydroxyphenylalanine (DOPA). 24 A chiral determination of cinchonine was detected with molecularly imprinted polymer membrane on the surfaces of magnetic microspheres by using an electrochemiluminescent sensor. Cinchonine was detected based on enhancement of the ECL intensity caused by the reaction of tertiary amino structures of cinchonine molecules with [Ru(bpy) 3 ] 2+ . This developed sensor improve specific recognition ability, providing a new method for testing and analyzing chiral substances on the basis of the special structure of 6-mercapto-beta-cyclodextrin. 25 In all these cases, a chiral molecular selector had to be integrated into the more or less complex architectures. Herein, we use a strategy that is completely different from CP-ECL or other electrochemiluminescent sensors, relying first of all on the fact that certain chiral molecules can play the role of ECL co-reactants, and from Vidyasirimedhi Institute of Science and Technology. In this chapter, the co-electrodeposition of chloroplatinic acid hydrate (H 2 PtCl 6 •xH 2 O) and dihydrogen hexachloroiridate (IV) hydrate (H 2 IrCl 6 •xH 2 O), in the simultaneous presence of the columnar-shaped non-ionic surfactants, polyethylene glycol hexadecyl ether, and the chiral templates as either L-or Dphenylalanine (PA) with molar ratio of PA/(PtCl 6 2-+ IrCl 6 2-) =1/12, was used to elaborate the chiral encoded mesoporous Pt-Ir electrodes, analog to previous literature reports. 25 The deposited Pt-Ir alloy obtained by a deposition charge density of 4 C cm -2 provides outstanding properties such as a perfectly smooth outermost surface (Figure 3.1a) and a uniform thickness of the deposited Pt-Ir film approximately 500 nm (Figure 3.1b). 25 The scanning transmission electron microscopy (STEM) image (Figure 3.1c). reveals a highly ordered pore arrangement with an average diameter in a range of the mesopore approximately 5 nm, similar to what has been obtained previously. 24 property of the electrode. approximately 0.75 and 1.1 V vs Ag/AgCl/KCl 3M (all the potentials of this study are reported vs this reference electrode), 43,44 respectively. The ECL signal starts to be generated at 1 V, where the oxidation of the [Ru(bpy) 3 ] 2+ complex occurs. It reaches to the maximum intensity at 1.15 V. 45 As expected, a classical Pt disk electrode does not provide any enantioselectivity either (signal ratio of 1.0 ± 0.3 (n=5)). The sensible decrease of the enantioselectivity relates to formation of metal oxide while applying highly anodic potentials up to 1.3 V. Despite the fact that surface regeneration by chronoamperometry at the very beginning of the negative potential would generate the cleaned active metal surfaces, for which before every single analysis it was applied, the generated metal oxide partially hinders the direct oxidation of PA on Pt-Ir alloy surfaces after many catalytic cycles, resulting in significantly the diminished ECL intensities. 48 It should be noted that in the previous report, 25 the chiral imprinted Pt-Ir alloys demonstrated very promising discrimination ability of enantiomers even after several excursions to highly positive potentials. However, in the previous case, the experiment was carried out in an acidic halide solution (hydrochloric acid, pH at 1.3) in which the halide species may prevent the growth of metal oxide surfaces, eventually allowing a more efficient electro-oxidation of the reactants. 49,50 In strong contrast to this, the ECL analysis in this present study was conducted in the neutral PBS solution (pH 7.3), and therefore, the surface passivation leads to a gradual decrease in enantiomeric discrimination efficiency.

Results and Discussion

Characterization of PA imprinted mesoporous Pt-Ir alloy

Conclusion

In summary, the results demonstrated for the first time that the chiral imprinted mesoporous Pt-Ir alloy can be used as a working interface to achieve enantio-discrimination by ECL. The selected amino acid, phenylalanine, was efficiently employed as a co-reactant to generate the stereoselective emission of ECL signals, depending on the chirality of the recognition sites imprinted in the metal structure. Most importantly, the results exhibit that whether fresh or activated Pt-Ir electrodes, the material can be effectively applied for chiral detection by ECL technique. A pronounced selectivity, transduced by a 20 times more intense light emission for the target enantiomer, was observed. This first example illustrates the power of using an ECL-based readout, combined with its usual advantages such as a low background signal. As the ECL activity is based on the presence of the amino group in the target molecule, it is easy to imagine that the strategy can be extended to other molecules with amino functions, and most importantly to other members of the family of amino acids. Therefore, the findings of these first proof-

of-principle experiments open up interesting perspectives for the development of other molecular

encoded metal structures able to be used for such an optical detection strategy. 

Experimental section

Synthesis of phenylalanine (PA)-encoded mesoporous Pt-Ir alloy electrodes

The synthesis of such electrodes was carried out upon electrochemically depositing approach by a threeelectrode system performed on a potentiostat (Metrohm µAutolab Type III) using Ag/AgCl (sat. KCl),

Pt mesh (geometrical area as 1 cm 2 ), and prepared Pt-Ir alloy electrodes (geometrical area as 0.25 cm 2 ) as a reference, counter and working electrodes, respectively. All corresponding results were analyzed using the Nova (version 1.11) program originally provided with the instrument. Initially, a gold-coated glass slide was cleaned by sonicating in 2-propanol for 15 min, and then rinsing with MilliQ water several times before drying under nitrogen (N 2 ) gas flow. The chiral-imprinted mesoporous Pt-Ir electrodes were prepared following the previously reported procedure with some modifications 25 

Electrochemistry and electrochemiluminescence (ECL) analysis

The chiral discrimination were performed by the differential pulsed voltammetry (DPV) (step potential

Conclusions and Perspectives

The studies presented in this thesis aim at introducing new concepts related to ECL, photo-induced electrochemiluminescence on semiconductor electrode based on its photoelectrochemistry character under illumination in model ECL systems, and the chiral ECL for enantiomeric discrimination on chiral compound imprinted metal electrode.

In Hope friends, all colleagues, my family and me all have a good future and magnifique life.