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Reéesume

1. Introduction

L'utilisation des combustibles fossiles a apporté des contributions significatives au
développement de la société humaine au cours des deux derniers siécles.! Cependant, les crises
environnementales et climatiques causées par la combustion massive de combustibles fossiles
ont commencé a se manifester. Par conséquent, le développement des énergies renouvelables
est la résolution fondamentale pour résoudre les crises climatiques et environnementales
auxquelles 'humanité est confrontée au 21e siécle. En tant que source d'énergie renouvelable
importante, le développement et 1'utilisation de I'énergie solaire ont suscité un intérét généralisé
au sein de la communauté scientifique, car elle a un énorme potentiel a exploiter.
Théoriquement, 1'énergie fournie annuellement par le rayonnement solaire est plus de 1200 fois
supérieure a la quantité totale d'énergie demandée par I'humanité.? Actuellement, la technologie
de conversion de I'énergie solaire la plus largement utilisée est la photovoltaique, qui la
convertit en électricité. Le rendement de conversion photovoltaique est d'environ ~20% et il
peut étre limité par les fluctuations du rayonnement solaire et de la météo et de la localisation
géographique.’ Ainsi, pour exploiter pleinement I'énergie solaire, il est essentiel de développer
des technologies émergentes pour la collecte, la conversion et le stockage de 1'énergie solaire.
La photocatalyse est une technique prometteuse pour la conversion de 1'énergie solaire, dans
laquelle des semi-conducteurs sont utilisés comme catalyseurs et les électrons et trous photo-
générés sont utilisés pour favoriser diverses réactions chimiques.*® D'autre part, la
photocatalyse est largement utilisée pour la remédiation environnementale grace au processus
d'oxydation photocatalytique avancé, dans lequel divers radicaux actifs dotés d'une forte
capacité d'oxydation sont générés pour la dégradation des polluants dans I'eau ou l'air.’

Le TiO2 est l'un des photocatalyseurs les plus largement utilisés en raison de son
abondance, de sa stabilité chimique et de sa disponibilité facile dans la nature. La découverte
de la division photocatalytique de I'eau sur une €lectrode en TiO> sous lumiere UV a été publice
pour la premiére fois par Fujishima et Honda,® ce qui a inspiré de nombreuses études sur les
photocatalyseurs a base de TiO>. Cependant, le principal inconvénient du TiO> en tant que
photocatalyseur est le manque d'absorption visible. En raison de sa large bande interdite (3,2
eV pour l'anatase),” seule I'énergie des photons dans la région UV (~5% du spectre solaire) peut
étre utilisée pour les réactions photocatalytiques.

Au cours des derni¢res décennies, des efforts ont été consacrés a 'augmentation de la
réponse a la lumicre visible des photocatalyseurs a base de TiOz. L'une des stratégies de
modification les plus largement étudiées est le dopage avec d'autres éléments, comprenant le
dopage cationique, le dopage anionique et le dopage cation-anion. Le dopage cationique
implique le remplacement des ions Ti*" dans la structure par des cations étrangers. En raison de
la simplicité de la méthode de synthese et de son faible coit, le dopage avec des métaux de
transition est largement étudi€. Dans la littérature précédente, une absorption accrue dans le
visible a été obtenue en dopant le TiO2 avec des éléments tels que le V,'° Co,!! Fe,'? Nb,'* Ta'?



et W,'* etc. Le dopage anionique, représenté par le dopage en azote, est considéré comme plus
efficace pour améliorer les performances activées par la lumiére visible du TiO».!> Cependant,
ces catalyseurs mono-dopés présentent une faiblesse en termes de transport interne inefficace
des charges, ce qui peut étre attribué aux états N 2p localisés et/ou aux défauts agissant comme
des picges a porteurs. Les chercheurs ont constaté que les matériaux dopés a 'azote de TiO>
présentant une absorption accrue dans le visible montrent une performance photocatalytique
réduite sous irradiation UV.1618

Pour surmonter les inconvénients du mono-dopage, une autre approche consistant a co-
doper a la fois un cation et un anion dans la structure cristalline du TiO» a été développée, dans
laquelle Ti** et O* sont respectivement substitués par le cation et I'anion. Cette stratégie de
modification a été proposée par plusieurs calculs ab initio au début des années 2010.!° 11 est
démontré qu'en introduisant des quantités steechiométriques de cation (M"") et d'anion (AP"), la
structure optoélectronique du TiO; peut étre profondément modifiée, permettant ainsi d'obtenir
des photocatalyseurs TiO> sensibles a la lumiére visible. De plus, grace a la compensation de
charge entre le cation et I'anion (I'équation 1)%°:

Tit oMy ™ 0% AP (éq. 1)
14 p

Les défauts agissant comme des centres de recombinaison de charge peuvent étre limités.
Un autre avantage de la co-dopage est qu'il permet d'insérer une plus grande quantité d'especes
dopantes par rapport au mono-dopage. Cela pourrait favoriser une hybridation suffisante entre
les niveaux d'énergie des dopants et ceux du TiO», créant un continuum de niveaux d'énergie se
chevauchant avec la sommet de la bande de valence (VBT) et la bas de la bande de conduction
(CBB) du TiO: (Figure 1). Les matériaux de TiO résultants sont connus sous le nom de TiO>
co-alliés. Par rapport a la situation de mono-dopage avec des états donneurs ou accepteurs
localisés, on s'attend a ce que les matériaux co-alliés présentent une mobilité des porteurs de
charge plus ¢élevée.
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Figure 1: Structures de bandes du TiO2, du TiO; co-dopé et du TiO; coallié .2*



Au cours des décennies passées, des résultats prometteurs ont été publiés par différents
groupes dans le monde entier. Malheureusement, la disparité des approches de synthése et
d'analyse rend difficile la compréhension du mécanisme sous-jacent aux propriétés améliorées
des TiO> co-dopé. Par conséquent, dans ce travail, basé sur des caractérisations systématiques
de matériaux TiO2 co-dopé avec (M, N) préparés par la méthode sol-gel (M=Nb, Ta ou W),
nous visons a comprendre 'effet de chaque dopant et des défauts associés sur les propriétés
physico-chimiques et les activités photocatalytiques des matériaux co-dopé. Tout d'abord, le
TiO2 co-dopé (Nb, N) a été étudié en tant que systéme co-dopé représentatif. L'accent est mis
sur l'effet des conditions de nitruration sur les propriétés physico-chimiques et les activités
photocatalytiques du TiO2 co-dopé (Nb, N). Ensuite, nous avons modifi¢ le choix du cation
dans la combinaison de co-dopage (M, N). En comparant les propriétés physico-chimiques des
matériaux TiO> co-dopé avec (Nb, N), (Ta, N) et (W, N), le role du cation dans les systémes co-
dopé a été étudié. Enfin, les différents matériaux TiO2 co-dopé avec (M, N) ont été appliqués a
la dégradation photocatalytique du bleu de méthyléne (MB), a la réaction d'évolution de
I'hydrogene (HER) et a la réaction d'évolution de 1'oxygene (OER) par oxydation de l'eau,
respectivement. Nous visons a déterminer un photocatalyseur adapté a chaque type spécifique
de réaction et a analyser le mécanisme de la réaction correspondante.

2. Resultats et discussions

2.1 Influence des paramétres de nitruration sur les propriétés
photocatalytiques du TiO: co-dopé avec (Nb,N) pour la dégradation
du bleu de méthyléne

Dans le Chapitre 2, nous rendons compte de la synthése de TiO2 co-dopé avec Nb et N
(Nb/Ti at. = 0,25) par une méthode sol-gel suivie d'une nitruration thermique dans une
atmosphere d'ammoniac. En se basant sur une combinaison de méthodes de caractérisation (UV-
vis et XPS, EPR, RDB-PAS), les propriétés photoélectrochimiques du TiO> co-dopé (Nb, N)
synthétisé (0,25NbNT1) ainsi que leurs activités photocatalytiques pour la dégradation du bleu
de méthylene (MB) ont été¢ ¢tudiées et comparées a celles du TiO>, du TiO, dopé au Nb
(0,25NbTi) et du TiO2 dopé au N (NTi). Un objectif essentiel de ce chapitre est d'étudier
lI'influence des conditions de nitruration sur les propriétés physico-chimiques et les
performances photocatalytiques des photocatalyseurs a base de TiO: synthétisés, un aspect
largement négligé jusqu'a présent par la communauté scientifique. En particulier, outre les
dopants azotés, les défauts associés a l'insertion de 1'azote sur le matériau spécifique ont été
¢tudiés en détail afin de comprendre les mécanismes de compensation de charge pour un
systeme de dopage/co-dopage spécifique. Pour mettre en évidence l'influence des conditions de
nitruration, deux ensembles de conditions thermiques de nitruration (douces et intenses) ont été
réalisés, et la température spécifique et la durée du processus de nitruration pour le TiO> dopé
au N et le TiO2 co-dopé (Nb, N) ont été déterminées sur la base des spectres UV-vis des
échantillons apres la nitruration. Comme illustré dans la Figure 2, les échantillons apres une
nitruration douce (NTi-m et 0,25NbNTi-m) présentent une couleur jaune avec une absorption



principalement dans la région avant 550 nm, tandis que les échantillons aprés une nitruration
intense (NTi-h et 0,25NbNTi-h) virent au foncé, avec une absorption supplémentaire dans les
longueurs d'onde plus longues.

(a) v g g
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=]

Rl il
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Figure 2: (a) Images optiques des échantillons de TiO2, TiO, dopé au N, dopé au Nb et co-dopé au
(Nb, N). (b) Spectres d'absorption UV-visible de chague échantillon. (c) Tracés de Tauc de (F(R).hv)?2
vs (hv) pour estimer la bande interdite indirecte de chaque échantillon.

Les résultats de 'analyse de diffraction des rayons X (DRX) montrent que le TiO2 non
dopé cristallise principalement en phase anatase, avec une petite quantité d'allotropes de rutile
et de brookite. Pour les échantillons dopés au N, le rapport de la phase rutile augmente avec la
condition thermique de nitruration, indiquant la facilitation de la transition de phase de l'anatase
au rutile pendant la nitruration. A I'opposé, le dopage au Nb inhibe la transition de phase de
l'anatase au rutile, conduisant a une anatase pure pour les échantillons dopés au Nb et (Nb, N).
Les résultats de la raffinement de Rietveld suggerent une extension du volume moyen du réseau
de 1,764 % pour les échantillons contenant du Nb, ce qui est une premiere indication de
l'insertion réussie de Nb>* dans la structure cristalline du TiO>, car Nb>" a un rayon ionique
légérement plus grand que Ti*" La spectroscopie de photoélectrons a rayons X (XPS) a été
utilisée pour analyser la composition chimique de surface des échantillons synthétisés.
Uniquement Ti*" est observé pour les échantillons de TiO> et de TiO> dopé au N, tandis que le
dopage au Nb et les traitements de nitruration contribuent a la réduction partielle de Ti*" en Ti*"
dans les échantillons de TiO2 dopé au Nb et (Nb,N). Pour 0.25NbTi, 0.25NbNTi-m et
0.25NbNTi-h, les dopants de niobium existent sous forme de Nb>*. D'autre part, deux types de
spécies d'azote (1'azote interstitiel et I'azote substitutif) sont présents dans le TiO2 dopé au N et
le TiO2 co-dopé (Nb, N), déterminés par les conditions de nitruration. La nitruration thermique
douce n'introduit de I'azote qu'aux positions interstitielles dans le réseau de TiO», tandis que la
nitruration thermique intense entraine un azote de substitution supplémentaire. Pour estimer
davantage si ces especes d'azote sont situées a la surface ou au cceur des nanoparticules, les
spectres N 1s mesurés avec 1'anode Mg ont été comparés a ceux enregistrés en utilisant 'anode
Al Les résultats obtenus indiquent une distribution plus homogene de 1'azote de substitution
dans les particules, par rapport a l'azote interstitiel. En complément de la XPS, des mesures de
résonance paramagnétique ¢lectronique (RPE) ont été réalisées pour étudier les défauts avec
une signature paramagnétique pour 1'échantillon spécifique (Figure 3). Les résultats révelent
que les mécanismes de compensation de charge pour le TiO> dopé au N et le TiO2 co-dopé (Nb,
N) sont déterminés par les conditions de nitruration. Sous des conditions douces, pour le TiO»



dopé au N, les vacance d'oxygéne (Vo') sont les principaux défauts qui compensent la charge
négative apportée par N*. Dans le cas de I'échantillon co-dopé, en raison de l'effet de
compensation de Nb>*, une meilleure passivation des défauts est obtenue. Sous des conditions
intenses, pour les échantillons dopés au N et co-dopé avec (Nb, N), a la fois Vo' et Ti*" sont
impliqués dans le mécanisme de compensation de charge.
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Figure 3: Spectres RPE pour différents échantillons : (a) spectres a large champ normalisés en
fonction de la masse de I'échantillon et (b) spectres a haute résolution avec normalisation créte a
créte.

Pour étudier la modification des especes de dopage et des défauts identifiés sur la
structure électronique de bande de différents échantillons, des mesures de spectroscopie
photoacoustique a double faisceau inversé (RDB-PAS) ont été réalisées. Cette technique nous
permet de détecter la bande interdite et les états d'énergie agissant comme picges a €lectrons
(ETs) dans un échantillon spécifique, comme illustré dans la Figure 4. En combinant les
résultats de RDB-PAS avec d'autres caractérisations, la structure €lectronique de bande des
matériaux synthétisés a été proposée (Figure 5). Les bandes interdites estimées de TiO> et de
0.25NbTi sont d'environ 3,0 eV, et les ETs sont distribués principalement pres de la CBB, ce
qui pourrait étre principalement attribué a Vo'. La densité accrue d'ETs pour 0.25NbTi pourrait
étre due a 'ajout d'états orbitaux vides de Nb 4d a proximité de la CB. Apres la nitruration, la
bande interdite des matériaux est réduite a ~2,5 eV. Dans le cas de NTi-m, seule une petite
contribution, possiblement des états N 1s au-dessus de la VB, est observée. Pour les échantillons
co-dopé avec (Nb, N), la distribution des ETs est plus homogene entre 3,8 et 2,4 eV, indiquant
une densité d'états plus élevée induite par 1'azote au-dessus de la VB. 0.25NbNTi-h présente
une densité d'ETs trois fois inférieure a celle de 0.25NbNTi-m, ce qui pourrait étre attribué aux
centres de recombinaison de charge constitués par Ti** et/ou I'azote de substitution.
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Figure 4: Schémas ERDT/CBB de TiO,, NTi-m, 0.25NbTi, 0.25NbNTi-m et 0.25NbNTi-h. Les
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indiquée par (YY). L'ordonnée représente les états d'énergie des ETs en comptant a partir du sommet
de la bande de valence (VBT). La longueur des barres représente la densité relative des piéges a
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Figure 5: Structures de bandes électroniques proposeées et position des défauts pour TiO2, 0.25NbTi
recuit a l'air, et traité par nitruration douce et intense dans NHa. (i et s pour les états N 2p
correspondent & l'azote interstitiel et substitutif)

Pour enquéter sur I'emplacement de 'azote dans le réseau d'anatase, nous avons réalisé
des mesures de spectroscopie d'absorption des rayons X (XAS) et de spectroscopie d'émission
des rayons X (XES). A la limite K du titane, aucun changement de signal pouvant étre attribué
au ligand azote n'a été observé. A la limite K du niobium (Figure 6), une évolution de I'émission
Kp” dépendante du ligand avec 1'augmentation de la température de nitruration a été observée
sur les spectres de XES des échantillons co-dopé. Bien que cet effet reste faible puisque
'oxygene et l'azote sont tous deux en coordination avec les cations, nos résultats suggerent que
cet azote de substitution interagit préférentiellement avec le Nb*, créant ainsi des paires de
défauts Nb-N.
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Figure 6: Spectres XANES (a) et spectres d'émission de rayons X (b) a la limite K du Nb pour les
matériaux synthétisés, NbN et Nb,Os. (L'encadré en (b) montre I'ajustement & 0,25NbTi. Les trois pics
ajustés représentent KG2, KB" et KB4.)

La photo-dégradation du bleu de méthylene a été réalisée dans différentes régions
spectrales (UV, visible et lumicre solaire simulée AM 1.5G) pour évaluer les propriétés
photocatalytiques des photocatalyseurs préparés. Comme présent¢ dans la Figure 7,
0.25NbNTi-m présente la meilleure activité, notamment sous I'éclairage de la lumiére visible et
de la lumiere solaire simulée, pour laquelle la cinétique de la photodégradation est presque 4
fois plus rapide que celle du TiO2. Les résultats corroborent les rapports antérieurs, dans
lesquels l'activité photocatalytique améliorée était généralement attribuée au rétrécissement de
la bande interdite dii au co-dopage de TiO2 par Nb et N. De plus, dans le présent travail, nous
mettons en évidence l'importance d'ajuster la condition thermique de la nitruration pour
produire 1'échantillon co-dopé spécifique avec une activité¢ améliorée. Les échantillons soumis
a des conditions intense de nitruration (0.25NbNTi-h) voient leurs activités photocatalytiques
réduites dans la région UV, mais aussi dans la région visible par rapport a 0.25NbNTi-m, méme
s'ils présentent une meilleure absorption de la lumiere optique dans la région visible. Nous
supposons que la concentration plus élevée de Ti’* agissant comme des centres de
recombinaison de charges conduit a cette détérioration de I'activité photocatalytique.
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Figure 7: Activités photocatalytiques de la cinétique de dégradation de MB pour les différents
échantillons sous irradiation par LED UV (365 nm) (a et b), LED visible (450 nm) (c et d) et lumiere
solaire simulée AM 1,5G (e etf)..

2.2 Caractérisation des matériaux TiO: dopé par M et TiO: co-dopé
avec (M,N) (M=Nb, Ta, W)

Dans le Chapitre 3, nous avons cherché a changer le cation de dopage du TiO2 co-dopé
avec (M,N). En suivant la méme stratégie de synthese, nous avons préparé des photocatalyseurs
TiO2 co-dopé avec (Nb,N), (Ta,N) et (W,N). Dans chaque systeme co-dopé avec (M,N), nous
avons également effectué la nitruration dans des conditions douces et intenses, respectivement.
La combinaison de plusieurs méthodes de caractérisation a €té utilisée pour déterminer
I'influence du cation sur la formation du TiO> co-dopé avec (M,N) et ses propriétés. En
particulier, nous avons essay¢ de déterminer comment le cation affecte l'insertion de 1'azote et
st les deux comportements déterminés par les conditions de nitruration qui ont été observés au
Chapitre 2 pour le TiO; avec (Nb,N) sont observés dans le cas du Ta et du W. Les propriétés
optoélectroniques de chaque TiO> avec (M,N) et les défauts associés a l'insertion de 1'azote ont
¢galement été analysés.

En suivant la méthode de synthése sol-gel, les matériaux TiO2 dopé par M (M/Ti at.=
0.25 ou 0.1) ont été synthétisés avec succes avec Nb, Ta et W. Les résultats du MEB suggérent
que tous les TiO2 dopé par M présentent une morphologie sphérique uniforme similaire a celle
du TiO;. En combinant les résultats de DRX et BET, il est démontré que la taille des
nanoparticules de TiO» pour un échantillon spécifique dopé par M augmente avec la
concentration de dopage au cation, conduisant a une légeére diminution de la surface spécifique
BET. D'apres les résultats des spectres UV-vis, le dopage avec Nb ou Ta n'a guere d'impact sur
la structure de la bande interdite des matériaux TiO; obtenus. En revanche, la bande interdite
du TiO2 dopé au W a été réduite a 2,79 eV (0,1WTi) et a 2,72 eV (0,25WTi). Les résultats RPE
suggérent une diminution du Vo' dans tous les TiO2 dopé par M, ce qui est favorisé par la
compensation de la charge positive supplémentaire apportée par les cations dopants.
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Figure 8: Schéma TDXRD du TiO.. L'image DRX bidimensionnelle est représentée au milieu de la
figure. Les diagrammes DRX du premier (a 30°C) et du dernier balayage (& Tm=700°C) sont
représentés respectivement en bas et en haut de la figure.

Les résultats DRX confirment l'inhibition de la formation de la phase rutile due a
l'introduction du cation. Cet effet d'inhibition est observé de maniére plus significative sur le
TiO2 dopé au W, et il est également renforcé avec 1'augmentation de la concentration du dopage
cationique. Ainsi, afin de déterminer plus quantitativement le role des types de cations et de
leur concentration de dopage sur la cristallinité de la structure cristalline pour les matériaux
TiO2 dopé par M spécifiques en fonction de la température, une technique d'analyse DRX in-
situ en fonction de la température (TDXRD) a été mise au point. La température de transition
de phase (TPT) de l'anatase au rutile est déterminée par la premicre apparition du pic
caractéristique du rutile (110). Pour le TiO», la transition de phase apparait a 425°C, comme le
montrent les diagrammes TDXRD (Figure 8). Tous les TiO> dopé par M ont une température
de transition de phase plus ¢élevée que le TiO2, comme le montrent les diagrammes TDXRD de
la Figure 9. Pour le TiO> dopé par M avec la méme concentration de dopage, les valeurs de 7pr
suivent l'ordre suivant : W>Ta>Nb. Dans le cas de 0,25WTi, le TPT devrait étre supérieur a
900°C. D'autre part, une ségrégation de phase sous forme d'oxydes correspondants est observée
pour tous les échantillons dopés par M. Cela suggere une solubilité limitée du cation dans le
réseau TiO», qui diminue avec la température et qui est probablement due a la nature métastable
de la phase anatase.
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(c) et (d) pour le TiO, dopé par Ta ; (e) et (f) pour le TiO, dopé par W.



Pour les matériaux TiO> co-dopé avec (M,N), par rapport au TiO> dopé par M, la
modification de la morphologie des échantillons co-dopé avec (M,N) par le processus de
nitruration est limitée. Les résultats XPS confirment une insertion réussie de 1'azote dans le TiO»
co-dopé avec (M,N) par le traitement de nitruration, et la formation de 1'azote substitutif
nécessite des conditions plus intenses que celle de 1'azote interstitiel. L'échantillon co-dopé avec
(W,N) contient une plus grande quantité de N que les échantillons co-dopé avec (Nb,N), comme
le montre la charge 6+ de W. Les résultats RPE (Figure 10) ont confirmé un comportement
différent des défauts pour 1'échantillon (W,N) par rapport aux échantillons co-dopé avec (Nb,N)
et (Ta,N). Dans les conditions intenses de nitruration, Ti*" a été généré pour les matériaux co-
dopé avec (Nb,N) et (Ta,N), mais pas pour les échantillons co-dopé avec (W,N). Au contraire,
le schéma de compensation de charge pour le codopage (W,N) peut impliquer Vo' et W*,
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Figure 10: RPE pour TiOz, TiO, dopé par M et TiO, co-dopé avec (M,N) : (a) spectres a large gamme
normalisés par la masse de I'échantillon, (b) spectres a haute résolution avec normalisation créte a
créte.

Les propriétés d'absorption du TiO2 co-dopé avec (M,N) synthétisé ont été caractérisées
par spectroscopie UV-vis. Deux types différents de caractéristiques d'absorption sont également
observés sur tous les échantillons co-dopé avec (M,N). La nitruration douce a entrainé une
augmentation de l'absorption visible avant 550 nm (couleur jaune), qui est attribuée au dopage
N. La nitruration intnese a entrainé une augmentation de l'absorption visible avant 550 nm
(couleur jaune), qui est attribuée au dopage N. La nitruration intense a entrainé une
augmentation de l'intensité de 1'absorption visible avec une absorption apparaissant apres 550
nm (couleur sombre), ce qui est principalement attribué a la génération d'états défectueux dans
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la bande interdite. En outre, le TiO> co-dopé (W,N) présente une bande interdite plus courte
(2,26 eV pour 0,25WNTi-m, 2,1 eV pour WNTi-h) que les échantillons co-dopé avec (Nb,N) et
(Ta,N), ce qui peut étre dii a une distribution différente des états N 2p ou a 1'énergie plus faible
de l'orbitale W 5d. Pour surveiller le changement des propriétés spectrales de 1'échantillon au
cours des processus de recuit ou de nitruration, nous avons également développé une méthode
in-situ basée sur la spectroscopie UV. Les mesures ont ét¢ effectuées sous flux d'ammoniac et
d'air. D'aprés les spectres UV-vis des différents échantillons obtenus dans 'ammoniac (Figure
11), deux mécanismes de dopage associés a l'insertion d'azote et a I'apparition de Ti**/W>" ont
été identifiés. Ces derniers apparaissent a des températures plus élevées et ont été facilement
identifiés. Leur apparition dépend du cation dopant dans I'ordre de température W < Nb < Ta.
Nous avons également observé que 1'apparition des centres de couleur jaune prend plus de temps,
probablement en raison d'un phénomene de diffusion, mais qu'ils sont plus stables a 'oxydation
que les défauts des centres sombres.
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Figure 11: Valeurs de Agp et Rgoo €n fonction de la température (a et ¢ correspondent aux spectres
enregistrés dans N2 ; b et d correspondent aux spectres enregistrés dans NHs)

2.3 Performance photocatalytique des matériaux TiO: dopé par M et
TiO: co-dopé avec (M,N) (M=Nb, Ta ou W)

Le Chapitre 4 présente les résultats expérimentaux liés aux performances
photocatalytiques des matériaux synthétisés dans le Chapitre 3. Tout d'abord, les activités
photocatalytiques des différents matériaux TiO» dopé par M et co-dopé avec (M.N) pour la
dégradation de MB ont été évaluées afin de clarifier l'effet des différents types de dopage ou de
co-dopage sur l'activité photocatalytique résultante. De plus, I'influence des défauts (Ti**, Vo©
et W>") sur le processus de dégradation photocatalytique a également été discutée. Ensuite, ces
matériaux ont été appliqués aux deux demi-réactions de la division photocatalytique de I'eau :
la réaction d'évolution de 1'hydrogene (HER) et la réaction d'évolution de 1'oxygéne (OER).
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Les résultats de la dégradation photocatalytique de MB ont montré que le TiO> co-dopé
(Nb,N) et le TiO2 co-dopé (Ta,N) présentent des comportements photocatalytiques similaires,
ou la condition de nitruration influence significativement l'activité photocatalytique. En
revanche, la performance photocatalytique du TiO> co-dopé (W,N) est a peine affectée par les
conditions de nitruration. Sous I'éclairage de la lumiere UV (Figure 12), une détérioration de
l'activité photocatalytique a été observée pour les échantillons (Nb,N) et (Ta,N) soumis a une
nitruration intense, mais pas pour 0.25WNTi-h. Le résultat confirme que Ti** pourrait agir
comme des centres de recombinations de charges, entrainant une diminution du taux de
dégradation. A l'inverse, Vo' et W identifiés dans le Chapitre 3 ont été proposés comme ayant
une influence négligeable sur le processus de dégradation photocatalytique.
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Figure 12: Profils et cinétique de dégradation du MB pour les échantillons de TiO, de TiO, dopé par
M et de TiO co-dopé avec (M,N) sous irradiation par LED UV (365 nm) : (a, b) pour les échantillons
de Nb. (c, d) pour les échantillons de Ta et (e, f) pour les échantillons de W.

En comparant les résultats photocatalytiques obtenus dans ce chapitre avec ceux du
Chapitre 2, nous avons souligné l'influence importante de 1'adsorption de MB sur le résultat
expérimental de la dégradation photocatalytique. Il est propos€¢ que, pour un rapport
MB/photocatalyseur plus élevé, des molécules de colorant excessives peuvent étre adsorbées a
la surface de 1'échantillon. Par conséquent, la génération d'especes radicalaires pourrait étre
ralentie en raison de cette couverture de la surface du matériau par les molécules de MB
adsorbées (ou leurs produits de dégradation), entrainant une diminution du taux de dégradation.
Ce phénomene dépend des propriétés de surface du photocatalyseur. La zétamétrie (Figure 13)
indique que les échantillons dopés par M ont davantage souffert de cette adsorption excessive
de MB que le TiOg, car leurs surfaces sont plus négativement chargées.
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Figure 13: (a) Courbes d'adsorption a I'équilibre de MB pour TiO: et les échantillons dopés par M. (b)
Potentiel z&ta du TiO, et des échantillons dopés au M en fonction du pH.

Pour la réaction de HER, nanoparticules de Pt (NPs) et le méthanol ont été utilisés
comme co-catalyseur et donneur d'électrons sacrificiel, respectivement. Il a été démontré que
la méthode de dépdt de Pt a un effet significatif sur le taux de production d'hydrogéne. En
utilisant le TiO2 comme matériau de référence, nous avons constaté que la méthode de
photoréduction est plus favorable a la production d'hydrogeéne par rapport a la méthode de
réduction chimique en raison de la plus petite taille des particules de co-catalyseur, la présence
de Pt0. Il a également été observé que différentes stratégies de dopage ont un impact significatif
sur la forme des NPs de Pt déposées. Une concentration élevée de dopage au Nb a entrainé une
forte réduction de la charge de Pt. Ce phénomene a €galement été attribué a la charge plus
négative a la surface du matériau. D'autre part, on note que les NPs de Pt ont tendance a
s'agréger sur les surfaces du TiO> dop¢ au N et du TiO> co-dopé (Nb,N). Comme le montre la
Figure 14, tous les matériaux soumis au dopage et au co-dopage présentent des activités
réduites par rapport au TiO,. Les raisons pourraient étre l'absence totale de rutile dans ces
échantillons par rapport au TiO: et au TiO2 dopé au N, ainsi qu'un changement dans le pouvoir
réducteur des ¢€lectrons photo-générés dii au déplacement de CBB provoqué par l'orbital d de
I'ion dopant. A I'exception des échantillons & base de Nb, il n'y a pas d'amélioration évidente de
l'activité photocatalytique du TiO; co-dopé avec (M,N) par rapport a leurs homologues dopés
par M, ce qui pourrait étre attribué a l'agrégation des NPs de Pt.
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Figure 14: Taux de production d’hydrogéne photocatalytique des échantillons de Pt-MTi et de Pt-
MNTi-m.

Les matériaux TiO; synthétisés, dopé par M et co-dopé avec (M,N), ont également été
utilisés pour catalyser la réaction de OER, dans laquelle des NPs de RuOx et NalOs ont été
utilisés comme co-catalyseur et accepteur d'électrons sacrificiel. Les résultats de la TEM
confirment que des NPs de RuOx extrémement fines et dispersées ont été déposées avec succes
a la surface des matériaux TiO; par la méthode de photo-déposition. Les taux de production
d'oxygene des différents échantillons (Figure 15) indiquent que le TiO> dopé au Ta et le TiO>
dopé au Nb sont plus avantageux pour l'oxydation photocatalytique de I'eau. De maniére
similaire a la réaction de production d'hydrogene photocatalytique, aucune amélioration
supplémentaire de 1'activité n'a été obtenue sur les matériaux co-dopé avec (M,N). Cela indique
que l'augmentation de l'absorption visible ne contribue pas a une activité photocatalytique
globale améliorée. Des caractérisations supplémentaires sont nécessaires pour révéler la
corrélation entre le dépdt de co-catalyseur, les défauts intrinséques du photocatalyseur et
l'activité photocatalytique.
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Figure 15: Taux de production d'oxygene photocatalytique du RuOx-TiO», RuOx-0.25MTi et RuOx-
0.25MNTi-m.
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Pour améliorer I'efficacité de la séparation des porteurs de charge, nous avons ¢galement
réalisé une étude préliminaire sur une stratégie de dépot de double co-catalyseur en utilisant le
TiO> comme matériau de référence. Les photocatalyseurs a base de TiO; ont été déposés avec
a la fois du Pt et du RuOx. Les résultats photocatalytiques (Figure 16) suggerent une perspective
pour améliorer davantage 1'activité photocatalytique du matériau TiO> par la stratégie de dépot
de double co-catalyseur, surtout pour les réactions d'oxydation de 1'eau. Nous supposons que la
combinaison de la stratégie de dépot de double co-catalyseur et du dopage/co-dopage pourrait
constituer un sujet intéressant pour l'avenir.
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Figure 16: Taux de production photocatalytique d'hydrogene (a) et d'oxygene (b) du TiO, déposé
avec double co-catalyseur.

3. Conclusions général

Dans ce travail, nous avons étudié la stratégie de co-dopage avec une combinaison
cation-anion. L'objectif de cette these était de modifier la structure de bande électronique du
photocatalyseur TiO2 par co-dopage avec des métaux de transition (M = Nb, Ta ou W) et de
I'azote, dans le but d'améliorer la réponse a la lumiére visible et I'activité photocatalytique des
matériaux TiO. co-dopé avec (M,N). En particulier, des efforts ont été déployés pour
comprendre I'effet des différents types de dopage/co-dopage sur les propriétés des matériaux et
leurs activités pour des réactions photocatalytiques spécifiques. En contrélant les paramétres de
synthése, différents matériaux co-dopé avec (M,N) avec une morphologie et une structure
cristalline comparables ont été produits, nous permettant de nous concentrer sur I'effet du co-
dopage lui-méme.

Tout d'abord, nous nous sommes concentrés sur les matériaux TiO, co-dopé avec
(Nb,N), qui représentent la combinaison cation-anion la plus représentative. Le réle de la
nitruration dans la détermination des propriétés et des activités photocatalytiques pour la
dégradation du bleu de methylene (MB) des photocatalyseurs TiO2 co-dopé avec (Nb,N) a été
étudié. Nous avons constaté que I'échantillon co-dopé apres une nitruration douce présente la
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meilleure activité sous I'éclairage de la lumiére visible et de la lumiere solaire simulée, ce qui
pourrait étre attribué au rétrécissement de la bande interdite di au co-dopage (Nb,N). En
revanche, les échantillons soumis & des conditions de nitruration intenses ont subi une
détérioration des activités photocatalytiques, ce qui pourrait étre attribué a la génération de Ti*
agissant comme des centres de recombinations de charges. Ensuite, une étude comparative
visant a comprendre le r6le du cation dans les matériaux TiO2 dopés par M et co-dopé avec
(M,N) (M = Nb, Ta ou W) a été menée. Nous avons confirmé que la structure cristalline et la
morphologie des matériaux dopés par M et co-dopé avec (M,N) synthétisés dépendent
principalement du cation. Tous les cations sélectionnés augmentent la température de transition
de phase de I'anatase au rutile. Un mécanisme de dopage similaire entre le co-dopage (Nb,N) et
(Ta,N) a été observé, dans lequel Ti** a été généré sous une nitruration intense. Pour le co-
dopage (W,N), le schéma de compensation de charge peut impliquer Vo*, W°* et des lacunes
cationiques. Les matériaux synthétisés ont été utilisés pour catalyser des réactions
photocatalytiques : dégradation du MB, production d’hydrogéne et oxydation de I'eau. Sur la
base des résultats de dégradation du MB, nous avons conclu que Ti®* agit comme des centres
de recombinations de charges, tandis que Vo' et W** n'influencent négligeablement la cinétique
de dégradation photocatalytique. Pour la production d'hydrogene, une diminution de l'activité
pour tous les échantillons dopés par M et co-dopé avec (M,N) par rapport au TiO- a été observée.
La raison possible pourrait étre le changement de la charge de Pt et/ou le déplacement vers le
bas du CBB di au dopage avec M. De plus, nous avons constaté que les TiO> dopés avec Nb et
Ta présentent des perspectives pour I'oxydation de I'eau.
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The use of fossil fuels has made significant contributions to human society's
development over the past two centuries. Coal, oil, and natural gas have dominated energy
production since the Industrial Revolution. The chemical energy contained in fossil fuels
can be released through combustion, and used in electricity production, transportation and
industrial processes. This has allowed for the rapid industrialization and modernization of
societies, leading to increased standards of living and economic development. However,
these contributions have come with not only benefits but also drawbacks. As the Earth's
population and industrial manufacturing have grown exponentially, the environmental and
climate crises caused by the massive combustion of fossil fuels have begun to emerge. On
the one hand, pollutants from industrial production processes are released into the
ecosystem through wastewater and exhaust gas emissions, which directly threaten human
health. On the other hand, the use of fossil fuels inevitably emits large amounts of carbon
dioxide, which is the main contributor to the increasing greenhouse effect. In addition,
fossil fuels are finite resources, which are predicted to be depleted over the next centuries.
Therefore, developing renewable energy is the fundamental resolution to solve the climate
and environmental crises faced by mankind in the 21% century.

Solar energy is one of the most important renewable energy sources because the
total amount of energy reaching the earth is enormous. Theoretically, the energy provided
annually by sunlight radiation is more than 1200 times greater than the total amount of
energy demanded by mankind. But one difficulty is to convert solar energy flux into other
forms of energy that can be used directly by humans. Currently, the most widely used solar
energy conversion technology is photovoltaics, which converts it into electricity. It
accounts for only 0.46% of primary energy production and 2.7% of total electricity
production. The current photovoltaic conversion efficiency is about ~20% but photovoltaic
technology is limited by the fluctuation of solar radiation with the seasons, weather, and
geographic location. This can result in unstable electricity generation. Therefore, in order
to exploit solar energy more sufficiently, emerging solar energy conversion technologies
have attracted extensive attention from the scientific community.

Through photocatalytic reactions in which semiconductors are used as catalysts, the
photogenerated electrons and holes can be used to promote a variety of chemical reactions.
In 1972, Fujishima and Honda found that hydrogen and oxygen were produced on a
titanium dioxide (TiO2) photoanode in an aqueous electrolyte, under UV irradiation.
Despite its limited efficiency, this process showed for the first time the possibility of
converting solar energy directly into storable chemical energy. The application of
photocatalysis was also extended to environmental remediation. It has been shown that the
photogenerated charge carirers (electrons and holes) can react with oxygen or water
molecules adsorbed on the photocatalyst surface to generate active radicals with strong
oxidizing power, which can used for pollutant degradation in water or air. The main
disadvantage of TiO. used as a photocatalyst is the lack of visible absorption. Due to its
wide band gap (3.2 eV for anatase), only the energy of photons in the UV region (~5% of
the solar spectrum) could be used for photocatalytic reactions.
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The main objective of this thesis is to modify TiO2 nano-photocatalysts via a
strategy of co-doping with transition metals (M=NDb, Ta or W) and nitrogen to extend its
photoresponse range over the solar spectrum. This approach was first proposed in
theoretical studies as a way to overcome the limitations of classical N-doping. If promising
results were obtained by different groups around the world, the disparity of synthetic and
analytic approaches makes it difficult to understand the mechanism behind the improved
properties of co-doped TiO». In this work, based on systematic characterizations of the sol-
gel prepared (M,N) co-doped TiO> materials, we aim to understand the effect of each
dopant and associated defects on the physicochemical properties and the photocatalytic
activities of the co-doped materials. First, (Nb,N) co-doped TiO. was studied as a
representative co-doped system. The effect of (Nb,N) co-doping on the crystal structure,
light absorption properties, and electronic band structure of TiO2 was analyzed. Then, we
changed the choice of cation in the (M,N) co-doping combination. By comparing the
physicochemical properties of the (Nb,N), (Ta,N) and (W,N) co-doped TiO, materials, the
role of cation in determining the nitrogen doping process and the associated defects
involved in the charge compensation mechanism was studied. Finally, the different (M,N)
co-doped TiO2 materials were applied to photocatalytic degradation of methylene blue
(MB), hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) from
water oxidation, respectively. We aim to determine a suitable photocatalyst for each
specific type of reaction and analyze the corresponding reaction mechanism. For this the
thesis is divided into four chapters:

The first chapter is a bibliographic review aiming to introduce the context of this
work: the current situation of global energy consumption, the way to reduce the
consumption of fossil fuels, the potential of solar energy and the prospects of
photocatalytic technologies are presented. Then the fundamental principle of
photocatalysis, two specific reaction processes (photocatalytic pollutant degradation and
photocatalytic water splitting) are illustrated. Furthermore, after a brief introduction to the
properties of TiO», a detailed review of band engineering of TiO, by doping with foreign
elements is presented. Emphasis is placed on the cation-anion co-doping strategies. Based
on the theoretical calculation and experimental studies reported in the literature, we point
out the challenges that remain in the research area of co-doped TiO2 materials.

The second chapter concerns the synthesis, characterization and the evaluation of
photocatalytic activity of the (Nb,N) co-doped TiO» material. The Nb dopants were
introduced into TiO> first by a sol-gel method and the N dopants were inserted successively
through a thermal nitridation process in ammonia. By controlling the calcination
temperature and duration, the TiO2 and Nb-doped TiO. with comparable crystal structure
and morphology were prepared, allowing us to highlight the photoelectrochemical property
of a specific sample with its chemical composition and intrinsic defects due to the
doping/co-doping modification. Besides, the effect of nitridation conditions on the type of
nitrogen species and the associated defects are analyzed. By comparing the
characterization results of TiO2, Nb or N-doped TiO2 and (Nb,N) co-doped TiO>, the
charge compensation mechanisms for different types of doping/co-doping are proposed.
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Then, we analyzed the impacts of different types of dopants and defects on the
photocatalytic activity for MB degradation.

Chapter 3 presents a comparative study involving three different co-doping
combinations: (Nb,N), (Ta,N) and (W,N). The objective is to investigate the effect of cation
on the structure, morphology, and photoelectrochemical properties of the resultant TiO>
materials. This chapter is divided into two main parts. The first part concerns the
characterization of the M-doped samples. The focus of this part is to study the effect of the
cation type and doping concentration on the crystal structure of the resultant M-doped TiO..
An in-situ temperature-dependent XRD technique was developed. to reveal the evolution
of the crystalline phase of the M-doped samples with increasing temperature. The second
part presents the comparison of the characterization results of different (M,N) co-doped
TiO,. The crystal structure and morphology of the co-doped samples were first compared
with the corresponding M-doped samples. Then, based on the results of UV-vis
spectroscopy, the role of cation in determining the light absorption properties of the
resultant co-doped materials was analyzed. Combining the results of XPS and EPR, we
detected the nitrogen species and associated defects in different (M,N) co-doped TiO> The
charge compensation mechanisms corresponding to each (M,N) family are discussed.
Finally, an in-situ UV-vis reflectance spectroscopy technique is presented. This technique
helps to understand and optimize the thermal nitridation process.

Before a general conclusion and perspective chapter, the 4" chapter presents the
experimental results related to the photocatalytic performances of the M-doped TiO; and
(M,N) co-doped TiO> materials synthesized and characterized in Chapter 3. This chapter
can be divided into three parts, corresponding to three different types of photocatalytic
reactions: photocatalytic degradation of methyl blue, photocatalytic hydrogen production
and photocatalytic water oxidation. The prepared materials were used to catalyze
photocatalytic degradation of MB. Combining the characterization results obtained in
Chapter 3, the effect of different types of doping/co-doping on the resultant degradation
kinetics was studied. Besides, the role of different types of defects, such as Ti%*, Vo' and
W®*in determining the charge carrier separation and transfer efficiency was also discussed.
In addition to the nature of the photocatalyst itself, we also studied the influence of
photocatalytic experimental conditions, especially the initial dye concentration, on the
photocatalytic degradation kinetics. Then, the photocatalytic activities of the prepared
materials were evaluated by conducting photocatalytic HER and OER. Pt and RuOx
nanoparticles (NPs) were deposited on the sample surface as a co-catalyst for HER and
OER, respectively. For the co-catalyst deposition, we used an in-situ photo-deposition
method followed by the photocatalytic test. According to the HER result using TiO2 as
reference material, this method produced smaller Pt sizes than the chemical deposition
method. After that, we investigated the effects of different types of doping/co-doping on
the morphology, distribution, and loading of the co-catalysts. The photocatalytic activities
were discussed considering both the effect of co-catalyst and the nature of the material
itself. Finally, we have conducted a preliminary exploration of the TiO, decorated with
dual co-catalysts (Pt and RuOx NPs) for the application of HER and OER.
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“We are just an advanced breed of monkeys on a minor planet of a very average
star. But we can understand the Universe. That makes us something very special.”

— Stephen Hawking
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1. General context

1.1 Global demand for energy transition

The exploitation and utilization of energy are closely related to the development of
human society. Fossil fuels (such as coal, oil, and natural gas) have played an important role
in driving industrial progress and social development.! Almost all of the great inventions of
the first and second technological revolutions, such as the steam engine, the internal
combustion engine, the train, and the airplane, are directly driven by the energy released via
the combustion of fossil fuels.? However, with the rapid growth of the world's population
and economy since the mid-19th century, the use of fossil fuels increased rapidly (Figure
1.1), leading to the emergence of the climate crisis. Fossil fuel combustion has released large
amounts of carbon dioxide (COz) which is the main greenhouse effect gases, which is
considered the major cause of climate change. It is shown that atmospheric CO>
concentrations have risen from ~290 parts per million (ppm) at the beginning of the
Industrial age to the current level of 412 ppm. Simultaneously, more than 1°C increase in
global average temperature has occurred since 1880 due to this global warming.>* Besides,
extreme weather events (such as hurricanes, droughts, and heatwaves) have been recorded
more frequently in recent decades, as well as the rise of the sea-level, and the loss of
ecosystems and biodiversity.>® On the other hand, environmental pollution caused by
industrial production activities is another major challenge for humanity in the 21st century.
A variety of toxic pollutants, such as heavy metals, organic solvents, pesticides, and
pharmaceuticals could enter the ecosystem with the discharge of wastewater and waste gas,
which in turn pose a risk to human health. It is reported that long-term exposure to the
contaminated environment could cause organ damage, neurological disorders, and an

increased risk of cancer.”®
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Figure 1.1 : Evolution of the world population and annual consumption of primary energy.,
(biomass: traditional biomass mainly firewood; renewables: solar, biofuels, wind, hydraulic)©
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The increasing concerns about the environment and climate have led to the focus on
the transition towards renewable energies (solar energy, wind energy, hydro energy, tidal
energy, geothermal energy, biomass energy). The extraction and utilization of renewable
energy sources produce little to no greenhouse gas emissions as well as minimal
environmental pollution. It can help to mitigate climate change and lead to more sustainable
development of our society.!"!> Although the technologies of renewable energy conversion
have undergone rapid development with an increasing proportion of renewable energy
consumption in the past few decades, non-renewable sources still dominate the global
current energy consumption (> 80% of global primary energy consumption), as shown in
Figure 1.2.1! The main difficulty in the development of renewable energies is economic
viability, since initial investment and installation costs for renewable energy systems can be
significant, and the return on investment may take a long time. In addition, the intermittency
and variability of some renewable energy sources, such as solar and wind, pose challenges
to a stable and reliable energy supply.?!® Therefore, advanced technologies for efficient
conversion and storage of renewable energy are urgently demanded, and research in the field
will certainly contribute towards achieving the global climate goals outlined in “The Paris

Agreement”.4
oil Solar
i )
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Figure 1.2 : World primary energy consumption by type of resource in 2019 and the share of these
energies in global electricity production.®

*Includes geothermal, biomass, wave and tidal. It does not include traditional biomass which can be a key energy source in lower income settings.

1.2 Solar energy

Among the mentioned renewable energies, solar energy is by far the largest
sustainable source available. Figure 1.3 shows the theoretical annual production potential of
various renewable energies as well as the remaining stocks in fossil fuels and uranium. Wind
and hydro power, including tidal power, could reach 45 000 TWh (considering the
installation of windmills at all offshore and onshore sites with a wind speed > 10 m.s™! and
all potential dam sites). By comparison, considering only the land surface, the solar energy
reaching the earth’s surface annually is 200x10® TWh, which is 1,200 times the annual
primary energy consumption. On a clear day, at a latitude of 48° the power received is 1000
W.m (the value used to define the AM1.5G spectrum, which is the standard for evaluating
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solar cells). On the other hand, the existing fossil fuel reserves are limited and may be
depleted in the near future.!® In fact, the production of fossil fuels was also inherently
influenced by the input of solar energy to the Earth. About 0.1% of the solar energy that
reaches the surface is absorbed by plants and then stored into biomass via photosynthesis, at
least some of which has been transformed into fossil fuels over a long geological evolution.’
In other words, the use of fossil fuels consumed, in less than two centuries, the solar energy
stored on Earth over millions of years. To fully utilize solar energy and reduce dependence
on fossil fuels, the development of emerging technologies for harvesting, converting, and
storing solar energy has attracted scientific attention.

X
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Figure 1.3 : Left : Representation of the theoretical energy resources that can be exploited on
Earth (for the fossils + uranium: exploitable stock remaining in 2015, for the renewables: annual
production potential).1¢ Right: simplified representation of the carbon cycle by considering the
Earth as a closed thermodynamic system.0

2. Solar energy conversion via photocatalysis

Photocatalysis is one of the most promising strategies for solar energy conversion.
On the one hand, photocatalysis has been widely used for environmental remediation
through the advanced photocatalytic oxidation process.’3!°® On the other hand, solar energy
can be converted and stored in the form of “solar fuels” via reactions such as photocatalytic
hydrogen production from water splitting and photocatalytic CO> reduction into
hydrocarbons. 22

2.1 Principle of photocatalysis

The important steps of the photocatalytic reaction are illustrated in Figure 1.4. When
the photocatalyst absorbs photons with an energy equal to or higher than the band gap of the
semiconductor, electrons can be excited from the valence band to the conduction band,
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leaving holes behind in the valence band (zoom-in region). After the generation of electron-
hole pairs, the photo-induced electrons and holes could transfer to the reaction sites located
on the surface of the semiconductor (process 1 and 3). However, the migration process may
suffer from the charge recombination taking place both in the bulk and on the surface
(process 2 and 4), accompanied by releasing the adsorbed energy of charge carriers in the
form of vibration of lattice atoms (phonons) and fluorescence (photons).?? These
recombinations can be enhanced, by a variety of defects existing in the photocatalytic
materials and acting as charge recombination centers, and this has made the effective
separation of electrons and holes a challenging topic in photocatalysis. Finally, the
photogenerated electrons and holes that successfully reach the reaction sites will promote
specific chemical reactions. In more detail, the electrons or holes could be utilized to drive
reduction or oxidation reactions respectively, depending on the redox potential required for
the target reaction.?

Surface
recombination
4

Bulk '°
recombination

Electron driven
chemistry
Hole driven
chemistry

Figure 1.4 : Important processes in photocatalysis: electron-hole pair generation, charge transfer,
electron-hole pair recombination in the bulk or at the surface, and electron and hole-induced
chemistry at the surface.?223

2.2 Photocatalytic degradation of pollutants

photocatalytic degradation of pollutants is achieved by various active radicals species
with strong oxidizing power (illustrated in Figure 1.5), such as superoxide radicals (-Oz2),
hydroxyl radicals (-OH) and hydroperoxyl radicals (-OOH), which could be generated by a
series of photo-redox reactions (eq. 1.1 to 1.8) involving the photo-induced charges and the
corresponding reactant adsorbed on the catalyst surface. For example, the holes could
oxidize hydroxyl ion (OH") or a water molecule to produce ‘OH. The electrons could reduce
an oxygen molecule to generate O, which may further produce ‘OOH and -OH. The
photogenerated holes may also directly participate in the oxidation of pollutants, although

the efficiency is limited by the diffusion of holes in the reaction medium.?

semiconductor + hv - e~ + h* (eq. 1.1)
e”+ 0, -0, (eq. 1.2)
-0; + H* > - 00H (eq. 1.3)
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2-00H - 0, + H,0, (eq. 1.4)
H,0,+-0, »-0H  + OH™ + 0, (eq. 1.5)
H,0, 4+ hv - 2-0H (eq. 1.6)
h*+H,0 »-0OH+ H* (eq. 1.7)
h* + OH™ —-OH (eq. 1.8)
0; —°  Pollutants
:‘4‘» \ “
A — /\ e_(HzOZ
€ "‘-..

Figure 1.5 : Schematic of photocatalytic degradation of organic pollutants.?4

2.3 Photocatalytic water splitting

The reaction of water splitting (eq. 1.9) is thermodynamically uphill, requiring a
standard Gibbs free energy (AGy) of 237 kJ/mol®, and it is comprised of 2 half-reactions:
hydrogen evolution reaction (HER, eq. 1.10) and oxygen evolution reaction (OER, eq. 1.11).
The reaction pathway of OER is more complicated and commonly considered as the primary
limitation for the overall kinetic of water splitting reaction. It requires a transfer of 4
electrons to form an oxygen molecule, causing the high energy barrier and the slow
kinetics.?®?" The overall photocatalytic water splitting can be achieved through
photoexcitation, in which case the HER and OER occur on the surface of the same
semiconductor (Figure 1.6 left). On the other hand, the half-reaction of HER (OER) can be
performed by adding electron donors (electron acceptors) as the sacrificial agent into the
reaction medium to consume the photogenerated holes (electrons). Due to the lower redox
potential required for the reaction of a sacrificial agent, working in the presence of the
sacrificial agent provides a possibility to produce hydrogen or oxygen using semiconductors

that are not capable of overall water splitting.?%?°

2H,0 - 2H, + 0, (AE=1.23V vs NHE) (eq. 1.9)
4H* + 4e~ > 2H, (0V vs NHE) (eq. 1.10)
2H,0 > O, + 4H* + de~ (1.23V vs NHE) (eq. 1.11)

Furthermore, with the participation of shuttle redox mediators, the overall water
splitting can be achieved by constructing a 2-step photoexcitation system (Figure 1.6 right).
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Under this circumstance, the shuttle redox mediators with higher (lower) oxidation states
work as the sacrificial agent for OER (HER), respectively.*® 32 In addition, the deposition of
co-catalysts is usually indispensable for both HER and OER reactions for most
photocatalysts. The main function of the co-catalyst is decreasing the overpotential as well
as creating active sites for the reaction. Generally, noble metals, such as Pt, Pd, Rh are widely
used to promote HER, 3%
in promoting OER.3&#

whereas metal oxides of Co, Ni, Ir, and Ru are proven effective

Potential

(V vs. NHE) 5

CB pH7 C.B. | I

- | e | A A L€
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A - (HH,) hv Y 7 he
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O, evolution
photocatalyst
One-step photoexcitation Two-step photoexcitation

Figure 1.6 : Schematic of photocatalytic water splitting for one-step (left) and two-step (right)
photoexcitation systems.42:43

2.4 Fundamental requirements for photocatalysts

As outlined above, a complete photocatalytic reaction is comprised of photon
absorption, charge carrier migration, and surface redox reactions. The overall activity of a
specific photocatalyst is determined by each of these steps. Thus, several fundamental
requirements for an efficient semiconductor photocatalyst are listed below.

2.4.1 Absorption of sunlight

All photocatalytic reactions require the excitation of electrons from the valence band
(VB) to the conduction band (CB) of the semiconductor. In other words, the energy of
photons provides the driving force for photocatalytic reactions. The solar spectrum energy
distribution is shown in Figure 1.7; the energy of photons in the UV region only accounts
for 5% of the entire spectrum, compared to 43% in the visible region and 52% in the near-
infrared region.** From the perspective of efficient use of photons in the spectrum
simultaneously overcoming the associated overpotential, photocatalysts with visible light
response are preferable. The performance of some traditional photocatalysts, such as TiO»,
Zn0, and SiC are limited by their wide band gap, leading to activation only under UV
illumination.***® Over the past few decades, great efforts have been devoted to modifying
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the band gap of semiconductors with a wide intrinsic band gap, to enhance visible light
activation, and the details are present latter in this chapter.

1
Solar Energy Distribution
i near infrared

f) 0.8 i @ UV (300400 nm) o Visible (400-700 nm) =
= 0. (700-2500 nm)
3
&
S 0.6
»n
3
N 04
g
Z 0.2

0

250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

Figure 1.7: Energy distribution of solar spectrum.*

2.4.2 Band position

Besides the band gap determining the capacity of photon absorption, the position of
the valence band top (VBT) and conduction band bottom (CBB) of the semiconductor must
be well-matched with the target reaction (Figure 1.8). The CBB should be located at an
potential more negative than that required for the reduction reaction, while the VBT should
be more positive than the potential required for the oxidation reaction. This proper placement
of CBB and VBT endows the photogenerated electrons and holes with sufficient energy,
thermodynamically ensuring the feasibility of the target reactions.

For the reactions of advanced photocatalytic oxidation that are applied for
environmental purification, an important requirement is that the VBT should be positive
enough (+2.7 V vs NHE) to generate sufficient -OH radicals that are used for the degradation
of pollutants. On the other hand, the potential required to generate -O; radicals is too
negative (-0.33 V vs NHE) for many widely-used semiconductors such as TiO,, WO3, and
CdSe, and the productivity of -O"is largely limited by the diffusion of oxygen in the solution
and the adsorption of oxygen on the semiconductor surface.*’ As for water splitting, The
energy of CBB should be more negative than the proton reduction potential (0 V vs NHE),
and the VBT should be more positive than the water oxidation potential (1.23 V vs NHE).*®
Aiming for the photocatalytic overall water splitting, the CBB and the VBT of the
photocatalyst must straddle the potentials required for both half-reactions.
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Figure 1.8 : Band gap and band position of the typical semiconductors (Vs NHE and Vacuum), The
right axis presents the potential required for typical redox reactions.4749

2.4.3 Charge separation and transfer

The photogenerated carriers must be efficiently separated and transferred to the
semiconductor surface. Otherwise, the recombination of electrons and holes will severely
diminish photocatalytic performance. Time-resolved analysis has shown that the lifetime of
photogenerated carriers is extremely short (ns-ps).55!

The crystalline structure has a significant effect on the activity of the catalyst. Nano-
scale materials tend to have superior activity compared to conventional bulk catalysts, and
the nano-processing strategy has been already applied not only to photocatalysis but also to
other traditional catalysis.®?> Reducing the crystalline size directly shortens the distance
required for the photogenerated carriers to diffuse from the bulk to the surface, thus reducing
the probability of charge carrier recombination. Simultaneously, the resultant large surface
area exposes more active sites for accepting the reactant molecules. In the past decades,
photocatalysts with various nanostructures, including 1D nanotubes and nanowires,>> 2D
nanosheets,> mesoporous materials,>® have been developed.

Crystal facet engineering is another important strategy to optimize the charge carrier
transfer process, in which the spatial separation of photogenerated electrons and holes is
promoted by synthesizing the photocatalysts with specific anisotropic crystal facets. °°’ By
surface photovoltage imaging technique, J. Zhu et al. have confirmed that the
photogenerated electrons and holes can be sufficiently separated to {010} and {011} facets
of BiVOs crystals, driven by the surface built-in electric fields.®® For anatase TiO»
nanocrystals, the photoexcited electrons and holes preferentially transfer to {101} and {001}
facets, respectively, as demonstrated by single-molecule fluorescence probe®® and
photochemical deposition study®.
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2.4.4 Stability and cost

The photocatalysts should be environmentally friendly and highly chemically stable,
which is an important criterion for scaling-up. Besides, from an economic point of view, the
photocatalyst should preferably be made from earth-abundant elements. In general,
semiconductors containing elements harmful to the environment or human health should be
avoided to exclude the potential risks. The photocatalysts must be capable of resisting
corrosion from the specific working environment. For example, the composition of the
wastewater is very complex and may contain a variety of corrosive chemicals, like heavy
metals, strong acids, and bases.®*® The chemical salts and impurities in seawater may
shorten the service life of the photocatalysts used for seawater splitting.%*

On the other hand, a good photocatalyst should have sufficient resistance to
photocorrosion, in which the structure of the photocatalyst itself may be damaged by the
reactive or oxidative species generated by charge carriers under a long-term illustration.®
Many promising novel catalysts have shown enhancement of visible light photocatalytic/
photoelectrochemical activity, such as CdS, MoS,, and Cu,0O. However, the photocorrosion
phenomena lead to a decrease in the performances with the prolongation of illumination. It
is illustrated that the decomposition of sulfide semiconductors can be caused by the oxidation
of S* ion to S° or SO4*(in the presence of oxygen).®55” The deactivation of CuzO could be
attributed to the oxidation of Cu20 to CuO by the photogenerated holes and/or the reduction
of Cuz0 to Cu by the photogenerated electrons.®®® For the practical applications of these
catalysts, additional modifications, such as heteroatom doping’®* and heterojunction
construction,’®" are indispensable to inhibit photocorrosion and thus ensure a stable activity
during a long-term operation.

3. TiO; as photocatalyst

TiOz is commercially manufactured by millions of tons to be widely utilized as a
pigment, paint additive, and sunscreen to name a few uses, due to its abundance, chemical
stability, and easy availability in nature. The use of TiO2 as a photocatalyst dates back to
1972. The discovery of the photocatalytic splitting of water on a TiO; electrode under UV
light was first published by Fujishima and Honda.”* This discovery has inspired numerous
studies on TiO> photocatalysts. The photocatalytic properties of TiO> are closely related to
its crystal structure and electronic band structure.

3.1 Crystal structure

The crystal structure of TiO2 can be described using TiOg octahedra as a basic unit.”

TiO> mainly exists in the form of three crystalline phases: anatase, rutile, and brookite, with
different physical properties depending on the specific lattice structure (Table 1.1). In each
phase, the octahedra are distorted in different symmetries and arrangements.’® A unit cell of
anatase includes four TiO, motifs, consisting of edge-sharing TiOs octahedra. Both corner-
sharing and edge-sharing TiO¢ octahedra are present in the unit cell of rutile and brookite,
with two and eight TiO> motifs included, respectively.””’®
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In the bulk form, rutile is the most thermodynamically stable among these three
phases, while anatase and brookite are metastable phases and they can be transformed
irreversibly to rutile by elevating the temperature.’® However, the stability of different phases
can be varied due to the change in crystalline size. Zhang and Banfield® reported that in the
temperature range of 325°C to 750°C, anatase is the most thermodynamically stable phase
once the particle size is below 11 nm. When the particle size is between 11 to 35 nm, brookite
becomes the most stable phase. When the particle is bigger than 35 nm, it is rutile that has
the highest stability. The higher stability of anatase in the nanoscale is ascribed to its lower
surface energy compared to that of rutile nanocrystalline, reported by a theoretical study of
DFT calculation.?! Besides, Zhang et al.%2 have noticed that the behavior of phase transition
from anatase to rutile of TiO> crystalline is strongly size-dependent. As shown in Figure 1.9,
the onset phase transition temperature increases with the initial particle size. In addition, the
nucleation of rutile only takes place at the interfaces of the contacting anatase particles (<
60 nm). For bigger anatase particles (> 60 nm), the rutile nucleation can extend to the free
surface and the bulk sites.

Table 1.1: Properties of TiO; crystalline in three phases: anatase, rutile and brookite

Anatase Rutile Brookite Ref.

83
Crystal structure

Tetragonal Tetragonal Orthorhombic
Space group 14)/amd P4,/mnm Pbca 84
. a=9.1600
Lattice parameter a=b=3.7842 a=b=4.5937 _ 85-87
(nm) c=9.5146 o= 2.9581 b=5.4300
) ' ¢ =5.1300
Band gap(eV) 3.20 3.00 3.26 85-87

Density(g/cm?) 4.12 88-90

Calcination temperature / 'C

Figure 1.9: Proposed scheme for the phase transformations of TiO, with particle size (a) smaller
than 10 nm, (b) in the range 10-60 nm, and (c) larger than 60 nm (blue: anatase; red: rutile).8?
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3.2 Electronic band structure:

The optical property of a semiconductor is primarily defined by its electronic band
structure. Band gap and defect states have an important influence on its absorption and
responsivity to the photons in the specific region of the solar spectrum. From a theoretical
perspective, the electronic band structure of TiO» in different phases has been widely
researched by previous studies.®*3 Rutile and brookite have a direct band gap while anatase
has an indirect band gap. The corresponding band gap features have been proved by both
theoretical and experimental work.*2 % As presented in Figure 1.10 a, The CBB of TiO; is
mainly composed of Ti 3d. The lower energy portion of Ti 3d can be further degenerated to
eg and t, states due to the crystal field splitting. The VBT of TiO2 is comprised of O 2p, and
the higher energy portion of O 2p is mainly the Py orbital.%*

Different intrinsic defects, depending on the specific synthetic process, including
oxygen vacancy (Vo'), titanium interstitials (Ti*") and/or titanium vacancy (Vi) are present
in the materials, leading to a non-stoichiometric TiO2 crystalline. These intrinsic defects
donate additional energy states in the band gap of TiO> (Figure 1.10 b), which may affect
the light harvest, charge carrier migration, and photocatalytic activity of TiO %%’
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Figure 1.10 : (a) Detailed molecular orbital diagram of anatase TiO,.%* (b) Schematic diagram of
the electronic structure of Ti0,.22

4. Band engineering of TiO: by doping

One of the disadvantages that limit the application of TiO> photocatalyst is its wide
band gap, leading to extremely low utilization efficiency of photons in the visible region. To
increase its overall activity, in the past few decades, much effort has been devoted to the
development of advanced TiO»-based photocatalysts with visible-light response. One of the
most widely studied modification methods is doping. This section highlights three
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approaches to modifying the band structure TiO, for the materials to absorb longer
wavelengths of light: (i) Cation-doping (ii) Anion-doping and (iii) Cation-anion co-doping.

4.1 Cation-doping

Cation-doping involves the replacement of Ti*" ions in the lattice by foreign cations.
Transition metals are the most commonly used for cation-doped TiO». Depending on the type
of cation dopants, additional energy states could be introduced in the band gap. The types of
cation dopants can be generally divided into two types: transition metals and rare-earth
metals. Due to the simple synthetic method and low cost, doping with transition metals is
more widely researched.

As 3d transition metal as Ti, studies focusing on TiO2 doped by V%%, Co100-102 3pq
or Fe'%1% have been widely carried out. Yu et al.® prepared V-doped TiO: via a modified
sol-gel method and the synthesized material exhibits enhanced activity toward photocatalytic
degradation of methylene blue (MB) under visible light illumination. Multiple oxidation
states of V (V*" and V°") were observed, and the energy states V4" and V>* in the band gap
were proposed responsible for the increase in visible absorption. Das et al.1®° synthesized
Co-doped TiO> using a simple hydrothermal method. In addition to the defect state of Co?",
the scheme for the extension of optical absorption also involves the ligand field transitions
of Co?*, 4T 14(4F)-4T 4(4P), as well as the generation of Vo' associated with Co doping. It is
worth noting that besides the type of cation, doping concentration also plays an important
role in determining the photocatalytic activity of the cation-doped TiO,. Zhang et al.1%
observed that the intensity of the photoluminescence (PL) signal decreases with the increase
of Fe doping concentration within the limit of 4% (Figure 1.11), which may related to the
suppression of charge carrier recombination. The authors proposed that the doped Fe** and
the host Ti*" act as hole traps and electron traps, respectively, thereby facilitating the
separation of photogenerated carriers.

1.5 2.0 2.5 3.0 3.5
Photon energy (eV)

——Pure

—0.03%
0.06%
0.1%

Intensity (arb. unit)

1.5 2.0 2:5 3.0 3.5
Photon energy (eV)

Figure 1.11: Room temperature PL emission spectra of Fe/TiO; films with increasing Fe
concentration. Inset: enlarged PL emissions of the Fe/TiO; films ([Fe] = 0.5%, 1%, 2%, and 4%).106

Besides, some 4d and 5d transition metals (particularly Nb, Ta, W) have attracted
widespread attention in the cation-doping of TiO.. The ionic radius of Nb>" (0.640 A), Ta>*
(0.640 A) and W%" (0.600 A) are close to that of Ti* (0.605 A),°” making it prospective to
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produce the cation-doped TiO; with less lattice distortion, which is favorable for improving
the doping concentration.

Nb or Ta doping is considered an effective way to enhance the carrier mobility of
TiO», and it has been utilized to improve the performance in the application of transparent
conducting oxides,!%®1% photoelectrochemical systems,''%! solar cells!? 4 and Li
batteries.}?>11® As a photocatalyst, the enhanced conductivity due to the introduction of Nb
or Ta with a proper content generally favors the improvement of photocatalytic
performance.!’ 1?20 Qian et al. 1'° synthesized Nb-doped TiO: nanotube array (NTs) via an
anodization method followed by annealing at 550°C. The prepared material exhibited
excellent activity for photocatalytic CO: reduction towards acetaldehyde (~500
pumol-g '-h™!) with a high selectivity (99%) under simulated solar light illumination. Zhang
et al.*? reported the Nb-doped TiO, with enhanced photocatalytic activity for bleaching
methylene orange (MO) aqueous under UV light illumination, and the improvement of
photocatalytic performance was ascribed to the reoriented crystal facet exposure dominated
by (001) due to the Nb-doping. Sengele er al'?! presented that the Ta-doped TiO:
photocatalyst eliminated diethyl sulfide, used as a simulant of chemical warfare agent, under
the irradiation of UV-A. However, the effect of Nb or Ta-doping on the reduction of the band
gap is limited (Figure 1.12 a), which is primarily due to the upper /similar energy level
between Nb 4d/Ta 5d and Ti 3d orbitals.'?>12* Although the yellow-color Nb-doped TiO:
responding to visible light has been also reported,’® it should be noted that the visible
response is attributed to the defect states (Ti*" and surface peroxo) rather than the energy
states of Nb itself (Figure 1.12 b).
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Figure 1.12: (a) Band gap of Ta-doped TiO, samples.'?* (b) scheme of band gap, SEM image and
optical image for the visible response of Nb-doped TiO,.1%5

Compared to doping with Nb or Ta, doping with W is more useful in improving the
visible absorption of TiO». For example, by using the density functional theory method,
Gong et al *?® demonstrated the hybridization of Ti 3d and W 5d due to W doping could shift
the absorption spectra of W-doped TiO» to visible light region, and the theoretical calculation
is in good accord with their experimental characterization of UV-vis spectra (Figure 1.13 a).
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Lorret et al.*?’ reported a W-doped TiO:> synthesized via sol-gel method which can be
activated by both UV and visible light for the reaction of photodegradation of methylene
blue (MB). In addition to the slight downward shift of the conduction band of the W-doped
TiO>, multiple oxidations of W (usually from W** to W®") were indicated in several studies
(Figure 1.13 b).128129
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Figure 1.13: (a) The diffuse reflectance UV—vis DRS spectra of pure TiO, and W-doped
TiO, samples.t?6 (b) The W 4f XPS peaks for the W-doped TiO; (W: 4.47 at.%) grown via aerosol-
assisted chemical vapor deposition.130

4.2 Anion-doping

The research on anion-doped TiO> was pioneered by Asahi and his coworkers in 2001,
in which the prepared N-doped TiO2 showed activity in the gas phase for degradation of MB
and acetaldehyde under visible irradiation (A=500 nm).*®! Since then, doping TiO, with other
anions, such as C,**? P,'*3 S 1% has been reported. The main motivation for conducting anion-
doping is to introduce acceptor states of the p orbitals of the anion above the VBT of TiO-.
Consequently, the photo-response of the anion-doped materials can be extended toward the
visible light region.

Among various options of anion, N-doped TiO materials are still the most widely
researched in the field. One important reason for the preference of N is that N 2p orbitals are
promising to be efficiently mixed with O 2p, leading to a narrower band gap by upshifting
the VBT. On the contrary, doping with C and P may introduce deep localized states in the
band gap, since the p orbitals of C and P are much higher than O 2p (Figure 1.14).131%
These localized energy states may result in a difficulty of charge transfer and a significant
decrease in the oxidation power of the photogenerated holes. Although doping with S is
expected to result in a similar band-narrowing effect as that of N, its bigger ion radius
requires a high formation energy of S dopants in the lattice of Ti02.2%® Consequently, the
solubility of S is low, and the localized energy states may be introduced in the band gap,
limiting charge carrier mobility.™*’

Compared to the cation dopants, the existence of the doped N in TiO; lattice is more
complex. Apart from substituted N (N;),*313 formed by replacing O> with N*-, N dopants
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can also be present in the interstitial positions (N;)**°140 of TiOs octahedra or exist in the

form of NOx complexes (NO or NO,).241142 It is demonstrated that the N species present in
a specific N-doped TiO, sample is greatly influenced by the condition of nitridation. Asahi
et. al. reported that the formation of N; is favored under a reduced condition while N; and
NOx are more stabilized in an O-rich environment.!*® On the other hand, there is a point
under debate concerning the energy states caused by the doped N species. Some researchers
claimed that the narrowed band gap originated from the upshift of VBT due to the
hybridization of N 2p and O 2p,'** while others ascribed the visible response to the
localized defect states in the band gap above the VBT.}#84" The density of states (DOS)
work indicated an important role of the amount, as well as the type of N sites involved on
the resulting electronic structure of the resultant N-doped TiO,.142148

Ge
-4 —a—2p

Si —o—3p

A =t

= 4

o

o -7

5

5 °7

£ .94

o

Q —~

pr -10

S 114

< 124 F

-13 T T T T
IVA VA VIA VIIA

Figure 1.14 : Atomic p orbital energy of selected non-metal elements. 149

Although the N-doped TiO> materials exhibit visible-light-activated performance,
these mono-doped catalysts suffer from the weakness of inefficient internal charge
transport.°®1%2 Romualdo Torres et al.'® reported that the incident photo-to-current
efficiency (IPCE) of the N-doped TiO: was lower than that of undoped TiO, under
illumination in the UV region. The decrease of charge carrier dynamic is further confirmed
by time-resolved studies.®3%4 It is shown that the charge separation efficiency under visible-
light excitation was only one-third of that under UV excitation in the N-doped TiO». It is
explained by the generation of oxygen vacancy (Vo') associated with the N doping, which
could act as carrier traps.'® Besides, The oxidative power of the photogenerated holes exited
by the visible illumination was fund diminished compared to those generated by UV
light.}47156 Tachikawa et al.*® reported the direct photocatalytic oxidation of ethylene glycol
(C2HsO2) was only achieved under the irradiation of 355 nm UV laser but not by using 460
nm visible laser.

4.3 Cation-anion co-doping

As discussed above, conducting mono-doping with cation or anion could introduce
localized energy states (electron donors for cation-doping; electron acceptors for anion-
doping) in the band gap of TiO», the observed visible absorption is primarily related to the
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transition involving these energy states. However, these localized energy states possibly
function as deep charge carrier traps limiting the mobility of the photogenerated charge
carriers. Besides, in the case of mono-doping, defects such as Vo© and Ti*" could be
generated to neutralize the additional charge brought by the dopants. These defects may act
as charge recombination centers, reducing the photocatalytic activity although they
contribute to visible light absorption.

To overcome the disadvantages of mono-doping, another approach has been
developed. It involves introducing both cation and anion (co-doping) in the lattice of TiO»,
in which Ti*" and O* are substituted by the cation and anion respectively. With the charge
compensation effect between the cation and anion, fewer defects are expected. In the last
few years, both theoretical and experimental studies have demonstrated the potential of co-
doped TiO,. Therefore, the following part is a short review of the previous studies.

4.3.1 Theoretical study

4.3.1.1 Ideal model of co-doping

At the beginning of the 2010’s several ab initio calculations'®’ have proposed charge-
balanced co-doping as an approach to deeply modify the TiO» optoelectronic structure by
introducing stoichiometric quantities of cation (M™) and anion (AP). That was after
described by Brancho and Bartlett:!%

Tiz‘f_x)M,S“"HOé"_gx) %i*”)‘ (eq. 1.12)

Thanks to the charge compensation between cation and anion, the defects acting as
charge recombination centers could be limited. Another advantage of co-doping is that it
allows the insertion of a larger amount of doping species compared to mono-doping. This
could favor the formation of a special type of co-doped TiO2, which is known as co-alloyed
TiOz. As shown in Figure 1.15, when the doping concentration is low, the energy levels
introduced by the cation (donor) and anion (acceptor) do not overlap completely with the
band of TiO:. Thus, these energy levels are still localized to some degree, limiting the charge
mobility in the co-doped TiO2 material. In the case of co-alloyed TiO2, due to the increase
of doping concentration, sufficient hybridization between the energy levels of dopants and
the ones of TiO> could be achieved, creating a continuum of energy levels, overlapping with
the VBT and CBB of TiO:. This situation is expected to be more favorable for the generation
of mobile charge carriers under visible light than localized energy states that are formed by
mono-doping.1%81%9
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Figure 1.15: Band structures of TiO», co-doped TiO, and co-alloyed TiO,.16°

4.3.1.2 Selection of cation-anion combination

When applying co-alloyed/co-doped TiO> materials in photocatalysis, one that needs
to be considered is the cation-anion combination. Considering the huge number of possible
combinations, it is impossible to try all of them. Luckily, the theoretical study has guided the
selection of cation-anion combinations, targeting different types of photocatalytic reactions.

Based on a DFT study, Yin ef al. have made efforts to identify potential candidates
among the co-doped anatase TiOx for the application of water splitting.!*° The band structure
resulting from the introduction of different cation-anion combinations into anatase structure
was analyzed. They concluded that the band gap value and the band position of the co-doped
TiO2 were influenced by both the type of cation-anion combination and the doping
concentration. Under low concentration (Figure 1.16 a), (Mo,2N) and (W,2N) are predicted
to be the best cation-anion combinations. Mo®" and W®* allow more nitrogen to be inserted
into the TiO; lattice compared to Nb>" Ta>* and V°*, reducing the band gap to 2.48 eV and
2.45 eV. Besides, the conduction bands of TiO> modified by (Mo,2N) and (W,2N) co-doping
remain higher than that of TiO,, which is important to keep the reducing power of
photogenerated electrons. On the other hand, under a higher doping concentration (Figure
1.16 b), (Ta-N) and (Nb-N) co-doping are the best choices to obtain the best performance
for water splitting. The band gap of the resultant materials are reduced to 2.68 eV and 2.50
eV, respectively, and their CBB is located more than 0.3 eV higher than that of TiO,. As for
(Mo,2N) and (W,2N) co-doped TiO», an undesirable downward shift of CBB is observed,
which could limit the HER.
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Figure 1.16: Calculated band structure of TiO, and TiO. co-doped with various combinations of
cation and anion under low (a) and high doping concentration (b) (The CBM of pure TiO; is set to
zero as the reference and the band gap is corrected using a scissor operator) 14°

In another study published Wang ef al. made a prediction of the photocatalytic
activities of TiO (anatase) co-doped with different cation-anion combinations for an
application of organic pollutant degradation.'® The band gap value and band position were
calculated using a DFT+U method. According to their results, (Ta,N) co-doping is expected
to be the best choice, which not only broadens the range for visible absorption but also raises
the reducing power of the photogenerated electrons by upward shifting the CB. Consequently,
more superoxide acid and superoxide radicals can be generated during the catalytic reaction.

It is noteworthy that both authors pointed out the important influence of the ion radius
of the dopants on the activity of the resultant co-doped TiO; materials. S, P and Se are
considered to be not suitable for the co-doped or co-alloyed TiO.. Due to the large size
mismatch between these dopants and oxygen, limited solubility of dopants was predicted.
As aresult, localized acceptor energy states could be introduced above the VBT, limiting the
mobility of charge carriers.
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4.3.1.3 Difference between ideal model and realistic material

Although numerous computational studies carried out on the co-doped system have
predicted a charge compensation effect between the cation and anion dopants 149161163 ¢
should be noted that these studies were based on the prerequisite that the host TiO> is a
perfect crystal. However, in reality, it is almost impossible to have a perfect stoichiometric
ratio between different elements in the compounds. In the case of TiO2, a n-type
semiconductor feature is commonly observed, for which the crystal is constructed in a Ti-
rich/O-poor environment. Therefore, the aforementioned studies did not take into account
the possible intrinsic defects, such as Vo' or titanium vacancies (Vri), which may also
influence the physicochemical properties of the co-doped TiO; system.

1. % analyzed the evolution of the charge compensation scheme in

Williams et a
(Nb,N) and (Ta,N) co-doped anatase structure with temperature through a DFT calculation,
with the presence of intrinsic defects. The authors demonstrated that the ideal model of co-
doping is unachievable. The calculation was conducted under both n-type (Ti-rich/O-poor)

and p-type (Ti-poor/O-rich) conditions, where Vo' and Vi are dominant intrinsic defects

respectively.
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Figure 1.17 : Equilibrium concentrations of metal dopants My; (red line, where M = Nb or Ta),
titanium vacancies (Vri, blue line), substitutional N on O sites (No, green line), complexes of
substitutional nitrogen and metal dopants (Mri + No, dotted teal line, where M = Nb or Ta) and
electron carriers (no, dashed orange line) calculated as a function of temperature. The left panel
gives the concentrations for Nb doping, the right for Ta doping. The upper and lower panels
correspond to Ti-rich/O-poor and Ti-poor/O-rich conditions, respectively. The insets show the self-
consistent Fermi level (Er, magenta line) as a function of temperature, with the zero of the energy
scale set equal to the VBT and the dashed line indicating the position of the CBB.64
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As shown in Figure 1.17. Their results show that under both conditions, the
substitution of Ti by Nb (Nbr;) or Ta (Tar) is favorable due to the low formation energy.
However, introducing nitrogen into the lattice by replacing oxygen relatively requires a
higher formation energy, no matter in the form of single dopants (No) or the complex with
the cation (Nbri+No, Tati+No). Consequently, the concentration of nitrogen was considered
significantly lower than that of Nb or Ta across all values of temperature. Instead, under the
n-type condition, the positive charge brought by the cation dopants is predominantly
compensated by electron carriers (no), resulting in an Er close to the CBB. On the other hand,
under the p-type condition, Vi is the main defect for charge compensation. In conclusion,
they pointed out that nitrogen may only exist in the form of complex such as NH4™ with a
very low concentration in the (Nb,N) and (Ta,N) co-doped anatase structure. In other words,
achieving an ideal charge-balanced doping in a non-stoichiometric TiO2 is impossible
according to their calculations. Considering the complexity of the chemical composition of
the realistic substance, future studies combining theoretical calculation and experiment are
needed.

4.3.2 Experimental study

Following the promising catalytic properties predicted by the theoretical studies,
research efforts experimentally have focused on co-doped/co-alloyed TiO2 materials. Among
numerous cation-anion combinations, the groups of transition metals (in particular 3d, 4d
and 5d blocks) and nitrogen are the most widely researched. Thus in the following part, we
will introduce the corresponding synthesis and application of some representative co-doped
TiO; materials reported in recent studies.

4.3.2.1 Co-doping with 3d metal and N

R. Raiswal et al. prepared (V, N) co-doped TiO> via a sol-gel method, in which
Triethylamine and ammonia metavanadate were used as precursors to introduce V and N,
respectively.!®® The synthesized co-doped catalyst exhibited an enhanced visible light
photocatalytic activity for rhodamine B (RhB) degradation, compared to the undoped TiO:
and N or V mono-doped TiO;. The authors proposed a synergy effect between V dopants and
N dopants increasing visible light absorption and efficiency of charge carrier separation
(Figure 1.18). The visible light absorption originated from the excitation involving the
energy states of V 3d and N 2p in the band gap. Due to the strong V-N bond, the interaction
between V 3d and N 2p orbitals lowers the energy levels of N 2p, and thereby increases the
mixing of N 2p and O 2p states, which is favorable for the trap of photogenerated holes. On
the other hand, the localized V 3d states could act as electron traps, diminishing the
possibility of charge carrier recombination. In addition, they observed that the V dopants
presented two oxidation states (V*" and V"), and a partial of V>* existed in the form of V,0s
on the sample surface, facilitating the electron injection into the V>* species.
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Figure 1.18: Schematic diagram for photocatalytic degradation of RhB dye over(V,N) co-doped
TiO2 under the illumination of visible light.165

(Fe,N) co-doped TiO> catalysts were synthesized by a sol-gel method followed by
annealing in ammonia.'®® A higher degree of crystallization and pronounced mesoporosity
with narrow pore-size distribution were observed on the prepared co-doped materials. Under
visible illumination, the (Fe,N) co-doped TiO2 showed enhanced activity for the degradation
of MO compared to the mono-doped counterparts and commercial P25 (increase by 137%).
In another study published by, Naik et al., the (Fe,N) co-doped TiO, was applied to
photodegradation of phenol.’®” The enhanced visible light activity was attributed to the
effective reduction of the band gap due to the co-doping of Fe and N. Besides the mixing
between Fe 3d and Ti 3d states, the authors also proposed that the Fe tog levels may mixed
with O 2p and N 2p states, leading to an upward shift of the VBT. Considering that both the
introduction of Fe and N contribute to decreasing the positive charge in the co-doped system,
other defects with positively charged centers might play an important role in the case of
(Fe,N) co-doping.

4.3.2.2 Co-doping with 4d metal and N

Breault et. al prepared anatase-structured TiO> co-doped with Nb and N by a sol-gel
process (Nb doping) followed by calcination under ammonia flow (N doping).!%® The
prepared (Nb,N) co-doped TiO2 nanoparticles had an onset of optical absorption of about
580 nm, indicating an effective reduction of band gap from 3.2 eV (pure TiO;) to 2.0 eV. The
Nb, N co-doped sample presents the best activity for MB degradation under the irradiation
of simulated solar light (AM1.5). In their follow-up work, a series of (Nb,N) co-doped TiO»
with varying mole percentages of niobium substituting for titanium (1-30 mol%) were
prepared via the same method and used for exploring the composition-dependence of the
photocatalytic activity.!®® The best photocatalytic activity was observed on the (Nb,N) co-
doped sample comprising 25 mol% Nb with a narrowed band gap of 2.21 eV. Furthermore,
this optimum photocatalyst was then decorated with RuO; as a co-catalyst using a chemical
impregnation technique and applied for visible-light-activated water oxidation.’
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In the previous work on our team, anodization of titanium foils in the presence of an
ammonium fluoroniobate salt ((NHa4)s[(NbOF4)(NbF7)2]) followed by calcination at 500°C
for 2 h under ammonia was implemented for the preparation of aligned (Nb, N) co-doped
TiO> nanotube arrays (NTs).!’* In the synthesis, the fluoroniobate complex provides
simultaneously the source of Nb dopants and fluoride ions that are required for the formation
of nanotubes. The co-doped material exhibits enhanced photoelectrochemical conversion
efficiency in the visible light range when compared to Nb- or N-doped TiO»-NTs (Figure
1.19 a). By further adjusting the content of Nb in the (Nb,N) co-doped structure, the
optimized sample (0.50 Nb/TiO2-NTs d.NH3 in Figure 1.19 b) showed a light conversion
yield which is more than 2 times and 5 times greater than that of N-doped TiO>-NTs in the
visible region (A>400 nm) and the UV region, respectively. However, it is noticed that the
conversion efficiency of the (Nb,N) co-doped TiO»-NTs is lower than the undoped TiO> in
the UV region, indicating a certain decrease of charge carrier mobility after the co-doping
process. Similar efficiency loss in the UV region was also reported by Favet et al..}"? This
may suggest the existence of the localized energy states in the band gap. In other words, the
ideal co-alloyed model with a fully hybridized energy band may not achieved in our case of
(Nb,N) co-doping.
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Figure 1.19: External Quantum Efficiency (EQE) in 0.1 mol L* H,SO4 and applied potential of +0.2
V vs. MSE for (a) TiO2-NTs, N-, Nb- and (Nb,N)-co-doped TiO,-NTs. Inset is an enlargement of the
EQE in the visible spectral region. (b) EQE for (Nb,N) co-doped TiO,-NTs with different content of
niobium annealed in NHs. The dotted line corresponds to the TiO,-NTs sample annealed in air. N

Gao et al.}’® prepared (Zr,N) co-doped TiO» nanoparticles using a sol-gel method
combined with a hydrothermal method. In the sol-gel process, zirconium butoxide was
mixed with titanitum butoxide to introduce Zr first. Then, the obtained sol was subjected to
a post-hydrothermal reaction with the presence of ammonia water to produce the (Zr,N) co-
doped TiO,. The co-doped material exhibited an enhanced photocatalytic activity for the
degradation of acid red 88 and benzene degradation under visible light irradiation, compared
to the undoped TiO> and N-doped TiO,. XPS and DRS studies revealed that the N dopants
were mainly located on the surface layer of the catalyst and induced a surface state close to
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VBT. On the other hand, lattice Ti*" ions were substituted by Zr*" ions, resulting in an upward
shift of CBB of the co-doped material, thereby promoting the reduction of oxygen into active
oxygen radicals. It should be noted that Zr*" can not bring addictional positive charge
compared to Ti*', thus it may not contribute to increase the amount of N-dopants according
to eq. 1.12.

4.3.2.3 Co-doping with 5d metal and N

Hoang et. al prepared (Ta,N) co-doped rutile TiO2 nanowire arrays (NWs) on
fluorine-doped tin oxide (FTO) coated glass substrates through a solvothermal method
followed by nitridation under ammonia.*’*. The color of (Ta,N) co-doped samples varied
from yellow to green with the increase of Ta doping concentration (0.11 to 3.47 atomic %).
The synthesized (Ta,N) co-doped material was used as a photoanode for
photoelectrochemical water oxidation reaction. The (Ta,N) co-doped TiO2 NWs with the
optimum Ta concentration (0.29 atomic %) demonstrated significant improvement in
photoelectrochemical performance with the photocurrent reaching 0.52 and 0.18 mA/cm?
under AM 1.5 G and visible light (>420 nm) illumination, respectively, compared with 0.26
and 0.13 mA/cm? for N-doped TiO» NWs (Figure 1.20). It is interesting to note that an
amorphous layer was observed only on the surface of the N-doped TiO> NWs but not on the
surface of (Ta,N) co-doped samples The authors proposed that this amorphous could act as
charge recombination centers. Thus, conducting (Ta,N) co-doping not only extended visible
light response but also improved hole extraction and PEC performance.
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Figure 1.20: incident photon conversion efficiency (IPCE) spectrum measured at 1.23 Vgrye (left)
and the TEM images of N-doped TiO, NWs and (Ta,N) co-doped TiO> NWs.

Gupta et. al*’™® applied the (Ta,N) co-doped TiO» nanoparticles to photocatalytic
advanced oxidation reactions, including organic dye degradation and sterilization. The co-
doped materials were synthesized by a sol-gel method followed by annealing under ammonia.
The doping concentration of Ta was adjusted from 3 to 30 mol%. It was shown that the band
gap of the co-doped samples decreased with the increase of Ta concentration, in the range of
3 to 20 mol% (2.20 eV at 20 mol%). However, with a further increase of Ta concentration,
the band gap enlarged instead. The XRD result showed that phase segregation in the form of
TaxOs occurred at a higher Ta doping concentration. The photocatalytic of the series of co-
doped samples was evaluated first by degradation of MB solution (pH=7) under sunlight
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irradiation (4.14 kWh.m?), and the one with Ta concentration of 20 mol% was determined
as the optimized catalyst (denoted as 20-Ta/N-TiO>). Then, the photocatalytic activity of 20-
Ta/N-TiO; was explored by employing disc-diffusion method against E. coli, S. aureus, and
Bacillus under visible light irradiation (80 W) at ambient temperature 37 + 2°C for 24 h.
According to the scale of bacteria inhibition zone (dash circle in Figure 1.21), they
concluded that the (Ta,N) co-doped TiO» catalyst can be used as an antimicrobial material,
and the sterilization effect was observed to be more significant for E. coli. Unfortunately,
the authors did not provide a detailed analysis of the mechanism of visible light
photocatalytic sterilization.

Figure 1.21: Bacteria inhibition zone around 20-Ta/N-TiO: in (a) E. coli, (b) S. aureus and (c)
Bacillus.1?

Besides, W is another popular choice in the 5d blocks. So far, to the best of our
knowledge, the application of (W,N) co-doped materials is mainly focused on photocatalytic
advanced oxidation reactions. Chen et. al prepared (W,N) co-doped TiO> nanobelts via
hydrothermal reaction in which tungstic acid and urea were utilized as the source of W and
N.1"8 The photocatalytic performance of the optimum (W, N) co-doped TiO> sample (3 mol%
W) for RhB degradation under visible light was enhanced to 4.8 times that of unmodified
TiO». Besides, conducting photocatalytic degradation of MB,*’” and phenol,'’® using (W,N)
co-doped TiO, as photocatalysts have been also reported. Another interesting study was
reported by Kubacka ef al. in which the (W,N) co-doped TiO> and W-doped TiO> were
synthesized by a microemulsion preparation method followed by a nitridation treatment in a
mixture gas of ammonia and nitrogen, and the photocatalysts were used for partial oxidation
of toluene and styrene under simulated sunlight.!”® They found that the selectivity of
oxidation products highly depends on the N-doping process. Before nitridation, the W-doped
samples tended to completely oxidize toluene and styrene into CO». For the (W,N) co-doped
materials, the insertion of nitrogen resulted in a dominant product of benzaldehyde due to
the partial oxidation reaction. In the case of styrene, styrene oxide was also observed. The
XPS results indicated a decreased concentration of W on the surface of the co-doped samples,
which were supposed to be relate to the change in product selectivity.

4.3.2.4 Challenges in the research field

As mentioned, aiming at preparing charge-balanced co-alloyed TiO: material,
different synthetic strategies and cation-anion combinations have been studied over the past
decade. Although numerous examples showed superior photocatalytic activities of the co-
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doped TiO, compared to the mono-doped counterparts, there are still challenges that remain
in the field.

Firstly, synthetic preparation for co-doped TiO> with a homogeneous distribution of
dopants remains difficult. For most of two-step synthetic methods, the co-doped TiO> was
produced by introducing anion into a cation-doped TiO; structure through heat treatment in
in areactive atmosphere. However, heterogeneous reactions may mainly occur on the sample
surface, due to the limit of gas diffusion. Consequently, improving the overall amount of
anion dopants is difficult. In most N-doped TiO> and (cation, N) co-doped TiO», the molar
concentration of N is estimated in the range of 2% to 7%.'%® Besides, from the perspective
of light absorption, if co-doping is only achieved on the surface, the band structure of the
bulk part will not be modified. Thus, the visible light absorption is not likely to be efficient.
The inhomogeneous distribution of cations has been observed by our team based on the
(Nb,N) and (Ta,N) co-doped TiO»-NTs synthesized in an anodization process (Figure
1.22).172 This could be due to an non-homogeneous distribution of the cation in the alloys
used for synthesis. The inhomogeneity of dopants discussed above increases the complexity
of the chemical composition of co-doped materials. As a result, the charge compensation
scheme may vary in different sampling areas of the same material.

Figure 1.22: STEM mapping of Ta-doped TiO- (a) and Nb-doped TiO- (b).The green and red
illustrate the distribution of Ti and Ta/Nb.172

Secondly, determining the chemical composition of the prepared co-doped material
remains difficult. Since the charge compensation scheme in a specific co-doped TiO>
material significantly depends on the quantities of dopants, great efforts have been taken to
figure out the ratio between the cation and anion. So far, in most studies, the quantification
was conducted by energy-dispersive X-ray spectroscopy (EDX) and X-ray photoelectron
spectroscopy (XPS). However, these two techniques cannot provide a precise chemical
composition representing the overall material. EDX analysis is more favorable for the
determination of the cation dopants. It is not suitable for light elements such as C and N due
to the overlapping lines on the spectrum with Ti and ease of contamination. On the other
hand, XPS is a well-known surface-sensitive technique, for which the analysis depth is
limited to 5 nm near the sample surface. Thus, the XPS result cannot tell the bulk
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composition. In addition, C and N species from the air or synthesis may be also adsorbed on
the material surface, further interfering with the quantification of anion dopants. An example
can be the study published by Sun et. a/,*® in which the authors claimed a defect-pair effect
for sufficient charge compensation in the (Nb,N) co-doped TiO,. The XPS result indicated
that the atomic concentrations of Nb>" and N*" are 5.3% and 5.6% respectively. (based on
the XPS spectra of N-equal sample in Figure 1.23), which is the one closest to the ideal
charge-balanced co-doping, as far as we know. However, it is worth noting that on the XPS
spectra of the N 1s region (Figure 1.23 b), the peak at ~396 eV corresponding to the N
dopants replacing O atoms is absent. Considering nitric acid was used as the source of
nitrogen in the solvothermal synthetic process, the N peaks (N1 and Nz) can originate from
nitrogen species from the synthesis that remains on the sample surface.

a b
@) N-rich Nb3d3/z (b) N-rich
> Sf
5, IN-equal 3,
2 =
: 4
g N-poor210.1 207.3 "3 N-poor

212 210 208 206 204 404 402 400 398 396
Binding energy [eV] Binding energy [eV]

Figure 1.23 : XPS specra of N-poor (5.4 at% Nb>* + 3.7 at% N3-), N-equal (5.3 at% Nb>* + 5.6 at%
N3-), and N-rich (5.6 at% Nb>* + 7.5 at% N3-) co-doped TiO; nanocrystals.180

Instead of directly determining the quantification of dopants, another idea is to infer
the charge compensation status by characterizing defects in the material. If the cation and
anion are well balanced, fewer defects are expected. Otherwise, more defects such as Ti’*",
Vo' and cation vacancies may be generated to neutralize the additional charge. Unfortunately,
due to the limit of characterization methods, our understanding of the defects is also
insufficient. Photoluminescence (PL) spectroscopy is a standard technique to evaluate
charge carrier lifetime. It can provide us with information on charge transportation and
recombination affected by the defects. On the other hand, electron paramagnetic resonance
(EPR) analysis is only useful for defects with unpaired electrons, but the identification of
other defects remains difficult.

Thirdly, it is difficult to compare the experimental results published by different
research groups due to differences in morphology, synthetic methods, dopant concentration
without mentioning an extreme variability in the experimental conditions of the targeted
photocatalytic reactions. Thus, a general conclusion to guide future synthesis and application
of the co-doped TiO; materials is still missing. Aiming at enhancing the photocatalytic
activity of the co-doped materials in a specific type of photocatalytic reaction, optimizing
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the choice of cation-anion combination is important. However, so far, most studies only
focused on a specific cation-anion combination selected empirically. Even among the studies
in which the same cation-anion combination was selected, the difference in doping
concentration, synthetic method and photocatalytic test condition may result in a biased
conclusion. Therefore, it is hard to know how far the prediction made by theoretical studies
is from the realistic situation. Systemic comparative studies are needed to determine the
individual influence of cation and anion in different combinations and the impact of the
synthesis method for different photocatalytic reactions.

Our group has demonstrated a certain experience in the field of co-doped TiO> by
being the first to realize (Nb,N) co-doped TiO> nanotubes using modified anodization
methods.}"*172 If the obtained photoelectrodes presented improved OER activity in particular
after the deposition of a co-catalyst,'®! we still believe that some improvement can be done
by a better control of the crystal structure of the photocatalyst. Nevertheless, the morphology
of the sample imposes restrictions in terms of material characterizations. The metallic
substrate made difficult the UV visible spectroscopy analysis and prevented EPR
measurements, the low amount of material is not appropriate for extensive TGA or BET
analysis and the strong orientation of the nanotubes complicates the XRD analysis. For these
reasons we aimed to investigate (M,N) co-doped TiO; on the form of nanoparticles that could
be a good complement to understand the properties brought by this approach.

5. Outline and scope of this thesis

This thesis is structured around the synthesis, characterization, and photocatalytic
performance of TiO; co-doped with transition metal (M=Nb, Ta or W) and nitrogen for the
application of degradation of organic dye (methylene blue MB) aqueous solution and water
splitting (half reaction for hydrogen production or water oxidation). It has been organized
into 3 following chapters:

Chapter 2 presents a sol-gel method followed by a post-thermal nitridation in
ammonia for the synthesis of (Nb,N) co-doped TiO». The photocatalytic activities of the co-
doped materials are evaluated by conducting photocatalytic degradation of MB and
compared with undoped TiO2, Nb-doped TiO2 and N-doped TiOxz. The structure, composition,
and electronic structure of the prepared materials are discussed in detail. In particular, the
effect of thermal conditions for the nitridation process on the photocatalytic activity of the
co-doped materials is emphasized. Two different types of N-doping processes that depended
on the nitridation conditions are thoroughly analyzed.

Following the study in Chapter 2, in Chapter 3, we changed the cation-anion
combination for the co-doped system. Using a similar sol-gel method, Ta and W-doped TiO»,
(Ta,N) and (W,N) co-doped TiO> materials are prepared. The emphasis is placed on the role
of cation in determining the physicochemical properties of the M-doped and (M,N) co-doped
TiO2 (M= Nb, Ta or W). The effect of both doping concentration and type of cation on
materials’ crystal structure and light absorption behavior is analyzed. Based on the
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characterization, the N-doping process as well as the associated defects for each (M,N) co-
doped TiO; family are discussed.

Chapter 4 presents the photocatalytic performances of the materials synthesized in
Chapter 3. Three types of photocatalytic reactions are tested: (i) Photocatalytic degradation
of MB. (ii) photocatalytic hydrogen production (iii) photocatalytic water oxidation. For the
MB degradation reaction, in addition to the nature of the material itself, the effect of
experimental conditions on the resultant degradation kinetics is also discussed. By
comparing the photocatalytic results of the (Nb,N) co-doped samples obtained in Chapter 3
and Chapter 2 respectively, we have pointed out the importance of controlling the initial MB
concentration. For the water-splitting reactions, the effect of different types of doping and
co-doping on the co-catalyst deposition is analyzed. Besides, a method of dual co-catalyst
(Pt and RuOx) deposition is developed to further improve the photocatalytic performance of
TiO; materials.
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1. Introduction

In Chapter-1 the co-doping strategy was presented as a possible approach to deeply
modify the TiO, optoelectronic structure by replacing both Ti** and O in the lattice with cation
and anion. An ideal charge compensation between the doped cation and anion was proposed by
ab initio calculations, in which fewer intrinsic defects acting as charge recombination center is
predicted.? Among a variety of cation and anion combinations for the synthesis of co-doped
TiO2, Nb and N co-doping has attracted extensive research interest. It is proved both
computationally and experimentally that (Nb,N) co-doping could effectively reduce the band
gap of TiO; and thus improve its absorption in the visible region. In most previous studies, the
successful introduction of Nb and N was examined by EDX and XPS, and the synthesized co-
doped materials were tested in photocatalytic or photoelectrochemical conversion and
demonstrated improved visible light activity.>® These previous works generally ascribed the
enhancements of activity to the increase in visible light absorption due to the co-doping of Nb
and N.

However, quantifying the level of charge compensation between doping cation and
anion remains a major difficulty. Most previous studies used EDX and XPS to determine the
chemical composition of the co-doped TiO> and calculate the molar ratio between Nb and N
dopants. If EDX could produce reliable results for cation, its ability to quantify light elements
such as N is poor, especially when Ti is present. XPS can provide more reliable quantification
for both types of dopants, but it is a surface-sensitive analysis that may not be representative of
the whole material. So far, when reported, no experimental study demonstrated a complete
charge balance, and a deficiency of anionic dopant was often observed.

It should be noted that, in opposition to seminal ab initio studies, recent theoretical work
has predicted the impossibility of achieving balanced co-alloying in TiO: because
thermodynamically, intrinsic defects of TiO2 acting as electron donors have a dominating effect
on the charge compensation.” These conflicting predictions need to be tested experimentally.
Unfortunately, there has been little research into the influence of the doping sites or defects that
may have been generated during the synthesis. Although defects such as Ti** and oxygen
vacancy (Oy") have been identified in a recent study,* the relation between doping sites, defects
and the resultant photocatalytic activity needs more in-depth study. In our opinion, the effect of
defects on the properties of the co-doped materials should not be ignored. Theoretically, the
generation of defects associated with the doping process is inevitable in the case where perfect
charge-balanced (M,N) co-doping is not confidently achieved. We believe that the identification
of these defects and their nature could help to understand the mechanism of charge
compensation in co-doped TiO; as well as how it affects the photocatalytic activity of the co-
doped materials.

Therefore, in this chapter, we report the synthesis of TiO> co-doped with Nb and N via
a sol-gel method followed by thermal nitridation in ammonia atmosphere. This pair of anion-
cation is one of the most promising in terms of activity and also one of the most studied which
is interesting for comparison of our work and other teams. By controlling the calcination
process of TiO2 and Nb-doped TiO2 materials, we were able to keep other parameters of the
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materials comparable in terms of morphology (size, specific surface area) and TiO; crystal
phase. This helps us to highlight the effect of (Nb,N) co-doping on the resultant properties and
photocatalytic activities for the synthesized materials. One important objective of this chapter
was to study the influence of the nitridation conditions on the doping sites in the (Nb,N) co-
doped TiO; materials, an aspect that was largely ignored so far by the scientific community. In
order to research different charge compensation mechanisms in the (Nb,N) co-doped TiO> with
different nitrogen concentrations, two sets of thermal conditions of nitridation were carried out.

A combination of characterization methods (UV-vis and XPS, EPR, RDB-PAS) was
used to identify the defects created in the (Nb,N) co-doped TiO, samples and to further
understand their impact on the charge compensation mechanisms. In addition to nitrogen
doping, these analyses highlighted the role of oxygen vacancies and Ti*" induced by the thermal
nitridation conditions. In particular, reversed double-beam photoacoustic spectroscopy (RDB-
PAS) provides a direct representation of the electronic states distribution within the bandgap of
modified TiO> and this helps us to outline the electronic band structure of the synthesized
materials. Furthermore, synchrotron X-ray spectroscopy was used to reveal the coordination of
the dopants. Finally, the photocatalytic activity of the synthesized materials was evaluated by
conducting photo-degradation of methylene blue (MB). Emphasis was placed on the influence
of the thermal condition of nitridation on the photocatalytic activity of the resultant TiO»-based
photocatalysts. Particularly, the defects associated with nitrogen insertion on the specific
material were studied in detail.

2. Material preparation

2.1 Synthesis of TiO: and Nb-doped sample

2.1.1 Sol-gel synthesis procedure

The sol-gel method is widely used to produce metal oxide nanoparticles of high purity
with uniform nanostructure. The precursors of the target metal oxides are dissolved into the
solvent to form a low-viscosity solution, which opens up a wide range of possibilities for doping
other elements. This liquid-phase reaction stage can facilitate the homogeneous distribution of
the components at the molecular level in a short time.®® In the case of Nb-doping into the TiO»
lattice, there is a wide range of niobium precursors, such as NbCls, NbFs and niobium ethoxide,
which can be easily dissolved in alcohols at room temperature and sufficiently mixed with the
titanium precursor. Therefore, the sol-gel method was used in our experiment to prepare TiO»
and Nb-doped TiO, materials.

The detailed synthesis process is shown in Figure 2.1. For TiO,, 5 mL of titanium
butoxide (99%; Acros) was dissolved into 20 mL of absolute ethanol (99.9%; Carlo Erba), and
the solution was stirred for 1h at 40°C. Then a mixture of 0.9 mL HNO3 (70%; Merck), 5 mL
of deionized water, and 5 mL of ethanol was added drop-wise to the former solution. The gel
was formed after stirring for 2h at 40°C. The gel of Nb-doped TiO; was obtained with a similar
procedure but adding 990.35 mg of NbCls (99.8%; Merck) to the titanium butoxide solution to
achieve a molar ratio Nb/Ti = 0.25 (i.e. 20% of Ti substitution, denoted as 0.25NbTi). In this
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case, the precursor solution needed to be heated up to 80°C for 2h to form the gel, and this is
probably due to the inhibition of the gel formation caused by the addition of Nb. Then, the
formed gels were further dried at 80°C for 48h in a box oven to obtain the dried gel samples.

m 5mLH,0  Hydrolysi

mL H; ydrolysis
O 5mLEOH  Gelation Calcination
SmLTHOBu)| o0 7 {(MOEEAAY T 7 T
20 mL EOH | GHE;JQL 40°C, 2h 400°C, 2h .

3 TiO,
NbCl; )
(Nb/Ti at.= 0-25)- 5mLH,0 Hydrolysis _—
5mLEOH Gelation Calcination

SRLnOB = o — RN m—) ...
20 mL EtOH 0.9 mL 80°C, 2h 500°C, 12h

HNO, 0.25NbTi

Figure 2.1: Synthesis of TiO, and Nb-doped TiO- via sol-gel method

2.1.2 Determination of annealing conditions

2.1.2.1 Analysis of carbon residual elimination temperature

In order to remove the carbon residual from the titanium butoxide and ethanol that used
in synthesis and to obtain the crystallized TiO2 materials, the dried gels were annealed in a tube
furnace under air flow (100 mL.min™") with a heating ramp of 4°C.min". Since the temperature
required for the removal of organic residual in different samples may differ with the doping,
thermogravimetric analysis (TGA) of the synthesized dried gel of TiO2 and 0.25NbTi was
conducted to determine the proper calcination temperature.

(@) 200 r——————+———+—-025 (D) 100 —————————1——1—— 0.25
95 gel of TiO, 05 gel of 0.25NbTi
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Figure 2.2: Thermogravimetric analysis of (a) gel of TiO2 and (b) 0.25NbTi.

The analysis was performed on Q5000 IR Thermogravimetric Analyzer from TA
Instruments. About 2 mg of the dried gel sample was heated from room temperature to 700°C
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under air flow (25 mL.min™") with a ramp of 4°C.min"!. As shown in Figure 2.2 a, the mass of
TiO; gel stops decreasing at ~450°C with a total mass loss of ~18%, indicating sufficient
combustion of the carbon residual. The temperature required to eliminate carbon residual for
the Nb-doped sample is increased to ~460°C, and a larger mass loss of ~29% is observed, which
could be due to the removal of chlorine ions from the niobium precursor (NbCls) (Figure 2.2
b). Thus, to ensure the removal of carbon residual from the synthesis, annealing of the dried
0.25NDbTi gel was carried out at 500°C for 12h while it can be limited to 400°C for 2h for TiO».

2.1.2.2 Determination of the TiO:; phases

These temperatures were also chosen to limit TiO> rutile phase formation, and thus to
achieve a comparable crystalline structure (anatase) and surface area between the 0.25NbTi and
TiO; samples. This should allow us to emphasize the effect of doping and the associated defects
alone on the photocatalytic performance of TiO, materials. To analyze which allotrope of TiO>
is present, X-Ray diffraction (XRD) analysis was conducted on TiO; annealed at 400°C for 2h
(TiO2) or 500°C for 12h (TiO2-2) and 0.25NDbTi (at 500°C for12h). The measurements were
performed on a Bruker D8 Advance equipped with a LynxEye detector with a step size of 0.02°
in the range of 20 = 10-80°. The X-ray source is a copper anticathode, with main lines of Koy
(A=1.5406 A) and Ko (A=1.5445 A).

The results are presented in Figure 2.3 and it can be seen that the proportion between
the different phases of TiO> changes significantly for the different samples. TiO> mainly
crystallized in anatase, with a small trace of rutile and brookite. This phase characteristic is
close to that of 0.25NbTi, which presents a pure anatase phase. For TiO»-2, the rutile phase is
observed to increase obviously. Therefore, annealing TiO; at 400°C for 2h is proper to produce
TiO, with a similar crystal structure as the Nb-doped TiO».

Considering these results of TGA and XRD, we decided for future experiments to do
the annealing of Nb-doped TiO: gel at 500°C for 12h in order to remove all carbonaceous
contamination from the sol-gel precursor, while for TiO2 gel, this annealing will be done at only
400°C during 2h to limit the formation of rutile.

e Anatase ¢ Rutile = Brookite

20 30 40 50 60 70 80
26 (°)

Figure 2.3: XRD patterns of TiO; (calcined at 400°C for 2h in air), 0.25NbTi (calcined at 500°C for 12h
in air) and TiO; -2 (calcined at 500°C for 12h in air).
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2.2 Synthesis of N-doped and (Nb,N) co-doped samples

N-doped and (Nb,N) co-doped samples were produced by annealing TiO> and 0.25NbTi
under ammonia flow (100 mL.min!; > 99.96%, Air Liquide) in an Annealsys AS1 furnace
following the thermal program described in Figure 2.4. The heating and cooling steps were
done with a rate of 4°C.min"! under nitrogen flow (100 mL.min). In order to study the
Influence of nitridation parameters on the properties and photocatalytic activities of the
resultant samples, two different sets of thermal conditions (mild and harsh) for the nitridation
process were carried out on both (Nb,N) co-doped samples and N-doped samples. In the case
of (Nb,N) co-doped TiO», the samples subjected to mild nitridation (350°C for 12h) and harsh
nitridation (450°C for 1h) are designated as 0.25NbNTi-m and 0.25NbNTi-h, respectively. In
the case of TiOy, as detailed later, these conditions do not ensure significant N doping, then the
mild and harsh nitridations were conducted at 450°C for 1h and 450°C for 12h to produce NTi-
m and NTi-h, respectively. These thermal conditions were determined based on a trial-error
process, in which a series of parameters were applied to produce the N-doped and (Nb,N) co-
doped materials. It is observed that increasing the nitridation temperature or extending the
nitridation duration could promote the evolution of sample color from yellow to dark. By the
technique of UV-vis spectroscopy, two different types of absorption spectra corresponding
yellow or dark color were revealed (detailed later in 3.3). According to the UV-vis
measurements, for each sample family, the mild condition was determined as the parameter that
gives yellow color with the maximum absorption, while the harsh condition refers to the
parameter that leads to the appearance of dark color.

mild: 450 °C, 1h

N, harsh: 450 °C, 12h N,

NH -
TiO, (100 mL/min) NTi-m
-
NTi-h

mild: 350 °C, 12h

N, harsh: 450 °C, 1h N,
NH -
0.25NbTi (100 mLmin) 0.25NbNTi-m
A4
0.25NbNTi-h

Figure 2.4: Synthesis of N-doped and co-doped samples through thermal nitridation in ammonia.
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3. Material characterization

3.1 Crystal structure analyzed by XRD

The crystalline structure of the prepared materials were characterized by XRD. Rietveld
analysis (Collaboration with Marc Lenertz, [IPCMS UMR7504) based on the obtained XRD
patterns was carried out using Fullprof software to extract information on lattice parameters
and crystalline size.

The XRD patterns of the different samples are presented in Figure 2.5 a and the
crystallite size 7, lattice parameters a and ¢ of anatase TiO», and the cell volume increase as
determined by Rietveld refinement for each sample are gathered in Table 2.1. After annealing
the gel in air at 400°C, TiO» particles crystallized mainly in the anatase phase and have a
measured crystallite size of 5.034 nm. Small contributions of rutile (ca. 5%) and brookite (ca.
32%) allotropes are also identified by their main peaks at 27.477° and 30.832°, respectively.
The N-doped samples also exhibit multiple phases composition with an increase of the rutile
proportion (ca. 9% and 14% for NTi-m and NTi-h) and an increase of the crystalline size of
anatase along with the duration of the nitridation treatment. This indicates a growth of anatase
as well as a phase transition from anatase to rutile during the thermal nitridation. Besides, it is
noted that the characteristic peaks of rutile are sharper than those of anatase, suggesting a larger
crystallite size of the formed rutile phase compared to the anatase phase. To further figure out
the effect of nitridation on the observed phase transition, we compared the XRD patterns of
NTi-m (NH3s; 450°C, 1h) and NTi-h (NH3; 450°C, 12h) with their counterparts annealed in air
under the same thermal condition (Figure 2.6). The ratio between rutile and anatase (R/A) for
each sample is calculated using the area of the peak of anatase (101) and rutile (110). It is shown
that the samples annealed in ammonia exhibit an increased rutile proportion. This indicates the
facilitation of phase transition from anatase to rutile during the nitridation.

(@) e Anatase ¢ Rutile * Brookite||[(B) 4

0.25NbNTi-h

0.25NbNTi-m

0.25NbTi

NTi-m

=

TiO,
T T T T T T T T T T T T T
20 30 40 50 60 70 80 24 26 28
26 (°) 20 ()
Figure 2.5: XRD patterns of as-prepared TiO, N-doped, Nb-doped and (Nb,N) co-doped TiO (a) full
range and (b) magnification on anatase (101) and rutile (110) peaks.
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Figure 2.6: XRD patterns of TiO2-m, NTi-m, TiO,-h and NTi-h.

On the opposite, for the Nb-doped and (Nb,N) co-doped samples, only anatase TiO: is
observed and no peaks corresponding to any niobium oxide, oxynitride or nitride phases were
detected in Figure 2.5, suggesting that no segregation of niobium occurred under current
experimental conditions. The crystallite size for 0.25NbTi (7.391 nm) is larger than pristine
TiO,, which could be explained by the higher temperature of the initial annealing in air needed
for the removal of all organic contamination.

It can also be noted that the characteristic diffraction peaks of anatase are shifted to
lower 260 angles for the Nb-doped and (Nb,N) co-doped samples compared to TiO2 and N-doped
samples (Figure 2.5 b). A slight extension of the lattice parameters a and c is observed in the
case of the N-doped samples, resulting in a cell volume increase of +0.15% compared to TiO>
(Table 2.1). For the Nb-containing samples, the lattice volume extends more significantly with
an average of 1.764% which is a first indication of the successful insertion of Nb>" in the TiO>
crystalline structure, Nb>* having a slightly larger ionic radius than Ti*'. This value is in good

agreement with the observation made by Breault et al..?

Table 2.1: Crystallite size (1), lattice parameters ‘a’and ‘c’ and change of lattice volume AV %,
for the different samples.

Sample TiO, NTi-m NTi-h 0.25NbTi  0.25NbNTi-m 0.25NbNTi-h
z/nm 5.034 6.078 6.790 7.391 7.531 7.503
(& X.X) (0.003) (0.003) (0.002) (0.005) (0.007) (0.004)
alA 3.7895 3.7902 3.7904 3.8096 3.8099 3.8119
(£ X.X) (0.0005) (0.0003) (0.0003) (0.0002) (0.0002) (0.0002)
c/A 9.478 9.485 9.488 9.5366 9.5376 9.5438
(£ XX) (0.002) (0.009) (0.001) (0.0007) (0.0006) (0.0006)
AV % - 0.111 0.153 1.688 1.715 1.888
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3.2 Study of the morphology

3.2.1 SEM and TEM

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
were used to observe the morphology of the synthesized materials. The SEM images were
recorded with a Zeiss Gemini 500 SEM microscope equipped with a field effect gun (FEG)
energy-dispersive X-ray spectroscopy (EDX) and the TEM images were recorded on a JEOL
2100 operated at 200 kV.

Figure 2.7: SEM (top line) and HRTEM (bottom line) images of TiO- (a and c) and
0.25NDbTi (b and d).

108K © Element Weight % Atomic % Net Int. Error %
96K 0K 351 65.5 2264.4 15.4
8.4K Nb L 19.7 6.3 1226.6 3.7
7.2K TiK 45.2 28.2 2000.5 4.0
oo ’ Ratio Nb/Ti=0.22,,
48K "
36K 7
24K
1.2K b Ti
0.0% o 15 30 45 60 75 Y 105 120 135

Lsec: 28.4 510 Cnts 1.900 keV Det: Octane Elite 25

Figure 2.8: SEM-EDX spectrum for 0.25NbTi.

The synthesized nanoparticles of TiO2 and 0.25NbTi present a uniform spherical
morphology as observed by SEM and TEM (shown in Figure 2.7). SEM-EDX result (shown
in Fig. 2.8) indicates a ratio Nb/Ti = 0.224. close to the one expected from the synthesis (Nb/Ti
= 0.25a.). High-resolution transmission electron microscopy (HRTEM) gave complementary
and consistent results on the morphology of the synthesized TiO> (Fig. 2.7 ¢) and 0.25NbTi
materials (Fig. 2.7 d). The particle size of TiO> and 0.25NbTi measured by TEM are 6.1 and
7.9 £ 2.0 nm respectively (average on 12 particles), in good agreement with the crystallite size
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calculated from XRD data, indicating that each elemental particle is constituted of a single
crystallite.

3.2.2 Specific surface area

In addition, to analyze the specific surface area as well as the pore structure of the
prepared sample, BET surface areas (BETssa) were measured by conducting N> adsorption at
77 K using an ASAP2010 (Micromeritics Tristar). Before measurements, all samples were
subject to degassing at 250 °C under a vacuum for 6 hours.
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Figure 2.9 : (a) N2 sorption isotherms and (b) distribution of pore diameter for TiO2, N-doped, Nb-
doped and (Nb,N) co-doped TiOa.

Figure 2.9 presents the N> adsorption-desorption isotherms and pore size distributions
for the different samples. All the samples present a type IV isotherm with a hysteresis of type
H2 appearing in the relative pressure range between 0.4 to 0.8, indicating a typical mesoporous
structure of the synthesized materials.'! Besides, the pore sizes of all the samples were
distributed in the range of 3 to 6 nm, and a slight increase of the pore size is observed on the N-
doped samples and 0.25NbNTi-m.

The BETssa of each sample is reported in Table 2.2 The specific surface area of TiO»
(191 m?.g") is larger than that of the doped and co-doped samples (between 110-130 m?.g!),
which is in accord with the reduced particle and crystalline size measured for TiO>. The
difference between TiO> and 0.25NbTi in terms of particle size and specific surface area could
be explained by the fact that the initial annealing temperature under air for TiO> was limited at
400°C to limit the formation of rutile while it was 500°C for 0.25NbTi. From the results in
Table 2.2, we can also observe a decrease in specific surface area with the nitridation process.
In the case of TiO2 samples, the decrease of specific surface area under ammonia annealing is
44% (TiO2, NTi-m, NTi-h), while for Nb-containing TiO, samples (0.25NbTi, 0.25NbNTi-m,
0.25NDbNTi-h) this decrease is limited to 10%. The more significant decrease in specific surface
area for TiO> samples could be ascribed to the increase of the rutile proportion after the
nitridation since the formed rutile has a larger crystallite size than that of anatase as already
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discussed from XRD (Figure 2.5).

Table 2.2: BET surface area (BETsss) for the different samples.

Sample TiO2 NTi-m NTi-h 0.25NbTi  0.25NbNTi-m 0.25NbNTi-h

BETssa / m.g? (£ 8.0) 191 130 107 128 120 114

The above results indicate that all the synthesized materials possess similar morphology,
which is important to ensure that the differences in photocatalytic activity discussed later are
mainly related to electronic band structure modification due to the doping and/or the generated
defects.

3.3 UV-vis spectroscopy

It is expected that the thermal nitridation can promote nitrogen insertion into the TiO»
lattice and thus modify its electronic band structure. The color of the sample powders was noted
to be altered due to the Nb-doping and/or the nitridation treatment. In particular, the N-doped
and (Nb,N) co-doped samples exhibit a color ranging from yellow to dark green (Figure 2.10
a). These color differences are the first indication that the light absorption of the TiO2 materials
could be shifted into the visible region through the annealing in ammonia. Thus, we
characterized the light absorption properties of as-prepared samples by conducting UV-visible
spectroscopy.

The measurements were carried out on a Perkin Elmer Lambda 950 spectrophotometer
equipped with a 100 nm integrating sphere in the wavelength range of 300 to 800 nm. The
original spectra were recorded in diffuse reflection mode. Then the absorption spectrum was

calculated from the reflection spectra using the Kubelka-Munk equation (eq. 2.1).12
_K_ (-R?
F(R) = T (eq. 2.1)

where K is the absorption coefficient, S is the diffusion coefficient, and R is the
reflectance. According to the obtained absorption spectra, the Tauc equation (eq. 2.2) was used
to determine the band gap value of the sample.

(F(R) * hv)" = a(hv — Eg) (eq.2.2)

Where F(R) is the K-M function, h is the Planck constant, v is the photon frequency; n is a
coefficient that depends on the nature of the bandgap transition (2 in the case of an indirect
band gap such as TiO» anatase), and E, is the band gap value. By plotting (F(R)hv)"? as a
function of photon energy, we can obtain the Tauc curves. Then the energy of the band gap
corresponds to the intersection between the abscissa axis and the tangent line at the curve's
inflection point.

The absorption spectra calculated by the Kubelka Munk function and the corresponding
Tauc plots are presented in Figure 2.10 b and Figure 2.10 ¢ respectively. It is shown that TiO»
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has a band gap of 3.06 £ 0.05 eV as expected and the band gap of 0.25NDbTi is in the same range
at 3.08 £ 0.05 eV, but a small absorption between 400 and 500 nm gives a slight yellow color
to this powder compared to the white TiO>. Similar observations were also reported in other
works, and they were attributed to the local distortion of TiO, anatase lattice due to the
introduction of Nb, resulting in new states with slightly lower energy than the CBB.1314

The absorption spectra of (Nb,N) co-doped and N-doped samples depend on the thermal
nitridation conditions: 0.25NbNTi-m and NTi-m samples subjected to mild nitridation show an
increase of light absorption starting around 550 nm associated with a yellow/orange color. They
have a shorter band gap of 2.44eV and 2.47 £ 0.05 eV, respectively. In the case of NTi-m a
second bandgap at 3.16 eV is also observed, a value which is closer to undoped anatase.
Samples enduring harsh thermal nitridation also present this shorter absorption edge (E; = 2.49
and 2.39 eV for 0.25NbNTi-h and NTi-h respectively), but in addition, absorption at a longer
wavelength (A > 550 nm) is observed for these samples resulting in darker colors compared to
0.25NbNTi-m and NTi-m (shown in Figure 2.10 a). This suggests a transition involving deep
defect levels in the bandgap of TiO.. It is also noticeable that for similar thermal conditions of
nitridation, co-doped samples have a more pronounced light absorption in the visible compared
to their N-doped counterparts. This improved visible light absorption might be due to the
facilitation of N incorporation when niobium is already present in the lattice of TiO».
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Figure 2.10: (a) Optical images of TiO2, N-doped, Nb-doped and (Nb,N) co-doped TiO, samples. (b)
UV-visible absorption spectra of each sample. (c) Tauc plots of (F(R).hv)Y? vs (hv) for estimating the
indirect band gap of each sample.

3.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was utilized to analyze the surface chemical
composition of the synthesized samples. The measurements were carried out by a Thermo-VG
Scientific spectrometer equipped with a CLAM4 (MCD) hemispherical electron analyzer. For
each sample, the Al K, line (1486.6 eV) and Mg K, line (1254 eV) anode X-ray sources were
used as incident radiation for the measurements. The spectra of Nb 3d and N 1s, as well as O
Is, C 1s and Ti 2p were recorded to identify the doping species in this study. All data were
processed with CasaXPS. (The survey spectra for different samples are shown in Figure S2.1,
Page 187. The peak fitting details are summarized in Table S2.1, Page 188).
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Three contributions are observed in the region of C Is for all the samples (shown in
Figure S2.2, Page 187, with an example of TiO2). The first peak C 1s A, with a binding energy
0f285.0 eV, corresponds to the C-C and C-H bonds. This signal comes mainly from the residual
carbonaceous organic pollution and was used as a reference peak to calibrate other XPS spectra.
The second peak C 1s B at 286.5 +0.1 eV is attributed to the C-O bonds and the last peak C 1s
C located at 289. +0.2 eV is assigned to the C=0 bonds (carbonyl).*®
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Figure 2.11: (a) XPS spectra of O 1s region for the different samples. (b) XPS spectra of Ti 2p region
for the different samples. The zoom-in area of the dashed box exhibits the contribution of Ti%*. (Black
points are the experiment data, black, blue and red lines are the baseline, the individual peak

contributions, and the fitted signals).

In the O 1s region (Figure 2.11 a), all the samples present the spectra with two main
contributions. The first peak O 1s A, located at 530.4 + 0.1¢V, is attributed to the lattice oxygen
forming the chemical bond with Ti or the cation in the lattice. The second peak O 1s B, located
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at 531.6 £ 0.1 eV, is a composite peak attributed to surface oxygen species such as hydroxyl
and carboxyl groups.®

The XPS spectra of Ti 2p for all samples (Figure 2.11 b) display two main peaks at
459.1 £0.2 eV and 465.0 £ 0.2 eV, consistent with the doublet of Ti 2p, the energy split between
the two peaks is typical of Ti*". Two additional peaks with a binding energy of 457.1 £ 0.2 eV
and 462.9 + 0.2 eV, characteristic of Ti**,!” can be observed on Nb-containing samples (zoom
in Figure 2.11 b). To complete our observation of the Ti* amount evolution, besides mild and
harsh nitridation conditions, an (Nb,N) co-doped TiO2 sample is synthesized under “super harsh”
conditions (550°C for 1h in NH3) (0.25NbNTi-sh). The atomic proportion of Ti** to the total Ti
for 0.25NbTi, 0.25NbNTi-m, 0.25NbNTi-h, and 0.25NbNTi-sh is 4.0%, 3.2%, 5.2%, and 6.1%,
respectively. These results suggest the facilitation of Ti*" generation by the introduction of
niobium, as well as nitridation in ammonia. Nevertheless, a possible reduction of titanium,
facilitated by Nb, during the XPS analysis under vacuum and X-ray irradiation, cannot be ruled
out.'®

Figure 2.12 a shows the Nb 3d XPS spectra of the Nb-doped and (Nb,N) co-doped
samples with the peaks located at 207.7 and 210.5 £+ 0.2 eV typical of Nb 3ds» and 3d3. for
Nb’*.** The atomic ratio between Nb and Ti for 0.25NbTi, 0.25NbNTi-m, 0.25NbNTi-h and
0.25NbNTi-sh is 0.34, 0.35, 0.36, and 0.31 respectively. These values are higher than the
theoretical one (0.25) expected from the synthesis, which may be due to an enrichment of Nb-
dopants on the sample surface. An additional contribution characteristic of Nb*' is needed to
fit Nb 3d area for 0.25NbNTi-sh, suggesting the partial reduction of Nb>* after the super harsh
nitridation.

Figure 2.12 b shows the N Is spectral regions measured by Al anode for all samples.
All Nb-containing TiO2 powders present a broad peak at 395.0 £ 0.4 eV (Nbsat) which is a
satellite of Nb 3p.1® All samples present a common peak at 400.6 + 0.3 eV (N 1s-A), which is
usually assigned to surface chemisorbed nitrogen or nitrogen in the interstitial position in the
lattice.?%?! After the mild thermal nitridation, the contribution of N 1s-A for NTi-m and
0.25NbNTi-m increases by 2.5 and 3.5 times respectively in comparison with their counterparts
annealed in air. This result indicates the better insertion of N in the interstitial position when
Nb is already present in the TiO; lattice. While no significant change is observed for the
intensity of N 1s-A between mild and harsh nitridation conditions, a new contribution located
at 396.5 + 0.3 eV (N 1s-B) appears for samples subjected to harsh nitridation. This last
contribution is usually attributed to nitrogen in substitution of oxygen in the lattice.???® This
contribution is multiplied by a factor of 5 when the temperature of nitridation is raised from
450°C (0.25NbNTi-h) to 550°C (0.25NbNTi-sh), while N 1s-A intensity decreases. The
comparison between NTi-m and 0.25NbNTi-h samples, which have the same thermal history,
confirms a greater amount of nitrogen for 0.25NbNTi-h due to both an increase of N 1s-A and
the appearance of N 1s-B peak for the niobium doped sample. This is another observation that
suggests a lower formation energy of nitrogen species in the (Nb,N) co-doped TiO> crystalline
structure compared to the N single-doped Ti0».2* The atomic ratio between N and Nb for
0.25NbNTi-m, 0.25NbNTi-h and 0.25NbNTi-sh are 0.12, 0.18 and 0.44, indicating that the
ideal balanced co-doping is not achieved with our synthetic conditions.
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Figure 2.12: (a) XPS spectra of Nb 3d region for Nb-doped TiO2 and (Nb,N) co-doped TiO; samples.

(b) and (c) shows XPS spectra of N 1s region for the different samples with Al and Mg X-ray sources,

respectively. (Black points are the experiment data, black, blue, green, and red lines are the baseline,
the individual N 1s contributions, the Nbsa: peak green, and the fitted signals)

To estimate whether these nitrogen species are located on the surface or in the core of
the nanoparticles, the N 1s spectra measured with the Mg anode (Figure 2.12 ¢) was compared
with those recorded by using the Al anode (Figure 2.12 b). In the case of Mg anode, incident
X-ray with lower energy penetrates less in the sample than when using the Al anode, and
consequently, species located preferentially at the surface will have a higher signal when
measured with an Mg X-ray source. The ratio between N 1s peak intensities measured by Mg
anode and Al anode (Rn 1sx = N 1s-x™M#&/N 15-x*D) was calculated for each sample. Before
nitridation, TiO2 and 0.25NbTi show similar Ry 5.4 values (~2.0), which indicates that the
nitrogen species associated with this peak originated from the surface and is probably coming
from adsorbed nitrogen species. After nitridation, while we observe an increase of N 1s-A
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intensity for Mg and Al X-ray source, R 1s-a 1s slightly reduced (~1.8). On the other hand, The
Ry 18 of NTi-h, 0.25NbNTi-h and 0.25NbNTi-sh is lower (~1.2), indicating a more
homogeneous distribution of the substitutional nitrogen in the particles. The analysis comparing
XPS signal from Mg and Al X-rays sources was also conducted on the other elements. In the
case of Nb 3d peaks, the measured ratio of ~1.1 indicates no significant surface enrichment in
niobium in the particles.

3.5 Electron paramagnetic resonance spectroscopy

Complementary to XPS, Electron paramagnetic resonance (EPR) measurements were
conducted to investigate the defects with a paramagnetic signature that were generated during
the synthesis for the specific sample (Collaboration with Bertrand Vileno and Nolwenn Le
Breton, Institut de Chimie UMR7177). The measurements were performed at 100 K on an X-
band EMX-plus spectrometer (Bruker Biospin GmbH) equipped with a high sensitivity
resonator (ER4119HSW, Bruker) and a variable temperature unit ER4131VT, Bruker). The g
factor was calibrated using the Bruker strong pitch (g =2.0028). Between 20 and 50 mg of
sample were placed in a quartz tube and degassed with He. EPR intensity was obtained by
double integration of the EPR spectra.

As shown in Figure 2.13, 3 types of EPR active centers are identified for TiO.. The
triplet at 336, 332.5 and 330.0 mT (*) is assigned to the NO species captured at the surface of
the porous TiO; already identified by the N 1s-A peak of XPS spectra.?>?® At g=2.00 (332 mT;
indicated by A), another visible signal is the signature of an unpaired electron trapped on an
oxygen vacancy V,", a common defect created in various metal oxides.?’?° Finally the weak
signal indicated by I, which is attributed to paramagnetic nitrogen species is N* in a [O-Ti*'-
NZ-Ti*"] unit.*° The latter signal is not observed for the Nb-containing samples and could result
from N of the nitric acid used during the sol-gel synthesis not being completely removed due
to the lower annealing temperature used for pure TiO,. However, as observed in raw data
normalized by the mass of the sample (Figure 2.13 a), the EPR signal remains low for TiO:
and 0.25NbTi. On the opposite, for the TiO, sample after mild nitridation (NTi-m), an intense
fine signal related to oxygen vacancies Vo' as well as the small signal associated with N> can
be observed. With the intensification of the nitridation condition (NTi-h), alongside Vo', new
contributions (e, m) characteristic of Ti*" in different sites appears (see high resolution
normalized spectra in Figure 2.13 b).303!

Ti** signal is also observed for all Nb-containing samples but with an important
difference in the signal intensity. 0.25NbTi shows similar signals as TiO2, with the signal
associated with surface-adsorbed NO groups and a small contribution of Ti**. For 0.25NbNTi-
m, the signals of Vo' and Ti*" are observed, but as can be observed on the non-normalized data,
in comparison with NTi-m, the V," remains significantly lower, confirming the improved
defects passivation by (Nb,N) co-doping through the mild nitridation. Similar spectral features
are observed on 0.25NbNTi-h but the intensity of the signal attributed to Ti** and Vo' is
significantly higher. Furthermore, on the large field spectra, we can observe a broad
contribution that originates from a collection of surface Ti** centers with different local
coordination. We hypothesize that these Ti** centers are mainly located at a disordered layer at
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the surface of the particles, slightly more rich in Nb as suggested by XPS measurements.
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Figure 2.13: EPR spectra for different samples: (a) large filed spectra normalized with sample mass
and (b) high-resolution spectra with peak-to-peak normalization.

3.6 Discussion on the charge compensation mechanism

Our results of EDX and XPS confirm that Nb can be successfully introduced into the
lattice of TiO2 via the sol-gel method, and the XPS result also shows an effective nitrogen
insertion by the nitridation treatment under the current experimental conditions. Based on the
characterization of EPR, we found that the intrinsic defects present in the prepared TiO>
materials are mainly Vo' and Ti*" centers, depending on the initial presence of Nb as well as
the specific thermal condition of nitridation. Different charge compensation mechanisms occur
in the different samples to maintain the overall electrical neutrality of the material.

For the samples without nitridation, Vo' centers were identified by EPR in our undoped
TiO2, but not on the 0.25NbTi sample. This suggests that the presence of niobium, due to its
additional positive charge, must reduce the natural concentration of Vo' in TiO2, and on the
opposite favors defects that add a negative charge to the structure such as interstitial oxygen
0>, Ti vacancies, or Ti*".* A signal of Ti*" was observed on EPR and XPS for the 0.25NbTi
sample and could be a possible mechanism to compensate for the excessive positive charge
introduced by Nb>*.3334 Nevertheless considering Nb/Ti=0.25, 25% of the Ti*" should be
reduced in Ti*" while the measured XPS value is only 4%. Consequently, either the Ti*"
dominantly exists in the deeper bulk or a mechanism involving O or Ti vacancies cannot be
ruled out since these two defects would be EPR silent and would not provide any discernible
XPS signal.

66



PhD XI Qingyang

Under mild nitridation conditions, NTi-m exhibits a strong Vo' signal in EPR, and an
increased signal of interstitial nitrogen (Nj) in XPS compared to TiO: suggesting that the
additional negative charges brought by nitrogen atoms are compensated by a Vo' occupied by
a lone electron according to:

Ti4+0(22—_2x)N,§—14,(+_x) (eq. 2.3)

In the case of 0.25NbNTi-m, a different charge compensation mechanism may occur:
besides a higher amount of N; observed by XPS, the main difference is that the EPR signal
associated with Vo is significantly lower than for NTi-m. In that case, a possible explanation

is that N; may replace the aforementioned O;* in the lattice to balance the positive charge
brought by Nb>*:

Tily o NbZT O N2~ (eq. 2.4)

It should be noted that the amount of nitrogen is almost only one tenth of that of niobium, as
discussed in 3.4 based on the XPS results, indicating that the negative charge brought by N*
cannot completely compensate the positive charge brought by Nb>*. Thus, the above equations
represent only one of the charge compensation mechanisms identified by the current
characterization techniques (XPS and EPR). The existence of other mechanisms that add
negative charges to the system is highly possible. However, further characterization to reveal
the defects, such as O;%, cation vacancies is needed, since these defects are not detectable by
XPS or EPR.

Under harsh nitridation conditions, another doping mechanism seems to happen for both
0.25NbNTi-h and NTi-h. According to the XPS result, both samples present substitutional
nitrogen (N;s), suggesting that the formation of N; requires an increased energy input compared
to that of interstitial nitrogen (Ni). The EPR result indicates that when the nitridation is harsh,
the charge compensation is related to both Vo' and Ti*". These two defects might be promoted
by the decomposition of NH3 at high temperatures that produce H,?%® and can facilitate the
insertion of Ns. As observed by XPS, this second mechanism seems predominant at a higher
temperature, since the intensity of the N 1s-B peak, associated with Ns increases with the
temperature while the one (N 1s-A) of N; does not evolve. Additionally, the quantity of Ti*"
measured by XPS for co-doped samples increases with the temperature, and in the case of
0.25NbNTiO»-sh, treated at 550°C, the charge compensation also involves the partial reduction
of Nb>* to Nb**,

3.7 Reversed double-beam photoacoustic spectroscopy

Based on the aforementioned characterization, we identified the doping species of
niobium and nitrogen and associated defects of Vo' and Ti*". All of them may modify the
electronic structure of the specific sample by introducing new energy states. Therefore, to
determine the effect of these different states on the electronic structure of the different samples,
the energy-resolved distribution of electron traps (ERDT) was measured by photoacoustic
spectroscopy (PAS) and reversed double-beam photoacoustic spectroscopy (RDB-PAS)
(Collaboration with Mai Takashima and Bunsho Othani, Hokkaido University).3® These
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methods provide the spectral dependence (between 650 and 300 nm) of photoacoustic signal
related to the filling of electron traps (ETs) by photoexcitation of valence-band electrons while
photogenerated holes are captured by methanol.

3.7.1 Experimental setup

Both PAS and RDB-PAS measurements were carried out using a laboratory-made PAS
cell equipped with a MEMS (micro-electro-mechanical system) microphone module (SparkFun
MEMS Microphone Breakout, INMP401 (ADMP401)) and a quartz window on the upper part,
as illustrated in Figure 2.14 a. Firstly, conventional PAS measurements were performed to
estimate the bandgap, i.e. conduction-band bottom (CBB) energy in reference to valence-band
top (VBT), of samples under N> atmosphere. A beam of monochromatic light from a
monochromator (Spectral Products CM110) with an Eagle Engineering R300-3J Xenon lamp
was modulated at 80 Hz and wavelength scanned from 550 nm to 300 nm with a step of 1 nm
to record photoacoustic (PA) signal intensity. The resultant PA signal was detected by a digital
lock-in amplifier (NF Corporation LI5630) and calibrated using the spectral response of a
graphite sample as a reference (Figure S2.3, Page 189, presents PA spectra for different
samples). The position of the CBB was estimated according to the onset wavelength (Avg) of the
PA spectrum.

(a) (b)
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modulated continuous ‘
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continuous light VB
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Figure 2.14: The set-up (a) and working principle (b) of photoacoustic spectroscopy (PAS) and
reversed double-beam photoacoustic spectroscopy (RDB-PAS) measurement.

Then, RDB-PAS measurements were conducted to estimate the density of ETs. The
powder sample was set in the PAS cell under the flow of argon saturated with methanol vapor.
The purpose of methanol is to trap the holes and avoid charge recombination during the
subsequent measurement. A beam from a 625-nm LED (Luxeon LXHL-ND98) light intensity
modulated at 35 Hz was used to generate the resultant PA signal. Simultaneously, the other
beam of wavelength-scanned continuous monochromatic light (650 to 300 nm with a step of 5
nm) was mixed with the mentioned 625-nm modulated beam by a UV quartz combiner light
guide (Moritex MWSS5-1000S-UV3) and irradiated from the upper side of the sample cell.
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During the scanning by the continuous monochromatic light, the electrons can be exited from
the valence band and further trapped by ETs (Figure 2.14 b), resulting in the generation of PA
signal. The intensity of the recorded PA signal was plotted against the energy of continuous
light in reference to VBT in the form of the RDB-PA spectrum (Figure S2.4, Page 189, presents
the RDB-PA spectra for different samples), and then the obtained spectrum was converted into
ETs density in the unit of umol g! by conducting differentiation from the lower energy side to
higher energy side. 3¢

3.7.2 Result and discussion

It is worth noting that Ti** states cannot be detected by this method, since they are
already electron-filled energy states lying below the Fermi level. Figure 2.15 shows the
ERDT/CBB patterns for different TiO, samples, in which the horizontal dashed lines represent
the conduction-band bottom energy (in reference to VBT) as determined by PAS measurements,
the histogram represents the energy distribution of ETs relative to VBT and the values <XX>
denote the total density of ETs in the unit of pumol.g"!. The estimated band gaps of TiO, and
0.25NbTi are ca. 3.0 eV, in agreement with UV-vis spectroscopy results (3.06 and 3.08 eV
respectively). ETs in TiO2 and 0.25NbTi are distributed predominately near the CBB, and could
be mainly assigned to some intrinsic ETs, such as Vo'. The increased density of ETs that is
observed on 0.25NbTi may be due to the addition of empty 4d orbital states of Nb in the vicinity
of the CB. While ETs are expected to be in the bandgap (i.e., below the conduction band bottom
CBB) their distributions extend inside the CB. This can be explained by at least two
phenomenon:® (i) the electron trap position is represented relative to the VBT but the density
of states (DOS) in the valence band is not homogeneous and could be low around the VBT, the
ERDT would then also reflect the DOS of the VB, i.e., the energy is overestimated and (ii) most
of ETs may be located on the surface of the particles®® and present a different structure and
energy position than bulk ETs.
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Figure 2.15: ERDT/CBB patterns of TiO2, NTi-m, 0.25NbTi, 0.25NbNTi-m and 0.25NbNTi-h.
Values <XX> denote the total density of ETs in umol.g™. The specific surface area in m2.g™ is
indicated by (YY). The ordinate represents the energy states of ETs counting from the valence band
top (VBT). The length of the bars represents the relative electron-trap density.

69



Chapter-2

In the case of NTi-m, the ERDT has a sharper distribution centered on 3.1 eV that
extends to lower energy until 2.4 eV. The band gap measured by PAS for this sample is 2.6 eV
while the Tauc plot revealed two transitions at 2.47 and 3.16 eV. This case illustrates that most
of the photo-trapped electron originates from the VBT of TiO, with a small contribution
possibly from N 1s states above the VB. For 0.25NbNTi-m and 0.25NbNTi-h, the ETs are
observed to distribute more homogenously on a broad range of energy between 3.8 and 2.4 eV
with a maximum of ERDT around 3.2 eV revealing strong changes in the electronic band
structure. When compared with NTi-m, 0.25NbNTi-m presents a more intense ERDT between
2.4 and 3.0 eV which suggests a higher density of states induced by nitrogen above the VB. A
possible explanation is that a higher amount of nitrogen doping increases the density of
electron-filled states above the VBT and excitation from these states can fill up ETs, which
requires lower energy. 0.25NbNTi-h present the same distribution of ETs as 0.25NbNTi-m but
the total ETs density is 3 times lower. This observation suggests that for this sample more
photogenerated electron-hole pairs recombine before their transfer to ETs (for €7) or to the
surface for methanol oxidation (for h™). A possible explanation for this lower availability of
charge carriers is a strong binding of the exciton with the lattice in the presence of Ti*" center
and/or substitutional nitrogen.

To verify this hypothesis, the sample 0.25NbNTi-h was exposed to ozone to undergo an
oxidation treatment, and the RDB-PAS measurement was conducted again after the oxidation
treatment. As shown in Figure 2.16, the ERDT patterns and ETs density of the treated sample
(0.25NbNTi-h-03/0.) tend to become closer to the one of 0.25NbNTi-m. It is observed that the
ETs below 2.4 eV appear again after the treatment, and the total intensity of ETs is increased to
twice that of 0.25NbNTi-h. This suggests that the Ti*" might be reduced into Ti*" during the
harsh thermal nitridation, i.e., filling electrons in ETs. The generated Ti*" may act as the
photogenerated charge recombination center, resulting in a significant decrease in the detectable
PA signals. This reduction process can be reversed with ozone treatment thus allowing more
electrons to be excited to the ETs. Consequently, the ERDT patterns of the sample after
oxidation treatment present similarity to that of the sample after mild nitridation.
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Figure 2.16: ERDT/CBB patterns of 0.25NbNTi-h before and
after O3/O; treatment compared to 0.25NbNTi-m.
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3.7.3 Proposed electronic band structure

Based on the discussion of the above characterization results, a schematic diagram
illustrating the possible band electronic structure for the different samples is proposed in Figure
2.17. TiO; is believed to have its typical electronic structure with a band gap of 3.06 eV and
some intrinsic defect states, that are considered mainly to be Vo', distributed near the CBB. Nb
incorporation produced the hybridization between the d orbits of Nb and Ti inside the CBB
since no narrowing of the band gap was observed. Due to the low concentration of Ti**, we
hypothesize that the charge compensation could be partially achieved by cation vacancy or
interstitial oxygen. For NTi-m, according to XPS results (see Table S2.1), 0.4 %a:. of nitrogen
was incorporated by conducting mild thermal nitridation, forming N 2p states above the VBT
and reducing the optical bandgap to 2.47 eV. This additional nitrogen is accompanied by an
increase of Vo' density as revealed by EPR. For 0.25NbNTi-m, the nitrogen quantity is almost
doubled (0.8 %at.), ensuring a higher DOS above the VB of TiO, and a more intense light
absorption associated with a band gap of 2.44 eV. In addition, the EPR signal of Vo' signal
remains low for this sample, indicating that under mild thermal nitridation, the charge
compensation mechanism involves Nb>* and Ni*>* which insertion is facilitated by the Nb-doping
of TiO». For the samples annealed under harsh conditions, both NTi-h and 0.25NbNTi-h present
a similar increase of nitrogen (~1.3 %.) associated with the appearance of substitutional
nitrogen but no significant change of bandgap when compared to mild conditions. These
samples have a significant signal increase of Vo but also of Ti*", the latter being responsible
for the absorption at long wavelengths (A > 500 nm) that is observed for these samples.
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Figure 2.17: Proposed electronic band structures and defects position for TiO2, 0.25NbTi annealed
under air, and treated with mild and harsh nitridation in NHs. (i and s for N 2p states correspond to
interstitial and substitutional nitrogen)
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3.8 X-ray absorption and emission spectroscopy with synchrotron
irradiation

Based on the previous characterizations, we have outlined the electronic structure of the
synthesized (Nb,N) co-doped TiO, materials. However, these characterization results mainly
revealed the overall properties of the material and allowed us to identify two clear behaviors
associated with different types of defects but the location of these defects in the anatase lattice
remains unclear. Cationic doping sites have been identified as Nb>" in substitution of Ti*" in the
TiO, lattice. But in the case of N doping sites, although ab initio DFT calculation predicted that
the M-N pair is the most thermodynamically stable configuration,*® no conclusive experimental
evidence is available and this aspect is hardly discussed in the field while it seems to play a key
role in the photocatalytic properties.

The main issue here is the lack of methods that can provide this information. For
instance, XRD or EXAFS can indicate an enlargement of the cell but does not discriminate N
from O due to their close atomic weight. TEM allows observing the position of Nb in the lattice
but again it is not possible to distinguish N from O. XPS and EPR have provided useful
information, but are not sensitive to the location of these sites. XPS has allowed us to identify
at least two types of N environments depending on the nitridation process, and by EPR we were
able to probe paramagnetic defects, but these analyses do not provide crystallographic
information on the doping sites.

3.8.1 Principle of X-ray Absorption and Emission Spectroscopy (XAS &
XES)

X-ray spectroscopic methods provide an opportunity to probe the electronic and
geometric structure of a specific element in the material. They can provide a detailed
experimental map of the molecular orbitals, giving insight into the oxidation state and ligand
environment around a specific absorbing atom. Several studies of dopants in TiO:
nanostructures based on the X-ray spectroscopic methods have been reported. For instance,
Stewart et al. found Ti in fivefold coordination for the N-doped TiO: by studying the XANES
spectra of Ti.®® Garcia-Tecedor et al. demonstrated the substitution site of Nb in the Nb-doped
TiO> and they found the reduction of Nb>* to Nb*" under the electrochemical reaction
conditions.*

X-ray Absorption Spectroscopy (XAS) involves the excitation of core-level electrons of
a given atom by absorption of a photon of energy hv. Depending on the energy of the incident
photon, the photoelectron is excited to different empty levels and involved in various physical
processes leading to different structures on the X-ray absorption spectrum. The electronic states
involved are illustrated in Figure 2.18 a and an example of the resulting spectra is shown in
Figure 2.18 b. The spectrum can be divided into several regions: the EXAFS region (Extended
X-ray Absorption Fine Structure) is observed when the energy of the photoelectron is enough
to reach the continuum and extract the electron from its atom. EXAFS can provide structural
information on the first neighboring atoms, but will not be discussed in detail here since it does
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not allow distinguishing N from O ligand. The threshold structures or XANES (X-ray
Absorption Near Edge Structure) are obtained for lower energy and can be divided into two
regions. The pre-edge is related to the transition from the core level to empty orbitals of the
absorbing atom. In the case of Ti K-edge, the pre-edge peaks can be ascribed to the transition
from the Is orbital to the partially occupied 3d orbitals, and the empty 4p orbitals. When the
energy of the photon increases until it reaches the continuum, there is a sudden rise in the X-
ray absorption coefficient which is the threshold. The XANES contains both electronic and
stereochemical information about the absorbing atom.
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Figure 2.18: (a) Energy diagram showing the origin of the K, L, M-edge and K pre-peak features in the
X-ray absorption spectrum (example of Ti). (b) Example of resulting XAS spectrum. (c) Energy level
diagram for K emission lines in the X-Ray emission spectrum. (d) K emission spectrum fine structure

for K-line of 3d atoms.

During the X-ray absorption process, the excitation of the core electron creates a core
hole. Then, this hole is filled by an electron from a higher level, resulting in the emission of an
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X-ray photon. This is the origin of X-ray Emission Spectroscopy (XES) which can provide
useful information when spectrally resolved. The most studied emission lines are K lines, which
originate from the filling of 1s core hole (Figure 2.18 ¢ and 2.18 d). When the filling electron
is from 2s/2p (L shell), the emissions are Ka lines, while the electron from higher orbital results
in KP lines. In addition, for d transition metal the emission lines Kf” and Kf3 5, are related to
transitions involving 2s or 2p orbitals of the ligand to the 1s core level of the absorbing atom.*
These are collectively referred to as the valence-to-core region (VTC-XES), the VTC region
provides a sensitive probe of ligand identity by the energy position of these peaks. These
transitions have a low probability (~1000 times less likely than the Ko emission) but are
detectable thanks to the progress in synchrotron radiation sources. This approach was used to
probe the ligand coordinating transition metal atoms in the case of Co*?, Ti**** and Nb* for
Instance.

3.8.2 Experimental parameters

In our experiment, both XAS and XES spectra at the K-edge of Ti (= 5 keV) and Nb (=
19 keV) were characterized for different samples. These experiments were done on the
beamline ID26 of the ESRF (European Synchrotron Research Facility). This beamline was
chosen for its high energy which is necessary to work at the Nb K-edge and its high X-ray flux.
As in XPS analysis, the samples subjected to super harsh nitridation (550°C; 1h; NTi-sh and
0.25NbNTi-sh) were also characterized to amplify the concentration of N dopants in
coordination with the cations. For the measurement based on Ti K-edge, commercial materials
of TiN (99.9%, Merck), Ti203 (99.9%, Merck) and anatase UV100 were used as references.
TiN and Ti»Os can provide the typical characteristics of Ti-N and Ti**-O bond. UV100 is used
to confirm the common characteristics from anatase structure. For the measurement based on
Nb k-edge, the reference compounds are Nb2Os, NbN and NbON. Among them, Nb2Os (99.9%,
Merck) and NbN (99.9%, Merck) are commercial products, which are used to provide
information on Nb-O and Nb-N bond, respectively. NbON was synthesized using a similar sol-
gel method as that for 0.25NbTi-sh. The difference is that Ti was absent and the nitridation was
conducted directly based on the formed gel without air calcination. We expected to reach a
higher doping concentration of nitrogen, thus make a better comparison.

The XAS spectra were recorded by irradiating the sample with X-ray energy ranging
from 4.95 to 5.10 keV for Ti K-edge and from 18.94 to 19.20 keV for Nb K-edge. The signal
was recorded by monitoring the total fluorescence of the element.

The VTC XES was recorded by irradiating the sample at a fixed wavelength higher than
the K-edge (5.1 and 19.2 keV for Ti and Nb respectively). Then the fluorescence signal was
diffracted on a crystal (Si 006) and sent to a spectral analyzer. The K emission spectra with
high resolution were recorded from 4.90 to 4.99 keV for Ti and 18.90 to 19.05 keV for Nb.

3.8.3 Experimental results
3.8.3.1 Ti K-edge
Figure 2.19 a exhibits the XANES spectral region of the Ti K-edge for the different
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samples and the reference materials (TiN, TiO3 and anatase UV100). Four main pre-edge
features (labeled as A, B, C and D) can be observed on all synthesized samples and UV100.
Features A and B correspond to the transition of the core election to the hybridization of the
empty 4p and 3d states.*®*® The relative intensity of these peaks is related to the symmetry of
the polyhedron, and the coordination of the titanium. Feature C corresponds to the transition to
the states that are hybridized by Ti 4p and Ti 2s orbitals,*® and feature D is assigned to the
transition to the states hybridized by Ti 4p and O 2p orbitals.*
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Figure 2.19: (a) XANES spectra at the Ti K-edge for the synthesized materials, TiN, Ti»Oz and UV100.
(b) X-ray emission spectra (presenting the emission lines of KB” and KB2s) The inset represents the
whole KB emission region.

As references, both TiN and Ti»O3; show a different absorption edge which is strongly
shifted significantly towards lower energy, which corresponds to the lower oxidation state of
Ti**. A high similarity of the spectral feature is observed on the spectra of TiO,, N-doped TiO»
samples and UV100, indicating a dominant anatase character of these samples. We can also
observe a slight decrease in the relative intensity of feature A on NTi-h and NTi-sh, which could
be attributed to the increase of rutile proportion observed by XRD.*! On the other hand, the
same four pre-edge features also appear on Nb-containing samples but with a decreased
intensity. We supposed that the higher calcination temperature for 0.25NbTi (500°C 12h)
compared to TiO2 (400°C 2h) may increase the crystallinity and thus decrease the distortion of
the octahedral structure in Nb-containing samples, resulting in a weaker intensity of pre-edge
features. A similar change in the pre-edge was also published by Paula C. Angelome et al. by
comparing the XANES spectra of amorphous TiO; and TiO; calcined at different
temperatures.*® A slight peak at the edge top can be noticed for Nb-containing samples. In this
region, the photoelectron has a long lifetime and can be diffused several times by the
neighboring atoms and the presence of Niobium in large quantities can thus explain this change.
Nevertheless, we did not observe any significant change in the pre-edge energy that can indicate
a change of coordination or the reduction of Ti for these samples.
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Figure 2.19 b presents VTC-XES spectra of Ti for all synthesized samples, together
with the references. All synthesized samples exhibit identical spectral features to those of
UV100, where the contribution of Kf” and Kf32 5 are observed at the same energy. The former
can be attributed to the electron-filling of the core level from O 2s states of the ligand whereas
the latter is mainly due to the transition from the hybridized orbitals involving O 2p to the 1s
core level of Ti.

For Ti;O3, only K25 is observed with a shift to lower energy, in agreement with the
results from Mandi¢ et al.** Amongst all the other samples, only TiN presents an obvious
decrease in energy split between KB and K> 5 which indicates the presence of nitrogen in the
coordination sphere. This change is mainly due to the difference in the electron-filling
transitions originating from the states of the N ligand compared to the mentioned O orbitals.
Consequently, the above XAS and VTC-XES results at Ti K edge show that the insertion of
nitrogen has no detectable effect on the coordination of the Ti atom in the TiO> lattice.

3.8.3.2 Nb K-edge

Figure 2.20 a shows the Nb K-edge XANES spectra of the Nb-containing samples and
the reference compounds Nb2Os, NbN and NbON. The absorption edge of all synthesized
samples and Nb>Os are almost identical confirming the Nb>* oxidation state observed by XPS
for all Nb-containing samples, whereas the absorption edge of NbN (Nb** oxidation state) is
shifted to lower energy. Besides, the pre-edge feature originates from the transition from 1s to
4d 52 and verifies the substitution of Nb for Ti in octahedral sites. In addition, the relative
intensity ratio between feature B and feature C is observed to change for the synthesized Nb-
containing samples compared to Nb>Os. This could be due to the modified chemical
environment around Nb in TiO> lattice compared to pure Nb,Os.

The XES spectra for the corresponding samples are shown in Figure 2.20 b. The peaks
of KBz, KB4and KB are present in all samples, even if the latter is significantly less intense for
NbN sample. KBz and Kf4 are assigned to the transition from 4p and 4d orbitals of Nb to the 1s
core state, and the KB emission line is related to the transition from the 2s orbital of the
ligand.*

All the Nb-containing samples share mostly the same characteristics of K> and Kf4
with Nb,Os, suggesting an oxidation state of Nb>* and an octahedral configuration for the Nb
in the lattice of TiOz. The emission signals were fitted with Lorentzian function (the inset of
Figure 2.20 b shows an example for 0.25NbTi, and the fitting results of other samples are
shown in Figure S2.5, Page 190). The energy position and area of the emission peaks for each
spectrum are summarized in Table 2.3 as well as the energy splitting AE(KB”-Kp2) and AE(Kp4-
KpB”) and area ratio A(KB”)/A(KB2). For Nb2Os and 0.25NbTi samples, the KB”-Kp2 energy
splitis 15.0 and 15.2 £ 0.2 eV. For the NbN reference, this value increases up to 17.1 eV, which
is comprised between the values for Nb2Os (15.3 eV) and NbC (19.8 eV) observed by Ravel et
al.® Additionally and the intensities of KP4 and mainly KB are reduced compared to the oxide
references. The energy split between KB4 and KB and the intensity of KB normalized by the
one of KB, can provide useful information that depends on the ligand. The AE(KB4-Kp”)
decreases from 14.2 to 13.7 eV with the increase of nitridation temperature. This value remains
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far from the 9.4 eV measured for the NbN sample, but such a shift was not observed for the Ti
Kp emission. Furthermore, the intensity of KB” is slightly reduced for the sample with the
lowest AE(KB4-KB”). It should be noted that such an effect was not observed for the 0.25NbTi-
m sample that does not contains substitutional nitrogen according to our XPS results.
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Figure 2.20: (a) XANES spectra at the Nb K-edge for the synthesized materials, NbN and Nb2Os. (b)
X-ray emission spectra (presenting the emission lines of KBz, KB” and KB4) . The inset shows the fit to
0.25NDbTi. The three fitted peaks represent KB2, KB” and Kfa.

Table 2.3: Peak fitting for XES of Nb related to Figure S2.5

NbOs | 0.25NbTi 0.25NbTi- | 0.25NbTi- | 0.25NbTi- NBON NbBN
m h sh
KB, Pos. (keV) | 18.9545 | 18.9543 18.9543 18.9543 18.9543 | 18.9545 | 18.9540
A (a.u.) 4.80e-4 | 4.80e-4 4.75e-4 4.82e-4 4.8le-4 | 4.83e-4 | 4.9%-4
Kp” Pos. (keV) | 18.9694 | 18.9695 18.9693 18.9697 18.9698 | 18.9699 | 18.9712
A (a.u.) 1.44e-5 | 1.46e-5 1.62e-5 1.27e-5 1.3%-5 | 1.25e-5 | 2.36e-6
K Pos. (keV) | 18.9835 | 18.9835 18.9835 18.9834 18.9835 | 18.9834 | 18.9806
A (a.u.) 2.37e-5 | 2.27e-5 2.23e-5 2.37e-5 2.21e-5 | 2.09e-5 | 1.66e-5
AE(KB”-KB2) (eV) 15.0 15.2 15.0 15.4 15.5 15.4 17.1
AE(KB4s-KpB”) (eV) 14.1 14.0 14.2 13.8 13.7 135 9.4
AKB”)Y/AKB?2) 0.0311 0.0306 0.0342 0.0264 0.0288 0.0258 | 0.0047

3.8.4 Conclusion on synchrotron measurement.

XAS and VTC-XES methods have been tested to reveal the local coordination of the Ti
and Nb atoms in the lattice of (Nb,N) co-doped TiO,. According to the result of the Ti K-edge
spectra, we have confirmed the dominant anatase structure of all the synthesized samples but
no change of signal that can be assigned to the N-ligand was observed on the XES spectra at
the Ti K-edge for the (Nb,N) co-doped samples or N doped samples. The result from the Nb K-
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edge spectra confirms the dominant Nb>* oxidation states in the co-doped samples. Furthermore,
the evolution of the ligand-dependent emission Kf3” with the increasing nitridation temperature
was observed on the co-doped samples with substitutional N. However, this effect remains
small since both oxygen and nitrogen are in the coordination of the cations. Nevertheless, since
the signal change was observed only on Nb emission peaks our results suggest that this
substitutional nitrogen preferentially interacts with the Nb>* creating the Nb-N defect pairs.

4. Photocatalytic activity for methylene blue degradation

The utilization of the photocatalytic degradation of methylene blue (MB) as the model
reaction for estimating the photocatalytic activities of the photocatalysts is a common practice
in the field of photocatalysis. As an aniline-based dye, MB has good solubility in water. The
UV-Vis spectrum of MB aqueous solution presents a maximum absorbance peak at ~664nm.>
Therefore, it is convenient to monitor the evolution of MB solution concentration during the
photocatalytic reaction by UV-vis spectroscopy. During the photocatalytic reaction, the free
radicals generated by semiconductor photocatalysts can destroy the molecular structure of MB,
leading to a decolorization of the tested solution and a decrease of the mentioned absorbance
peak or the degradation can occur by a direct hole transfer from the SC to adsorbed MB at its
surface.

In this study, the photocatalytic activities of the prepared samples were evaluated by
conducting the photodegradation of MB under UV light (365 nm) and visible light (450 nm)
using LED and also under simulated solar light (Xe arc lamp with AM 1.5G filter, 100 mW.cm™
2). In addition, methylene blue was chosen to exclude the possibility of photodegradation via
photosensitization of the photocatalyst pathway at the two illumination wavelengths from the
LED.>

4.1 Experimental conditions

Photodegradation under UV or visible light was conducted at 30°C and monitored with
an immersion probe connected to the spectrometer by an optical fiber (set-up described in
Figure 2.21 a and 2.21 b): The scanning light (800 nm to 510 nm) was generated from the light
source of the spectrometer and then transmitted in the inlet optical fiber. After passing through
the suspension, the light was reflected into the outlet fiber, which finally transmitted the light
to the detector of the UV-visible spectrophotometer. Throughout the whole experiment, the
reactor was covered by a black box to avoid any interference from external light.

For each experiment, 30 mg of photocatalyst powder was dispersed into 135 mL
deionized water, and the suspension was stirred at 650 rpm for 30 min before recording the
baseline. Then 5 mL of MB solution was added into the suspension (ie. the initial MB
concentration is 14.3 pmol.L™") and kept in the dark for 30 min before illuminating to reach
absorption—desorption equilibrium. The UV-visible spectra were recorded every 5 min and the
evolution of MB concentration was evaluated by monitoring the characteristic absorption peak
at 664 nm.
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Figure 2.21: (a) Image of the experimental setup. (b) Schematic diagram of the probe for
measurement of photo-degradation.

The linear relationship between MB concentration and the absorbance at 664 nm was

calibrated by measuring standard MB solutions with known concentrations (Figure 2.22 a and

2.22

b). When using simulated solar light, the immersion probe cannot be used due to visible

light interferences, then 1 mL of the solution was taken manually every 30 min, and the
absorbance spectra of the supernatant were recorded to monitor the degradation.
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Figure 2.22: (a) Spectra of MB solution with different concentrations used for calibration. (b)
Calibration curve of MB absorbance at 664 nm.

4.2 Photocatalytic activity measurements

4.2.1 Control experiments

Before using the synthesized samples as photocatalysts, the absence of degradation of
under UV light without photocatalyst was checked (Figure 2.23 a). This ensures that the

observed photocatalytic degradation of MB (detailed later) is promoted by the s photocatalysts.
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Furthermore, the dark equilibrium adsorptions of MB for different samples are shown in Figure
2.23 b. It is observed that the Nb-containing samples have a slightly improved adsorption
capacity for MB, which could be attributed to the change of surface charge due to Nb doping.

@, o (b) *°7
' 14 - °§°\o ° ?
g b E\D a :
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Figure 2.23: (a) MB concentration evolution under UV LED (365 nm) irradiation without catalyst. (b)
Dark equilibrium adsorption isotherms of MB for TiO2, N-doped TiO2, Nb-doped TiO, and
(Nb,N) co-doped TiO, samples.

4.2.2 Result discussion

The degradation rate for the reaction was described as pseudo-first-order kinetics:

In (i—j) = k.t (eq.2.5)

where C; is the concentration of MB at time ¢, and Cy is the concentration of MB when
the illumination is started. The degradation profiles and associated kinetic for the different
samples are shown in Figure 2.24 a and 2.24 b (UV), 2.24 ¢ and 2.24 d (visible) and the
calculated k are presented in Table 2.4.

Under UV light irradiation, the excitation from VBT to CBB can be theoretically
achieved for all samples. Therefore, the photocatalytic activity should mainly be determined by
the efficiency of the separation and transfer of photogenerated charge carriers. Benefiting from
its small crystalline size and large surface area, the synthesized TiO2, used as a reference, was
able to fully degrade the MB within 120 min, with a kinetic constant k =2.6124 h'. NTi-m and
0.25NbNTi-m exhibit similar & for photo-degradation of MB as TiO,. Considering the low
quantity of Vo© in 0.25NbNTi-m, whereas it was higher in NTi-m, we suppose that Vo' does
not influence significantly the degradation kinetic. 0.25NbTi shows an enhanced photocatalytic
activity (k=3.5100 h!) in comparison with TiO,, which could be ascribed to the improvement
of adsorption for MB molecular (Figure 2.23 b) as well as an enhancement of charge carrier
mobility resulting from the introduction of Nb.>>% However, a significant decrease in
photocatalytic activity can be observed on NTi-h (k= 0.6198 h™!) and 0.25NbNTi-h (k= 0.4908
h!), which could be due to the generation of Ti** and/or substitutional nitrogen that may act as
charge recombination centers.
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Figure 2.24: Photocatalytic activities of MB degradation kinetics for the different samples under the

irradiation using UV LED (365 nm) (a and b), visible LED (450 nm) (c and d) and AM 1.5G simulated

solar light (e and f).

Table 2.4: Pseudo-first-order kinetic constant of photo-degradation for the different (Nb,N) co-
doped TiO2 photocatalysts under UV and visible irradiation.

Sample k-UV/ht | k-visible/h?
TiO, 2.6124 0.0174
NTi-m 2.4870 0.1392
NTi-h 0.6198 0.1770
0.25NDbTi 3.5100 0.1086
0.25NbNTi-m 2.5128 0.7656
0.25NbNTi-h 0.4908 0.2076

With visible light illumination at 450 nm, the photon absorption depends on the sample.
As shown in Figures 2.24 ¢ and 2.24 d, TiO: limited by its wide band gap (3.06 eV), achieves
negligible photodegradation of MB (k = 0.0174 h™'). All other samples have enhanced
photocatalytic activity for the degradation of MB, which could be ascribed to the increase of
photon absorption due to Nb and/or N doping. 0.25NbNTi-m shows the highest degradation
speed with £k = 0.7656 h''. In comparison, even though 0.25NbNTi-h has the best light
absorption at 450 nm among all samples, its photocatalytic activity is divided by almost 4 (k =
0.2076 h''). NTi-h has only slightly higher photocatalytic activity than NTi-m while the last one
presents a lower absorption in the visible at 450 nm. Consequently, while increased visible
absorption in the range of 365 nm to 550 nm may effectively enhance the photocatalytic
efficiency, the samples submitted to harsh nitridation conditions with absorption at longer
wavelengths caused by Ti*" states are less efficient for MB degradation. These two types of
absorption, which give contradictory results, are ascribed to different types of defect and doping
centers identified by EPR and XPS and the photocatalytic results confirm that substitutional
nitrogen and/or Ti*" centers, induced by harsh nitridation, may act as charge-carriers
recombination centers.
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Finally, the (Nb,N) co-doped samples that present the best activity in the visible regions
were tested in a photo-degradation experiment under AM1.5G simulated solar light and
compared to TiO> (Figure 2.24 e and 2.24 f). 0.25NbNTi-m confirms its superior photocatalytic
activity compared to TiOz and 0.25NbNTi-h, which can be explained by its activity in the visible
region. For 0.25NbNTi-h, it can be noticed that while it shows lower activity than TiO> and
0.25NbNTi-m under UV illumination, its photocatalytic activity under AM1.5G remains higher
than TiO» thanks to its absorption and photoconversion in the visible range (between 400 and
550 nm), a spectral region of the solar spectrum that contains more energy than the UV region.

5. Conclusion

TiO2 and Nb-doped TiO2 photocatalysts were successfully prepared via a sol-gel method.
By controlling the calcination temperature and duration (400°C, 2h for TiO,, 500°C, 12h for
0.25NbTi), we ensured as much as possible comparable crystal structures and specific surface
areas between the different samples. According to the XRD result, it is found that the Nb-doping
favors the stabilization of the anatase phase. Then, N-doped and (Nb,N) co-doped materials
were prepared by conducting thermal nitridation in ammonia based on TiO2 and Nb-doped TiO».
While the nitridation process was found to facilitate the increase of rutile proportion in the N-
doped samples, the (Nb,N) co-doped samples still crystallized in pure anatase phase due to the
presence of Nb in the crystalline, with a small particle size (< 10 nm) and consequently a large
specific surface area (~120 m?g™).

The results of UV-vis spectroscopy show that the nitridation treatment effectively
induces light absorption of the N-doped and (Nb,N) co-doped samples in the visible region.
Furthermore, the thermal condition of nitridation was found to have a great influence on the
absorption properties of the materials. Samples subjected to mild nitridation conditions (NTi-
m and 0.25NbNTi-m) present a yellow color. When the nitridation conditions are harsher, the
samples took a dark coloration with visible light absorption at A > 550 nm.

The synthesized materials were characterized by XPS and EPR to identify the doping
species and associated defects that could be responsible for the aforementioned UV-vis spectral
characteristics. It is shown that the two sets of nitridation conditions are related to different
doping and charge compensation mechanisms. When the nitridation conditions are mild, the
nitrogen species are inserted in the interstitial position in the lattice of NTi-m and 0.25NbNTi-
m. In addition, it turns out that the presence of Nb in the TiO> improves the insertion of nitrogen
when compared to pure TiOz, leading to more intense light absorption in the visible range (400-
550 nm) observed on 0.25NbNTi-m. For this sample, the additional negative charge brought by
the N* is compensated by Nb>*, even if the ideal cationic-anionic charge compensation
predicted for the co-doping approach could not be reached. For NTi-m, the compensation
mechanism involves the creation of oxygen vacancies Vo'. Under more harsh nitridation
conditions, in addition to interstitial nitrogen, substitutional nitrogen was also introduced into
the lattice of TiO, materials. The EPR result indicates that both Vo' and Ti*" centers associated
with the substitutional nitrogen are involved in the charge compensation mechanism.
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Electronic band structures of the synthesized materials were proposed based on RDB-
PAS data, which provides information on the energy distribution of electron traps in the
bandgap of the modified photocatalyst. For 0.25NbNTi-m, a broader distribution of states,
which we attributed to N 2p states above the VBT, was observed when compared to NTi-m and
TiO; reference. We believe that this specific electronic state distribution is responsible for the
reduction of the bandgap and the improved photocatalytic properties. For the 0.25NbNTi—h
sample, which was submitted to more harsh nitridation, the decrease of the PAS signal is
possibly due to charge carrier recombination related to Ti** and/or substitutional nitrogen
centers. Moreover, the coordination of Ti and Nb in the lattice of (Nb,N) co-doped samples was
investigated by XANES and VTC-XES measurements. The result confirms the dominant
anatase phase and the presence of Nb°" in octahedral configuration. On the other hand, the Nb
K-edge XES spectra show some evolution of the ligand-dependent peak (KB”) with the
increasing nitridation temperature which was not observed on Ti K edge. We suppose that this
might be evidence for the existence of Nb-N defect pairs that are created in harsh conditions
when substitutional nitrogen is present.

Photo-degradation of MB was conducted in different spectral regions (UV, visible and
AM 1.5G simulated solar light) to evaluate the photocatalytic properties of the as-prepared
photocatalysts. 0.25NbNTi-m exhibits the best activity, especially under visible light and
simulated solar light illumination for which the kinetic of the photodegradation is almost 4
times faster than TiO,. The results support previous reports, in which the enhanced
photocatalytic activity was generally ascribed to the band gap narrowing due to Nb and N co-
doping of TiO». Furthermore, in the present work, we reveal the importance of tuning the
thermal condition of nitridation to produce the specific co-doped sample with enhanced activity.
The samples submitted to harsh nitridation conditions (0.25NbNTi-h) have their photocatalytic
activities reduced in the UV region, but also in the visible region compared to 0.25NbNTi-m,
even though they present an improved optical light absorption in the visible region. We suppose
that the higher concentration of Ti*‘acting as charge recombination centers leads to this
deterioration of photocatalytic activity.

From these results, it appears that the accurate adjustment of nitridation parameters is
primordial to control the charge compensation mechanism in co-doped TiO:2 photocatalysts. If
the optical bandgap is reduced by annealing in ammonia and the co-doping approach favors the
introduction of nitrogen atoms in the TiO> structure, the photocatalytic efficiency depends on
the type of defects created in the material. Under similar synthesis conditions, we identified two
N doping mechanisms, depending on the annealing temperature, associated with two different
light absorption regions. We have made efforts to investigate the configuration of the niobium
and nitrogen dopants, and the result confirms the substitution by Nb>* without changing the
anatase structure of the original TiO>. However, quantitative analysis of nitrogen in bulk
remains elusive due to the lack of effective means of characterization. On the other hand, the
configuration of N still requires further investigation, even though we found traces of the
existence of Nb-N defect pairs by XES. Considering the very low concentration of N dopants,
these results need to be confirmed by supplementary experiments focusing on ascertaining the
configuration and distribution of nitrogen in the (Nb,N) co-doped TiO; structure. This would
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help us better understand the relationship between material structure and photocatalytic
performance. Finally, we should point out that this study only focused on the (Nb,N) co-doped
TiO:. The applicability of the conclusions obtained in this chapter to other co-doped systems is
unknown. That is why the next chapter is dedicated to (Ta,N) and (W,N) co-doped TiO; that
will be compared with (Nb,N) co-doped TiO», with an emphasis on the effect of cation on the
properties of the co-doped material.
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1. Introduction

As described in Chapter 1, the strategy of cation-anion co-doping is considered an
effective approach to reduce the band gap of TiO2, while limiting the problems of low
stability and high charge recombination of N-doped TiO»..!® Even considering only
transition metal cations, there is a wide range of possible combinations in terms of cation,
anion, and doping concentration. For this reason, most of the previous studies in the field of
(M,A) co-doped TiO> photocatalysts focus on a specific anion-cation couple, intending to
explore the influence of the anion and/or cation concentration on the visible light absorption
and the resulting photocatalytic activity.**To the best of our knowledge, except the seminal
DFT studies,®’ no experimental study has compared the photocatalytic activity of co-doped
TiO; material with different (M,A) pairs obtained in similar conditions. Therefore, due to
the experimental differences between the publications of each group in terms of material
composition, doping concentration, and synthesis but also regarding the photocatalytic
experiments, it is difficult to understand the role of cations in the (M,A) co-doped TiO>
materials. Even for (M,N) compositions, which are by far the most studied, only one review
article gathered the results of different groups,® and it remains difficult to make comparisons
and draw some conclusions on the photocatalytic efficiency as a function of the cation used
for co-doping of TiO».

In Chapter 2, we studied (Nb,N) co-doped TiO», which is the most described in the
literature. Our results confirmed a reduction of the band gap to 2.5 eV. However, we
demonstrated that the photocatalytic activity of the co-doped TiO: is significantly influenced
by the thermal conditions of the nitridation process. The harsh nitridation has been shown to
introduce Ti** and Vo', which act as charge recombination centers, resulting in a
deterioration of the photocatalytic activity. In the literature, examples of TiO2 co-doping with
5d cations (Ta, W) and N have also been confirmed to be effective in reducing the band gap
of TiOa, resulting in an enhanced photoresponse to visible light. This includes various
photocatalytic reactions, such as photocatalytic degradation and water oxidation.>%™13

Therefore, in this chapter, we aimed to change the doping cation of (M,N) co-doped
TiO». By following the same synthetic strategy, we prepared (Nb,N), (Ta,N) and (W,N) co-
doped TiO; photocatalysts. The energy of the d orbital for a specific cation may change the
band structure of the resulting co-doped material: the CB of the (M,N) TiO> is formed by the
hybridization of Ti 3d and the specific M d orbital, the type of cation may influence the CB
position and other properties of the (M,N) co-doped TiO». DFT studies have shown that the
energy levels of Nb 4d and W 5d are theoretically close to that of Ti 3d, while Ta 5d is located
at a higher energy level (Figure 3.1).° Nb and Ta are elements of the same column of the
periodic table, so we expect to obtain the (M,N) co-doped TiO, materials with similar
physicochemical properties. By comparing the (W,N) co-doping with the (Nb,N) and (Ta,N)
co-doped TiO2, we expect to figure out how the positive charge brought by the cation
influence N-doping and defect generation for the (M,N) co-doped TiO, materials. W' can
introduce an additional positive charge compared to Nb>* and Ta’", and according to the
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ideal charge-balanced of co-doped TiO2 (eq. 1.12), the amount of N should be doubled
compared to the case of Nb and Ta.

Therefore in this chapter, the combination of several characterization methods was
used to determine the influence of the cation on the formation of the (M,N) co-doped TiO»
and its properties. In particular, we tried to determine how the cation affects the insertion of
nitrogen and if the two behaviors observed in Chapter 2 for (Nb,N) TiO: are observed in the
case of Ta and W. The optoelectronic properties of each (M,N)-TiO> and the defects
associated with the nitrogen insertion were also analyzed.

Atomic d orbital energy (eV)
w

s v vB viB

Figure 3.1: Atomic d orbital energy of different 3d, 4d, 5d transition metals.®

2. Material preparation

2.1 Preparation of M-doped TiO: materials

2.1.1 Sol-gel synthesis

The M-doped TiO> (M = Nb, Ta or W) was synthesized using the sol-gel method
described in Chapter 2. Two doping concentrations were achieved by adjusting the addition
of the cation precursor (NbCls: 99.8%; Merck, TaCls: 99.8%, Fisher, and WCles: 99.8%;
Merck). The samples with high doping concentration (molar ratio M/Ti = 0.25) are denoted
as 0.25NbTi, 0.25TaTi and 0.25WTi. The ones with low doping concentration, (molar ratio
M/Ti = 0.1) are labeled as 0.1NbTi, 0.1TaTi and 0.1 WTi. It should be noted that the sample
0.25NbTi, as well as the undoped TiO-, are the same as that discussed in Chapter 2.

The only difference was the temperature required for the transition from sol to gel
which was influenced by the type of cation. For the synthesis of Nb or Ta-doped TiO: gels,
the precursor solutions were heated up to 80°C and held at this temperature for 2h to form
the gel, while for undoped TiO: the gel is formed at 40°C within 1 hour. For W-doped TiO>
gels, heating at 60°C for 2h is sufficient to promote the gel formation. In addition, for the
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sample doped with a specific cation, we observed that the gelification took a longer time for
high doping concentration. After formation, all gels were dried at 80°C for 48h.

2.1.2 Determination of calcination condition

TGA analysis of all the M-doped materials was conducted (Figure S3.1, Page 191)
to determine the calcination temperature for each sample. As shown in Chapter 2, Nb-doping
increases the temperature required to remove carbon residue from the sol-gel synthesis. It is
supposed that Ta or W-doping may have a similar effect. The derivative of mass loss for each
sample are compared with reference TiO: in Figure 3.2.

The common weight loss observed on all the samples below 100°C is assigned to the
dehydration of water.* The weight loss after 100°C is mainly attributed to the combustion
of carbon species, accompanied by the crystallization of TiO»."® Three main peaks are
observed for TiO,, located at 146°C, 238°C and 331°C, respectively, corresponding to
different stages of the carbon compound decomposition. For all the M-doped samples, the
main peaks are shifted to higher temperatures. On the other hand, an absence of any
derivative peak indicates a complete removal of carbon residual. For TiO;, 0.1TaTi and
0.1WTi, the sample mass stopped decreasing at ~450°C. For 0.INbTi, 0.25NbTi, 0.25TaTi
and 0.25WTi, this temperature is increased to ~500°C.

(@) o1s | (b) 025 _
—TiO, ] — TiO,
= —— 0.1NDbTi ~ 0.20 —— 0.25NbTi
OO — 0.1TaTi g.) —— 0.25TaTi
= 0.10 ~ —— 0.1WTi = —— 0.25WTi
c £ 0.15
2 =
(] 4 (]
= =
o @
) )
0.05
000 +——T——T T T T T 000 +——"T—"—T 7T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
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Figure 3.2: Derivative curve of the mass loss for the prepared TiO, and the M-doped TiO3: (a)
0.1MTi samples. (b) 0.25MTi samples.

The results confirm that doping with cation increased the required calcination
temperature. In particular, Nb-doping, even a low doping concentration, can raise the
required temperature to 500 C. Thus, the annealing of the gels of all the M-doped samples
to form the crystalline photocatalysts was conducted at 500°C for 12h, under airflow (100
mL.min") with a heating rate of 4°C.min"!, while for TiO> we kept 400°C during 2h in order
to limit the rutile formation.
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2.2 Preparation of co-doped TiO: materials

(M,N) co-doped TiO> were obtained by performing a thermal nitridation in ammonia
flow (100 mL.min") of the related M-doped samples. As concluded in Chapter 2, we found
that the thermal conditions for the nitridation process significantly influence the properties
and the photocatalytic activity of the (Nb,N) co-doped photocatalysts. Therefore, the
nitridation conditions for the synthesis of the (Ta,N) co-doped TiO; and (W,N) co-doped
TiO, were also adjusted to obtain “mild” and “harsh” samples. The detailed parameters of
the nitridation step for each sample are summarized in Table 3.1. The resultant co-doped
samples are denoted with the specific thermal condition for the nitridation process, where
“m” means “mild” and “h” means “harsh”.

Table 3.1: Thermal conditions of nitridation process for the (M,N) co-doped TiO, samples.

Sample Nitridation conditions

mild 350°C, 12h
0.INbNTi & 0.25NbNTi

harsh 450°C, 1h

mild 450°C, 1h
0.1TaNTi & 0.25TaNTi

harsh 450°C, 12h

mild 250°C, 12h
0.1WNTi & 0.25WNTi

harsh 350°C, 12h

The thermal conditions in Table 3.1 were determined by a trial-error process and by
analyzing the UV visible spectra of each sample (detailed discussion in 3.3.3). In our
experiment, we have tried a series of thermal conditions based on each M-doped material.
Mild conditions correspond to the highest temperature/longer duration for which only the
yellow contribution, identified in Chapter 2 for 0.25NbNTi-m, was observed. For harsh
conditions, the sample presents a darker color, with absorption at a longer wavelength (>
550 nm), that was related to the generation of Ti*" in the case of (Nb,N) co-doped TiO..

3. Material characterization

3.1 Characterization of M-doped TiO:

3.1.1 XRD analysis

The crystal structures of the synthesized M-doped samples were characterized by
XRD (same experimental parameters as in Chapter 2, 2.1.2.2) and compared with the
undoped TiO: (Figure 3.3). As already mentioned, TiO2 mainly crystallized in anatase (ca.
63%), with a certain amount of rutile (ca. 5%) and brookite (ca. 32%). When the cation was
introduced into the TiO, materials, a reduction or disappearance of the rutile and brookite
phases can be observed (Figure 3.3 a). At low cation substitution (0.1 M/Ti), 0.INbT1 and
0.1TaTi samples still present the coexistence of anatase, rutile and brookite, but the
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proportion of rutile (ca. 1% for both 0.1NbTi and 0.1TaTi) and brookite (ca. 13% and 22%
for 0.1NDbTi and 0.1TaTi, respectively) are diminished compared to TiO». Besides, it can be
noted that only anatase is observed on 0.1 WTi. All M-doped samples with 0.25M/Ti present
only the anatase phase. These results indicate that cation doping inhibits the anatase to rutile
transition, with a more pronounced effect for W than for Nb or Ta but also for higher doping
concentration. In addition, we do not observe any peaks corresponding to the cationic oxides
or oxynitride phases for any of the M-doped samples. This indicates that, even with a doping
concentration of M/Ti = 0.25, the doping cations mainly remain in the lattice of TiO> anatase,
as already observed in Chapter 2 for 0.25NbTi. Figure 3.3 b exhibits a magnification of the
anatase (101) peak of all samples. A shift to the lower 26 angles can be noticed for all M-
doped samples, indicating an expansion of the interplanar spacing of the anatase (101) due
to the introduction of the cation.

(a) (b)
e Anatase ¢ Rutile = Brookite
[ ]
oo LI N e 0.25WTi
_ 0.25WTi
K 0.1WTi
s et T e T e e s e s .. 0_1WTi
/\ 0.25TaTi
Sl 0.25TaTi
e } o 0.1TaTi
[\ 0.25NbTi
0.25NbTi
e ] 0.1NbTi y
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Figure 3.3: XRD patterns of TiO; and M-doped samples: (a) full range and (b) magnification on
anatase (101).

The crystalline size 7 and anatase lattice parameters a and c of the different samples
were determined by conducting Rietveld refinement, and the results are gathered in Table
3.2. All M-doped samples exhibit larger crystalline sizes than undoped TiO> (5.3 nm). This
could be attributed to the higher calcination temperature for the M-doped samples (500 °C)
compared to that of TiO2 (400 °C). The increased heat provided during calcination could
promote the growth of the crystalline of the M-doped samples. In addition, the doping
concentration of the cation also contributes to increasing the crystalline size as observed by
the slightly larger t values for the 0.25MTi samples compared to their 0.1MTi counterparts.
Generally, the lattice parameters a and ¢ of the M-doped TiO; increase with the doping
concentration of the cation, resulting in an enlarged lattice volume. It is noted that the effect
of Nb-doping and Ta-doping on the lattice extension is more significant than that of W-
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doping. This could be explained by the larger ionic radius of Nb (0.64 A) and Ta (0.64 A)
compared to that of W (0.60 A).1® The result is in good accord with the previously mentioned
observation for the shift of anatase (101), further confirming the existence of the cation in
the lattice of the M-doped TiO» materials.

Table 3.2: Crystallite size (1), lattice parameters ‘a’and ‘c’ and increase of lattice volume AV % for
TiO2 and the M-doped samples

Sample ID (1 /)2r>n() (ia )l(ﬁ)\() (w_“C >/('8>\<) AV
o 5.034 3.789% 9.478 -
(0.003) (0.0005) (0.002)
0.INbTi 0008) 00 (0.0009) LoM
0.25NbTi (8:882) (313832) (8288% -
0.1TaTi (gﬁgg’, (318383) (31335 07
0.25TaTi (gjéég) (315332) (g:ggi) 119
0.1WTi (8:8(2)411) (318332) 36.4080975) 0576
0.25WTi (gjéég) (313833) (g:gggg) o

3.1.2 in-situ temperature-dependent XRD analysis

The crystal structure of TiO: catalysts is influenced by the temperature of the anatase
to rutile phase transition.!” A previous study also reported an increased phase transition
temperature due to Nb doping,® and the above results suggest a similar behavior in the case
of Ta and W. So far the annealing of the samples was conducted at a fixed temperature, which
was determined by the TGA results. In order to determine more quantitatively the role of the
doping cations and their concentration impact on the crystallinity of the TiO2 nanocrystals
with temperature, we performed in-situ temperature-dependent XRD (TDXRD)
measurements in collaboration with Marc Lenertz (IPCMS UMR7504).

3.1.2.1 Experimental part

The measurements were performed on a Bruker D8 Advance equipped with a
Lynxeye energy-dispersive 1D detector. The X-ray source is a monochromated copper
anticathode (Kay A=1.5406 A). Each scan was performed in the range of 20 = 20-80°, with
a step size of 0.02°. The analyses were conducted on the gel of TiO2 and the M-doped TiO»
under airflow (20 ml.min™') in an Anton-Paar HTK 1200 temperature chamber.

The detailed experimental steps are as follows: The sample of dried gel was placed
in a corundum sample holder equipped with a controlled heating plate. Then temperature of
the sample holder was raised to the maximum calcination temperature (75,) under the control
of the program shown in Figure 3.4 a. Based on the XRD results in 3.1.1, the 7}, for the
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measurement of TiO, was determined at 700°C to sufficiently promote the phase transition
from anatase to rutile. For the M-doped samples, the value of 7,, was raised to 900°C, since
we have already observed the inhibition of rutile formation. The heating rate was 20°C.min’
! (which is faster than our synthesis condition 4°C.min). At each XRD recording step, the
temperature was held for 30 minutes to ensure thermal stabilization of the sample. The first
two scans were recorded at 30°C and 50°C respectively, and the subsequent scans were
recorded every 25°C until reaching Tm.

It should be noted that, during the experiment, with the temperature increase, the
bottom of the sample holder was gradually exposed (Figure 3.4 b and 3.4 c), increasing the
corundum signal. Thus, the XRD pattern of the sample holder was also recorded as a
reference (Figure S3.2, Page 192). After the in-situ TDXRD measurement, the XRD pattern
of each sample was recorded at room temperature on a classical glass holder (Figure S3.3,
Page 192). This allows us to determine the final crystal structure of each sample without any
interference of peaks from the corundum sample holder.

(a) Tufe)

Figure 3.4: (a) Heating program for the TDXRD measurements. Optical images of TiO, gel sample
before (b) and after (c) the measurement.

3.1.2.2 Experimental results

The obtained in-situ TDXRD patterns are presented in the form of a two-dimensional
XRD image (260 vs T, Figure 3.5 and Figure 3.6), with a color scale representing the
intensity of the XRD peaks (stacked raw data available in Figure S3.4, Page 193-194). The
XRD pattern of the first (at 30°C) and the last scan (at 75,) are shown at the bottom and top
of each figure, respectively.

The in-situ TDXRD patterns of TiO2 gel (Figure 3.5) present its crystallization and
phase transition process during the heating process. At 30°C, the main characteristic peaks
assigned to anatase are present but broader than for the calcined TiO> presented in Figure
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3.3 (FWHM for (101) = 1.477 for TiO; and 1.864 for the gel). In addition, the low signal-
to-noise ratio of this scan indicates a low crystallinity of the dried gel sample without
calcination. Moreover, we note the presence of a small amount of brookite with a weak peak
at 30.8°. This indicates that the brookite is formed during the sol-gel synthesis before any
annealing processes.

TiO,
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Figure 3.5: The TDXRD pattern of TiO,. The two-dimensional XRD image is shown in the middle
of the figure. The XRD pattern of the first (at 30°C) and the last scan (at Tn=700°C) are shown at
the bottom and top of the figure, respectively.

Then, during the heating, we observed that the peak intensity of anatase (101)
increases with temperature, while its width decreases, suggesting a larger crystalline size of
anatase. The temperature for the phase transition (7pr) from anatase to rutile (indicated in
red on the right of the figure) is determined by the first appearance of the characteristic peak
of rutile (110) (the values of Tprare also shown on the raw data in Figure S3.4, Page 193-
194). For TiO,, the phase transition appears at 425°C, a value that is higher than the
annealing temperature for the undoped TiO2 (400°C). This deviation could be attributed to
the difference in the ramp and calcination duration between the TDXRD heating program
and the synthesis conditions. A slower heating ramp and longer calcination duration, by
bringing more heat to the sample, could increase the thermally activated formation of rutile.
The XRD pattern measured at room temperature after the in-situ measurement (Figure S3.3,
Page 192), confirms a complete transition of anatase to rutile by heating up to 700°C, and
the phase transition from anatase to rutile is irreversible as anatase is a metastable phase.

Figures 3.6 a and 3.6 b present the TDXRD patterns of the Nb-doped samples.
Compared to the undoped TiO2, the temperature of transition from anatase to rutile phase is
observed to be increased to 575°C and 775°C for 0.1NbTi and 0.25NbTi, respectively. This
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confirms the inhibition of the phase transition observed in Chapter 2 caused by Nb doping.
Furthermore, we found that at high temperatures, a portion of the Nb segregates from the
lattice in the form of TiNb>O7 (JCPDS 70-2009). The temperature for the phase segregation
(Tps) changes with the Nb concentration, with values of 825°C and 750°C for 0.1NbTi and
0.25NDbTi, respectively. The values of Tpr and Tps for all samples are gathered in Table 3.3.
Similarly, the 7pr of Ta-doped samples are observed to increase with the doping
concentration (625°C for 0.1TaTi and 850°C for 0.25TaTi). With the increase in temperature,
the segregation of Ta;Os (JCPDS 25-0922) occurred on 0.1TaTi and 0.25TaTi at 850°C and
775°C, respectively (shown in Figure 3.6 ¢ and 3.6 d). For the W-doped samples (Figure
3.6 e and 3.6 f), phase segregation in the form of WO3; (JCPDS 43-1035) was initiated at
750°C (0.1WTi) and 650°C (0.25WTi). Furthermore, the phase transition from anatase to
rutile is only observed on 0.1WTi at 825°C, but not on 0.25WTi. This suggests a highly
stable anatase structure for the 0.25WTi up to 900°C.

Table 3.3: Temperature of phase transition and phase segregation during the TDXRD
measurements for TiO, and M-doped samples.

Sample Ter (°C) Tes (°C)
TiO, 425
0.25NbTi 775 750
0.1NbTi 575 825
0.25TaTi 850 775
0.1TaTi 625 850
0.25WTi - 650
0.1WTi 825 750

The above results confirm the inhibition of rutile formation by the introduction of
Nb, Ta or W. According to the Tpr, for the samples doped with different cations but the same
doping concentrations, the effect follows the order: W>Ta>Nb. The increase of M/Ti from
0.1 to 0.25 rise up the Trr of approximately 200°C, and in the case of 0.25WTi the Tpr is
expected to be higher than 900°C. Phase segregation in the form of corresponding oxides
(TiNb207, Ta2Os or WO3) is observed for all the M-doped samples with similar values for
Nb and Ta doped samples but lower values in the case of W (Trs = 650 and 750°C for
0.25WTi and 0.1WTi respectively). Furthermore, the 7ps increases for lower doping
concentrations. This suggests a limited solubility of the cation in the TiO> lattice, which is
observed to decrease with temperature and probably occurs due to the metastable nature of
the anatase phase. The phase segregation that occurred on the Nb-doped and Ta-doped TiO:
has been reported in a previous study, and it was reported that the addition of Zr (about 1
wt%) was found to sufficiently suppress such phase segregation.®
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Figure 3.6: The TDXRD patterns of the M-doped samples. (a) and (b) for the Nb-doped TiOg; (c)
and (d) for the Ta-doped TiO»; (e) and (f) for the W-doped TiO,. The two-dimensional XRD image is
shown in the middle of each figure. The XRD pattern of the first (at 30°C) and the last scan (at
Tm=900°C) are shown at the bottom and top of each figure, respectively.)
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In summary, this study confirmed that for all M-doped samples, the Tpr and Tps are
always above the temperature of the initial annealing in air (500°C) that is used to prepare
our photocatalyst. Thus, the prepared M-doped samples should be mainly with the anatase
phase. Besides, the results could guide the optimization of calcination conditions for
synthesizing TiO> materials with specific chemical compositions and phase structures. On
the other hand, it is important to note that the current measurement condition may not ensure
a complete phase transition or segregation at a specific temperature during the heating
program, since each temperature was only kept for 30 min. Consequently, the above values
of Tpr and Tps may be overestimated to some extent.

3.1.3 Morphology study:

As shown in Figure 3.7, all the M-doped samples present a uniform spherical
morphology. The particle size of the M-doped samples is observed to be larger than that of
TiO> and also increased with the doping concentration. The particle sizes of 0.25NbTi,
0.25TaTi and 0.25WTi are measured as 10.0 = 2.0 nm, 7.9 = 1.2 nm and 7.2 + 2.8 nm,
respectively (average on 15 particles).

Figure 3.7: SEM images of the M-doped TiO2: (a) and (b) for the M-doped samples; (c) and (d) for
the M-doped samples; (e) and (f) for the M-doped samples.

To obtain the molar ratio of M/Ti, SEM-EDX was performed based on a large area
in the SEM image of each sample. The result (Table 3.4 and Table S3.1, Page 194) indicates
that the molar ratio of Nb/Ti, Ta/Ti and W/Ti for the specific M-doped sample is close to the
value that we expected from the synthesis (0.25 or 0.1).

Figure 3.8 a presents the N> adsorption-desorption isotherms and pore size
distributions for TiO, and the M-doped samples. All samples present a type IV isotherm,?
with a hysteresis of type H2 2! appearing in the relative pressure range between 0.4 to 0.8.
This confirms a common mesoporous structure of all the M-doped TiO.. In addition, as
shown in Figure 3.8 b, the pore sizes of all the M-doped TiO> are between 3 nm and 5 nm,
which is highly similar to that of the TiO>. Thus, with the presence of cation, the higher
calcination temperature (500°C 12h) does not influence the pore size of the M-doped
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samples. On the other hand, it is observed that the specific BET surface areas of all the M-
doped samples are smaller than that of TiO., and also decrease with the doping concentration.
This could be due to the increase in the particle size of the M-doped samples. In Chapter 2,
the difference between TiO2 and 0.25NbTi in terms of particle size and BETssa are ascribed
to their different initial annealing conditions (400°C 2h for TiO, and 500°C 12h for
0.25NbTi). Here, by comparing the results between 0.1MTi and 0.25MTi, we can conclude
that the M-doping itself also contributes to increasing(decreasing) the particle size (BETssa ).

Table 3.4: The molar ratio of M/Ti determined by SEM-EDX, BET specific surface area (BETssp),
and bandgap of the M-doped TiO;

Sample ID M/Ti (SEM-EDX) BETssa / m2.g7 (+ 8.0) E, (V)
TiO, 191 3.06
0.1NbTi 0.10 168 3.04
0.25NDbTi 0.22 128 3.08
0.1TaTi 0.09 171 3.02
0.25TaTi 0.20 143 3.03
0.1WTi 0.09 148 2.97
0.25WTi 0.22 144 2.92
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Figure 3.8: N2 sorption isotherms (a) and pore size distribution(b) for TiO, and M-doped TiO».

3.1.4 Optical property

The UV-vis spectra of each M-doped sample were recorded by the same procedure
as described in Chapter 2 and are presented in Figure 3.9 a using the Kubleka-Munk
equation. Their bandgap energy (E,) evaluated based on the Tauc plots (Figure 3.9 b) are
summarized in Table 3.4.

Slight shifts of the absorption edge are observed on the M-doped samples, depending
on the type and doping concentration of the cation. The differences in E, value of the Nb-
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doped and Ta-doped samples with that of TiO> are less than 0.04 eV, indicating a non-
significative modification of the band gap structure due to Nb or Ta-doping. The absorption
edge of the W-doped samples is more clearly shifted to the longer wavelength, and the E,
values of 0.1WTi and 0.25WTi are determined as 2.97 eV and 2.92 eV, respectively. This
reduction of the band gap due to the W-doping, may be attributed to a lower CB formed by
the hybridization of W 5d and Ti 3d orbitals.

Besides the band gap absorption, a slight absorption between 400 nm and 500 nm is
observed on the Nb-doped and W-doped samples, and the absorption intensity increases with
the doping concentration. As discussed in Chapter 2, this absorption was ascribed to energy
states below CBB due to the lattice distortion caused by the cation-doping.?>?® However, the
same type of absorption does not appear on the Ta-doped samples, although it has a lattice
expansion similar to the Nb-doped samples and larger than W-doped samples according to
the XRD results. A hypothesis could be that these energy levels inducing a small visible
absorption are determined by the energy level of the cation d orbital. Theoretically, Ta 5d is
located at a higher energy level than Nb 4d and W 5d.° Thus, the energy levels due to the Ta-
doping may be above the CBB for the Ta-doped TiO-.

5
(a) —— 0.25WTi
. - - - 0.1WTi
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Figure 3.9: (a) UV-visible absorption spectra of TiO, and the M-doped samples (300 to 800 nm).

(b) Tauc plots of (F(R).hv)"2 vs (hv) for estimating the indirect band gap of each sample. (The inset

shows a zoom-in view of the area enclosed by the dashed box. For readability purposes, the inset
in (b) only shows the band gap determination of 0.25MTi samples)

3.1.5 Surface chemical composition by XPS

The surface chemical composition of the M-doped samples was analyzed by XPS
and compared to that of TiOz. The signals of C 1s, O 1s, and Ti 2p can be easily identified
on the survey spectra for all the samples (Figure S3.5, Page 195). All the peaks are calibrated
with the peak C 1s A (285 eV). The signals of Nb 3d, Ta 4d, and W 4d are also visible on the
samples doped with the specific cation. However, it is difficult to observe the signal from N
on the survey spectra due to its low concentration and low sensitivity.
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In the O 1s spectral region (Figure S3.6 a, Page 195), all the M-doped TiO> present
the same characteristic peaks as TiO2, which are assigned to lattice oxygen (O Is A) and
surface oxygen species (O 1s B), respectively. Figure S 3.6 b (Page 195) presents the Ti 2p
region of the M-doped samples and TiO». For all the samples, a doublet with the binding
energies 0f459.0 £ 0.1 eV and 464.8 + 0.1 eV is observed, which corresponds to the Ti 2p3.
and Ti 2p1,2 of Ti*'.?* This suggests that when Nb, Ta or W is introduced into the TiO; lattice,
the chemical environment of titanium remains the same as that of TiO,. However, in Chapter
2, a small signal corresponding to Ti*" has been observed on 0.25NbTi, as reminded in the
magnification on Ti 2p in Figure S3.7, Page 196. This small amount of Ti*" could be
produced during the XPS analysis in the vacuum environment. Previous studies have also
reported the appearance of Ti*" after vacuum treatment.?>?® Interestingly, the signal of Ti**
was not observed on TiO2, 0.25TaTi and 0.25WTi, for which the data points completely
coincided with the fitted curve using only Ti*" contribution. We hypothesize that the
hybridization between Nb 4d and Ti 3d orbitals may facilitate the transfer of electrons to Ti
sites, reducing Ti*" into Ti*".

A doublet in the Nb 3d region (Figure 3.10 a) is identified for 0.25NbTi, with a
binding energy of 207.7 eV and 210.8 eV. These peaks are assigned to Nb 3ds, and Nb 3ds.2
for Nb>* 2" The Ta 4d region (Figure 3.10 b) of 0.25TaTi exhibits a doublet at 230.3 eV and
241.8 eV, corresponding to Ta 4ds;» and Ta 4ds of Ta’" species.?® Figure 3.10 ¢ shows the
W 4d region of 0.25WTi, in which the doublet at 247.6 and 260.4 eV is observed. These two
characteristic peaks are assigned to W 4ds» and W 4ds2 of W' species.?® The results indicate
that the oxidation states of Nb, Ta and W do not change during the doping process compared
to the cation precursors (NbCls, TaCls and WCls) used for synthesis.

Figure 3.10 d shows the N 1s spectral regions. A common peak at 400.5 0.2 eV (N
Is A), which can be attributed to surface chemisorbed nitrogen or nitrogen in the interstitial
position (Nj), is observed for all the samples.3*3! For the spectrum of 0.25NbTi An additional
broad peak at 395.2 eV is observed, and this peak is attributed to the satellite peak of Nb
3p.32 Besides, a broad peak is also present in the N 1s spectral region of 0.25TaTi, with a
binding energy at 404.7 eV. This peak is not attributed to any N species but to the
contribution of Ta 4p,3® which appears in the same binding energy range as N 1s. The atomic
concentration of N for TiO», 0.25NbTi, 0.25TaTi and 0.25WTi is calculated as 0.2%, 0.2%,
0.5% and 0.9%, respectively. It is noteworthy that the intensity of the N1s A peak of the
0.25WT1 is higher than that of the other samples. This might be due to that the surface of the
0.25WT1 is more favorable for the adsorption of nitrogen impurities, or some N species from
the nitric acid used for the synthesis remain in the W-doped sample.
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Figure 3.10: XPS spectra of Nb 3d region for 0.256NbTi (a); Ta 4d region for 0.25TaTi (b); W 4d
region for 0.26WTi (c); N 1s region for TiO2 and M-doped samples (d). (Black points are the
experiment data, red lines are the fitted signals, blue, green, and cyan lines are different
contributions).

3.1.6 Identification of defects in M-doped samples by EPR

To investigate the possible defects introduced by the cation doping, EPR spectra of
the 0.25MTi samples were recorded at 100K, as shown in Figure 3.11. The high-resolution
spectra obtained by peak-to-peak normalization are presented in Figure 3.11 b. As already
discussed in Chapter 2, the undoped TiO: presents 3 types of broad signals, corresponding
to NO species captured at the surface (indicated by *),**® oxygen vacancy Vo' (sharp signal
indicated by A), *% and the N species in a [O-Ti*-N*-Ti*'] unit (indicated by | ).* For
0.25NbTi, a small contribution of Ti*" is observed, which confirms the XPS result. On the
other hand, the signal of Vo' is not observed. The evolution of Ti** and Vo' favors balancing
the additional positive charge brought by Nb>*. For 0.25TaTi and 0.25WTi, no signal of Ti**
is observed, and the contribution of NO species is noted to increase and almost hide the
signal of Vo' compared to that of TiO; indicating a decreased Vo' concentration for these
cation-doped samples. Besides, The results are consistent with the XPS results, where a
higher atomic proportion of N is determined for 0.25TaTi and 0.25WTi. In addition, signals
with the g value of 1.80 and 1.64 (indicated by +) are observed on 0.25WTi (Figure 3.11 a),
which could be attributed to the W>*3%4% Since W*" was not detected by XPS, we suppose
that the amount of W°* is extremely low, or it is located mainly in the bulk.

According to the EPR results, we can conclude that doping with cation reduces the
concentration of Vo' in the M-doped TiO, materials. Depending on the cation type, other
defects, such as Ti*" (0.25NbTi), NO species (0.25TaTi and 0.25WTi), and W>* (0.25WTi),
could be also involved in the charge compensation scheme for the M-doped TiO».
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Figure 3.11: EPR spectra for TiO2 and M-doped TiO» samples: (a) large range spectra and (b)
high-resolution spectra with peak-to-peak normalization.

3.2 Conclusion on the M-doped TiO:

Following the sol-gel synthesis method described in Chapter 2, the M-doped TiO2
materials were successfully synthesized with Nb, Ta, and W. The influence of the cation type
and doping concentration on the properties of the resultant M-doped samples was
systematically studied. Generally speaking, all the M-doped TiO> present a uniform
spherical morphology similar to that of TiO,. It is observed that the particle size of TiO:
nanoparticles for a specific M-doped sample increases with cation doping concentration,
leading to a slight decrease in the BET specific surface area.

The XRD results confirm the inhibition of the rutile phase formation due to the
introduction of cation. This inhibition effect is observed to be more significant on the W-
doped TiO», and it is also enhanced with increasing cation doping concentration. Besides, a
technique of in-situ TDXRD analysis was developed for better understanding the evolution
of the crystal structure for the specific M-doped samples as a function of temperature. It is
shown that all the M-doped TiO2 present a higher phase transition temperature compared to
TiOz. For the M-doped TiO; with the same doping concentration, the values of 7pr follow
the order: W>Ta>Nb. On the other hand, the observed phase segregation indicates a limited
solubility of cations in the TiO; lattice at high temperatures. Although the current in-situ
TDXRD may overestimate the value of 7pr and Tps due to the limited time at each
temperature step, the results could be used to optimize the calcination conditions for the
synthesis of TiO2 materials.
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According to the UV-vis spectra results, doping with Nb or Ta has hardly an impact
on the band gap structure of the resultant TiO> materials. On the contrary, the band gap of
the W-doped TiO> was reduced to 2.79 eV (0.1WTi) and 2.72 eV (0.25WTi). Besides, a slight
absorption between 400 to 500 nm is observed on the Nb-doped and W-doped samples but
not on the Ta-doped samples. It is hypothesized that these new energy states are located
above the CBB for the Ta-doped TiO,. The EPR results suggest a decrease of the Vo' in all
the M-doped TiO», which is favored by the compensation of the additional positive charge
brought by the cation dopants.

3.3 Characterizations of the (M,N) co-doped samples

The (M,N) co-doped samples were prepared by conducting a nitridation process on
the M-doped sample and according to the parameters in Table 3.1 to obtain mild and harsh
conditions. In Chapter 2, it is found that the initial presence of Nb influences significantly
the nitridation process and results in properties different from that of undoped TiO». In this
part, to highlight the role of cation type in determining the properties of the resultant (M,N)
co-doped TiO2 material, we mainly focused on the characterizations of the samples with high
cation concentration (M/Ti=0.25), while the samples 0.1NbNTi, 0.1TaNTi and 0.1 WNTi are
mainly discussed in terms of optical properties.

3.3.1 Crystal structure by XRD

The crystal structures of the (M.N) co-doped materials were studied by XRD (Figure
3.12). There is no significant difference between the diffractograms of the co-doped samples
and their counterparts before nitridation. All the co-doped samples still present the
characteristic peaks corresponding to anatase. As shown in Chapter 2, 3.1, the XRD results
of the N-doped TiO, proved that doping with nitrogen could facilitate the phase transition
from anatase to rutile. Therefore, the effect of M cation and nitrogen are antagonistic to each
other. Our result confirms that for all the (M,N) co-doped TiO2 samples, the anatase to rutile
phase transition does not occur during the nitridation process. This indicates the effect of
cation prevails over the one of nitrogen under the current experimental conditions and that
the presence of the cation in the lattice of TiO: is essential to limit the phase transition from
anatase to rutile in the (M.N) co-doped TiO> materials.

The crystallite sizes 7 and the interplanar spacing of the anatase (101) of all the
samples were calculated using the Debye-Sherrer formula (eq. 3.1) and the Bragg formula
(eq. 3.2), respectively. The results are summarized in Table 3.5

KA

T= Be0s®) (eq 3.1)
p)
d= i@ (eq 3.2)
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Here K is a correction factor (K = 0.89 for the spherical particles); 4 is the X-ray
wavelength (Cu K, X-rays source, L =0.15418 nm); B is the peak full width at half maximum
(FWHM) and @ is the angle of the diffraction peak considered.
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Figure 3.12: XRD patterns of TiO,, M-doped and co-doped samples: (a) full range and (b)
magnification on anatase (101) peak.

Table 3.5: Crystallite size (D) determined by Debye-Sherrer equation, interplanar spacing of
anatase (101)(d101) determined by Bragg formula and BET specific surface area for the different
(M,N) co-doped TiO> samples.

Sample D (nm) ( 0.1) dior (A) (& 0.005) BET (m>.g") (+ 8.0)
TiO, 5.3 3.499 191
0.25NbTi 8.4 3.528 128
0.25NbNTi-m 9.2 3.523 120
0.25NbNTi-h 9.3 3.530 114
0.25TaTi 8.8 3.520 143
0.25TaNTi-m 8.6 3518 127
0.25TaNTi-h 9.2 3.520 115
0.25WTi 9.9 3.527 144
0.25WNTi-m 11.2 3.527 137
0.25WNTi-h 11.3 3.528 133

The crystallite sizes of TiO2 and the M-doped TiO> determined by the Debye-Sherrer
equation (Table 3.5) are slightly larger than those determined by Rietveld refinement (Table
3.2). This is probably because the XRD patterns shown in Figure 3.3 were obtained with a
monochromated X-ray source. However, the same tendency is observed, that is, doping with
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cation resulted in a larger crystallite size. Compared to the respective M-doped samples, only
a slight increase in D is observed for the (M,N) co-doped TiO.. The d;9; shows no obvious
variation, and the result for the Nb-containing samples is also in good agreement with the
result of Chapter 2, 3.1. This indicates a non-significant change in the lattice parameters due

to the nitridation treatment.

3.3.2 Morphology study

Fig 3.13 presents the comparison of the pore size distributions between the M-doped
and (M,N) co-doped TiO> samples. The corresponding N> adsorption-desorption isotherms
are shown in Figure S3.8, Page 196. It is shown that all co-doped samples present the type
IV isotherm, with a hysteresis of type H2 in the relative pressure range between 0.4 and 0.8.
The slight decrease in the specific surface area (Table 3.5) observed for the co-doped
samples can be ascribed to the increase in the crystalline and particle size after nitridation.
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Figure 3.13: Distribution of pore diameter for the M-doped and (M,N) co-doped samples: (a) Nb-
doped and (Nb,N) co-doped samples. (b) Ta-doped and (Ta,N) co-doped samples. (c) W-doped
and (W,N) co-doped samples.

As discussed in Chapter 2 3.2.2, the pore diameter of TiO; was slightly enlarged due
to the nitridation treatment. Here, a similar phenomenon is observed on the (M,N) co-doped
TiOz. For the (Ta,N) and (W,N) co-doped samples, both mild and harsh nitridation (same
temperature but different duration) result in pore diameter enlargement. For the (Nb,N) co-
doped samples, only the mild nitridation leads to an increase in its pore diameter. Probably,
certain small pores may recombine into large ones during the nitridation process. However,
considering the tiny variation and the possible deviation in the measurement we cautiously
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state that the thermal nitridation process does not significantly change the pore structure of
the samples.

3.3.3 Optical properties

3.3.3.1 UV-vis spectra of samples subjected to the same
nitridation

First, we conducted nitridation of 0.25NbTi, 0.25TaTi and 0.25WTi samples under
the same thermal condition (350°C, 12h), and recorded the UV-visible spectra of the
resultant (M,N) co-doped TiO, powders in diffuse reflection mode. The absorption spectra
converted in Kubelka-Munk unit are shown in Figure 3.14. The TiO> powder and the N-
doped TiO; obtained under the same conditions (Ti02-350°C, 12h) are used as a reference.

Due to the limited thermal energy input, the N-doped sample only presents a slight
increase in absorption before 500 nm. It is shown that the cation type has a significant effect
on the light absorption properties of the resultant (M.N) co-doped samples. Compared to the
N-doped sample, the (Ta,N) co-doped sample does not show any additional light absorption.
However, both the Nb-doped and W-doped samples exhibit a significant increase in visible
light absorption. In more detail, the increased absorption for the Nb-doped TiO: is limited in
the range before 550 nm, while the W-doped TiO; presents absorption in the whole spectral
range. The results indicate that the efficiency of the nitridation treatment for improving
visible absorption of the (M,N) co-doped TiO: follows the order: (W,N) > (Nb,N) > (Ta,N).

5
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_ 0.25Ta-350°C,12h
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Figure 3.14: UV-visible absorption spectra of the different samples after the nitridation under the
same thermal condition (350°C, 12h).
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3.3.3.2 UV-vis spectra of (M,N) co-doped TiO: subjected to mild
and harsh nitridation

In order to have a better understanding of the influence of nitridation conditions and
the doped cations on the light absorption properties of the (M,N) co-doped TiO», all samples
have been systematically studied by UV visible spectroscopy. We aimed to visualize the
impact of the doping cation nature and concentration together with the nitridation condition.

The UV-Vis absorption spectra of the (Nb,N), (Ta,N) and (W,N) co-doped samples
are presented in Figures 3.15 a, 3.15 d, and 3.15 g respectively. For each (M,N) family, the
samples with 0.1 M/Ti and 0.25 M/Ti with nitridation under harsh and mild conditions are
reported. As indicated in Chapter 2, mild conditions correspond to the sample with an
increase of the visible absorption before 550 nm (yellow color) while harsh conditions
induce absorption at longer wavelength (>550 nm; dark color). As reported in Table 3.1 of
the experimental part of this chapter, after trying various combinations of temperature and
duration for the nitridation process, we realized that mild and harsh conditions differ for the
different (M,N) co-doped TiO, materials. For comparison purposes, in Figure 3.15, for each
family of (M,N) co-doped sample we also reported the spectra of the N-doped TiO» (NTi
samples) with similar mild and harsh conditions, as well as the one of the cation-doped
0.25MTi sample. The band gap energies of all the samples were calculated using the Tauc
plot (Figure 3.15 b, 3.15 e and 3.15 h) and summarized in Table 3.6. Optical images (Figure
3.15 ¢, 3.15 f and 3.15 i) visualize the change in color of the samples in each (M,N) family
with the nitridation conditions.

The (Nb,N) co-doped samples exhibit a higher visible absorption compared to the N-
doped samples under the same thermal conditions. When decreasing the initial Nb
concentration in TiO2, the visible absorption of 0. INbNTi-m and 0.1NbNTi-h is lower than
that of 0.25NbNTi-m and 0.25NbNTi-h respectively, indicating a positive correlation
between the doping concentration of Nb and the increase of visible absorption. It is shown
that the absorption before 550 nm is related to the decrease in bandgap which is due to
nitrogen doping. Under harsh nitridation conditions, the absorption is more intense in this
region, however, no reduction of the E, is observed for the 0.25NbNTi-h and 0.INbNTi-h
samples. Harsh nitridation conditions mainly increase the absorption at long wavelengths (>
500 nm) which was attributed in Chapter 2 to the generation of Ti*" sites.

For the (Ta,N) co-doped samples the mild and hash thermal conditions for nitridation
are determined as 450°C,1h and 450°C,12h respectively, which are slightly higher conditions
when compared to the corresponding (Nb,N) co-doped TiO> samples. Similar to the (Nb,N)
co-doped samples, a positive correlation between the doping concentration of Ta and the
increase of visible absorption is observed. However, the different point is that 0.1TaNTi-m
and 0.1TaNTi-h show no increase in visible absorption compared to the N-doped samples
under the same thermal condition. Two different £, values are observed on 0.1TaNTi-m and
NTi-450°C 1h, the higher value could be ascribed to the original band gap of TiO, and the
lower one may be due to the insufficient and non-homogeneous N-doping. As observed for
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(Nb,N) co-doped samples, for the same Ta concentration, no reduction of E, is observed on
the samples under harsh nitridation.
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Figure 3.15: UV-visible absorption spectra (a,d,g), Tauc plots (b,e,h) and optical images (c,f,i) of
the (Nb,N) co-doped samples subjected to mild (350°C, 12h) and harsh (450°C, 1h) nitridation (first
row), of the (Ta,N) co-doped samples subjected to mild (450°C, 1h) and harsh (450°C, 12h)
nitridation (second row), and of the (W,N) co-doped samples subjected to mild (250°C, 12h) and
harsh (350°C, 12h) nitridation (third row).

113



Chapter-3

For the W,N co-doped samples, the mild and harsh thermal conditions of nitridation
are defined as 250°C,12h, and 350°C,12h, respectively. This indicates that a lower energy
input is required for the nitrogen insertion, compared to the (Nb,N) and (Ta,N) co-doped
samples. Under these thermal conditions, the N-doped samples present a negligible increase
in visible absorption, with £, almost similar to TiO,. For the (W,N) co-doped TiO2, even
with a low doping concentration of W (0.1 WNTi-m and 0.1 WNTi-h), the visible absorption
is higher than that of the N-doped samples and this absorption increases with the doping
concentration of W. A reduction of E is observed on the (W,N) co-doped samples treated by
harsh nitridation. Especially, a difference in the E; value of 0.79 eV between 0.1 WNTi-m
and 0.1 WNTi-h is noted.

The above results indicate that the nitridation process has effectively extended the
absorption of the (M,N) co-doped TiO: into the visible region. For the samples in each (M,N)
family, two types of absorption spectra are observed depending on the thermal nitridation
condition: (i) mild nitridation results in visible absorption before 550 nm. (ii) harsh
nitridation further improves the absorption before 550 nm and also results in absorption after
550 nm. As discussed in Chapter 2 based on the (Nb,N) co-doped samples, the type-i
absorption was attributed to nitrogen doping. For type-ii absorption, the absorption after 550
nm was mainly due to the introduction of defects in the band gap (Ti*" and V,") after the
harsh nitridation. The results indicate that for both mild and harsh conditions for each (M,N)
family, the facility for N-doping follows the order: W>Nb>Ta.

In each family of the (M,N) co-doped TiO-, all the 0.25MNTi samples exhibit higher
absorption than 0.1MNTi, indicating an increasing cation concentration contributes to the
improvement of absorption. Due to the relatively lower ability of Ta to promote N-doping,
when the Ta concentration is low, 0.1TaNTi-m and 0.1TaNTi-h show almost the same
absorption spectra as the corresponding N-doped samples. This reminds us that the visible
absorption brought by the co-doping strategy strongly depends on the type of cation, the
doping concentration, and the nitridation conditions that must be studied systematically.

From the point of view of the band gap structure, the E, of all the (Nb,N) and (Ta,N)
co-doped samples is near 2.5 eV. Since the VBT of the (M,N) co-doped TiO; is formed by
the hybridization of O 2p and N 2p orbitals, it is reasonable to suppose that the N 2p states
distribute similarly in the case of (Nb,N) and (Ta,N) co-doping. On the other hand, the E,
values of the (W,N) co-doped samples are smaller, This may indicate a different distribution
of N 2p states in the (W,N) co-doped TiO> or a lowering of the CBM due to the W 5d orbitals.
An exception (0.1WNTi-m) with larger £, coud be explained by the insufficient N-doping
due to the low W concentration and nitridation temperature.

In addition, in the case of (Nb,N) and (Ta,N) co-doping under harsh conditions, the
intensity of absorption after 550 nm increases with the wavelength, while it decreases for
0.25WNTi-h. This may imply that the defects leading to longer wavelength absorption (>550
nm) in the (Nb,N) and (Ta,N) co-doped TiO2 may be different from that in the (W,N) co-
doped samples. Visually, both 0.25NbNTi-h and 0.25TaNTi-h exhibit a dark green color
(Figure 3.15 ¢ and f) while 0.25WNTi-h has a brownish color (Figure 3.15 i).
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Table 3.6: Band gap (Eg) determined by Tauc plot for the different samples.

Ti05 samples| Zx(€Y) [ [ N0 doped TiO2 | Ex(eV)| Tadoped TiO2 | - Ex(eV) \T’vig(;ped E. (eV)
(£0.05) | |samples (£0.05) | samples (£0.05) (£0.05)
samples
TiO; 3.06 0.1INbNTi 3.04 | 0.1TaNTi 3.02 0.1WNTi 2.97
NTi-250 12h 3.03 0.INbNTi-m 2.52 | 0.1TaNTi-m 3.19/2.50 J0.1WNTi-m 2.99
NTi-350 12h 3.01 0.1NbNTi-h 2.52 | 0.1TaNTi-h 2.42 0.1WNTi-h 2.20
. 0.25NbNTi 3.08 | 0.25TaNTi 3.03 0.25WNTi 2.92
NTi-450 Th |3.16/2.47 0.25NbNTi-m 2.44 | 0.25TaNTi-m 2.47 0.25WNTi-m| 2.26
NTi-450 12h 2.39 0.25NbNTi-h 2.50 | 0.25TaNTi-h 2.42 0.25WNTi-h 2.10
m: 350°C 12h m: 450°C 1h m: 250°C 12h
h: 450°C 1h h: 450°C 12h h: 350°C 12h

3.3.3.3 UV-vis spectra extended into the infrared region

Finally, we analyzed the UV-visible spectra extended to the infrared region for all the
mentioned samples. The objective is to detect possible defect energy states located in the
band gap, which may explain the difference in absorption at longer wavelengths.

The measurements were carried out between 300 to 2000 nm on the Perkin Elmer
Lambda 950 spectrophotometer equipped with a 100 nm integrating sphere. In order to
reduce signal noise in the infrared region, BaSO4 powder was used as a reference for
recording the baseline before the measurements of samples. The absorption spectra shown
in Figure 3.16 were obtained using the Kubelka-Munk equation.
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Figure 3.16 : (a) UV-visible absorption spectra recorded in the region of 300 to 2000 nm. (b)
magnification on the spectral region of 500 fo 2000 nm.

TiO2, 0.25NbTi, 0.25TaTi, as well as the associated (M,N) co-doped sample
subjected to mild nitridation, exhibit negligible absorption in the infrared region.
0.25NbNTi-h and 0.25TaNTi-h exhibit similar spectral features, where the absorption
increases with wavelength up to 2000 nm. The noise increases dramatically after 2000 nm
due to absorption from molecules in the air, so we were unable to determine the central
position of this absorption peak. However, this absorption is highly likely related to the
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transition from the occupied Ti*" energy state to the conduction band. In Chapter 2 we have
confirmed the presence of Ti*" in 0.25NbNTi-h by EPR characterization and according to
previous studies, the Ti*" energy levels are located ~0.8 to 0.5 eV below the conduction
band.*** On the current UV visible IR spectra, the center of this transition is at a wavelength
higher than 2000 nm (corresponding to energy transition < 0.62 eV).

All the W-containing samples present a broad peak centered on 1300 nm
(corresponding to 0.95 eV), and a decrease in this peak intensity is observed for 0.25WNTi-
m. We speculate that this absorption may correspond to another type of defect lying deeper
in the bandgap of the W-containing TiO», and the concentration of this defect may be reduced
by the "mild" nitridation treatment. As indicated by the EPR result of the W-doped TiO», we
hypothesize that this defect state may related to the W>".

3.3.3.4 Conclusion on UV-vis spectra

In this part, we have thoroughly characterized the absorption properties of the
synthesized (M,N) co-doped TiO,. The effect of the type and doping concentration of the
cation, together with the nitridation conditions on the absorption behavior was analyzed. It
is shown that the (M.N) co-doping strategy has successfully extended the absorption of TiO2
materials into the visible region. By adjusting the nitridation conditions, the two different
types of absorption features are observed on all the (M,N) co-doped TiO> samples. The mild
and harsh conditions determined for each (M,N) family differ and indicate that the ability to
promote on the N-doping follow the order W>Nb>Ta. Besides, it is shown that an increasing
cation concentration improves absorption of the resultant (M,N) co-doped TiOx.

The (Nb,N) and (Ta,N) co-doped TiO> show a similarity in absorption behavior. The
band gap for all the (Nb,N) and (Ta,N) co-doped samples is ~2.5 eV, which is slightly larger
than that of the (W,N) co-doped samples. The hypothesis behind this difference is that the N
2p states in the (W,N) co-doped TiO: are probably higher in energy than that in the (Nb,N)
and (Ta,N) co-doped samples or the CB minimum is lowered by the W 5d orbitals.
Furthermore, the similarity of the absorption spectra between the (Nb,N) and (Ta,N) co-
doped samples is also observed in the infrared region. With the harsh nitridation, both of
them present an absorption increase with wavelength from 500 to 2000 nm, which is
attributed to Ti*". On the other hand, the W-containing samples present a different behavior
with a broad absorption peak at 1300 nm, which is hypothesized to be related to the
generation of W°* observed by EPR.

3.3.4 Surface chemical composition by XPS

The surface chemical compositions of the (M,N) co-doped TiO, samples subjected
to mild and harsh conditions were characterized by XPS and compared to the corresponding
M-doped samples before nitridation. The atomic concentrations of the different elements are
summarized in Table 3.7.
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Figure 3.17: XPS spectra of Nb 3d (a) and N 1s (b) for the Nb-doped and (Nb,N) co-doped
samples. XPS spectra of Ta 4d (c) and N 1s (d) for the Ta-doped and (Ta,N) co-doped samples.
XPS spectra of W 4d (e) and N 1s (f) for the W-doped and (W,N) co-doped samples. (Red lines are
the fitted signals, blue, green, cyan lines are the different contributions).

Figure 3.17 a, 3.17 ¢ and 3.17 e presents the spectral region of Nb 3d, Ta 4d, and W
4d for the (M,N) co-doped samples of 0.25NbNTi, 0.25TaNTi and 0.25WNT1i, respectively.
It is shown that all the (M,N) co-doped TiO, present the same characteristic peaks as their
respective M-doped samples. The observed doublet is attributed to Nb>*, Ta>* and W®,
respectively. This suggests the stability of the cation during the nitridation. Figure S3.9 and
S3.10, Page 197, show the Ti 2p region of the (Ta,N) and (W,N) co-doped TiO> (For the
(Nb,N) co-doped samples, please see Chapter 2, Figure 2.11 b). It is observed that a small
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contribution of Ti*" appears on the (Ta,N) co-doped samples, the ratio of Ti** to total Ti
increases with nitridation condition (1.3% for 0.25TaNTi-m, 3.3% for 0.25TaNTi-h). This
confirms again a similar behavior for the (Nb,N) and (Ta,N) co-doped samples. For all the
M-doped and (M,N) co-doped TiO3, the atomic ratio M/Ti is higher than the theoretical value
(0.25), indicating a possible surface enrichment of cation.

Figure 3.17 b, 3.17 d and 3.17 f present the spectral region of N 1s for the 0.25NbNTi,
0.25TaNTi and 0.25WNTi samples, respectively. The broad peaks that appear in Figure 3.17
b (395.2+ 0.1 eV) and Figure 3.17 d (404.8+ 0.1 eV) are attributed to the Nb 3p satellite
peak and Ta 4p3., respectively. It is shown that the nitrogen species in a specific co-doped
sample is determined by the type of cation as well as the associated thermal condition of
nitridation. The co-doped samples under mild nitridation (0.25NbNTi-m, 0.25TaNTi-m and
0.25WNTi-m) present an increase of peak N 1s A with a binding energy of 400.5+ 0.3 eV,
indicating the presence of surface nitrogen or in interstitial sites.*>3! However, an additional
contribution of N 1s B, located at 395.6 eV, is also observed on 0.25TaNTi-m, indicating the
appearance of substitutional nitrogen in this sample.** This may be ascribed to the higher
thermal nitridation temperature for 0.25TaNTi-m (450°C) compared to 0.25NbNTi-m
(350°C) and 0.25WNTi-m (250°C).

Table 3.7: Surface atomic concentrations of the M-doped and (M,N) co-doped samples.

Sample N % Nb % Ta % W % Ti % NM M/Ti
0.25NbTi 0.2 6.4 18.8 0.03 0.34
0.25NbNTi-m 0.8 6.7 19.1 0.12 0.35
0.25NbNTi-h 1.3 6.6 18.5 0.18 0.36
0.25TaTi 0.5 7.1 16.1 0.07 0.44
0.25TaNTi-m 3.6 74 17.0 0.49 0.44
0.25TaNTi-h 3.9 6.7 15.8 0.58 0.43
0.25WTi 0.9 6.1 18.8 0.15 0.32
0.25WNTi-m 1.6 6.1 18.1 0.26 0.34
0.25WNTi-h 1.9 6.2 18.9 0.31 0.33

For the (M,N) co-doped samples under harsh nitridation (0.25NbNTi-h, 0.25TaNTi-
h and 0.25WNTi-h), both characteristic peaks of N 1s A and N 1s B are observed, further
confirming that formation of substitutional nitrogen requires a higher thermal energy input.
In addition, the binding energy of the N 1s B peak for 0.25WNTi-h (397.2 eV) is observed
to be higher than that for 0.25NbNTi-h (396.8 eV) and 0.25TaNTi-h (395.9+ 0.3 eV), which
may be attributed to the stronger electronegativity of W than that of Nb and Ta.** Additionally,
when comparing the spectrum of 0.25TaNTi-m and 0.25TaNTi-h, it is interesting to notice a
decrease of N 1s A, while the N 1s B increases. This may suggest a transformation from
interstitial nitrogen to substitutional nitrogen promoted by the harsh nitridation treatment.

Based on the information presented in Table 3.7, an increase in the N/M ratio is
observed on all the (M,N) co-doped samples compared to the respective M-doped TiO»,
indicating a successful N-doping through the thermal nitridation process. It should be noted
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that the amount of N before nitridation is different for the different cations. It might be
explained by a different surface chemistry brought by the different cations. By comparing,
the (Nb,N) co-doped and (W,N) co-doped samples, the amount of N and the N/M ratio in the
case of W as expected by the +VI charge of tungsten but this ratio remain far below the
theoretical ones (1 for (Nb,N); 2 for (W,N)). However, a more significant increase in N
amount is observed on the (Ta,N) co-doped samples (3.1% and 3.4% after the mild and harsh
nitridation), which is unexpected. Since the (Ta,N) co-doped samples show lower absorption
compared to the (Nb,N) and (W,N) co-doped TiO», the total amount of N is expected to be
lower. This is very likely due to the interference of the Ta 4p peak (Figure 3.17 d) in the
data fitting, resulting in an overestimated N amount.

In summary, the XPS results have confirmed a successful nitrogen insertion for the
(M.N) co-doped TiO: through the thermal nitridation process. The cations were kept at their
highest oxidation states. A slight contribution of Ti** was found on the (Nb,N) and (Ta,N)
co-doped samples but not on the (W,N) co-doped samples. No new types of defects were
detected by XPS. Thus, to correlate the different absorption behaviors and the possible
defects in different samples, EPR analysis is supplemented in the following part.

3.3.5 Defects identification in the (M,N) co-doped TiO: samples

Figure 3.18 presents the EPR spectra of all the 0.25 M/Ti samples before and after
nitridation (mild and harsh). Figure 3.18 a represents the signal normalized by the mass of
the sample for semi-quantitative comparison and Figure 3.18 b is the high-resolution spectra
with peak-to-peak normalization. First of all, a similarity of the spectral features between
the Nb-containing and Ta-containing samples can be noticed on the large spectra in Figure
3.18 a. Both 0.25NbNTi-m and 0.25TaNTi-m keep a low overall intensity of the signals as
0.25NbTi and 0.25TaTi and TiOz. This suggests that the mild nitridation has little effect on
the overall amount of paramagnetic defects in the samples and even reduces it slightly. The
overall intensity of the EPR signal of (Nb,N) co-doped samples remains lower than that for
(Ta,N) co-doped samples. For harsh conditions, a strong increase of the signal is observed
for (Nb,N) and (Ta,N) co-doped TiO: as discussed later on high-resolution spectra, this is a
composite signal that is composed of the signal of Vo' and a broad contribution attributed
to a variety of Ti*" states.

Different spectral features appearing depending on the nitridation conditions are
observed on W,N co-doped samples (Figure 3.18 a). Compared to 0.25WTi, the EPR signal
almost completely disappears for 0.25WNTi-m. For harsh conditions, the EPR signal
increases but to a lower extent when compared to (Nb,N) and (Ta,N) TiO, and the broad
signal of Ti** is not observed in this case. The signal assigned to W>" (indicated by +) is
observed on 0.25WTi and 0.25WNTi-h, but not on 0.25WNTi-m.3*4° Considering that the
former two samples exhibit more intensive absorption peaks at 1300 nm on their UV-visible-
IR spectra (as discussed in 3.3.3.3), we can now more confidently relate these intermediate
energy states to W>".
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Figure 3.18: EPR for TiO2, M-doped TiO», and (M,N) co-doped TiOz: (a) large range spectra
normalized by the mass of the sample, (b) high-resolution spectra with peak-to-peak normalization.

The high-resolution spectra (Figure 3.18 b) show the effect of nitridation on defect
evolution for different (M,N) co-doped TiO». As discussed in 3.1.6, the signals observed for
M-doped samples mainly originate from NO species (indicated by *). This signal is higher
for 0.25WTi in coherence with the XPS results. Besides, a reduction of the signal intensity
of Vo' (indicated by A) and a slight contribution of Ti** (e) (for 0.25NbTi) are observed.
These defect variations are beneficial to compensate for the additional positive charge
brought by the cation-doping.

Among the (M,N) co-doped samples, a similar evolution of defects with the
nitridation condition is found for (Nb,N) and (Ta,N) co-doped TiO-. In both cases, after the
mild nitridation, the signal of Vo' is observed to be stronger than that of the Nb and Ta-doped
samples, and a slight signal of Ti** appears at the g value of 1.985 (). However, it is noted
that the overall concentration of the defects remains comparable to their M-doped
counterpart, as illustrated on the large range spectra. Under the harsh nitridation, besides the
significant increase in the overall signal intensity (as shown in the large spectra), it is
observed that the signal of Ti** (e) is stronger than that of Vo', accompanied by a broad
signal corresponding to Ti’" in different sites appearing for both 0.25NbNTi-h and
0.25TaNTi-h. The results indicate a significant increase in the amount of Ti*" after the harsh
nitridation, which is consistent with the XPS results.
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On the other hand, both 0.25WNTi-m and 0.25WNTi-h present the only signal of
Vo', and the signal intensity is lower than their (Nb,N) and (Ta,N) counterpart. This implies
a different charge compensation scheme in the case of (W,N) co-doping, in which Ti** is
absent. Although W>" is detected, it cannot compensate for the additional positive charge
due to the introduction of W®" and the generation of Vo', since the number of N-dopants in
the (W,N) co-doped samples is expected to be similar to that of the (Nb,N) co-doped samples
(according to M/Ti values determined by XPS). Thus, another mechanism involving
unidentified species such as cation vacancies could be involved in the case of (W,N) co-
doping.

3.4 Conclusion on the (M,N) co-doped samples

The (M,N) co-doped TiO2 materials were successfully synthesized by conducting a
post-thermal nitridation in ammonia atmosphere based on the corresponding M-doped TiO>
samples. In each (M,N) family, the nitridation condition was adjusted by a trial-error process
to become mild and harsh, respectively. As the observation in Chapter 2 in the case of (Nb,N)
co-doped samples, the mild and harsh nitridation led to a yellow and dark color, respectively.
It is shown that the nitridation process does not change the phase structure of the TiO>
materials with the pre-presence of the cation (M/Ti-0.25). All the (M,N) co-doped samples
crystallized in pure anatase phase, as the respective M-doped sample. Since we have
concluded that the cation doping suppresses the phases transition from anatase to rutile
(XRD results in 3.1.1 and in-situ XRD results in 3.1.2) while thermal nitridation promotes
the increase of rutile (XRD results in Chapter 2, 3.1), the current results confirm a dominant
role of cation in determining the phase structure of the (M,N) co-doped TiO,. Compared to
the M-doped TiO,, modification of the morphology of the (M,N) co-doped samples by the
nitridation process is limited. A slight increase in crystallite size (variation < 14.1%) is
observed on the (M,N) co-doped samples, leading to a small loss of specific surface area
(variation < 19.5%). In summary, by controlling the thermal condition for the air-annealing
and nitridation process, all the produced (M,N) co-doped TiO> materials have a similar
crystal structure and morphology.

The absorption properties of the synthesized (M,N) co-doped TiO> were
characterized by UV-vis spectroscopy. As the (Nb,N) co-doped samples, two different types
of absorption features are also observed on all the (Ta,N) and (W,N) co-doped samples. Mild
nitridation resulted in an increase of visible absorption before 550 nm (yellow color), which
is ascribed to N-doping. Harsh nitridation resulted in an increased visible absorption
intensity with absorption that appeared after 550 nm (dark color), which is mainly attributed
to the generation of defect states in the band gap. By comparing the absorption spectra of
the (M,N) co-doped samples subjected to the same nitridation condition (350°C 12h), and
the thermal energy input required for each (M,N) family to present yellow and dark color,
we have concluded that the N-doping is promoted by the cation following the order:
W>Nb>Ta. Besides, a positive correlation between the cation concentration and the visible
absorption intensity of the co-doped sample was observed. The (Nb,N) and (Ta,N) co-doped
samples show similar absorption behavior, with a band gap of ~2.5 eV. However, the (W,N)
co-doped TiO> present a shorter band gap (2.26 eV for 0.25WNTi-m, 2.1 eV for 0.25WNTi-
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h), which may be due to a different distribution of N 2p states or the lower energy of W 5d
orbital. Besides, in the infrared region, an absorption that is expected to be related to Ti** is
observed on the (Nb,N) and (Ta,N) co-doped samples after harsh nitridation. The W-
containing samples present a different signature with a broad absorption peak at 1300 nm,
which can correspond to deeper states attributed to W>*.

The XPS results confirm a successful nitrogen insertion into the (M.N) co-doped
TiO, through the nitridation treatment, and the formation of substitutional nitrogen requires
a more harsh condition compared to that of interstitial nitrogen. The (W,N) as an increased
amount of N compared to (Nb,N) samples. The EPR results confirmed a different behavior
for the (W,N) sample: while Ti** was generated under the harsh nitridation for Nb and Ta-
based samples, which is considered responsible for the absorption after 550 nm, for the (W,N)
co-doped samples, the signal of Ti*" is absent regardless of the nitridation condition.
Therefore, the charge compensation scheme for the (W,N) co-doping may involve Vo', W>*
and cation vacancies.

4. In-situ characterization of UV-visible properties during
the thermal treatment.

As demonstrated, earlier in this chapter, the thermal treatment conditions depend on
the cation and so far mild and harsh conditions have been determined by the trial-error
method. Therefore, we tried to develop an in-sifu method based on UV-spectroscopy, to
monitor the change in the sample spectral properties during the annealing or nitridation
processes in order to determine more precisely the critical temperature for nitrogen insertion
and Ti*" defect generation and also to understand the thermodynamic behind these processes.

4.1 Experimental section

4.1.1 Apparatus

In-situ temperature-dependent spectra were obtained by recording the UV-visible
spectra of the sample at different temperatures and under different atmospheres. The
measurements were conducted in the 300-800 nm wavelength range using a Perkin Elmer
Lambda 950 UV-vis spectrophotometer (Figure 3.19 a) equipped with a Diffuse Reflectance
Accessory (Harrick, Praying Mantis). The sample is placed in a high-temperature reaction
chamber (Harrick, Figure 3.19 b). The gas inlet and outlet are located on the top and bottom
of the sample respectively, to force the gas to pass through the powder. In our experiment,
air, nitrogen or ammonia were sent into the cell with a flow rate of 20 mL.min™" and a
vacuum was used to purge between these gases. The temperature control of the heating disc,
placed below the chamber, is monitored with a K-type thermocouple.
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Figure 3.19 : Schematic representation of the in-situ chamber and its different components

4.1.2 Calibration of temperature

The temperature indicated on the temperature controller was directly measured on
the heating element by the thermocouple. However, our mesoporous TiO2 has a low thermal
conductivity, thus the actual temperature of the sample could be lower. Since the exact
temperature of the sample surface is essential to determine the optimal thermal condition, it
needs to be calibrated.

First, the temperature indicated by the temperature controller was calibrated using
two nickel-based alloys with Curie temperatures of 163°C and 353°C, respectively. Below
the Curie temperature, the material is ferromagnetic, and above it becomes paramagnetic.*®
The transition between paramagnetic and ferromagnetic states is extremely precise in
calibrating the temperature. The alloy was placed in the sample chamber and the temperature
was increased to 500°C (set on the temperature controller) to ensure the alloy becomes
paramagnetic. After fixing a magnet on the upper surface of the lid (Figure 3.20 a), the
temperature of the heating disc was decreased with a ramp of 2°C.min’!. At the moment
when the alloy jumped onto the magnet, the temperature on the controller was recorded for
the calibration (190°C and 400°C the blue triangles in Figure 3.20 c).

Temperature calibration was also carried out by directly measuring the temperature
of the sample powder with another thin K-type thermocouple (Figure 3.20 b) whose probe
was carefully inserted into the TiO2 powder surface. Then, several points in the range of
100°C to 600°C (set on the temperature controller) were checked, and the data directly
measured by the thermocouple are shown in Figure 3.20 ¢ (black points). Below 400°C (set
on the controller), the measured temperature follows a linear relationship and the real
temperature is =~12% lower than the one of the controller. While above 400°C, the measured
temperature deviates slightly below. The temperature discussed in the following parts is the
calibrated temperature indicating the surface temperature of the sample.
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Figure 3.20 : Principle of temperature calibration by the Curie point of a magnet (a) and with a
second thermocouple (b) and calibration curve (c)

4.1.3 Data treatment

To describe the evolution of in-situ diffuse reflectance (DR) spectra with temperature
for the different samples, the following values were extracted from the obtained spectra: 1)
Ry, the reflectance value at a given wavelength A. This parameter is used to follow the high
wavelength absorption associated with the defects that lead to dark color. ii) Ag, the
wavelength corresponding to a given reflectance value of R. This parameter is mainly used
to show the shift of the absorption edge with temperature, more or less representative of the
bandgap evolution.

4.2 Results and discussion

4.2.1 Cleaning pre-treatment

The in-situ DR spectra of TiO2 and M-doped TiO> were first measured in air flow (20
mL.min"). The first spectrum was recorded at room temperature (~22°C), then the
temperature was increased up to 527°C (600°C on the temperature controller) with a ramp
of 10°C.min"". During this heating program, the spectra were recorded each 10min. Then,
the heating was stopped and the spectrum was recorded again at room temperature.

Figure 3.21 a and Figure 3.21 b-d show the in-situ DR spectra of TiO, and M-doped
TiOz. At room temperature, the absorption edge for TiO2, 0.25NbTi, 0.25TaTi and 0.25WTi
is observed at 394 nm, 389 nm, 390nm, and 406nm, respectively. During the heating process,
a red-shift of the absorption edge with the temperature increase is observed for all the
samples. This temperature-dependent behavior is a typical semiconductor characteristic,
which was also observed on other materials such as Ge, InP, InAs and BaTiO3.46-%8 A general
explanation for this phenomenon is that the lattice vibration increases with the temperature,
leading to larger interatomic spacing in the semiconductor lattice. Besides, the electron
mobility increases with temperature, as a consequence the energy required for the electron
to cross the bandgap decreased.**>
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Figure 3.21 : The in-situ DR spectra of TiO; (a) and M-doped TiO- (b-d) during the heating
program in air. Extracted values of Aso (€) and Rsoo (f) as a function of the temperature. (Thick black
lines are the spectra recorded at room temperature before heating; thick red lines are the spectra

recorded after heating at room temperature)

An unexpected absorption is observed in the temperature range of 198°C to 373°C
for all the samples (Figure 3.21 e and f), although it is less visible for 0.25TaTi. Considering
that the current heating program was conducted under the air flow, we ruled out the
possibility of defect generation instead, we suppose that the observed absorption may be due
to contamination from the synthesis and/or adsorbed from the air. To verify our hypothesis,
the same heating program was performed again for the TiO2 sample. Figure 3.22 shows that
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the mentioned absorption disappeared, leaving only clear spectra that exhibit the evolution
of the band gap with temperature.
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Figure 3.22 : The in-situ DR spectra of TiO, during the heating program for the second time in air.

The TGA of the same samples indicated that the carbon species were removed in the
same temperature range (Figure S3.1). The above result confirms that the removal of
contamination is responsible for this feature. Therefore, in the following part to highlight the
effect of the nitridation process on the resultant DR spectra (detail), an air cleaning pre-
treatment was performed in-situ for all samples before sending ammonia.

4.2.2 In-situ observation of nitridation process

4.2.2.1 Experimental part

To determine more precisely the thermal nitridation condition facilitating N-doping
and the defects generation for TiO> and M-doped TiO» materials, in-situ DR spectroscopy
measurements were conducted under ammonia flow (20 mL.min!) and also under N, flow
(20 mL.min™") as a reference to take into account the shift of the absorption edge with the
increasing temperature. The heating program is illustrated in Figure 3.23 The sample was
first heated up to 527°C under air with a ramp of 10°C.min"!, (cleaning) cooled down, then
the chamber was purged and the DR spectra were recorded every 10 min during the heating
process under NH3 (or N) at 2°C.min"!. Then, the spectrum was recorded again when the
sample was cooled down to room temperature.

527 °C

Figure 3.23 : Heating program for nitridation process.
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To follow the evolution of TiO2 samples during the heating program, Aso and Rsoo are
used in the following part. An increase of A ¢0 without a significant change of Rgoo can be an
indication of N-doping in the interstitial position (yellow color appearance), while a
significant decrease of Rsoo could indicate the generation of Vo' and/or Ti*".

4.2.2.2 In situ nitridation of TiO:

Figure 3.24 a and b present the DR spectra of TiO> measured in N> and NH;3,
respectively. The values of Aso and Rsoo extracted from the spectra are presented in Figure
3.24 c and d, respectively. When TiO; is heated in N>, the absorption edge of the spectra is
observed red-shifted with increasing temperature due to the reduction of the band gap during
the heating process. As a result, A¢o increases almost linearly with temperature. On the other
hand, a slight decrease of Rgoo with increasing temperature is observed, which is mainly due
to the change in the height of the sample powder on the Ti mesh.
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Figure 3.24 : In-situ DR spectra for TiO» during heating in N2 (a) or NHz (b) atmosphere. Extracted
values of Asg (C) and Rsoo (d) as a function of the temperature. (Thick black lines are the spectra
recorded at room temperature before heating; thick red lines are the spectra recorded after heating
at room temperature)
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Figure 3.24 b shows the spectra measured during the heating under NHs. Before
390°C, the red-shift behavior is identical to that in N>. This suggests that a temperature lower
than 390°C is not enough to promote N-doping. Then, above 390°C, the red-shift, as
indicated by Aso (Figure 3.24 c¢), increases. In addition, no simultaneous decrease of Rsoo 1s
observed (Figure 3.24 d). We suppose that the observed spectral characteristics could
indicate the onset of N-doping. When the temperature is above 440°C, a significant decrease
of reflectance after 550 nm is noted on the spectra, leading to a fast decrease in Rgoo. This
spectrum is consistent with the one of NTi-h, suggesting the generation of Ti*" defects
defining the harsh nitridation conditions for TiO>, which is consistent with the harsh and
mild synthesis conditions determined previously for TiO».

When the sample is cooled down to room temperature after the nitridation process,
the spectrum (thick red line in Figure 3.24 b) is similar to that of NTi-m. The appearance of
absorption shoulder (~480 nm), indicates the creation of the second band gap after nitridation.
This is in agreement with the result in Chapter 2, where the second band gap of NTi-m was
determined at 2.47 eV by the Tauc plot. Visually, the sample took a yellow color, which
indicates the successful nitrogen doping. It is noteworthy that the absorption after 550 nm
disappeared during the cooling process, suggesting that the generated Ti*" defects
disappeared. This can be due to the short nitridation duration in the in-situ chamber
compared to the 12h nitridation at 450°C for NTi-h, which probably allows the Ti*" to be
created only in the surface and that is consequently more prone to reoxidation.

The above results indicate that the nitridation process of TiO> was successfully
transposed to the in-situ cell. By analyzing the evolution of the spectral response with
temperature, it is possible to investigate the change of color related to the insertion of
nitrogen and the generation of defects during the nitridation process. The technique of in-
situ UV-visible spectroscopy is useful to determine the proper thermal nitridation condition
for the preparation of N-doped TiO» with desired light absorption properties.

4.2.2.3 In situ nitridation of M-doped TiO:

In order to further understand the effect of doping cation nature on the nitridation
process. The in-situ DR spectra of the M-doped materials were measured using the same
heating program as that for TiO». In particular, we expect to determine the temperature onset
for mild and harsh conditions for each specific M-doped TiO».

Figure 3.25, shows the temperature-dependent behaviors of the spectra for 0.25NbTi
(a and b), 0.25TaTi (¢ and d ) and 0.25WTi (e and f) in N> (a,c,e) and NH3 (b,d,f)
atmosphere. The evolution of parameters Ao and Rgoo are presented in Figure 3.26 as well
as the ones of TiO».
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Figure 3.25 : In-situ DR spectra for M-doped TiO» during heating in N2 (a,c,e) or NHs (b,d,f)
atmosphere. (Thick black lines are the spectra recorded at room temperature before heating; thick
red lines are the spectra recorded after heating at room temperature)

800

Under N, all samples present a similar evolution with a red shift of the absorption
related to the temperature increase. The final spectrum measured at room temperature (thick
red line) shows the same absorption edge as the initial one (thick black line). No absorption
at long wavelengths is observed for these conditions. When the samples are heated in NH3,
no additional red-shift of spectra is observed below 340°C (as shown by Aso in Figure 3.26
b), but after this value, the curves change differently for each samples:

For 0.25NbTi1 no significant increase Aso is observed. But above 410°C the absorption
at longer wavelength (represented by Rsoo) associated to Ti** sites starts to increase.
When getting back at room temperature the sample do not show any shoulder
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associated to the yellow color, and takes a grey color, which seems to indicate an
unsuccessful N-doping.

e For 0.25TaTi sample, Aso increases around 340°C while no decrease of Rsgoo is
observed as in the case of TiO2, which is an indication of the N-doping process related
to the yellow color. The long wavelength absorption for this sample starts above
460°C. Nevertheless, when getting back to room temperature the sample is white and
present the same spectra as before the test.

e For 0.25WTi sample, Aso increases with a simultaneous decrease in Rgoo around
360°C. Indicating the generation of defects in the structure. When cooled down to
room temperature, the sample exhibits a color of light brown when cooled to room
temperature, which is close to that of 0.25WNTi-h but less intense and a small
shoulder below the band gap can be observed.
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Figure 3.26 : Values of Ao and Rgoo extracted from Figure 3.25 as a function of temperature.(a and
¢ correspond to the spectra recorded in N2; b and d correspond to the spectra recorded in NH3)

4.2.2.4 Discussion on the in situ nitridation

The above results indicate that the nitrogen doping conditions are difficult to
reproduce inside the in-situ chamber for the M-doped TiO> samples. The spectral
characteristic corresponding to N insertion for mild nitridation is expected to appear at lower
temperatures compared to TiO2 but was not observed while the absorption at longer
wavelengths appears on the spectra. It suggests that this second mechanism, related to
Ti**/W>" defects, is thermodynamically more favorable. The absorption at long wavelength,
tracked by Rgoo, appears at 360°C for 0.25WTi, 410°C for 0.25NbTi, 440°C for TiO, and
460°C for 0.25TaTi. An order that is quite logical when compared to the harsh conditions
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defined previously in the chapter for each cation. Nevertheless, this dark color does not
remain when getting back to room temperature suggesting only a surface reduction of the
samples.

Several observations can explain the difference between nitridation in the in-situ
chamber and the oven: In the oven, the mild nitridation duration is longer (12h for the Nb-
doped and W-doped samples, 1h for the Ta-doped sample); in the in-situ chamber the
duration at each temperature is way shorter and the mechanism behind the yellow color
probably involves a slow diffusion step of nitrogen. The NH3 is supposed to pass through
the sample, but when the temperature increases the sample tend to retract and some opening
appear between the sample and the side of the sample. This may be a preferential diffusion
pass for the gas diffusion and consequently, only the surface of the sample is modified while
the light beam penetrates several hundred nanometers in the sample at the analyzed
wavelength. Furthermore, ammonia is a corrosive gas that can decompose in H» on a reaction
that is catalyzed by Fe atoms and the chamber is constituted of stainless steel. At high
temperatures, this reaction can favor the reduction of Ti*' which would explain the
preferential appearance of the absorption at high wavelengths. Finally, we observed some
cracks in the in-situ chamber, after several tests, which are probably due to ammonia
corrosion. Although the pressure of ammonia flow used in the experiment is more than the
atmospheric pressure, we cannot completely exclude the possibility that air could have
entered the cell. This might explain the disappearance of the darker color of most of the
samples during the cooling.

4.2.3 In-situ observation of the oxidation process

Although the nitridation process for the M-doped TiO2 was not achieved probably
due to the damage of in-situ cell, experiments under air flow are feasible. Thus, we conducted
in-situ DR spectra measurements of the N-doped and (M.N) co-doped TiO: synthesized by
the harsh nitridation under the air flow. The objective is to investigate the reversibility of the
defects associated to the dark color during an oxidation process as we observed in Chapter
2 3.7.2 for the ERDT patterns of 0.25NbNTi-h after ozone treatment.

4.2.3.1 Experimental part

The heating program used for the measurements goes from room temperature to
527°C with a heating ramp of 2°C.min"! under air flow (20 mL.min™'") and the spectra were
recorded every 10 min during the heating. When the sample was cooled to room temperature,
the DR spectrum was measured again.

As observed in the results, the maximum reflectance for (M,N) co-doped TiO; in the
visible is lower than 60%, so A2 was used to reflect the shift of absorption edge for the
obtained spectra. Rgoo was used to describe the change of absorption after 550 nm, which is
related to the evolution of Ti*" or W>* defects. It is important to remember that the spectral
characteristics during the oxidation process could be influenced by the following factors: (i)
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The increase of temperature will cause an overall red-shift of the spectra, leading to an
increase of Az. (ii) The loss of nitrogen will cause a blue-shift of the absorption edge,
resulting in a decrease of Ax. (iii) The removal of Ti** will result in a decrease of A2 and an
simultaneous increase of Rgoo.

4.2.3.2 Results and discussion

Figure 3.27 a, b, ¢, d presents the DR spectra for NTi-h, 0.25NbNTi-h, 0.25TaNTi-
h and 0.25WNTi-h measured during the heating program, respectively. The spectrum
recorded at room temperature before (thick black line) and after (thick red line) the heating
process are highlighted. For comparison purposes, the spectra of NTi-m, 0.25NbNTi-m,
0.25TaNTi-m and 0.25WNTi-m (measured with integrating sphere) are also shown in the
figure (thick blue line). The evolution of the value of A20 and Rsgoo for each sample is shown
in Figure 3.27 e and f, respectively.

When the temperature is below 162°C, a slight linear increase of A2o and Rgoo is
observed for all the samples. Then a notable difference can be observed for the 0.25WNTi-
h sample with an increase of A20 and a decrease of Rgoo. Considering the shape of the spectra,
we think this sample contains a significant amount of carbon contamination as observed
during our first test (the pre-cleaning procedure cannot be done before these oxidation tests).
A rapid increase of Rgoo with the temperature, indicating the disappearance of the Ti** states,
is observed for all co-doped samples around 160-180°C. Furthermore, several changes in the
slope are observed and they might correspond to the reoxidation of surface and bulk Ti** or
W>*. For the NTi-h, Rsoo follows a more linear evolution. The A2 indicator increases linearly
with the temperature for all samples at the beginning as expected for a semi-conductor and
as observed under N> atmosphere. Then the Ay started to decrease, indicating probably the
removal of the yellow color centers. The temperatures of the inflection point are 110, 210,
240 and 270°C for 0.25WNTi-h, 0.25NbNTi-h, NTi-h, and 0.25TaNTi-h respectively. Again
the order follows the general trend that was observed when defining the mild and harsh
conditions at the beginning of Chapter 3.

These results indicate that the Ti**/W>" centers, inducing the dark colors, can be
removed at low temperatures (170°C) and does not depend on the co-doping cation. While
the ones associated with the yellow color are more thermodynamically stable and their
removal temperature depends on the cation. Indeed, when getting back to room temperature
and as observed on the final spectra (bold red lines), NTi and 0.25TaNTi which have the
highest inflection point temperature of Ao are still visually yellow while 0.25NbNTi and
0.25WNTi almost get back to white color.
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Figure 3.27: In-situ DR spectra for the N-doped TiO; and the (M,N)-co-doped TiO, samples
subjected to harsh nitridation during heating in air: (a) for NTi-h, (b) for 0.25NbNTi-h, (c) for
0.25TaNTi-h and (d) for 0.25WNTi-h. (e) and (f) shows the extracted values of Ao and Rsgpo as a
function of temperature, respectively. (Thick black lines are the spectra recorded at room
temperature before heating; thick red lines are the spectra recorded after heating at room
temperature, thick blue lines are the spectra of the N-doped and (M,N) co-doped samples treated by
mild nitridation recorded at room temperature)

4.3 Conclusion on the in-situ UV-visible.

The in-situ chamber for UV visible spectroscopy allowed us to observe the spectral
evolution of the sample as a function of the temperature up to 527°C. Unfortunately, for
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technical reasons, the direct observation of the nitridation process under concentrated NH3
was not possible with this chamber, and a new cell must be designed if we aim to do it.
Nevertheless, by studying the evolution of the sample as a function of the temperature in
different atmospheres, we were able to observe different behavior of the M-doped samples,
which confirmed the results presented earlier in Chapter 3. The two doping mechanism
processes associated to nitrogen insertion and Ti**/W>' appearance were identified. The
latter ones appear at higher temperatures and were easily identified. Their appearance
depends on the doping cation in the temperature order W < Nb < Ta.

The results of this original approach need to be complemented and other descriptors
(derivative, Tauc plot) for the data treatment might provide more information. Nevertheless,
we already observed that the appearance of the yellow color centers takes a longer time,
probably due to diffusion phenomenon, but they are more stable to oxidation than the Ti**
centers. All these information can be useful to optimize the nitridation conditions in the
future and go towards a multistep thermal process to favor the yellow color centers.

5. Conclusion

In conclusion, in this chapter, we have synthesized the M-doped TiO> materials via
the sol-gel method described in chapter 2, in which a specific cation (Nb, Ta or W) has been
successfully introduced into the lattice of TiO,. Based on the M-doped materials, the
photocatalysts co-doped with cation and nitrogen were prepared by conducting a thermal
nitridation in ammonia. Multiple characterization methods were used to understand the
structures and properties of the prepared TiO, materials, due to the cation-doping and co-
doping.

All the M-doped TiO2 present a uniform spherical morphology similar to that of TiO-.
It is observed that the particle size of TiO2 nanoparticles for a specific M-doped sample
increases with cation doping concentration, leading to a slight decrease in the BET-specific
surface area. The in-situ TDXRD analysis showed that all the M-doped TiO: present higher
anatase to rutile phase transition temperature compared to TiO> and this effect is more
significant by increasing the doping cation concentration. For the M-doped TiO: with the
same doping concentration, the values of 7prr follow the order: W>Ta>Nb. On the other hand,
the observed phase segregation indicates a limited solubility of cations in the TiO> lattice at
high temperatures.

The (M,N) co-doped TiO> materials were successfully synthesized by conducting a
post-thermal nitridation in ammonia atmosphere based on the corresponding M-doped TiO2
samples. In each (M,N) family, the mild and harsh nitridation conditions were determined
by a trial-error process. As the observation in Chapter 2 in the case of (Nb,N) co-doped
samples, the mild and harsh nitridation led to a yellow and dark color, respectively. It is
shown that the nitridation process does not change the phase structure of the TiO, materials
with the pre-presence of the cation (M/Ti-0.25). All the (M,N) co-doped samples crystallized
in pure anatase phase. Compared to the M-doped TiO», modification of the morphology of
the (M,N) co-doped samples by the nitridation process is limited. In summary, by controlling
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the thermal condition for the air-annealing and nitridation process, all the (M,N) co-doped
TiO> materials have a similar crystal structure and morphology. The XPS results confirm a
successful nitrogen insertion into the (M.N) co-doped TiO; through the nitridation treatment,
and the formation of substitutional nitrogen requires a more harsh condition compared to
that of interstitial nitrogen. The (W,N) has an increased amount of N compared to the (Nb,N)
samples as expect by 6+ charge of W. The EPR results confirmed a different behavior for
the (W,N) sample: while Ti** was generated under the harsh nitridation for Nb and Ta-based
samples, which is considered responsible for the absorption after 550 nm, for the (W,N) co-
doped samples, the signal of Ti** is absent regardless of the nitridation condition. Therefore,
the charge compensation scheme for the (W,N) co-doping may involve Vo',W>" and cation
vacancies.

The absorption properties of the synthesized (M,N) co-doped TiO> were
characterized by UV-vis spectroscopy. As the (Nb,N) co-doped samples, two different types
of absorption features are also observed on all the (Ta,N) and (W,N) co-doped samples. Mild
nitridation resulted in an increase of visible absorption before 550 nm (yellow color), which
is ascribed to N-doping. Harsh nitridation resulted in an increased visible absorption
intensity with absorption that appeared after 550 nm (dark color), which is mainly attributed
to the generation of defect states in the band gap. Besides, a positive correlation between the
cation concentration and the visible absorption intensity of the co-doped sample was
observed. The (Nb,N) and (Ta,N) co-doped samples show similar absorption behavior, with
a band gap of ~2.5 eV. However, the (W,N) co-doped TiO> presents a shorter band gap (2.26
eV for 0.25WNTi-m, 2.1 eV for WNTi-h), which may be due to a different distribution of N
2p states or the lower energy of W 5d orbital. Besides, in the infrared region, an absorption
that is related to Ti** is observed on the (Nb,N) and (Ta,N) co-doped samples after harsh
nitridation. The W-containing samples present a different signature with a broad absorption
peak at 1300 nm, which can correspond to deeper states attributed to W>*. By comparing the
absorption spectra of the (M,N) co-doped samples subjected to the same nitridation condition
(350°C 12h), but also by developing an original in-situ UV visible approach, we have
determined that the N-doping is promoted by the cation following the order: W>Nb>Ta.

In the next chapter, all these samples which have a close morphology and phase
structure, will be tested in photocatalytic experiments.
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1. Introduction

This chapter presents the experimental results related to the photocatalytic
performances of the materials synthesized in Chapter 3. First, the photocatalytic activities of
the different M-doped and (M.N) co-doped TiO» materials for MB degradation were
evaluated to clarify the effect of different types of doping or co-doping on the resultant
photocatalytic degradation activity. Besides, the influence of the defects (Ti**, Vo" and W)
on the photocatalytic degradation process was also discussed. Then, these materials were
applied to the two half-reactions of photocatalytic water splitting: hydrogen and oxygen
evolution reaction (HER and OER).

Water splitting is a thermodynamically uphill reaction (AG = 237.2 kJ.mol! at
25°C),! requiring the transfer of multiple electrons, making it one of the most challenging
reactions in chemistry. Even for the half-reactions, the use of cocatalysts and sacrificial
agents is generally necessary. The function of the co-catalyst can be summarized as follows:
(1) promoting charge separation and transfer by trapping photogenerated electrons or holes.
(1) serving as active sites and catalyzing a specific type of reaction. Previous studies have
confirmed the effectiveness of platinum (Pt) and ruthenium oxide (RuOx) as benchmark co-
catalysts in photocatalytic HER and OER, respectively.? Thus, these two co-catalysts were
utilized in this study.

Sacrificial agents can be categorized as sacrificial electron donors and sacrificial
electron acceptors, which are used to scavenge photogenerated holes and electrons,
respectively. Thermodynamically, oxidation (reduction) of the sacrificial electron donor
(acceptor) is more favorable than water oxidation (reduction). In our study, methanol and
NalOs were used as the sacrificial agent in photocatalytic hydrogen production (eq. 4.1 to
eq. 4.3)° and water oxidation reaction (eq 4.4 to eq. 4.6)*, respectively.

2H* + 2e” - H, (HER: 0 V vs NHE) (eq. 4.1)
2CH;0H + 2h* - 2CH;0° + 2H* (h" scavenging: 0.48 Vvs NHE)  (eq. 4.2)
2CH,0H — 2CH50° + H, (AE: +0.48 V) (eq. 4.3)

2105 + 12H* + 12e™ » 21~ + 6H,0 (e scavenging: 1.087 Vvs NHE)  (eq. 4.4)
6H,0 + 12h* > 12H*+ 30, (OER: 1.23 V vs NHE) (eq. 4.5)

210,~ > 21~ + 30, (AE: +0.143 V) (eq. 4.6)

144



PhD XI Qingyang

2. Photocatalytic performance for MB degradation

2.1 Experimental part

The photocatalytic activity of the synthesized samples was evaluated by conducting
the photocatalytic degradation of MB in aqueous solutions. Before the illumination, the
photocatalyst and the MB solution were kept under stirring in the dark to ensure the
absorption—desorption equilibrium. The experiments were carried out on the same set-up as
illustrated in Chapter 2, 4.1, in which the evolution of the concentration of MB was
monitored from the UV-Vis spectra measured by an immersion probe.

However, certain samples exhibit an increased MB adsorption in the dark, making
the comparison between the different samples more difficult (detailed later). To avoid the
complete absorption of MB molecules before turning on the illumination, the initial
concentration of the MB solution used for the experiment was increased to 30.8 pmol.L™!,
which is almost twice that of the value in Chapter 2 and only 20 mg of photocatalyst was
used (-33%). The photocatalyst powder and 10 mL of MB solution (400 pmol.L™!) were
added into 120 mL distilled water as the original solution. The measurements for the M-
doped samples were performed only under UV illumination (365 nm, 25 mW.cm™), while
for the co-doped samples, the measurements under visible light illumination (450 nm, 46
mW.cm™!) were also conducted.

2.2 Photocatalytic activities of M-doped materials
2.2.1 Effect of cation doping on the adsorption of MB

2.2.1.1 Dark equilibrium adsorption curves

The adsorption of pollutants on the catalyst surface plays an important role in the
photocatalytic activity. Within a certain range, an increase in adsorption for pollutants could
promote photocatalytic degradation,” since the photogenerated active radicals could be able
to react with pollutants in a more timely manner. However, excessive adsorption for
pollutants may instead slow down the photocatalytic degradation reaction rate. In this case,
the adsorbed pollutant may cover the surface of the catalyst, obstructing the contact of
oxygen and water molecules with the catalyst surface and consequently suppressing the
generation of active radicals, resulting in a reduction of photocatalytic activity.

Figure 4.1 a represents the adsorption-desorption equilibrium in the dark for the M-
doped samples. For TiO», the adsorption-desorption equilibrium was established within 10
mins, with a decrease of MB concentration of 34.7% due to the adsorption. For all the M-
doped samples, the adsorption of MB was observed to took a longer time to reach adsorption-
desorption equilibrium (> 60 min). In particular, 0.25WTi shows higher adsorption capacity
than 0.25NbTi and 0.25TaTi, resulting in a decrease of the MB concentration by 85.3%. This
indicates that the surface charge of the photocatalyst could be influenced by the doping of
the cation.
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Figure 4.1: (a) Dark equilibrium adsorption curves of MB for TiO, and the M-doped samples. (b)
Zeta potential of TiO, and the M-doped samples as a function of pH.

2.2.1.2 Zeta potential measurement

To evaluate the differences in surface charge between TiO2 and the M-doped TiO2,
the Zeta potential of the prepared materials was characterized. The measurements were
carried out using a Zetasizer Nano ZS (Malvern Instruments Ltd. UK) with a laser Doppler
electrophoresis technique. The sample container was connected through a capillary system,
and with a peristaltic pump to a folded capillary cell (DTS 1060). The zeta potential was
obtained from the electrophoretic mobility of the suspension due to the polar nature of the
solvent. The suspension was prepared by dispersing 20 mg powder sample into 30 mL of
distilled water. Each sample was measured three times at 30°C for each pH value, and the
result was determined by the average value of the three tests. The pH titration was
programmed from pH 12.3 to pH 2.04. To adjust the pH of the prepared suspension, sodium
hydroxide (0.01 mol. L™! and 0.1 mol.L™") and hydrochloric acid (0.01 mol L' and 0.1 mol
L") were used. The isoelectric point is the pH value where the zeta potential is zero.

The zeta potential curves for the M-doped samples are plotted in Figure 4.1 b. The
degradation experiments were conducted without adding any acid or base, leading to a pH
of the solution at ~5.9. At this pH, the zeta potential of the M-doped samples is more negative
than that of TiO», indicating more negative charge on the surface of the M-doped samples.
The isoelectric points of TiO2, 0.25NbTi and 0.25TaTi are measured at pH 4.74, 2.59 and
2.79, respectively. For 0.25WTi, the isoelectric point is at a lower pH, out of the range of the
apparatus. This suggests that W-doping results in a more negatively charged surface
compared to Nb and Ta-doping. Considering that MB is a cationic dye,® which is
preferentially adsorbed by the negatively charged surface, the result is in good accord with
the MB adsorption behavior of the different samples shown in Figure 4.1a.
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2.2.2 Photocatalytic degradation of MB under UV irradiation

The photocatalytic degradation profiles and corresponding kinetics for the M-doped
samples are presented in Figure 4.2. The kinetic constant £ for the degradation was
calculated as shown in Chapter 2, 4.2.2. Under UV light irradiation, all samples should
absorb a significant part of the photons at 365 nm. In this case, on the one hand, the
photocatalytic activity should be determined by the efficiency of separation and transfer of
the photogenerated charge carriers. On the other hand, the difference in MB adsorption could
also affect the kinetic of photocatalytic degradation progress.

Under the current experimental condition, TiO; was able to degrade about ~79% of
the MB within 5h, with a kinetic constant k = 0.2814. On the opposite, a certain decrease of
the activity is observed for all the M-doped samples, with £ for 0.25NbTi, 0.25TaTi and
0.25WTi at 0.1872, 0.1008 and 0.1980, respectively. Considering that in Chapter 2, 4.2.2,
0.25NbTi is more active for MB degradation compared to TiO2 under UV illumination, we
suppose that the deterioration of photocatalytic activity observed on the M-doped samples
could be mainly ascribed to the excessive adsorption of MB in these conditions. As
mentioned, the coverage of the catalyst surface by MB molecules could inhibit the
generation of active radicals. Based on the characterization in Chapter 3, the M-doped
samples have a larger crystallite size and smaller surface area in comparison with TiO, this
could also be a reason for their decreased photocatalytic activities.

@ _ (0) 20
_I ——TiO,
1.0
’k —=— 0.25NDbTi
e, .
08 % ——0.25TaTi
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Figure 4.2 : MB degradation profiles (a) and kinetics (b) for TiO2 and the M-doped samples under
the irradiation using UV LED (365 nm)

2.3 Photocatalytic activities of (M,N) co-doped TiO:

2.3.1 Effect of co-doping on the adsorption for MB

Figure 4.3 presents the adsorption process of MB for the co-doped samples.
Compared to the Nb-doped and Ta-doped samples, the adsorption of MB for the (Nb,N) co-
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doped and (Ta,N) co-doped samples is observed to increase with the nitridation condition.
Relatively, the increase is more obvious on the (Nb,N) co-doped samples, where the MB
adsorption for 0.25NbNTi-m and 0.25NbNTi-h was increased by 26.4% and 40.1%,
respectively, compared to 0.25NbTi. On the contrary, a slight decrease in the adsorption
capacity is observed for the (W,N) co-doped samples, compared to the W-doped sample. The
results indicate that the nitridation process could further modify the surface charge of the co-
doped samples, and thus contribute to the different adsorption behavior. Nevertheless, the
MB adsorption capacity of the different (M,N) co-doped samples follows the same order as
that of the M-doped TiO», that is, W>Nb>Ta.
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Figure 4.3 : Dark equilibrium adsorption curves of MB for TiO,, M-doped and (M,N) co-doped TiO-
photocatalysts.

2.3.2 Photocatalytic degradation of MB under UV irradiation

The photocatalytic activities of the (M,N) co-doped TiO: photocatalysts for MB
degradation were first checked under UV irradiation. Figure 4.4 presents the degradation
profiles and associated kinetics for the different co-doped samples. The calculated kinetic
constants & from these curves are summarized in Table 4.1. To have a better comparison, the
k of M-doped TiO and TiO, are presented as references, and the variations of k& between the
(M,N) co-doped TiO: and the references were calculated.

As shown in Figure 4.4. a and 4.4 b, we found that the thermal condition of
nitridation has an important effect on the photocatalytic activities of the (Nb,N) co-doped
samples, which is in agreement with the result in Chapter 2. The photocatalytic degradation
kinetics of 0.25NbNTi-m is 0.3384, which is increased by 80.8% compared to 0.25NbTi.
One explanation could be that the co-doped sample synthesized by mild nitridation has a
higher efficiency of photogenerated charge separation and transfer, which could minimize
the negative effect caused by excessive MB adsorption. On the other hand, a deterioration
of the activity is observed on 0.25NbNTi-h (k=0.1746), which could be ascribed to the
generation of Ti*" during the harsh nitridation process.
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A similar trend is observed on the (Ta, N) co-doped samples (Figure 4.4 ¢ and 4.4
d). 0.25TaNTi-m exhibits a superior photocatalytic activity compared to 0.25TaTi, with a
20.8% increase in the degradation kinetics. On the other hand, an obvious deterioration of
the activity is observed on 0.25TaNTi-h, leading to a 45.2% drop in the degradation kinetics.
This indicates a similar influence on the photocatalytic properties of 0.25NbTi and 0.25TaTi
with nitridation thermal conditions. In both cases of (Nb,N) and (Ta,N) co-doping, the harsh
nitridation resulted in the deterioration of the photocatalytic activity.

Interestingly, a different effect of the thermal nitridation condition on the
photocatalytic activity was observed for the (W,N) co-doped TiO: (Figure 4.4 e and 4.4 f).
Similar to 0.25NbNTi-m and 0.25TaNTi-m, an increased degradation kinetic is observed on
0.25WNTi-m (47.3% increase compared to 0.25WTi). However, no significant deterioration
of photocatalytic activity is observed on 0.25WNTi-h, and this sample produced with harsh
nitridation still exhibits a photocatalytic activity 30% higher than 0.25WTi. All the W-
containing samples have a fairly close surface area, crystalline size, and adsorption capacity
for MB. Thus, the results of photocatalytic activities of the W-containing samples should be
mainly determined by their intrinsic nature, such as dopants and defects. The EPR test has
already confirmed the absence of Ti** in the (W,N) co-doped samples, and the presence of
W3 in 0.25WTi and 0.25WNTi-h, the latter probably have a less negative effect than Ti**
on the photocatalytic activity.
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Figure 4.4 : MB degradation profiles and kinetics for TiO2, M-doped and (M,N) co-doped TiO-
samples under the irradiation using UV LED (365 nm): (a, b) for Nb samples. (c, d) for Ta samples
and (e, f) for W samples.

When comparing the photocatalytic activity of the (M,N) co-doped samples with the
TiO; reference, all the M-doped TiO> show inferior degradation kinetics compared to TiO»,
following the order: TiO>>0.25WTi= 0.25NbTi>0.25TaTi, which could be mainly due to
the MB adsorption under the current test condition. For the 0.25MTi-m sample series, this
detrimental effect might be compensated by the increase in efficiency of the separation and
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transfer of the photogenerated charge carriers. 0.25NbTi-m and 0.25WTi-m still exhibit
superior photocatalytic activity to TiO». In particular, 20.3% of the increase in degradation
kinetics was achieved by 0.25NbNTi-m. However, 0.25TaNTi-m is less active than TiO»,
with degradation kinetics reduced by 56.7%. On the other hand, for the 0.25MTi-h sample
series, 0.25WNTi-h is the only one that shows comparable degradation kinetics with TiO»
(slightly decreased by 8.3%). The degradation kinetics of 0.25NbNTi-h and 0.25TaNTi-h
decreased by 38.0% and 80.4%, respectively. Therefore, according to the results of the
chapter-2, the nitridation condition plays an important role in determining the photocatalytic
activity for the (Nb,N) co-doped and (Ta,N) co-doped TiO.. However, for the (W,N) co-
doped TiO3, the photocatalytic degradation of MB is less affected by the thermal nitridation
conditions.

In addition, by comparing the degradation kinetics of TiO; and the Nb-containing
TiO; with the corresponding value obtained in Chapter 2, it is noted that all the samples are
less performant under the current experimental condition. Our hypothesis is that the initial
concentration of MB resulted in excessive MB adsorption on the sample surface, slowing
the rate of active radical generation. In order to figure out the saturation level of the MB
molecules adsorbed on the different sample surfaces, adsorption isotherm experiments are
strongly recommended for future study. It can also help to compare the experimental results
published by different research groups using the different initial MB concentrations.

Table 4.1. Pseudo first order of photo-degradation kinetic constant for all samples under the
irradiation of UV LED (365 nm) and visible LED (450 nm).

variation vs variation vs M- .
Sample k-UV /h' TiO» (%) doped TiOs (%) k-visible / h?
TiO, 0.2814 -
0.25NbTi 0.1872 -335 -
0.25NbNTi-m 0.3384 20.3 80.8 0.0672
0.25NbNTi-h 0.1746 -38.0 -6.7 0.0714
0.25TaTi 0.1008 -64.2 -
0.25TaNTi-m 0.1218 -56.7 20.8 0.0450
0.25TaNTi-h 0.0552 -80.4 -45.2 0.0552
0.25WTi 0.1980 -29.6 -
0.25WNTi-m 0.2916 3.6 47.3 0.1080
0.25WNTi-h 0.258 -8.3 30.3 0.1050

2.3.3 Photocatalytic degradation of MB under visible irradiation

The photocatalytic activities of the (M,N) co-doped samples were then evaluated
under visible illumination (at 450 nm) (shown in Figures 4.5 a and 4.5 b). In this case, the
difference in visible light absorption for the specific sample will play an important role in
determining its photocatalytic activity. The corresponding kinetic constants k are
summarized in Table 4.1.
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For 0.25NbNTi-h and 0.25TaNTi-h, the increase of photon absorption in the visible
range is supposed to compensate for the deterioration of photocatalytic activity caused by
the generation of Ti**. Consequently, their degradation kinetics are similar to that of
0.25NbNTi-m and 0.25TaNTi-m. The result of the (Nb,N) co-doped differs in that aspect
from that obtained in Chapter 2, where 0.25NbNTi-m shows superior photocatalytic activity
than 0.25NbNTi-h. This could be explained by the general decrease in degradation rate for
the samples tested under the current experimental conditions, which may amplify the
positive effect of the increase in photon absorption. For the (W,N) co-doped TiO., there was
no Ti*" generated during the nitridation treatment and these samples presented the higest
visible light absorption at 450 nm. Although 0.25WNTi-h presents higher visible absorption
compared to 0.25WNTi-m, the visible photocatalytic activity is similar.
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Figure 4.5 : MB degradation profiles (a) and kinetics (b) for (M,N) co-doped samples under the
irradiation with visible LED (450 nm):

2.4 Conclusion on photocatalytic MB degradation

In this part, the photocatalytic activities of the synthesized M-doped TiOz and (M,N)
co-doped TiO> were evaluated by conducting MB degradation experiment. The results
indicate that the photocatalytic activities of TiO, materials are significantly influenced by
the synthetic strategy of cation doping or co-doping. The similarity in the photocatalytic
behavior of (Nb,N) co-doped TiO> and (Ta,N) co-doped TiO> was observed. For both of
them, nitridation conditions play an important role in determining the resultant
photocatalytic activity. However, the nitridation condition does not significantly influence
the activity of the (W,N) co-doped TiO».

As discussed, the results obtained from the measurements under UV light are in
general consistent with our conclusion in Chapter 2. It is supposed that the co-doped
materials synthesized by the mild nitridation have a higher efficiency of the separation and
transfer of photogenerated charge carriers, which could be mainly ascribed to the charge
compensation effect between the cation and nitrogen dopants and lower density of crystalline
defects. On the other hand, it is confirmed that the generation of Ti** resulted in the
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deterioration of the photocatalytic activity. Based on the fact that no significant decrease in
degradation kinetics was observed on 0.25WNTi-h, we think that Vo© and W>* have
negligible influence on the photocatalytic performance. Some results differ from the
conclusions in Chapter 2, which could be attributed to the variation of the initial MB
concentration used for the experiment. First, it is shown that all the M-doped TiO» were less
active compared to TiO», under the illumination of UV light. Considering that the surface of
M-doped TiO> is more negatively charged compared to TiO> (as characterized by the Zeta
potential test), a possible explanation is an excessive MB adsorption on the sample surface.
Consequently, the generation of radicals involved in the degradation mechanism can be
lowered. Under visible illumination, a similar photocatalytic activity between the co-doped
samples produced by mild and harsh nitridation respectively (in the same (M,N) family).
Besides, by comparing the photocatalytic activity of the (M,N) co-doped TiO, with that of
TiO2, we can conclude that (Nb,N) co-doping is more beneficial to the improvement of
photocatalytic activity compared to (Ta,N) or (W,N) co-doping, in the case of mild
nitridation. While under visible light, (W,N) samples present the best activities, it should be
noted that no Ti** sites were identified for these (W,N) co-doped samples.

Another noteworthy point is that all the kinetics degradation fits are found
unsatisfactory, especially under visible irradiation. The raw data for the different samples
exhibit an arc-like shape, which indicates a slight decrease in the kinetics during the
degradation process. The possible explanations are some residues of degraded MB
molecules that remain attached to the surface and limit the activity over time or the fact that
the catalyst particles surface charge changes over time and tends to diffuse toward the optical
fiber probe. Consequently, they will change the light diffusion of the analyzing beam and
create a problem of baseline compensation. Therefore, besides the nature of the photocatalyst
itself, the adsorption of dye molecules on the catalyst surface also has an important influence
on the photocatalytic activity. This effect should be taken into account for future
photocatalytic studies to help for a better understanding of the mechanism of the
photodegradation reaction and also help to determine the optimal conditions for the pollutant
degradation.

3. Photocatalytic hydrogen production

3.1 Experimental part

3.1.1 Photocatalytic test platform

The photocatalytic hydrogen production was carried out on the set-up represented in
Figure 4.6 and Figure 4.7, The reaction was carried out in a reactor containing 120 mL of
Milli-Q water/methanol mixture (90/10 %y.) under magnetic stirring (500 rpm). A water
cooling system was connected to the photocatalytic cell to stabilize the temperature during
the reaction. An Xe lamp (1000 W) equipped with an AM 1.5 filter was used as a simulated
solar light source (100 mW.cm™ on the cell). In a typical test, 50 mg catalyst was used and
before the illumination, the cell was purged with N2 (N2 4.5, Linde) at a flow rate of 20
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mL.min"! for 1h, to remove residual O> which might react with evolved Ha. After this purge
procedure, the light source of AM1.5 was switched on and the reaction products were
analyzed online every 300 s by gas-phase compact-chromatograph (CompactGC).

N, flow

Water cooling
bath

sl

Gas chromatograp!

100 mW.cm

Reactor <
Simulated solar light Xe lamp (100W)

Catalyst <«

AM 1.5 filter

He

Magnetic stirrer

Figure 4.6: Scheme of the photocatalytic set-up.
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Figure 4.7 : Photography of the photocatalytic set-up.

3.1.2 Analysis of products on compact GC

The gaseous products of the photocatalytic reaction were analyzed by a CompactGC
4.0, (Global analyser solutions) controlled by Chromeleon 7 software. This instrument
consists of three independent analytic modules (A, B and C). Modules A comprise a 10 m A
Rtx-624 column, and a Flame Ionization Detector (FID), flushed with Helium (He 6.0, Linde)
as carrier gas. It allows to monitor the carbon products. Module B comprises a Molsieve
5Sm*0,32mm 5A column and a 3m*0,32mm Rt-QBond, and a Thermal Conductivity
Detector (TCD). Module B is flushed with Nitrogen (N2 4.5, Linde), enabling to follow the
evolution of hydrogen. The automatic injection volume is 25uL for Module B. Module C is
flushed with He (He 6.0, Linde), consists of a 1/16 * 0,25m Hayesep N 60-80 pre-colum, a
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1/16”*1m XL Sulfur 60-80 column, a 1/16”*1m Molsieve 5A, 60-80 column and a TCD
detector. This module is used to monitor the evolution of oxygen and nitrogen. An automatic
injection of 100uL is conducted for Module C.

The chromatogram is a plot of signal (mV) detected by the GC module in the function
of retention time (s). The peak corresponding hydrogen appears in the region of 0.32 to 0.42s
on module B. The intensity was calibrated by diluting a calibration bottle of H> in N2 (1000
ppm of Hy, Linde) at 100, 200, 300 and 400 ppm and the signal peak area recorded by module
B is shown in Figure 4.8 a.
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Figure 4.8: (a) Calibration curve obtained by recording the hydrogen peak area under flow of
standard gas. (b) An exemplary curve of hydrogen production evolution over time.

3.1.3 Data treatment

A typical evolution curve of hydrogen production as a function of time (TiO as an
example) is presented in Figure 4.8 b, which is obtained based on the data detected by GC
(in ppm). The evolution curve includes two phases: a transitional phase (0 to 30 min), in
which the H» produced by the photocatalytic reaction must saturate the solution in the cell
and diffuse in the gas line before reaching the GC injector, leading to an increase of the
detected hydrogen production. A stationary phase, characterized by a plateau, in which stable
hydrogen production was obtained, in general, 30 min after the start of illumination.

The photocatalytic activity of a specific sample was evaluated using the hydrogen
production rate (umol.h!.g™!), calculated by the following equation:
CHp* Dv(vy)

TH ==
2 Vin(Ny)* Mcata

(eq. 4.7)

Where: Cp2 is the average value of hydrogen concentration (in ppm) in the stationary
phase extracted from the hydrogen production curve. Dya») s the flow rate of N> used during
the experiment (20 mL.min™"), V2, is the molar volume of N2 (24.5 L.mol™! at 25°C), and
Mecara 1 the mass of the catalyst (50 mg).
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3.2 Photoreduction vs. chemical reduction for Pt co-catalyst
deposition.

3.2.1 Context

Various methods have been used to deposit co-catalysts on the surface of

810 atomic-layer

semiconductor catalysts, such as chemical reduction,”® photoreduction,
deposition,!! electrodeposition,’? sputtering'® and physical mixing!*. Among them, the
chemical reduction and photoreduction methods are more widely used because they do not

require special equipment.

In the chemical reduction method, NaBH4, LiBH4, NoH4, LiAlH4 efc..., are used as
reducing agents.’® During the synthesis process, metal ions precursor of co-catalysts are
reduced in solution to metal (oxides) nanoparticles and deposited on the surface of support
materials. By using this method, co-catalysts, such as Pt,’6 Au,’ Ag,18 have been
successfully deposited on the TiO; surface to facilitate different photocatalytic reactions. For
the photoreduction, the deposition of the co-catalyst is achieved by illuminating the
supporting semiconductor and co-catalyst precursor in a simple slurry reactor. In this case,
the metal ions in the co-catalyst precursor are reduced by the highly reductive photo-
generated electrons without any additional reducing agent. Besides, it is shown that the
particle size, geometrical distribution, and oxidation state of the deposited co-catalyst can be
controlled by adjusting the reaction parameters.'®?! When TiO: is used as support material,
deposition of well-defined metal nanoparticles (Pt,2*> Aul"?2, Pd?3 etc.) as co-catalyst has
been reported for different photocatalytic reactions, including hydrogen production, CO:
reduction and pollutants degradation.

Comparisons in activities of photocatalysts decorated with cocatalysts, prepared by
different methods, have been conducted in previous studies. Some authors claim that the
photoreduction method improves the photocatalytic performances,??* whereas the contrary
has also been reported.??" These conflicting conclusions could be because different
experimental conditions may produce co-catalysts with different particle sizes, distribution,
and oxidation states. Therefore, in the initial stage of our study, it is important to determine
which method is more favorable for photocatalytic hydrogen production under the current
experimental condition. In this part, photocatalytic activities of Pt-deposited TiO; prepared
by the method of photoreduction (Pt-TiO2) and chemical reduction (Pt-TiO»-ch) are
compared, using the TiO2 synthesized via sol-gel method as reference material.

3.2.2 Experimental method for Pt deposition

3.2.2.1 chemical reduction

The chemical reduction deposition of Pt NPs is based on a method optimized in the
laboratory by using NaBHj4 as a reducing agent. An aqueous solution of H2PtCle (0.25 mol.
L1, raw material from Merck, 99.9%) was used as the precursor of Pt. To prepare our sample,
labeled Pt-TiO2-ch, 300 mg of the synthesized TiO, was dispersed into 30 mL of distilled
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water under magnetic stirring (500 rpm) for 15 min. 31 pL of the precursor solution of
H,PtCls was added to target a theoretical Pt loading of 0.5 wt.%. The stirring was kept for
45 min to permit a sufficient dispersion and adsorption of Pt ions on the surface of support
TiOa. Then, 384 pL of freshly prepared NaBH4 solution (10 mmol.L!, raw materal from
Merck, 99.8%) was dropped into the mixture to promote the reduction of Pt ions. It was
observed that a gray coloration appeared immediately, indicating a fast reduction. The gray
suspension was stirred for 15 minutes to ensure a complete reaction. After this reduction step,
the mixture is filtered and washed with distilled water 3 times. After drying in the oven for
24 hours at 80°C, the gray powder of Pt-TiO;-ch is finally recovered.

3.2.2.2 Photoreduction with in-situ photocatalytic activity test

In this method, both the deposition of Pt NPs through photoreduction and the
photocatalytic hydrogen production test were achieved in the same suspension, using the
aforementioned reactor and set-up. 50 mg synthesized TiOz and 5.3 pL of the precursor
solution of H2PtCle (0.25 mol.L™!, targeting a 0.5 wt.% Pt loading) were added into a 120
mL of Milli-Q water/methanol mixture (90/10, volume%) under magnetic stirring (500 rpm).
Here, methanol was used as a sacrificial electron donor for both the photo-deposition of Pt
NPs and the photocatalytic reaction for hydrogen production. After the photocatalytic
reaction, the tested sample powder was recovered from the reactor by filtration with distilled
water and dried at 80°C, and then used for characterization. The prepared samples are
denoted as Pt-X (X is the sample name)

3.2.3 Characterization of the Pt co-catalyst

3.2.3.1 Elemental analysis

The Pt loading on the surface of TiO, was determined by elemental analysis based
on Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). First, the
powder samples were digested at about 215°C and 60 bar in a microwave digestion system
(Multiwave 3000, Anton Paar, Austria) using an aqua regia mixture prepared with 2 mL
HNO3 (Fluka, Trace SELECT >69%, Germany) and 4 mL HCIl (Fluka, Trace-
SELECT >37%, Germany). Secondly, analysis of diluted filtrates was carried out, after
filtration of residual particles, by Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES, Varian 720ES, France) at 214.423 nm (Pt). Multi-element
standards were prepared by dilution of 1000 mg.L™! certified single element standards (CPI
International, The Netherlands) in aqua regia to minimize matrix effect errors. A spike on a
digested sample allowed checking that the recovered concentrations were 100% = 10%. The
deposition yield (n4aep%) 1s defined as the ratio between the deposited mass of Pt determined
by ICP-AES and the theoretical mass of Pt introduced from synthesis (0.5 %w).

The measured loading of Pt achieved by the chemical reduction method is the same
as the theoretical value expected from the synthesis, giving a deposition yield of 100%. This
suggests that the Pt ions introduced by HoPtCls were completely reduced by NaBH4 and
successfully deposited on the surface of TiO», using the current chemical reduction method.
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By contrast, the deposition yield achieved by the photoreduction method shows a decrease
almost by half (ngep %0 = 48).

The difference in deposition yield can be explained by the respective reaction
mechanisms of the two methods. In the chemical reduction process, [PtCls]*" groups could
be adsorbed first on the TiO> surface and then reduced by NaBH4 through the pathway shown
in eq. 4.8 %8;

NaBH, + H,PtClg + 3H,0 - Pt+ H3;BO5; + 5HCl + NaCl + 2H, (eq. 4.8)

Due to the strong reducing capacity of NaBHa, the reduction of Pt ions could be
achieved rapidly and sufficiently. However, for the photoreduction method, competition
between the photoreduction of Pt ions and photocatalytic hydrogen production exists. The
deposition of Pt NPs is thermodynamically more favorable than the photocatalytic hydrogen
production with the redox potential required for the reduction of Pt (Pt*' to Pt**, 0.68V vs.
NHE; Pt** to Pt°, 0.72V vs. NHE) lower than that the one of HER (0V vs. NHE).?° Then,
with the initial increase of Pt NPs deposited on the TiO; surface, could activate hydrogen
production. Nevertheless, the negatively charged surface of TiO» (characterized by zeta
potential) could favor the adsorption of H™ against the one of [PtCls]*.

3.2.3.2 SEM characterization

The morphology of the prepared samples was studied by SEM, chemical contrast
was performed to highlight the distribution of Pt NPs deposited by the two methods (shown
in Figure 4.9). It is observed that Pt NPs were spherically shaped in both samples. However,
the distribution density and particle size of Pt NPs differ depending on the specific deposition
method. The Pt NPs on the surface of Pt-TiO-ch exhibit a higher density compared to that
on Pt-TiO>. The observation is consistent with the elemental analysis result. Besides, the
mean size of the Pt NPs deposited by chemical reduction and photoreduction is 6.7+1.4 nm
(average on 15 particles) and 2.5+0.9 nm (average on 8 particles), respectively. Therefore,
we can conclude that there is a direct impact of the deposition method on the morphology of
resultant Pt NPs, in the aspects of both distribution density and particle size, which could
further impact the photocatalytic performance of the Pt-TiO» photocatalysts.

Figure 4.9 : SEM images of Pt-TiOz-ch (a) and Pt-TiO2 (b).
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3.2.3.3 XPS analysis

The XPS analysis of the Pt-deposited TiO» prepared by the photoreduction method
is presented in Figure 4.10, with reference to the TiO2 before Pt-deposition. In the spectral
region of Ti 2p (Figure 4.10 a), a doublet corresponding to the Ti 2p3/» and Ti 2p1 of Ti*", ¥
is observed on both TiO> and Pt-TiO>. The oxidation state of the deposited Pt NPs was
disclosed by the Pt 4f spectral region, as shown in Figure 4.10 b. A doublet peak located at
70.8 eV and 74.2 eV is observed, with an energy split of 3.3 eV. These two peaks are signed
to Pt 4f 72 and Pt 4f s, of the metallic Pt (Pt°), respectively.®3! This suggests a complete

reduction of Pt from Pt*' to Pt’ by the photogenerated electrons.
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Figure 4.10 : XPS spectra of Ti 2p (a) and Pt 4f (b) region for Pt-TiO.. (Black points are the
experiment data, red lines are the fitted signals, blue lines are different contributions).

On the other hand, although the XPS characterization for Pt-TiO2-ch still needs to be
supplemented, we hypothesize that platinum oxides might be produced. According to the
previous study in our group, in which the Pt NPs were deposited on the sol-gel synthesized
TiO; surface using a similar chemical reduction method, both Pt° and Pt*" were observed.*2
Comparative studies on these two deposition methods for TiO> have been published by
Lakshmanareddy et al. and Jiang et al. respectively. Both of them indicate that the
photoreduction method was favorable for the formation of Pt’, whereas higher oxidation
states of Pt>" and Pt*" were observed for the samples prepared by chemical reduction.®?
Lakshmanareddy et al. explained that the multiple Pt oxidation states produced by chemical
reduction might be due to the multiple layers of Pt ions adsorbed on the TiO> surface. They
proposed that only the upper layer of Pt ions could be reduced completely into Pt°, while the

Pt ions in the deeper layer were partially reduced into Pt*" or maintained as Pt*".

3.2.4 Photocatalytic activity

As mentioned, the photocatalytic activity of the samples for hydrogen production
was conducted under AM1.5 illumination with the presence of methanol as a sacrificial
electron donor. In the case of Pt-TiO» prepared by the photoreduction method, the
photocatalytic test was conducted in the same suspension used for Pt deposition.
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Figure 4.11 presents the hydrogen production rate using Pt-TiOz-ch and Pt-TiO> as
catalysts, respectively. The synthesized TiO, samples are less active than the commercial
P25 (4968 pmol.g'h'!). A possible reason could be that the P25 particles are more separated
due to the gas-phase synthetic procedure, and the heterojunction between anatase and rutile
can facilitate charge separation.® It is noted that Pt-TiO» shows a better activity for hydrogen
production (2590 umol.g'h") compared to Pt-TiO-ch (1816 pmol.g'h™"), although the Pt
loading achieved by the photoreduction method is only ~50% that of chemical reduction. A
previous study has proved an optimal Pt loading range of 0.2 to 1 wt.%, in which the
photocatalytic activity of Pt-deposited TiO» samples shows little difference.®* Thus, we
suppose that in our case the photocatalytic activity could be mainly ascribed to the variation
in particle size and oxidation state of the deposited Pt NPs. On the one hand, Pt-TiO; has a
smaller size (2.58 nm) of Pt NPs on its surface, which is closer to the optimal size (~1 nm),
as reported by both theoretical and experimental studies.3*%® It is shown that the Pt NPs with
smaller size could trap more effectively the photogenerated electron from TiO, whereas the
larger size ones could be more favorable for the formation of H-H bonds, together resulting
in an optimal value at ~1 nm. Furthermore, the oxidation state of Pt® produced by the
photoreduction method could promote photocatalytic hydrogen production, as shown by

Jiang et al.
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Figure 4.11 : Photocatalytic hydrogen production rate for Pt-TiO,-ch and Pt-TiO,.

By using sol-gel synthesized TiO: as a reference material, we can conclude that the
photoreduction method for the Pt-deposition is more favorable for hydrogen production
under the current experimental parameters. Thus, this method was applied to prepare Pt-
deposited M-doped, N-doped and (M,N) co-doped TiO> materials.
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3.3 Effect of M-doping and N-doping on the photocatalytic
activities

3.3.1 Characterization of the co-catalyst

3.3.1.1 Elemental analysis

The Pt loading on the M-doped TiO> and the N-doped TiO» (Pt-NTi-m) determined
by elemental analysis are presented in Table 4.2. it is shown that Pt-NTi-m and Pt-0.1NbTi
have a similar Pt loading as Pt-TiO, with a deposition yield of 42% and 46%, respectively.
This probably indicates a limited modification of surface charge due to the mild nitridation
or low concentration Nb-doping. On the other hand, a decrease of Pt loading is observed for
all the 0.25MTi samples. In particular, the Pt loading of Pt-0.25NbTi and Pt-0.25TaTi
dramatically decreases to 0.03 wt.%. This could be ascribed to the more negatively charged
surface of the 0.25MTi samples, as analyzed by the zeta-potential tests, which limits the
absorption of [PtCls]*. However, the decrease of Pt loading for Pt-0.25WTi is less, where
the deposition yield is only decreased to 34%. A possible explanation is that W>* (detected
by EPR) may bring more active sites for [PtC16]* adsorption.

Table 4.2: Pt loading for Pt-TiO,, Pt-MTi samples and Pt-NTi-m, determined by elemental analysis.

Sample PUwt.% Ndep %0
Theoretical Measured

Pt-TiO, 0.50 0.24 + 0.005 48 + 1
Pt-0.1NbTi 0.50 0.23 +0.003 46 + 0.6
Pt-0.25NbTi 0.50 0.03 £0.002 6+04
Pt-0.25TaTi 0.50 0.03 £ 0.004 6+0.8
Pt-0.25WTi 0.50 0.17 £0.008 34+ 1.6
Pt-NTi-m 0.50 0.21 +£0.011 42+22

3.3.1.2 SEM and TEM characterization

The SEM images (Figure 4.12) reveal a striking difference in the morphology of Pt
NPs in the case of M-doping and N-doping. Since we haven’t characterized all the M-doped
samples, Pt-0.25NDbTi is used as a representative. Well-dispersed Pt NPs are observed on the
surface of 0.25NbTi. There is no observable change in the particle size of the deposited Pt
NPs between Pt-0.25NbTi (Figure 4.12 b) and Pt-TiOx(Figure 4.12 a) with the SEM
resolution. However, for the N-doped sample, Pt NPs aggregation is noted to occur in some
specific areas on the sample surface (Figure 4.12 ¢). The aggregate shown in Figure 4.12 ¢
has a diameter of ~80 nm. This indicates a high inhomogeneity of the Pt distribution for Pt-
NTi-m, even though it has a similar Pt loading as TiOx.
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Pt NPs aggregation

Pt-0.25NbTi

Figure 4.12 : SEM images of Pt-TiO»(a), Pt-0.25NbTi (b) and Pt-NTi-m (c).

TEM images provide supplementary information on the Pt NPs deposited on TiO:
and 0.25NbTi (Figure 4.13). We can easily observe that the Pt NPs on TiO> are denser
compared to those on 0.25NbTi, indicating a higher Pt loading. This is consistent with the
elemental analysis result. Besides, the mean particle size of the Pt NPs on TiO; and 0.25NbTi
were calculated as 1.73 = 0.7 nm and 1.91 + 0.7 nm, respectively (average on 20 particles).
The result confirms that the Nb-doping does not change the distribution and particle size of
the Pt NPs, although the Pt loading is much lower than that of TiO-.

Figure 4.13 : TEM images of Pt-TiO» (a) and Pt-0.25NbTi (b).
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3.3.2 Photocatalytic activities

The photocatalytic hydrogen production rate of the Pt-MTi samples and Pt-NTi-m
are shown in Figure 4.14, compared to Pt-TiO: as a reference. All samples are less active
compared to Pt-TiO,. M-doping resulted in a significant decrease in the photocatalytic
performance. For the Pt-0.25MTi sample family, it was observed that the performance of the
samples dropped by 98% on average. The Pt-0.1MTi sample family exhibits better activity
than their respective Pt-0.25MTi counterpart (93% loss in average). For Pt-NTi-m, the
photocatalytic hydrogen production rate decreases “only” to 694 pmol.h'g™!.
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Figure 4.14 : Photocatalytic hydrogen production rate of Pt-TiO,, Pt-MTi samples and Pt-NTi-m.

The Pt NPs on all the M-doped TiO> were distributed similarly to TiO», that is, the Pt
NPs were well dispersed on the sample surface without obvious change in particle size. Then,
one of the reasons for the decrease of photocatalytic activity of the Pt-MTi samples could be
the reduced Pt loading, as proved by ICP-AES. It is worth noting that Pt-0.1NbTi has almost
the same Pt loading as Pt-TiO., and significantly more than the Pt-0.25WTi and present also
a better activity, even if it remains low compared to pure TiO». On the other hand, the least
performant sample is the Pt-0.25WTi, although it has a Pt loading ~6 times that of Pt-
0.25NbTi and Pt-0.25TaTi. These results indicate the importance of controlling the
distribution of co-catalyst its loading, but other properties might impact the activities of the
Pt-MTi samples.

We propose two explanations for these differences: first, as predicted by the
theoretical study,* the energy state of Nb 4d is quite close to the Ti 3d, while Ta 5d shows a
slightly higher position and W 5d a slightly lower position. The hybridization between the
cation d orbital and Ti 3d orbital modifies the CBB of M-doped TiO, especially in the case
with a high doping concentration. Consequently, the reducing power of the photogenerated
electrons can be modified and will change the HER activity. This is consistent with the
observed photocatalytic performance in both Pt-0.25MTi and Pt-0.1MTi families which
show a better activity for Ta then Nb and finally W.
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Secondly, both NTi and TiO2 samples present a certain amount of rutile beside
anatase. It is well known that the presence of these two phases significantly improve the
charge separation in photocatalytic reaction. For the N-doped sample, an aggregation of Pt
NPs was observed but this could be compensated by the presence of rutile and the visible
light absorption brought by the N states above the VBT.

3.4 Effect of (M,N)-co-doping on the photocatalytic activities

The (Nb,N) co-doped samples were selected as representative, characterization of
other co-doped materials needs to be completed in the future.

3.4.1 Characterization of the co-catalyst

3.4.1.1 Elemental analysis

As shown in Table 4.3, Although the Pt loading of the (Nb,N) co-doped TiO> was
doubled compared to the Nb-doped sample, the deposition yield (ndep = 12%) is still much
lower than that of Pt-TiO2 (naep = 48%). This indicates that the Pt loading was dominantly
determined by the M-doping rather than the nitridation process.

Table 4.3. Pt loading for Pt-TiO,, Pt-0.25NbTi and Pt-0.256NbNTi-m, determined by ICP-AES.

Pt wt.%
Sample Theoretical Actual Mep %6
Pt-TiO, 0.50 0.24 £ 0.005 48 +1
Pt-0.25NbTi 0.50 0.03 +0.002 6+04
Pt-0.25NbNTi-m 0.50 0.06 + 0.002 12+04

3.4.1.2 SEM characterization

The morphology of the Pt NPs on the surface of the (Nb,N) co-doped TiO> was
characterized by SEM (Figure 4.15). As mentioned earlier, for Pt-0.25NbTi, the NPs were
dispersed on the support surface in the form of separated particles. After the nitridation
process, both separated Pt NPs and Pt NPs aggregation were observed on the sample surface,
suggesting an increase of inhomogeneity of the Pt distribution due to the nitridation
(similarly to the NTi sample). However, the size of Pt aggregates on the (Nb, N) co-doped
sample (9.6 nm and 17.5 nm, in the dash frame in Figure 4.15 b) is smaller than that on the
N-doped sample (=80.0 nm).
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Pt NPs aggregation ' (b)

Pt-0.25NbTi

Figure 4.15: SEM images of Pt-0.25NbTi (a) and Pt-0.25NbNTi-m (b).

3.4.1.3 XPS analysis

The XPS spectra of the (Nb,N) co-doped TiO> deposited with Pt are presented in
Figure 4.16, for comparison purposes, the spectra of Pt-TiO; and the co-doped sample
(0.25NbNTi-m) without Pt deposition are used as reference.

In the spectral region of Ti (Figure 4.16 a), all the samples present two common
peaks, corresponding to Ti*'. Besides, it is noted that the signal of Ti*" only appears on
0.25NbNTi-m but not on Pt-0.25NbNTi-m counterpart. This might indicate that the Ti**
could be oxidized into Ti*" during the photocatalytic test. The Nb 3d region for the Nb-
containing samples is shown in Figure S4.1 Page 198, all three samples exhibit the same
doublet peak corresponding to Nb>*.
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Figure 4.16: XPS spectra of Ti 2p (a), and Pt 4f (b) region for Pt-deposited TiO, and (Nb,N) co-
doped TiO,. (Black points are the experiment data, red lines are the fitted signals, blue and green
lines are different contributions).
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The Pt 4f spectral region of the Pt-deposited samples is shown in Figure 4.16 b. A
common doublet peak located at 70.8 + 0.1 eV and 74.1+ 0.1 eV is observed on the three
samples, which is assigned to Pt’. This suggests that the Pt NPs exist exclusively in the form
of metallic Pt, although the (Nb,N) co-doping can change the loading and distribution of Pt
NPs. Furthermore, it is noted that the atomic concentration of Pt for Pt-TiO2 (0.083%) and
Pt-0.1NbNTi-m (0.085%) is more than three times that of Pt-0.25NbNTi-m (0.025%), which
is consistent with the elemental analysis result.

3.4.2 Photocatalytic activities

The photocatalytic performances of the (M,N) co-doped TiO2 materials are compared
to their M-doped counterparts, as shown in Figure 4.17 and Table 4.4. All the (Ta,N) co-
doped and (W,N) co-doped samples are less active for hydrogen production compared to the
respective M-doped samples. In particular, Pt-0.25WNTi-m does not produce detectable H».
For Pt-0.1TaNTi-m and Pt-0.1WNTi-m, a 50.6% and 60.0% decrease in activity occurred.
On the contrary, (Nb,N) co-doped TiO; presents an improvement of 23.3% for Pt-0. 1INbNTi-
m and 60.8% for Pt-0.25NbNTi-m.
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Figure 4.17: Photocatalytic hydrogen production rate of the Pt-MTi and Pt-MNTi samples.

So far, we have not completed the characterization of the Pt-deposited (Ta,N) co-
doped and (W,N) co-doped TiO> samples. Thus, the discussion is based on the following
assumption that concluded from the result of (Nb,N) co-doped TiO»: First, the Pt-MNTi-m
samples have a similar Pt-loading as the respective Pt-MTi samples, but the Pt NPs on the
surface of the (M,N) co-doped TiO; is less dispersed compared to that on the M-doped
samples. Two other opposing effects could also explain the photocatalytic activities of the
Pt-deposited (M,N) co-doped TiO, samples. On the one hand, conducting co-doping
effectively reduced the band gap of the co-doped materials, as confirmed in previous
chapters. This contributes to the increase of photon absorption, resulting in a larger quantity
of photogenerated electrons that could be used for photocatalytic reactions. In this regard,
the results of MB degradation, indicate a more significant effect for Nb and W than for Ta
co-doped samples, which can explain the improvement for (Nb,N) co-doped samples and
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the decrease for (Ta,N) ones. On the other hand, the modification of the CBB, discussed
above, may not have a strong influence on the photocatalytic MB degradation since the
mechanism probably involves radicals generated by the photogenerated holes. In the case of
HER, a decrease of CBB can have a stronger impact since the photogenerated electrons are
involved in the HER reaction. This last aspect can explain the poor performances of (W,N)
co-doped TiO> samples.

Table 4.4. Photocatalytic hydrogen production rate of the different samples shown in Figure
4.18, and the variation between Pt-MNTi-m samples and Pt-MTi samples.

1 variation vs M
Sample r(Hy) / yumol.g-1h doped TiO, / %
Pt-0.1NbTi 172
Pt-0.INbTi-m 212 23.3
Pt-0.25NbTi 51
Pt-0.25NbTi-m 82 60.8
Pt-0.1TaTi 267
Pt-0.1TaTi-m 132 -50.6
Pt-0.25TaTi 58
Pt-0.25TaTi-m 53 -8.6
Pt-0.1WTi 70
Pt-0.1WTi-m 28 -60.0
Pt-0.25WTi 35
Pt-0.25WTi-m 0 -100

3.5 Conclusion on photocatalytic hydrogen production

In this part, the synthesized TiO,, M-doped TiO», N-doped TiO> and (M,N) co-doped
TiO2 were applied to the photocatalytic hydrogen production, using Pt as co-catalyst and
methanol as sacrificial electron donor. Starting from the sol-gel synthesized TiO, the effect
of Pt deposition methods (chemical reduction vs photoreduction) on the photocatalytic
activity for hydrogen production was studied. It is shown that the photoreduction method is
more favorable for hydrogen production (2590 pmol.g'h!), even though the actual Pt
loading is only half that of chemical reduction. The superior activity is ascribed to the small
size (~2.5 nm) and high dispertion of the Pt NPs produced by photoreduction, with an
exclusive oxidation state of Pt’.

Using the Nb-doped and (Nb,N) co-doped samples as representatives, the effect of
M-doping, N-doping and (M,N) co-doping on the photocatalytic activity for hydrogen
production was studied. All the doped and co-doped materials show decreased activities
compared to the undoped TiO, the possible reasons responsible for the observed activity
deterioration are the presence of rutile for TiO2-based samples and the shift of the CBB due
to M-doping. Besides, it is found that a high cation doping concentration resulted in a
significant loss of Pt loading, which could be ascribed to its more negatively charged surface.
On the other hand, a certain aggregation of Pt NPs was found on the surface of the N-doped
and (M.N) co-doped samples.
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4. Photocatalytic performance for water oxidation

Compared to the photocatalytic hydrogen production reaction, the water oxidation
reaction should be less affected by the downward shift of the CBB. Theoretically, the VBT
of TiO2 (~3.0 eV vs NHE) is much lower than the redox potential required for water
oxidation (1.23 eV vs NHE), ensuring the thermodynamic feasibility for the photocatalytic
reaction. Besides, using the M-doped TiO> and (M,N) co-doped TiO> materials as the
photocatalysts for water oxidation is more frequently reported compared to hydrogen
production.*3"~3 Therefore, the photocatalytic performance of the mentioned materials was
evaluated by conducting oxygen evolution reaction, using ruthenium oxide nanoparticles
(RuOx NPs) as a co-catalyst.

4.1 Experimental part

The photocatalytic OER was carried out on the same experimental platform used for
hydrogen production, and the RuOx NPs was deposited through a photo-deposition process
which was combined with the photocatalytic test. In more detail, 50 mg of photocatalyst and
221 pL of the precursor solution RuCls (3.4 mmol.L™!, targeting a 0.15 %y. RuOx loading.
The raw material is from Merck, 99.98%) were added into 120 mL of Milli-Q water
containing 10 mmol.L"! NalO3; under magnetic stirring (500 rpm). Here, NalO3 plays the
role of sacrificial electron acceptor for both photodeposition of RuOx NPs and photocatalytic
OER. After the photocatalytic test, the sample was recovered by filtration with distilled water,
dried at 80°C, and then used for characterization. The prepared samples are denoted as RuOx-
X (X is the sample name). The photocatalytic activities were evaluated using the oxygen
production rate, which was calculated by extracting data in the stationary phase of the
oxygen evolution curve.

4.2 Characterization of RuOx-deposited TiO: materials

4.2.1 Elemental analysis

As shown in Table 4.5, the reference RuOx-TiO> has a RuOx loading of 0.11 wt.% (n

dep="73%). It is observed that the high concentration M-doping resulted in a decrease in RuOx
loading, especially in the case of Nb-doping (naep=40%) and Ta-doping (ndep = 20%), but the

decrease is less significant than in the case of Pt photodeposition.

Table 4.5. RuOy loading for RuOx-TiO2 and RuOx-MTi samples determined by elemental analysis.

Sample RuOx wt.% e %
Theoretical Actual
RuO,-TiO; 0.15 0.11 £ 0.002 73+£13
RuOy -0.25NbTi 0.15 0.06+ 0.006 40+4.0
RuOx -0.25TaTi 0.15 0.03 +0.004 20+2.3
RuOy -0.25WTi 0.15 0.09 + 0.002 60 £1.1
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From the point of view of surface charge, the M-doped samples have a more
negatively charged surface compared to TiO2, which should be more favorable for the
adsorption of Ru*". However, a more negatively charged surface also means that the capture
of photogenerated electrons by 103 may decrease. This probably leads to a decrease in the
separation efficiency of the photogenerated charges, and thus limits the RuOx deposition.
These two opposite effects may determine the final actual RuOx loading on a specific sample.

4.2.2 TEM characterization

The morphology of the deposited RuOx NPs on TiO; and Ta-doped TiO> was
characterized by TEM, as shown in Figure 4.18. The RuOx NPs, which are extremely fine,
are observed to be dispersed on the surface of both samples. It seems that the RuOx NPs for
RuOx-0.25TaTi are denser and have a larger particle size compared to that of RuOx-TiOo.
However, it remains sub-nanometric and in the current image resolution and due to the poor
contrast, it is difficult to determine the exact value of particle size.

Figure 4.18 : TEM images of RuOy-TiO- (a) and RuO-0.25TaTi (b).

4.2.3 XPS analysis

The XPS spectra of RuOx-TiO; are presented in Figure 4.19, with reference to TiO».
In the Ti 2p spectral region (Figure S4.2, Page 198), RuOx-TiO> shows the same
characteristic peaks as TiOz, corresponding to Ti*'. In the region of O 1s (Figure 4.19 a),
the peak ratio between O 1s B and O 1s A for RuOx-TiOz and TiO2 is 0.51 and 0.23,
respectively. The increased peak intensity of O 1s B for RuOx-TiO2 might be due to the
adsorbed oxygen on the deposited RuOx NPs, which provide the active sites for oxygen
evolution. Besides, the other two peaks located at 528.8 eV and 530.2 eV are attributed to
the oxygen in the O-Ru*" and O-Ru®* environment, respectively.*°

Figure 4.19 b presents the spectral region of Ru 3d and C 1s. Two doublets that are
attributed to Ru are observed. The first one displays the peaks at 281.5 eV and 285.6 eV,

corresponding to the 3d s and 3d 3 of Ru*",* and the second one with peaks located at
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283.3 eV and 287.4 eV are assigned to Ru®".*? Therefore, the RuOx NPs deposited on the
TiO> surface exist in the form of both RuO; and RuOs. The holes generated from the energy
level in VB have a stronger oxidizing power that can lead to this higher oxidation state of
Ru. Nevertheless, considering that the XPS analysis was done after the photocatalytic test,
we cannot exclude that a part of RuO3; was formed during the OER.
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Figure 4.19 : XPS spectra of O 1s (a) and Ru 3d and C1s (b) region for RuOx-TiO2 and TiOx.
(Black points are the experiment data, red lines are the fitted signals, blue and magenta lines are
different contributions).

4.3 Photocatalytic activities for water oxidation

The photocatalytic performances of RuOx-deposited TiO> materials are shown in
Figure 4.20. The RuOx-TiO> shows an oxygen production rate of 14 umol.g™'h!. Improved
photocatalytic activity is observed on RuOx-0.25NbTi and RuOx-0.25TaTi but not on RuOx-
0.25WTi. In particular, RuOx-0.25Ta exhibits the highest oxygen production rate (49 umol.g"
'h'!) among all the tested samples, although it has the lowest RuOx loading. W-doped sample
is the least active whether it was used for hydrogen production or water oxidation.
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Figure 4.20: Photocatalytic oxygen production rate of RuOx-deposited TiO,, M-doped TiO2 and
(M,N) co-doped TiOs.
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After the nitridation, no obvious change in the photocatalytic activity is observed on
the (M,N) co-doped samples, considering the current experimental standard deviation. The
only exception is for RuOx-0.25TaNTi-m which endures a significant decrease in oxygen
production rate (13 pmol.g'h') compared to the Ta-doped sample. This limited
improvement due to co-doping suggests that the increase in photon absorption is
counterbalanced by other properties. On the one hand, this is probably due to the change in
the morphology (loading, particle size, oxidation state...) of the RuOx NPs that need to be
investigated deeper. On the other hand, the introduction of N, raises the valence band top
and this could reduce the oxidative power of photogenerated holes. To confirm the proposed
hypothesis, systematic characterization of the RuOx NPs needs to be complemented.

4.4 Conclusion on photocatalytic water oxidation.

To conclude, we have applied the synthesized TiO>, M-doped and (M,N) co-doped
TiO> materials to the photocatalytic water oxidation reaction. RuOx NPs were deposited on
the sample surface as co-catalysts and NalO3 was used as a sacrificial electron acceptor to
consume the photogenerated electrons. Sub-nanometric RuOx NPs were dispersed on the
surface of TiO> and 0.25TaTi by the photo-deposition method which was combined with the
in-situ photocatalytic test. Multiple oxidation states (Ru*" and Ru®") of the RuOx NPs on the
surface of TiO> were confirmed by XPS analysis. Compared to RuOx-TiO2, superior
photocatalytic activity for water oxidation was observed on the Ta-doped and Nb-doped
samples but not on the W-doped sample. However, no significant improvement was observed
for the (M,N) co-doped samples. Nevertheless, more characterization is needed to reveal the
correlation between the co-catalyst deposit, intrinsic defects, and photocatalytic activity.

5. Dual co-catalysts modified TiO; material

5.1 Context

The utilization of dual co-catalysts has drawn significant attention in recent attempts
to boost the photocatalytic performance of TiO,. Synergetic effects of components could
facilitate the charge carrier separation and photocatalytic reaction kinetics.*® In an ideal
situation, co-catalyst promoting photocatalytic reduction and oxidation reaction (i.e.
reduction co-catalyst and oxidation co-catalyst) are deposited separately onto the TiO;
surface. It is expected that the photogenerated electrons and holes can be extracted
simultaneously by the reduction co-catalyst and oxidation co-catalyst, respectively.
Therefore, the charge separation efficiency could be further enhanced compared to the
mono-cocatalyst counterpart. Numerous efforts have been devoted to depositing dual co-
catalysts on TiO, over the past decade.***” Using Pt and RuO> as the dual co-catalyst has
been reported to effectively enhance the photocatalytic performance for hydrogen
production, CO oxidation, and pollutant degradation.*8->°

Encouraged by these successful precedents, we have conducted a preliminary attempt
to deposit both Pt and RuOx NPs onto the surface of the sol-gel synthesized TiO2. The
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activity of the dual co-catalyst decorated material was evaluated by conducting
photocatalytic hydrogen production and water oxidation reaction, respectively.

5.2 Experimental part

5.2.1 Preparation of dual co-catalyst modified TiO;

The TiO; decorated with dual co-catalyst was prepared by a two-step photo-
deposition method, in which Pt and RuOx NPs were successively deposited on the TiO»
surface. Two different deposition sequences were conducted:

(1) RuOx deposition first followed by Pt-deposition. Step-1 for RuOx deposition was
carried out through the same procedure as described in part 4.1. Then the filtrated RuOx-
deposited sample was used for the Pt-deposition in Step-2, the operation was the same as
described in part 3.2.2.2. Since the whole sample cannot be recovered after the filtration,
the quantity of H,PtCls solution used in Step-2 was proportionally reduced, targeting a
theoretical Pt loading of 0.5%. This sample was denoted as Pt-TiO2(RuOx).

(i1) Pt deposition first followed by RuOx-deposition. Step-1 for Pt deposition was
carried out through the same procedure as described in part 3.2.2.2. Then the filtrated Pt-
deposited sample was used for the RuOx-deposition in Step-2, the operation was the same as
described in part 4.1. Based on the sample mass after the filtration, the quantity of RuCls
solution and NalOs used in Step-2 was also proportionally reduced, targeting a theoretical
RuOx loading of 0.15%. The obtained sample is denoted as RuOx-TiO2(Pt).

5.2.2 Photocatalytic experiment

The prepared samples were used as catalysts for both photocatalytic hydrogen
production and water oxidation reactions. For hydrogen production, the samples were tested
in 120 mL Milli-Q water/methanol mixture (90/10, volume%). For water oxidation, the
samples were tested in 120 mL Milli-Q water containing 10 mmol.L"! NalO:s.

5.3 Photocatalytic activities of dual co-catalyst deposited TiO:

Figure 4.21 a presents the photocatalytic activity of the dual co-catalyst deposited
TiO2 for hydrogen production, with reference to the Pt-deposited TiO,. The expected
improvement of hydrogen production was not observed on the dual co-catalyst deposited
TiO», both of them were less active compared to Pt-TiO,. in particular, for RuOx-TiO2(Pt),
the hydrogen production rate significantly dropped to 144 pmol.g'h™!.

The oxygen production rates of the dual co-catalyst deposited TiO> during the water
oxidation reaction were compared to RuOx-TiO2, as shown in Figure 4.21 b. It is noted that
the photocatalytic activity of Pt-TiO2(RuOx) was completely inhibited. On the other hand, a
superior photocatalytic performance is observed on RuOx-TiO»(Pt), with an oxygen
production rate ~3.6 times as RuOx-TiO».
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Figure 4.21 : Photocatalytic hydrogen (a) and oxygen (b) production rate of the TiO, deposited
with dual co-catalyst.

From the result, we can conclude that the deposition sequence of Pt and RuOx plays
an important role in determining the photocatalytic activity for a specific reaction.
Depositing Pt after RuOx is more beneficial for hydrogen production, while the opposite
sequence is more favorable for water oxidation. The above preliminary attempts suggest that
the dual co-catalyst deposition strategy is promising to further enhance the photocatalytic
activity of TiO» material, especially for water oxidation reactions. Therefore, it is worth
applying it to the M-doped and (M,N) co-doped TiO: in the follow-up studies.

6. Conclusion

In conclusion, this chapter is devoted to the analysis of the photocatalytic results of
the prepared M-doped and (M,N) co-doped catalysts for different types of photocatalytic
reactions. In the first part, the photocatalytic activities of the M-doped and (M,N) co-doped
samples were evaluated by degradation of MB. Then, the M-doped TiO; and the (M,N) co-
doped TiO: produced by mild nitridation were applied to photocatalytic hydrogen production
and photocatalytic water oxidation, respectively.

Based on the result of photocatalytic degradation of MB, we have concluded that the
(Nb,N) co-doped TiO; and (Ta,N) co-doped TiO» exhibit similar photocatalytic behaviors,
where the nitridation condition significantly influences the photocatalytic activity. On
opposite, The photocatalytic performance of the (W,N) co-doped TiO- is hardly affected by
the nitridation conditions. Under the illumination of UV light, a deterioration of
photocatalytic activity was observed for (Nb,N) and (Ta,N) samples submitted to harsh
nitridation, but not for 0.25WNTi-h. The result confirms that Ti** could act as charge
recombination centers, resulting in a decrease in the degradation rate. On the opposite, Vo'
and W°' identified in Chapter 3 were proposed to have negligible influence on the
photocatalytic degradation process. By comparing the photocatalytic results obtained in this
chapter with those in Chapter 2, we have pointed out the important influence of MB
adsorption on the experimental result of photocatalytic degradation. It is proposed that for a
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higher MB/photocatalyst ratio, excessive dye molecules may be adsorbed on the sample
surface. Consequently, the generation of radical species could be slowed down due to this
coverage of the material surface by the adsorbed MB molecules (or their degradation
products), leading to a decreased degradation rate. This phenomenon depends on the surface
properties of the photocatalyst and zetametry indicates that M-doped samples suffered more
than TiO; of this excessive adsorption of MB, since their surfaces are more negatively
charged.

For the photocatalytic hydrogen production, Pt and methanol were used as co-catalyst
and sacrificial electron donor, respectively. It was shown that the Pt-deposition method has
a significant effect on the hydrogen production rate. Using TiO; as a reference material, we
have found that the photoreduction method is more favorable for hydrogen compared to the
chemical reduction method due to smaller co-catalyst particle size, the presence of Pt’
(confirmed by XPS), and despite a lower loading. It was also observed that different doping
strategies have a significant impact on the form of the deposited Pt NPs. A high concentration
of Nb-doping resulted in a strong reduction of the Pt loading. This phenomenon was also
ascribed to the more negative charge on the material surface. On the other hand, it is noted
that Pt NPs tend to aggregate on the surfaces of N-doped and (Nb,N) co-doped TiO».
According to the photocatalytic results, all the materials subjected to doping and co-doping
exhibit diminished activities compared to TiO.. The reasons might be the total absence of
rutile in these samples compared to TiO2 and N-doped TiO; and a change in the reductive
power of the photogenerated electrons due to the shift of CBB caused by the d orbital of the
doping cations. Except for the Nb-based samples, there is no obvious improvement in the
photocatalytic activity of the (M,N) co-doped TiO; in comparison with their M-doped
counterparts, which might be attributed to the aggregation of Pt NPs.

The synthesized TiO,, M-doped and (M,N) co-doped TiO> materials were also tested
for photocatalytic water oxidation reaction, in which RuOx NPs and NalO; were used as the
co-catalyst and sacrificial electron acceptor. It is shown that extremely fine and dispersed
RuOx NPs were successfully deposited on the surface of TiO: materials, by the photo-
deposition method. The oxygen production rates of the different samples indicate that the
Ta-doped and Nb-doped TiO> are more advantageous for photocatalytic water oxidation.
Similar to the photocatalytic hydrogen production reaction, no further enhancement of the
activity was achieved on the (M,N) co-doped materials. This indicates that the increase in
visible absorption does not contribute to an enhanced overall photocatalytic activity. Further
characterizations are needed to reveal the correlation between the co-catalyst deposit, the
intrinsic defects of the photocatalyst and the photocatalytic activity.

Finally, we have carried out a preliminary study of the photocatalytic properties of
TiO; deposited with both Pt and RuOx. The co-catalysts were deposited successively by a 2-
step photo-deposition method, and the photocatalytic activities of the prepared samples were
evaluated by hydrogen production reaction and water oxidation reaction. It is shown that the
deposition sequence of Pt and RuOx has an important impact on the resultant photocatalytic
activity for a specific type of reaction. Depositing Pt after RuOx is more beneficial for
hydrogen production, while the opposite sequence is more favorable for water oxidation.
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The photocatalytic results suggest a prospect to further enhance the photocatalytic activity
of TiO2 material by the strategy of dual co-catalyst deposition, especially for water oxidation
reactions. We suppose that combining the strategy of dual co-catalyst deposition and
doping/co-doping could be an interesting topic in the future.
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Conclusion and perspectives

In the context of an extension of application of renewable solar energy,
photocatalysis appears as a promising technology for converting solar energy into storable
chemical energy by water splitting process or for environmental remediation by advanced
photocatalytic oxidation reactions. TiO> remains one of the most efficient and abundant
photocatalyst with non-toxicity, low cost and good chemical stability. However, due to the
wide band gap (3.2 eV for anatase), TiO2 can only absorb photons in the UV region (~5%
of the solar spectrum), which limits its overall photocatalytic activity.

In this work we studied the strategy of co-doping with cation-anion combination
that has recently been proven, both theoretically and experimentally, effective in
broadening the photoresponse of TiOz into the visible range. The co-doped materials were
prepared via different synthetic methods and applied to promote different types of
photocatalytic reactions. In order to boost a specific type of photocatalytic reaction,
optimizing the selection of cation-anion is essential. However, so far, the role played by
different cation-anion combination in determining the photoelectrochemical properties of
the co-doped materials are still unclear. One of the barriers to our understanding of co-
doped TiO2 materials is that the results from different teams are not comparable. Besides
the variation of cation-anion combination, different synthetic processes may result in a
change in the particle sizes, surface area and phase structure of a specific co-doped
photocatalyst, simultaneously influencing its property and photocatalytic performance.
Thus, experimental comparative studies are needed to determine the cation-anion
combination favorable for different reactions.

In this context, the objective of this thesis was to modify the electronic band
structure of TiO2 photocatalyst by co-doping with transition metals (M=NDb, Ta or W) and
nitrogen, aiming at improving visible light response and photocatalytic activity of the (M,N)
co-doped TiO2 materials. In particular, efforts have been put on understanding the effect of
the different types of doping/co-doping on the properties of the materials and their
activities for specific photocatalytic reactions. By controlling the synthesis parameters,
different (M.N) co-doped materials with comparable morphology and crystal structure
were produced, allowing us to focus on the effect of co-doping itself.

Chapter 2 focused on the synthesis and characterization of TiO. nanoparticles co-
doped with (Nb,N), which is the most representative cation-anion combination. The
emphasis was placed on the role of nitridation in determining the properties and
photocatalytic activities for MB degradation of the (Nb,N) co-doped TiO. photocatalysts.
By comparing the characterization results of the co-doped materials with that of TiO2, Nb
or N-doped TiO2, we have proposed the charge compensation schemes for the different
types of doping/co-doping.

By controlling the annealing parameters, TiO2 and Nb-doped TiO2 photocatalysts
with comparable morphology were successfully prepared via a sol-gel method. Then, the
nitrogen was introduced by a thermal nitridation treatment in an ammonia atmosphere to
produce N-doped and (Nb,N) co-doped TiO2. The XRD results showed that the pre-
presence of Nb stabilized the anatase phase in the (Nb,N) co-doped samples, while the
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nitridation process facilitated the increase of rutile proportion in the N-doped samples. the
(Nb,N) co-doped TiO> photocatalysts crystallized in pure anatase phase with a small
particle size (< 10 nm) and consequently a large specific surface area (~120 m?g™L).

UV-vis spectroscopy results have shown an important effect of nitridation
conditions on the light absorption properties of the N-doped and (Nb,N) co-doped TiOo.
The mild nitridation produced yellow samples with the visible absorption limited in the
region before 550 nm. On the other hand, the harsh nitridation contributed to a dark
coloration with the visible absorption extended into longer wavelength (> 550 nm). XPS
and EPR results revealed that different doping sites and associated defects are responsible
for these two sets of UV-vis spectral characteristics. The mild nitridation process inserted
the nitrogen species at the interstitial position in the lattice of NTi-m and 0.25NbNTi-m,
and the latter showed a higher amount of nitrogen dopants due to the pre-presence of Nb.
For 0.25NbNTi-m, the additional negative charge brought by the N* was compensated by
Nb®*. For NTi-m, the charge compensation was mainly achieved by Vo*. The harsh
nitridation process introduced substitutional nitrogen into the TiO: lattice in addition to the
aforementioned interstitial nitrogen, and Ti®* was proposed to be responsible for the
absorption after 550 nm. For both N-doped and (Nb,N) co-doped materials, both Vo* and
Ti®* centers associated with the substitutional nitrogen are involved in the charge
compensation mechanism.

Combining the RDB-PAS, EPR and XPS results, we have proposed electronic band
structures of the prepared materials. A broader distribution of N 2p states above the VBT
was proposed for the (Nb,N) co-doped samples compared to their N-doped counterparts.
This could be ascribed to the larger N-dopants amount due to the pre-presence of Nb. On
the other hand, the harsh nitridation resulted in a decrease in the PAS signal for
0.25NbNTi-h, indicating that Ti** may act as charge recombination centers. Furthermore,
we tried to figure out the coordination of Ti and Nb in the lattice of (Nb,N) co-doped TiO-
with XANES and VTC-XES measurements. The Nb K-edge XES spectra showed that the
ligand-dependent peak (KB”) evolved with the increasing nitridation temperature. However,
the spectral characteristics observed on Ti K-edge are independent of the nitridation
conditions. The results indicated that the formation of Nb-N bonds could be more
favorable compared to that of Ti-N bonds.

The photocatalytic activities of the prepared materials have been evaluated by
conducting photocatalytic degradation of MB under the illumination of UV, visible and
simulated solar light (AM 1.5G), respectively. We have found that the nitridation
conditions play an important role in determining the photocatalytic activities. Both N-
doping and (Nb,N) co-doping enhanced the visible light activities of TiO». For the samples
after mild nitridation, 0.25NbNTi-m exhibited the best activity under the illumination of
visible light and simulated solar light, which could be attributed to the band gap narrowing
due to (Nb,N) co-doping. On the contrary, the samples submitted to harsh nitridation
conditions (NTi-h and 0.25NbNTi-h) suffered from deterioration of photocatalytic
activities when compared to their counterparts treated under mild conditions, which could
be attributed to the generation of Ti** acting as charge recombination centers.
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Chapter 3 presents a comparative study aiming at understanding the role of cation
in the M-doped and (M,N) co-doped TiO, materials (M=Nb, Ta or M). We selected Ta
because it is from the same column as Nb in the periodic table, thus we expected similar
physicochemical properties between them. W®* theoretically brought more positive charge
into the TiO; lattice, thus more nitrogen was expected to be introduced by the nitridation.

The M-doped samples were synthesized via a sol-gel method as mentioned in
Chapter 2. Morphological characterizations showed that all the M-doped TiO. present
similar spherical morphology as TiO.. In a specific M-doped TiO> family, the particle size
increases with the doping concentration, consequently slightly reducing the BET-specific
surface area. An in-situ TDXRD technique was applied to reveal the evolution of the
crystal structure of a specific M-doped TiO. with increasing temperature. The results
confirmed an inhibition of phase transition from anatase to rutile due to the M-doping. In a
specific M-doped family, the phase transition temperature (Tpr) increased with the cation
doping concentration. For the M-doped TiO> doped with different types of cation but with
the same doping concentration, the values of Ter follow the order: W>Ta>Nb. Besides, the
observed phase segregation phenomenon indicated a decrease in the cation solubility in the
TiO- lattice with temperature.

Based on the M-doped TiO, the (M,N) co-doped samples were obtained through a
thermal nitridation in ammonia. For each (M,N) family, we have determined the mild and
harsh nitridation conditions by a trial-error process to present the yellow and dark samples,
respectively. Compared to the M-doping process, modification of the morphology and
crystal structure of the (M,N) co-doped samples by the nitridation process is limited. All
the (M,N) co-doped TiO> materials (M/Ti-0.25) have a similar phase structure, particle size
and BET surface area. The XPS results confirmed a successful nitrogen insertion into the
(M.N) co-doped TiO. through thermal nitridation, and the formation of substitutional
nitrogen requires more harsh condition compared to that of interstitial nitrogen. As
expected, due to the 6+ charge of W, a larger amount of nitrogen was observed on (W,N)
co-doped samples in comparison with the (Nb,N) samples. The EPR results demonstrated a
similar doping mechanism between (Nb,N) and (Ta,N) co-doping, in which Ti** was
generated under harsh nitridation. As mentioned in Chapter 2, this defect is considered to
be responsible for the longer wavelength absorption after 550 nm. However, a different
behavior was observed on the (W,N) co-doped samples. No Ti®* was generated during the
nitridation process regardless of the thermal condition. Instead, W°* was generated under
the harsh nitridation condition. Thus, the charge compensation scheme for the (W,N) co-
doping may involve Vo*,W** and cation vacancies.

According to the results of UV-vis spectra, the (Ta,N) and (W,N) co-doped samples
also present two types of absorption features, as observed on (Nb,N) co-doped samples,
depending on the nitridation conditions. Mild nitridation resulted in an increase of visible
absorption before 550 nm (yellow color), which is ascribed to N-doping. Harsh nitridation
resulted in an increased visible absorption intensity with absorption that appeared after 550
nm (dark color), which is mainly attributed to the generation of defect states in the band
gap. Besides, in each (M,N) co-doped family, the visible absorption intensity was observed
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to increase with the cation doping concentration, which indicates a promotion of nitrogen
doping due to the pre-presence of cation. This promotion effect was proposed to follow the
order: W>Nb>Ta, based on the comparison of the visible absorption intensity of the (M,N)
co-doped samples treated by the same nitridation condition (350°C 12h). By extending the
measurement range into the infrared region, we have observed the absorption peak related
to Ti** on the (Nb,N) and (Ta,N) co-doped samples after harsh nitridation. For the W-
containing samples, an absorption peak at 1300 nm, which might be attributed to W°*" was
observed. Especially, the signal of W°* is more intense on the (W,N) co-doped sample
treated by harsh nitridation. On the other hand, all the (Nb,N) and (Ta,N) co-doped samples
show a similar band gap value (~2.5 eV). However, (W,N) co-doping resulted in a further
reduced band gap (2.26 eV for 0.25WNTi-m, 2.1 eV for WNTi-h), which may be due to a
different distribution of N 2p states or the lower energy of W 5d orbital.

In addition, we have developed an In-situ temperature-dependent UV visible
spectroscopy technique to visualize the process of N-doping and defect generation for the
TiO2 materials during the thermal treatment. The nitridation process of TiO2 was
successfully transposed into the in-situ cell. 390°C and 440°C were determined to present
the spectral characteristics as those produced by mild and harsh nitridation, respectively. In
the case of M-doped samples, the appearance of the yellow color centers was not observed.
Nevertheless, by oxidation process of the (M,N) co-doped samples, we have observed that
the defects associated to dark color (Ti¥*/W®") can be removed by heating the (M,N) co-
doped materials in air flow at ~170°C, which is not influenced by the type of cation. On
the other hand, the nitrogen doping species related to the yellow color are more
thermodynamically stable.

In Chapter 4, the M-doped TiO> and (M,N) co-doped TiO> discussed in Chapter 3
were used to catalyze three different types of photocatalytic reactions: MB degradation,
hydrogen production and water oxidation. The (Nb,N) and (Ta,N) co-doped TiO> presented
similar photocatalytic behaviors for the degradation of MB, where the nitridation condition
significantly influences the resultant photocatalytic activity. Under the UV illumination,
the harsh nitridation resulted in a deterioration of photocatalytic activity for the (Nb,N) and
(Ta,N) co-doped samples but not for the (W,N) co-doped sample. Combining XPS and
EPR results shown in Chapter 3, we have concluded that Ti** acts as charge recombination
centers whereas Vo' and W negligibly influence the photocatalytic degradation kinetics.
Besides, a decreased degradation rate was observed on all the M-doped TiO2 compared to
the undoped TiO2, which is inconsistent with the results in Chapter 2. Considering the
higher MB/photocatalyst ratio in the experimental condition in Chapter 4, we proposed that
excessive MB molecules may be adsorbed on the surface of the M-doped samples due to
their negatively charged surface, as indicated by the zeta potential test. Consequently, the
generation of radical species could be slowed down since the corresponding reaction sites
may be already occupied by MB molecules (or their degradation products). Actually, by
comparing the experimental results in Chapter 4 with those in Chapter 2, we supposed that
the activities of all the tested samples were limited to a certain extent due to the
aforementioned excessive adsorption of MB.
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Then the activities of the prepared photocatalysts were evaluated by catalyzing
photocatalytic hydrogen production and water oxidation reactions, respectively. For
hydrogen production, Pt NPs were deposited on the sample surface by a photo-reduction
method as co-catalyst for enhancing the reaction Kinetics. This deposition method
produced dispersed Pt NPs with smaller particle sizes compared to the chemical reduction
method. The XPS results showed an exclusive oxidation state of Pt° for the deposited Pt
NPs. It was observed that the surface chemical properties modified by doping/co-doping
significantly influence the Pt deposition process. A high concentration of Nb-doping led to
a drop in Pt loading, which could be ascribed to the more negative surface charge. On the
other hand, the introduction of nitrogen resulted in the aggregation of Pt NPs on the surface
of N-doped and (Nb,N) co-doped samples. The photocatalytic results showed a decrease in
activity for all the M-doped and (M,N) co-doped samples compared to TiO2 and N-doped
TiO2. The possible reason could be the absence of rutile compared to TiO2 or the
downward shift of CBB due to the M-doping.

For water oxidation, extremely fine RuOx NPs were photo-deposited on the sample
surface as co-catalyst. The experimental results showed that the Nb-doped and Ta-doped
samples are more favorable for catalyzing water oxidation, and we did not observe any
further increase in oxygen production on the (M,N) co-doped materials. Finally, we
demonstrated a prospect of dual co-catalyst deposition for further improving the
photocatalytic activity of TiO2 material used in water splitting. The TiO> decorated with Pt
and RuOx NPs successively was observed more active for water oxidation compared to the
one decorated with mono co-catalyst.

Based on the conclusion of this work, several perspectives could be considered in
future studies:

e Although we have made efforts to control the calcination and nitridation parameters
to ensure a similar phase structure and morphology between different samples, the
presence of rutile can not be avoided completely for the undoped TiO2 and the N-
doped TiO2. Since the heterojunction constructed with anatase and rutile may
facilitate charge separation. The influence of the rutile phase on photocatalytic
results, but also the amorphous layer (not taken into account in our case), still
remains a debate in the community and requires further study.

e We have discussed the charge compensation scheme for each (M,N) co-doped
family. However, the types of involved dopants and defects were mainly
determined by XPS and EPR, which are unable to detect cation vacancies. Indeed,
considering the high cation doping concentration (M/Ti=0.25) and the limited
amount of N dopants (N/M < 0.6), the presence of cation vacancies is highly
possible. Thus, we hope that future studies to reveal the effect of cation vacancies
on the charge compensation scheme and the photocatalytic activity.

e [For a more comprehensive understanding of the band structure of different (M,N)
co-doped TiO2 materials, further characterization should be focused on determining
the position of their CBB and VBT. This could help us to better explain the
photocatalytic experimental results, especially for hydrogen production reactions.
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Ultraviolet Photoelectron Spectroscopy (UPS) and Mott-Schottky plot by
electrochemical impedance spectroscopy measurements could be useful techniques
for this purpose.

Although we successfully synthesized TiO2 nanoparticles by sol-gel method with a
small particle size (~5 nm for TiO2; < 12 nm for the doped samples), the SEM/TEM
results indicted an agglomeration of TiO2 nanoparticles, which may limit the charge
carrier transfer efficiency and reduce the surface area. This agglomeration might be
related to the calcination procedure. Therefore, it is necessary to further optimize
the preparation method to promote the dispersion of the nanoparticles as much as
possible. The synthetic methods without calcination, such as hydrothermal and
sovothermal could be a possible solution.

In our experiment of hydrogen production and water oxidation, the distribution and
loading amount of the co-catalyst was difficult to control. Thus the photocatalytic
activity of a specific sample was determined together by the properties of the
photocatalyst itself and the co-catalyst NPs mophology. To make the co-catalyst on
the surface of M-doped and (M,N) co-doped samples comparable with that of TiOo,
the photo-deposition method should be optimized. But for this a clear
understanding of surface properties of the co-doped sample is necessary. This last
point also have a strong influence on the photocatalytic reaction as demonstrated in
the case of MB degradation and it will need to be taken more into account.
Combining co-doping strategy and dual co-catalyst deposition could be an
interesting topic for developing advanced TiO»-based material used for water
splitting. Enhanced activity was already observed on the TiO, decorated by Pt and
RuOx NPs. Further characterization of the dual co-catalyst should be supplemented.
The effect of co-catalyst loading, distribution, and oxidation states on the
photocatalytic results need to be figured out.

The results presented in this thesis were used for one accepted publication:

Marchal, C., Mary, C., Hammoud, L., Xi, Q., Toufaily, J., Hamieh, T., Suhadolnik,

L., Fornasiero, P., Colbeau-Justin, C., Caps, V., Cottineau, T., Keller, V. 2022. A
Parametric Study of the Crystal Phases on Au/TiO2 Photocatalysts for CO2 Gas-
Phase Reduction in the Presence of Water. Catalysts, 12(12), p.1623.

A second one, based on the results of Chapter 2, was submitted in june 2023 to

Chemistry of Material and is now under revision.
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Chapter 2
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Figure S2.1 : XPS survey spectra for different samples using (a) Al and (b) Mg X-ray source.
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Figure S2.2 : XPS spectra of C 1s region for TiO,. (Black points are the experiment data, black,
blue and red lines are the baseline, the individual peak contributions, and the fitted signals).
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Table S2.1: Peak fitting details for XPS related to Figure 2.11 and 2.12.

Sample ID Element/Transition Position FV'\\/I/H Line shape RFS C(:)A:m
Ti Ti** 2par 459.018 1.42 LF(0.7,0.75,24,240) | 5.22 25.4
Tio, 0 0O 1s-A 530.327 1.47 LF(1,0.9,25,400) 2.93 45.7
O 1s-B 531.653 2.04 LF(1,0.9,25,400) 2.93 10.3
Ni 400.547 2.39 GL(30) 1.8 0.2
Ti Ti** 2par 459.239 1.40 LF(0.7,0.75,24,240) | 5.22 26.7
NTi-m 0 0 1s-A 530.537 1.44 LF(1,0.9,25,400) 2.93 46.7
O 1s-B 531.785 2.16 LF(1,0.9,25,400) 2.93 12.5
Ni 400.828 2.37 GL(30) 1.8 0.6
Ti Ti** 2pan 458.775 1.42 LF(0.7,0.75,24,240) | 5.22 27.0
0 0 1s-A 530.092 1.45 LF(1,0.9,25,400) 2.93 48.4
NTi-h 0 1s-B 531.433 2.08 LF(1,0.9,25,400) 2.93 10.8
N N; 400.440 | 3.00 GL(30) 18 | 06
Ns 396.267 2.54 GL(30) 1.8 0.6
Ti Ti* 2pan 459.266 1.49 LF(0.7,0.75,24,240) | 5.22 18.0
Ti%* 2pan 457.169 1.34 LF(0.7,0.75,24,240) | 5.22 0.8
Nb Nb5* 3ds) 207.748 | 1.62 LF(151,25240) | 486 | 6.4
0.25NbTi Nb satellite 395.230 4.58 GL(30) 0
o 0O 1s-A 530.548 1.52 LF(1,0.9,25,400) 2.93 42.6
0O 1s-B 531.464 2.23 LF(1,0.9,25,400) 2.93 17.0
Ni 400.676 2.32 GL(30) 1.8 0.2
Ti Ti** 2p3e 459.106 | 1.49 | LF(0.7,0.75,24,240) | 5.22 | 185
Ti®* 2pan 456.834 | 1.34 | LF(0.7,0.75,24,240) | 522 | 0.6
. Nb5* 3ds 207.571 1.62 LF(1.5,1,25,240) 4.86 6.7
O'ZSI:?NT" Nb Nb satellite 395.135 | 4.61 GL(30) 0
o 0O 1s-A 530.404 1.55 LF(1,0.9,25,400) 2.93 49.0
O 1s-B 531.569 2.08 LF(1,0.9,25,400) 2.93 11.3
Ni 400.635 2.80 GL(30) 1.8 0.8
Ti Ti** 2pan 459.204 | 153 | LF(0.7,0.75,24,240) | 522 | 175
Ti%* 2pan 456.999 1.38 LF(0.7,0.75,24,240) | 5.22 1.0
Nb Nb®* 3ds) 207.636 1.69 LF(1.5,1,25,240) 4.86 6.6
0.25NbNTi- Nb satellite 395.11 4.60 GL(30) 0
h o 0 1s-A 530.485 1.57 LF(1,0.9,25,400) 2.93 45.3
0 1s-B 531.571 2.20 LF(1,0.9,25,400) 2.93 14.3
N Ni 400.969 2.80 GL(30) 1.8 0.9
N;s 396.771 1.93 GL(30) 1.8 0.4
Ti Ti** 2pan 459.118 1.69 LF(0.7,0.75,24,240) | 5.22 18.2
Ti®* 2par 457.015 | 152 | LF(0.7,0.75,24,240) | 522 | 1.2
Nb5* 3ds, 207532 | 1.88 LF(1.5,1,25,240) | 486 | 5.6
Nb Nb** 3ds2 205.672 | 1.81 LF(1.5,1,25,240) | 486 | 0.4
0.25NbNTi- Nb satellite 395400 | 4.60 GL(30) 0
sh 0 1s-A 530.41 1.58 LF(1,0.9,25,400) 2.93 44.3
© 0O 1s-B 531.684 2.01 LF(1,0.9,25,400) 2.93 11.9
N; 400.232 | 2.50 GL(30) 1.8 | 0.2
N Ns 396.527 2.11 GL(30) 1.8 2.4
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Figure S2.4 : RDB-PA spectra for different samples.

189



Annexes

025N bTi 025NbNT-M 0.25NbNTi-h

Normalized Intensity
Normalized Intensity
Nommalized Intensity

T 1 1 T T 1 T 1 1
1892 1894 1896 1896 19.00 1852 1594 1896 18.96 19.00 1852 1894 15896 18.98 19.00

Energy (KEV} Energy {HEV} Energy {HEV}
0.25NDbNTi-sh Nb,O NBN

Z z z

un [77] 7]

C o C

@ a o

= E =

= = L]

I 8 IS

™ ] ™

£ = E

o o o

= prd z

T T T T T T T T T T T T T T T I I
18.92 1894 1896 1898 19.00 1892 1894 1896 1898 19.00 1892 1894 1896 1895 19.00
Energy (keV) Energy (keV) Energy (keV)

Normalized Intensity

1892 18.94 1896 18.98 19.00
Enemngy (keV) q

Figure S2.5 : Peak fitting for X-ray emission spectra for different samples using Lorentz function.
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Figure S3.1: Thermogravimetric analysis of the gel of TiO, and the M-doped samples.
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Figure S3.2: XRD pattern of the sample holder used for the in-situ TDXRD measurement.
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Figure S3.3: XRD patterns for different samples after the TDXRD measurement recorded again at
room temperature.
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Figure S3.4: The raw TDXRD patterns for different samples stacked with the increase of
temperature. (a) for TiO2; (b) and (c) for 0.1NbTi and 0.25NbTi; (d) and (e) for 0.1TaTi and
0.25TaTi; (f) and (g) for 0.1WTi and 0.25WTi. The phase transition temperature (Ter) is marked in
red, and the phase segregation temperature (Tps) is marked in blue.

Table S3.1: atomic concentrations of the cation and titanium for the cation-doped samples
determined by SEM-EDX.

Sample ID Ti Nb Ta W cation/Ti
0.1INbTi 90.6 94 0.103
0.25NbTi 82.0 18.0 0.220
0.1TaTi 91.7 8.3 0.091
0.25TaTi 82.7 17.3 0.209
0.1WTi 914 8.6 0.094
0.25WTi 81.8 18.2 0.222
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Figure S3.5: XPS survey spectra for different samples discussed in Chapter 3..
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Figure S3.6: XPS spectra of O 1s (a) and Ti 2p (b) region for TiO, and M-doped samples. (Black
points are the experiment data, red lines are the fitted signals, blue lines are different contributions).

195



Annexes

Ti 2p
\.\‘_&F 0.25WTi
s
) \\--...... 0.25TaTi
2
g) 13+
S Ti™ 2pgp,
= 0.25NDbTi

\‘\\ Tio,
I I Y

459 458 457 456 455
Binding energy (eV)

Figure S3.7: Magnification on the Ti 2p XPS region for the M-doped samples.
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Figure 3.8: N2 sorption isotherms for the M-doped and (M.N) co-doped samples: (a) Nb-doped and
(Nb,N) co-doped samples. (b) Ta-doped and (Ta,N) co-doped samples. (c) W-doped and (W,N) co-
doped samples.
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Figure S3.9: XPS spectra of Ti 2p region for Ta-doped and (Ta,N) co-doped samples. (Black
points are the experiment data, red lines are the fitted signals, blue lines are different contributions).
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Figure S3.10: XPS spectra of Ti 2p region for the W-doped and (W,N) co-doped samples. (Black
points are the experiment data, red lines are the fitted signals, blue lines are different contributions).
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Figure S4.1: XPS spectra of Nb 3d region for (Nb,N) co-doped TiO, and Pt-deposited (Nb,N) co-
doped TiO,. (Black points are the experiment data, red lines are the fitted signals, blue and green
lines are different contributions).
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Figure S4.2: XPS spectra of Ti 2p for RuOx-TiO2 and TiO». (Black points are the experiment data,
red lines are the fitted signals, blue and magenta lines are different contributions).
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7 TiO2 co-dopé avec des
métaux de transition et de
I’azote pour la photocatalyse
a large spectre active par la
lumiere solaire

FE S

G

Résumeé

La photocatalyse est une technologie prometteuse dans le domaine de la conversion de
I'énergie solaire, qui peut étre utilisée pour I'assainissement de l'environnement et la production de
carburant solaire. Dans ce contexte, la these présente des travaux visant a développer des
photocatalyseurs TiO2 co-dopés aux métaux de transition (M = Nb, Ta ou W) et a l'azote avec une
réponse a la lumiere solaire a large spectre.

Des nanoparticules de TiO2 co-dopées (M,N) ont été synthétisées via une méthode sol-gel
suivie d'un processus thermique de nitruration dans une atmosphére d'ammoniac. La présence
préalable de cations a favorisé l'insertion de I'azote et augmenté I'absorption de la lumiére visible par
les matériaux co-dopés. En ajustant les conditions de nitruration thermique, I'absorption visible peut
étre déplacée dans la région avant 550 nm ou étendue a de plus grandes longueurs d'onde. En
comparant les résultats de caractérisation du TiO2 codopé (Nb,N), (Ta,N) et (W,N), le réle du cation
dans la détermination du processus de dopage N et de la génération de défauts a été étudié.
Ensuite les échantillons codopés (M,N) synthetisé avec les differentes conditions de nitruration ont
éte testé pour la dégradation du MB et les réactions de craquage de I'eau. Dans le premier cas, les
résultats on montrées une amélioration de la conversion activée par la lumiere visible en particulier
pour le TiO2 co-dopé (Nb,N). D'autre part, les dopants Nb et Ta ont favorisé efficacement I'oxydation
photocatalytique de I'eau.

Mots-clés: Photocatalyse, TiO2 co-dopé, Dégradation, Production d’hydrogene, Oxydation de I'eau.

Résumeé en Anglais

Photocatalysis is a promising technology in the field of solar energy conversion, which can be
used for environmental remediation and solar fuel production. In this context, the thesis presents
works aiming at developing transition metal (M=Nb, Ta or W) and nitrogen co-doped TiOz2
photocatalysts with broad spectrum solar light response.

(M,N) co-doped TiO2 nanoparticles were synthesized via a sol-gel method followed by a
thermal nitridation process in ammonia. The pre-presence of cation promoted nitrogen insertion and
increased visible light absorption of the co-doped materials. By adjusting the nitridation conditions,
the visible absorption could be shifted in the region before 550 nm or extended at longer
wavelengths. By comparing the characterization results of (Nb,N), (Ta,N) and (W,N) co-doped TiOz,
the role of cation in determining the N-doping process and defect generation was studied. Co-doped
(M,N) samples synthesized with different nitriding conditions were then tested for MB degradation
and water-splitting reactions. In the first case, the results showed an improvement in conversion
activated by visible light, particularly for (Nb,N) co-doped TiO2. On the other hand, the Nb and Ta
dopants effectively promoted the photocatalytic oxidation of water.

Key words: Photocatalysis, Co-doped TiO2, Degradation, Hydrogen production, Water oxidation.




