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Resume

L'augmentation de la teneur en dioxyde de carbone (CO>) dans I'atmospheére et I'épuisement des
ressources énergétiques fossiles nécessitent une réaction sociétale urgente face a un déréglement
climatique planétaire effectif, tout en assurant 1’approvisionnement futur en énergie.

En chiffres, la concentration actuelle en CO, dans 1’atmosphere est de 411 ppm (au 21 avril
2018 1), laquelle dépasse largement sa fluctuation naturelle, entre 180 et 300 ppm, sur les 800 000
derniéres années 2. D'un point de vue énergétique, la consommation mondiale d'énergie devrait passer
de 15-17 TW en 2010 ® a 25-27 TW en 2050 4, soit une augmentation de 47 a 80% en quarante ans. En
2017, 81% de la demande totale en énergie était fournie par I’utilisation de combustibles fossiles.
Toutefois, la prise de conscience de la nécessité d’une transition énergétique vers une production bas-
carbone existe puisqu’un quart de la production mondiale d'électricité est assurée par des énergies
renouvelables, ce qui représente le taux de croissance en volume le plus élevé par rapport a toute autre
source d'énergie en 2017 5. Ces chiffres témoignent de I'effort qui doit étre soutenu pour réduire cette
forte dépendance aux combustibles fossiles, comme le souligne I'Agence internationale de I'énergie
(AIE). En considérant le scénario de développement durable décrit dans World Energy Outlook 2017 ,
les sources d'énergie a faible émission de carbone doivent doubler leur part dans le bouquet énergétique
pour atteindre 40% en 2040.

Parmi les sources d’énergies renouvelables déployées a grande échelle pour la production
d'énergie électrique, on peut citer le solaire (panneaux photovoltaiques) et le vent (éoliennes). Ceux-ci
convertissent l'irradiation solaire ou la force du vent en énergie électrique. Cependant, alors que nos
sociétés passent de I’ére du tout pétrole a celle du zéro carbone, le stockage massif de I'énergie est le
principal défi technologique auquel nous seront naturellement confrontées en raison de I’intermittence
de ces sources. Les nouvelles technologies alternatives basées sur la conversion de 1’électricité en
énergie chimique sont au cceur de la recherche. En particulier, I'électrolyse de l'eau est un moyen
envisageable de stocker I'électricité sous forme d'hydrogene. Afin d’éviter de superposer les étapes de
conversion/transformation qui induisent nécessairement des pertes de rendements, des voies directes
pour convertir I'énergie solaire en énergie chimique sont en phase de développement plus ou moins
avancé selon les domaines et associé au processus de photosynthése naturelle (biocarburants de 1°¢, 2¢me
ou 3°™ génération) ou artificielle (photocatalyse pour la production d’hydrogéne - le « water splitting »
- ou la réduction du dioxyde de carbone en hydrocarbures). Dans ce projet de thése, c’est la
photoconversion du CO; qui sera 1’objet de I’étude ; elle permet la production d'hydrocarbures a fort

contenu énergétique en utilisant I'énergie solaire. Les hydrocarbures, qu’on imagine produits par
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I’utilisation d’émissions anthropiques de COy, peuvent alors étre utilisés comme combustibles pour
produire de I'énergie. Cette consommation d'hydrocarbures appelés, « carburant solaires » (solar fuel en
termes anglo-saxons) libére a nouveau du CO2, qui pourra étre réutilisé dans un nouveau procédé de
photoconversion. Cela permettrait d’intégrer le CO, émis par la combustion de carburants dans un cycle
global du carbone. Le CO; deviendrait un vecteur énergétique (dans la mesure ou il serait disponible en
guantité et bon marché) permettant de substituer 1’utilisation de combustibles fossiles a celle des
carburants solaires ’.

Le projet de these s'inscrit dans la thématique de la conversion directe du CO; par photocatalyse
hétérogéne. La photocatalyse a fait I'objet d'une attention considérable au cours des derniéres années et
a été utilisée dans un large éventail de domaines de recherche, notamment dans les domaines
environnementaux, énergétiques et de chimie fine. En se basant sur la percée du « water splitting »
rapportée par Fujishima et Honda en 1972 8, les propriétés photocatalytiques de certains matériaux ont
éteé utilisées pour convertir I'énergie solaire en énergie chimique, (c’est-a-dire en hydrogene et/ou en
hydrocarbures °), pour éliminer les polluants et bactéries sur les surfaces de matériaux, dans l'air ou
I'eau. Parmi les nombreux photocatalyseurs, le TiO; a été le plus largement étudié et utilisé dans de
nombreuses applications en raison de ses fortes capacités oxydantes pour la décomposition des polluants
organiques, sa superhydrophilie, sa stabilité chimique, sa longue durabilité, sa non-toxicité et son faible
codt.

Le processus global de la photocatalyse hétérogéne consiste en une succession de processus
complexes impliquant des étapes élémentaires se déroulant & la surface du matériau (adsorption des
réactifs, diffusion, réaction des intermédiaires en surface et recombinaison en surface des charges
photogénérées) et dans son volume (absorption des photons, génération, diffusion et recombinaison en
volume). La complexité du mécanisme de la photocatalyse hétérogene révéle des limites que la
communauté scientifique cherche a repousser le plus loin possible. Ces limitations peuvent étre induites
par l'effet d’écrantage, par des phénomenes d'adsorption ou par la recombinaison des porteurs de charge.
Par conséquent, les performances catalytiques revendiquées dans la littérature pour la photoconversion
du CO; ou plus largement la production de carburants solaires, sont encore éminemment faibles au
regard de I'émergence des procédeés a 1’échelle industrielle. Aujourd’hui, méme avec les meilleurs
photocatalyseurs, les vitesses de conversion du CO; sont encore trés faibles (de I'ordre de quelques
dizaines a quelques centaines umole~.h?.g?) 7. La plupart des travaux mentionnés dans la littérature se
concentrent sur la modification physico-chimique des semi-conducteurs afin d'améliorer l'utilisation des
porteurs de charge photogénérés en minimisant le phénoméne de recombinaison par des effets
architecturaux spécifiques (hétérojonctions), l'addition de métal comme co-catalyseur, ou de
dopants'®!!, Bien que ces voies de recherche soient intéressantes et aient permis des avancées
substantielles, une voie, qui reste trés peu étudiée et constitue par consequent un grand défi, concerne
l'optimisation de la diffusion de flux de photons au sein du lit (photo)catalytique. En effet, les

photocatalyseurs actuels se présentent sous forme de couche mince due a la faible pénétration des
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photons dans la matiere dense. Une amélioration de la diffusion des photons dans la profondeur du lit
catalytique permettrait I’intensification du processus en volume et donc une réduction de I’empreinte au
sol des futurs systemes de production de carburants solaires.

Ainsi, le projet de thése propose la mise en ceuvre d'un photocatalyseur dans des matériaux
tridimensionnels nommés HIPEs (High Internal Phase Emulsion) 12 pour répondre au défi de la collecte
des photons. Ces matériaux tridimensionnels sont des monolithes a porosité hiérarchisée. La structure
multi-échelles a fait ses preuves pour optimiser les propriétés de transport des matériaux. Le
comportement du fluide est intrinséquement hiérarchisée, alimentant efficacement les parois des
macropores, qui peuvent accueillir la phase active 13141516 Ay-dela de I'interaction avec les fluides, les
structures poreuses ont également prouvé leur capacité a interagir avec la lumiére. Par exemple, la
distribution périodique et monodisperse en taille des pores confére aux cristaux photoniques la capacité
de contrdler la pénétration des photons et de piéger la lumiére 7. Cependant, ces matériaux diffusent
une seule longueur d'onde de la lumiére liée & la taille des pores. Les éponges photoniques (« photonic
sponge », en anglais) ont ensuite été introduites par Carbonell et al. * pour favoriser la diffusion de la
lumiére dans une large région spectrale en raison de la composition polydisperse des particules ou des
pores. Inspirés par le monde vivant, Zhou et al. *° ont reproduit I'architecture hiérarchique 3D des feuilles
pour améliorer la multidiffusion de la lumiére. L'objectif de ces structures est d'augmenter le temps de
séjour des photons et leur profondeur de pénétration pour augmenter la probabilité de rencontre entre
les photons et la phase active, et intensifier le processus photocatalytique. Lorsqu'elles sont purement
inorganiques, ces mousses HIPEs ont récemment été utilisées comme capteurs de lumiére dans le
domaine des lasers aléatoires 22 ot du TiO; a été ajouté pendant le processus sol-gel pour augmenter
I'indice de réfraction du squelette inorganique, optimisant ainsi le libre parcours moyen de transport des
photons dans les mousses 2.

En d’autres termes, la thése vise a étudier les systémes photocatalytiques composés de semi-
conducteurs dispersés dans des monolithes & porosité hiérarchisée, pour la réduction du dioxyde de
carbone en présence d'eau, en tant qu’agent sacrificiel. Un des avantages potentiels de ces solides réside
dans la multiplication des interfaces de contact réactives (CO; et photons)-semiconducteur, en volume
et non plus sur une surface, et donc dans une meilleure collecte/diffusion de la lumiére dans le matériau.

Le premier chapitre présente un état de 1’art des principes et des approches en recherche dans le
domaine de la photocatalyse (et plus particuliérement en photoréduction du dioxyde de carbone), la
compréhension des interactions entre la lumiére et la matiere, ainsi que le domaine des outils de la
chimie intégrative utilisés dans la synthése des architectures poreuses. D’aprés cette étude
bibliographique, les méthodes chimiques tels que 1’ajout d’un co-catalyseur métallique, le dopage a
I’azote ou le mélange de phases cristallines du TiO, permettent de repousser les limites de la
photocatalyse par une meilleure séparation de phase et/ou une extension de la collecte des photons a la
part du visible du spectre solaire. De plus, structurer la mésoporosité et la macro-porosité d'un catalyseur

ou d'un support de catalyseur semble constituer une approche physique intéressante pour améliorer le
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rendement énergétique des procédés photocatalytiques. Cet effet de porosité souligne I’importance de
son rble dans les interactions lumiére-matiére. Pour décrire la propagation de la lumiére dans un
matériau, la théorie de la diffusion constitue un outil mathématique trés utile, notamment par la
détermination du libre parcours moyen de transport des photons au sein des matériaux.

Le chapitre Il détaille les protocoles de synthése des matériaux étudiés au cours du projet, les
différentes techniques de caractérisation physico-chimique utilisées, ainsi que le montage de I’unité de
tests et les quantités utilisées pour I'évaluation des performances photocatalytiques. Les matériaux
poreux synthétisés et mis en ceuvre dans le cadre de ces travaux, nommés TiO.@Si(HIPE)s, sont obtenus
par les effets synergiques de gabarits des mésophases lyotropes (micelles concentrées) du TTAB
(Trimethyl(Tetradecyl)Amonium Bromide) qui créent la mésoporosité (diametres des pores de 2 nm a
50 nm) et démulsions directes concentrées du dodécane induisant la macroporosité connectée
(diamétres des pores supérieurs a 50 nm), combinés au procédé sol-gel qui condense la phase hydrophile
continue a base de TEOS (TetraEthylOrthoSilicate). Comme le squelette inorganique est constitué de
silice amorphe, la microporosité (diamétre des pores inférieur a 2 nm) repose sur la répartition statistique
de tétraedres de SiO4 dans I'espace géométrique. Ainsi, l'utilisation de I'émulsion comme gabarit souple
pour la genése des matériaux macrocellulaires fournit une forte porosité hiérarchique, en particulier une
macrostructure auto-supportée de forme modulable. En raison de son faible colt, de sa stabilité
chimique, de ses performances photocatalytiques et de ses propriétés physico-chimiques, le TiO- est la
phase active utilisée dans ce projet et incorporée a la structure par imprégnation d’un précurseur, le TTIP
(Titanium isopropoxide). Pour comprendre le comportement de ces matériaux par rapport a la
photoréduction du CO-, et pour mettre en relation les performances obtenues avec leurs propriétés
physico-chimiques, un ensemble de caractérisations multi-échelles a été mis en ceuvre. Les macropores
permettent d'abaisser considérablement les gradients de pression a l'intérieur de la structure, assurant
ainsi l'intégrité du matériau lorsque des fluides y circulent. Cette propriété est essentielle lors de
I'imprégnation du TiO,. Ainsi, ces macropores ont été visualisés et caractérisés par MEB (Microscopie
Electronique & Balayage) et par porosimétrie a intrusion de mercure. La distribution du TiO, dans la
matrice de silice a été évaluée par microsonde de Castaing et observée par MEB et MET (Microscopie
Electronique a Transmission). Les micro- et méso-structures sont le lieu ou se produisent I'adsorption,
la désorption et les réactions. Il est donc important de connaitre la structure des matériaux a ces échelles.
A cet effet, les analyses par spectrométrie de Fluorescence des rayons X (FX), MET, diffraction des
rayons X (DRX) et spectroscopie en réflectance diffuse UV-Visible ont permis de quantifier et
caractériser la phase active, tandis que la physisorption de l'azote permettait de déterminer la surface
spécifique développée. La porosité hiérarchique du matériau joue un réle clé dans la diffusion multiple
de la lumiére, tout comme l'indice de réfraction des diffuseurs. Ainsi, le libre parcours moyen de
transport des photons a été évalué par une méthode laser pulsée. L'évaluation du comportement des
matériaux synthétisés et de la poudre commerciale de TiO2 P25 vis-a-vis de la photoréduction du CO;

a été réalisée sur l'installation schématisée Figure 1. Les parameétres importants sont que les essais
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photocatalytiques ont été effectués a température ambiante, a pression atmosphérique et en conditions
anaérobies. Les principales quantités utilisées dans I'évaluation de la performance photocatalytique
étaient la vitesse moyenne de consommation d'électrons photogénérés normalisé par unité de masse ou
de surface irradiée et la sélectivité moyenne envers les produits détectés par chromatographie en phase

gazeuse.

Ar ==

Lampe Xe
A% 315-620nm

== IGC-TCD

H,O
Figure 1: Représentation schématique du montage utilisé pour les tests photocatalytiques

Les propriétés physico-chimiques des matériaux auto-supportés (Figure 2 A) sont décrites dans
le chapitre Il et discutées vis-a-vis de la modification de différents parametres de synthése. Les
Si(HIPE)s et TiO.@Si(HIPE)s présentent une porosité élevée (de 70 a 90%), avec une grande proportion
de micro et macropores. Les micropores fournissent une taille caractéristique principalement inférieure
a 1 nm et polydisperse. Les macropores sont décrits par des caracteres polydisperses et bimodaux, la
taille des pores s'étendant d'environ 10 nm a quelques microns (Figure 2 B). Les pores sont reliés par
des fenétres cellulaires internes de centaines de nanometres, et I'agrégation des sphéres creuses de silice
forme des fenétres cellulaires externes de quelques microns (Figure 2 C). De plus, la structure silicique
de type vermiculaire a été induite par I’arrangement de la phase mésoscopique (les micelles de tensio-
actifs, Figure 2 D). L'imprégnation du TiO, implique un blocage des micropores induit par la nucléation
hétérogene du TiO- sur les mésopores et/ou les micropores (Figure 2 E), et une réduction de moitié de
la surface BET (d'environ 1000 a 500 m2.g't). Pour des raisons de reproductibilité et de répétabilité, un
monolithe (Si(HIPE) et/ou TiO.@Si(HIPE)) par lot a été consacré a la réalisation des caractérisations
représentatives de chaque lot. Les méthodes d'imprégnation ont un fort impact en fonction du type I (en
une étape) ou Il (en deux étapes) sur les phases cristallines du TiO,. La raison principale en est trés
probablement la création de liaisons Ti-O-Si promues par la méthode d'imprégnation en deux étapes,
qui influencent la cristallisation et bloquent le TiO, a proximité de la matrice silicique sous forme
amorphe. Quelle que soit la porosité de Si(HIPE), la phase cristalline de TiO; reste constante a 100%
anatase par la méthode d'imprégnation en deux étapes. Seules les tailles des cristallites varient d'environ
10 a 25 nm. Les paramétres de synthese (X) qui influencent le plus la morphologie finale du matériau

sont la fraction volumique en huile, la température de calcination de la silice et la vitesse de rotation
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pendant I'émulsification. A partir des échantillons de X-TiO.@Si(HIPE), l'influence de la surface
spécifique du TiO,, de la surface BET et du diamétre médian des pores a pu étre étudiée sur les
performances photocatalytiques. De plus, les expériences de diffusion de la lumiere mettent en évidence
le contraste de la pénétration des photons dans un lit de poudre ou un monolithe. Plus le diamétre médian
de I'ouverture des pores est grand, plus le libre parcours moyen de transport des photons [, est important
(Figure 3), et donc la pénétration des photons. La visualisation de la pénétration des photons a été réalisé
par imprégnation d’un sel d’or et réduction de celui-ci sous irradiation UV (Figure 2 F). Ces résultats
vont dans le sens de lier les caractéristiques morphologiques et structurelles au principe de la
photocatalyse.
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Figure 2: (A) Photographie d 'un monolithe TiO.@Si(HIPE), (B) Distribution de taille de pores d’un
Si(HIPE) (cercle noir) et d’un TiO2@Si(HIPE) (cercle plein noir), (C) Cliché MEB d’une fenétre
cellulaire externe, (D) Cliché MET d’une paroi de silice, (E) Isothermes d’azote d’un Si(HIPE)
(symboles vides) et d'un TiO.@Si(HIPE) (symboles pleins). (o) et (m) branches d’adsorption, (°) et
() branches de désorption

204

| (um)

0 2000
Diameétre médian d’ouverture
de pores (nm)

Figure 3: Libres parcours moyen de transport des photons [, par rapport aux diamétres médian
d’ouverture de pores pour le lit de poudre du TiO, P25 et de trois TO.@Si(HIPE)s. Le coefficient de
corrélation correspondant est R? = 0,9995.
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Le chapitre IV propose une description du comportement des matériaux synthétisés et de la
poudre de TiO, P25 (photocatalyseur de référence) concernant la photoréduction du CO, dans nos
conditions. Afin de mieux comprendre les phénoménes impliqués, un modéle macro-cinétique a été
développé, basé sur les formalismes de Langmuir-Hinshelwood pour les réactifs et Eley-Rideal pour les
photons. 1l considére les photons comme des réactifs au méme titre que le CO; et H,O. En confrontant
le modele a quatre matériaux étudiés en fonction de I'épaisseur du lit catalytique, les descripteurs ko, K
et « ont pu étre évalués. La constante ko décrit le taux de paires électron-trou photogénérées et a montré
que le TiO, P25 présente la meilleure performance photocatalytique intrinséque. La constante K décrit
I'impact des réactions inverses sur les performances. Plus la constante K est élevée, plus on peut supposer
gue le taux de réactions inverses est faible. Par ailleurs, cette constante semble étre liée en particulier a
la contribution spécifique en surface du TiO.. Ensuite, le coefficient d'atténuation a est significativement
réduit en utilisant des monolithes poreux et semble étre lié en particulier aux diamétres médians
d'ouverture des pores et au libre parcours moyen de transport des photons.

Grace a l'étude des parameétres influencant la performance photocatalytique de la poudre
commerciale de TiO, P25, il a été possible de mettre en évidence les comportements clés des matériaux
concernant la photoréduction du CO.. L'alimentation en photons semble notamment étre I'étape
limitante dans nos conditions. La formation d’oxygéne (co-produit de la réaction) réduit
considérablement les performances du TiO, a mesure que 1’épaisseur du lit catalytique augmente, et ré-
oriente ainsi les réactions en fin de lit vers la production d’H-0, de CO et de CO, (réoxydation par le
dioxygene formé du dihydrigene ou des hydrocarbures produits). Neanmoins, il a été montré que la
dilution de la phase active TiO, dans une matrice silicique limite I'importance de ces réactions inverses.
Des tests photocatalytiques de référence et des analyses complémentaires ont confirmé que la production
d'hydrocarbures était bien issue de la réduction photocatalytique du CO- contenu dans la phase gaz en
présence d'eau, et non de contamination résiduelle sur les solides.

Pour comparer les matériaux testés a différentes épaisseurs, les corrélations établies lors de la
mise en ceuvre du modéle ont été utilisees afin de calculer les constantes ko pour chaque matériau de la
série X-TiO@Si(HIPE), ou X est le paramétre de synthése modifié. Leur étude a montré que le taux de
paires électron-trou photogénérées est d’autant plus élevé que la taille des cristallites de TiO; est grande.
Ce comportement pourrait étre lié a la densité de défauts plus élevés pour les cristallites de petite taille.
De plus, ce taux diminue, dans la gamme étudiée, contre-intuitivement & mesure que la contribution de
la surface spécifique du TiO, augmente. En outre, la méthode d'imprégnation du TiO; dans le Si(HIPE)
influence fortement la sélectivité. En effet, lorsque les cristallites de TiO, sont issues de I'imprégnation
du précurseur de TiOy, elles dirigent préférentiellement les produits vers le méthane et I'éthane. A
contrario, lorsque les particules de TiO. incorporées dans le Si(HIPE) sont issues de 1’imprégnation
d’une suspension colloidale de poudre de TiO2, la part d’hydrogéne est deux fois plus importante que
pour le TiO; issu d’un précurseur. L'intimité du contact TiOx/TiO et TiO,/SiO, mériterait donc d'étre

étudiée pour mieux comprendre I’influence du type d’imprégnation.
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La mise en ceuvre et I’optimisation des matériaux TiO@Si(HIPE) a permis d’atteindre des
performances extrémement intéressantes pour la photoréduction du CO,. En effet, des vitesses de
consommation d’¢lectrons (normalisé par unité de surface irradiée) ont été mesurées jusqu’a 5 fois
supérieures a celle obtenue par le lit de poudre optimal du TiO, P25 ; la raison évoquée étant une
épaisseur utile pour les monolithes jusqu’a 20 fois supérieure a celle des lits de poudre, ayant pour
conséquence une efficacité volumique de ces systemes (Figure 4). De plus, les sélectivités ont montré

une formation préférentielle d'hydrocarbures a haute valeur énergétique : méthane et éthane.
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Figure 4: Comparaison des performances photocatalytiques de la poudre de TiO, P25 et d’un
monolithe TiO,@Si(HIPE) en fonction de la charge en TiO,

Au-dela des performances élevées induites par la meilleure pénétration des photons au sein du
matériau, les matériaux synthétisés dans le cadre de cette étude présentent plusieurs avantages. Parmi
ceux-ci, on peut citer la mise en ceuvre d’un mode de préparation issu de la chimie douce, ce qui implique
une faible dépense énergétique lors de la synthese. De plus, la structure poreuse de la silice présente une
bonne résistance mécanique et permet ainsi de disposer de matériaux manipulables facilement (par
rapport & un matériau pulvérulent).

Malgré les points forts mis en évidence, des points restent & améliorer. Tout d'abord, concernant la
préparation des matériaux, la synthése du matériau nécessite environ deux mois, principalement en
raison du temps nécessaire a la délicate étape de séchage pour I’élimination progressive du solvant utilisé
dans la dégradation de la phase organique structurante. Des travaux de développement en utilisant des
techniques de séchage plus rapides qui préservent l'intégrité du matériau, comme le séchage
supercritique, pourrait étre entrepris. Deuxiémement, les lots de matériaux présentaient parfois des
différences sur le plan des caractéristiques physico-chimiques dues a certaines étapes de synthése encore
trop manuelle. A cette fin, une synthese automatisée pourrait permettre d'éliminer le caractére opérateur-

dépendant induit par I'émulsification manuelle. Au cours du projet, un montage comprenant I'utilisation
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d'une agitation mécanique a I'aide d'une pale et I'incorporation du dodécane a l'aide d'un pousse-seringue
a eté utilisé pour I’étude de I’influence de la vitesse de rotation sur la morphologie de la matrice silicique.
Une étude plus détaillée de la conception des pales et de la vitesse de rotation devrait étre envisagee
pour rendre ce processus reproductible.

Selon ce travail de these, le coefficient d'atténuation de la lumiére a diminue avec le diametre
médian de lI'ouverture des pores lorsque la diffusion multiple est en jeu. Ainsi, pour aller plus loin dans
la structuration du matériau, l'augmentation de la taille des pores serait alors favorable a la pénétration
des photons en profondeur. Pour ce faire, une diminution des contraintes en cisaillement lors de
I'émulsification et/ou une réduction de la fraction volumique de I'huile (paramétres influencant
fortement la distribution de taille de pores) augmenterait la taille des gouttelettes d'huile et donc la taille
des pores aprés frittage. Dans la continuité d'une amélioration de la pénétration des photons et donc de
la réalisation de procédés photocatalytiques en volume, une diffusion des photons qui suivrait la loi de
Mie pourrait étre favorisée et combinée a la diffusion multiple. En effet, ce mode de diffusion de la
lumiére induit une diffraction anisotrope par les objets diffusants de telle sorte que la propagation des
photons dans la direction du rayonnement incident est intensifiée (i.e. dans la profondeur du matériau).
Cette diffusion est obtenue par des objets diffusants monodisperses en taille et de taille caractéristique
du méme ordre de grandeur que la longueur d'onde du faisceau incident. Afin de synthétiser de tels
objets, la synthése de gabarits (« hard templates ») peut étre envisagée. Par exemple, en synthétisant des
billes de latex de taille adaptée et monodisperses, elles peuvent étre incorporées dans le sol de départ
des Si(HIPE)s. Apreés frittage et donc dégradation des billes, les parois de silice des TiO.@Si(HIPE)s
pourraient alors présenter des pores de taille contrélée et monodisperses, agissant comme objets
diffusants et dirigeant les photons de ’UV en profondeur. Si la phase active incorporée permet
d’absorber dans le visible, cette technigque est également réalisable en adaptant la taille des billes de
latex a la longueur d’onde ciblée.

En ce qui concerne la phase active, lI'influence du rapport anatase/rutile n'a pu étre analysée en
raison de l'absence d'une série cohérente. Pour comparer rigoureusement les proportions anatase/rutile,
celles-ci doivent étre le seul paraméetre & considérer. Les matériaux synthétises avec des proportions
anatase/rutile variables présentaient soit différentes tailles de cristallites, soit différentes formes (poudre
vs monolithe). Une méthode de synthése contrdlant a la fois les proportions de phases et la taille des
cristallites permettrait alors d'étudier ce parametre. En outre, il est & noter que I'imprégnation n'a été
réalisée qu'avec de I'oxyde de titane pendant le projet. Cependant, la méthode de préparation mise au
point dans le cadre de ces travaux peut étre généralisée a toute phase active sous forme de suspension
colloidale. Des clusters de photocatalyseurs absorbant dans le visible de maniére intrinseque ou par des
modifications chimiques (ajout de dopant, co-catalyseur...) peuvent donc étre incorporés et améliorer
les performances photocatalytiques des SC@Si(HIPE)s. Au-dela de la phase active incorporée, des
modifications chimiques du support peuvent également étre envisagé. Il a été observé dans la littérature

gu'une hétérojonction entre deux semi-conducteurs ampartenairéliore lI'absorption des photons et la
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séparation des porteurs de charge. Par exemple pour une hétérojonction anatase/rutile, le rutile
présentant une énergie de band gap plus faible que I’anatase, il permet d’absorber une plus grande part
des photons issus de rayonnement solaire. Puis, la migration des électrons en surface de I’anatase permet
de les séparer des trous restant dans le rutile. On peut alors imaginer de modifier la matrice silicique
pour lui conférer des propriétés semi-conductrices, alors en contact avec le TiO, imprégné tout en
préservant la porosité hiérarchique. Pour ce faire, un sel de métal de transition divalent M2* pourrait étre
incorporé dans le sol de départ des Si(HIPE)s afin de former une phase méta-silicate (MSiOs) aprés
traitement thermique (substitution des atomes de Si par les éléments M). Ces types de matériau peuvent
s’apparenter aux minéraux colorés tel que le Chrysocolle (CuSiOs, nH.0) présentant une couleur vert
bleu a brun noir. Une structure colorée implique 1’absorption de photons dans le spectre du visible.
Ainsi, une plus grande part du spectre solaire pourrait étre absorbée, donc un plus grand nombre de
charges photogénérées permettrait les réactions de réduction du CO, et oxydation de H.O apres
migration des charges a I’interface MSiO3/TiO».

Au regard du modele cinétique, en le confrontant a de nouveaux profils de performances
photocatalytique en fonction de 1’épaisseur de lit, les descripteurs utilisés dans la description des
phénoménes en jeu pourraient étre affiner. De méme qu’une étude mécanistique, en faisant par exemple
varier le ratio molaire CO; sur H,O, apporterait des informations complémentaires sur la sélectivité des
produits. En affinant I’identification des paramétres influencant les niveaux de performances des
réactions, le modéle se généraliserait a la prédiction des conditions opératoires optimales, en plus de la
morphologie des matériaux a synthétiser.

De maniére connexe a 1I’étude en photoréduction du CO;, des essais en lien avec la purification de
I'air ont été réalisés a I’IPREM-Pau par Mickael Le Bechec et Sylvie Lacombe. Les mesures d'adsorption
et de minéralisation de l'acétone et du toluéne ont été trés prometteuses. D'une part, les valeurs
d'adsorption de l'acétone et du toluéne ont montré que les TiO.@Si(HIPE)s peuvent atteindre des
niveaux significativement élevés méme par rapport aux matériaux connus pour étre trés capacitifs
comme le charbon actif ou le Quartzel. D'autre part, les taux de minéralisation du toluéne et de I'acétone
étaient au moins aussi bons que ceux obtenus par les applications de pointe connues. De plus, les
TiO,@Si(HIPE)s ont permis d'obtenir des activités photocatalytiques trés stables, contrairement au
Quartzel. En effet, une désactivation rapide a été observée avec ce matériau, caractérisée par une
diminution de la production de dioxyde de carbone et un jaunissement significatif du matériau pendant
la phase de test d'irradiation. Ainsi au-dela de la réduction du CO,, d’autres applications sont

envisageables, comme la photopurification de l'air, voire de I'eau.
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Introduction

Rising carbon dioxide (COy) level in the atmosphere and the fossil energy resource depletion

raise serious concerns about global warming and future energy supply.
In figures, these concerns correspond to a current CO, concentration of 411 ppm (in April 21, 2018 1)
which far exceeds its natural fluctuation, between 180 and 300 ppm, over the past 800,000 years 2. From
an energy point of view, global energy consumption is estimated to increase from 15-17 TW in 2010 3
to 25-27 TW in 2050 4, an increase from 47 to 80% in forty years. In 2017, 81% of total energy demand
was still met by fossil fuels. However, a quarter of global electricity generation was met by renewables,
which represents the highest growth rate compared to any energy source in 2017 5. This is a
demonstration of the effort that must be sustained to reduce this high dependence on fossil fuels, as
highlighted by the International Energy Agency (IEA). In the Sustainable Development Scenario
described in World Energy Outlook 2017 8, low-carbon sources double their share in the energy mix to
40% in 2040.

The most famous renewable energies currently available for industrial energy production are
photovoltaic panels and wind turbines. These convert solar irradiation or wind force into electrical
energy. However, massive electricity storage is the main technological challenge currently facing our
societies as they move from the all-oil to the zero-carbon era. New alternative technologies based on
conversion into chemical energy are at the heart of the research. In particular, water electrolysis is a
possible way of storing electricity in the form of hydrogen, which can be easily stored and transported.
Direct pathways for converting solar energy into chemical energy exist and are currently expanding,
such as water splitting. In this thesis project, particular attention is paid to CO, photoconversion. Indeed,
this allows the hydrocarbons production offering high energy potential by using solar energy and
exploiting anthropogenic CO; emissions. Hydrocarbons can then be used as fuels to produce energy.
This consumption of photogenerated hydrocarbons releases CO- again, which will be re-used in a new
photoconversion process. This would then allow it to reintegrate into the carbon cycle, which would
significantly limit carbon dioxide emission increase. The CO, would then become a cheap and abundant
raw material that would replace, at least in part, fossil fuels 7.

Photocatalysis has been the focus of considerable attention in recent years being used in a variety
of products across a broad range of research areas, including especially environmental and energy-
related fields (Figure 5). Based on the water splitting breakthrough reported by Fujishima and Honda in
1972 89, the photocatalytic properties of certain materials have been used to convert solar energy into
chemical energy including hydrogen and hydrocarbons, and to remove pollutants and bacteria on wall
surfaces and in air and water. Of the many different photocatalysts, TiO, has been the most widely
studied and used in many applications because of its strong oxidizing abilities for the decomposition of

organic pollutants, superhydrophilicity, chemical stability, long durability, nontoxicity, and low cost.
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Figure 5: Applications of TiO, photocatalysis *°

The thesis project is in line with the theme of direct CO, conversion through heterogeneous
photocatalysis. The overall heterogeneous photocatalysis process consists of a succession of complex
processes involving elementary steps occurring on the surface of the material (adsorption of reagents,
diffusion and reaction of intermediates on the surface) and in its volume (photon absorption, generation,
diffusion and recombination by volume and charge surface). The complexity of the heterogeneous
photocatalysis mechanism reveals limits that the scientific community is trying to push as far as possible.
These limitations could be induced by screening effect, by adsorption phenomena, or photogenerated
charge carrier recombination. The result is catalytic performance that is still crippling when considering
the emergence of industrial processes. Today, even with the best photocatalysts, reaction rates of CO>
conversion are still very low (in the range of a few tens to hundreds pumole™.h?.g?) ’. Most of the works
mentioned in the literature focus on the semiconductor physicochemical modification in order to
improve the photogenerated charge carriers use by minimizing the recombination phenomenon through
specific architectural effects (heterojunctions), metal addition as co-catalyst, or dopants 12, While these
research routes are interesting, a big challenge of optimizing photon penetration persists and forces the
two-dimensional character of current photocatalysts. The global performance of a photocatalytic
transformation results from a combination of several steps. Today, progress in this field requires a better
knowledge of these steps. Determining their respective roles and their dependencies on each other can
help to better identify the limiting steps.

Thus, the thesis project proposes a photocatalyst implementation in a three-dimensional material
labelled HIPEs (High Internal Phase Emulsion) ** to address the photon harvesting challenge. These
three-dimensional materials are monoliths with hierarchical porosity. The multi-scale structure has
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proven to optimize material transport properties. The fluid behavior is intrinsically hierarchical and
combines a mass transport system that efficiently feeds the macropore walls, which host the active phase
14151617 Beyond the interaction with fluids, porous structures have also proven their ability to interact
with light. For example, photonic crystals play on the monodisperse periodical distribution of voids in
order to control the photon motion and trap light 8. However, such materials scatter light in a single
wavelength linked to pore size. Photonic sponges were then introduced by Carbonell et al. ° to promote
light scattering in a broad spectral region due to polydisperse composition of either particles or voids.
Inspired by the living world, Zhou et al. % replicated leaf”s 3D hierarchical architecture to enhance light
scattering and light multi-diffusion. The objective of such structures is to increase the photon residence
time and their penetration depth to increase the encounter probability between photons and the active
phase and intensify the photocatalytic process.

In summary, the thesis aims to study photocatalytic systems such as semiconductor dispersed in
monoliths bearing hierarchical porosity for the carbon dioxide reduction in the presence of a sacrificial
agent, water. One of the potential advantages of these solids lies in the multiplication of reactive contact
interfaces (CO; and photons)-semiconductor, in a volume and no longer on a surface and in a better
collection/diffusion of light in the material. The understanding of involved phenomena is addressed by
a complete physico-chemical characterization of materials and a model implementation.

The first chapter presents the principles and research approaches in the photocatalysis field,
considerations related to understanding the interactions between light and matter, as well as the tools of
integrative chemistry used in the synthesis of porous architectures.

Chapter Il details the protocols for synthesizing the materials studied during the project, the
different physicochemical characterization techniques used, as well as the setup performing the tests
and the quantities used in the evaluation of photocatalytic performance.

The physicochemical properties of the materials are described in Chapter Il and discussed
regarding the various synthetic parameters.

Chapter IV focuses on describing the behavior of synthesized materials and TiO, P25 powder
(reference photocatalyst) concerning CO, photoreduction under our conditions. In order to better
understand the phenomena involved, a kinetic model is implemented and used to extract the descriptors

related to the observed behaviors.
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1 Photocatalysis

Photocatalysis is by definition “the acceleration of a photoreaction by the action of a catalyst” 1.

This implies that light and a photocatalyst are both necessary to influence a reaction. In the
photocatalysis field, more generally in catalysis, one can distinguish between homogeneous and
heterogeneous catalysis. The first one is commonly referring to a liquid-liquid interface, between
reactants and catalyst. The second one is related to the liquid-solid and gas-solid interfaces. In the
following of this manuscript, we will evolve in the context of heterogeneous photocatalysis involving a
solid photocatalyst, commonly named semiconductor, and gaseous reactants.

1) Principle

The fundamentals of photocatalysis are described in the first part. Then, the semiconductor essential
role, as well as the photocatalysis process limitations will be detailed as part of our reaction of interest:
CO; photoreduction involving water.

a. Fundamentals

The initial photocatalytic step is based on light absorption by the semiconductor (SC).
Semiconductors are characterized by their bandgap (written “Eg”), which corresponds to the energy gap
between the top of the valence band (VB) and the bottom of the conduction band (CB) *. When the light
source emits photons providing a higher energy (hv) than the semiconductor bandgap, then this one will
be able to absorb photons: the photocatalyst is in an excited state. The energy provided by the light
radiation allows the promotion of an electron (e”) from the valence band to the conduction band. This

step leaves an unoccupied state within the valence band, commonly called “hole” and denoted h*. This

leads to the generation of an electron-hole pair (hv 3 egc + hity) 2
Then, the generated free charge carriers migrate within the semiconductor and conduct to several
pathways of de-excitation. On the one hand, the successful transfer of the carriers to the acceptor (A)
and donor (D) molecules adsorbed at the surface, which leads to the desired redox reactions:
Agas + ecg = Aggs and Dggs + hitg = Dhe. On the other hand, the carriers can recombine with their
opposite charge counterparts trapped on the surface, or in the catalyst volume (Figure I. 1). Indeed, in
absence of acceptor and donor molecules, the carriers recombine releasing energy in the form of either
heat or photons 3. The semiconductor reactivity is limited by this process, which is predominant. For
instance, the average lifetime of an electron in a colloidal TiO, sample is about 30 ps 2.

An efficient photocatalyst should be both able to adsorb reactants and absorb effective photons
(hv > Eg) under a low recombination rate *. Thereby, the photocatalytic system efficiency is dependent
on charge carrier number and their lifetime, the reactants adsorption and desorption rates, as well as the

involved redox reactions rates 2.
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Light source

——— -y

Photon absorption and
electron-hole pair generation

donor **

acceptor ™
Oxidation process

Reduction process

acceptor

Semiconductor catalyst

Figure I. 1: Mechanism and pathways for photocatalytic oxidation and reduction processes on the
surface of heterogeneous photocatalyst °

From a thermodynamic point of view, when conditions are met to allow redox reactions to take
place, those of oxidation will occur at potentials lower than that of the valence band, and those of
reduction at potentials higher than that of the conduction band. Thus, both conduction and valence band
potentials are decisive for the formation and conversion of desired products and reactants, respectively.
The selection of the appropriate semiconductor is essential toward the implementation of a

photoconversion system 2.

b. Semiconductor role

Beyond the production of hydrocarbons (oxygenated or not), the results of Inoue et al. ® show
the influence of the irradiation time and the type of semiconductor on hydrocarbon production yields.
The CO, photoconversion cannot be carried out using Si catalyst, because its valence band which does
not offer enough positive potential to permit the oxidation of H,O (Figure 1. 2). Especially, the selection
of adapted semiconductor is driven by the redox potentials of the targeted reactants. Here, it is necessary
to use a semiconductor whose energy level of its conduction band is more negative than the redox
potential of CO; (acceptor) and, at the same time, that its valence band more positive than the redox

potential of H>O (donor).
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Figure 1. 2: Band-edge positions of some typical semiconductor photocatalysts relative to the energy
levels of the redox couples involved in the reduction of CO, ’, where CB and VB are represented with
red and blue squares respectively

Once the choice of an appropriate catalyst has been made, the photocatalytic efficiency of CO;
reduction is mainly governed by: (i) the efficiency of light collection (ii) charge separation (due to charge
conduction properties, governed by the dielectric constant of the semiconductor), as well as (iii) surface
reactions (adsorption kinetics of reactants and desorption of products) 3. The charge separation is a key
parameter about the multielectronic reactions (Figure 1. 1). In fact, these reactions need a large number

of effective electrons on the surface.

Table I. 1: Oxidation-reduction reactions and associated potentials of gaseous elements, involved in
CO; photoreduction in presence of water and calculated from 4,G°®

Product Reaction E° (V vs. NHE) Egn
Carbon monoxide CO, + 2H' + 2¢e~ - CO + H,0 -0.10 (1. 1)
Hydrogen 2HY +2e~ > H, 0 (1.2)
Propane 3C0, + 20H* + 20e™ - C3Hg + 6H,0 0.155 (1. 3)
Ethane 2C0, + 14H* + 14e~ - C,H, + 4H,0 0.162 (1. 4)
Methane CO, +8H' + 8¢~ » CHy + 2H,0 0.19 (1.5)
Oxygen 2H,0 - 0, + 4H* + 4e~ 1.23 (1. 6)

Among the reduction reactions mentioned in Table I. 1, the water reduction in dihydrogen (Egn

I. 2) represents the heart of research on water splitting to produce hydrogen as energetic vector. In the
case of photoreduction of CO, this reaction is a side one and in strong competition with the reduction
of CO, to CHa, for instance. Indeed, despite its more negative potential (ES 4, (H*/H,) =0V <
~ 13—
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E2 4,,(CO,/CH,) = 0.19V, vs. NHE, pH = 0), the formation reaction of H, requires only two
electrons, instead of eight for CH,4 3, so it is kinetically favored even if thermodynamically less

favorable.

c. Limitations

As described by Herrmann °, the overall process of heterogeneous photocatalysis can be

decomposed into independent five steps:

1. Transfer of the reactants from the fluid phase to the surface

2. Adsorption of a least one of the reactants

3. Reaction in the adsorbed phase

4. Desorption of the products

5. Removal of the products from the interface region
Specifically, step 3 contains all the photoelectronic processes and can be sub-divided as follows:

3.1. Absorption of the photons by the solid

3.2. Creation of electron-hole pairs

3.3. Electron transfer reactions
These three steps are at the heart of the limitations of photocatalysis, especially regarding CO;

photoreduction.

q WA Visible light
1.4+ , L 40%

1.0 u Infrared radiation

{ UV light |

55%

84 5%

Irradiance (W/m:/nm)

660 900 1200 1500 1800
Wavelength (nm)

0 300

Figure 1. 3: Solar spectrum reaching the Earth's surface after being filtered by the different gases in
the atmosphere *°

Furthermore, as alternative technology, a strong limiting parameter is the absorbable
wavelength range by semiconductors. Many pristine semiconductors are activated by UV irradiation,
related to the bandgap energy of semiconductors. Then, those semiconductors can absorb only 5% of
the solar electromagnetic spectrum (Figure 1. 3), which obviously limits the yields. To improve this

point, a modulation of band-edge potentials is needed. Modulation may be performed on the
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semiconductor, and usually metal ions (ferric, tangstate, etc), or non-metal ions (carbon, nitrogen etc)
doping of semiconductors has a positive effect on the photoactivity in the visible part of the solar
spectrum 1. The combination of photosensitizers such as organic dyes or quantum dots with
semiconductors allows one to reach interesting band-edge potentials 2.

Light-harvesting is also a weight factor for photocatalytic yields. First, within the

semiconductor, the extinction of light follows the exponential law:
[=Iyxe Egnl. 7

Where | is the penetration distance of the light and « the reciprocal absorption length. According to
Hagfeldt and Grétzel 2 and Eqn I. 7, for bulk TiO; only 10% of incident light with a wavelength of 320
nm are transmitted through a 390 nm thick sample. In other words, light penetrates at best up to 600 nm
(Figure 1. 4 left), due to absorption. Strikingly, for colloidal suspension of TiO, nanoparticles, light
penetration is also limited, due to diffusion. For high catalyst quantities, Herrmann ° highlighted a
screening effect of excess particles, which masks part of the photosensitive surface. This phenomenon
results in the reaction rate, r, independent of the catalyst mass (Figure 1. 4 right). Against this lack of
light penetration, it could be considered to use thin films over a given area. To visualize what this surface
would be, Domen et al. * exemplified this for a more mature technology (than CO. photoconversion),
the water splitting. They suggested that to provide one-third of the projected energy needs of human
society in 2050 from solar energy, a 250 000 km?2 area with a solar energy conversion efficiency of 10%
would be required, corresponds to 1% of the earth's desert area.
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Figure 1. 4: (left) Light penetration in bulk TiOg, (right) Screening effect for m > mqp in TiO; slurry °

As aforementioned, CO, photoreduction reactions are in competition with electron/hole
recombination. This phenomenon is governed by the capacity of photocatalytic system to separate
charge carriers. To be aware about the importance of the charge carrier recombination, Bahnemann et
al. *® propose to compare the time of possible photoinduced events, obtained by time-resolved analysis
(Figure 1. 5). It appears clearly that surface or bulk recombination need short time to occur compared to

interfacial charge transfer. These values are dependent on the particle sizes and electronic structures of
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the semiconductors. These are both scientific challenges on which researchers have focused their
attention to improve the charge carrier separation.

#TIO: —e, +h, fs

Generation
hiy >hy .. 50-170fs
hiz —h,,, 2008 Surface ?
€ €. 100-2601s g
[y

.
r g

h

+€

Photo-induced processes
inside of semiconductor

|_rnnlln '_"mnu. _b rec l- 10 I)s
Surface

h, -+e, -—>rec >20ns g

v

h; +CH,OH — ¢-CH,0 +H" 300ps

b, +SCN™ 3 SCN"+SCN™ 5 (SCN);  400ps

e, +Pt—e’[Pt] 10ps E
>

e, +0,—-> 0, <100ns

Photo-induced processes
on semiconductor surface

ey +0, >07  10-100ps

10-13 10-12 10-° 10-¢ 10-3

Time / seconds

Figure 1. 5: Overview of the possible photoinduced events inside and on the surface of a TiO,
photocatalyst in the time scale region from femtoseconds to microseconds *°

The electron efficiency is commonly evaluated by the quantic yield. This is an apparent one,
because diffusion, absorption, and migration of charge carriers are all considered. Losses of efficient
electron are usually ascribed to recombination rate, which is considered as the limiting step of a
photoconversion process. Moreover, photon diffusion through a material could also be a relevant origin
of an efficient electron lack.

Beyond physicochemical limitations, the huge number of photocatalytic test conditions (e.g.
lamp power) and evaluation (e.g. units) used confuses the information (Table A 1, Table A 2, Table A
3,%% in annex). In consequence, systems comparison between publications becomes difficult and each
study must set the scene (e.g. P25 commercial TiO, powder as reference test) to evaluate photocatalytic

performances.
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2) Photocatalyst, case of TiO>

The definition proposed by Parmon et al. ¥’ considers photocatalyst as “a substance that is able to
produce, by absorption of light quanta, the chemical transformations of the reaction participants,
repeatedly coming with them into the intermediate chemical interactions and regenerating their chemical

composition after cycle of such interactions”.

a. Physicochemical characteristics of TiO>

Of the many different photocatalysts, TiO2 has been the most widely studied and used in many
applications because of its strong oxidizing abilities for the decomposition of organic pollutants,

superhydrophilicity, chemical stability, long durability, nontoxicity, and low cost.

Generalities

Table I. 2: Lattice parameters, bandgap energy, density and refractive index of the three crystalline
phases of TiO.. [a] the data are from 9852 ICSD records for anatase, 33837 for rutile and 36408 for
brookite. [b] the data come from the reference *® [c] the data comes from the reference *°

ANATASE RUTILE BROOKITE
W O

Elementary
framework

representation'

L::;I::eters a=3.7842 a=4.5024 ba—: 59;1147;2
Darameers ¢ = 9.5146 ¢ =2.9575 "

(A c=5.1382
E (ev)™ 3.2 3.0 3.3
Density (g/cm®)® 3.88 413 4.26
Refractive index!® 25 2.7 2.6

Titanium dioxide has three major allotropic phases: anatase (tetragonal), rutile (tetragonal) and
brookite (orthorhombic). The size dependence of the stability of various TiO phases has recently been
reported 2°. Rutile is the most stable phase for particles above 35 nm in size. Anatase is the most stable
phase for nanoparticles below 11nm. Brookite has been found to be the most stable for nanoparticles in
the range 11-35 nm range. Some of their properties are summarized in Table I. 2. All three are active in
photocatalysis, but they offer different activities for photocatalytic reactions. The brookite has rarely
been studied because of its metastability 2*. However, anatase, rutile, as well as anatase / rutile mixed-
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phase have been the subject of numerous studies. In particular, the Degussa TiO, (P25) composed of a
mix of about 80% anatase and 20% rutile, is used today as a reference for photocatalytic performance
tests, due to its high photocatalytic activity 223,

Crystal structures

The TiO; crystalline structure consists of a sequence of TiOs octahedra sharing edges or vertices.
The structures obtained differ by these octahedra assembly. Thus, the crystalline structure of anatase
can be described as a three-dimensional sequence of TiOg octahedra bound by the edges. Each
octahedron shares four edges. The structure of the brookite can be described from zig-zag octahedra
chains where the TiOg groups are bound by the edges. These links form planes in the x and z directions.
The connection between these plans is made in the direction y by the pooling of vertices. Each
octahedron shares three edges. The rutile structure consists of linear sequences in the z direction of TiOg
octahedra sharing edges. The connection between the chains is established by pooling vertices in the x
and y directions. Each octahedron shares two opposite edges. The distortion of the structure increases
as the number of edges shared between TiOs octahedra is large. The atomic packing factor increases in
the opposite direction. These factors may involve differences in reactivity between polymorphs.

b. Modified TiO:

To overcome the limitations of photo-catalysis, many ways of improving semiconductors have
been explored. Two in particular are well known to address the problems of absorbed range of photons
and charge carrier separation: the doping pathway and that by adding a co-catalyst, respectively. The
influence of structuring a catalyst or catalyst support will be developed later. These considerations open

up new possibilities for light trapping.

Doping modification: visible light response

The possibility of extending the absorption range of TiO- to the visible range by non-metallic atoms
was discovered in 1986 by Sato . The presence of the NH4CI impurity has been demonstrated, certainly
resulting from the hydrolysis of TiCls. These materials showed absorption at 434 nm and a
photocatalytic activity 10 times greater than P25 in the case of oxidation of carbon monoxide. In recent
years, much research has been done on the subject, revealing the possibility of extending the absorption
spectrum of TiO; to the visible by a wide variety of non-metallic elements, such as N 2262728 C 29 G 30,
B3, P3%andF .

Co-catalyst modification: charge carrier separation
By adding a metal co-catalyst, a heterojunction M/TiO- is created. The deposited metals on the
surface of TiO; usually act as a sink for photo-generated charge carriers and can thus improve charge
transfer processes at the interfaces. Inside the M/TiO; system, the photo-excited electrons are supposed

to be transferred from the TiO, conduction band to the metal particles, while the holes remain on its
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surface **. A multitude of M/TiO; systems, where M is a metal such as Au %3¢, Pd %, Pt % Cu * or Fe
%0, have been tested in order to improve especially the separation of the charge carriers. Ishitani and
Inoue #! have demonstrated their effect on the CO, conversion and the selectivity towards products by
photo-deposition of a co-catalyst on TiO, P25 particles. The works of Wang et al. % particularly
illustrate the size effects of the metal particles deposited on the separation of charge carriers.

By adding a semiconductor to the M/SC system (for example Pt-TiO2), it is possible to create
a structure called "Z-scheme", denoted SC2/M/SC1, representative of the energy scheme of natural

photosynthesis 2.

Crystalline phase mixture

Considering band gap energies, it seems obvious that there may be a significant difference in
the photocatalytic performance of the three allotropic phases of TiO,. These performances should
logically be classified in ascending order as follows (under solar irradiation): brookite < anatase < rutile.
Rutile holds the weakest band gap, and therefore absorbs photons in a wider range of wavelengths.
However, Zhang et al. *® have shown that the nature of the gap, direct or indirect, strongly influences
the electronic properties of the semiconductor. Indeed, rutile and brookite have a direct type gap (Figure
I. 6) In this case, the electrons generated by the light irradiation can directly recombine with the holes
of the valence band, by relaxing energy in the form of irradiation (photons). However, anatase has an
indirect band gap and therefore requires the assistance of phonon! to make recombination possible
(Figure 1. 6). Thus, the charge carrier lifetime is longer for anatase and improves its photocatalytic
activity.

CB

CBM

NS Photon
VBM

Y,

v

‘.ll.j NN\
(a) Rutile (b) Anatase

Figure 1. 6: Recombination processes of photogenerated electrons and holes for a direct (a) and
indirect (b) band gap *®

1 In physics of condensed matter, a phonon denotes a quantum of vibrational energy: when a
vibrational mode of a crystal, with a defined frequency v, gives or gains energy, it can occur only by
blocks of #v energy. This block is considered as a quasi-particle, called phonon .
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For the P25 high photocatalytic activity, Hurum et al. 2 proposed an explanation in which rutile
plays an antennarole. Due to its weak bandgap energy (compared to anatase), a larger number of photons
is absorbed. Then, photogenerated electrons in the rutile phase migrate rapidly to lower energy levels of
the anatase one and then to its surface. According to the authors, the electron transfer rate depends to
the crystallite size of rutile. Thus, the contact between two crystal structures and the crystallite sizes
444535 are both parameters that strongly influence the charge carrier separation and so, enhance the

photocatalytic activity of the system (Figure 1. 7).
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Figure 1. 7: Model proposed by the authors where rutile plays the role of antenna, followed by a
separation of charges %

CB @ CB
@

Beyond the nature of the heterojunction, the proportion between the two semiconductors in
contact is also a key parameter. Zhao and Liu et al. # studied the anatase / brookite ratio of the
photocatalytic system during CO; conversion. From the CO production rates, the best proportion is the
one involving 75% of anatase and 25% of brookite. This result seems consistent with the anatase / rutile

proportion put forward by P25.

c. Morphological modification

In 1986, Anpo et al. “® have shown that TiO, anchored into a silica structure makes it possible
to improve products formation resulting from the photo-catalytic reduction of CO; in the presence of
water. On this principle, they published in 2012 an article in which the performances of different
TiO,/SiO, systems were exposed #’. Figure I. 8 below illustrates the results obtained. To facilitate
reading, a descriptive table of structures is joined.

The yields show that the use of a support structure in which TiO; is incorporated brings about a
real improvement. The production of methane via the TS-1 structure indicates that the transfer of thin-
layer shaping (TiO, powder) to a three-dimensional structure plays a decisive role. Similarly, the
comparison between the TiO, powder and the TIMCM-41 structure highlights the importance of
mesopores. The high photocatalytic activity of TIMCM-48 highlights the synergy of mesopores and
three-dimensional structure “8. The palladium loading added to this structure also shows the impact of
the Pd/TiO; heterojunction on the selectivity (orientation towards the production of methane at the

expense of methanol) #°.
~- 20—
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Figure I. 8: Methane and methanol yields on various catalysts: TiO, powder, TS-1 (zeolite), Ti-MCM-
41, Ti-MCM-48 (molecular sieves), and Ti-MCM-48 loaded with Pd, and structures associated *’

Carbonell et al. * work in 2008 on structuring TiO; as a photonic sponge. A TiO, porous film
bearing different calibrated pore diameters is synthesized to obtain highly scattering properties over a
very wide wavelength range in the visible spectral region (Figure 1. 9). The resulting photonic sponge
exhibited a 3.3-fold higher initial succinonitrile photocatalytic degradation than analogous unstructured

films.

Step 1 Step 2
Latex spheres removal

Latex :‘;ﬂ:crcx‘ t. S \ (450 °C)

P25 nanoparticles'

—
1h, O, atm

Absorbance (a.u)

400 500 800
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Figure 1. 9: Preparation process of photonic sponges and SEM image of a cross section of a
photonic sponge sample (left), and diffuse reflectance UV-Vis spectra of (a) 3 um-thick film of P25
(b) 3 um-thick photonic sponge (right) *°

Until now, one of the limitations of these photocatalytic systems is that large photonic crystals
could not be prepared. Moreover, the preparation procedures developed up to now yield materials in
which the concentration of defects is high enough to suppress or at least hinder the desirable properties.
In accordance with their structuring strategy, Aprile et al. 5! have reviewed the influence of
semiconductor spatial structure on the its photocatalytic activity. Especially they have concluded that

-21-—



Chapter I - Bibliography

while many current approaches to influence the photocatalytic activity enhancement is based on
chemical composition modification, control of the particle size and spatial organization of TiO;
nanoparticles is also a powerful methodology to improve the photocatalytic efficiency.

Furthermore, Wang et al. 52 synthesized TiO2 monolithic particles comprising macro- and meso-
porosity. To carry out photocatalytic evaluation, they packed monolithic particles (0.2-0.3 mm) into an
11 cm long 2.4 mm diameter fixed bed tubular reactor and studied the conversion yield of ethylene feed.
Then, to emphasize the interest of macroporosity, they compare monolithic particles of anatase TiO>
(T350 sample) before and after grinding (Figure 1. 10). T350 samples provide similar behavior, with a
rapid increase of conversion and then a plateau. However, this plateau is 1.5 times greater with the
presence of macroporosity. The authors associate this enhancement to the macrochannels which act as

a light-transfer path for introducing incident photon flux into the inner surface of mesoporous TiOx.

50
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Figure 1. 10: SEM images of T350 sample (left) and its photocatalytic activity (a) before and (b) after
grinding (right) %

To tackle photocatalysis limitations, a range of chemical methods have proven their worth.

Structuring the meso- and macro-porosity of a catalyst or a catalyst support seems to deliver an

interesting physical approach to improve photocatalytic yield. This porosity effect emphasizes the

significant role played by the photon flux in the photocatalysis process and its dependence on light-
matter interactions.

2 Light-Matter interaction

In photocatalytic processes, photons must be considered as reagents in the same way as chemical
reactants (CO. and H.O in this study). To understand how to optimize the use of this reactant and

determine whether it represents a limiting step depending on conditions or materials, it is essential to
understand its behavior.
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1) Introduction to diffusion

Light is in constant interaction with the matter around us and gives rise to various phenomena such
as the light scattering that meets the surface of a wall, its refraction when it passes through a glass, or
its partial absorption and partial reflection by a plant leaf.

A common example used to put forward the phenomenon of light diffusion in a medium is the
color of the sky. Light diffusion in the atmosphere originates from the scattering light by molecules in
all directions (Rayleigh scattering) *3. The blue light is 6 times more scattered by these small molecules
(N2, Oy, ...) than of the red light. Thus, the sky appears blue because eye mainly receives in majority
the blue fraction of the light spectrum displayed by the sun.

Light diffusion is then closely dependent on the size of the objects that light encounters and
leads to the dissociation of three diffusion regimes. In addition to "Rayleigh scattering™, "Mie scattering"
corresponds to the light interaction with scaterrers providing characteristic size comparable to the
wavelength of the incident light. It is characterized by the formation of a "photonic nanojet”, i.e. the
scattered light has a strong anisotropy in intensity. Figure I. 11 compares these both different regimes.

In short, the two regimes allow light to be diffused in all directions, with a different degree of anisotropy.

Rayleigh Scattering Mie Scattering

= Direction of incident light

Figure 1. 11: Comparison of Rayleigh and Mie scattering regimes >*

Finally, if the scatterers’ dimensions are much larger than the wavelength of light, geometric optics
and light rays describe the propagation of light. Figure I. 12 compares the two extreme regimes: particle

diameter much smaller than the wavelength (a) and much larger (b).

(@) AT ) >

Figure 1. 12: Comparison of extreme diffusion regimes (a) diffusion described by the Rayleigh regime,
(b) geometrical optics 3
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To trap light inside a material for photocatalytic purposes, a combination of these different
phenomena can be a solution. By structuring the materials appropriately, it is possible to increase the
interaction between the photons and the active phase. For a photocatalytic application, the longer the
residence time of the light in the materials the more it will have the chance to activate a large number
of catalytic sites. This remark makes particular sense in the case of a three-dimensional material

compared to conventional thin-film systems, since multi-diffusive processes may play a major role.
2) Multi-diffusion theory

To discuss light diffusion inside 3D materials, a key parameter to know is the photon transport mean
free path. A mathematical description of the experimentally measurable transmittance T ° versus either
the thickness of the samples or the photons’ times of flight can be obtained by solving the diffusion

equation, as shown in the following section.

a. Diffusion equation

When light travels through a disordered porous material, it is multiple scattered. Multiple
scattering theory is the mathematical formalism that is used to describe the propagation of a wave
through a collection of scatterers. Examples are acoustical waves traveling through porous media, or
light scattering from water droplets in a cloud °6. Straight or ballistic propagation, which is characteristic
in a homogeneous medium, is not adapted here to describe the transport of light. Disordered porous
materials may be associated with a isotropic random dielectric medium, and the standard diffusion
model is used to quantitatively describe light transport in such a material.

The diffuse approximation considers a random walk of photons and imposes a continuity
equation for the light intensity I (¥,t) depending on space and time, and disregarding interference
effects. To define the application limits of this approximation, it is necessary to introduce here a
parameter, the scattering mean free path, ls. It corresponds to the average distance between two
consecutive scattering events. Then, diffusive approximation applies when 1 < lg «< L, and kA > 1,
where K is the light wave vector. In other words, the diffusive approximation applies when several
scattering events occur before the A-wavelength light leaves the L-thick sample in a dilute medium. After
several scattering events, the light propagation is completely randomized. The transport mean free path,
I,, is defined as the average distance after which the intensity distribution becomes isotropic and is the
characteristic length in the regime of multiple scattering.

As a reminder, the continuity equation states that a change in density in any part of the system

is due to inflow and outflow of material into and out of that part of the system:

d
—¢+V-j=0 Egnl. 8
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Where ¢ is the density, and j is the flux of the diffusing material. The diffusion equation can be obtained
from this when combined with the phenomenological Fick’s first law, which states that the flux of the

diffusing material in any part of the system is proportional to the local density gradient:

Jj= —D($,r)Ve(r,t) Eqnl.9

Then, diffuse light propagates in space (r) and time (t) according to the diffusion equation as follow in

such a medium:

aI(7,¢t) _ _ Ve . _
Fra D -V2I(F t) = S(7,t) — l—I(r, t) Egnl. 10
i

Where, S(7,t) is the light source, I(7, t)is the light intensity, and v, is the energy velocity. Multiple
scattering increases the interaction between light and the system. When the material which composes
the system presents absorption, its effect is increased in a diffusive propagation %’. The inelastic
absorption length, I, is the average depth at which light propagates ballistically (straightforward) in a
homogeneous medium before being attenuated by a factor e. The diffusive absorption length, l,, is the
distance light propagates diffusively before being absorbed. Inside a diffusive and absorbing material,
l. is the penetration depth of the diffusive light. Diffuse light propagates a greater distance than in a
homogeneous material to reach the same depth (la < ;). However, both are not independent functions
and are related by the following relation, introducing the transport mean free path (that is the length over

which the photon propagation direction is randomized), I; %&:

’l -1
l, = f3 ! Eqn 11

The diffusion equation is a very general and practical description of numerous transport processes in

physics. In the case of light diffusion, it describes how light intensity spreads through the system with a
rate of transport dictated by the diffusion constant, D. The larger the diffusion constant, the faster the
transport processes. The whole diffuse transport may be truncated by absorption, which is introduced in
the diffusion equation through the inelastic scattering term t; = v, /I;, where the inelastic or absorption

time 7; is the characteristic time over which light is absorbed in the sample.

b. Boundary conditions and stationary solution

In this study case, the system is considered with a slab geometry, i.e. infinite for x and y
directions and limited between z=0 and z=L, where L is the sample thickness. The diffusion equation
can be solved once the boundary conditions are specified. It is assumed that there is no incoming flux
through the boundaries, the only flux going from the boundary toward the inside of the slab is the

reflected part of the outgoing flux *°:
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Ji(z=0Y)=—-RJ_(z=0%) Egnl. 12

J.(z=L")=—-RJ,(z=1L1") Egnl. 13

Where R, and Ry are reflection coefficients of the left (input) and right (output) boundaries, respectively.
The coherent radiation incident on the slab is assumed to become randomized within a distance z,, which
is shown in Figure 1. 13. The incoming coherent flux is replaced by a source of diffusive radiation at the

plane z = z,, with a strength equal to the incident flux.

incident beam ./f
(RS

7 N

z=0 1 Z=Z, z=L

Figure . 13: Geometry used for the calculation of the intensity profile inside the slab of random
media. A plane wave incident on the slab is replaced by a source of diffusive radiation positioned at
distance z, from the material input

Usually boundary conditions for photon diffusion are written not for fluxes but for intensities.
In this case it is incorrect to take zero intensity at the boundaries for diffuse photons inside the medium.
To solve this problem, extrapolation lengths ze and zer beyond the boundary in which the intensity drops

to zero is generally introduced. They are defined as solutions of the following equations:

{I(z=—zel)=0forz<0 Eqn 1. 14

I(z=L+2,)=0 forz>1L
Where, ze and zer are the extrapolation lengths, which are the positions where the diffuse light intensity
is zero and, might be different at the front and back surfaces (if their reflectivities are different) 58.

Commonly, these lengths are set to be identical z, = z,; = z,,. Then, the solution for Eqn I. 14 is

1 1+ azg
—ln( )
2a -\l —az, Eqn 1. 15

2 /1+R
ZO:§Zt<1—R)

Zo =

Where « is the inverse absorption length. The source of diffusing photons is provided by photons

scattered away from the incident beam. This source is commonly introduced as an exponentially
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decaying one S(z) = S(0) - exp(—z/z,) or a delta one S(z) = 5(0) - 6(z — z,). Then, the stationary

solution of Eqgn I. 10 with boundary conditions Eqgn I. 14, and for a delta source can be written in the

form:
@) =1 sinh[a(z + z,)]/sinh[a(z, + 2.)], z < z, Eqnl. 16
2) =1(z) sinh[a(L + z, — z)]/sinh[a(L + 22,)],z > z, "
1(z,) = ismh[a(zp +.Ze)] sinh[a(L + z, — z)] Eqn . 17
aD sinh[a(L + 2z,)]
Moreover, the total normalized transmission through the slab can be expressed as
T(L) — ]transmitted (L) _ 1 Sinh[a(zl’ + Ze)] Sinh[aze] Eqn |.18

Jincident B a_Ze sinh[a (L + 2z,)]

c. Full time-dependent solution

The full analytical solution of the time-dependent diffusion equation with boundary conditions
is given by Patterson et al. 8, and adapted for a slab geometry infinite in x and y directions by Garcia et

al. %:

_t + 00 +00
e T A _B*
T(t) =———~ Ae 4Dt — Be 4Dt |,
at(4mtD) /2 \ A=, =,
A=1-2))(L+2z)—2(z, + 1),
B=(2j+ 1L +2z,),

_k

T = D,

cl

p=—"
3Nery Eqnl. 19

Where nes is the effective material refraction index if that is a multi-constituent one. According to the
Eqn 1. 19, light that follows shorter optical paths through the slab is transmitted at earlier times, while
light that performs longer random walks emerges at much longer times.

The stationary and time-dependent solutions of the diffusion equations allow to determine the crucial
parameters [, and [; through fitting of experimental curves either by the expression T (L) given in Egn
I. 18 if transmittance T through the samples has been measured as a function of thickness L of the
sample, or by the expression T(t) given in Eqgn I. 19 if transmittance out through a sample has been

measured as a function of time t (time of flights of photons in the medium).

Diffusion theory constitutes thus a useful mathematical tool for describing the light propagation

within a material. The main challenge of optimizing solar irradiation efficiency in the whole set of
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artificial photo-driven processes concerns the light harvesting. Furthermore, the intrinsic 3D architecture
within natural leaves strongly favors light harvesting in photosynthesis process ® via a synergy of the
light-matter interaction phenomena (focusing of light by the lens-like epidermal cells, the multiple
scattering and absorbance of light within the veins’ porous network, and so forth). Then, Zhou et al. %
replicated this leaf’s 3D hierarchical architecture and compared its photocatalytic performances to that
of its corresponding powder constituents. They found that leaf-architecture exhibit about 1.5-fold
improvement in activities. Inspired by the living world, this work promotes the synthesis of

hierarchically porous architectures improving light confinement.

3 Integrative chemistry for genesis of

porous architectures

The concept of integrative chemistry, where the final function of the compound induces the skills
needed to reach it, opens the way for rational approach to the design of innovative functional
architectures, functions ranging from catalysis to optics via sensors or phase separation methods, and so
on ®. Then, materials properties are highly dependent on their architectures. This phenomenon can be
observed in nature where materials possess architectures which confer to the organisms the best
properties according to their need (diatom frustules, butterfly wings, ...) %. Scientists have been
researching to reproduce principles or structures described in animals or plants, and scale-up to human
needs °°.

In this part, different synthesis processes are described for the genesis of complex architectures in a

first part. Then, we subsequently focus on the sol-gel process, such as a tool of integrative chemistry.

1) Alveolar materials bearing hierarchical porosity

As mentioned above, a multi-scale porosity must have a great interest, especially for light-matter
interactions regarding the targeted applications in this manuscript, but also for fluid transport ®. The
following parts deal with parameters used to describe porous materials and synthetic pathways to

formulate alveolar materials with hierarchical porosity.

a. Notions of pores and textural parameters

A porous material is a biphasic medium composed of a solid continuous phase and a fluid dispersed
phase . Porous materials have cavities or channels, called pores, whose walls are responsible for an
increase in the specific area. Porosity or void fraction is a quantification of the void spaces in a material.

It is defined by the ratio:
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Volume of pores

v
|4
=L _ Eqgnl. 20
¢ V: Total volume q
Where, total volume represents the volume occupied by the entire material, also called apparent volume.
A value of porosity can be alternatively calculated from the bulk density pwuk, and solid phase density
(if no pores) po. Then:

Pbuik
Po

Directly related to the concept of porosity, there are several types of densities which provide

p=1- Eqnl. 21
complementary information, especially on the nature of the porosity (Figure 1. 14):

o : excluding any form of porosity, po

o “Skeletal” density: including “closed” porosity, which is inaccessible pores set (blue ring)

o : including all pores, especially “open” or “connected” ones, which are

accessible by an external fluid (green ring).

Figure 1. 14: Overview of a porous grain *

Nevertheless, since the notion of accessibility depends closely on the probe fluid used to
characterize the material, it clearly appears that each of the densities defined above is relative and may
thus take on a different value depending on the employed technique ©’.

For powder, another kind of density could be distinguished, the so-called “packing” density. Its value
depends on how powder is packed and is defined as the ratio between the mass of introduced powder
over the cell volume.

The properties of a porous solid depend essentially on the geometry (Figure 1. 15) and size of the
pores as well as their distribution (Figure 1. 16). According to the International Union of Pure and
Applied Chemistry (IUPAC), there are three types of pores: macropores whose width is greater than 50
nm; mesopores whose width is between 2 and 50 nm; and micropores whose width is less than 2 nm.

Two other characteristic quantities of porous materials deserve also to be emphasized. On the one
hand, the surface area represents the interface area between the solid and fluid phases per unit mass
volume. It is noted Sger, in relation to the BET (Brunauer-Emmett-Teller) method used to determine its

value. On the other hand, the porous media are differentiated by the connectivity that exists between the
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pores. Intuitively, fluid flows associated with the passage of a wave in the middle are sinuous . The

tortuosity T characterizes this phenomenon.

Micropores Mesopores Macropores

Ordered
JL Macroporous
=———= ] Structures
] ] Porous
/ Ny ——/\: G(;a:s:cs
Cylinder Slit - shape 1 Porous
. N Gets
{
[ . -_ /\ MCM-41
_A Pillared
L\ Layered
. ~ Solids
Cone - shape Ink Bottle —L— Zeolites
T)l.s 1 ls xjo S0 ul)u ‘3&)0
Pore diameter (nm)
Figure 1. 15: Pores geometry classification " Figure 1. 16: Schematic illustrating pore size

distribution of some porous materials "

In general, the properties deployed by a material, and more particularly by a porous medium,
are directly related to these morphological and / or structural characteristics. Chapter Il will describe the

characteristics of the materials synthesized during the project.

b. Synthetic pathways of 3D systems

The genesis of complex entities (multi-scale, multi-functional, ...) by integrative chemistry method
is based on combinations of nature, morphology and structure of compounds, where chemical reactors
can be now rationally positioned within the geometric space. For alveolar materials bearing hierarchical
porosity, i.e. multi-scale porosity, each porosity scale is derived from the structuring, the arrangement
of the elements used during the synthesis.

Concretely, the microstructure is based on the connectivity of basic molecular patterns. These
patterns can be organic monomers (assembled by polymerization), alkoxydes (by hydrolysis-
condensation), supra-molecules (self-assembled by weak bonds), or also mineral salts. The synthesis of
this microstructure in the project framework will be detailed in the next part for silica sol-gel process.
Secondly, the constituent elements of the microstructure have the possibility of organizing themselves
at the mesoscopic scale, around templates ®. Currently, these templates are mostly organic and
organized via weak bonds, typically amphiphilic molecules (or particles) . At the mesoscopic length
scales, template-effect can also be induced by phase separation, spinodal decomposition, hydrodynamic

instabilities, that will extend at the macroscopic length scale.
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After removing them, mesopores are formed

whose shape depends on the supramolecular

Type 2 (inverse phase)

assembly of the amphiphilic entities (for
concentrations above CMC, critical micelle
concentration): for instance, lamellar, hexagonal
or worm-like phase (Figure 1. 17 7). According
IUPAC, these phases are called lyotropic
mesophases and defined as mesophase formed
by dissolving an amphiphilic mesogen in a
suitable solvent, under appropriate conditions of

concentration, temperature, and pressure ™.

Figure 1. 17: An illustration of the main types of
lyotropic liquid crystal phases depending on the
interface curvature (molecular shape or
concentration in water)

Then, micro- and mesostructures can be organized at the macroscopic length scale. This one is
often produced by taking advantage of complex fluids in using metastable thermodynamic templates
like for examples foams, emulsions, instabilities hydrodynamic phenomena of phase separation or the
application of external shaping mode (electro spinner, spray dryer, extrusion). These techniques are
detailed in following part. Furthermore, the generation of a macrostructure, and more precisely of a
macroporosity, can be envisaged by the incorporation of porogens called hard templates, and will be

stated in the last part.

Soft templates: foams and emulsions

Two categories of bi-phasic system composed of two non-miscible phases can be found: foams
(air-liquid foam) and emulsions (bi-liquid foam). Foams and emulsions are then ternary systems which
are composed of a liquid as continuous phase, amphiphilic molecules (or particles), and a non-miscible
phase dispersed in the continuous one ®. Emulsions typically involve an oil and an aqueous phase. Note
that two types of emulsion are distinguished: the so-called direct emulsion, for which oil is dispersed in
water, and the so-called inverse one, where water is dispersed in oil. To disperse the non-miscible phase
(air of liquid), an input of energy into the system is required, such as mechanical agitation. Then,
interfaces between both phases are created and metastable. The amphiphilic molecules then act as
stabilizer to maintain the bi-phasic system over time. The cohesion of a liquid is due to molecular
attractive forces such as Van der Waals forces and hydrogen bonds. In consequence, creating an

interface imply to counter these forces. In this sense, saturation of the interfaces by amphiphilic
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molecules, typically surfactants, makes it possible to lower the energy required to destroy the
intermolecular bonds per unit of surface created.

Nevertheless, these systems remain metastable over time (the surfactants expand the time scale) and
tend towards a situation of thermodynamic equilibrium resulting in a macroscopic phase separation.
Destabilization of such systems involves the following phenomena: creaming or sedimentation
(according to the density of the dispersed phase), flocculation (aggregates formation), drainage and
coalescence (disappearance of the film separating two droplets or bubbles and their fusion), and Ostwald
ripening (droplets or bubbles fusion governed by Laplace law) "8,

On a dimensional point of view, the bubbles of foam can reach diameters between 10 microns
and a few millimeters °. Undeniably, the step of template (air) elimination is not necessary. As regards
the emulsions, the size of the dispersed droplets is typically of the order of one micrometer, in a range
from 0.1 to 100 um ®. In addition, the dispersed phase elimination is potentially achievable by a simple
liquid extraction.

The use of "air-liquid" systems for obtaining macrocellular materials is promising. However,
the conservation of calibrated monolithic structures is strongly dependent on the drainage, and its control
is generally delicate. In addition, the inorganic monoliths obtained often have a relatively low
mechanical strength, thus considerably limiting the possible applications . In the following, “liquid-
liquid” systems will be then emphasized.

As mentioned before, an emulsion is a system comprising two immiscible liquids, one of which
is dispersed in the other, and stabilized by surfactants. The relative affinity of a surfactant for water and
oil is often characterized by a number dimensionless, called HLB (Hydrophilic Lipophilic balance), and
introduced in 1949 by W. C. Griffin . Its value indicates in which phase the surfactant is the most
soluble. Then, the lipophilic character of a surfactant helps to anticipate the types of emulsion (W/O or
O/W) it will form since, according to Bancroft’s rule .. Besides, the addition of surfactant to a bi-phasic
system decreases the interfacial tension between the two phases as the surfactant concentration
increases. Thus, the HLB method makes it possible to apprehend the stability and the final nature of the
emulsion.

Furthermore, by raising the dispersed phase volume fraction above 70%, random compact arrangement
of droplets can be obtained, leading to a High Internal Phase Emulsion (HIPE) 8. Then, droplet act as
templates around which the continuous phase reacts and form the micro- and meso-structure. So that
when the dispersed phase is removed, the resulting structure reveals a very open structure. This kind of
emulsion is classified as concentrated emulsion 8, 1t is justified by a chemical reaction initiated at the
oil/water interface, then considered as reactors. Interfaces act as macroscopic defects where the
nucleation enthalpy will be minimized because then considered as a heterogeneous nucleation. For
example, during the precursors condensation that will form the first germs, solid/liquid interfaces
appear, which have an energy cost. This energy cost is counterbalanced by the energy of volume gained

during the formation of germs. This phenomenon is visualized by a small material shrinkage. Moreover,
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chemical reactions are spatially confined in a concentrated emulsion. Then, a chemical reaction can
propagate from a reactor to another, generating a monolithic material. Monoliths are defined as bulk
gels (smallest dimension > 1 mm) cast to shape and processed without cracking %, i.e. remaining self-

standing character.

Controlled phase separation
The use of the phase separation mechanism, via a spinodal decomposition process, for the
integration of a controlled macroporosity within silica gels, was introduced as early as 1992 by K.
Nakanishi et al. . Generally, this process involves a ternary system composed of an inorganic precursor
(typically silicon alkoxide), a solvent (often acidified water) and an organic additive (typically a
polymer) (Figure 1. 18). The structuration of the porous material is based on a kinetic competition

between phase separation and solidification.

Solvent

Macroscopie
Phase Separation

Higher Pore Volume

Smaller Pore Size PEO

Figure I. 18: Schematic relations between starting compositions and resultant gel morphologies in a
pseudoternary [silica/poly(ethylene oxide)/solvent] system &

In addition to temperature, pH, and species concentrations, the modification of the polymer
chemical nature, i.e. modification of its interactions with the hydrolysed precursor, governs the final
morphology of the gel. It is thus possible to vary both the pore sizes (from 50 nm to 50 microns) and
their connectivity. However, gels thus obtained suffer from a lack of mechanical strength. A dissolution-
condensation step in a basic solution is necessary to improve their mechanical resistance .

Several examples of improved catalytic reactions or adsorption processes in liquid media have
been highlighted using this type of monolith 852, Despite the success of this method, the difficulty of
controlling separately the different porosity levels as well as the need for the post-condensation step for
obtaining of a monolith led to the search for alternatives.
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Hard templates

The hard template use for the genesis of macroporous materials has been especially reported by S.
Davis et al. * in 1997, who used a bacterium made of co-aligned filaments (Bacillus Subtilis) in order
to obtain macroporous fibers made of silica. Later, this strategy was extended to include organic chitin
skeletons from the cuttlefish °1, followed by frustules of diatoms . For all these systems, the principle
is to impregnate the natural structure with the sol precursor of the material desired, and to trigger the
sol-gel reaction. Although natural materials allow the synthesis of interesting structures, some
applications require specific structures that cannot be synthesized by this method because of the lack of
suitable templates in nature.

Another approach aims at separately synthesizing organic calibrated particles, called colloidal
crystal, and incorporating them in a gel. After gel ageing, organic templates are removed by a thermal
treatment. Thus, by modulating the diameter of spherical organic templates, (typically from 200 nm to
1 um), inorganic skeletons with hierarchical porosity can be easily obtained. This process was extended
by B. T. Holland et al. % to the polymerization of various metal alkoxide sols for the synthesis of
macroporous alumina, zirconia, and titanium oxide. Typically, templates are often polystyrene ones.
Especially, Ramiro-Manzano et al. ** take advantage on the multiple particle sizes that could be obtained
to synthesize a photonic sponge of TiO, with apollony architecture (Figure I. 19), to optimize the light

trapping.

Figure 1. 19: SEM images of titania nanoparticles arranged in a photonic sponge architecture (a) or
in a packed manner. Scale bars: 1 pm. %

Beyond polystyrene, polymethyl methacrylate particles are also widely used % . Since the
successful synthesis of mesoporous molecular sieves ¥, template methods have been extended widely
to various colloids %, and surfactants *. Consequently, porous silica materials with various morphology
and pore shapes has been synthesized in the past 20 years, such as spheres, vesicles, tubular particles,
core-shell particles with double shells and so on '®. However, the materials are often obtained in the
form of powder or small size monoliths, due to the critical step of template removing by either thermal

or chemical means.
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2) Inorganic polymerization: silica-based sol-gel process

The sol-gel path makes it possible to synthesize materials, whose structure is controllable. Sol-gel
chemistry is one of the tools of integrative chemistry leading to materials with hierarchical porosity. The
following information is essentially extracted from “Sol-Gel Science”, written by C. J. Brinker et al. %,
There are two ways of sol-gel synthesis: the inorganic route or, the metallo-organic pathway, from metal
alkoxides, which interests us in this part.

The starting sol is a colloidal suspension in which the dispersed phase has a characteristic size (= 1-
1000 nm) such that the gravitational forces are negligible, and the interactions are dominated by short-
span forces, such as Van der Waals, and by the surface charges. This sol can be of different forms: a
colloidal suspension of solid particles in liquid, liquid or solid particles in a gas; or a dispersion of liquid
drops in another liquid (emulsion). The process of sol-gel chemistry is carried out under the conditions
of soft chemistry, and involves solution polymerization reactions of organic species, from molecular
precursors. These precursors are generally metal alkoxides, of the form M(OR),,, where M is a metal
with a degree of oxidation n, and OR an alkoxide group corresponding to a deprotonated alcohol. The
polymerization reactions lead to the development of oxide frameworks %2,

The most used and studied metal alkoxide is tetraethylorthosilicate (TEOS), Si(OEt),. After
activation of the TEOS precursor by hydrolysis, the condensation of the species results in the formation
of the silica gel. In this part, the mechanisms of hydrolysis and condensation for SiO. case will be

described, as well as the various resulting gels.

a. Generalities

The first step of this solution polymerization is therefore hydrolysis. At first, it leads to the
formation of hydroxyl functions around the metal atom, and then a nucleophilic substitution reaction
occurs to deprotonate the water molecules solvating the alkoxide. The alkyl groups are then removed in
the form of alcohol. Hydrolysis can be partial (Eqgn 1. 22) or, under certain conditions, complete (Eqgn I.
23):

Si(OR), + H,0 > HO — Si(OR)3 + ROH Eqn 1. 22

Si(OR), + 4H,0 — Si(OH), + 4ROH Eqnl. 23

This step is very slow with pure water. Therefore, it requires the addition of a catalyst, acid or
basic, which influences the final gel form (83.2.c). In addition, it has been seen that the hydrolysis
reaction is generally faster and complete under acidic conditions, while highest condensation rate is
obtained at around pH 4.

Following the activation of the precursor, the condensation step takes place and can be done on two

ways. The condensation of two alkoxides of which only one has been hydrolyzed is the olation (Eqgn I.
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24). However, when it occurs between two hydrolyzed alkoxides, then is oxolation (Eqn I. 25).
Generally, one or the other of these reactions depends on the ratio r = H,0/Si: for r « 2, the

mechanism forming the alcohol is favored; whereas for » > 2, the mechanism forming water is favored.

=Si—0OR+HO-Si=->=Si—0-Si=+ROH Eqgnl. 24

=Si—OH+HO—Si=—>=Si—0—Si=+H,0 Eqnl. 25

The sequence of the condensation reactions leads to the formation of oligomers, then to a three-
dimensional framework bonded by siloxane bridges, Si-O-Si. During these mechanisms, a characteristic
parameter can be determined, the gel point. It is defined as the time at which the last gel-forming bond
is formed and results in a sudden change in viscoelastic properties 1%, the “caking” of the sol. The gel
is defined as a substance that contains a continuous solid skeleton enclosing a continuous liquid phase.
Then, the last precursors present in the liquid phase still react with each other or with the skeleton of the
gel, during the so-called ageing stage. Finally, the syneresis phenomenon occurs for certain gels. The
formation of bonds or the attraction between particles leads to the framework shrinkage and the
expulsion of the solvent present in the pores. This phenomenon is visible both during condensation and
during drying. It is then possible to distinguish two types of dry gel. The first is xerogel, resulting from
drying under normal conditions of evaporation of the solvent. Due to the capillary pressures imposed
by the drying, the dried material has a reduction on its volume by a factor of 5 to 10, compared to the
volume of the wet gel. However, when the drying is carried out under supercritical conditions, the
absence of liquid-vapor interface eliminates the capillary pressures. The material does not undergo a
shrinkage and the resulting gel is called aerogel. To finalize the synthesis of these materials and obtain
a structure with great mechanical strength, it is necessary to perform a heat treatment, allowing the
densification of the structure. A summary of the different steps and products formed is shown Figure 1.
20.
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Figure 1. 20: Overview of the steps involved in the sol-gel process '
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b. Hydrolysis mechanisms

Hydrolysis occurs by the nucleophilic attack of the oxygen present in the water molecule on the
silicon atom. This reaction is largely influenced by the steric and inductive effects which differ
according to the type of used catalyst, acid or basic. In both cases, the mechanism supported by the
scientific community is a bimolecular nucleophilic displacement reaction (Sn2-Si reactions) involving

pentacoordinate intermediates or transition states.

Acid-catalyzed hydrolysis
Under acidic conditions, the alkoxide group is protonated in a rapid first step. Electron density
is withdrawn from silicon, making it more electrophilic and thus more susceptible to be attacked by
water. The water molecule attacks from the rear and acquires a partial positive charge. The positive
charge of the protonated alkoxide is correspondingly reduced, making alcohol a better leaving group.
The transition state decays by displacement of alcohol accompanied by inversion of the silicon
tetrahedron (Figure 1. 21).
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Figure 1. 21: Hydrolysis of a silicon alkoxide in an acid medium ¢

Base-catalyzed hydrolysis
Under basic conditions, the first step is a rapid dissociation of water to produce nucleophilic
hydroxyl anions. The hydroxyl anion then attacks the silicon atom, according to an SN2-Si mechanism
in which OH- displaces OR" with inversion of the silicon tetrahedron (Figure I. 22).
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Figure 1. 22: Hydrolysis of a silicon alkoxide in a basic medium ®
The catalyst choice influences the mechanism without changing either the type of intermediate or
involved reaction.
c. Condensation mechanisms and sols growth

Although the condensation of silanols can proceed thermally without involving catalysts, their
use especially in organosilanes is often helpful. To clearly visualize the catalyst impact on the

condensation reaction, Figure 1. 23 shows the pH-dependence of the average condensation rate.
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According to Figure 1. 23, there is a minimum close to pH 2, which corresponds to the isoelectric
point of the silica (plsiica = 2.1). It makes it possible to define the domain, pH < 2, for which the silanol
groups on the surface are protonated, and pH > 2, for which they are deprotonated.

Under acidic conditions (pH < 2), the protonation of silanols brings the electrophilic nature out of
the silicon atom, favoring any nucleophilic attack. Thus, the lower the pH, the greater the Kinetics of
condensation. The most favorably protonated silanol groups are those which logically have the most
marked base character. In other words, they are those which carry the most protonated hydroxide groups,
i.e. the monomers and the ends of the polymerized chains. Thus, in strongly acidic medium, the kinetics
of reactions are such that the hydrolysis is almost complete when the condensation begins. This induces
the formation of open and branched particulate networks. When the pH increases towards the isoelectric
point of silica, the silicic species are neutral, which strongly reduces the surface energies and thus leads
to the formation of weakly-branched structures characterized by a low fractal dimension, dr = 2
(Euclidian nature).

AVERAGE CONDENSATION RATE (1/t gq))
(arbitrary values)

Figure 1. 23: Evolution of the condensation rate as a function of the pH for different catalysts °*

Under more basic conditions (pH > 6), the most deprotonated silanols are the most condensed. The
reaction rate progressively increases as the condensation progress. Monomers are added to highly
condensed clusters; whose density increases with pH. In addition, the high concentration of hydroxyl
ions destabilizes the siloxane bridges by increasing the coordination of the silicon atoms. Then, a
dissolution-precipitation phenomenon occurs leading to particle densification. The basic pathway
therefore tends to the formation of Euclidean objects (definition at the end of the part), all the denser as
the pH is away from the silica isoelectric point. The so-called Stéber process 1 takes place under these
conditions. After nucleation, growth and ripening, it results in the formation of spherical particles, dense
and monodisperse in size.

At pH conditions, the ratio r = H,0/Si , which also strongly influences the final structure of the

material, is added. For instance, at a neutral pH, for a ratio r much less than 4 (empirically determined
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value), hydrolysis is the limiting step, i.e. some sites remain non-hydroxylated (partial hydrolysis). The
nucleation/growth competition is then in favor of a growth mechanism. This results in mass or surface
fractal objects, or uniformly porous objects as a function of the number of non-hydroxylated sites.

As areminder, mass and surface fractal objects are distinguished from Euclidean objects as follows.
In the first case, the mass m of the fractal object increases with the radius r of the object according to
m « r%, where d; is called the mass fractal dimension and dy <3, while m « r3for an Euclidean
object. That is, the larger the object, the less dense it is (e.g. trees). In the case of surface fractal objects,
their area S increases more rapidly than r2: S o r% where ds is the surface fractal dimension. For
example, a crumpled sheet of paper has a mass that increases along r®, while its crumpled surface is
fractal.

4 PhD project and aim

The photochemical CO- conversion requires meeting certain conditions to become competitive
and take part in the energy mix, as a renewable energy: use low-cost systems that deliver energy
efficiency above 10% %, produce fuels that can be easily stored and transported, and use renewable
resources. Indeed, one of the major disadvantages of renewable energies lies in the intermittent nature

of the resources which leads to consider its storage for a large-scale upgrading.

100 )
— '
: g'&

o
° _ l
- U4
SX 1w % ’
S I
T c /
v 3 /
=TT, / y
>— .,
v © /
s 5 7y
& 5 Vo
\
o < Toyota Central Research : -
g 0,1 and Development "
L Laboratories, Japon
Weizman Institute of Pennsylvania State \ ?
Science, Israel University, USA \_\ ¢
0‘01 D
1980 1985 1990 1995 2000 2005 2010 2015 2020
Year

Figure 1. 24 :Significant progress in converting carbon dioxide into solar fuels '

In recent years, CO; has been successfully converted using sunlight into high value-added
hydrocarbons. However, reaction rates and selectivity in desired products such as methane, and C,. are
still too low to consider industrial applications (Figure 1. 24). Main drawbacks are arising from the
photocatalytic process itself, i.e. light trapping and harvesting, charge separation-recombination and

transportation, surface and backward reactions, and need to be optimized. In this perspective, main
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research topics deal with: the modification of the intrinsic properties of semiconductors, the discovery
of new architectures or composite structures developing optimized heterojunctions and the use of new
molecular complexes as dyes for sensitized solar cells and photocatalysts 1°. To develop effective photo-
induced processes, equal importance must be given to the photocatalysis fundamental processes,
photoreactor design and catalyst synthesis. It is therefore necessary to increase the surface/volume ratio
of the photo-active materials in use, addressing thus a severe foot-print penalty.

In this project, the proposed strategy consists in solid foams bearing a hierarchically organized
porosity to achieve a three-dimensional CO, photoconversion. These porous materials 1% are obtained
by the synergistic template effects of lyotrope mesophases (concentrated micelles) that create the
mesoporosity (pore diameters ranging from 2 nm to 50 nm) and oil-in-water concentrated emulsions
inducing the connected macroporosity (pore diameters above 50 nm), combined with the sol-gel process
that condenses the continuous hydrophilic phase. As the inorganic skeleton is amorphous silica, the
microporosity (pore diameters below 2 nm) relies on the SiO, tetrahedral statistical repartition within
the geometric space. Thereby, the use of emulsion as soft template for the genesis of macrocellular
materials provides a powerful hierarchical porosity, especially a modular self-standing macrostructure.
These self-standing foams are labelled Si(HIPE) %, and they can be hybridized to reach applications
mainly dedicated toward heterogeneous catalysis *°. Being purely inorganic, these foams have been
recently employed as light scavengers for application devoted toward the field of random lasing 11112
where TiO; has been added during the sol-gel process to increase the inorganic skeleton refractive index,
thereby optimizing the photon mean-free-path within the foams 13, Then, due to its low-cost, chemical
stability, photocatalytic performances, and physic-chemical properties, TiO, is a great candidate as
active phase.

In this intensification objective of artificial photo-driven processes, the synthesis of
TiO,@Si(HIPE)s materials, as well as their multi-scale characterizations, and the evaluation of their
photocatalytic performance for CO- photoreduction involving water, will be described and discussed in

the following chapters.
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Chapter 11
Experimental procedures

This chapter consists of three parts dedicated to the experimental procedures: syntheses, characterizations
and photocatalytic tests. The first presents the protocols used to synthesize in two steps the porous monoliths. First,
the porous silica matrix synthesis, structured at all scales, and then the active phase impregnation. The second section
details the principle of the routinely used characterization techniques. Their specific application to synthesized
materials is discussed. Finally, the last part develops the set-up, and especially the procedure carried out for the
photocatalytic tests. Besides, the quantities applied to evaluate the photocatalytic performances of materials are

described.
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1 Syntheses of monoliths bearing

hierarchical porosity

The label HIPE (High Internal Phase Emulsion) is referring to the high porosity offered by the as
synthesized materials, making the use of either direct or reverse emulsion as macroscopic templates.
HIPEs are defined by the volume ratio of the emulsion internal phase (the droplets) over the total
volume, which is generally required to be at least 74% *. The term TiO.@Si(HIPE) consists of a silica
HIPE, formulated by sol-gel process, in which titanium dioxide (TiO) is incorporated. Moreover,
TiO2/Si(HIPE) structures have also been produced by co-polycondensation, i.e. in one step, of TiO, and
Si alkoxide precursors 2. However, this method only allowed TiO; loading rates of less than 20% by
weight to be obtained, due to the low mechanical strength of final structures. Thus, only the formulation
of materials in two steps will be developed in this part: silica matrix synthesis and then, TiO;
impregnation/nucleation.

Synthesis of silica porous matrices will be developed in the first following part. In the second one,
the methods describing the TiO, impregnation will be detailed. These are the routine protocols that are
described. During the project, some parameters were modified, and will be mentioned in the following
chapters when relevant. Steps, products, and devices will be specified in both parts. The effect of

synthesis parameters on the textural structure of materials will be discussed in Chapter I1I.

1) Silica matrix synthesis

The fundamentals of this synthesis were first described by Florent Carn 3.
a. Condensation stage

To prepare up to 5 monoliths, 16 g of aqueous solution of TTAB (Myristyltrimethylammonium
bromide, purity > 99%, Sigma-Aldrich) at 35% by weight was poured and mixed with 5 mL of HCI
(hydrochloric acid, purity = 37%, VWR Chemicals) in a mortar. Once the mixture was homogeneous,
5g of TEOS (TetraEthylOrthoSilicate) were added. Note that the TEOS used must come from a bottle
opened for less than a month. The gaseous sky present after opening the bottle contains water molecules
which deteriorate the reactivity of the TEOS. The TTAB solution-HCI-TEOS mixture was manually
stirred until complete hydrolysis of the TEOS (single-phase mixture). Then, 35 g of dodecane were
incorporated drop by drop into the mortar, shearing with the pestle, to form a direct and concentrated
emulsion. Once the sol was formulated, it was poured into 5.5 cm diameter Petri dishes or propylene
pots. The sol amount poured by container depends on the desired final monolith thickness (e.g. one sol

poured into two propylene pots leads to two around 1.3 cm thick monoliths). Finally, the filled containers
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were placed in a desiccator containing some distilled water, to avoid the monolith to dry and crack
during the condensation of the TEOS.

b. Washing stage

At this stage, the materials were silica gels, with a porosity filled still with dodecane.

After about one week, the condensation was complete, resulting in the formation of the gel. The
Petri dishes were then immersed in distilled water. By capillarity, water was seeping between the
monolith and the Petri dish. The oil (the majority phase of the material at this stage) being less dense
than water, the gels were rising to the surface of the water. They were thus transferred into 500 mL
crystallizers (1 crystallizer per batch). These were filled with THF (TetraHydroFuran) to dissolve the
dodecane. To avoid evaporation of the solvent, the crystallizers were placed in a desiccator throughout
the washing period. Once the dodecane was completely dissolved, the materials were reduced to a silica
structure, denser (dsioz = 2.65 g.cm™®) than the solvent (drne = 0.889 g.cm) and fell to the bottom of the
crystallizer. The washing bath was then changed to a THF/acetone mixture in the volume proportions
70:30. The operation was repeated twice, 24 hours apart, to ensure proper dissolution of the dodecane.

c. Drying stage

At this stage, the materials were wet silica gels, with a porosity filled with solvent.

Figure I1. 1: Drying step in desiccator

The crystallizers, containing the silica matrices and the THF/acetone mixture, were then emptied
of the solvent and placed in a drying desiccator. Initially, the monoliths were left to evaporate with the
desiccator closed until the THF/acetone mixture present in the material established a vapor/liquid
balance (Figure I1. 1). To accelerate the drying of the materials, two paper strips were positioned face
to face between the lid and the desiccator container. Thus, the vapor/liquid balance was shifted in favor

of solvent evaporation. The operation was repeated three times; about three days between each step,
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adding the strips of paper one on top of the other. Once four paper thicknesses had been reached, the
monoliths were almost dry and can be removed from the desiccator. The crystallizers are then covered
with an aluminum film, in which many holes were perforated with a needle, to finalize the drying gently
and avoid any cracking of the material. These were left for about one week or two for thicker monoliths

(meaning > 5mm).

d. Calcination treatment: organic calcination and silica sintering

At this stage, the materials were dry silica gels, only bearing a porosity of about 64%.

Once dry, the monoliths were ready to undergo a sintering stage, with the objective of densify
their structure (sintering) and giving them good mechanical properties, i.e. the ability to be handleable
and self-supported. For this, a heat treatment was carried out. When the materials, placed in a crucible,
were in the muffle furnace (Nabertherm L3 model), a first rise in temperature was operated at 2°C.min-
! to reach 120°C, where a 2 hours-dwell was done. A second rise at 2°C/min and a 2 hours-dwell at
180°C were applied. This first part ensures the total extraction of the remaining water adsorbed and the
structural water present within the material. The next step consists in a new temperature rise at a rate of
2°C.min%, and then a plateau for 5 hours when reaching 650°C. Finally, the temperature was lowered
by inertia of the furnace, until it returned to room temperature. The temperature rise ramps can be
modified and adapted to the shape of the material. Indeed, the larger the dimension of the material, the

more insulating the silica is.
2) TiO2 impregnation

At this stage, the materials were silica matrices, bearing a porosity of about 90% (due to the
contraction of the material occurring throughout sintering).
To incorporate TiO; into the silica matrices, four methods were used. Here are first described

impregnation solutions, then impregnation stage and finally heat treatment.

a. Precursor solution

The four impregnation solutions used during the syntheses can be divided into two categories:
TiO, powder slurry and TiO; precursor solutions. On the one hand, the slurry contained crystallized
particles. On the other hand, TiO; precursor solutions contain alcoholate monomer and TiO, oligomers
with limited size. In this second case, three parameters were varied: the presence and concentration of
alcohol, the pH and the titanium precursor concentration. To quantitatively compare the last two
parameters, two molar ratios are introduced: i) [H2O)/[Ti], and ii) [H*)/[Ti].

The first set of solution was prepared from commercial powder of TiO: Aeroxide® P25, purity
> 99.5%, purchased from Sigma-Aldrich. Then, P25 TiO, powder was mixed in an aqueous solution
acidified with HNO3 # (purity > 69%, purchased from VWR Chemicals), at pH = 2.2. For the second
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category of solution, the products used were (in the order of incorporation): distilled water, isopropanol
iPrOH (purity > 99%, purchased from VWR Chemicals), hydrochloric acid HCI (purity > 37%,
purchased from VWR Chemicals), and titanium isopropoxide Ti(OPr')4 (purity = 99.999%, purchased
from Sigma Aldrich). All solutions were magnetically stirred for 2 hours before impregnation. The
compositions and mains parameters of these solutions are summarized in Table Il. 1, for Si(HIPE)s with
a 0.07 g.mL? density. Then, compositions were adapted to Si(HIPE) density. All weighing was
performed on an analytical balance with a precision of 0.05 mg (Mettler Toledo XPE 204).

Table Il. 1: Overview of the product quantities weighed for solutions preparation to impregnate 0.07
g.mL* dense Si(HIPE)s, the main parameters values, and the theoretical TiO, contents

Slurry Precursor solution
Solution category TiO,(P25)@Si(HIPE) TiO,@Si(HIPE)s
Water (g) 50 31.06 25.18 56.29
HNO, few drops
HCI(g) - 17.25 13.98 20.97
[PrOH] (M) 0 6 5 0
TiOPF (g) - 8.30 24.90 24.90
P25 (g) 0.716
[H,OV/[Ti] - 59.09 15.97 35.69
[HY[Ti - 5.99 1.62 2.43
pH 2.2 <0.5 <0.5 <0.5
Expected TiO, content perimp.(% wt) 17 25 50 50
Number of impregnation steps 3 2 1 1
Expected final TiO, content (Yowt) 38 40 50 50

b. Impregnation stage

Once the solutions were formulated, the Si(HIPE)s were added and the whole was placed in a
desiccator with tap, connected to a vacuum pump (Biichi V-700). The vacuum was then carried out by
steps between 150 and 30 mbar, to operate the air extraction gently. At each step, the effervescence was
expected to stop (about 15 minutes) before pushing the vacuum again. At 30 mbar, the vacuum was
broken, and the denser silica matrices fell to the bottom of the solution. Vacuum cycles were then
operated until the Si(HIPE)s remained at the bottom of the solution, even under vacuum (indicator of
the total air extraction). Once this dynamic vacuum stage was completed, the valve was closed, and the

desiccator was left under static vacuum at 30 mbar for approximately 16 hours.
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When impregnation was done in two or more steps, a drying time was necessary between the
impregnations, to release the porosity of solvent. This was done by placing the materials between two
sheets of paper under a fume hood for 1 or 2 weeks, depending on the size of the material. For one-step

impregnation, the drying step was also necessary before proceeding with the heat treatment.

c. Heat treatment

At this stage, the materials were mixed materials with a silica matrix, with a porosity of about
90%, and amorphous or P25 TiO, particles.

Once dry, the monoliths were ready to undergo a crystallization step, with the objective of
removing impregnation residues and crystallize TiO, particles for monoliths impregnated with TiO,
precursor solution. The corresponding heat treatments (in the Nabertherm L3 furnace) were a first rise
in temperature, operated at 2°C.min, to reach 120°C. A step of two hours was then carried out, in order
to ensure the total extraction of the remaining water adsorbed within the material. Then, a new rise at a
rate of 2°C.min?t took place until reaching 300°C (for TiO2(P25)@Si(HIPE)) and 400°C (for
TiO@Si(HIPE), where a step of 5 hours is established. Finally, the temperature was lowered by inertia
of the furnace, until it returned to room temperature. The temperature rise ramps can be modified and
adapted to the shape of the material. Indeed, the larger the dimension of the material, the more insulating

the silica is.

2 Characterizations

The main objective of these characterizations is to obtain, at all scales, knowledge of the material
properties. Photocatalytic behaviors can then be related or discussed compared to the structure and
texture of TiO.@Si(HIPE)s.

1) Structural and morphological characterizations

a. Macroscopic length scale

First, the terms used in the designation of the parts of the monoliths, as well as the different
possible monolithic shapes, will be described. Then, the different characterization techniques used on a
macroscopic scale will be detailed, in particular their application to these innovative materials
TiO,@Si(HIPE)s. The internal visualization of the materials textures was obtained by Scanning Electron
Macroscopy (SEM). The Electron Probe Micro Analysis (EPMA) technique allows visualizing the
distribution of TiO, embedded in the monolith, on a macroscopic scale. Finally, mercury porosimetry
makes it possible to obtain the pore size distribution among other quantities characteristic of the

materials porosity.
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Photographs and designations

Before use in photocatalytic test, the synthesized monoliths were obtained in the form of
cylinder with a diameter of about 3.2 cm and a height of 5 (Figure 1. 2), or 10 mm. They therefore had
two flat surfaces (compared to the curved lateral surface). The surface denominated as the top surface
in this manuscript was the one with a slight curvature derivate from the meniscus of the sol. This surface
has been sanded down to a nearly perfect flat surface and will be the so-called irradiated surface
thereafter. The surface denominated as the bottom surface has been sanded down in order to smooth any
inhomogeneity and paying attention to keep the two surfaces parallel. This surface will be brought into
contact with the reactor. The lateral surface has been retained as was and will be called edge in the
following text.

It is important to note here that the shape of the monoliths depends closely on the shape of the

container in which the sol is poured. It is thus possible to obtain a wide variety of shapes.

Figure II. 2: Photographs of a cylindrical 5 mm-thick synthesized monolith a) global and b) sidewise

Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a technique commonly used for local textural and
chemical characterization of massive materials. It is based on the interaction of these materials with a
focused electron beam, which typically has an energy ranging from 0.2 to 30 keV. The different
radiations emitted by matter (secondary electrons, backscattered electrons and X-rays), in response to
the incident electron beam, are used to form representative images of the material properties
(topography, compositional heterogeneities and local elemental composition respectively). During the
project, measurements were performed using FEI NOVA NANO SEM 450 microscope, under low
vacuum mode. This mode is recommended for materials such as glass, ceramics or other non-conductive
materials. With conventional SEM analysis operated under high vacuum, this kind of insulating samples
require prior coating with carbon or gold in order to prevent an electrical charge from accumulating on
the sample.

In low vacuum mode, the sample chamber contains water vapor. Its ionization by the primary

beam limits the charge effects, thus preventing electrical charge accumulation. Moreover, the secondary
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electron signal is also enhanced by cascade amplification by the gas (Figure Il. 3). For backscattered
electron imaging, a typical pressure of 50 Pa is taken, and a Gaseous Analytical Detector (GAD detector)
is used (Figure II. 4).
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Backscattered electrons (BSE) consist of high-energy electrons originating in the electron beam
that are reflected or back-scattered out of the specimen interaction volume by elastic scattering
interactions with specimen atoms. Since heavy elements (high atomic number) backscatter electrons
more strongly than light elements (low atomic number), and thus appear brighter in the image, BSE are
used to detect contrast between areas with different chemical compositions (Z(Ti) = 22, Z(Si) = 14). To
modulate this contrast, the electron’s landing energy was varied from 5 to 15 kV. However, the volume
of interaction increases with the electron’s landing energy. Thus, TiO; particles appear brighter, but also

those hidden behind or in the core of a silica hollow sphere can be visualized (Figure I1. 5).

Figure 11. 5: (left) SEM images of typical TiO,@Si(HIPE) topology at 5 kV, and (right) chemical
contrast at 15 kV

Characteristic X-rays that are produced by the interaction of electrons with the sample may also
be detected in an SEM equipped for Energy-Dispersive X-ray Spectroscopy (EDS) or Wavelength
Dispersive X-ray Spectroscopy (WDS). Analysis of the X-ray signals may be used to map the
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distribution (Figure I1. 6) and estimate the abundance of elements in the sample (Figure A 1 and Figure
A 2annex). The microanalyses performed by EDS during the study use an EDS SDD detector (Silicon
Drift Detector).

Figure I1. 6: (left) SEM-EDS image and (right) the distribution of Ti element, highlighted in yellow

Electron Probe Micro Analysis (EPMA)

EPMA is implemented on catalyst mainly to control the deposit homogeneity of the active phase
at the grain scale (bead or extruded). This technique works by bombarding a micro-volume of a sample
with a focused electron beam (typical energy = 5-30 keV) and collecting the X-ray photons thereby
emitted by the various elemental species . The recorded WDS spectra allow identifying the elements,
characterized by the wavelength of the emitted X-rays, and quantify their content, related to peak
intensity. The fundamentals of electronic probe microanalysis have been laid by Castaing at the same
time as the apparatus development the which, in French, carries its name (“microsonde de Castaing”).
During the project, measurements were performed using JEOL JXA 8100 microprobe, including five
WDS spectrometers.

The following information is extracted from procedures manual of electronic microscopy and
microanalysis operated in IFPEN.

The implementation of the X microanalysis can be schematically broken down into six steps: i) the
excitement of a core level of the elements (Eciectron beam > Eionization), 11) the emission of X-photons, iii) the
detection of X-photons by WDS detectors, iv) the photon counting, v) the subtraction of the background
intensity to the intensity of the characteristic peaks, and vi) the establishment of intensity-concentration
relationship.

This relationship requires the sample to be perfectly flat. The samples are placed in cylindrical patterns
of 2.5 cm in external diameter and 2.3 cm in internal diameter by 1 cm in height then embedded in a
resin. The studs are then polished so that the grains have a cross section. The samples being electrically
insulating, a thin layer of 20 to 30 nm of carbon is deposited under vacuum. The circumference of the
stud is covered with silver lacquer to facilitate electrical contact with the sample holder of the

microprobe. However, the viscosity of the resin induced impregnation difficulties within the porosity of
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the monoliths. Due to the high porosity of the monoliths and their poor impregnation (Figure I1. 7), only
qualitative profiles could be produced.

Embedding resin

Pores .
_plugged by:-resin~

Pores not
plugged by resin

100 um

100 m
Figure Il. 7: SEM images of monolith fracture sampling for EPMA

Mercury intrusion porosimetry

Mercury intrusion porosimetry is an extremely useful characterization technique for shaped
porous materials. This technique provides a wide range of information, e.g. the pore size distribution,
the total pore volume or porosity, the skeletal and apparent density, and the specific surface area of a
sample. However, all these values do not take into account microporosity, since pores between about
500 pm and 3.5 nm can only be investigated 2.

The technique of mercury intrusion is based on the behavior of “non-wetting” liquids capillary.
A non-wetting agent (y > 90°) cannot be spontaneously absorbed by the pores itself, because of surface
tension. However, the mercury intrusion is possible under the action of an external force, the pressure.
Thus, the theory is based on the Washburn equation (Eqgn II. 1).

__2ycos®

ApP Eqnll. 1

Tpore
This equation shows an inverse proportionality relationship between the pressure difference (AP)
applied to mercury and the pore size (7;,0r¢). Obviously, it considers the surface tension of mercury (y)
and the contact angle (8) between the solid and mercury. During the project, measurements were
performed on an Autopore IV Micromeritics porosimeter with the following parameters: 130° contact
angle, 485 dyn-cm-1 mercury surface tension and 124 MPa maximum intrusion pressure.
Among its limitations, the Washburn equation applies only to uniformly cylindrical or slit pores.
The shape of the pores will therefore be very simplified and often not representative of a real solid.
Besides, this technique is sensitive to edge effects. Especially, monoliths provide a surface
textural heterogeneity (Figure Il. 8) resulting from surface tensions (sol/air, sol/plastic), which can
constrain mercury intrusion (Figure I1. 9). To limit this effect as much as possible, monolith sampling

was carried out at the center of the monoliths (i.e. circumference excluded). However, the top and

— 59



Chapter 11 — Experimental procedures

bottom surfaces remained a source of distortion. The results must therefore be exploited with a critical

sense.

Figure 1. 8: SEM image of TiO.@Si(HIPE), Figure I1. 9: Photograph of a piece of monolith
exhibiting the surface overconcentration of TiO; after mercury porosimetry measurement

Due to the low density of the materials, the volume of the monolith pieces necessary for the
analysis to be as representative as possible is significant. A primary experimental condition is therefore

to use a 10 mL penetrometer for this kind of material.

b. Meso- and microscopic length scale

The different characterization techniques used on a meso- and microscopic scale will be
detailed, in particular their application to these innovative materials TiO.@Si(HIPE)s. Evaluation of
TiO, effective content embedded in Si(HIPE)s was realized with two techniques: XRF and ICP. Then,
the nitrogen physisorption makes it possible to obtain the meso and micro surface area among other
quantities characteristic of the meso- and micro-porosity of materials. Finally, the texture and structure
of TiO; particles were visualized and characterized with TEM and XRD analyses.

Elemental analysis
The elemental analysis was used in order to determine the effective content of TiO, impregnated
in the silica matrices, compared to the nominal content. It was assumed during synthesis that one mole
of TiO, precursor gives one mole of TiO,. To evaluate the intrinsic activities of materials (formula
83.2.a), it was then necessary to have the effective TiO, content.

X-Ray Fluorescence (XRF) semi-quantitative analysis

Chemical analysis by this technique is based on the interaction properties of matter with X-rays.
When matter is bombarded with X-rays, matter re-emits energy in the form of X-rays: this is X-ray
fluorescence. The X-ray spectrum emitted by the material is characteristic of the composition of the
sample. By analysing this spectrum, the elementary composition can be deduced, i.e. the mass
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concentrations of elements. Primary X-rays interact with the atoms in the sample to ionize these atoms.
They pass from the fundamental state to the excited state by ejecting one or more electrons from the
lowest occupied electronic layers. Then, these atoms return to their stable state by filling their gap with
an electron from the upper layers. The XRF phenomenon is due to the rearrangement of the electronic
cloud. The atom returns to its fundamental state by emitting a photon. The energy of the emitted photon
is equal to the difference in energy of the 2 orbital layers concerned. The energies of the electronic levels
being characteristic of atoms, the energy of the emitted photon is also characteristic. Each line of each
element has different ionization energies and therefore, according to Planck’s law, a wavelength of its
own.

From a practical point of view, semi-quantitative XRF analysis was chosen for two reasons. The
first was the non-destructive nature of the analysis: the residual powder can be used for another analysis.
The second was the feasibility of measurements on small quantities of material. Unfortunately, this last
point is also a limitation of the analysis. The small quantity induces a fine thickness of the powder bed
analysed. Not being in the optimal conditions of measurement (infinite thickness), the values obtained
present an uncertainty of the order of 20%.

During the project, measurements were performed on PERFORM’X Sequential X-Ray Fluorescence

Spectrometer, from Thermo Fisher Scientific.

Inductively Coupled Plasma — Optical Emission Spectroscopy (ICP-OES)

To obtain more precise values, another technique of elemental analysis, the ICP-OES, was used.
The liquid sample is introduced into the nebulizer using a peristaltic pump. The nebulizer and
nebulization chamber assembly form an aerosol consisting of fine sample droplets dispersed in argon.
The spray chamber sorts the aerosol to keep only the finest droplets below 10 um and limits the solvent
charge in the plasma (pop up). This fine mist is then introduced by the injector into the plasma core. The
energy released by the argon plasma allows the destruction of chemical forms, atomization, ionization
and excitation of the elements present in the sample. By returning to a more stable state, the atom emits
a photon of energy characteristic of the electronic transition. The number of photons emitted is
proportional to the element concentration in the sample. The emitted photon is then collected through a
detector near the plasma. The photon of the wavelength corresponding to the element and the type of
emission (atomic or ionic) passes through a series of optics and diffraction system. The Rowland circle
is thus used to separate the emitted photons according to their wavelengths and then sent them on CCD
Sensors.

From a practical point of view, to prepare the liquid sample, the powder sample was mixed with
an acid solution based on H,SO4 and HF in volume proportions (1:4), and the whole was heated until
complete mineralization. Then, without acid evaporation, water was added so as to obtain a dilution per
1000.
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Figure 11. 10: Correlation between the two elemental analysis methods for six samples. Trend curve
equation: y = 0.907x, and correlation coefficient R2 = 0.982.

The destructive and risky (HF) nature of this technique has limited its use. However, it has a
good accuracy of the measured quantities of Ti (about 5% errors). Several samples were then analyzed
to determine a correction factor for the XRF technique (Figure 1l. 10). Note that the amount of Si cannot
be evaluated by this technique. Silicon dioxide and fluoridic acid could react and form SiF, which is a
volatile compound.

During the project, measurements were performed on SPECTRO ARCOS ICP-OES analyzer.

Isothermal sorption

Nitrogen physisorption is an essential analytical technique to describe the micro and meso-
structural characteristics of porous materials. By analyzing sorption isotherms (e.g. Brunauer-Emmett-
Teller (BET), Barrett-Joyner-Halenda (BJH), and t-plot methods), quantities such as specific surface
area or size distribution of meso- and micro-pores can be determined. The principle of sorption
isotherms is based on the fact that when nitrogen gas is in contact with a solid at 77K, a specific number
of gas molecules will be attracted to the surface of the solid by van der Waals forces. The number of
physisorbed molecules depends on the relative pressure (P/Po) of the N2 gas in equilibrium with it. At
low pressures (P/Po < 0.2), micropores are filled with N, then with pressure increase mesopores are
filled, and finally, from ca. P/Po = 0.96, macropores are filled. Differences in adsorption and desorption
mechanisms constitute the basis for the interpretation of isotherms in terms of porosity and pore
structure®.

In the 1985 IUPAC recommendation physisorption isotherms were grouped into six types °.
This classification of physisorption isotherms is currently updated into eight types (1(a), I(b), II, IlI,
IV(a), IV(b), V and, VI), and hysteresis loops into six types (H1, H2(a), H2(b), H3, H4, H5) 11,

According to the typical shape of isotherms for a Si(HIPE) obtained using the non-continuous
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volumetric technique (Figure I1. 11), they seem to match with a mix of Type | (gradual increase in the
amount adsorbed, at low pressure) and IV (presence of a slight hysteresis, at higher pressure). The
hysteresis loop can be associated to the H4 one, like activated carbon % 22 (Figure 1I. 12). In addition,
the difference between desorption and adsorption curve for relative pressures below 0.47 is due to a
kinetic problem related to the presence of micropores. The materials could be then described as

significantly microporous, and slightly mesoporous (more details in Chapter 3).
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Figure II. 11: Nitrogen adsorption isotherms at ~ Figure Il. 12: Nitrogen adsorption isotherms et
77K obtained for a typical Si(HIPE) 77 K obtained for two activated carbons (V739
and v840) 1

The Brunauer-Emmett-Teller (BET) method is widely used to determine the specific surface
area (as) of the material, extracted from the following Eqn I1. 2 **:

Ny Lo,

ag = " Eqn I1. 2

Where, n,, is the monolayer capacity defined as the amount of adsorbate enough to cover the surface
with a complete monolayer of molecules, L is the Avogadro constant, a,,, is the molecular cross-
sectional area and m the mass of the adsorbent. Then, the t-plot method is used to determine the
microporous volume, V,, and surface, S,. Analytically, the adsorbed volume is plotted as a function of
the thickness t of the adsorbed nitrogen film. This thickness is calculated from the following Harkins

and Jura’s expression (Eqn I1. 3) 1

. [ 13.99 2
~10.034 — log(P/Py)

Egnll. 3

Then, the asymptote at the plateau is plotted to extract the y-intercept and slope corresponding
to the volume and the microporous surface respectively. Currently, this asymptote is applied over the
range 0.35 - 0.50 nm. However, due to micropores polydisperse character, the linear domain of

multilayer adsorption begins for thicker adsorbed nitrogen film. Therefore, the asymptote application
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range should be moved from 0.50 to 0.80 nm. Moreover, according to the BJH method, the description
of the mesoporosity is based on a discrete analysis of the desorption branch of the isotherm. Relative
pressure intervals are defined, and it is assumed that, at each relative pressure point, the desorbed gas
comes, on the one hand from the desorption of the condensed gas in a certain pore size range, and on
the other hand from the thinning of the adsorbed layer in the larger pores previously emptied of their
condensed gas. Thus, the size distribution of micro and mesopores can be obtained. However, for
micropores, this distribution is not the most relevant, due to nitrogen diffusion Kinetics at low pressures.
Indeed, argon adsorption isotherms are more adapted to the description of micropores, because this one
allows describing small pore sizes at higher pressures than nitrogen.

During the project, measurements were performed on an ASAP 2010 Micromeritics

porosimeter.

Transmission Electron Microscopy (TEM)
TEM analyses are widely used to obtain topological (bright field TEM or dark field STEM)
and/or chemical information (EDS-STEM) at the micro/nanoscale (HR-TEM, Figure II. 13).

Figure I1. 13: HR-MET images of TiO; crystals in a TiO,@Si(HIPE)

To form image, the electrons transmitted through a sample are collected, after interacting with
it. Obviously, the sample is often an ultrathin section less than 100 nm thick, which is a constraint in
monolith sampling. Although the walls thickness of silica hollow spheres is relatively small (= 100 nm),
the large size (few pum) of these spheres requires significant fragmentation of the sample during its
preparation (commonly, sonication of grinded monolith dispersed in ethanol, and deposit on a copper
grid coated with a Formvar/carbon membrane). This implies that it is sometimes difficult to distinguish
the area from the monolithic structure observed (especially inside or outside a sphere). The more
relevant preparation used to observe a thin sample of monolith preserving structure, is a PIPS (Precision
lon Polishing System) preparation (Figure Il. 14). For the ion milling process, a pellet of grinded
monolith was stuck on a nickel grid, mechanically sanded, and then slimed with the Gatan 691 PIPS. In

this machine, two focused Ar ion beams mill the dimple-ground sample in such a way that a hole results
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at the desired position. The edges of the hole then have a gradual thickness, which provides areas thin
enough for imaging.

Furthermore, EDS analyses were carried out to compare the Ti content in the silica walls on two
samples from different impregnation methods. For this, about ten qualitative EDS analyses per sample
were carried out on the silica support without visible TiO- clusters, by post-treatment of the mappings.
The ratio of Ti and Si intensities was then calculated and averaged over the number of measurements
per sample. The results are presented and discussed in Chapter 111 2 1) b.

Moreover, the chemical contrast between TiO- and silica makes it possible to distinguish them
on a TEM image. During the project, measurements were performed using two microscopes: i) a Jeol
JEM 2100F with a field emission gun (FEG), an acceleration voltage of 200 kV, and equipped with a
HAADF detector for STEM acquisitions, ii) a Jeol JEM 2200FS with a field emission gun (FEG, high
resolution), an acceleration voltage of 200 kV, and equipped with a BF (Bright Field) detector for STEM

acquisitions.

Figure 1I. 14: (left) STEM image of a TiO; cluster without the surrounding structure, commonly
prepared and (right) TEM image of a TiO, cluster anchored inside a silica hollow sphere, from PIPS
preparation

X-ray diffraction (XRD)

X-ray powder diffraction is most widely used for the identification of unknown crystalline materials.
More precisely, in this project, the objective of this analysis was to identify the allotropic phase(s) of
TiO, (anatase and/or rutile), and the size of the crystallites (from the Scherrer equation, Eqgn II. 4).
Moreover, if crystallized TiO, particles provide a mix of phases, XRD is used to determine the phase
proportion.

K=* A

= B * cos(8) Ean 4

Where, 7 is the average size of the crystallites, K is a shape factor (usually 0.9), 1 is the wavelength of
the copper ray Ka (which is 1.5418 A), 8 is the full width at half maximum (FWHM), and 6 the Bragg

angle.
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X-ray diffraction is based on constructive interference of monochromatic X-rays and a crystalline
sample. These X-rays are generated by a cathode ray tube, filtered to produce monochromatic radiation,
collimated to concentrate, and directed toward the sample. The interaction of the incident rays with the
sample produces constructive interference and a diffracted ray, when conditions satisfy Bragg's Law :
nA = 2d - sin 6. This law relates the wavelength of electromagnetic radiation, 42 (modulo diffraction
order n), to the diffraction angle, 6, and the lattice spacing, d, in a crystalline sample. These diffracted
X-rays are then detected, processed, counted, and associated to d-spacings. As each mineral has a unique
set of spaces-d, XRD is an essential mineral identification method *°.

A method for estimating the crystallinity rate was implemented using XRD patterns. For this
purpose, 5 mechanical mixtures of P25 TiO, and silica from the grinding of a so-called reference
Si(HIPE) were made for the following weight proportions P25/silica: 10/90, 20/80, 30/70, 50/50, 100/0.
P25 TiO; has an anatase/rutile ratio of 80/20. The theoretical anatase weight percentage was calculated
by weighting the theoretical TiO, weight percentage by the anatase proportion. Then, the 48°26 ray net
area was measured due to the low impact of the amorphous signal on the baseline. An abacus could then
be made and is presented in Figure Il. 15. The mass percentage in anatase of a sample obtained by the
abacus can then be compared with the theoretical one: the ratio delivers the crystallinity rate. The
theoretical anatase weight percentage of a sample is obtained by multiplying the anatase percentage
(XRD analysis) and the TiO, weight percentage (XRF analysis). A strong hypothesis of this method is
that the TiOy/silica system responds in the same way whatever the silica origin. To overcome this
problem, a standard must be added to each sample to correct the pattern if necessary. However, due to
lack of time this could not be achieved. This method will therefore only be used to qualitatively compare
the four impregnation methods.
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Figure 1I. 15: Abacus connecting the theoretical mass percentage of anatase and the 48°20 ray net

area of the mechanical mixtures. Trend curve equation: y = 8.547.x-%%* and correlation coefficient R?
=0.972.
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During the project, measurements were performed on a PANanytical X’Pert PRO MPD diffractometer,
with a copper X-ray source. The scattered radiation was collected on two detectors: a punctual one and

an X’Celerator rapid detector. Both are preceded by a secondary graphite crystal monochromator.

2) Electronic characterization: diffuse reflectance UV-Visible
spectroscopy

In photocatalysis, diffuse reflectance UV/Vis spectroscopy is routinely used to determine the
bandgap energy of semiconductors (active phase). In the case of opaque samples such as solids, the
transmission is zero and it is then adapted to analyze them in diffuse reflection. Diffuse reflection occurs
when light (from 200 to 900 nm) is reflected in many directions, unlike specular reflection, which
reflects radiation in a single direction. Then, the relative change in the amount of light reflected from a
surface (compared to Spectralon reference) is measured and plotted as a function of wavelength for

sketching the spectrum.
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Figure 1I. 16: UV-Visible diffuse reflectance spectrum for a typical TiO.@Si(HIPE). Insert: plot of
transformed KM function [F(R)hv]Y? vs. hv for a typical TiO,@Si(HIPE)

The Kubelka-Munk (KM) function is used to describe the diffuse reflection of light if the following
four assumptions are met: i) the incident light diffuses through the particles, ii) there is no reflection at
the interfaces, iii) the particles are randomly dispersed, and iv) particle size is less than sample thickness.
In this case, the relative diffuse reflectance (R) is related to absorption (k) and scattering (s) coefficient
according the Kubelka-Munk (K-M) function (F(R), Eqn I1.5):

(L-R?_k

Eqnlil. 5
2R s

F(R) =
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Then, the bandgap energy can be obtained from the plots of [F(R)hv]¥2 as a function of hv photons

energy, as the intercept of the extrapolated linear part of the plot at [F(R)hv]*2 = 0 (e.g. Figure II. 16).
During the project, measurements were performed on Agilent CARY 60 UV-Visible spectrometer,

and the reference (infinitely reflective compound) used is a Spectralon plate. All TiO.@Si(HIPE)s

samples showed a band gap energy of 3 eV.

3) Light diffusion characterization

The interest sought in the use of monoliths is to perform photoreduction reactions of CO, through a
volume, and no longer over a surface of thin film photocatalytic systems. The light penetration does not
exceed 400 nm depths in TiO2 bulk for a wavelength of 320 nm 2, Thus, it is important to determine
the penetration depth of photons in the tested materials. For this purpose, two techniques were applied.
The first one provided a visual indication of this penetration, while the second was based on physical

measurements.

a. Gold salt impregnation method

A gold salt solution of 102 M concentration was prepared from KAuCls powder (purity =
99.995%, Sigma-Aldrich), in 2-propanol solvent. Monoliths were then impregnated under vacuum in a
desiccator, as mentioned above in 81.2.b). They were finally air-dried, between two sheets of absorbent
paper. Chloroaurate ions were reduced into gold nanoparticles under UV radiation. The irradiation was
performed for 1 hour using a metal halide lamp (P2so-305 nm= 24 W.cm2), located 5 mm from the monolith
surface. Due to their size, gold nanoparticles provided violet color which acted as a visual indicator of

photons penetration.

b. Pulsed laser method

To characterize the optical diffusion properties of the various samples, the times of flights of
individual photons travelling across the sample relative to the incident pulse was recorded, owing to a
simultaneous spatial and time-resolved setup. This last one is consisting of a streak camera
(HAMAMATSU Streak Scope C10627). The excitation light was the frequency doubled output of the
A = 1030 nm wavelength, 10 MHz repetition rate, 300 fs line width pulses delivered by a diode-pumped
Ytterbium femtosecond oscillator from Amplitude systems (t-Pulse 200). The beam was very slightly

focused to a 1 mW, 1 mm (Figure Il. 17).
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Figure 1. 17: Overview of simultaneous spatial and time-resolved setup
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Figure 1. 18: Imaging of light pulse propagation through a) no sample and b) diffuse sample
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Figure 11. 19: Imaging of light pulse propagation through sample with cracks a) original and b) with
time shift

The light pulse propagation through no sample provide a small stain (Figure Il. 18 a), while
through a diffuse sample, the stain is prolonged in time and coarse in space (Figure Il. 18 b). The shiny

line above the stain in Figure 11. 18 b is explained by the presence of cracks in the sample; some of the
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light passes through the cracks and exits the material earlier than that which is diffused. In order not to
disturb the collection of photons by this phenomenon, which is not representative of the diffuse character
of the sample, a time shift is operated as shown in Figure I1. 19. The two red lines delimit the integration
zone in order to obtain the temporal profile. Each sample is measured in three positions for
reproducibility. The temporal profile is obtained by integrating signal into the area defined by spot width
without sample. In Figure Il. 20, the three profiles shown correspond to the 3 positions. Then, the
temporal profiles and the full solution of the diffusion equation described in Chapter 1 are fitted to

extract the characteristic values, as the transport mean free path ().
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Figure I1. 20: Temporal profiles for three positions on the sample

3 Photocatalytic tests

The objective of the photocatalytic tests is to evaluate the behavior of the active phase, TiO», within
a hierarchically porous structure, Si(HIPE), about the CO, photocatalytic reduction in the presence of

water.
1) Set up

A modular unit was set up at IFPEN during Dina Lofficial’s PhD " to carry out tests in liquid phase
or gas phase configuration. Throughout the project, the set up was used in the gas phase configuration
and continuous mode. The different elements of this unit, the operating modes used as well as the results

obtained are presented in the following sections.

a. Reactor

The stainless-steel cylindrical reactor used (dexx = 7 cm) provided two parts with different
internal diameters (Dint, upper = 3.7 cmM and Bin, 1ower = 5 ¢M). The gas inlet is operated in the upper part of

the reactor, and the outlet in the lower one. At the junction between these both parts, a Teflon ring was
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placed and locked by a clamping ring. Then, prior to insert the monolith in the reactor, it is slightly
sanded to homogenize and flatten the surface that will be irradiated. The contact between the Teflon
ring and the monolith is achieved by a vacuum grease edging (Figure Il. 21). The whole is hermetically
closed by an O-ring and a clamping ring, fixing at the top a quartz optical window (Figure Il. 22) and at

the bottom a stainless-steel plate.

Optical windo

Monolith —
Gasinlet — Clamping ring

Teflon ring —

Gas outlet

Monolith

Figure II. 21: Representation of
the monolith - Teflon ring
assembly

Figure 1. 22: Top view of the monolith-
Teflon ring assembly inside the reactor

The reactor configuration involves a bed-through reaction. Two types of materials were tested:
cylindrical monoliths and powders. The monoliths provided a diameter of 3.2 cm. The powders were
arranged within the volume left by the 2.6 cm diameter and 1 mm height Teflon ring (a support

membrane was then added under the Teflon ring).

b. Devices

Photocatalysis experiments were carried out in a reactor as mentioned above operating at
atmospheric pressure and ambient temperature and irradiated by a xenon lamp Max303 Asahi Spectra
(irradiance spectra Figure 1. 23).
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Figure I1. 23: Irradiance spectra of Max303 Asahi Xenon lamp
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Products were analyzed on-line by a gas TCD sensor micro chromatograph Lan3000 (SRA
Instruments, uGC-TCD). Gas phase analyses were performed every 10 minutes. The analytical
parameters selected for optimal gas separation under our conditions are presented in Table A 4, in annex.
The micro-chromatograph was calibrated for all gases from different gas cylinders with controlled
contents. The retention times, in seconds, of the gases analyzed by the first three columns of the
chromatograph are listed in Table A 5, annex. No species produced has been detected on the fourth;

retention times will not be itemized.

c. Procedure

First, a system purging step was performed to avoid the presence of oxygen from the air during
the reaction (anaerobic conditions). This step consisted in performing the vacuum a first time up to less
than 200 mbar, then rising to atmospheric pressure by injection of argon at 30 mL.min. A second
vacuum was performed, and then a mix flow of argon at 30 mL.min* and CO; at 3.0 mL.min* was
injected into the reactor. Once atmospheric pressure was reached, the argon flow was stopped while CO,
flow was maintained. CO; source was B20 gas cylinder (purity > 99%, Air Liquide), and argon source
was gas distribution network (purity > 99.999%, Air Liquide). The set-up is illustrated in Figure I1. 24.

€O, =

Xe lamp

A el prem— j 7% 315-620nm

b LGC-TCD

H,0
Figure 11. 24: Schematic representation of photocatalytic experiment set up

A water saturator was placed upstream of the reactor, inside which CO; bubbled. The quantity
of water was estimated at ca. 3% by volume, which corresponds to a molar ratio CO, over H;O equal to
around 30. Once the CO- concentration stabilized (controlled by gas chromatograph analysis), its flux
was reduced to 0.3 mL.min (except special mention). The system was then irradiated for 20h (except
special mention). For visualization convenience, an example of classical photocatalytic test is shown in
Figure I1. 25, with instantaneous rates of Hy, CO, CHa, and C;Hs production versus time on stream. Note
that the test start increase does not correspond to a material activation time, but to the set-up lines filling

time.

_72-



Chapter Il — Experimental procedures

80
N./\ 60
=
i
< 40+
[
£
3
~ 204
S
! MW"’“
O J T T T T T 1
0 200 400 600 800 1000 1200
Time (min)

Figure 11. 25: Productions of all detected products are drawn: H. (red), CO (orange), CH4 (blue) and
C2Hge (green) for a TiO, powder sample

2) Evaluation of photocatalytic performances

According to the reaction equation (Eqn Il. 6, not balanced for clarity reasons), a couple of products
could be produced, only those written were detected during the project. The product formation is

SC
initiated by the generation of electron-hole pairs according to the following reaction: hv — eg. + hiy .

The half reaction equations corresponding to the products, normalized for one mole of product, are
summarized in Table II. 2.

C02 + H20 + hV g 02 + Hz, CO, CH4,, C2H6' C3H8 Eqn || 6

Table I1. 2: The half reaction equations involved in the photocatalytic process of water splitting and
CO;, photoreduction

Reaction type Reaction

Oxidation Hy0 +2h* > 1/, 0, + 2H*

2e” +2Ht > H,

COy + 2H* + 2~ = CO + H,y0
Reduction CO, +8H" +8e~ - CH, + 2H,0

2C0, + 14H* + 14e~ - C,Hg + 4H,0

3C0, + 20H* + 20e~ - C3Hg + 6H,0

To evaluate the photocatalytic properties of materials, intrinsic and global activities as well as
selectivity are studied quantities. The first one provides information on the intrinsic performances of the
catalyst, closely related to the crystalline structure of this catalyst, and the second one takes into account

the material shaping, especially its textural structure (e.g. pore size distribution). In addition, the
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selectivity evaluates the overall orientation of the reactions towards the formation of desired products
compared to the (undesired) dihydrogen, resulting from the recombination of the protons generated by
water oxidation. The presence of water as sacrificial agent in the CO, photoreduction implies that water

splitting process occurs as side reaction.

a. Photocatalytic activities

Global activity per mass
These activities are expressed per mass of TiO, and distinguished into two categories: one by
product and the other over all products. The first one compares independently the behavior of catalysts
for each product, while the second globalize the contributions giving access to an overall activity.
e To represent the performance of catalyst by product i formed, two quantities were chosen: the
instantaneous production rate of product i at a given time (r;,, Eqn Il. 7) and the total
production of product i at the end of the test time t (P}, Eqn 1l. 8) corresponding to the area

under the curve of the previous quantity.

i [i] * Qtor

m = ase * 60 % 10° Egnll. 7
m

*Meqt

P = fo t—gﬁ?:sz’; *60 % 10 dx Eqn 1.8

With:

v' 1}, the production rate of product i per catalyst mass unit, pmol.h".g*

v" [i] the concentration of product i over time, ppmVol

v Qtor the flow of CO; and H.0 injected, i.e. 3.10* L.min'*

v 129°C the molar volume of a gas at 25°C, i.e. 24,5 L.mol*!

v M4 the catalyst mass (TiO,), g

v 60 * 10° homogenizes the units in umol.h*

v' P} total production of product i at the end of the test time t per unit mass of catalyst, pmol.g*

vt the time, min

e To represent the catalyst performance over all products, the electron consumption associated
with each product must be considered. Indeed, one mole of hydrogen valorizes two moles of
photons (I hv = 1 e-), while one mole of methane valorizes 8 moles of photons. The two
guantities chosen are therefore: the instantaneous electron consumption rate at a given time
(&, Eqn 11. 9) and the total electron consumption at the end of the test time t (CZ, , Eqn 11. 10)

corresponding to the area under the curve of the previous quantity.

— 74—



Chapter Il — Experimental procedures

- né * [i] *
e :z#*eo*mﬁ Eqn 1.9
i Vm *mcat
Qtot 6
25c * 60 * 10° dx Eqgn1l. 10
V * Meqt

With:
v ¢ the electron consumption rate per catalyst mass unit, pmole~.h.g*
v Cg the total electron consumption at the end of the test time t, umole~.g™*

v nf the stoichiometric coefficient of the electrons consumed per mole of product i

Global activity per surface

These activities are normalized by the irradiated geometric surface of the material. The
distinction between an evaluation by product and another over all products is also done in the following
expressions: the instantaneous production rate of product i at a given time (r¢ , Eqn I1. 11) and the total
production of product i after the test time t (P{ , Eqn 1. 12); and the instantaneous electron consumption
rate at a given time (r¢ , Eqn 11. 13) and the total electron consumption after the test time t (C¢ , Eqgn
1. 14).
i [i] * Qtor

TS = v * 60 * 106 Egnll. 11
m

*Oirr

t .
pi—f M*a)*mG dx Eqn Il. 12
0

s 25°C
Vm * Sirr

_ ne x[il =
ré =Z#*60*106 EqnIl. 13
> Vm *Sirr
ce * Qrot * 60 * 106 d Eqn II. 14
S V25°c S x gnIl.

urr

With:
v r& the production rate of product i per unit area irradiated, umol.h*.m

v S, the surface of the irradiated material, soit 8,04.10* m? for a monolith and 5,3.10* m? for
P25 TiO, powder

v P the total production of product i at the end of the test time t per irradiated area, pmol.m?

v ré& the electron consumption rate per unit area, pmole™.h™t.m?

v’ C¢ the total electron consumption at the end of the test time t, umole~.m2

To compare the photocatalytic performance of the materials tested, it was chosen to use the average
electron consumption rates (umole~.h™.m=2), normalized by catalyst mass or by unit area, and defined as

follows:
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Tos Eqgn Il. 15
rés (s f Z “ ot 604108 dx d
(s "~ T0S Y25°C 4 { irr
Meat

Where TOS is the Time Of Set, corresponding to the duration of the test.

b. Selectivity

Electron selectivity is defined as the percentage of electrons brought by the oxidation of water and

consumed by product i at a given time (Sf , Eqn Il. 16). To simplify the comparison between
selectivities, the average quantity (over the number of analyses) is used (Sl?, Eqgn Il. 17).
5?‘:—_ Eqnll. 16

With:
v Sf the instantaneous selectivity of electrons towards the formation of product i, %

4 Sl7 the average selectivity of electrons towards product formation i, %

4 Conclusion

Our study focuses on the use of monolithic materials to intensify the photocatalysis process.

The integrative chemistry principle made it possible to structure these materials at all scales. The silica
skeleton bearing the microporosity was formed by a sol-gel route. The silica precursor (TEOS)
undergone hydrolysis-condensation steps in acid catalysis to form the three-dimensional network. The
surfactant (TTAB) had a dual role of stabilizing the direct concentrated emulsion (dodecane as dispersed
phase), which was the macroporosity precursor, and of mesostructuring due to its liquid crystal
arrangement. This first step formulated the silica support bearing the hierarchical porosity, Si(HIPE).
The TiO. active phase incorporation was carried out by impregnation with colloidal solutions and
crystallization by heat treatment, to form the material TiO,@Si(HIPE). These solutions were produced
by the hydrolysis-condensation mechanism in acid catalysis of the precursor TTIP or P25 TiO, particle
dispersion in an acidic aqueous phase. The routine synthesis protocol and the four impregnation methods
have been detailed in the first part.

To understand the behavior of these materials about CO. photoreduction, and to relate the
performance achieved to their physicochemical properties, a multi-length scale characterization set was
applied. Macropores make it possible to considerably lower the pressure gradients within the structure,
thus ensuring the material integrity when fluids flow through it 8. This property is essential when
impregnating TiO,. Thus, these macropores were visualized and characterized by SEM and mercury

intrusion porosimetry, as well as the TiO- distribution throughout the silica matrix was evaluated by
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EPMA. The micro and meso structures are the place where adsorption, desorption and reactions occur.
It is therefore important to know the material structure at these scales. For this purpose, the XRF/ICP,
TEM, XRD and diffuse reflectance UV-Visible spectroscopy analyses quantified and characterized the
active phase, while nitrogen physisorption made it possible to determine the specific surface area
developed. The material hierarchical porosity plays a key role in the multiple scattering of light, as does
the refractive index of the scatters. Thus, the transport mean free path of photons was evaluated by a
pulsed laser method. All these characterization techniques were described in this chapter, and notably
their application to these porous monolithic materials. The material physicochemical characteristics will
be discussed in Chapter I11 as a function of synthetic parameters.

The behavior evaluation of synthesized materials and commercial P25 TiO, powder with regard to
CO;, photoreduction was performed on the set-up and under the conditions detailed in this chapter. The
key parameters to keep in mind are that photocatalytic tests were performed at ambient temperature,
atmospheric pressure and anaerobic conditions were sought. Besides, CO, flow rate was maintained at
0.3 cc.min, the molar ratio of CO; over H,O was about 30, and the irradiation power has always been
adjusted to be as close as possible to 80 W.m2. The main quantities used in the photocatalytic
performance evaluation were the average electron consumption rate normalized per unit mass or surface
and the average selectivity. Their values will be discussed in Chapter IV as function of material

physicochemical properties.
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Chapter 111

TI0,@SI(HIPE)
physicochemical
characteristics

This chapter consists in three parts dedicated to the physicochemical characteristics of materials:
morphologies, structures and light diffusion. The first part describes the synthesized material morphology at all
scales: at first, the porous silica matrix, and the latter after TiO, impregnation. Reproducibility and repeatability
considerations are studied to the characteristic quantities to determine their relevance. The second part establishes
the synthetic parameter influence on TiO; structure and crystallinity, and the silica matrix morphology. Variables of
interest can then be identified to discuss their influence on photocatalytic performance (Chapter 1V). The last part

describes the light diffusion in materials through the transport mean free path of photons as a function of
morphological properties.
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1 Morphological descriptions

Using the characterization methods detailed in Chapter Il, the description of the material

morphological properties has been drawn and is detailed hereafter.
1) Si(HIPE): silica matrix

In a first step, the silica matrices are studied as catalyst support and porosity bearer of the final
material. All measurements presented below are based on the analysis of a single solid from the routine
synthesis. From a global point of view, all the samples are shaped in cylindrical monolithic form, with
a diameter of about 3.2 cm and a variable height (photographs Chapter I1).

a. Macroscopic length scale

The porosity visualization by Scanning Electron Microscopy (SEM) allows accounting for the
hierarchical structure. Notably, the very large macropores, resulting from the condensation of the silica
precursor at the interface of the sol and the oil droplets used as macroscopic templates, present
macropores ranging from a dozen to a hundred of microns (Figure Ill. 1). Macroscale connecting
windows, induced by the shrinkage of the monoliths, are located in the thin films that separate two

adjacent droplets (Figure I11. 1 b)-d)), and they range from a few hundred nanometers to several microns.
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Figure 111. 1: SEM images of macroscopic cell windows of a typical Si(HIPE) at magnifications 2.5k
a), 3.5k b) and c), and 5k d), with window size measurements
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Based on mercury intrusion porosity measurements, the macroscopic cell window distribution
was obtained. This technique only measures pore diameters that minimize mercury infiltration. Thus,
the pore size distributions correspond to the interconnections between pores, not to the droplet mode
silica spheres. These interconnections are called cell windows. Figure I1l. 2 shows a polydisperse and
bimodal distribution. The polydisperse character is related to the window size distribution which spreads
from 10 nm up to 5 um. The bimodal character is explained by the material structure in aggregated
hollow spheres which results in both internal and external junctions/windows. The peak centered on 3.1
UM corresponds to the interstices formed at the junction of three (or more) hollow silica spheres; these
are the so-called "external™ windows (Figure Ill. 3). The shoulder at this peak corresponds to the

"internal™ windows formed by the junction between two walls of adjacent hollow spheres.

'1.nm'1)

o o

o o

=} =

© o
1 1

0.006

0.004

0.002 4

0.000 t T T \
1 10 100 1000 10000

Pore Size Diameter (nm)

Differential intrusion (mL.g

Figure 1. 2: Pore size distribution for a typical Si(HIPE) as measured by mercury intrusion
porosimetry

Figure I11. 3: SEM images of external cell window of a typical Si(HIPE) at magnification 5k a) with
window size measurements b), and a zoom at magnification 10k c)

The peak centered at 20 nm can be assimilated to an internal window population for very small

hollow silica spheres. Unfortunately, this pore size is not visible to SEM.

_84_



Chapter Il — TIO2@Si(HIPE) physicochemical characteristics

According to these measurements (summarized in Table I11. 2), this silica monolith provides a
porosity of 92%, corresponding to an apparent density of 0.06 g.mL™ and a skeletal density of 0.8
g.mL1. Note that the skeletal density resulting from mercury porosimetry does not take into account
microporosity, unlike that obtained by helium pycnometry.

b. Meso- and microscopic length scale

To characterize Si(HIPE)s at meso- and microscale, nitrogen adsorption, TEM and XRD
analyses were carried out. It is necessary to recall that the cationic surfactant, used for the genesis of
hybrid monoliths, stabilizes not only the oil/water interface of the concentrated direct emulsion, but also
induces a supramolecular assembly of micelles. Therefore, after intensive heat treatment or washing,
these macrocellular materials reveal a mesostructured more or less ordered at the mesoscopic length

scale. Wall cells observed by TEM show vermicular type morphology (Figure I11. 4 a))

Differential Surface Area (m’.g™)
o

10

! Pore Width (nm)
02 04 06 08 10
Relative pressure (P/P )

Figure 1. 4: a) HR-TEM image of the worm-like structure of a silica zone of a TiO.@Si(HIPE)
sample, and b) Nitrogen adsorption and desorption isotherms of a typical Si(HIPE). (e) desorption
curve, (m) adsorption curve. Insert: corresponding pore size distribution by Horvath-Kawazoe and

DFT calculations.

As described in the Chapter Il, nitrogen isotherms provide a type | — IV with a narrow H4
hysteresis (Figure Ill. 4 b)), testifying to a highly microscopic and weakly mesoscopic porosity.
Microporosity, intrinsic to the amorphous structure of silica, represents 90% of the porous volume
probed by nitrogen (according to the volume values: Vporous = 0.447 mL.g** and V, = 0.402 mL.g%).
Moreover, the specific surface area of this silica monolith sampled is determined using the BET method
and is 938 m2.g’. From a general point of view, the specific surface area of a silica monolith can be
retained as being of the order of 1000 m2.g* (brought essentially by the microporosity).

Contrary to a typically microporous material, the adsorption branch shows a curve over a large
relative pressure range (0.01 < P/P, < 0.2), before the linear domain (corresponding to the adsorption of
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nitrogen in the multilayer form). This rounding can be explained by a micropores polydisperse character,
with most of the size less than 1 nm (as represented in the insert of Figure Ill. 4 b)). The pore size
distribution was calculated by Horvath-Kawazoe model and density functional theory (DFT) model.
The Horvath-Kawazoe method is a semi-empirical analytic model of adsorption in micropores that is
commonly used for determining the pore size distributions of microporous materials 2. However, to
confirm this hypothesis, a description of micropores by new characterizations such as argon adsorption
must be considered.

Due to the very low proportion of mesopores compared to micropores, the hysteresis is very
narrow and the description of mesopore sizes by the BJH method is very approximate. On the Figure
I11. 5, the left graph seems to exhibit a population of mesopores around 3-4 nm. This population is the
result of the surfactant (TTAB) mesostructuring nature as described by F. Carn in his PhD work . The
graph on the right confirms the presence of mesopore around 20 nm and the low volume it represents.
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Figure I11. 5: Pore size distribution from 2 to 50 nm (left) and a zoom on the 10-50 nm region (right),
from BJH method
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Figure I11. 6: Representation of the volumes taken by the macro-, meso- and microporosity within a
silica monolith
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The Figure 111. 6 shows the volume distribution within a silica monolith and points out the low
part of mesopores compared to macro- and micropores. For this representation, it was chosen to take the
values of the microporous volume resulting from the t-plot and that of the mesoporous volume resulting
from the BJH method, i.e. according to the nitrogen isotherms. For macroporous volume, mercury
porosimetry is the most suitable technique. The macroporous volume is therefore extracted from this

measurement.

c. Reproducibility and repeatability

In order to increase knowledge on the silica matrix synthesis process, some materials were compared
with regard to the reproducibility and repeatability of this method. Their concepts can be defined as
follows *:

e Reproducibility: close agreement between individual results obtained with the same method
on an identical material under different conditions (e.g. with different operators or different
laboratories)

o Repeatability: close agreement between successive results obtained with the same method
on an identical material under the same conditions (e.g. same operator, same measuring

instrument, same laboratory, short time repetitions)

Generally, statistics are based on a large data set (minimum 10 samples) evaluation to increase
representativeness. The low mass of a solid limits its sampling. Only three or four values could be
obtained per quantity. It is therefore important to note that only orders of ideas are expressed here.
Indeed, the accuracy of the measurements applied to Si(HIPE)s could not be statistically evaluated.
However, the accuracy of the measurements inherent to the measuring instruments is known and
specified in the summary tables.

As a reminder, a batch is associated with a sol, and this sol is divided into several materials
(from 2 to 5). Repeatability can therefore be assessed in two ways: inter and intra-batch. The first way
accounts for the reproducibility of the sol itself, while the second rather reflects the homogeneity of the
sol and the condensation conditions.

From a repeatability point of view, a first inter-batch comparison was carried out on three
batches (Batches 1, 2 and 3) synthesized under the same conditions, over a short period (1 day). The
pore size distribution shows for all three batches the same bimodal character corresponding to the peak
centered above 1 pum with the shoulder towards smaller sizes, and another peak centered around 20 nm
(Figure A 3 in annex). Then, nitrogen isotherms show the same type I-IV branches and type H4
hysteresis (Figure A 4 in annex). Regarding the observable values (Table A 6 and Table A 7 in annex),
the majority provide mean deviation of less than 10%, except for the BJH surface (22%). This seems to

indicate either a fluctuating mesoporosity depending on the batches, or a difficulty in characterizing it.
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Experimentally, this can be explained by a variation in shear from one sol to another. From a
characterization point of view, as described in paragraph §11)b, the strong microporosity can disturb the
mesoporosity probing. And finally, this can also be due to the low mesoporosity value.
In a second step, three solids from the same batch (Batch 4) were compared. Visually, curves appear to
overlap for the three solids (Figure A 6 and Figure A 7 in annex). Regarding the observable values
(Table A 8 and Table A 9, in annex), the majority provide mean deviation of less than 10%, except for
three of them. BJH surface, median pore aperture and skeletal density provide mean deviation of more
than 10%. This could be explained by a sol inhomogeneity. A sol is poured into different containers,
and then the monolith from each container can be different from the others. This may be an indicator of
an inhomogeneous oil incorporation.
The observed trends seem to show that a risk of sol inhomogeneity exists. This indicates that by
characterizing a single solid in a batch (minimal destruction of materials), it is possible to obtain a
morphological order of idea (mean deviation < 20%) of solids from this batch. However, to ensure the
morphology of a given material, the complete characterization of said material is necessary.

From a reproducibility point of view, by comparing for example Batch 1 (operator 1) and Batch
4 (operator 2), an operator effect can be observed. Indeed, for example, the median pore aperture varies
by around 3 um between these two batches. This can be explained by a different agitation speed between
batches. Indeed, it has been seen that the higher the shear rate the smaller the oil drops, and therefore
the interconnection windows °. In this case, a larger pore population may therefore result from a lower
shear rate. The synthesis being manual, it seems obvious that an operator effect is visible. Furthermore,
other causes can affect the material morphology. For example, more or less extraction of the fume hood
can evaporate more or less dodecane, or the raw material used and so on. For all these reasons, the
impact of TiO., impregnation on the material morphology is discussed by comparing the
TiO,@Si(HIPE) with its starting Si(HIPE) as much as possible.

2) TiO2@Si(HIPE)

As explained above, TiO, impregnation impact is extracted from the TiO,@Si(HIPE) and
starting Si(HIPE) (before impregnation) comparison. Note that following descriptions are based on the

characterizations of TiO.@Si(HIPE)s synthesized by the two-step impregnation method.

a. Macroscopic length scale

The SEM images Figure I11. 7 a, b and c, (top, bottom and edge of the monolith respectively),
show surface heterogeneity. Indeed, when TEOS condenses into silica, the sol is in contact with the air
at the top surface (Figure Ill. 7 a). Thus, the air bubbles incorporated during the emulsion of the
dodecane rise to this surface, creating this heterogeneity of structure. At the edges, initially the sol is in

contact with the walls of the Petri dish. Since materials shrink, the gel moves away from the walls and
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contact is made with air. The cracks in Figure I11. 7 ¢ may be due to TiO, precursor condensation which
applies stresses to the surface, or simply to a brittleness resulting from the contraction of the material.
Conversely, the bottom surface is in contact throughout the synthesis with the bottom of the Petri dish
(Figure 1. 7 ¢). Silica hollow spheres (red arrow) form leaving gaps between them open to impregnation
and condensation of TiO; (white arrow). Figure I11. 7 d is a snapshot of the inside of the material, which

shows the desired hierarchical porosity.

Figure I11. 7: Scanning Electron Microscopy Images of top surface a), bottom surface b) (red arrow =
silica shell, white arrow = TiO; particle), edge c) and inside d) of a typical monolith TiO.@Si(HIPE).
Scale bars : 100 um

To ensure a homogeneous distribution of TiO- in the entire volume of the silica matrix, EPMA
(Electron Probe Micro Analysis) measurements were carried out on one TiO.@Si(HIPE) slice, in two
directions (5 profiles per direction): according to thickness and length (Figure 1ll. 8). The average
profiles show homogeneity of TiO, distribution throughout the material. This is confirmed by the
distribution coefficients, summarized in Table Ill. 1. The closer this coefficient is to 1, the more
homogeneous the distribution. Only the edge, and the top and bottom faces appear to show a slight
deviation from the surface mean. The reason of this deviation was previously explained (analysis of the
SEM images).
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Figure 111. 8: Average profiles of Ti and Si distributions measured by EPMA over the length (left) and
thickness (right) of a TiO.@Si(HIPE)-type monolith

Table I11. 1: Ti and Si distribution coefficients values for both profiles

Element ' Length profile ' Thickness profile
Si 1.00 1.06
Ti ; 0.99 ; 0.89

The pore size distributions obtained by mercury intrusion porosimetry before and after
impregnation are shown in Figure 11I. 9 b. The volume of mercury intrusion decreases over all the pore
size range. This decrease is consistent with a blocking effect of the porosity by TiO- particles. Mesopores
and/or micropores may be the preferred nucleation sites for TiO,. Once blocked, mercury access to
macropores is reduced. Besides, TiO, particles also aggregate at the center of hollow silica spheres
reducing their available volume (Figure I11. 9 a). These pore size distributions are represented here for
impregnation with TiO2 precursor solution, in two times. However, similar conclusions are drawn for
the other impregnation modes. Their difference lies in the structure developed by the TiO; particles and
their distribution. This point is detailed in §2.1).

Despite the decrease in introduced mercury volume, a high porous percentage is retained after
impregnation (Table I11. 2). The increase in bulk density shows an effective addition of TiO; to the silica
matrix. Based on these values, the TiO; incorporated can be estimated at around 45% wt. In addition,
skeletal density seems increasing with introduction of dense elements (drio2 = 4.23 g.mL™). Moreover,
TiO; impregnation does apparently not modify the median pore aperture (volume). A slight shift towards
larger pore sizes is understandable by the loss of a certain volume of macro- and mesopores. However,

no destruction of the silica structure is to be noted.
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Figure 111. 9: a) HR-TEM image of aggregated TiO; particles into a sphere with a diameter of
approximately 1.18 um in the core of a hollow silica sphere; b) Pore size distributions as measured by
mercury intrusion porosimetry for monoliths before (o) and after impregnation (®) by a TiO-
precursor solution in two steps.

Table I11. 2: Summary of characteristic values obtained by mercury porosimetry before (Si(HIPE))
and after (TiO.@Si(HIPE)) impregnation

Materials Si(HIPE) TiO,@Si(HIPE)
Intrusion volume (mL.g™) 14.49 8.34
Porosity (%) 92 91

Bulk density (g.mL™) 0.06 0.11
Skeletal density (g.mL™) — Hg 0.78 0.94
Median pore aperture (nm) 1453 , 1535

b. Meso- and microscopic length scale

Measurements by nitrogen isotherms confirm the part loss of mesopores, and also show a decrease
in microporous volume (Figure I11. 10). The part loss microporosity can be explained by the insertion
of TiO; precursor molecules in the heart of the silica network. During impregnation, these infiltrate into
the silica walls and can remain blocked when the monoliths dry. Moreover, the density increases with
the TiO incorporation. Thus, the specific surface area (standardized per gram of material) is inevitably
reduced. The TiO; incorporation implies a halving of the BET surface: Sger Si(HIPE) = 1023 m?.g?,
and Sger TiO@Si(HIPE) = 539 m?.gL.

The STEM analysis coupled with an EDS mapping of a TiO.@Si(HIPE) monolith impregnated
in two steps allows to account for the dispersion of TiO, (Figure Ill. 11). On the one hand, there are

aggregates of TiO- particles, more or less geometric in shape, displaying high green intensity on the
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mapping. Some particles aggregate in the form of a grain bed of about 25 nm thick. This bed seems to
line the pore walls (Figure 111. 11 c). On the other hand, the mostly orange part thus seems to constitute
a piece of silica wall. This one presents, in a diffuse but certain way, green points. There are therefore
ultra-dispersed Ti atoms within the silica walls. This is characteristic of a homogeneous nucleation

followed by heterogeneous growth of TiO; particles (more details on TiO- structure in §2.1).
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Figure I11. 10: Nitrogen adsorption and desorption isotherms of a typical Si(HIPE) before (o)
adsorption curve, (o), desorption curve, and after impregnation in two steps (m) adsorption curve, (®)
desorption curve.
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Figure I11. 11: STEM images of a piece TiO.@Si(HIPE) at magnification 120k a), an area zoom at
250k b), another at 500k c), and a mapping d) of the a) image.
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As described in Chapter 11, the TiO content is determined by XRF analysis and corrected by a
factor 0.9. This factor is extracted from the ICP/XRF correlation. Due to the impregnation method
influence, this point is discussed in §2.1).

c. Reproducibility and repeatability

On the same principle as in §1.1)c, repeatability has been roughly assessed in two ways: inter
and intra-batch. No material set meets the reproducibility study conditions, so it will not be addressed
for TiO@Si(HIPE). For same reasons than previously, only orders of ideas are expressed here.

From a repeatability point of view, a first inter-batch comparison was carried out on three
batches (Batches 5, 6 and 7) synthesized under the same conditions, over a short period (1 day). Note
that these batches are the result of the impregnation in two steps of Batches 1, 2 and 3, Si(HIPE)s. The
pore size distribution shows for all three batches the same polydisperse and bimodal character (Figure
A7), representative of the porous structure provided by the Si(HIPE) support. Then, nitrogen isotherms
also show the same type I-1V branches and type H4 hysteresis (Figure A 8). Regarding the observable
values (Table A 10 and Table A 11, in annex), skeletal density (18%) and BJH surface (29%) still
provide high mean deviation. The BJH surface mean deviation could be explained with the large slice
of microporosity, as previously. Even if the microporous volume probed by nitrogen (e.g. V. = 0.211
mL.g%, Batch 5) is less than for Si(HIPE)s, this one still constitutes an important part (70%) compared
to the mesoporosity in TiO,@Si(HIPE)s. Skeletal density measured by mercury intrusion porosimetry
does not account for microporosity which can create discrepancies between batches. Furthermore,
mercury intrusion porosimetry and nitrogen isotherms sampling represents only 5% of the material. This
point makes sense regarding the intrusion volume (12%) and bulk density (11%) mean deviation values.
Despite these values, the pore size distributions (Figure A 7, in annex) clearly show the strong similarity
of the morphology.

In a second step, three solids from the same batch (Batch 8) were compared. Visually, pore size
distribution curves appear to overlap for the three solids (Figure A 9, in annex). The adsorption branches
of the Figure A 10 in annex show a similarity between the three solids for relative pressures below c.a.
0.4. This translates into reliable BET surface and microporous volume mean deviation values, 3.2% and
3.8% respectively (Table A 12, in annex). Hysteresis however shows significant differences. Desorption
branch of solid 3 reveals a measuring instrument deviation. This is reflected by a very large error on
BJH surface of 76% (Table A 13, in annex).

TiO, content provides reliable inter- and intra-batch mean deviation values, 4.72% and 2.17%
respectively. However, the difference between the means of these two sets (32%wt vs. 41%wt of TiO,,
respectively) is of 10 percent points. Thus, from a reproducibility point of view, TiO, content is not
reliable. Due to the several differences between these sets (Si(HIPE) morphology, raw materials,

synthesis period), no origin of this discrepancy can be determined.
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Based on these considerations, it was decided to dedicate one monolith per batch to the
characterization. This one being then considered as representative of the batch made possible to obtain
the morphological characteristics of the monoliths resulting from the same batch. This strategy has
optimized analysis time and minimized material loss during characterization. Indeed, one material
provides enough material to perform mercury intrusion porosimetry, nitrogen isotherms, XRF, XRD
and SEM images in parallel. Each of these analyses being destructive of the monolithic structure, the

sacrifice of one material allowed to keep the others of the same batch for photocatalytic tests.

3) Conclusion

Si(HIPE)s and TiO.@Si(HIPE)s provide a greater proportion of micro- and macropores than
mesopores. The TiO, impregnation implies micropore lock induced by TiO- nucleation on mesopores
and/or micropores, and a halving of the BET surface. The pore size distribution is defined by the sol
formulation and coherent for monoliths resulting from the same batch. TiO, content repeatability is
reliable enough to assign the value obtained for a monolith to the whole batch.

Mercury intrusion porosimetry and nitrogen isotherms sampling represents only 5% of the material.
Then, the BJH surface and the skeletal density seem to promote a greater error (> 10%) than on the other
quantities evaluated. These values will therefore not be considered later in discussions.

As far as possible, sols were made under the same condition procedures and Si(HIPE) batches were
characterized before impregnation. One monolith (Si(HIPE) and/or TiO.@Si(HIPE)) per batch was
dedicated to undergoing the characterizations representative of each batch. Moreover, each batch is

considered as single due to no reproducibility study performed on TiO.@Si(HIPE).

2 Influence of specific parameters

The influence of the synthetic parameters on TiO, morphology and structure will be detailed in the
first part of this paragraph. Then, the influence of synthetic parameters on the matrix morphology will

be discussed.
1) TiO; structure and particle morphology

To identify the influence of the impregnation method on the TiO, embedded structure and content,
four different solutions (detailed in Chapter Il) were used. Materials are labelled as follow:
TiOo(P25)@SIi(HIPE), TiO.(lla)@Si(HIPE), TiOx(la)@Si(HIPE) and TiOx(1)@Si(HIPE), where P25
corresponds to P25 slurry impregnation, lla to two impregnation steps with alcohol in solution, la to
one impregnation step with alcohol in solution, and | to one step impregnation without alcohol in
solution. As reminder, the alcohol added to the solution is isopropanol, 'PrOH. The physicochemical

characteristics of these materials are summarized in Table A 14 and Table A 15, in annex.

_94-—



Chapter Il — TIO2@Si(HIPE) physicochemical characteristics

It is recalled here that the heat treatment applied to the materials is identical (and detailed in Chapter
I1), except that the calcination temperature is limited to 300°C for TiO»(P25)@Si(HIPE) to avoid the
modification of the original crystal structure of P25 nanoparticles.

a. Impregnation methods over particle morphology

The first method involves the suspension of already crystallized TiO, P25 particles. The other
three involve the impregnation of a titania alkoxide precursor, Ti(OPr')s. These are characterized by
external parameters, which are their Ti(OPr')s concentration, the presence and concentration of alcohol
('PrOH) and their pH. The first and last parameters are translated by the ratios [H.O]/[Ti] and [H*])/[Ti]
(values in Table Il. 1, Chapter II). According to the literature, these three parameters can influence the
TiO; particles morphology. The ratio h = [H.O])/[Ti] is the hydrolysis ratio 6. Depending on its value,
hydrolysis-condensation process differs (h < 1,1 <h <z, and z < h, where z is the oxidation state of the
metal and equal to 4 here). The three solutions provide a ratio h above z, meaning that a large excess of
water is added to the alkoxide. In this domain, cross-linked polymers, particulate gels or precipitates can
be obtained, by fast condensation rate. Moreover, all three solutions provide an acidic pH, or an acid
catalysis. Then, hydrolysis rates are greatly improved ©. Furthermore, the presence of alcohol in the
solution implies alcohol interchange. Hydrolysis and condensation rates depend on the nature of the
alkyl group. Sanchez et al. " depicted a useful guide providing the relative hydrolysis and condensation
rates and different products which can be obtained. They especially found that Ti(OPr')./'PrOH solution
provide fast hydrolysis and condensation rates, leading to colloidal gel or gelatinous precipitate. About
the TiO; particles morphology and more particularly the particle diameter, Vorkapic et al. 8 showed in
particular the effect of pH and alcohol. It appears that smallest particles are formed at [H*}/[Ti] = 0.5.
Below, particles size provides a strong dependence of pH, whereas above (present condition), a weak
pH influence is observed. Besides, a time-stability is shown over 24 hours, but instability for 5-days
ageing. In present case, impregnation stage occurred over around a 24-hours duration. Moreover, they
found that particles are larger in the presence of alcohol and that the size increases as the amounts of
alcohol increase. Furthermore, they compared the particle diameter evolution over time with and without
alcohol. They found that alcohol presence slows down the peptization reaction. In our study, the method
labelled Ila provide 6M, the la method 5M, and OM of (added) alcohol for the | last method. Thus, at
iso-ratio h, TiO.,@Si(HIPE) samples should provide larger particle diameter in the order: | < la < lla.

To qualitatively account for the distribution of TiO, particles in materials, SEM and TEM
images are discussed below. It is recalled here that the microscopy images are unfortunately not
representative of the entire material. The most relevant ones were chosen to bear witness to the

predominantly observed distribution for each impregnation method.
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P25 slurry impregnation (P25)

In the case of impregnation with a suspension of P25 TiO; particles, the Figure I11. 12 shows the
particle distribution at different magnification. According to the image a), particles seem to be
heterogeneously dropped off on walls of large silica hollow spheres. Images b), c) and f) show that
particles aggregate and collapse pore apertures from 4 to around 15 pum. However, all these pore
apertures are not collapsed. This could depend on the size of silica hollow sphere behind the aperture.

Particles can also line the walls forming a film, as displayed by images d) and e).

R2 T e RN

Figure I11. 12: SEM images of a typical TiO(P25)@Si(HIPE) a) and b) at magnification 500, ¢) and
d) at 2.5k, where ¢) is a zoom on red square of b), €) and f) at 10k, which are zooms on blue and green
squares of d), respectively

TiO, precursor solution: impregnation in two steps, with alcohol (I1a)

According to the Figure I11. 13, the distribution of TiO; particles seems largely different in the
case of lla impregnation method than previously. Images a) and b) show only few aggregates of TiO>
particles on walls of large silica hollow spheres. Higher voltage is applied on image c) to penetrate
deeper, visualized behind silica walls and improve the contrast. Then, TiO, seems to fill small silica
hollow spheres (@ < 10 um). According to images e) and f), the filling can be in film or porous ball
form. Thanks to the PIPS type preparation (described in Chapter Il), TEM images, preserving the HIPE
structure, were recorded and are displayed in Figure 1l1. 14. The image a) shows a silica hollow sphere
filled with TiO.. A zoom (Figure 111. 14 b)) at the contact area between TiO- and silica was done. This
area provides three distinct domains, for which SAED patterns are displayed in Figure I11. 14 d), e) and
f). The domain | seems to be simply the amorphous silica wall of the hollow sphere. The domain 11
provides polynanocrystalline zones with a few crystals, whereas domain 111 counts a huge number of
crystals, with the appearance of a reticular plane. TEM-EDS mapping Figure 111. 14 ¢) shows that Ti is

— 06—



Chapter Il — TIO2@Si(HIPE) physicochemical characteristics

also present in domain I. All these considerations point towards pseudo-epitaxial TiO, growth. In other
words, the first layer of TiO, present in the vicinity of the silica walls remains amorphous even after the
thermal treatment, while the TiO, domains crystallinity is increasing when going farer from the silica-
titania interface. This implies that Si-O-Ti bonds exist and are not easily cleaved to afford discretized
SiO; and TiO: phases during thermal treatment (contrary to Sosnov et al. °), and then amorphous silica

network can hinder the TiO; crystallization upon thermal treatment.

—
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Figure 1. 13: SEM images of a typical TiOx(l1a)@Si(HIPE) a) at magnification 500, b), ¢) and d) at
2.5k, where c) is a 15kV image of b), €) and f) at 10k, where €) is a zoom on red square of d)

Figure I11. 14: TEM images in bright field of a typical TiOz(I11a)@Si(HIPE) a) and b) where b) is a
zoom on black rectangle of a), providing three domains, ¢) an EDS mapping of b) with Ti and Si
elements in green and red respectively, d), e) and f) SAED patterns of the 111, Il and | domains of b)
respectively
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TiO, precursor solution: impregnation in one step, with alcohol (la)

According to Figure I11. 15 a), only few particles seem to be aggregated as previously. However,
at higher magnification (images b) and c)), large spherical aggregates are clearly visible but smaller ones
are also present and diffusely dispersed. More visible on image d), these small spots of TiO; are also
present on the external surface of silica hollow spheres. This observation supports the hypothesis of a

mixture of large unpeptized TiO; particles and smaller TiO; clusters in the impregnation solution.

Figure 111. 15: SEM images of a typical TiOx(la)@Si(HIPE) a) at magnification 500, b) and c) at 2.5k,
where b) is a zoom on red square of a), d) at 10k

TiO; precursor solution: impregnation in one step, without alcohol (1)

With this last impregnation method, resulting materials provide the most diverse TiO, particles
distribution. On Figure I11. 16 a), some patch-like aggregates are visible, dropped off on walls of large
silica hollow sphere. They are dispersed similarly to the previous one. However, the image b) shows a
new type of TiO. deposition. Actually, on the external surface, a large part of external silica hollow
spheres joints is cover by a TiO; particle aggregate film. On image c), some small silica hollow spheres
seem also filled with TiO,, as described for the Ila method; and patch-like aggregates, zoomed and
displayed in image d).

These three types of TiO, deposition (in film form inside and outside silica hollow spheres and
patch-like on walls of large silica hollow sphere) were observed by TEM (Figure 111. 17). On the first
row, 1 um-large silica hollow spheres with TiO- film covering the joints are visible on the left, at higher
magnification on the middle, and an EDS mapping is showed on the right. The second row provides the
same type of images focused on the 20-nm thick film of TiO, particles lining the silica wall. The last
one deals with patch-like aggregates. Surprisingly, this aggregate is not composed of spherical TiO>
particles, but an assembly of them. This assembly looks like a rice grain and seems to provide porosity.

Another important point is the Ti element content in silica walls, which appears lower than in the sample
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for Ila method. To check this, different areas were analyzed in EDS on both sample (TiO2(I)@Si(HIPE)
and TiOy(1la)@Si(HIPE)). The method is described in Chapter Il, and results are displayed in this
Chapter, 82.1)c, in Table Il1. 3.

Figure 111. 16: SEM images of a typical TiO,(1)@Si(HIPE) a) at magnification 500, b) and c) at 2.5k,
d) at 10k which is a zoom on red square of c)

S50 nm S0 nm

Figure I11. 17: TEM images in dark field of a typical TiO2(1)@Si(HIPE) (left), with zooms (middle)
and EDS mappings (right) of Ti and Si elements in green and red, respectively
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b. Calcination treatment over TiO- structure

As described above, the parameters of titania alkoxide precursor solutions influence the TiO>
particle morphologies, but also the anatase-to-rutile phase transformation temperature °. Anatase-to-
rutile transition mechanisms are closely dependent on particle size and number in a certain volume.
Zhang and Banfield ! consider three mechanisms: i) Interface Nucleation (IN), ii) Surface Nucleation
(SN), and iii) Bulk Nucleation (BN). Then, they proposed three models, the predominance of each of
which is dependent on the temperature (Figure Il1. 18). In the present study, calcination temperatures
are considered as low, so interface nucleation mechanism seems to be predominant. This implies that
materials, providing the largest number of small particles, i.e. with nanoparticles of large specific surface

area, will promote anatase-to-rutile transition.
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Figure I11. 18: a) At lower temperatures, interface nucleation predominates the transformation; b) at
intermediate temperatures, surface nucleation predominates; and c) at very high temperatures, bulk
nucleation predominates. Diagram d) shows the time and temperature dependence of the three
dominant regions

To estimate the allotropic phases in presence and crystallite size as a function of the thermal
treatment, two abacuses were made: in-situ and ex-situ. During her thesis project, Céline Perego
observed a deviation between in-situ and ex-situ calcination, due to the intrinsic calcination conditions
of the devices (real temperature profile, air flow, etc...). The first abacus was carried out in-situ for
nominal TiO; loading rates from 15 to 60 %wt, by the la impregnation method. Thus, the influence of
TiO; loading rate and calcination temperature on the crystalline phases obtained could be determined.
The second one was performed ex-situ on Ila impregnated materials. Thus, the influence of temperature

and calcination time was evaluated.
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In-situ (la impregnation method)

The measurements were made on a Panalytical X'pert MPD diffractometer with Bragg-Brentano
geometry 0-0, equipped with a rear graphite monochromator Anton-Paar HTK16, with a temperature
rise of 2°.min"! carried out in-situ over a total duration of 2 hours 46 for each sample. Measurements are
made every 100°C, with a waiting time of 30 minutes before each measure to ensure temperature
stabilization. The radiation used is Cu Ka, with an average wavelength of 1.5418 A, and generated with
a working voltage of 40 kV and a working current of 50 mA.

Regarding the Figure 111. 19, three regimes can be distinguished as a function of the calcination
temperature: i) T < 500°C, ii) 600 °C < T < 800 °C and iii) 900 °C < T. The regime i) provides only
anatase crystalline phase for TiO; loading rate ranging from 15 to 40 %wt, and a mix of anatase and
rutile for 50 and 60 %wt. These observations are in agreement with the Zhang and Banfield model
which considers that in this temperature range, rutile nucleation is dependent on the number of
anatase/anatase contact zones in a certain volume. At higher temperatures (regime ii)), the movements
of titanium and oxygen atoms become sufficiently important that the nucleation of the rutile on the
surface free of any contact of anatase (surface nucleation) becomes possible 1. Then, rutile appears for
lower TiO. content. Finally, core nucleation predominates at the highest temperatures (regime iii)),
when the amount of core atoms is much larger than the amount of surface atoms 2. The predominance

of nucleation modes is also time-dependent, which may explain the absence of rutile for 15%wt of TiO..
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Figure 111. 19: Overview of crystal structures and crystal size %anatase (a) / %rutile (r) as a function
of TiO; loading rate and calcination temperature
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Ex-situ (l1a impregnation method)
Calcination treatment was performed with a muffle furnace (Nabertherm, L3). All temperature
rises were of 2°.min*, whereas calcination temperature and plateau duration were modified. Moreover,
all materials provide around 30%wt of TiO, content (resulting from XRF analysis). The temperature

range studied is between 500 and 900°C, and that of time is between 1 and 4 hours.

0.5

Normalized coefficients
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Figure I11. 20: Normalized coefficients of both variables with 95% confidence intervals

To assess the influence of these two variables (temperature and calcination time) in the process
to obtain a given percentage of anatase, linear regression was applied to the data. The data of trials and
parameters of the statistical study are summarized in Table A 16 and Table A 17, in annex. Because of
the small amount of material, tendency can be expressed here by a limited number of tests carried out.
Models to determine the proportion of anatase (F) as a function of temperature and calcination time
were obtained using these analyses. The Figure 111. 20 shows the normalized coefficients obtained by
linear regression model for the two variables, which reflect the influence of the studied variables on the
crystal phase percentage (F). The higher the absolute value of a coefficient, the greater is the influence
of the variable on the result (F). When the confidence interval around the normalized coefficients
includes the value 0, the influence of a variable in the model is not significant 3. According to this
analysis, it was found that in the range studied of anatase (F), the influence of calcination time is not
significant to provide crystal phases, whereas temperature has the main influence.

As examples, the evolution of the crystal structure as a function of the calcination temperature
(at iso- plateau duration, 4 hours) is shown in Figure 111. 21, and the evolution of the crystal structure as
a function of the plateau duration (at iso- calcination temperature, 700 °C) is shown in Figure 111. 22.

This figure shows that a TiO-(l1a)@Si(HIPE) containing 30%wt of TiO; and ex-situ calcinated
at 700 °C provides only anatase phase no matter how long the plateau. According to the in-situ results,
a TiOy(1a)@Si(HIPE) containing 30%wt of TiO, should provide an anatase/rutile mixed phase, at 700
°C calcination temperature. This difference in crystalline phase can therefore come either from the
calcination mode (ex-situ vs. in-situ) or from the impregnation method (lla vs. la). However, a
TiOx(la)@Si(HIPE) containing 30%wt of TiO, and ex-situ calcinated at 700 °C provides a 90/10
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anatase/rutile mixed phase (XRD pattern in Figure A 11, in annex). The difference origin is then due to
impregnation method. It was seen that the Ila impregnation method might result in a certain content of
TiO; locked in amorphous form at the silica walls. This means less “crystallizable” TiO>. In other words,
if 10% of TiO; remain locked in the silica walls, only 20% TiO; can crystallize. According to Figure

I11. 19 (in-situ), at 20%wt of TiO, and 700 °C calcination, TiO; then only provides anatase crystalline
phase.

g
>
? e A Mo ~~-900-TiO,@Si(HIPE)
5
S
2> 700-TiO, @Si(HIPE
)
c 500-Ti02@Si(HIPE)
20 40 60

20 (degree)

Figure I11. 21: XRD patterns of TiOz(I1a)@Si(HIPE)s in function of calcination temperature, for
4-hours dwell time
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Figure I11. 22: XRD patterns of TiO,(lla)@Si(HIPE)s in function of plateau duration, for 700 °C
c. Impregnation methods over TiO> structure

A notable difference in the four impregnation processes is the number of impregnations
performed. As a reminder, a TiO2(P25)@Si(HIPE) sample has undergone three impregnations, a lla
sample two impregnations, then la and | samples have undergone only one impregnation. It is clearly
visible in Table Ill. 3 that the more impregnation steps there are, the further the effective TiO, content
is from the expected one. This can be explained by a decrease in the pore accessibility as impregnations.

The direct consequence is a TiO; particle dilution in the Si(HIPE) volume, and thus interfaces, which
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limits the (IN) anatase-rutile transition mechanism. Then, TiOx(l1a)@Si(HIPE) samples provide

crystallized TiO only as anatase. Although the TiO2(P25)@Si(HIPE) sample has only a low effective

TiO; content, it is recalled that in this case the impregnated TiO- particles are already crystallized at

80% anatase and 20% rutile.

Table 111. 3: Summary of characteristic values regarding TiO2 content and structure, embedded in

Si(HIPE)s by four methods

TiOL(P25)@SI(HIPE) | TiO(11a)@Si(HIPE) | TiOx(la)@Si(HIPE) | TiOx(I)@Si(HIPE)
Expected TiO, content (%owt) 38 40 50 50
Effective TiO, content (Yowt) 18 24 43 44
Crystallinity (%) 97 33 54 44
Ti/Si-silica walls 0.13 0.04
Anatase/Rutile ratio 90/10 100/0 90/10 90/10
Anatase crystallite size (nm) 21 21 12 12
Rutile crystallite size (nm) 33 - 13 8
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Figure 111. 23: XRD patterns of the photocatalytic reference (P25 TiO,) and the TiO.@Si(HIPE)s
materials from the four impregnation methods, providing anatase (%) and/or rutile (@) phases. The
dashed lines delimit the bounds applied in the areas measurement, for the crystallinity rate
calculation.

In order to determine the impregnation method influence on the crystallization of TiO»,
crystallinity rates were calculated for the four impregnation methods and the ratio Ti over Si in silica
walls for two methods. According to the abacus made and described in Chapter II, the
TiO2(P25)@Si(HIPE) sample is 97% crystallized (Table I1I. 3). This value makes the method more
reliable, since it is very close to reality. The area measured for the crystallinity rate calculation is shown

between the two dashed lines in Figure 111. 23. The samples from a one-step impregnation show a better
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crystallinity rate than those from a two-step impregnation. Furthermore, by comparing the relative Ti
contents in the silica walls of the TiOz(lla)@Si(HIPE) and TiO,(1)@Si(HIPE) samples, it appears that
the two-step impregnation seems to promote the TiO; incorporation into the silica walls. These
considerations could be related to Ti-O-Si bonds which block TiO; crystallization, and thus active phase
formation.

Furthermore, all materials of the next section were impregnated by the two-step method. Note that TiO,
content varies from 20 to 45%wt. They present TiO; only as anatase phase. Then, at iso-TiO; content
(ca. 45%wt of TiOy), the impregnation method in one-step provide anatase/rutile mixed phase at
calcination temperature of 450°C, contrary to the two-step one. The main reason is most probably the
Ti-O-Si bonds promoted by the two-step impregnation method, which limits the number of

anatase/anatase contact in a given volume during heat treatment, and then rutile nucleation.

2) Morphological Si(HIPE) modifications

As a reminder, one of the objectives of the project is to evaluate the influence of porosity on photon
penetration and therefore on photocatalytic performances. To vary the porosity of Si(HIPE) supports,
several synthetic parameters were modified to determine their influence on morphological properties.
This parametric study is detailed in this paragraph.

It has been seen that the TiO, impregnation reduces the porous volume without changing the
macropore size distribution. Thus, pore size distributions obtained by mercury intrusion porosimetry
and nitrogen isotherms will be graphically represented only for Si(HIPE)s. However, the characteristic
values of morphology will be detailed for all materials in the appendix. Moreover, in this study only
two-step impregnations were carried out, then materials should be labelled X-TiO,(l1a)@Si(HIPE)s,
where X is the modified parameter. To simplify their designation, materials will be noted X-
TiO,@Si(HIPE)s. Their XRD patterns are shown in the annex whereas the relevant structural parameters

are put in tables in the main text.

a. Oil volume fraction (&)

As already seen in literature 5, oil volume fraction has an impact on the morphological properties
and especially on the pore size distribution. Although the conclusions drawn from this study are similar
to those of Florent Carn 3, this point is detailed in order to provide precise characteristics of the
synthesized materials and comments adapted to the context of the study.

According to the routine protocol of Si(HIPE) synthesis, all parameters were retained except the
oil volume. Thus, the influence of the volume fraction in oil could be evaluated. First, the SEM images
make it possible to account for the evolution of the materials morphology (Figure 111. 24). As the oil
volume fraction increases, the large macropores size decreases (first and second rows of Figure 1l1. 24);

so are the wall thicknesses (last row of Figure I11. 24). Indeed, by means of the measurements made on
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the images, wall thicknesses obtained in increasing order of volume fractions are: 200, 140, 148, 90 and
39 nm (no measure for € = 0.73). The pore size distributions shown in Figure 11l. 25 have the bimodal
character seen above. It is interesting to note that two regimes seem to be emerging. The first for
fractions less than or equal to 0.67 involves a progressive decrease in the size of the macropore
population. Then, a sudden break (also visible on the images Figure I11. 24) of the pore size distribution
seems to tend towards a monomodal character. This break is also shown in Table A 18 in the annex,
given the characteristic values derived from mercury intrusion porosimetry, except for porosity which
fluctuates between 70 and 95 % no matter the oil volume fraction. The sharp decrease in the size of the
macropore population has induced an increase in the mesopore population, visible on the isotherms
Figure 111. 26. The characteristic values derived from nitrogen physisorption are given in Table A 19 in
annex. As an indication, mesoporous volume percentages are given so as to better reflect the increase in
the mesopore share. Conversely, the BET surface is constant around 1000 m?.g? no matter the oil
volume fraction. In short, the variation in the oil volume fraction has a strong impact on the size
distribution of macro- and meso-pores, while porosity and BET surface appear to be unaffected. Thus,
it is clearly shown that the increase in the overall viscosity of the emulsion via the increase of the oil
fraction volume beyond the compact random stacking allows to reduce the diameter of the drops and to

tighten their size distribution.
0.58 0.60 0.64 0.67 0.70 0.73

Magnification

Figure I11. 24: SEM images of samples, prepared with oil volume fractions increasing from 0.58 to 0.73.
The top line corresponds to the low magnification and the line below to the strong magnification. The
thickness of the silica walls is measured on this last line and specified in the text for the sake of clarity.

Note that the materials for the volume fractions 0.70 and 0.73 underwent such a strong shrinkage
that they became too small to be positioned in the reactor, and thus tested. They were therefore not
impregnated with TiO,. According to Table A 20 in annex, after impregnation of TiO,, the 0.58-
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TiO,@Si(HIPE) sample retains a median pore diameter around 2000 nm, while the others have pores of

1700 = 30 nm in diameter. Table A 21 in the annex of the nitrogen physisorption values shows, not

surprisingly, a halving of the BET surface area and an average value of 440 m2.g™*. Despite a similar

impregnation method for the e-TiO,@Si(HIPE)s batches, they provide different TiO, content, probably

derived from a synthesis period difference (0.60 and 0.67 samples impregnated the same day).

Moreover, all these materials present anatase phase of crystallized TiO, (XRD patterns in Figure A 12,

in annex). However, crystallite sizes range from 13 to 23 nm. For e-TiO,@Si(HIPE)s, crystallite sizes

and TiO; content are both fluctuating parameters. A quantity taking both parameters into account should

therefore be introduced in order to evaluate their influence in photo-activity: the TiO- specific surface

area (Chapter V).
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Figure Ill. 25: Pore size distributions of e-
Si(HIPE)s, where ¢ is the oil volume fraction
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Figure Ill. 26: Nitrogen adsorption (0) and
desorption (o) isotherms of e-Si(HIPE)s, where ¢ is

the oil volume fraction

Table I11. 4: Summary of TiO, characteristic values of e-TiO.@Si(HIPE)s, where ¢ is the oil volume

fraction
&-TIO,@Si(HIPE)
0.58-TiO,@Si(HIPE) | 0.60-TiO,@Si(HIPE) | 0.64-TiO,@Si(HIPE) | 0.67-TiO,@Si(HIPE)
%wt TiO, content (%) 29 43 24 45
Anatase/Rutile ratio 100/0 100/0 100/0 100/0
Anatase crystallite size (nm) 22.8 15.8 20.6 13.1
Rutile crystallite size (nm)

b. Oil chain length (Cy)

Another parameter that can influence the Si(HIPE) morphology is the oil chain length. The

viscosity of the oil used is then changed. According to Tadros 4, the viscosity of the dispersed phase
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plays an important role in the breakup of droplets; the higher the viscosity, the longer it will take to
deform a drop.

According to the routine protocol of Si(HIPE) synthesis, all parameters were retained except the
oil chain length. Thus, this influence is obtained with use of nonane, dodecane and pentadecane as oil.
First, the SEM images make it possible to account for the evolution of the materials morphology (Figure
I11. 27). The only notable difference in morphology is the appearance of the silica walls for Cq-Si(HIPE)
sample. Some kind of islets are formed. This may be due to the more volatile nature of short chain oils.
By forming gas bubbles, blocked by the continuous phase, the silica condensation follows the shape of
these bubbles. Figure Ill. 28 shows an increase in macropore population size with chain length. In
addition, for C15-Si(HIPE) sample, the loss of mesopores is visible. This is consistent with the increase
in viscosity of the dispersed phase and thus the delay in the breakup of droplets. The nitrogen isotherms
(Figure 111, 29) show that the chain length does not influence the microporosity of the materials.
Characteristic values from mercury intrusion porosimetry and nitrogen physisorption are presented in

Table A 22 and Table A 23 in annex, respectively.

Magnification

Figure 111. 27: SEM images of samples, prepared with an oil having a chain length increasing from 9
to 15. The top line corresponds to the low magnification and the line below to the strong
magnification.

After TiO, impregnation, the gap between the median pore diameters is reduced, while keeping
a difference of 150 nm between each material. However, this difference represents only 10% of the
median pore diameter, which is not significant regarding mean standard deviation. The other
characteristic values derived from mercury intrusion porosimetry and nitrogen physisorption (Table A
24 and Table A 25 in annex) are almost identical. Moreover, the TiO, structural characteristics,
presented in Table Ill. 5, are considered identical for all Cx-TiO.@Si(HIPE)s: 100% anatase and
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crystallite sizes around 21.4 nm (XRD patterns in Figure A 13, in annex). The only significant difference
is the TiO> content of the Cy5 sample. Then, this material set is not of interest to be discussed from a
photocatalytic point of view.
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Figure 111. 28: Pore size distributions of Cy- Figure 1. 29: Nitrogen adsorption (o) and

Si(HIPE)s, where x is the oil carbon number desorption (o) isotherms of Cx-Si(HIPE)s, where
X is the oil carbon number

Table I11. 5: Summary of TiO; characteristic values of Cx-TiO.@Si(HIPE)s, where x is the oil chain

length
C,-TiO,@Si(HIPE)
Co-TiO,@Si(HIPE) C,-TiO,@Si(HIPE) C.5-TiO,@Si(HIPE)
%wt TiO, content (%) 24 24 19
Anatase/Rutile ratio 100/0 100/0 100/0
Anatase crystallite size (nm) 223 20.6 213
Rutile crystallite size (nm)

c. Calcination treatment (T)

The silica calcination temperature of the silica is also a parameter influencing the materials
porosity. Indeed, according to the Zhuravlev model *°, the presence and quantity of silanols vary
according to the applied temperature. The modification of the silica structure can influence the
contraction phenomenon and therefore the porosity.

According to the routine protocol of Si(HIPE) synthesis, all parameters were retained except the
calcination temperature of the last plateau, varying from 550 to 850 °C. First of all, the SEM images
make it possible to account for the evolution of the materials morphology (Figure 111. 30). The materials
batch calcined at 750°C was inhomogeneous. Only one monolith provided a common shape (top and
bottom surfaces almost parallel). This one was kept for impregnation and photocatalytic testing.

Therefore, the starting silica matrix morphology could not be analyzed. At 550 and 850 °C, the large

—109 -



Chapter Il — TIO2@Si(HIPE) physicochemical characteristics

macropores size seems smaller than that of 650-Si(HIPE) (first and second rows of Figure I1l. 30), so
are the wall thicknesses (last row of Figure Ill. 30). Indeed, by means of the image-based-direct-
measurements, wall thicknesses obtained in increasing order of calcination temperature are: 77, 140, 70
nm (no measure for T = 750 °C). These values do not appear to follow any particular trend with the
calcination temperature evolution. Note that the 650-Si(HIPE) sample was not synthesized on the same
day as the others. The manual shear rate could therefore vary, explaining the similarity between the 550-
and 850-Si(HIPE)s samples. The pore size distributions in Figure 111. 31 also show a bimodal character
with slight difference on the mesopore population. The 550- and 850-Si(HIPE)s samples provide median
pore diameters around 1000 nm (Table A 26 in annex), 600 nm less than the 650-Si(HIPE) sample. If
the variations at the macro and mesoscopic length scales seem more due to a variation in shear rate, it
appears in Figure 1ll. 32 that the calcination temperature very strongly influences the microporosity.
Indeed, the 850-Si(HIPE) sample provides 64% microporosity by volume compared to the total volume
probed by nitrogen, instead of 86% for the others. This decrease in microporous volume appears
consistent with the Zhuravlev model, and the gradual loss of internal silanols in silica with increasing
temperature. Characteristic values from mercury intrusion porosimetry and nitrogen physisorption are

presented in Table A 26 and Table A 27 in annex, respectively.

550 650 750 850

Magnification

Figure I11. 30: SEM images of sample, prepared with calcination temperature increasing from 550 to
850 °C. The top line corresponds to the low magnification and the line below to the strong
magnification. The thickness of the silica walls is measured on this last line and specified in the text
for the sake of clarity.

After TiO, impregnation, 550-Si(HIPE) expressed a low mechanical strength. As such,
measurement carried out by mercury intrusion porosimetry was not considering, and photocatalytic

testing could not be performed. Considering the characteristic values derived from mercury intrusion
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porosimetry (Table A 28 in annex) samples are almost identical, except the median pore diameter of
650-Si(HIPE). The characteristic values derived from nitrogen physisorption (Table A 29 in annex)
depict strong influence of calcination temperature over microporosity. Moreover, the TiO; structural
characteristics, presented in Table Ill. 6, show that all T-TiO,@Si(HIPE)s are composed of 100%
anatase, crystallite sizes vary from 15.4 to 20.6 nm and TiO; contents vary from 24 to 44%. In short,
from a morphological point of view, the main fluctuating parameter is BET surface. This one could be

studied and compared with the TiO- specific surface area.

4004
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Figure 1. 31: Pore size distributions of T- Figure I1l. 32: Nitrogen adsorption (o) and
Si(HIPE)s, where T is the calcination desorption (o) isotherms of T-Si(HIPE)s, where T
temperature in °C is the calcination temperature in °C

Table I11. 6: Summary of TiO, characteristic values of T-TiO.@Si(HIPE)s, where T is the calcination
temperature in °C

T-TiO,@Si(HIPE)

550-Ti0,@Si(HIPE) | 650-Ti0,@Si(HIPE) | 750-Ti0,@Si(HIPE) | 850-Ti0,@Si(HIPE)

%wt TiO, content (%) 44 24 34 36
Anatase/Rutile ratio 100/0 100/0 100/0 100/0
Anatase crystallite size (nm) 17.4 20.6 18.5 15.4

Rutile crystallite size (nm)

d. Local shear (v)

To determine the influence of this parameter, an automatic shearing system was operated, with
a mechanical stirrer (emulsification) and a syringe pump (incorporation of dodecane). Note that the 200-
Si(HIPE) sample has undergone impregnation before being characterized, so only the pore size
distribution of this sample will be compared to the other Si(HIPE)s.

According to the routine protocol of Si(HIPE) synthesis, all parameters were retained except the

imposed shearing, varying from 150 to 250 rpm. First, the SEM images make it possible to account for
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the morphology evolution of materials (Figure Il1l. 33). At low local shear, Si(HIPE) provides less
compacted hollow sphere than usually, and a population of kind small silica balls. At high local shear,
the structure appears to be the result of a combination of emulsion and foam, with very large macropores
(ex-air bubbles). From pore size distribution in Figure Ill. 34 (characteristic values from mercury
intrusion porosimetry are summarized in Table A 30 in annex), macropores decrease in size with
increasing induced-shear rate (the decrease is symbolized by the blue arrow Figure Ill. 34), due to
viscosity increase 3. It appears once again that when macropores decrease in size the mesopore
population increases. Despite the different isothermal nitrogen appearance, the characteristic values
obtained and summarized in Table A 31 in annex show only a slight difference in the BET surface and
microporous volume.

After TiO; impregnation, v-TiO.@Si(HIPE)s retain a strong morphology difference, especially
the median pore diameters. In the order of increasing local shear, the pore diameters of v-
TiO,@Si(HIPE)s are 3038, 881 and 269 nm. However, microporosity is almost the same for these
materials. All the characteristic values from mercury intrusion porosimetry and nitrogen physisorption
are summarized in Table A 28 and Table A 29 in annex, respectively. Moreover, the TiO; structural
characteristics, presented in Table Ill. 7, show that all T-TiO.@Si(HIPE)s are composed of 100%
anatase, crystallite sizes vary from 11.4 to 21.3 nm and TiO; contents vary from 20 to 30% (XRD
patterns in annex Figure A 15). In short, from a morphological point of view, the main fluctuating
parameter is median pore diameter. This one could be studied and compared with the TiO, specific

surface area.

150 200 250

Magnification

Figure I11. 33: SEM images of samples prepared with local shear increasing from 150 to 250 rpm. The
top line corresponds to the low magnification and the line below to the strong magnification. The
thickness of the silica walls is measured on this last line and specified in the text for the sake of clarity.
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Table 1. 7: Summary of TiO, characteristic values of v-TiO,@Si(HIPE)s, where v is the local shear

in rpm
v-TiO,@Si(HIPE)
150-Ti0,@Si(HIPE) 200-Ti0,@Si(HIPE) 250-Ti0,@Si(HIPE)
%wt TiO, content (%) 24 30 20
Anatase/Rutile ratio 100/0 99/1 100/0
Anatase crystallite size (nm) 21.3 114 20
Rutile crystallite size (nm)

e. Thickness (t)

It was shown in Chapter Il that monoliths with different thicknesses were synthesized. The
objective here is to determine the influence of the sol thickness over morphology. The pore size
distributions and nitrogen isotherms of batches 25, 26 and 27 are represented in Figure A 16, Figure A
17, Figure A 18, Figure A 19, Figure A 20 and Figure A 21, in annex respectively. Considering the
characteristic values in Table I11. 8, the sol origin appears to have more influence than the sol thickness.
The relative difference between Batch 27 materials is about 15%, which does not seem significant
regarding the error bars. Moreover, nitrogen physisorption data in Table I1l. 9 do not show noticeable
difference. Note that these materials have been impregnated and used for the study of ex-situ calcination
treatment on the structure of TiO.. Their morphology after TiO, impregnation will therefore not be

discussed.
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Table I11. 8: Summary of t-Si(HIPE)s morphological characteristics, where t is the poured sol
thickness in mm, obtained by mercury intrusion porosimetry measurements

t-Si(HIPE),
Batchy 25 26 27
Thickness t (mm) 5 10 10 15 5 15
Intrusion volume (mL.g™) 14.39 14.49 13.11 13.74 13.98 15.07
Porosity (%) 94 94 92 93 93 94
Bulk density (g.mL™) 0.07 0.07 0.07 0.07 0.07 0.06
Median pore aperture (nm) 1492 1583 2128 2137 1650 1952

Table I11. 9: Summary of t-Si(HIPE)s morphological characteristics, where t is the poured sol
thickness in mm, obtained by nitrogen physisorption measurements

t-Si(HIPE),
Batch y 25 26 27
Thickness t (mm) 5 10 10 15 5 15
BET surface (mg™Y) 1011 980 938 1012 942 1004
Microporous volume (mL.g™%) | 0.437 0.429 0.402 0.435 0.416 0.439

3) Conclusion

The impregnation methods have a strong impact (I vs. 1) on the TiO; crystalline phases. The
main reason is most probably the Ti-O-Si bonds promoted by the two-step impregnation method, which
influence crystallization. No matter the Si(HIPE) porosity, the TiO; crystalline phase remains constant
at 100% anatase. Only crystallite sizes vary from about 10 to 25 nm. The TiO; structure therefore seems
to depend only on the impregnation method in this study (the calcination treatment has not been
modified).

The parameters, that most influence the final material morphology, are the calcination temperature
of silica, and the shear rate during emulsification. In perspective, the quantity of surfactants
(mesostructuring) is a parameter that should be studied.

From X-TiO.@Si(HIPE)s samples, the influence of TiO, specific surface area (i.e. crystallite size

and %wt TiO), BET surface, and the median pore diameter could be studied.

3 Light diffusion

It is recalled here that one objective of the project is to determine the impact of porosity (especially
pore size distribution) on the photocatalytic act (detailed in Chapter 1V), and notably on photon

penetration. This point will be discussed through physical measures, in this part. Initially, a monolith
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and a powder bed are compared, due to the high contrast of porosity between the two photocatalytic
systems. In a second stage, several monoliths with different median aperture diameters will be
compared.

In order to characterize the optical diffusion properties of the various samples, the times of flights
of individual photons travelling across the sample relative to the incident pulse were recorded, owing to
a simultaneous spatial and time-resolved setup. Figure Ill. 36 shows the recorded two-dimensional
streak plots for a L = 8.5 mm thick TiO,(l1a)@Si(HIPE) and a L = 2.0 mm thick TiO2 powder. Samples
clearly exhibit a strongly multi-diffusive character, with photons being significantly delayed in the
sample in both cases. The packing of the grains in the TiO, powder results in a mean exit time of light
longer than in TiOz(11a)@Si(HIPE). A small crack is evidenced in the latter, causing a part of the
excitation pulse to exit early, as observed by the line at about 0.8 ns. In order to quantitatively
characterize the samples and obtain the light diffusion parameters as the transport mean free path [, and
the inelastic absorption length [;, the temporal profiles of light transmitted by the samples in the forwards
direction were firstly extracted, as shown by the horizontal lines drawn in the streak plots (Figure IlI.
36, a) and b)). They were then fitted with the full solution of the diffusion equation (Chapter 1), valid

for A « I, « L at all times for a 3-function light source *.

a) b)

’0
L T

T T T T T

0 5 100 5 10
Time(ns) Time(ns)

Figure I11. 36: Streak (semi log) plots a) for a L = 8.5 mm thick TiO,(l1a)@Si(HIPE) and b) fora L =
2.0 mm thick TiO, powder (horizontal axis: time delay on a logarithmic scale, vertical axis: spatial
diffusion on a linear scale). ¢) and d) Respective (semi log) temporal decay profiles extracted at the
maximum intensities (orange and green horizontal lines in (a) and (b), respectively) and fitted by the

full solution of the diffusion equation (red dashed lines).

These profiles and their corresponding fits are shown on a semi-logarithmic plot in Figure 111. 36,

c) and d). The extrapolation length (z,) is the position where the diffusive mode nulls. The penetration
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length (z,,) is the position of the effective source for the source equation. It thus also signals the position

of maximum intensity in the sample. These two lengths are generally set identical and match z, =

%lt (g) in the case of no absorption. The proper reflectivities R are set at the boundaries . Owing to

this simple model of light diffusion through a slab geometry, the temporal profiles obtained
experimentally could be appropriately fitted (Figure I11. 36, ¢) and d)).The extracted values for the
transport mean free paths are [, = 20.1 + 1.3 um and [, = 3.1 £+ 0.3 um for TiO(l1a)@Si(HIPE) and
the TiO, powder, respectively. On the other side, the inelastic absorption length proved to be a rather
insensitive parameter of the fit, revealing a very weak absorption of the samples at the chosen excitation
wavelength (A = 515 nm), as it was already observed and reported in previous experiments on similar
materials 181%20, Based on these results, the light penetration length for which the maximum intensity

will be observed in the samples is z,, = z, = 2?“ As such, the light penetration depths are expected to

be slightly less than one order of magnitude larger in TiO(I11a)@Si(HIPE) with z,, = 13 um to compare
with z,, = 2 um for the powdered sample. The photocatalytic activity of TiOz(lla)@Si(HIPE)s can thus
be expected, on purely photonic basis, to occur more in the bulk of the system than what has been usually
observed for powders (even if the precise values of z, just reported will not be strictly transferrable in
the excitation conditions of the photocatalytic experiments). Experimentally, light penetration
visualization was performed by UV-reduction of gold salt embedded in TiO,@Si(HIPE). It is visible in

Figure 111. 37, that a photon penetration of several millimeters can be achieved.

Figure I11. 37: Top and side view of an Au/TiO,@Si(HIPE) monolith irradiated by a UV lamp for 1
hour.

Furthermore, to intuit monolith behavior, two other TiO.(lla)@Si(HIPE)s providing different
median pore aperture diameter were analyzed. All measurements are summarized in the Table A 34, in

annex.
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204

| (um)

0 20IOO
Median pore aperture diameter (nm)

Figure I11. 38: Transport mean free path (l;) values as compared to median pore aperture diameter
(D) for the bed powder and TiO.@Si(HIPE)s. A strong exponential correlation between the two
parameters is clearly observed (R2 = 0.9995).

As illustrated in Figure I1l. 38, an exponential correlation between transport mean free paths and
mean pore aperture diameter of materials is observed (which corresponds to the diameter of connecting
windows between adjacent hollow spheres). This leads to the conclusion that a reduction of the bouncing
frequency induced by increasing the distance between cell walls is favorable to enhance the photon
transport mean free path. Light transport within these porous materials could be intuited strongly

dependent on this diameter and can be tuned regarding the material morphology and porosity.

4 Conclusion

Si(HIPE)s and TiO,@Si(HIPE)s provide high porosity (from 70 to 90%), bearing a huge proportion
of micro- and macropores. The first ones provide polydisperse pore size, mainly less than 1 nm. The last
ones are described by polydisperse and bimodal characters, with pore size spreading from about 10 nm
to few microns. Pores are connected by internal cell windows of hundreds of nanometers, and the silica
hollow sphere aggregation forms external cell windows of few microns. Moreover, the vermicular-like
silica structure was induced by the mesoscopic population arrangement. The TiO, impregnation implies
micropore lock induced by TiO nucleation on mesopores and/or micropores, and a halving of the BET
surface (from ca. 1000 to 500 m2.g'). According to reproducibility and repeatability considerations, one
monolith (Si(HIPE) and/or TiO.@Si(HIPE)) per batch was dedicated to undergoing the
characterizations representative of each batch.

The impregnation methods have a strong impact (I vs. 1) on the TiO; crystalline phases. The
main reason is most probably the Ti-O-Si bonds promoted by the two-step impregnation method, which
influence crystallization. No matter the Si(HIPE) porosity, the TiO, crystalline phase remains constant

at 100% anatase from the two-step impregnation method. Only crystallite sizes vary from about 10 to
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25 nm. The parameters X that most influence the final material morphology are the calcination

temperature of silica and the shear rate during emulsification. From X-TiO.@Si(HIPE)s samples, the

influence of TiO; specific surface area, BET surface; and the median pore diameter could be studied

over the photocatalytic performances. Furthermore, light diffusion experiments highlight the contrast in

photon penetration within a powder bed or a monolith. The larger the median pore aperture diameter,

the greater the transport mean free path of photon, and therefore the photon penetration. This supports

the importance of linking morphological and structural characteristics to the photocatalysis principle.

Thus, the following chapter is describing photocatalytic performances as a function of HIPE

properties/characteristics.
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Chapter 1V

CO2 photoreduction
performances

This chapter consists in two parts dedicated to the photocatalysts behavior understanding, under our CO;
photoreduction conditions. The first part deals with proof of concept establishment. Firstly, the influence of specific
parameters is described over P25 TiO, powder photocatalytic performance. Secondly, CO, photoreduction process
evidences through TiO.@Si(HIPE)s are provided, and their performances are compared to those of P25 powder bed
as function of photocatalytic bed thickness. The second part describes the model hypotheses and defines the quantities
used, and then the model is confronted with experimental results, leading to the descriptor definition of the material
behaviors. The last part deals with the extracted trends from modeled photogeneration charge carrier kinetic values

(kO) as function of specific parameters).
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1 Proof of concept and experimental

limitation

This section is dedicated to confirming the project interest while describing the framework in which
the materials are studied. In a first step, a P25 TiO, performance comparison is established between
powder and monolith (TiO2(P25)@Si(HIPE)) photocatalytic bed. Then, hypotheses are proposed and
discussed using a study over P25 TiO, powder. In a second step, CO, photoreduction process
improvement through TiO>@Si(HIPE)s evidences are given and confirmed by complementary studies.

1) Preliminary testing

As the reference photocatalyst, P25 TiO; is used in this part to discuss the improvement that
Si(HIPE) support can bring, as well as the phenomena involved in the CO. photoreduction process.

a. Powder vs. monolith

To concretely visualize the influence of supporting active phase with Si(HIPE), a photocatalytic
performance comparison of P25 TiO, powder and this last embedded inside Si(HIPE) is carried out at
iso-TiO, mass. As presented in Table A 35 in annex, both systems provide 0.063 + 0.003 g of TiOzand
similar crystalline structure. It should be noted that the difference in anatase/rutile proportions between
the two systems can be induced by the measurement error and the amorphous signal intervention in the
TiO2(P25)@Si(HIPE) system. As the difference is not significant and the TiO; origin is identical in both
systems, this difference is not considered to have an impact in the comparison of photocatalytic
performance. P25 TiO, powder and TiOx(P25)@Si(HIPE) systems differ mainly by the bed thickness
(0.36 and 3.6 mm, respectively), the irradiated surface (5.31 cm? and 9.08 cm?, respectively) and the
TiO; particles dilution in Si(HIPE). Production rates of each detected products are displayed in Figure
A 22 in annex. Then, the average electron consumption rates normalized by photocatalyst mass and
irradiated area were calculated to take into account all these products and quantify the photocatalytic

performances.

Table 1V. 1: Photocatalytic performances of P25 TiO, powder and TiO2(P25)@Si(HIPE)

P25 TiO, powder TiO,(P25)@Si(HIPE)
r.. (umole”h™.g™) 2.7 45
re. (umole”h™.m? 314 327

-125-



Chapter IV — CO2 photoreduction performances

According to Table 1V. 1, the average electron consumption rates normalized by TiO, mass
show better performance for TiO.(P25)@Si(HIPE). This implies that TiO, particles embedded in
Si(HIPE) provide better efficiency than particles in powder bed shape. Knowing that the active phase
has the same structure and is present in the same quantity in both systems, this improvement in global
activity per unit mass may be explained as follows. Firstly, pulsed laser experiments (Chapter 3) proved
that light penetration is deeper in TiO.@Si(HIPE) than in powder due to multiple scattering in
macroporous disordered media. Then activated TiO; particles quantity could be higher than in powder
bed. In other words, if the TiO, mass contained in both systems is identical, the TiO, efficient mass can
vary between both. Secondly, particles dilution could limit oxygen coverage onto TiO- particles, thus
decreasing back reaction rates.

Furthermore, according to selectivities presented in Figure IV. 1, it clearly appears that main
products are hydrogen and methane, but proportions differ from one system to the other. More generally,
TiO2(P25)@Si(HIPE) favors products emerging from multi(>2)-electronic reactions to the detriment of
those resulting from bi-electronic reactions. As a reminder, hydrogen and carbon monoxide need 2e” to
be produced, while methane needs 8 and ethane 14. Only 26% of TiO2(P25)@Si(HIPE) products result
from bi-electronic reactions contrary to 57% for P25 TiO, powder. As a direct consequence and because
of the same active phase, the average electron consumption rate is highest for TiO(P25)@Si(HIPE).
Since the active phase has not undergone any modification (such as doping or addition of co-catalysts)
from one system to another, no improvement in charge separation is expected, although this could have
explained the selectivities. This preferential orientation towards methane and ethane can result from
following phenomena: the local photon flux is improved in the porous structure so that a larger electron
guantity is generated per active site, or incomplete reverse reactions (leading to CO formation for

example) are limited.

. 100 m TiO,(P25)@Si(HIPE)
X
; 80 B P25 TiO, powder
e
=
£ 60
2
b
s 40
oo
o
o 20
>
g o of)
0
H, CH, co CHe

Detected products

Figure 1V. 1: Average selectivity towards detected products for TiO2(P25)@Si(HIPE) (blue) and P25
TiO2 powder (black)
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Moreover, the average electron consumption rates normalized by irradiated surface show similar
performances for both systems. Due to the difference in TiO- loading rate (118 g.m2 for powder and 70
g.m2 for monolith), the monolith activity would be expected to be 40% lower than that of the powder.
However, the improvement in TiO- efficiency makes it possible to maintain a global activity per unit
area equivalent to that of powder.

With these first results, a real interest in the use of Si(HIPE)s as active phase bearer has been
raised. Then, to discuss the assumptions made above, a detailed study focused on P25 TiO, powder is

presented hereafter.

b. Critical parameters

Three effects that may govern the observed photocatalytic performance have been highlighted
above: photon penetration, TiO; particle dilution and reverse reactions. Note that a control chart is being
constructed to assess the error made on the evaluation of photocatalytic activities. First points roughly
give a standard deviation of 15%.

Irradiance
The photon flux density is hardly measurable at the material heart, then the lamp irradiance
influence was studied on a 60 mg bed of P25 TiO, powder. The irradiated surface is always the same

and equal to 5.31 cm?.
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Figure IV. 2: Photocatalytic performances of P25 TiO, powder as a function of the irradiance for
wavelengths ranging from 315 to 400 nm

Contrary to linear proportionality observed by Hermann et al. ! for photo-oxidation of organics,
Figure IV. 2 shows a 2" order polynomial relation between global activity per area and irradiance. This
indicates that a strong radiant flux influence is to take into account and confirms the photo-induced
nature of the catalytic process activation. This notably show that (in present conditions) photon

supplying seems to be the rate determination step, which confirms the stake of improving photon
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harvesting. Note that highest average electron consumption rate is obtained for highest irradiance (in
the studied range). However, for lamp lifetime reason, its irradiance has been fixed at 80 W.m2,

Dilution
The hypothesis of a strong impact of TiO, particle dilution in the silica matrix has been
previously proposed. To evaluate this effect, a comparison of the photocatalytic performance profiles of
the P25 TiO, with and without dilution as a function of the involved TiO, mass was carried out. P25
TiO; dilution was operated by mechanical mixing of P25 TiO, with an equal amount of silica powder
(Davisil Grade 710, purchased from Sigma Aldrich).
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Figure 1V. 3: Photocatalytic performance comparison of P25 TiO, powder (black curve) and 50/50-
TiO,/SiO, mixed powder (red curve), normalized by irradiated area (left) and TiO, mass (right)

Concerning global activities per irradiated area (Figure 1V. 3 left), it appears that two radically
different profiles are drawn. TiO; diluted in silica (red curve) seems to provide the expected behavior
described by Herrmann *. This firstly consists in a linear increase of the activity, corresponding to the
increase of active phase involved, until a given mass. After this mass, a plateau seems to be emerging
and might correspond to a screening effect. Herrmann assigned this effect to a light penetration limit,
implying that at this given mass, the maximum amount of TiO; in which all particles are totally
illuminated is achieved. In other words, all the added TiO, mass is inefficient. This can be correlated
with the corresponding global activity per mass behavior (Figure 1V. 3 right, red curve). This decrease
with TiO, mass causes TiO. mass (denominator) increases faster than the activity. Focusing now on P25
TiO, without dilution (black curves), it appears that no plateau is achieved for the global activity per
surface (Figure IV. 3 left). This could be induced by back reactions. They were not taken into account
by Herrmann, because his assumption was for VOCs mineralization in oxidative medium (no back
reaction workable). Mass increase induced bed thickness increase. Assuming an O, coverage increase
along the catalytic bed, the active phase density could favor back reactions. Indeed, in diluted TiO;
particle system, the encounter probability between products (hydrocarbons), oxygen and irradiated

particles is lower, due to potential adsorption on silica (not active). Similarly, this may be correlated
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with a more abrupt decrease of global activity per mass compared to that provided by the diluted system
(Figure 1V. 3 right).

Moreover, regarding selectivities (Figure 1V. 4), it appears that diluted systems favor selectivity
toward products from multi(>2)-electronic reactions. The difference between both systems is even
greater as the TiO, mass (the catalytic bed thickness) increases. This implies that in diluted systems,

electron density is locally higher than in no-diluted systems.

B P25 TiO, powder

100 B P25 Ti0,/Si0, powder
90 -
80

70

60 -
50
40 -
30 -
20

Average selectivity (%)

0 T :
0.03 0.11 0.17

TiO, mass (g)
Figure IV. 4: Selectivities towards products from multi(>2)-electronic reactions as function of TiO>
mass, of P25 TiO, powder (black) and P25 TiO,/SiO- (50/50) powder (red)

Oxygen
Oxygen is an essential element in the CO; photoreduction process. Indeed, oxygen is a reaction
product. This implies in particular that the more oxygen there is, the more reverse reactions may be
favored (by equilibrium displacement). Then, its presence and influence are going to be discussed.
Theoretically, according to reaction equations given below and the products amount, the
dioxygen amount is calculable and equal to the measured amount. The reaction equations displayed in
Figure IV. 5 are considered to be those relevant to the detected products and involving oxygen

formation.
hv
H,0 > H, +1/,0,
hv
co,— co +1/,0,
hv
COZ + 2H20—> CH4 + 2 02
Figure IV. 5: Reaction equations associated to the detected products and involving oxygen formation

To assess the evolution of oxygen during a test, the oxygen concentration was monitored during
purging time, then after turning on the light during a long test (44h), and finally, after turning off the
light for 24h (Figure IV. 6). Firstly, during the purging time, O, concentration has been decreased and
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stabilized at about 30 ppm and no product was detected. When the light was switched on, O
concentration dropped drastically to 10 ppm, while Hz, CO and CHa products were formed. Then O;
concentration gradually increased during the test, while product concentrations decreased. However,
according to the reaction equations, O, concentration should follow the same reaction profile than
products. Moreover, assuming that all O, amount above 30 ppm (starting amount) was produced from
reactions, produced O, quantity was around 0.08 umol (purple region). The theoretical amount was
about 0.28 umol. Then, it may be intuitive that a certain oxygen amount is adsorbed by the photocatalyst.
Indeed, UV irradiation implies oxygen vacancies with whom dioxygen could react to produce a
stoichiometric surface 2, or with H,O co-adsorption could form bridging hydroxyls 2. When light was
turned off, the products (Hz, CHs and CO) immediately stopped being produced, and the oxygen

desorbed.

Product concentration (ppmVol)
(joAwdd) uonenuad’uod ‘o

10-
A "
O T T T I~ 0
1000 2000 3000 4000
Time (min)

Figure IV. 6: Photocatalytic test monitored at first without light, then with light over 44 hours, and
finally without light over 24 hours. Photocatalyst: 0.15g of P25 TiO, powder. Species: H; (red), CO
(orange), CH. (blue) and O, (purple)

Due to strong oxygen reactivity exhibited here, oxygen could significantly influence the
photocatalytic process. The more oxygen adsorbed on the surface, the greater the probability of products
(hydrocarbons) adsorption in the vicinity. This can then promote reverse reactions. To estimate this

influence, photocatalytic performances are compared between almost anaerobic conditions and with

non-negligible O, amount.
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Figure IV. 7: Photocatalytic performance comparison of P25 TiO, powder “without” O, (black curve)
or “with” O (red curve), normalized by irradiated surface (left) and TiO, mass (right)
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Figure IV. 8: Selectivities of 0.0607 g P25 TiO2 powder “without” O> (black) and 0.0705g P25 TiO>
powder “with” O (red)

More precisely, almost anaerobic conditions (system “without” oxygen) are considered to have
been met when O, concentration is maintained below 20 ppm during the test, under illumination. When
the system is considered to contain a significant O, amount (“with” oxygen), its concentration increases
during the test to 80 ppm or more. According to Figure IV. 7, it appears that O, presence drastically
reduces the photocatalytic performances. The average electron consumption rates normalized by
irradiated surface provide a slight increase with TiO, mass compared to the decrease observed for P25
TiO2 powder system “without” oxygen. The average electron consumption rates normalized by TiO;
mass is coherent with the behavior normalized by irradiated surface. Furthermore, considering
selectivities, it clearly appears Figure 1V. 8 that O, presence strongly influences selectivities towards
CO formation compared to system without O,. As a reminder photoreduction of CO, to CH., for
example, is a multistep reaction. CO can be an intermediate product “5¢, and then could be the back-

reaction product.
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It has been seen in this section that photocatalytic performances are closely dependent on irradiance.
In other words, the effective photon supply can be considered as the limiting reactant. In addition, the
active phase dilution in a silica matrix limits reverse reactions. And finally, the oxygen presence
drastically reduces the TiO, performance, and directs reactions towards the CO and CO; production.

With these elements established, the TiO,@Si(HIPE) synthesized materials behavior can be discussed.
2) TiIO2@Si(HIPE) behavior

A blank photocatalytic test set is first described to confirm that CO- photoreduction process occurs
through synthesized TiO.@Si(HIPE). Then, to assess the 3D process, monolith and powder bed are

confronted as function of thickness.

a. COgz photoreduction process through TiO@Si(HIPE)

First, to confirm that the CO; photoreduction process for fuel production effectively occurs through
our synthesized materials and under our set-up conditions, a set of blank photocatalytic reactions was
carried out (Figure IV. 9). The blank reactions were performed under following conditions: (i) without
light source with TiO, active phase and both reactant feed, (ii) without TiO, photocatalyst, under
reactant feed flow and light irradiation, and (iii) without CO; flow under Ar/H.O flow in the presence
of photocatalyst and light source. In all experiments, no or weak hydrocarbons product formation was
observed and derived from background signal, compared to the average electron consumption rate with
these three elements: the presence of photocatalyst, light irradiation, and CO-, feed. This proves that the
detected products are effectively derived from the CO; conversion by activating TiO, under UV
irradiation and using water as a sacrificial agent. Note that blank reaction without H,O was not

performed due to intrinsic water presence into TiO.@Si(HIPE)s.
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Figure 1V. 9: Blank photocatalytic tests operated through TiO.@Si(HIPE)s

During the CO.-free experiment, H-O presence was maintained. Thus, due to water splitting

process, hydrogen production was expected to occur. It is interesting to note that only hydrogen was
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produced, but in a very small proportion. Performance levels similar to those achieved for CO; reduction
could have been expected. The origin of this low hydrogen production has not yet been elucidated, but
an experimental limitation must be specified here. To be as close as possible to the test conditions, the
argon flow setpoint has been set at 0.3 cc.min™. However, the flow meter used in this experiment was
calibrated for CO.. Thus, the argon flow rate could not be precisely controlled and was higher than the
setpoint. The faster the flow rate, the less time the reactants must adsorb, limiting reactivity. Additional
analyses were therefore carried out to prove that the hydrocarbons were indeed produced from the CO;
injected into the reactor: a NMR solid analysis with *CO, and a TGA/MS.

NMR analysis of the solid was initially planned to identify intermediate reaction species
adsorbed within the material. Thus, after a few hours of testing, the reactor is hermetically sealed and
placed in a glove box to perform the sampling for analysis. Figure 1V. 10 shows the sample (red) and
the empty rotor (blue) signals. These signals appear identical. While the low quantities of hydrocarbons
produced may explain the signal absence (device sensitivity), the feed stream contains nearly 100%
13CO,. Thus, without irradiation (Figure A 23 in annex), CO; does not adsorb. Carbon dioxide interacts
only weakly with the clean rutile (110) surface "#°. Henderson & found that after vacuum annealing TiO-
(110), its surface contains oxygen vacancies which bind CO; only slightly more strongly than do the
five-coordinate Ti** sites typical of the nearly perfect TiO, (110) surface. It can therefore be envisaged
that no carbonate-type pollutants will adsorb either.

—— sample
— blank rotor

Intensity (arbitrary unit)

-100 0 100 200
Chemical shift (ppm)

Figure IV. 10: NMR analysis of TiO.@Si(HIPE) tested (red) and empty roto (blue)

To address the issue more generally, a TGA/MS analysis was performed on a TiO,@Si(HIPE)
sample that had not been tested and stored in air. This is to determine the residues present on the surface
of the synthesized materials before any use. Table IV. 2 summarizing the mass losses relating to the
record presented in the annex (Figure A 24) is presented below. For a heat treatment ranging from 30 to
900°C, only a loss of about 15% of water was detected. Finally, no pollutant could be responsible for

this increase in photocatalytic performance with monolith thickness.

—133-



Chapter IV — CO2 photoreduction performances

Table IV. 2: Summary of mass losses and their associated MS analyses results

I RT>30°C | 30 750°C | 750> 900°C | Total (%)
%wt variation 9.3 4.6 1.4 15.3
L : : . Shoulder at
Derivative DTG ; 30°C ; 50°C ; ; -
880°C
Effluent analysis by MS | H,0 i H,0 i H,0 i H,0

b. CO: photoreduction enhancement through TiO.@Si(HIPE)

It has just been demonstrated that the products result from the CO. photoconversion. To go
further, the photocatalytic performances are evaluated in this section regarding the catalytic bed

thickness, as well as the reactants residence time influence through the thickness variation.

Behavior over bed thickness
With a twofold objective of comparing the P25 TiO, powder with the TiO.@Si(HIPE) and better
understanding the TiO.@Si(HIPE) behavior, it was chosen to study their photocatalytic performance as
a function of bed thickness. Note that during the bed thickness study, CO could not be measured due to
a technical problem during some tests. Thus, to properly compare the systems regarding average electron
consumption rates, the CO was removed for all tests.

300 -
250
~
& 2004
=
-
— 1504
[e)
£ 100+
= —&— P25 TiO, powder
.9 504 —0— TiO,(lla)@Si(HIPE) 1
TiO,(Ila) @Si(HIPE) 2
0 T T T T T T T T 1
0 2 4 6 8 10

Bed thickness (mm)

Figure 1V. 11: Average electron consumption rates of P25 TiO, powder bed (black) vs. two
TiO(l1a)@Si(HIPE)s (blue) as function of bed thickness

Figure IV. 11 shows the same trend for P25 TiO, powder activity as function of catalytic bed
thickness, compare to that as function of TiO, mass. An optimum is found for about 360 um bed
thickness after which a continuous decrease is observed. This phenomenon was previously attributed to

oxygen coverage gradient within the catalytic bed thickness, favoring thus the back-oxidation reaction

—134-



Chapter IV — CO2 photoreduction performances

of the products (Hz, CO, CHa) by O, until photon concentration falls short leading to a plateau in
activity. With TiO.@Si(HIPE), the behavior seems to be significantly shifted to thicker photocatalytic
bed as maximum activity is reached for a 6 mm-bed thickness. Those results lead us to the conclusion
that TiO.@Si(HIPE) allows enhanced photon penetration as already suggested by optical diffusion
properties characterization, and furthermore greatly limits back-reactions, probably due to the TiO;
dilution in the silica matrix. Actually, the drop-in activity after the maximum is significantly less abrupt,
than in powder bed. Then, for thickness larger than 8 mm (TiO(I1a)@Si(HIPE) 1), a plateau could be
distinguished, owing to screening effect 1. A bulk photo-driven scenario seems to be emerging rather
than commonly observed surfaced ones, where up to 6 mm thicker becomes better. In other words, if
fundamental phenomena described for the P25 TiO, powder bed are also found for monoliths, the

efficiency range is wider for monoliths than for powder beds.

100 -
90 B P25 TiO, powder
80 - B TiO,(/la)@Si(HIPE) 1
70 S Ti0,(lla)@Si(HIPE) 2
60 -

Average selectivity (%)
v
o

40 -
30
20
10
° 3 > Pl
H, CH, co CH,

Detected products

Figure 1V. 12: Average selectivities of P25 TiO, powder (black) and TiOz(l1a)@Si(HIPE)s: 1 (dark
blue) and 2 (light blue), at their respective optimal thickness (360 um for P25 TiO, powder, and 6 mm
for TiO,(112) @Si(HIPE)s)

To discuss selectivities, CO must be taken into account. For this purpose, the tests for which the CO
peak integration has been effective are selected. Thus, TiO2(11a)@Si(HIPE)s (1 and 2) and P25 TiO;
powder selectivities, at their respective optimal thickness, are displayed in Figure 1V. 12. This figure
then suggests that TiO,@Si(HIPE)s favor methane production which requires 8 electrons, whereas H»
is the main product for TiO; as powder which requires only two electrons. This enhanced selectivity
might be related with the fact that photons concentration is higher within the thickness of
TiO,@Si(HIPE), leading to enhanced electron density onto the TiO; particles surface. It should be noted
that the difference in selectivity between the two TiOx(11a)@Si(HIPE)s may be related to the oxygen
presence in the TiOx(11a) @Si(HIPE) 1 tests. The methane production then decreases in favor of products

resulting from bi-electronic reactions (H. or O.).
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Residence time influence

The tests presented in the previous comparisons were performed according to the routine protocol,
i.e. with a CO; flow rate of 0.3 cc.min. However, since the thickness varies from one test to another,
the reactants residence time also varies. As the residence time influence chemical reactions, it is essential
to verify that the increase in photocatalytic performance as a function of the monolith thickness (h < 6
mm) is not only due to the reactants contact time.

To check this, a series of iso-residence time tests were performed (varied flow rate) and compared
to the trend of iso-flow tests. Note that due to flowmeter technical limitations, iso-residence time tests
could not be carried out routinely, particularly for thick monoliths (h > 5 mm). According to Figure IV.
13, it appears that at iso-residence time (full circle), the global activity per irradiated surface unit
increases. This implies that there is indeed an increase in the number of active irradiated sites deeper in
the catalyst bed. Thus, this curve validates the character "thicker is better" and implies the use of the
entire monolith volume. In other words, the penetration of photons up to 5 mm is undeniable. At iso-
volume, a moderate performance difference is visible (black arrow). This reflects the fact that a shorter
residence time barely reduces the performance level. Indeed, a low contact time limits the reaction.

160 - - . .
—e— {so-residence time
140 - (t=6245s)
—o— jso-flow rate
120 - .1
< (Qeo, = 0.3 cc.min™)
'S 100
-
'c 80+
g 60 -
2 40/
hcb
204
O T T T T 1
0 2 4 6 8 10

Bed thickness (mm)
Figure 1V. 13: Residence time influence over the bed thickness behavior of TiO,(l1a)@Si(HIPE)

According to this study, the increase in photocatalytic performance as a function of thickness is
not induced solely by the increase in residence time. To complete the proof of concept, a study on the
pollutant presence such as carbonates or VOCs has been carried out. Indeed, their adsorption prior to
the test can increase hydrocarbon yields.

In this section, different parameters involved in the CO; photoreduction process through
TiO,@Si(HIPE) have been identified: the dilution effect, the photon penetration depth and the oxygen
presence. The aim now is to link these parameters to the material physicochemical characteristics. For

this purpose, a kinetic model has been implemented and is described in the following section.
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2 Kinetic modelling

In this section, the kinetic model implementation is detailed. Then, its confrontation with the

experimental results is treated through the identification of the descriptive parameters and their meaning.

1) Model description

The first step in establishing the model is to define the half reactions considered. Then, the main
ones involving on the one hand photo-generated electrons and holes, and on the other hand all the gas
phase compounds measured during experimentation (meaning H.O, CO,, H,, CO, CHa, C:Hg and Oy)
are detailed below. All selected reactions are those considered most probable and normalized with
respect to the electron or hole.

TiO,
e/h* pairs generation hv k_) h* + e~ Egn V. 17
0
e"+H* — —H, EqnlV. 18
k, 2
L1 Ti0; 1
“+H*+-CO0 ~CO +=H,0 Eqnl1V. 19
e+ + 5002 Ky’ > + 5> 2 qn
Main half reactions of 1 Tio, 1 1
water splitting and e"+H*+ 5602 - §CH4 + ZHZO Eqnl1V. 20
CO2 reduction ky
1 Tio; 1 2
e"+H"+ =C0; o 17 CaHs + = Ha0 EqnlV. 21
1 TiO, 1
h++§H20 k—> H++Zo2 EqnlV. 22
2
TlOZ
h*+-H, — H* Egn IV. 23
2 k_y
L1 1 ro. .1
— —H H = Eqniv. 24
h +ZCO+2 20 K +2C02 gn
L1 1 roe 1
h —CH, +-H,0 H —-CO Eqn IV. 25
+8 4+4 2 k" +8 2 q
: 1 2 1i0 1
Maln_ reverse half h* +—C,Hg +=H,0 ~—— H*+=C0, Eqn IV. 26
reactions 14 7 k_," 7
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Ti0,

1
- + 4 = — -
e+ HY 470, — SH;0 Eqn IV. 27

-2

a. Hypotheses

Thus, rate equations involving electron consumption or generation can be written considering
the following assumptions: i) surface reactions are the limiting step (compared to adsorption), ii) a
Langmuir-Hinshelwood formalism is applied; except for photons because they are mostly supposed to
be absorbed in the bulk of TiO, nanoparticles (Eley-Rideal formalism), and iii) stoichiometric
coefficients are equal to the partial orders, as each reaction is bethought as elementary step; except for
CO; and H-0, for which a 0 order is assumed due to their concentration that not significantly change in

and out of the reactor (large excess):

M (h) = ko.E(h).CIT(h) Eqn 1V. 28
r2(h) = ey ST = K6y, 0. CIT (R)? Eqn IV. 29
r€O(h) = ky' S S S Z K 6 6. CIT ()2 Eqn IV. 30
rEHY (R = ky " S ST = K 6y 0. CIT(R)? Eqn IV. 31
rE2HO(h) = ky " ST S S = K 0y 8. CIT () Eqn V. 32
102 (h) = k_yo iS04 S s _ Ky O4s.0,. 005 14.CIT (R)a EqniV. 33

Where, v (h) is the rate of electron generation from photon absorption by TiO,. 7/2(h), r£9(h),
r£H4(h), r£2H6(h) are the rates of electrons consumption for Hp, CO, CH4 and CHs production
respectively. 722 (h) is the rate of electrons consumption for O back-reduction. All rates are expressed
in (mol.h') and reported as a function of h, being the photocatalytic bed thickness in (m). K;, K;', K"
and K,'"" are apparent kinetic constants in (mol™.h'%). k, and k_, are kinetic constants in (mol.h) and

m
"I is the amount of X species onto the TiO; surface in (mol™) at the partial

(mol¥.h%) respectively. ny*
order m, and Oy is the surface coverage onto TiO, nanoparticles for each species X. E(h) and CI'"(h)
are the molar quantities of absorbable photons and irradiated TiO; surface sites respectively. These two

quantities are defined below.

b. Photon quantity description

E (h) is defined as the molar quantity in (mol) of absorbable photons (315-400 nm, corresponding
to a bandgap of 3.1 eV) within the bed thickness h, expressed as below considering light scattering is

following Beer-Lambert law:
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h

1— —ah
E(h) = E° Xf e **.dz = E° X(Te) Eqn IV. 34

0

Where « is an attenuation coefficient related to the Beer-Lambert law in (m™?), z is the position between
0 and h in the depth axis of photocatalyst bed, and E° is the molar quantity in absorbable photons (315-

400 nm) per unit of depth without attenuation (mol.m1), and expressed as followed:

__ PFD.S"T
B v
Where PFD is the Photon Flux Density and set at 2.62.10 mol.s’>.m2 for each experiment, S is the

E© Egn IV. 35

geometric irradiated section of the material (m?), and v is the velocity of light in the photocatalytic bed

in (m.s?) and expressed as followed:

b £.c N (1—-¢). %0, + (1 —&).%gi0p,-C
Nair oLm oLm drioz o.M o.M dsio2
Nrioz-| Yri02 + Ygi02 X dsion Nsioz-\ Ysioz T Yori02 X drioz

Eqgn IV. 36

Where ¢ is the void rate of the bed or monolith, c is the speed of light in vacuum (299 792 458 m.s™%),
ngir 1S the refractive index of air (1.0003), ny;o, is the refractive index of TiO, (2.61), ng;p, is the
refractive index of SiO; (1.45), %7, is the mass percentage of TiO: in the sample, %¢;,, is the mass
percentage of SiO; in the sample, dr;o, is the density of TiO; (4.23 kg.L?), and dg;q, is the density of
Si0; (2.65 kg.L™).

c. Active site description

Csi” (h) is defined by the molar quantity of irradiated TiO; surface sites and can be expressed
as followed:
h —-ah
. 1—e
G =6 x [ eondr =, a=-e™ Eqn IV. 37
0 a
Where C, is the molar quantity of TiO. surface sites per unit of depth (mol.m™), and expressed as

followed:

irr 6 m
dsample- S77.10°. %TiOZ' DTiOZ

Cs = EqgnIV. 38

Mrioz
Where dsgmpe is the bulk density of powder bed or TiO,@Si(HIPE) in (g.mL™), Mr;o, is the TiO;

molar mass (80 g.mol?), and Dy, is the dispersion of tetrahedral TiO: cluster assuming a spherical

model. Dr;o, is expressed as followed:
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6.Vrio2

— Egn IV. 39
STiOZ' dcryst

Drio2 =

Where Vy;0, is the volume of equivalent sphere for tetrahedral TiO- cluster (0.034205 nm?3), and Sy;0-,
is the section of equivalent sphere for tetrahedral TiO, cluster (0.127394 nm?). V70, and Sgio, are
calculated using crystallographic data for anatase TiO, given in Material Studio 7.0 software by
Accelerys ©. d.,s is the TiO; crystallite mean diameter in (nm), given by XRD analysis using Scherrer

equation.

d. Global equation rate

Having defined each terms or equation rate, and considering electron as a very reactive

intermediate, the steady state approximation is applied to this species, meaning:
do,_

dt
Thus:

=0 = 1Y (h) — rf2(h) — 10 (h) — r£H*(h) — r£2H0(h) — v2%(h) Eqn 1V. 40

0=ko.E(h).CI"(h) — K1.0y4.0,_.CET(R)? —K{.0y4+.0,_.CET(R)? — K{'.O044.00_.CIT (h)?
— K" 44 0. CIT(R)2 — k. Opy4 . O 0y 14.CIT (h) /4

Eqn IV. 41
And:

o - ko E(h). CIT ()
KOs CIT(R)? + KL Oy CITT(R)? + K. Oyg. CITT ()2 + K1 Oy CIT (R)? + K_y. Oy 05 /4. C ()

Eqn IV. 42
The global reaction rate is defined as the sum of electron consumption for Hz, CO, CH4 and C;Hs

production (Egn IV. 27). According to the equation Eqn 1V. 24, the following equality can be written

(Eqgn 1V. 28), and finally the global reaction rate r,_(h) in (mol.h) is expressed as in Eqn V. 29:

T,_(h) = rf2(h) + r£9(h) + rfH4*(h) + rE2H8(h) Eqn IV. 43

rH2(h) + r£0(h) + rH4(h) + rS2H8(h) = v/ (h) — 122 (h) Eqn IV. 44

r,_(h) = ™ (h) — r2%(h) Eqn IV. 45
Thus:

1, (h) = ko  ECh). CI"(h) = k_y. 01400 095 /4. CI (R)/a Eqn IV. 46

By introducing 6,_ equality given by steady state approximation (Egn I1V. 26), the global reaction rate
becomes:
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(K, + K, + K +K/")
1 ,
(Ky + K[+ K/ +K/") + k_y.00 /%.CIT (h)"/a

This equation is then only depending on three parameters: E (h) and C&7" (h) which are measurable

T,_(h) = ko. E(h).CI"(h) x Eqn IV. 47

parameters depending on a, and 8, for which it is much more difficult to find relevant description.
Nevertheless, a strong dependence between 6, and E (h) is assumed as O- is the common co-product
of all H" and CO- photoreduction, then a n order relationship between 8,, and E(h) is proposed as

follow:

E(h)™
Op, = Kpy X —— EqgnIV. 48
02 02 crm (h)
Where K, is an apparent constant in (mol*™?). This assumption allows us to simplify the global rate

equation expressed in mol.h* (Eqn 1V. 33) or in mol.h’x.m2 (Eqn 1V. 34):

7o_(h) = ko.E(h).CI"(h) X ———— Eqn IV. 49
e—(h) 0()5()K+E(h)n/4 q
irr
r?(@:ko'E(h).‘CS (h)x K - Eqn IV. 50
sirr K+ E(h)"/4
With:
K, + K|+ K"+ K{"
PO LR S S D) Eqn IV. 51

k_s. K021/4
This global reaction rate may then be fitted with the experimental 7,_ in mol.h-t.m defined in Chapter
I (Egn II. 15), and reminded here:

E nie_ * [1](t) * Qor
75 * 60 * dt
i m

x Sirr

1 T.0.S.

e _
s TT.0.5.),

2) Confrontations with experimental results

The model was applied to four materials to assess their behavior towards CO, photoreduction
(involving water as a sacrificial agent) through the adjustment parameters. First, the material
physicochemical properties are briefly described. Then, the model fit parameter values are discussed.

Finally, particular attention is paid to the K constant and the light attenuation coefficients.

a. Material description

The four materials compared are three Si(HIPE)s impregnated with TiO, following the steps
described in Table A 36 (in annex) and labeled TiO.@Si(HIPE) I, 11, and 111, and P25 TiO, powder.
Diffuse reflectance UV/Visible spectroscopy, XRF and XRD data (and patterns) presented in annexed
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Table A 37 (and Figure A 25) show that all materials provide bandgap energy of 3.1 eV. TiO; contents
of TiO.@Si(HIPE) I and II are higher than III’s, due to TTIP concentration in impregnation solutions.
Among TiO,@Si(HIPE) materials, only TiO.@Si(HIPE) Il has an anatase/rutile mixed phase. The 2™
impregnation step was done with an aged solution. Peptized TiO, particles were impregnated, which
limits Ti-O-Si bonds and favors anatase/anatase interfaces and then mixed phase crystallization. As well
known, P25 TiO, powder contains 80% anatase and 20% rutile. Their respective crystallite sizes are
also indicated. Despite the weak accuracy of the method generalization described in Chapter Il §2.1)b,
the crystallinity rates of the different materials are given in Table A 37 in annex. They will be used in
the calculation of the TiO; specific surface area (SSA) contribution, described below in this paragraph.

The characteristic quantity values of the material morphology are summarized in Table A 38
and Table A 39, in annex. TiO.@Si(HIPE)s provide similar porosity varying around 74.6%. P25 TiO;
powder bed presents higher porosity of about 92%, which is calculated according to the equation Eqn |.
21, in Chapter I. Two bed densities are distinguished. The first one is extracted from mercury intrusion
porosimetry and identical for the three TiO.@Si(HIPE)s (0.12 g.mL™). Since the powder bed density
cannot be measured by mercury intrusion porosimetry, a second bed density is used. This is calculated
from the weighted mass and measured geometrical volume of materials. The four materials provide
different median pore aperture, especially for P25 TiO, powder. This one corresponds to the intergrain
mesoporosity and is calculated from cubic close packing approximation. Considering the set of four
materials, BET surfaces and TiO- contents are strongly different. Then, TiO, SSA contribution quantity
is introduced. This one corresponds to the ratio between specific surface area of TiO, and that of
material, so Sget extracted from nitrogen physisorption. To estimate the TiO, SSA, a spherical model is
used by associating crystallite size (from XRD data) to the diameter of an equivalent particle, according

to the following equation:

oLm
A)TiOZ

b
Zi(%gart i * mpart i)

SSA = Spart * nbpart = 4m * Tgart * Eqn IV. 52

Where Sp,q,+ and nb,, ., are respectively the developed surface by a r,4,-radius particle and the particle
number. This one is estimated by the ratio of the TiO, mass percentage in the material and the sum of
the number-weighted masses of r;-radius particles. Thus, 7,4, is the average radius of r;-radius
particles.

Considering that only crystallized TiO, particles are active in photocatalysis, this TiO, SSA could be

weighted by the crystallinity rate associated to the considered material.

b. Parameter fitting

Using least-squares method to fit k,, K, « and n, it was possible to best fit model and experimental

data for the four samples by minimizing the sum of squared residuals:
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i 2
S = z = Z(yf"”e”menml -yt Eqn IV. 53

n n
=1 =1

Experimental data are provided in the Table A 40, in annex. It has been found a unique n order value
being 16, and other best fitted parameters are provided in the Table IV. 3.
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Figure IV. 14: Modeling “re.” (average electron consumption rate normalized by time and surface) as
compared to bed thickness for photocatalytic gas phase CO; reduction with H,O as sacrificial agent.
Experimental data are given as diamond for TiO, powder and circle of blue, from the darkest to the
lightest for TiO.@Si(HIPE)s I, Il and 111, respectively.

As illustrated in Figure 1V. 14 activity plots as a function of bed thickness for TiO, powder bed
and the set of prepared TiO.@Si(HIPE)s I, Il and Il revealing diverse activities (partially related to
crystallinities, TiO; loadings and particle sizes) were used to fit modeling to experimental data. By
adjusting ko, K and « for each material, a very good agreement between model and experiments was
achieved, highlighting the strong dependence of photocatalytic reaction rates with bed thickness, making
relevant our previous hypothesis on deeper photon penetration within TiO.@Si(HIPE)s and crucial role
on oxidation back-reactions. k, value is found higher for TiO, P25, meaning that the well-known
commercial powder is intrinsically more efficient to create reactive electron-hole pairs at TiO, surface
slab by photon absorption than the in-situ generated TiO, phases during TiO.@Si(HIPE) synthesis.
Nevertheless, it is shown that HIPE carriers allow deeper light penetration (a is significantly reduced,
Table 1V. 3) then higher quantity of efficient photons compared to the whole bed volume (Figure A 26,
in annex) and constant activity per gram as the mass of photocatalyst is increased until deeper catalytic
bed (Figure A 27, in annex).
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Table 1V. 3: Model best parameters ko, K and o. fitted with experimental data, taking into account a
unique value for n of 16.

Materials ! ko (mol™.h™) K (mol*) a(m?)

P25 TiO, powder 4.27E+16 5.62E-76 522

TiO,@Si(HIPE)

I 2.15E+15 9.35E-71 16
Il 1.80E+14 3.34E-70 26
I 4.59E+14 2.77E-70 12

c. K coefficient correlation

Furthermore, because of TiO,@Si(HIPE) use, a great decrease of reverse reaction by O
reduction and H, and/or CxHy oxidation is observed. This is probably linked with the TiO; active phase
dilution within the macroporous silica matrix leading to lower surface coverage onto TiO; nanoparticles
for O species 0oz. Indeed, a trend is observed between the constant K derived from the kinetic model
and the relative contribution of specific surface area for TiO nanoparticles Figure 1V. 15. The higher

K, the more we can assume that the reverse reaction rate is low.

1.00€-70 -~
Y

1.00E-71 ~ .

1.00E-72 W

1.00E-73 W

K (mol%)

1.00E-74 %
1.00€-75 ;

1.00E-76
0.0 0.1 1.0

TiO, SSA contribution

Figure IV. 15: Observed trend between constant K from kinetic model and the TiO» SSA contribution.
This contribution is weighted by crystallinity rate (blue) or not (red). The contribution for P25 TiO; is
1, meaning that all the specific surface is due to TiO, nanoparticles. An exponential correlation is
observed with correlation coefficients: respectively R = 0.9982 for blue curve and R2 = 0.9664 for
red curve
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This parameter appears to be related to the TiO, SSA contribution as shown in Figure IV. 15
(blue curve). This was obtained by applying a TiO; crystallinity rate to the three materials studied in the
model. However, it was notified that due to a lack of rigor in the crystallinity rate calculation method
presented in Chapter Il, it was not applied to all studied materials. Thus, to extract the K value (in the
following section) consistently, it was chosen to also plot the K values as a function of the TiO, SSA

contribution without applying crystallinity rates (red curve). Note that the K error bars are unknown.

d. Light attenuation coefficient correlations

As highlighted above, light penetration seems to be described in the model by the light
attenuation coefficient a. Besides, it has been seen in Chapter Il that photon mean free path I; and
median pore aperture diameter are linked (Figure I1l. 38, 83). To correlate the model with these
photonics experiments, light attenuation coefficient values obtained by the model are compared with
photon mean free path values obtained by laser pulsed experiments and median pore aperture diameter
values from mercury intrusion porosimetry (Figure 1V. 16). Both present a strong correlation, meaning
that photocatalyst performances are indeed highly predictable by knowing bed porosity and/or by
measuring photon transport within material. TiO,@Si(HIPE)s seem to act as very efficient “photonic
sponge” thanks to its internal architecture. This term was earlier suggested by Carbonell et al. 1° for hard
templated porous thin films of TiO,, demonstrating no thickness advantages according to attenuation

coefficient a dependence revealed by this work.
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Figure 1V. 16: Beer-Lambert attenuation coefficient a extracted from kinetic modeling reported as a
function of left) median pore aperture diameter given by Hg porosimetry for TiO.@Si(HIPE)s and by
geometric model for TiO, powder and right) transport mean free paths [, obtained from photonic
characterization, with correlation coefficient: respectively R? = 0,9988 for a) and R2 = 0.9988 for b).
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3 TiO@Si(HIPE) behavior understanding

One objective of the model implementation is to extract quantities allowing the comparison of
materials in a series (X-TiO.@Si(HIPE), where X = ¢, T, and v), even if they have different
physicochemical characteristics. Indeed, the modifications applied to the material synthesis presented
in Chapter 111 have shown that it is difficult to obtain a coherent series with a single varying parameter.
In addition, the monolith shaping for the test, i. e. two flat and parallel surfaces, often implies a variation
in thickness between two materials. And, it has been seen that photocatalytic performances do not
change linearly over the entire thickness range.

Thus, to compare the material performances in the same series and between the series, the ko values
were calculated from the equation established for the kinetic model (Egn 1V. 33). K values were
estimated by the correlation between K and the TiO; specific surface area contribution (without
crystallinity rates taken into account), and a values by the correlation between o and the median pore
aperture diameter. It is recalled here that the ko represents the apparent kinetics of electron-hole pair
generation, since it is difficult to discriminate effective charge carriers from all generated electron-hole

pairs.

__eWey K +E®
T E(h).cIT(h) K

Eqn 1V. 54

The objective of this section is to identify the influencing parameters and understand how they act
on the electron-hole pair generation (ko), with respect to the fluctuating parameters identified in Chapter
3: the TiO; specific surface area (TiO, SSA), the BET surface area (Sger), as well as the median pore
diameter. A spotlight will be placed on the origin of TiO, (synthesis methods: P25, lla, la and I)
regarding selectivities. The characteristic and calculated values are presented in the annexed Table A
41, Table A 42 and Table A 43, and the global graphs in Figure A 28, Figure A 29 and Figure A 30.
Note that Cx-TiO.@Si(HIPE) materials (described in Chapter I1l) provide identical ko values
(5.40E+14, 5.03E+14, and 5.53E+14 mol.h? for Co-, Ci2-, and Cis-TiO.@Si(HIPE) respectively),
which is consistent with similar physicochemical characteristics.

The data are represented on the graphs with an estimated y-axis error bars of 40% (rounded up to
the nearest ten) for ko, estimated from four reference tests and displayed in Table V. 4. The x-axis error
bar values are displayed as a function of fluctuating parameters in Table IV. 5. A precise uncertainty

calculation would be a gain in the description of trends.
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Table 1V. 4: ko values of reference tests (tests used to build the control chart) and associated mean,
standard deviation and mean-relative deviation values. Photocatalyst: 0.1 g of P25 TiO, powder.

REF1 REF2 REF3 REF4
ko (mol™.g™) (*E+42) 4.42 3.33 1.52 3.44
Mean (*E+42) 3.18
Standard deviation (*E+42) 121
Mean deviation (%) 38

Table 1V. 5: Estimated errors of fluctuating parameters

Error (%) Source
TiO2 content (Yowt) 20 XRF measurement error
Crystallite size (hm) 10 XRD measurement error
ATiO, SSA  2Ar, A%T,
TiO2 SSA (m2.gY) 40 2 — Z0Teryst | 270702

Ti03 SSA  Toryst  %olps

N, physisorption measurement error + mean

Seer (M2.g?) 10 o ) ) .
deviation from TiO,@Si(HIPE) repeatability
Ti0, SSA contributi 50 ATiO, SSA cont  ATiO, SSA  ASger
i ntribution = —
2 554 contributio Ti0, SSA cont _ Ti0, SSA ' Spor
. ] ) mean deviation from TiO,@Si(HIPE)
Median pore size diameter (nm) 10

repeatability rounded up to the nearest ten

1) TiO2 specific surface area

The ¢-, T-, and v-TiO.@Si(HIPE) series showed variations in physicochemical characteristics such
as crystallite size and TiO, content. The influence of these two parameters on the electron-hole pair
generation kinetics will be discussed first. However, since they are not independent of each other, the
TiO; specific surface area has been introduced to take these two parameters into account, and its
influence will be studied in a second step.

Series are presented independently in Figure A 28, in annex. By pooling the three series, it appears
in Figure 1V. 17 (left) that the Kinetics of electron-hole pair generation seems to decrease exponentially
as a function of TiO; content. This trend can be related to the fact that the higher the TiO, content, the
greater the defect number. Since defects are privileged sites for charge recombination, they may reduce
the photogenerated charges quantity. Similar considerations can be expressed about crystallite size

Figure V. 17 (right). Actually, the smaller the crystallites are, the more defects there are 1*, and therefore
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the more potential charge recombination sites. Figure 1V. 18 groups these considerations together
through the TiO; specific surface area influence. The translation of the displayed decrease is that the
kinetics of electron-hole pair generation is favored by a small number of large crystallites and
disadvantaged by a multitude of small crystallites. In other words, the lower the defect density, the

higher the quantity of photogenerated charges.
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Figure 1V. 17: TiO, content (left) and anatase crystallite size (right) influence over electron-hole pair
generation kinetics evolution
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Figure 1V. 18: left) TiO- specific surface area influence over electron-hole pair generation kinetics
evolution and right) crystallite size evolution as function of TiO; content (one aberrant point has been
removed)

2) TiO2 SSA contribution

The T-TiO.@Si(HIPE) series is not discussed here because the Sger variation is implied by removal
of silanols constituting the silica wall. In other words, this variation also includes changes in surface
chemistry. Indeed, the higher the calcination temperature, the less surface silanols there are 2. Moreover,
during TiO. impregnation, the bonds between TiO; and silica are also modified. This point is a limitation

of the model due to the surface chemistry (silanols density), or the intimacy between TiO, and silica that
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K+E(h)*
are not taken into account. Furthermore, when calculating the ko values, the + term (Eqn 1V. 38)

is representative of the back reactions impact over photocatalytic performances. It has been seen in the

model confrontations with the experimental results that these reverse reactions have a low impact for

_ . o K+E(h)*
less than 4 mm-thick monolith. This is verified by a —x term value close to 1. All the data

processed, the tables given in the annex, confirmed this point, except for the 850-TiO.@Si(HIPE)
sample. It provides a value of 1.5, for a thickness of 3.25 mm. This difference (1.5 # 1) is in line with
the surface chemistry influence. A potential explanation is related to the oxygen surface coverage.
Indeed, when an oxygen molecule is formed and still bridged at the surface, it can desorb, migrate and
adsorb further along the catalytic bed; or only migrate on the surface. The hydroxyl groups absence on
the silica surface can limit the O, migration out of TiO2, and thus increase the O, surface coverage onto
TiO; surface. In this sense, the back reactions would then be favorable. Another potential explanation
is related to the interaction of the H,O molecules with the active sites onto TiO; surface which could be
either facilitated by a high concentration of surface OH groups 3, or limited in their absence. Thus, H.O

reactant becomes a limiting one.
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Figure V. 19: left) TiO, SSA contribution influence over electron-hole pair generation kinetics
evolution and right) TiO, SSA contribution evolution as function of crystallite size (one aberrant point
has been removed)

In addition, the Sger surface analyzed by nitrogen adsorption does not discriminate between the
surface developed by silica and that developed by TiO,. To take into account this BET surface it was
decided to introduce the descriptor: TiO. Specific Surface Area (SSA) contribution. As reminder, this
is defined as the ratio between the TiO; specific surface area and the BET surface area. This quantity
reflects the distribution/dilution of TiO, within Si(HIPE): a value of 1 meaning that all the specific
surface is due to TiO2 nanoparticle. Figure 1V. 19 left) depicts the trend observed for TiO.@Si(HIPE).
Against all expectations, the electron-hole pair generation kinetics decreases with the dispersion of TiOs.

From Figure V. 19 right), it appears that in these material series, the TiO2 SSA contribution decreases
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with the crystallite size. This consideration seems to confirm that crystallite size is a highly influential
parameter: large crystallite sizes favor electron-hole pair generation more than TiO dispersion.

3) Median pore diameter

The parameters having an impact on ko are the descriptors relating to the TiO, structural
characteristics, as confirmed by the TiO, SSA contribution influence. To determine any influence of the
median pore diameter, it is therefore necessary to have a coherent series whose TiO- structure (crystallite
size, TiO; content, crystalline phase...) is identical for each material. The materials synthesized during
the project do not have these characteristics. Thus, it is not possible to discuss here the influence of
median pore diameter over the charge carriers photogeneration. However, this point is a way of

improvement to be considered in understanding the phenomena involved in TiO.@Si(HIPE) monoliths.
4) Synthesized and commercial TiOz: influence of TiO2 origin

Due to mismatch between the densities (obtained by weighing) of TiO,(la)@Si(HIPE) and
TiOz(N@SI(HIPE), the TiO,(M)@SIi(HIPE) series could not be studied via the calculation of ko
(structural characterizations are displayed in Table Ill. 3, Chapter IlI). It is therefore important to
highlight here the differences in selectivity according to the impregnation methods. It has been seen that
in terms of photocatalytic intrinsic performance P25 TiO; is better than most synthesized materials.
However, with regard to selectivity, it favors products resulting from reactions involving two electrons.
As shown in Figure 1V. 20, TiO, from the precursor hydrolysis-condensation significantly limits the
hydrogen and carbon monoxide production, in favor of methane and ethane. To go further, for the
TiO2(I)@Si(HIPE) sample, products resulting from so-called multi(>2)-electronic reactions represent
more than 90% of the products. Besides alkanes, especially C.., deliver much more energy liberated by
combustion than hydrogen and CO (the High Calorific Value (HCV) of hydrogen is of 286 kJ.mol*,
HCV/(CO) = 283 kJ.mol*, HCV(CH,) = 889 kJ.mol, and HCV/(C;Hs) = 1 560 kJ.mol™).

The promotion of multi-electronic reactions implies a higher electron density on active sites.
This can be induced by a better charge carrier separation. Indeed, the P25 excellent photocatalytic
activity is particularly associated with the anatase/rutile mixed phase . The authors attribute to the
rutile an antenna role due to its lower bandgap energy, and an aid in the charge carrier separation by
electron transfer. They highlight the importance of the intimate contact between rutile and anatase to
enhancing the catalytic activity. TiO.(la)@Si(HIPE) and TiO,(I)@Si(HIPE) have an anatase/rutile
mixed phase. Their crystalline structure varies due to the rutile crystallite size (13 nm and 8 nm,
respectively). TiOz()@SIi(HIPE) shows an average electron consumption rate higher than
TiO2(1a)@Si(HIPE) (682 umol.h™t.m2 and 163 pmol.ht.m?, respectively), and a higher orientation
towards methane and ethane (Figure IV. 21). It would therefore seem that a size effect of rutile

crystallites (for an equivalent TiO content) is significant 1>, However, the TiOx(l11a) @Si(HIPE) sample
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only shows the anatase phase, and still shows a preferential orientation towards products resulting from
multi(>2)-electronic reactions. It therefore appears that another consideration must be taken into
account, which may be linked to the crystallite orientations 1617, Further study on crystallite arrangement
on the particle surface would therefore be of interest in our conditions.
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Figure IV. 20: Average selectivities towards each product for materials obtained by the four
impregnation methods, and for P25 TiO, powder
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Figure IV. 21: Average selectivities towards products grouped by reaction class from which they are
derived for materials obtained by the four impregnation methods and for P25 TiO, powder

4 Conclusion

Through the study of parameters influencing the commercial TiO, powder (P25 TiO,) photocatalytic
performance, it was possible to highlight the key behaviours of materials about CO, photoreduction.
The photon supply is the limiting step in our conditions. In addition, dilution within a silica matrix limits
the back-reaction impact. Besides, the oxygen presence drastically reduces the TiO; performance, and

directs reactions towards the CO and CO; production. Furthermore, blank photocatalytic tests and
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additionnal analyses (!*C NMR and TG/MS) confirmed that hydrocarbon production was indeed derived
from the CO, photoreduction process involving water.

To compare the materials tested at different thicknesses, a kinetic model based on Langmuir-
Hinshelwood and Eley-Rideal formalisms was implemented. It considers photons as reactants in the
same way as CO; and H»O. By fitting the model with four materials studied as a function of the catalytic
bed thickness, the descriptors ky, K, and a could be evaluated. The constant ky describes the
photogeneration rate of electron-hole pairs and has shown that TiO, P25 has the best intrinsic
photocatalytic performance. The constant K describes the reverse reaction impact on performance. The
higher K, the more we can assume that the reverse reaction rate is low. Besides, this constant seems to
be related in particular to the TiO, specific surface area contribution. Then, the attenuation coefficient
o is significantly reduced using porous monoliths and seems to be related in particular to the median
pore aperture diameters and the transport mean free path of photons.

Using the correlations established during model implementation, the &y constants were calculated
for each material of the X-TiO.@Si(HIPE) series. Their study showed that the photogeneration rate of
electron-hole pairs is higher when there are few large crystallites than when there are many small ones.
This behavior could be related to defect density. In addition, this rate counter-intuitively decreases as
the TiO, SSA contribution increases. In addition, the TiO, impregnation method in Si(HIPE)s strongly
influences selectivity. Indeed, when TiO, particles are derived from the TiO, precursor impregnation,
they preferentially direct the products towards methane and ethane. The TiO»/TiO, and TiO./SiO,
contact intimacy would deserve to be studied.

Synthetized materials have several advantages. Among these, the soft chemistry use can be
mentioned, implying low energy expenditure during synthesis. In addition, the porous silica structure
with good mechanical resistance makes the materials manageable (compared to a more or less powdery
material) and also the active phase impregnation. It should be noted that the impregnation was only
carried out with titanium oxide during the project. However, this preparation method can be generalized
to any active phase capable of being added as colloidal suspension.

To go further, material regeneration tests have been carried out as shown in Table IV. 6. The first
test corresponds to a photocatalytic test performed on the material after its synthesis. Then, the
regeneration conditions are applied to the material, and it is tested again under the same conditions as
the first test. It appears that a venting or argon flush over a few hours/days did not allow to recover the
photocatalytic performances achieved during the first test. However, a heat treatment at a temperature
lower than the calcination temperature applied for the TiO; crystallization showed that the material was
performing closer to its initial level than other regeneration conditions. A more precise study of the
optimal regeneration conditions is to be expected, as well as an evaluation after several regeneration

cycles.
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Table 1V. 6: Regeneration tests applied on a TiO»(I)@Si(HIPE) sample and associated photoctalytic
performances for 15.43h-irradiation time

Test n°1 Test n°2 Test n°3 Test n°4 Test n°5

i i Aftertestn®l | Aftertestn°2 | Aftertestn°3 | After test n°4

. . . . 350°C, 2h
Regeneration conditions ; - i lhArflush : lhopen-air : 2daysopen-air ; o
: : i : : calcination
r.. (umol.h™.m?) 894 390 387 285 650

Among the various materials synthesized, one material has shown extremely interesting
performance levels towards the CO. photoreduction, whose physicochemical characteristics are
presented in the annexed Table A 37. Indeed, the maximum average electron consumption rate
(normalized per unit of irradiated surface area) was obtained for a 4 mm thickness, and reaches a value
5 times higher than that obtained by the optimal P25 TiO, powder bed (Figure V. 22). Moreover, the
selectivities of this material do not derogate from the rule expressed above, which implies a preferential

formation of hydrocarbons with a high energy value: methane and ethane (Figure I1V. 23).
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Figure 1V. 22: Photocatalytic performance comparison of TiO,@Si(HIPE)I and P25 TiO, powder, as
function of TiO; loading
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Figure 1V. 23: Selectivities of TiO.@Si(HIPE) | and P25 TiO, powder, at their respective optimal
thickness

Despite the strengths highlighted, there are still areas for improvement. First, the material synthesis
takes about two months, mainly due to the drying time. Further development work must therefore be
carried out using faster drying techniques that maintain the material integrity, such as supercritical
drying. Secondly, the material batches showed differences in terms of physicochemical characteristics
that should be smoothed. To this end, an automated synthesis could make it possible to eliminate the
operator-dependent character induced by manual emulsification. During the project, an assembly
including the use of mechanical agitation via a blade and the dodecane incorporation using a syringe
pump was used. A more detailed study of the blade design and rotational speed should be considered to
make this process viable. In addition, the anatase/rutile ratio influence could not be analyzed due to the
lack of a coherent series. To rigorously compare anatase/rutile proportions, those must be the only
parameter to vary. Synthetized materials with varying anatase/rutile proportions exhibited either
different crystallite sizes or different shaping (powder vs. monolith). A synthesis method controlling
both phase proportions and crystallite sizes would then allow this parameter to be studied. Furthermore,
the kinetic model requires testing on a larger number of materials, with different behaviors, to refine the
descriptors. In addition, mechanistic considerations are to be considered to better understand and
therefore predict via the model the physicochemical characteristics necessary for selectivity in high
value-added hydrocarbons.
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Conclusion and perspectives

The subject of this thesis work was the photocatalytic conversion of carbon dioxide involving
water. Since solar energy is an abundant source of energy on our time scale, solar-driven-fuel-production
by exploiting anthropogenic CO, emissions appears to be a solution with great potential, which can
simultaneously contribute to solve the climate change issues and produce large gquantities of carbon-
neutral energy.

According to the literature review, CO2 has been successfully converted using sunlight into high
value-added hydrocarbons. However, reaction rates and selectivity in desired products such as methane
and C,. are still too low to consider industrial applications. Main drawbacks are arising from the
photocatalytic process itself, i.e. light trapping and harvesting, charge separation-recombination and
transportation, surface and backward reactions, and they need to be optimized. Main research topics
deal with: the modification of the intrinsic properties of semiconductors, the discovery of new
architectures or composite structures developing optimized heterojunctions and the use of new
molecular complexes as dyes for sensitized solar cells and photocatalysts. To develop effective photo-
induced processes, equal importance must be given to the photocatalysis fundamental processes,
photoreactor design and catalyst synthesis. It is therefore necessary to increase the surface/volume ratio
of the photo-active materials in use, addressing thus a severe foot-print penalty.

In this project, the synthesis of self-standing solid foams bearing a hierarchically organized
porosity and embedding TiO, particles (TiO.@Si(HIPE)s) has been proposed to achieve a three-
dimensional CO; photoconversion.

The physicochemical characteristics of these materials have shown that they provided a high
porosity (about 90%) structured at all length scales. The major part was constituted by micro and macro-
porosity. This high porosity had several advantages: i) the improved convection of the liquids allowed
homogeneous impregnation throughout the entire volume of the monoliths (evidenced by Electron Probe
Micro Analysis), ii) the low pressure drop made it possible to perform the tests in continuous flow mode,
and iii) the photon penetration was increased by an order of magnitude compared to a conventional
shaping (powder bed). Four impregnation methods were performed, showing variations in the
distribution and morphology of TiO; particles. The two-step impregnation revealed the formation of Ti-
O-Si bonds blocking TiO, in amorphous form in the vicinity and inducing a pseudo-epitaxial
phenomenon of crystallization. A mixed anatase/rutile phase with a heat treatment of 450°C was
obtained by the one-step impregnation methods. Monolithic material series with modulable silica matrix
physicochemical characteristics have been synthesized by modifying parameters such as oil volume
fraction, calcination temperature and rotational speed during emulsification. Despite the same
impregnation method for all materials in these series, the TiO, content and its crystalline structure
fluctuated. Thus, to compare the photocatalytic performances of these materials while taking into
account their physicochemical properties, a kinetic model based on a mixed Langmuir-Hinshelwood

and Eley-Rideal formalism was implemented. To identify the descriptors, an understanding of the
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parameters/phenomena influencing photocatalytic performance was necessary. Thus, it has been shown
that 1) the TiO; activity was highly dependent on photon supply, ii) the TiO; particles dilution within a
silica matrix (structured or unstructured) limited reverse reactions and iii) the oxygen presence promoted
reverse reactions and directed selectivity towards CO production. In addition, the TiO.@Si(HIPE)s use
has shown similar behavior to TiO, P25 powder beds but more broadly over the catalytic bed thickness
range. The maximum photocatalytic performance for TiO.@Si(HIPE) has been obtained for thicknesses
in the range of 5-6 mm (and 360 um for the powder bed). It has been shown that the reactant residence
time played a minor role. To describe the monoliths behavior, parameters ko (electron-hole pair
formation kinetics constant), K (apparent kinetics constant related to reverse reactions) and « (light
attenuation coefficient) were therefore implemented in the model. Using the correlations established
during model implementation for K and «, the ko constants were calculated for each material of the
TiO@Si(HIPE) series. Their study highlighted that defect density and, TiO./TiO, and TiO2/SiO>
contact intimacy could play a significant role over the photocatalytic performances. Finally, among the
various materials synthesized, a TiO.@Si(HIPE) has shown performance levels such that a reduction in
the material footprint by a factor of 5 would be possible compared to a powder bed.

During the CO; photoreduction project, additional air purification tests were carried out at IPREM-
Pau by Mickael Le Bechec and Sylvie Lacombe. Adsorption and mineralization measurements on
acetone and toluene were very promising. On the one hand the adsorption values of acetone and toluene
showed that TiO,@Si(HIPE)s can reach significantly higher levels even compared to materials known
to be very capacitive such as activated carbons or Quartzel. On the other hand, the mineralization rates
of toluene and acetone were at least as good as those obtained by the known state-of-the-art
implementations. In addition, TiO,@Si(HIPE) allowed very stable photocatalytic activities to be
obtained, unlike the use of Quartzel. With Quartzel material, there was a rapid material deactivation,
which was characterized by a decrease in carbon dioxide production and a significant yellowing of the
material during the irradiation test phase.

Nevertheless, different work perspectives should be explored. In the continuity of an improvement
in photon penetration and therefore in the realization of photocatalytic processes in volume, it can be
considered to play on the Mie diffusion. Indeed, anisotropic diffraction induced by scattering objects
intensifies the photon propagation in the incident direction. The characteristic size of these scatterers
must be of the same order of magnitude as the incident bean wavelength. In order to synthesize such
objects, the hard template synthesize is an integrative chemistry tool which can be used. Indeed, by
synthesizing latex beads of tailored and monodisperse size, they can be incorporated into the Si(HIPE)
starting sol. After sintering, the TiO.@Si(HIPE) silica walls would then have pores of about 380 nm,
monodisperse in size, acting as scatterers and directing UV photons in depth. According to this thesis
work, the light attenuation coefficient o decreases with the median pore aperture diameter. Thus, to go

further in the material structuring, the increase in pore size would then be beneficial to photon
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penetration. For this purpose, a tailored decrease in the rotation speed during emulsification and/or a
reduction in the oil volume fraction would increase the oil droplet size and therefore the pore size after
sintering. In addition, it has been seen in the literature that a heterojunction between two semiconductors
improves photon absorption and charge carrier separation (e. g. the heterojunction between anatase and
rutile). It can then be imagined to chemically modify the silica support to make it a semiconductor that
will then be in contact with the impregnated TiO, while preserving the hierarchical porosity. For this
purpose, a transition metal salt such as FeCl, or CuCl, would be incorporated into the starting Si(HIPE)
sol to form a colored meta-silicate after heat treatment, which therefore absorbs visible light. At the
application level, if these materials have proven their worth for air photopurification, good performance

can also be expected for water photopurification.
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Table A 1: CO; photoreduction systems containing TiO or TiO.-based photocatalysts
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Table A 2: continued
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Table A 3: continued
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Table A 4: uGC-TCD analysis parameters for CO; valorization test monitoring

Parameters Column A Column B

Column C

Column D

Detectable gases H,, O,, Ny, CH,s, CO  Aiir, Ny, CH,4, CO

CHy, CO;, CHy4, CoHe,
CsHs, C3Hg, C3H,

CsHs, C3Hg, C3H,,
C4Hao, C4Hs, CsHyp

Column type MS5A MS5A PLOTQ ovi

Dimensions 10 mx 0.32 mm 10 mx 0.32 mm 10 mx 0.32 mm 14 m x 0.32 mm

Injection temperature 50 50 70 50

(°C)

Column temperature (°C) 50 70 60 40

Injection time (ms) 100 100 50 50

Backflush time (s) 4 4 - -

Column pressure (psi) 28 28 25 25

Carrier gas Argon Helium Helium Helium
Table A 5: Retention time of quantified gases for the first three columns

Column A B C

Quantified gases H, 0, N, CcO CH, CO, Ethane H,O Propane

Retention times (s) 394 50.5 64.8 118.7 23.6 25.1 40.0 96.1 138.1

Spectre 12
[ ] ¢

Figure A 1: SEM-EDS image with analysed areas (results in Figure A 2 in annex)
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Figure A 2: EDS spectra associated with the Figure A 1 in annex
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Table A 6: Summary of morphological characteristics of Si(HIPE)s from three different batches,
obtained by mercury intrusion porosimetry measurements; and of the mean, standard deviation and
mean-relative deviation values associated with each quantity

Batches Mean
Mean 22%?:t?gg deviation
1 2 3 (%)
Intrusi | Lg*
ntrusion volume (ml-g) 14.49 14,58 1413 14.4 0.238 17
(+- 2%)
Porosity (%)
92 93 92 92.3 0.577 0.6
(+- 5%)
Bulk density (g.mL™
ulle density (g.mL") 0.06 0.07 0.07 0.067 0.006 8.7
(+- 10%)
Skeletal density (g.mL™)
0.78 0.94 0.86 0.86 0.080 9.3
(+/- 10%)
Median pore aperture (nm) 1453 1416 1619 1496 108 7.2

Table A 7: Summary of morphological characteristics of Si(HIPE)s from three different batches,
obtained by nitrogen physisorption measurements; and of the mean, standard deviation and mean-
relative deviation values associated with each quantity

Batches Mean
Mean 3;?/?;?;2 deviation
1 2 3 (%)
BET surface (m°.g™%)
1023 1026 989 1013 20.6 2.0
(+/- 5%)
Microporous volume (mL.g™)
0.438 0.437 0.414 0.430 0.014 3.2
(+/- 10%)
BJH surf 2.g")-d ti
surface (m-.g™")-desorption curve 43 28 34 35 755 29
(+/- 10%)
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Figure A 6: Nitrogen adsorption (o) and
desorption (0) isotherms of three silica matrices
from one batch (Batch 4)

Table A 8: Summary of morphological characteristics of three Si(HIPE)s from one batch (Batch 4),
obtained by mercury intrusion porosimetry measurements; and of the mean, standard deviation and
mean-relative deviation values associated with each quantity

Batch.Solid Standard M'ea_n
Mean deviation deviation
41 42 43 (%)
Intrusion volume (mL.g™)
10.19 9.28 10.13 9.87 0.509 5.2
(+/- 2%)
Porosity (%
orasity (%) 82 76 79 79 3.00 3.8
(+/- 5%)
Bulk density (g.mL™)
0.11 0.11 0.12 0.113 0.006 5.1
(+/- 10%)
Skeletal density (g.mL™
eletal density (g.mL") 0.44 0.35 0.36 0.38 0.049 13
(+/- 10%)
Median pore aperture (nm) 4568 4179 6415 5054 1194 24

-171-



Annexes

Table A 9: Summary of morphological characteristics of three Si(HIPE)s from one batch (Batch 4),
obtained by nitrogen physisorption measurements; and of the mean, standard deviation and mean-
relative deviation values associated with each quantity

Batch.Solid Standard M_ea_n
Mean deviation deviation
4.1 4.2 4.3 (%)
BET surface (m?.g™%)
879 880 898 885 10.7 1.2
(+/- 5%)
Microporous volume (mL.g™)
0.349 0.352 0.360 0.137 0.006 1.6
(+/- 10%)
BJH surface (m?.g™)-desorption curve
(m".g7)-desorp 28 25 20 243 4.04 17
(+/- 10%)
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Figure A 7: Pore size distributions of
TiO.@Si(HIPE)s from three different batches

Pore Size Diameter (nm)
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Table A 10: Summary of morphological characteristics of TiO.@Si(HIPE)s from three different
batches, obtained by mercury intrusion porosimetry measurements; and of the mean, standard
deviation and mean-relative deviation values associated with each quantity

Batches Mean
Mean 32%?;?52 deviation
5 6 7 (%)
Intrusion volume (mL.g™)
8.34 10.37 8.85 9.19 1.06 12
(+/- 2%)
Porosity (%)
91 94 94 93 1.73 1.9
(+/- 5%)
Bulk density (g.mL™*
HleE T 0.11 0.09 0.11 0.103 0.012 11
(+/- 10%)
Skeletal density (g.mL™*
eletal density (g.mL) 1.19 1.59 17 1.49 0.268 18
(+/- 10%)
Median pore aperture (nm) 1535 1432 1483 1483 515 35

Table A 11: Summary of morphological characteristics of TiO.@Si(HIPE)s from three different
batches, obtained by nitrogen physisorption measurements; and of the mean, standard deviation and
mean-relative deviation values associated with each quantity

|

Differential intrusion (mL.g'l.nm

Batches Standard M'eap
Mean deviation deviation
5 6 7 (%)
BET surface (m.g™*
e 539 552 524 538 14.0 2.6
(+- 5%)
Microporous volume (mL.g™)
0.211 0.221 0.206 0.213 0.008 3.6
(+- 10%)
BJH surface (m?.g%)-desorption curve
(m"g7)-desorp 42 24 29 317 9.29 29
(+/- 10%)
0.012- 1209
Solid 1 — 110
0.0104 —a— Sol!d 2 '@ 7
—=— Solid 3 _
= 100 -
0.008 ~ | R T o S OO OO
© i
> 90
0.006 Q
O 801
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0.004 - T 704 — Solid 2
o — Solid 3
0.002 E 604
=
(@]
0.000 ./\ n . > 50 T T T T |
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Pore Size Diameter (nm)

Figure A 9: Pore size distributions of three
TiO@Si(HIPE)s from one batch (Batch 8)

Relative pressure (P/P )

Figure A 10: Nitrogen adsorption (0) and
desorption (o) isotherms of three
TiO.@Si(HIPE)s from one batch (Batch 8)
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Table A 12: Summary of morphological characteristics of three TiO.@Si(HIPE)s from one batch
(Batch 8), obtained by mercury intrusion porosimetry measurements; and of the mean, standard
deviation and mean-relative deviation values associated with each quantity

Batch.Solid Standard M.ea_n
Mean deviation deviation
8.1 8.2 8.3 (%)
Intrusion volume (mL.g™)
7.85 8.01 8.08 7.98 0.118 15
(+- 2%)
P ity (%
orosity (%) 93 01 94 92.7 153 16
(+/- 5%)
Bulk density (g.mL™)
0.12 0.12 0.12 0.12 0.000 0.0
(+/- 10%)
Skeletal density (g.mL™
eletal density (gmL") 1.78 1.28 1.82 1.63 0.301 19
(+/- 10%)
Median pore aperture (nm) 1720 1721 1746 1729 14.7 0.9

Table A 13: Summary of morphological characteristics of three TiO.@Si(HIPE)s from one batch
(Batch 8), obtained by nitrogen physisorption measurements; and of the mean, standard deviation
and mean-relative deviation values associated with each quantity

Batch.Solid Standard M_eap
Mean deviation deviation
8.1 8.2 8.3 (%)
BET surface (m.g™)
355 334 339 343 11.0 3.2
(+/- 5%)
Microporous volume (mL.g™)
0.143 0.134 0.134 0.137 0.005 3.8
(+/- 10%)
BJH surf 2.g™)-d ti
surface (m*.g™)-desorption curve 2 1 5 6 458 76
(+/- 10%)

Table A 14: Summary of TiO2(M)Si(HIPE)s morphological characteristics, where M is the
impregnation method, obtained by mercury intrusion porosimetry measurements

| Ti0,(P25)@Si(HIPE) ! TiOy(112)@Si(HIPE) !

Materials TiO,(12)@Si(HIPE) | TiOx(1)@Si(HIPE)
Intrusion volume (mL.g™) i 5.85 i 7.75 d 7.41 ; 6.69
Porosity (%) : 70 : 89 ! a1 ! 90

Bulk density (g.mL™) i 0.16 i 0.12 ; 0.13 ; 0.14
Median pore aperture (nm) | 4164 : 1655 : 2000 : 1041

Table A 15: Summary of TiO2(M)Si(HIPE)s morphological characteristics, where M is the
impregnation method, obtained by nitrogen physisorption measurements

Mate rials TiO,(P25)@SI(HIPE) : TiO,(11a)@Si(HIPE) : TiOy(la)@Si(HIPE) : TiOx(1)@Si(HIPE)
BET surface (m%.g™) 500 415 426 288
Microporous volume (mL,g’l) i 0.202 0.172 0.161 0.130
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Table A 16: Summary of trials performed for linear regression, with the input variables and the

analysed output (F)

Input Output
N° trial Tea (°C) tea () Yoanatase
1 500 100
2 500 4 100
3 500 10 100
4 700 1 100
5 700 4 100
6 700 10 100
7 900 1 45
8 900 4 60
9 900 10 35

Table A 17: Adjustment coefficients corresponding to regression model adjustment statistics

Meaning

Observations i The number of observations taken into account in the calculations

Weight sum

DOF

R2

RMSE

. The sum of the weights of the observations taken into account in the calculations

. The number of Degrees Of Freedom is the number of independent variables. The higher the

i number, the higher the level of confidence in the influence of variables.

! i The model determination coefficient. R?is interpreted as the proportion of the variability of the
dependent variable explained by the model. The closer the R2is to 1, the better the model.

' : The mean-square error (MSE) represents the error variance. The error is the difference between

'expenmental and modeling values. The variance of a random variable characterizes theI

' dlspersmn of its values around its mathematical expectation.

. The root-mean-square error (RMSE) represents standard deviation. The smaller the standard .

i deV|at|on the more discrimination can be made between the means of two different varlables i
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Intensity (arbitrary unit)
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40
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Figure A 11: XRD pattern of a TiO2(la)@Si(HIPE) sample containing 30%wt of TiO, and ex-situ
calcinated at 700°C. A = anatase, R = rutile

Table A 18: Summary of e-Si(HIPE)s morphological characteristics, where ¢ is the oil volume
fraction, obtained by mercury intrusion porosimetry measurements

| | S-Si(I-IHPE) | |
0.58-Si(HIPE) : 0.60-Si(HIPE) : 0.64-Si(HIPE) : 0.67-Si(HIPE) : 0.70-Si(HIPE) : 0.74-Si(HIPE)
Intrusion volume (mL.g™%) 7.94 : 11.99 : 13.98 : 13.48 : 4.15 : 2.07
Porosity (%) 70 i 93 i 93 i 95 i 82 i 73
Bulk density (g.mL™Y) g 0.09 : 0.08 : 0.07 : 0.07 : 0.20 : 0.36
Median pore ape rture (nm) : 1950 : 2052 : 1651 : 1767 : 158 : 91

Table A 19: Summary of &-Si(HIPE)s morphological characteristics, where ¢ is the oil volume
fraction, obtained by nitrogen physisorption measurements

. . s-Si(II-HPE) . .
0.58-Si(HIPE) | 0.60-Si(HIPE) | 0.64-Si(HIPE) | 0.67-Si(HIPE) | 0.70-Si(HIPE) | 0.74-Si(HIPE)
BET surface (m%.g™) 912 1014 942 834 976 1054
Microporous volume (mL.g™) 0383 | 0429 i 0416 i 0343 i 0424 i  0.462
i i i i i
%vol. mesoporous (%) 10 i 12 i 14 ' 16 i 27 i 25
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Table A 20: Summary of e-TiO.@Si(HIPE)s morphological characteristics, where & is the oil volume
fraction, obtained by mercury intrusion porosimetry measurements

0.58-TiO,@Si(HIPE)

& TIO,@Si(HIPE)

i 0.60-TiO,@Si(HIPE)

i 0.64-TiO,@SI(HIPE) | 0.67-TiO,@Si(HIPE)

Intrusion volume (mL.g™%)
Porosity (%)
Bulk density (g.mL™)

I
i
i
i
i
i
i
i
i
i
Median pore aperture (nm) .
1

i
|
5.41 6.5
77 92
0.15 i 0.15
2090 1669

i i

7.75 7.48
89 93

i 0.12 i 0.13
1655 1730

Table A 21: Summary of e-TiO.@Si(HIPE)s morphological characteristics, where ¢ is the oil volume
fraction, obtained by nitrogen physisorption measurements

i 0.58-TiO,@Si(HIPE) |

0.60-TiO,@Si(HIPE)

&-TiO,@Si(HIPE)

0.64-TiO,@Si(HIPE) | 0.67-TiO,@Si(HIPE)

BET surface (mg™)

Microporous volume (mL.g%)

]

506 420

0.199 i 0.167
]

397

0.172 0.162

i
415
;
]

Intensity (arbitrary unit)

0.58-TiO, @Si(HIPE)

MM 0.60-TiO,@SIi(HIPE)

0.67-TiO,@Si(HIPE)

2

40 60
20 (degree)

"’A\—» A 0.64-TiO,@Si(HIPE)
0

Figure A 12: XRD patterns of e-TiO,@Si(HIPE)s, where ¢ is the oil volume fraction

Table A 22: Summary of Cx-Si(HIPE)s morphological characteristics, where x is the oil chain length,
obtained by mercury intrusion porosimetry measurements

. Cx-Si(HIPE) .
; Cq-Si(HIPE) : Cy12-Si(HIPE) : Ci5-Si(HIPE)
Intrusion volume (mL.g™) ! 13.47 : 13.98 : 13.65
Porosity (%6) 94 : 93 : 90
Bulk density (g.mL™) i 0.07 i 0.07 i 0.07
Median pore aperture (nm) : 1353 : 1651 : 2405
i i
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Table A 23: Summary of Cx-Si(HIPE)s morphological characteristics, where x is the oil chain length,

obtained by nitrogen physisorption measurements

. CiSIHIPE)
CoSIHIPE) | CyuSI(HIPE) | CiSi(HIPE)
BET surface (m*.g™) 923 : 942 : 956
Microporous volume (mL.g™) : 0.397 : 0.416 : 0.402

Table A 24: Summary of Cx-TiO,@Si(HIPE)s morphological characteristics, where x is the oil chain
length, obtained by mercury intrusion porosimetry measurements

Ce- TiO,@Si(HIPE)

C,-TiO@Si(HIPE)

Cy- TiO,@Si(HIPE)

Cis- TiO,@Si(HIPE)

Intrusion volume (mL.g™%) : 7.95
Porosity (%) 92

Bulk density (g.mL™) 0.12
Median pore aperture ("m) i 1511

7.75
89
0.12
1655

7.17
72
0.10
1800

Table A 25: Summary of Cx-TiO,@Si(HIPE)s morphological characteristics, where x is the oil chain
length, obtained by nitrogen physisorption measurements

C,-TiO,@Si(HIPE)

Co- TiO,@Si(HIPE) Cyip- TIO,@SI(HIPE) Ci5- TIO,@Si(HIPE)
BET surface (m%.g™) 472 415 472
Microporous volume (mL.g™) 0.191 0.172 0.193
=
c
>
> C,-TiO,@Si(HIPE)
=
®)
S
8 N o
¥ . —_— -
= C,,-TiO,@Si(HIPE)
‘»
c
2
= A . .
M C_-TiO,@Si(HIPE)
20 40 60

20 (degree)

Figure A 13: XRD patterns of Cx -TiO,@Si(HIPE)s, where x is the oil chain length
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Table A 26: Summary of T-Si(HIPE)s morphological characteristics, where T is the calcination
temperature in °C, obtained by mercury intrusion porosimetry measurements

; . T-Si(HIPE) .

| S50.SI(HIPE) | 650-SI(HIPE) | 750-Si(HIPE) | 850-Si(HIPE)
Intrusion volume (mL.g %) : 13.92 : 13.98 : - : 9.78
Porosity (%) : 93 : 93 : - | 63
Bulk density (g.mL™) | 0.07 i 0.07 i - i 0.07
Median pore aperture (nm) : 1193 : 1651 : - : 1054

i i i i

Table A 27: Summary of T-Si(HIPE)s morphological characteristics, where T is the calcination
temperature in °C, obtained by nitrogen physisorption measurements

I

: . T-Si(HIPE) .

| 550-Si(HIPE) | 650-Si(HIPE) | 750-Si(HIPE) | 850-Si(HIPE)
BET surface (m°.g%) : 1144 : 942 : = : 359
Microporous volume (mL.g™) : 0.516 : 0.416 : - : 0.140

Table A 28: Summary of T-TiO.@Si(HIPE)s morphological characteristics, where T is the
calcination temperature in °C, obtained by mercury intrusion porosimetry measurements

i 550-TiO,@Si(HIPE)

T-TiO,@Si(HIPE)

;
i 650-TiO.@Si(HIPE) | 750-TiO,@Si(HIPE)

850-TiO,@Si(HIPE)

Intrusion volume (mL.g™)
Porosity (%)
Bulk density (g.mL™)

Median pore aperture (nm)

7.75
89
0.12
1655

7.08
88
0.13
1080

8.54
87
0.10
1009

Table A 29: Summary of T-TiO.@Si(HIPE)s morphological characteristics, where T is the
calcination temperature in °C, obtained by nitrogen physisorption measurements

550-TiO,@Si(HIPE)

T-TiO,@Si(HIPE)

650-TiO,@Si(HIPE) |

750-TiO,@Si(HIPE)

850-TiO,@Si(HIPE)

BET surface (m*.g™)

Microporous volume (mL.g™%)

452
0.183

415
0.172

360
0.142

117
0.038
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Intensity (arbitrary unit)
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550-TiO,@Si(HIPE)
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750-TiO,@Si(HIPE)

850-TiO,@Si(HIPE)

Figure A 14: XRD patterns of T -TiO,@Si(HIPE)s, where T is the calcination temperature in °C

Table A 30: Summary of v-Si(HIPE)s morphological characteristics, where v is the local shear in
rpm, obtained by mercury intrusion porosimetry measurements

P
: . V-Si(HIPE) .
i 150-Si(HIPE) i 200-Si(HIPE) i 250-Si(HIPE)
Intrusion volume (mL.g™) 3.69 - 16.2
Porosity (%) : 26 : - : 88
Bulk density (g.mL™) i 0.07 i = i 0.12
Median pore aperture (nm) 4454 - 300

Table A 31: Summary of v-Si(HIPE)s morphological characteristics, where v is the local shear in
rpm, obtained by nitrogen physisorption measurements

. V-Si(HIPE) |
150-Si(HIPE) | 200-Si(HIPE) : 250-Si(HIPE)
BET surface (m’.g™) 928 : - : 1030
0.387 i - i 0.465
| |

Microporous volume (mL.g?) !
1

Table A 32: Summary of v-TiO,@Si(HIPE)s morphological characteristics, where v is the local shear
in rpm, obtained by mercury intrusion porosimetry measurements

150-TiO,@Si(HIPE)

v-TiO,@Si(HIPE)

200-TiO,@Si(HIPE)

250-TiO,@Si(HIPE)

Intrusion volume (mL.g™)
Porosity (%)
Bulk density (g.mL™)

Median pore aperture (nm)

412
37
0.10
3038

4.77
85
0.18
881

10.67
92
0.19
269
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Table A 33: Summary of v-TiO,@Si(HIPE)s morphological characteristics, where v is the local shear
in rpm, obtained by nitrogen physisorption measurements

v-TiO,@Si(HIPE)

! 150-TiO,@Si(HIPE) | 200-TiO,@Si(HIPE) 250-TiO,@Si(HIPE)

BET surface (m*.g™) 596 546 655
Microporous volume (mL.g™) i 0.245 0.225 0.274

Z

>

P

z 150-TiO,@Si(HIPE)
é

S

2 : .

= 200-TiO,@Si(HIPE)
g ”KN’M_

= 250-TiO,@Si(HIPE)

20 | 40 60
20 (degree)

Figure A 15: XRD patterns of v -TiO@Si(HIPE)s, where v is the local shear in rpm
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Figure A 16: Pore size distributions of t- Figure A 17: Nitrogen adsorption (o) and
Si(HIPE)s (Batch 25), where t is the poured sol  desorption (o) isotherms of t-Si(HIPE)s (Batch
thickness in mm 25), where t is the poured sol thickness in mm
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Figure A 18: Pore size distributions of t-
Si(HIPE)s (Batch 26), where t is the poured sol
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Figure A 20: Pore size distributions of t-
Si(HIPE)s (Batch 27), where t is the poured sol
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Figure A 19: Nitrogen adsorption (o) and

desorption (o) isotherms of t-Si(HIPE)s (Batch

26), where t is the poured sol thickness in mm
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Figure A 21: Nitrogen adsorption (o) and
desorption (o) isotherms of t-Si(HIPE)s (Batch
27), where t is the poured sol thickness in mm
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Table A 34: Photonic simulation results for each considered sample and median pore aperture

diameter
I l; L It D
Sample m  m * B O M m m
P25 TiO, powder 31 £ 03 43
experiment #1 3.47E-06 1.00E-03 7.99E-02 1.47E-04 1.69E-02 1.20  2.00
experiment #2 2.84E-06 7.34E-04 7.99E-02 1.01E-04 1.21E-02 1.20 2.00
experiment #3 2.85E-06 6.84E-04 7.95E-02 9.88E-05 2.31E-02 1.20 2.00
mean| 3.05E-06 8.06E-04 7.98E-02 1.16E-04 1.74E-02
standart deviation| 2.78E-07 1.29E-04 1.78E-04 2.09E-05 3.82E-03
TiO,(l1a)@Si(HIPE)
I 201 + 1.3 2366
experiment #1 1.92E-05 6.01E-04 3.87E-02 4.63E-03 151E-01 1.06 8.47
experiment #2 1.91E-05 6.88E-04 3.92E-02 5.29E-03 5.64E-01 1.06 8.47
experiment #3 2.20E-05 6.75E-04 3.85E-02 4.78E-03 7.37E-02 1.06 8.47
mean| 2.01E-05 6.55E-04 3.88E-02 4.90E-03 2.63E-01
standart deviation| 1.27E-06 3.58E-05 2.67E-04 2.60E-04 2.00E-01
I 160 + 0.6 2052
experiment #1 1.65E-05 8.41E-04 2.06E-02 9.00E-04 577E-02 1.05 3.50
experiment #2 1.65E-05 8.45E-04 2.06E-02 6.88E-04 1.09E-01 1.05 3.50
experiment #3 1.51E-05 9.80E-04 2.06E-02 9.04E-04 4.32E-02 1.05 3.50
mean| 1.60E-05 8.89E-04 2.06E-02 8.31E-04 6.98E-02
standart deviation| 6.22E-07  6.09E-05 0.00E+00 9.51E-05 2.58E-02
i 256 + 1.1 2595
experiment #1 2.39E-05 1.59E-03 4.13E-02 6.93E-04 8.57E-02 1.04 5.00
experiment #2 2.56E-05 1.95E-03 4.15E-02 5.12E-04 2.83E-02 1.04 5.00
experiment #3 2.72E-05 2.77E-03 6.79E-02 1.60E-04 5.60E-03 1.04  5.00
mean| 2.56E-05 2.10E-03 5.02E-02 4.55E-04 3.99E-02
standart deviation| 1.11E-06  4.44E-04 1.18E-02 197E-04 3.06E-02

Table A 35: Key parameters describing P25 TiO, powder and TiO,@Si(HIPE) systems as tested

P25 TiO, powder

TiO,(P25)@Si(HIPE)

TiO, content (Yowt)

Anatase/Rutile ratio

Anatase crystallite size (nm)

Rutile crystallite size (nm)

Bed thickness (mm)

Irradiated surface (cm?)

TiO, mass ()

100

80/20

19.2

311

0.4

531

0.061

18

90/10

20.5

33

3.6

9.08

0.066
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Figure A 22: Production rates of all detected products as a function of time on stream for TiO, powder
(left) and for the TiO2(P25)@Si(HIPE) (right): H; (red), CO (orange), CHa (blue) and C2Hs (green)
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Figure A 23: Reactant contents at first without light, then with light over 44 hours, and finally without
light over 24 hours. Photocatlyst: 0.15g of P25 TiO, powder. Species: CO; (gray) and H.O (dark
blue)
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Sample: 12.3489 mg
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Figure A 24: Mass profil recorded by TGA/MS analysis of TiO.@Si(HIPE)

Table A 36: Summary table of the differences between the three TiO.@Si(HIPE)s during impregnation

steps
_ ! TiO,@Si(HIPE)

Materials : . |
N T
1t i TTIP concentration(M) | 029 | 029 | 0.22
solution EAge (h) : 2 i 5 : )
ond E'ITIP concentration (M) : 0.29 : 0.29 : 0.22
solution éAge (h) : ) : 38 : )
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Table A 37: Diffuse reflectance UV/Visible spectroscopy, XRF and XRD data of the four studied

materials
TiO,@Si(HIPE) P25 TiO,
Materials
| 1 11 Powder
Bandgap energy (eV) 3.1 3.1 3.1 3.1
%wt TiO, content (%) 32 29 21 100
Anatase/Rutile ratio 100/0 60/40 100/0 80/20
Anatase crystallites size (nm) 7 6.4 12.1 19.2
Rutile crystallites size (nm) - 6.5 - 31.1
Crystallinity (%0) 24 10 44 100
ox o * O kke Ke kk
9 |
c
S
P
+— : | |
© |
S : ; :
= 1 1
Es/ "‘A\-‘ A amop25 TiO, powder
2
S TN TiO,@Si(HIPE) II
O TiO,@Si(HIPE) Ii
. — : , : TiOz@Si(HIPE) |

40 50 60 70
2theta (degree)

Figure A 25: XRD patterns of the tested photocatalytic materials; depicting a mixture of anatase (x)
and rutile (o) crystalline phases for TiO.@Si(HIPE) 11 and P25 TiO,, whereas monoliths
TiO,@Si(HIPE) 1 and 111 provide only the anatase crystalline phase
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Table A 38: Mercury intrusion porosimetry data [a] value calculated from bed and TiO; densities, [b]
value measured from the mass and volume of tested materials, and [c] value calculated from cubic
close packing approximation considering bed density and average particles size of TiO2 P25 of 21 nm

| TiO,@Si(HIPE) | P25 TiO,
Materials i ! | |

E I : | : i : Powder
Intrusion volume (mL.g™) . 6.31 . 6.23 . 6.47 . -
Porosity (%) o740 71 b 79 1 92K

! | ! |
Bed density (g.mL™%) 012 | o012 | o012 | -
Bed density (g.mL?) ™ i 0115 | 0137 | 0125 | 0.321

| | | |

| i
Median poreaperture (nm) { 2366 | 2052 ; 2595 | 43U

Table A 39: Nitrogen physisorption data and TiO, Specific Surface Area (SSA) contribution,
calculated as described in §2.2.a

| TiO,@Si(HIPE) | P25 TiO,
Materials i | | .

E I : | : 1l : Powder
BET surface (m2.g™) . 459 | 259 | 350 | 52

! E
Microporousvolume (mL.g*) | 0.189 | 0.106 | 0.146 | -

| | | |

| | |
TiO, SSA contribution | 0037 | 0027 | 0033 | 1

! i i i
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Table A 40: Photocatalytic tests results for each considered sample. When the sum of selectivities does
not reach 100%, this indicates traces of Cs products

sample h  Meaayst Mricz 1102 loading le. le. le. Selectivities (%)

(mm)  (g) (9) (kg.m?) (mol.s™)  (umol.h™.m?) (umol.ht.gro,")| H, CO CH,; CoHg

P25 TiO, powder
021 004 004 0.07 3.29E-11 223 331 29 12 48 10
036 006 0.06 0.12 4.62E-11 313 271 53 3 30 12
065 0.11 0.11 0.21 2.97E-11 202 0.97 48 11 30 11
100 017 017 0.32 1.37E-11 93 0.29 46 40 8 4

TiO,@Si(HIPE)

monolith | 20 018 006 0.07 1.56E-10 697 9.47 0 0 9 10
27 025 008 0.10 2.35E-10 1050 10.57 4 1 8 7
30 028 009 0.11 2.53E-10 1134 10.27 0 0o 78 22
40 037 012 0.15 3.16E-10 1416 9.62 1 1 8 13

monolith Il 30 033 010 0.12 3.46E-11 155 1.30 8 0 8 11
40 044 013 0.16 4.09E-11 183 1.15 6 0 76 7
50 055 016 0.20 5.23E-11 234 1.18 18 0 77 4
60 066 019 0.24 6.34E-11 284 1.19 16 8 70 6
70 077 022 0.28 5.18E-11 232 0.83 7 8 80 5
80 088 026 0.32 4.47E-11 200 0.63 7 8 71 12
90 099 029 0.36 4.41E-11 197 0.55 15 8 68 8

monolith Il 30 030 006 0.08 3.04E-11 136 1.73 8 21 71 0
40 040 008 0.11 3.62E-11 162 1.55 9 18 73 0
60 060 0.13 0.16 5.27E-11 236 1.50 4 5 87 4
70 070 015 0.18 4.82E-11 216 1.17 3 10 78 9

1B179_ pos TiO, powder

]— TiO,@Si(HIPE) |

1E-18 1

E(h) (mol)

1E-19 . T . T . T .
0 2 4 6 8 10

Bed thickness (mm)

Figure A 26: Profiles of 315-400 nm photon guantity (mol) as a function of bed thickness extracted
from a value related to the kinetic model for bed powder and TiO>@Si(HIPE). Only TiO.@Si(HIPE) |
is represented for the sake of clarity, as their o values are closed compared to powder bed.
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Figure A 27: Global activity per mass of TiO; as a function of bed thickness for TiO, powder bed and
TiO,@Si(HIPE)s.
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Table A 41: Useful value summary for ko calculating of materials from the e-TiO.@Si(HIPE) series,
Where ¢ is the oil volume fraction

g 0.6 0.64 0.67
TiO2 content (Yowt) 43 24 45
Crystallite size (nm) 15.8 20.6 13.1
TiO2 SSA (m2.g1) 40.5 18.3 54.4
Seet (M2.gY) 420 415 397
Median pore size diameter (nm) 1669 1655 1730
mio2 (g) 0.1223 0.1224 0.2646
h (mm) 2.9 5.1 4.5
Sirr (cM?) 7.0 9.8 8.6
o (m?) 45.4 46.3 41.4
Porosity (%) 92 89 93
v (m.s1) (*E+08) 2.89 2.87 2.90
Drio2 0.10 0.08 0.12
E(h) (mol) (*E-18) 1.72 4.08 3.17
Cirr (MoOI) (*E-04) 1.46 1.07 3.72
K (mol%) (*E-69) 0.478 1.04 0.262
re- (Mol.h) (*E-08) 5.77 17.3 4.13
ko (mol™.h1) (*E+14) 2.34 5.03 0.485
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where T is SiO; calcination temperature (°C)

Table A 42: Useful value summary for ko calculating of materials from the T-TiO.@Si(HIPE) series,

T 650 750 850
TiO2 content (Yowt) 24 34 36
Crystallite size (nm) 20.6 18.5 15.4
TiO2 SSA (m2.g%) 18.3 28.4 355
Seet (M2.g%) 415 360 117
Median pore size diameter (nm) 1655 1080 1009
mrio2 (g) 0.1224 0.1078 0.1385
h (mm) 5.1 2.6 &)
Sirr (cm?) 9.84 8.55 7.35
o (m?) 46.3 110 122
Porosity (%) 89 88 87
v (m.s1) (*E+08) 2.87 2.85 2.83
Drio2 0.078 0.087 0.105
E(h) (mol) (*E-18) 4.08 1.78 1.82
Cirr (Mol) (*E-04) 1.07 1.02 1.50
K (mol%) (*E-69) 1.04 0.621 0.022
re- (mol.h) (*E-08) 17.2 12.7 4.84
Ko (molL.h't) (*E+14) 5.03 7.12 2.64
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Table A 43: Useful value summary for ko calculating of materials from the v-TiO,@Si(HIPE) series,
where v is the rotation speed (rpm)

v 150 200 250
TiO2 content (Yowt) 24 50 20
Crystallite size (nm) 21.3 114 20
TiO2 SSA (m?.g?) 16.9 39.6 15.5
Seet (M2.g71) 596 546 655
Median pore size diameter (nm) 3038 881 269
mrio2 (g) 0.0628 0.1200 0.0601
h (mm) 2.7 3.7 5.9
Sirr (cM?) 7.55 6.79 6.61
o (m?) 5.8 148 370
Porosity (%) 37 85 92
v (m.s1) (*E+08) 2.27 2.82 2.91
Drio2 0.076 0.141 0.081
E(h) (mol) (*E-18) 2.33 1.81 1.43
Cirr (Mol) (*E-04) 0.589 1.63 0.246
K (mol%) (*E-69) 1.31 0.682 1.41
re- (mol.ht) (*E-08) 5.35 4.99 5.87
Ko (molL.h't) (*E+14) 3.98 1.72 16.8
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Figure A 28: ko values for (e-, T-, and v-)TiO.@Si(HIPE) series as a function of TiO, content (left)

and crystallite size (right)
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Figure A 29: ko values for (e-, T-, and v-)TiO.@Si(HIPE) series as a function of TiO, SSA (left) and
TiO, SSA contribution (right)
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Figure A 30: ko values for (e-, T-, and v-)TiO.@Si(HIPE) series as a function of median pore size
diameter (left) and BET surface area (right)
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Titre : Conversion photocatalytique du CO2 sur monolithes poreux

Résumé : Dans le contexte actuel de développement de nouvelles sources d'énergie
non fossiles tout en minimisant I'impact environnemental, la production de carburants
solaires par la valorisation des émissions anthropiques de CO:2 apparait comme une
solution a fort potentiel. Le principal défi dans les processus artificiels photo-induits
concerne le caractére bidimensionnel des systemes utilisés, en raison de la faible
profondeur de pénétration des photons. Ce travail de these se concentre sur le
développement de mousses solides alvéolaires, issues de la chimie intégrative,
présentant une porosité hiérarchiquement organisée. A travers l'imprégnation de
précurseurs de TiO2, des photocatalyseurs autosupportés ont été synthétisés et ont
montré une augmentation de la pénétration des photons d’'un ordre de grandeur.
D’autre part, ces solides limitent les réactions inverses par un effet de dilution, tout en
assurant une sélectivité élevée envers la génération d'alcanes. Un modele cinétique,
basé sur un formalisme mixte de Langmuir-Hinshelwood et Eley-Rideal, est proposé
pour décrire le comportement des matériaux.
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Title: CO2 photocatalytic conversion through porous monoliths

Abstract: In the current context of developing novel non-fossil energy sources while
minimizing the environmental impact, solar-driven-fuel-production by exploiting
anthropogenic CO2 emissions appears to be a solution with great potential. The main
challenge in artificial photo-induced processes concerns the two-dimensional
character of the systems used, due to the low photon penetration depth. This thesis
work focuses on the development of alveolar solid foams, derived from integrative
chemistry and bearing a hierarchically organized porosity. By TiO2 precursor
impregnation, self-standing photocatalysts were synthesized and provided a photon
penetration increase by an order of magnitude. Moreover, these solids limit back-
reactions by a dilution effect, while ensuring high selectivity towards alkane
generations. A kinetic model, based on a mixed formalism of Langmuir-Hinshelwood
and Eley-Rideal, is proposed to describe material behavior.
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