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Abstract

The present doctoral thesis, developed in collaboration between IFP Energies Nou-
velles (Lyon, France) and ITQ (Valencia, Spain), focused on the development and
modification of metal sulfide based microstructured materials for the solar fuels
production.

Two new materials, IZM-5 and ITQ-75 made of tin and zinc sulfide, were obtained
and characterized. Since it is intended to use such materials on solar-driven pro-
cesses, it was necessary to fine tune their electronic structure, through a doping
strategy, and their accessibility, through the modification of the synthesis gel com-
position or by post synthesis methods. Different doping agents, such as copper,
cobalt, nickel and iron, as well as the insertion of a ruthenium complex were tested.
The most successful ones were copper and cobalt, since with their presence it is
possible to reduce the optical band gap value to 2,0 eV, a value within the optimal
range of optical band gaps for solar fuel production processes. When such doping
agents were present into the IZM-5 gel, it was found that the expected diffraction
pattern was not obtained, but one of a new material, entitled ITQ-76.

As with zeolites, the firsts attempts to allow accessibility to photoactive sites was
about releasing the microporosity, the internal surface, by removing the organic
structure directing agent used during the synthesis process. Because no strat-
egy was successful, it was alternatively attempted to enhance the external surface
(grain surface or mesoporosity). Of the different strategies tested, it was found
that varying the gel composition was the most successful one. The insertion of
saccharides, previously studied in the literature as mesoporosity agents, and in-
creasing the synthesis gel viscosity in order to decrease the final crystal size were



tested. However, the presence of saccharides did not lead to the formation of a
mesoporous system. The improvement in accessibility was due to the decrease of
particle sizes. By increasing the gel viscosity it was also possible to decrease the
average size of the crystals and consequently increase the external surface area.

After the modification of the structures under study in order to obtain a wide
range of properties, their photocatalytic performance was evaluated. Two reactions
were tested, CO, photoreduction and water splitting. Regarding the first one,
the results were inconclusive, since even using TiO, or TiO, with 1wt.% of Pt
photodeposited, two widely study photocatalyts, no carbon products were detected,
only H,. It is suspect that the experimental unit or the experimental conditions
used were not the most appropriate. As such, the photocatalytic performance
of the different samples was evaluated by using the water splitting reaction. A
volcano-like relationship seemed to exist between photocatalytic performance and
the external surface area. According to the literature reviewed, this behavior might
be explained by the balance between the increase of available active centers and
the increase of surface defects which are potential recombination sites. Regarding
the relation between the photocatalytic performance and the optical band gap
value, again a volcano-like relationship seems to exist. According to the reviewed
bibliography, it was found that with the reduction of the optical band gap value the
number of absorbed photons increases and, as such, the performance is expected to
increase. However, it is necessary that the photogenerated charges have a sufficient
potential to participate in the desired reaction. As a result, below a certain optical
band gap value, the photogenerated charges no longer have sufficient potential
and, as such, the performance decreases.

Of the different samples tested, those modified with sucrose stand out as having
the best performance. So far it was not possible to unravel the phenomenon be-
hind those enhanced reactivity. Hence, a more detailed characterization of these
samples is necessary in order to understand how the presence of the organic com-
ponent influences the electronic structure of the material and, consequently, its
performance. It would also be important to assess the stability of the organic
component during the reaction, more specifically to verify that it does not undergo
an oxidation process that might produce protons, which are then able to form
dihydrogen.

Throughout this thesis, different materials have been obtained and optimized in
terms of optical and photocatalytic behavior. These solids have the advantage of
being simple to handle and to synthesize, contain no toxic or noble compounds
and are obtained from widely available raw materials. With the different doping
techniques used, it was found that their optical band gap is tunable. Therefore, and



considering the preliminary photocatalytic results, these materials seem promising
photocatalysts to be used in the solar fuels production.
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Resumen

La presente tesis doctoral, desarrollada en colaboracién entre IFP Energies Nou-
velles (Lyon, Francia) e ITQ (Valencia, Espafia), se centré en el desarrollo y mod-
ificacién de materiales microestructurados basados en sulfuros metalicos para la
produccién de combustibles solares.

Se obtuvieron y caracterizaron dos nuevos materiales laminares basados en sulfuro
de estafio y zinc, IZM-5 e ITQ-75. Dado que se pretende utilizar dichos materiales
en procesos basados en el uso de energia solar, fue necesario ajustar su estructura
electrénica mediante una estrategia de dopaje y su accesibilidad mediante la mod-
ificacién de la composicién del gel de sintesis o mediante métodos posteriores a
la sintesis. Se probaron diferentes agentes dopantes como cobre, cobalto, niquel y
hierro, asi como la insercién de un complejo de rutenio. Los mas exitosos fueron
el cobre y el cobalto, ya que con su presencia es posible reducir el valor de la band
gap a 2,0 eV, un valor dentro del rango éptimo para procesos de produccion de
combustibles solares. Cuando estos agentes dopantes estuvieron presentes en el
gel de sintesis de IZM-5, se descubrié que no se obtenia el patrén de difraccién
esperado, sino uno de un nuevo material, denominado ITQ-76.

Al igual que con las zeolitas, los primeros intentos para permitir el acceso a los
centros fotoactivos consistieron en liberar la microporosidad, la superficie interna,
mediante la eliminacién del agente organico director de estructura utilizado durante
el proceso de sintesis. Se intenté alternativamente mejorar la superficie externa
(tamafio de particula o mesoporosidad). De las diferentes estrategias probadas,
se descubrié que variar la composicién del gel de sintesis fue la mas exitosa. Se
probaron la insercién de sacaridos, previamente estudiados en la literatura como
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agentes inductores de mesoporosidad, y el aumento de la viscosidad del gel de
sintesis para disminuir el tamafio de cristal final. Sin embargo, la presencia de
sacaridos no condujo a la formacién de un sistema mesoporoso; la mejora en la
accesibilidad se debié a la disminucién del tamafio de particula. Al aumentar la
viscosidad del gel, también fue posible disminuir el tamafio promedio de los cristales
y, en consecuencia, aumentar la superficie externa.

Después de la modificacién de las estructuras estudiadas con el fin de obtener
una amplia gama de propiedades, se evalué su rendimiento fotocatalitico. Se
probaron dos reacciones, la fotorreduccion de CO, y la ruptura de la molécula de
agua. En cuanto a la primera, los resultados fueron inconclusos, ya que incluso
utilizando TiO, o TiO, con un 1% wt de Pt fotodepositado, dos fotocatalizadores
ampliamente estudiados, no se detectaron productos de carbono, solo H,. Se
sospechd que el sistema de reaccién o las condiciones experimentales utilizadas
no fueron las mas adecuadas. Por lo tanto, el rendimiento fotocatalitico de las
diferentes muestras se evalué mediante la reaccién de ruptura de la molécula de
agua. Parecia existir una relacién tipo “volcano” entre el rendimiento fotocatalitico
y la superficie externa. Segin la literatura revisada, este comportamiento podria
explicarse por el equilibrio entre el aumento de los centros activos disponibles y
el aumento de los defectos en la superficie, los cuales son centros potenciales de
recombinacién. En cuanto a la relacién entre el rendimiento fotocatalitico y el
valor de la band gap, nuevamente parece existir una relacién tipo “volcano”. Segin
la bibliografia revisada, se encontré que con la reduccién del valor de la band gap
aumenta el nimero de fotones absorbidos y, como tal, se espera que aumente
el rendimiento. Sin embargo, es necesario que las cargas fotogeneradas tengan
un potencial suficiente para participar en la reacciéon deseada. Como resultado,
por debajo de cierto valor de band gap, las cargas fotogeneradas ya no tienen un
potencial suficiente y, por ello, el rendimiento disminuye.

De las diferentes muestras probadas, las modificadas con sacarosa destacaron por
tener el mejor rendimiento. Hasta ahora no ha sido posible desentrafiar el fenémeno
detras de esta mayor reactividad. Por lo tanto, se requiere una caracterizacién mas
detallada de estas muestras para comprender cémo la presencia del componente
organico influye en la estructura electrénica del material y, en consecuencia, en
su rendimiento. También seria importante evaluar la estabilidad del componente
organico durante la reaccién, especificamente para verificar que no sufra un pro-
ceso de oxidacién que pueda producir protones, que luego sean capaces de formar
hidrégeno.

A lo largo de esta tesis, se obtuvieron y optimizaron diferentes materiales en tér-
minos de su comportamiento éptico y catalitico. Estos sélidos tienen la ventaja
de ser faciles de manejar y sintetizar, no contienen compuestos téxicos ni metales

Xiv



nobles y se obtienen a partir de materias primas ampliamente disponibles. Con
las diferentes técnicas modificacién utilizadas, se descubrié que su band gap es
ajustable. Por lo tanto, considerando los resultados preliminares fotocataliticos,
estos materiales resultan prometedores como fotocatalizadores para su uso en la
produccién de combustibles solares.
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Resum

La present tesi doctoral, desenvolupada en col-laboracié entre IFP Energies Nou-
velles (Lyon, Franga) i ITQ (Valéncia, Espanya), es va centrar en el desenvolupa-
ment i modificacié de materials microestructurats basats en sulfurs metal-lics per
a la produccié de combustibles solars.

Es van obtenir i caracteritzar dos nous materials lamel-lars basats en sulfur d'estany
i zinc, IZM-5 i ITQ-75. Com que es pretén utilitzar aquests materials en processos
basats en |'Gs d’energia solar, va ser necessari ajustar la seua estructura electronica
mitjancant una estratégia de dopatge i la seua accessibilitat mitjancant la mod-
ificacié de la composicié del gel de sintesi o mitjancant métodes posteriors a la
sintesi. Es van provar diferents agents dopants com coure, cobalt, niquel i ferro,
aixi com la insercié d'un complex de ruteni. Els més reeixits van ser el coure i el
cobalt, ja que amb la seua preséncia és possible reduir el valor de la band gap a 2,0
eV, un valor dins de I'abast optim per a processos de produccié de combustibles
solars. Quan aquests agents dopants van estar presents en el gel de sintesi d'1ZM-
5, es va descobrir que no s'obtenia el patré de difraccié esperat, siné un de nou
material, anomenat ITQ-76.

Al igual que amb les zeolites, els primers intents per a permetre I'accés als cen-
tres fotoactius van consistir en alliberar la microporositat, la superficie interna,
mitjancant |'eliminacié de |'agent organic director d'estructura utilitzat durant el
procés de sintesi. Es va intentar alternativament millorar la superficie externa
(mida de particula o mesoporositat). De les diferents estratégies provades, es va
descobrir que variar la composici6 del gel de sintesi va ser la més reeixida. Es van
provar la insercié de sacarids, préviament estudiats en la literatura com a agents
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inductors de mesoporositat, i |'augment de la viscositat del gel de sintesi per a
disminuir la dimensié del cristall final. No obstant aixo, la preséncia de sacarids no
va conduir a la formacié d'un sistema mesoporés; la millora en |'accessibilitat va
ser a causa de la disminucié de la mida de particula. Augmentant la viscositat del
gel, també es va poder disminuir la mida mitjana dels cristalls i, en conseqiiéncia,
augmentar la superficie externa.

Després de la modificacié de les estructures estudiades amb |'objectiu d’'obtenir
una amplia gamma de propietats, es va avaluar el seu rendiment fotocatalitic.
Es van provar dues reaccions, la fotoreduccié de CO, i la ruptura de la molécula
d'aigua. Pel que fa a la primera, els resultats van ser inconclusos, ja que fins i tot
utilitzant TiO, o TiO, amb un 1% wt de Pt fotodepositat, dos fotocatalitzadors
ampliament estudiats, no es van detectar productes de carboni, només H,. Es
va sospitar que el sistema de reaccié o les condicions experimentals utilitzades
no eren les més adequades. Per tant, el rendiment fotocatalitic de les diferents
mostres es va avaluar mitjangant la reaccié de ruptura de la molécula d'aigua.
Hi semblava haver una relacié tipus "volca" entre el rendiment fotocatalitic i la
superficie externa. Segons la literatura revisada, aquest comportament podria
explicar-se per |'equilibri entre I'augment dels centres actius disponibles i I'augment
de les defectes en la superficie, els quals sén centres potencials de recombinacié.
Pel que fa a la relacié entre el rendiment fotocatalitic i el valor de la band gap,
de nou sembla existir una relacié tipus "volca". Segons la bibliografia revisada,
es va trobar que amb la reduccié del valor de band gap augmenta el nombre de
fotons absorbits i, com a tal, s'espera que augmenti el rendiment. No obstant aixd,
és necessari que les carregues fotogenerades tinguin un potencial suficient per a
participar en la reaccié desitjada. Com a resultat, per sota d'un cert valor de band
gap, les carregues fotogenerades ja no tenen un potencial suficient i, per tant, el
rendiment disminueix.

De les diferents mostres provades, les modificades amb sacarosa van destacar per
tenir el millor rendiment. Fins ara no ha estat possible desxifrar el fenomen dar-
rere d'aquesta major reactivitat. Per tant, es requereix una caracteritzacié més
detallada d'aquestes mostres per a comprendre com la preséncia del component
organic influeix en |'estructura electronica del material i, en conseqiiéncia, en el
seu rendiment. També seria important avaluar I'estabilitat del component organic
durant la reaccié, especificament per a verificar que no patisca un procés d'oxidacié
que puga produir protons, que després siguen capacos de formar hidrogen.

Al llarg d'aquesta tesi, es van obtenir i optimitzar diferents materials en termes del
seu comportament optic i catalitic. Aquests solids tenen I'avantatge de ser facils
de manejar i sintetitzar, no contenen compostos toxics ni metalls nobles i s'obtenen
a partir de matéries primeres ampliament disponibles. Amb les diferents técniques
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de modificacié utilitzades, es va descobrir que la seua band gap és ajustable. Per
tant, considerant els resultats preliminars fotocatalitics, aquests materials semblen
prometedors com a fotocatalitzadors per a la seua utilitzacié en la produccié de
combustibles solars.
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Table des Matieres

Ces travaux de thése, réalisés en collaboration avec IFP Energies Nouvelles (Lyon,
Espagne) et ITQ (Valence, Espagne), avaient pour objet le développement et la
modification de matériaux microstructurés a base de sulfures métalliques pour la
production de carburants solaires.

Deux nouveaux matériaux lamellaires a base de sulfure de zinc et d'étain, 1ZM-5
et ITQ-75, ont été obtenus et caractérisés. Afin de mettre en ceuvre ces matériaux
dans des processus photo-induits, il a été nécessaire d'optimiser leurs structures
électroniques par une stratégie de dopage, et leur accessibilité par la modification
de la composition du gel de synthése ou par des méthodes de post-traitement.
Différents agents dopants tels que le cuivre, le cobalt, le nickel et le fer, ainsi que
I'insertion d'un complexe de ruthénium ont été évalués. Le cuivre et le cobalt ont
été les plus prometteurs, car leur présence permet de réduire la valeur de la bande
interdite optique a 2,0 €V, une valeur qui se situe dans la plage optimale des bandes
interdites optiques pour les processus de production de carburant solaire. Lorsque
ces agents dopants étaient présents dans le gel de synthése du matériau IZM-5, il
a été constaté que le schéma de diffraction obtenu n'était pas celui attendu, mais
celui d'un nouveau matériau, appelé ITQ-76.

De maniére analogue aux zéolithes, les premiéres tentatives pour permettre I'accés
aux sites photoactifs ont consisté a libérer la microporosité, la surface interne, en
éliminant le I'agent structurant organique utilisé pendant le processus de synthése.
Aucune stratégie n'ayant été couronnée de succés, une stratégie alternative a été
mise en oceuvre pour tenter d'augmenter la surface externe (surface de grain ou
mésoporosité). Parmi les différentes stratégies testées, la variation de la composi-
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tion du gel s'est avérée la plus efficace. L'insertion de saccharides, précédemment
étudiés dans la littérature comme agents de mésoporosité, et |'augmentation de
la viscosité du gel de synthése afin de diminuer la taille finale des cristaux ont été
testées. Cependant, dans notre cas la présence de saccharides n'a pas conduit a
la formation d'un systéme mésoporeux, |'amélioration de I'accessibilité est due a
diminution de la taille des particules. En augmentant la viscosité du gel, il a égale-
ment été possible de diminuer la taille moyenne des cristaux et par conséquent
d'augmenter la surface externe.

Aprés la modification des structures étudiées afin d'obtenir une large gamme de
propriétés, leurs performances photocatalytiques ont été évaluées. Deux réactions
ont été testées, la photoréduction de CO, et la réaction de dissociation de |'eau.
En ce qui concerne la premiére, les résultats n'ont pas été concluants, car méme en
utilisant TiO, ou TiO, avec 1wt.% de Pt photodéposé, deux photocatalyseurs large-
ment étudiés, aucun produit carboné n'a été détecté, seulement H,. On soupgonne
que |'unité expérimentale ou les conditions expérimentales utilisées n'étaient pas
suffisamment appropriées. Ainsi, la performance photocatalytique des différents
échantillons a été évaluée en utilisant la réaction de séparation de I'eau. Une
relation de type courbe en volcan semble exister entre la performance photocataly-
tique et la surface externe développée par les matériaux. D'aprés la littérature, ce
comportement pourrait s'expliquer par I'équilibre entre le nombre de centres actifs
disponibles et celui des défauts de surface qui sont des sites de recombinaison po-
tentiels. En ce qui concerne la relation entre la performance photocatalytique et la
valeur de la bande interdite optique, une relation de type courbe en volcan semble
également exister. D'aprés la bibliographie, il a été constaté qu'avec la réduction
de la valeur de la bande interdite optique, le nombre de photons absorbés augmente
et, par conséquent, les performances devraient s'accroitre. Toutefois, il est néces-
saire que les charges photogénérées aient un potentiel suffisant pour participer a
la réaction souhaitée. Par conséquent, en dessous d'une certaine valeur de bande
interdite optique, les charges photogénérées n'ont plus un potentiel suffisant et,
par conséquent, les performances diminuent.

Parmi les différents échantillons testés, ceux qui ont été modifiés avec du saccha-
rose se sont révélés les plus performants. Jusqu'a présent, il n'a pas été possible
d'élucider le phénomeéne a I'origine de cette réactivité accrue. Une caractérisation
plus détaillée de ces échantillons est donc nécessaire pour comprendre comment la
présence du composant organique influence la structure électronique du matériau
et, par conséquent, ses performances. Il serait également important d'évaluer la
stabilité du composant organique au cours de la réaction, plus précisément de véri-
fier qu'il ne subit pas un processus d'oxydation susceptible de produire des protons
capables ensuite de former le dihydrogéne.
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Tout au long de cette thése, différents matériaux ont été obtenus et optimisés en
termes de réponse optique et catalytique. Ces solides présentent |'avantage d'étre
simples & manipuler et 3 synthétiser, ils ne contiennent pas de composés toxiques
ou nobles et sont obtenus a partir de matiéres premiéres largement disponibles.
Les différentes techniques de dopage utilisées ont permis de constater qu'il était
possible d'optimiser leur bande interdite optique. Par conséquent, et compte tenu
des résultats photocatalytiques préliminaires, ces matériaux semblent des photo-

catalyseurs prometteurs a utiliser dans la production de carburants solaires.

XXiil






Summary

Resum

Resumen

Table des Matiéres

Contents

1

Social Context

1.1 Introduction . . . . ... ... ... ..
1.2 Current Energy Matrix . . . . ... ..
1.3 Human and Environmental Consequences of Energy Consumption
1.4 Reducing Carbon Dioxide Emissions to Net Zero by 2050

References . . . . ... ... ... ......

State of Art

2.1 Introduction . ... ... ... ... ...
2.2 Photocatalysis . . . .. ... ... ...

2.3 Porous Chalcogenide Materials

2.4 Photocatalytic Applications . . . . . .
2.5 Conclusions . .. ... ... ... ...
References . . . . . . . . . . ... ... ...

Thesis Objectives

Contents

viii
Xi
XV
Xix

XXV

© O W N =

19

.............. 21
.............. 25
.............. 32
.............. 67
.............. 91
.............. 93

117

XXV



Contents

4 1ZM-5 and ITQ-75 Materials: Screening Synthesis Conditions 121

4.1 Introduction . . . . . .. ... 123
4.2 Synthesis of IZM-5 Material. 1,3-Bis(4-piperidyl)propane (C;3HxN>)

- Compound Aas SDA . . . . . .. ... ... 123

4.3 Synthesis of ITQ-75. Aromatic Compounds as SDA . . . . . . 146
4.4 SDA free synthesis . . .. ... ... ... ... .. ... ... 159
45 Conclusions . . . . ... ... 164
References . . . . . . . . . . . ... ... 165

5 Materials Modification 169
5.1 Adjusting Interaction with UV-Vis Radiation . . . . . . ... .. 171
5.2 Accessibility Increase . . . . ... ... L. 212
5.3 Conclusions . . . . ... ... 259
References . . . . . . . . . . . ... ... ... 260

6 Photocatalytic Performance 267
6.1 CO, Photoreduction Reaction . . . . . ... ... ... . ..., 269
6.2 Photocatalytic Water Splitting . . . . .. ... ... ... ... 270
6.3 Conclusions . . ... .. ... ... 308
References . . . . . . . . . . . ... 310
General Conclusions and Future Perspectives 315

A Experimental Methodology 321
Al Reagents . . . . . ... .. ... 323
A.2 Material Synthesis . . . . .. ... ... 326
A.3 Material's Post-Modification . . . . . . ... ... ... ..... 328
A.4 Material Characterization . . . .. .. ... ... ... ..... 332
A5 Photocatalytic Tests . . . . ... ... ... ... ... ..... 340
References . . . . . . . . . . . . ... ... 346

B Material Synthesis 349
B.1 Modifications to the initial procedure evaluated . . . . . . . .. 350
B.2 Addiction of Saccharide and Dopants . . . . . ... ... .... 356

C 1ZM-5 Diffraction Pattern 359
D Optical Band Gap Determination 365
D.1 Isolated Compounds . . . . ... ... .. ... ... .. ... . 367
D2 1ZM-5 & ITQ-76 . . . . . . 373
DI3ITQ-75 . . . . 390

XXVI



Contents

Thermogravimetry

EL1 IZM-5 &ITQ-76 . . ... . ... . ... .. ... ...
E2 ITQ-75 . . . . .

FESEM Images and Crystal Size Determination

FLITQ-75 . . . .

Photocatalytic Water Splitting Results

G.1 Modeling Details . . . . ... ... ... ... .. ..
G.2 Error Determination . . . .. .. ... .. ... ...
G3 IZM-5 & ITQ-76 . . . . . . . . . . . ..
G.A ITQ-75 . . . .

List of Figures and Tables

431

...... 432
...... 438

455

...... 456

475

...... 476
...... 477
...... 486
...... 492

565

XXVI






Chapter 1

Social Context

It seems to be encoded in human DNA that a foreseeable future
crisis is not to be considered significant until it is at the door.
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Chapter 1. Social Context

1.1 Introduction

According to the Encyclopedia Britannica, Energy is the capacity for doing work
[1]. Although this definition seems a bit general, it shows how difficult it is to
define energy, this term that is becoming one of the main problems of today’s
society. Looking at any media platform available, this is not the only concerning
situation happening at the moment. Food and water availability, access to ade-
quate education and proper health care, pollution, and war are among the many
different problems affecting the contemporary society. Taking a closer look at the
problematic situations listed above, one can noted that they are strongly related
on energy availability [2].

Energy consumption is associated with any kind of consumer goods and is necessary
to produce any type of service. It is therefore normally related to the well-being
of society. However, it has been demonstrated that the quality of life is closely
correlated with the energy consumption per capita only in the initial phases of
economic development. For industrialized countries, it has been found that such
correlation does not apply [2]. The relation between quality of living and energy
use is neither linear nor does it follow a simple and direct connection [3].

The reduction of energy consumption, namely in affluent countries, is a topic
increasingly being addressed. Reducing consumption of consumer goods, by not
buying non-essential items or by increasing its lifetimes would allow enormous
energy savings. However, the reduction in consumption is not in line with the
current economic paradigm of infinite economic growth [2].

Wiedmann et al. [4] discuss the positive connection between biophysical resources
and affluence, showing that consumption needs to be reduce in order to maintain
the integrity of the environment that surrounds us, similar conclusions to those
reached by Smiil [5] in 2003. In order to achieve this, a model based on the re-
duction of consumption taking into account the basic needs of society is suggested
(see Figure 1.1). Different strategies to reduce consumption that guarantee the
society's sustainability and safeguard human needs are presented and discussed.
The different policies analyzed range from reformist policies [6, 7], which argue
that transformations can be made within the current economic paradigm, to more
radical ones, such as eco-socialism [8, 9] and eco-anarchism [10, 11], which claim
that the necessary transformations are not compatible with a capitalist society.
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and need:

socially
unsustainable

Figure 1.1: Sustainable model suggested by Wiedmann et al. (adapted from [4])

Looking at recent European news, the reduction of energy consumption is some-
thing widely talked about. Since the invasion of Ukraine, the European Union
intends to reduce its energy consumption by 15% in order to become fully inde-
pendent from Russian gas [12]. To this end, the European Commision presented
the REPowerEU Plan. By energy saving, diversification of energy supplies and ac-
celerated roll-out of renewable energy this plan aims to make the European Union
more energy independent and, at the same time, to tackle the climate crisis [13].

1.2 Current Energy Matrix

Presently, almost 90% of the energy consumed has non-renewable origins (see Table
1.1). In 2021 the highest recorded growth in energy consumption was observed
associated with the economic recovery following the COVID-19 pandemic [14].

Comparing 2019 and 2021, thus eliminating 2020, the year in which the impacts
of the COVID-19 pandemic were most severe, an increase in energy consumption
of 2% was observed. Evaluating the energy sources, it can be seen that this
growth was motivated by the development of renewable energy sources, registering
an increase of 27%, the highest among the different energy sources. Concerning
fossil fuels consumption, this remained relatively stable, with a reduction in the oil
consumption, compensated by an increase in the natural gas and coal utilization
[14].
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The reduction in oil consumption was strongly driven by the drop in aviation fuel
consumption, being about 33% lower than the 2019 figures. Regarding natural gas,
its consumption exceeded 4 trillion cubic meters for the first time with a generalized
price increase across the globe. As for coal, its price has also increased. Around
70% of the growth in demand was recorded in India and China. There was also an
increase in consumption in Europe and North America, after 10 years of decline
[14].

Table 1.1: World primary energy consumption, broken down by energy source, from 2019 to
2021 [14]

E Energy Consume per Year (EJ) Growth Rate
nergy Source
2019 2020 2021 2019-2021 2020-2021

Oil 193,0 174,2 184,2 -5% +5%
Natural Gas 141,5 138,4 1454 +3% +5%
Coal 157,9 151,1 160,1 +1% +6%
Nuclear Energy 24,9 24,4 25,3 +2% +4%
Hydropower 37,6 41,1 40,3 +7% -2%
Renewables 29,0 34.8 39,9 +27% +13%
Total 583,9 564,0 595,2 +2% +5%

Considering the energy consumption over time, it can be observed that an expo-
nential growth of energy consumption and population marked the 20th century
(see Figure 1.2). The past century was the first era dominated by fossil fuels [15].
With the emergence of new technologies, particularly in the transport, food pro-
duction, and electrical appliances sectors, humankind became dependent on fossil
fuels (see Figure 1.2b) [16].
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Figure 1.2: (1.2a) World population evolution and (1.2b) global primary energy consumption by
source and (1.2c) its relative values [17, 18]

Until the middle of the 19th century, the principal source of energy was the tra-
ditional biomass, via solid fuels burning such as wood, charcoal and crop waste.
After the industrial revolution at the beginning of the 20th century, which brought
the development of the steam engine and consequently power plants, there was a
dramatic increase in the coal consumption as an energy primary source. As the
20th century progressed, there was a greater dependence on coal, but oil consump-
tion began to increase due to the introduction of internal combustion engines and
oil-powered ships [18, 19].

The technological development of the 20th century has allowed the insertion of
new sources of energy in the energy matrix. After oil, gas, hydropower and later
nuclear. At the beginning of the 1980s wind and solar energy were introduced.
Today, society uses a wide variety of primary energy sources, although most are
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non-renewable. Observing the transitions between the different energy sources,
it can be seen that in the past it took several decades for an energy source to
become the main one. Today, and taking the case of coal as an example, the
energy transitions are becoming faster [18, 19].

Looking to the world energy consumption profile (see Figure 1.2b), although it has
an exponential behavior, there are some moments when consumption has remained
stable or even decreased. These are associated with particular moments in history,
such as oil crisis in 1973 and 1979, or moments of economic recession, such as
the financial crisis of 2008. Recently, due to the COVID-19 pandemic and the
subsequent economic crisis, there was a reduction in primary energy consumption
of 4%, the largest drop in consumption on record [20].

1.3 Human and Environmental Consequences of Energy
Consumption

Energy consumption is of enormous importance for the development of a society
in its pre-industrial stages. However, this consumption has negative consequences
for human health and the environment [5].

The first impact is air pollution. Exposure to air pollutants, such as particulate
matter, increases the risk of developing cardiovascular and respiratory diseases and
cancer. As a result of exposure to air pollutants, millions of people have poor health
and millions of deaths associated with it are registered every year. Comparing
the different energy sources, fossil fuel and traditional biomass combustion are
responsible for most of these deaths, as they are the dirtiest energy sources [21,
22].

The second impact to be highlighted is the accidents associated with raw materials
extraction and transport, construction and maintenance of power plants [21].

Ritchie [21], to evaluate the impact on short-therm human health concerns, com-
pared the different energy sources with the estimated number of deaths (from air
pollution and accidents in the supply chain) per terawatt-hour of electricity pro-
duced (see Figure 1.3). Comparing the different sources, it is easy to see that fossil
fuels, with coal being the most prominent, are responsible for many more deaths
than renewable or nuclear energy sources [21].
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Figure 1.3: Death rates per TWh of electricity according to the energy source [21]

The third impact of energy consumption is the emission of greenhouse gases, the
main driver of climate change [23].

1.3.1 Greenhouse Gas Emissions and Climate Change

A greenhouse gas is a gas that absorbs and emits infrared thermal radiation, causing
a greenhouse effect [24]. The main greenhouse gases in the Earth's atmosphere
are water vapor, carbon dioxide, methane, nitrous oxide and ozone. It is because
of the presence of these gases that the average temperature at the Earth’s surface
is 15°C and not -18°C.

Of the different greenhouse gases listed above, carbon dioxide stands out due to
its atmospheric concentration and lifetime. Observing the evolution of this gas
at the atmosphere (see Figure 1.4a), after the 18th century, with the start of the
Industrial Revolution, its content began to increase, until it reached 418 ppm in
2021, the highest level ever recorded in 3 million years [23]. Evaluating the global
emissions of greenhouse gases and separating them by sector (see Figure 1.4b),
it is observed that the electricity and heating production are the main greenhouse
gases emitters [25].
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Figure 1.4: (1.4a) Atmospheric carbon dioxide concentration over time [23] and (1.4b) green-
house gas emissions (in CO, eq) by sector [25]

Different factors influence the climate, namely solar activity and large volcanic erup-
tions. Due to the current increase in the atmospheric concentration of greenhouse
gases of anthropogenic origin, there are numerous studies linking this increase with
the climate change that's already affecting society. Human activity also plays a
dominant role in ocean’s warming, sea ice melting and in the pattern of warming in
the lower atmosphere and cooling in the stratosphere. Current climate models can
only reproduce the increase in the Earth's temperature when the effects of human
activity are combined with natural causes (compare the gray area with the black
line on Figure 1.5) [24].
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Figure 1.5: Observed global surface temperature change (black line) and respective climate mod-
els, where the effects of natural causes, aerosols, greenhouse gas emissions and the combination
of natural and human causes are considered (adapted from [24])
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Therefore, it is unequivocal that human influence has warmed the atmosphere,
ocean and land [24].

1.4 Reducing Carbon Dioxide Emissions to Net Zero by 2050

It is estimated that human activity was responsible for favoring 1,0°C increase on
global surface temperature already observed (see Figure 1.5). If it continues to
follow the same profile, a 1,5°C increase is likely to be reached between 2030 and
2052. The consequences of the antropogenic emissions recorded up to the present
will be felt for centuries to come and will continue to have an impact on the climate
system. However, these alone are unlikely to cause a warming greater than 0,5°C
in the next two to three decades. Therefore, by achieving and maintaining zero
antropogenic carbon dioxide emissions would allow to halt global warming and to
avoid the worst impacts of climate change [26, 27].

Since the energy sector is responsible for about three-quarters of greenhouse gas
emissions (see Figure 1.4b), in order to reach zero net by 2050 a complete trans-
formation in the way energy is produced, transported and consumed is necessary.
The International Energy Agency (IEA) [27] has produced a report presenting a
strategy to achieve such objective. The strategy presented allows to maintain eco-
nomic growth and ensures access to energy sources, while maximizing technical
feasibility, acceptance by society and cost-effectiveness. It is emphasized that this
is not the only possible path to achieve the desired objective, but that the chosen
strategy is heavily dependent on technological development, on the acceptability
of citizens to change their behavior and on international collaboration.

According to projections, by 2050 the world's population will have increased by
two billion people and the world economy will double (see Figure 1.6).
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Figure 1.6: Estimated world population and economic growth up to 2050 (adapted from [27])
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In order to meet net zero by 2050 and ensure that the nearly 10 billion people have
access to energy, it is therefore necessary to reduce the world’s energy needs by 8%
through a more efficient energy use and behavioral change. Energy efficiency is one
of the main factors that will enable to reduce energy consumption and emissions
in the 2030 period.

The IEA highlights some key moments on their Net-Zero Emissions Scenario
(NZE):

e The global energy and industrial carbon dioxide emissions are reduced by
40% between 2020 and 2030 and net zero by 2050 (see Figure 1.7) and the
methane emissions from fossil fuels by 75% until 2030;

e Solar photovoltaic and wind energies are the leading electricity producers,
responsible for 75% of it by 2050;

e As for fossil fuels, coal demand is reduced by 90%, oil by 75% and natural
gas by 55% until 2050 (see Figure 1.8a);

e Until 2030, energy efficiency, wind and solar energies will be the responsible
for reducing emissions in 50%. From 2030 to 2050, electrification, hydrogen
use and Carbon capture, utilization and storage (CCUS) deployment, where
not all technologies are commercialized at the moment, will be responsible
for half of the emissions saving (see Figure 1.7).
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Figure 1.7: Carbon dioxide average annual reductions according to the NZE scenario (adapted
from [27])

According to the NZE scenario, the energy mix in 2050 will be quite different from
today. Nowadays oil accounts for one third of energy supply, while coal and natural
gas 27% and 24%, respectively (see Table 1.1). In 2050 about two thirds of energy
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consumption will be provided by renewable energies and nuclear energy will see a
growth between 2020 and 2050 (see Figure 1.8a).

Although there will be a drastic reduction in the usage of fossil fuels, its consume
will not be zero (see Figure 1.8a). Fossil fuels consumption will be mainly for non-
energy purposes that do not involve its combustion, thus avoiding carbon dioxide
emissions, coupled with CCUS technology or in sectors where the technological
options are lacking, like aviation (see Figure 1.8b).
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Figure 1.8: (1.8a) Total energy supply of unabated fossil fuels and low-emissions (includes fossil
fuels with CCUS technology) energy sources and (1.8b) fossil fuel share and usage in 2050
according to the NZE scenario (adapted from [27])

The volume of carbon dioxide captured over the years gradually increases. In 2030
an estimated 1,6 Gt per year is captured, rising to 7,6 Gt in 2050, where 95% is
estimated to be stored in permanent geological storage and the rest used as raw
material. .

1.4.1 Carbon Dioxide as a Raw Material

As presented earlier, CCUS technology will play an important role in achieving
sustainable development and reaching net zero carbon dioxide emissions by 2050.
One of the possible uses for the captured carbon dioxide is its storage in geolog-
ical formations, such as depleted oil reservoirs or sedimentary basins, or mineral
carbonation by reacting carbon dioxide with silicate minerals containing calcium or
magnesium [28].

The storage of the captured carbon dioxide is seen only as a temporary solution,
since it only displaces the carbon dioxide from the atmosphere to another location.
In addition, there are long-term ecological consequences of using the Earth as
a carbon dioxide storage and the technologies available today are expensive and
require a high energy input [29, 30, 31].

11
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Instead of sequestering CO,, the use of captured CO, as a raw material for the
production of value-added chemicals has been seen as an attractive alternative [32,
33, 34, 35, 36]. It is now possible to find processes where CO; is used as feedstock,
for example in the production of urea, salicyclic acid and polycarbonates [34, 37].
The urea production capacity from CO, and NHj; is about 100 Mt/a, covering
about 94% of CO, utilization at an industrial level [36, 38]. However, only about
0,5% of the CO, emitted by human sources is used in industry [39].

Captured CO, has the potential to be used in different processes (see Figure 1.9).
It can be used without chemical conversion, for example as a yield boosting on
algae production or as a solvent, or with chemical conversion (by thermal catalysis,
electrocatalysis or photocatalysis), that would allow to produce valuable chemicals,
fuels or building materials [36, 40].
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> Fuels . deposits « ureaffertiliser
* methane &) Air
* methanol
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fuel * enhanced oil recovery
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Figure 1.9: Simplified scheme of possible CO, applications (adapted from [40, 41])

Comparing the theoretical potential of different CO, applications and their impact
on the climate, fuel production has the highest impact due to its market size [41].

It is possible to use CO, to produce fuels currently used, such as methane, methanol,
gasoline or jet fuel. One possibility would be to hydrogenate CO,, producing a prod-
uct that is easier to transport and use than pure hydrogen. This hydrogen would be
produced for example by electrolysis of water using low-carbon electricity, namely
wind or photovoltaic energies [36, 41]. Due to the intermittency of these energy
sources and the difficulty of energy storage, hydrocarbon production is being seen
as a possible solution to stabilize the power grid. The technologies that allow such
a process to be done are generally referred to as "Power-to-X", where X can be
gas, liquids or chemicals [42]. It is already possible to find a first industrial scale
demonstration of methanol production from CO,, water and solar energy [43].
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Alternatively, it is possible to use the captured CO, in electro- or photocatalytic
reactions. The electroreduction of CO, is an attractive and promising pathway,
that would allow to store electricity in a chemical form. This would be a two-step
process. First, the sunlight is converted into electricity by means of photovoltaics.
This electricity would be used afterwards to electro reduced the CO, [44]. At the
moment, products that involve the transfer of two electrons, such as CO or formic
acid, can be obtainable with low over potentials and high Faradaic efficiencies.
However, products that involve multi-electron transfer need higher over potentials
and are obtained with lower selectivity [44]. The low stability of the catalyst, the
reaction mechanism and the limited energy efficiency area problems that need to
be addressed for this strategy to become viable [36, 44].

Another possible use of captured CO, would be artificial photosynthesis. Plants,
through photosynthesis, are able to convert solar into chemical energy. By mim-
icking this process, it would be possible to photoreduce CO, by using water as
proton source, thus obtaining formic acid, formaldehyde, methanol or equivalents
[44, 45]. The direct solar-assisted conversion of CO; into hydrocarbon fuels is quiet
attractive, since it allows to obtain, on a renewable basis, an energy dense portable
fuel compatible with the current energy infrastructure [46]. However, due to ther-
modynamic and kinetic considerations, the CO, photoreduction occurs with low
efficiencies. In order to address such problem, currently the tendencies is to design
a photocatalyst with better substrate adsorption, light harvesting capabilities and
charge carriers transport [44].

References

[1] The Editors of Encyclopaedia Britannica. “Energy”. In: Encyclopaedia Bri-
tannica (Nov. 2021. Accessed 12 July 2022).

[2] Nicola Armaroli and Vincenzo Balzani. “The Future of Energy Supply: Chal-
lenges and Opportunities”. In: Angewandte Chemie International Edition
46.1-2 (2007), pp. 52-66. DOI: https://doi.org/10.1002/anie.
200602373.

[3] Vaclav Smil. “Elusive links: energy, value, economic growth and quality of
life". In: OPEC Review 16.1 (1992), pp. 1-21. DOI: https://doi.org/
10.1111/j.1468-0076.1992.tb00418.x.

[4] Thomas Wiedmann et al. “Scientists’ warning on affluence”. In: Nature
Communications 11.1 (2020), p. 3107. por: 10 . 1038/ s41467 - 020 -
16941-y.

13


https://doi.org/https://doi.org/10.1002/anie.200602373
https://doi.org/https://doi.org/10.1002/anie.200602373
https://doi.org/https://doi.org/10.1111/j.1468-0076.1992.tb00418.x
https://doi.org/https://doi.org/10.1111/j.1468-0076.1992.tb00418.x
https://doi.org/10.1038/s41467-020-16941-y
https://doi.org/10.1038/s41467-020-16941-y

Chapter 1. Social Context

[5]
[6]
[7]

[8]

[9]
[10]
[11]

[12]

[13]

[14]

[15]

14

Vaclav Smil. Energy at the Crossroads: Global Perspectives and Uncertain-
ties. The MIT Press, 2003.

Peter A. Victor. Managing without Growth - Slower by Design, Not Disaster.
Advances in Ecological Economics series. Edward Elgar Publishing, 2008.

Jeroen C. J. M. van den Bergh. “A third option for climate policy within
potential limits to growth”. In: Nature Climate Change 7.2 (2017), pp. 107-
112. DOI: 10.1038/nclimate3113.

Giorgos Kallis. “In defence of degrowth”. In: Ecological Economics 70.5
(2011), pp. 873-880. DOIL: https://doi.org/10.1016/j.ecolecon.
2010.12.007.

Richard Smith. Green Capitalism: the God that Failed. World Economics
Association Book Series. World Economics Association, 2015.

Anitra Nelson and Frans Timmerman. Life Without Money - Building Fair
and Sustainable Economies. PlutoPress, 2011.

Ted Trainer. The Simpler Way. Ed. by Samuel Alexander and Jonathan
Rutherford. Simplicity Institute, 2020.

Virginie Malingre. Brussels wants to reduce EU energy consumption by
15% to break its dependence on Russian gas. https://www . lemonde .
fr/en/economy/article/2022/07/21/brussels-wants-to-reduce-
eu- energy - consumption-by-15-to-break-its-dependence-on-
russian-gas _5990901 _19 . html. Online. Accessed 2nd August 2022.
2022.

European Comission. REPowerEU: A plan to rapidly reduce dependence
on Russian fossil fuels and fast forward the green transition. https: //
ec.europa.eu/commission/presscorner/detail/en/IP_22_3131.
Online. Acessed 25th August 2022. 2022.

BP. Statistical Review of World Energy. https://www .bp.com/en/
global / corporate/energy - economics /statistical - review- of -
world-energy.html. Online. Accesed on 15th July 2022.

Vaclav Smil. “Energy in the Twentieth Century: Resources, Conversions,
Costs, Uses, and Consequences”. In: Annual Review of Energy and the En-
vironment 25.1 (2000), pp. 21-51. DOI: 10.1146/annurev. energy.25.
1.21.


https://doi.org/10.1038/nclimate3113
https://doi.org/https://doi.org/10.1016/j .ecolecon.2010.12.007
https://doi.org/https://doi.org/10.1016/j .ecolecon.2010.12.007
https://www.lemonde.fr/en/economy/article/2022/07/21/brussels-wants-to-reduce-eu-energy-consumption-by-15-to-break-its-dependence-on-russian-gas_5990901_19.html
https://www.lemonde.fr/en/economy/article/2022/07/21/brussels-wants-to-reduce-eu-energy-consumption-by-15-to-break-its-dependence-on-russian-gas_5990901_19.html
https://www.lemonde.fr/en/economy/article/2022/07/21/brussels-wants-to-reduce-eu-energy-consumption-by-15-to-break-its-dependence-on-russian-gas_5990901_19.html
https://www.lemonde.fr/en/economy/article/2022/07/21/brussels-wants-to-reduce-eu-energy-consumption-by-15-to-break-its-dependence-on-russian-gas_5990901_19.html
https://ec.europa.eu/commission/presscorner/detail/en/IP_22_3131
https://ec.europa.eu/commission/presscorner/detail/en/IP_22_3131
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy.html
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy.html
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy.html
https://doi.org/10.1146/annurev.energy.25.1.21
https://doi.org/10.1146/annurev.energy.25.1.21

References

[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

Chunshan Song. “Global challenges and strategies for control, conversion
and utilization of CO, for sustainable development involving energy, cataly-
sis, adsorption and chemical processing”. In: Catalysis Today 115.1 (2006).
Proceedings of the 8th International Conference on Carbon Dioxide Utiliza-
tion, pp. 2-32. DOL: https://doi.org/10.1016/j.cattod.2006.02.
029.

Max Roser, Hannah Ritchie, and Esteban Ortiz-Ospina. World Population
Growth. https://ourworldindata.org/world-population-growth.
Online. Accessed 15th August 2022. 2021.

Max Roser and Hannah Ritchie. Energy. https://ourworldindata.org/
energy. Online. Accessed 13th July 2022. 2021.

Jean-Paul Rodrigue. The Geography of Transport Systems. Routledge,
2020.

International Energy Agency. CO, Emissions in 2020. https://www.iea.
org/articles/global - energy - review- co2-emissions - in- 2020.

Online. Accessed 14th July 2022. 2020.

Hannah Ritchie. What are the safest and cleanest sources of energy?
https://ourworldindata.org/safest-sources-of - energy. Online.

Accessed 15th July 2022. 2020.

Max Roser. Data Review: How many people die from air pollution? https:
//ourworldindata.org/data-review-air-pollution-deaths. On-
line. Accessed 19th July 2022. 2021.

Hannah Ritchie, Max Roser, and Pablo Rosado. CO, and Greenhouse
Gas Emissions. https : / / ourworldindata . org/ co2 - and - other -
greenhouse-gas-emissions. Online. Accessed 19th July 2022. 2020.

IPCC. Climate Change 2021: The Physical Science Basis. Contribution of
Working Group | to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change. Vol. In Press. Cambridge, United Kingdom and
New York, NY, USA: Cambridge University Press, 2021. po1: 10. 1017/
9781009157896.

Hannah Ritchie and Max Roser. Emissions by Sector. https
//ourworldindata.org/emissions-by-sector. Online. Acessed 19th
July 2022. 2020.

15


https://doi.org/https://doi.org/10.1016/j.cattod.2006.02.029
https://doi.org/https://doi.org/10.1016/j.cattod.2006.02.029
https://ourworldindata.org/world-population-growth
https://ourworldindata.org/energy
https://ourworldindata.org/energy
https://www.iea.org/articles/global-energy-review-co2-emissions-in-2020
https://www.iea.org/articles/global-energy-review-co2-emissions-in-2020
https://ourworldindata.org/safest-sources-of-energy
https://ourworldindata.org/data-review-air-pollution-deaths
https://ourworldindata.org/data-review-air-pollution-deaths
https://ourworldindata.org/co2-and-other-greenhouse-gas-emissions
https://ourworldindata.org/co2-and-other-greenhouse-gas-emissions
https://doi.org/10.1017/9781009157896
https://doi.org/10.1017/9781009157896
https://ourworldindata.org/emissions-by-sector
https://ourworldindata.org/emissions-by-sector

Chapter 1. Social Context

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

16

IPCC. Global Warming of 1.5°C. An IPCC Special Report on the impacts of
global warming of 1.5°C above pre-industrial levels and related global green-
house gas emission pathways, in the context of strengthening the global re-
sponse to the threat of climate change, sustainable development, and efforts
to eradicate poverty. Cambridge, United Kingdom and New York, NY, USA:
Cambridge University Press, 2018. DOI: 10.1017/9781009157940.001.

IEA. Net Zero by 2050. https://www.iea.org/reports/net-zero-by-
2050. Online. Accessed 20th July 2022. 2021.

Eric H. Oelkers and David R. Cole. “Carbon Dioxide Sequestration A So-
lution to a Global Problem”. In: Elements 4.5 (Oct. 2008), pp. 305-310.
DOI: 10.2113/gselements.4.5.305.

Amin Taheri Najafabadi. “CO, chemical conversion to useful products: An
engineering insight to the latest advances toward sustainability”. In: In-
ternational Journal of Energy Research 37.6 (2013), pp. 485-499. DoI:
10.1002/er.3021.

Stefan Bachu and Michael A. Celia. “Assessing the potential for CO, leak-
age, particularly through wells, from geological storage sites’. In: Carbon
Sequestration and Its Role in the Global Carbon Cycle. Ed. by Brian J.
McPherson and Eric T. Sundquist. Vol. 183. Geophysical Monograph Se-
ries. Washington, D. C.: American Geophysical Union, 2009, pp. 203-216.
DOI: 10.1029/2005GM000338.

Wei-Ning Wang et al. “Comparison of CO, Photoreduction Systems: A
Review". In: Aerosol and Air Quality Research 14.2 (2014), pp. 533-549.
DOI: 10.4209/aaqr.2013.09.0283

Hironori Arakawa et al. “Catalysis Research of Relevance to Carbon Man-
agement: Progress, Challenges, and Opportunities”. In: Chemical Reviews
101.4 (2001), pp. 953-996. DOI: 10.1021/cr000018s.

Devin T. Whipple and Paul J. A. Kenis. “Prospects of CO, Utilization
via Direct Heterogeneous Electrochemical Reduction”. In: The Journal of
Physical Chemistry Letters 1.24 (2010), pp. 3451-3458. pOIL: https://
doi.org/10.1021/jz1012627.

Mingyuan He, Yuhan Sun, and Buxing Han. “Green Carbon Science: Sci-
entific Basis for Integrating Carbon Resource Processing, Utilization, and
Recycling”. In: Angewandte Chemie International Edition 52.37 (2013),
pp. 9620-9633. DOI: https://doi.org/10.1002/anie.201209384.

Avelino Corma. “Preface to Special Issue of ChemSusChem
on Green Carbon Science: CO, Capture and Conversion”. |In:
ChemSusChem 13.23  (2020), pp. 6054-6055. DOI: https
//doi.org/10.1002/cssc.202002323.


https://doi.org/10.1017/9781009157940.001
https://www.iea.org/reports/net-zero-by-2050
https://www.iea.org/reports/net-zero-by-2050
https://doi.org/10.2113/gselements.4.5.305
https://doi.org/10.1002/er.3021
https://doi.org/10.1029/2005GM000338
https://doi.org/10.4209/aaqr.2013.09.0283
https://doi.org/10.1021/cr000018s
https://doi.org/https://doi.org/10.1021/jz1012627
https://doi.org/https://doi.org/10.1021/jz1012627
https://doi.org/https://doi.org/10.1002/anie.201209384
https://doi.org/https://doi.org/10.1002/cssc.202002323
https://doi.org/https://doi.org/10.1002/cssc.202002323

References

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Mingyuan He, Yuhan Sun, and Buxing Han. “Green Carbon Science: Effi-
cient Carbon Resource Processing, Utilization, and Recycling towards Car-
bon Neutrality”. In: Angewandte Chemie International Edition 61.15 (2022),
€202112835. DOI: https://doi.org/10.1002/anie.202112835.

Toshiyasu Sakakura, Jun-Chul Choi, and Hiroyuki Yasuda. “Transformation
of Carbon Dioxide". In: Chemical Reviews 107.6 (2007), pp. 2365-2387.
DOI: 10.1021/cr068357u.

Jens Artz et al. “Sustainable Conversion of Carbon Dioxide: An Integrated
Review of Catalysis and Life Cycle Assessment”. In: Chemical Reviews 118.2
(2018), pp. 434-504. pOI: 10.1021/acs. chemrev.7b00435.

Mette Mikkelsen, Mikkel Jgrgensen, and Frederik C. Krebs. “The teraton
challenge. A review of fixation and transformation of carbon dioxide”. In:
Energy & Environmental Science 3 (1 2010), pp. 43-81. por: 10.1039/
B912904A.

IEA. About CCUS. https://www.iea.org/reports/about - ccus.
Online. Accessed 21st July 2022. 2021.

IEA. Putting CO, to Use. https://www.iea.org/reports/putting-
co2-to-use. Online. Accessed 22nd July 2022. 2019.

Lothar Mennicken, Alexander Janz, and Stefanie Roth. “The German R&D
Program for CO, Utilization—Innovations for a Green Economy”. In: En-
vironmental Science and Pollution Research 23 (2016), pp. 11386-11392.
DOI: https://doi.org/10.1007/s11356-016-6641-1.

Chinese Academy of Sciences. Thousand-tonne Scale Demonstration of So-
lar Fuel Synthesis Starts Operation in Lanzhou, China. https://english.
cas.cn/newsroom/research_news/chem/202001/t20200113_229335.
shtml. Online. Accessed 28th September 2022.

Avelino Corma and Hermenegildo Garcia. “Photocatalytic reduction of CO,
for fuel production: Possibilities and challenges”. In: Journal of Catalysis
308 (2013). 50th Anniversary Special Issue, pp. 168-175. DOIL: https :
//doi.org/10.1016/j . jcat.2013.06.008.

Josef Michl. “Towards an artificial leaf?" In: Nature Chemistry 3 (2011),
pp. 268-269. DOI: https://doi.org/10.1038/nchem.1021.

Somnath C. Roy et al. “Toward Solar Fuels: Photocatalytic Conversion of
Carbon Dioxide to Hydrocarbons”. In: ACS Nano 4.3 (2010), pp. 1259-
1278. DOI: 10.1021/nn9015423.

17


https://doi.org/https://doi.org/10.1002/anie.202112835
https://doi.org/10.1021/cr068357u
https://doi.org/10.1021/acs.chemrev.7b00435
https://doi.org/10.1039/B912904A
https://doi.org/10.1039/B912904A
https://www.iea.org/reports/about-ccus
https://www.iea.org/reports/putting-co2-to-use
https://www.iea.org/reports/putting-co2-to-use
https://doi.org/https://doi.org/10.1007/s11356-016-6641-1
https://english.cas.cn/newsroom/research_news/chem/202001/t20200113_229335.shtml
https://english.cas.cn/newsroom/research_news/chem/202001/t20200113_229335.shtml
https://english.cas.cn/newsroom/research_news/chem/202001/t20200113_229335.shtml
https://doi.org/https://doi.org/10.1016/j.jcat.2013.06.008
https://doi.org/https://doi.org/10.1016/j.jcat.2013.06.008
https://doi.org/https://doi.org/10.1038/nchem.1021
https://doi.org/10.1021/nn9015423




Chapter 2

State of Art

The decisions we make now will determine the course of the next
30 years and beyond

Antdnio Guterres

2.1 Introduction . . . . . ... ... 21
2.2 Photocatalysis . . . . . ... ... 25
2.2.1 Photocatalytic configurations . . . . . . . ... ... ... 25
2.2.2 Photocatalytic process . . . . . .. ... 28
2.2.3 Photocatalysts . . . . .. ... 30
2.3 Porous Chalcogenide Materials . . . . .. ... ... ... ... 32
2.3.1 Clusters Topologies . . . . . . . ... .. ... ... .... 33
2.3.1.1 Tetrahedral Clusters . . . . . .. ... ... .... 35

i. Supertetrahedral Clusters Tn . . .. .. .. ... 36

i.a T2 and T3 chalcogenide based materials . 37
i.b  Supertetrahedral clusters withn >3 . . . . 43

ii. Pentasupertetrahedral Clusters Pn . . . . . . . .. 47

19



Chapter 2. State of Art

iii. Capped Supertetrahedral Clusters Cn . . . . . . . 49
iv. Oxyclusters . . . . . . ... ... .. ... ... 51
2.3.1.2 Non Tetrahedral Clusters . . . . .. ... ... .. 53
i. Semi-cube Clusters . . . . . . ... ... ..... 53
2.3.1.3 Final Considerations . . . . . . ... ... ..... 56
2.3.2 Zeolite Analogue Structures . . . . . .. ... 57
2.3.3 SDA free synthesis . . . . . ... ... ... ... . ... 63
2.4 Photocatalytic Applications . . . . ... ... ... .. 67
241 Bandgap . . . . . ... 67
2.4.1.1 Chemical composition . . . . .. ... ... .... 68
2.4.2 Solar Fuels Production . . . . . .. .. ... ... ..... 72
2421 H, Generation . . . . .. ... ... ... ... 72
i. Photocatalytic Water Splitting . . . . . . . .. .. 74
ii. Cluster-based chalcogenide materials . . . . . . . 76
ii.a Effect of open architecture . . . . . .. .. 78
i.b  Impact of the chemical composition and
clustersize . . .. ... ... .. ..... 79
ii.c  Hybrid architectures . . . . . ... .. .. 82
2.422 CO, Photoreduction . . . . . . ... .. ... ... 85
i. Materials for CO, photoreduction . . . . ... .. 86
i.a  Cluster-based chalcogenide materials . . . 88
2.4.2.3 Final Considerations . . . . . . ... ... ..... 90
25 Conclusions . . .. ... . 91
References . . . . . . . . . . . . ... 93

20



2.1 Introduction

2.1 Introduction

The dependence on burning fossil fuels as the main energy source and consequent
emission of CO,, its main combustion product, has become the main contributor
to the current climate changes. In order to minimize the impact of anthropogenic
CO, emissions on the climate, the IEA has presented a proposal to achieve net
zero emissions by 2050. The proposal is based on the use of renewable energies
as the main electricity producers and a strong reduction in the fossil fuels usage.
These will be used coupled with CCUS technology, as chemical feedstocks or in
sectors where electrification is complicated, such as aviation.

Something interesting to consider in the development of a more sustainable energy
mix would be the production of fuels with the same properties as fossil fuels but
by employing renewable sources. To do this, it would be necessary to collect
energy in a renewable form and convert H,O and CO, into gaseous or liquid fuels.
Thus, it would not be necessary to retrofit existing technology. There are several
technologies available to do it but, due to the high production costs, they are not
competitive yet [1].

The different technologies available can be divided into four categories, depending
on how the renewable energy is collected: concentration, transformation, natural
photosynthesis and artificial photosynthesis.

Through solar concentration it is possible to generate high temperatures that can
be used for the production of electricity (through a steam turbine), hydrogen or
syngas (through water gas shift reaction). Syngas can later be used to produce
methanol or in the Fisher-Tropsch reaction [1].

The second production method is the transformation of renewable energies, such
as solar or wind power, into electricity which will participate in subsequent elec-
troconversion processes (see Figure 2.1). These processes are generally referred as
"Power to X", where X can be gas, liquids or chemicals [2].
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Figure 2.1: Scheme of the different "Power to X" configurations (adapted from [3])

Due to the intermittency of renewable energies, the development of large distri-
bution and storage systems is necessary. The Power-to-Gas (PtG) technology, by
converting electricity into hydrogen or methane, is one possibility to meet such
needs. The renewable energy is used to electrolyze water, producing oxygen and
hydrogen. Oxygen can then be released into the atmosphere or used in indus-
trial processes. As for hydrogen, it can be used directly as a fuel or in industrial
processes. However, the hydrogen production is limited by the existence of infras-
tructure for its storage and transport. One possibility to overcome this limitation is
the production of methane instead of hydrogen as PtG end product. The methane
is produced by CO, hydrogenation that could be previously captured by carbon
capture technology (see Figure 2.1) [4, 5].

Yilmaz et al. [5] carry out a techno-economic assessment of the use of PtG
technology for methane production as a way to decarbonise the European electrical
grid. It is concluded that by taxing carbon emissions at 160€ /tCO, and combining
it with energy storage through methane production (using PtG technology) it is
possible to decarbonise the European electrical grid in an economically feasible
way by 2050. The economic reliability of this model depends on the taxation of
CO, emissions, the CO, source and the development and improvement of PtG
technology.

In Power-to-Liquids (PtL) technology there are three essential steps (see Figure
2.1). The first, similar to PtG technology, is the production of hydrogen by water
electrolysis. The second step is the conversion of CO, into CO through the water-
gas shit reaction. When CO and H, are combined, syngas is obtained, which
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can be used in the Fischer—Tropsch reaction for the fuels production [6, 7, 8] or
for producing methanol. The methanol can later be used for the production of
chemicals with an industrial interest, such as aromatics or olefins [2, 9, 10].

Another way in which it is possible to obtain fuels is by using solar energy. The
power provided by the sun, about 120 000 TW of electromagnetic radiation, far
exceeds the current energy needs of humankind. Solar energy has enormous poten-
tial as an economical, abundant and clean energy source. However, it cannot be
used directly. Since solar energy is diffuse and intermittent, the conversion of solar
energy into useful energy should also involve concentration and storage [11]. Algae,
plants and other organisms are able, through photosynthesis, to collect solar energy
and produce biomass or biofuels [12]. It is possible to produce fuels, chemicals,
heat or electricity generation. There is also the possibility of using micro-organisms
as "small factories". These organisms have been genetically engineered to excrete
out of their cells interesting compounds such as hydrogen, ethanol or other high
value-added chemical compounds [1, 12] (see Figure 2.2).
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Figure 2.2: Scheme of fuel production from CO, sequestered algal biomass (adapted from [12])

However, natural photosynthesis evolved in order to ensure the survival and not
the maximize light-to-product conversion. The typical solar-to-biomass efficiency
is between 0,1% to 2%, which is too low to meet the global energetic demand.
Additionally, it is observed that only 48,7% of the solar energy is in the photosyn-
thetically active band and there is an energy loss associated with internal metabolic
inefficiencies [13, 14, 15].

Inspired by the natural photosynthesis, artificial photosynthesis systems (APS's)
have been developed in order to increase the efficiency of the process [15]. The
APS's combine photochemical and enzimatic reactions, that allow to mimic the
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natural photosynthetic process (see Figure 2.3 for comparison between both pro-
cesses). On natural photosynthesis the first step, the water splitting, happens at the
thylakoid membrane. In artificial photosynthesis this step, the photochemical one,
occurs in the photocatalysts. Different materials can be used as photocatalysts,
namely organic dyes, inorganic materials or organic-inorganic hybrid materials. The
last step, CO, fixation, is carried out by redox enzymes in both processes using the
H, previously produced as proton carrier. It is the first step, the water splitting,
the responsible for storing solar energy [16].
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Figure 2.3: (2.3a) Natural and (2.3b) artificial photosynthesis processes (adapted from [15])

One example of APS's is the artificial leaf developed by Daniel Nocera and his
team [17, 16, 18, 19]. Nocera's team designed a solar water-splitting cell based
on earth abundant elements with efficiencies up to 4,7 % [17]. This cell was
combined with Ralstonia eutropha in order to produce C compounds, thus obtaining
a true photosynthetic analogue [18, 19]. The hybrid system developed has a
solar-to-biomass performance of 9,7%, solar-to-bioplastics of 7,6% and solar-to-
fuel alcohols of 7,1%. These efficiencies greatly exceed the natural photosynthesize
performance [19].

The combination of a photocatalyst with a redox enzyme in the same system is
quite complex, since they usually work under very different conditions. Different
configurations have been tested that allow maximizing the charge carriers trans-
portation and the stability. However, these systems are still in the early stages of
development and involve different challenges, namely on the scale-up of lab-scale
devices [15].
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2.2 Photocatalysis

Although it is used worldwide, the term photocatalysis is misleading, since it sug-
gests that light is the catalyst for the reaction. By definition, a catalyst should be
recovered after the chemical reaction without, theoretically, being modified in the
process and can be used several times. In a photochemical reaction, it is observed
that light is absorbed and cannot be recovered at the end of the chemical reac-
tion. Thus, photocatalysis refers to the acceleration of a photoreaction through
the presence of a catalyst, and not a reaction catalyzed by light [20].

Taking into account the solar energy availability and the increasing environmental
challenges, the development of sustainable processes that produce fuels and chem-
ical feedstocks from H,O and CO, is highly desired [21]. Solar fuels can be defined
as the H, produced from water or the conversion of CO, into fuels through the
direct use of solar energy [22].

2.2.1 Photocatalytic configurations

Solar fuels can be produce by different device's configuration - electrochemical,
photoelectrochemical or photocatalytic powder dispersion.

In the electrochemical configuration an electrolyser, with a catalysts that drives the
desired reaction, is connected to a photovoltaic panel - PV-EC - (see Figure 2.4).
The electrolyser and photovoltaic panel performances are of primary importance to
achieve high performances [23]. It is possible to find in the literature devices that
present a solar-to-hydrogen (STH) efficiency of 22% [24] and when connecting
different electrolysers in series it is possible to reach an STH efficiency up to 30%
[25]. As for the CO, reduction, its efficiency quantification is more complicated,
since it is possible to obtain different products, and not all publications provide this
value. For example, Schreier et al. [26] reported one of the highest solar-to-CO
efficiency of 6,5% and a STH of 7% as a secondary product. The disadvantage
of this configuration is the high complexity of photovoltaic panels, although it is a
mature and commercialized technology [23].
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Figure 2.4: Electrochemical configuration (adapted from [27])

The second configuration, the photoelectrochemical device (PEC), consists on one
or two photoelectrodes and auxiliary metal immersed in an electrolyte (see Figure
2.5 for wired and wireless PEC devices) [21, 28]. This configuration allows oxidation
and reduction reactions to taken place in different physical positions, allowing a
better optimization of each reaction and reducing charge recombination. It is
possible to find in the literature different PEC cell's configurations, with different
degrees of complexity. For example, Kang et al. [29] by using a photoanode-
photocatode tandem PEC cell could obtain a STH efficiency of 13%. When using
a photoelectrode combined with a photovoltaic technology it is possible to obtain a
STH efficiency of 19% [30]. Regarding CO, photoreduction, it is already possible
to find in the literature self-bias configurations that allow to obtain a solar-to-
CO efficiency of 7% and STH of 3,5% [31]. The main disadvantages of this
configuration are the complexity, the cost and the low stability of the electrodes
[22, 32, 33].
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Figure 2.5: (2.5a) Wired and (2.5b) wireless photoelectrochemical cells (adapted from [34, 35])

The last configuration is the dispersion of a photocatalyst directly in the reaction
medium - PC - (see Figure 2.6). This configuration has recently attracted interest,
as it allows direct use of sunlight without the need to use solar cells and electrolysis
units [36, 23]. Although this is the simplest configuration, different semiconductor
characteristics, such as appropriate band structure and stability in the reaction
medium, have to be taken into account. The oxidation and reduction reactions
occur at different points of the photocatalyst surface, thus having a mixture of the
final products and the possibility of product oxidation. As for the application of
this configuration in water splitting, it is possible to find STH efficiencies of 2%
for semiconductors with one-step excitation [37] and 3% for semiconductors with
two-step excitation [38].

Figure 2.6: Photocatalyst dispersed directly on the reaction medium (adapted from [23])

In order to compare the different configurations available, Kim et al. [23] plotted
a technology map for water splitting technologies available (see Figure 2.7). It
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can be observed that PC technologies present the lowest complexity but the lowest
efficiency. PV-EC presents the highest efficiency, but the highest complexity, which
means a higher cost. As for PEC cells, at the current level of development, they
are not competitive with PV-EC devices. For this, it would be necessary that their
STH efficiency would be higher than 10% and with a lifetime longer than 10 years.
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Figure 2.7: Comparison of different photon-driver water splitting technologies (adapted from

[23])

The US Department of Energy has estimated that for a STH efficiency of 5% it
is possible to produce H, by PC at a cost of $2,30 per kilogram. Currently, H,
obtained by steam reforming of natural gas costs $1 per kilogram and by water
electrolysis $5,5 per kilogram. Taking into consideration the simplicity and the
potentiality of PC configuration, there is high interest in increasing its efficiency
[23].

2.2.2 Photocatalytic process

The process begins when the photocatalyst is irradiated by sunlight. When the
photons from the solar radiation have a higher energy than the band gap of the
photocatalyst, electrons and holes are produced. Subsequently, the charge carriers
are partly transported to the surface of the photocatalyst, where the electrons may
participate in a reduction reaction (see path A in Figure 2.8) and the holes in an
oxidation process (see path B in Figure 2.8) [39, 40, 41, 42, 43].
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Figure 2.8: Schematic of a redox process through photocatalysis, where A is an electron acceptor
species and D is an electron donor (adapted from [43])

In addition to participating in redox reactions, charge carriers can also undergo
recombination (see paths C and D in Figure 2.8). Charge recombination competes
directly with the redox reactions that occur at the surface of the photocatalyst,
becoming one of the main factors responsible for the low yield of the process [42].

To ensure that the desired reaction process takes place as efficiently as possible,
charge separation has to be maximized and redox reactions to the surface have
to occur within the average lifetime of the charges [39]. In order to decrease
charge recombination rate, a semiconductor with high crystallinity should be used,
since the defects and the boundaries in the crystalline framework act as traps, thus
facilitating the electron-hole recombination [42]. However, it was observed that
the presence of deffects could have a positive impact on photocatalytic perfor-
mance [44]. It was shown that decreasing the concentration ratio of bulk defects
to surface defects could improve the separation efficiency of photogenerated elec-
trons and holes, enhance the light absorption and increase the donor density [45,
46]. Therefore, since it is possible to find in the literature conflicting opinions on
the effect of defects on photocatalytic performance, further studies are needed to
understand their true influence [44].

For a semiconductor to be used as a photocatalyst, it is required that it presents
a set of properties that make it suitable for such application. It is necessary that
the base of the semiconductor conduction band is located at a more negative
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potential than the reduction potential of the acceptor species and that the top
of the valence band is located at a more positive potential than the oxidation
potential of the donor species [32, 36, 40, 43] (see Figure 2.9). Therefore, in order
to attain high photocatalytic performance, the photocatalyst should have excellent
light harvesting, generation and charge separation properties.

2.2.3 Photocatalysts

The first compound found to show photocatalytic activity was TiO, in 1972 [47]
and, since then, different ways to increase photocatalytic performance have been
investigated.

Different materials, such as metal oxides, metal and oxy-nitrides, metal chalco-
genides, alkali metal base, polyoxometalate-based strucutres, with sometimes very
specific combined structural arrangements between materials such as Z-scheme
systems or others with interfaces forming Schottky barriers and organic materials,
are being investigated for use as photocatalysts [48, 49, 50, 51, 52, 53, 54, 55, 56,
57, 58, 59]. Among the materials presented, the metal oxides, metal chalcogenides
and their composites stand out [39].

The vast majority of oxides show high values for the optical band gap and can
only absorb radiation in the UV region. Bearing in mind that only 5% of the solar
spectrum is made up of UV radiation and about 43% of the visible radiation, the
synthesis of materials with band gaps more adapted to solar radiation becomes
essential to meet high yields of conversion, especially for the solar-to-fuel route
[60]. Metal chalcogenides comprise a viable alternative to metal oxides, as they
have a band gap more suitable for solar radiation [61] (see Figure 2.9).

In particular, while the conduction band of transition metal oxides and transition
metal sulfides materials is primarily derived from the metal s orbitals, the valence
band is primarily derived from oxygen 2p orbitals for transition metal oxides [62]
and for transition metal sulfides it derives from sulfur 3p orbitals [63], allowing
substantially narrowed band gaps for the latter.

Analyzing the band structure of the most common metal oxides (see Figure 2.9), it
is easy to conclude that these are not the best candidates to be used as photocat-
alysts for solar fuels production, since the position of their valence and conduction
bands is not the more appropriate to the redox potentials of the species involved.
Moreover, most of the oxides have a wide band gap value, since their valence band
consists of O 2p orbital, and the holes have a large effective mass and a low dielec-
tric constant, being unfavorable for charge separation [64]. Assessing now the band
position of the metal sulfides, one can see that they are in more suitable positions
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(see Figure 2.9). In addition, these materials have a less positive valence band,
since it is occupied by S 3p orbital, Thus, lower band gap, and still thermodynam-
ically able to oxidize water [39]. Hence, metal sulfides have an enormous potential
as candidates to be used on the solar fuels production. It is already possible to
find in the literature reference to the use of metal chalcogenides as photocatalysts
in processes of pollutants degradation but also for the production of fuels [65, 66,
67, 68, 69, 70, 71, 72, 73].
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Figure 2.9: Band position of common (2.9a) metal oxides and (2.9b) metal sulfides [61, 74]
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Besides, microporous materials have, over time, attracted enormous interest in
both scientific and technological fields. Since they allow the interaction with
atoms, molecules and ions at the surface but also withing the porosity, these
materials have innumerable applications, namely in gas separation, ionic exchange
and petrochemical industries [75].

Since the applications of these materials are closely related to their topology and
chemical composition, intense research has been carried out on the synthesis of
new materials. According to Zheng et al. [76] there are several advantages in using
crystalline microporous materials as active photocatalysts. The open framework
architecture helps, due to the high surface area, increase the number of active sites,
but is also likely to reduce the electron-hole recombination rate since it reduces the
average carrier path to reach the surface of the catalysts particle where the reaction
occurs. However, oxide based porous materials are mainly insulators (typically
silica or silica-alumina) [77], presenting limitations for applications involving photon
absorption. Thus, in order to expand such applications, the synthesis of porous
materials with semiconducting properties became desirable [78].

Recently, porous chalcogenides materials have received special attention, as they
combine the presence of an open framework with semiconductivity, hence making
it possible to use such materials in optoelectronic devices, photocatalysis and fast
ionic conduction materials [79].

2.3 Porous Chalcogenide Materials

The term "chalcogen" was first used in 1930 by Werner Fischer and derived from
the Greek words yaAké(, copper, and yevvd, giving birth. By definition, this
term refers to the elements of group 16 of the periodical table - oxygen, sulfur,
selenium, telurium and polonium. However, it is generally used to treat all the
elements of this group except oxygen, since the chemistry of this element was
generally discussed in separate chapters in common chemical inorganic textbooks
[80, 81]. Hence, in order to follow the trend followed by the other authors, when
the word "chalcogen" or its derivatives are used it is referring to the elements of
group 16 excluding oxygen.

The main difference between oxygen and the other elements of group 16 is the
presence of vacant d orbitals. The heavier elements can use these orbitals in
bonding, so their coordination number is not limited to four nor their valence limited
to two as in oxygen [81, 82]. Open framework chalcogenides present themselves
as a particular system since both cations and anions in the framework tend to
adopt a tetrahedral coordination. In the case of zeolites or zeotype materials
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only metal cations tend to adopt a tetrahedral coordination while oxygen atoms
generally adopt a bi- or tricoordination [83]. This tetrahedral arrangement allows
the formation of clusters that are not observed in oxygen-based materials [84].

Therefore, it is observed that chalcogenide materials with an open framework
present as building units M,S, clusters, where M is a metal cation, generally from
Groups 12-14 (such as Zn, Cd, Ga, In, Ge and Sn), instead of TX, tetrahedra that
can be found in zeolite or zeolite-like materials. One of the immediate consequences
of using M,S, clusters instead of the TO, is the increase pore size [85].

Given that the framework consists of clusters, which can be seen as large artificial
atoms, an extra structural level associated with each cluster arises, allowing to
fine tune the material properties [83, 84]. Of the many known clusters [86], the
tetrahedrally shaped clusters stand out, since they are able to form links through
their vertices.

Since the discovery in 1989 by Bedard et al. [87, 88] of microporous sulfides
through hydro(solvo) thermal methods, intensive research has been carried out in
order to obtain new materials with controlled chemical compositions and archi-
tectures, so that their physical and chemical properties are better adapted to a
specific application [89].

2.3.1 Clusters Topologies

Open framework chalcogenides are crystalline materials consisting of clusters that
are connected by chalcogen bridges or metal ions. The porous volume is usu-
ally occupied by organic or inorganic components. The clusters that constitute
these structures, due to their dimensions, are on the quantum dots! scale. These
materials thus have properties that depend on their dimensions, in particular the
electronic structure and electronic properties [84, 86]. Considering that the pe-
riodic arrangement of clusters can be seen as dots and the cavities as antidots,
these materials allow to the study the interactions between individual dots and, due
to the regular distance between them, the interdot coupling [91]. The electronic
properties become particularly valuable as most of these clusters are semiconduc-
tors with a band gap and band structures suitable to be used with radiation with
a wavelength between 400 to 800 nm.

These clusters, which are essentially made up of metals and chalcogen atoms, can
be synthesized from a wide variety of methods. The simplest one is the association,
in the appropriate proportions, of metal cations and chalcogen anions in solution.

1Quantum dots are semiconductor nanocrystals that, due to their dimensions, have unique optical and
electronic properties [90]
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Since both components can achieve different oxidation states, it is still possible to
obtain these clusters from a redox reaction using a metal reductor and a chalcogen
oxidant [86].

The clusters, after formed, can connect, originating open frameworks. These
frameworks can be seen as decorated nets. A decorated net is based on atoms that
were replaced by clusters, while maintaining the connection pattern [92]. Figure
2.10 presents some examples of topologies presented by 3-dimensional structures.
It is observed that the most common topology in this family of materials is the dia-
mond topology, simple or double interpenetrated. Interpenetration refers to two or
more nets, with the same or different chemical composition, connected with each
other [93].
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gismondine (GIS), nabesite (NAB) and ABW topologies

2.3.1.1 Tetrahedral Clusters

This type of cluster is the most common building unit in open framework chalco-
genide materials. They are usually composed of cations from groups 12 to 14, and
may also have other elements such as Fe, Mn, Co, Cu or Li.

There are different types of tetrahedron clusters, namely supertetrahedral Tn, super
supertetrahedral T, ., pentasupertetrahedral Pn, capped supertetrahedral Cn and
oxyclusters.

p,q
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i. Supertetrahedral Clusters Tn

The simplest and most common series of tetrahedral clusters are called superte-
trahedral clusters. These clusters are fragments of the cubic ZnS-type lattice and
denoted as Tn by Li et al. [94], where n represents the number of metal layers.
Figure 2.11 shows the diagrams of different Tn clusters for n=2, 3, 4, 5.

b A

¢

& &

Figure 2.11: Diagrams for different Tn clusters (n = 2, 3, 4 and 5) where the red balls represent
the cations and the yellow balls the anions. In clusters where two types of cations coexist, the
blue balls represent the divalent cations (adapted from [83])

The number of cations in a Tn cluster is given by t,, = n(n + 1)(n+2)/6. The
number of anions per cluster is given by ¢,.; = (n + 1)(n 4+ 2)(n + 3)/6. The
formulas for discrete Tn (n = 2-6) clusters are MX9, M10X20, M2gX35, M35Xs6 and
MseXgo, respectively. Taking into account that in a continuous network of clusters
the four vertices of the supertetrahedron are shared with another supertetrahedron,
the final composition of the structure is M, X,, where x=t,, and y=1¢,,.; — 2.

Regarding coordination, all cations have a coordination equal to 4. The same is
no longer true for anions. They may have a coordination of 2 if they are at the
vertices of the cluster, coordination of 3 if they are on the face of the cluster, or
coordination of 4 if they are within the cluster. The number of anions with 2-
coordination is given by 6n — 4, with 3-coordination given by 2(n —1)(n —2) and
with 4-coordination given by (n—3)(n—2)(n—1)/6. Table 2.1 shows the number
of cations and anions present in an isolated Tn cluster or when it participates
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in a network, as well as the number of anions with coordination 2, 3 and 4. It
is observed that anions with 4-coordination only exist for n greater or equal to
4. In order to ensure the compliance with Brown's equal valence rule [95], the
4-coordinated chalcogen atoms are only bonded to divalent cations in order to
ensure that the four bonds have a bond valence of 1/2, thus explaining the need
to use divalent cations to obtain clusters with n greater or equal to 4. The number
of divalent cations in the cluster as a function of n is given by ¢,, — 6n+ 8 [91, 96].

Table 2.1: Composition of Tn clusters

Anion coordination

Cluster ¢, t,,1 Number of Cations Number of Anions

Tn X y 2 3 4
1 1 4 1 2 2 0 0
2 4 10 4 8 8 0 0
3 10 20 10 18 14 4 0
4 20 35 20 33 20 12 1
5 35 56 35 54 26 24 4
6 56 84 56 82 32 40 10

As the size of the cluster increases, the overall negative charge increases, making it
difficult to stabilize clusters with higher dimensions [84]. Therefore, only structures
consisting of clusters up to n = 6 are known.

It is observed that the presence of low-valence cations in M3*-S system promotes
the formation of larger-sized clusters and high-valence cations promotes the for-
mation of smaller clusters. When only trivalent cations are present it is common
to obtain T3 clusters.

i.a. T2 and T3 chalcogenide based materials

In 1994 Yaghi et al. [97] presented the first synthesis of an open framework
microporous sulfide based on Ge containing the T2 Ge,Sy cluster as building unit.
The material obtained has the formula [(CH3)4N]2[MnGe,S;0] and presents a non-
interpenetrating framework with a diamond topology. The crystalline structure
is based on the presence of T2 Ge,Syy clusters which are connected by MnS,
tetrahedra (see Figure 2.12). In order to achieve the 3-dimensional structure it
was necessary to add mono or divalent cations, such as Mn, Cu [97, 98, 99|, Ag
[100], Fe [97] or Cd [97] which will be responsible for connecting the different
building units, hence avoiding the formation of a layered material.

37



Chapter 2. State of Art

o)
oo N N § N
o8 o B ; P
4 T o lgalb .gi.:gh?.:k. '§Sl,
DO ,o-é«)o—&@@(’b L d _d d 4§
g W B 2p D D
e N e et
’ I —& —é; 40 .. ='.§ ="=BlD » Eslgﬁl
O_é;o &gb A | '=B".=B' ':ﬁ .-‘
° (b)

(a)

Figure 2.12: (2.12a) Representation of the connection of the T2 Ge,S;q clusters through MnS,
tetrahedra. (2.12b) Structure of MnGesS10-2(CHs)4N where the organic part was not presented
(Mn - pink; Ge - gray, S - yellow) [97]

Also based on the T2 Ge,;Sy cluster, Cahill et. al [101] obtained a material entitled
QUI-MnGS-1 with a diamond lattice. Although QUI-MnGS-1 is also based on
Ge,Sqp cluster, the presence of MnS, tetrahedral is not observed. The connection
between the Ge,sSqq clusters is made by sulfur atoms at the vertices through a sulfur
bridge. It was observed that it is possible to eliminate part of the structure directing
agent (SDA) through calcination at a temperature between 240°C and 360°C
without destroying the framework. At temperatures above 360°C the structure
collapses.

In the Ge-S system the largest synthesized cluster is type T2. This is justified by
the fact that the cations charge is too high to satisfy the coordination environment
of a tricoordinated anion that exists for clusters bigger than n =2. The number of
known 3-dimensional frameworks is low, perhaps because fully connected M**-S
framework would be neutral, not allowing the electrostatic interaction with a SDA
[83, 102].

The chemical system In-S have been extensively studied by Cahill et al. [85, 103].
Several materials with different dimensions, from isolated clusters to 3-dimensional
frameworks, based on the T2 In,S;p and T3 In(S,0 clusters were obtained. As for
the materials based on the T3 clusters, it was concluded that such cluster could
be obtained over a range of SDA's, and the presence of water played an important
role in defining the final topology of the material, but not on the type of cluster
formed (see Table 2.2). When using dimethylamine (DMA) or diethylamine (DEA)
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as SDA one obtains a 3-dimensional structure. When the SDA used is the DEA and
water exists in the initial gel one gets a laminar structure instead of a 3-dimensional
structure. Therefore, it can be said that, for this system, the SDA is not the only
one responsible for the final topology of the material.

Li et al. [94, 104] also synthesized 3-dimensional microporous solids based on In,
which presents the T3 clusters as building units in its structure. Three crystalline
structures, ASU-31, ASU-32 and ASU-34, were obtained, since different types of
SDA were used (see Figure 2.13).

(b)

Figure 2.13: Representations of (2.13a) ASU-31, (2.13b) ASU-32 and (2.13c) ASU-34 where
the organic component was not presented (In - pink, S - yellow) [94, 104]

Comparing the structures obtained by Cahill [85, 103] and Li [94, 104] (see Table
2.2), the structures synthesized by the first exhibited an interpenetrated framework.
This type of framework occurs when the pore size is too large to support the
framework. This is not the case with the structures obtained by Li, since the
SDA's used allowed to obtain the giant cavities.
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Table 2.2: Different materials based on T3 In;(S,q cluster and their gels compositions and final
topology (adapted from [85])

Gel composition (mol)

Material SDA Cluster  Structure Interpenetration Ref.
In 'S Organic H,0
DMA-InS-SB1 DMA! 1 23 4.4 16,6 T3 3D - DD? Yes [103]
DEA-InS-SB1  DEA® 1 23 6,8 trace T3 3D - DD? Yes [85]
DEA-InS-SB2 DEA® 1 23 3,4 14,0 T3 2D No [85]
ASU-31 HPP* 1 25 n/a° n/a® T3 3D - SOD® No [94]
ASU-32 DPM” 1 25 n/a® n/a® T3 3D - CrB,® No [94]
ASU-34 HMA® 1 25 n/a° n/a® T3 3D - CrB,® No [104]

1 Dimethylamine. 2 Double Diamond. 3 Diethylamine. # 1,3,4,6,7,8-hexahydro-2H-pyrimido[l,2-a]pyrimidine. ® n/a - not available.
6Sodalite (see Figure 2.10b). 7 Dipiperidinomethane. & (see Figure 2.10c). © Hexamethyleneimine.

The Ga-S system was also studied. Zheng et al. [105] being obtained for the first
time a structure based on the T3 Ga;(S;g cluster, called UCR-7. Depending on the
SDA used, they were able to obtain a structure based on cluster T3 Ga10S175(S3)o.5,
known as UCR-18, that presented for the first time a polysulfide linkage between
the clusters (see Figure 2.14).

Figure 2.14: Representation of the connection mode between the clusters of the UCR-28 structure
(Ga - green, S - yellow) [105]

When using 1-(2-aminoethyl)piperazine (AEP) as a SDA in the Ga-S system, clus-
ters connected by a polysulfide bridge are obtained. However, when the same SDA
is used in the In-S system, one obtains a structure where the clusters are connected
through the common bisulfide bridge. According to Zheng et al. [105], this situa-
tion is explained by the different sizes between Ga and In. Due to the small size of
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Ga when compared with In, a contraction of the framework occurs, making it more
difficult to accommodate the AEP molecule. Thus, the presence of the polysulfide
bridge allows the framework to expand, associated to its natural contraction due
to the presence of Ga instead of In.

More recently, a 3-dimensional interrupted structure based on the combination
of Sn, In and S has been synthesized [106]. A structure is considered to be
interrupted when the clusters that constitute it are only connected to three other
clusters, instead of four (see Figure 2.15a). The obtained material, entitled SCU-
36, has as framework based on 3-connected T2 clusters and has a etc topology (see
Figure 2.15b). Other interesting features about SCU-36 is the presence of extra-
large channels, consisting of 36-MR, and a very low framework density. As for the
exchange properties of the material, after 12 hours of exchange with CsCl the N,
absorption is negligible. When the time of exchange or the CsCl concentration
were increased, the crystal structure collapsed.
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Figure 2.15: Representations of (2.15a) an interrupted framework and of (2.15b) SCU-36 where
the organic component was not presented (In - pink, Sn - gray, S - yellow) [106]

According to Wu et al. [107], when partial replacement of In by Sn occurs, the
high negative charge of corner sites of clusters decreases, increasing the possibility
of formation of interrupted structures.

Continuing the research to obtain more complex structures, Wang et al. [108] syn-
thesized for the first time a structure based on the extended spiro-5 unit, which are
expanded through the fusion of five T3-InSnS clusters. The obtained compound,
entitled SOF-27, exhibits for the first time a NAB topology (see Figure 2.10f).
Comparing the structure obtained with nabasetie, the only known natural zeolite
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with the NAB structure, the ring size is increased three times due to the use of T3
clusters instead of TO, tetrahedra.

Turning to selenium-based materials, there is a reduced number of crystalline 3-
dimensional selenium-based frameworks. The first known structure [109] is based
on the T2 cluster Ge,Se;q where the addition of divalent metal cations is required
to connect the different clusters in order to achieve a 3-dimensional framework
with an analogous structure to that obtained by Yaghi et al. [97].

Continuing the search for larger clusters, the first T3 cluster based on the In-Se
system was obtained by Wang et al. [110]. Later, Xue et al. [111] were able to
obtain a family of compounds also based on the In-Se which presented polyselenides
bridges as a way to connect the different clusters.

As for the Ga-Se chemical system, the first 3-dimensional open frameworks based
on T3 clusters as building units were first obtained by Bu et al. [112]. Two different
materials were obtained: OCF-6 and OCF-13. The first one presents a diamond
topology and a ring size of 18 T atoms while the second one presents a CrB,
topology and a ring size of 24 T atoms. The synthesized structures present non-
interpenetrating frameworks while the ones obtained for the Ga-S system are all
interpenetrating nets (see Table 2.3). As for the synthesis conditions, the presence
of water promotes the crystal growth while in the Ga-S system the synthesis must
be held in a non-aqueous medium (see Table 2.3).

Table 2.3: Different materials based on T3 Ga;oXyo (X =S, Se) cluster and their gels composi-
tions and final topology

Gel composition (mol)

Material SDA Cluster  Structure Interpenetration Ref.

Ga S Se Organic H,O
UCR-7-GaS-TETA  TETA' n/a® n/a® - n/a? - T3 3D Yes [105]
UCR-7-GaS-TAE TAE® n/a® n/a® - n/a? - T3 3D Yes [105]
UCR-7-GaS-DBA DBA* n/a? n/a® - n/a? - T3 3D Yes [105]
UCR-18-GaS-AEP  AEP® 1 33 - 86 - T3 3D Yes [105]
- DEAS 1 2,1 - 33,0 - T3 3D - DD’ Yes [113]
OCF-6-GaSe-TMDP  TMDP® 1 - 2,5 4,9 152,9 T3 3D - D° No [112]
OCF-13-GaSe-DPM  DPM*° 1 - 2,5 5,2 207,5 T3 3D - CrB,"! No [112]

1 Triethylenetetramine. 2 n/a - not available. 3 Tris(2-aminoethyl)amine. 4 Di-n-butylamine. ® 1-(2-aminoethyl)piperazine. ® Diethylamine.

7 Double Diamond. 84,4'-trimethylenedipiperidine. °Diamond (see Figure 2.10a). '°Dipiperidinomethane. 1* CrB, (see Figure 2.10c).
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i.b. Supertetrahedral clusters with n >3

The need to obtain structures with large pores has led to the development of
materials consisting of Tn clusters with n greater than 3, since the size of the
ring is increased n times, thus leading to structures with a highly open framework
[112]. Although Tn are the most commonly used type of clusters, there are some
limitations in their use. The first is the way to connect the different clusters.
Generally, the connection between two clusters is made through bi-coordinated
chalcogen bridge. When using this type of clusters the formed structures tend
to be interpenetrated, in order to reduce the potential energy and stabilize the
structure, leading to a reduction in pore size and pore volume [114, 115]. Another
difficulty that arises is the drastically increase of negative charges with increasing
n, making it difficult to synthesize clusters with large dimensions. Although the
metal cations are always coordinated with four anions, the same cannot be said
for anions at the surface. Thus, as the cluster size increases, so does the number
of underbonded anions, contributing to the huge increase in the global negative
charge of the cluster [116].

The first material based on a T4 cluster was synthesized in 2001 by Li et al.
[96]. This interpenetrating structure is formed by clusters of the type In;6Cd,Sss,
where Cd?* presents a fundamental role in obtaining such structure. It is due to the
addition of the divalent cation that the local charge balance at the core tetrahedral
anion is achieved. Continuing the research on the synthesis of structures based on
T4 clusters, Bu et al. [114] managed to synthesize a structure where a sulfur atom
was connecting three T4 clusters.

Wang et al. [117, 118] was able to synthesize a family of T4-based 3-dimensional
sulfides as well as using transition metals, such as Fe and Co, to join the different
T4 clusters into a 2-dimensional framework. Taking into account the mentioned
materials (see Table 2.4), it is possible to obtain the structure of CrB, from a
diverse range of SDAs, provided they contain a piperazine ring. However, the
cubic carbon nitride and UCR-1 topologies are more rigid, since they can only
be obtained from di-n-butylamine and 4,4'-trimethylenedipiperidine, respectively,
as SDA. It is also interesting to note that when using 1,2-diaminocyclohexane
as SDA in the chemical systems In-Fe-S or In-Co-S, the final material presents a
2-dimensional structure instead of a 3-dimensional structure.
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Table 2.4: Different materials based on T4 InyX,S3s5 (X = Zn, Cd, Fe, Co, Mn) cluster and
their gels compositions and final topology

Gel composition (mol)

Material SDA Cluster Structure  Interpenetration Ref.

In S X Organic
CdinS-44 BAPP! 1 25 03 43  IngCdSss 3D - CrBg2 Yes [96]
UCR-8FeInS-DBA  DBA® n/a* n/a n/a n/a InjgFesSss 3D - C3N,° No 114
UCR-8CoInS-DBA DBA n/a n/a n/a n/a In;gC0sSss 3D - C3N, No 114
UCR-8ZnInS-DBA  DBA 1 35 04 151  IngZnSs 3D - CoN, No 114
UCR-8CdInS-DBA  DBA n/a n/a nja n/a InieCdsSss 3D - C3N, No 114
UCR-1CdInS  TMDP® 1 29 03 3,9  IngCdeSss 3D - UCR-17 No 117
UCR-1ZnInS TMDP n/a n/a n/a n/a InyeZn,Sss 3D - UCR-1 No 117
UCR-1MnlInS TMDP n/a n/a n/a n/a InygMn,S3s 3D - UCR-1 No 117
UCR-1ColnS TMDP n/a n/a n/a n/a In16Co4S3s 3D - UCR-1 No 117
UCR-5ZninS-1 BAPP  n/a n/a n/a n/a InieZnsSss 3D - CrBy No 117
UCR-5ZnInS-2 AEPP® n/a n/a n/a n/a In16ZNn,Sss 3D - CrB, No 117
UCR-5ZnInS-3 ATMP® n/a n/a n/a n/a In16Zn4S35 3D - CrB, No 117
UCR-5MnlInS BAPP n/a n/a n/a n/a InigMn,Sss 3D - CrB, No 117
UCR-5CoInS BAPP n/a n/a n/a n/a In1gCosS3s 3D - CrBy No 117
- DACH® 1 20 05 1329  IngeFesSss 2D No 118
- DACH 1 40 05 149,5 In16C04S35 2D No 118

11,4-bis(3-aminopropyl)piperazine. 2CrB, (see Figure 2.10c). 3Di-n-butylamine. # n/a - not available. 3Cubic carbon nitride (see Figure 2.10d).
64,4'_trimethylenedipiperidine. 7UCR-1 topology (see [117] for more information regarding this topology). #1-(2-aminoethyl)piperazine.
94-amino-2,2,6,6-tetramethylpiperidine. 11,2-diaminocyclohexane.

Wu et al. [116] managed to synthesize a family of materials based on the complex
Sn-Ga-M-X (M = Mn, Cu, Zn; X = S, Se) chemical system. It was found that in
the systems under study there was a phase transformation from a 3-dimensional
interpenetrated diamond framework composed of T4 clusters, OCF-5 (see Figure
2.16a), to isolated and highly stable T4 clusters, OCF-40 (see Figure 2.16b). It was
observed that OCF-5 has highly disordered dipiperidinomethane (DPM) molecules
and OCF-40 highly ordered protonated piperidine. Thus, it is assumed that the
driving force controlling the transformation of OCF-5 into OCF-40 is the gradual
decomposition of DPM into piperidine, which causes the dissolution of OCF-5 and
subsequent formation of OCF-40. When pyridine is used as SDA instead of DPM
only OCF-40 is obtained. In this system, the SDA does not influence the type
of cluster obtained, but rather the dimension of the material obtained. It is also
referred that in order to obtain large clusters, the relative concentrations of the
cations involved must be carefully controlled. The cations involved have distinct
functions. The cations M2+ or M* serve to counterbalance the charge requirements
of the anions at the cluster core and the high-valence cations, M**+ and M3+, serve
to stabilize the unbound anions at the cluster surface.
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Figure 2.16: Representations of (2.16a) OCF-5 and (2.16b) OCF-40 obtained by Wu et al. (Ga
- green, N - light gray, Se - orange, H - light pink, C - brown, Sn - gray) [116]

It is important to remark that all 3-dimensional structures based on T4 clusters
composed by three different metals have diamond as topology, regardless of the
SDA used [119].

The first synthesized T5 cluster had a missing core atom [120]. As there is no
core atom, there are no sulfur atoms with 4-coordination, so the existence of
divalent cations is not necessary. Thus, it is possible to achieve large-sized clusters
without the need to incorporate divalent cations in the structure, provided that the
clusters have at least one missing core atom. To synthesize a true T5 cluster it
was necessary to add Cu to the In-S system, obtaining a cluster with the formula
In3oCusSss [121]. With this type of clusters it was possible to synthesize two
distinct structures, one with a 2-dimensional framework, entitled UCR-16 (see
Figure 2.17a), and another with a 3-dimensional framework, the UCR-17 (see
Figure 2.17b). Both structures are obtained in the same batch, with UCR-16 as
the dominant phase.

45



Chapter 2. State of Art

(b)

Figure 2.17: Representations of (2.17a) UCR-16 and (2.17b) UCR-17 obtained by Bu et al.
where the organic part is not presented (In - pink, Cu - blue, S - yellow) [121]

From the T5 clusters obtained so far only the combination M3*/M?* has been
observed to be possible.

Some years after the synthesis of a true T5 cluster, a T6 cluster was obtained
(see Figure 2.18a) [122]. In order to achieve a cluster of that size without adding
organic ligands to stabilize the negative charges, a mixed metal strategy is used,
in order to have some high valence cations at the corners of the cluster that allow
to reduce the global charge. In order to achieve that, the ratio M2t /M3t of an
ideal T6 cluster should be one. In the obtained T6-based 2-dimensional structure
(see Figure 2.18b), named OCF-100, all Zn ions are located at the core or at the
faces of the cluster and the edges are occupied by In3*.

Figure 2.18: Representations of (2.18a) a T6 cluster and (2.18b) UCF-100 obtained by Xue et
al. where the organic part is not presented (In - pink, Zn - black, S - yellow) [122]
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ii. Pentasupertetrahedral Clusters Pn

Another example of tetrahedral clusters are the penta-supertetrahedral clusters Pn.
Each Pn cluster can be seen as an assembly of four Tn tetrahedrally distributed
into the four faces of one anti-Tn cluster. In an anti-Tn cluster the positions of
cations and anions are exchanged in comparison with a Tn cluster. P1 (see Figure
2.19a) and P2 (see Figure 2.19b) clusters can be found as building blocks in a
wide variety of open frameworks. Comparing to a Tn cluster of the same order, a
Pn cluster has larger dimensions. For that reason, it is harder to prepare materials
that uses Pn clusters as building units [83, 102, 123].

The number of cations in a Pn cluster is given by t,, = [4n(n + 1)(n + 2)
[(n+1)(n+2)(n+3)/6] and the number of anions is given by z, = [4(n+1
2)(n+3)/6] + [n(n+ 1)(n + 2)/6] (see Table 2.5).

/6]
)(n+

Table 2.5: Composition of Pn clusters

Cluster .
Pn n In
1 8 17
2 26 44
3 60 90
(a) (b)

Figure 2.19: Representation of (2.19a) P1 and (2.19b) P2 clusters (In - pink, Cu - blue, S -
yellow, Se - orange, Zn - gray, Sn - dark purple) [124, 125]
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A P1 cluster consists of four T1 MX, clusters and one anti-T1 XM, at the core,
resulting in a P1 cluster with the composition MgX;; [123]. Zimmermann et al.
[126] and Dehnen et al. [124] obtained P1 clusters of the type M,Sn,Se;; (M = Zn,
Mn, Co). A 3-dimensional structure was then obtained based on the Cd,SnsSe;s
cluster, which derives from Cd,Sn,Se;7, originating a polar open-framework [127].
The extra-framework is occupied by K* cations which can be exchanged with other
cations such as Lit, Na™ or Rb*, while maintaining the structure of the material.

Continuing the research to obtain P1 clusters, Palchik et al. [128] obtained clusters
based on sulfur instead of selenium, presenting the chemical formula M4Sn,S;7; (M
= Zn, Mn, Co, Fe). Also based on the Zn,Sn,S;7 cluster, Manos et al. [129, 130]
obtained a 3-dimensional structure in which each cluster is connected to four Sn
atoms through the four terminal sulfur atoms. In turn, each Sn atom is connected
to four clusters. The connection of clusters through metal centers is somewhat
rare when it comes to methods of connection between clusters. Regarding the
topology of the structure, the diamond type with three different sizes of cavities
was detected (see Figure 2.20a). Each cavity has a distinct chemical reactivity,
since the distribution of K* cations is different in each one (see Figure 2.20b).
Due to the difference in cavity chemical reactivity, the structure has a high Cs*
selectivity, even in the presence of large excess of Lit, Na®t, K* or Rb™. In
the absence of Cs*, the structure has a high ion-exchange capacity for NH,*,
comparable to that of natural zeolites.

Figure 2.20: Representation of the structure obtained by Manos et al. [129, 130], (2.20a) without
and (2.20b) with the presence of K (Zn - gray, K - purple, S - yellow)

As for 3-dimensional structures based only on P2 clusters (see Figure 2.19b), Lv
et al. [125] were able to synthesize such structures, entitled it MCOF-1 (see
Figure 2.21a) and MCOF-2 (see Figure 2.21b). Both materials are based on a
combination of Sn-In-Cu. MCOF-2 presents an interrupted open framework, which
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is somewhat peculiar for these of type of structures. Both structures collapse after
an ion exchange with Cs™.

(b)
Figure 2.21: Representation of the structures (2.21a) MCOF-1, with a chiral srs topology, and

(2.21b) MCOF-2, with a double diamond topology (Sn - gray, In - pink, Cu - Blue, S - yellow)
[125]

As can be seen, most of the materials obtained are isolated clusters, and there is
no example of a laminar structure composed by this type of clusters.

iii. Capped Supertetrahedral Clusters Cn

A third example of tetrahedral clusters is the Capped Supertetrhaedral series Cn.
Each one of Cn cluster consists of a Tn clusters covered by a shell of atoms.
Each face of the individual Tn cluster is covered by the bottom atomic sheet of a
T(n + 1) cluster and each corner covered by a metal-chalcogenide group. Thus,
the stoichiometry of a M, X, type Cn cluster is equal to z = [n(n+1)(n+2)]/6+
[A(n+1)(n+2)]/2+4and y = [(n+1)(n+2)(n+3)]/6+[4(n+2)(n+3)]/2+4
(see Table 2.6) [83]. Representations of clusters C1 and C2 can be found in Figure
2.22.
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Table 2.6: Composition of Cn clusters

Cluster
Cn oy
1 17 32
2 32 54
3 54 84

Figure 2.22: Representation of (2.22a) C1 [131] and (2.22b) C2 [132] clusters (Cd - pink, C -
carbon, S - yellow, Se - green, H - light pink, Hg - gray)

Lee at al. [133] obtained for the first time a C1 cluster with the composition
S,Cd;7(SPh),s. Later, a 3-dimensional double interpenetrated diamond structure
based on the C1 Cd;;S,(SCH,CH,OH),6 cluster [131] and a 3-dimensional poly-
meric complex based on [S4Cdy7(SPh)24(CH30CS5)4/2], - n CH3OH [134] were also

synthesized.

The first material based on C2 cluster, with the composition Cd3,S;4(SCeHs)36-DMF,,
was obtained by Herron et al. [135]. Vossmeyer et al. [136] obtained a similar
structure but with different organic parts. The C2 cluster was stabilized by the
presence of SCH,CH(OH)CHj5 instead of SC¢Hs. It was observed that the organic
residue has a direct influence on the final architecture as well as on its optical prop-
erties of the final material. Other examples of materials based on the C2 cluster
can be found in the literature [132, 137].

It can therefore be concluded that clusters of this series have not yet been obtained
without the presence of an organic component and that the materials obtained are
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only the result of the combination M?*-X (X = S, Se). With the exception of the
materials synthesized by Behrens et al. [137] and Eichhdfer et al. [132], all the
others have in their composition Cd, a chemical element known for its toxicity.

iv. Oxyclusters

The addition of oxygen atoms to the clusters is a technique used to obtain large
clusters, since it allows to diffuse the bond valence associated to the chalcogen
anions. It is thus possible to obtain Tn clusters with n > 2 with only tetravalent
metals [138]. Regarding more practical applications, metal chalcogenides may
present stability problems, namely when used as photocatalysts. Therefore, it is
expected that the formation of oxycluster-based structures will have a superior
stability, being able to maintain the electronic properties, such as suitable band
structures and favorable absorption on the visible region [139].

The first isolated Sn1004S20® oxycluster (see Figure 2.23) was obtained in 1975 by
Schiwy et al. [140].

Figure 2.23: Representation of the T3 Sn;y0,S,0 oxycluster (Sn - gray, O - red, S - yellow) [141]

Parise et al. [142] obtained for the first time a 3-dimensional structure with a 4-
connected porous system using as building units the clusters previously obtained by
Schiwy et al. [140]. The material obtained, refered as TETN-SnOS-SB2, presents
a two-interpenetrating network and a topology analogous to cristobalite (see Figure
2.24). Continuing the research to obtain structures based on the T3 Sn;0,S50*
cluster, the same research team obtained a layered material, called TMA-SnOS-
SB3 [143]. It was observed that it is possible to obtain the TETN-SnOS-SB2 or
TMA-SnOS-SB3 structures from the analogous non-oxygen frameworks. Although
the source of oxygen is not known, one possible hypotheses for the origin of this
element is the decomposition of the water used as a solvent in the syntheses gel.

51



Chapter 2. State of Art

Figure 2.24: Representation of the structure TETN-SnOS-SB2 (Sn - gray, O - red, S - yellow)
[142]

Aharia et al. [144] studied the Sn-Se chemical system. It was observed that there
is a change of phases between a laminar material TMA,Sn3;Se; to TMA,SnsSe;0,
a 3-dimensional structure. What differentiates the achievement of the different
phases are temperature and synthesis time. It was observed that for two days of
synthesis, a laminar monocyclic phase is the only phase present. On the fourth day
of synthesis, three distinct phases coexist: two laminar orthorombic and monocyclic
phases and a third unknown phase. On the seventh day of synthesis there is a fourth
phase associated with a 3-dimensional tetragonal material which becomes the only
phase present after sixteen days of synthesis. The 3-dimensional material consists
of T2 Sn,Se; o0 clusters with the oxygen atom located at the center (see Figure
2.25).
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(b)

Figure 2.25: Representation of (2.25a) TMA,SnsSe; 0 3-dimensional material and (2.25b) its
bulding unit (Sn - gray, O - red, Se - green) [144]

2.3.1.2 Non Tetrahedral Clusters

Due to the tetrahedral coordination of Tn, Pn and Cn clusters series, these units
become the ideal candidates for the construction of open frameworks. However,
the number of clusters available is limited. Moreover, clusters in the Pn and Cn
series tend to maintain their isolated form rather than forming open frameworks.
It is therefore desirable to create other series of clusters in order to enrich the
cluster-based chalcogenide open frameworks [145].

i. Semi-cube Clusters

Regarding this type of clusters, two possible compositions stand out: SbsSg and
Sn3S, (see Figure 2.26) [85].
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Figure 2.26: Representation of (2.26a) Sbs3S¢ and (2.26b) Sn3S, building units [146] [147]

Parise et al. [148] obtained for the first time a layered material based on the SbsSg
cluster. When tetramethylammonium ion is used as a SDA, a 3-dimensional struc-
ture is obtained [149]. Research continued into this chemical system, using large
tertiary amines in order to try to produce materials with larger cavities [146]. When
tetrapropylammonium hydroxide or triethylenetetramine is used, no 3-dimensional
materials are obtained, but 1-dimensional and 2-dimensional structures, respec-
tively.

The materials obtained by Bedard et al. [87, 88] in 1989 are the first examples of
layered materials composed by the semicube Sn3S, clusters. Jiang et al. [147, 150,
151, 152, 153] have studied the Sn-S system, obtaining layered materials based on
the periodic arrangement of SnsS, clusters. Two types of layered materials were
obtained: SnS-1 and SnS-3. The difference between the two is based on the way
the clusters are connected. SnS-1 presents a hexagonally shaped 24-atom rings
(see Figure 2.27a) and SnS-3 (see Figure 2.27b) has an elliptically shaped 32-atom
rings.
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Figure 2.27: Representation of (2.27a) SnS-1 and (2.27b) SnS-3 laminar structures where the
organic part was not represented (Sn - gray, S - yellow) [147]

It has been observed that when using small size SDAs, such as tetrabutylammonium
hydroxide, SnS-1 is obtained and large size SDAs, for example tetrapropylammo-
nium or tetrabutylammonium hydroxides, originate SnS-3. Both structures have
a surprising flexibility. In order to accommodate SDAs with different shapes or
dimensions, the synthesized materials may undergo a certain elastic deformation,
changing the interlaminar spacings instead of forming a structure with a new topol-
ogy. Another important characteristic of these materials is their thermal stability
when removing the SDA used during their synthesis. SnS-1 was also subjected
to an ion-exchange study. When tetramethylammonium hydroxide is located in
the interlaminar space, it is possible to exchange part of the organic component
with Na*, Ca?*, Co?" or Ni**. However, the structure collapses when trying to
exchange with Cu®* or Ag™ [154].

Bowes et al. [155] performed a more in-depth study of the SnS-1 structure. It was
noted that it is possible to use tetramethylammonium (TMA), tert-butylammonium
(TBA) or quinuclidinium (QUIN) as SDA's to obtain these structures. Such species
occupy the interlaminar space, being responsible for counterbalancing the charge of
the framework, but also to support it. The size and shape of the SDA is responsible
for controlling the interlaminar distance, but also the thermal stability, adsorption
and sieving properties of the material. The SnS-1 structure is able, to a certain
extent, to exchange with other species, occurring swelling of the structure. When
the species are too large, they are simply excluded, thus having a sieving effect.
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2.3.1.3 Final Considerations

As can be seen from the examples presented above, there is a great variability
of materials composed by different combinations of chemical elements and type
of clusters. The materials obtained can have different dimensions, from isolated
clusters, 1-dimensional chains of clusters, 2-dimensional lamelar and 3-dimensional
materials. Due to the use of M, X, clusters instead of TO, tetrahedron, materials
with a superior pore opening are obtained.

The most common method of connection between clusters is through bichalco-
geneos bridges. However, it is still possible to find examples of materials where
clusters are connected through polychalcogeneos bridges or metals. Evaluating the
two chalcogens studied, S and Se, sulfur is the most common chalcogen present in
the studied materials. The number of structures with Se is quite small in relation
to the number of structures constituted by S.

For 3-dimensional materials, the typical topology is diamond, and most materials
have an interpenetrated network, since it reduces the potential energy of the struc-
ture. As such, the extraframework volume, as well as the pore opening, tends to
decrease.

Regarding the combination Ge-S or Ge-Se, it is observed that the number of 3-
dimensional structures obtained is reduced, often requiring the use of other metals,
such as Mn, Cu, or Ag to connect the different clusters. As for Sn-S or Sn-Se
combinations, it is only possible to obtain laminar structures that have as building
unit the semicube cluster. Two distinct laminar structures, SnS-1 and Sn-3, were
synthesized and widely studied. Both structures are quite elastic, i.e. they can
be obtained using a wide variety of SDAs. It is observed that when the SDA is
altered, it will affect the interlaminar space, instead of obtaining a new topology.
SnS-3 is obtained when large SDA's are used and SnS-1 is obtained when small
SDA's are used.

It is also observed that M*F-X2* combinations originate small clusters, such as
T2 and semicube clusters. In order to increase the size of the obtained clusters
without the addition of other metals, oxygen is added to the system. Thus, it is
already possible to find of T3 and T4 clusters consisting of the Sn, O and S or Se.

Both in the Ga-S and Ga-Se system the synthesized materials are composed of
T3 clusters. It is observed that to obtain 3-dimensional structures composed by
Ga and Se the gels should not present water in their composition and the final
structures are not interpenetrated. On the contrary, for the the Ga-S system, the
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gels should contain water in their composition and until now only interpenetrated
3-dimensional structures have been obtained.

By increasing the degree of complexity, it is possible to obtain structures where the
clusters are composed of two types of metals. The addition of M?>* or M+ cations
to a M3+-X% system allows the cluster size to be increased, from T3 to T4, T5 or
T6. When inserting a M2+ or M+ cation in an M*t-X% system, the size of the Tn
type clusters is not increased. P1 clusters are obtained when M** is Sn. It was
also observed that when a M** cation is inserted in a M3+-X? system, there is the
probability of interrupted structures forming, since the overall negative charge of
the cluster decreases.

2.3.2 Zeolite Analogue Structures

Zeolites are an important family of microporous crystalline inorganic materials,
with numerous applications, namely in adsorption and separation processes and in
the petrochemical industry as catalysts. Zeolites present the general formula A, /.-
[Si1_.Al.Oz]-m Hy0, where A is a metal cation with a valence n. Regarding their
structure, two hundred and forty eight different architectures are known [156] based
on the connection through the vertices of the tetrahedrons TO,4, where T, can be
Si or Al. It is possible to find numerous porous materials based on zeolites, where
the T atom is replaced by other elements, such as Ga, Ge or P [157]. However,
these materials, because they are TO,-based, are insulating and therefore have
limited applications in photo, electro and optical fields.

In recent years, chalcogenide-based semiconductor zeolite analogs have been syn-
thesized, where the oxygen is replaced by another chalcogen (such S, Se or Te),
and the T atom by another tetracoordinated metallic cation. This strategy has
been successful in obtaining semiconductor structures with high surface area and
microporosity. However, the number of such structures with the IZA structure
code remains small. Although there are many 3-dimensional microporous chalco-
genide structures, as noted earlier, the presence of different anion coordination and
the possible absence of tetravalent metal ions leads to the creation of non-zeolite
structures [158]. As the size of the cluster increases, some characteristics appear
that make the structure non-zeolite, such as anions with three or four coordina-
tion. Thus, the structures analogous to zeolites are generally based on T2 clusters,
where metallic ions with high valence are used to balance the overall charge of the
structure [159].

The first reference to a material with an analogue structure to a zeolite is from
1997. The material obtained by Cahil et. al [160] consists on the presence of T2
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Ge,Syo clusters that are connected by Mn. Using 1,4-diazabicyclo[2.2.2]-octane as
SDA it is possible to obtain an analogous structure to Li-A (ABW, following the
IZA code) zeolite where the SiO, and AlO, were substituted by MnS, and Ge,S;0,
respectively.

Zheng et al. [78] obtained a series of zeolite analogous materials based on the
combination of M** and M3 in the same Tn cluster. In order to synthesize clusters
involving both cations and to avoid the formation of two types of clusters consisting
only of M** or M3+, Zheng et al. resorted to a synthesis in a non-aqueous medium
in order to overcome such problem. The zeolite analogues materials obtained were
design through a triple replacement of 0% by S or Se?, Si** by Ge** or Sn**, and
APt by Ga** or In**. Any M**/M3*+ combination is possible. Due to the different
possible combinations, it is feasible to customize the physical properties of the final
material, such as band gap, luminescence, pore size, surface area, ion exchange and
chemical stability. The previously synthesized 3-dimensional structures generally
have a low thermal stability, collapsing at temperatures below 300°C. In order to
avoid such a situation, the M** /M3t ratio should preferably be between 0,2 and
1,2. This is contrary to the Loewenstein's rule of stability of zeolites, which states
that the M*+ /M3* ratio should not be less than 1 [161].

All materials can be described as a network of Tn clusters composed of M*+-M3+-
X% which are connected to each other through the vertices by a bichalcogenide
bridge. The different synthesized samples were grouped into four families: UCR-
20, UCR-21, UCR-22 and UCR-23. Each family refers to materials with the same
framework topology but different chemical compositions. UCR-20, UCR-21 and
UCR-23 have as building units T2 type clusters while UCR-22 presents a pseudo-
T4 cluster as building unit. Regarding topology, UCR-20 presents the sodalite
framework (see Figure 2.28a), UCR-21 has a diamond structure, UCR-22 exhibits
two interpenetrating diamond conformations and UCR-23 presents a CrB,; type
topology (see Figure 2.28). UCR-20 and UCR-21 show a large pore size, consisting
of 12 T atoms, while UCR-22 and UCR-23 have an extra-large pore size, consisting
of 24 and 16 T atoms, respectively. The main characteristics of the different
obtained materials are summarized in the Table 2.7.
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Figure 2.28: Representation of the different structures obtained by Zheng et al. [78] - (2.28a)
UCR-20, (2.28b) UCR-21, (2.28c) UCR-22 and (2.28d) UCR-23 (Ga - green, Sn - grey, S -
yellow)

The samples UCR-20GaGeS-AEP, UCR-20GaGeS-TAEA, UCR-20-InGeS-TMDP,
UCR-20-InSnS-TMDP, UCR-21GaGeS-AEM, UCR-22InGeS-AEP, UCR-22GaSnS-
AEP and UCR-23GaGeS-AEM were able to keep their structure after heating with
air at 300°C for 1 hour. After a calcination at 350°C under N, atmosphere, 77
% of the nitrogen and 81 % of the hydrogen were eliminated from UCR-20-
GaGeS-TAEA without collapsing of the structure. It was also observed that an ion
exchange with CsCl is also able to eliminate the SDA. After the ionic exchange,
it was observed that the sample exhibit a type | isotherm. As for the textural
properties, it presents a Langmuir surface area of 807 m?/g, a micropore volume
of 0,23 m?/g and an average pore diameter of 9,5 A. For the remaining samples,
there is no reference to whether they have been subjected to a calcination under
N, atmosphere, ionic exchange or other technique to eliminate the SDA present in
the framework.
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Table 2.7: Different zeolite analogue materials obtained by Zheng et al. [78] and their chemical
composition, final topology and pore size

Composition Cluster

Material SDA i Structure Pore Size

M4+ M3+ X*>  Composition
UCR-20-GaGeS-TAEA TAEA! Ge Ga S GayerGe;ssSg 3D -SOD? 12 T Atoms
UCR-20-GaSnS-TMDP TMDP3 Sn Ga S Gaj gSn, 2Ss 3D - SOD 12 T Atoms
UCR-20-InGeS-TMDP TMDP Ge In S In;Ge;Sg 3D - SOD 12 T Atoms
UCR-20-InSnS-TMDP TMDP Sn In S Iny5Sn; 5Ss 3D - SOD 12 T Atoms
UCR-20-GaGeSe-TMDP TMDP Ge Ga Se Ga,Ge;_,Seg 3D - SOD 12 T Atoms
UCR-21-GaGeS-APO APO* Ge Ga S Gaz 3Geg 7Ss 3D - D° 12 T Atoms
UCR-21-GaSnS-TAEA TAEAS Sn Ga S Gay325n1,6Ss 3D-D 12 T Atoms
UCR-21-InGeS-APP APP7 Ge In S In; 84Gey 165 3D-D 12 T Atoms
UCR-21-InSnS-AEP AEP8 Sn In S In,Sny_,Sg 3D-D 12 T Atoms
UCR-21-GaSnSe-TAEA TAEA® Sn Ga  Se Gay47Sn; 53Ses 3D-D 12 T Atoms
UCR-22-GaGeS-AEP AEP Ge Ga S Gaz33GeperSs 3D - DD? 24 T Atoms
UCR-22-GaSnS-AEP AEP Sn Ga S Gaz135n1,875s 3D - DD 24 T Atoms
UCR-22-InGeS-AEP AEP Ge In S In, 60Ge; 31Ss 3D - DD 24 T Atoms
UCR-22-GaSnSe-TOTDA TOTDA!®  Sn Ga  Se Gaj735ny27Seq 3D -DD 24 T Atoms
UCR-23-GaGeS-AEM AEM™ Ge Ga S GayerGe;sSg 3D - CrB,*2 16 T Atoms
UCR-23-GaSnS-AEM AEM Sn Ga S Gaz29Sn; 71Ss 3D - CrB, 16 T Atoms
UCR-23-InGeS-AEM AEM Ge In S In; 54Gey, 1658 3D - CrB, 16 T Atoms

1Tris(2-aminoethyl)amine. 2Sodalite (see Figure 2.10b). 34,4'-trimethylenedipiperidine. #dI-1-amino-2-propanol. >Diamond (see Figure 2.10a).
6Tris(2-aminoethyl)amine. 71-(3-aminopropyl)-2-pipecoline. #1-(2-aminoethyl)piperazine. °Double Diamond.
104,7,10-trioxa-1,13-tridecanediamine. 1!N-(2-aminoethyl)morpholine. 2 (see Figure 2.10c).

Lin et al. [162] obtained structures rich in Ge or Sn, thus managing to obtain
truly high silica zeolite analogous structures. It was observed that a small portion
of divalent cations induce crystallization of Sn/Ge rich structures. Four different
materials, CPM-120, CPM-121, CPM-122 and CPM-123 with different topologies
were obtained. All the materials have as building units T2 clusters composed
by M**t-M2+-X2 and connected by a bichalcogenide bridge through the clusters
vertices. The clusters of CPM-120 are organized to form the sodalite topology, ob-
taining the zeolite-type RWY framework. CPM-121 presents a non-interpenetrated
diamond framework. Regarding CPM-122, it has a doubly-diamond framework. Fi-
nally, CPM-123 exhibits a CrB, type structure, the same as the zeolite framework
code BCT. The main characteristics of the different obtained materials are sum-
marized in the Table 2.8.
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Table 2.8: Different zeolite analogue materials obtained by Lin et al. [162] and their chemical
composition and final topology

Composition Cluster

Material SDA Structure
M4+ M3t X Composition

CPM-120-ZnGeS AE,\/I1 Ge Zn S ZnovglGe3'1958 3D - SC)D2

CPM-121-ZnGeS AEM, TBAS3 Ge Zn S Zng,03Ges 075 3D - D*

CPM-122-ZnCdGeS AEM, LTDS, DBU6 Ge Zn, Cd S Zno,65Cd0,41Ge2,958 3D - DD’
CPM-123-ZnGeS AEM, HA® Ge Zn S Zny 21 Ges 79Ss 3D - CrB,°

CPM-120-ZnSnSe BPP1© Sn Zn Se Zno,995n3,015e3 3D - SOD
CPM-120-CdSnSe BPP Sn Cd Se Cdo,68Sn3.325es 3D - SOD

1N-(2-aminoethyl)morpholine. 2Sodalite (see Figure 2.10b). 3Tributylamine. #*Diamond (see Figure 2.10a). 52,6-Lutidine
61,8-diazabicyclo[5.4.0Jundec-7-ene. "Double Diamond. 81-hexylamine. ° (see Figure 2.10c).
101,3-bis(4-piperidinyl)propane.

After the synthesis, due to the blocking of the porous system by the used SDAs,
the samples show negligible gas adsorption. However, after exchange with Cs*,
the synthesized materials show an isotherm type I. For thermal stability, e.g. CPM-
120-ZnGeS sample maintains structural and mechanical integrity when heated in
air at 310°C for at least 1 hour, presenting itself as a thermally and chemically
stable solid. Further studies have been conducted on the CPM-120-ZnGeS-AEM
structure [163], namely on its charge selectivity. After performing an ionic exchange
with Cs™, it was observed that the structure presents a selectivity towards cationic
organic molecules, and can thus be used to respond selectively according to the
charge properties of the compounds. It was also observed that this chalcogenide
material presents, besides charge selectivity, size selectivity.

Lin et al. [158] synthesized a structure that presented ordered interrupted sites,
allowing to precisely doping the material and to help the creation of extra-large
pores. The structure, called CSZ-5, is composed of tetracoordinated In and bico-
ordinated Se making up a T2 cluster with a new boracite-related topology. Due to
the method of connection between the clusters, this structure presents a multiple
channel system. On the <100> direction it is possible to find an aperture of 12-
MR and on the <110> direction the aperture is 16-MR. It is possible, due to the
presence of interrupted sites, to dope the structure in order to adapt the electronic
structure and the photoelectric characteristics of the material to a specific given
applications.

So far, zeolite-like structures are all made up of type T2 clusters and result from the
combination of M**/M3* or M** /M?*. Chen et al. [164] were able to synthesize
a structure analogues to a zeolite based on the system M**/M3*/M?* still using
the T2 clusters as building units. Starting with the precursor gels previously used
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by Lin et al. [162], these were doped with Ga®*, In®**, Sn** or Cd**. Through
progressive additions of Ga precursor into the gel it is observed that it helps to
improve the morphology of the CPM-120 crystals. A transition from irregularly
block shaped crystals to regular rhombic-dodecahedron crystals is observed with
the increase of Ga content. Regarding the location of Ga in the T2 cluster, it
can occupy different positions, as it is shown that depending on the amount of
Ga precursor added, it can substitute Ge or Zn. Ga will first substitute Ge and
then it will replace Zn. For the addition of In, small quantities result in no uniform
CPM-120 crystals being obtained. When the amount of In precursor increases, the
formation of CPM-121 crystals is observed. After optimization of the experimental
conditions, it was possible to obtain the CPM-121 structure where Ge and Sn
coexist in the same cluster. The same was observed after the addiction of Cd,
being possible to obtain the structure CPM-121 where Zn and Cd coexist in the
same cluster. Figure 2.29 shows the main experimental results obtained.

CPM-120-
ZnGaGeS

Ga(NO3)s: x H,0

No doping
CPM-120-ZnGeS

GeO,
Zn(NOs),- 6 H,O
S

CPM-121- Sn0,
ZnGeSnS

Cd(NO3)- 4 H,0

CPM-121-
ZnCdSnS

Figure 2.29: Scheme of the different forms of doping as well as the experimental results obtained
in [164]

The stability of the structures after ion exchange with Cs* was also studied. It
was found that the CPM-120 structure is much more stable than the CPM-121
structure, with a thermal stability up to 610°C and a highly porous framework.

Several 3-dimensional cluster-based structures have been synthesized, as can be
seen in the first section of this chapter. However, for a structure to be considered
analogous to a zeolite it is necessary that it contains M** cations in its composition
and the anions of the structure must present a coordination equal to two. In view of
these definitions, structures analogous to zeolites are limited to small clusters, since,
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as seen above, with the increase in cluster size anions with different coordination
numbers appear. Thus, most of the structures presented are clusters of type T2.

Of the different possible combinations of cations, the most similar to a zeolitic
structure is the combination M*+/M3*, where M** can be Ge or Sn and M3+ Ga
or In. It is also possible to find structures rich in M** cations, which are intended
to be analogous to zeolitic structures rich in Si. It should be noted that in order
to facilitate the crystallization of structures rich in M** cations, the addition of
small quantities of M?* cations is necessary. This technique, the addition of M?*+
cations to M*+-X2 systems, is something that had already been done previously,
namely in the first publication regarding the synthesis of a 3-dimensional structure
based on the T2 Ge,Sy cluster [97].

Although there are materials with a topology that corresponds to an IZA approved
topology, it is possible to obtain architectures that are not accessible through the
use of TO, tetrahedrons, since the system under study has different physical and
chemical characteristics from those presented by a more usual zeolitic system. It is
possible to find examples of structures with more exotic structures, with multiple
channels of different dimensions, large pores or with different pores openings.

One of the great problems of these structures is their low thermal stability. It
was observed that, in order to overcome this problem, the M** /M3 ratio should
be lower than one, an observation that goes against the Lowenstein's rule, which
states that the M*+/M3* ratio should be higher than one. Although it has been
shown that M**/M3* ratios lower than one lead to an increase in the thermal
stability of the structures, no justification has been provided so far for the violation
of this rule.

Another issue associated with these structures is the difficulty of eliminating the
SDA. The most commonly used technique for pore volume recovery is ion exchange
with a cesium salt. Although this technique showed the best results, several struc-
tures collapse when trying to eliminate the SDA.

2.3.3 SDA free synthesis

The materials presented so far were obtained through traditional methods of syn-
thesis. The method that stands out is the hydro(solvo)thermal. This methodology,
based on the use of polar solvents, organic amines and temperatures below 200°C,
is currently the most used to prepare crystalline metal chalcogenides with various
structures. Similar to the zeolite synthesis, it is possible to find examples of syn-
thesis of these materials where metal ions instead of organic amines are used as
SDAs.
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When a typical calcination is used to eliminate the organic component, most of the
structures collapse due to the low thermal stability. On some cases, those organic
compounds could be exchanged with other inorganic cations, such as Cs™, without
destroying the framework, thus releasing the porous volume of the structure. The
synthesis of a system without the use of SDA's is still subject of research, both for
environmental and economic reasons.

The only purely inorganic systems, which are known, consist of In®*, In3t/Cu™
or In3/M?T (M?* = Mn, Zn, Cd) and are generally composed by T2, T4, T5
or P2 clusters. All materials were synthesized in the presence of alkali or alkaline
earth metal cations under highly alkaline conditions. The synthesis conditions used
lead to the crystallization of chalcogenides with encapsulated inorganic cations in
their cavities. Seven different 3-dimensional frameworks were synthesized and may
present different chemical compositions: ICF-5, ICF-17, ICF-21, ICF-22, ICF-24,
ICF-25, ICF-26, ICF-27 and ICF-29 [123, 165, 166]. A great diversity of clusters
can be observed, as well as topologies of the different synthesized structures (see
Table 2.9).

Table 2.9: Different SDA's free materials obtained by Zheng et al. [123, 165, 166] and their
chemical composition, final topology and pore size

Composition Cluster

Material Structure Pore Size  Ref.
M3+ M2 M+ Xz Composition
ICF-5-CulnS-Na In Cu Na S T4 - Cuslny;Ss3 3D - DD?* - 165
ICF-5-CdInS-Na In Cd Na S T4 - CdylnieSss 3D-DD - 165
ICF-5-MnZnInS-Na In Mn, Zn Na S T4 - Mny5Zn351In16S33 3D - DD - 165
ICF-5-CdInS-Li In Cd Li S T4 - CdylnieSss 3D - DD - 165
ICF-5-ZnInS-Na In Zn Na S T4 - ZnylnyeSss 3D -DD - 165
ICF-5-MnlInS-Li In Mn Li S T4 - Mnylni6Ss3 3D - DD - 165
ICF-17-InZnS-Na In Zn Na S T5 - In2pZn13Sss 3D - DD - 165
ICF-21-InSe-Na In - Na Se T2 - In,Segsr 3D-D? - 165
ICF-22-InS-Li In - Li S pseudo T4 - Iny6Ss, 3D -DD - 165
ICF-24-InSSe-Na In - Na S, Se T2 - IngS;0Ses 1 3D - ICF-243 20 T Atoms [165
ICF-25-InS-SrCalLi In - Sr, Ca, Li S T2 - In,Sg 3D - ICF-25* 16 T Atoms [165
ICF-26-InLiS-Ca I . Li, Ca S P2 - LislngsSas 3D - DD . 123
ICF-27-InS-SrLi In - Sr, Li S In15S29 3D - 165
ICF-29-InS-Na In - Na S Slng(InS4)e/2 3D - Perovskite - 166

1Double Diamond. 2Diamond (see Figure 2.10a). 3ICF-24 topology (see Figure 2.30a). #ICF-25 topology (see Figure 2.30b)

ICF-5 consists of T4 clusters as building units and presents two interpenetrating
diamond-type lattices. ICF-17 presents the biggest cluster as building unit, i. e. the
T5. Regarding the topology, ICF-17 presents the same as ICF-5. ICF-21 consists of
the connection of T2 clusters into a non-interpenetrating diamond-type lattice and
it is the first selenium based structure with a 4-connected, 3-dimensional structure.
The ICF-22 structure is composed of two interpenetrating lattices, whose building
block is a pseudo T4 cluster. Both ICF-24 and ICF-25 present as building unit
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the T2 cluster and a spiro-5 unit. ICF-24 has a ring size of 20 T atoms, being
the first 4-connected, 3-dimensional framework with such ring size. ICF-25 also
exhibits a large pore size, having a ring size of 16 T atoms. Like ICF-21, ICF-
24 and ICF-25 present a 3-dimensional non-centrosymmetric framework structures
(see Figures 2.30a and 2.30b, respectively). Regarding the last framework, ICF-27
shows a 6-connected network (see Figure 2.30c) where the In;gS,; clusters can be
consider as the octhaedral unit. Although there is enormous variability in terms of
the obtained clusters, no structure was synthesized that had as a building unit the
T3 cluster. According to Feng et al. [83], it is likely that for sulfur sites exposed to
extraframework inorganic cations the coordination with other three M3* becomes
unfavorable due to the increase in bond valence sum, thus becoming unstable. As
Loewenstein's rule, which states that the M*+ /M37 ratio has to be higher than one
[161], is not fulfilled, the concentration of extraframework mobile cations is higher,
allowing the increase of ionic conductivity of the materials. As the synthesized
structures present the limit situation, i.e. the M**/M3* ratio is zero, as well as
having an open porous system, the synthesized chalcogenides materials present a
surprisingly high ionic conductivity.

Figure 2.30: Representation of (2.30a) ICF-24, (2.30b) ICF-25 and (2.30c) ICF-27 (In - pink, S
- yellow, Se - green, Sr - red) [165]
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Another example of a structure obtained without the use of organic compounds
as structural agents is ICF-26 [123]. ICF-26 is based on the P2 Liglny,S,4 cluster
where Ca was used as countercation to stabilize the structure. As for the topology,
it presents a double diamond topology. Due to the highly mobile extraframework
cations, ICF-26 presents a fast ion condutivity like the structures presented in [165].

Continuing the research in this subject, Zheng et al. [166] synthesized a sodium
indium sulfide hydrate, called ICF-29 (see Figure 2.31). The topology of this
material can be derived from the perovskite, CaTiO3. In order to obtain the ICF-
29 structure from CaTiOj3 a triple substitution is performed: Ti*t by SIn**+, 0% by
InS,% and Ca®* by Nas(H,0)e®*. This material presents for the first time sulfur
tetrahedrally bonded to four In ions. The remaining sulfurs have a 2-coordination,
none with a 3-coordination. This absence is explained by the presence of the
unusual Slng unit. The existence of a tetracoordinated sulfur by four In ions can
be explained by Brown's bond valence rule [95]. The In-S bond length is slightly
longer than expected (2,55 A instead of 2,44 A), so the valence sum is 2,24, close to
the theoretical value of two. This lengthening of the bond is explained by the fact
that the remaining three In-S bonds involve bicoordenated sulfur, with a higher
bond valence value than expected. The cavities of the synthesized material are
occupied by [Nas(H,0)]°* clusters. Since the extraframework species are highly
ordered when compared to previously synthesized ICF materials, ICF-29 showed a
low ion conductivity.

27 {/ &/L—’;‘

Figure 2.31: ICF-29 structure (blue: In®*; yellow: S*; green: In®*' around tetrahedral 5*°) [166]
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2.4 Photocatalytic Applications

Porous chalcogenides materials, as they allow to combine semiconductivity with
open framework, become interesting structures for photocatalytic applications. As
mentioned earlier (see Section 2.2.3), these materials, due to their electronic prop-
erties, have a band gap more suitable for the solar spectrum than metal oxides,
the materials most studied as photocatalysts.

2.4.1 Band gap

The band gap of a material corresponds to the energy difference between the top
of the valence band and the bottom of the conduction band. This parameter
corresponds to the minimum energy that must be supplied to the material to
promote an electron from the valence band to the conduction band. Thus, the
band gap is closely related to the electrical conductivity. A material with a high
band gap corresponds to an insulator and when the band gap is very small or
when the valence and conduction bands overlap the material is called a conductor.
A semiconductor has an intermediate band gap value and, as such, exhibits an
electrical conductivity between that of a conductor and that of an insulator [167].

This property of semiconductors gains special attention when it comes to using
such materials as photocatalysts. The performance of a photocatalyst depends
strongly on the band structure and the value of the band gap. To use solar
radiation efficiently as a source of radiation in a photocatalytic process, the band
gap should be less than 3 €V in order to absorb light into the visible region [168].

The value of the band gap is highly influenced by clusters chemical composition,
dimensions and the component present on the extra framework volume. The con-
nection mode between clusters and consequent final topology of the material do
not influence so strongly the band gap value [169, 170]. Taking into account the
materials synthesized so far, it is possible to obtain materials with band gap values
ranging from 0,69 eV [171] to 4,10 eV [113] and it is currently possible to modulate
the value of this parameter as needed.
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2.4.1.1 Chemical composition

The chemical composition of clusters is one of the main factors that influence the
band gap value and it is through its variation that it is possible to customize the
electronic properties of the structure. The two materials synthesized by Wu et al.
[172] are two examples that show the importance of chemical composition in the
value of band gap. SOF-20 and SOF-21 are two 3-dimensional materials composed
by T2 clusters which, although they are composed of In, Sn and S, the Sn/In ratio
is distinct. SOF-20 has a band gap value equal to 3,25 eV and SOF-21 equal to
3,07 eV and, according to the authors, what justifies such difference is the different
Sn/In ratio.

Comparing the Ga-Se and Ga-S systems [112] (see Figure 2.32 and Table 2.3 for
more information about this materials), it can be seen that the Ga-Se system band
gap varies between 1,4 €V and 1,7 V. Turning to the Ga-S system, the values of
the band gap almost double, varying between 2,6 €V and 2,8 eV. Even with the
insertion of Zn in the Ga-S system, the band gap still presents values higher than
2 eV. Thus, in this system, the framework anions have a greater impact on the
value of the band gap than the framework cations.

—— OCF-6GaSe-TMDP
—— OCF-13GaSe-DPM

—— OCF-1ZnGaSe-TMDP

Alau |

—— UCR-7GaS-DBA

—+— UCR-19ZnGaS-TETA

1 2 3 4 5 6
Photon energy / eV ———=

Figure 2.32: Optical absorption spectra of OCF-6GaSe-TMDP (E,; = 1,43 V), OCF-13GaSe-
DPM (E, = 1,76 V), OCF-1ZnGaSe-TMDP (E, = 1,71 eV), UCR-7GaS-DBA (E, = 2,84 &V)
and UCF-19ZnGaS-TETA (E,; = 2,60 eV) (adapted from [112])

The doping of a certain chemical system allows to customize the electronic prop-
erties of the final material. When ISC-10-CdInS, isolated T5 clusters obtained in
[173], are Cu-doped the band gap is reduced from 3,01 eV to 2,11 eV. It is also
observed that when clusters are composed only by In-Cu-S the value of the band
gap is 2,29 eV. Thus, the combination of Cu and Cd allows to obtain the lowest
band gap value. Although a reduction in the band gap value is observed when
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doping ISC-10-CdInS with Mn, from 3,01 eV to 2,87 €V, this reduction is not as
significant as when doping with Cu [174].

It was possible to synthesize different isolated T4 clusters [116] and to compare
the effect of Zn, Cu, S and Se in the band gap value. Looking at Figure 2.33a it
is easy to conclude that when Cu and Se are present a lower value for the band
gap is guaranteed. The type of amine present on the surface of the cluster also
influences the final electronic properties (see Figure 2.33b).
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Figure 2.33: Optical absorption spectra of (2.33a) OCF-40-CuGaSnSe (E, = 1,91 V), OCF-
40-ZnGaSnSe (E, = 2,71 eV), OCF-40-CuGaSnS (E, = 2,11 &V), OCF-40-ZnGaSnS (E, =
3,59 &V), (2.33b) OCF-40-CuGaSnSe-PR (E,; = 1,91 eV), OCF-40-ZnGaSnSe-PR (E, = 2,71
eV), OCF-40-CuGaSnSe-4-MPR (E, = 1,80 &V) and OCF-40-ZnGaSnSe-4-MPR (E, = 2,60 eV)
(adapted from [116])

Since metal selenides and tellurides tend to have a lower band gap than sulfides,
multi-chalcogen doping has been seen as a technique to customize electronic prop-
erties. Shen et al. [175] synthesized a set of isolated T3 clusters with different
contents of chalcogen and observed that there is a systematic reduction of the
band gap value along with the change from only S to the presence of Se and Te
in the final material’s composition (see Figure 2.34).
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Figure 2.34: Optical absorption spectra of IL-InS-1 (E, = 3,31 €V), IL-InSSe-2 (E, = 3,00 eV),
IL-InSe-3 (Ey = 2,89 eV) and IL-InSeTe-4 (E, = 2,65 eV) (adapted from [175])

Wu et al. [176] synthesized a series of materials with the same topology but with
different chemical composition in order to evaluate the impact that the chemical
composition has on band structure. Thus, the Zn-Ga-Se was doped with Sn, S or
both elements. When the system is doped with Sn, a red shift in the band gap is
observed, evidenced by the reduction of OCF-5 band gap from 3,23 eV to 2,49 eV
(see Figure 2.35a). However, when doping with S takes place, a blue shift of the
band gap occurs, since OCF-1 band gap goes from 1,71 eV to 3,37 V. Since doping
showed opposite effects on the value of the band gap, it becomes interesting to
evaluate the consequences of dual-doping. It is concluded that the direction of the
shift depends on which of the elements is dominant. However, when comparing
the undoped OCF-5-ZnGaSe-AEP (E, = 3,23 €V) and OCF-5-ZnGaSnSeS-ECHA
(E, = 2,54 eV) it seems to suggest that Sn plays a dominant role against S. It was
also evaluated the influence of the extra framework amine exhibits on the electronic
properties. For the same topology, the nature of the amine on the band gap value
presents less influence than doping phenomena (see Figure 2.35b).
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Figure 2.35: Optical absorption spectra of (2.35a) OCF-5-ZnGaSe-AEP (E, = 3,23 eV), OCF-
5-ZnGaSnSe-AEP (E,; = 2,49 eV) and (2.35b) OCF-5-ZnGaSnSeS-TMDP, OCF-5-ZnGaSnSeS-
DAMP and OCF-5-ZnGaSnSeS-ECHA (E,; = 2,54 eV) (adapted from [176])

Although the clusters's chemical composition is one of the main characteristics
that influence the band gap’s value, Chen. et al [164] showed that the position
of the dopant in the clusters influences the direction of the band gap shift. When
CPM-120-ZnGeS-AEM is doped with Ga and this will subsist Ge, an increase in
the band gap is observed. CPM-120-ZnGeS-AEM presents a band gap equal to
1,90 eV and when it is doped with Ga that will replace Ge, the band gap increases
2,30 eV. However, when Ga replaces Zn, a red shift of the band gap is observed.
The band gap shift will depend on the amount of Ga added (see Figure 2.36).
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Figure 2.36: Optical absorption spectra of CPM-120-ZnGeS-AEM (E, = 1,87 eV) and Ga-doped
analogues (for an addition of 0,10 mmol Ga** - E, = 2,30 eV, 0,20 mmol Ga*t - E, = 2,20
eV, 0,30 mmol Ga3* - E, =212 ¢V, 0,40 mmol Ga3t - E, =2,13 eV, 0,45 mmol Ga3t - E, =
2,16 V) (adapted from [164])

The influence that the species present in the extra framework space has on the
final electronic properties was also studied by other authors. Qi et al. [177], when
studying the SnS-1 laminar structure, observed that there is a decrease in the
value of the band gap when the structure is exchanged with Cs* or Sr**. The
value of the band gap when it presents the organic compound in the interlaminar
space is 2,92 eV. After ionic exchange with Cst the value decreases to 2,82 eV
or after ionic exchange with Sr** decreases to 2,60 eV. Filso et al. [178] com-
pared the presence of two distinct organic species in the interlaminar space. They
observed that when tris(2-aminoethyl)amine is located in the interlaminar space
the band gap of the structure is 2,96 €V. When this species is exchanged with
1-(2-aminoethyl)piperidine the band gap increases to 3,21 eV.

2.4.2 Solar Fuels Production

2.4.2.1 H, Generation

The use of H, as an energy vector has been the subject of growing interest, as its
oxidation produces only water and releases large amounts of energy (see Equation
2.1) [179, 180].

1/20,(g) 4+ Ha(g) — H0(1) AG’ = —237kJmol™  AH® = —286 kJ mol™”
(21)
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Currently, the production of H, is done through natural gas reforming. Besides
having a non-renewable origin and requiring high temperatures, CO, and traces
of CO are co-obtained. Consequently, in order to obtain H, without the need of
non-renewable sources as well as avoiding the production of greenhouse gases, the
dissociation of water has been seen as a viable alternative [179].

Whether the energy source comes from electricity (a electrochemical process) or
sunlight (a photochemical process), the decomposition of water in liquid state to
form H, starts with the adsorption of H* on the surface of the catalyst, which
can be described by Volmer's reaction for an acidic (see Equation 2.2) or a basic
medium (see Equation 2.3). In the Equations 2.2 and 2.3, x represents an empty
active site and H" a hydrogen atom connected to an active site [36].

HsOF (aq) + e + * = H* + H,0(I) (Volmer reaction - acidic) (2.2)

HO(l) + e + x* = H* + OH™ (aq) (Volmer reaction - basic) (2.3)

Depending on the nature of the catalyst, the reaction may be between two adsorbed
hydrogen, i.e. it may be described by the Tafel equation (see Equation 2.4), or it
may be between an adsorbed hydrogen atom and a H" from the electrolyte, which
can be described by the Heyrovsky equations (see Equations 2.5 and 2.6 for acidic
and basic medium, respectively) [36].

H* + H* = Hy(g) + 2% (Tafel reaction - acidic and basic) (2.4)

H* + H30" (aq) + e~ = Hy(g) +H,0(1) + * (Heyrovsky reaction - acidic)
(2.5)

H* + H,O(l) + e = Ha(g) +OH (aq) + (Heyrovsky reaction - basic)
(2.6)
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i. Photocatalytic Water Splitting

The decomposition of water is a non-spontaneous reaction, that is, it presents
a AG°® > 0 (see Equation 2.1). A catalyst allows the alteration of the kinetics
of a reaction, but not its thermodynamics. Thus, it only promotes spontaneous
reactions, i.e., reactions with negative AG°. Photocatalysis, by converting light
into chemical energy, makes the process of water decomposition feasible. In this
way, it is possible to produce a clean fuel, H,, from an abundant and cheap source,
H,O [181]. Equations 2.7 and 2.8 illustrate the two reactions that occur during
the photodegradation of water, the hydrogen evolution reaction (HER) and the
oxygen evolution reaction (OER) respectively [182].

2H" + 2¢ — H, (2.7)

2H,0 + 4hT — 0, + 4H* (2.8)

Generally, HER involves adsorbing hydrogen intermediates to the surface of a cat-
alyst and recombination-desorption of molecular hydrogen [183].

OER involves a process of four charge carriers transfer and is more complicated
than HER. Therefore, OER is considered to be the rate-determining step in the
whole reaction [183]. According to Ngrskov et al. [184, 185, 186], the molecular
oxygen is generated via a surface HOO* intermediate and the reaction happens
at the coordinatively unsaturated atoms. According to this computation, OER
involves four elementary steps, each step involving the electron transfer coupled
with electron removal (see Equations 2.9, 2.10, 2.11 and 2.12 where * represents a
surface cite and Y* an attached Y intermediate on the surface). It was also found
that the water chemisorbetion or the O formation could be the limiting step (see
Equation 2.9 and 2.11).

H,O + % — HO* + H* + ¢ (2.9)
HO* — O" + H' + ¢ (2.10)
0" + H,O — HOO" + HY + ¢ (2.11)
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HOO" — * + Oy + HY + & (2.12)

Dionigi et al. [187] studied the gas phase photocatalytic water splitting with
Rh,.,Cr,03/GaN:ZnO and its mechanism. It was concluded that the photocatalytic
activity is proportional to the relative humidity of the gas instead of the absolute
water pressure. The BET adsorption model predicts a linear relationship between
the amount of molecule adsorbed and the relative humidity. Therefore, it possible
to relate the photocatalytic hydrogen production rate with the chemisorbed water
coverage (see Equation 2.13 where ky, represents the rate constant of the water
spliting reaction and H,O,,, the chemisorbed water coverage). It was also observed
that the initial reaction rate is higher at the beginning of the reaction, something
similar observed by Shearer et al. [188]. As the reaction proceeds, the water
coverage is reduced compared to the initial water coverage and, therefore, the
reaction rate also decreases (see Equation 2.13 and Figure 2.37).

TH, = kHz : H2Osurf (213)
(a) Dark (b) UV on (c) UV on

equilibrium initial equilibrium

quantity of chemisorbed H,0 MHodniia = K(H2)-HOgucare  (H2)uv = K(H2).H205ur, v
= HyOsurt gar H20surtuv < H2Osurt dark

r(Hz)uv < f(H2niial

Figure 2.37: Scheme of gas phase photocatalytic hydrogen production (adapted from [188])

Comparing the quantum efficiencies between liquid and gas phases, gas phases
usually present a lower efficiency. According to Dionigi et al. [187] this can be
explained by limitations on the surface conduction of protons H* for OER centers
to the HER centers. The conduction of protons is easier in an acid pH solution
(something that can be controlled on liquid phase and not of gaseous phase) and
a higher relative humidity is also beneficial, since it allows the creation of a more
connected water film covering the particles increasing the protons mobility.
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Considering the reduction potential of H* to H, (E° =-0,41 V vs. normal hydrogen
electrode (NHE) at pH 7,00) and the oxidation potential of H,O in O, (E° = 0,82
V vs. NHE at pH 7,00), the photon’s minimum theoretical potential is 1,23 V.
However, it is observed that there is an activation barrier when transferring the
charges from the photocatalyst to the water molecules. Taking into account the
overpotential associated with the oxidation and reduction reactions, a band gap
between 1,7 €V and 2,2 eV is required to decompose the water [32, 36, 40].

When only pure water is used in the reaction system the process is generally
inefficient (see Equation 2.8) [179]. As such, in order to increase the production
of H,, sacrificial agents are usually used as electron donors. These compounds,
by scavenging the holes, allow a more favorable kinetic and therefore enhance
the global redox mechanism. Electron donors have to react faster with the holes
than water in order to avoid water oxidation. Moreover, no O, is produced, since
the water oxidation reaction does not occur, so there is no need to purify the
final gas. Usually, CH3;0H or a mixture of NaS/Na,SO3 is added to the aqueous
system for that purpose. However, it produces waste products, thereby reducing
the sustainability of the process [40, 181]. An alternative to the use of sacrificial
agents is the use of co-catalysts (such as Pt), which allow to decrease the activation
energy and enhancing global efficiency.

ii. Cluster-based chalcogenide materials

As presented earlier, open framework metal chalcogenides, due to their band struc-
ture, band gap value and open architecture, are excellent candidates to be used on
the solar fuel production processes.

Table 2.10 presents several chalcogenide cluster-based materials that were used as
photocatalysts in the generation of H,. Different authors use this reaction to show
that the material they synthesized can be used as a photocatalyst [162, 189, 190,
191].
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ii.a. Effect of open architecture

It can be observed that, by shifting from a dense structure to an open architecture
structure, it is possible to obtain materials with a band structure suitable for water
splitting.

Of the different structures previously obtained in Refs. [78] and [165], the one
that stands out most is the ICF-5InCuS-Na structure, since it has a chemical
composition similar to CulnS,, a material with important photovoltaic applications
[194]. ICF-5CulnS-Na is capable of producing up to 18 pmol h'* g of H, when
irradiated with visible light and while using Na,S (0,5 M) as a sacrificial agent (see
Figure 2.38). This catalyst has a quantum efficiency of 3,7% at 420 nm. Although
it has a lower quantum efficiency than the Pt/CdS photocatalyst (~ 28%) [195],
the quantum efficiency is much higher when compared with the dense phases of
CulnsSg (~ 0,02% while using AgS, as a co-catalysts) or CulnS, (lower than the
one presented by CulnsSg) [65].

evacuated evacuated

n 200}
/umol

100 -

/

t'h ——

Figure 2.38: Photocatalytic H, evolution of ICF-5CulnS-Na (0,5 g) using as sacrificial agents
aqueous solutions of Na,S (0,5 M) and using as light source 300 W Xe lamp, A>420 nm (adapted
from [76])

The open architecture also allows the incorporation of optically active organic
molecules or metal complexes that improve visible-light absorption. The [Fe(2,2'-
bipyridine),]** complex was incorporated into UCR-20GaGeS-TAEA by means of
an ion exchange. After the ion exchange, the hybrid material obtained has an
absorption that extends from the UV to the visible-light region (see Figure 2.39).
When irradiating UCR-20 GaGeS-TAEA with UV light it presents catalytic activity,
and no activity occurs when irradiating the structure with visible light. However,
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the hybrid material already shows photocatalytic activity with visible light for at
least 24 hours.

—e— UCR-20 GaGeS-TAEA

—— UCR-20 GaGeS-TAEA
exchanged with [F—‘e(2,2'-bipyndyl)3]2+

2 3 4 5 6
hv/eV ——

Figure 2.39: UV/Vis diffuse reflectance spectra of UCR-20 GaGeS-TAEA before and after an
ionic exchange with the [Fe(2,2'-bipyridine)>]** complex (adapted from [76])

ii.b. Impact of the chemical composition and cluster size

Chen. et al [164] used the materials CPM-120 and CPM-121 as photocatalysts for
H, generation. The structures CPM-121-ZnCdGeS, CPM-120-ZnGaGeS and CPM-
121-ZnGeSnS were evaluated (see Figure 2.40). CPM-121-ZnCdGeS presents the
highest activity, showing that the presence of Cd®* in the T2 cluster exhibits a
positive effect on the photocatalytic performance.

80
1 70.86

704

604 56.53

50 47.50

40

204

. -1
H, Evolution/u mol h™/50mg

104

CPM-121-ZnCdGeS-AEM  CPM-120-ZnGaGeS-AEM CPM-121-ZnGeSnS-AEM

Figure 2.40: Photocatalytic H, evolution of CPM-121-ZnCdGeS, CPM-120-ZnGaGeS and CPM-
121-ZnGeSnS (50 mg) in the presence of NayS (0,25 M) and NaySOj; (0,10 M) as sacrificial
agents and using 300 W Xe lamp as light source [164]
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Hao et al. [193] synthesized three distinct 3-dimensional structures, named T4-1
([BMM|m]g[Cd3|n17S31C|4]), T4-2 ([BMM'm]g[Cd3|n175135618C|4]) and T4-3
([BMMIm]o[Cd3ln;7Ses; Cly][4,4"-bpy]), and these structures were treated with ul-
trasounds in DMSO in order to obtain isolated and highly dispersed T4 clusters in
solution. Figure 2.41a shows the results of the photocatalytic tests of the samples,
before and after the ultrasonic treatment. Before this process, the samples show
low photocatalytic, which gradually increases during the 5 hours of the test. After
the ultrasonic treatment, it was observed that T4-2 and T4-3 present a photo-
catalytic activity about five times higher than the solid samples. However, the
T4-1 sample does not present such an increase in photocatalytic activity since this
sample presented difficulties of dispersion in most common solvents.
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Figure 2.41: (2.41a) Photocatalytic H, evolution of T4-1, T4-2 and T4-3 (25 mg) in the presence
of triethanolamine (TEOA) as sacrificial agent, Pt as co-catalyst and using 300 W Xe lamp with
a cutoff filter (A>420 nm) as light source. (2.41b) Band structures of T4-1, T4-2 and T4-3
obtained by impedance-potential measurements (adapted from [193])

o 2 4 6 8 10
Reaction time (h) T4 T4-2 T43

The differences in photocatalytic activities can be explained due to different factors.
Different chemical compositions and cluster sizes lead to changes in the position
of the bands (see Figure 2.41b), directly affecting the photocatalytic generation of
H,. As seen before, selenides usually have a lower band gap than sulfides. Thus,
through the insertion of Se in the clusters it is expected that the band gap of the
structures decreases, a phenomenom that occurs in the three structures studied.
Isolated T4 clusters allow a larger number of surface sites to be exposed and
the average mean-path of the electrons is reduced, so the probability of charges
recombination is reduced and the electrons reach the surface with more energy.

It is also possible, by analyzing the transient photocurrent response of a structure,
to make observations regarding its capacity to create and separate charges. This
analysis was performed on the isolated clusters T4-2 and T4-3 (see Figure 2.42)
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and it was observed that, since T4-3 presents an induced photocurrent higher
than T4-2, T4-3 presents a higher production capacity and charge separation, thus
explaining why it exhibits a higher photocatalytic activity.
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Figure 2.42: Current vs. time curves of T4—2 and T4—3 isolated clusters [193]

Regarding the stability of photocatalysts, it was observed that there were no
changes in the UV—vis spectra after 10 hours of photocatalytic reaction, and
the production rate of H, remained practically constant after five cycles.

Wang et al. [74] by using ionic liquids, obtained six structures based on T5 clus-
ters: T5-1 ([BM|\/||m]lz[Cu5|n3oSe52C|3(|m)]), T5-2 ([BMMlm]lz[Cu5|n3OSe4g-553-
5C|3(Im)]), T5-3 ([BMM|m]11[Cd6|n285e52C|3(|\/||m)]), T5-4 ([BMM|m]11[Cd6|n285e28
5523'5C|3(M|m)]), T5-5 ([BMMlm]11[Cd6|n285e16536C|3(|\/||m)]) and T5-6
([BMMIm]o[CdglnagSesS44Cl3(MIm)s]). By analyzing the structure of the bands of
the synthesized materials (see Figure 2.43b), T5-1 and T5-2 cannot be used in the
photodegradation of water, since the valence band does not present an adequate
potential. It is observed again that the higher the sulfur content in the structure,
the higher the band gap, although was also observed greater photocatalytic activity
(see Figure 2.43a). One of the possible explanations presented by the authors is
that a higher sulfur content is associated with a more negative conduction band,
so the driving force of the photogenerated electrons to reduce H* is higher. Hence,
there is a balance between the band gap value and the conduction band position
[196]. Again, in order to evaluate the capacity of charge generation and separation,
the photocurrent densities were measured (see Figure 2.43c) and the results are in
accordance with the photocatalytic activity shown by the samples.
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Figure 2.43: (2.43a) Photocatalytic H, evolution of T5—3, T5—4, T5—5 and T5—6 (10 mg) in
the presence of TEOA as sacrifical agent, Pt as co-catalyst and using 300 W Xe lamp with a
cutoff filter (A\>420 nm) as light source. (2.43b) Band structures of T5—1 to T5—6 obtained by
impedance-potential measurements. (2.43c) Current vs. time curves of T5—3 to T5—6 (adapted
from [74])

ii.c. Hybrid architectures

Hybrid structures based on metals and semiconductors have been the subject of in-
tense research, since the presence of metal-semiconductor heterojunction improves
the charge separation of the material.

Liu et al. [192] have developed hybrid materials consisting of silver nanowires (Ag-
NWs) whose surface is evenly coated by T4 Mn-Zn-Ga-Sn-S clusters. In this way,
a 0D/1D/1D material, referred as T4/Ag,S/Ag-NW, was obtained. This material
consists of silver nanowires covered with T4 clusters with an ultra thin layer of Ag,S
between them, which serves as a connector between the two materials. Besides
testing the photocatalytic activity of T4/Ag,S/Ag-NW, other clusters, such as
T2, T3 and T4, and the Ag-NWs and Ag,S nano particles without any cluster
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were also evaluated. Regardless of the type of cluster used, there is always an
increase in activity when these are deposited in Ag-NWs (see Figure 2.44a). The
structure with the highest photocatalytic activity is T4/Ag,S/Ag-NW. Different
Zn : Mn mass ratios were also evaluated in the clusters and how they affects
the photocatalytic activity of the final material. A 7:8 ratio leads to maximum
photocatalytic activity (see Figure 2.44b). A material containing T4 Zn-Ga-Sn-S
and Mn-Ga-Sn-S clusters was also synthesized in order to find out what the impact
of having Zn and Mn in different clusters is. It was observed that the photocatalytic
activity of the sample containing the Zn and Mn in separate clusters is much lower
than the sample containing both metals in the same cluster (see Figure 2.44b). It
was thus concluded that the synergistic effect between the different metals plays
a fundamental role in the photocatalytic activity of the material. However, the
mechanism of this synergistic effect is not yet known. In order to evaluate the
importance that the thickness of the cluster layer presents in the photocatalytic
activity, materials with different amount of clusters were obtained. It was observed
that the photocatalytic activity is dependent on the amount of clusters present in
the material, presenting a maximum activity for a loading amount equal to 9,13 %
wt (see Figure 2.44c).
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Figure 2.44: Photocatalytic H, evolution of (2.44a) materials with different clusters and their
corresponding heterojuntions (5 mg), (2.44b) T4/Ag,S/Ag-NW with different Zn:Mn mass ratios
(5 mg) and (2.44c) T4/Ag,S/Ag-NW with different loading amounts (5 mg) in the presence of
Na,S (0,1 M) and Na,SO3 (0,1M) as sacrifical agent and using 5 W Xe lamp with a cutoff filter
(A>420 nm) as light source. (2.44d) Current vs. time curves of silver nanowires, discrete T4
clusters and T4/Ag,S/Ag-NW (adapted from [192])

The photocurrent response properties of Ag-NWs, discrete T4 clusters and T4/Ag,S/
Ag-NW were measured in order to assess the charge production capacity and charge
separation of the materials, as well as their stability. For the discrete T4 clusters, a
rapid increase of the photocurrent is observed at first, followed by a rapid decrease
(see Figure 2.44d). This rapid decrease can be explained by the photocorrosion that
occurs. T4/Ag,S/Ag-NW presents an increase in photocurrent regarding Ag-NWs,
managing to keep the photocurrent more or less constant (see Figure 2.44d), thus
overcoming the stability problems associated with photocorrosion of the discrete
T4 clusters.
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2.4.2.2 (O, Photoreduction

Since CO, is a relatively stable and inert compound, most reduction procedures
involve high pressures or temperatures [43]. Photocatalysis has been seen as an
alternative to these processes. The conversion of CO, into hydrocarbons or alcohols
at room temperature and atmospheric pressure using sunlight has been seen as a
very feasible option to close the carbon cycle.

Inoue et al. [197], using several photocatalysts such as WO3, TiO,, ZnO, CdS,
GaP and SiC, photoreduced CO, for the first time in aqueous phase, obtaining
formaldehyde, formic acid, methyl alcohol and traces of methane.

Most publications suggest that the first step towards the CO, photoreduction is
the formation of the species H* (Equation 2.14) and CO,*~ (Equation 2.15) [198].
The most energetic stage, and often the limiting step, is the formation of the
species CO,*~, which has a reduction potential equal to E° = - 1,90 V vs NHE
at a pH = 7,00 [199]. Since this potential is quite high and never reached by
any semiconductor, it is suggested by some researchers that CO,*~ is not an
intermediate of this reaction, thus passing through a bi-electronic mechanism that
does not need such high activation potential [200, 201].

H* + e — H* (2.14)

CO, + e~ — CO,*~ (2.15)

Although the formation of CO,*™ presents a high reduction potential, the trans-
fer of multiple electrons (see Equations 2.16 to 2.21)? with the assistance of H™
presents reduction potentials comparable to its own reduction potential (see Equa-
tion 2.22) [198, 201, 202]. Looking at Equations 2.16 to 2.21, it is easy to infer
that there are kinetic challenges regarding the reduction of CO, to obtain more
complex products. It is possible to find proof of concept that allows the obtention
of carbon monoxide and formate from CO,. However, more complex products,
such as methane and methanol, require multiple transfers of both electrons and
protons. Currently, it is possible to obtain such products but with a low efficiency
[199, 203]. Besides obtaining the desired products, it is also possible to observe
some inverse reactions. For example, due to the strong oxidative potential of the
holes and the presence of O, it is possible to oxidize the desired hydrocarbons
formed to CO, back [204].

2The redox potentials presented in Equations 2.16 to 2.22 are vs. NHE at pH 7,00
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CO, + 2H" + 2¢~ — CO + H,0  E’=-0,53V (2.16)
CO, + 2H" + 2¢~ — HCOOH  E”= 0,61V (2.17)

CO, + 4H" + 4e — HCHO + H,0 E’°= 0,48V (2.18)
CO, + 6HT + 6e~ — CH3;OH + H,0 E’=-0,38V (2.19)
CO, + 8H" + 8¢~ — CH, + 2H,0 E'=—-0,24V (2.20)

2C0, + 12H" 4 12e — CH3CH,OH + 3H,0  E°=0,08V (2.21)

When the photoreduction of CO, is performed in water, liquid or gas phase, it is in
direct competition with H, (see Equation 2.7) and H,O, formation by O, reduction
(see Equation 2.23). Although thermodynamically the reduction of CO, is favored
over H, formation, in kinetic terms the formation of H, is favored since it requieres
less electrons. The competition between these two reactions is partly responsible
for the low efficiency of the CO, photoreduction process [205, 206].

2H" + 2 = H, E°=-0,41V (2.22)

O, + 2H" + 2¢~ — H,0, E°=0,69V (2.23)

i. Materials for CO, photoreduction

Since the first use of photocatalysis to reduce CO,, several studies on various pho-
tocatalysts, such as TiO, with or without doping [207, 208, 209, 210, 211, 212,
55], Bi,WOg [213], Zn,GeO, [214] or CeO, [215] have been carried out. However,
most of these materials only show a response in the ultraviolet region or present
low stability when irradiated. In addition, bulk materials have a high electron-
hole recombination [216]. In order to obtain materials that are more efficient in
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the CO, photoreduction process, the use of quantum dots [108, 217], hierarchi-
cal nanostructures or laminar materials [218, 219] as alternatives to traditional
photocatalysts have been investigated.

Quantum dots have been seen recently as promising photocatalysts candidates.
Compared to other commonly used photocatalysts, such as organic donor—acceptor
molecules or transition metal complexes, quantum dots have greater stability and
photoactivity. The phenomenon of multi-exciton generation was also observed in
some quantum dots, namely on PbS, PbSe and PbTe. Normally, a photon generates
an electron and a hole. However, it was observed that in some materials, when
the energy of the incident photon has at least twice the band gap energy, multiple
charges are generated [220]. This phenomenon can therefore increase the efficiency
of photocatalytic systems based on quantum dots. However, most of the quantum
dots studied so far contain heavy metals in their composition, such as Cd and Pb,
not being good candidates for practical applications, namely green applications
[217]. It is therefore imperative to develop this class of materials without the
presence of heavy metals. Previously, several examples of isolated Tn clusters
without heavy metals were presented, as well as their use as photocatalysts in H,
production. These structures can be seen as a special type of quantum dots, as they
have a high surface/volume ratio, exact chemical composition, precise structure,
uniform size and a light response over a broad spectrum range [193]. Although
these structures have already been used for the production of H, [74, 193], it is
not possible to find substantial literature on their use for CO, photoreduction.

Another class of materials that presents high potentialities in CO, photoreduction
is the hierarchical nanostructures one. These structures have a high CO, adsorp-
tion capability, a high surface area, improved molecular diffusion and enhanced
light harvesting due to scattering effect [218]. Such characteristics make it possi-
ble to obtain a photocatalyst for the CO, photoreduction with superior activities.
From this class of materials there are several examples that contain sulfur in their
composition such as CdS multicavity hollow particles [221], CdS nanoparticles dis-
persed on WO3 hollow spheres [222], CulnS, [223] or MoS, [224] dispersed into
TiO, nanofibers, In,S;-CdIn,S, [216] or ZnIn,S,-In,O3 [225] nanotubes and the
combination of mesoporous TiO, and layers of MoS; into 3D graphene [226].

Layered materials have also been seen as potential candidates, as they have high
surface areas compared to their bulk structures and, therefore, present a high
number of active sites on the surface. 2-dimensional composites resulting from the
combination of two laminar materials may also present an enhanced photocatalytic
activity due to possibility of band gap tunnig and heterojunction formation [227].
The synthesis of thin films allows the reduction of the average mean path of charge
carriers, reducing or even eliminating its recombination [228]. It is possible to find
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examples in the literature of the use of thin films made of CulnS, [229], ZnIn,S,
[228, 230] and CulnsSg [231] in CO, photoreduction.

i.a. Cluster-based chalcogenide materials

As seen before, cluster-based chalcogenide materials are marked by an enormous
diversity of both chemical composition and types of structure. Since it is possible
to obtain materials with characteristics similar to quantum dots, nanostructured
and layered materials, structures that have been reviewed recently for presenting
promising results in CO, photoreduction, it makes sense to investigate them as
active photocatalysts. However, it was only possible to find one example of the
use of cluster based materials as photocatalyst in CO, photoreduction.

Using the CPM-120-ZnGeS structure previously obtained by Lin et al. [162], Sasan
et al. [232] tested it in the CO, photoreduction reaction. Through ionic exchange,
the SDA was exchanged with Au3* or Pd?* in order to evaluate the impact that the
extraframework cations have on the band gap of the materials and its consequence
on the photocatalytic performance of the material. The structure with the SDA,
designated as AEMQ@GeZnS, has a band gap of 2,8 V. After ion exchange with
Aut (sample entitled Au@GeZnS) or with Pd*T (sample entitled Pd@GeZnS), a
reduction of the band gap to 2,6 eV and 2,5 eV is observed, respectively. In order to
evaluate the photogeneration and charge separation properties, PEC measurements
were carried out (see Figure 2.45a). It is noted that the sample with the highest
photocurrent density is the Au@GeZnS sample, with a density about five times
higher that of AEM@GeZnS and about twice to that of Pd@GeZnS.
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Figure 2.45: (2.45a) Current vs. time curves of AEMQ@GeZnS, Pd@GeZnS and Au@GeZnS.
(2.45b) Photocatalytic CH,4 evolution of AEM@GeZnS, Pd@GeZnS and Au@GeZnS (0,2 g) in a
gas-solid system and using 300 W Xe lamp as light source [232]

In order to assess the photocatalytic performance of the samples AEM@GeZnS,
Pd@GeZnS and Au@GeZnS, CO, photoreduction to produce CH, in the presence
of H,O vapor over a gas-solid system was performed (see Figure 2.45b). The
samples with metal incorporation present a higher photocatalytic activity. Under
the same experimental conditions, the Au@GeZnS sample exhibits a superior pho-
tocatalytic activity. It was also observed that any of the materials is capable of
keeping photocatalytic activity after three cycles without appreciable degradation.
According to the authors, the samples with incorporated metals present a supe-
rior photocatalytic performance due to two reasons. First, it is observed that the
ion exchange with metals leads to a reduction of the band gap of the materials.
Secondly, with the incorporation of metals, an increase in photocurrent density is
observed. Such phenomenon is associated with a better charge generation and
separation properties, thus contributing to a better photocatalytic performance.
However, such effect that cannot be excluded from the co-catalyst effect that the
added metals might have. The added metal can be acting as a co-catalysts, hence
reducing the activation energy and enhancing the reaction’s kinetics.
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2.4.2.3 Final Considerations

Cluster-based chalcogenide materials are suitable to be used as photocatalysts for
the production of H, from water decomposition. Regarding CO, photoreduction,
although it is possible to find one example of the use of these materials, further
research is still needed.

For H, production, it has been observed that these materials have a quantum yield
higher than dense phases composed by the same chemical elements. Although
structures with an open architecture present a band gap superior to their dense
phase, such increase is not necessarily a negative consequence. For example, In,S3
does not present photocatalytic activity even when irradiated with UV radiation.
On the other hand, even though UCR-7InS-AEP exhibits a band gap superior to
InySs, it can produce H, even when irradiated with visible radiation. The presence
of a porous system also allows the insertion of dyes or metal complexes, thus
increasing its light absorption properties.

Looking at Table 2.10 it can be seen that even though the structures are capable
of producing H,, the production rate is low. This may be due to the fact that in
3-dimensional structures, the porous volume is partially occupied by the SDA, thus
reducing the active sites available for participation in the reaction.

One solution found to circumvent the problem of eliminating the SDA was the use
of isolated clusters instead of structures with higher dimensions. These clusters
have characteristics similar to quantum dots and might be stabilized by the ionic
liquids used during the synthesis process. However, the used technique implied their
dispersion in solvents. Thus, although this solution works in gas-liquid approaches,
it may not be the best methodology when it comes to synthesizing photocatalysts
to be used in gas-solid systems. As can be seen, the value of the band gap as well
as the position of the valence and conduction bands have a huge impact on photo-
catalytic performance. The chemical composition of the material seems to be one
of the parameters that most influences the band gap. Copper is one of the metals
that seems to lead to a red shift in the band gap. It was also possible to establish
a relationship between the chalcogen composition and the band gap value. Higher
sulfur contents lead to a larger band gap, with the conduction band becoming
more negative. On the contrary, a higher selenium content in the clusters leads
to a lower band gap. The content of these two elements allows the customization
of the band structure of the final material, taking into account two factors: the
position of the bands and the band gap value. A more negative conduction band
will produce charge carries with more reductive potential. However, higher band
gaps mean that more energetic photons are needed to generate charges and losses
in energetic yields. Thus, there is a balance between the two phenomena that must
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be taken into account when synthesizing a material to be used as a photocatalyst
for a specific reaction. Although the connection mode between the clusters does
not seem to have much influence on the value of the band gap, it does seem to
influence the charge separation properties of the material, as shown in [172].

Hence, there are three factors that influence the photocatalytic performance of a
material: the characteristics associated with the band structure (band gap value
and band'’s position) and light absorption capacity together with the porosity of
the samples.

The synthesis of hybrid materials is a great way to improve photocatalytic per-
formance. The existence of a synergy between the multimetalic clusters dispersed
in a metallic substrate was observed. This effect contributes to the increase in
photocatalytic activity and has yet to be scientifically explained.

2.5 Conclusions

Photocatalytic processes are regarded as a sustainable and environmental-friendly
way to attenuate humankind's strong dependence on fossil fuels, which are the
main responsible for high pollution levels in our planet and the climate changes we
are starting to feel.

Intensive research is being done on the synthesis of new materials that could present
superior photocatalytic performance. Recently, quantum dots, nanostructured or
laminar materials have been investigated as photocatalysts, as they present op-
timal properties for applications in this field of science. Nevertheless, the use of
new oxide-based materials remains the most common. Materials based on less
conventional species, such as sulfur and selenium, are increasingly being seen as
possible alternatives to oxides. It is observed that chalcogenide-based materials
have electronic properties, namely band structure and band gap value, more suit-
able to be used in solar-power driven processes than oxide-base materials. There
are already several studies regarding the usage of chalcogenide-based materials as
photocatalysts for the production of H, through water splitting. Although it is
possible to find in the literature examples of the use of sulfur-based materials in
CO, photoreduction, the use of cluster-based materials in this reaction is still at
a very early stage. Since it is possible to find materials consisting of clusters with
characteristics similar to quantum dots, nanostructured and laminar materials, it is
imperative to study their use as photocatalysts in CO, reduction, both in gas-liquid
and gas-solid photocatalytic systems.
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Nowadays it is possible to obtain materials based on chalcogenide clusters with
an enormous diversity, both in terms of chemical composition, that leads to a
wide range of band gap values, but also structures with uncommon topologies.
However, there are some problems associated with these cluster-based materials.
These materials generally have low thermal stability, i.e. they tend to collapse
at temperatures above 300°C. The difficult elimination of the SDA used during
the synthesis, which occupies an extra framework position, is another problem,
since it does not allow to take full advantage of the structure’s open architecture.
Large parts of these materials have in their composition toxic or non-abundant
metals, which makes their use in a green process ethically questionable. Taking
into account the limitations of the use of these materials, it is suggested a set of
possible improvements, that could result in increased photocatalytic performance,
since the current performance does not justify their marketing on a large scale.

The presence of SDA in the porous system is one of the main problems, since it
obstructs the porous volume, with a consequent decrease in active sites available.
The most used technique is an ionic exchange with a cesium salt. However, such a
technique does not always guarantee success. The use of non-conventional SDAs,
namely compounds that can be used in sulfides or selenides systems and are not
suitable for oxides, which are easier to degrade can be seen as a solution.

One of the challenges in obtaining a photocatalyst adapted to a given reaction,
using a specific radiation, is to have a band structure suitable for the reaction under
study and a band gap fitted for incident radiation. Taking into account the enor-
mous diversity of known cluster-based materials, it would be interesting to perform
a band structure engineering by manipulating the cluster chemical composition, in
order to obtain a band gap value more suitable to a specific reaction.

The radiation absorption properties, in addition to band structure features, is an-
other characteristic to take into account when someone engineers a photocatalyst.
The use of organic dyes, which act as antennas, is commonly used to increase the
photocatalyts absorption capability. There is a lack of exploration of the inherent
characteristics of laminar materials and how these same characteristics could be
used to increase photocatalytic performance, namely the possibility of inserting
organic dyes in the interlaminar space.
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Chapter 3

Thesis Objectives

I am convinced that the old growth-model that is based on fossil-
fuels and pollution is out of date, and it is out of touch with our
planet.

Ursula von der Leyen

The world is changing. Climate change and its consequences are no longer just
something you can read about in sci novels.

As was presented in Chapter 1, there is already an open debate about what to do
to mitigate these changes and their consequences for society. From a more drastic
visions, which include the debate on the compatibility of the current economic
model with sustainable development, to the outline of a practical plans that would
allow to halt the climate changes, the discussion is already present in most branches
of modern society and cannot be ignored.

The strategy presented by the IEA to achieve net zero emissions by 2050 is based
on different cornerstones, notably the increase in energy efficiency, a change in
society’s behavior, a shift in the energy paradigm, through the reduction of fossil
fuel consumption and the increase in renewable and nuclear energy sources, and
the deployment of CCUS technology. With the wide use of CCUS the CO, final
destination is being discussed. One of the possibilities, besides its storage, would
be its use as a raw material.

CO, photoreduction has been seen as one of the possible uses of captured CO,, as
it is an elegant, sustainable and direct way of closing the carbon cycle. However, a
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solar-driven photocatalytic process presents limitations that motivate the low yield
normally associated with photocatalysis. The semiconductor used as a photocata-
lyst must have an electronic structure, namely a band gap value, suitable for the
solar spectrum. When the solar photon with proper energy is absorbed and charge
carriers are formed, they have a greater tendency to recombine rather than move to
the surface. When these recombine, the photon energy is wasted. Thus, the band
gap value of the material and the charge recombination are the main contributors
to the low yields.

Although metal oxides, notably TiO,, are the most studied materials as photocat-
alysts, other classes are being evaluated in order to develop processes with better
performances. Open framework chalcogenides stand out, since they might have
a band gap more suited to the solar power and, due to their open architecture,
the charge carriers recombination is expected to be reduced, considering the as-
pects evidenced in Chapter 2. Thus, the main photocatalysis limitations are being
address.

While these materials have very attractive characteristics to be used as photocat-
alysts, they present some limitations. As discussed in Chapter 2, open framework
chalcogenides have low thermal stability, typically collapsing at temperatures above
300°C, and tend to collapse when the structuring agent used during their synthesis
is eliminated. It was also observed that although several two-dimensional struc-
tures are described in the literature, the exploration of their properties or post
modifications is nonexistent to our knowledge. As for the use of these structures
in the solar fuels production, it is possible to find in the literature their use for the
production of hydrogen through water splitting but as for the CO, photoreduction
there is little information available.

In view of the above, the objective of this thesis is the development of open
framework chalcogenide materials with suitable characteristics to be used
as photocatalysts for solar fuels processes. This objective can be divided into
two main subjects. The first, based on material science, will focus on the synthesis,
modification and characterization of the new structures obtained. After obtaining
the structures, their photocatalytic performance will be evaluated.

The first point taken into account when it comes to the materials synthesis will
be the selection of safe and optimal synthesis methods and the use of suitable,
low cost and abundant reagents in order to try to obtain sustainable materials.
After obtaining them, they will be characterized with several techniques, in order
to evaluate their crystallinity, morphology, chemical composition, porous system
and electronic properties.
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Given the desired application, the structures previous studied will be post-modified.
As presented in Chapter 2, in order to maximize the photocatalytic performance
three things are important: band structure (band gap value and band'’s position
adequate to solar spectrum), light absorption capacity together with the porosity
of the samples. In order to modify the porous system, two techniques will be
chosen. The first one consists in modifying the synthesis gel, through the addition
of a mesoporosity agent or changing the gel viscosity. The second route chosen
consists on post-synthesis modifications, techniques that involve eliminating the
SDA present (e.g. thermal treatment) or reducing the crystal size (e.g. by ball
mill). The band structure and light absorption capacity were modified by adding
doping agents, such as metals or chalcogenides, and to complexes to the synthesis
gel, respectively.

After obtaining, characterizing and modifying the structures, the last step is to eval-
uate their photocatalytic performance. For this purpose, the materials were tested
in a batch photocatalytic unit in gas-solid system without the use of a sacrificial
agent. Two reactions were studied, CO, photoreduction and water splitting for the
production of H,, which could be combined with CO, for further valorization.
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4.1 Introduction

4.1 Introduction

The syntheses, performed according to the methodology presented in the Chap-
ter 4, can be considered as a hydro(solvo)thermal synthesis, a methodology al-
ready widely used in the synthesis of microporous oxides, such as zeolites [1].
Hydro(solvo)thermal synthesis can be defined as the synthesis of materials in a
sealed and heated aqueous solution or organic solvent at appropriate temperature
and pressure. Normally this type of synthesis is performed in a specially sealed
container or high-pressure autoclave [2].

As previously mentioned, there is no reference in the literature as to how the param-
eters of synthesis influence the final properties of the chalcogenide-type materials
under study. Thus, the first stage of this thesis was the screening of different
conditions of synthesis, by analyzing the main parameters. The first parameter to
be considered was the choice of SDA to be used. Taking into account that organic
nitrogen compounds are widely used as SDAs in zeolite synthesis and consider-
ing the tests performed previously at IFPEN and in previous works (namely the
one performed by Lin et al. [3]), 1,3-bis(4-piperidyl)propane, formerly referred as
Compound A (see Table A.2) was chosen as a promising SDA to start the study.

4.2 Synthesis of IZM-5 Material. 1,3-Bis(4-piperidyl)propane
(C13H26N3) - Compound A as SDA

Using compound A as SDA (see Table A.2), a material named |ZM-5 is obtained.
This new ordered and crystalline material was first synthesized at IFPEN [4] in
2019 and it is one of the few metal sulfide materials without the presence of Ga,
Ge, In or Cd, chemical elements known for their toxicity and/or rarity.

The 1ZM-5's PXRD pattern is present on Figure 4.1 and exhibits its characteristic
diffraction peaks at 26 equal to 8,0°, 10,2°, 11,1° and 11,7°. 1ZM-5's crystalline
structure and its analysis was not present at its original patent and will be discussed
below.
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Figure 4.1: (4.1a) PXRD pattern of IZM-5 and (4.1b) respective zoom between 26 equal to 2°
and 40°, highlighting the main diffraction peaks

This material was synthesized from a gel with the molar composition of 1 SnO,
0,32 Zn(NO3)2 . 5,72 S . 6,29 C13H26N2 (Compound A) . 132,64 C2H602 .
138,08 H,0O. After 12 days of synthesis and at a temperature of 190°C, under au-
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4.2 Synthesis of IZM-5 Material. 1,3-Bis(4-piperidyl)propane (Cy3H5sN,) - Compound A as SDA

togenus pressure and static conditions, a yellow powder with the chemical formula
Sn3,4Zng,62Ss - C13,68H20,22N2,05 Was obtained according to the original patent [4].

Comparing IZM-5 with CPM-120-ZnSnSe [3], both obtained with the same SDA
and metallic species, it is easily observed that the materials have different diffrac-
tion patterns (see Figure 4.2). Looking closely at the molar composition of the
synthesis’ gels and the final materials obtained, the main differences between the
two are the Sn/Zn molar ratio (the synthesis gel that originates CPM-120 has a
Sn/Zn molar ratio equal to 4,2 and the one that originates IZM-5 a molar ratio
equal to 3,1) and the use of a different chalcogenide and Sn-source. This shows
that it is possible to obtain structures with different topologies, not by changing
the SDA used, but due to the chemical composition of the initial synthesis gel.

lret
T
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i | | \ | CPM-120-ZnSnSe

| | [} A |
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Figure 4.2: Comparison between CPM-120-ZnSnSe [3], with Sn : 0,24 Zn(NO3), : 4,32 Se :
4,75 Cy3H,6N5 (Compound A) : 99,9 C,HgO, : 105,32 H,0 as synthesis gel, and IZM-5, with 1
SnO, : 0,32 Zn(NO3), : 5,72 S : 6,29 Cy3H,6N, (Compound A) : 132,64 C,HgO, = 138,08 H,O
as synthesis gel, PXRD patterns

In terms of morphology, 1ZM-5 is composed of small regular prisms (see Figures
4.3b and 4.3d) or hexagonal plates (see Figures 4.3a and 4.3c) with dimensions
between 6 and 9 pm.
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Figure 4.3: 1ZM-5's SEM images

In order to have more insight on the environment where the SDA is located in
the structure, IR spectroscopy and *C NMR were performed. For this, two NMR
spectra were analyzed, the isolated SDA and the IZM-5 in each case (see Figure

4.4).
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Figure 4.4: (4.42) IR and (4.4b) *C NMR spectra of IZM-5 (in blue) and Compound A (in red)

Observing the IR spectrum of the isolated SDA (Figure 4.4a, spectrum in red) two
zones stand out. A first one, between 3000 and 2600 cm™, can be associated with
the C-H vibrations. The second zone, between 3300 and 3200 cm™, is associated
with the N-H vibrations. Comparing now with IZM-5 IR spectrum (Figure 4.4a,
spectrum in blue) the main difference is the disappearance of the vibration bands
associated with the N-H bond. This could mean that the SDA present in the
sample is interacting with the inorganic structure of 1ZM-5. Regarding the 3C
NMR spectra (see Figure 4.4b), it is observed that the peaks are in a region of the
spectra associated with aliphatic carbons. Thus, it seems that the SDA carbon
chain remains intact after the synthesis process as it was suggested earlier by
elemental analysis.

4.2.1 1ZM-5 Structure

According to single crystal XRD (SCXRD)?, it was possible to solve the structure
and simulate a diffraction pattern. A table with all diffraction peaks can be found
in the Appendix C. Comparing the simulated pattern with the experimental one
(see Figure 4.5a and Table 4.1), it can be seen that there is a good agreement
between both diffractograms.

2SCXRD was carried out on a Bruker D8 VENTURE PHOTON-III using a Cu Ko (A= 1,54178 A)
radiation at 100 K. The structure resolution was done in RIAIDT-USC analytical facilities
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Figure 4.5: (4.5a) IZM-5 calculated and experimental diffraction patterns, (4.5b) N, adsorption-
desorption isotherm and (4.5¢c) TG-DTG
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Table 4.1: 1ZM-5's simulated diffraction peaks, and respective crystallographic planes, and ex-
perimentally observed diffraction peaks

Simulated Experimental
h k | 206 (deg) d(A) Irel (%) 20 (deg) d (A) 1rel (%)
1 1 0 7,96 11,10 65,5 7,94 11,14 37,4
2 0 0 8,92 9,93 20,8 8,93 9,91 21,3
2 0 -2 10,24 8,65 12,9 10,26 8,62 11,3
0 0 2 11,16 7,92 100,0 11,11 7,96 100,0
1 1 -2 11,76 7,52 37,5 11,73 7,55 28,0
0 2 0 13,22 6,69 79 13,23 6,69 4,6
3 1 -2 14,10 6,29 4,4 14,12 6,27 7,5
3 1 0 14,91 5,94 3,7 14,92 5,94 6,0
2 2 -1 15,36 576 4,7 15,37 5,77 22,2
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Table 4.1 continued from previous page

Simulated Experimental
h k | 206 (deg) d(A) Irel (%) 20 (deg) d (A) 1rel (%)
3 1 -3 16,72 5,30 1,0 16,69 5,31 17,7
0 2 2 17,37 511 2,8 17,39 5,10 19,5
4 0 O 17,89 4,97 2,8 17,98 4,93 5,7
2 0 -4 19,52 4,54 1,6 19,51 4,55 1,1
4 2 -1 20,65 4,30 3,0 20,65 4,30 14,6
0 2 3 21,47 4,15 0,2 21,50 4,13 22,6
4 2 -3 21,86 4,06 0,8 21,85 4,07 53
4 2 0 22,33 3,99 1,2 22,30 3,99 19,5
6 0 -2 23,35 3,81 10,2 23,31 3,82 13,4
3 3 0 24,03 3,70 7,0 23,82 3,74 9,5
3 3 0 24,09 3,70 3,5 24,05 3,70 5,6
3 3 -3 25,22 3,53 1,7 25,23 3,53 8,2
0 2 4 26,12 3,41 1,8 26,05 3,42 2,9
2 4 -1 27,85 3,21 1,8 27,81 3,21 19,8
7 1 -4 28,84 3,09 79 28,77 3,10 12,4
3 3 2 29,33 3,04 33 29,14 3,07 18,7
2 4 1 29,58 3,02 9,1 29,57 3,02 8,9
0 4 3 31,63 2,83 3,0 31,59 2,83 10,2
1 5 0 33,76 2,65 11 33,71 2,66 20,0
7 3 -2 34,22 2,62 1,0 34,22 2,62 7,2
7 3 -4 34,62 2,59 0,0 34,59 2,59 3,9
9 1 -4 35,91 2,50 0,8 35,96 2,50 17,6
2 4 5 36,73 2,45 2,3 36,67 2,45 8,7
3 5 1 37,79 2,38 0,2 37,78 2,38 1,0
7 3 -6 38,73 2,33 0,0 38,73 2,33 8,4
0 4 5 39,12 2,30 2,5 39,11 2,30 10,3

Concerning the structure, 1ZM-5 belongs to the monoclinic group, space group
C2/c and with a = 22,9522(11)A, b = 13,3899(11)A, ¢ = 18,2932(10)A, o =
~ = 90° and 8 = 119,969° as lattice parameters. 1ZM-5 can be classified as a
microporous layered material with a semicube as building unit (see Figure 2.26b in
Chapter 2) and with SDA located in the interlaminar space (see Figure 4.6). The
SDA is responsible for the low microporous volume observed (see Figure 4.5b) due
to their location in the free porous volume. The layers, which have a thickness of
about 6 A, are spaced by about 5 A and are oriented parallel to plane ab.

129



Chapter 4. 1ZM-5 and ITQ-75 Materials: Screening Synthesis Conditions

(b)

Figure 4.6: IZM-5 representations along (4.6a) a or (4.6b) ¢ planes (Sn - gray, S - yellow, C -
brown, N - pink, H - silver)

The different semi-cube clusters are connected by double bridge sulfur bonds (see
Figure 4.7a). The connection of the different clusters leads to the formation of
individual layers with a honeycomb structure. Each pore, with a hexagonal shape
(see Figure 4.7b), presents as dimensions 13,2788(7) A x 10,988(11) A.
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Figure 4.7: (4.7a) Connection between two clusters and (4.7b) hexagonal-shaped porous system

According to the structural resolution, 1ZM-5 should exhibit a composition equal
to Sn3S; - Cy3HogN,, thus not presenting Zn in its composition, although this metal
is present in the synthesis gel. This raises the question about the location of Zn in
the material. It may indeed be in the sample, but not in the structure, and might
even be an impurity. In order to better understand Zn location and distribution on
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the sample, semi-quantitative EDS was performed. Examining the IZM-5 crystal
closely (see Figure 4.8), it is observed that Sn, Zn and S are present and evenly
distributed. Thus, there seems to be Zn in the final structure, being necessary a
more exhaustive consideration.
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Figure 4.8: EDS mapping of a IZM-5 crystal: 4.8b - Zn content; 4.8c - N content; 4.8d - Sn
content; 4.8e - S content

In order to better understand the importance of zinc in the structure, IZM-5 was
synthesized without the presence of the zinc precursor in the synthesis gel. The
PXRD of the resulting solid is shown in Figure 4.9.
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Figure 4.9: PXRD patterns of IZM-5 synthesized with Zn precursor on the synthesis gel (in blue),
without Zn precursor on the synthesis gel (in green) and IZM-5 simulated pattern, according to
SCXRD (in orange)

Looking at the diffractograms present in Figure 4.9, it can be seen that a structure
with a crystalline diffraction pattern is obtained regardless of the presence of zinc
in the synthesis gel. Comparing the experimental diffraction patterns obtained, a
similarity is observed with respect to the position of the diffraction peaks, but not
their intensity. |ZM-5 characteristic peaks located at 20 equal to 8,0°, 10,2°, 11,1°
and 11,7° are present on the structure obtained without zinc. However, there are
two diffraction peaks, located at 20 equal to 7,2° and 7,7°, that are not present on
IZM-5 experimental or simulated diffraction patterns. Evaluating now the peak's
relative intensity, the most intense peak in IZM-5 is located at 20 equal to 11,1°
while the most intense peak obtained in the structure without zinc is at 7,2°, a
peak non-existent on 1ZM-5's diffraction pattern. Therefore, it seems that when
zinc is not present on the synthesis gel, IZM-5 and an unknown crystaline phase
are obtained.

The chemical composition of the materials under study was then determined,
through elemental analysis and ICP, to confirm the metal and organic content
(see Table 4.2). On Table 4.3 it is possible to find the molar ratios of the synthesis
gel and on the final structures.
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Table 4.2: Chemical composition of different IZM-5 samples with and without Zn present in the
synthesis gel (*Determined by elemental analysis. *Determined by ICP)

— o
Material Formula Mass composition (%)

N CT Hf St Sn?  Zn?
1ZM-5 with Zn Sn3,13Zn1,2558 . C15,01H31,49N2,24 3,09 17,80 3,11 25,34 36,68 8,12
Structure without Zn Sn3,6058 . C16v38H33192N2108 294 19,82 3,42 2586 43,11 -

Table 4.3: Different molar ratios on the synthesis gel and on the final IZM-5 structures

Gel Molar Ratios Material Molar Ratios

Sn/Zn Sn/S C/N Sn/Zn Sn/S C/N

1ZM-5 with Zn 31 0,2 6,5 2,5 0,4 6,7
Structure without Zn - 0,2 6,5 - 0,5 7.9

Assessing the chemical composition of IZM-5 prepared with zinc, it is observed that
about 8% of the sample is composed of this element, confirming again its presence
in the final material and corroborating the EDS results previously presented (see
Figure 4.8). Looking now to the C/N molar ratio, this is similar of the original
SDA, so it seems that this compound maintain its integrity during the synthesis
procedure. Comparing the gel ratios with those of the material (see Table 4.3), it
is possible to observe a decrease in the Sn/Zn molar ratio, from 3,1 to 2,5, and
an increase in the Sn/S molar ratio, from 0,2 to 0,4. These results suggest that
there is an excess of Sn and S precursors on the synthesis gel.

Concerning the material obtained without zinc, ICP confirms the absence of this
metal in the final structure. Regarding the molar ratios Sn/S and C/N, an increase
after the synthesis process. The most significant increase is in the C/N ratio, from
6,7 to 7,9.

Subsequently, XPS was performed on the two structures to better understand the
environment where the zinc is located, its influence on the other elements present
and their oxidation state (see Figure 4.10).
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Figure 4.10: Regions S 2p (4.10a), Zn 2p (4.10b), Sn 3d (4.10c) and Sn 3ds,> (4.10d) of the
different XPS spectra of the structure obtained without zinc (in green) and 1ZM-5 with zinc (in
blue)

Figure 4.10a shows the spectrum of S 2p associated with a S* ion [5]. The
spectrum of this element is known to contain two spin-orbit doublets - S 2p; /5 and
S 2py/2 [6]. The S 2p;/5 component usually lies at a binding energy between 160,0
and 161,2 eV. However, in the samples under study, this component is found at
163,6 eV. According to Smart et al. [5], there is an increase on binding energy with
increasing oxidized sulfur species, from S (160,1-161,2 V), S,* (162,1-162,6 V),
S2 (161,9-163,2 V) to S? (163,0-164,2 eV). In metal polysulfide materials it is
observed that the sulfur atoms adjacent to the ones bonded to the metal present
a binding energy higher than expected, approximately 1 €V greater. The sulfur
atoms more remote from the metal have a binding energy closer to, but still less,
SO [7]. Hence, the sulfur species of the samples under study can be associated to
a metal polysulfide material.
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As for the spectrum of Zn 2p (see Figure 4.10b), two peaks, one at 1047,1 eV and
the other at 1024,0 eV, can be associated with Zn 2p;,, and 2p;/,, respectively
[6]. This behavior can be assign to Zn?* [8]. It is observed the nonexistence of
such peaks in the sample IZM-5 obtained without zinc (spectrum in green in Figure
4.10b), confirming the absence of these metal species in the studied sample.

Finally, the Sn 3d spectra is presented (see Figure 4.10c). Both spectra show two
peaks at 488,8 eV and 497,2 eV, associated with Sn 3d;,, and Sn 3d3/, respectively
[6]. According to La Rocque et al. [9], the position of the Sn 3d5/, peak makes it
possible to distinguish whether Sn?* or Sn** is present. The position of the peak
at 488,7 eV confirms the presence of Sn**. Furthermore, the position of the S
2p1/2 component at 163,6 eV was associated by Minniam Reddy et al. [10] asa S
connected to Sn*t.

The impact that the presence of zinc has on the interaction with UV-Vis radia-
tion was also evaluated. To this end, UV-Vis spectroscopy was used to plot the
material’s reflectance as a function of wavelength (see Figure 4.11).

R

—  1ZM-5 with Zinc
—— Structure without Zinc

800 750 700 650 600 550 500 450 400 350 300 250 200
Wavelength (nm)

Figure 4.11: UV-Vis spectra of IZM-5 with Zn (in blue) and the structure without Zn (in green)

As can be seen in Figure 4.11, the presence of zinc allows for a decrease in the
reflectance of the final structure and, as a consequence, a greater interaction with
the longer wavelength radiation, i.e. the less energetic one. As such, the optical
band gap of the structure with zinc is lower than the one without zinc, something
desired for the final photocatalytic application.

In determining the optical band gap of the structures under study it was necessary,
according to the method described by Zannata [11], to fit a sigmoidal curve to the
transition (see Figure 4.12).
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Figure 4.12: Kubelka Munk function representation for (4.12a) IZM-5 with zinc and for (4.12b)
the structure without zinc

As can be seen from Figure 4.12a, it was necessary to fit two sigmoidal curves
to the material's observed transaction. The same is not observed for the material
obtained without zinc, where it is possible to fit only one sigmoidal curve (see
Figure 4.12b). Hence, it is observed that the transition of IZM-5 with zinc shows
two contributions, something not observed for the other material. Since IZM-5
with zinc has two transitions, two optical band gap values can be determined. The
first transition is associated with a optical band gap equal to 3,1 €V and the second
one with a optical band gap equal to 3,6. Regarding the remaining material, it has
a optical band gap equal to 3,4 eV. This information is systematized in the Table
4.4,

Table 4.4: Optical band gap (E,) of IZM-5 materials

Material E, (eV)
IZM-5 with zinc 31& 36
Structure without zinc 3,4
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4.2.1.1 Literature structure comparation

Comparing the structure of 1ZM-5 with others present in the literature, 1ZM-5
exhibits the structure typical of SnS-1 material, a structure previously studied by
Jiang et al. [12, 13, 14, 15, 16]. Diverse SDAs were used to obtain the SnS-1 struc-
ture, which shows its flexibility. According to Jiang et al. [15], SnS-1 is obtained
when using small cations such as DABCOH™" (1,4-diazabicyclo[2.2. 2]octane),
NH,* / EtyN*, EtyN*, trimethylammonium and tetramethylammonium. In order
to accommodate the different SDAs, SnS-1 tends to modify the space between,
and within the layers, in order to stabilize the new species, instead of creating a
new structure. Therefore, it is possible to observe in the literature the presence of
several polymorphs of SnS-1, that is, SnS-1 frameworks with different unit cell pa-
rameters and space groups. Of the three SnS-1 polymorphs studied by Jiang et al.
[15], DABCOH-SnS-1, obtained with 1,8-diazabicyclooctane (DABCO) as SDA,
stands out, since crystallizes with the same space group as IZM-5. Comparing the
porous dimensions, DABCOH-SnS-1 has pores with smaller dimensions (10,98 A
x 9,95 A). With the information present in [15] it was possible to simulate the
DABCOH-SnS-1 diffraction pattern and compare it with IZM-5 diffraction pattern
(see Figure 4.13).

1ZM-5
K _.__qu wuwww
DABCOH-SnS-1

| L Jlll ml »AA L T 1 PO Y T TYO TV

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
20 (deg)

Figure 4.13: DABCOH-SnS-1 [15] and 1ZM-5 PXRD patterns

Comparing the two diffraction patterns, it can be seen that up to 20 equal to
12°, where the main diffraction peaks of IZM-5 are located, both materials present
the same diffraction peaks, except a peak at 26 equal to 8,2° and 12,5°. Only
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a slight displacement towards high diffraction angles is being observed for IZM-5
material. The IZM-5 highest intensity peak is displaced towards higher diffraction
angles about 0,4°, which is significant in this range of 20.

4.2.2 Analysis of IZM-5 structure. Influence of synthesis conditions

A systematic study of this structure follows. For this, the impact of three important
variables was assessed: crystallization time, cooling rate and chemical composition
of the gel.

4.2.2.1 Impact of synthesis duration

According to the original 1ZM-5 patent [4], the time of synthesis of this material
is 12 days. In order to evaluate the crystallization kinetics, i. e., if there would
be the formation of other crystalline phases or the transformation of intermediate
phases, a reduction on synthesis time was performed. The diffraction patterns of
the samples obtained with 1, 2, 3, 6 and 8 days of synthesis time are presented in
Figure 4.14.
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Figure 4.14: PXRD patterns of 1ZM-5 with reduced time of synthesis - 1 day (gray), 2 days
(purple), 3 days (green), 6 days (brown), 8 days (red), 12 days (blue) - and SnO, (orange)

By evaluating the diffractograms present in Figure 4.14 different conclusions can be
extrapolated. The relative intensity of the peaks associated with IZM-5 is increased
up to 6 days of synthesis. After the sixth day of synthesis, these peaks do not
suffer alterations in their intensity. It is thus observed that there is no intermediate
crystalline phase during the crystallization process of IZM-5. Evaluating now at
the intensity of the peaks associated with SnO, phase, the main impurity of this
material, it is inferred that it varies little with the different synthesis times. This
means that either SnO; is in excess in the initial gel, or it is not very soluble in
the solvent used. Therefore, and using the composition of the gel present in the
patent and 190°C as the temperature of synthesis, after 6 days of synthesis it is
possible to obtain a fully crystallized 1ZM-5, albeit still presenting SnO, as the
main impurity.
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4.2.2.2 Impact of cooling rate

The rate at which the crystalline phases are cooled may have an impact on the
final phase obtained after filtration. There are two fundamental steps in the crys-
tallization process, nucleation and crystal growth. Nucleation is the step where the
nuclei, clusters of microscopic dimensions that originate from atoms or molecules
dispersed in the solvent, are formed. This step is followed by the crystal growth
stage, where the growth of the previously formed nuclei occurs. Depending on
the conditions, nucleation or crystal growth can be predominantly over each other.
When rapid cooling takes place, the growth stage is stopped, and thus crystals
with small crystal size are obtained. On the contrary, when the cooling is slow,
the crystals have time to grow [17, 18]. The cooling rate may also have an im-
pact on the final crystal structure in systems where there is a competition between
kinetically and thermodynamic controlled routes [19, 20].

According to the original patent [4], in order to obtain IZM-5, cooling must be
done using water and ice. This methodology, classified as fast cooling, allows the
obtention of the diffraction pattern previously presented (see Figure 4.1a).

Two other forms of cooling have been tested: super fast cooling, where acetone
and dry ice were used instead of water and ice, and cooling at room temperature.
The diffractograms of the obtained samples are showed in Figure 4.15.
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Figure 4.15: PXRD patterns of IZM-5 with different forms of cooling - room temperature cooling
(purple), quick cooling, with water and ice (blue), very quick cooling, with dry ice and ketone
(green) and SnO, (orange)

Evaluating Figure 4.15, it is concluded that the autoclaves cooling method influ-
ences the obtained final structure. When a slow cooling occurs, i.e. cooling at
room temperature, a diffractogram with a pattern associated to a laminar structure
is obtained. This diffraction pattern can be associated with a layered conformation
when the basal spacing of the second diffraction peak is equal to half of the basal
spacing of the first diffraction peak [21]. The first diffraction peak of the pattern
represented in purple in Figure 4.15 is located at 26 equal to 8,71° and exhibits a
basal spacing equal to 10,15 A. The second diffraction peak, located at 26 equal
to 17,41°, has a basal spacing equal to 5,09 A.

Fast cooling, with water and ice, and very fast cooling, with acetone and dry ice,
lead to a diffraction pattern associated with IZM-5, with no significant differences
noted between these two types of cooling. Taking into account the results obtained
with the different cooling methods tested, it is possible to say that IZM-5 is a kinetic
controlled structure instead of thermodynamic one, something already observed for
materials of the same type as IZM-5 [15].
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4.2.2.3 Impact of gel composition

Continuing the systematical approach started earlier, the impact that the gel com-
position has in the obtained crystalline structure is now evaluated. For that pur-
pose, modifications to the gel composition were performed. As can be seen in
Figures 4.14 and 4.15, when following the experimental methodology presented
above (see Section A.2), in a gel with the molar composition 1 SnO, : 0,322
Zn(NO3)2 . 5,72 S: 6,29 C13H25N2 . 132,64 C2H602 : 138,08 H20, peaks as-
sociated with an SnO, extra phase are clearly present in the 1ZM-5's diffraction
pattern.

It was chosen to study the impact that the Sn source, the Sn and SDA contents
and the solvent composition have on the final structure and on the extra SnO,
present. It was chosen to replace SnO, with SnCl, as a source of Sn, since SnO,
is not soluble in water, one of the solvents used, which could make its dissolution
in the gel difficult. SnCl,, being soluble in water, presents an easier dissolution in
the gel and, as such, more active species should be formed that can participate
in the 1ZM-5 crystallization process. Furthermore, SnCl, is soluble in ethanol, the
solvent used when washing and filtering IZM-5, which facilitates the elimination of
SnCl, that did not react during the crystallization process.

The effect of each of these parameters was first evaluated individually. The com-
positions of the gels studied, as well as the diffractograms obtained can be found
in Appendix B.

Regarding the impact that the Sn source and content have (see Figure 4.16), it is
observed that when using SnCl, instead of SnO, the disappearance of the peaks
associated with SnO, occurs. As for the Sn content in the initial gel, it can be
observed that even reducing the Sn content by 40% a similar diffraction pattern is
obtained. Hence, Sn was in large excess in the used original gel composition.
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Figure 4.16: PXRD patterns of IZM-5 with SnO, as Sn source and the original Sn content (in
blue), with -10% (in brown) and -20% Sn content (in red), with SnCl, as Sn source and -20% (in
orange) and -40% (in pink) Sn content and SnO, (purple), where { denotes an unknown impurity

Concerning the influence that the solvent composition has on the obtained product,
two alterations were studied. The first one consisted on decreasing the ethylene
glycol-water ratio. The second consisted in maintaining the ethylene glycol-water
molar ratio constant, increasing the water-tin ratio. For the two strategies stud-
ied (see Figure B.3), it is concluded that they do not influence the extra SnO,
phase formation. However, when the water-tin molar ratio is increased to 300,
an improving in the difractogram definition is observed, i.e., the intensity of the
characteristic peaks of IZM-5 is maintained and the presence of peaks that could
be associated with impurities is minimized.

The last parameter studied, the SDA gel content, has a great impact on the
formation of the crystalline structure and on the extra SnO, phase (see Figure 4.17).
When the SDA content increases by 20%, the intensity of the peaks associated with
IZM-5 decreases. Regarding the SnO, phase, this becomes the most predominant
phase. When the SDA content is decreased by 20%, the opposite is observed.
When the SDA content is decreased, the intensity of the SnO, peaks is drastically
reduced, making 1ZM-5 as the predominant crystalline phase in the final material.
Therefore, the SDA was in excess in the original gel composition used.
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Figure 4.17: PXRD patterns of IZM-5 with original SDA content (in blue), with +20% SDA (in
purple), -20% SDA (in green) and SnO, (in orange)

The parameters with the greatest impact on the SnO, extra phase were selected
and combined (see Figure B.5). It was concluded that when using SnCl, as a Sn
source instead of SnO,, reducing the Sn and SDA content by 20% and increasing
the H,O/Sn molar ratio from 138 to 300, while keeping the EG/H,0 molar ratio
equal to 0,96, it favors the elimination of the peaks associated with the SnO,
phase (see Figure 4.18). Hence, it can be considered that the more optimal molar
composition of the gel, which leads to the elimination of the SnO, peaks is 1 SnCl,
: 0,33 Zn(NO3)2 : 5,84 S: 5,13 C13H26N2 : 230,03 C2H502 : 239,96 HQO (See
Figure 4.18 to compare the diffractograms before and after optimization of the gel
composition).
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Figure 4.18: PXRD patterns of IZM-5 with the original gel composition (blue), IZM-5 after
screening gel composition (red) and SnO, (orange)

4.3 Synthesis of ITQ-75. Aromatic Compounds as SDA

After the study of the synthesis conditions, where the Compound A was used as
SDA to obtain IZM-5 material, other organic compounds were tested (see Table
4.5). Comparing the compounds present in Table 4.5, it can be observed that
Compound A is the only one that does not present a conjugated IT system. It
was thus decided to study the effect that SDAs with aromatic moieties would
have on the crystallization process. SDAs’ with a conjugated system, due to the
electronic delocatization, are more stable and tend to have a planar conformation
[22]. Therefore, the SDA interactions with I1ZM-5 precursors will be different,
and may lead to modifications to the crystallization mechanism and over the final
formed achitecture.

In a conjugated II system, electrons are able to interact with photons with a
certain wavelength. Generally, the more conjugated the system is, the longer the
wavelength (and therefore less energetic) of the photon capable of interacting with
the system. In this way, in order to increase the interaction with visible light, it is
desirable that the system is as conjugated as possible [22]. Looking at the SDAs
with conjugated II system, Compounds C and E are the ones that present a greater
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electrons delocalization, since they allow the delocalization of electrons between
the two aromatic rings. Hence, it is expected that when these two SDAs are used,
materials obtained present a greater interaction with the visible light. This is an
important property to take into account, since the materials are intended to be
used as photocatalysts.

Besides evaluating the impact that a conjugated IT system will have on the final
product, the consequences of using different chain length between cycles was also
studied. By using SDAs with different chain length, it was postulated that struc-
tures with different porosity could be obtained, that is, SDAs with longer chain
length would originate structures with a more open architecture (Compound B and
D).

Table 4.5: Different SDA's used

SDA Reference  Chemical Formula Chemical Representation C/N Molar Ratio pKa
1,3-Bis(4-piperidyl)propane  Compound A Cy3Ha6N, H@/\/\GNH 6,5 11,0
= =
1,3-Bis(4-pyridyl)propane  Compound B Cy3H14N, | | 6,5 6,3
Na N
4,4'-Dipyridyl Compound C CyoHsN> N/ A 4 \N 5 32,48
1,2-Bis(4-pirydyl)ethane  Compound D CioHiaN, N NN 6 6,1
N/
Z "N
|
1,2-Di(4-pyridyl)ethylene  Compound E CioHioN> = A A 6 55
N |

In the previous section, where the IZM-5 systematic study was carried out, a more
optimal gel composition was determined, that allowed to eliminate the presence
of a SnO, phase as impurity. To test the compounds present in the Table 4.5 as
SDA it was thus used the 1ZM-5 optimal gel composition, changing only the SDA
used and incorporated in the synthesis gel. Figure 4.19 shows the diffractograms
of the samples obtained with the optimal gel composition (previously determined
in Section 4.2.2.3), but using the different SDAs present on Table 4.5.
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Figure 4.19: PXRD patterns of the chalcogenide-type materials obtained with different SDAs -
IZM-5 in red obtained with Compound A as SDA, ITQ-75 obtained with Compound B, C, D and
E in orange, green, blue and purple, respectively, where { denotes a ZnS phase

It is observed that when SDAs with aromatic rings are used, regardless of the length
of the carbon chain that links them, a diffraction pattern is obtained that can be
associated to a traditional pattern of a laminar material due to the basal distance
oberved of the first two diffraction peaks [21]. This class of materials were named
ITQ-75, assumed to be a new ordered and structured solids, and it is patent by
IFPEN, CSIC and UPV [23]. However, there are some differences between them.

The diffraction pattern obtained when Compound B is used as SDA presents three
main peaks located at 20 equal to 7,5°, 15,2° and 50,2°. When using Compound
C as SDA, the two first diffraction peaks move slightly towards lower angles. For
the remaining peak, it maintains its position, but coupled with these arise a second
peak. When using Compound D as SDA, the peak displacement observed before
is not verified. The material obtained with Compound D as SDA shows the three
peaks at 20 equal to 7,5°, 15,2° and 50,2°, the same positions as in Compound B.
Finally, in respect to the last compound studied as SDA, by using Compound E as
SDA a small displacement of the first two peaks towards greater angles is observed.
Thus, the material's diffraction patterns obtained with the different SDAs under
study are very similar and there are only slight shifts in the first diffraction peaks
associated with laminar ordering.
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The chemical composition of the different samples, determined by elemental anal-
ysis and ICP, is present on Table 4.6. Table 4.7 presents the molar ratios on the
original synthesis gel and on the final material.

Table 4.6: Chemical composition of the synthesized structures when using the different com-
pounds as SDAs (*Determined by elemental analysis. 2Determined by ICP)

Mass composition (%)
N? ct H? St Sn?  Zn?
ITQ-75 (B)  Sns,50Zn1,27Ss - Ciois0H12,24N168 2,33 12,57 1,210 25,36 41,50 8,83
ITQ-75 (C)  Sns.05Zn1,335s - CinsaHoorNaos 2,81 12,41 0,00 2295 32,41 7,78
ITQ-75 (D) Sns,53Zn1,45Sg - CogoHi0,37N1s3 2,18 11,99 1,05 26,07 42,64 9,65
ITQ-75 (E) Snue6Zn1,2:Ss - Cir61H13.27N1es 2,58 1554 1,48 28,61 37,88 8,80

Material Formula

Table 4.7: Different molar ratios in the synthesis gel and on the final structures

Gel Molar Ratios Material Molar Ratios

Sn/Zn Sn/S C/N Sn/Zn Sn/S C/N

ITQ-75 (B) 3.2 0,2 6,5 2,6 0,4 6,3
ITQ-75 (C) 3,0 0,2 5,0 2,3 0.4 572
ITQ-75 (D) 3,2 0,2 6,0 2,4 0.4 7.0
ITQ-75 (E) 33 0,2 6,0 2,4 0.4 7.0

Concerning the chemical composition of ITQ-75, and considering once again that
Sn, Zn and S are in the crystal framework, the inorganic frameworks may have
a positive charge instead of a negative one, depending on the SDA used. ITQ-
75 obtained with Compound C has an apparent negative charge of -1, similar to
IZM-5. The other three structures, obtained with Compounds B, D and E have an
apparent positive charge of +1. Taking into account that the oxygen content has
not been determined and that the sum of the different elements is less than 100,
it is possible that this element is present in the structure, thus changing the final
charge of the structure.

Regarding the molar ratios of the different synthesis gels and those obtained in the
final structures, a similar behavior to that earlier remarked for 1ZM-5 (see Table
4.3) is observed. The final materials present a higher Sn/S molar ratio and a lower
Sn/Zn molar ratio than the synthesis molar ratios. Thus, there is an excess of
Sn and S in the synthesis gel. Concerning the C/N molar ratios, the structures
obtained with SDAs B and C maintain it after the synthesis. As for the other two
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materials obtained with the remaining SDAs, D and E, there is a small increase,
from 6,0 to 7,0.

In order to ascertain the SDA environment in the final material, IR and NMR
spectroscopy were performed (see Figures 4.20 to 4.23).
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Figure 4.20: (4.20a) Representation of SDA B, (4.20b) IR and (4.20c) *C NMR spectra of
ITQ-75 obtained with Compound B as SDA (in orange), Compound B (in blue) and Ethylene
Glycol (in green)
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Figure 4.21: (4.21a) Representation of SDA C, (4.21b) IR and (4.21c) *C NMR spectra of
ITQ-75 obtained with Compound C as SDA (in yellow) and Compound C (in green)
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Figure 4.22: (4.22a) Representation of SDA D, (4.22b) IR and (4.22c) *C NMR spectra of
ITQ-75 obtained with Compound D as SDA (in blue), Compound D (in pink) and Ethylene
Glycol (in green)

152



4.3 Synthesis of ITQ-75. Aromatic Compounds as SDA

— 1TQT5 (E)
SDAE
| c=c co Ethylene Glycol
£ M\
— — TQ75(E) \
CH SDAE
—er Ethylene Glycol
. . , , . . . . . . .
3800 3700 3600 3500 3400 3300 3200 3100 3000 2900 2800 2700 2600 2500 2400 2300 2200 2100 2000 200 180 Te0 140 120 100 80 60 40 20 CR——
Wavenumber (cm*) 5 (ppm)
(b) (c)

Figure 4.23: (4.23a) Representation of SDA E, (4.23b) IR and (4.23c) *C NMR spectra of
ITQ-75 obtained with Compound E as SDA (in purple), Compound E (in pink) and Ethylene
Glycol (in green)

Observing the previous figures, it is possible to see two types of behavior of the
structures under study. The ITQ-75 obtained with Compound C (see Figure 4.21)
does not show a peak at chemical shift equal to 62 ppm, chemical shift associated
with the presence of ethylene glycol (see Figure 4.21c). The remaining samples
show such a peak and, looking at their IR spectra, the presence of a broad peak at
a wavenumber region from 3000 cm™ to 3500 cm™, associated with the presence of
hydroxyl groups, is present. In order to confirm that the ethylene glycol detected is
in the structure and is not just a synthesis residue, the final solid was washed with
ethanol for a period of three days. After the washing time, it was observed that
there was no change in the IR spectrum. Hence, it appears that the samples that
have an apparent positive framework charge (ITQ-75 obtained with Compounds B,
D and E) contain ethylene glycol inserted in it, which would explain the possible
presence of oxygen in the material.

The impact of the SDA present in the chalcogenide-type materials on the optical
properties of the final material obtained was evaluated, namely on the optical
band gap value. This property of the material is of extreme importance when one
intends to use it as a photocatalyst, as long as as-made material are considered for
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photoconversion experiments. For this, a UV-Vis spectra was drawn and the Tauc
plot was calculated and plotted (see Figure 4.24 and Appendix D, respectively),
allowing the determination of the optical band gap value (see Table 4.8) according
to [11].
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- == Compound A

800 750 700 65 600 550 500 450 400 350 300 250 200
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Figure 4.24: (4.24a) UV-Vis spectra of IZM-5, (4.24b) ITQ-75 family and respective SDAs

Table 4.8: Bandgap (E,) of synthesized materials

Material  E, (eV)

1IZM-5 36
ITQ-75 (B) 27
ITQ-75 (C) 22
ITQ-75 (D) 25
ITQ-75 (E) 2,2

By first evaluating the UV-Vis spectra (see Figure 4.24), it can be observed that the
five studied materials have different interactions with the UV-Vis radiation. [ZM-
5, material obtained with Compound A as SDA, presents the highest reflectance
range. The samples obtained with Compounds B and D, compounds with two
aromatic rings, present an intermediate reflectance range. The materials with the
lowest reflectance range are those with Compounds C and E as SDAs. These
two SDAs are the ones that, besides presenting two aromatic rings, allow the
electronic displacement between them. Thus, it is concluded that, for a greater
electronic dislocation, the peak of the reflectance occurs at longer wavelengths,
i.e., occurs with less energetic radiation. This fact is of extreme importance for
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these materials, since they are intended to be used as photocatalysts using solar
radiation, thus making the properties of absorbing radiation strongly important,
particularly in the visible region, since about 47% of the sunlight is composed of
visible radiation. Moreover, looking at the band gap values of the different samples
(see Table 4.8), it is easy to see that from materials synthesized with non-aromatic
SDAs to aromatic ones, there is a reduction of the band gap between 0,4 to 0,7
eVv.

Considering the impact that the SDA has on the radiation absorption properties of
the final material, the question arises: is the presence of this organic compound in
the structure necessary to maintain low band gap values? The UV-Vis spectra of
the SDAs was measured (see Figure 4.24) and it was observed that their optical
band gap is greater than 3,3 eV (see Appendix D for more information regarding
their optical band gap values). Thus, although the SDA used has an impact on the
material’s electronic properties, its presence alone does not explain the observed
interaction with UV-Vis radiation., being decissive the interaction between the
inorganic matrix and the organic SDA compounds.

4.3.1 ITQ-75 Structure

Due to the potential that these new materials show, namely in their interaction with
UV-Vis radiation, more details on their topology were necessary to be investigated.
HRTEM analysis was performed first, in order to assess whether or not the materials
had a laminar topology, as was previously hypothesized due to the values of the
basal space associated with the first two diffraction peaks. Figure 4.25 shows the
HRTEM images.
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Figure 4.25: ITQ-75" HRTEM images, obtained with Compound C as SDA, where (4.25a) and
(4.25b) highlights its morphology and (4.25¢c) and (4.25d) the laminar planes, marked in red

Looking at Figures 4.25a and 4.25b it can be seen that ITQ-75 can be seen as
a fiber-like particles organized into a ball. Regarding its laminar profile, Figures
4.25c and 4.25d confirms it. The intercalary laminae are 1,0 £0,2 nm apart.

In order to learn more about ITQ-75 crystal's morphology, as well as their dimen-
sion, a FESEM analysis was performed (see Figure 4.26).
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Figure 4.26: ITQ-75 FESEM images, obtained with (4.26a and 4.26b) Compound C or (4.26c
and 4.26d) Compound B as SDA

Regarding the ITQ-75 crystal's morphology, it is possible to verify that they are
spherical resulting from the accumulation of laminae with different orientation.
Looking particularly at Figure 4.26d, some crystals present a flower-like morphology.
ITQ-75 crystal size is 1,4 +£0,5 pm, when obtained with Compound B as SDA, and
1,8 £0,6 pym, when obtained with Compound C as SDA.

Due to the small crystal size and the low amount of well-defined peaks it makes it
impossible, up to now, to solve ITQ-75 structure by conventional methods, such
as the one previously used on 1ZM-5.

However, a literature review on inorganic layered materials suggest that ITQ-75
structure might be related to the triclinic misfit layer compounds MTX; [24, 25].
This class of materials consists of two different materials layered on each other,

157



Chapter 4. 1ZM-5 and ITQ-75 Materials: Screening Synthesis Conditions

originating an ordered superstructure. Usually, MTX; materials can be seen as
alternately double layers of MX (where M represents Sn, Pb or rare earth metals
and X S or Se) and sandwiches of TX, (where T represents transition metals) (see
Figure 4.27) [26]. (SnS)1,2(TiSz) [26], (BiS)(NbS,) [27] or (LaSe);,14(NbSe,) [28]
are examples of chalcogenide-layered materials with the MTX; structure.
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Figure 4.27: Crystal structure representation of (LaSe);,14(NbSe,) (adapted from [28])

Regarding ITQ-75, and assuming as an initial hypothesis for its structure the MTX3
one, can be seen as SnS layers alternated with ZnS, layers that are partly replaced
by the organic component present.

Concerning ITQ-75 textural properties (see Figure 4.28a and Table 4.9), this class
of materials presents a negligible microporous area, between 0,5 and 4,6 m3/g. It is
thus verified that the accessibility of these materials is due to their external surface
area, which varies between 11,4 and 50,0 m?/g. It is also noted that depending
on the compound used as SDA, the accessibility of the samples varies. When
Compound B is used as SDA, the structure has the smallest external surface area.
When Compounds D or E are used, their surface accessibility is greater, associated
with the different flexibility of the SDA compounds.
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Figure 4.28: (4.28a) N, adsorption-desorption isotherms and (4.28b) TG-DTG of the different
ITQ-75 materials

Table 4.9: ITQ-75 textural properties (n.a. - not available. 'Determined by FESEM (see
Appendix F)

Pore Volume BET surface t-plot Micropore t-plot External Crystal Size
(cm3/g) area (m?/g) Area (m?/g) Surface Area (m?/g) (pm)?
ITQ-75 (B) n.a 11,9 0,5 11,4 1,4 +£0,5
ITQ-75 (C) 0,140 20,2 2,9 17,3 1,8 £0,6
ITQ-75 (D) 0,255 40,5 33 37,2 1,6 £0,6
ITQ-75 (E) 0,277 54,6 46 49,9 14405

As for the thermal stability (see Figure 4.28b), the largest mass variation is observed
for temperatures between 440°C and 450°C. However, for ITQ-75 obtained with
Compound C a behavior slightly different from the others is observed. This material
presents a first mass loss at 327°C, followed by the most preponderant one at 441°C
(see Figure E.9), probably due to the lower thermal stability of the Compound C
used as SDA.

4.4 SDA free synthesis

Finally, it was assessed whether it is possible to synthesize this class of materials
without the presence of SDA in the gel. This fact should allow to know the
importance of the SDA compounds into the final achieved structure. Currently
there is a growing concern regarding the synthesis of structures without the use of
SDA, due to its high economic and environmental costs [29].
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As mentioned before, these materials tend to collapse when the SDA is elimi-
nated. Furthermore, the SDA occupies an intra framework position, being the
main responsible for clogging the porous system. Hence, the synthesis of materials
without SDA would avoid the occlusion of the porous system and, by extension,
the post-synthesis treatments necessary to remove said SDA, which often lead to
the collapse of the crystalline structure.

Two experimental approaches were tested for this: the presence of Nat and the
effect of seeding, hoping that both methodologies would favor the formation of a
new ordered chalcogenide-type material, similar to IZM-5 or ITQ-75.

4.4.1 Na' presence

As can be seen above (see Table 2.9), the structures obtained until now without
the presence of SDA had in its gel monocations, namely Na™, a monocation widely
used to replace SDA in the synthesis of materials such as zeolites [30]. Figure 4.29
shows the diffractograms of the samples synthesized with different S/Na* molar
ratios. All samples obtained with different Na™ molar contents were synthesized
at a temperature equal to 190°C, six days as synthesis time, SnO, as Sn source
and with a ethylene glycol - water molar ratio of 0,96.

160



4.4 SDA free synthesis

T
L | | i
| || |
L | - | S/Na* = 1,25 |
s | |
- | |
[ ‘\ I I S/Na* = 0,847
| I A Lok
L | N B
- 1 -
| [ |
| [ - | $/Na® = 1,02
)\ M Ao A A A —
L |
Pl 1ZM-5
i

o I W W AN M I re e it T i N P e L i L
5

10 15 20 25 30 35 40 45 50 55 60 65 70
26 (deg)

Figure 4.29: PXRD patterns of the different materials obtained with different Na contents -
IZM-5 in red obtained with Compound A as SDA and no Na present on the gel, S/Na™ molar
ratio equal to 1,02 in purple (1 SnO, : 0,33 Zn(NOs), : 5,98 S : 2,94 Na,O : 134,61 C,Hs0,
: 150,81 H,0), S/Na* molar ratio equal to 0,84 in green (1 SnO, : 0,32 Zn(NO3), : 5,76 S :
2,31 Na,O : 132,13 C,HgO; : 138,96 H,0), S/Na™t molar ratio equal to 1,25 in blue - and SnO,
in orange (1 SnO; : 0,32 Zn(NO3), : 5,71 S : 3,40 Na,O : 131,08 C,H¢O, : 138,54 H,0)

When using Nat on the gel without the presence of SDA, the SnO, diffraction
pattern is obtained in all tested compositions. It should be noted that for 20 around
9° and 15°, it is possible to observe two small peaks, which may be associated with
a possible laminar phase. However, their intensity is so low, in relation to the peaks
associated with SnO,, that their presence is almost insignificant. Although small
peaks not associated with SnO, can be seen, they are negligible in relation to the
SnO, phase, so this strategy was considered not successful.

4.4.2 Seeding effect

The second technique tested in the synthesis of materials without the presence of
SDA was seeding, a technique widely used in the SDA free synthesis of zeolites
[29, 31]. Seeding is based on the use of seeds, material previously obtained in the
presence of SDA, that will help with the nucleation phase of the new structure. In
addition to not requiring the use of SDA, seeding also allows to reduce the time of
synthesis, changing the size of crystallites and eliminating possible impurities [29].
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The seeds used were obtained from a gel with the molar composition 1 SnO, :
0,32 Zn(NO3)2 . 5,71 S: 6,41 C13H26N2 . 131,67 C2H602 . 145,23 HQO, 6 days as
synthesis time and 190°C as synthesis temperature. After obtaining the seeds, they
were placed in a gel with the molar composition 1 SnO, : 0,330 Zn(NO3),: 5,12 S
: 133,70 C,HgO, : 147,53 H,0, where they represented 0,30% (mass percentage)
of the final gel. Since seeding allows the reduction of the synthesis time, it was
decided to shorten that period to one day, whilst keeping the temperature at 190°C.
Figure 4.30 shows the diffractogram of the sample as-synthesized in the presence
of seeds and without SDA.
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Figure 4.30: PXRD patterns of the material obtained with IZM-5 seeds and one day as synthesis
time (in blue), IZM-5 with Compound A as SDA and one (in purple) or six days (in green) as
synthesis time and SnO, (in orange)

As can be seen in Figure 4.30, through seeding it is not possible to obtain a
crystalline structure, observing only the presence of diffraction peaks associated
with SnO,. It would be interesting to evaluate what would be obtained if SnCl,
was used as a source of Sn. However, this preliminary result suggest that the
use of seeds, in the absence of SDA molecules, does not favor the formation of
chalcogenides.

This methodology was also used by using ITQ-75 seeds. Two type of seeds were
used, ITQ-75 obtained with Compound B and Compound C, in order to evaluate
the influence of SDA. ITQ-75 (B) seeds used were obtained from a gel with the

162



4.4 SDA free synthesis

molar composition 1 SnCl, : 0,31 Zn(NO3), : 5,71 S : 6,37 Cy3H4N, : 226,98
C,oHgO, 1 239,41 H,0, 6 days as synthesis time and 190°C as synthesis temperature.
ITQ-75 (C) seeds used were obtained from a gel with the molar composition 1 SnCl,
: 0,32 Zn(NO3)2 : 5,69 S: 511 C10H12N2 1 227,20 C2H602 . 238,24 Hgo, 6 days
as synthesis time and 190°C as synthesis temperature. These seeds were placed
in a gel with the molar composition 1 SnCl, : 0,32 Zn(NOs), : 5,67 S : 226,78
CyHeO, @ 238,20 H,0, where they represented 0,30% (mass percentage) of the
final gel.

Figure 4.31 shows the diffractogram of the sample synthesized in the presence of
ITQ-75 seeds, obtained with Compounds B or C as SDA, and without SDA.
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Figure 4.31: (4.31a) PXRD patterns of the material with ITQ-75 seeds, obtained with Compound
B as SDA, and one day as synthesis time (in green), ITQ-75 with Compound B as SDA and
one (in purple) or six days (in purple) as synthesis time and SnO, (in orange); (4.31b) PXRD
patterns of the material with ITQ-75 seeds, obtained with Compound C as SDA, and one day
as synthesis time (in green), ITQ-75 with Compound C as SDA and one (in red) or six days (in
brown) as synthesis time and SnO, (in orange)

Although two peaks are observed around 20 around 9° and 15° that could be
associated with a possible laminar phase, their intensity is much lower than that of
the other diffraction peaks. These peaks may be due to the ITQ-75 seeds present
in the synthesis gel. It is also observed that, although there is no SnO, in either
the synthesis gel or the seeds, the final structure shows peaks at 26 at 26,7°, 34,0°
and 51,3° that can be associated with a SnO, crystalline phase.

It is therefore concluded that, under the synthesis conditions aforementioned, a
seeding strategy is not favorable for obtaining this class of chalcogenide materials.
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4.5 Conclusions

In this chapter, a new sulfur-based material recently patented by IFPEN [4] and
designated by 1ZM-5 was studied. As it is a new material, the only information
available was its chemical composition and diffraction pattern. After structural
resolution via SCXRD, IZM-5 can be seen as laminar material with a semicube
building unit. According to the structural resolution, IZM-5 does not have Zn
integrated in the structural framework. It was observed that when Zn is not
present in the synthesis gel, a material with a diffraction pattern similar to 1ZM-5
is obtained. It can be noted that the presence of Zn is not essential to obtain a
crystalline structure, but it is necessary to obtain a pure IZM-5 material. However,
the presence of this element allows to reduce the optical band gap, something to
be taken into account since the structure is intended to be used in solar-driven
applications.

Since IZM-5 is a recent material and there is no systematic study available on
the influence of the synthesis parameters in this class of materials, the first stage
of this thesis was to understand how the conditions of synthesis influence the
final structure. To this end, the impact that the synthesis time, cooling rate and
chemical gel composition have on the final product obtained were evaluated.

Table 4.10 systematizes the impact of each of the parameters studied in obtaining
IZM-5, and the presence of SnO, in the final material.

Table 4.10: Systematization of the main screening results obtained regarding the IZM-5 synthesis
and the presence of the extra SnO, phase

Strucuture

1ZM-5 Sn0O,
Synthesis time Medium impact  No impact
Cooling method High impact No impact
Sn source No impact High impact
Sn content No impact No impact
Solvent composition Medium impact  No impact
SDA content High impact High impact

The parameters that proved to have the greatest impact in obtaining IZM-5 were
the cooling method and the SDA content in the gel. Already in relation to the
extra SnO, phase, this is strongly influenced by the Sn source used and the SDA
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content, which favors IZM-5 formation without impurities, namely an extra SnO,
crystalline phase.

After studying the impact of the different parameters, the optimized synthesis
conditions were used to tested other organic compounds as SDA. These showed
aromaticity and different lengths of carbon chains linking the aromatic rings. These
SDAs were chosen because, due to their aromaticity, they have different chemical
properties that may lead to different structures and properties. The aromaticity,
caused by the presence of a conjugated II system, allows an electronic displacement
not observed with other SDAs, thus improving the interaction with UV-Vis radia-
tion, a very important property taking into consideration the intended photocat-
alytic application for the materials. The materials obtained with these compounds
appear to be laminar and were named ITQ-75, a class of materials patented by
IFPEN, CSIC and UPV [23]. However, due to its small crystal size and the reduced
number of well-defined diffraction peaks, it was impossible to solve its structure
by convectional methods.

Finally, the possibility of obtaining materials of this class without the presence of
SDA in the gel was evaluated. Two techniques were tested, the replacement of
SDA by a monocation, Na™, or seeding. None of the techniques was completely
successful, under the synthesis conditions studied, in obtaining a crystalline material
similar to ITQ-75 lamellar chalcogenide-type solids.
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5.1 Adjusting Interaction with UV-Vis Radiation

Since the synthesized materials will be used as photocatalysts, their electronic
properties, namely the optical band gap value, are of extreme importance. As
for the optical band gap value, which is relatively easy to determine, it should be
between 1,5 and 2,0 €V in order to take advantage of the solar radiation and to
be suitable for solar fuels production. In this way, the value of the optical band
gap is low enough to maximize the number of absorbed photons, but high enough
to allow the photoproduced charge carriers to be thermodynamically feasible to
participate in the desired processes. Taking into account the value of the optical
band gaps presented previously (see Table 4.8), these structures were doped in
order to obtain an optical band gap value more suitable for the desired application.

According to the state of the art presented earlier (see Section 2.4.1), the addition
of Se or Cu leads to band gap reduction. Thus, small amounts of Se or Cu were
added to the gels during the synthesis process. The addition of other metals as
dopants, such as Fe, Ni and Co was also studied, since these metals are cheap,
earth abundant elements and were previously studied as photocatalysts on solar
fuel production [1, 2, 3, 4, 5].

Another methodology used to alter the electronic properties of the materials under
study was the insertion of organic compounds into the synthesis gel that have a dual
function, i.e., that can act as both an SDA and as a light-harvesting antenna. The
compound chosen was a Ru complex, cis-dichlorobis(2,2-bipyridine)ruthenium(ll),
since this class of compounds is widely known for their use in dye-sensitized solar
cells [6, 7, 8, 9]. However, it is important to note that Ru is not a common element
in the earth’s crust, which could jeopardize its use in a sustainable application [1].

5.1.1 1ZM-5 Electronic Structure Tuning

During the synthesis process, small amounts of dopants were added to the gels
in order to change its interaction with radiation. Different dopants and dopant's
concentrations were tested.

As for the use of the Ru complex, it was tested in the absence, on the synthesis
gel, of Compound A as SDA, in order to verify if it would be possible to obtain
a crystalline structure, and also mixed with SDA A, i. e., the organic compound
used for the synthesis of IZM-5 material.

171



Chapter 5. Materials Modification

5.1.1.1 Dopping with Selenium

Using Se as a dopant, three different molar concentrations were tested: 0,03%
(Se/S molar ratio equal to 0,01), 0,2% (Se/S molar ratio equal to 0,1) and 0,4%
(Se/S molar ratio equal to 0,2). Figure 5.1 shows the diffraction patterns of IZM-5
doped with different Se contents.
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Figure 5.1: PXRD patterns of undopped IZM-5 (in blue), IZM-5 dopped with 0,03% Se (in red),
0,2% Se (in purple), 0,4% Se (in green) and Se (in grey), where { denotes an unknown impurity

Looking at Figure 5.1, the insertion of Se in the structure seems successful, since
there is no change in the diffraction pattern with the different amounts of Se in
the initial gel and there is no presence of diffraction peaks that could be related to
an extra Se phase.

Since the Se doping allowed the structure integrity to be maintained, further char-
acterization techniques, namely chemical composition, UV-Vis and XPS, were car-
ried out in order to understand the consequences of the doping on IZM-5 final
properties.
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Table 5.1 shows the chemical composition of the different IZM-5 Se doped samples
and their molar ratios on the synthesis gel and on the final structure (see Table
5.2).

Table 5.1: Chemical composition of the 1ZM-5 Se-doped samples (* Molar composition (%) on
the initial gel. ?Determined by elemental analysis. *Determined by ICP)

P o
SDA Dopant! Formula Mass composition (%)

N? e H? S? Sn®  Zn¥ Sé®
Undoped Sn3,13Zn1,2658 * Cis,01H31,40N2,24 3,09 17,80 3,11 2534 36,68 8,12 -
0,03% Se  Sn,,84Zn1,0357,635€0,37 + Ci6,03H34,10N2,34 3,27 20,33 3,41 2448 33,74 6,73 2,92
0,2% Se  Sns,15Zn1,2556,455¢€1,55 © Ci6,23H30,10N3,34 3,86 21,85 3,77 19,90 36,00 7,86 11,76
0,4% Se  Sn3,44Zn0,8555,125€2,88 * Cis,10H36,37N2e5s 2,81 17,32 2,98 13,45 33,42 4,53 18,62

Compound A

Table 5.2: Molar ratios of the different IZM-5 Se doped samples on the synthesis gel and on the
final structure

Gel Molar Ratios Material Molar Ratios
Sn/Zn Sn/S Se/S C/N Sn/Zn Sn/S Se/S C/N
1ZM-5 3,1 0,2 - 6,5 2,5 0,4 - 6,7
0,03 % Se 3,2 0,2 0,02 6,5 2,8 0,4 0,1 7,2
0,2 % Se 3,1 0,2 0,09 6,5 2,5 0,5 0,2 6,6
0,4 % Se 3,1 0,2 0,2 6,5 4,1 0,7 0,6 7,2

It is observed that, along the different samples, the Sn mass percentage remains
quite similar. As for the S content, it decreases as the Se content increases. When
0,4% of Se is added to the initial gel there is a drastic increase in the Sn/Zn and
Sn/S molar ratios. It is therefore suggested that with the increase of Se in the gel,
the assimilation of Zn and S by the final material decreases.

Afterwards, the UV-Vis spectra of the different Se-dopped samples were plotted
in order to evaluate the influence of this dopant in the iteration with the UV-Vis
radiation (see Figure 5.2) and its consequences on the optical band gap value (see
Table 5.3).
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Figure 5.2: UV-Vis spectra of 1ZM-5 (in blue) and Se-dopped 1ZM-5 samples with different Se
contents - 0,03% (in red), 0,2% (in purple) and 0,4% (in green)

Table 5.3: Bandgap (E,) of IZM-5 Se-doped samples

E, (eV)

Undopped 3.1
0,03% Se 3,5
0,2% Se 3,4
0,4% Se 2,9

Looking at Table 5.3, it is concluded that a reduction in the optical band gap
value is only observed when the Se molar percentage on the initial gel is equal to
0,4%. Therefore, it appears that doping with Se only yields changes in electronic
properties towards the desired outcome above the 0,4% threshold. This increase
is contrary to expectations, since according to the literature [10, 11], the insertion
of Se into the structure should lead to marked a decrease in the optical band gap.

There are two possible justifications for such discordance with the literature. The
first is the calculation method used to determine the optical band gap value. This
was done by using the method presented by Zanatta [12], based on fitting a sig-
moidal curve to the experimental data. Although it is a method that is meant to
solve the disadvantages of using the Tauc plot method [13], it requires the fitting
of a sigmoidal curve, which sometimes may not be the most appropriate for the
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given situation. It is also necessary to know whether the material has a direct or
indirect band gap. As this information is not known, since it is a new structure,
it is assumed that the structure under study presents a direct band gap. This as-
sumption could be wrong and therefore add a possible error to the calculated value.
Another possible explanation would be the position that the dopant occupies in
the crystal lattice. As noted in the state of the art [14, 15, 16], in addition to the
chemical nature of the dopant, the position it occupies influences the final elec-
tronic properties. Therefore, it is possible that, with the first two concentrations
of Se tested, the position it occupies leads to a blue shift on the band gap value.

5.1.1.2 Dopping with Metals

The impact of metals addition as doping agents on 1ZM-5's interaction with UV-
Vis radiation was additionally evaluated. For that, small amounts of copper, iron,
nickel and cobalt were added onto the initial gel. Three different M/Sn gel molar
ratios (M = Cu, Co, Fe, Ni) were tested: 0,1, 0,3 and 0,6. The diffractograms of
the different 1ZM-5 doped samples are present in Figures 5.3 and 5.4.
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Figure 5.3: PXRD difractogram of (5.3a) undopped 1ZM-5 (in blue), ITQ-76 with 0,03% Cu (in
red), 0,1% Cu (in purple) and 0,2% Cu (in green), where T denotes a CuS phase, { a Cu,S phase
and ¢ a ZnS phase; (5.3b) undopped 1ZM-5 (in blue), ITQ-76 with 0,02% Fe (in green), 0,05%
Fe (in pink) and 0,1% Fe (in yellow), where ¢ denotes a ZnS phase
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Figure 5.4: PXRD difractogram of (5.4a) undopped 1ZM-5 (in blue), 1ZM-5 with 0,02% Ni (in
red), 0,05% Ni (in orange) and 0,1% Ni (in purple), where where ¢ denotes a ZnS phase; (5.4b)
undopped 1ZM-5 (in blue), ITQ-76 with 0,01% Co (in gray), 0,05% Co (in green) and 0,1% Co
(in pink), where ¢ denotes a ZnS phase
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When copper, iron or cobalt is inserted into the synthesis gel, there is a dramatic
change in the diffraction pattern obtained. The diffraction pattern obtained is
no longer that of 1ZM-5, but of a new laminar phase. This new laminar phase
was named ITQ-76 and is patented by IFPEN, CSIC and UPV [17]. When nickel
is inserted into the synthesis gel (see Figure 5.4a), the final material maintains
the diffraction pattern of IZM-5 up to a molar concentration on the synthesis gel
of 0,05%. When a higher molar concentration of 0,1% is tested, a diffraction
pattern that can be seen as combination of IZM-5 ant ITQ-76 diffraction patterns
is obtained.

As mentioned beforehand for ITQ-75, the diffraction pattern of ITQ-76 can be
associated with a traditional pattern of a laminar material due to the basal distance
observed of the first two diffraction peaks [18]. The first diffraction peak is located
at 20 equal to 8,7°, with a basal spacing of 10,1 A, and the second diffraction
peak is located at 20 equal to 17,4°, with a basal spacing of 5,1 A. Besides these
two diffraction peaks, there are two more stand out, located at 20 equal to 28,3°
and 50,0°, that can be associated with a ZnS phase. Comparing to the ITQ-75
structure (see Figure 5.5), where the main diffraction peaks are located at 20

equal to 7,5°, 15,2° and 50,2°, the first two diffraction peaks are displaced towards
higher angles, implying a more close architecture.
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Figure 5.5: PXRD diffractogram of 1ZM-5, obtained with Compound A as SDA (in blue), ITQ-
75, obtained with Compound B as SDA (in orange), and ITQ-76, obtained with Compound A as
SDA and with 0,05% Fe (in pink), where ¢ denotes a ZnS phase

Looking more closely at the behavior of each doping agent, it is observed that the
insertion of copper leads to ITQ-76 diffraction pattern and its insertion into the
final structure is partially successful (see Figure 5.3a). From a molar concentration
of 0,03% Cu, it is possible to see the presence of diffraction peaks that can be
associated with CuS and Cu,S phases. As for the iron insertion onto the ITQ-76
structure (see Figure 5.3b), this seems to be successful, since there are no diffrac-
tion peaks that can be associated with a possible Fe extra phase. As mentioned
earlier, the behavior at nickel insertion is distinct from the others. Nickel dopping
is the only dopping technique that allows to maintain IZM-5 structure integrity up
to a nickel molar concentration on the synthesis gel of 0,05 % (see Figure 5.4a).
As for cobalt, the last doping agent tested, it is observed that for the lowest con-
centration tested there are two diffraction peaks at 20 equal to 11,0° and 11,7°
that can be associated with IZM-5 structure (see Figure 5.4b). For the other two
concentrations tested, a similar behavior to Fe-dopping is observed, where only
ITQ-76 diffraction pattern is obtained without the presence of extra peaks that
could be associated with Co extra phase.

Comparing the four metals used as dopants, nickel is the most stable. Thus, and
taking into account that this is the only metal that allows to maintain 1ZM-5
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crystalline structure, it is hypothesized that it is not inserted in its framework. As
for the other metals, namely copper and iron, these are more easily oxidizable. As
such, their insertion into the crystalline structure is facilitated, which would explain
the crystalline phase change observed.

In order to confirm the presence of the metals in the final structure, the chemical
composition of the studied structures and their molar ratios were determined (see
Tables 5.4 and 5.5).

Table 5.4: Chemical composition of the IZM-5 and ITQ-76 (* Molar composition (%) on the
initial gel. ?Determined by elemental analysis. 3Determined by ICP. *M represents Cu, Fe, Ni or
Co according to the sample)

Mass composition (%)

N? (o H? S? Sn® Zn® M*
Undoped Sn313Zn1265s - CisiotHanaoNaios 3,09 17,80 3,11 2534 36,68 812 -
0,03% Cu_ SM2.07ZN1,30CU02158 - ComzsHaoNas.es 2,38 25,50 3,63 23,30 32,04 7,70 1,22
0,1% Cu Sny,57Zn1,08CuSs - Ci0,58H10,17N1,37 192 12,67 2,10 2561 3040 7,03
02% Cu  SnpigeZng,15CUz365s - CarasHameaN1s 1,42 9,24 2,06 2339 30,97 6,83 13,70
0,02% Fe  Sn01Zn1,31F 06358 - CisrasHoosoNiiro 2,53 10,42 2,82 27,22 36,72 9,08 3,72
0,05% Fe  Sny,16Zn1,05F€0,74Ss - Cis.61H26:80N1,41 2,06 19,58 2,78 26,81 26,76 7,20 4,32

Compound A 0,1% Fe  SnaosZnioiFenssSs - CoosoHamasNizs 2,06 2124 3,07 21,95 20,67 562 6,99
0,02 % NI Sn,45Zn1,06N10,456 - CizsrHaz7eNias 2,37 18,67 2,61 2041 32,90 7,01 2,76
0,05 % Ni  Sny,9Zng,03Nig,64Ss - Ci3,57H22,76N1,48 2,94 19,62 327 28,49 2486 6,72 4,17
01% Ni  Sny.6eZNo,ssNi1,12Ss - CrasrHomrN1,es 2,41 18,48 3,00 2588 2022 539 6,76
0,01 % Co  Sny,65Zn1,36C00,355s - Cigi0sH20,81N1,61 2,567 20,67 3,03 26,07 31,93 9,07 2,11
0,05% Co  Snp11Zny,16C00176Ss - ComooHassrNawgs 2,79 2592 357 2518 2459 7,43 4,39
01% Co  SnyssZnes7Co1zeSs - ComosHasioNawso 3,22 30,87 4,02 2330 20,17 522 6,99

SDA Dopant?! Formula

Table 5.5: Molar ratios of the different IZM-5 metal doped samples on the synthesis gel and on
the final structure (*M represents Cu, Fe, Ni or Co according to the sample; n.a - not available)

SDA Dopant! Gel Molar Ratios Material Molar Ratios

Sn/Zn Sn/S Sn/M' Zn/M' C/N Sn/Zn Sn/S Sn/M' Zn/M' C/N

Undoped 3,1 0,2 - - 6,5 2,5 0,4 - - 6,7

0,03% Cu 3,2 0,2 14,1 4,4 6,5 2,3 0,5 14,1 6,2 11,1

0,1% Cu 3,2 0,2 2,4 0,7 6,5 2,4 0,3 n.a. n.a. 7,2

0,2% Cu 3,2 0,2 1,9 0,6 6,5 2,5 0,4 1,2 0,5 7,6

0,02% Fe 3,1 0,2 6,8 1,0 6,5 2,2 0,4 4.6 0,5 9,0

0,05% Fe 3,0 0,2 4,4 2,9 6,5 2,0 0,3 2,9 1,4 11,1
Compound A 0,1% Fe 2,9 0,2 2,1 1,4 6,5 2,0 0,3 0,7 0,7 12,0
0,02% Ni 3,2 0,2 75 2,3 6,5 2,3 0,3 2,9 13 9,2

0,05% Ni 3,0 0,2 4,1 1,4 6,5 2,0 0,2 3,0 1,4 7,9

0,1% Ni 31 0,2 2,1 0,7 6,5 2,1 0,2 15 0,7 8,9

0,01% Co 3,0 0,2 17,9 6,0 6,5 19 0,3 7.5 3,9 9,4

0,05% Co 2,9 0,2 6,0 2,1 6,5 1,8 0,3 2,8 15 10,8

0,1% Co 2,9 0,2 2,9 1,0 6,5 2,2 0,2 1,4 0,7 11,2

In all doped samples the presence of the metal used as doping agent is always
observed in the final material.
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5.1 Adjusting Interaction with UV-Vis Radiation

With increasing doping agent content on the initial gel there is an increase on its
content on the final material and a decrease on Sn and Zn contents. Looking to
the molar ratios, these present different behaviors according to the doping agent
used. As for the impact of Cu, it is observed that the Sn/Zn molar ratio in the
synthesis gel is always higherand the Sn/S molar ratio is always lower than those
of the final material. It is thus suggested that there is an excess of the Sn and
S precursors in the initial gel. As for the Sn/Cu and Zn/Cu molar ratios, it is
observed that with increasing copper content in the initial gel they become similar,
so the Cu present on the initial gel is completely present on the final material.
Regarding the Fe-doping and Co-doping, they have a similar impact on the Sn/S
and Sn/Zn molar ratios. As for the Sn/Dopant and Zn/Dopant molar ratios, it
is observed that they are always higher on the initial gel than on the final, so
there is an excess of Dopant on the initial gel. Finally, regarding the impact of Ni
insertion, it is observed that the Sn/Zn molar ratio has a similar behavior as the
other doping methods. As for the behavior of the Sn/S and Zn/Ni molar ratios,
it is observed that for the two highest Ni contents the values before and after
synthesis are similar.

Regarding the C/N molar ratio, this ratio is always higher on the structure than on
the initial gel. The highest increase is observed on the Fe and Co doped structure.
This increase might be explain with the possible presence of ethylene glycol onto
the final structure, situation previous discussed when the ITQ-75 SDA chemical
environment was studied.

Subsequently, the impact of the insertion of the different tested dopants on the
optical properties was evaluated. For this, the interaction with UV-Vis radiation
was determined (see Figure 5.6) and their optical band gap was determined by the
method described by Zanatta [12] (see Table 5.6 and Appendixes D.2.3, D.2.4,
D.2.5 and D.2.6 for more information regarding its determination).
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Figure 5.6: UV-Vis spectra of the different materials obtained with Compound A as SDA -
(5.6a) Cu-doped materials, (5.6b) Fe-doped samples, (5.6c) Ni-doped samples and (5.6d) Co-
doped samples
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Table 5.6: Optical band gap values of the different materials obtained with Compound A as
SDA - (5.6a) Cu-doped materials, (5.6b) Fe-doped samples, (5.6c) Ni-doped samples and (5.6d)
Co-doped samples (n.a. - not available)

(a) (b)
E, (eV) E, (eV)
Undoped 3,1 Undoped 31
0,03% Cu 2,4 0,02 % Fe 2,0
0,1% Cu 2,2 0,05 % Fe n. a.
0,2% Cu 2,2 0,1 % Fe n. a.
(©) (d)
E, (eV) E, (eV)
Undoped 3,1 Undoped 31
0,02 % Ni 3,0 0,01 % Co 2,0
0,05 % Ni 33 0,056 % Co n. a.
0,1 % Ni 372 0,1 % Co n. a.

After the insertion of any of the doping agents under study, regardless of their
amount, changes in their reflectance spectrum are observed.

For 1ZM-5 without any doping agent, the reflectance edge is at 432 nm. After
doping with Cu, there is a shift on its edge. For a Cu molar content equal to
0,03%, this edge moves towards lower wavelength, to 393 nm. Albeit this blue
shift, there is a decrease on the calculated optical band gap value (see Table 5.6a).
For the other two Cu doping contents tested, there is a red shift on the reflectance
edge, from to 432 nm to 716 nm, on the sample with 0,1% Cu, and 700 nm, on
the sample with 0,2% Cu. As for their optical band gap value, with Cu presence
there is a decrease on its value, somethings according to what is described in the
literature (see Section 2.4.1).

Regarding the Fe-dopped samples, there is a red shift on the reflectance edge on
all three tested Fe contents, from 368 nm to 432 nm (sample with 0,02% Fe), 443
nm (sample with 0,05% Fe) and 447 nm (sample with 0,1% Fe). With this red
shift comes along a reduction on the optical band gap value, from 3,1 eV to 2,0
eV (see Table 5.6b). However, it was not possible to determinte the optical band
gap value of the samples with 0,05% Fe and 0,1% Fe contents since it was not
possible to fit a sigmoidal curve to the experimental data (see Figures D.16 and
D.17). Studies on Fe-doped SnS thin films [19], DFT calculations on Fe-doped
SnS; [20], Fe-doped ZnS macrospheres [21] and Fe-doped ZnS nanospheres [22]
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show that, after Fe doping there is a reduction on the optical band gap. Therefore,
the results present here are according to literature.

As for the effect of doping with nickel (see Figure 5.6¢), this is distinguished from
that previously observed with Cu or Fe doped samples. After the insertion of 0,02%
Ni, a red shift is observed at the edge of the reflectance, from 432 nm to 612 nm.
This redshift is accompanied by a reduction of the optical band gap value, from
3,1 eV to 3,0 eV (see Table 5.6c). As the Ni doping concentration increases to
0,05% or 0,1%, the reflectance edge shifts to 426 nm or 477 nm, respectively. With
this blue shift is observed an increase in the value of the optical band gap, from
3,1 eV to 3,3 eV or 3,2 eV. Kurnia et al. [23], through first principles calculations,
observed that by doping ZnS with Ni, the band gap of the final structure is reduced.
These results were confirmed by Kudo et al. [24], which incorporated 0,1% Ni in
ZnS, leading to a band gap reduction. For the lowest Ni concentration tested
it is possible to observe the reduction of the calculated optical band gap value.
However, for the higher concentrations tested the opposite is observed, i.e ., there
is an increase in the optical band gap value. A similar situation was observed by
Singh et al. [25], where they justified this behavior by the presence of Ni clusters
rather than the insertion of Ni into the structure.

Finally, the consequences of Co-doping are similar to those of Fe-doping. After
the addition of 0,01% Co there is a redshift of the reflectance edge towards 614
nm, leading to a band gap reduction to 2,0 eV. As for the remaining two Co
doping concentrations tested, similarly to the Fe-doped samples, it was not possible
to fit a sigmoidal curve to the experimental data (see Figures D.22 and D.23).
This situation highlights the limitations of this methodology for the optical band
gap determination. When the material presents low reflectance values, which will
translate into transitions in the visible-NIR region, it becomes difficult to fit a
sigmoidal curve to the experimental data. Comparing to what is reported in the
literature, the consequences of Co-doping on the optical properties of the final
structure are mixed. Salem et al. [26] studied the introduction of increasing Co
contents on ZnS nanoparticles. With increasing Co contents there was a blue shift
of the absorption edge, leading to a higher optical bad gap value. Such trend was
reported earlier by Sambasivam et al . [27] and Liu et al. [28]. However, when
Rahman et al. [29] doped MoS, nanosheets with different Co contents there was a
decrease on the optical band gap value and only for the higher Co contents there
was an increase. According to the authors this behavior is due to the Moss—Burstein
effect [30, 31, 32]. When higher amounts of dopant are present, defects start to
appear on the conduction band. As such, the absoprtion edge is pushed towards
higher energy values, leading to an increase in the optical band gap value.
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5.1.1.3 Ru-complex Insertion

The use of a Ru complex had as main objective the increase of light harvesting
capabilities of the final structure. Two complex contents were tested in the syn-
thesis gel - the absence of Compound A as SDA (Ru complex/SDA A - co) and
putting together the two compounds (Ru complex/ SDA - 0,1 and 0,01). The
diffractograms of these samples are shown in Figure 5.7.
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Figure 5.7: PXRD difractogram of undopped IZM-5 (in blue), material obtained using the Ru-
complex as SDA (in orange), ITQ-76 with Ru-complex as coSDA, with a Ru-complex/SDA A
molar ratio equal to 0,1 (in red) and to 0,01 (in yellow) and ITQ-76 with 0,02% Fe (in green),
where O denotes a SnO, phase and ¢ a ZnS phase

As one can see from the Figure 5.7, Compound A is required to obtain a crystalline
structure. Otherwise, the diffraction pattern obtained can be associated with SnO,
diffraction pattern, although this compound is not used as a Sn precursor. When
Compound A is present, a crystalline phase is present. Depending on the Ru-
complex/SDA A molar ratio, ITQ-76, the structure previously studied when metals
were added to the 1ZM-5's synthesis gel, or purely IZM-5's phase were obtained.

Subsequently, and in order to confirm the presence of the ruthenium complex, the
chemical composition (see Table 5.7 and 5.8) and the *C NMR of the samples
with Ru-complex/SDA A molar ratio equal to 0,1 or 0,01 were determined.
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Table 5.7: Chemical composition of the IZM-5 and ITQ-76 with Ru-complex (* Molar composi-
tion (%) on the initial gel. >Determined by elemental analysis. *Determined by ICP)

I Mass composition (%)
1
SDA Modification Formula NZ cz He 57 Sn? Zn® RU?
Undoped Sn3,13Zn1,2658 + Ci5,01H31,40N2,24 3,09 17,80 3,11 2534 36,68 812 -

Compound A~ Ru-complex/SDA A - 0,1  Sny,04Zng,035sRu1.00 - Co8,31Ha3.25N3.00 3,69 29,73 3,78 22,44 20,13 533 8,82
Ru-complex/SDA A - 0,01  Sny,57Zn;,2SsRug,13 - CooiarH3s,0sN2on 2,86 24,46 3,49 2524 303 80 1.3

Table 5.8: Molar ratios of the different samples with Ru-Complex on the synthesis gel and on
the final structure

SDA Modification? Gel Molar Ratios Material Molar Ratios
Sn/Zn Sn/S Sn/Ru Zn/Ru C/N Sn/Zn Sn/S Sn/Ru Zn/Ru C/N
Undoped 31 0,2 - - 6,5 2,5 0,4 - - 6,7
Compound A Ru-complex/SDA A - 0,1 3.1 0,2 2,0 0,6 6,2 21 0,2 1,9 0,9 9,4
Ru-complex/SDA A - 0,01 3.2 0,2 15,2 4.8 6,5 2,1 0,3 19,5 9,3 10,0

As for the chemical composition of the sample obtained with the Ru-complex, this
element is present in the final sample. As for the C/N molar ratio, there is an
increase from 6,7 to 9,4, thus increasing the carbon content compared to 1ZM-5.

Next, 13C NMR was performed to ensure that the structure of the Ru-complex is
not destroyed during synthesis process (see Figure 5.8).
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Figure 5.8: »3*C NMR spectra of the samples obtained with different Ru-complex/SDA A molar
ratios - (5.8a) 0,1 (in red) and (5.8b) 0,01 (in mustard yellow) - and SDA A (in green), ethylene
glycol (in bright red) and the Ru-complex (in purple)

Figure 5.8 shows that for the two Ru-complex/SDA molar ratios tested, both Ru-
complex and SDA structure's is maintained. It can also be seen that the relative
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intensity of the bands associated with the presence of double bonded carbons
changes with the different Ru-complex/SDA molar ratios. Finally, both structures
show a band at a chemical shift equal to 60 ppm that could be associated with the
presence of ethylene glycol, a situation previously observed for ITQ-75 structures.

Finally, the interaction with UV-Vis radiation (see Figure 5.9) and the impact that
the presence of this complex has on the optical band gap value (see Table 5.9) was
determined.
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Figure 5.9: UV-Vis spectra of IZM-5 (in blue), with Ru-complex/SDA A molar ratio equal to
0,1 (in blue) and 0,01 (in yellow) and Ru-complex (in grey)
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Figure 5.10: Kubelka-Munk function of the structures obtained with Ru-complex/SDA A molar
ratios equal to (5.10b) 0,1 and (5.10b) 0,01

As can be seen in Figure 5.9, the structures obtained with the Ru-complex have a
distinct reflectance profile from IZM-5, presenting a redshift of the reflectance edge.
However, it is not possible to say that this difference is only due to the presence
of the Ru-complex, since the materials in question have a distinct crystal structure
and this influences the electronic properties of the final structure. Comparing the
reflectance profile with that of the isolated Ru-complex, it can be seen that they
are quite different. Thus, the UV-Vis interaction of the structures obtained with
the Ru-complex is not only due to the presence of this compound, but also due to
material's inorganic structure.

Looking at Figure 5.10, one way to observe that it is possible to fit two sigmoidal
curves to the structure's Kubelka-Munk function, a situation similar to the one
observed previously for IZM-5 with zinc (see Figure 4.12). Due to the observed
double contribution, it is possible to determine two values for the optical band gap
(see Table 5.9).

Table 5.9: Optical band gap (E,) of materials obtained with the Ru-complex

Material E, (eV)

1ZM-5 31&36
Ru-complex/SDA A - 0,1 20&35
Ru-complex/SDA A - 0,01 19& 3,4
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After the insertion of the Ru-complex the optic band gap value associated with
the first transition decreases, from 3,0 eV to 2.0 €V (for Ru-complex/SDA A - 0,1)
or 1.9 eV (for Ru-complex/SDA A - 0,01). Regarding the second transition, the
value of the optic band gap does not undergo a large variation.

5.1.1.4 Final Considerations

In order to modulate IZM-5 electronic properties and, as a consequence, its optical
band gap value, towards the desired application, two modifications on the synthesis
gel were employed - insertion of doping agents or insertion of complexes with light-
harvesting properties.

Regarding the different doping agents evaluated, two classes of elements were
tested: the insertion of a chalcogenide, namely Se, or metals, in particular copper,
iron, nickel, and cobalt.

As for the insertion of Se into IZM-5 crystal lattice, this seems successful, since
when evaluating the diffractograms of these materials (see Figure 5.1) they do
not show any diffraction peaks that could be associated with a Se extra phase.
Evaluating the chemical composition of the different Se-doped 1ZM-5 samples (see
Table 5.1), it is observed that with increasing Se content the S content decreases,
which seems to suggest a replacement of S by Se. This is as expected, since
S is the only element present with the same valence as Se. As for the impact
the presence of Se has on the optical band gap value, it is observed that for the
smallest concentrations tested, it increases. It is only observed a decrease for the
higher Se content tested, from 3,1 eV to 2,9 eV. This goes against what has been
previously described in the literature for this class of materials, as one would expect
a decrease in the band gap value for any of the concentrations tested (see Section
2.4.1). Several hypotheses can be thought of to justify this deviation from the
literature. The first is the methodology employed to determine the optical band
gap value and the assumption of a direct transition between the valence and the
conduction bands. This is a matter that is used by most authors but, since it
is a new structure and its band structure is not known, it is not clear what kind
of transition exists, which can lead to miscalculations in determining the value of
this parameter. The second possible hypothesis that could explain the deviation
from the literature is the position that the Se occupies in the crystal lattice. As
observed in [14, 15], in addition to the chemical nature of the dopant, the position
it occupies will also influence the final electronic properties of the structure.

Next, the impact of inserting different metals as doping agents was studied. Start-
ing with copper, it was observed that for any of the molar concentrations tested,
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it is not possible to obtain the diffraction pattern of IZM-5. The diffraction pat-
tern obtained can be associated with a new laminar structure, confirmed by XRD
study and the position of the first two diffraction peaks, and it was entitled ITQ-76
[17]. The copper insertion is partially successful, since for the highest Cu contents
evaluated, the presence of diffraction peaks that can be associated with Cu extra
phases is observed. After the insertion of copper there is a decrease in the optical
band gap value, from 3,1 eV to 2,2 eV, which is in agreement with the reviewed lit-
erature. Next, the impact that iron doping has on the IZM-5 electronic properties
was evaluated. As previously observed with copper doping, the presence of iron
has a similar impact, that is, there is a change in the crystalline phase obtained.
When iron is present, it is not possible to obtain IZM-5 diffraction pattern, only
the ITQ-76 difraction pattern. In this situation, no diffraction peaks are present
that could be associated with a Fe extra phase. Therefore, for the tested Fe con-
tents the insertion of iron seems to be successful. With the presence of iron, it is
possible to decrease the optical band gap value from 3,1 eV to 2,0 eV, which is in
agreement with the literature reviewed. The third metal tested was nickel. This
was the only metal that allowed to maintain IZM-5 crystalline structure integrity. It
is observed that, for the highest nickel concentration tested, the diffraction pattern
obtained results from the presence of two crystalline phases, IZM-5 and ITQ-76.
Regarding the optical band gap values, for the lowest Ni concentration it decreases,
something that is in agreement with the literature. However, for the remaining two
concentrations their optical band gap value increase. This situation was observed
previously and was justified by the presence of Ni clusters on the surface of the
material. The last metal tested was cobalt. As with the presence of copper or
iron, when cobalt is present it is only possible to obtain ITQ-76 diffraction pattern.
With the presence of cobalt it is possible to reduce the optical band gap value
from 3,1 eV to 2,0 eV. Thus, only the addition of copper, iron or cobalt as dopings
agents allows the reduction of the optical band gap value. However, none of these
dopants allows the integrity of IZM-5 to be maintained, having a crystalline phase
change to a new laminar structure, entitled ITQ-76.

5.1.2 ITQ-75 Electronic Structure Tunning

A similar doping strategy for ITQ-75's structure was followed. Again, the insertion
of two classes of doping agents, selenium, the chalcogenide next to sulfur in the
periodic table, and metals, namely copper, iron, nickel and cobalt, were studied.

Since it is possible to obtain the structure of ITQ-75 with different SDAs, the
addition of doping agents was studied in structures obtained with two SDAs -
Compounds B and C. In this way, the impact of dopants insertion in structures
where the delocalization of electrons along the organic component occurs (as is
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the case of ITQ-75 obtained with Compound C as SDA) and does not occur (as
in the case of ITQ-75 obtained with Compound B) is evaluated.

5.1.2.1 Dopping with Selenium

For ITQ-75 structure two different molar concentrations of Se in the synthesis gel
were studied: 0,1% (Se/S molar ratio equal to 0,03) and 0,2% (Se/S molar ratio
equal to 0,09) Se content. The diffractograms of the different samples obtained
are shown in Figure 5.11.
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Figure 5.11: PXRD difractogram of (5.11a) undopped ITQ-75 obtained with Compound B as
SDA (in blue), doped with 0,1% (in green) and 0,2% Se (in purple); (5.12b) undopped ITQ-75
obtained with Compound C as SDA (in brown), doped with 0,1% (in red) and 0,2% Se (in green)
and Se (in grey)

As can be seen in Figure 5.11, the insertion of Se into this structure is partially
successful.

In both situations, ITQ-75 obtained with Compound B as SDA (see Figure 5.11a)
and Compound C as SDA (see Figure 5.12b), the insertion of 0,1% Se into the
structure seems to be successful, since no peaks are present in the diffractogram
that could be associated with a possible Se extra phase. However, when selenium
molar concentration is increased in the synthesis gel to 0,2% both diffraction pat-
terns show peaks, at 26 equal to 23,6°, 29,9°, 42,0° and 65,6°, which can be
associated with an extra Se phase. It can be seen that ITQ-75 does not allow a Se
insertion as freely as the one observed in IZM-5, where an insertion of up to 0,4%
Se was observed without visible changes in the diffraction pattern (see Figure 5.1).
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Next, the chemical composition of the Se-doped ITQ-75 samples was determined
(see Tables 5.10 and 5.11).

Table 5.10: Chemical composition of the ITQ-75 Se-doped samples (* Molar composition (%)
on the initial gel. 2Determined by elemental analysis. *Determined by ICP)

Mass composition (%)
N? cz H? s? Sn*  Zn® Sé°
Undoped Sn3,50Zn1,27Ss - Ci0.50H12,24N1,68 2,33 1257 1,21 2536 41,50 8,83 -
Compound B 0,1% Se  Sns30Zn15057.065€0,72 - CasisiHiamosNaioo 2,34 15,99 1.46 22.86 38.41 846 556
02% Se  SNs00ZN1.55565€1,00 - CosasHagaoNsiss 3,66 14.81 131 21,41 32,02 888 16,23

Undoped Sn3,05ZNn1,3358 * Cr1.54H0,07N2,24 2,81 1241 089 22,95 3241 7,78 -
Compound C  0,1% Se  ShspZny01SsSero - CivorHionsNes 3,17 1571 1,20 2581 3543 7,90 11,12
0,2% Se  Snag0Zn117SeSerss - CrosaHoissNugs 2,76 13,65 1,03 23,12 3591 825 11,21

SDA Dopant! Formula

Table 5.11: Molar ratios of the different ITQ-75 selenium doped samples on the synthesis gel
and on the final structure (* Molar composition (%) on the initial gel)

SDA Dopant! Gel Molar Ratios Material Molar Ratios

P Sn/Zn Sn/S Zn/S Se/S C/N Sn/Zn Sn/S Zn/S Se/S C/N

Undoped 3,2 0,2 0,1 - 6,5 2,6 0,4 0,2 - 6,3

Compound B 0,1% Se 3,2 0,2 0,1 0,02 6,5 2,5 0,5 0,1 0,1 8,0
0,2% Se 31 0,2 01 0,09 65 2,5 0,5 0,2 0,2 6,6

Undoped 3,0 0,2 0,1 - 5,0 2,6 0,4 0,2 - 5,2

Compound C  0,1% Se 3,2 0,2 0,1 0,04 5,0 2,5 0,4 0,2 0,2 58
0,2% Se 31 0,2 01 0,09 50 2,4 0.4 0,2 0,2 58

After the chemical composition of the different Se doped samples has been deter-
mined, this element is detected in the final structure, confirming the presence of
Se in the final material. With increase Se content there is a decrease in the Sn/Zn
molar ratio, from 3,2 to 2,5, and an increase in the Sn/S molar ratio, from 0,2 to
0,5. With increasing Se content in the initial gel synthesis an increase in the Se/S
molar ratio is observed. Thus, and taking into account that the only element with
the same valence as Se is S, these experimental data suggest that Se is replacing
S in the final structure.

Next, the interaction of the Se-doped samples with UV-Vis radiation was evaluated
(see Figure 5.12) and their optical band gap was determined (see Table 5.12).
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Figure 5.12: (5.12a) UV-Vis spectra of ITQ-75 with Compound B as SDA (in blue) and Se-
dopped ITQ-75 samples with different Se contents - 0,1% (in purple) and 0,2% (in green);
(5.12b) UV-Vis spectra of ITQ-75 with Compound C as SDA (in brown) and Se-dopped ITQ-75
samples with different Se contents - 0,1% (in red) and 0,2% (in green)

Table 5.12: Bandgap (E,) of Se-doped ITQ-75 samples, obtained with (5.12a) Compound B or
(5.12b) Compound C as SDA

(a) (b)
E, (V) E, (V)
ITQ-75 (B) Undopped 2,7 ITQ-75 (C) Undopped 2,2
0,1% Se 2,1 0,1% Se 2,8
0,2% Se 2,2 0,2% Se 2,7

Observing the behavior of the reflectance profile of the two set of samples, those
obtained with Compound B as SDA and those obtained with Compound C as SDA,
a different behavior is observed upon insertion of Se into the structure.

When Se is inserted into the structures obtained with Compound B as SDA, there
is a red shift on the "reflectance edge" (see Figure 5.12a). For ITQ-75 obtained
with Compound B without any doping agent its reflectance edge is at 787 nm.
After doping it moves to 799 nm, for 0,1% Se, and 797 nm, for 0,2% Se. This
redshift is reflected in the value of the optical band gap, with a reduction in its
value (see Table 5.12a). After the addition of Se it is possible to decrease the value
of the optical band gap from 2,7 €V to 2,1 €V, in accordance with the literature
previous reviewed (see Section 2.4.1) [10, 11].
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The opposite is true for the samples obtained with Compound C as SDA. When
Se is inserted into the structure, there is a blue shift on the reflectance edge
(see Figure 5.12b), from 789 nm to 602 nm, for the sample doped with 0,1%
Se, or 580 nm, for the sample doped with 0,2% Se. Consequently, its optical
band gap value increases up to 2,8 eV (see Table 5.12b), a situation similar to
that previously observed of IZM-5 doped with Se. As mentioned before, there are
several hypotheses that justifies such discordance with the literature. The first is
associated with the calculation method used to determine the optical band gap
value. This was done by using the method presented by Zanata [12], based on
fiting a sigmoidal curve to the experimental data. Although it is a method that is
meant to solve the disadvantages of using the Tauc plot method [13], it requires
the fitting of a sigmoidal curve, which sometimes may not be the most appropriate
for the given situation. It is also necessary to know whether the material has a
direct or indirect band gap. As this information is not known, since it is a new
structure, it is assumed that the structure under study presents a direct band gap.
This assumption could be wrong and therefore add a possible error to the value.
Another possible hypothesis would be the position that the dopant occupies in
the crystal lattice. According to Chen et al. [16], besides the chemical nature of
the doping agent, the place where it is inserted in the structure will influence the
observed shift in the final band gap value. Since this is a new structure and the
location of the inserted dopant in the structure is unknown, this hypothesis cannot
be ruled out.

5.1.2.2 Dopping with Metals

As was previously done for IZM-5, small amounts of different metals (copper, iron,
nickel and cobalt) were inserted into the synthesis gel and their impact on the
electronic properties of the material, namely the optical band gap, was evaluated.

Figure 5.13 shows the ITQ-75 diffractograms obtained with Compound B or C as
SDA and with different copper contents.
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Figure 5.13: PXRD difractogram of (5.13a) undopped ITQ-75 obtained with Compound B as
SDA (in blue), doped with 0,05% (in green), 0,1% (in purple) and 0,2% Cu (in orange); (5.14b)
undopped ITQ-75 obtained with Compound C as SDA (in brown), doped with 0,05% (in green),
0,1% (in blue) and 0,2% Cu (in red), where ¢ denotes a ZnS phase and O a Cu,SnS3 phase

Looking at Figure 5.13a, it can be seen that the insertion of copper into ITQ-
75 obtained with Compound B as SDA is not entirely successful. Although the
intensity and position of the first two diffraction peaks remain, it is observed that
even for the lowest copper content tested a peak at 20 equal to 47,8°, which can
be associated with an extra Cu,SnS; phase, is present. The intensity of such a
peak increases with increasing concentration of copper precursor in the initial gel.

In order to confirm the presence of copper in the final material, as well as the
impact that the possible presence of this element has on the others, the chemical
composition of the Cu-doped ITQ-75 samples was determined (see Tables 5.13
and 5.14).

Table 5.13: Chemical composition of the ITQ-75 Cu-doped samples (* Molar composition (%)
on the initial gel. 2Determined by elemental analysis. *Determined by ICP)

SDA

Dopant!

Formula

Mass composition (%)

NZ C? H? S Sn¥  Zn® CJ°

Undoped Sn3,52Zn1,27Ss - Cio,50H12,24N1,68 2,33 1257 121 2536 4150 8,83 -
Compound B 0,05% Cu  Sny,62Zn1,27Cu0,6558 * Ci3,77H14:67N1,74 2,55 17,34 1,56 2691 32,62 8,74 4,31
P 0,1% Cu  Sny,72Zno,70Cu1,70Ss * Ci0,14H11,13N1,53 2,64 16,18 1,52 2543 28,12 6,64 7,39
0,2% Cu  Sny,47Zn1,00Cu1,17Ss + CizsgHis8N1,00 2,22 12,61 1,15 26,52 21,16 4,72 11,20

Undoped Sn3,05Zn1,335g © Ci1,54H9,07N2,24 2,81 12,41 0,89 22,95 3241 7,78 -
Compound C 0,05% Cu  Sns,16Zn1,66CuU0,525s - Cio.s6Ho.86N1,00 3,17 14,81 1,12 29,14 4257 12,36 3,75
p 0,1% Cu  Sn3,10Zn1,33Cuy1,74Sg * Ci3,05H13,3sN1,70 2,50 15,66 1,34 2560 37,88 8,70 11,08
0,2% Cu  Sny,30Zn1,06Cu2,46Ss * Ci0,32H10,30N1,35 1,56 10,28 0,86 21,22 2355 5,76 12,95
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Table 5.14: Molar ratios of the different ITQ-75 copper doped samples on the synthesis gel and
on the final structure

SDA Dopant! Gel Molar Ratios Material Molar Ratios

Sn/Zn Sn/S Cu/Sn Cu/Zn C/N Sn/Zn Sn/S Cu/Sn Cu/Zn C/N

Undoped 3,2 0,2 - - 6,5 2,6 0,4 - - 6,3

Compound B 0,05% Cu 31 0,2 0,2 0,6 6,5 2,1 0,3 0,3 05 7,9
0,1% Cu 3.3 0,2 0,3 11 6,5 2,4 0,3 0,5 11 7,2

0,2% Cu 31 0.2 0,7 2,1 6,5 2,5 0.2 1,0 2,4 6,6

Undoped 3,0 0,2 - - 5,0 2,6 0,4 - - 5,2

Compound C 0,05% Cu 2,9 0,2 0,1 0,2 50 1,9 0,4 0,2 0,3 55
0,1% Cu 31 0.2 03 1,0 5,0 2,4 0,4 0,5 1,3 7.3

0,2% Cu 31 0,2 0,6 2,0 5,0 23 03 1,0 23 77

Copper is detected in all materials, which confirms the presence of this dopant in
the final structure. It is also observed that with the increase of the copper content
in the initial gel, its content in the final structure increases. It can also be seen
that with increasing copper content, the Sn and Zn contents decrease. For the
different molar ratios evaluated, an increase in Sn/S and Sn/Cu and a decrease in
Sn/Zn are observed after the synthesis. In addition, Zn/Cu remains similar when
Compound B is used as SDA and increases after the synthesis when Compound
C is used as SDA. In relation to the C/N molar ratio, this remains similar, which
could indicate the maintenance of the SDA structure.

Once the presence of copper in the final material was confirmed, the interaction of
the copper-containing materials with UV-Vis radiation (see Figure 5.14) and their
optical band gap value (see Table 5.15) were determined.
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Figure 5.14: (5.14a) UV-Vis spectra of ITQ-75 with Compound B as SDA (in blue) and Cu-
dopped ITQ-75 samples with different Cu contents - 0,05% (in green), 0,1% (in purple) and
0,2% (in orange); (5.14b) UV-Vis spectra of ITQ-75 with Compound C as SDA (in brown) and
Cu-dopped ITQ-75 samples with different Cu contents - 0,05% (in green), 0,1% (in blue) and
0,2% (in red)

Table 5.15: Band gap (E;) of Cu-doped ITQ-75 samples, obtained with (5.15a) Compound B
or (5.15b) Compound C as SDA

(a) (b)
E, (eV) E, (eV)
ITQ-75 (B) Undopped 2,7 ITQ-75 (C) Undopped 2,2
0,05% Cu 2,3 0,05% Cu 2,0
0,1% Cu 2,1 0,1% Cu 2,0
0,2% Cu 2,2 0,2% Cu 2,0

Starting with the ITQ-75 samples obtained with Compound B (see Figure 5.14a),
after the addition of copper, a reduction of the maximum reflectance is observed.
For the Cu doped samples it was not possible to determine the reflectance edge,
which suggests that it is in the IR region. Observing the optical band gap values of
the Cu doped samples (see Table 5.15a), it is reduced up to 2,1 eV. Regarding the
ITQ-75 samples obtained with Compound C as SDA, they have a similar behavior
to those obtained with Compound B as SDA. The maximum reflectance value
decreases, until an almost flat profile is reached when the Cu content is equal to
0,2 % (see Figure 5.14b). This behavior is accompanied with a a decrease in the
optical band gap value up to 2,0 €V (see Table 5.15b). The consequences of adding
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copper to the samples are in accordance with the previously reviewed literature (see
Section 2.4.1).

After evaluating the impact of copper insertion as a doping agent in the ITQ-75
structure, the impact of iron insertion was also evaluated. The diffractograms of
ITQ-75 doped with different iron contents are shown in Figure 5.15.
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Figure 5.15: PXRD difractograms of (5.15a) undopped ITQ-75 obtained with Compound B as
SDA (in blue), doped with 0,05% (in orange), 0,1% (in pink) and 0,2% Fe (in green); (5.17b)
undopped ITQ-75 obtained with Compound C as SDA (in brown), doped with 0,05% (in green),
0,1% (in yellow) and 0,2% Fe (in purple). f denotes the FeS, diffraction peaks and ¢ a ZnS
phase

Looking at Figure 5.15 it can be seen that the iron insertion into ITQ-75 is appar-
ently successful up to a certain content.

In ITQ-75 obtained with Compound B as SDA (see Figure 5.15a) up to a 0,1% iron
content extra diffraction peaks were observed. When the iron concentration in the
initial gel is increased to 0,2% the diffraction pattern shows extra diffraction peaks
that can be associated with a FeS, phase. It is interesting to note that the iron
goes through a reduction process, since the iron precursor used was Fe(NOs)3, with
an oxidation number of +3, and the extra phase observed, FeS,, has an oxidation
number of +2.

As for the ITQ-75 obtained with Compound C (see Figure 5.17b), it has a similar
behavior to ITQ-75 obtained with Compound B. Up to a content an iron content
of 0,1%, the presence of extra peaks is not observed. When the iron concentration
is increased to 0,2%, there is the appearance of a diffraction peak at 20 equal to
8,2° that may be associated with a possible laminar phase that is in competition
with the known phase. To gain further insight, a kinetic study was performed,
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analyzing the consequences of changing the synthesis time from six days to three
and nine days. The diffractograms of ITQ-75 obtained with Compound C as SDA,
doped with 0,2% iron and with different synthesis times are shown in Figure 5.16.

o

(ﬁ
\ I
S UV

|
|

|
'l p‘\ A

_MWVWUNV AW

n

\ f
Wu,ﬂwh

n
I

\..M' MJ‘UW ’\JWJ"V\,MJ“\_N

H|

ﬂ

U
oy
M

02% Fe
9 days

0,2% Fe
6 days

‘ |
WA N n

0.2% Fe
3 days

A
"’ St i ) M’mm Mot il i
30 35 a0 a5 50 55 60 65

20 (deg)

I
I!

70

Figure 5.16: PXRD difractograms of ITQ-75 obtained with Compound C as SDA, dopped with
0,2% Fe and with different synthesis times - 3 days (in green), 6 days (in purple) and 9 days (in
pink). t denotes the FeS, diffraction peaks and ¢ a ZnS phase

For three days as synthesis time the unfolding of the first diffraction peak at 20
equal to 7,5° is not observed. This unfolding only starts to appear after six days
of synthesis and is maintained when the synthesis time of the sample is equal
to nine days. The extra FeS, phase is not observed when the synthesis time is
equal to three days. Its presence becomes visible only when the synthesis time is
increased to six or nine days. Hence, it seems that in order to obtain a structure
without the presence of peaks that could be associated with an extra FeS, phase
or an unknown laminar phase, it is necessary to reduce the synthesis time to three
days. When the synthesis time is increased to nine days, the peaks that could
be associated with an extra FeS, phase reduce their intensity. This may mean
that with increasing synthesis time the structure obtained evolves towards greater
thermodynamic stability, i.e., the segregation of the iron from ITQ-75 and its re-
insertion into another unknown ITQ-75 like structure.

In order to confirm the presence of iron in the final structure, the chemical compo-
sition of the different doped samples was determined (see Tables 5.16 and 5.17).
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Table 5.16: Chemical composition of the ITQ-75 Fe-doped samples (* Molar composition (%)
on the initial gel. 2Determined by elemental analysis. 3Determined by ICP)

Mass composition (%)
NZ ¢ H? s? Sn®  Zn® Fé?
Undoped SN3,55ZN1,27Ss - CaovsoHiooaN1es 2,33 1257 121 2536 41,50 8,83 -
0,05% Fe  Snyi7aZn1,3Fe0.63Ss - CiavgoHisiaN1,7s 2,73 17,37 1,49 29,19 37,10 9,86 4,04
0,1% Fe  Sny,15Zny,04Fe1,00Ss - CooigoH21,50N2,6a 3,45 23,21 2,01 23,96 23,79 6,37 5,22
0,2% Fe  SnyeZnoisoFerssSs - ComssHimesNias 2,23 29,47 1,57 27,53 22,76 5,63 10,05

Undoped SN3,05Zn1:35Ss - Ci1:5aHor07N 2126 281 1241 089 22,95 3241 7,78 -
0,05% Fe  SnageZniisFeo.ssSs - CiorrHosoN1oo 3,28 1519 1,14 30,10 39,68 8,92 3,83
0,1% Fe  SnyesZni,orFe10sSs - CinssHiossNioa 3,17 1590 1,23 29,88 37,06 8,18 7,05
0,2% Fe  Sny,g0Zno,7oFe1,0:5s - CorrsHisiosNows 1,21 7,59 1,41 24,03 21,70 4,83 10,32

SDA Dopant! Formula

Compound B

Compound C

Table 5.17: Molar ratios of the different ITQ-75 iron doped samples on the synthesis gel and on
the final structure

SDA Dopant! Gel Molar Ratios Material Molar Ratios
Sn/Zn Sn/S Fe/Sn Fe/Zn C/N Sn/Zn Sn/S Fe/Sn Fe/Zn C/N
Undoped 3.2 0,2 - - 6,5 2,6 0,4 - - 6,3
Compound B 0,05% Fe 3,1 0,2 0,2 0,3 6,5 2,1 0,3 0,2 0,5 7.4
0,1% Fe 32 0,2 0,3 0,5 6,5 2,1 03 0,5 1,0 7.9

0,2% Fe 3.4 0,2 0,6 11 6,5 2,2 0,2 0,9 2.1
Undoped 3,0 0,2 - - 5,0 2,6 0,4 - - 52
Compound C 0,05% Fe 31 0,2 0,2 03 5,0 2,5 0,4 05 0,5 5,4
0,1% Fe 3,1 0,2 0,3 0,5 5,0 2,5 0,3 0,4 1,0 5,9
0,2% Fe 3.2 0,2 0,7 1,0 5,0 2,4 0,2 1,0 25 73

By looking at Table 5.16 it can be seen that all Fe-doped samples present this
element. With the increase of iron content in the initial gel it also increases on
the final structure. As it was already observed for the Cu-doped samples, when
the iron content increases, the tin and zinc contents decrease. As for the different
molar ratios (see Table 5.17), it is observed that the Sn/S, Zn/Fe and Sn/Fe molar
ratios are higher in the final material than in the synthesis gel. However, when
looking at the Sn/Zn molar ratio, it decreases after synthesis.

After the chemical composition of the iron-doped samples was determined, their
UV-Vis spectra (see Figure 5.17) and consequent optical band gap value (see Table
5.18) were determined.
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Figure 5.17: (5.17a) UV-Vis spectra of ITQ-75 with Compound B as SDA (in blue) and Fe-
dopped ITQ-75 samples with different Fe contents - 0,05% (in yellow), 0,1% (in pink) and 0,2%
(in green); (5.17b) UV-Vis spectra of ITQ-75 with Compound C as SDA (in brown) and Fe-
dopped ITQ-75 samples with different Fe contents - 0,05% (in green), 0,1% (in yellow) and
0,2% (in purple), where n.a. stqnds for not available

Table 5.18: Band gap (E,) of Fe-doped ITQ-75 samples, obtained with (5.18a) Compound B or
(5.18b) Compound C as SDA (n. a. - not available)

(a) (b)
E, (eV) E, (eV)
ITQ-75 (B) Undopped 2,7 ITQ-75 (C) Undopped 2,2
0,05% Fe 2,1 0,05% Fe n.a
0,1% Fe 2,1 0,1% Fe 3,1
0,2% Fe 2,1 0,2% Fe 1,9

After doping the ITQ-75 obtained with Compound B with iron it is observed that,
regardless of the doping content present, the different reflectance profiles are similar
(see Figure 5.17a), which translates into the same optical band gap values (see
Table 5.18a). By adding iron to ITQ-75's synthesis gel it is possible to reduce its
optical band gap value from 2,7 €V to 2,1 eV.

Looking now at the behavior of the Fe-doped ITQ-75, obtained with Compound
C as SDA, samples, these have a somewhat distinct behavior from those discussed
earlier (see Figure 5.17b). When the iron content is equal to 0,05% or 0,1%,
the reflectance profile shows its edge at a wavelength equal to 605 nm. When
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the iron content is increased to 0,2%, the reflectance profile becomes flat. This
behavior has been observed previously by Boyle et al. [33]. According to these
authors, this behavior is due to the presence of a FeS phase (also confirmed by
DRX patterns) that, due to the presence of paramagnetic species, present low
fluorescence. Regarding the different optical band gap values after iron doping,
unfortunately it was not possible to fit a sigmoidal curve to the sample with 0,05%
Fe (see Figure D.43). When the iron content is increased to 0,1%, the optical
band gap value increases from 2,2 eV to 3,1 €V. Finally, when the iron content is
equal to 0,2% the optical band gap value decreases, from 2,2 eV to 1,9 eV. When
comparing to the ITQ-76 samples with Fe (see Figure 5.6b), ITQ-75's samples
obtained with Compound B as SDA show a similar behavior. In both situations,
the Fe doping allows the reduction of the optical band gap value, something that
is according to the literature [19, 20, 21, 22]. However, when ITQ-75 obtained
with Compound C as SDA is doped with 0,1% Fe an increase in the optical band
gap is observed. As mentioned previously, one cannot eliminate the hypothesis
associated with the error committed in the determination of this parameter. It is
also interesting to note that, in previously studies done, it was observed that when
ZnS nanoparticles are doped with Fe it is possible to observe a small increase in
the optical band gap value [34, 35, 36]. According to Kumar et al. [36] this blue
shift is due to quantum confinement effects, since Fe?* ions are smaller than Zn?*+
ions.

After testing copper and iron as doping agents, nickel was evaluated as a doping
agent for the ITQ-75 structure. Figure 5.18 shows the diffractograms of different
ITQ-75 samples, obtained with Compounds B or C as SDAs, doped with different
Ni contents.

202



5.1 Adjusting Interaction with UV-Vis Radiation

| ;

{ i

L “‘ [ t Nt

| A IMALA 1 A 2% i

PP ST N W b N Wi st
| o )

Lo \ A / |
I M N

ITQ-75 (B) -

|

e/ M i)

gl

[

v

|

\ I \ )’ {
W W WA A N A ]

e NN At oo A ]

02% Ni 7|

0,05% Ni |

1TQ-75 (C) -

ey, \ Undopped | Ny I\ Undopped
J | e, ) M ) DA AN
5 10 15 20 25 30 35 40 45 50 55 60 65 70 5 10 15 20 25 30 35 40 45 50 55 60 65 70
2 (deg) % (deg)
(a) (b)

Figure 5.18: PXRD difractograms of (5.18a) undopped ITQ-75 obtained with Compound B as
SDA (in blue), doped with 0,05% (in grey), 0,1% (in yellow) and 0,2% Ni (in orange); (5.19b)
undopped ITQ-75 obtained with Compound C as SDA (in brown), doped with 0,05% (in blue),
0,1% (in pink) and 0,2% Ni (in purple). I denotes the NiS diffraction peaks and ¢ a ZnS phase

Ni-doping diffractogram results seem to be similar to the Fe-doping ones, as it
seems to be successful up to a certain content of the doping agent under study.
In the ITQ-75 samples obtained with Compound B as SDA (see Figure 5.18a),
only the sample doped with 0,05% Ni shows only one diffraction peak that could
be associated with a possible NiS extra phase. As for the samples obtained with
Compound C as SDA (see Figure 5.19b), up to 0,1% Ni there are no diffraction
peaks that can be associated with a NiS phase.

Afterwards, in order to confirm the presence of nickel, the chemical composition
of the samples was determined (see Tables 5.19 and 5.20).

Table 5.19: Chemical composition of the ITQ-75 Ni-doped samples (* Molar composition (%)
on the initial gel. Determined by elemental analysis. *Determined by ICP)

SDA

Dopant!

Formula

Mass composition (%)

NZ  CZ  HZ S  Sn° Zn® NP

Undoped Sn3,50ZN1,27Sg - Ci0,50H12,24N1,68 233 12,57 1,21 2536 4150 8,83 -

Compound B 0:05% Ni- Snas2Znz,00NiigsSs - CirzsHizeoNieo 2,18 1312 123 24,87 5100 12,68 5,00
P 0,1% Ni  Snp12Zns1oNi,01Ss - CirizoHassiNige 1,81 12,36 221 24,32 2384 6,17 5,10
0,2% Ni  Sni1,85Zno,saNi1,70Ss - Cr131H30,33Noigs 1,05 7,46 2,58 21,82 18,67 4,69 8,46

Undoped Sn3,05Zn1,335s - Ci1,54H0,07N2,24 2,81 1241 0,89 2295 32,41 7,78 -

Compound ¢ 0:05% Ni' Sna.72Zn1,55Nio,675s - Ci0,10Ho.30N1e7 3,11 14,35 1,10 3032 3898 945 4,65
p 0,1% Ni  Snp,30Zno,ssNi1,esSs - CorrHigis6N16e 2,53 12,53 1,77 27,42 29,13 579 6,79
0.2% Ni  Sny70ZnoisoNizezSs - CesoHsooN1,0s 1,29 7,14 264 22,43 17,64 2,87 858
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Table 5.20: Molar ratios of the different ITQ-75 nickel doped samples on the synthesis gel and
on the final structure

SDA Dopant! Gel Mollar Rati0§ Material Molar Rat.ios

Sn/Zn Sn/S Ni/Sn Ni/Zn C/N Sn/Zn Sn/S Ni/Sn Ni/Zn C/N

Undoped 3.2 0,2 - - 6,5 2,6 0,4 - - 6,3

Compound B 0,05% Ni 3,1 0,2 0,2 0,5 6,5 2,1 0,6 0,2 0,4 7,0
0,1% Ni 31 0,2 0,3 1,0 6,5 2,1 0,3 0,4 0,9 8,3

0,2% Ni 3.2 0,2 0,6 2,0 6,5 2,2 0,2 0,9 2,0 8,3

Undoped 3,0 0.2 - - 5,0 26 04 - - 5.2

Compound ¢ 0:05% Ni 31 02 02 05 50 23 02 02 05 54
0,1% Ni 3,2 0,2 0,3 1,0 50 2,8 0,3 0,5 1,3 538

0,2% Ni 32 0,2 0,7 2,1 5,0 3,4 0,2 1,0 33 6,5

Evaluating Table 5.19 it can be seen that all Ni-doped samples present this element
at their final chemical composition. With the increase of nickel content in the
initial gel it also increases on the final structure. As it was already observed for
the Cu- and Fe-doped samples, when the nickel content increases, the tin and zinc
contents decrease. As for the different molar ratios (see Table 5.20), it is observed
that their behavior depends on the SDA used during the synthesis procedure. When
Compound B is used as SDA, Sn/S and Sn/Ni molar ratios are higher in the final
material than in the synthesis gel. However, when looking at the Sn/Zn molar
ratio, it decrease after the synthesis. As for Compound C as SDA, Sn/S, Ni/Zn
and Ni/Sn molar ratios increase after the synthesis procedure. As for Sn/Zn molar
ratio, it decreases after the synthesis.

Subsequently, the UV-Vis spectra were determined (see Figure 5.19) and the optical
band gap value of the different nickel-doped samples were calculated (see Table
5.21).
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Figure 5.19: (5.19a) UV-Vis spectra of ITQ-75 with Compound B as SDA (in blue) and Ni-
dopped ITQ-75 samples with different Ni contents - 0,05% (in grey), 0,1% (in yellow) and 0,2%
(in orange); (5.19b) UV-Vis spectra of ITQ-75 with Compound C as SDA (in brown) and Ni-
dopped ITQ-75 samples with different Ni contents - 0,05% (in blue), 0,1% (in pink) and 0,2%

(in purple)

Table 5.21: Band gap (E,) of Ni-doped ITQ-75 samples, obtained with (5.21a) Compound B or
(5.21b) Compound C as SDA

(a) (b)
E, (eV) E, (eV)
ITQ-75 (B) Undopped 2,7 ITQ-75 (C) Undopped 2,2
0,05% Ni 2,1 0,05% Ni 2,7
0,1% Ni 2,2 0,1% Ni 2,8
0,2% Ni 2,2 0,2% Ni 2,0

Observing Figure 5.19, it can be seen that the behavior of the ITQ-75 materials
to Ni doping depends on the SDA used. Observing first the ITQ-75 obtained with
Compound B as SDA (see Figure 5.19a), it can be seen that after the insertion of
Ni its reflectance profile reduces its maximum value, translating into a optical band
gap value reduction (see Table 5.21a). This behavior is according to the literature
previously reported [23, 24].

As for the behavior of the ITQ-75 samples obtained with Compound C as SDA
(see Figure 5.19b), it is somewhat different from those observed previously for the
samples studied. For the first two Ni concentrations studied, 0,05% and 0,1%,
there is a blue shit on the reflectance edge, from 789 nm to 612 nm (sample
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with 0,05% Ni) or 606 nm (sample with 0,1% Ni). This blue shift is followed by
an increase in the optical band gap value (see Table 5.21b). When the highest
concentration of Ni, 0,2%, is tested, two reflectance edges can be seen. The first
one at 740 nm, which means there is a red shift when compared with the undoped
sample, and a second transition at 518 nm. ITQ-75 obtained with Compound C
and with a nickel content equal to 0,2% presents a reduction of the optical band
gap value, from 2,2 eV to 2,0 eV.

The last metal to be tested as a doping agent was cobalt. Figure 5.20 shows the
different diffractograms of the different Co-doped ITQ-75 samples.
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Figure 5.20: PXRD difractograms of (5.20a) undopped ITQ-75 obtained with Compound B as
SDA (in blue), doped with 0,05% (in orange), 0,1% (in red) and 0,2% Co (in green); (5.21b)
undopped ITQ-75 obtained with Compound C as SDA (in brown), doped with 0,05% (in green),
0,1% (in red) and 0,2% Co (in blue). ¢ denotes a ZnS phase

The insertion of cobalt into the ITQ-75 structure seems to be partly successful. For
the ITQ-75 samples obtained with Compound B as SDA it is observed that up to
a cobalt concentration of 0,1% there are no substantial changes in the diffraction
pattern. However, when the cobalt concentration increases to 0,2% a diffraction
peak appears at 20 equal to 20,3°. As for ITQ-75 obtained with Compound C
as SDA it is observed that up to a cobalt concentration equal to 0,1% there are
no significant changes. However, when the cobalt content is equal to 0,2% the
intensity of the second diffraction peak at 20 equal to 15,2° is drastically reduced,
affecting the lamellar order and cristallinity of ITQ-75 materials.

Subsequently, in order to confirm the presence of cobalt, the chemical composition
of the samples was determined (see Tables 5.22 and 5.23).
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Table 5.22: Chemical composition of the ITQ-75 Co-doped samples (* Molar composition (%)
on the initial gel. 2Determined by elemental analysis. 3Determined by ICP)

SDA Dopant!

Formula

Mass composition (%)

N? [ed H? S? Sn® Zn® Co°

Undoped Sn3,52Zn1,27Ss - Cio,50H12,24N1,68 2,33 1257 1,21 2536 41,50 8,83 -
Compound B 0,05% Co  Sny,g2Zn1,48C00,31Ss - Cizia1H14085N1,71 2,31 1550 1,43 24,71 3225 9,33 1,76
p 0,1% Co  Sny,01Zng,80C00,77Ss * Ci2,83H15,08N1,53 2,49 17,92 1,86 29,85 26,32 6,75 5,25
0,2% Co  Sny,25Zng,04C01,41Ss * Ci2,07H21,40N1,53 2,03 13,73 2,03 24,31 2532 581 7,89

Undoped Sn3,05Zn1,335g * Ci1,54H0,07N2,24 2,81 12,41 0,89 2295 3241 7,78 -
Compound C 0,05% Co  Sn3,11Zn1,30C00,4558 + C12,04H14,03N2,0s 3,09 16,49 1,49 27,25 39,16 9,01 2,80
p 0,1% Co  Sny,03Zng,55C01,05Ss * Ci0.62H20:26N1,72 2,47 13,07 2,08 26,31 24,71 3,72 6,34
0,2% Co  Sny,81Zn0,86C01,365s - Cia,35H25,50N2,00 2,52 14,80 2,20 22,05 18,45 4,85 6,88

Table 5.23: Molar ratios of the different ITQ-75 cobalt doped samples on the synthesis gel and

on the final structure

Gel Molar Ratios

Material Molar Ratios

1
SDA Dopant Sn/Zn Sn/S Co/Sn Co/Zn C/N Sn/Zn Sn/S Co/Sn Co/Zn C/N
Undoped 3,2 0,2 - - 6,5 2,6 0,4 - - 6,3
Compound B 0,05% Co 31 0.2 01 0,2 6,5 1,9 0.4 0,1 0,2 7,8
P 01%Co 31 02 02 07 65 22 02 04 09 84
02%Co 30 02 05 15 65 24 03 16 15 79
Undoped 3,0 0,2 - - 5,0 2,6 0,4 - - 52
Compound C 0,05% Co 31 0,2 0,1 0.3 5,0 2,4 0.4 0,1 0,3 6,2
p 0,1% Co 31 0,2 0,3 1,0 5,0 3,7 0,3 0,5 1,9 6,2
0,2% Co 31 0,2 05 15 5,0 2,1 0,2 0,8 1,6 6,9

After determining the chemical composition of the cobalt-doped samples and con-
firming the presence of this element in the final structure, the impact that this
element has on the interaction with UV-Vis radiation (see Figure 5.21) and on
their optical band gap value (see Table 5.24) was evaluated.
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Figure 5.21: (5.21a) UV-Vis spectra of ITQ-75 with Compound B as SDA (in blue) and Co-
dopped ITQ-75 samples with different Co contents - 0,05% (in orange), 0,1% (in red) and 0,2%
(in green); (5.21b) UV-Vis spectra of ITQ-75 with Compound C as SDA (in brown) and Co-
dopped ITQ-75 samples with different Co contents - 0,05% (in green), 0,1% (in red) and 0,2%
(in blue)

Table 5.24: Band gap (E;) of Co-doped ITQ-75 samples, obtained with (5.24a) Compound B
or (5.24b) Compound C as SDA, where n.a stands for not available

(a) (b)
E, (eV) E, (eV)
ITQ-75 (B) Undopped 2,7 ITQ-75 (C) Undopped 2,2
0,05% Co 2,1 0,05% Co 2,1
0,1% Co n.a 0,1% Co n.a
0,2% Co 2,1 0,2% Co 2,1

With the presence of cobalt into the synthesis gel a change in the reflectance profile
is observed. Something interesting to note is that for the intermediate cobalt con-
centration tested, 0,1% Co, the reflectance profile becames flat, something similar
to what was observed previously for the ITQ-75 sample obtained with Compound
C as SDA and doped with 0,2% iron (see Figure 5.17b). Because of this, it is
impossible to determine the value of the optical band gap, since it is not possible
to fit a sigmoidal curve to the experimental data (see Figures D.53 and D.56). For
the remaining cobalt concentrations tested, regardless of the compound used as
SDA, a reduction of the optical band gap value to 2,1 eV is observed (see Table

5.24).
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5.1.2.3 Final Considerations

In order to modulate the electronic properties of ITQ-75 a similar methodology
as the one followed previously for the structure of IZM-5 was used. To do so,
doping agents were added to the synthesis gel, which can be divided in two classes
- chalcogenide doping agent, namely selenium, and metal doping agents, namely
copper, iron, nickel and cobalt.

The maximum doping content allowed for ITQ-75 crystal structure is 0,1%, except
for copper and nickel. When copper is used, diffraction peaks associated with
an extra copper-rich phase are always detected. Nickel, on the other hand, has
been detected as an extra phase at the lowest concentration tested for ITQ-75
obtained with Compound B as SDA. However, for the intermediate Ni content it
was not a detected an extra crystalline phase. Hence, it is suggested that there
may have been problems in the solubilization of the nickel precursor during the
synthesis procedure. Regarding the electronic propriertes, namely the optical band
gap value, the behavior of ITQ-75 obtained with the two Compounds, B or C, as
SDA is distinct to the different doping agents employed.

When ITQ-75 obtained with Compound B is doped with any of the doping agents
under study, it is possible to reduce the optical band gap value from 2,7 eV to 2,1
eV. The behavior of ITQ-75 obtained with Compound C as SDA is more variable.
When it is doped with selenium, an increase in the optical band gap value is
observed, from 2,2 eV to 2,8 eV. Doping with copper allows the value of this
parameter to decrease from 2,2 eV to 2,0 eV. As for the presence of iron, for the
lowest concentration tested the optical band gap increases from 2,2 eV to 3,1 eV.
When the highest concentration of iron was tested the optical band gap decreases,
from 2,2 eV to 1,9 eV. The behavior towards Ni insertion is similar to that of
iron. For the lower concentrations there is an increase in the value of the optical
band gap, from 2,2 to 2,7 €V, and for the higher content of this dopant agent it
decreases, from 2,2 eV to 2,0 eV. Therefore, in this class of materials only copper
and cobalt allow the value of the optical band gap to be reduced, regardless of the
compound used as the SDA. For the remaining doping agents tested, i.e. selenium,
nickel and iron, the band gap variation apparently depends on the compound used
as the SDA.

Several hypotheses can be considered that can explain the behavior of ITQ-75
obtained with Compound C after doping. The first hypothesis is based on the
calculation method used to determine the optical band gap value. Besides the
error associated with the methodology used, there is the inherent limitation of the
method. If the material has a flat reflectance profile, which makes it impossible to
fit a sigmoidal curve, it is not possible to determine the optical band gap value,
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something that happened in several samples. Another possible justification is the
position that the dopants occupy in the structure. As has been shown by other
authors [14, 15, 16], this parameter influences the impact it has on the material’s
band structure and, as a consequence, on the final optical band gap value. Finally,
and looking specifically at the ITQ-75 samples obtained with Compound C as SDA
and doped with iron or nickel, a possible hypothesis to explain their behavior could
be a combination between the Moss—Burstein effect [30, 31, 32] and the presence
of multiple crystalline phases. It is possible that the lowest concentrations of iron
or nickel tested are already high for the structure in question, which leads to the
appearance of defects on the conduction band, causing an increase in the optical
band gap value. When testing the highest dopant concentration, diffraction peaks
appear that can be associated with an extra-crystalline phase rich in the dopant
in question. Thus, the determined optical band gap may be due to the presence
of the extra crystalline phase, something already discussed earlier by Boyle et al.
[33].

5.1.3 Final Considerations

Optical band gap tunning is not a trivial task. The insertion of different doping
agents in the two crystalline structures discussed in the previous chapter, 1ZM-5
and ITQ-75, was studied. The consequences of the different doping agents were
diverse (see Figure 5.22).

210



5.1 Adjusting Interaction with UV-Vis Radiation

0,1 Ru
0,01% Co 0,2% Cu
0,02% Fe 0,1% Cu 0,03% Cu IZM-5

0,01 Ru

0,2% Fe
0,1% Fe
0,05% Fe
0,1% Cu
0,05% Cu ITQ-75 (B)

0,2% Cu
0,1% Cu
0,05% Cu  1TQ-75 (C) 0,1% Fe

0,2% Fe 0,2% Co
0,05% Cce

18 19 2 21 22 23 24 25 26 27 28 29 3 31 32 33 34 35
Optical band gap value (eV)

Figure 5.22: Consequences of dopping on the optical band gap value over the different crystalline
structures under study

The presence of copper and cobalt allowed, for the different concentrations tested,
to observe a red shift in the optical band gap. By using either of these two metals
as doping agents, it is possible to obtain materials with an optical band gap equal
to 2,0 eV.

Regarding the remaining doping agents studied, the consequences are not so simple
to review. Looking first at ITQ-75 obtained with Compound B, it appears that for
any of the doping agents there is a decrease in the optical band gap, making it
possible to reduce the value of this parameter from 2,7 €V to 2,1 V. However, this
behavior is not translated to the other crystalline structures. For example, with
the same iron concentration in the initial gel, an increase in the band gap value is
observed for the ITQ-75 obtained with Compound C. This example illustrates that
there are factors other than the chemical nature of the dopant that will impact
the band structure of the final structure, and, as consequence, its optical band
gap. Characteristics such as the dopant concentration, the crystalline structure
of the material to be doped and the doping method are some of the examples
that are known to influence the band structure modification after doping. Hence,
depending on the crystalline structure in question, or the organic agent used as
SDA to obtain it, it is possible to obtain different variations on the optical band
gap value.
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Taking into account that the desired application for the materials under study
are solar-driven processes, any of the samples doped with copper or cobalt or
doped ITQ-75 obtained with Compound B as SDA are promising candidates. As
for the ITQ-75 obtained with Compound C, it has an optical band gap value
equal to 2,2 eV, which already makes it a very promising material for solar-driven
applications. After doping it is possible to decrease this value to 1,9 eV. The
insertion of dopants might cause the appearance of defects in the crystal lattice,
which might act as charge sinkholes, reducing charge mobility. So it would be
interesting to check the gain in charge generation properties due to the presence
of the dopant versus the possible change in charge mobility and the impact this
will have on the photocatalytic activity of the final material.

5.2 Accessibility Increase

As presented above in Chapter 2, besides the electronic properties being extremely
important for a photocatalyst to show superior photocatalytic activity, its textural
properties are also important, since a material with a more open architecture allows
for the reduction of the average charge carriers mean-path and, as such, reduces
the probability of recombination [37]. Chen et al. [38] further observed that
for structures with similar band structure, and consequently similar optical band
gap value, the one with higher accessibility shows higher photocatalytic activity.
Furthermore, theoretically for an open microporus material there is a reduction
on the need for charge carriers as each structure atom is accessible within the
microporus structure.

The two structures studied, IZM-5 and ITQ-75, exhibit low accessibility with re-
duced specific surface area. Looking more closely at their isotherms (see Fig-
ure 5.23) and textural properties (see Table 5.25) it can be verified that the as-
synthesized materials under study present a minimal available microporous area
and that the low available accessible surface is due to the external area.
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Figure 5.23: (5.23a) IZM-5 and (5.23b) ITQ-75 N, adsorption-desorption isotherms

Table 5.25: 1ZM-5 and ITQ-75 textural properties (n.a. - not available. *Determined by FESEM
(see Appendix F)

Pore Volume BET surface t-plot Micropore t-plot External Crystal Size
(cm3/g) area (m?/g) Area (m?/g) Surface Area (m?/g) (um)?
1ZM-5 0,092 15,1 n.a 15,4
ITQ-75 (B) n.a 11,9 0,5 11,4 1,4 +£0,5
ITQ-75 (C) 0,140 20,2 2,9 17,3 1,8 +£0,6
ITQ-75 (D) 0,255 40,5 3.3 37,2 1,6 +£0,6
ITQ-75 (E) 0,277 54,6 4,6 49,9 1,4 +£0,5

Thus, in order to increase the accessibility of the materials, two different strategies
were tested, namely modifications to the synthesis process, with the addition of
coSDAs or the modification of the viscosity of the gel, and post-synthesis mod-
ifications, by trying to eliminate the organic component (by thermal treatment,
ionic exchange, acid washing or photodegradation) or by using methods that do
not eliminate this component (by butyl-lithium treatment or ball mill).

5.2.1 Moadifications to the Synthesis Procedure

In order to increase the accessibility of the materials under study, the composition
of the synthesis gel was modified in two different ways.

The first one is based on the addition of coSDAs, namely fructose and sucrose.
These saccharides were previously used as mesopore-directing agent in obtaining
hierarchical SAPOs and AIPOs [39, 40]. Furthermore, these compounds are low
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cost, abundant and sustainable, and thus in line with the achievement of a more
sustainable synthesis route followed during the global development of this work.

The second alteration to the synthesis methodology employed to increase acces-
sibility was to modify the gel viscosity. By increasing its viscosity, the mobility of
the crystallization nuclei is reduced and, as such, their probability of aggregation
decreases, resulting in smaller crystals. Thus, increasing the viscosity of the gel
reduces the particle size, with a consequent increase in the external surface area.

5.2.1.1 Addition of coSDAs - Fructose and Sucrose

The usage of fructose and sucrose as mesopore-directing agent was evaluated in
the two families of materials under study, IZM-5 and ITQ-75. For each of these
structures, four possible Saccharies/SDA molar ratios were tested - 0.3, 1, 3 and
Q.

i. 1ZM-5

Figure 5.24 shows the diffractograms 1ZM-5 samples with different fructose or
sucrose contents.
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Figure 5.24: PXRD patterns of IZM-5 (in blue), with different (5.24a) fructose contents -
Fructose/SDA A - 0,3 (in green), Fructose/SDA A - 1 (in red), Fructose/SDA A - 3 (in orange)
and Fructose/SDA A - oo (in purple) - and with different (5.24b) sucrose contents - Sucrose/SDA
A - 0,3 (in pink), Sucrose/SDA A - 1 (in green); Sucrose/SDA A - 3 (in brown) and Sucrose/SDA
A - oo (in yellow). t denotes the SnO, diffraction peaks and ¢ a ZnS phase
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Starting by evaluating the impact of the fructose presence in the synthesis gel (see
Figure 5.24a), it is observed that there is a coexistence of two phases depending on
the fructose concentration in the synthesis gel. When the Fructose/SDA A molar
ratio is equal to 0,3 no changes to the 1ZM-5's diffraction pattern are observed.
When the molar ratio increases, there is a change in the observed diffraction pat-
tern. The presence of the two main diffraction ITQ-76's peaks at 20 equal to
8,8° and 17,3° and an extra diffraction peak at 20 equal to 11,1°, at a diffraction
angle equal to the most intense diffraction peak of IZM-5. Hence there seems
to be a cohesion between the two crystalline phases, 1ZM-5 ans ITQ-76 lamellar
phase. When only fructose is present in the synthesis gel, only the SnO, diffraction
pattern is obtained.

When using sucrose as saccharide (see Figure 5.24b) and in the presence of Com-
pound A as SDA, regardless of the concentration used, the diffraction pattern of
IZM-5 was no longer obtained, but that of ITQ-76's instead. With increasing Su-
crose/SDA A molar ratio the intensity of the two main diffraction peaks decreases.
When the Sucrose/SDA A ratio is equal to 3 the intensity of the second diffraction
peak is so low that this peak is almost non-existent. When only sucrose is present,
only the SnO, diffraction pattern is obtained, a situation similar to that already
observed when fructose is used. Hence, the presence of saccharide as coSDAs
favours the formation of lamellar phase similar to ITQ-76 type materials.

Subsequently, the textural properties of the samples under studied were determined
by nitrogen adsorption-desorption (see Figure 5.25 and Table 5.26).
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Figure 5.25: N, adsorption-desorption isotherms of structures obtained with Compound A as
SDA and the different saccharides under study - IZM-5 (in blue), (5.25a) with different fructose
contents, Fructose/SDA A equal to 0,3 (in green), 1 (in red) or 3 (in orange); (5.25b) with
different sucrose contents, Sucrose/SDA A equal to 0,3 (in pink), 1 (in green) or 3 (in brown)
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Table 5.26: IZM-5's and ITQ-76's with saccharides textural properties (n.a. - not available)

Pore Volume BET surface t-plot Micropore t-plot External
(cm3/g) area (m?/g) Area (m?/g) Surface Area (m?/g)

1ZM-5 0,092 15,1 n.a 15,4
Fructose/SDA A - 0,3 n.a 7,6 0,9 6,8
Fructose/SDA A - 1 0,248 33,4 8,0 25,5
Fructose/SDA A - 3 0,149 26,0 6,4 19.6
Sucrose/SDA A - 0,3 0,259 51,3 12,2 39,1
Sucrose/SDA A - 1 n.a 21,3 5,9 15,4
Sucrose/SDA A - 3 n.a 21,6 4,5 17,1

After saccharide insertion a general increase in the total volume of adsorbed gas
is observed. The largest increase, with an almost tripling of the total adsorbed
volume, is seen when the molar ratio Fructose/SDA A is equal to 1 or Sucrose/
SDA is equal to 0,3. Regarding the type of isotherm, and according to the IUPAC
classification [41], IZM-5 and saccharide-derived materials have a type Ill isotherm.
This type of isotherm is associated with nonporous or macroporous structures
that have a weak adsorbent-adsorbate interaction. As for the hysteresis of the
isotherms under study, 1ZM-5 presents a practically non-existent hysteresis. The
same cannot be said of the materials obtained with saccharides. These present
a hysteresis of the H3 type [41]. This type of hysteresis is associated with non-
rigid laminar structures. It is found that the accessibility of the samples is due
to their external surface area, according to the shape of the isotherm and the t-
plot method. Comparing the impact that the two types of saccharides had on the
textural properties, it can be seen that when the Sucrose/SDA A ratio is equal
to 0,3 the greatest increase in external surface area is obtained, from 15,1 m?/g
to 51,3 m?/g. However, such a comparison should be made with caution, as two
structures with different diffraction patterns are being comparing .

Since the thermal degradation temperature of the different isolated organic com-
pounds is quite different, the thermogravimetry of the saccharides-rich samples
was determined in order to check whether there was any change in the thermal
degradation profile. Figure 5.26 shows the thermogravimetry profiles of the differ-
ent samples under study and in Tables 5.27 and 5.28 the chemical composition of
such samples.
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Figure 5.26: Thermogravimetry profiles of structures obtained with Compound A as SDA and
the different saccharides under study - 1ZM-5 (in blue), (5.26a) with different fructose contents,
Fructose/SDA A equal to 0,3 (in green), 1 (in red) or 3 (in orange); (5.26b) with different sucrose
contents, Sucrose/SDA A equal to 0,3 (in pink), 1 (in green) and 3 (in brown)

Table 5.27: Chemical composition of the synthesized structures obtained with Compound A as
SDA and the different saccharides under study (*Determined by elemental analysis. 2Determined
by ICP. *Determined by TG.)

Mass composition (%)
NT Ct H! St Sn?  Zn?
1ZM-5 Sn3113Zn1,265s - CisotHataoNaiza 3,09 17,80 3,11 2534 36,68 8,12
Fructose/SDA A - 0,3 Snj,g9Zn1,465s - Co3i08H30,26N261 3,47 27,33 3,75 2435 3259 9,07
Fructose/SDA A -1 Sny,847n0,005s - Cog,1aH37.80N21s6 3,21 31,41 3,52 23,86 20,29 6,00
Compound A Fructose/SDA A - 3 Sny,13Zn1,03Ss - Ca3,01Ha1,03N2,47 2,96 33,99 352 22,01 21,69 5,79
Sucrose/SDA A - 0,3  Sn1,6:Z2n0:685s - CarooHsasiNuar 1,80 38,84 3,02 22,43 16,68 3,89
Sucrose/SDA A - 1 Sn2,12Zn0,00Ss - Css,00H38,50N1,76 2,21 38,72 3,46 23,00 22,58 5,27
Sucrose/SDA A - 3 Sny,4sZng,70Ss - Cr2,30H75,21No,e7 0,76 48,63 4,21 1436 9,80 2,56

SDA Modification Formula

Table 5.28: Molar ratios of the synthesized structures obtained with Compound A as SDA and
the different saccharides under study (*Determined by elemental analysis. 2Determined by TG)

SDA Modification Gel Molar Ratios Material Molar Ratios Material Organic Content (%)
Sn/Zn Sn/S C/N Sn/Zn Sn/S C/N CNHST TG?
1ZM-5 32 0,2 6,5 2,6 0,4 6,3 49,3 41,0
Fructose/SDA A - 0,3 31 0,2 75 2,0 0,4 9,2 58,9 49,3
Fructose/SDA A - 1 3,0 0,2 9,4 19 0,2 11,4 62,0 50,1
Compound A Fructose/SDA A - 3 31 0,2 15,3 2,1 0,3 13,4 62,5 56,5
Sucrose/SDA A - 0,3 33 0,2 85 2,4 0,2 251 66,1 66,7
Sucrose/SDA A - 1 2,8 0,2 12,1 2,4 0,3 20,4 67,4 65,0
Sucrose/SDA A - 3 32 0,2 243 2,1 0,2 747 68,0 77,8
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Observing the different thermogravimetry profiles (see Figure 5.26), it can be seen
that with the insertion of fructose or sucrose there some are changes in the degra-
dation profile. 1ZM-5 has three temperatures at which there is the most mass
variation, 312°C, 333°C, and 455°C (see Figure E.1 for more information regard-
ing 1ZM-5's DTG). When fructose is inserted, with a Fructose/SDA A molar ratio
equal to 0,3, only the mass variations at 310°C and 450 °C are observed. For the
remaining Fructose/SDA A molar ratios evaluated, only two peaks at 333°C and
455°C are verified. As for the samples with Sucrose, they only show the peak of
mass change at 455°C.

Concerning the organic content determined by thermogravimetry, it is in agreement
with the one determined by elemental analysis (see Table 5.28). It is also verified
that with the increase saccharedeo content on the synthesis gel, the final carbon
content also increases.

i. ITQ-75

After the study of fructose or sucrose insertion in IZM-5, a similar approach was
done in ITQ-75 structure. Such study was done using ITQ-75 obtained with two
SDAs, Compounds B and C. ITQ-75 diffractograms obtained with the different
saccharides contents and the two SDAs under study are shown in Figures 5.27 and
5.28.
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Figure 5.27: PXRD patterns of ITQ-75 obtained with Compound B as SDA (in blue), with
different (5.27a) fructose contents - Fructose/SDA B - 0,3 (in pink), Fructose/SDA B - 1 (in
green), Fructose/SDA B - 3 (in grey) and Fructose/SDA B - oo (in purple) - and with different
(5.27b) sucrose contents - Sucrose/SDA B - 0,3 (in orange), Sucrose/SDA B - 1 (in green);
Sucrose/SDA B - 3 (in pink) and Sucrose/SDA B - oo (in yellow). 1 denotes the SnO, diffraction
peaks and ¢ a ZnS phase

f f f
‘\ \‘ ‘ Fructose/SDA C - oo
| A A \,\_;_,J\J«g,‘ A
L : ‘l.‘\ |
L \ww‘“ [\ Sucrose/sbAcC-3 |
[ [\
m.,»/\u...m..m / nd Ml Mmoot
i = i !
/ r,, Sucrose/SDAC -1 |
r-—--w”.\”*»« M M‘ﬂ«w«mi ..MW Mot Moot
se/SDA C - 0,3
V»... L R W
|
|
| Mo \ 1TQ-75 (C) I Ny 1TQ-75 (C)
5 010 330 35 40 a5 50 B 60 e 7 5 0 15 20 25 30 3% 4 4 5 55 60 65 70
29 (deg) 2 (deg)

Figure 5.28: PXRD patterns of ITQ-75 obtained with Compound C as SDA (in brown), with
different (5.28a) fructose contents - Fructose/SDA C - 0,3 (in pink), Fructose/SDA C - 1 (in
orange), Fructose/SDA C - 3 (in blue) and Fructose/SDA C - co (in purple) - and with different
(5.28b) sucrose contents - Sucrose/SDA C - 0,3 (in red), Sucrose/SDA C - 1 (in green); Su-
crose/SDA C - 3 (in blue) and Sucrose/SDA C - co (in yellow). t denotes the SnO, diffraction
peaks and ¢ a ZnS phase
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It can be seen that with the insertion of any of the saccharides under study there is
no change in the crystalline phase obtained, something that was observed previously
for IZM-5.

Starting with ITQ-75 obtained with Compound B as SDA (see Figure 5.27), it
is observed that with increasing fructose or sucrose content up to a molar ratio
of Saccharide/SDA B equal to 3, the intensity of the first two diffraction peaks,
corresponding to lamellar order, decreases. As for the position of the peaks, a shift
towards larger angles is observed with increasing saccharide content. This matter
could be associated to lower separation between consecutive layers, generating
closed and more compacted solids. As for the full width at half maximum (FWHM),
this variation is not so linear. When the Saccharide/SDA B ratio is equal to 0,3,
the FWHM value decreases in relation to the sample without saccharide. When
the Saccharide/SDA B ratio value is increased to 1 or 3, the first two diffraction
peaks become wider with respect to the initial sample. Given Scherrer’s law [42],
when the peaks are broader, i.e., when the peak FWHM increases, the crystal size
decreases.

For the ITQ-75 samples obtained with Compound C as SDA (see Figure 5.28)
similar observations can be made. With increasing saccharide content there is a
decrease in the intensity of the first diffraction peaks, the displacement of these
two peaks towards greater angles and their broadening.

In order to verify possible changes to the laminar planes observed by PXRD,
HRTEM was performed on the saccharedeo-rich samples. It was chosen two sam-
ples, ITQ-75 with a Fructose/SDA B molar ratio equal to 3 (see Figure 5.29) and
ITQ-75 with a Fructose/SDA C molar ratio equal to 1 (see Figure 5.30).
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(a) (b)

Figure 5.29: ITQ-75, obtained with Compound B as SDA and with a Fructose/SDA B molar ratio
equal to 3, HRTEM images, where (5.29a) and (5.29b) highlights the laminar planes, marked in
red
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Figure 5.30: ITQ-75, obtained with Compound C as SDA and with a Fructose/SDA B molar
ratio equal to 1, HRTEM images, where (5.30a), (5.30b) and (5.30c) highlights the laminar
planes, marked in red

As it is possible to observe from Figures 5.29 and 5.30, after the addition of
fructose, the ITQ-75 laminar profile is maintained. As for the distance between
consecutive individual sheets, there is a decrease in it when compared to the un-
modified structure. After the addition of fructose the distance between consecutive
layers decreases from 1,1 £0,2 nm to 0,8 +£0,1 nm, for a Fructose/SDA B molar
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ratio equal to 3, or 0,7 £0,1 nm, for a Fructose/SDA C molar ratio equal to 1.
Thereby, with the presence of fructose a more compact structure is obtained, as
was suggested earlier by PXRD.

According to the PXRD results previously analyzed, in addition to the impact that
the insertion of the saccharides had on the distance between consecutive laminae,
it was also hypothesized that it affected the crystal size. In order to confirm such
hypothesis, FESEM was performed (see Figure 5.31).

Figure 5.31: FESEM images of ITQ-75 (5.31a and 5.31b) obtained with Compound B or (5.31c
and 5.31d) Compound C as SDAs, with a Fructose/SDA molar ratio equal to 1

After the insertion of fructose into the samples, no changes in the crystal morphol-
ogy are observed, and the presence of flower-like arrangements with the different
laminae is present. ITQ-75 obtained with Compound B as SDA and with a Fruc-
tose/SDA B molar ratio equal to 1 has a crystal size equal to 1,1 £0,3 pm. Since
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ITQ-75 obtained with Compound B as a crystal size equal to 1,4 +0,5 pm, there
is a crystal size reduction, confirming the results prior obtained with PXRD. Re-
garding ITQ-75 obtained with Compound C as SDA and with a Fructose/ SDA C
molar ratio equal to 1, there is also a crystal size reduction, from 1,8 +0,6 pm to
1,4 +£0,4 pm.

Subsequently, the N, absorption isotherms and textural properties of the saccharedeo-
rich ITQ-75 samples obtained with Compound B as SDA (see Figure 5.32 and
Table 5.29) or with Compound C as SDA (see Figure 5.33 and Table 5.30) were
determined.
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Figure 5.32: N, adsorption-desorption isotherms of structures obtained with Compound B as
SDA and the different saccharides under study - ITQ-75 (in blue), (5.32a) with different fructose
contents, Fructose/SDA B equal to 0,3 (in pink), 1 (in green) or 3 (in grey) and (5.32b) with
different sucrose contents, Sucrose/SDA B equal to 0,3 (in orange), 1 (in green) and 3 (in pink)

Table 5.29: ITQ-75's (obtained with Compound B as SDA) with saccharides textural properties
(n.a. - not available)

Pore Volume BET surface t-plot Micropore t-plot External
(cm3/g) area (m?/g) Area (m?/g) Surface Area (m?/g)

ITQ-75 (B) na. 11,9 05 11,4
Fructose/SDA B - 0,3 0,198 52,6 13,0 39,6
Fructose/SDA B - 1 n.a. 39,5 10,5 29,0
Fructose/SDA B - 3 0,200 47,9 12,9 35,0
Sucrose/SDA B - 0,3 0,081 25,5 9,3 16,2
Sucrose/SDA B - 1 n.a. 16,9 53 11,6
Sucrose/SDA B - 3 n.a. 32,0 91 22,9
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Figure 5.33: N, adsorption-desorption isotherms of structures obtained with Compound C as SDA
and the different saccharides under study - ITQ-75 (in brown), (5.33a) with different fructose
contents, Fructose/SDA C equal to 0,3 (in pink), 1 (in yellow) or 3 (in grey) and (5.33b) with
different sucrose contents, Sucrose/SDA C equal to 0,3 (in red), 1 (in green) and 3 (in blue)
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Table 5.30: ITQ-75's (obtained with Compound C as SDA) with saccharides textural properties
(n.a. - not available)

Pore Volume BET surface t-plot Micropore t-plot External
(cm3/g) area (m?/g) Area (m?/g) Surface Area (m?/g)

ITQ-75 (C) 0,140 20,2 2,9 17,3
Fructose/SDA C - 0.3 0,241 51,2 48 46,4
Fructose/SDA C - 1 0,351 75,8 8,8 67,0
Fructose/SDA C - 3 0,379 75,5 8,7 66,8
Sucrose/SDA C - 0.3 0,186 433 1,8 41,4
Sucrose/SDA C - 1 0,152 34,1 57 28,3
Sucrose/SDA C - 3 n.a. 32,2 7,8 24,3

Any of the saccharides under study were successful in increasing the total adsorbed
volume. Looking more closely at the samples obtained with Compound B as SDA,
ITQ-75 without any change has a type Il isotherm and a small hysteresis of type H3
according to the IUPAC classification [41]. After the addition of fructose or sucrose
it is observed that the isothermal type is maintained, as well as the hysteresis type,
although this becomes more marked with increasing saccharides content. Fructose
is more successful than sucrose in increasing the accessibility of the sample. When
the Fructose/ SDA B ratio is equal to 0,3 there is an increase in the total adsorbed
volume up to five times. This increase in accessibility is mainly due to the increase
of the external surface area. A small increase in the micropore area is observed,
from almost 0,5 to 13 m?/g. In respect to the external surface area, there is an
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increase of up to four times in relation to ITQ-75 without modification, from 11,4
m?/g to 40 m?/g.

For the samples obtained using Compound C as SDA (see Figure 5.33 and Table
5.30), it is observed that after the insertion of fructose it is possible to obtain the
sample with the highest total adsorbed volume of 264 cm3/g STP. As observed
previously for ITQ-75 obtained with Compound B as SDA, fructose is more effective
in increasing the accessibility of the sample. When the molar ratio Fructose/SDA
C is equal to 1 or 3, there is an increase up to three times on the total adsorbed
volume. As for the increase of the external surface area, this is up to four times
from 17,3 m?/gto 67 m?/g.

According to the literature, the insertion of these components should allow the
creation of a secondary porous system [39, 40]. As can be seen from the isotherms
obtained previously, both for IZM-5 (see Figure 5.25) and ITQ-75 (see Figures
5.32 and 5.33 for structures obtained with Compound B and C, respectively), the
materials obtained with the different types and contents of saccharides do not
present a mesoporous system. The observed increase in accessibility is due to the
increase in the external surface area, probably associated to smallest crystal size.

As was done previously for IZM-5, the thermogravimetric profile of the differente
ITQ-75 samples was determined in order to ascertain the impact that the presence
of the different saccharides on the thermal degradation of the final structure. The
degradation profiles of ITQ-75 samples obtained with Compound B or C as SDA, as
well as its chemical composition, are present in Figure 5.34 and 5.35, respectively,
and Tables 5.31, 5.32, 5.33 and 5.34.
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Figure 5.34: TG of ITQ-75 obtained with Compound B as SDA (in blue) and with different
(5.34a) Fructose/SDA B molar ratios - 0,3 (in pink), 1 (in green) and 3 (in grey) - and (5.34b)
Sucrose/SDA B molar ratios - 0,3 (in orange), 1 (in green) and 3 (in pink)

Table 5.31: Chemical composition of ITQ-75 obtained with different saccharedeos contents
(*Determined by elemental analysis. ?Determined by ICP)

Mass composition (%)

Material Modification Formula N c T ST Sn?Zn?
ITQ-75 (B) Sns3,52Zn1,27Ss © Cio50H12,24N16s 2,33 12,57 1,21 2536 41,50 8,83

Fructose/SDA B - 0.3  Sns3,50Zn0,5:5s - Cig.e1H17.50N1.67 2,42 23,02 1,81 26,44 1831 3,46

Fructose/SDA B -1  Sn3,17Zn1,67Ss - Caos6He1,73N1.0s 1,80 31,68 4,02 16,70 24,46 7,11

Compound B Fructose/SDA B - 3 Sny,04Zn1,04Ss * Cags0H32,00N1.64 1,90 37,67 2,70 21,03 19,90 5,59
Sucrose/SDA B - 0.3 Sny,50Zn1,145s - CagooHa1,20N3,05 3,30 42,02 3,00 18,64 21,61 5,42

Sucrose/SDA B - 1 Sny,40Zn1,5058 + Css,00H46,4aN2e2 2,68 4550 3,15 17,37 20,05 6,63

Sucrose/SDA B - 3 Sny,48Zn0,635s - Cs1,30Ha3,00N1,74 1,73 43,83 3,06 1823 12,48 2,90

Table 5.32: Molar ratios of ITQ-75 obtained with different saccharedeos contents (* Determined
by elemental analysis. 2Determined by TG)

Gel Molar Ratios

Material Molar Ratios

e Material Organic Content (%)
SDA Modification Sn/Zn Sn/S C/N_ Sn/Zn Sn/S C/N_ CHNS' TG
Undoped 32 0,2 6,5 2,6 0,4 6,3 415 36,1
Fructose/SDA B - 0.3 32 0,2 75 2,9 0,2 11,1 53,7 42,8
Fructose/SDA B - 1 2,9 0,2 9,5 1,9 0.4 20,5 54,2 57,4
Compound B Fructose/SDA B - 3 2,8 0,2 8,5 2,0 0,3 23,5 63,6 66,1
Sucrose/SDA B - 0.3 32 0,2 85 22 03 148 67,0 60,9
Sucrose/SDA B - 1 2,9 0,2 12,2 1,7 03 19,8 68,7 70,5
Sucrose/SDA B - 3 2,9 0,2 24,1 2,4 0,2 29,5 66,8 76,6
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Figure 5.35: TG of ITQ-75 obtained with Compound C as SDA (in brown) and with different
(5.35a) Fructose/SDA C molar ratios - 0,3 (in red), 1 (in orange) and 3 (in blue) - and (5.35b)
Sucrose/SDA C molar ratios - 0,3 (in red), 1 (in green) and 3 (in blue)

Table 5.33: Chemical composition of ITQ-75 obtained with different saccharedeos contents
(*Determined by elemental analysis. ?Determined by ICP)

Mass composition (%)

Material Modification Formula N cT A ST Sn?Zn?
ITQ-75 (C) Sn3.05Zn1335s - CinvsaHoiorNaios 2,81 12,41 0,89 22,95 3241 7,78

Fructose/SDA C - 0,3 Sn,60Zn0,73Ss - Co0.20H14,52N1,00 2,85 26,07 156 27,46 342 5,08

Fructose/SDA C -1  Sny,07Zng,355s - Cos,64H18,23N1,33 1,92 31,57 1,87 26,32 13,01 2,33

Compound C  Fructose/SDA C - 3 Sny,35Zng,605s - Cao,70H22,16N1.02 1,37 33,93 2,11 2442 2659 3,76
Sucrose/SDA C - 0,3  Sny,05Zn0,8158 - Ca7,70H18.83N1,86 2,65 33,85 1,92 26,13 23,63 542

Sucrose/SDA C -1 Sny,53Zn0,64Ss + C3g,50H28,63N1,53 1,86 41,11 2,48 22,20 15,70 3,61

Sucrose/SDA C - 3 Sny,6:Zn0,555s - Cse.6aHasi0sN130 1,22 45,60 3,23 17,21 14,45 2,41

Table 5.34: Molar ratios of ITQ-75 obtained with different saccharedeos contents (*Determined
by elemental analysis. 2Determined by TG)

Gel Molar Ratios

Material Molar Ratios

P Material Organic Content (%)
SDA Modification Sn/Zn Sn/S C/N_ Sn/Zn Sn/S C/N CHNS' TG
ITQ-75 (C) 30 02 50 26 04 52 39,1 31,9
Fructose/SDA C - 0,3 3,3 0,2 5,6 3,7 0,3 10,7 57,9 41,7
Fructose/SDA C-1 31 02 80 31 01 192 617 54,0
Compound C  Fructose/SDA C-3 30 02 139 30 03 200 618 523
Sucrose/SDA C - 0,3 3,2 0,2 7,0 2,4 0,2 14,9 64,5 57,5
Sucrose/SDAC-1 30 02 108 24 07 258 676 70,6
Sucrose/SDA C-3 31 02 226 33 03 436 67,3 747

As can be seen in Figures 5.34 and 5.35, there are small changes on the thermod-
egradation profile after the saccharide insertion. ITQ-75 obtained with Compound
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B as SDA has two major degradation peaks at 279 °C and 455°C (see Figure
E.8 for more information regarding the DTG of this sample). With the presence
of fructose the first degradation peak disappears, having only one major peak at
455°C. As for the changes in thermal stability after sucrose presence, it is observed
that, except for the first Sucrose/SDA B molar ratio tested, the peak at 455°C is
maintained. For the sample with a Sucrose/SDA B molar ratio of 0,3, this peak
moves to a higher temperature of 473°C. On the other hand, ITQ-75 obtained with
Compound C has two major degradation peaks at 327°C and 441°C. When any of
tested saccharide are present, there is only one major peak at 441°C.

It can be seen that with increasing saccharide content the organic content of the
sample increases, which is in agreement with the data obtained from elemental
analysis (see Tables 5.32 and 5.34). Of the different molar ratios determined,
Sn/Zn, Sn/S, and C/N, the one that varies the most is the C/N molar ratio. This
increases as the saccharide content in the synthesis gel increases. Therefore, the
presence of saccharide, as well as the increase of its content as it increases in the
synthesis gel, seems to be confirmed.

5.2.1.2 Modification of gel’s viscosity

The second methodology used during the materials synthesis process to increase
its accessibility was the modification of the gel's viscosity. A more viscous synthesis
gel does not allow for such easy mobility of the formed nuclei, and as such, the
likelihood of them meeting and increasing in size is reduced. Therefore, smaller
crystal sizes should be obtained [43].

During the synthesis process two solvents are used, water and ethylene glycol, with
a molar ratio EG/H,0 equal to 0,96. Since ethylene glycol is more viscous than
water, with a viscosity equal to 18,4 cP versus 1 cP of water, its content was
increased, i.e. the EG/H,0O molar ratio was increased. Six distinct EG/H,O molar
ratios, 1,25, 1,5, 2, 2,5, 3 and 3,5 were tested. The diffractograms of the ITQ-75
samples obtained with Compound B as SDA and with the different EG/H,0 tested
molar ratios are present in Figure 5.36.
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Figure 5.36: PXRD patterns of ITQ-75 obtained with Compound B as SDA (in blue) and with
different EG/H,0 molar ratios - 1,25 (in purple), 1,50 (in green), 2,00 (in red), 2,50 (in brown),
3,00 (in orange) and 3,50 (in pink), where ¢ denotes a ZnS phase

With increasing EG/H,O molar ratio, a maintenance of the diffraction pattern is
observed but a change in the position and shape of the first two diffraction peaks,
corresponding to lamellar order, is present. From an EG/H,O molar ratio equal
to 2,5, a change in the position of the first two diffraction peaks towards higher
angles is observed. Therefore, a structure with a slightly more closed architecture
is obtained. With respect to their shape, as the ethylene glycol content increases,
the diffraction peaks become flatter, with a consequent increase in FWHM value.
Therefore, a decrease in crystal size according to Scheer’s [42] law is thus observed.

In order to confirm the impact that changing the EG/H,0O ratio had on the sam-
ples accessibility, the textural properties were determined by determining the N,
adsorption-desorption isotherms (see Figure 5.37 and Table 5.35).
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Table 5.35: Textural properties of ITQ-75 obtained with Compound B as SDA and with different
EG/H,0 molar ratios (n.a. - not available)

Pore Volume BET surface t-plot Micropore t-plot External
(cm3/g) area (m?/g) Area (m?/g) Surface Area (m?/g)
EG/H,0 - 0,96 n.a. 11,9 0,5 11,4
EG/H,0 - 1,25 0,271 48,2 n.a. 49,8
EG/H,0 - 1,50 0,279 53,8 n.a. 58,4
EG/H,0 - 2,00 n.a. 36,4 n.a. 39,6
EG/H,0 - 2,50 0,202 35,6 n.a. 37,1
EG/H,0 - 3,00 n.a. 56,4 3.1 53,3
EG/H,0 - 3,50 0,268 51,2 52 46,0

As can be seen in Figure 5.37 and Table 5.35, by changing the EG/H,0 molar ratio
it is possible to change the accessibility of the samples. It can be seen that the
change in accessibility after modifying the EG/H,0 molar ratio is mainly due to the
external surface area, something similar to what was found with the saccharides-rich
samples. Regarding the type of isotherm and hysteresis, the samples with increased
EG/H,0 molar ratio have a type Il isotherm and a hysteresis of type H3 according
to the IUPAC classification [41]. When the EG/H,O molar ratio is increased,
the external surface area is increased up to five times, probably associated to the
existence of sample formed by smaller crystals. In order to confirm this hypothesis,
a FESEM analysis was performed on ITQ-75 sample with a EG/H,O molar ratio
equal to 3 to determine the crystal size (see Figure 5.38).

(b)

Figure 5.38: FESEM images of ITQ-75, obtained with Compound B as SDA, with a EG/H,0
molar ratio equal to 3
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Looking at Figure 5.38 it can be seen that after increasing the gel viscosity the
crystals can be seen as an accumulation of laminae with different orientations. As
for their dimension, they have a crystal size equal to 1,2 £0,7 pm. Since the ITQ-
75 obtained with Compound B prior to any modification has a crystal size equal
to 1,4 +0,5 pm, by increasing the gel viscosity, its crystal size decreases.

Since when the EG/H,0 ratio is increased to 3,00 the greatest increase in ITQ-
75's accessibility is observed, the consequences of increasing such ratio on the
other two structures under study, IZM-5 and ITQ-75 obtained with Compound C
as SDA, were tested. The diffractograms obtained after modifying such parameter
are shown in the Figure 5.39.
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Figure 5.39: PXRD diffractograms of (5.39a) 1ZM-5 with a EG/H,O ratio equal to 0,96 (in
green) and 3,00 (in yellow) and (5.39b) ITQ-75 obtained with Compound C as SDA with a
EG/H,0 ratio equal to 0,96 (in brown) and 3,00 (in pink)

After increasing the ethylene glycol content, the diffraction pattern of 1ZM-5 is
maintained (see Figure 5.39a), something that did not always occur when fructose
or sucrose was added to its synthesis gel (see Figure 5.24).

Regarding the EG/H,0 ratio modification in ITQ-75 obtained with Compound C as
SDA (see Figure 5.39b), a similar behavior to the one observed in ITQ-75 obtained
with Compound B as SDA is detected. A displacement of the diffraction peaks
towards higher angles and an increase in the FWHM of the first two diffraction
peaks are observed, thus translating into a more close architecture and smaller
crystal size.
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Afterwards, the textural properties of IZM-5 and ITQ-75 obtained with Compound
C as SDA were determined in order to assess the impact of EG/H,0 ratio increasing

(see Figure 5.40 and Table 5.36).
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Figure 5.40: N, adsorption-desoption isotherms of (5.40a) IZM-5 with a EG/H,0 ratio equal
to 0,96 (in green) and 3,00 (in yellow) and (5.40b) ITQ-75 obtained with Compound C as SDA
with a EG/H,0 ratio equal to 0,96 (in brown) and 3,00 (in pink)

Table 5.36: Textural properties of IZM-5 and ITQ-75 obtained with Compound C as SDA with
increase EG/H,0 molar ratio (n.a. - not available)

Pore Volume

BET surface

t-plot Micropore

t-plot External

(cm3/g) area (m?/g) Area (m?/g)  Surface Area (m?/g)
1ZM-5 & EG/H,0 - 0,96 0,092 15,1 n.a. 15,4
1ZM-5 & EG/H,0 - 3,00 0,271 41,4 58 38,6
ITQ-75 (C) & EG/H,0 - 0,96 0,140 20,2 2,9 17,3
ITQ-75 (C) & EG/H.0 - 3,00 n.a. 77,8 58 72,0

It can be seen that increasing the ethylene glycol content on the synthesis gel had
a positive impact on increasing the accessibility of the structures under study. In
both cases it is observed that the increase of the total adsorbed volume is due
to the increase of the external surface area, a situation analogous to that already
observed for ITQ-75 obtained with Compound B as SDA. In IZM-5, by increasing
the EG/H»0 molar ratio, it is possible to increase the BET surface area from 15,1
m?/g to 41,4 m?/g. Regarding ITQ-75 obtained with Compound C as SDA, its

BET surface area is increased from 20,2 m?/g to 77,8 m?/g.
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5.2 Accessibility Increase

5.2.1.3 Addition of coSDAS & Modification of Gel’s Viscosity

Two changes to the synthesis gel chemical composition in order to increase the
material's accessibility were tested - the insertion of saccharedeos together with
increasing the viscosity of the gel. The results obtanied showed that both mod-
ifications were successful, with up to a sixfold increase in the external surface
area. Thus, for each of the structures studied, a combination of both methods
was tested. Regarding the first method, the use fructose as a saccharide and two
concentrations, Fructose/SDA ratio equals to 0,3 and 1, were selected since they
were the ones that guaranteed greater accessibility. Regarding the increase in gel's
viscosity, the EG/H,O molar ratio is increased to 3 because it was the one that
facilitated the highest accessibility.

Starting with ITQ-75 obtained with Compound B as SDA, the diffractograms of
the materials obtained with the two Fructose/SDA B ratios tested and the EG/H,0
molar ratio increased to 3 are present in Figure 5.41.
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Figure 5.41: PXRD diffractograms of ITQ-75 obtanied with Compound B as SDA (in blue), with
a EG/H,0 molar ratio equal to 3 (in orange), (5.42a) a Fructose/SDA B ratio equal to 0,3 (in
pink), a EG/H,O molar ratio equal to 3 and a Fructose/SDA B ratio equal to 0,3 (in green),
(5.42b) a Fructose/SDA B ratio equal to 1 (in red) and a EG/H,0 molar ratio equal to 3 and a
Fructose/SDA B ratio equal to 1 (in purple), where ¢ denotes a ZnS phase

WA

When the two modifications to the synthesis gel are combined, the greatest shift
of the first two diffraction peaks toward higher angle values is observed. It can
be seen that the first diffraction peak is displaced by about 1° and the second
diffraction peak by about 2°. As for the broadening of the diffraction peaks, this
is similar to that observed when fructose is added to the synthesis gel, generating
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materials with the individual layers close between them and crystals with smaller
dimensions.

In order to evaluate the impact on the textural proprieties, the N, adsorption-
desorption isotherms were determined (see Figure 5.42 and Table 5.37).
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Figure 5.42: N, adsorption-desoption isotherms of ITQ-75 obtanied with Compound B as SDA
(in blue), with a EG/HO molar ratio equal to 3 (in orange), (5.42a) a Fructose/SDA B ratio
equal to 0,3 (in pink), a EG/H,0O molar ratio equal to 3 and a Fructose/SDA B ratio equal to
0,3 (in green), (5.42b) a Fructose/SDA B ratio equal to 1 (in red) and a EG/H,0O molar ratio
equal to 3 and a Fructose/SDA B ratio equal to 1 (in purple)

Table 5.37: Textural properties of ITQ-75 obtained with Compound B as SDA with increase
EG/H>0 molar ratio combined with different Fructose/SDA B ratios (n.a. - not available)

Pore Volume

BET surface

t-plot Micropore

t-plot External

(cm3/g) area (m3/g) Area (m2?/g)  Surface Area (m?/g)

ITQ-75 (B) na. 11,9 05 114

EG/H,0 - 3,00 n.a. 77,82 5,83 71,99

Fructose/SDA B - 0,3 0,241 52,6 13,0 39,6

Fructose/SDA B - 1 0,351 39,5 10,5 29,0
EG/H,0 - 3,00

Fructose/SDA B - 0.3 0.403 86.5 1.4 .4

EG/H0 - 3,00 0,471 108,5 18,9 89,7

Fructose/SDA B - 1

When combining both modifications an increase in accessibility is observed. The
sample with the highest accessibility is obtained when combining the increased
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ethylene glycol content and the Fructose/SDA B ratio is equal to 1 (purple isotherm
at Figure 5.42b). Such a sample has a total adsorbed volume equal to 321,5 cm3/g
STP, about 12 times higher than the value of ITQ-75 without modifications, and
an external surface area equal to 89,7 m?/g, about eight times higher than the
sample without modifications.

5.2.1.4 Final Considerations

As shown earlier, besides the importance of the electronic properties to obtain
samples with a high photo-activity, the textural properties are equally important
[37, 38]. The structures under study, IZM-5 and ITQ-75, present low accessibility,
which may limit their photocatalytic performance. Thus, in order to increase their
accessibility, two modifications to their synthesis process were studied.

First the insertion of saccharides, namely fructose and sucrose, as coSDAs was
studied, since these compounds were previously used as mesoporous agents and,
due to their low degradation temperature, could be eliminated later by a thermal
process. This technique was successful in increasing the accessibility of the sam-
ples under study. However, it is observed that the increased accessibility is due to
the increase of the external surface area. The presence of these compounds hardly
affects the microporous area nor does it lead to the formation of a mesoporous
system, probably due to the reduction of crystal size. Regarding the thermal sta-
bility of the samples, with the insertion of saccharides there are some modifications
in it. However, these changes do not suggest a decrease in the degradation tem-
perature of the organic component present. Looking more closely at the behavior
of the structures, it can be seen that with the insertion of the saccharides under
study in the IZM-5 synthesis gel there are changes in the diffraction pattern of the
material obtained. With the presence of Fructose, the final diffraction pattern can
be seen as a combination of IZM-5 and ITQ-76 diffraction patterns, thus having a
coexistence between these two crystalline phases. When sucrose is used, only the
diffraction pattern of ITQ-76 is obtained. When using a Sucrose/SDA A molar
ratio equal to 0,3, the greatest increase in the external surface area is verified,
from 15,4 m?/g to 39,1 m?/g. As for ITQ-75, when the saccharides are inserted
into its synthesis gel, its diffraction pattern is maintained. However, changes occur
in the peaks associated with the ITQ-75 laminar phase that suggest that a more
compact structure is obtained, that is, with less distance between consecutive lam-
inar planes. This hypothesis is latter confirmed by HRTEM. Fructose is the most
successful in increasing ITQ-75 external surface area. When using a Fructose/SDA
B molar ratio equal to 0,3 the external surface area increases from 11,4 m3/g to
39,6 m?/g. As for ITQ-75 obtained with Compound C as SDA, it is possible,
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by using a Fructose/SDA C molar ratio equal to 1 or 3, to increase the external
surface area from 17,3 m?/g to approximately 67,0 m?/g.

The second methodology tested to increase accessibility is based on modifying the
viscosity of the synthesis gel. By increasing the synthesis gel viscosity, the mobility
of the nuclei formed is reduced and, as such, smaller crystals will be obtained,
avoiding their agglomeration. Since ethylene glycol is more viscous than water,
the two solvents used during the synthesis process, it was decided to increase the
content of the organic solvent. By increasing the molar ratio EG/H,O from 0,96
to 3 it was possible to increase the accessibility of the structures. Similar to what
was seen for the saccharide-rich samples, the increased accessibility is due to the
external surface area. By increasing the ethylene glycol content in the synthesis gel
it was possible to increase the external surface area of IZM-5 from 15,1 m?/g to
41,4 m?/g. Something important to mention is that with this modification there
were no changes to IZM-5 diffraction pattern, something that was not possible
with the first methodology tested. Regarding ITQ-75, it was possible to increase
its external surface area from 11,9 m?/g to 56,4 m?/g, when ITQ-75 is obtained
with Compound B as SDA, or from 20,2 m?/g to 77,8 m?/g, when ITQ-75 is
obtained with Compound C as SDA.

Since the two methodologies were successful in improving the textural properties of
the structures under study, they were combined. By increasing the EG/H,O molar
ratio from 0,96 to 3 and by adding fructose, with a Fructose/SDA B equal to 1,
it is possible to increase ITQ-75, obtained with Compound B as SDA, external
surface area from 11,4 m?/g to 89,7 m?/g.

5.2.2 Post Synthesis Modifications

Besides the modification of the synthesis parameters to increase the accessibility of
the samples under study, the possibility of post synthesis modifications to increase
this parameter has been evaluated. These modifications can be divided into two,
those that involve the elimination of SDA, such as thermal treatment, ion exchange,
acid washing and photodegradation, and those that modify directly the laminar
structure obtained, such as n-butyllithium and ball mill treatments.
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5.2.2.1 SDA Elimination Methods

i. Thermal Treatment

The thermal treatment was carried out in the presence of a nitrogen atmosphere
rather than air. This atmosphere was chosen in order to maintain the carbon,
since it would help to avoid the structure collapse and at the same time to create a
junction between the two materials (inorganic and organic components), improving
the charge separation properties of the final structure.

In order to determine the temperature at which the thermal treatment would be
carried out, XRD in situ was performed under nitrogen atmosphere in order to
evaluate the evolution of the crystalline phase with increasing temperature (see
Figures 5.43 and 5.45 for both IZM-5 and ITQ-75 structures, respectively).
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Figure 5.43: XRD in situ of IZM-5 under nitrogen atmosphere at 25°C (in blue), 50°C (in purple),
100°C (in green), 200°C (in red), 300°C (in gray), 400°C (in orange), 500°C (in pink), 600°C
(dark green), 700°C (in dark purple) and 800°C (in brown). fdenotes a SnO, phase, { a SnS
phase and A a Sn® phase
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By looking at Figure 5.43 it can be seen that up to 200°C there is no variation in
the diffraction pattern. When 300°C is reached there is a reduction in intensity of
the diffraction peaks associated with IZM-5 and a new crystalline phase appears.
This phase can be associated with SnS. From 400°C on, the 1ZM-5 diffraction
pattern is no longer detected. The diffraction pattern obtained at 400°C remains
stable until 600°C. From 700°C the diffraction peaks associated with SnS decrease
their intensity and diffraction peaks that can be associated with Sn® appear. At
800°C only the Sn® and SnO, diffraction peaks are detected. Therefore, a ther-
mal treatment under nitrogen atmosphere at 350°C was chosen. The resulting
diffractogram is represented in red in Figure 5.44.
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Figure 5.44: PXRD patterns of IZM-5 before (in blue) and after the thermal treatment under
nitrogen atmosphere at 350°C (in red), where | denotes a SnO, and { a SnO phase

As can be seen in the previous figure, such thermal treatment led to the disappear-
ance of the diffraction peaks associated with IZM-5, so this thermal treatment was
not successful in maintaining its structure, after the degradation of the internal
organic template.
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Subsequently, ITQ-75 XRD in situ was performed under nitrogen atmosphere in
order to evaluate the evolution of the different crystalline phases present (see Figure
5.45).
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Figure 5.45: XRD in situ of ITQ-75 under nitrogen atmosphere at 25°C (in blue), 50°C (in
purple), 100°C (in green), 200°C (in red), 300°C (in gray), 400°C (in orange), 500°C (in pink),
600°C (dark green), 700°C (in dark purple) and 800°C (in brown). { denotes a SnS orthorhombic
phase, ¢ a ZnS rhombohedral phase, A a a-SnS phase, 1 a SnO, phase and [0 Zng,945n0,060
phase

By observing Figure 5.45 one can see that up to 200°C no variations in the diffrac-
tion pattern are observed. At 300°C the diffraction peaks up to 26 equal to 20°.
It is observed that the first diffraction peak is split in two peaks and the intensity
of the second peak is reduced. At 400°C diffraction peaks appear that can be asso-
ciated with the orthorhombic structure of SnS and the rhombohedral structure of
ZnS. At 600°C the SnS phase evolves into an a-SnS phase. The ZnS phase remains
and a diffraction pattern emerges that can be associated with SnO,. At 700°C
the presence of a-SnS is reduced. The SnO, and ZnS phases are maintained. At
800°C most diffraction peaks are related to the ZnS phase. The remaining less
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intense peaks may correspond to Sn® a mixed oxide with the chemical formula
Zno.04Sng060 and traces of SnO,.

Since IZM-5 and ITQ-75 show similar thermal stability, i.e. are stable up to 200°C,
it was decided to perform a calcination at low temperatures and over a long period
of time in order to find out if it would be possible to eliminate part of the organic
content and avoid the collapse of the structure. Thus, ITQ-75 calcined in a nitrogen
atmosphere at 150°C for a period of 24 hours was performed. The diffractogram
resulting from low temperature calcination is represented in orange in Figure 5.44.
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Figure 5.46: PXRD patterns of ITQ-75 before (in red) and after the thermal treatment under
nitrogen atmosphere at 150°C for 24 hours (in orange), where ¢ denotes a ZnS phase

Observing the previous figure, it can be seen that after the thermal treatment the
diffraction peaks maintain their position but their intensity is reduced. Thus, its
carbon content was determined through elemental analysis to verify if there was
any change in the chemical composition (see Table 5.38).
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Table 5.38: Chemical composition (% w/w), determined by elemental analysis, of ITQ-75 before
and after the thermal treatment

Chemical Composition (% w/w)

N C H S
Before Calcination 2,42 23,02 1,80 26,44
After Calcination 2,49 23,49 1,58 25,30

As can be seen from Table 5.38, there were no significant changes to the chemical
composition of the sample. Thus, although there were changes in the diffrac-
tion pattern, these have not translated into significant variations in the chemical
composition.

These results shows that with the thermal treatments tested it is not possible
to maintain the crystalline structure of the materials under study if the organic
counterpart is degradated or eliminated, at least, partially. Thus, these results
seems to suggest that the presence of SDA is fundamental for the materials to
have their crystalline structure.

ii. lonic Exchange

The second post-synthesis modification to increase the accessibility of the materials
was ionic exchange (IE). This method is the most widely used by the various authors
who have studied this class of materials to reduce the organic content and increase
the accessibility of the materials [44], overall, in the case of lamellar materials.
The ionic exchange is carried out with CsCl, since Cs™ has a relatively large ionic
radius, allowing to easily replace the internal organic counterpart without changing
the overall crystalline stricture.

The methodology followed by Lin et al. [44] was used. As such, multiple ionic
exchanges with CsCl were performed and the chemical composition was determined
via elemental analysis between exchanges.

Starting with the 1ZM-5" structure, its diffractograms after the different ionic per-
mutations, as well as their chemical composition, are shown in Figure 5.47 and
Table 5.39, respectively.
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Figure 5.47: PXRD patterns of IZM-5 before ionic exchange (in blue), after one (in red), two
(in purple), three (in green), four (in gray) and five (in orange) ionic exchanges with CsCl and
after one ionic exchange with CTMABT (in pink)

Table 5.39: Chemical composition (% w/w), determined by elemental analysis, of IZM-5 before
and after the several ionic exchanges

Chemical Composition (% w/w)

1ZM-5

N C H S

Before IE 3,00 17,80 3,11 25,34

After 1%t IE with Cst 261 17,91 2,95 26,18
After 2™ |IE with Cs* 2,60 17,68 2,88 26,59
After 3" IE with Cs™ 2,49 17,42 2,87 2407
After 4" |E with Cst 2,48 17,28 2,81 25,33
After 5% IE with Cst 2,47 16,97 2,66 25,70
After 6% IE with CTMAt 2,35 18,63 2,98 20,60
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After the five exchanges with CsCl it is observed that there was a small variation in
the carbon content. According to [44], in the structure studied after the five CsCl
permutations the carbon content was reduced to residual values, something that
did not occur in IZM-5. Thus, this method is not the most suitable for reducing
the carbon content. This confirms the absence of ionic species and the strong
interaction between the SDA and the inorganic part of the material.

In order to assess whether the size of the ion to be exchanged has an impact on
the ease with which the structure is exchanged, cetyltrimethylammonium bromide
(CTMABFr) was used instead of CsCl, i. e., a long chain cationic surfactant with
capabilities as swelling agent. The diffractogram obtained after the exchange with
CTMAT is shown in pink in Figure 5.47 and its chemical composition in Table 5.39.
After the exchange with CTMA® there is no dramatic change in the diffraction
pattern. Regarding its carbon content, it is slightly increased. Since the increase
is small, this method was considered not effective on the IZM-5 structure.

Then the possibility of performing a similar procedure on the ITQ-75 structure was
evaluated. Thus, it was first performed the five ionic exchanges with CsCl to the
ITQ-75 obtained with Compound B as SDA. The different diffractograms obtained,
as well as their chemical composition, are shown in Figure 5.48 and Table 5.40,
respectively.
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Figure 5.48: PXRD patterns of ITQ-75 before ionic exchange (in blue), after one (in red), two
(in purple), three (in green), four (in gray) and five (in orange) ionic exchanges with CsCl and
after one ionic exchange with CTMABTr (in pink), where ¢ denotes a ZnS phase

Table 5.40: Chemical composition (% w/w), determined by elemental analysis, of ITQ-75 before
and after the several ionic exchanges (n.a. - not available)

Chemical Composition (% w/w)

ITQ-75 N C H 5
Before lonic Exchange 2,33 1257 121 25,36
After 1% |IE with Cs* 2,19 13,61 1,17 26,59
After 2" IE with Cs* 2,16 13,31 1,17 24,67
After 3 IE with Cst na. na. na. n.a.
After 4" IE with Cs™* 1,99 12,64 1,17 23,17
After 5% IE with Cs™* 1,97 11,84 1,14 26,11
After 6 IE with CTMA* 157 13,15 1,61 21,53
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5.2 Accessibility Increase

After the five ionic exchanges with CsCl a small reduction in carbon content is
observed, similar to the situation observed previously for IZM-5. Thus, for similar
reasons, |TQ-75 was exchanged with CTMABYr. It can be seen that after the
exchange with CTMABYr the carbon content is slightly increased (see Table 5.40).
Thus, the structure of ITQ-75 is not exchangeable with the selected ions.

Given the experimental results presented above, the reduction of the carbon content
through an ionic exchange is not a successful method to increase the accessibility
of the structures under study.

iii. Acid Washing

The third method to be studied for reducing the carbon content of the samples
was acid washing to liberate internal volume and increase the acessability of the
materials. It was chosen to use a low concentration of HCl in order to perform
a gentle washing that attacks only the organic part, without affecting the metals
present in the structure. This method was tested on two samples, 1ZM-5 and on
ITQ-75 obtained with Compound B as SDA. Their diffractograms, as well as their
chemical composition, are shown in Figure 5.49 and Table 5.41, respectively.
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Figure 5.49: PXRD patterns of (5.49a) IZM-5 before (in blue) and after (in red) acid washing
and (5.49b) ITQ-75 before (in red) and after (in orange) acid washing, where ¢ denotes a ZnS
phase
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Table 5.41: Chemical composition (% w/w), determined by elemental analysis, of IZM-5 and
ITQ-75 before and after acid washing

Chemical Composition (% w/w)

1ZM-5

N C H S
Before Acid Treatment 3,00 17,80 3,11 25,34
After Acid Treatment 3,056 18,55 3,17 26,09

5 " o
ITQ-75 Chemical Composition (% w/w)

N C
Before Acid Treatment 2,33 12,57 1,21 25,36
After Acid Treatment 2,17 12,99 1,10 26,91

After the acid treatment the diffraction pattern of the two structures is maintained,
but the intensity of some diffraction peaks is modified. Looking first at IZM-5 (see
Figure 5.49a), it can be seen that after the HCl treatment the first two diffraction
peaks become more intense. For ITQ-75 obtained with Compound B as SDA (see
Figure 5.49b), a reduction of the intensity of the first two diffraction peaks is
observed.

Evaluating now the chemical composition and comparing the values before and
after the acid treatment, unfortunately no significant changes are observed in the
carbon content. Thus, this method was not successful in reducing the organic
content of the targeted samples.

iv. SDA Photodegradation

The last post-modification method involving the organic content elimination tested
was through the SDA photodegradation. This method uses a light source, in the
presence or absence of an oxidizing agent, to degrade the organic components
present. Two degradation times, four and six hours, and three concentrations
of oxidants, 0%, 5% and 10%, were evaluated. Note that the percentage of
oxidant present is in relation to the molar carbon content of the original sample.
The first structure to be tested on this methodology was the ITQ-75 obtained
with Compound B as SDA. The different diffractograms, as well as the chemical
compositions, are present in Figure 5.50 and Table 5.42, respectively.
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Figure 5.50: PXRD patterns of ITQ-75 before photodegradation (in red), after 4 hours under
radiation (in orange), after 6 hours under radiation (in blue), after 4 hours under radiation and
with 5% Na,S,0g (in green), after 6 hours under radiation and with 5% Na,S,Og (in purple) and
after 4 hours under radiation and with 10% Na,S,0g (in brown), where ¢ denotes a ZnS phase

Table 5.42: Chemical composition (% w/w), determined by elemental analysis, of ITQ-75 before
and after the different photodegradation experiments

Chemical Composition (% w/w)

ITQ-75 N C
Before Photodegradation 2,33 12,57 1,21 25,36
4 hours 2,05 13,39 1,31 23,87
6 hours 2,26 13,48 1,25 27,36
4 hours with 5% Na,S,0g 1,91 11,93 1,28 27,28
6 hours with 5% Na,S,0g 2,05 13,35 1,34 24,67
4 hours with 10% Na,S,0g 1,83 13,68 1,48 24,08

Looking at the diffractograms after the different tests (see Figure 5.50), it can be
seen that after the presence of the oxidant Na,S,0Og, the broad peak located at
20 equal to 28,7° changes. The same cannot be said of the remaining tests, since
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no changes in the diffraction pattern are observed. Analyzing now the chemical
composition (see Table 5.42), it appears that there are no significant changes in
carbon content, so this method was not successful.

Next, and using the highest concentration of oxidant, this method of SDA pho-
todegradation was tested on the IZM-5 structure. The difractograms, as well as
the chemical composition of the samples in question, are shown in Figure 5.51 and
Table 5.43.
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Figure 5.51: PXRD patterns of IZM-5 before photodegradation (in blue) and after 4 hours under
radiation and with 10% NayS,0g (in red)

Table 5.43: Chemical composition (% w/w), determined by elemental analysis, of IZM-5 before
and after photodegradation

IZM-5 Chemical Composition (% w/w)

N C H
Before Photodegradation 3,09 17,80 3,11 25,34
4 hours with 10% Na,S,0g 3,07 17,67 3,21 25,84
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Although some changes in the diffraction pattern of 1ZM-5 are observed, namely
the increase in intensity of the first two diffraction peaks, the reduction in carbon
content after the process is minimal.

Hence, it can be concluded that photodegradation is not an effective method that
allows the reduction of the carbon content of the samples and, thus, increasing
their accessibility.

5.2.2.2 Structure Modification Methods

In order to increase the accessibility of the samples, they were modified post syn-
thesis. As shown previously, methods involving the elimination of the SDA used
during synthesis were not successful. Thus, two methodologies that modify the
crystals obtained were tested, namely n-butyllithium and ball mill treatments.

i. n-Butyllithium Treatment

According to the reviewed literature, the treatment with n-butyllithium allows the
chemical exfoliation of a laminar material, obtaining single sheets or crystals with
fewer sheets [45, 46, 47, 48, 49]. By this method is possible to produce transitional
metal chalcogenides nanosheets by a ultrasound-promoted hydration of lithium-
intercalated compounds, becoming the most effective method to do such [48].

This treatment was applied to ITQ-75 obtained with Compound C as SDA. After
the n-butyllithium treatment two solids were recovered. A first one, referred to
as pellet, results from the solid recovered after the first centrifugation cycle. The
second one, referred to as supernatant, is the solid recovered by precipitation, due
to the addition of HCI, from the supernatant recovered after the first centrifugation
cycle (see Appendix A for more details). The resulting diffractograms are shown
in Figure 5.52.
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Figure 5.52: PXRD diffraction patterns of ITQ-75, obtained with Compound C as SDA, and
after the BulLi treatment, the supernatant (in green) and the pellet (in pink) recovered after
centrifuging, where ¢ denotes a ZnS phase

Looking at Figure 5.52, it can be seen that both solids recovered after the butyl
lithium treatment undergo changes in their diffraction pattern. The first two
diffraction peaks, associated with the laminar phase, disappear from the diffraction
pattern of the solid entitled supernatant. This solid, being the one present in the
recovered colloid after the first centrifugation cycle, is expected to be the most
delaminated. As for the pellet recovered after the first centrifugation cycle, its
diffraction pattern shows changes from its original pattern. First, a change in the
relative intensity of the diffraction peaks is observed. In the original structure the
first diffraction peak is more intense than the second. In the recovered pellet, the
most intense diffraction peak becomes the second one. The first two diffraction
peaks, associated with the laminar phase, of the as-synthesized structure are lo-
cated at 20 equal to 7,4° and 14,8° and have a FWHM equal to 0,27 and 0,25,
respectively. After treatment with butyllithium, the recovered pellet difraction
peaks are slightly displaced towards larger angles and become thinner. The first
diffraction peak is located at 20 equal to 7,5, with a FWHM equal to 0,25, and
the second diffraction peak is located at 26 equal 15,0°, with a FWHM equal to
0,20. These results thus suggest that this structure is a material that has suffered
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a partial attack by butyllithium, since the changes in its diffraction pattern are
minimal.

To verify the changes in laminar profile and morphology, HRTEM (see Figures 5.53
and 5.54) was performed on the different samples resulting from the treatment with
butyllithium.

(c) (d)

Figure 5.53: ITQ-75" BulLi Supernatant HRTEM images, obtained with Compound C as SDA
after, where (5.53a) and (5.53b) highlights its morphology and (5.53c) and (5.53d) the laminar
planes, marked in red
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(d)

Figure 5.54: ITQ-75" BuLi Pellet HRTEM images, obtained with Compound C as SDA after,
where (5.54a) and (5.54b) highlights its morphology and (5.54c) and (5.54d) the laminar planes,
marked in red

Looking at Figure 5.53 it can be seen that after the treatment with butyllithium
ITQ-75 maintains its laminar profile. The fiber-like particles organized into a ball,
previously observed on ITQ-75 as-synthesized, are no longer observable. Only the
presence of overlapping laminae with different dimensions is visible. The intercalary
laminae are 0,7 +£0,09 nm apart, representing a closer structure when compared
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to the original structure. Observing now Figure 5.54, it is verified that the pellet
recovered after treatment with BulLi presents an intermediate morphology, between
ITQ-75 as-synthesized and the sample obtained after the complete BuLi treatment.
The pellet still presents some fiber-like particles, something that was not observed
in the sample that undergoes the full treatment with BuLi, but also some isolated
laminae, something hardly present in the ITQ-75 as synthesized. It can also be
observe the presence of holes and accumulations of small portions of laminae with
different orientations on the surface of the crystal (see Figure 5.54b and 5.54c).

Next, to verify the impact that this treatment has on textural properties, N,
adsorption-desoprtion isotherm was performed (see Figure 5.55 and Table 5.44).
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Figure 5.55: N, adsorption-desoprtion isotherms of ITQ-75, obtained with Compound C as SDA,
before (in brown) and after (in pink) the BuLi treatment

Table 5.44: Textural properties of ITQ-75 obtained with Compound C as SDA before and after
the BuLi treatment (n.a. - not available)

Pore Volume BET surface t-plot Micropore t-plot External
(cm3/g) area (m?/g) Area (m?/g) Surface Area (m?/g)
ITQ-75 (C) 0,140 20,2 2,9 17,3
BuLi Pellet n.a. 10,5 2,5 7.9
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Unfortunately, there was not enough mass to perform the analysis of the textural
properties of the supernatant recovered after the BuLi treatment. Observing the
textural properties of the pellet recovered, it can be seen that it has a lower external
surface area. Since it was observed earlier that the first two diffraction peaks of
this sample have become thinner after the treatment, it can be hypothesized that
this decrease in the external surface area is due to the increase in crystal size. In
order to confirm this hypothesis, FESEM was performed (see Figure 5.56).

Figure 5.56: FESEM images of the pellet recovred after the BuLi treatment

Observing Figure 5.56, it can be seen that, although the crystal morphology contin-
ues to resemble that of a flower, it is possible to find between the different lamina
the presence of some kind of "debris". Since this structure is an intermediate stage
of the delamination process, it is possible that the "debris" between the laminae is
already at a more advanced stage of delamination than the flower-like structures.
As for the crystal size of the crystals, it is equal 5 +1 pm, confirming the increasing
on crystal size when compared to ITQ-75 as synthesized.

ii. Ball Mill Treatment

The second methodology used to increase the samples accessibility by modifying its
crystals was through a ball mill treatment. This method has been used previously
to reduce the size of crystallites of various materials [50, 51, 52, 53] and is seen as
a sustainable process, since it is environmentally-friendly, cost-effective technique
[54, 55].
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This methodology was applied to ITQ-75 obtained with Compound C as SDA.
Different milling times were tested - 30, 90 and 210 minutes. The diffractograms
of the different milled samples are present in Figure 5.57 (see Appendix A for more
details).
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Figure 5.57: PXRD diffraction patterns of ITQ-75, obtained with Compound C as SDA, unmod-
ified (in brown), after 30 minutes (in red), 90 minutes (in orange) and 210 minutes (in blue) of
ball mill treatment, where ¢ denotes a ZnS phase

Looking at Figure 5.57, it can be seen that the impact of the different milling
times tested was minimum on the diffraction pattern. Looking the the position
and the broadening of the first two diffraction peaks, associated with the laminar
phase, there are minimum changes after milling. On the as-synthesized structure,
the peaks are located at 20 equal to 7,4° and 14,8° and have a FWHM equal to
0,27 and 0,25, respectively. After milling their position does not change. However,
there is a small broadening with increasing milling time.

Afterwards, in order to evaluate the impact that milling had on textural prop-
erties, N, adsorption-desoprtion isotherms (see Figure 5.58 and Table 5.45) was
performed.
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Figure 5.58: N, adsorption-desoprtion isotherms of ITQ-75, obtained with Compound C as SDA,
before (in brown) and after (in blue) milling

Table 5.45: Textural properties of ITQ-75 obtained with Compound C as SDA before and after
milling (n.a. - not available)

Pore Volume BET surface t-plot Micropore t-plot External
(cm3/g) area (m?/g) Area (m?/g) Surface Area (m?/g)
ITQ-75 (C) 0,140 20,2 2,9 17,3
Ball Mill 210 minutes n.a. 18,2 0,1 18,1

Observing Figure 5.58 it can be seen that after the milling treatment the to-
tal adsorbed volume decreases and the hysteresis becomes more marked. This
shows that the external surface area value was barely affected by this experimental
methodology.
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5.2.2.3 Final Considerations

In order to increase the accessibility of the structures under study, different method-
ologies were tested.

The first one is based on the SDA elimination used during the synthesis procedure,
through thermal treatment, ionic exchange (with Cs* or CTMA™), acid washing or
by photodegradation (in the absence or presence of an oxidizing agent). All these
methodologies have proven to be ineffective, as they either lead to the collapse
of crystal structure or no change in the carbon content. These results show that
the presence of SDA is critical for the structures under study to maintain their
crystallinity.

As such, methodologies have been tested that allow increasing their accessibil-
ity without having to eliminate the SDA present onto the structures. These are
based on modifying the crystals, namely reducing their size. Two post-synthesis
strategies were tested for this - n-butyllithium and ball mill treatments. With these
two methodologies modifications in the textural properties of the materials occur,
however it did not translate into an increase in accessibility.

As a result, none of the methodologies tested in this section were successful in
increasing the accessibility of the materials.

5.3 Conclusions

The samples synthesized in the previous chapter were modified in order to increase
their interaction with UV-Vis radiation - through the addition of dopants - or their
accessibility - through modifications to the synthesis process or post synthesis
modifications.

Different metals and a Ru-complex were used to modify the electronic structure.
The most successful metals were Cu and Co. With the insertion of these metals
it was possible to reduce the optical band gap to values equal to 2,0 eV, a very
interesting value in view of the final application.

Regarding the methodologies used to increase accessibility, either modification of
the synthesis process or post-synthesis methodologies were used. As for modifi-
cations to the synthesis process, the insertion of saccharides as coSDA, namely
fructose and sucrose, and the modification of the gel viscosity by increasing the
EG/H,0 molar ratio were tested. For both methodologies it was found that the
main change was in the external surface area. None of the methodologies was
successful in increasing the pore volume of the materials under study. By inserting
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saccharides into the synthesis gel it is possible to increase the external surface area
up to 75,5 m?/g. As for the increase in gel viscosity by increasing the ethylene
glycol content, it was again found that the increase in accessibility is mostly due
to the increase in external surface area. With this methodology it is possible to
obtain samples with an external surface area up to 77,8 m?/g. Both methodolo-
gies were successful in increasing the external surface area but not in releasing
the microporous volume. Finally, since both methodologies allowed to increase the
accessibility of the material surface, they were combined. By inserting fructose as
coSDA and increasing the gel viscosity, it is possible to obtain samples with an
external surface area equal to 108,5 m?/g.

Regarding the post-synthesis modifications used to increase the accessibility of the
materials, these can be divided into two classes, those that would eliminate the SDA
present or that would reduce the crystal size. As for the former, none have been
successful in maintaining the crystal structure or modifying the organic content.
As for the latter, although modifications to textural properties were observed, none
translated into an increase in accessibility. Thus, the post-synthesis modifications
tested were not successful in increasing the accessibility of the materials under
study.
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6.1 CO, Photoreduction Reaction

Chapters 5 and 6 were devoted to the synthesis and characterization of 1ZM-5,
ITQ-75 and ITQ-76 structures and to their modification, namely their electronic
structure and surface accessibility. These modifications were performed in order
to develop materials with characteristics that would best fit the desired final appli-
cation. As such, the optical band gap value was adjusted to be more in line with
the solar spectrum and the external surface area was increased to facilitate surface
exchanges.

Hence, after obtaining and studying the different materials and taking into ac-
count the social context presented in Chapter 1, it was decided to evaluate their
photocatalytic performance with the CO, photoreduction reaction.

6.1 CO, Photoreduction Reaction

The reaction chosen to evaluate the photocatalytic performance of the different
samples was the CO, photoreduction. Apart from the high social and economic
interest associated with this reaction as shown in Chapter 1, the use of these
materials as photocatalysts in this reaction has been little studied, as seen in
Chapter 2.

After testing the different materials (IZM-5 and ITQ-75 modified samples) under
the experimental conditions given in Section A.5 no carbon based products were
detected, only H,. In order to verify that everything was working correctly with the
unit, P25 and P25 with 1wt.% Pt photodeposited were tested, whose behaviors are
well described in the literature [1]. However, both materials show no production
of carbon products, only H, production.

Comparing the experimental conditions used with those reported in the literature
for CO, photoreduction batch mode in a gas-solid system, they start at a pressure
of 71 kPa [1], 150 kPa [2] or 172 kPa [3], pressures well above those used in this
study of 10 kPa. Due to the installed pressure relief valve, which is set to 60 kPa
for safety reasons, it was not possible to test the experimental conditions reported
in the literature with the unit available. Thompson et al. [4] reviewed and analyze
the different factors influencing the CO, photoreduction kinetics. Light transport,
reactor geometry, temperature and pressure impact the photocatalyts performance.
However, according to the Langmuir-Hinshelwood type kinetic model proposed by
Tahir and Amin [5], for a low H,O/CO, ratio the pressure effect on the reaction
rate can be negligible [2]. However, the major difference between the experimental
conditions used and those described in the literature [1, 2, 3] was the initial pressure
used. Thus, although pressure does not appear to be a major factor influencing
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reactivity at the given H,O/CO, ratio, higher initial pressures would have to be
tested to verify this hypothesis.

Taking into account the experimental results obtained, the photocatalytic perfor-
mance of the synthesized materials was inconclusive, so nothing can be said about
the possible use of these materials in the CO, photoreduction.

6.2 Photocatalytic Water Splitting

Considering the results obtained in the previous reaction, it was decided to evaluate
the photocatalytic performance of the materials under study in the water splitting
process. This reaction, as shown in Chapters 1 and 2, is of high interest considering
the final product obtained and the system simplicity.

Due to the high versatility of the experimental points taken, it was necessary to
model the results obtained. Such modeling procedure is detailed in Appendix G. In
addition, modeling ensures that the materials were compared at the same reaction
time, namely at their initial performance. This is significant because the different
materials could present different deactivation rates and mechanisms, thus making it
quite complicate to compare the different observable performances. It is important
to highlight that such modeling was solely based on mathematical considerations,
by fitting the shape of a curve with the experimental points and to get the better
mathematical description possible, with no typical kinetic law to be found relevant.
Thus, and since no thermodynamic equilibrium considerations were not taken into
account, the model obtained is a pseudo kinetic model, including the constants
derive from the modeling.

Three paramaters were used to evaluate the photocatalytic performance. The first
parameter, the initial H, rate, allowed to evaluate the H, productivity. The second
parameter, the initial apparent quantum vyield, allowed to assess the generation,
separation and transport of charge carries, electrons e and holes h*, towards the
surface and the chemical species involved in the desired reaction. As for the last
parameter, the initial solar to fuel yield, it allows the evaluation of the global
energetic yield of the reaction under study.

In order to compare the different materials under study, firstly a comparison be-
tween the materials without any modification will be done. After that, the impact
that the different modifications previously done to improve the material’s reactivity,
have on the photocatalytic performance.
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6.2 Photocatalytic Water Splitting

6.2.1 Unmodified materials - 1ZM-5 and ITQ-75

The photocatalytic performance evaluation is going to be started with the com-
parison between the different structures under study, IZM-5 and ITQ-75, without
any modification. The purpose is to evaluate the impact that the different crystal
structures and the different SDAs present have on the photocatalytic performance.
Their main characteristics are systematized in the Table 6.1.

Table 6.1: Unmodified IZM-5 and ITQ-75 main features

2
Structure SDA Reference  Chemical Formula Chemical Representation M E; (eV)
n ext
1ZM-5 1,3-Bis(4-piperidyl)propane  Compound A Ci3Ha6N, HI\ON\O\IH 0,0 15,1 31
= =
1,3-Bis(4-pyridyl)propane  Compound B Cy3H1aN, | | 0,5 11,4 2,7
Ny N
4,4'-Dipyridyl Compound C CioHgN, N/ A 4 \N 2,9 17,3 2,2
ITQ75 o
Q 1,2-Bis(4-pirydyl)ethane ~ Compound D CyoH1aN, N - \ /N 33 37,2 2,5
\_ 7/
N\
|
1,2-Di(4-pyridyl)ethylene ~ Compound E CyoH10N, Z X 4.6 49,9 2,2
N NS |

The initial H, rate, apparent quantum yield and solar to fuel yield of the different
materials under study are represent, according to their optical band gap value E,
and external surface area S.,, on Figures 6.1, 6.2 and 6.3, respectively.
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Figure 6.1: Initial simulated H, rate of IZM-5 (in red) and ITQ-75 series (in blue) according to
(6.1a) their optical band gap value E; and (6.1b) their external surface area area Sext
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Figure 6.3: Initial simulated solar to fuel yield of 1ZM-5 (in red) and ITQ-75 series (in blue)
according to (6.3a) their optical band gap value Eg and (6.3b) their external surface area Sext

Looking at the productivity of the different samples (see Figure 6.1), it can be seen
that the sample with the highest productivity is ITQ-75 obtained with Compound
C as SDA, with a H, production equal to 19,0 pmol/h/g. Regarding the relation
between the material’s characteristics, namely its optical band gap value E; or its
external surface area S.,:, and their productivity it is observed that with the E,
there is no observable correlation between it and the observed productivity (see
Figure 6.1a). As for the external surface area S, a volcano-like curve can be
used to correlate the S, with the observed productivity.

In relation to the apparent quantum vyield (see Figure 6.2), it can be noticed that
the structures with the highest apparent quantum yield are the 1ZM-5, obtained
with Compound A as SDA, or the ITQ-75 obtained with Compound D as SDA,
with a value equal to 0,40%. As with the H, productivity, only the external surface
area seems to be correlated with the apparent quantum yield, with a volcano-like
curve (see Figure 6.3b).

Finally, concerning the global energetic yield of the process (see Figure 6.3), as was
previously observed for the productivity, the material which presents the highest
solar to fuel yield is ITQ-75 obtained with Compound C as SDA, with a value equal
to 0,06%. This parameter has a similar behavior to that previously observed for
the H, productivity, with a similar relationship between the external surface area
and its energetic yield. It is possible to observe that when the optical band gap is
decreased to 2,2 eV the solar to fuel yield increases. This possible trend however
does not apply to ITQ-75 obtained with Compound E as SDA.
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Therefore, it is verified that for the unmodified structures the optical band gap
value does not allow to correlate with the three parameters used to evaluate the
photocatalytic performance.

By looking at the two materials with the lower optical band gap value, i. e. ITQ-75
obtained with Compounds C and E as SDA, it is verified that the one obtained
with Compound C as SDA presents the highest productivity and the highest energy
yield, although the one obtained with Compound E as SDA presents the highest
external surface area. Hence, besides the interaction with radiation and the ability
to produce charge carriers, there are other parameters that interfere with the final
photocatalytic performance. As noted earlier (see Chapter 2), and although there
is still some controversy about this [6], it is desirable to obtain materials with high
crystallinity, since the defects and the boundaries in the crystalline framework act
as traps, thus facilitating the charge recombination [7, 8]. As for the influence
of surface area, a high surface area is desirable, as it allows for a greater number
active sites to be available. However, a high surface area also implies a higher
number of surface defect sites [9]. Lukic et al. [10], by studying the influence that
the degree of crystallinity and the specific surface area have on the photocatalytic
performance, concluded that the highest overall water splitting activity is obtained
when an optimum ratio between a high degree of crystallinity and specific surface
area is verified. This information serves as a possible explanation to the apparent
correlation found between the external surface area and the different parameters
used to quantify the photocatalytic performance. The volcano-type curve evidences
the presence of an optimum value for it. Therefore, a higher external surface area
leads to a higher number of defects, which has as a possible consequence a lower
photocatalytic reactivity. Furthermore, it would allow to explain the different solar
to fuel yields of the ITQ-75 samples obtained with Compound C and E as SDAs.

These results highlight the possible importance that crystallinity has on photocat-
alytic performance. It is also shown that it is likely that, for the same structure,
the different SDAs used impact the final crystallinity.

6.2.2 Doped Structures

6.2.2.1 ITQ-75 obtained with Compound B as SDA

After evaluating the photocatalytic performance of the different unmodified mate-
rials, the performance of the materials doped with different metals will be assessed.
Firstly, the impact of different doping agents on ITQ-75 obtained with Compound
B as SDA is evaluated. The main characteristics of these materials are systematized
in the Table 6.2.
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Table 6.2: Metal-doped ITQ-75, obtained with Compound B as SDA, main characteristicas (n.a.

- not available)

2
Structure SDA Reference  Chemical Representation  Doping Formula Lrg/g) E; (eV)
.. ext
- Sn3,52Zn1,275s - Cios0H12,24N1.68 0,5 11,4 2,7
0.1% Cu_ Sny,75Zn6,70Cu1,70Ss * CionaHi113Nuss 0 95.8 2,3
0,2% Cu Sny,47Zn1,02Cu1,175s - Ciz,s8H15.8N1.00 5.9 72,7 2,1
. . = = 01 % Fe  SnaisZnioferoSe - CoosoHarsaNaos 31 392 2,1
ITQ-75  1,3-Bis(4-pyridyl)propane  Compound B | | N T005% N SnuunZnsooNinesSe ~ CriosFizceNueo 0 20,3 21
0,05% Co  Snp,52Zn1,48C00,315s * CiziaiHiaesNizn 0 49,4 2,1
0,1% Co  Sny1,01Zn0,89C00,775s - Ciz.83H15,08N1s3 O 31,8 n.a.
0,2% Co  SN2.25ZM00aC01,415s - CrarorHanaaNies 1,8 14,1 21

The H, productivity of the different samples presented in Table 6.2 are represented
in Figure 6.4, as well as their apparent quantum and energetic yields in Figures 6.5

and 6.6, respectively.
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Figure 6.4: Initial simulated H, rate of undoped ITQ-75 obtained with Compound B as SDA (in
yellow), doped with iron (in red), with copper (in orange), with nickel (green) and with cobalt
(in blue), according to (6.4a) their optical band gap value Eg and (6.4b) their external surface

area Sext
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Figure 6.6: Initial simulated solar to fuel yield of undoped ITQ-75 obtained with Compound B as
SDA (in yellow), doped with iron (in red), with copper (in orange), with nickel (green) and with
cobalt (in blue), according to (6.6a) their optical band gap value E; and (6.6b) their external
surface area Sext

By observing Figure 6.4 it can be seen that the sample with the highest H, pro-
ductivity is the one doped with 0,2% Co, presenting a H, productivity equal to
75,1 pmol/h/g, representing an eight-fold increase over the unmodified material.
However, the consequences of cobalt doping are not linear. When ITQ-75 obtained
with Compound B is doped with 0,05% Co, there is an increase in H, productivity,
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from 9,0 to 14,7 pmol/h/g. When the amount of cobalt increases to 0,1%, the H,
productivity remains similar to the undoped sample. Regarding the consequences
of the copper presence as a dopant, regardless of the concentration tested, there is
an increase in H, productivity, from 9,0 to 17,2 ymol/h/g. As for the only sample
doped with iron, by adding 0,1% to the ITQ-75 obtained with Compound B as
SDA, it was possible to increase the H, productivity about three times, from 9,0
to 24,1 pmol/h/g. Concerning the presence of nickel, it was observed that for the
only concentration tested, it had little impact on the H, productivity observed.

As for the impact that the dopants had on the apparent quantum yield (see Figure
6.5), it can be seen that the sample with the highest H, productivity is the one with
the highest apparent quantum yield. By doping ITQ-75 obtained with Compound
B as SDA with 0,2% Co, it is possible to increase the apparent quantum yield from
0,09% to 0,69%. Although doping allows to decrease the optical band gap value
E. for all the tested samples, such decrease does not directly translate into an
increase on the apparent quantum yield (see Figure 6.5a). By looking at the Cu-
doped samples, it is possible to see that, although they present different E, values,
both present similar apparent quantum yields. Looking at samples with E, values
equal to 2,1 eV, it is possible to see that they present different apparent quantum
yields. Therefore, solely the optical band gap value E, does not explain the behavior
observed for the apparent quantum yield. Therefore, as was seen earlier with the
unmodified samples, the material performances cannot be explained by electronic
effects alone.

Finally, regarding the global energetic yield (see Figure 6.6), this presents a behavior
similar to what was previously observed for the H, productivity. The sample with
the highest global energetic yield is the one doped with 0,2% Co. By adding 0,2%
Co as doping agent it is possible to increase the solar to fuel yield nine times, from
0,03% to 0,23%.

Comparing the different parameters used to evaluate the photocatalysts perfor-
mance of the doped structures with their optical band gap value and their external
surface area, it is possible to trace a linear and a volcano-type curve correlation
between them, respectively. As discussed previously for the unmodified materials,
the observed relationship between the photocatalytic performance and the exter-
nal surface area can be explained as an optimal balance between external surface
accessibility and a high crystallinity [10]. Regarding the relationship between the
optical band gap value and the observed photocatalytic performance, it is nec-
essary to recall the fundamental characteristics of a semiconductor to carry out
the reaction under study [11, 12]. For a semiconductor to be photo-active in the
overall water splitting it is necessary that the conduction and the valence edge
potentials to be align with the potentials of the species involved, the optical band
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gap value to be smaller than 3,0 eV to take advantage of the solar spectrum and to
be physicochemically stable during the photocatalytic reaction. The standard free
energy for overall water splitting is 1,23 eV. However, according to Gerischer [13],
in order to overcome the overpotential associated with water oxidation and pro-
ton reduction, it is necessary for the semiconductor to generate a potential much
greater than 1,23 eV, suggesting that the band gap value should not be bellow
2,3 eV. Therefore, a compromise regarding the optical band gap value has to be
reached. On the one hand, it is necessary that the material exhibits an optical
band gap below 3 €V, in order to take maximum advantage of the solar spectrum,
but high enough to overcome the overpotential associated with the water oxidation
and proton reduction [12]. Acar et al. [14] evaluated the photocatalytic perfor-
mance of 49 different materials and concluded that the ideal range of values for
the optical band gap is between 1,9 eV and 2,4 eV. With the addition of doping
agents it is possible to obtain materials with optical band gap values within the
optimal range observed by Acar et al. [14]. Thus, the addition of doping agents
in ITQ-75 obtained with Compound B as SDA appears to allow to increase the
photocatalytic performance.

Besides considering the optical band gap value and the external surface area to
correlate with the photocatalytic performance, the dopant/Sn molar ratio was used
in order to evaluate the impact of the chemical composition (see Figure 6.7).
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Figure 6.7: (6.7a) Initial simulated H, rate, (6.7b) initial simulated apparent quantum yield and
(6.7c) maximum simulated solar to fuel yield of undoped ITQ-75 obtained with Compound B as
SDA (in yellow), doped with iron (in red), with copper (in orange), with nickel (green) and with
cobalt (in blue), according to their X/Sn molar ratio (X - Fe, Cu, Ni, Co)

As can be seen in Figure 6.7, regardless of the parameter used to evaluate the
photocatalytic performance, there is an improvement in performance at low doping
values and a stabilization at higher doping contents. Moreover, it can be seen that
the sample doped with 0,1% Co does not follow the same trend as the others.
Thus, and taking into account the behavior previously observed, it is possible that
such sample is a result of an overlayer and it would be necessary to redo its test.

By adding the different doping agents, defects are inserted into the crystal lattice
[15] and the interaction with the radiation is altered, something evident with the
modification of the optical band gap value. Due to the presence of dopants,
defects are inserted into the crystalline lattice which, as previously discussed, (their
impact is still controversial [6]) may act as charge recombination centers [7, 8],
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but allow to reduce the optical band gap value, increasing the interaction with the
solar spectrum. Therefore, similarly to the existing balance between crystallinity
and surface accessibility [10], there seems to exist an equilibrium between the
performance gains due to the reduction of the optical band gap value and the
presence of defects.

6.2.2.2 ITQ-75 obtained with Compound C as SDA

After the evaluation of the photocatalytic performance of the different doped ITQ-
75's samples, obtained with Compound B as SDA, a similar approach was carried
out for ITQ-75 doped samples obtained with Compound C as SDA. Their main
characteristics are summarize at Table 6.3.

Table 6.3: Metal-doped ITQ-75, obtained with Compound C as SDA, main features (n.a. - not
available)

2
Structure SDA Reference  Chemical Representation  Doping Formula w Eg (eV)
m ext
- Sn3,05Zn1,3358 - Ci1,54H0,07N2.24 2,9 173 2,2
0,1 % Cu  Sns,10Zn1,33Cu1,74Ss - Ciz,05H13,35N1,70 3.5 30,4 2,0
Ve 4 \ 0,2% Cu_ Sn,30Zn1,06CU2,465s - Cro,32H10,32N13s 1.8 12,7 2,0
ITQ-75  4,4'-Dipyridyl Compound C N \ / N 0,05% Co  Sn3,11Zn1,30C00,4558 * Ci2,04H14.03N2,08 1,1 59 2,1
— — 0,1% Co  Sn»,03Zn0,55C01,0558 - Ci0.62H20.26N1. 72 0,9 26,3 n.a.
0,2% Co  Sny,61Zn0,56C01,365s - CiaiasHas:50N200 5,3 32,7 21

The H, productivity of the different doped ITQ-75 samples presented in Table 6.3
are represented in Figure 6.8, as well as their apparent quantum and energetic
yields in Figures 6.9 and 6.10, respectively.

280



6.2 Photocatalytic Water Splitting

100

100
) )
= =
< ° 1TQ-75 (C
£ E No angng)
e 1TQ-75 (C) o 0.1% Cu » 02% Co
= No Doping = L R L
£ 02%Co L Laee-tTT £ 10
* 0% ce et et =
B i B ©0,1% Co
z 10 z
Fl 1 El 02% Cu
E E .
2 o #0.05% Co
] = g
= 02% Cu k=]
£ =
0.05% Co
.
20 2.1 22 2.3 W S 0 12 14 16 1s 20 2 21 2 2% %0 32 4
Ey (eV) Sext (m?/g)

(b)

Figure 6.8: Initial simulated H, rate of undoped ITQ-75 obtained with Compound C as SDA
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Figure 6.9: Initial simulated apparent quantum yield of undoped ITQ-75 obtained with Compound
C as SDA (in yellow), doped with copper (in orange) and with cobalt (in blue), according to
(6.9a) their optical band gap value Eg and (6.9b) their external surface area Sext
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Figure 6.10: Initial simulated solar to fuel yield of undoped ITQ-75 obtained with Compound
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As can be seen in the previous figures, after the insertion of any of the dopants
under study, the photocatalytic performance of the final material decreases, some-
thing contrary to what was observed for some doped samples of ITQ-75 obtained
with Compound B as SDA. After the insertion of copper there is a decrease in
H, productivity from 19,0 to 5,3 pmol/h/g, and a reduction in apparent quantum
yield from 0,20 % to 0,04% (for the sample doped with 0,2% Cu). For colbalt
doping, there is a reduction in H, productivity from 19,0 to 3,7 pmol/h/g and a
reduction in apparent quantum yield from 0,2% to 0,03% (for the sample doped
with 0,05% Co).

Several hypotheses can be given to try to explain these results. ITQ-75 obtained
with Compound C as SDA presents an optical band gap value equal to 2,2 eV, a
value within the optical band gap range presented by Acar et al [14]. When the
different dopants are added, there is a reduction of this parameter up to 1,9 eV,
i.e. the limit of the range of optical band gap values. Hence, the doped materials
may already have a low optical band gap for the reaction under study, not being
able to conduct it.

With the insertion of the different dopants defects in the crystal lattice are inserted.
Thus, it is hypothesized that the gain obtained with the reduction of the optical
band gap value is lost due to the increase of defects in the crystalline framework.
However, in order to verify this hypothesis it would be necessary to quantify the
defects in the crystal lattice and the capacity for separation, diffusion and transfer
of the photo-generated charge carriers towards the chemical species at the sur-
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face in order to fully understand the impact that doping has on the photocatalitc
performance.

That being stated, and following the methodology followed applied for the ITQ-75
doped samples obtained with Compound B as SDA, the dopant/Sn molar ratio
was compared with the different parameters used to evaluate the photocatalytic
performance (see Figure 6.11).
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Figure 6.11: (6.11a) Initial simulated H, rate, (6.11b) initial simulated apparent quantum yield
and (6.11c) maximum simulated solar to fuel yield of undoped ITQ-75 obtained with Compound
C as SDA (in yellow), doped with copper (in orange) and with cobalt (in blue), according to
their X/Sn molar ratio (X - Cu, Co)

As can be seen in the previous figure, with increasing dopant/Sn molar ratio there is
a general reduction in the photocatalytic performance. Observing the sample with
higher dopant content, there is a reduction in the H, productivity from 19,0 to 5,3
umol/h/g and a reduction in apparent quantum yield from 0,2% to 0,04% (for the
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sample doped with 0,2% Cu). It can be seen that the higher the dopant content,
there is a general tendency for a decrease in the photocatalytic performance. As
previously stated, the addition of dopants has as a consequence the decrease of the
optical band gap value but it seems to lead to an increase of defects in the crystalline
framework. Thus, these results seem to show that, for this set of samples, the gain
associated with the reduction of the optical band gap is lost with the increase of
the defects in the crystalline framework. It is important to note that the defects
after the addition of dopants have not been quantified in our study and, as such,
the increase of defects in the crystalline lattice is a hypothesis and based on the
literature consulted.

6.2.2.3 Comparison

After evaluating the doping effects in each individual structure, a comparison of
performances between all ITQ-75 doped structures is followed. Figures 6.12, 6.13
and 6.14 show the different parameters used to evaluate the photocatalytic perfor-
mance as a function of the optical band gap value or the external surface area.
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Figure 6.12: Initial simulated H, rate of undoped ITQ-75 obtained with Compound B as SDA (in
yellow), doped with iron (in red), with copper (in orange), with nickel (green) and with cobalt (in
blue); undoped ITQ-75 obtained with Compound C as SDA (in light green), doped with copper
(in pink) and with cobalt (in brown), according to (6.12a) their optical band gap value Eg and
(6.12b) their external surface area Sext 285
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Figure 6.13: Initial simulated apparent quantum yield of undoped ITQ-75 obtained with Com-
pound B as SDA (in yellow), doped with iron (in red), with copper (in orange), with nickel (green)
and with cobalt (in blue); undoped ITQ-75 obtained with Compound C as SDA (in light green),
doped with copper (in pink) and with cobalt (in brown), according to (6.13a) their optical band
g%value E; and (6.13b) their external surface area Sex:



6.2 Photocatalytic Water Splitting

1r T T T T T T T ]
. L _
‘o
e . B
g
= ® B +02% Co
- L i
=
o
-
=01k g
[e] [ i
] [ B +0,1% Fe i
= [ ° 1TQ-75 (C) i
o B + 02% Cu No Doping |
‘@ Frmmmmmmmmmmmmn ittt
E C+ ‘f"_/“.c-‘"‘c'Jr 0.2% Co B + 0,1% Cu el .
= .- B+005%Co N ]
— P ® B +0,05% Ni - 1TQ-75 (B)
© F ~ . No Doping
e R I R R R N L I R R = ---
E %
C +0.2% Cu '
C +0,05% Co '
M .
[)[)l L 1 L 1 L 1 1 L 1 1 - 1 L )
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8
Eg (eV)
(a)
1 r T T T T T T T T ]
. | |
s
o™ . 4
= A |
o B+ 0,2% Co
=, .
< | |
=
o
2
S
= 0,1 r 1
0w L B+ 0,1% Fe i
- | TQ-75 (C) ° B+ 0,2% Cu i
k2 No Doping |
- L - P e e
= C+ 0.1% Cu e el 1
E s .- T e co  ®B+0.05% o B0t as e ]
=z . & B 4 0,05% Ni )
i L P 1
2 R DA el
= | No Doping * €+ 0% Co® g4 g 10 co ]
. €+ 0.2% Cu
. mC 1 0.05% Co
0.01 L | . 1 . ! ! . 1 . ! . ! I 1 . L .
0.0 10,0 20,0 30,0 40,0 50,0 60,0 70,0 50.0 90,0 100,0  110,0

Sea (M?/g)

(b)

Figure 6.14: Initial simulated solar to fuel yield of undoped ITQ-75 obtained with Compound
B as SDA (in yellow), doped with iron (in red), with copper (in orange), with nickel (green)
and with cobalt (in blue); undoped ITQ-75 obtained with Compound C as SDA (in light green),
doped with copper (in pink) and with cobalt (in brown), according to (6.14a) their optical band
gap value Eg and (6.14b) their external surface area Sex:
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Starting first with the H, productivity (see Figure 6.12), it can be seen that the
sample with the highest H, productivity is ITQ-75 obtained with Compound B
as SDA and doped with 0,2% Co, with a productivity equal to 75,1 pmol/h/g.
Observing how the H, productivity relates to the optical band gap value (see Figure
6.12a), it can be seen that there is a volcano-type relationship. By reducing the
optical band gap value to 2,1 €V there is a general improvement in H, productivity.
For most samples with a lower optical band gap value, it is observed that their
H, productivity starts to decrease. These observations are in line with the findings
of Acar et al [14], which have been discussed earlier in relation to the existence
of an optimal range of band gap values. Regarding the relationship between H,
productivity and external surface area (see Figure 6.12b), it can be seen that up
to an external surface area of 50 m?/g there is an increase in H, productivity,
after which it stabilizes. It can be hypothesized that from these values on, the
gains associated with increasing the external surface accessibility are lost due to
the defects created on the surface.

It is also interesting to note that, regardless of the characteristics of the material
used, and excluding the sample with the highest H, productivity, the performance of
ITQ-75 obtained with Compound C as SDA works as a maximum for the remaining
samples. When the optical band gap value is reduced to 2,1 €V the samples tend
to have a H, productivity similar to that of ITQ-75 obtained with Compound C
as SDA, and when the external surface area is increased the productivity tends to
that of ITQ-75 obtained with Compound C as SDA. Recalling the characterization
performed on ITQ-75 obtained with Compound C as SDA (see Chapter 5), this is
the only material of the ITQ-75 series that does not present ethylene glycol in its
structure. Although the function of ethylene glycol in the structure is not known,
it cannot be ruled out that its presence may create defects in the crystal lattice.
Moreover, this material prior to any modification has an optical band gap equal to
2,2 €V and an external surface area equal to 17,3 m?/g. Thus, and assuming that
the presence of ethylene glycol has as a consequence the formation of defects, this
material combines a higher crystallinity than the others and, low optical band gap
value and an optimal external surface area, which could explain why it presents a
photocatalytic performance superior to the other materials.

Looking now at the other parameters used to evaluate the photocatalytic perfor-
mance, the apparent quantum (see Figure 6.13) and the solar to fuel (see Figure
6.14) yields, the sample with the best performance is ITQ-75 obtained with Com-
pound B as SDA doped with 0,2% Co, with an apparent quantum yield equal to
0,69% and a solar to fuel yield equal to 0,23%. The remaining samples seem to
follow the behavior observed earlier for the H, productivity. By looking at how
the optical band gap value correlates with the apparent quantum yield (see Figure

288



6.2 Photocatalytic Water Splitting

6.13a) or the solar to fuel yield (see Figure 6.14a), it can be seen that there is an
increase in performance with the reduction of the optical band gap value, up to
values of about 2,1 eV. For lower values the performance seems to decrease. As for
the external surface area (see Figures 6.13b and 6.14b), there is an improvement
until an external surface area equal to 50 m?/g and a subsequent stabilization.
For both parameters, and excluding the sample with the highest performance, the
ITQ-75 obtained with Compound C as SDA seems to act as a maximum expected
performance something that was previously observed for the H, productivity.

In this case, the doping with 0,2 wt.% Co is particularly beneficial to increase
the photocatalytic performance for the water splitting process. However this per-
formance seems to be out of range and trends of all the reaming materials. In
order to confirm that the performance is accurate and that the presented result
is reproducible, it would be necessary to repeat the test twice. With the current
results, doping with 0,2% Co seems to be an interesting and promising technique
to increase the photocatalytic performance, but it does not allow to discharge the
possibility of an overlayer. It was not possible to repeat the tests with such samples
due to the low synthesis yield for each material, thus not having enough materials
to perform several tests.

6.2.3 Accessibility Modified Samples

After evaluating the impact that doping shown on photocatalytic activity, the eval-
uation of the different techniques used to increase accessibility on photocatalytic
performance will be indicated. As before, firstly such evaluation will be done on
the ITQ-75 structures obtained with Compounds B or C as SDA separately. After
it, both series of materials will be compared together.

6.2.3.1 ITQ-75 obtained with Compound B as SDA

The different ITQ-75 samples obtained with Compound B as SDA evaluated, as well
as their main characteristics, are systematized in Table 6.4. It was choosen to study
the photocatalytic performance of two samples whose accessibility was increased
due to the presence of a saccharide (ITQ-75 obtained with a Fructose/SDA B
or Sucrose/SDA B molar ratios equal to 1), due to the increased gel viscosity
(ITQ-75 obtained with a EG/H,O molar ratio equal to 3) and combination of
both techniques (ITQ-75 obtained with a EG/H,O molar ratio equal to 3 and a
Fructose/SDA B molar ratio equal to 1).
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Table 6.4: ITQ-75, obtained with Compound B as SDA, with increase accessibility main features
(n.a. - not available; * determined by FESEM)

) ) . Area (m?/g) i 1
Structure SDA Reference  Chemical Representation Modification Formula 5 s E, (&V) Crystal Size (um)
v ext
- Snai52Zn1,275s - CrosoHizasNies 05 114 27 14405
P P Fructose/SDA B - 1 Sn,17201,675 - CaossHori73Nwos 10,5 29,0 19 T1303
ITQ-75  1,3-Bis(4-pyridyl)propane  Compound B | I H,0 - 3 Sn3,39Z1,5558 * CroisHizia6Nis 3,1 53,3 21 12507
Ny N ucrose/SDA B - 1 N3.46Z01,505 - Cos.ooHeo4sNosz 5,3 116 na 12304
Fructose/SDA B - 1 & EG/H;0 -3 Snz.1sZn0:675s - CorroHiraNies 18,9 89,7 31 0,6 £0,2

The H, productivity of the different ITQ-75 samples presented in Table 6.4 are
represented in Figure 6.15, as well as their apparent quantum and energetic yields
in Figures 6.16 and 6.17, respectively. It is important to note that due to the
Kubelka-Monk shape of the sample obtained with Sucrose, it was not possible to
determine the optical band gap value (see Figure D.61). Assuch, it was not possible
to calculate the apparent quantum yield or to use this material characteristic to
relate to its photocatalytic performance.
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Figure 6.15: Initial simulated H, rate of unmodified ITQ-75 obtained with Compound B as
SDA (in yellow), modified with saccharadeos (in red), with increased gel viscosity (in green) and
modified with fructose and increased gel viscosity (orange), according to (6.15a) their optical
band gap value Eg and (6.15b) their external surface area Sext
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Figure 6.16: Initial simulated apparent quantum yield of unmodified ITQ-75 obtained with Com-
pound B as SDA (in yellow), modified with saccharadeos (in red), with increased gel viscosity
(in green) and modified with fructose and increased gel viscosity (orange), according to (6.15a)
their optical band gap value Eg and (6.15b) their external surface area Sex
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Figure 6.17: Initial simulated solar to fuel yield of unmodified ITQ-75 obtained with Compound
B as SDA (in yellow), modified with saccharadeos (in red), with increased gel viscosity (in green)
and modified with fructose and increased gel viscosity (orange), according to (6.17a) their optical
band gap value Eg and (6.17b) their external surface area Sex:

Starting first with the H, productivity evaluation (see Figure 6.15), it can be
seen that the sample with the highest H, productivity is the one with sucrose in
its composition. By inserting sucrose it is possible to increase the H, productivity
about 36 times, from 9,0 to 323,1 pmol/h/g. This sample also presents the largest
increase in the solar to fuel yield (see Figure 6.17), from 0,03% to 0,9%.
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Regarding the relationship between the different parameters used to evaluate the
photocatalytic performance and the characteristics of the materials under study, it
is observed that it was not possible to trace a correlation between such parameters
and the the optical band gap value or the external surface area.

Two techniques were used to increase the material’s accessibility - the insertion of
a coSDA and increasing the viscosity of the synthesis gel. The first, according to
the reviewed literature [16, 17], would create a mesoporous system. This did not
occur, and it was hypothesized, and later confirm by microscopy, that the presence
of the saccharides decreased the crystal size, since the major change in the textural
properties was in the external surface area. Another major change observed was
the increase in the organic content. When sucrose or fructose is inserted, there is
an increase in the C/N molar ratio, from 6,3 to 20,5 and 19,8, respectively. Thus,
in view of this information, it was checked how the C/N molar ratio relates to
photocatalytic activity (see Figure 6.18).
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Figure 6.18: (6.18a) Initial simulated H, rate, (6.18b) initial simulated apparent quantum yield
and (6.18c) maximum simulated solar to fuel yield of unmodified ITQ-75 obtained with Compound
B as SDA (in yellow), modified with saccharadeos (in red), with increased gel viscosity (in green)
and modified with fructose and increased gel viscosity (orange), according to their C/N molar
ratio

As can be seen in the previous figure, for any of the parameters used to evaluate
photocatalytic performance, there seems to exist a logarithmic relationship between
the organic content and the photocatalytic performance. Thus, increasing the
organic content seems to have a positive impact on the photocatalytic performance.

As discussed earlier (see Chapter 2), one of the main reasons associated with the
low photocatalyitc yields is the rapid charge recombination. Several methodologies
to minimize this effect have been investigated, namely the construction of hetero-
junctions, which would allow to improved charge separation efficiency. According to
the band arrangement of the semiconductors involved, the heterojuctions can be p-
n, Schottky, conventional type Il, Z-scheme, S-scheme and hybrid organic-inorganic
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[18, 19, 20]. More recently the latter type of heterojunction is being further in-
vestigated, as the synergy created between the organic and inorganic components
may offer new electronic properties. By increasing the organic content of the sam-
ples, through the insertion during synthesis of fructose or sucrose, it is possible
to increase the photocatalytic performance. Since the chemical environment of
the saccharides and their structure after synthesis is not known, the creation of
a heterojunction between these compounds and the inorganic component cannot
be ruled out. Such possible formation of a hybrid heterojunction could explain
why a high photocatalytic performance is observed and how such performance is
obtained even in the presence of a low optical band gap value. Given the results
obtained, a more detailed characterization of these materials would be necessary
to better understand the environment in which the saccharides are located after
the synthesis (as well as their chemical structure) and their influence on the ability
to separate and transport photogenerated charge carriers.

6.2.3.2 ITQ-75 obtained with Compound C as SDA

After the evaluating of the performance of ITQ-75 samples obtained with Com-
pound B as SDA with increase accessibility, the assessment of the analogous sam-
ples obtained with Compound C as SDA follows. The main characteristics of those
samples are systematized in the Table 6.5. It was decided to evaluate the perfor-
mance of the samples obtained with different saccharide (ITQ-75 obtained with a
Fructose/SDA C or Sucrose/SDA C molar ratios equal to 1), and post modified by
Ball Mill or BuLi treatments (discussed in Chapter 5). Although these treatments
were not successful in increasing the accessibility of the samples, they did result
in an increase in the optical band gap and, as such, it is intended to assess what
impact such modifications might have on photocatalytic performance.

Table 6.5: ITQ-75, obtained with Compound C as SDA, with increase accessibility main features
(n.a. - not available)

2
Structure SDA Reference  Chemical Representation Doping Formula M E; (eV) Crystal Size (pm)
N ext

- Sn3,05Zn1,335s - Ci1saHo,07Noios 2,9 173 2,2 1,8 £0,6

Fructose/SDA C- 1 SnZnSg - Cas,64H18.23N1.33 8,8 67,0 n.a. 14 £04

ITQ-75  4,4'-Dipyridyl Compound C NC\>—@N Sucrose/SDA C-1  Sny,53Zng,6455 - CaousoHas.63N1s3 5.7 28,3 na. 10404

— — Ball Mill Sn3,10Zn1,6358 - Ci0.80Ho.07N2,01 0,1 18,1 2,7 13 40,5

BuLi Treatment Sn2,392n2,42Ss - Ci3,38H15.12N102 2,5 7.9 2,9 5+1

The H, rate, the apparent quantum yield and the solar to fuel yield of the different
samples present on the previous table can be found in Figures 6.19, 6.20 and 6.21,
respectively. Since it is not possible to determine the optical band gap value due
to the Kubelka-Munk shape of the samples with saccharides (see Figure D.59 and
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D.61), it is not possible to calculate the apparent quantum yield value or use this
characteristic to relate to their reactivity.
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Figure 6.19: Initial simulated H, rate of unmodified ITQ-75 obtained with Compound C as
SDA (in yellow), modified with saccharadeos (in red), after ball mill (in green) and Buli post
treatments (orange), according to (6.19a) their optical band gap value E; and (6.19b) their
external surface area Sext
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Figure 6.20: Initial simulated apparent quantum yield of unmodified ITQ-75 obtained with Com-
pound C as SDA (in yellow), modified with saccharadeos (in red), after ball mill (in green) and

BuLi post treatments (orange), according to (6.20a) their optical band gap value Eg and (6.20b)
their external surface area Sex:
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Figure 6.21: Initial simulated solar to fuel yield of unmodified ITQ-75 obtained with Compound
C as SDA (in yellow), modified with saccharadeos (in red), after ball mill (in green) and BuLi
post treatments (orange), according to (6.21a) their optical band gap value Eg and (6.21b) their
external surface area Sext
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After observing the different figures above, it can be seen that the sample with
the best performance is the one modified with Sucrose. With the presence of
Sucrose at a Sucrose/SDA C molar ratio equal to 1 the H, rate is increased from
19,0 pmol/h/g, for the unmodified material, to 390,5 pmol/h/g (see Figure 6.19).
Regarding the solar to fuel yield, it also increases, from 0,06% to 0,8% (see Figure
6.21).

Concerning the correlation between the different photocatalytic performances and
the external surface area (see Figures 6.19b, 6.20a and 6.21a), it can be seen that
there is again a volcano type correlation between them. Regarding the relationship
between the external surface area and the H, productivity (see Figure 6.19b),
it can be seen that by increasing the external surface area there is an increase in
productivity but, for external surface areas above 30m? /g, such reactivity decreases.
This observation is in line with what was described previously in the literature |9,
10]. With the increase of the external surface area there is an increase on the
active sites, translating into a higher reactivity. However, by increasing the external
surface area, the number of surface defects also increases, acting as possible charge
recombination centers. Hence, there is a balance between external accessibility and
defects, highlighted by the volcano-type correlation.

Regarding the relation between the optical band gap value and the apparent quan-
tum or the solar to fuel yields (see Figures 6.20a and 6.21a respectively), unfor-
tunately it was not possible to determine this parameter for the saccharide-rich
samples due to the shape of their Kubelka-Munk function. For the remaining two
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samples it is possible to observe that, although there was an increase in the optical
band gap value, the apparent quantum yield increases, from 0,2 % to almost 1,8%.
Regarding their solar to fuel yield, similar considerations can be observed. After
the different post-treatments test, their solar to fuel yields increases to almost 1
%. Such fact means that, although there is a smaller number of absorb photons,
the charge carriers produce by it are better employed on the desired process.

As it was previously done for the ITQ-75 samples obtained with Compound B as
SDA with increase accessibility, the relationship between the observed photocat-
alytic performance and the C/N molar ratio was verified (see Figure 6.22).
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Figure 6.22: (6.22a) Initial simulated H, rate, (6.22b) initial simulated apparent quantum yield
and (6.22c) maximum simulated solar to fuel yield of unmodified ITQ-75 obtained with Compound
C as SDA (in yellow), modified with saccharadeos (in red), after ball mill (in green) and BuLi
post treatments (orange), according to their C/N molar ratio
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There is a similar trend as previously observed for the ITQ-75, obtained with
Compound B as SDA, samples with increased accessibility. Except the sample
obtained with fructose, a possible increase in photocatalytic performance with
increasing carbon content can thus be observed.

In this set of samples, besides the sucrose-rich sample, the performance of two
samples to which no organic compound was added during the synthesis process is
evaluated. These two samples underwent two different post-synthesis treatments
that resulted in not only changes in their morphology and optical band gap values,
but also an increase in their molar C/N ratio. This shows the importance of the
organic content in the final material on the observed photocatalytic performance.
To evaluate the true importance of the organic content in the final reactivity it
would be necessary to perform a deeper electrochemical characterization of these
materials.

6.2.3.3 Comparison

After evaluating the impact that the different methodologies used to increase ac-
cessibility have on ITQ-75's photocatalytic performance, a comparison between the
different structures obtained with Compounds B or C as SDA is followed. Figures
6.23, 6.24 and 6.25 show the H, rate, the apparent quantum yield and the solar
to fuel yield, respectively, of the different ITQ-75 accessibility modified samples,
which are evaluated.
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Figure 6.23: Initial simulated H, rate of undoped ITQ-75 obtained with Compound B as SDA
(in yellow), modified with saccharides (in red), with increased EG/H,O molar ratio (green) and
with fructose and increased EG/H,O molar ratio (in orange); undoped ITQ-75 obtained with
Compound C as SDA (in light green), modified with saccharides (in pink) and with cobalt (in
brown), according to (6.23a) their optical band gap value Eg and (6.23b) their external surface

area Sext
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Figure 6.25: Initial simulated solar to fuel yield (%) of undoped ITQ-75 obtained with Compound
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The samples that present the best H, productivity are the ones obtained with
sucrose and it is independent of the Compound used as SDA, making this modifi-
cation the most promising one. Although after the sucrose insertion both structures
obtained with Compound B or C and SDA show similar performances, the highest
increase of performance is observed in the ITQ-75 obtained with Compound B as
SDA. After the sucrose insertion the H, rate increases up to 36 times, from 9,0
pmol/h/g to 323,1 pmol/h/g, and the solar to fuel yield 34 times, from 0,03% to
0,9%.

Earlier, when comparing the different doped ITQ-75 samples, it was observed that
ITQ-75 obtained with Compound C as SDA without any modification seemed to
behave as a reactivity maximum. This does not occur in the samples with increase
their accessibility. Except the sample of ITQ-75 obtained with Compound C as
SDA with a Fructose/SDA C molar ratio equal to 1, the remaining samples have
a photocatalytic performance similar or above the one that the unmodified ITQ-
75 obtained with Compound C as SDA. Hence, the different methodologies used
to increase accessibility seem to be more successful in increasing photocatlytic
performance than the metal insertion.

Evaluating now how the different material’'s characteristics relate to their photo-
catalytic performance, it is observed that it is not possible to trace a correlation
between the different parameters used and the optical band gap value (see Figures
6.23a, 6.24a and 6.25a).

Regarding the relation between the photocatalytic performance and the external
surface area (see Figures 6.23b, 6.24b and 6.25b), it was chosen to correlate the
different samples with the type of modification used in order to make it easier to
compare different samples but under the same type of modification. Thus, the
samples modified by saccharide insertion were correlated with their performance
through the blue curve and the remaining modifications with a red curve. In
both cases it was found that the larger the external surface area, the lower the
photocatalytic performance, regardless of the parameter used to evaluate it.

It is therefore observed that, regardless of the SDA used, there is an improvement in
ITQ-75 photocatalytic performance with the insertion of saccharide. However, how
these saccharide influence the photocatalytic performance is unknown. The pres-
ence of these components can act in different steps of the photocatalytic process.
They may act on the reactant adsorption, protons reservoir or on the electronic
structure. Since the final chemical structure of the sugars is unknown, one cannot
ignore the possible presence of hydroxyl groups that can be oxidized to carbonyls
(ketone or aldehydes), being a source of H*. This would require checking the
chemical environment (e.g. by IR or *C NMR) before and after the reaction to
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see if there has been any modification to the organic component present. An-
other consequence of the presence of sugars may be the alteration of the electronic
structure of the material. This would require a more in-depth electrochemical
characterization, for example by impedance spectroscopy, which would allow the
generation, transport and transfer of charge carriers to be assessed.

6.2.4 Materials with similar optical band gap values

After analyzing the consequences that doping or accessibility increasing have on
the photocatalytic performance, it was possible to verify that there were samples
within the same range of optical band gap value that present a distinct performance.
Therefore, in this section, it is intended to explore the photocatalytic behavior of
samples that, although present the similar optical band gap value, show different
performances. To this end, and taking into account the samples evaluated, the
samples with an optical band gap values between 1,9 eV and 2,1 eV will be further
analyzed (see Table 6.6). How these relate to their external surface area value
according to the different parameters used to evaluate photocatalytic performance
is shown in Figures 6.26 and 6.27.

Table 6.6: Structures with an optical band gap value between 1,9 eV and 2,1 €V main features
(n.a. - not available; * see Appendix B.2 for more information regarding these samples)

2
Structure SDA Reference  Chemical Repr ion Modification Formula weg (eV)
) ext

ITQ-76  1,3-Bis(4-piperidyl)propane  Compound A HmH Ru-Complex/SDA A - 0,1 Sn1104ZN01035sRUI 00 - CagraiHenosNawor 74 28,7 2,0

EG/H,0 -3 Sn3.30Zn156Ss - CroesHusasNios 31 533 21

0,1% Fe Sna.15Zn1.04F€1,005s - Coo.goHa1.50N2ies 3.1 39,2 2,1

. . Z = 0,05% Ni Sna,42ZN2,00Ni0,6858 = Ci1,25H12,66N1.60 0 20,3 2,1

ITQ75  13-Bis(4-pyridyl)propane  Compound B [ | N 0,05% Co Sn2,62201,48C0,315s * CrzarFuassNLzs 0 494 21
S Fructose/SDA B -1 & 0,1% Co* n.a 52 28,6 19

Fructose/SDA B -1 & 0,1% Cu! n.a 17,9 51,2 2,0

0,1% Cu Sn3,10Zn1,33Cu1,74Ss * Ciz0sH13.35N1.70 3.5 30,4 2,0

[ 7 D 0.2% Cu Sn2,39Z01,06CU2465s * Cro.aHioeNugs 18 127 20

ITQ-75 4.4"-Dipyridyl compound ¢ N H— N 0,05% Co SM3,11Z1,30C00,455s ~ CrzioaHiaosNaos 11 5.9 21
— - 0,2% Co Sn1,512N0,86C01,3698 - C1a:35H25,50N2.00 5.3 32,7 21
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Figure 6.26: (6.26a) Initial simulated H, rate and (6.26b) initial apparent quantum yield of
samples within the same optical band gap range (1,9 eV - 2,1 &V)
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Figure 6.27: Initial simulated solar to fuel yield of samples within the same optical band gap
range (1,9 eV - 2,1 eV)

By observing Figures 6.26 and 6.27 it is possible to see that, for the samples with
an optical band gap value between 1,9 €V and 2,1 €V, there is a linear relationship
between the external surface area and the photocatalytic performance. By linear
increasing the external surface area, there is a linear increase in the H, productivity,
apparent quantum or solar to fuel yields.

As it was presented on Chapter 2, the overall water splitting can be divided into
two reactions - the hydrogen evolution reaction (HER) - see Equation 6.1 - and
the oxygen evolution reaction (OER) - see Equation 6.2.

4HY + de” — 2H, (6.1)

2H,0 + 4hT — O, + 4H" (6.2)

The OER is considered to be the rate-determining step in the whole reaction [21].
According to computational results performed at Ngrskov group [22, 23, 24], OER
involves four elementary steps, each step involving the electron transfer coupled
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with electron removal (see Equations 6.3, 6.4, 6.5 and 6.6 where x represents a
surface cite and Y* an attached Y intermediate on the surface). It was also found
that the water chemisorbetion or the O" formation could be the limiting step (see
Equation 6.3 and 6.5).

HyO + % — HO" + H + ¢ (6.3)
HO" — O" + H + & (6.4)

0" +H,0 — HOO" + H" + ¢ (6.5)
HOO" — %+ O, + HY + ¢ (6.6)

Dionigi et al. [25] related the photocatalytic hydrogen production rate with the
chemisorbed water coverage. It was also observed that the initial reaction rate is
higher at the beginning of the reaction, something similar observed by Shearer et
al. [26]. As the reaction proceeds, the water coverage is reduced compared to the
initial one and, therefore, the reaction rate also decreases. Eventually the initial
excess of water is consumed and the reaction rate is limited by the rate of chemisorb
water, with this step expected to be the rate limiting one, thus being in agreement
with the computational results [22, 23, 24]. Taking into account the information
presented, it can be hypothesized that, for a given range of external surface area
values, it would be expected that by increasing this parameter, the water coverage
would also increase and, therefore, an increase on the the chemisorbed water would
be observed.

For any of the parameters used to evaluate the photocatalytic performance, a
linear increase in performance is observed with increasing external surface area,
for a given range. Hence, and taking into account the literature reviewed, this
correlation between the reactivity and the external surface area can be explained
by taking into account the water coverage and chemisorption, highlighting the
possibility that this step could be the rate limiting one of the process under study.
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6.2.5 State of the Art Comparison

Table 6.7 systematizes the most promising photocatalytic results discussed through-
out this chapter, as well as the performances found in the literature.

Table 6.7: Summary of the photocatalytic performances of the materials under study, TiO, and
materials reported in the literature in gas-phase

Photocatalyst Feed Light Reactor H, rate (pmol/h/g) Ref.
ITQ-75 (B) & 0,2% Co Pure Water UV-Visible Batch 75 This thesis
ITQ-75 (B) & Fructose/SDA B - 1 Pure Water UV-Visible Batch 87 This thesis
ITQ-75 (C) & BuLi Treatment Pure Water UV-Visible Batch 121 This thesis
ITQ-75 (B) & Fructose/SDA B - 1 & EG/H,0 -3 Pure Water UV-Visible Batch 151 This thesis
ITQ-75 (B) & Sucrose/SDA B - 1 Pure Water UV-Visible Batch 323 This thesis
ITQ-75 (C) & Sucrose/SDA C - 1 Pure Water UV-Visible Batch 301 This thesis
TiO, Pure Water UV-Visible Batch 5 This thesis

Au/TiO, Ethanol and Water ~ UV-Visible ~Continuous - Micro reactor 1800 [27]

Ag-Mt/pCN-TiO, Methanol and Water uv Continuous - Fixed Bed 6087 [28]

Ag-Mt/pCN-TiO, Methanol and Water uv Continuous - Monolith 11735 [28]

N-doped TiO, aerogels/Pd Methanol and Water Visible Continuous - Fixed Bed 3100 [29]

Comparing the results obtained with those in the literature, it can be seen that the
performances obtained are lower than those previously reported. However, looking
at the experimental conditions, they are quite different from those used. The
performances previously reported were with materials that have noble metals in
their composition, a sacrificial agent was used, a different radiation and a different
reactor set up were used. These experimental conditions are quite different from
those used, since no noble metals were used, only pure water was used as a reactant
and the tests were carried out in batch mode. It is therefore quite challenging to
compare the performances of the different samples, something previously pointed
out by Kwon et al. [29]. Unfortunately, it was not possible to find reported in the
literature results with more similar experimental conditions to the ones used for
the photocatalytic water splitting in gas phase.

However, in order to compare the performance of the different materials under
study with a reference material, it was decided to test TiO, under the same exper-
imental conditions. Due to its physical and chemical properties, TiO, is one of the
most widely used materials as a photocatalyst [30]. Using the same experimental
conditions employed throughout this thesis, it can be seen that TiO, as a H, rate
equal to 5 pmol/h/g (see Table 6.7). When comparing TiO, performance with
the different materials under study, it is possible to observed that the last ones
have a higher photocalytic performance. For the samples with saccharedeos on
their composition such increase in performance is about two orders of magnitude.
In the light of these results, the materials under study can be seen as promising
photocatalysts for the reaction under study.
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6.3 Conclusions

The photocatalytic performance of the different materials under study was as-
sessed following two reactions with high social and economic interest - the CO,
photoreduction and water splitting.

The results of CO, photoreduction were not conclusive, since even using widely
studied reference materials it was not possible to obtain carbon products, only H.
Thus, there was some problem in the experimental unit or in the experimental
conditions used that was not detected by us. As such, it is not known whether the
newly synthesized materials are active in the CO, photoreduction reaction or not.

Taking into account the previous results, the photocatalytic activity of the materials
using the water splitting reaction was studied. In addition to evaluating the per-
formance of the unmodified materials, the impact of the two types of modification
- metal doping and accessibility modifications - was also evaluated.

For the unmodified materials, IZM-5 and ITQ-75, it was observed that only the
external surface area presents an aparent correlation with the different parameters
used to evaluate the photocatalytic performance. A possible volcano-like relation-
ship was observed between the photocatalytic performance and the external surface
area. According to the literature, this relationship can be explained by the balance
between a higher surface accessibility of the active centers and the presence of
defects in the crystal lattice.

As for the metal-doped samples, a similar behavior is observed regarding the rela-
tionship between the observed photocatalytic performance and the external surface
area. In respect to the optical band gap, it is verified that with the decrease of
this parameter there is an apparent increase of the photocatalytic performance.
This increase can be explained by the fact that by decreasing the optical band gap
to a certain point, the interaction between the incident radiation and the material
increases, and still allowing to produce charge carriers with sufficient potential to
carry out the desired reaction. It was also verified how the Dopant/Sn molar ratio
is related to the photocatalytic performance. A volcano-like behavior was found
between the Dopant/Sn molar ratio and the photocatalytic performance. By in-
serting dopants in the material, according to the literature, defects in the crystal
lattice are inserted. Thus, there is a balance between the gains associated with
the presence of the dopants (which has as a consequence the modification of the
interaction with the incident radiation) and the losses associated with a possible
increase of the defects in the crystalline lattice. It is worth noting the apparent
interesting behavior of ITQ-75 obtained with Compound C as SDA. This material,
prior to any modification, presents an optical band gap equal to 2,2 eV, a value
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within the optical range of optical band gaps according to the literature consulted.
Taking into account the behavior of this sample, and comparing it with the other
doped samples, it seems to act as a maximum reachable performance. Hence, it
seems that ITQ-75 obtained with Compound C as SDA prior to any modification
presents an optimum external surface area value and optical band gap value for
the reaction under study.

As for the different techniques used to increase accessibility, the most promising
one seems to be the addition of saccharides, namely sucrose. By adding sucrose
during synthesis it is possible to increase the photocatalytic performance about
36 times, from 9,0 pmol/h/g to 323,1 pmol/h/g (for ITQ-75 obtained with Com-
pound B as SDA) or from 19,0 pmol/h/g to 390,5 pmol/h/g (for ITQ-75 obtained
with Compound C). In order to better understand the influence of saccharides on
the photocatalytic performance, a more in-depth study of this would be required.
It would be necessary to understand the chemical environment in which they are
inserted and their influence on the electronic structure of the material, as well
as their role in the generation, transport and transfer of photogenerated charges.
It would also be important to know whether their presence could be a possible
source of HT and whether the organic phase is subject to modifications during
the photochemical reaction. It is also interesting to note that although the sam-
ples post-modified with the ball mill or the butyl lithium treatments do not show
improvements in their textural properties, they possible influence their electronic
properties. After the post treatments, it was found that there was an increase in
the optical band gap, that leads to less photons being absorbed. However, the
apparent quantum yield increased from 0,2% to almost 1,8%. Thus, although the
samples absorb less photons, these are better utilized in the reaction. It is thus
concluded that, although these treatments were not successful in increasing acces-
sibility, they apparently modify their electronic properties, which seems to benefit
their photocatalytic performance.

Finally, samples with a similar optical band gap, i.e. between 1,9 ¢V and 2,1 &V,
were grouped and it was verified how the different parameters used to evaluate the
photocatalytic performance relate to their external surface area. It was found that,
for samples within this band gap range (which have a maximum external surface
area of 60 m?/g), there is an apparent linear relationship between the external
surface area and the observed performance. According to the mechanism proposed
in the literature, the limiting step is the chemisorption of water. Thus, the observed
apparent relationship could be explained by the limiting step of the photocatalytic
process. By increasing the external surface area, the water coverage is increased
and, as such, the water chemisorption is also increased. In order to confirm this
hypothesis it would be necessary to evaluate the water adsorption by the samples
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and verify if indeed with the increase of the external surface area the chemisorption
increases.

In view of the interesting results obtained for the water splitting reaction, it would
be worthwhile to evaluate the stability and performance of the different materials
in liquid phase for the same reaction.
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Chapter 7

General Conclusions and
Future Perspectives

In all affairs it's a healthy thing now and then to hang a question
mark on the things you have long taken for granted.

Bertrand Russel

The objective of this doctoral thesis was to develop open framework chalcogenide
materials with suitable characteristics to be used as photocatalyits for solar fuels
production. Although the objective have been partially achieved, new structures
have been extensively studied, opening doors for future research.

Throughout this doctoral thesis, three materials were studied. |ZM-5, recently
patented by IFPEN, ITQ-75 and ITQ-76 which were developed and patented
throughout the development of this thesis. 1ZM-5, according to SCXRD, can be
seen as a laminar structure with a semicube as building unit. Regarding ITQ-75 and
ITQ-76, unfortunately their structure could not be solved due to low crystallinity
and small particle size, but according to the information obtained by PXRD and
HRTEM, the materials seem to have a laminar profile as well.

When these materials are synthesized they present an optical band gap between 2,2
eV and 3,6 €V and a low accessibility. Thus, in order to adapt their characteristics
to the final application, they were modified. The first modification studied was
the insertion of doping agents or a Ru complex in order to modify their electronic
structure or radiation absorption capabilities, respectively. Several metals, such
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as cobalt, copper, iron and nickel, and a chalcogenide, such as selenium, were
tested as doping agents. The consequences of these doping agents were diverse.
The use of copper and cobalt allowed to obtain materials with an optical band
gap value equal to 2,0 eV, resulting in structures with optical band gap in the
ideal range of values for the final application. For the other doping agents, the
behavior was not so linear. It is thus shown that besides the chemical nature of
the doping agent used, other factors such as the crystal structure of the material
to be doped, the SDA present in it or the concentration of the doping agent used
are important factors to be taken into account. Hence, it is possible to obtain
different consequences to the present of the doping agent on the final optical band
gap value.

Regarding the materials accessibility, when they are obtained they present a low
accessibility, which according to the literature reviewed, it might jeopardize their
photocatalytic performance. Therefore, different methodologies, from the alter-
ation of the synthesis gel composition to post synthesis modifications were tested
in order to improve their textural properties. Regarding the modifications to the
synthesis gel, two methodologies were tested: the insertion of coSDAs previously
known to create a secondary porous system and with reduced thermal degradation
temperature, namely fructose or sucrose, and the increase of the gel viscosity, by
raising the ethylene glycol content, in order to obtain crystals with reduced dimen-
sions. As for the addition of fructose or sucrose, it was found that there is not the
formation of a secondary porous system and the final thermal stability was not al-
tered. However, there was an increase in the accessibility of the samples due to the
increase in the external surface area, later confirmed by FESEM that it was due to
the reduction of crystal size. With the insertion of these compounds it was possible
to obtain structures with an external surface area around to 75 m?/g. However,
the chemical environment where the resulting fructose or sucrose compound is lo-
cated is unknown, as well as its influence on the electronic structure. Therefore,
a deeper study of these structures is needed to understand what kind of organic
structure is found in the final material as well as a more detailed electrochemical
characterization to understand the real impact it had on the band structure as
well as on the ability to generate, transport and transfer photogenerated charges.
Regarding the second modification on the synthesis gel studied, it was found that
by increasing the ethylene glycol content, its external surface area increases due
to a decrease in crystal size. Thus, although these methodologies did not allow
obtaining samples with a reasonable porous volume, their external accessibility was
improved. The combination of these two methodologies allows to further increase
the external surface area up to 108 m?/g.

316



With the addition of doping agents, namely copper and cobalt, it was possible to
reduce the optical band gap value to values suitable for the production of solar fuels
but it was not possible to obtain structures with appreciable microporous volume.
However, by using coSDAs and increasing gel viscosity, it allowed to improve the
accessibility of the surface, due to the reduction of the crystals size. Taking into
consideration the vast industrial applications of microporous crystalline structures,
it is still desirable to obtain stable chalcogenide-based materials with an open
microposority. To this end, it is suggested to study and develop SDAs without
a possible valency with the inorganic structure or that are easily degradable, for
example thermally.

That said, the photocatalytic performance of the different materials was evaluated.
It was started by evaluating their photocatalytic performance using the direct CO,
photoreduction reaction, whose reaction products have a high social and economic
interest and the usage of this class of materials in such reaction is reduced. Un-
fortunately, the results were not conclusive. Using as reference materials TiO, and
TiO, with photodeposited Pt, photocatalysts widely studied in the literature for
the reaction in question, it was not possible to obtain carbon products, only H,.
Thus, there was a problem in the experimental conditions or in the experimental
unit used that did not allow to draw conclusions on the photocalytic performance
of the materials under study. Therefore, in order to draw such conclusions, more
tests need to be carried out. It is therefore suggested to adapt the system used
and to test other experimental conditions before being able to draw conclusions
about these structures performance. Other experimental conditions suggested to
test can be performing the photocatalytic tests the continuous mode rather than
the batch mode, with higher pressures, evaluating the performance in liquid phase
by dissolving the CO, in an appropriate solvent and using a sacrificial agent to
overcome the CO,/H,0 balance limitations.

In view of the results obtained, it was decided to study the photocatalytic perfor-
mance of the materials under study by using the water splitting reaction, whose
reaction product is also of a high social and economic interest and could be used
for indirect solar valorization of CO,.

Due to the diversity of the results obtained, in order to better compare the sam-
ples, a modeling was performed. This modeling allowed to compare the different
materials at the same reaction time, i.e. at the initial reaction time, thus allowing
to rule out possible deactivation effects. The model made was based only on math-
ematical considerations, being a pseudo-kinetic model, as well as the parameters
derived therefrom. With the different results obtained it was possible to verify
that there are several characteristics of the materials that influence the observed
photocatalytic performance. It was tried to correlate the value of the optical band
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gap, a characteristic related to the capacity of photogeneration of charges, and
the external surface area, since this is the textural property that predominates
in the samples under study and is related to the surface accessibility. Regarding
the relationship between the optical band gap value and the photocatalytic per-
formance, it was found that by decreasing the optical band gap value there is
an apparent improvement in performance. By reducing its value, the ability to
produce photogenerated charges increases, since the interaction with the incident
radiation increases. However, this improvement is verified up to a certain point,
since from a certain value of band gap the photogenerated charges no longer have
sufficient potential to participate in the reaction under study. Thus, there is a bal-
ance between the ability of the material to absorb photons and to photogenerate
charges and the charges desired potential for the reaction under study. Regarding
the correlation between external surface area and the photocatalytic performance,
there seems to be a volcano-like relationship between the two. By increasing the
external surface area up to a certain value there is an apparent improvement in
photocatalytic performance. This improvement can be explained, according to the
literature reviewed, by the increased interaction between the external surface and
the substrate. However, from a certain value of external surface, there is a decrease
in photocatalytic performance. Although there is still some difficulty in explaining
the influence that defects have, there are several studies that show that with their
increase the charge transport capacity of a given material decreases. Thus, by in-
creasing the external surface area, the number of defects on the surface increases,
which could explain why the performance decreases for higher external surface area
values. Finally, the samples that showed the most promising performances were
those modified with sucrose. With these samples it was possible to obtain H, rates
up to 390 pmol/h/g and energetic yields close to 1%. However, given the limited
information on the role of sucrose in the electronic properties, a more in-depth
study, including electrochemical characterization, would be required. The stability
of these compositions during the photocatalytic process would also need to be as-
sessed, since the possibility of the organic component undergoing oxidation, and as
such being an proton donor, cannot be ruled out with the information available. If
the presence of a hybrid junction of the organic/inorganic type is indeed confirmed,
the possibility of creating other junctions could be studied, by using for example
organic or carbonitride semiconductors coupled with the chalcogenides structures
under study. It is thus concluded that some of the developed materials present
characteristics and preliminary results that make them promising candidates as
photocatalysts in the water splitting reaction.

This thesis has only studied one of the three possible configurations, electrochemi-
cal, photoelectrochemical and photocatalytic powder dispersion, for the production
of solar fuels. Therefore, and given the high social, environmental and economic
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interests associated with the solar fuels production, it would be of the utmost
interest to evaluate the performance of the new structures in the two remaining
configurations. In addition, other photocatalytic reactions could be explored in
which these new materials could be used as photocatalysts. These include the
CO, hydrogenation, an indirect route to value CO,, degradation of organic com-
pounds, such as VOCs or other polluting compounds, or organic synthesis, thus
enabling the production of organic compounds with great industrial interest, for
example for the pharmaceutical sector.
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A.1 Reagents

In this Chapter the experimental methodology used to obtain the results present
in this thesis is presented. It will be divided into four sections. On the first section
a summary of all the reagents used is presented. Subsequently, the synthesis of
the different structures, as well as the modifications to the initial methodology,
are described. On the second section the different characterization techniques
employed are introduced. Finally, the photocatalytic tests, namely a description of
the unit and the procedure used, are described.

A.1 Reagents

This section summarizes the different reagents used throughout this thesis. The
different reagents were used as they came, with no extra purification procedures.
These are divided into different tables according to their classification: inorganic
solids (see Table A.1), SDAs (see Table A.2), co-SDAs (see Table A.3), liquids
(see Table A.4), and gases (see Table A.5). The reagents were used as received,
without any further purification process.
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Table A.1: Different inorganic solids used

Solid Supplier Chemical Formula
Tin Oxide Sigma-Aldrich Sn0O,
Tin Chloride Sigma-Aldrich SnCl,
Sulfur JT Baker S
Zinc Nitrate Alfa Aesar Zn(NO3),-6 H,O
Selenium Panreac Se
Copper Nitrate Sigma-Aldrich Cu(NO3)»-3H,0
Iron Nitrate Sigma-Aldrich Fe(NOs)3-9 H,O
Cobalt Nitrate Sigma-Aldrich Co(NO3),-6 H,O
Nickel Nitrate Sigma-Aldrich Ni(NO3),-6 H,0
Cesium Chloride Sigma-Aldrich CsCl
e (Crmagy ™ Sigma-Aldrich  CigHaBri
Sodium Persulfate Sigma-Aldrich Na,S,0g
Sodium Nitrate Sigma-Aldrich NaNO;
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Table A.2: Different SDAs used

SDA Reference Supplier Chemical Formula Chemical Representation
1,3-Bis(4-piperidyl)propane  Compound A Sigma-Aldrich Ci3Ha6H: HmH
1,3-Bis(4-pyridyl)propane  Compound B Sigma-Aldrich Cy3HiaHo | |
Na N
4,4'-Dipyridyl Compound C  Sigma-Aldrich CioHgN> N@—@N
1,2-Bis(4-pirydyl)ethane ~ Compound D  Sigma-Aldrich CioHioN, N - \ /N
N/
~ "N
\
1,2-Di(4-pyridyl)ethylene  Compound E  Sigma-Aldrich CioH10N, = AN A
|
N

Table A.3: Different coSDAs used

coSDA Supplier Chemical Formula Chemical Representation
O ,OH

F Sigma-Aldrich CoH120 HO

ructose igma-Aldric 6H1206 HO OH

Sucrose Sigma-Aldrich C1oH»01

cis-Dichlorobis(2,2-
bipyridine)ruthenium(I1)

Sigma-Aldrich  CyoH16ClN4Ru - x H,0
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Table A.4: Different liquids used

Liquid Supplier Chemical Formula
Distilled Water H,O
Milli-Q Water H,O
Ethylene glycol  Scharlab (CH,0OH),
Ethanol Scharlab C,HgO
Acetone Scharlab (CH3),CO

Table A.5: Different gases used

Liquid Supplier Chemical Formula
Nitrogen Air Liquide N,

Carbon Dioxide Air Liquide CO,
Helium Air Liquide He

A.2 Material Synthesis

The initial methodology for obtaining the material consists on mixing SnO,, Zn(NOs),
-6H,0, S, SDA, ethylene glycol and deionized water in a flask for 1 hour, at room
temperature. The final gel has a molar composition of 1 SnO, : 0,32 Zn(NO3), :
5,72S:6,29 SDA : 132,64 C,HgO, : 138,08 H,O. The gel is then transferred to a
Teflon vessel in an autoclave, and placed inside an oven for 12 days at 190°C. At
the end of the synthesis period, the autoclave is cooled quickly, using water and
ice, and the sample is recovered through filtration, ethanol washed and placed to
dry at 100°C overnight.
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A.2 Material Synthesis

A.2.1 Screening Different Synthesis Conditions

Since there is no information on how the parameters of synthesis influence the final
material obtained, several conditions of synthesis were tested. All changes to the
initial methodology assessed are schematized in the Figure .

In order to evaluate the impact that different organic compounds have on the
final crystalline structure, the different compounds shown in the Table A.2 were
evaluated as SDA. As for the Sn source, two compounds, SnO, and SnCl, were
evaluated as possible Sn sources. Regarding the synthesis time, it was checked if
it was possible to reduce it. For this, the synthesis time was reduced to 1, 2, 3, 6,
8 and 10 days. Finally, the impact that the cooling method of the autoclaves has
on the final structure was evaluated. Room temperature cooling and fast cooling,
using dry ice and acetone, were tested.

As for the gel composition, the influence of Sn, SDA and solvent contents were
evaluated. The Sn content was reduced by 10%, 20% and 30%. As for the SDA
content, it was increased and decreased by 20%. Regarding the EG/H,0 ratio, it
was modified from 0,96 to 0,57 and 0,32. Finally, the H,O/Sn ratio was changed
from 139 to 200 and 300 while keeping the EG/H,0 equal to 0,96. The different
molar compositions tested are systematized in the Table A.6.

Table A.6: Different gel's molar compositions evaluated

Gel Molar Composition
Sn  Zn S SDA EG H,O EG/H,O H,0/Sn

Original 1 032 572 6,29 132,64 138,08 0,96 138,08
-10% Sn Content 09 0,32 572 6,29 132,64 138,08 0,96 153,42
-20% Sn Content 0,8 0,32 572 6,29 132,64 138,08 0,96 172,60
-30% Sn Content 0,7 0,32 572 6,29 132,64 138,08 0,96 197,26

+20% SDA Content 1 0,32 572 755 132,64 138,08 0,96 138,08
-20% SDA Content 1 0,32 5,72 5,03 132,64 138,08 0,96 138,08
0,57 EG/H,0 1 032 572 629 7871 138,08 0,57 138,08
0,32 EG/H,0 1 032 572 629 44,19 138,08 0,32 138,08
200 H,O/Sn 1 032 572 6,29 192,00 200,00 0,96 200,00
300 H,O/Sn 1 032 572 6,29 288,00 300,00 0,96 300,00

The possibility of obtaining the material without the use of an SDA was also
evaluated. For this, the SDA was replaced by seeds or NaNOs. To evaluate the
impact that the presence of Na™ cations would have on the final structure, three
different S/Na™ ratios were tested: 1,02, 1,25 and 0,84. As for the use of seeds,
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it was decided to reduce the synthesis time to one day, and 10% w/w of the Sn
present in the gel came from the seeds.

A.2.2 Materials modification during synthesis

Considering the final application of the materials, their synthesis procedure was
altered in order to change the interaction with the radiation and its porous system.

To modify the interaction with radiation doping with different elements, such as
selenium, copper, cobalt, iron and nickel, were used (see Table A.1). Different
concentrations of these dopants were used. For selenium three different Se/S
molar ratios were tested: 0,01, 0,1 and 0,2. For the remaining metals, three M/Sn
molar ratios (M = Cu, Co, Fe, Ni) were tested: 0,1, 0,3 and 0,6.

Regarding the radiation absorption capability, a Ru-based complex was used in
the synthesis gel (see Table A.3). Three conditions were tested, the use of the
Ru-complex as the SDA or use it combined with the SDA present on the original
methodology (Ru-complex/SDA molar ratio equal to 0,1 or 0,01).

The porous system was altered by using co-SDAs, namely fructose and sucrose, as
mesoporous agents (see Table A.3). Three Sugar/SDA ratios were tested: 0,33,
1, and 3. The impact that the gel's viscosity would have on the particle size and,
as a consequence, on the accessibility of the material was also evaluated. To do
this, the EG/H,0 ratio was increased from 0,96 to 3,5.

A.3 Material’s Post-Modification

To increase the accessibility of the synthesized materials, different methodologies
post-synthesis were tested. These can be divided into methods that involve the
elimination of the SDA, such as a thermal treatment or ionic exchange, or the
non-elimination of the organic component (see Figure A.1).
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Post-Modifications
Increase Accessibility

Non-SDA

SDA Elimination Lo
Elimination
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Iomc Exchange Acid Washing Photodegradation

Treatment / \

CSC\ CTMABr Without Oxidant With Oxidant

Thermal

Ball Mil BuLi

Figure A.1: Scheme of the different methodologies used to increase the accessibility of the
synthesized materials

A.3.1 Increasing accessibility by SDA elimination

A.3.1.1 Thermal Treatment

To eliminate the SDA present in the samples, a thermal treatment under nitrogen,
with a flow of 2,5 mL/s, was performed under the conditions presented at Figure
A2

Temperature (°C)

350°C (5 h) Q
& e
) %%,
2
Room Temperature
Time (hr)

Figure A.2: Thermal treatment conditions
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A.3.1.2 lonic Exchange

To try to exchange the SDA present with other species, Cst and CTMA™ were
used. These species were used in the form of CsCl and CTMABr respectively.

A certain quantity of the solid to be exchanged was suspended in a solution con-
taining the species to be exchanged (0,01 M), so that the ratio of solid to solution
was 15 mg of solid per mL of solution. The suspension was kept under strong
stirring under reflux. The CsCl exchange was performed using two different exper-
imental conditions. The first set of consitions consisted on keeping the suspension
under reflux at a temperature of 80°C for 5 hours. This process was repeated five
times. As for the second set of experimental conditions, it consisted on maintaining
the suspension at a temperature of 100°C for 24 hours. Regarding the CTMABr
exchange, the suspension was kept under strong striring for 24 hours at 100°C.
After the ionic exchange, the solid was filtered and washed with abundant water
in order to eliminate residual cations and placed to dry at 100°C overnight.

A.3.1.3 Acid Washing
To try to degraded the SDA present, a soft acid treatment with HCl was performed.

A certain quantity of the solid to be washed was suspended in an ethanolic solution
containing HCI (0,05 M), so that the ratio of solid to solution was 20 mg of solid
per mL of solution. The suspension was kept under strong stirring for 16 hours, at
a temperature of 80°C under reflux. After the acid washing, the solid was filtered
and washed with abundant water in order to eliminate residual acid and placed to
dry at 100°C overnight.

A.3.1.4 SDA Photodegradation

In order to degrade the SDA present, a photodegradation process was employed in
the presence or absence of an oxidant.

A certain quantity of the solid to be photodegradated was sonicated for ten minutes
in deionized water, so that the ratio of solid to water was 2 mg of solid per mL
of solution. The suspension was kept under strong stirring for four or six hours,
at room temperature under a 1000 W Xe lamp. To the suspension was also
added NayS,0Og in order to accelerate the degradation process. The amount added
depends on the carbon content of the starting material. Two concentrations were
tested, 5 and 10% (molar percentage) of the carbon initially present. After the
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photodegradation, the solid was filtered and washed with abundant water and
placed to dry at 100°C overnight.

A.3.2 Increasing accessibility by non-SDA elimination

A.3.2.1 n-Butyllithium Treatment

In order to reduce the number of lamellars per stack, the structures were subjected
to a treatment with n-butyllithium, following the experimental procedure in [1].

One gram of as-synthesized material was placed in 8 mL of 1,6 M n-butyllithium/
hexane for 48 hours under a nitrogen atmosphere. The material was then recovered
and washed by filtration with hexane to remove excess n-butyllithium and dried
under nitrogen atmosphere for 24 hours. Subsequently, the resulting powder was
immersed in 500 mL of deionized water and the suspension was sonicated for 30
minutes. The dispersion was centrifuged at 5000 rpm for 15 minutes and the
supernatant was recovered with a pipette. The recovered supernatant will have
a basic pH due to the presence of lithium hydroxide traces. In order to recover
the material present in the colloid, HCl was added dropwise to reach a pH of 3.
The precipitate was washed and recovered by centrifugation several times until a
neutral pH was reached. Finally, the material was dried at 60°C overnight.

A.3.2.2 Ball Mill Treatment

Ball milling allows to grind powders into fine particles and blend materials and it
is widely known to reduce crystallite size [2].

A certain quantity of solid to be milled was mixed with Zr balls (with a diameter
equal to 2mm), so that the ratio solid:balls was 1:5. The mixture was milled in a
tumbler ball mill for different periods of time and at a rotation equal to 50 rpm.
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A.4 Material Characterization

A.4.1 Chemical Composition

Two different techniques, elemental analysis and atomic absorption, were used to
determine the chemical composition of the final samples obtained.

A.4.1.1 Elemental Analysis

This technique allows, from the combustion of the sample, to determine the content
of C, H, N and S. After the sample combustion, the gases formed (CO,, H,O, N,
and SOx) are carried away by a He flux and separated by a chromatographic column,
which allows their quantification. For this purpose, a Carlo Erba 1106 elemental
analyzer was used.

A.4.1.2 Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES)

The inductively coupled plasma, together with a optical emission spectrometry,
allows to determine the chemical composition of a solid or a liquid sample.

A Spectra AA 10 Plus, Varian was used to determine the inorganic chemical con-
tent. Since the samples were on solid state, it was necessary to mineralise them
first. Normally, samples are mineralised in acid medium (HNO3/HF/HCl in a vol-
umetric proportion of 1:1:3) for 24 hours. However, this methodology does not
work for the samples under study. It was found that for a correct mineralization it
is first necessary to dissolve 20 mg of the sample to be analyzed in 20 mL of aqua
regia and 10 mL of deonized water. The sample is then transferred to a Teflon
vessel in a microwave autoclave and put it under the following program:

e First stage - 3 minutes, 900 W, T,..x — 180°C, Tin — 120°C, 70% agitation;
e Second stage - 2 hours, 600 W, T .., — 180°C, Tin — 120°C, 70% agitation;

e Third stage — cooling to room temperature.
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A.4.2 Powder X-ray Diffraction (PXRD)

X-ray diffraction (XRD), a widely used technique, is based on the interaction of
monochromatic X radiation with a crystalline structure. This interaction causes
constructive interference and diffracted rays, which are detected and processed,
originating a unique diffraction pattern for each crystalline structure. When the
incident radiation has a wavelength A comparable to atomic space, it can suffer
a regular reflection and create a constructive interference with the atoms of the
crystalline system (see Figure A.3) [3, 4].

\'—7 dsin®

L 4 L 4 L 4 L L2

Figure A.3: Bragg's diffraction scheme (adapted from [3, 4])

When the phenomenon described in the Figure A.3 occurs, it is said to be in the
presence of Bragg diffraction and the Equation A.1 is valid. On Equation A.1 n
represents the diffraction order, A the radiation wavelength, d the distance between
successive layers of atoms and 6 the glancing angle [3, 4].

nA = 2d sinf (A.1)

XRD was used for the determination of crystalline phases on the sample. This
analysis was carried out with a Philips X'PERT diffractometer equipped with a
proportional detector and a secondary graphite monochromator. Data were col-
lected stepwise over the angle range of 2° < 26< 70° in steps of 0,02° (20) with
an accumulation time of 20 s per step using Cu Ka (A= 1,54178 A) radiation.

In order to evaluate the thermal stability of the crystalline structure under different
temperatures and atmospheres, XRD in situ was used. It is thus possible to obtain
the diffraction pattern under different temperatures and different atmospheres.
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XRD in situ analysis was performed with a PANalytical X'Pert Pro with a Bragg-
Brentano geometry. Data were collected stepwise over the angle range of 5° <
26< 60° in steps of 0,033° (268) with an accumulation time of 200 s per step
using Cu Koo (A= 1,5406 A) radiation. As for in situ treatment conditions, both
tests were performed with 100% N or 100% air and with a flow rate of 1 L/h.
Regarding temperature, both tests were performed between 25°C and 800°C and
with a temperature increase of 5°C/min.

A.4.3 Thermal gravimetric analysis and differential thermal analyses
(TGA-DTA)

This characterization technique is based on recording the mass of the sample over
time with a change in temperature. It is therefore possible to obtain information
regarding thermal decompositions, namely the thermal decomposition of the SDA
present in the sample, as well as quantifying the organic and water contents.

Thermal gravimetric analysis and differential thermal analyses (TGA-DTA) were
conducted in an air or nitrogen streams with a Mettler Toledo TGA/SDTA 851E
analyzer.

A.4.4 N, adsorption-desorption isotherm

N, physisorption is one of the most common techniques used to characterize a
meso and microporous solid. From the N, physical adsorption-desorption on the
surface of a solid it is possible to calculate its specific surface area or the size
distribution of meso and micropores.

From the Brunauer-Emmett-Teller (BET) theory that explains the physical adsorp-
tion of gas molecules on a surface of a solid, it is possible to determine the specific
area of a material.

The BET equation in its linear form (see equation A.2) [5] was applied to the
N, isotherm to calculate the specific area of the material Sger. In equation A.2
P/Po represents the relative pressure, V5 the adsorbed volume of N, at pressure
P, V\u the volume of the monolayer and c is associated with the adsorption heat of
the first layer and the condensation heat. In order to calculate the volume of the
monolayer Vi, (P/Po)/(Va(l — P/Pg)) was represented in function of P/P, for
0< P/Py <0,35, obtaining a straight line with slope a= (c-1)/V\ and y-intercept
i=1/Vm c. Thus, Vi = 1/(a+ i) [6].
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P 1 c—1P
e = — A2
VA(]- — i) VM C + V|\/| C PO ( )

Knowing the volume of the monolayer Vy, the specific area Sget is given by the
expression A.3 [5], where o represents the area occupied by an adsorbate molecule,
Na the number of Avogadro, m the weight of the adsorbate and V, the molar
volume of the gas [6].

VM (¢) NA
=M A.
SBET m VO ( 3)

According to the BET theory, the value of the specific area corresponds only to
multilayer adsorption. For a more detailed textural analysis, methods based on the
standard isotherm will be used [6].

For a given gas adsorbed in a series of non-porous materials with similar character-
istics it is to be expected that the shape of the isothermal will not vary greatly. By
normalizing the amount adsorbed, the different isotherms can overlap, resulting in
a standard isotherm. For this purpose, the parameter t (parameter that transforms
the adsorbed quantity into an average film thickness of the adsorbed material) is
represented as a function of the relative pressure P/Pq [6]. To convert the relative
pressure P /P into adsorbate film thickness t the Harkins-Jura expression was used

(see equation A.4) [7].
1390\
t=| ——F 7= (A.4)
—log £ + 0,034

The t-method is based on comparing the experimental isotherm with the respective
standard isotherm. For this purpose, the adsorbed volume as a function of t is
graphically represented. If the experimental isotherm is equal to the standard
isotherm, a straight line that passes at the origin is obtained. Otherwise, if the
material presents micropores, it is verified that for low pressures the adsorbed
quantity is higher than expected. From the moment that the micropores become
saturated, only adsorption in multilayers is verified, defining a linear zone in the
graphic.

The y-intercept of this straight line corresponds to the microporous volume [6].
From the slope m, from the straight line the external and mesoporous areas S; can
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be calculated using the expression A.5. The microporous area S, is given by the
difference between the Sget and the S; (see equation A.6).

S, = Sger — St (A.6)

Nitrogen adsorption-desorption isotherms were measured at 77 K with a Micromerit-
ics ASAP 2010 volumetric analyzer. Before the measurement, the samples were
outgassed for 12 hours at 80°C. The BET specific surface area was calculated
from the nitrogen adsorption data in the relative pressure range from 0,04 to 0,2.
The total pore volume was obtained from the amount of N, adsorbed at a relative
pressure of about 0,99.

A.4.5 Electronic Microscopy

Electronic microscopy is a microscopic technique which allows high resolution im-
ages of a material to be obtained. These images are obtained due to the inter-
action between and electron beam and the sample. Since the electrons have a
much shorter wavelength than the photons of the visible spectrum, it is possible
to obtain a higher resolving power than a light microscope.

A.4.5.1 Field-emission scanning electron microscopy (FE-SEM)

Scanning electron microscopy (SEM) is a microscopy technique where images of
the sample are produced by scanning the solid surface with a focused beam of
electrons. Through the interaction of the electrons with the sample, it is possible to
collect information about the solid topography and composition. This microscopic
technique was used to evaluate the surface morphology of the samples.

Field-emission scanning electron microscopy (FE-SEM), a high resolution SEM,
micrographs were recorded on a ZEISS Ultra 55 microscope operating at 2 kV,
with a 2 x 10° A beam current and 2,5 mm as the working distance.
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A.4.5.2 High Resolution Transmission Electron Microscopy (HR-TEM)

Transmission electron microscopy (TEM) is a microscopy technique based on the
transmission of an electron beam through the sample to create an image. This
microscopy techniwue allowed to determine the interlaminar space of the samples
studied.

For this technique to be performed it is required that the sample presents an
ultrathin section, less than 100 nm thick. For that, it was necessary do grind, dis-
perse in dimethylformamide (DMF) and sonify for 30 minutes. After, the sample
was deposited on carbon copper grids. High resolution transmission electron mi-
croscopy (HR-TEM) micrographs were obtained with a JEOL JEM2100F electron
microscope operating at 200 keV.

A.4.6 Spectroscopy

Spectroscopy is the study of the interaction of electromagentic radiation with mat-
ter. This technique, by measuring the spectra of electromagnetic radiation as a
function of its wavelength or frequency, allows to obtain information concerning
the structure and properties of matter.

Different spectroscopic techniques exist, depending on the electromagnetic radia-
tion used.

A.4.6.1 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a spectroscopy based on the photoelec-
tric effect that allows to identify and quantify chemical elements and its chemical
state.

The XPS spectra were measured in a SPECS spectrometer equipped with a Phoibos
9MCD multichannel and a dual X-ray radiation source of Al Ka(1483,6 V) and
Mg Ko(1253,6 €V). The electron binding energy was determinate with a precision
of + 0,1 eV. For correction of the spectra obtained the Cls signal (284,6 eV) was
used through the CasaXPS software.
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A.4.6.2 UV-Vis Diffuse Reflectance Spectroscopy (DRS)

UV-Vis Diffuse Reflectance Spectroscopy (DRS) is a spectroscopy technique based
on the measurement of UV-Vis radiation absorbed by the interaction with a sample.
This technique is commonly used to determine the band gap value of a semicon-
ductor. For this, it is necessary to resort to the Kubelka-Munk theory [8, 9], one
the main theories to explain the behavior of a light flux through a homogeneous
media [10].

According to this theory, the diffuse reflectance, R, can be related to the absorption,
k, and the scattering coefficient, s, through the Kubelka-Munk function F'(R) (see
Equation A.7).

o =< = F(R) (A7)

The band gap value, E;, can be related to the absorption coefficient through the
Tauc equation (see Equation A.8), where « is the linear absorption coefficient, h
is the Planck Constant, v is the light frequency, A is a proportionality constant
and n is equal to 1/2 for direct band gap materials [11, 12].

ahv = A(hv — E,)" (A.8)

When the incident radiation scatters in a perfect diffuse manner and considering s
constant along the wavelenght:

k=2a < [F(R)h]* = A (hv — E,) (A.9)

The band gap value E, can be then determined. For that, [F(R)hv]” is plotted
as a function of kv and then extrapolate the linear part to [F(R)hv]” = 0.

However, this method, although widely used in the scientific community, may
not be the most appropriate. According to Zanatta [13], this method is strongly
conditioned by data processing, due to the need to extrapolate the linear least
squares fit of the equation to zero, being highly susceptible to the operator’s
intervention. Furthermore, it is also stated that this method should only be used
on amorphous or glassy materials. Thus, a method was developed based on fitting
a sigmoidal function (see Equation A.10) to the experimental data of F(R) vs
Energy.
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Amin — Omax
Oé(E) = %maz + E_EBeoltz (A]'O)
L +exp ( SE )

In the previous equation @4, and a,,;, stands for maximum and minimum ab-
sorption coefficient, respectively, E®®™ the energy coordinate which corresponds
halfways between a4, and a,,;, and JE is associated with the slope of the sig-
moidal curve.

After studying various semiconductor materials, it was observed that the band
gap of the material E, can be be calculated by Equation A.11, where n®°" is an
empiracal value, that can be 0,3 for direct band gap and 4,3 for indirect band gap.

Eg — EBoItz _ nBoh:z X (SE (All)

A Cary 5 spectrometer equipped with a Diffuse Reflectance accessory was used to
perform the UV-Vis measurements.

A.4.6.3 Infrared Spectroscopy (IR)

Infrared spectroscopy (IR) allows to study and identify chemical substances, organic
compounds or functional groups. In this study this technique was used to study
the interaction between the SDA and the structure.

IR spectra were obtained in a ThermoOptek Nicolet spectrometer (4 cm™ res-
olution) equipped with a DTGS detector and using a Golden-Gate diamond tip.
Wafers of 10 mg cm2 were outgassed at 100°C overnight.

A.4.6.4 Nuclear Magnetic Ressonance Spectroscopy (NMR)

Nuclear magnetic resonance spectroscopy (NMR) is a technique that allows to
evaluate the chemical environmental of the atoms present by applying a magnetic
field to it.

Liquid state 13C NMR spectra were recorded at 75 MHz using a Bruker AMX300
spectrometer. The chemical shifts are reported in ppm and are referened to the
appropiate residual solvent peak.
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Solid state 1*C NMR spectra were recorded at room temperature using a Bruker
AV-400 spectrometer. The spectra were recorded with a 7 mm Bruker BL-7 probe,
at a sample spinning rate of 5 kHz and referred to adamantine.

A.5 Photocatalytic Tests

In order to evaluate the photocatalytic performance of the synthesized materials,
several photocatalytic tests were performed. Two photocatalytic reactions were
studied, the H, production by water splitting and CO, photoreduction.

A.5.1 Equipment Description

The equipment used to carry out the tests can be divided into three essential pieces
of equipment: the reactor, the solar simulator and the system for analyzing the
products obtained.

The reactor (see Figure A.4) can be seen as a sealed quartz cylinder, with an
interior diameter of 55,5 cm and 110,3 cm as length, and equipped with a pressure
indicator, a pressure relief valve to avoid overpressure, and a feed valve which allows
the reactor to be fed with the desired gases or samples to be taken when required.
Inside the quartz cylinder there is a thermostated plate where the photocatalyst can
be placed. In order to ensure that the irradiated area is constant, the photocatalyst
is placed on the thermostated plate in a Teflon ring with an interior diameter of
32,4 mm. A thermocouple, equipped with a temperature indicator, was also placed
on the surface of the photocatalyst.

(a) (b)

Figure A.4: Pictures of the reactor ((A.4a) lateral and (A.4b) top views) used to perform the
photocatalytic tests
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A Newport arc lamp housing equipped with a 1000 W Xe Ozone-free lamp with two
filters, a AM 1,5G filter to mimic the solar spectrum and a IR filter to eliminate the
photocatalysts heating, was used as a solar simulator. More information regarding
this equipment, namely the irradiance spectrum of the lamp, can be found in
Appendix A.5.3.1.

To analyze the reaction gases a gas chromatograph (GC) Bruker 450GC Rapid Re-
finery Gas Analyzer was used. The GC was equipped with two thermal conductivity
detectors (TCD) and one flame ionization detector (FID). The first TCD channel
used N, has carrier gas and was equipped with a Hayesep Q 80/100 Mesh 1.5m x
1/16" x Imm Ultimetal CP1305 column. Regarding the second TCD channel, this
was equipped with a Molesieve 52 80/100 Mesh 1.5m x 1/16" x Imm Ultimetal
CP1306 colum and used He as carrier gas.

A.5.2 Experimental Standard Procedure

The photocatalytic tests were carried out in batch mode, in a solido-gas system
and under atmospheric pressure. The plate where the photocatalyst is placed is
thermostated at a temperature of 25°C. As for the composition of the reaction
gases, the reactor is loaded with a gas stream of N, or CO,, depending on the
reaction to be performed, saturated with 6% (molar composition) of H,O.

A photocatalytic test comprises the following steps:

1. Photocatalystis pre-treatment - to ensure the elimination of ethanol used
during filtration and washing of the samples, the photocatalyst must be dried
overnight at 125°C and under vacuum prior to testing;

2. Reactor loading - the required amount of photocatalyst is weighed (0,150 g
per test was used) and placed on the reactor’s plate within the Teflon ring.
The photocatalyst is well dispersed in the Teflon ring to ensure that all tests
are performed with the same irradiated area (30,3 -10°m?);

3. Proof of the absence of leaks - after the photocatalyst loading, the reactor
is sealed and brought to a relative pressure of -100 kPa to ensure that there
are no leaks;

4. Reactor purge - after verifying that there are no leaks, the reactor is subjected
to five purging cycles in order to reduce the oxygen content;

5. Photocatalytic test - after performing the purging cycles, the reactor is loaded
with the appropriate gases until it reaches a pressure equal to 10 kPa and
placed under the solar simulator. The distance between the photocatalyst
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and the solar simulator was kept constant and equal to 12 cm. Samples are
taken at constant times (0, 0,5, 1 and 4 hours) and immediately injected in
the GC. In the first TCD channel H, is read, in the second TCD channel CO,,
0O,, Ny, CH,4 and CO and in the FID the remaining hydrocarbons;

6. Photocatalytic test termination - after the test time, the solar simulator is
switched off and it is checked that the photocatalyst’s crystallinity remains
unchanged by performing PXRD measurements. This allow to assess whether
there has been any SDA degradation, since it is closely linked to the inorganic
structure.

A.5.3 Data Treatment

The chromatograms obtained allow to quantity a particular chemical species present
in the sample. For that, it is first necessary to determine the relation between the
area of the peak associated with the chemical species and its quantity in the mix-
ture.

In order to quantify a particular chemical species it was first necessary to produce a
calibration curve for each of the species of interest: H,, CO, CH,, O,, CoH,4, CoHs,
CsHe and CsHg. The calibration curve for each of the species was produced by
injecting mixtures with known compositions into the GC. This procedure allowed
to relate the area obtained with the composition. Three compositions (0,5%, 1%
and 2% molar composition) were selected for each gas, which allowed a calibration
curve with three points to be obtained.

With the calibration curve for species ¢, it is possible to calculate its molar quantity
at time ¢ and the theoretical conversion of H,O. This parameter is calculated by
knowing the amount of H,O needed to reduce the species i (see Table A.7) and
the H,O content at initial time H,O,_, (see Equation A.12).

Molar Quantity, - HaOgequce species,
Theoretical Water Conversation (%) = 2 Yi ' T2 Reduce Species, -100

00 (A.12)

342



A.5 Photocatalytic Tests

Table A.7: Calorific Power, water and charge carriers necessary to reduce the species involved in
the photocatalytc processes under study

Species;  H,O necessary to reduce H* and e~ necessary to reduce  Calorific Power (J/mol)

H, 1 2 286000
Cco 1 2 283240
CH, 2 8 889000

The proton selectivity for the species 7 can be calculated by knowing the protons
required to reduce it (see Table A.7 and Equation A.13).

.. . Molar Quantit)/i : H—Igeduce Species,
Proton Selectivity Species,(%) = S~ Molar Quantity, - HZ —.100 (A.13)
olar Quantity, -

Reduce Species;

Another important parameter that can be calculated is the instantaneous produc-
tivity per mass of photocatalyst (see Equation A.14) or per irradiated surface (see
Equation A.15) per unit of time.

.. mol Molar Quantity,
Instant Productivity, | — ) = ‘ A.14
nstantaneous Froductivity; (g h) Mass Photocatalyts - Time ( )
.. mol Molar Quantity,
Instant Productivity, = ‘ A.15
nstantaneotls Frodtictivitys (m2h> Irradiated Surface - Time ( )

It is possible to convert Accumulated Productivity, to the total e~ necessary to
produce the specifies present (see Equation A.16).

Accumulated Productivity, - = Z Accumulated Productivity; - €geguce species,

(A.16)

The two following parameters allow to determine the performance of the photo-
catalyst: the global energy efficiency and the apparent quantum yield. The global
energy efficiency compares the energy produced by the photocatalytic process with
the energy supplied by the solar simulator at a given time ¢ (see Equation A.17).

>~ Accumulated Productivity, - Calorific Power;
t - Total Lamp Irradiance

100
(A.17)

Global Energy Efficiency (%) =
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The apparent quantum yield ¢ assumes that one absorbed photon produces one
electron. Therefore, the apparent quantum yield compares the electrons that are
actually produced with the photons emitted by the solar simulator at a given time
t (see Equation A.18).

Accumulated Productivity, -
t - Cumulative Photon Flux of Absorbable Photons

P(%) = 100 (A.18)

To determine the total lamp irradiance and the cumulative photon flux it is neces-
sary to look into detail the light source used.

A.5.3.1 Solar Simulator Characteristics

As a solar simulator a Newport High Power Xenon Light Source was used. This
equipment is composed by a lamp power supply and an arc lamp housing, where
the 1000 W Xe ozone free lamp is placed.

i. Lamp Characteristics

The arc lamp housing was equipped with a 1000 W Xe ozone-free lamp (model
number 6271) with the irradiance spectrum present on Figure A.5.
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Figure A.5: Irradiance spectrum of the Newport 1000 W Xe ozone-free lamp (model number
6271)

Two filters were place on the filter holder present on the arc lamp. The first one,
an AM 1,5 filter, allows to correct the lamp output to better match the total
spectrum when the sun is at a zenith angle equal to 37°. The second filter allow
to cut wavelengths above 760 nm in order to avoid the sample heating due to the
IR presence.

In order to determinate the Total Lamp Irradiance it was first necessary to manual
fit data points to the irradance spectrum (see Figure A.5) since it was the only
information public available by the supplier. After it, the filters and the luxmeter's
detection limits were taking into consideration when transforming the theoretical
spectrum to the real one. Finally, the irradiance measurement performed with a
luxmeter was used to convert the theoretical spectrum to the actual spectrum. By
summing the the actual irradiance values per wavelength value it is possible to
determine the total lamp irradiance.

To determine the Cumulative Photon Flux first it is necessary to know the band
gap value of the photocatalyts (determine previously by DRS). Since the material
can only absorb photons with an energy higher than its band gap value, it will only
be considered for the cumulative photon flux such photons. Firstly, it is necessary
to know the number of photons associated with each wavelength. For that, the
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actual irradiance values per wavelength are divided by the energy associate with the
wavelength. The cumulative photon flux will be given by the sum of the photons
with an energy higher than the material's band gap.
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Appendix B. Material Synthesis

B.1 Modifications to the initial procedure evaluated

The initial methodology for obtaining the material consists on mixing SnO, (Sigma-
Aldrich), Zn(NOs),-6 H,O (Alfa Aesar), S (JT Baker), structure directing agent
(SDA), ethylene glycol (Scharlab) and deonized water in a flask for 1 hour at room
temperature. Then, the gel was transfer to a Teflon vessel in an autoclave and
put it in a oven for 12 days at 190°C. After the synthesis time the autoclave is
cooled quickly, using water and ice, and the sample is recovered through filtration,
washed with ethanol and placed to dry at 100°C overnight.

Five different compounds were used as SDA (see Figure B.1).

H'\E)/\/\GNH @/\/\@

(a) 1,3-Bis(4-piperidyl)propane (CAS: 16898-52-5) - (b) 1,3-Bis(4-pyridyl)propane (CAS: 17252-51-6) -
Compound A Compound B

(c) 4,4"-Dipyridyl (CAS: 553-26-4) - Compound C (d) 1,2-Bis(4-pirydyl)ethane (CAS: 4916-57-8) -
Compound D

(e) 1,2-Di(4-pyridyl)ethylene (CAS: 13362-78-2) - Compound E

Figure B.1: The five different SDA’s used

The presence of an extra phase associated with SnO, was observed via PXRD. In
order to try to eliminate this phase, the following changes were made to the initial
gel composition gel:

e Reducing the Sn amount in 10%, 20% and 40%);

e Substitution of SnO, for SnCls;
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B.1 Modifications to the initial procedure evaluated

e Changing the EG/H,0 ratio from 0,96 to 0,57 and 0,32;

e Changing the H,O/Sn ratio from 139 to 200 and 300 while keeping the
EG/H,0 ratio equal to 0,96;

e Changing the amount of SDA used by +/- 20%.

A kinetic study was also performed, reducing the synthesis time to 1, 2, 3, 6, 9
and 11 days, in order to see if it was possible to reduce the synthesis time.

Three ways of cooling the autoclaves were evaluated after the days of synthe-
sis: very fast, with dry ice and acetone, fast, with ice and water, and at room
temperature.

B.1.1 PXRD Patterns

B.1.1.1 Sn0O, vs. SnCl, and Sn content reduction

Figure B.2 shows the diffractograms of the samples synthesized with the same time
of synthesis, 6 days, but different Sn sources and Sn contents.
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Figure B.2: PXRD patterns of IZM-5 with the original SnO, content (in blue), with the SnO,
molar content reduced by 10% (in brown) and by 20% (in red), with the SnCl, molar content
reduced by 20% (in orange) and by 40% (in pink) and SnO, (in purple), where | denotes an
unknown phase

B.1.1.2 Solvent Composition

Figure B.3 shows the diffractograms of the samples synthesized with the same time
of synthesis, 6 days, but different solvent composition.
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| | EG/H,0 - 0,96
| | 1 H,O/Sn - 300

Irel

| | EG/H:0 - 0,32
1 Sn -

| [ } | EG/H,0 - 0,96
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20 (deg)

Figure B.3: PXRD patterns of IZM-5 with the original gel composition (in blue), with reduced
EG/H,O molar ratio, from 0,96 to 0,57 (in brown) and 0,32 (in red), while maintaining the
H,O/Sn molar ratio equal to 139, with increased H,O/Sn molar ratio, from 139 to 200 (in
orange) and 300 (in green), while maintaining the EG/H,0 molar ratio equal to 0,96, and SnO,

(in purple)

Looking at Figure B.3, it is easy to assess that the composition of the solvent used
has little influence on the relative intensity of the peaks associated with the SnO,
phase. However, when a H,O/Sn ratio of 300 is used, the peaks associated with
impurities decrease their intensity.
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B.1.1.3 SDA content

Figure B.4 shows the diffractograms of the samples synthesized with different SDA
contents.

I -20% SDA

IreI
T
1
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| \ |H | |r‘| ] ‘\ |~' A K‘ I'W \kw
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5 10 15 20 25 30 35 40 45 50 55 60 65 70
20 (deg)

Figure B.4: PXRD patterns IZM-5 with the original gel composition (in blue), with increased
SDA molar content by 20% (in purple), with reduced SDA molar content by 20% (in green) and
SnO, (in orange)

Looking at the Figure B.4, it is easy to conclude that the SDA content in the gel
has a great influence on the SnO, extra phase. The 20% reduction in SDA content
leads to a drastic reduction in the relative intensity of SnO, peaks while a 20%
increase leads to a reduction in the intensity of the peaks associated with 1ZM-5
phase.
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B.1.1.4 Combination of different experimental variables

After the analysis of isolated variables, the ones that most strongly affect the
formation of the SnO, extra phase and other impurities were selected. Taking into
account the diffractograms previously presented, the variables selected were the
Sn source, the Sn and SDA contents in the gel and the solvent composition. All
samples, whose diffractograms are shown in Figure B.5, were obtained with 6 days
as synthesis time and with a fast cooling (ice and water).
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A A Mepremid ™, =~ 40% SDA
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Mot WV M, Y e
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- 20% SnCl, |
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| | | ‘ H,0/Sn - 300
‘ \ I
/ ‘ l‘ A I A . h [
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Figure B.5: PXRD patterns of IZM-5 with a reduced SnCl, molar content by 20% (in blue), with
SnO; and Sn source and increased H,O/Sn molar ratio to 300 (in purple), with a reduced SnCl,
molar content by 20% and increased H,O/Sn molar ratio to 300 (in green), with a reduced SnCl,
molar content by 20%, increased H,O/Sn molar ratio to 300 and reduced SDA molar content by
20% (in red), with a reduced SnO, molar content by 20%, increased H,O/Sn molar ratio to 300
and reduced SDA molar content by 20% (in grey), with a reduced SnO, molar content by 40%,
increased H,O/Sn molar ratio to 300 and reduced SDA molar content by 40% (in brown), with
a reduced SnCl, molar content by 40%, increased H,O/Sn molar ratio to 300 and reduced SDA
molar content by 40% (in pink) and with a reduced SnCl, molar content by 40% and increased
H,O/Sn molar ratio to 300 (in orange)
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Evaluating the difratograms present in Figure B.5, the combination that ensures
the lowest presence of impurities and the elimination of the SnO, extra phase is
when using SnCl, as a Sn source, a 20% reduction in the content of Sn and SDA
in the gel and a H,O/Sn ratio equal to 300, while keeping the EG/H,0 ratio equal
to 0,96.

B.2 Addiction of Saccharide and Dopants

After studying the modifications to the initial gel, the insertion of dopants and
different saccharides was studied in order to alter the accessibility of the samples.
These results and their discussion can be found throughout the Chapter 5. After
it, samples combining the presence of dopants and saccharides were synthesized.

Using Compound B as the SDA and fructose as the saccharide, with the molar
ratio Fructose/SDA B equal to 1, two metals were added as dopants: copper and
cobalt, with a molar content in the gel equal to 0,1%. The gel molar composition
of the material containing fructose and copper was 1,00 SnO, : 0,32 ZnO : 5,66
S : 2,56 SDA B : 226,38 EG : 237,27 H,0 : 0,25 CuO : 2,50 Fructose (see Figure
B.6 for the PXRD patterns). The gel molar composition of the material containing
fructose and cobalt was 1,00 SnO, : 0,32 ZnO : 5,66 S : 2,56 SDA B : 226,86 EG
: 238,74 H,0 : 0,30 CoO : 2,50 Fructose (see Figure B.7 for the PXRD patterns).
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Figure B.6: PXRD patterns of ITQ-75 obtained with Compound B as SDA (in blue), doped
with 0,1% Cu (in pink), with a Fructose/SDA B equal to 1 (in green) and with 0,1% Cu and
Fructose/SDA B equal to 1 (in gray), where ¢ denotes a ZnS phase and O a Cu,SnS3 phase
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Figure B.7: PXRD patterns of ITQ-75 obtained with Compound B as SDA (in blue), doped
with 0,1% Co (in red), with a Fructose/SDA B equal to 1 (in green) and with 0,1% Co and
Fructose/SDA B equal to 1 (in gray), where ¢ denotes a ZnS phase
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Appendix C. IZM-5 Diffraction Pattern

Table C.1: Diffraction peaks of the

Simulated

Experimental

360

h k 1 20 (deg) d(A) Trel (%) 20 (deg) d (A) Trel (%)
1 1 0 7,96 11,10 65,5 7,94 11,14 37,4
1 1 0 79 1110 326

1 1 -1 835 1059 23

1 1 -1 8,37 10,59 1,1

2 0 0 88 993 418

2 0 0 892 993 208 893 991 213
2 0 -2 10,22 8,65 26,0

2 0 -2 10,24 8,65 12,9 10,26 8,62 11,3
0O 0 2 11,16 7,92 100,0 11,11 7,96 100,0
0 0 2 11,19 7,92 49,8

1 1 -2 11,76 7,52 37,5 11,73 7,55 28,0
1 1 -2 11,79 7,52 18,7

0 2 0 1322 6,69 7.9 1323 6,60 4,6
0 2 0 1325 6,69 3,9

3 1 -1 13,37 6,62 1,3

3 1 -2 14,06 6,29 8,7

3 1 -2 14,10 6,29 4.4 14,12 6,27 7,5
0 2 1 14,36 6,16 6,6

0 2 1 14,39 6,16 3,3

3 1 0 14,91 5,94 3,7 14,92 5,94 6,0
3 1 0 1495 594 1,9

2 2 -1 15,36 5,76 4,7 15,37 5,77 22,2
2 2 -1 15,40 5,76 2,3

1 1 2 15,44 5,74 14,8

1 1 2 15,47 5,74 7,4

2 2 0 15,96 5,55 2,0

2 2 0 16,00 5,55 1,0

1 1 -3 16,44 5,39 1,4

3 1 -3 1672 530 1,0 1660 531 17,7
2 2 -2 16,74 5,29 18,4

2 2 -2 16,78 5,29 9,1

0o 2 2 17,33 511 57

0o 2 2 17,37 511 2,8 17,39 5,10 19,5
2 0 2 1745 508 120

2 0 2 17,49 5,08 6,0

4 0 O 17,84 4,97 5,6



Table C.1 continued from previous page

Simulated Experimental

h k | 206 (deg) d(A) Irel (%) 20 (deg) d (A) Irel (%)
4 0 O 17,89 4,97 2,8 17,98 4,93 5,7
3 1 1 18,14 4,89 1,9

2 21 18,34 4,83 4,1

2 2 1 18,38 4,83 2,0

2 0 -4 19,52 4,54 1,6 19,51 4,55 1,1
1 3 0 20,39 4,35 2,0

5 1 -2 20,45 4,34 2,5

5 1 -2 20,50 4,34 1,2

4 0 -4 20,52 4,33 5,6

4 0 -4 20,57 4,33 2,8

3 1 -4 20,62 4,30 4,9

4 2 -1 20,65 4,30 3,0 20,65 4,30 14,6
3 1 -4 20,67 4,30 2,5

4 2 -1 20,70 4,30 15

5 1 -1 21,20 4,19 1,1

5 1 -3 21,22 4,18 1,3

0 2 3 21,47 4,15 0,2 21,50 4,13 22,6
1 1 -4 21,59 4,11 13,9

1 1 -4 21,65 4,11 6,9

4 2 3 21,86 4,06 0,8 21,85 4,07 53
2 2 2 21,95 4,05 4.5

2 2 2 22,01 4,05 2,2

4 2 0 22,27 3,99 2,4

4 2 0 22,33 3,99 1,2 22,30 3,99 19,5
31 2 22,36 3,97 3,7

3 1 2 22,42 3,97 19

0 0 4 22,42 3,96 7,8

0 0 4 22,48 3,96 3,9

3 3 -1 23,09 3,85 6,1

3 3 -1 23,15 3,85 3,1

6 0 -2 23,35 3,81 10,2 23,31 3,82 13,4
5 1 -4 23,37 3,80 1,4

6 0 -2 23,41 3,81 5,1

3 3 -2 23,51 3,78 2,8

3 3 -2 23,56 3,78 1,4

3 3 0 24,03 3,70 7,0 23,82 3,74 9,5
3 3 0 24,09 3,70 3,5 24,05 3,70 5,6
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Table C.1 continued from previous page

362

Simulated Experimental

h k | 206 (deg) d(A) Irel (%) 20 (deg) d (A) Irel (%)
1 3 2 24,37 3,65 1,8

6 0 -4 24,96 3,56 7,7

6 0 -4 25,02 3,56 3,8

3 3 -3 25,22 3,53 1,7 25,23 3,53 8,2
0 2 4 26,12 3,41 1,8 26,05 3,42 2,9
3 3 1 26,20 3,40 4,9

3 3 1 26,26 3,40 2,4

2 4 -1 27,78 3,21 3,7

2 4 -1 27,85 3,21 1,8 27,81 3,21 19,8
5 3 -2 27,87 3,20 2,7

5 3 -2 27,94 3,20 1,3

2 0 4 28,09 3,17 1,9

2 4 0 28,12 3,17 2,9

2 4 0 28,19 3,17 1.4

6 2 -4 28,35 3,15 1,0

7 1 -2 28,37 3,14 1,6

5 3 -1 28,44 3,14 4,0

5 3 -3 28,45 3,13 1,9

5 3 -1 28,51 3,14 2,0

2 4 -2 28,58 3,12 1,4

7 1 -4 28,84 3,09 7,9 28,77 3,10 12,4
7 1 -4 28,91 3,09 3,9

3 3 2 29,33 3,04 3,3 29,14 3,07 18,7
3 3 2 29,40 3,04 1,6

2 4 1 29,58 3,02 9,1 29,57 3,02 8,9
2 4 1 29,65 3,02 4.5

6 2 0 30,09 2,97 3,8

5 3 0 30,09 2,97 5,4

5 3 -4 30,12 2,96 2,0

6 2 0 30,16 2,97 1,9

5 3 0 30,17 2,97 2,7

2 4 3 30,45 2,93 2,5

2 4 -3 30,53 2,93 1,2

6 0 -6 30,99 2,88 1,8

0 4 3 31,63 2,83 3,0 31,59 2,83 10,2
0 4 3 31,71 2,83 15

2 4 2 32,01 2,79 3,1



Table C.1 continued from previous page

Simulated Experimental

h k | 206 (deg) d(A) Irel (%) 20 (deg) d (A) Irel (%)
2 4 2 32,09 2,79 1,6

7 1 0 32,21 2,78 3,1

7 1 0 32,29 2,78 15

1 1 -6 32,56 2,75 1,7

5 3 1 32,69 2,74 6,1

5 3 -5 32,73 2,73 1,1

5 3 1 32,77 2,74 3,0

7 1 -6 33,47 2,68 12,0

7 1 -6 33,55 2,68 6,0

1 5 0 33,76 2,65 1,1 33,71 2,66 20,0
6 2 -6 33,82 2,65 3,7

6 2 -6 33,90 2,65 19

0 0 6 33,91 2,64 11

7 3 -3 33,94 2,64 2,2

8 2 -3 34,00 2,63 1,1

7 3 -3 34,02 2,64 1,1

7 3 -2 34,22 2,62 1,0 34,22 2,62 7,2
4 4 1 34,30 2,61 4,6

8 2 -4 34,30 2,61 1,2

4 4 1 34,39 2,61 2,3

7 3 -4 34,62 2,59 0,0 34,59 2,59 3,9
1 5 1 34,63 2,59 1,2

8 0 -6 35,08 2,56 2,4

8 0 -6 35,17 2,56 1,2

2 4 3 35,23 2,55 9,3

2 4 3 35,32 2,55 4,6

7 3 -1 35,44 2,53 1,6

8 2 -5 35,54 2,52 1,1

9 1 -4 35,91 2,50 0,8 35,96 2,50 17,6
5 3 2 36,04 2,49 6,8

5 3 -6 36,09 2,49 2,2

5 3 2 36,13 2,49 3,4

5 3 -6 36,18 2,49 1,1

4 4 -5 36,66 2,45 0,4

2 4 5 36,73 2,45 2,3 36,67 2,45 8,7
6 2 2 36,76 2,44 2,3

2 4 5 36,82 2,45 1,1
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Table C.1 continued from previous page

Simulated Experimental

h k | 206 (deg) d(A) Irel (%) 20 (deg) d (A) Irel (%)
6 2 2 36,85 2,44 1,1

4 4 2 37,17 2,42 2,1

4 4 2 37,26 2,42 1,0

3 5 1 37,79 2,38 0,2 37,78 2,38 1,0
7 3 -6 38,73 2,33 0,0 38,73 2,33 8,4
0 4 5 39,12 2,30 2,5 39,11 2,30 10,3
0 4 5 39,22 2,30 1,2

10 0 -4 39,24 2,29 1,0

7 1 2 39,25 2,29 3,3

5 5 -1 39,35 2,29 15

7 1 2 39,35 2,29 1,6

5 5 -3 39,36 2,29 15

5 3 3 39,99 2,25 2,5
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D.1 Isolated Compounds

D.1 Isolated Compounds

| SDA A N

Figure D.1: Kubelka-Monk representation of SDA A and its sigmoidal fit (see Equation D.1)

0,39709 — 19, 79766

Energy—5,69036
1 +exp ( 0,09036 )

F (R) = 19, 79766 +

(D.1)

Table D.1: Optical band gap, direct and indirect, of SDA A

Optical band gap (eV)
Direct 57
Indirect 53
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Appendix D. Optical Band Gap Determination

A T T T T T T T TT 3
SDA B
| s o
;
.
!
1
|- ! -
1]
H
{
— { ]
o «
= ‘
H
i
|
!
L ' ]
3
L ,: B
"IIIIlIII\lIIIIlIII\IIII|IIII\III|IIII\\\IIlIIII\\\\IlIIII\\\\llllll\\\\
3 32 34 36 38 4 4.2 44 46 4.8 5 52 54 56 538 6
Energy (&V)

Figure D.2: Kubelka-Monk representation of SDA B and its sigmoidal fit (see Equation D.2)

1,49419 — 14,4664
,49419 ,46649 (D.2)

Energy—4,36953
1+exp ( 0,09036 )

F (R) = 14, 46649 +

Table D.2: Optical band gap, direct and indirect, of SDA B

Optical band gap (eV)
Direct 4,4
Indirect 4,2
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D.1 Isolated Compounds

B SDA C 1

Figure D.3: Kubelka-Monk representation of SDA C and its sigmoidal fit (see Equation D.3)

0,04039 — 8, 32696
1 4 exp (Energy74705275)

F (R) = 8,32696 + (D.3)

0,07163

Table D.3: Optical band gap, direct and indirect, of SDA C

Optical band gap (eV)
Direct 4,0
Indirect 3,7
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Appendix D. Optical Band Gap Determination

SDAD

F(R)

Figure D.4: Kubelka-Monk representation of SDA D and its sigmoidal fit (see Equation D.4)

0,04709 — 8, 85637 (D.4)

Energy—4,35397
L+ exp < 0,04461 )

F (R) = 8,85637 +

Table D.4: Optical band gap, direct and indirect, of SDA D

Optical band gap (eV)
Direct 4,3
Indirect 4,2
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D.1 Isolated Compounds

L SDAE i

-
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Energy (&V)

Figure D.5: Kubelka-Monk representation of SDA E and its sigmoidal fit (see Equation D.5)

0, 35288 — 2, 56958

Energy—3,58089
L+ exp ( 0,06569 )

F (R) = 2,56958 + (D.5)

Table D.5: Optical band gap, direct and indirect, of SDA E

Optical band gap (eV)
Direct 3,6
Indirect 3,3
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Ru Complex |

F(R)

Ll 1 L L T T T N T R N A L L1 L L1 L1
1.8 2 22 24 2.6 2.8 3 32 3.4 36 38 4
Energy (&V)

Figure D.6: Kubelka-Monk representation of Ru complex and its sigmoidal fit (see Equation D.6)

0,1938 — 5, 24841
’ ’ (D.6)

Energy—1,84056
L+ exp ( 0,05353 )

F (R) = 5,24841 +

Table D.6: Optical band gap, direct and indirect, of Ru Complex

Optical band gap (eV)
Direct 1,8
Indirect 1,6
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D.2 1ZM-5 & ITQ-76

D.2

IZM-5 & ITQ-76

D.2.1 Undopped

— |ZM-5 with Zinc

I O T N T N O O R T 0 0 R I T I I A A A A I
22 23 %4 25 26 27 28 29 3 31 32 33 34 .35 36 30 38 30 4
Energy (eV)

Figure D.7: Kubelka-Monk representation of IZM-5 with zinc and its sigmoidal fit (see Equations

D.9 and D.8)
0, 75663 — 6,19098

Energy—3,14656
L+ exp ( 0,09932 )

F (R), = 6,19098 +

4,65984 — 11,5635

Energy—3,59799
L+ exp ( 0,14394 )

F (R),, = 11,5635 +

Table D.7: Optical band gap, direct and indirect, of IZM-5 with zinc

Optical band gap (eV)

Transition |  Transition |l
Direct 3,1 3,6
Indirect 2,7 3,0

(D.7)

(D.8)
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Appendix D. Optical Band Gap Determination

—— Structure without Zinc

F(R)

22 23 24 25 26 27 28 29 3 31 32 33 34 35 36 37 38 39 4
Energy (eV)

Figure D.8: Kubelka-Monk representation of IZM-5 without zinc and its sigmoidal fit (see Equa-
tion D.9)

0,00856 — 5,67209

Energy—3,41418
1+ exp ( 0,12847 )

F (R) = 5,67209 +

Table D.8: Optical band gap, direct and indirect, of IZM-5 without zinc

Optical band gap (eV)
Direct 3,4
Indirect 2,9
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D.2 1ZM-5 & ITQ-76

D.2.2 Dopped with Se

RN Rama

—0.03% Se

I T Y B B I N A
32 34 36 38 4 4.2
Energy (V)

TSI T I T N A B S I 1
22 24 26 28 3

RN R TN
44 46 48 5

Figure D.9: Kubelka-Monk representation of 1ZM-5 dopped with 0,03% Se and its sigmoidal fit

(see Equation D.10)

0,08571 — 14, 06381
’ ’ (D.10)

Energy—3,57745
1 + eXp ( 0,23032 )

F (R) = 14, 06381 +

Table D.9: Optical band gap, direct and indirect, of IZM-5 dopped with 0,03% Se

Optical band gap (eV)

Direct 3,5
2,6

Indirect
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Appendix D. Optical Band Gap Determination

T
—0.2% Se

caon v bbb | I N L1 L1
32 34 36 38 4 42 44 46 438 5
Energy (V)

Figure D.10: Kubelka-Monk representation of IZM-5 dopped with 0,2% Se and its sigmoidal fit
(see Equation D.11)

—0,00697 — 11, 81858 (D.11)

Energy—3,43705
L+ exp ( 0,25523 )

F (R) = 11,81858 +

Table D.10: Optical band gap, direct and indirect, of IZM-5 dopped with 0,2% Se

Optical band gap (eV)
34
2,4

Direct

Indirect
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D.2 1ZM-5 & ITQ-76

F(R)

Ll
4 42 44 46 438 5

T T T I I I A O O I
32 34 36 38
Energy (eV)

Figure D.11: Kubelka-Monk representation of IZM-5 dopped with 0,4% Se and its sigmoidal fit

(see Equation D.12)

0,10298 — 9,87553
’ ’ (D.12)

Energy—2,9852
1 + eXp ( 0,25968 )

F (R) =9,87553 +

Table D.11: Optical band gap, direct and indirect, of IZM-5 dopped with 0,4% Se

Optical band gap (eV)

Direct 2,9
1,9

Indirect
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D.2.3 Dopped with Cu

—0.03% Cu

F(R)

TN I T T I I N T B A
32 34 36 38 4 42
Energy (&V)

TR NN AT SN W
24 26 238 3 44 46 48 5

16 18 2 22

Figure D.12: Kubelka-Monk representation of ITQ-76 dopped with 0,03% Cu and its sigmoidal
fit (see Equation D.13)
—0,05701 — 1,62329
’ ’ (D.13)

Energy—2,52079
L+ exp ( 0,25964 )

F (R) = 1,62329 +

Table D.12: Optical band gap, direct and indirect, of ITQ-76 dopped with 0,03% Cu

Optical band gap (eV)

Direct 2,4
1,4

Indirect
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D.2 1ZM-5 & ITQ-76

=—0.1% Cu

L Lol
3 31 32 33 34

16 L7 18 19 2 21 22 23 24 25 26 27 28 29
Energy (eV)
Figure D.13: Kubelka-Monk representation of ITQ-76 dopped with 0,1% Cu and its sigmoidal

fit (see Equation D.14)

0,17507 — 3,67256 (D.14)

Energy—2,23403
L+ exp ( 0,23001 )

F (R) = 3,67256 +

Table D.13: Optical band gap, direct and indirect, of ITQ-76 dopped with 0,1% Cu

Optical band gap (eV)
2,2
1,2

Direct
Indirect
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Appendix D. Optical Band Gap Determination

—0.2% Cu

F(R)

L
28 29 3 31 32 33 34

22 23 24 25 26 27
Energy (V)

16 17 18 19 2 21
Figure D.14: Kubelka-Monk representation of ITQ-76 dopped with 0,2% Cu and its sigmoidal
fit (see Equation D.15)

0, 84881 — 4, 78602
! ’ (D.15)

Energy—2,30789
1+exp ( 0,29664 )

F (R) = 4, 78602 +

Table D.14: Optical band gap, direct and indirect, of ITQ-76 dopped with 0,2% Cu

Optical band gap (eV)
2,2
1,0

Direct
Indirect
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D.2 1ZM-5 & ITQ-76

D.2.4 Dopped with Fe

— 0.02% Fe

F(R)

NN NN |
3 31 32 33 34

S0 T T I R N I N I O 0 0 B A A
16 17 18 19 2 21 22 23 24 25 26 27 28 29
Energy (eV)

Figure D.15: Kubelka-Monk representation of ITQ-76 dopped with 0,02% Fe and its sigmoidal
fit (see Equation D.16)
0,22851 — 4, 5992
(D.16)

Energy—2,13923
1+ exp ( 0,29787 )

F (R) = 4,5992 +

Table D.15: Optical band gap, direct and indirect, of ITQ-76 dopped with 0,02% Fe

Optical band gap (eV)

Direct 2,0
0,9

Indirect
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Appendix D. Optical Band Gap Determination

— 0.05% Fe

Energy (eV)

1.4 1.6 18 2 2.2 2.4

26

2.8

Figure D.16: Kubelka-Monk representation of ITQ-76 dopped with 0,05% Fe

0.1% Fe

F(R)

Energy (eV)

14 1.6 18 2 22 2.4

2.6

28

3.2

3.4

Figure D.17: Kubelka-Monk representation of ITQ-76 dopped with 0,1% Fe
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D.2 1ZM-5 & ITQ-76

D.2.5 Dopped with Ni

— .02 %Ni

4.4

3.6 3.8 4 4.2

T T T B
3 3.2 3.4
Energy (V)

Figure D.18: Kubelka-Monk representation of 1ZM-5 dopped with 0,02% Ni and its sigmoidal
fit (see Equation D.17)

1,24149 — 7,6819
’ ’ (D.l?)

Energy—3,12932
1+ exp ( 0,30874 )

F (R) =7,6819 +

Table D.16: Optical band gap, direct and indirect, of IZM-5 dopped with 0,02% Ni

Optical band gap (eV)

Direct 3,0
1,8

Indirect
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Appendix D. Optical Band Gap Determination

0.05 %Ni

F(R)

Figure D.19: Kubelka-Monk representation of 1ZM-5 dopped with 0,05% Ni and its sigmoidal
fit (see Equation D.18)

1,9156 — 4
,9156 — 6,89749 (D.18)

Energy—3,44017
L+ exp ( 0,14594 )

F (R) = 6,89749 +

Table D.17: Optical band gap, direct and indirect, of IZM-5 dopped with 0,05% Ni

Optical band gap (eV)

Direct 3,3
Indirect 2,8
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D.2 1ZM-5 & ITQ-76

—0.1 %Ni

Figure D.20: Kubelka-Monk representation of IZM-5 dopped with 0,1% Ni and its sigmoidal fit

(see Equation D.19)

3,08984 — 6,5123
’ ’ (D.19)

Energy—3,35732
1+exp ( 0,19402 )

F (R) = 6,5123 +

Table D.18: Optical band gap, direct and indirect, of IZM-5 dopped with 0,1% Ni

Optical band gap (eV)
3,2
2,5

Direct

Indirect
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D.2.6 Dopped with Co

0.01% Co

-

-
"
=~
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Energy (eV)

Figure D.21: Kubelka-Monk representation of ITQ-76 dopped with 0,01% Co and its sigmoidal
fit (see Equation D.20)
0,83120 — 2,31601

Energy—2,06221
1+exp < 0,1878 )

(D.20)

F (R) = 2,31601 +

Table D.19: Optical band gap, direct and indirect, of ITQ-76 dopped with 0,01% Co

Optical band gap (eV)
Direct 2,0
Indirect 1,3
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D.2 1ZM-5 & ITQ-76
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Figure D.22: Kubelka-Monk representation of ITQ-76 dopped with 0,05% Co

T EmEa T T T T T T
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o
= L i
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Figure D.23: Kubelka-Monk representation of ITQ-76 dopped with 0,1% Co
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D.2.7 Insertion of Ru-Complex

T
—— Ru-complex/SDA A - 0.1

F(R)

T ETEES AR RET RATRR R
5 52 54 56 58 6

sl b b b b b b b s b b e b i
16 18 2 22 24 26 28 3 32 34 36 38 4 4.
Energy (eV)

! T RTEER AT
4.4 46 4.

Figure D.24: Kubelka-Monk representation of ITQ-76 with Ru-complex/SDA A - 0,1 and its

sigmoidal fit (see Equations D.21 and D.22)
0,42414 — 3,61636
! ! (D.21)

Energy—2,09826>

1 +exp ( 0,209

F (R), = 3,61636 +

2,80985 — 12, 32884
: : (D.22)

Energy—3,66422
L+ exp ( 0,3857 )

F (R),, = 12,32884 +

Table D.20: Optical band gap, direct and indirect, of ITQ-76 with Ru-complex/SDA A - 0,1

Optical band gap (eV)

Transition I  Transition |l
Direct 2,0 3,4
Indirect 1,2 2,0
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D.2 1ZM-5 & ITQ-76

o 0 L et e e

—— Ru-complex /SDA A - 0.01

Ll Ll Ll
16 18 2 22 24 26 28 3 32 34 36 38 4 4.2
Energy (€V)

RN TR
44 46 48 5

Figure D.25: Kubelka-Monk representation of ITQ-76 with Ru-complex/SDA A - 0,01 and its
sigmoidal fit (see Equations D.23 and D.24)

0,5389 — 2,017
’ ’ (D.23)

Energy—1,9916
1+exp ( 0,1745 )

F (R), =2,017 +

1 _
,943 — 7, 6364 (D.24)

Energy—3,4585
1+ exp < 0,1449 )

F (R),, = 7,6364 +

Table D.21: Optical band gap, direct and indirect, of ITQ-76 with Ru-complex/SDA A - 0,01

Optical band gap (eV)
Transition |  Transition |l

Direct 1,9 3,4
Indirect 1,2 2,8
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D.3 ITQ-75

D.3.1 Undopped

[T T T T T T
ITQ-75 (B) W
---------------
o
= o i
< -
T -
|- "‘. -
,'
’.
|- "’ -
L
gEmmmmm o TEmTEmmTETEmmE AT
- o~ -
ﬁk‘-q.
L L 1
—"’
LI T T T Y T T N T T N I T T YT T N T T N T S T I T N A T Y B R
1.6 1.8 2 22 2.4 26 2.8 3 32 3.4 3.6 3.8 4
Energy (V)

Figure D.26: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA, and
its sigmoidal fit (see Equations D.25 and D.26)

0,01939 — 2,49866

F (R), = 2,49866 -+ (D.25)
1 + exp (Energg)?/1—4379234007)
0,83898 — 5, 8462
F (R),, = 5,8462 + — ’ (D.26)

Energy—2,73092
1+exp ( 0,22951 )
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D.3 ITQ-75

Table D.22: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound B as
SDA

Optical band gap (eV)
Transition |  Transition |l

Direct 2,2 2,7
Indirect 1,6 1,7
| — s (©) |

F(R)

. P T S B T T ST A ST S SA T  S MTE B AR
16 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 38 4

Energy (&V)

Figure D.27: Kubelka-Monk representation of ITQ-75, obtained with Compound C as SDA, and
its sigmoidal fit (see Equation D.27)

—0,25359 — 4,538

F(R) =4,538 + Energy—2,31199
1 +exp 0,28248

(D.27)
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Table D.23: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound C as
SDA

Optical band gap (eV)
Direct 2,2
Indirect 1,1

—ITQ-75 (D)

F(R)

L T T T Y NI
16 1.8 2 22 24 26 2.8 3 32 34 36 3.8 4
Energy (V)

Figure D.28: Kubelka-Monk representation of ITQ-75, obtained with Compound D as SDA, and
its sigmoidal fit (see Equation D.28)

—0,15475 — 3,93786
1+ exp <Energy—2,58441)

F (R) = 3,93786 + (D.28)

0,31226
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D.3 ITQ-75

Table D.24: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound D as
SDA

Optical band gap (eV)
Direct 2,5
Indirect 1,2

| —ITQ-75 ()

. P T S T S T T A TS A S S BT MR
1.6 1.8 2 22 2.4 26 2.8 3 3.2 34 3.6 3.8 4

Energy (éV)

Figure D.29: Kubelka-Monk representation of ITQ-75, obtained with Compound E as SDA, and
its sigmoidal fit (see Equation D.29)

0,13158 — 3,27335
1+ exp (Energyf2,19094)

F (R) = 3,27335 + (D.29)

—0,17748
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Appendix D. Optical Band Gap Determination

Table D.25: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound E as
SDA

Optical band gap (eV)
Direct 2,2
Indirect 3,0

D.3.2 Dopped with Se

L L L B S R N R I ]

—ITQ-75 (B) 0.1% Se

F(R)

T T T T T T T N T A A A I T T T O I T
16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 46 48 5
Energy (&V)

Figure D.30: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA,
dopped with 0,1% Se and its sigmoidal fit (see Equation D.30)

0,16716 — 2,85198

Energy—2,14655
L +exp < 0,12021 )

F (R) = 2,85198 + (D.30)
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D.3 ITQ-75

Table D.26: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound B as

SDA dopped with 0,1% Se

Optical band gap (eV)
Direct 2,1
Indirect 1,6

| —ITQ-75 (B) 0.2% Se

F(R)

Energy (V)

T I R TN T T Y B B I A A
le 18 2 22 24 26 28 3 32 34 36 38 4 42

RN RS R
44 46 48 5

Figure D.31: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA,

dopped with 0,2% Se and its sigmoidal fit (see Equation D.31)

0,08788 — 5,07402

F (R) = 5,07402 +

0,14379

1+ exp (Energy—2,22969

(D.31)

)
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Appendix D. Optical Band Gap Determination

Table D.27: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound B as

SDA dopped with 0,2% Se

Optical band gap (eV)
2,2
1,6

Direct

Indirect

= ITQ-75 (C) 0.1% Se

I T T A O O O A O T
32 34 36 38 4 42 44 46 48 5

Energy (V)

Figure D.32: Kubelka-Monk representation of ITQ-75, obtained with Compound C as SDA,
dopped with 0,1% Se and its sigmoidal fit (see Equation D.32)

1619 — 42
0,01619 — 5, 35423 (D.32)

Energy—2,85737
1+ exp ( 0,30305 )

F (R) = 5,35423 +
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D.3 ITQ-75

Table D.28: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound C as

SDA dopped with 0,1% Se

Optical band gap (eV)

Direct 2,8
1,6

Indirect

| —ITQ-75 (C) 0.2% Se

F(R)

Ll
44 46 438 5

T RN TR TR
3 32 34 36 38 4 42
Energy (&V)

Figure D.33: Kubelka-Monk representation of ITQ-75, obtained with Compound C as SDA,

dopped with 0,2% Se and its sigmoidal fit (see Equation D.33)

0,05415 — 4, 98347

F (R) = 4,98347 +

Energy—2,84316
L+ exp ( 0,31138

(D.33)
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Appendix D. Optical Band Gap Determination

Table D.29: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound C as
SDA dopped with 0,2% Se

Optical band gap (eV)
Direct 2,7
Indirect 1,5

D.3.3 Dopped with Cu

- ITQ-75 (B) 0.05% Cu R

----

F(R)

Ll
16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 46 438 5
Energy (&V)

Figure D.34: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA,
dopped with 0,05% Cu and its sigmoidal fit (see Equation D.34)

0,3919 — 11, 7864

Energy—2,10825
1+exp < 0,17982 )

F (R) = 11,7864 + (D.34)
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D.3 ITQ-75

Table D.30: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound B as
SDA dopped with 0,05% Cu

Optical band gap (eV)
Direct 2,1
Indirect 1,3

ITQ-75 (B) 0.1% Cu

F(R)

-~

-

T T N T T T T T S T T I R N I B O 0 O
16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 46 48 5
Energy (&V)

Figure D.35: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA,
dopped with 0,1% Cu and its sigmoidal fit (see Equation D.35)

0,9398 — 9, 20628
1 4 exp (Energy—2,13198)

F (R) = 9,20628 + (D.35)

0,16356
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Appendix D. Optical Band Gap Determination

Table D.31: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound B as
SDA dopped with 0,1% Cu

Optical band gap (eV)
Direct 2,1
Indirect 1.4

ITQ-75 (B) 0.2% Cu

Y

—

L
16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 46 438 5
Energy (V)

Figure D.36: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA,
dopped with 0,2% Cu and its sigmoidal fit (see Equation D.36)

5,67627 — 1,4876

Energy—2,21876
1+exp ( —0,1949 )

F (R) = 1,4876 + (D.36)
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D.3 ITQ-75

Table D.32: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound B as
SDA dopped with 0,2% Cu

Optical band gap (eV)
Direct 2,3
Indirect 3,1

— 1 TQ-75 (C) 0.05 %Cu

1.6 1.8 2 22 24 26 28 3 32 34 36 38 4 42 4.4
Energy (&V)

Figure D.37: Kubelka-Monk representation of ITQ-75, obtained with Compound C as SDA,
dopped with 0,05% Cu and its sigmoidal fit (see Equation D.37)

0,19012 — 2,00636
1+ exp (Energy—2,00636)

F (R) = 2,00636 + (D.37)

0,1545
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Appendix D. Optical Band Gap Determination

Table D.33: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound C as
SDA dopped with 0,05% Cu

Optical band gap (eV)
Direct 2,0
Indirect 1,3

—1TQ-75 (C) 0.1 %Cu

1.6 1.8 2 22 24 26 28 3 32 34 36 38 4 42 44
Energy (eV)

Figure D.38: Kubelka-Monk representation of ITQ-75, obtained with Compound C as SDA,
dopped with 0,1% Cu and its sigmoidal fit (see Equation D.38)

0,08495 — 4, 66552

Energy—2,12744
L+ exp ( 0,31736 )

F (R) = 4,66552 + (D.38)
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D.3 ITQ-75

Table D.34: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound C as
SDA dopped with 0,1% Cu

Optical band gap (eV)
Direct 2,0
Indirect 0,8

—1TQ-75 (C) 0.2 %Cu

T T I A T O A A AN S A ST A A TN AV A SN A AN O S ANANAN AVANA T AR AN B
16 1.8 2 22 24 26 28 3 32 34 36 38 4 42 44

Energy (&V)

Figure D.39: Kubelka-Monk representation of ITQ-75, obtained with Compound C as SDA,
dopped with 0,2% Cu and its sigmoidal fit (see Equation D.39)

2,98496 — 9, 38063

Energy—2,05171 )

(D.39)
L +exp ( 0,30019

F (R) = 9,38063 +
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Appendix D. Optical Band Gap Determination

Table D.35: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound C as
SDA dopped with 0,2% Cu

Optical band gap (eV)
Direct 2,0
Indirect 0,7

D.3.4 Dopped with Fe

ITQ-75 (B) 0.05% Fe

F(R)

-~

&=
P

Lil il
16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 46 438 5
Energy (&V)

Figure D.40: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA,
dopped with 0,05% Fe and its sigmoidal fit (see Equation D.40)

6,73288 — 2, 33636

F (R) =2,33636 + Energy—2,11405
1+ exp 0,124

(D.40)
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D.3 ITQ-75

Table D.36: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound B as
SDA dopped with 0,05% Fe

Optical band gap (eV)
Direct 2,1
Indirect 1,6

ITQ-75 (B) 0.1% Fe

F(R)

I T N T T B T A T I T Y B A A
16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 46 48 5
Energy (V)

Figure D.41: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA,
dopped with 0,1% Fe and its sigmoidal fit (see Equation D.41)

5,80621 — 2, 54015

Energy—2,12768
1+exp ( 0,16059 )

F (R) = 2,54015 + (D.41)
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Appendix D. Optical Band Gap Determination

Table D.37: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound B as
SDA dopped with 0,1% Fe

Optical band gap (eV)
Direct 2,1
Indirect 14

— ITQ-75 (B) 0.2% Fe

F(R)

L TR
16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 46 438 5
Energy (&V)

Figure D.42: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA,
dopped with 0,2% Fe and its sigmoidal fit (see Equation D.42)

2,87855 — 5,99657

Energy—2,13567
1+ exp ( 0,13068 )

F (R) = 5,99657 + (D.42)
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D.3 ITQ-75

Table D.38: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound B as

SDA dopped with 0,2% Fe

Optical band gap (eV)
2,1
1,6

Direct
Indirect

—ITQ-75 (C) 0.05% Fe

F(R)

L e b
16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 46 48 5
Energy (€V)

Figure D.43: Kubelka-Monk representation of ITQ-75, obtained with Compound C as SDA,

dopped with 0,05% Fe
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Appendix D. Optical Band Gap Determination

ITQ75 (C) 0.1% Fe

L
16 138 2 22 24 26 238 3 32 34 36 38 4 42 44 46 438 5
Energy (&V)

Figure D.44: Kubelka-Monk representation of ITQ-75, obtained with Compound C as SDA,
dopped with 0,1% Fe and its sigmoidal fit (see Equation D.43)

0,96235 — 5, 59681

Energy—3,15414)

L +exp < 0,28626

F (R) = 5,59681 + (D.43)

Table D.39: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound C as
SDA dopped with 0,1% Fe

Optical band gap (eV)
Direct 3,1
Indirect 19
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D.3 ITQ-75

T
— ITQ-75 (C) 0.2% Fe

F(R)

4.8 5

R N TR AN
32 34 36 38 4 42 44 46

Energy (V)

Figure D.45: Kubelka-Monk representation of ITQ-75, obtained with Compound C as SDA
dopped with 0,2% Fe and its sigmoidal fit (see Equation D.44)

— 14 4
8,03965 — 14,2613 (D.44)

Energy—1,96863
1+ exp ( 0,10533 )

F (R) = 14,26134 +

Table D.40: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound C as

SDA dopped with 0,2% Fe

Optical band gap (eV)
19
15

Direct

Indirect
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D.3.5 Dopped with Ni

= ITQ-75 (B) 0.05% Ni

I T T O A O B A O L T
32 34 36 38 4 42 44 46 48 5

Energy (V)

Figure D.46: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA,
dopped with 0,05% Ni and its sigmoidal fit (see Equation D.45)

0,81098 — 4, 31648
’ ’ (D.45)

Energy—2,17385
L+ exp ( 0,12564 )

F (R) = 4,31648 +

Table D.41: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound B as

SDA dopped with 0,05% Ni

Optical band gap (eV)
2,1
1.6

Direct

Indirect
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D.3 ITQ-75

ITQ-75 (B) 0.1% Ni

F(R)

-

T AR T
16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 46 438 5
Energy (V)

Figure D.47: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA,
dopped with 0,1% Ni and its sigmoidal fit (see Equation D.46)

0,56916 — 3, 39357

Energy—2,21545
L+ exp ( 0,13555 )

F (R) = 3,39357 + (D.46)

Table D.42: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound B as
SDA dopped with 0,1% Ni

Optical band gap (eV)
Direct 2,2
Indirect 1,6
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| —ITQ-75 (B) 0.2% Ni i

L I T T T T T T 0 A O A B A A T Ll L
16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 46 438 5
Energy (V)

Figure D.48: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA,
dopped with 0,2% Ni and its sigmoidal fit (see Equation D.47)

0,31278 — 3, 3938

Energy—2,21005
1+ exp ( 0,18511 )

(D.47)

F (R) = 3,3938 +

Table D.43: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound B as
SDA dopped with 0,2% Ni

Optical band gap (eV)
Direct 2,2
Indirect 1,4
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D.3 ITQ-75

e
— ITQ-75 (C) 0.05% Ni

F(R)

L T A A A
4 42 44 46 48 5

I I A B B T
32 34 36 38
Energy (eV)

Figure D.49: Kubelka-Monk representation of ITQ-75, obtained with Compound C as SDA,
dopped with 0,05% Ni and its sigmoidal fit (see Equation D.48)

2685 — 81
0,2685 — 5, 36819 (D.48)

Energy—2,81616
L+ exp ( 0,29709 )

F (R) = 5,36819 +

Table D.44: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound C as
SDA dopped with 0,05% Ni

Optical band gap (eV)

Direct 2,7
15

Indirect
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L e R L R R R R AR R R R A Ra
ITQ-75 (C) 0.1% Ni

e

T A B R T I B A A A I A T I S A N
16 18 2 22 24 26 238 3 32 34 36 38 4 42 44 46 43 5
Energy (V)

Figure D.50: Kubelka-Monk representation of ITQ-75, obtained with Compound C as SDA,
dopped with 0,1% Ni and its sigmoidal fit (see Equation D.49)

0,54243 — 5,13549
1 + exp (Energy72,92955)

F (R) = 5,13549 + (D.49)

0,29198

Table D.45: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound C as
SDA dopped with 0,1% Ni

Optical band gap (eV)
Direct 2,8
Indirect 1,7
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D.3 ITQ-75

R
—ITQ-75 (C) 0.2% Ni

F(R)

RN E TR RN R R
32 34 36 38 4 4.2

Energy (&V)

Lol b b
. . 24 26 28 3

IR TR
44 46 48 5

Figure D.51: Kubelka-Monk representation of ITQ-75, obtained with Compound C as SDA,
dopped with 0,2% Ni and its sigmoidal fit (see Equations D.50 and D.51)

1—1,72392
0,6657 , 7239 (D.50)

Energy—1,99661
1+ exp ( 0,14093 )

F (R), = 1,72392 +

1,43078 — 4, 44773
’ ’ (D.51)

Energy—2,845
L+ exp ( 0,19431 )

F (R),, = 4,44773 +

Table D.46: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound C as
SDA dopped with 0,2% Ni

Optical band gap (eV)
Transition |  Transition |l

1,7

Direct 2,0
Indirect 2.8 2,0
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D.3.6 Dopped with Co
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Figure D.52: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA,
dopped with 0,05% Co and its sigmoidal fit (see Equations D.52 and D.53)

0,80954 — 5, 17893

F (R), = 5,17893 + (D.52)
I 1 + exp (Ener(iylflg%185681>
4,86748 — 8,59307
F (R),, = 8,59307 + — ’ (D.53)

Energy—3,23564
1+exp < 0,19053 )

Table D.47: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound B as
SDA dopped with 0,05% Co

Optical band gap (eV)
Transition I  Transition |l

Direct 2,1 1,6
Indirect 3,2 2,4
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D.3 ITQ-75

— ITQ-75 (B) 0.1% Co

F(R)

s by b b v b v b b br v by r e b brvr e b b b b v rr b brr v b
16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 46 48 5
Energy (&V)

Figure D.53: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA,
dopped with 0,1% Co
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—ITQ-75 (B) 0.2% Co

L
4 42 44 46 48 5

11 L1l 11 11 Il | 11
16 18 2 22 : 3 32 34 36 38
Energy (V)

Figure D.54: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA,
dopped with 0,2% Co (see Equation D.54)

1,05076 — 5, 29337
’ ’ (D.54)

Energy—2,18198
1+exp ( 0,1321 )

F (R) = 5,29337 +

Table D.48: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound B as

SDA dopped with 0,2% Co

Optical band gap (eV)
2,1
1,6

Direct
Indirect
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D.3 ITQ-75

- ITQ-75 (C) 0.05% Co 1

F(R)

-

Ll TSI T I Y I N A B O B A A LT T T T T 0 T T I I A A
16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 46 48 5
Energy (&V)

Figure D.55: Kubelka-Monk representation of ITQ-75, obtained with Compound C as SDA,
dopped with 0,05% Co (see Equation D.55)

0,92738 — 2, 63406

F (R) = 2,63406 + Energy—2,1726
1+ exp 0,09774

(D.55)

Table D.49: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound C as
SDA dopped with 0,05% Co

Optical band gap (eV)
Direct 2,1
Indirect 1,8
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I ITQ-75 (C) 0.1% Co )

F(R)

16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 46 48 5
Energy (&V)

Figure D.56: Kubelka-Monk representation of ITQ-75, obtained with Compound C as SDA,
dopped with 0,1% Co
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D.3 ITQ-75

ITQ-75 (C) 0.2% Co

HR)
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Figure D.57: Kubelka-Monk representation of ITQ-75, obtained with Compound C as SDA,
dopped with 0,2% Co (see Equation D.56)

1,12825 — 2, 16471

Energy—2,14664
L+ exp ( 0,10048 )

F (R) = 2,16471 +

(D.56)

Table D.50: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound C as
SDA dopped with 0,2% Co

Optical band gap (eV)
Direct 2,1
Indirect 1,7
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Appendix D. Optical Band Gap Determination

D.3.7 Saccharide Presence

—I1TQ-75 (B) Fructose/SDA B - 1

PRI I N A T A AN SIS S A ST AN ST A SN S RSN AV AV AVANA TSN AR AN B
16 1.8 2 22 24 26 28 3 32 34 36 38 4 42 44

Energy (eV)

Figure D.58: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA, with
Fructose/SDA B - 1 (see Equation D.57)

3,40134 — 10, 34464

Energy—1,92199
1 +exp ( 0,20833 )

F (R) = 10, 34464 + (D.57)

Table D.51: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound B as
SDA and with Fructose/SDA B - 1

Optical band gap (eV)
Direct 19
Indirect 1,0
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D.3 ITQ-75

—T T T T
ITQ-75 (C) Fructose/SDA C - 1 %

PR S S S S A S A S S A AN ST AR
1.6 1.8 2 2.2 2.4 26 2.8 3 3.2 34 36 38 4

Energy (eV)

Figure D.59: Kubelka-Monk representation of ITQ-75, obtained with Compound C as SDA, with
Fructose/SDA C - 1
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ITQ-75 (B) Sucrose/SDA B - 1

=SS T T T T T T T SN O O S B

P T T T I T L TR TR L1 TR
1.6 1.8 2 2.2 2.4 26 2.8 3 3.2 34 36 38 4
Energy (eV)

Figure D.60: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA, with
Sucrose/SDA B - 1
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D.3 ITQ-75

=== |TQ-75 (C) Sucrose/SDA C- 1 B

1.6 1.8 2 22 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8
Energy (eV)

Figure D.61: Kubelka-Monk representation of ITQ-75, obtained with Compound C as SDA, with
Sucrose/SDA B - 1
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D.3.8 Saccharide and Dopants Presence

— ITQ-75 (B) Fructose/SDA B - 1 0.1% Cu

1.6 1.8 2 22 24 26 28 3 32 34 36 38 4 42 44
Energy (V)

Figure D.62: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA, with
Fructose/SDA B - 1 and 0,1% Cu (see Equation D.58)

4,37027 — 14, 86887

Energy—1,94178
L+ exp ( 0,180404 >

F (R) = 14, 86887 + (D.58)

Table D.52: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound B as
SDA and with Fructose/SDA B - 1 and 0,1% Cu

Optical band gap (eV)
Direct 2,0
Indirect 0,9
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D.3 ITQ-75

T T T T T T
r ITQ-75 (B) Fructose/SDA B - 1 0.1% Co 1

L T I T S T N L L L T L
16 1.8 2 22 2.4 2.6 2.8 3 3.2 34 36 3.8 4
Energy (eV)

Figure D.63: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA, with
Fructose/SDA B - 1 and 0,1% Co (see Equation D.59)

1,04225 — 11, 08466

Energy—2,10395
1 +exp ( 0,28523 )

F (R) = 11,08466 + (D.59)

Table D.53: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound B as
SDA and with Fructose/SDA B - 1 and 0,1% Co

Optical band gap (eV)
Direct 1,9
Indirect 1.2
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D.3.9 Gel Viscosity Modification

ITQ-75 (B) EG/H,0 - 3

_____
-
-

-
-'--

L T I S T N L L L T L
1.6 1.8 2 22 2.4 2.6 2.8 3 3.2 34 36 38 4
Energy (eV)

Figure D.64: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA, with
EG/H,0 - 3 (see Equation D.60)

0,375 — 3,59944

Energy—2,14551
L+ exp < 0,12113 )

F (R) = 3,59944 + (D.60)

Table D.54: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound B as
SDA and with EG/H50 - 3

Optical band gap (eV)
Direct 2,1
Indirect 1,6
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D.3 ITQ-75

D.3.10 Saccharide Presence and Gel Viscosity Modification

— ITQ-75 (B) & EG/H,0 - 3 & Fructose/SDA B - 1

T T S S S S R R A R AR B P AR B AR R
1.6 1.8 2 2.2 2.4 26 28 3 3.2 34 3.6 38 4

Energy (eV)

Figure D.65: Kubelka-Monk representation of ITQ-75, obtained with Compound B as SDA, with
EG/H,0 - 3 and a Fructose/SDA B - 3 (see Equation D.61)

6,96961 — 31, 74717

F (R) = 6,96961 + Energy—3,2357
1 +exp ( 0,2063 )

(D.61)

Table D.55: Optical band gap, direct and indirect, of ITQ-75 obtained with Compound B as
SDA, with EG/H,0 - 3 and a Fructose/SDA B - 3

Optical band gap (eV)
Direct 3,1
Indirect 2,0
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E11ZM-5 & ITQ-76
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Figure E.2: TG and DTG of IZM-5 with a Fructose/SDA A molar ratio equal to 0,3
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Figure E.3: TG and DTG of ITQ-76 with a Fructose/SDA A molar ratio equal to 1
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Figure E.5: TG and DTG of ITQ-76 with a Sucrose/SDA A molar ratio equal to 0,3
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E.2 ITQ-75
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Figure E.9: TG and DTG of ITQ-75 obtained with Compound C as SDA
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Figure E.10: TG and DTG of ITQ-75 obtained with Compound D as SDA
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Figure E.14: TG and DTG of ITQ-75 with a Fructose/SDA B
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Figure E.21: TG and DTG of ITQ-75 with a Sucrose/SDA C molar ratio equal to 0,3
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Appendix F. FESEM Images and Crystal Size Determination

F.1 ITQ-75

F.1.1 Unmodified

Figure F.1: ITQ-75 FESEM images, obtained with Compound B as SDA
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Figure F.2: Crystal Size Distribution of ITQ-75 obtained with Compound B as SDA
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(d)
Figure F.3: ITQ-75 FESEM images, obtained with Compound C as SDA
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Figure F.4: Crystal Size Distribution of ITQ-75 obtained with Compound C as SDA
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Figure F.5: ITQ-75 FESEM images, obtained with Compound D as SDA
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Figure F.6: Crystal Size Distribution of ITQ-75 obtained with Compound D as SDA
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Figure F.7: ITQ-75 FESEM images, obtained with Compound E as SDA
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Figure F.8: Crystal Size Distribution of ITQ-75 obtained with Compound E as SDA
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F.1.2 Accessibility Modified Samples

Figure F.9: ITQ-75 FESEM images, obtained with Compound B as SDA, with a EG/H,0O molar
ratio equal to 3
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Figure F.10: Crystal Size Distribution of ITQ-75 obtained with Compound B as SDA and with
a EG/H,0 molar ratio equal to 3
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Figure F.11: ITQ-75 FESEM images, obtained with Compound B as SDA, with a Fructose/SDA
B molar ratio equal to 1
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Figure F.12: Crystal Size Distribution of ITQ-75 obtained with Compound B as SDA and with
a Fructose/SDA B molar ratio equal to 1
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Figure F.13: ITQ-75 FESEM images, obtained with Compound B as SDA, with a Fructose/SDA
B molar ratio equal to 1 and a EG/H,0 molar ratio equal to 3
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Figure F.14: Crystal Size Distribution of ITQ-75 obtained with Compound B as SDA and with
a Fructose/SDA B molar ratio equal to 1 and a EG/H,0 molar ratio equal to 3

(b)

Figure F.15: ITQ-75 FESEM images, obtained with Compound B as SDA, with a Sucrose/SDA
B molar ratio equal to 1
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Figure F.16: Crystal Size Distribution of ITQ-75 obtained with Compound B as SDA and with
a Sucrose/SDA B molar ratio equal to 1

Figure F.17: ITQ-75 FESEM images, obtained with Compound C as SDA, with a Fructose/SDA
C molar ratio equal to 1
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Figure F.18: Crystal Size Distribution of ITQ-75 obtained with Compound C as SDA and with
a Fructose/SDA C molar ratio equal to 1

(b)

Figure F.19: ITQ-75 FESEM images, obtained with Compound C as SDA, with a Sucrose/SDA
C molar ratio equal to 1
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Figure F.20: Crystal Size Distribution of ITQ-75 obtained with Compound C as SDA and with

a Sucrose/SDA C molar ratio equal to 1

Figure F.21: ITQ-75 FESEM images, obtained with Compound C as SDA, after Ball Mill post

treatment
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Figure F.22: Crystal Size Distribution of ITQ-75 obtained with Compound C as SDA after Ball
Mill post treatment

Figure F.23: ITQ-75 FESEM images, obtained with Compound C as SDA, after Butyl Lithium
post treatment (pellet)
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Figure F.24: Crystal Size Distribution of ITQ-75 obtained with Compound C as SDA after Butyl
Lithium post treatment (pellet)
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Appendix G. Photocatalytic Water Splitting Results

G.1 Modeling Details

When the experimental results started to be obtained, it was possible to see that
they were quite diverse. As such, the problem of comparing the photocatalytic
performance of the different samples was encountered. Therefore, in order to
perform such comparison, the experimental results were modeled. In this way
it would be possible to compare the samples at the same reaction time, i.e. at
the initial reaction time ¢t = Oh. In addition, it allows not to take into account
the possible deactivation mechanisms and rates that may be different due to the
diversity of samples under study. Furthermore, and taking into consideration the
batch mode, the possible back reaction between the O, and the H, formed to react
back into H,O would not allow for a correct product evaluation.

The modeling was carried out taking into account the experimental results obtained
and adapting a curve that best fits these. As such, after trying several curves, it was
decided to adapt the Equation G.1, where [H,]; represents the H, concentration
at time ¢ , [H,0], the water concentration at initial time ¢ = Oh and k; and k_,
the model parameters. These constants, k; and k_;, are respectively supposed to
characterize the ability of the material the promote H,O splitting, and to drives
back H,O formation and its possible deactivation.

[Ha]; = [Ha0]o(1 — elFrt)) . eh—at (G.1)

As can be seen from Equation G.1, the model results from mathematical consid-
erations solely, not taking into account equilibrium thermodynamic considerations.
As such, the model is a pseudo kinetic one and the parameters obtained from it
have only mathematical meaning.

In order to determine the parameters of the model it was necessary to fit the curve
to the experimental results obtained. For this purpose, the sum of the quadratic
error between the model data and the experimental results was minimized using
the SOLVER tool present in the MS Office Excel software. In the following sections
it is possible to verify the experimental results, the modeled curve as well as the
model parameters resulting from such operation.
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G.2 Error Determination

G.2 Error Determination

In order to determine the experimental error associated with the unit used, it was
decided to evaluate multiple times the performance of the P25 Degusa sample, a
TiO, mixture of anatase and rutile crystalline phases. This material was chosen
because it is widely used as a photocatalyst benchmark.

The following figures show the experimental results of the different tests performed
with P25 and on Table G.1 all the information is systematized.

e Experimental Data
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Figure G.1: H, rate (umol/h/g) of P25 (first trial), where the blue dots represent the experimental
data and the black dashed line the kinetic modeling

477



Appendix G. Photocatalytic Water Splitting Results

Q18T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

o Experimental Data
0,16 - - Kinetic Modeling

014 -

)

= o012| " 4

=

0,08 - S -

Apparent quantum yield (

0 05 1 15 2 25 3 3.5 4 4.5 5 55 6 6.5 7 7.5 8
Time (h)

Figure G.2: Apparent quantum yield (%) of P25 (first trial), where the blue dots represent the
experimental data and the black dashed line the kinetic modeling
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Figure G.3: Solar to fuel yield (%) of P25 (first trial), where the blue dots represent the experi-

mental data and the black dashed line the kinetic modeling
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Figure G.4: H, rate (pmol/h/g) of P25 (second trial), where the blue dots represent the experi-
mental data and the black dashed line the kinetic modeling
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Figure G.5: Apparent quantum yield (%) of P25 (second trial), where the blue dots represent
the experimental data and the black dashed line the kinetic modeling
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Figure G.6: Solar to fuel yield (%) of P25 (second trial), where the blue dots represent the
experimental data and the black dashed line the kinetic modeling
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Figure G.7: H, rate (pmol/h/g) of P25 (third trial), where the blue dots represent the experi-
mental data and the black dashed line the kinetic modeling
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Figure G.8: Apparent quantum yield (%) of P25 (third trial), where the blue dots represent the
experimental data and the black dashed line the kinetic modeling
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Figure G.9: Solar to fuel yield (%) of P25 (third trial), where the blue dots represent the

experimental data and the black dashed line the kinetic modeling

Table G.1: P25 main photocatalytic test results

1%t Trial 2™ Trial 3" Trial Average
Initial simulated H, rate (pmol/h/g) 6,08 6,18 3,92 542
Initial simulated apparent quantum yield (%) 0,17 0,20 0,12 0,16 +0,06
Initial simulated solar-to-fuel yield (%) 0,012 0,015 0,009 0,012 +0,005
Water splitting apparent kinetic constant k; (h!) 8,86 -10* 1,09 10° 6,75 10* 8 +2-10*
Back reaction apparent kinetic constant k; (h!) 3,78-10! 327-10! 3,83-10! 3,6 £0,5- 10"
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G.3 1ZM-5 & ITQ-76
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Figure G.10: H, rate (pmol/h/g) of IZM-5, where the blue dots represent the experimental data
and the black dashed line the kinetic modeling
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Figure G.11: Apparent quantum yield (%) of IZM-5, where the blue dots represent the experi-
mental data and the black dashed line the kinetic modeling
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Figure G.12: Solar to fuel yield (%) of IZM-5, where the blue dots represent the experimental
data and the black dashed line the kinetic modeling
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Table G.2: 1ZM-5 main photocatalytic test results

Initial simulated H, rate (pmol/h/g) 11,39
Initial simulated apparent quantum yield (%) 0,57
Initial simulated solar-to-fuel yield (%) 0,030

Water splitting apparent kinetic constant k; (h') 2,13 .103
Back reaction apparent kinetic constant k; (h') 3,21 - 10!




G.31ZM-5 & ITQ-76

G.3.2 With Ru-Complex
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Figure G.13: H, rate (pmol/h/g) of ITQ-76, with Ru-Complex/SDA A molar ratio equal to
0,1, where the blue dots represent the experimental data and the black dashed line the kinetic
modeling
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Figure G.14: Apparent quantum yield (%) of ITQ-76, with Ru-Complex/SDA A molar ratio
equal to 0,1, where the blue dots represent the experimental data and the black dashed line the
kinetic modeling
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Figure G.15: Solar to fuel yield (%) of ITQ-76, with Ru-Complex/SDA A molar ratio equal to
0,1, where the blue dots represent the experimental data and the black dashed line the kinetic
modeling

Table G.3: ITQ-76, with Ru-Complex/SDA A molar ratio equal to 0,1, main photocatalytic test
results

Initial simulated H, rate (pmol/h/g) 4,56
Initial simulated apparent quantum yield (%) 0,04
Initial simulated solar-to-fuel yield (%) 0,014

Water splitting apparent kinetic constant k; (h') 9,76 - 10
Back reaction apparent kinetic constant k; (h!) 6,00 - 102
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Figure G.16: H, rate (pmol/h/g) of ITQ-75, obtained with Compound B as SDA, where the
blue dots represent the experimental data and the black dashed line the kinetic modeling
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Figure G.17: Apparent quantum yield (%) of ITQ-75, obtained with Compound B as SDA, where
the blue dots represent the experimental data and the black dashed line the kinetic modeling
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Figure G.18: Solar to fuel yield (%) of ITQ-75, obtained with Compound B as SDA, where the
blue dots represent the experimental data and the black dashed line the kinetic modeling

Table G.4: ITQ-75, obtained with Compound B as SDA, main photocatalytic test results

494

Initial simulated H, rate (pmol/h/g)
Initial simulated apparent quantum yield (%)
Initial simulated solar-to-fuel yield (%)
Water splitting apparent kinetic constant k; (h') 1,87 - 103
Back reaction apparent kinetic constant k; (h!) 6,01 - 102

8,99
0,22
0,026
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Figure G.19: H, rate (pmol/h/g) of ITQ-75, obtained with Compound C as SDA, where the
blue dots represent the experimental data and the black dashed line the kinetic modeling
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Figure G.20: Apparent quantum yield (%) of ITQ-75, obtained with Compound C as SDA, where
the blue dots represent the experimental data and the black dashed line the kinetic modeling
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Figure G.21: Solar to fuel yield (%) of ITQ-75, obtained with Compound C as SDA, where the
blue dots represent the experimental data and the black dashed line the kinetic modeling

Table G.5: ITQ-75, obtained with Compound C as SDA, main photocatalytic test results

Initial simulated H, rate (pmol/h/g) 19,01
Initial simulated apparent quantum yield (%) 0,34
Initial simulated solar-to-fuel yield (%) 0,058

Water splitting apparent kinetic constant k; (h') 4,17 . 103
Back reaction apparent kinetic constant k; (h') 5,71 - 10%
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Figure G.22: H, rate (pmol/h/g) of ITQ-75, obtained with Compound D as SDA, where the
blue dots represent the experimental data and the black dashed line the kinetic modeling
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Figure G.23: Apparent quantum yield (%) of ITQ-75, obtained with Compound D as SDA, where
the blue dots represent the experimental data and the black dashed line the kinetic modeling
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Figure G.24: Solar to fuel yield (%) of ITQ-75, obtained with Compound D as SDA, where the
blue dots represent the experimental data and the black dashed line the kinetic modeling

Table G.6: ITQ-75, obtained with Compound D as SDA, main photocatalytic test results

Initial simulated H, rate (pmol/h/g) 13,87
Initial simulated apparent quantum yield (%) 0,42
Initial simulated solar-to-fuel yield (%) 0,043

Water splitting apparent kinetic constant k; (h') 3,11 - 103
Back reaction apparent kinetic constant k; (h') 3,27 - 10!
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Figure G.25: H, rate (pmol/h/g) of ITQ-75, obtained with Compound E as SDA, where the blue
dots represent the experimental data and the black dashed line the kinetic modeling
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Figure G.26: Apparent quantum yield (%) of ITQ-75, obtained with Compound E as SDA, where
the blue dots represent the experimental data and the black dashed line the kinetic modeling
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Figure G.27: Solar to fuel yield (%) of ITQ-75, obtained with Compound E as SDA, where the
blue dots represent the experimental data and the black dashed line the kinetic modeling

Table G.7: ITQ-75, obtained with Compound E as SDA, main photocatalytic test results (*
arbitrary value for the fit)

Initial simulated H, rate (pmol/h/g) 4,57
Initial simulated apparent quantum yield (%) 0,10
Initial simulated solar-to-fuel yield (%) 0,014

Water splitting apparent kinetic constant k; (h') 9,83 - 10*
Back reaction apparent kinetic constant k; (h') 1,00 1012
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Figure G.28: H, rate (pmol/h/g) of ITQ-75, obtained with Compound B as SDA and doped
with 0,1wt.% Cu, where the blue dots represent the experimental data and the black dashed line
the kinetic modeling
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Figure G.29: Apparent quantum yield (%) of ITQ-75, obtained with Compound B as SDA and
doped with 0,1wt.% Cu, where the blue dots represent the experimental data and the black
dashed line the kinetic modeling
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Figure G.30: Solar to fuel yield (%) of ITQ-75, obtained with Compound B as SDA and doped
with 0,1wt.% Cu, where the blue dots represent the experimental data and the black dashed line
the kinetic modeling

Table G.8: ITQ-75, obtained with Compound B as SDA and doped with 0,1wt.% Cu, main
photocatalytic test results

Initial simulated H, rate (pmol/h/g) 17,17
Initial simulated apparent quantum yield (%) 0,17
Initial simulated solar-to-fuel yield (%) 0,045

Water splitting apparent kinetic constant k; (h') 3,23 -103
Back reaction apparent kinetic constant k; (h') 5,70 - 10!
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Figure G.31: H, rate (pmol/h/g) of ITQ-75, obtained with Compound B as SDA and doped
with 0,2wt.% Cu, where the blue dots represent the experimental data and the black dashed line
the kinetic modeling
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Figure G.32: Apparent quantum vyield (%) of ITQ-75, obtained with Compound B as SDA and
doped with 0,2wt.% Cu, where the blue dots represent the experimental data and the black
dashed line the kinetic modeling
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Figure G.33: Solar to fuel yield (%) of ITQ-75, obtained with Compound B as SDA and doped
with 0,2wt.% Cu, where the blue dots represent the experimental data and the black dashed line
the kinetic modeling

Table G.9: ITQ-75, obtained with Compound B as SDA and doped with 0,2wt.% Cu, main
photocatalytic test results

Initial simulated H, rate (pmol/h/g) 17,21
Initial simulated apparent quantum yield (%) 0,19
Initial simulated solar-to-fuel yield (%) 0,064

Water splitting apparent kinetic constant k; (h') 4,62 103
Back reaction apparent kinetic constant k; (h!) 7,99 - 10!
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Figure G.34: H, rate (pmol/h/g) of ITQ-75, obtained with Compound B as SDA and doped
with 0,1wt.% Fe, where the blue dots represent the experimental data and the black dashed line
the kinetic modeling
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Figure G.35: Apparent quantum yield (%) of ITQ-75, obtained with Compound B as SDA and
doped with 0,1wt.% Fe, where the blue dots represent the experimental data and the black
dashed line the kinetic modeling

511



Appendix G. Photocatalytic Water Splitting Results

e Experimental Data

0,070 [ - - Kinetic Modeling

0,060 - ' ]
00s0F .

0,040 - v B

Sdlar to fuel yield (%)

0,020 |- . B

0,010 | . i

- .
{010 T S N S N R St Rl S H T I 0 T T

05 1 15 2 25 3 35 4 45 5 55 6 6,5 7 7.5 8
Time (h)

Figure G.36: Solar to fuel yield (%) of ITQ-75, obtained with Compound B as SDA and doped
with 0,1wt.% Fe, where the blue dots represent the experimental data and the black dashed line
the kinetic modeling

Table G.10: ITQ-75, obtained with Compound B as SDA and doped with 0,1wt.% Fe, main
photocatalytic test results

Initial simulated H, rate (pmol/h/g) 24,06
Initial simulated apparent quantum yield (%) 0,21
Initial simulated solar-to-fuel yield (%) 0,072

Water splitting apparent kinetic constant k; (h') 5,17 - 103
Back reaction apparent kinetic constant k; (h') 8,22 - 10!
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Figure G.37: H, rate (pmol/h/g) of ITQ-75, obtained with Compound B as SDA and doped
with 0,05wt.% Ni, where the blue dots represent the experimental data and the black dashed
line the kinetic modeling
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Figure G.38: Apparent quantum yield (%) of ITQ-75, obtained with Compound B as SDA and
doped with 0,05wt.% Ni, where the blue dots represent the experimental data and the black
dashed line the kinetic modeling
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Figure G.39: Solar to fuel yield (%) of ITQ-75, obtained with Compound B as SDA and doped

with 0,05wt.% Ni, where the blue dots represent the experimental data and the black dashed
line the kinetic modeling

Table G.11: ITQ-75, obtained with Compound B as SDA and doped with 0,05wt.% Ni, main
photocatalytic test results

Initial simulated H, rate (pmol/h/g) 10,44
Initial simulated apparent quantum yield (%) 0,09
Initial simulated solar-to-fuel yield (%) 0,032

Water splitting apparent kinetic constant k; (h') 231103
Back reaction apparent kinetic constant k; (h) 3,12 - 10!
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Figure G.40: H, rate (pmol/h/g) of ITQ-75, obtained with Compound B as SDA and doped
with 0,05wt.% Co, where the blue dots represent the experimental data and the black dashed
line the kinetic modeling
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Figure G.41: Apparent quantum yield (%) of ITQ-75, obtained with Compound B as SDA and
doped with 0,05wt.% Co, where the blue dots represent the experimental data and the black
dashed line the kinetic modeling
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Figure G.42: Solar to fuel yield (%) of ITQ-75, obtained with Compound B as SDA and doped

with 0,05wt.% Co, where the blue dots represent the experimental data and the black dashed
line the kinetic modeling

Table G.12: ITQ-75, obtained with Compound B as SDA and doped with 0,05wt.% Co, main
photocatalytic test results

Initial simulated H, rate (pmol/h/g) 10,69
Initial simulated apparent quantum yield (%) 0,13
Initial simulated solar-to-fuel yield (%) 0,043

Water splitting apparent kinetic constant k; (h') 3,08 - 103
Back reaction apparent kinetic constant k; (h!) 6,54 - 10!
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Figure G.43: H, rate (pmol/h/g) of ITQ-75, obtained with Compound B as SDA and doped
with 0,1wt.% Co, where the blue dots represent the experimental data and the black dashed line
the kinetic modeling
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Figure G.44: Solar to fuel yield (%) of ITQ-75, obtained with Compound B as SDA and doped
with 0,1wt.% Co, where the blue dots represent the experimental data and the black dashed line
the kinetic modeling

Table G.13: ITQ-75, obtained with Compound B as SDA and doped with 0,1wt.% Co, main
photocatalytic test results (n.a. - not available)

Initial simulated H, rate (pmol/h/g) 6,55
Initial simulated apparent quantum yield (%) n.a.
Initial simulated solar-to-fuel yield (%) 0,020

Water splitting apparent kinetic constant k; (h') 1,47 - 103
Back reaction apparent kinetic constant k; (h') 1,51 10"
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Figure G.45: H, rate (pmol/h/g) of ITQ-75, obtained with Compound B as SDA and doped
with 0,2wt.% Co, where the blue dots represent the experimental data and the black dashed line
the kinetic modeling
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Figure G.46: Apparent quantum yield (%) of ITQ-75, obtained with Compound B as SDA and
doped with 0,2wt.% Co, where the blue dots represent the experimental data and the black
dashed line the kinetic modeling
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Figure G.47: Solar to fuel yield (%) of ITQ-75, obtained with Compound B as SDA and doped
with 0,2wt.% Co, where the blue dots represent the experimental data and the black dashed line
the kinetic modeling

Table G.14: 1TQ-75, obtained with Compound B as SDA and doped with 0,2wt.% Co, main
photocatalytic test results

Initial simulated H, rate (pmol/h/g) 75,06
Initial simulated apparent quantum yield (%) 0,69
Initial simulated solar-to-fuel yield (%) 0,23

Water splitting apparent kinetic constant k; (h') 1,69 - 102
Back reaction apparent kinetic constant k; (h!) 8,34 . 10"
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Figure G.48: H, rate (pmol/h/g) of ITQ-75, obtained with Compound C as SDA and doped
with 0,1wt.% Cu, where the blue dots represent the experimental data and the black dashed line
the kinetic modeling
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Figure G.49: Apparent quantum yield (%) of ITQ-75, obtained with Compound C as SDA and
doped with 0,1wt.% Cu, where the blue dots represent the experimental data and the black
dashed line the kinetic modeling
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Figure G.50: Solar to fuel yield (%) of ITQ-75, obtained with Compound C as SDA and doped
with 0,1wt.% Cu, where the blue dots represent the experimental data and the black dashed line
the kinetic modeling

Table G.15: ITQ-75, obtained with Compound C as SDA and doped with 0,1wt.% Cu, main
photocatalytic test results

Initial simulated H, rate (pmol/h/g) 16,52
Initial simulated apparent quantum yield (%) 0,13
Initial simulated solar-to-fuel yield (%) 0,050

Water splitting apparent kinetic constant k; (h') 3,59 - 103
Back reaction apparent kinetic constant k; (h') 6,42 - 10!
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Figure G.51: H, rate (pmol/h/g) of ITQ-75, obtained with Compound C as SDA and doped
with 0,2wt.% Cu, where the blue dots represent the experimental data and the black dashed line
the kinetic modeling
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Figure G.52: Apparent quantum vyield (%) of ITQ-75, obtained with Compound C as SDA and
doped with 0,2wt.% Cu, where the blue dots represent the experimental data and the black
dashed line the kinetic modeling
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Figure G.53: Solar to fuel yield (%) of ITQ-75, obtained with Compound C as SDA and doped
with 0,2wt.% Cu, where the blue dots represent the experimental data and the black dashed line
the kinetic modeling

Table G.16: ITQ-75, obtained with Compound C as SDA and doped with 0,2wt.% Cu, main
photocatalytic test results

Initial simulated H, rate (pmol/h/g) 5,26
Initial simulated apparent quantum yield (%) 0,04
Initial simulated solar-to-fuel yield (%) 0,016

Water splitting apparent kinetic constant k; (h') 1,15 103
Back reaction apparent kinetic constant k; (h') 1,07 - 10!
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Figure G.54: H, rate (pmol/h/g) of ITQ-75, obtained with Compound C as SDA and doped
with 0,05wt.% Co, where the blue dots represent the experimental data and the black dashed
line the kinetic modeling
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Figure G.55: Apparent quantum yield (%) of ITQ-75, obtained with Compound C as SDA and

doped with 0,05wt.% Co, where the blue dots represent the experimental data and the black
dashed line the kinetic modeling
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Figure G.56: Solar to fuel yield (%) of ITQ-75, obtained with Compound C as SDA and doped
with 0,05wt.% Co, where the blue dots represent the experimental data and the black dashed
line the kinetic modeling

Table G.17: ITQ-75, obtained with Compound C as SDA and doped with 0,05wt.% Co, main
photocatalytic test results

Initial simulated H, rate (pmol/h/g) 3,71
Initial simulated apparent quantum yield (%) 0,03
Initial simulated solar-to-fuel yield (%) 0,011

Water splitting apparent kinetic constant k; (h') 8,20 - 10
Back reaction apparent kinetic constant k; (h!) 3,42 . 10!
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Figure G.57: H, rate (pmol/h/g) of ITQ-75, obtained with Compound C as SDA and doped
with 0,1wt.% Co, where the blue dots represent the experimental data and the black dashed line
the kinetic modeling
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Figure G.58: Solar to fuel yield (%) of ITQ-75, obtained with Compound C as SDA and doped

with 0,1wt.% Co, where the blue dots represent the experimental data and the black dashed line
the kinetic modeling

Table G.18: ITQ-75, obtained with Compound C as SDA and doped with 0,1wt.% Co, main
photocatalytic test results (n.a. - not available)

Initial simulated H, rate (pmol/h/g) 7,29
Initial simulated apparent quantum yield (%) n.a.
Initial simulated solar-to-fuel yield (%) 0,023

Water splitting apparent kinetic constant k; (h') 1,63 103
Back reaction apparent kinetic constant k; (h!) 3,32 10!
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Figure G.59: H, rate (pmol/h/g) of ITQ-75, obtained with Compound C as SDA and doped
with 0,2wt.% Co, where the blue dots represent the experimental data and the black dashed line
the kinetic modeling
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Figure G.60: Apparent quantum vyield (%) of ITQ-75, obtained with Compound C as SDA and
doped with 0,2wt.% Co, where the blue dots represent the experimental data and the black
dashed line the kinetic modeling
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Figure G.61: Solar to fuel yield (%) of ITQ-75, obtained with Compound C as SDA and doped
with 0,2wt.% Co, where the blue dots represent the experimental data and the black dashed line
the kinetic modeling

Table G.19: ITQ-75, obtained with Compound C as SDA and doped with 0,2wt.% Co, main
photocatalytic test results

Initial simulated H, rate (pmol/h/g) 14,74
Initial simulated apparent quantum yield (%) 0,14
Initial simulated solar-to-fuel yield (%) 0,046

Water splitting apparent kinetic constant k; (h') 3,23 . 103
Back reaction apparent kinetic constant k; (h!) 3,81 - 10!
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Figure G.62: H, rate (pmol/h/g) of ITQ-75, obtained with Compound B as SDA, with a Fruc-
tose/SDA B molar ratio equal to 1 and a EG/H,0 molar ratio equal to 3, where the blue dots
represent the experimental data and the black dashed line the kinetic modeling
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Figure G.63: Apparent quantum yield (%) of ITQ-75, obtained with Compound B as SDA, with
a Fructose/SDA B molar ratio equal to 1 and a EG/H,0 molar ratio equal to 3, where the blue
dots represent the experimental data and the black dashed line the kinetic modeling
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Figure G.64: Solar to fuel yield (%) of ITQ-75, obtained with Compound B as SDA, with a
Fructose/SDA B molar ratio equal to 1 and a EG/H,O molar ratio equal to 3, where the blue
dots represent the experimental data and the black dashed line the kinetic modeling

Table G.20: ITQ-75, obtained with Compound B as SDA, with a Fructose/SDA B molar ratio
equal to 1 and a EG/H,0 molar ratio equal to 3, main photocatalytic test results

Initial simulated H, rate (pmol/h/g) 151,11
Initial simulated apparent quantum yield (%) 2,12
Initial simulated solar-to-fuel yield (%) 0,16

Water splitting apparent kinetic constant k; (h') 1,13 . 1072
Back reaction apparent kinetic constant k; (h!) 290 - 10!
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Figure G.65: H, rate (pmol/h/g) of ITQ-75, obtained with Compound B as SDA and with a
Sucrose/SDA B molar ratio equal to 1, where the blue dots represent the experimental data and
the black dashed line the kinetic modeling
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Figure G.66: Solar to fuel yield (%) of ITQ-75, obtained with Compound B as SDA and with a
Sucrose/SDA B molar ratio equal to 1, where the blue dots represent the experimental data and
the black dashed line the kinetic modeling

Table G.21: ITQ-75, obtained with Compound B as SDA, with a Sucrose/SDA B molar ratio
equal to 1, main photocatalytic test results (n.a. - not available)

Initial simulated H, rate (pmol/h/g) 323,13
Initial simulated apparent quantum yield (%) n.a.
Initial simulated solar-to-fuel yield (%) 0,88

Water splitting apparent kinetic constant k; (h') 6,32 - 102
Back reaction apparent kinetic constant k; (h') 9,41 - 10!
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Figure G.67: H, rate (pmol/h/g) of ITQ-75, obtained with Compound B as SDA and with a
Fructose/SDA B molar ratio equal to 1, where the blue dots represent the experimental data and
the black dashed line the kinetic modeling
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Figure G.68: Apparent quantum yield (%) of ITQ-75, obtained with Compound B as SDA and
with a Fructose/SDA B molar ratio equal to 1, where the blue dots represent the experimental
data and the black dashed line the kinetic modeling

544



G.41TQ-75

0,90} ® Experimental Data
- - Kinetic Modeling

0,80 |- 4

070F ° 4

0,50 - ' B

040 i

Solar to fuel yield (%)

020} _

0,10} i

0,00 |\I||\\|\\|\\|\\|I|;--I.l.-\il.il_\’l'l—l\f»—r\44\\l\\lll\ll\

05 1 15 2 2,5 3 35 4 45 5 55 6 6,5 7 75 8
Time (h)

Figure G.69: Solar to fuel yield (%) of ITQ-75, obtained with Compound B as SDA and with
a Fructose/SDA B molar ratio equal to 1, where the blue dots represent the experimental data
and the black dashed line the kinetic modeling

Table G.22: ITQ-75, obtained with Compound B as SDA, with a Fructose/SDA B molar ratio
equal to 1, main photocatalytic test results

Initial simulated H, rate (pmol/h/g) 86,80
Initial simulated apparent quantum yield (%) 0,42
Initial simulated solar-to-fuel yield (%) 0,19

Water splitting apparent kinetic constant k; (h') 1,34 . 1072
Back reaction apparent kinetic constant k; (h') 9,58 - 10!
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Figure G.70: H, rate (pmol/h/g) of ITQ-75, obtained with Compound B as SDA and with a
EG/H,0 molar ratio equal to 3, where the blue dots represent the experimental data and the
black dashed line the kinetic modeling
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Figure G.71: Apparent quantum yield (%) of ITQ-75, obtained with Compound B as SDA and
with a EG/H,0 molar ratio equal to 3, where the blue dots represent the experimental data and
the black dashed line the kinetic modeling
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Figure G.72: Solar to fuel yield (%) of ITQ-75, obtained with Compound B as SDA and with
a EG/H,0 molar ratio equal to 3, where the blue dots represent the experimental data and the
black dashed line the kinetic modeling

Table G.23: ITQ-75, obtained with Compound B as SDA and a EG/H,0 molar ratio equal to 3,
main photocatalytic test results

Initial simulated H, rate (pmol/h/g) 20,18
Initial simulated apparent quantum yield (%) 0,18
Initial simulated solar-to-fuel yield (%) 0,060

Water splitting apparent kinetic constant k; (h') 4,35 103
Back reaction apparent kinetic constant k; (h') 8,07 - 10!
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Figure G.73: H, rate (pmol/h/g) of ITQ-75, obtained with Compound C as SDA and with a
Fructose/SDA B molar ratio equal to 1, where the blue dots represent the experimental data and
the black dashed line the kinetic modeling
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Figure G.74: Solar to fuel yield (%) of ITQ-75, obtained with Compound C as SDA and with

a Fructose/SDA C molar ratio equal to 1, where the blue dots represent the experimental data
and the black dashed line the kinetic modeling

Table G.24: ITQ-75, obtained with Compound C as SDA, with a Fructose/SDA C molar ratio
equal to 1, main photocatalytic test results (n.a. - not available; * abitrary value for fit)

Initial simulated H; rate (pmol/h/g) 3,31
Initial simulated apparent quantum yield (%) n.a.
Initial simulated solar-to-fuel yield (%) 0,010

Water splitting apparent kinetic constant k; (h') 7,20 - 10
Back reaction apparent kinetic constant k; (h!) 1,00 107102
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Figure G.75: H, rate (pmol/h/g) of ITQ-75, obtained with Compound C as SDA and with a
Sucrose/SDA C molar ratio equal to 1, where the blue dots represent the experimental data and
the black dashed line the kinetic modeling
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Figure G.76: Solar to fuel yield (%) of ITQ-75, obtained with Compound C as SDA and with a
Sucrose/SDA C molar ratio equal to 1, where the blue dots represent the experimental data and
the black dashed line the kinetic modeling

Table G.25: ITQ-75, obtained with Compound C as SDA, with a Sucrose/SDA C molar ratio
equal to 1, main photocatalytic test results (n.a. - not available)

Initial simulated H, rate (pmol/h/g) 390,54
Initial simulated apparent quantum yield (%) n.a.
Initial simulated solar-to-fuel yield (%) 0,83

Water splitting apparent kinetic constant k; (h') 5,94 - 102
Back reaction apparent kinetic constant k; (h) 6,96 - 10!
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Figure G.77: H, rate (pmol/h/g) of ITQ-75, obtained with Compound C as SDA and after the
Ball Mill treatment, where the blue dots represent the experimental data and the black dashed
line the kinetic modeling
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Figure G.78: Apparent quantum vyield (%) of ITQ-75, obtained with Compound C as SDA and
after the Ball Mill treatment, where the blue dots represent the experimental data and the black
dashed line the kinetic modeling
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Figure G.79: Solar to fuel yield (%) of ITQ-75, obtained with Compound C as SDA and after the
Ball Mill treatment, where the blue dots represent the experimental data and the black dashed
line the kinetic modeling

Table G.26: ITQ-75, obtained with Compound C as SDA and after Ball Mill treatment, main
photocatalytic test results

Initial simulated H, rate (pmol/h/g) 66,92
Initial simulated apparent quantum yield (%) 1,76
Initial simulated solar-to-fuel yield (%) 0,25

Water splitting apparent kinetic constant k; (h') 1,78 - 107
Back reaction apparent kinetic constant k; (h!) 3,83 - 10!
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Figure G.80: H, rate (pmol/h/g) of ITQ-75, obtained with Compound C as SDA and after the
BuLi treatment (recovered pellet), where the blue dots represent the experimental data and the
black dashed line the kinetic modeling
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Figure G.81: Apparent quantum yield (%) of ITQ-75, obtained with Compound C as SDA and
after the BuLi treatment (recovered pellet), where the blue dots represent the experimental data
and the black dashed line the kinetic modeling
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Figure G.82: Solar to fuel yield (%) of ITQ-75, obtained with Compound C as SDA and after
the BuLi treatment (recovered pellet), where the blue dots represent the experimental data and
the black dashed line the kinetic modeling

Table G.27: ITQ-75, obtained with Compound C as SDA and after the BuLi treatment (recovered
pellet), main photocatalytic test results

Initial simulated H, rate (pmol/h/g) 120,75
Initial simulated apparent quantum yield (%) 1,86
Initial simulated solar-to-fuel yield (%) 0,19

Water splitting apparent kinetic constant k; (h') 1,38 1072
Back reaction apparent kinetic constant k; (h') 5,08 - 10!
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Figure G.83: H, rate (pmol/h/g) of ITQ-75, obtained with Compound B as SDA, with a Fruc-
tose/SDA B molar ratio equal to 1 and 0,1wt.% Cu, where the blue dots represent the experi-
mental data and the black dashed line the kinetic modeling
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Figure G.84: Apparent quantum yield (&) of ITQ-75, obtained with Compound B as SDA, with
a Fructose/SDA B molar ratio equal to 1 and 0,1wt.% Cu, where the blue dots represent the
experimental data and the black dashed line the kinetic modeling
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Figure G.85: Solar to fuel yield (&) of ITQ-75, obtained with Compound B as SDA, with a
Fructose/SDA B molar ratio equal to 1 and 0,1wt.% Cu, where the blue dots represent the
experimental data and the black dashed line the kinetic modeling

Table G.28: ITQ-75, obtained with Compound B as SDA, with a Fructose/SDA B molar ratio
equal to 1 and 0,1wt.% Cu, main photocatalytic test results

Initial simulated H, rate (pmol/h/g) 7,70
Initial simulated apparent quantum yield (%) 0,06
Initial simulated solar-to-fuel yield (%) 0,023

Water splitting apparent kinetic constant k; (h') 1,67 - 103
Back reaction apparent kinetic constant k; (h') 4,27 - 10!
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tose/SDA B molar ratio equal to 1 and 0,1wt.% Co, where the blue dots represent the experi-
mental data and the black dashed line the kinetic modeling
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Figure G.88: Solar to fuel yield (&) of ITQ-75, obtained with Compound B as SDA, with a
Fructose/SDA B molar ratio equal to 1 and 0,1wt.% Co, where the blue dots represent the
experimental data and the black dashed line the kinetic modeling

Table G.29: ITQ-75, obtained with Compound B as SDA, with a Fructose/SDA B molar ratio
equal to 1 and 0,1wt.% Co, main photocatalytic test results

Initial simulated H, rate (pmol/h/g) 11,14
Initial simulated apparent quantum yield (%) 0,08
Initial simulated solar-to-fuel yield (%) 0,034

Water splitting apparent kinetic constant k; (h') 2,48 - 103
Back reaction apparent kinetic constant k; (h') 5,84 - 10?
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