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ABSTRACT – VULGARISATION 
Catalysis is one of the pillars for developing sustainable processes and products, since it permits 
to use fewer resources by accelerating chemical reactions by means of a catalyst (a substance 
that accelerates a reaction without being consumed). To provide more performant catalysts 
based on precious metals (e.g. Pt, Pd), this study proposes a novel preparation method for 
controlling the distribution of metal nanoparticles within a material with pores of various sizes. 
It starts by the preparation of polymer beads, followed by the formation of metal nanoparticles 
on the polymer beads surface, using ultrasound. Then, these decorated polymer beads are 
embedded into silica; all steps being carried out in environmentally-friendly water. The organic 
polymer template is removed by calcination, which results in a hierarchically porous silica 
containing the metal nanoparticles. These catalysts are used for the p-chloronitrobenzene 
hydrogenation and for the direct synthesis of hydrogen peroxide. 

RESUME - VULGARISATION  
La catalyse est l'un des piliers pour le développement de procédés durables, car elle permet 
d'utiliser moins de ressources en accélérant les réactions chimiques grâce à un catalyseur (une 
substance qui accélère la réaction sans être consommée). Pour préparer des catalyseurs plus 
performants à base de métaux précieux (ex. Pt, Pd), cette étude propose une nouvelle méthode 
qui permet le contrôle de la distribution de nanoparticules métalliques dans un matériau poreux. 
D’abord, des billes de polymère sont préparées. Ensuite, des nanoparticules métalliques sont 
formées sur la surface du polymère en utilisant des ultrasons. Enfin, ces billes décorées sont 
incorporées dans de la silice (toutes ces étapes sont menées dans l’eau). Les billes de polymère 
sont éliminées par calcination, ce qui conduit à une silice hiérarchiquement poreuse avec des 
nanoparticules métalliques. Ces catalyseurs sont utilisés pour l'hydrogénation du p-
chloronitrobenzene et la synthèse directe du peroxyde d'hydrogène. 

RIASSUNTO - VOLGARIZZAZIONE  
La catalisi è uno dei pilastri per lo sviluppo di processi sostenibili perché permette di utilizzare 
meno risorse accelerando le reazioni chimiche attraverso un catalizzatore (una sostanza che 
accelera la reazione senza essere consumata). Al fine di preparare dei catalizzatori più efficienti 
basati su metalli preziosi (es. Pt, Pd), questo studio propone un nuovo metodo che consente di 
controllare la distribuzione delle nanoparticelle metalliche in un materiale poroso. In primo 
luogo, vengono preparate perline di polimero. Successivamente, delle nanoparticelle metalliche 
vengono formate sulla superficie del polimero utilizzando ultrasuoni. Poi, queste perline 
decorate vengono incorporate all'interno della silice (tutte queste fasi vengono eseguite in 
acqua). Infine, il polimero viene rimosso mediante calcinazione, portando ad una silice 
gerarchicamente porosa con nanoparticelle metalliche. Questi catalizzatori vengono utilizzati 
per l'idrogenazione di p-cloronitrobenzene e la sintesi diretta di acqua ossigenata. 
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ABSTRACT  
Catalysis is one of the Green Chemistry Principles given its importance for limiting 
environmental impacts and improving current processes, as well as for developing new 
sustainable processes and products. Today, catalytic processes are present in about 90% of all 
industrial chemical transformations. In order to provide more performant catalysts, rational 
design approaches should be privileged. Unfortunately, the routes to control the spatial 
distribution of individual functions within porous solids are limited. In order to address such a 
challenge, this study provides a novel waterborne preparation method for controlling the 
distribution of metal nanoparticles within hierarchically meso- and macroporous catalysts. It 
consists of the combination of latex synthesis, sonochemistry and sol-gel process. All these 
steps can be carried out in water, reducing environmental impact. 

The first step is the synthesis of latex, typically polystyrene. The second step is the 
sonochemical synthesis and deposition of noble metal nanoparticles on the surface of the latex 
polymer. The third step is the synthesis of the support by sol-gel process using tetraethyl 
orthosilicate under controlled conditions to modulate the porosity of the final silica matrix. As a 
result, this method permits to preferentially locate the active sites within the macropores, which 
are surrounded by a mesoporous matrix. 

Using this approach, it was possible to synthesise a monodisperse polystyrene latex with 
particle size of ca. 130 nm by emulsion polymerisation. Then, the latex was decorated with 
platinum nanoparticles of ca. 2.3 nm by sonochemical reduction of sodium tetrachloroplatinate. 
The mesoporous silica support was prepared by a two-step acid-base catalysed sol-gel synthesis 
in the presence of the decorated latex. After calcination, the organic template left behind 
macropores with the noble metal nanoparticles within the generated macropores. Mesopores (2-
15 nm) connecting these macropores (110-400 nm) are tuned by varying the synthesis 
conditions. Typically, it was possible to obtain specific surface areas and total pore volumes as 
high as 615 m2/g and 0.74 cm3/g, respectively. 

In a first case study, hierarchically porous Pt/SiO2 catalysts were evaluated in the selective 
hydrogenation of p-chloronitrobenzene (p-CNB) to produce p-chloroaniline. They exhibited 
activities up to 91.7 ± 2.9 molCNB/(min molPt) and selectivity values up to 100 ± 2% at 80% of 
conversion, in comparison with 47.7 ± 2.9 molCNB/(min molPt) and 91 ± 2%, respectively, 
obtained with a commercial catalyst under the same conditions. 

Moreover, in a second case study, it was possible to demonstrate the versatility of this technique 
to bring different functionalities to the porous support. Polystyrene or  
CeO2-containing hybrid latexes produced by emulsion polymerisation were successfully 
decorated with Pd or bimetallic Pt-Pd nanoparticles via sonochemical reduction. Alternatively, 
Pd-containing hybrid latexes were prepared by miniemulsion polymerisation. Subsequently, the 
latexes were used in sol-gel chemistry to prepare silica-supported Pd, Pd-Pt and Pd-CeO2 
catalysts with hierarchical porosity (meso and macro). These materials were tested in the direct 
synthesis of hydrogen peroxide from hydrogen and oxygen. The best productivity of H2O2 was 
obtained with the bimetallic Pd-Pt catalyst with 32500 molH2O2/(h molmetal) in batch, and the best 
selectivity was obtained with Pd-CeO2/SiO2 catalyst (63 ± 2%) in semi-batch.  
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In summary, this thesis proposes a new waterborne preparation method for hierarchically porous 
functional materials by the combination of latex synthesis, sonochemical reduction and sol-gel 
process. It has been demonstrated that this preparation technique provides a very powerful and 
versatile toolbox for catalyst tailoring and optimisation. Further perspectives to achieve 
improved morphologies and controlled active sites distribution are also proposed. 
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RESUME 
La catalyse est l'un des piliers pour le développement de procédés durables, car elle permet 
d'utiliser moins de ressources en accélérant les réactions chimiques. Afin de fournir des 
catalyseurs plus performants, les approches de conception rationnelle doivent être privilégiées. 
Malheureusement, les voies pour contrôler la répartition spatiale des sites actifs dans des solides 
poreux sont limitées. Cette étude propose alors une nouvelle méthode de préparation de 
catalyseurs pour contrôler la distribution de nanoparticules métalliques au sein des catalyseurs 
hiérarchiquement poreux (méso et macro) en combinant la synthèse de latex, la réduction 
sonochimique et le procédé sol-gel. 

La première étape est la synthèse d'une empreinte porogène de billes de polystyrène (latex) 
obtenues par polymérisation en émulsion aqueuse. La deuxième étape est la synthèse et le dépôt 
de nanoparticules de métaux nobles sur la surface des billes de polymère par voie sonochimique 
dans l’eau. La troisième étape est la synthèse du support catalytique par un procédé sol-gel en 
milieu aqueux en utilisant le latex décoré et l’orthosilicate de tétraéthyle (TEOS) dans des 
conditions contrôlées pour moduler la porosité finale de la matrice de silice (mésoporeuse). 
Toutes les étapes de cette approche sont effectuées dans l'eau, ce qui limite les impacts 
environnementaux de la préparation du catalyseur. L'élimination du porogène organique (latex) 
par calcination génère les macropores. Le matériau résultant possède alors une morphologie 
inédite pour un catalyseur, avec des macropores fonctionnalisés par des nanoparticules 
métalliques, dans une matrice de silice mésoporeuse.  

Ainsi, il a été possible de synthétiser un latex monodisperse de polystyrène (~130 nm), lequel a 
été décoré avec des nanoparticules de platine (~2.3 nm) par réduction sonochimique. Le 
matériau final de silice a présenté des mésopores (2-15 nm) reliant les macropores (110-400 nm) 
contenant les nanoparticules de Pt. Il a été possible d'obtenir des surfaces spécifiques et des 
volumes poreux totaux de 615 m2/g et 0,74 cm3/g, respectivement. 

Dans un premier cas d'étude, des catalyseurs de Pt/SiO2 à porosité hiérarchique ont été évalués 
dans l'hydrogénation sélective du p-chloronitrobenzene (p-CNB) pour produire la p-
chloroaniline. Ils ont présenté des activités catalytiques allant jusqu'à 91,7 ± 2,9 molCNB/(min 
molPt) et des sélectivités jusqu'à 100 ± 2% à 80% de conversion, par rapport à 47,7 ± 2,9 
molCNB/(min molPt) et 91 ± 2%, respectivement, obtenus dans les mêmes conditions avec un 
catalyseur commercial. 

Dans un deuxième cas d'étude, des latex de polystyrène seuls ou hybrides (contenant du CeO2) 
ont été préparés par polymérisation en émulsion. Ils ont été décorés avec des nanoparticules de 
Pd ou bimétalliques de Pt-Pd par réduction sonochimique. Une variante a consisté à préparer 
des latex hybrides contenant du Pd par polymérisation en miniémulsion. Par la suite, ces latex 
ont été utilisés dans le procédé sol-gel pour préparer des catalyseurs à base de Pd, Pd-Pt et Pd-
CeO2 supportés sur de la silice à porosité hiérarchique. Ces matériaux ont été testés dans la 
synthèse directe du peroxyde d'hydrogène à partir d'hydrogène et d'oxygène. La meilleure 
productivité a été obtenue avec le catalyseur bimétallique Pd-Pt avec 32500 molH2O2/(h molmétal) 
en batch, et la meilleure sélectivité a été obtenue avec le catalyseur Pd-CeO2/SiO2 (63 ± 2%) en 
semi-continu. 
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En résumé, cette thèse propose une nouvelle méthode de préparation dans l’eau de matériaux 
fonctionnels à porosité hiérarchique en combinant la synthèse de latex, la réduction 
sonochimique et le procédé sol-gel. Il a été démontré que cette technique de préparation fournit 
une boîte à outils très puissante et polyvalente pour la préparation et l'optimisation des 
catalyseurs. Des perspectives pour améliorer davantage les morphologies et la distribution 
contrôlée des sites actifs sont également proposées. 
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RIASSUNTO  
La catalisi è uno dei pilastri per lo sviluppo di processi sostenibili in quanto consente di 
utilizzare meno risorse, accelerarando le reazioni chimiche. Al fine di fornire catalizzatori più 
efficienti, si dovrebbero privilegiare degli approcci di disegno razionali. Purtroppo, i modi per 
controllare la distribuzione spaziale delle singole funzioni chimique nei solidi porosi sono 
limitati. Questo studio propone un metodo innovativo per la preparazione di catalizzatori al fine 
di controllare la distribuzione delle nanoparticelle metalliche all'interno di catalizzatori 
gerarchicamente porosi (meso e macro) combinando la sintesi di lattice, la riduzione 
sonochimica e il processo sol-gel. 

Il primo passo è la sintesi di una sagoma di perline di polistirene (lattice) ottenute mediante la 
polimerizzazione in emulsione acquosa. Il secondo passo consiste nella sintesi e la deposizione 
sonochimica delle nanoparticelle di metallo nobile sulla superficie delle perline di polimero. 
Infine, il terzo passo si basa sulla sintesi del supporto mediante un processo sol-gel in mezzo 
acquoso usando il lattice decorato e ortosilicato tetraetilico (TEOS) in condizioni controllate per 
modulare la porosità finale della matrice di silice (mesoporosa). Tutte le fasi di questo approccio 
sono effettuate in acqua, limitando gli impatti ambientali della preparazione del catalizzatore. La 
rimozione della sagoma (lattice) mediante calcinazione genera i macropori. Il materiale 
risultante è un catalizzatore con una nuova morfologia: dei macropori all'interno di una matrice 
di silice mesoporosa funzionalizzati da nanoparticelle metalliche. 

In questo modo è stato possibile sintetizzare un lattice monodisperso di polistirene (~ 130 nm), 
il quale è stato decorato con delle nanoparticelle di platino (~ 2.3 nm) via riduzione sonochimica. 
Il materiale di silice finale ha mostrato dei mesopori (2-15 nm) che collegano i macropori (110-
400 nm) contenenti le nanoparticelle di Pt. In generale, è stato possibile ottenere delle superfici 
e dei volumi totali dei pori di 615 m2/g e 0,74 cm3/g, rispettivamente. 

In un primo caso di studio, i catalizzatori Pt/SiO2 con porosità gerarchica sono stati testati nella 
idrogenazione selettiva di p-cloronitrobenzene (p-CNB) per produrre p-cloroanilina. Hanno 
mostrato delle attività catalitiche fino a 91,7 ± 2,9 molCNB/(molPt min) e delle selettività fino a 
100 ± 2% al 80% di conversione, rispetto a 47,7 ± 2 9 molCNB/(molPt min) e 91 ± 2%, 
rispettivamente, ottenuti con un catalizzatore commerciale nelle stesse condizioni. 

In un secondo caso di studio dei lattici, sia di polistirene solo oppure ibrido contenente CeO2, 
sono stati preparati mediante polimerizzazione in emulsione. Questi lattici sono stati decorati 
con delle nanoparticelle di Pd o bimetalliche di Pt-Pd mediante riduzione sonochimica. In 
alternativa, un lattice ibrido contenente Pd è stato preparato mediante polimerizzazione in mini-
emulsione. Successivamente, questi lattici sono stati utilizzati nel processo sol-gel per la 
preparazione di catalizzatori a base di Pd, di Pt-Pd e di Pd-CeO2 supportati sulla silice con 
porosità gerarchica. Questi materiali sono stati testati nella sintesi diretta del perossido di 
idrogeno dall'idrogeno e dall'ossigeno. La migliore produttività è stata ottenuta con il 
catalizzatore bimetallico Pd-Pt con 32500 molH2O2/(h molmetallo) in batch, e la migliore selettività 
è stata ottenuta con il catalizzatore Pd-CeO2/SiO2 (63 ± 2 %) in semi-continuo. 

In sintesi, questa tesi di dottorato propone un nuovo metodo per la preparazione in acqua di 
materiali funzionali con porosità gerarchica mediante la combinazione della sintesi di lattice, 
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della riduzione sonochimica e del processo sol-gel. È stato dimostrato che questa tecnica di 
preparazione fornisce uno strumentario molto potente e versatile per la preparazione e 
l'ottimizzazione dei catalizzatori. Sono inoltre proposte altre prospettive per migliorare le 
morfologie e la distribuzione controlata dei siti attivi. 
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I. INTRODUCTION 
 

Catalytic processes are of capital importance in the industrial development of the society as we 
know it today [1]. Indeed, current catalytic processes represent about 90% of all industrial 
chemical transformations [2]. Among them, catalytic processes involving supported 
nanoparticles of precious metals such as platinum, palladium and gold are currently used for 
producing fuels and other molecules of industrial interest [3,4]. Additionally, catalysis is one of 
the 12 Principles of Green Chemistry [5] because of its potential to contribute to the 
development of more sustainable chemicals, products and processes , for a sustainable future. 
Particularly, heterogeneous catalysis is commonly preferred over homogeneous catalysis due to 
the ease of removal of solid catalysts from the reaction media, so they can be recycled and 
reused several times prior to deactivation [6]. Nevertheless, there is still the need for developing 
more performant heterogeneous catalytic materials for current and new processes.  

Rational catalyst design is a topic that has been actively discussed in the field as an opportunity 
to accelerate the development of tailor-made materials based on specific needs, reducing trial-
and-error testing and establishing structure-property relationships [7]. Thus, from the 
experimental perspective, tools for the modulation of the catalyst texture (internal porosity and 
pore interconnectivity) and the tailoring of active sites are crucial for the preparation of 
rationalised catalysts. However, currently, there is limited availability of methods for controlling 
the spatial distribution of metal active sites within porous materials [8]. 

The aim of this work is to develop a new synthesis method for catalyst preparation in order to 
improve the active sites (noble metals) distribution at low loadings while controlling the 
hierarchical porosity of the support material. A catalyst structure with hierarchical porosity 
combines pores of different sizes (micropores: < 2 nm, mesopores: 2-50 nm, and macropores:  
> 50 nm). The importance of hierarchical porosity in catalysis is that the interconnected pores of 
different sizes allow the reagents and products to go through the porous matrix and reach all 
active sites [9].  

The proposed method consists of the synthesis of a template decorated with metal nanoparticles 
and their transfer to sol-gel-derived mesoporous silica matrix. A schematic representation is 
given in Figure 1. The first step is the synthesis of a polystyrene latex template by emulsion 
polymerisation. The second step is the sonochemical synthesis and deposition of noble metal 
nanoparticles on the surface of the polymer latex. The third step is the synthesis of the support 
by sol-gel processes using the decorated latex template and tetraethyl orthosilicate (TEOS) 
under controlled conditions to modulate the porosity of the final silica matrix (mesoporous). The 
elimination of the organic template (latex) by calcination finally generates the macropores. The 
resulting material possesses a novel catalyst morphology based on macropores functionalised 
with metal nanoparticles, within a mesoporous silica matrix. Importantly, this approach is 
waterborne, which limits the environmental impacts of the catalyst preparation. 
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In order to answer this Research Question, the General Objective for this PhD work was to 
investigate in detail the effect of each preparation step: polymer latex synthesis, sonochemistry 
and sol-gel, on the catalysts final morphology and the catalytic performances. This general 
objective was addressed according to three specific objectives based on two selected reactions 
given their industrial relevance: 

 

 Synthesise silica-supported platinum catalysts and evaluate them for the selective 
hydrogenation of p-chloronitrobenzene to p-chloroaniline. 

 Synthesise silica-supported palladium catalysts and evaluate them for the direct 
synthesis of hydrogen peroxide from oxygen and hydrogen. 

 Identify relationships between activity and catalyst structure. 

 

Aligned with these objectives, the discussion presented in this manuscript is composed of 5 
chapters: 

II. State of the art. It includes an overview of the available synthesis pathways for the 
modulation of the support porosity and catalyst functionalisation. 

III. Platinum-based catalysts preparation. This chapter details the catalyst preparation 
and the effect of several experimental parameters (such as sonochemical reduction 
conditions, template amount during the sol-gel synthesis and calcination temperature) 
on the catalyst morphology. 

IV. Platinum-based catalysts performance. It presents the catalytic performance of the 
materials described in Chapter III for the selective hydrogenation of p-
chloronitrobenzene to p-chloroaniline. It discusses the effects of the operation 
conditions, of the catalyst pre-treatment and of the variation of the macro- and 
mesoporosity on the catalytic performance. 

V. Palladium-based catalysts preparation. It explores the versatility of this synthesis 
method for tailoring active sites of different nature. So it describes the preparation of 
hierarchically porous Pd/SiO2, Pd-Pt/SiO2 and Pd-CeO2/SiO2 materials. 

VI. Palladium-based catalysts performance. This chapter presents the catalytic 
performance of the materials described in Chapter V for the direct synthesis of 
hydrogen peroxide from oxygen and hydrogen. It discusses the effect of the different 
type of active sites on the catalyst performance. 

VII. General conclusion and perspectives. This concluding section highlights the main 
findings of this research and proposes new approaches for the continuous improvement 
of the catalysts performance. 
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 Introduction II.1-

As a pillar of green chemistry, catalysis should keep striving for improving performance, 
notably by reducing waste (i.e. improving selectivity) and using less resources (i.e. enhancing 
catalytic activity). However, in addition to developing greener catalytic processes, the 
preparation of the required catalytic materials should also be itself as green as possible. For 
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instance, waterborne routes offer an option to reduce environmental impact during the catalysts 
preparation by avoiding the use of volatile organic compounds (VOCs).  

In the search for improving catalytic performances, approaches towards original catalyst design 
with hierarchically porous structures appear as a promising option to address some of the 
current challenges that the chemical industry faces. In order to understand such challenges, this 
chapter will start by giving a quick look at the history of catalysis, followed by a brief overview 
of current challenges in catalysis and how hierarchically porous materials could be beneficial. 
Subsequently, the state of the art for porosity modulation will be presented, followed by 
conventional and advanced techniques for catalyst functionalisation. 

 Catalysis, once upon a time… II.2-

Without taking into account wine and beer production, the first catalytic process ever developed 
was the sulfuric acid production catalysed by a lead chamber in 1746 [1]. Nevertheless, the first 
descriptions of the concept of catalysis were made at the end of the XVIII century by Elizabeth 
Fulhame in her book “An essay on combustion (…)” in 1794 [2,3]. A few years later, in 1835, 
Jöns Jakos Berzelius used the term catalysis to describe the acceleration of a reaction by a 
substance that remained unchanged at the end [4]. Since then, the growth of the chemical 
industry has been strongly related to the development of catalytic processes, being present today 
in about 90% of all chemical industrial processes [5].  

Currently, catalysis is defined by The International Union of Pure and Applied Chemistry 
(IUPAC) as the process in which a substance (the catalyst) increases the rate of the reaction 
without modifying the overall standard Gibbs energy change in the reaction. It is important to 
note that the catalyst is both a reactant and product of the reaction, meaning that the catalyst is 
restored after each catalytic cycle. IUPAC also classifies catalysis within two categories: 
homogeneous catalysis, in which only one phase is involved; and heterogeneous catalysis, in 
which the reaction occurs at or near an interface between phases (e.g. solid-liquid). Notably, 
heterogeneous systems with solid catalysts present several advantages over homogeneous 
catalysts, such as the ease of catalyst separation from the reaction medium, recyclability and 
stability [6]. 

The practical basis for heterogeneous catalyst design started with the development of catalytic 
processes for the production of sulphuric acid and ammonia. Regarding the ammonia synthesis, 
it is the result of the theoretical and experimental work of Haber, Ostwald and Nernst, whose 
research allowed the thermodynamic understanding of the reaction and permitted the 
development of its catalytic production at the industrial scale. In 1910, Haber started to 
collaborate with Carl Bosch at BASF, who implemented a comprehensive catalyst testing 
program leading to ca. 20.000 catalytic tests and several industrial plants operating by 1922. 
Such theoretical and experimental effort set a precedent for catalyst development [7]. 

Regarding the history of the contact process for sulfuric acid synthesis, it accounts with the 
protection of several developments by a number of inventors: in 1831, Peregrine Philips 
patented a process to produce sulphur trioxide with a platinum catalyst [8], in 1846, Jullion 
claimed an asbestos-supported platinum catalyst for this and other reactions [9] and in 1853, 
Hunt patented the use of silica as a catalyst support [10]. Later, in 1898, BASF developed 
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platinised asbestos by impregnation, and since then other platinum- and vanadium-based 
catalysts have been developed in the research of overcoming several challenges such as catalyst 
activity, poisoning, pressure drop increase due to catalyst disintegration, catalyst operation life 
and cost [7]. 

All these studies in catalysis were somehow influenced by the boom of formal discoveries of 
new elements at the end of the XVIII and during the XIX centuries. Platinum traces have been 
found in Egyptian artefacts and enriched-platinum alloys have been discovered in the ancient 
Incas’ territories in Ecuador [11]. Nevertheless, platinum metal was first formally described in 
1748 by Antonio de Ulloa in his report of voyage to South America [12]. When passing by 
Popayán (a city in the south of Colombia), he learnt about the existence of a metallic impurity in 
gold, which was very abundant in the gold mines of Chocó (currently a Colombian province 
limiting with Panamá). He named it Platina. Its extraction was forbidden by the Spanish 
government since it was used to falsify coins due to its difficult isolation form gold. In 1749, W. 
Watson and W. Brownrigg published their very early studies on the properties of this element 
very much unknown at that time [13]. In 1786, Pierre-François Cabaneau - a French chemist - 
developed a method for purifying platinum that encouraged the Spanish monarchy to establish a 
monopoly for platinum extraction. With analytical techniques to identify illegal platinum alloys, 
scientists then dedicated some attention to study the properties of this new metal [14]. In 1802, 
William Hyde Wollaston discovered palladium when trying to purify platinum from an ore 
coming from South Africa. This new metal exhibited similar chemical properties as platinum, 
but with lower melting point and lower density. Based on these observations, the Irish chemist 
Richard Chenevix questioned the discovery by saying that it was just an alloy of platinum and 
mercury. However, after some controversy, it was proven that palladium was correctly a new 
element [15].  In 1817, Humphry Davy discovered the catalytic use of platinum and palladium 
when experimenting with the combustion of gaseous mixtures [16,17]. 

At the end of the XIX century, most of the developments in catalysis were based on empirical 
discoveries, like the alkali-enhancement of vanadium pentoxide catalysts reported by Slama and 
Wolf [18]. Nevertheless, rational catalyst design can be tracked back to 1868 with the Deacon 
process that included the development of copper chloride catalyst especially selected for the 
production of chlorine [19]. It constitutes an early example of logical catalyst selection instead 
of empirical discovery [7]. Nowadays, it is well understood that humankind needs to develop 
more sustainable catalytic processes to keep delivering comfort, but being responsible with the 
environment. In 1998, P. Anastas and J. Warner developed the 12 Principles of Green 
Chemistry as an early conception of what would make a greener chemical, process, or product 
[20]. Later, P. Anastas and J. Zimmerman also presented the 12 Principles of Green Engineering 
outlining what would make a greener chemical process or product [21]. In those principles, 
catalysis is an important axis to reduce waste, energy consumption, use of resources, etc. And 
several of the challenges that arise nowadays in terms of economy, energy and environment 
protection are expected to be overcome with further developments in catalysis, but not with 
trial-and-error approaches; instead rational thinking has been adopted to design performant 
catalysts and optimise processes [22,23]. 
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 Current challenges in catalysis II.3-

The development of sustainable catalytic processes must keep the link with the market needs. In 
this sense, new approaches to do applied research like information mining will undoubtedly be 
useful to tackle scientific challenges in synergy between industry and academia [24]. In this 
section, a short market analysis with the opportunities and scientific challenges in catalysis is 
given. 

II.3.1- Market analysis and perspectives of development  

Regarding macroeconomics trends, the global catalyst market reached USD 23.2 billion and 
nearly USD 24.6 billion in 2013 and 2014, respectively. It is forecast to reach USD 29.9 billion 
by 2019 [25] and USD 34.3 billion by 2024 [26]. Within this market, four segments can be 
differentiated depending on the industrial application: environment, petroleum refining, 
petrochemicals and polymers, and chemical synthesis (Figure 3) [27]. Particularly, catalysts for 
environmental applications are expected to witness the fastest volume growth at 4.4% annual 
from 2016 to 2024. Such forecast is due to the increasing adoption of catalysts for 
environmental remediation processes including industrial and municipal waste treatment and 
vehicle emission control systems [26]. 

 

 

Figure 3. Catalyst market segments in 2015. Based on [28] 
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Figure 4. Global market demand by catalyst type in 2015. Based on [28] 

In 2015, heterogeneous catalysts were used extensively accounting for 73.6% of the global 
market volume (Figure 4). Low price and easy market access of heterogeneous products are 
expected to remain favourable factors over the next seven years. In particular, the metal 
catalysts demand was 1,568.4 kilo tons in 2015 and is expected to grow in light of its increasing 
application in the organic synthesis of chemicals commodities including ammonia. Other 
relevant applications of metal catalysts (based on Ni, Cu, Cr, Mb, Pd, Pt, Au, Ru, Rh) are 
chemical processing, refining, and polymer production. The demand of zeolite-based catalysts is 
also expected to increase on account of its properties such as high porosity and adjustable 
acidity [26]. 

Some of the key global catalyst producers are Zeolyst International, Inc, W.R Grace & Co-
Conn, UOP LLC, Johnson Matthey PLC, INEOS Group Limited, E.I. du Pont de Nemours & 
Company, Evonik Industries AG, Exxon Mobil Corporation, Eka Chemicals AB, Clariant 
International Ltd, Chevron, BASF SE, Arkema Group, AXENS/IFPEN, Albemarle Corporation 
and Air Products and Chemicals Incorporated [29]. 

In industry, the use of catalysts is economically attractive because it costs much less than 1% of 
the sales revenue from the products which they help create [27,30], and also because the 
implementation of catalytic processes and the improvement of current catalysts can significantly 
reduce energy consumption and greenhouse gas emissions [31]. Some of the top opportunities 
for sustainable catalytic processes are:  

 Sustainable energy sources as well as storage and efficient use of energy: as an 
example, hydrogen is a promising clean fuel [32]. However, it is mainly produced by 
catalytic steam reforming, which coproduces CO2. So other economically competitive 
and efficient catalytic developments are imperative [33,34]. Photocatalysis is a 
promising option to make hydrogen out of water, but efficient catalysts must be 
developed yet [35,36]. The hydrogen storage is another aspect that requires further 
developments [37]. Biofuels produced from biomass transformation are another 
possibility of renewable energy source. However, the catalytic transformation of the 
raw feedstock into useful chemicals is still challenging [38–40]. 

 Environment preservation: some of the challenges are solid and liquid waste reduction 
and treatment, reduction of environmental impact of the use and disposal of catalysts, 
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development of more energy-efficient processes pointing to reduce greenhouse gases 
release, control of indoor pollution and reduction of the environmental impact of 
transport [41]. For the later, the automobile exhaust catalysts is a successful example of 
catalyst development for environmental remediation [42].  

 Valorisation of carbon dioxide: CO2 can be captured and transformed into synthesis gas 
(syngas), methanol [43] or other high value chemicals [44]. However the limitation is 
based on the thermodynamics stability of CO2, that in principle could be overcome by 
kinetics [23].  

 Speciality chemicals: most of them are currently produced in homogenous systems, but 
they constitute a big area of interest for heterogeneous processes with solid catalysts, 
due to the ease of handling and reuse of such catalytic materials. The challenge is the 
selectivity, because for instance, chemicals for pharmaceutical applications require very 
often enantioselectivity that is not easily achievable with solid catalysts. However, 
hybrid systems, including anchored organic moieties on inorganic supports could offer a 
suitable solution [23,45]. 

 These new challenges appear in addition to old catalytic processes still requiring further 
development. For instance, the production of chemical commodities like ammonia and 
hydrogen peroxide must be priority in the agenda: ammonia production is currently the 
industrial process that consumes more energy (2.5 EJ in 2010) and releases more 
greenhouse gases (350 MtCO2-eq in 2010) than any other large volume chemicals [31] 
and hydrogen peroxide production process has low efficiency, high energy consumption 
and produces considerable amounts of waste [46]. Epoxidation reactions for olefins 
other than ethylene [47] or the selective partial oxidation of hydrocarbons [48] are also 
processes with great potential for new developments. Additionally, well-established 
catalytic reactions are still object of research to improve the catalysts and therefor the 
process performances, some of them are hydrogenation, hydrocracking, reforming of 
hydrocarbons, fuels synthesis, nitrogen processing and fixation [23].  
 

II.3.2- Heterogeneous catalyst: a challenge in itself 

The ultimate challenge in heterogeneous catalysis is to understand the fundamental basis of the 
molecular interactions of the reaction medium (liquid or gas) with the solid catalyst, and then 
use the available synthesis techniques to design and prepare the catalyst architectures in order to 
drive the reactions to form selectively the desired product [45]. Indeed, heterogeneous catalysis 
is a complex process that involves several phenomena: mass transport, sorption and chemical 
reaction. Each one of them provides an opportunity to improve the catalyst performance. 
Considering a porous solid catalyst, nine stages can be recognised in a catalytic process as 
shown in Figure 5 [49,50]: 

1. Reactants mass transport towards the solid: the reagents have to arrive from the bulk to 
the solid boundary layer. 

2. Reactants diffusion from the fluid phase (liquid or gas) through the boundary layer 
adjacent to the external surface of the catalyst. 

3. Reactants diffusion through the pores within the catalyst from the outer surface towards 
the active sites. 
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From the microscopic point of view, the architecture of the catalyst structure should also be 
carefully considered, since the catalyst porosity and active sites distribution have important 
effects on the catalyst performance. For instance, zeolites have the advantage of possessing 
small pores that act as molecular sieves for reactant selection before reaching the active site. As 
a consequence, the small pore size enhances the selectivity [45], but it also limits the mass 
transfer, reducing the catalyst performance [56,57]. Moreover, larger pores than those obtained 
with zeolites are also important for applications with larger molecules like cellulose or proteins 
[58]. In order to conciliate selectivity, optimal mass transfer phenomena and overall catalyst 
performance, a hierarchically porous structured material is proposed to offer the optimal catalyst 
structure required for a given reaction. 

In general, a catalyst structure with hierarchical porosity combines pores of different sizes 
(micropores smaller than 2.0 nm, mesopores between 2.0 and 50.0 nm and macropores larger 
than 50.0 nm, according to IUPAC classification). The homogeneous distribution of such pores 
within the material is also a key parameter in order to obtain better diffusion within the catalyst 
[22]. In fact, when the diffusion is the controlling step of the overall reaction, improvements at 
the active sites would not significantly increase the catalyst performance. Instead, the mass 
transport within the material becomes of major concern for catalyst improvement. This is where 
the modulation of internal porosity and pore interconnectivity plays an important role in catalyst 
design. 

 

 Synthesis pathways for preparing catalysts with specific/innovative/original II.4-

designs 

Hierarchical structured porous materials have a large range of applications including life science 
for biomaterials and drug delivery, energy for sensors, fuel cells, supercapacitors and batteries, 
separation and adsorption used for instance in bioreactors and DNA purifiers and catalysis and 
photocatalysis [59,60]. 

Rational design of hierarchical porosity of catalytic material has been studied for achieving a 
specific tailoring based on the application requirements [61]. Concerning the porosity, 
especially in silica-based materials, sol-gel methods are suitable for obtaining micro- and 
mesoporous materials [62,63]. Such technique could also be environmentally friendly since 
water can be used without co-solvent as reaction medium along the preparation steps [64]. 
Nevertheless, in the last three decades, there has been a large development of other approaches 
that allow achieving tailored hierarchically porous materials. 

 

II.4.1- Modulation of the support porosity  

Regarding the development of mesoporous materials, in the early 90’s, the Mobile Company 
marked an important step in the preparation of ceramic materials with controlled porosity when 
they reported the family of MCM (Mobile Composition of Matters) [65,66]. Even though, at 



II.  STATE OF THE ART 
 

46 
 

that time, there were already some methods to obtained disordered mesoporous structures like 
silica under controlled sol-gel processes [67] or modified layered materials [68], that 
development was a breakthrough because it presented the preparation of ordered mesoporous 
materials by polymerising a silica source around an organic liquid crystal template of quaternary 
ammonium surfactants. Since then, a large interest has grown in the preparation of a variety of 
structures using a diversity of preparation techniques giving rise to porous channels or 
entrapped pores [69]. 

Porous channels act as highways for the transport of molecules from the solution towards the 
active sites within the solid, or out of it in the case of products [22]. On the other hand, in the 
presence of entrapped pores, the cut-off of the material is determined by the porosity of the 
oxide walls [70]. Nevertheless, they increase the material’s permeability, reducing the mass 
transport resistance throughout the solid. Rigby and co-workers demonstrated that empty 
macropores can reduce the total mass transport resistance by about half compared to only 
mesoporous material [71]. They proposed a simple unit cell model for mass transport resistance 
in a macroporous structure, as shown in Figure 7, where 𝑅 is the resistance to diffusive flux 
through the mesoporous wall from the neighboring cell to the macropore, 𝑟 it the resistance to 
diffusive flux through the macropore, and the resistance for going through the mesoporous 
material around the macropore is also of size 𝑅. The total resistance 𝑅𝑇𝑜𝑡 is then given by: 

𝑅𝑇𝑜𝑡 = 𝑅 + [(1𝑅) + (1𝑟)]−1
 

So in the limiting case that the resistance through the macropore is zero (𝑟 = 0), 𝑅𝑇𝑜𝑡 = 𝑅. But 
in a second limiting case, if an infinite resistance through the macropore is supposed (𝑟 = ∞), 𝑅𝑇𝑜𝑡 = 2𝑅, which means that the flux would only go through the mesoporous material. The 
reality is very close to the first limiting case, since the macropore is empty, meaning that the 
presence of macropores strongly reduces the resistance to diffusive flux through the material in 
comparison with an only-mesoporous matrix. 

 

 

Figure 7. Simple unit cell model for mass transport resistance in a macroporous structure. Light 
shade circle corresponds to a macropore and dark-shaded area corresponds to the mesoporous 

support [71]. 
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Nanoporous materials can be classified in three categories depending on the framework building 
blocks: purely inorganic, purely organic and hybrid organic-inorganic. The purely inorganic 
materials include pure and metal-doped silica, metal oxides, mixed oxides, metal phosphates 
and porous carbons. The purely organic classification comprises materials such as organic 
porous polymers. And the hybrid organic-inorganic category is formed by materials such as 
periodic mesoporous organosilica (PMO), metal oxophenylphosphate and metal organic 
frameworks (MOF) [72]. Even though there are general preparation methods, each nanoporous 
material is prepared by specific synthesis protocols [72,73]. The following subsections will 
focus on the preparation of inorganic materials by various techniques. Additionally, some 
examples of nanoporous materials with catalysis application will be described. 

 

II.4.1.1- Matrix porosity tailoring by sol-gel synthesis 

Typically, the sol-gel method consists of the polymerisation of monomeric alkoxide precursors, 
for instance tetraethylorthosilicate (TEOS) is used in the preparation of silica. Initially, a sol is 
formed (homogeneous dispersion of polymeric clusters or suspension of solid nanoparticles in 
the reaction medium) and then it becomes a gel by intricate linkage between the clusters of 
nanoparticles. When using alkoxide precursor, especially silicon alkoxides, two distinctive 
reactions are observed in such polymerisation: hydrolysis and condensation (Figure 8). The 
hydrolysis is characterised by the nucleophilic attack of the oxygen atom of a water molecule 
releasing an alcohol and forming a silanol group (-SiOH). On the other hand, condensation can 
be of two types: oxolation (or water condensation) and alkoxolation (or alcohol condensation). 
In the first, the reaction between two silanols (-SiOH) leads to siloxane bridges (Si-O-Si) 
releasing a water molecule, and in the second, the reaction between a silanol (-SiOH) and an 
alkoxysilane (-SiOR) leads to siloxane bridges releasing an alcohol molecule. 

 

Figure 8. Silicon alkoxide hydrolysis and condensation reactions [74]. 

 

Regarding the mechanisms of these reactions, they depend on whether the reactions are acid- or 
base-catalysed, as follows [74,75]: 
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Acid-catalysed hydrolysis: 

 

Acid-catalysed condensation: 

 

 

Base-catalysed hydrolysis: 

 

Base-catalysed condensation: 

 

Figure 9. Hydrolysis and condensation reaction mechanisms depending on pH 

 

In addition to a distinctive reaction mechanism, the morphology of the material also changes 
depending on the pH [74]. As shown in Figure 10, at acidic pH, the network growth is favoured 
by the formation of linear molecules occasionally cross-linked. On the other hand, at basic pH 
(Figure 11), the polymerisation of highly branched clusters is favoured, which are then linked to 
form a gel [75]. After solvent removal by evaporation, the resulting material is called a xerogel.  
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Figure 10. Typical structure at acidic hydrolysis conditions [75]. 

 

 

Figure 11. Typical structure at basic hydrolysis conditions [75]. 

 

Furthermore, the hydrolysis ratio h (water/alkoxide molar ration) also defines the morphology 
of the final material. For low values of h, linear polymers are favoured, while at high values of 
h, dense clusters are formed, as shown on Figure 12 [76]. Thus weakly cross-linked polymeric 
networks are favoured at acidic pH and low h values, while highly branched colloidal particles 
are favoured at basic pH and high h values [74].  

 

 

Figure 12. Effect of the hydrolysis ratio on the gel structure [76]. 

 

The corresponding xerogels are the resulting solids after solvent evaporation, which are 
compressed by the effect of capillary forces during solvent removal. The resulting porosity 
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depends on the strength of the gel network to resist the compressive forces of surface tension. 
The porosity can be reinforced by selecting appropriate sol-gel conditions that lead to a 
reinforced network. Table 1 presents the texture characteristics of xerogels prepared by varying 
the h and/or the pH in one or two steps. The two-step acid-base catalysed sol-gel synthesis has 
been reported to lead to mesoporous silica with pore diameters between 1 and 10 nm. It 
consisted of an initial stage at low pH and low h to favour the TEOS hydrolysis forming a low 
cross-linked polymeric network and then, the pH was increased in order to favour the 
condensation of the reinforcement of the silica by favouring the branching of the initial network. 
Even though, the resulting material was amorphous and the porosity was not ordered, this kind 
of material exhibited high porosity and large surface areas as shown in Table 1. 

 

Table 1. Textural characterisation of xerogels using different sol-gel conditions [67]. 

Sol-gel method h first step h second step 
Porosity 

(%) 

Pore 
diameter 

(nm) 

Specific 
surface area 

(m2/g) 
One-step base catalysed 2.3 - 70 1-20 515 
Two-step acid catalysed 1.1 5.0 54 1-5 740 
Two-step acid-base catalysed 1.1 3.8 67 1-10 910 

 

In order to avoid the capillary effects of solvent evaporation on the structure, supercritical 
drying and freeze drying are some of the alternatives. In the case of supercritical drying, the wet 
gel is put into a high-pressure vessel that is then loaded with a supercritical fluid like carbon 
dioxide. The reactor is then flushed at a supercritical condition in such a way and for long 
enough time that the initial solvent is completely removed from the material. Finally, the 
supercritical fluid is changed to gas phase without passing by the liquid phase, so the solid-
liquid interfaces that generate the capillary shrinkage are avoided. The resulting material is 
called an aerogel. In the case of freeze-drying, once the gel is formed, it is cooled down, for 
instance with liquid nitrogen or a cooling bath like isopropanol plus solid carbon dioxide. Then, 
it is put under vacuum. The solvent that at that moment is in solid form will sublimate without 
generating capillary forces due to the suppression of solid-liquid interfaces. Unlike supercritical 
drying, monoliths are not possible with this method, since the solvent crystals formed during the 
cooling down step fracture the gel. Only flake-like structures can be obtained [67]. 

 

II.4.1.2- Matrix porosity tailoring by template-based methods 

Template is the term to refer to a pattern used in sewing or graphic arts to replicate shapes or 
designs. In material science, the word template denotes a material used to generate porosity 
within a matrix. During its formation, the matrix nucleates and grows embedding the template. 
Subsequently, the template is removed, revealing in the matrix the porosity induced by the 
geometry of the templating structure. In the case of ceramic matrices produced by sol-gel 
processes, their porosity can be controlled by two approaches: either the precursors are 
compounds with alkoxide-like structure containing a templating molecule, or the templating 



II.  STATE OF THE ART 
 

51 
 

molecule or nanoparticle (not chemically bonded to the sol-gel precursors) is enclosed during 
the sol-gel synthesis [76]. This study will focus on the latter, which also has two types: soft and 
hard templating. The soft templating (also known as endotemplate method) refers to 
supramolecular entities like self-assembled arrangements of structure directing molecules like 
surfactants. The hard templating (also known as exotemplate method) implies the use of a solid 
material such as polymers, silica and carbon [72]. 

 Soft templating II.4.1.2.i-

The preparation of mesoporous materials by the soft templating approach includes the use of 
molecules known as structure directing agents (SDA), typically in the form of lyotropic liquid 
crystals. Liquid-crystal state is a mesomorphous state and it is considered the fourth phase state 
of the matter that takes place in between the crystalline and the liquid states. Liquid crystals can 
be of two types: thermotropic and lyotropic. The first corresponds to substances that transit to 
the liquid-crystal state when increasing the temperature. The second corresponds to substances 
that form a liquid-crystal phase when dissolved in water or other solvents within a certain range 
of concentration. The characteristic of liquid crystals is that the molecules arrange in an 
anisotropic manner, forming diverse structures [77].  

Typically, lyotropic liquid crystal phases are formed by amphiphilic molecules, which are 
compounds with both hydrophobic and hydrophilic regions within the same molecule. In water, 
such molecules migrate to the interphase water-air and arrange in such a way that the polar part 
of the molecule interacts with the water and the non-polar part faces the air. As a consequence, 
these molecules reduce the surface tension by reducing the number of water molecules at the 
interface that are otherwise subject of unbalanced cohesive forces. This is why these compounds 
are known as surfactants or “surface-active” molecules. When the surface (water-air) is crowded 
with surfactant molecules and more surfactant is added to the system, the extra molecules must 
self-assemble in micelles. This concentration is known as Critical Micelle Concentration 
(CMC). Micelles are clusters in which the hydrophilic part faces the water and the hydrophobic 
part faces the interior of the cluster. Depending on the concentration of surfactant in the 
medium, they can form diverse structures as shown in Figure 13 [72,78]. 
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Figure 13. Schematic phase diagram of cetyltrimethylammonium bromide (CTAB) in water 
[78]. 

 

At high surfactant concentration, the water can be entrapped within reverse micelles (with the 
hydrophobic part facing out of the micelle). Other structures like reverse bicontinuous cubic 
structures have also been observed experimentally, as illustrated in Figure 14. 

 

 

Figure 14. Reversed bicontinuous cubic phases [79]. 

 

The liquid crystal phase can also be influenced by the surfactant molecular structure in such a 
way that the preferred self-assembled structure would be spheres, cylinders, bilayers or inversed 
structures [80]. It is rationalised using the critical packing parameter as a geometrical 
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relationship between the hydrophobic and the hydrophilic regions (CPP = v / a0 lc, being v the 
volume of the molecule, a0 the area of the head and lc the length of the tail) [81,82]. The effect 
of CPP on the preferred structure is summarised in Figure 15. The liquid crystal engineering by 
tailoring the amphiphilic molecule geometry has been reviewed [83], reporting the achievement 
of a controlled and wide variety of normal and reversed phases in the mesophase structures. 

 

 

Figure 15. Effect of the critical packing parameter on the mesomorphous structure [84]. 

 

In terms of chemical structure, surfactants can be classified as non-ionic, anionic, cationic and 
amphoteric (or zwitterionic) [72]. The non-ionic surfactants contain a hydrophilic part that does 
not ionise in water like alcohol, ether, ester, amide, etc. A common example is Pluronic P123, 
which is a tri-block copolymer surfactant formed by two blocks of poly(ethylene oxide) as 
hydrophilic part and one block of poly(propylene oxide) as hydrophobic part, as depicted in 
Figure 16 [85]. Anionic surfactants are amphiphilic molecules in which the hydrophilic part in 
an anion, which dissociates from its cation in water. The hydrophilic anion can include function 
groups such as carboxylates (RCO2

-), sulphates (RSO4
-), sulfonates (RSO3

-) and phosphates 
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(R1PO4
- R2). On the other hand, the corresponding cation is usually potassium, sodium or 

quaternary ammonium ion. Sodium dodecyl sulphate (SDS) and sodium dodecylbenzene 
sulfonate (SDBS) are examples of widely used anionic surfactants [72,86,87]. Contrarily, 
cationic surfactants have a cation as hydrophilic part of the amphiphilic molecule, which 
dissociates from the corresponding anion in solution. Typically, amines or quaternary 
ammonium ions (RNH3

+) belong to this category. Cetylpyridinium chloride (CPC) and 
cetyltrimethylammonium bromide (CTAB) are common examples of cationic surfactants 
[72,88,89]. Finally, amphoteric also known as zwitterionic surfactants have a hydrophilic part 
containing both dissociated cation and anion. Natural amino acids and phospholipids belong to 
this category [90]. Lauryl betaines and dodecyl betaines are a few common examples of 
amphoteric surfactants [63,72,91]. 

 

 

Non-ionic surfactant: 
Pluronic® P-123. IUPAC 

name: Poly(ethylene glycol)-
block-poly(propylene 

glycol)-block- poly(ethylene 
glycol). 

 

Anionic surfactant: sodium 
dodecylbenzene sulfonate 

(SDBS). 

 

Cationic surfactant: 
cetyltrimethylammonium 

bromide (CTAB) 

 

Amphoteric surfactant: lauryl 
betaine 

Figure 16. Examples of the different types of surfactant. 

 

There is another type of structure directing agents that are not surfactants, i.e. which do not 
reduce the surface tension of the liquid when they are in solution. They can be of three types 
[72]: single molecule without self-assembly ability like tetrapropylammonium hydroxide (TPA) 
that has been used in the nucleation and growth of zeolites [92], small molecules with low 
molecular weight that induce self-assembled arrangements such as urea [93,94] and sodium 
salicylate [95,96], or supramolecules, large molecules that do not form micelles like dendrimers 
[97–99].  

The flexibility of surfactant templates to lead to different arrangements by changing their 
chemical structure, geometry and concentration has attired great interest for the preparation of 
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mesoporous materials. The use of soft templates became a trending topic after the development 
made by the Mobile Company. In particular, they used liquid crystals of 
alkyltrimethylammonium bromide (Cn-TAB) or chloride (Cn-TAC), in which the silicate 
material formed solid walls between the ordered surfactant micelles [65,73]. Depending on the 
type of surfactant, the morphology of the channels varied. For instance, MCM-41 consisted of 
hexagonal channels, while MCM-48 and MCM-50 had bicontinuous cubic and lamellar 
mesostructures, respectively [73,100]. The mechanism starts by the formation of surfactant 
micelles that self-assemble in arrays depending on the concentration and the type of surfactant 
(hexagonal array exemplified in Figure 17). Then, the silicate material starts to condensate 
around the surfactant assembly, leading to the formation of a solid-surfactant composite. 
Subsequently, the surfactant can be removed by calcination or extraction, leading to the porous 
material [100]. 

 

Figure 17. Ordered mesoporous silica formation by liquid-crystal templating [100]. 

 

Several micellar templated structures have been developed since, such as M41S, FSM-16, HMS, 
MSU-x and SBA-x [69]. For example, MSU-1 (Michigan State University) material was 
prepared with poly(ethylene oxide)-based surfactants leading to disordered channel structures 
with uniform diameters ranging from 2.0 to 5.8 nm [101]. Another example is the SBA-x (Santa 
Barbara Amorphous) family of ordered mesoporous silica with pore sizes ranging between 2 nm 
and 30 nm that were prepared with non-ionic alkyl poly(ethylene oxide) (PEO) oligomeric 
surfactant and poly(alkylene oxide) block copolymer templates in acidic medium. The pores 
were orderly arranged with cubic (Im3̅m or Pm3̅m), three dimensional hexagonal (P63/mmc), 
honeycomb hexagonal (p6mm) and lamellar (Lα) structures. Particularly, SBA-15 is a hexagonal 
mesoporous silica prepared with a template of poly(alkylene oxide) triblock copolymer 
surfactant species such as Pluronic® P-123 (poly(ethylene oxide)-block-poly(propylene oxide)-
block-poly(ethylene oxide), EO20PO70EO20). Its pores are ranging from 4.6 to 30 nm and the 
silica walls have a thickness ranging from 3.1 to 6.4 nm [102].  

Other works have led to the preparation of plugged hexagonal templated silica (PHTS), which is 
a structured material consisting, of a honeycomb hexagonal structure with pores of 6-8 nm 
diameter and ca. 4 nm wall thicknesses. These pores contain internal microporous silica 
nanocapsules (as depicted in Figure 18) that are formed by a large excess of the silica precursor 
that is rapidly hydrolysed at the very low pH used during the synthesis. Such a material 
exhibited much more hydrothermal and mechanical stability than conventional micellar 
templated structures. Such a performance has been attributed to the wall thickness in 
comparison with other silica like MCM-48 that has walls of only ca. 1 nm [69]. 
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Figure 18. Plugged hexagonal templated silica [69]. 

 

Table 2 summarises the mesopore size that is achievable with diverse soft templates. Notably, 
the combination of surfactants with swelling agents (such as 1,3,5-trimethyl benzene, TMB) can 
lead to larger pore sizes by increasing the template micelle size [103]. For instance, a 
combination of food grade emulsifier polyglycerol esters of fatty acids (PGEFA) and n-decane, 
as soft-template and swelling agent, respectively, have been used in the preparation of 
mesoporous silica with pore size in the interval 2 - 14 nm [104]. 

 

Table 2. Mesoporosity tailoring with soft templates (based on [105]). 

Pore size (nm) Method 
2 – 5 Surfactants with diverse chain lengths 

Long chain quaternary cationic salts 
Neutral organoamines 

5 – 8 Charged surfactants combined with organic swelling agents 
2 – 8 Non-ionic surfactants 
4 – 20 Triblock-copolymer-based surfactants 
10 – 30 High molecular weight block-copolymers 

Triblock-copolymers combined with swelling agents 
 

Dual surfactant templating is another approach to prepare hierarchical mesoporous materials. 
The idea is to form a template of mixture of micelles with different sizes. The challenge is to 
find the balance in the surfactants interaction, because on the one hand, phase separation or 
segregation of the surfactant species can occur, and on the other hand, mixed micelles could be 
formed. In both cases no hierarchical structure would be formed [59]. For instance, dual –
mesoporous silica spheres have been prepared with a core-shell structure. The shell porosity was 
tailored with CTAB leading to pores of 2 nm. The core was templated with polystyrene-bock-
poly(acrylic acid) (PS-b-PAA) and CTAB, leading to pores between 12.8 and 18.5 nm [106]. 
Figure 19 presents a sample with 2.0 and 14.3 nm dual mesopores prepared with CTAB and 
PS100-b-PAA16. Other core/shell structures with spherical and ellipsoidal morphologies have 
been prepared with cetyltrimethylammonium bromide (C16TAB), tetraethyl orthosilicate 
(TEOS) and octadecyltrimethoxysilane (C18TMS). Such materials with double mesoporous 
silica shells with average pore size: 2.4 nm and 3.8 nm were explored in drug delivery 
applications exhibiting high biocompatibility [107].  
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Figure 19. Dual-mesoporous silica spheres: a. and b. TEM images, c. N2-physisorption 
isotherms with insert of BJH pore diameter distribution from the adsorption branch. 

 

The use of surfactant mixtures has also permitted the synthesis of yolk/shell structures. Lauryl 
sulfonate betaine (LSB), sodium dodecyl benzenesulfonate (SDBS) and 3-amino- 
propyltriethoxysilane (APS) were used to form vesicles with movable nanoparticles cores (SiO2, 
Au or Fe2O3). The silica shells were then prepared by a sol-gel process via the hydrolysis of 
APS and tetraethyl orthosilicate (TEOS), as shown in Figure 20 [87]. 

 

 

Figure 20. Schematic synthesis method for yolk/shell particles synthesis (left). TEM images of 
silica shells with cores of: a. and b. SiO2, c. Au, d. Fe2O3 (right). Scale bars: 200 nm, except in 

d.: 100nm [87]. 

 Hard templating II.4.1.2.ii-

This approach involves a hard or rigid material as template, whose structure determines the 
morphology of the desired product. Mesostructured silica, polymer spheres, porous membranes, 
foams, ion exchange resins and carbon fibres are some examples of hard templates [108]. 
Because numerous examples of hard templating routes published in the literature involve the 
use of polymer latexes and also because such latexes have been used in our experimental work, 
in the first part of this section general principles for the synthesis of polymer latexes by the most 
common way, i.e. emulsion polymerisation [109] will be recalled. 
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a) Synthesis of polymer latexes by emulsion polymerisation 

An emulsion is a liquid-liquid dispersion that is thermodynamically unstable. Surfactants are 
then used in order to make kinetically stable droplets dispersed within the continuous medium. 
The droplets size typically range between 1 and 20 µm [110]. The emulsion polymerisation 
takes its name from the starting system, which in the simplest case is an emulsion made of 
water, a low water-soluble monomer (e.g. styrene), a water-soluble initiator (e.g. persulfate) and 
a surfactant [109]. In the case of styrene polymerised with a persulfate initiator, the 
polymerisation takes place following a free radical mechanism consisting of three steps: 
initiation, propagation and termination, as shown in Figure 21. The initiation is the attack of the 
initiator radical to the monomer creating a covalent bond and a new radical. The propagation is 
the subsequent radical attacks to other monomer molecules while making a chain of covalently 
bound monomer molecules (polymer chain). The termination takes place when two radicals 
combine (or disproportionate, for instance in the case of methyl methacrylate polymerisation), 
producing a dead chain (or two dead chains if disproportionation occurs) that cannot continue to 
polymerise [111]. 

 

 

 

 

Figure 21. Styrene free radical polymerisation mechanism with potassium persulfate initiator. 
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Emulsion polymerisation is a widely used technique due to some advantages such as the use of 
water dispersion medium (which is more environmentally friendly than volatile organic 
solvents), it permits excellent heat dispersion during the synthesis and the emulsion low 
viscosity allows reaching high weight fractions of polymer. Nevertheless, the mechanism of 
polymer particles formation and growth is quite complex, and has only been understood in 
details recently [109]. In a typical batch polymerisation, three intervals are recognisable, as 
represented in Figure 22. Interval I: the particle nucleation takes place forming precursor 
particles. Monomer droplets and surfactant (surfactant forming micelles if above the critical 
micelle concentration) are present. Interval II: Only mature particles (colloidally stable 
particles) and monomer droplets are present. The particles keep growing and the monomer 
droplets act as reservoirs by keeping the monomer concentration within the particles essentially 
constant (monomer diffusion is faster than polymerisation). Interval III: the monomer droplets 
are exhausted and the remaining monomer within the particles is polymerised [109]. It is 
important to keep in mind that living radicals are required to permit particle growth. However, 
radicals are dynamic and can terminate, exit or enter the particles as depicted in Figure 23. As a 
consequence of this complex dynamics, many polymer chains are present within a latex particle. 

 

Figure 22. Typical emulsion polymerisation intervals. The grey circles represent the monomer 
droplets, stabilised by surfactant molecules. Micelles are represented by clusters of surfactant 

molecules in Interval I. R• are radicals and I are initiator molecules. White circles are surfactant-
stabilised latex particles [112]. 
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Figure 23. Kinetic processes during a typical emulsion polymerisation reaction. The head-tailed 
structures represent living radical polymer chains. The z-mer is a water-soluble initiator head 

with a long enough polymer chain to act as a surfactant being able to form micelles. The jcrit-mer 
is a water-soluble initiator head with such a long polymer chain that it is not soluble anymore 

forming a particle [109]. 

There are several ways to tune the functional groups present in the polymer chain, for instance 
by changing the initiator, the monomer, the surfactant or using a mixture. For instance, 
potassium persulfate, sodium bisulphite and ferric ammonium sulphate as initiators, and sodium 
dodecyl sulphate and sodium dodecyl sulfonate as surfactants have been used in different 
proportions to prepare polystyrene latexes with either sulphate, sulfonate or both functional 
groups at the surface of the polymer beads [113]. Carboxylic groups have also been brought to 
the surface of polystyrene beads using 4,4′-azobis(4-cyanovaleric acid) as initiator [114]. In 
terms of monomer, polystyrene nanoparticles have been prepared with styrene and divinyl 
benzene with oleic acid as comonomer, giving carboxyl group functionalities to the 
nanoparticles [115]. Another polymer has been functionalised using a mixture of styrene and 
sodium styrene sulfonate to prepare poly[styrene-co-(sodium styrene sulfonate)] by emulsion 
polymerisation [116]. In addition to effects on the polymer’s chemical structure, variations of 
the latex formulation can also influence the particle size of the beads in suspension. For 
example, the nucleation stage of the styrene polymerisation in emulsion has been enhanced by 
the addition of sodium styrene sulfonate, leading to a number of particles (Np) of the order of 
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1017 particles/cm3 water, which is two orders of magnitude larger than in the case of styrene 
alone [117]. Considering that for a given amount of monomer, the volume of a particle is 
inversely proportional to the number of particles nucleated during the Interval I, a larger Np 
corresponds to a smaller particle size. 

Other alternative polymerisation techniques are summarised in Table 3. A couple of 
differentiating features are worth been briefly commented: in the inversed systems, the 
monomer is water-soluble and forms droplets within an organic continuous phase [118]. Both 
precipitation and dispersion polymerisations start from a homogenous medium, in which the 
monomer is soluble, but not the polymer, so as the reaction proceeds, the polymer creates non 
soluble particles. The main difference between these two types of polymerisation is that in the 
dispersion one, a stabiliser is added to control the colloidal stability of the dispersed phase 
formed during the polymerisation. 

With the exception of dispersion and precipitation polymerisations, these methods are made of 
two non-miscible liquids that are kinetically stabilised, notably, with surfactants. The only 
remarkable exception in stability is the microemulsion, which is thermodynamically stable due 
to the addition of large amounts of surfactant and cosurfactant (like an alcohol: ex. n- pentanol) 
[119,120]. In such a case, instead of being a milky suspension, it is transparent and it is formed 
spontaneously with small and narrow particle size distribution. However, the microemulsion 
polymerisation is a complex heterogeneous process and the stability of the system can be 
affected as the polymerisation takes place [121,122]. 

Regarding miniemulsion polymerisation, in order to achieve small droplets, high energy shear is 
required (Figure 24), which is generally done by ultrasonication at low frequencies (e.g. 20 
kHz) [123–129], static mixers [130,131], rotor-stators [132] or high pressure homogenisers 
[133,134]. Since the polymerisation is desired to only occur within the droplets, a hydrophobic 
agent is required to limit the diffusion of the monomer towards the continuous phase by 
building up an osmotic pressure in the droplets (it is therefore also called an osmotic pressure 
agents) counteracting the Laplace pressure [123]. 

 

Figure 24. Miniemulsion process: Two immiscible phases (I: monomer, hydrophobic agent and 
initiator, and II: water and surfactant) are subjected to high shear, forming small, homogeneous, 

and narrowly distributed nanodroplets. In a subsequent polymerisation reaction, ideally no 
change of the droplets/particles size is observed [123]. 
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Table 3. Polymerisation techniques in dispersed media (based on [110,111]) 

Polymerisation Droplets size 
Continuous 

phase 
Monomer Initiator 

Polymer 
particle size 

Comments 

Suspension 50 µm – 10 mm Aqueous Oil-soluble Oil-soluble 50 – 10 mm Particles formed by polymerisation within the droplets. 
Emulsion 1 – 20 µm Aqueous Low water-

soluble 
Water-
soluble 

50 – 500 nm Particles formed by nucleation within the aqueous 
phase. 

Precipitation No droplets. 
Homogeneous 
starting phase 

Aqueous 
(or organic) 

Water-
soluble (or 
oil-soluble) 

Water-
soluble (or 
oil-soluble) 

Variable The polymerisation mainly occurs in the continuous 
phase. The final system is not colloidally stable. 

Dispersion No droplets. 
Homogeneous 
starting phase 

Organic (or 
aqueous) 

Oil-soluble 
(or 

aqueous) 

Oil-soluble 
(or 

aqueous) 

0.5 – 20 µm A stabiliser is added to ensure colloidal stability of the 
formed particles. The polymerisation occurs in the 
continuous phase and in the formed particles (if 
swollen by monomer).  

Microsuspension 0.2 – 20 µm Aqueous Oil-soluble Oil-soluble 0.2 – 20 µm Larger amount of surfactant (or steric stabiliser) is 
required than in suspension. The polymerisation 
occurs within the droplets. 

Miniemulsion 50 – 300 nm Aqueous Oil-soluble Water- or 
Oil-soluble 

50 – 300 nm A hydrophobic agent is required to avoid Ostwald 
ripening. The polymerisation occurs within the 
droplets. 

Microemulsion 10 – 20 nm Aqueous Oil-soluble Water-
soluble 

10 – 50 nm A cosurfactant is required (ex. n-pentanol). 
Thermodynamic stability could be affected by the 
polymerisation. 

Inversed-
suspension 

50 µm – 10 mm Organic Water-
soluble 

Water-
soluble 

50 – 10 mm Particles formed by polymerisation within the droplets. 

Inversed-
emulsion 

0.5 – 20 µm Organic Low oil-
soluble 

Oil-soluble 50 – 500 nm Particles formed by nucleation within the organic 
phase. 

Inversed-
miniemulsion 

50 – 300 nm Organic Water-
soluble 

Oil-soluble 50 – 300 nm Lipophobic additive is required to avoid Ostwald 
ripening. 

Inversed-
microemulsion 

10 – 20 nm Organic Water-
soluble 

Oil-soluble 10 – 50 nm Thermodynamic stability could be affected by the 
polymerisation. 
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b) Examples of hard templating implementation 

A typical example is the preparation of carbon using a silica template, as schematised in Figure 
25. First, mesoporous silica templates are tailored by surfactant self-assembly approaches, and 
then their pores are loaded with carbon sources such as sucrose. Such composite materials are 
then carbonised by H2SO4 or by heat treatments. Subsequently, the silica template is removed 
by HF or NaOH leading to the mesoporous carbon with the negative morphology of the starting 
silica template [105,135–137]. 

 

 

Figure 25. Ordered mesoporous carbons (OMC) preparation with mesoporous silica templates: 
a. MCM-48, b. SBA-15. 

 

A colloidal suspension of polymer spheres – known as latex – can also be used as a template in 
order to define spherical pores within the final material [59]. Similarly to the case of sacrificial 
silica template, the polymer beads are removed from the composite material, typically by 
thermal treatment. This approach has allowed the preparation of continuous porous materials 
such as sponge-like materials[138], films and membranes [139] or discrete particles with 
tailored porosity such as hollow spheres and core/shell structures [140,141].  

For example, highly ordered and uniform films and particles with hierarchical pore systems 
were obtained with polystyrene templates using dip-coating and spray-drying methods [142]. 
Using centrifugal forces, highly ordered porous monolayers were generated with polystyrene 
and silica nanoparticles [143]. TiO2 anatase-based membranes have also been prepared 
exhibiting hierarchical porosity by using polystyrene latex, titania hydrosol and non-ionic 
triblock copolymer [144]. With catalytic applications in mind, a tin oxide material has also been 
prepared using polystyrene nanoparticles of 500 nm as template by electrophoretic deposition. 
After removal of the template by calcination at 600°C, the SnO2 exhibited an inverse opal 
structure as shown in Figure 28 [145]. Other materials based on TiO2 and ZrO2 [146], as well as 
hierarchically porous SiO2 membranes [70], have been successfully obtained using the latex 
templating method. 



II. STATE OF THE ART 
 

64 
 

 

Figure 26. SnO2 inverse opals by electrophoretic impregnation of a polystyrene template. Scale 
bars represent 100 nm [145]. 

 

Regarding discrete structures with controlled porosity, several examples with varied 
applications have been reported [140]. For instance, hollow titania spheres have been obtained 
by polystyrene templating. The positively charged polystyrene was prepared by dispersion 
polymerisation, and then coated via sol-gel process of tetra-n-butyl titanate. The organic 
polymer was then removed by dissolution with ammonia, leading to hollow titania spheres 
[147]. The same approach was used to prepare hollow silica spheres, which were subsequently 
decorated with Ag nanoparticle by electrostatic interaction. This material exhibited excellent 
antibacterial activity [88]. 

Moreover, monodisperse spherical hollow particles with ordered mesoporous silica shells have 
been prepared by dual latex/surfactant templating using polystyrene beads and CTAB in 
ethanol/water medium. Non-aggregated hollow silica nanoparticles were obtained with 200 nm 
average diameter with hollow cores ranging between 60 and 90 nm and shell mesopores of ca. 2 
nm, as shown in Figure 27. The structure could be finely tuned by varying the synthesis 
conditions [148].  
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Figure 27. Silica hollow spheres by dual latex/surfactant templating. Scale bar: 100 nm [148]. 

Another example is the combination of polymer colloids (polystyrene or polymethyl 
methacrylate latexes) with micelles of ionic liquids or block copolymers reported for the 
preparation of hierarchical porous materials with controlled pore sizes ranging from pores of 2-3 
nm (with ionic liquid micelles) and 6-22 nm (with copolymer surfactants) to 90-1000 nm (with 
the polymer latexes). As shown in Figure 28, the macropores are surrounded by ordered 
mesoporous walls [149]. 

 

Figure 28. TEM images at different magnifications of hierarchically ordered silica prepared 
with polymethyl methacrylate latex (PMMA), (poly(ω-hydroxypoly(ethylene-co-butylene)-co-
poly(ethylene oxide))) (KLE) and ionic liquid 1-hexadecyl-3-methylimidazolium chloride (C16-
mimCl). Spherical macropores (top) and ordered mesoporous walls (bottom) can be observed 

[149]. 
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The combination of two polymer templates has also been used in the nanomasking approach to 
prepare dual-porous hollow nanoparticles. As shown in Figure 29, a mixed template of amine-
functionalised polystyrene beads of 500 nm and carboxy-functionalised polystyrene 
nanoparticles of 100 nm (denoted nanomasks) aggregate due to electrostatic interaction. Then, 
the shell was formed by sol-gel synthesis by adding silica precursors that polycondensed on the 
template surface. The template was then removed by calcination generating synthetic hollow 
mesoporous spheres (SHMS). These structures were successfully used in drug delivery 
applications in vivo [150]. 

 

Figure 29. Nanomasking method: A. synthesis steps, B. templates interaction, C. final hollow 
nanoparticles [150]. 

Hierarchical templates for multimodal porous materials have also been prepared by covalently 
bounding large polystyrene particles with smaller ones, forming a core and shell like structure. 
These templates allow the interconnection of large macropores through meso- or small 
macropores, as depicted in Figure 30. Several templates were prepared by combining particles 
of 1500, 1200, 450 and 340 nm in the core and 110, 80 and 29 nm on the shell. To do so, two 
coupling reactions were used: carbodiimide-assisted coupling of carboxylic with amine groups 
and base-assisted coupling of epoxy with amine groups. Using such template, silica materials 
with interconnected hierarchically porous material were obtained as shown in Figure 30 [151]. 
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Figure 30. Schematic cross-section of multimodal silica (left). Multimodal porous silica 
prepared with 1500/110 nm hierarchical template (right) [151]. 

In the previous examples, the control of interactions between the template and the desired 
material are very important in order to avoid segregation. In addition to electrostatic Coulombic 
forces, hydrogen, coordination and covalent bonds should also be taken into consideration to 
synthesize mesostructured materials [105]. In the case of silica, the surface charge can be varied 
depending on the pH. Its zero point of charge is at pH = 2, so below this value (pH < 2), the 
silica charge is positive and above (pH > 2), the charge is negative [72]. As a consequence, the 
silica/template interaction can be modulated based on the pH, from the silica point of view. 
However, in the case of polymer latex templates, the surface charge of the beads depends on the 
functional groups present at the surface, which can be tuned during the latex synthesis. 

As perspectives in the sustainable catalyst preparation with templates, greener approaches could 
be considered such as the use of recyclable templates [152] and bio-degradable or bio-sourced 
surfactants and polymers [153]. 

II.4.1.3- Other techniques for matrix porosity tailoring 

Emulsion templating requires the use of surfactants to create diverse structuring arrangements 
like microemulsions, emulsions or bicontinous systems. MCF (Meso Cellular Foam) materials 
have been prepared by using oil in water microemulsions stabilised with triblock copolymer 
surfactants [154]. Porous carbon materials have been prepared by emulsion templating, which 
consists of a starting emulsion of solvent droplets in a continuous phase of carbon-rich 
monomers and initiators. The polymerisation takes place forming a matrix around the solvent 
droplets. After solvent removal and polymer carbonisation, a structured porous carbon is 
obtained (Figure 31). This approach has been used starting from a styrene-containing 
continuous phase, which after polymerisation and pyrolysis at 700 °C leads to a highly porous 
carbon as shown in Figure 32. 

 



II. STATE OF THE ART 
 

68 
 

 

Figure 31. Porous carbon preparation by emulsion-templating [136]. 

 

 

Figure 32. SEM images of: a. high internal phase emulsion (HIPE) polymer based on 
polystyrene, b. carbonaceous structure after pyrolysis. Scale bar in the insert corresponds to 10 

nm [155]. 

 

Bicontinuous microemulsion templates have been prepared for the synthesis of mesostructured 
materials. The synthesis approach consisted of ternary blends of two homopolymers and a 
diblock copolymer that self-assemble in three-dimensional continuous networks. Particularly, 
polyethylene (PE), poly(ethylene-alt-propylene) (PEP) and poly(ethylene-b-ethylene-alt-
propylene) were mixed at 127 °C for 2 h, then quenched in liquid nitrogen. Subsequently, PEP 
was removed by extraction with tetrahydrofuran. The resulting material exhibited macropores of 
ca. 100 nm. This material could then be used as template in the nanocasting process, as 
presented in Figure 33 [156]. 



II. STATE OF THE ART 
 

69 
 

 

Figure 33. General nanocasting process: a template is infiltrated with a liquid precursor (red), 
which, after an external stimulus, produces the desired product, leading to a composite 

material/template. Subsequently, the template is removed with a selective reagent (blue), 
leading to the porous material [156]. 

In the 1992, Nakanishi proposed an alternative to nanocasting in order to prepare macroporous 
silica monoliths. It consisted of a simultaneous phase separation (spinodal decomposition) and a 
sol-gel transition. The starting point is a single phase including acid, an alkoxide such as TEOS, 
a solvent such as water and an organic polymer such as polyethylene oxides (PEO). While the 
alkoxide polymerises, it induces a phase separation leading to bicontinuous silica-rich and 
water-rich phases. The structure is then fixed by the sol-gel transition. The macroporous 
structure is revealed after removal of the water-rich phase [157,158]. A second step in basic 
medium can be used to generate disordered mesoporosity by dissolution-reprecipitation of the 
silica and Ostwald ripening processes. However, if that second step is carried out in the 
presence of structure directing agents like CTAB, ordered mesoporosity can be achieved, as 
shown in Figure 34 [159]. Additionally, via pseudomorphic transformation [160], it is also 
possible to transform the amorphous silica walls into zeolites, leading to monolithic zeolites 
with hierarchical porosity [161]. 

  

Figure 34. SEM image of silica monolith by simultaneous spinodal decomposition and sol-gel 
transition (left), and TEM image of the ordered mesoporosity achieved (right) [159]. 
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In addition to sol-gel controlling and soft and hard templating, there are other techniques that 
can be used to prepare hierarchical porous materials such as gas foaming, ice templating, 
supercritical fluids methods (such as foaming upon scCO2 depressurisation or CO2/water 
emulsion templating[162]), and selective leaching (by dissolution of one of  the phases that 
constitute a starting composite material made of two immiscible phases in intimate contact, e.g. 
NiO and ZnO, of which only ZnO is soluble in alkali solutions [59]).  

Silica materials have been prepared by a nanofoaming method consisting of the hydrolysis of 
tetraethyl orthosilicate (TEOS) at pH= 5 and h ratio= 10, for 1 h. Then the sol was 
instantaneously heated above 500 °C, leading to solid silica with closed pores between 1 and 10 
nm, as observed in Figure 35. Such small porosity is due to the simultaneous instantaneous 
hardening of the silica by condensation of the residual hydroxyl functions and the water 
vaporisation that forms enclosed bubbles [163]. 

 

Figure 35. Porous silica by nanofoaming [163]. 

Ice templating is another method based on a controlled freeze-drying approach. It consists of 
ceramic slurry that is put into a mould and then frozen, forming solvent crystals that act as 
porogens. Subsequently, the material is freeze-dried in order to remove the solvent by 
sublimation, avoiding shrinkage and fractures due to capillary forces. Then, the material is 
sintered to improve its strength and to modulate the desired microstructure [59,164,165]. The 
control of ice crystals formation can lead to preferential orientations as depicted in Figure 36. 
After removal of the template, aligned structures are obtained [166]. 
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Figure 36. Schematic representation of the directional freeze-drying process. The particles are 
excluded from the ice crystals, which are formed from de the bottom to the top [166]. 

Macroporous silica gels with microhoneycomb structure have been prepared using micrometer-
sized ice crystals of tert-butanol as a template. The macropores size could be controlled between 
2 and 40 µm by varying the immersion rate into the cold bath and the freezing temperature. The 
micro- and mesoporosity of their honeycomb walls was also modified with a hydrothermal 
treatment in basic aqueous solutions reaching pores up to 45 nm [167]. Other works have been 
reported using a combination of micellar and ice templating, permitting the synthesis of silica 
monoliths with hierarchical meso- and macroporosity. The micelles were made of Pluronic 
P123 and the final structure exhibited a hexagonal ordered mesoporosity of 5.5–7.8 nm, and a  
bundle-like structure with macropores of 50–200 nm, as observed in Figure 37 [168].  

 

Figure 37. Hierarchically porous silica by combining ice- and micellar templating. Scale bar on 
the left: 500 nm [168]. 

 

II.4.1.4- Hierarchically porous materials for catalysis 

The combination of different pore sizes have been claimed to have a beneficial effect on the 
catalyst performance. For instance, the combination of micro- and mesoporosity has been 
reported to lead stronger catalyst resistance to deactivation [169]. Much effort has been put on 
the structuration of aluminophosphates, clays, hydroxides, metal organic frameworks and 
zeolites in order to improve their catalytic properties (described in more detail in Annex I). For 
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example, it has been observed that the vapour-phase benzene alkylation with ethylene to 
ethylbenzene was faster and more selective using mesoporous zeolite crystals than purely 
microporous analogues. Such a better selectivity was due to a shorter diffusion path length that 
reduced the resident time of the product within the micropores, consequently, it limited 
successive alkylation reactions of the desired ethylbenzene to polyalkylbezenes [170]. 

Nevertheless, it is important to keep in mind that the catalytic activity of zeolites, as well as 
their shape-selective character, is due to the crystalline framework [171], which is inevitably 
microporous. So the existence of micropores in hierarchical zeolites is a must. However, when 
the catalytically active function has another origin, for instance supported metals or grafted 
organic moieties, a hierarchically porous structure with meso- and macropores is a more 
promising design to enhance the catalyst performance [172]. The first hierarchical meso- and 
macroporous materials were reported by Yang et al. in 1998, who prepared porous silica, niobia, 
and titania with three-dimensional structures using templates of polystyrene spheres and 
amphiphilic triblock copolymers [173]. Recently, the use of catalysts or catalyst supports based 
on hierarchically porous materials have gained much attention within a wide range of 
applications, such as photocatalysis [174], biomass valorisation [175], pollution abatement 
[176], fuel and organic chemistry [177]. 

In particular, supported metal catalysts have been reported to be more performant in a variety of 
reactions when the support exhibited hierarchical porosity. Such performance is typically 
explained by enhanced internal mass and heat transfer and by a better active site dispersion and 
accessibility. For instance, cobalt and ruthenium supported on hierarchically porous nano-
fibrous alumina (with pores of 16 nm and 240 nm) have been reported to be more selective in 
the syngas (H2 and CO) conversion to hydrocarbons via Fischer-Tropsch synthesis, in 
comparison with only mesoporous alumina supports [178]. For the same reaction, an excellent 
performance has also been reported with cobalt on bimodal meso-macroporous silica, in 
comparison with Co on an only-macroporous support [179].  

Regarding fuel cell applications, improved performance has been reported for methanol 
oxidation using a Pt-Ru alloy supported on a hierarchically porous carbon (with pores of 10 nm 
and 300 nm), compared with commercial carbon supports. Such support was prepared by 
template replication of aggregates of small silica particles, which were themselves templated by 
a self-assembled lattice of larger monodisperse polystyrene beads. The metal alloy was prepared 
by impregnation and chemical reduction with NaBH4 [180]. Another example is a carbon 
support with sea urchin morphology that has been prepared via carbon nanotube growth onto 
hollow mesoporous carbon shells using chemical vapour deposition. Pt deposited on such 
support exhibited higher methanol electro-oxidation rates than when using commercial carbon, 
hollow mesoporous carbon shells or carbon nanotubes supports, independently [181]. Pd 
nanoparticles homogeneously dispersed on a hierarchical meso- and macroporous SnO2 support 
(with pores of 12 nm and ca. 500 nm) has also exhibited a superior performance in 
electrocatalytic oxidation reactions compared to commercial Pd/C [145].  

Organic transformations have also been proven to take advantage of hierarchically porous 
catalysts. For instance, Pt supported on commercial hyper-cross-linked polystyrene with meso- 
and macroporosity (most pores in the range 20-100 nm) has outperformed an equivalent Pt 
catalyst supported on microporous polymer in the direct oxidation of L-sorbose to 2-keto-L-
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gulonic acid [182]. Regarding hydrogenation, a macro- and mesostructured Pd/TiO2 material 
(mesopores of 4.8 nm and macropores of 2–3 µm) has exhibited higher catalytic activity than an 
equivalent non-structured catalyst for the selective hydrogenation of styrene (reaction used in 
the stabilisation of petrol blending compounds) [183].  

Hierarchically porous catalysts have also been successfully used in environment remediation. 
For instance, Pt nanoparticles supported on γ-alumina with hierarchically ordered mesopores (4 
nm) and macropores (500 nm) have outperformed commercial Pt/γ-Al2O3 in the selective 
oxidation of CO [184]. Pt supported on meso- (3-14 nm) and macroporous (200-250 nm) titania 
have also exhibited better performance than a commercial catalyst in this same reaction [185]. 
In addition to hierarchical porosity, chemical synergies can be also used to improve catalytic 
performances. For instance, a hierarchically porous silica support has been used to prepare an 
Au/CeO2/SiO2 composite material, which exhibited excellent catalytic performance in the CO 
oxidation in comparison with only mesoporous silica supports. Thus the combination of 
hierarchical porosity and Au-CeO2 interactions boosted the catalytic performance in such a way 
that  the temperature required for complete conversion was reduced by half [186]. 

The next section includes further examples of functionalised hierarchical porous materials, 
giving special attention to their preparation. 

 

II.4.2- Catalyst functionalisation  

In heterogeneous catalysis, the general idea is to optimise processes by reducing the catalyst 
cost and increasing its performance [1]. Current challenges in the catalysis field motivate a deep 
research on catalysts preparation based on the understanding of how they work. For reactions 
that require some chirality in the active sites, anchoring specific ligands [187,188] and 
organometallic complexes [189,190] is a promising approach. Such materials could even have 
further applications like controlled drug-release [191]. For reactions where noble metals are still 
the catalyst of choice, it is important to reduce their cost by improving their dispersion on the 
support and by reducing their mass loading on the final catalytic material [192]. The main 
motivation to reduce the amount of noble metals in catalysts is their commercial price in the 
commodities market: for example, in June 2017, a troy ounce (31.1034768 g) of platinum and 
palladium cost ca. 960 U$ and ca. 860 U$, respectively [193]. In the following pages, 
conventional methods to prepare supported metal catalysts as well as recent remarkable 
approaches will be described. 

 

II.4.2.1- Supported catalyst synthesis by conventional methods 

The goal of conventional methods for the synthesis of supported catalysts is to maximise the 
active surface area per weight unit of the active phase. These methods can be summarised in a 
few techniques [50,194,195]: 
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These two methods are commonly used for catalyst preparation [200,201]. For instance, 
silica and alumina supports, including mesoporous SBA-15 (porosity ranging from 5 to 
30 nm), have been functionalised via wet impregnation technique with Ni, Ce, Zr, Mo 
and B for methane steam reforming, for which the SBA-15 supported catalyst exhibited 
the best performance [202]. Incipient wetness impregnation technique has also been 
used for preparing platinum and palladium based catalyst on silica and alumina as 
support. For this purpose, solutions of tetraammineplatinum nitrate and 
tetraamminepalladium nitrate have been used [192]. But despite the ease of using this 
method, it often leads to broad nanoparticle size distributions and the control on the 
particle size and dispersion is difficult [196].  

In an attempt to control the particle size, an approach with metal nanoclusters has been 
explored for the production of heterogeneous catalyst. In general, they include two main 
steps: metal nanocluster synthesis and deposition on a support [203]. The metal 
nanoclusters are produced by reduction of metal salts such as ammonium 
tetrachlorplatinate (II) ((NH4)2PtCl4) and stabilized by ligands like polyvinylpyrrolidone 
or by solvents and anions [204]. However, the removal of the ligands can lead to 
changes in the nanoparticles size and morphology [205] and the limitation in the control 
of the homogeneous dispersion within the support still remains as it is related to the 
impregnation phenomena: capillary filling or diffusional loading of the pores [50]. 
Nevertheless, hierarchical porosity could remediate this limitation by allowing easier 
access to the porous network. Indeed, a three-dimensionally ordered hierarchically 
porous SnO2 was decorated by wet impregnation with a colloidal suspension of Pd 
nanoparticles [145]. Another material, a hierarchical porous silica has been decorated 
with Pt and Pd nanoparticles by incipient wetness impregnation in such a way that the 
mesopores were decorated with Pt nanoparticles of 2.2 nm and the macropores were 
decorated with Pd nanoparticles of 5.6 nm. The strategy consisted of using a 
polystyrene template and a Pluronic P123 block-copolymer template to induce macro- 
and mesoporosity within the silica material, respectively (Figure 40). The polystyrene 
template was removed by toluene reflux extraction, keeping the Pluronic P123 within 
the mesopores. The macropores were then hydrophobised with triethoxy(octyl)silane. 
Subsequently P123 was extracted by methanol reflux. In this way, the mesopores were 
hydrophilic and the macropores, hydrophobic. The mesopores were initially decorated 
by incipient wetness impregnation with an aqueous solution of H2PtCl6 and the 
macropores were decorated with a colloidal suspension of oleylamine-capped Pd 
nanoparticles in hexane. This material exhibited an outstanding performance in the two-
steps cascade oxidation reaction to produce cinnamic acid form cinnamyl alcohol [206].  
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Figure 40. Orthogonal functionalisation of hierarchically porous silica: a. Polystyrene and 
Plurionic P123 templated silica, b. Silica after polystyrene extraction from the macropores, c. 
Hydrophobation of the macropores with triethoxy(octyl)silane, d. P123 extracted-material by 

methanol reflux, e. Selective decoration of mesopores with Pt nanoparticles, f. Selective 
decoration of macropores with Pd nanoparticles [206]. 

 

 Adsorption 
In this method, the support is immersed in a solution containing the metal salt precursor, 
so it adsorbs the metal ions due to favourable electrostatic interactions. The support is 
dried after removing the liquid phase, which is different to wet impregnation where the 
solid is dried with presence of the excess liquid. As a result, a uniform deposition of 
small amounts of metal can be achieved [50]. Pt-based catalysts have been prepared by 
this method when contacting carbon [207] and silica [208] supports with H2PtCl6 
aqueous solutions. 
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 Ion exchange 
A support containing low valence ions is immersed in a metal salt solution. These low 
valence ions in the support exchange with higher valence ions in the solution. This 
method can be also applied for the separation of palladium from rhodium, iridium and 
platinum [209] or for the recovery of platinum from chloride solutions [210]: 2𝑅𝐶𝑙̅̅ ̅̅ ̅ + [𝑃𝑡𝐶𝑙6]2− ↔ 𝑅2[𝑃𝑡𝐶𝑙6]̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + 2𝐶𝑙− 

For both adsorption and ion exchange, a reduction step is required before using the 
catalyst. In some cases, chemical reduction would involve the use of an excess of 
additional reagents such NaBH4 or hydrazine, which must be removed prior to catalytic 
applications [196]. 
 

II.4.2.2- Supported catalyst synthesis by advanced methods 

In the search for more performant catalysts, several approaches have been explored, including 
physical, chemical or physico-chemical routes. Some of the more remarkable are briefly 
described in this section.  

 Chemical vapour deposition (CVD) or atomic layer deposition (ALD) 
This technique allows coating surfaces of complex shapes with a high quality material, 
such as thin films. For catalyst preparation, gaseous precursors of the active phase are 
required. They enter into contact with the support at high temperatures and a solid-gas 
reaction takes place generating an atomic layer at each pulse. After several cycles, the 
material grows as a thin film on the support. With this method, highly dispersed and 
active supported metal and oxide catalysts can be prepared. Using atomic layer 
deposition with platinum (II) acetylacetonate as precursor, platinum has been 
successfully deposited on carbon nanofibers. Nanoparticles of 2-6 nm were obtained on 
this materials [211]. A wide range of elements, oxides, nitrides, sulphides and others 
can be deposited by this method. However, the main drawback of this technique is the 
limited choice of effective reaction pathways, so it is not yet possible to grow every 
material using ALD [212].  
 

 

Figure 41. Atomic layer deposition (ALD) [213]. 
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 Electrochemical reduction 
The metal precursor, initially as a salt aqueous solution, is reduced by applying an 
electrical potential. Pt nanoparticles have been deposited on carbon electrode supports 
by electrochemical reduction, starting from hexachloroplatinic acid [214]. Such 
technique can also be used to prepare alloys by electrochemical co-reduction of two-
metal species [73]. The limitation is the requirement of conductive supports to be used 
as electrodes. This is the reason why this technique has been mostly used to decorate 
carbonaceous materials [196]. 
 

 Flame spray pyrolysis 
Similarly to the co-precipitation method, this synthesis starts from a solution of metal 
and support precursors. It is then injected in the form of a fine spray into a flame, 
leading to the final catalyst. A material of 2.5 wt.% Pd supported on La2O3/Al2O3 has 
been prepared starting from a solution of aluminium(III) sec-butoxide, lanthanum 
isopropoxide and palladium acetylacetonate dissolved in xylene. It was then treated in a 
flame of methane-oxygen, leading to a highly thermally stable material with Pd 
nanoparticles of less than 5 nm [215]. Unfortunately, due to the nature of this technique, 
it is not possible to finely tailor the support structure. 
 

 Pulsed laser ablation 
In this technique, a solid surface (precursor) is irradiated with a laser, which locally 
provides enough energy to heat and ionise the irradiated area, leading to the ejection of 
material in the form of plasma, which is then cooled down and deposited on a support 
as nanoparticles. Using this technique, Rh, bimetallic Rh/Pt and trimetallic Rh/Pt/Au 
nanoparticles have been supported on Al2O3, TiO2 and CeO2. However, similarly to 
atomic layer deposition, this technique can only decorate the external surfaces of the 
support [216].  
 
 
 

 Chemical, thermal and microwave assisted reduction 
Reducing agents like sodium borohydride or hydrazine can reduce metals cations (Mm+) 
in solution to their elemental state (M0), according to the equations [217]: 
 

  
 
 

 

Figure 42. Metals cations reduction with borohydride (top) or hydrazine (middle and bottom) 
compounds [217] 
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This kind of chemical reduction requires the presence of stabilising agents such as 
ethylene glycol and glycerol for the reduced structures. In this way, Ag, Pd, Cu, Ni, and 
Bi porous structures with sponge-like morphology have been prepared at room 
temperature [218]. Ag nanoparticles have also been prepared using 
polyvinylpyrrolidone (PVP) as a capping agent [219]. 
 
Thermally activated reduction methods are also possible using alcohols or polyols. In 
the first case, the metal ions are reduced while alcohols with an α-hydrogen atom are 
oxidised to the corresponding carbonyl group (e.g. formaldehyde in the case of 
methanol) [220]. Using this method, RuCl3, PdCl2 and H2PtCl6 have been reduced in the 
presence of PVP as stabiliser under a reflux of ethanol/water (1/1, v/v) at 95-100 °C for 
2 h. Colloidal dispersions of Ru, Pd and Pt were obtained with nanoparticles of 2.8, 4.2 
and 1.4 nm, respectively [221]. 
 
The second case is the polyol method, in which a polyol like ethylene glycol is 
thermally dehydrated, forming acetaldehyde as a reductant. Subsequently, it reacts with 
the metal ions to form metallic nanoparticles and diacetyl [222], as follow:  
 

 

Figure 43. Polyol reduction method [222]. 

 
However, at temperatures above 140 °C in the presence of oxygen, ethylene glycol 
produces glycolaldehyde, which acts as reducing agent in that case [222]. 
 
 
 

 

Figure 44. Glycolaldehyde formation above 140 °C  [222]. 

 
Using the polyol method at 160 °C, it has been possible to prepare Pd nanoparticles 
stabilized with PVP, exhibiting controlled shapes: octahedrons (24 nm), cubes (20 nm) 
and tetrahedrons (22 nm, up to 120 nm) [223]. 
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Microwaves assisted methods permit reduced preparation times compared to thermal 
methods and allow the preparation of small particles with narrow size distribution. For 
instance, metal salts like HAuCl4 or Pd(NO3)2 were mixed with either Ce(NO3)4, 
Zn(NO3)2, or Cu(NO3)2 ethylic solutions and adjusted to pH 10 dropwise with NaOH. 
The mixtures were irradiated with microwaves for 10 minutes with cycles of 10 s on 
and 20 s off. PVP was also used as capping agent for the noble metal nanoparticles. 
Such procedure led to Au or Pd nanoparticles supported on either CeO2, CuO, or ZnO 
nanoparticles of a few nanometres [224]. The polyol method has also been used with 
microwave assistance, for which 2 mL of a H2PtCl6 solution was mixed with 25 mL of 
ethylene glycol and irradiated for 60 s at a maximum temperature of 170 °C. The 
colloidal solution was then stabilised with 1-dodecanethiol, leading to Pt nanoparticles 
ranging between 1.9 and 7.4 nm depending on the synthesis conditions. Using this 
method, Pt and bimetallic Pt-Ru nanoparticles were prepared and supported on Vulcan 
or carbon nanotubes. The latter with bimetallic particles exhibited the best performance 
in the room temperature electrooxidation of methanol [225]. Stable mono-metallic [226] 
and bi-metallic [227] colloids have also been prepared via microwave heating using 
water as solvent, glucose as a mild and non-toxic reducer and PVP as the chelating 
agent. Such colloids have been used in the preparation of Au/Cu and Au/Pd bimetallic 
catalysts supported on titania and ceria exhibiting an increase of selectivity in the liquid 
phase oxidation of 5-hydroxymethylfufural (HMF) to 2,5-furandicarboxylic acid 
(FDCA) [227]. 
 
Au, Ag, Pd have been deposited on mesoporous silica SBA-12 (prepared beforehand by 
soft-templating) using a microwave-assisted protocol with ethanol and acetone–water as 
both, solvent and reducing agents. The nanoparticles size ranged between 2 and 80 nm 
depending on the metal loading and microwave irradiation time. This method permitted 
the synthesis of extremely active catalysts in the oxidation of styrene [228]. 
Microwaves have also been used in the preparation of hierarchically porous materials 
with Pt nanoparticles. A silica sol was prepared in the presence of two templates: a 
polystyrene latex template to achieve macropores and a non-ionic triblock copolymer 
(Pluronic F68: (EO)80(PO)30(EO)80) to lead to ordered mesopores. Additionally, a 
solution of H2PtCl6 in ethylene glycol was added to the sol, which was then treated with 
microwaves to carry out the Pt reduction. The sol was used to prepare films by dip-
coating, in which the final hierarchical porosity was composed of micropores (<2 nm), 
ordered mesopores (ca. 4 nm) and macropores (ca. 70 nm), and the Pt nanoparticles of 
about 4 nm were located within the mesopores, as shown in Figure 45 [229]. 
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Figure 45. Two different magnifications of a hierarchically porous silica with Pt nanoparticles 
prepared by microwave-assisted method [229]. 

 

 Supercritical fluids 
This method requires the dissolution of a metal precursor in a supercritical fluid, which 
is then contacted with a support. Subsequent reduction under supercritical conditions or 
after depressurisation is required, which can be either thermal or with reducing agents 
(e.g. hydrogen). Chemical reduction under supercritical conditions is known as 
Supercritical Fluid Reactive Deposition (SFRD). CO2 is the most used solvent under 
supercritical conditions since it is abundant, non-flammable, non-toxic and relatively 
cheap. This technique resembles the impregnation one, but with improved features: it 
reduces the production of waste-water by using supercritical CO2 as solvent, the lower 
surface tension of the fluid enables better penetration and the collapse of the support 
porosity is also overcome by avoiding liquid-gas interfaces. The challenges of this 
technique are related to the limited solubility of many metal precursors in scCO2 and the 
cost of the equipment to operate at the required conditions of temperature and pressure 
[230,231]. Using this method, it has been possible to obtain Pt particles as small as 1.8 
nm supported on TiO2, Al2O3 and MCM-41 starting form dimethyl-(1,5-
cyclooctadiene)-platinum (Pt(COD)Me2) or fluorinated organometallic Pt precursors 
[232]. Pt/Al2O3 prepared by the SFRD method has exhibited a better performance in the 
CO oxidation compared to catalysts prepared by conventional impregnation [233]. 
Other catalysts based on Pt, Ru and Ni and supported on graphene have been prepared 
and evaluated for the selective partial hydrogenation of limonene. Such materials 
exhibited nanoparticles ranging between 2 and 15 nm with very good catalytic 
performance [234]. Ni has also been supported on mesoporous silica SBA-15 [235]. 
Another wide-scope approach has been proposed, comprising the preparation of a 
copolymer/Pd(II) supramolecular complex purposely prepared from palladium acetate 
by ligand exchange with poly(1,1,2,2-tetrahydroperfluorodecylacrylate-co- 
acetoacetoxyethylmethacrylate) (poly(FDA-co-AAEMA)). The resulting poly(FDA- co-
AAEMA)-Pd(II) supramolecular complex was used to impregnate a mesostructured 
commercial silica (MSU-H) in scCO2. After reduction in hydrogen, the material 
exhibited Pd nanoparticles (2–9 nm) evenly distributed on the silica matrix with good 
catalytic activity in the Heck reaction (formation of a substituted alkene from an 
unsaturated halide with an alkene) [236]. 
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 Sonochemistry 

This technique uses sound waves with frequencies above 18 kHz (ultrasound), 
particularly between tens of kHz to a few MHz. In general, the sound is transmitted as a 
pressure wave, and so an oscillation of compression and expansion cycles is created in 
the liquid medium. During this oscillation, some bubbles are formed in the expansion 
stage. They continue oscillating with the ultrasound wave and growing until they reach 
a size that is no longer stable, so they suddenly collapse (within a few µs). This 
phenomenon is known as acoustic cavitation and it is schematised in Figure 46. These 
very fast implosions lead to very extreme local conditions (of the order of 103 °C and 
102 bars)  that create non-equilibrium plasma inside the cavitation bubble [237,238].  
 

 

Figure 46. Schematic acoustic cavitation phenomenon [238]. 

 
Depending on the operation conditions, the acoustic cavitation phenomenon can lead to 
chemical or physical effects (see Annex II for further details). Regarding the chemical 
effects, they occur at high ultrasound frequencies (of the order of 102 kHz). At such 

conditions, water molecules can be split into H• and OH• radicals within the cavitation 

bubble [239,240]. Hydrogen, H2, generated by the recombination of H• radicals within 
these bubbles, reacts with the metal ions to reduce them to metallic nanoparticles [241–
244]. Carbon monoxide can be added to the reaction medium in order to enhance the 
metal reduction under ultrasonic irradiation by increasing the formation of H2 [239]. 

Indeed, CO scavenges OH• radicals produced in the water splitting within the cavitation 

bubble, to yield more H• [241]: 

CO + OH•  CO2 + H• 
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templates as porogens and Pt nanoparticles carrier as a first step in the structuration of 
silica-supported catalysts.  

 

Figure 48. Pt-decorated polystyrene latex (left) and macroporous silica-supported Pt catalyst 
after template removal (right) [250]. 

 

Interestingly, sonochemistry can be used in combination with other techniques to 
enhance processes. For instance, electrochemical reduction (in case of conductive 
support) coupled with ultrasound irradiation improves the mass transport of the 
reducible species by decreasing the diffusion layer thickness [251]. 
LiNi0.8Co0.2O2/PANI composites have also been prepared using an ultrasound treatment 
leading to homogeneous materials containing a large amount of the metal oxide 
particles of small size. Such treatment resulted to be more effective than conventional 
methods such as magnetic stirring [252]. In polymerisation chemistry, the radicals 
generated during the water molecule cleavage by sonochemical effects have been used 
as radical initiators [111], being first described for the polymerisation of butyl acrylate 
and vinyl acetate [112]. 
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 Summary of the literature review and presentation of the II.5-

experimental project 

Catalysis is by itself a green chemistry pillar and it provides high potential to address current 
and future challenges in the chemical industry. In addition to being listed as one of the 12 
Principles of green chemistry, catalysis contributes from several fronts to the design of more 
sustainable chemicals, processes and products. Even though, catalytic processes have been 
widely adopted – being present today in about 90% of all industrial chemical transformations – 
there is a huge opportunity for developing new processes and improving catalytic materials 
performance.  

The catalyst market is forecast to be USD 34.3 billion by 2024; and even though it is a large 
figure, it only represents less than 1% of the sales revenue from the products created using 
catalytic processes. In 2015, heterogeneous catalysts were used extensively accounting for 
73.6% of the global market volume due to their ease of handling, low price and easy market 
access. Such important market participation motivates the focus of this work on heterogeneous 
catalytic materials, and more specifically on supported metal catalysts, whose demand was 
1,568.4 kilo tons in 2015 and is expected to grow in light of its increasing application in the 
organic synthesis of chemicals commodities. 

In the efforts for developing more performant catalytic processes, materials with original 
designs, notably with hierarchical porosity, have been proven to exhibit superior performances 
than only micro- or mesoporous catalysts. Some important applications where hierarchically 
porous materials have shown excellent results are photocatalysis, fuel chemistry (e.g. fuel cells, 
Fischer-Tropsch and catalytic cracking reactions), selective organic reactions (e.g. oxidation, 
epoxidation, hydrogenation, isomerisation, C-C bond forming), biomass valorisation and 
pollution abatement. Remarkable features on this kind of materials that make them outperform 
non-structured catalysts are enhanced internal mass and heat transfer, higher active site 
accessibility and higher metal dispersion [177].  

In regard of the high potential of hierarchical porosity, this research project will focus on the 
preparation of metal catalysts deposited on a meso- and macroporous silica support. The choice 
of silica is made upon the well stablished state of the art on silicon-alkoxides chemistry for the 
tailored silica synthesis via controlled sol-gel conditions. Additionally, several templating 
approaches have been proposed to achieve silica-based hierarchically porous materials. 

The understanding of structure-function relations is also very important in order to make 
rational designs of structured catalysts. To do so, it is important to guarantee experimental 
techniques that allow fine tuning catalyst morphologies and active sites homogeneous 
dispersion. Furthermore, structured catalysts preparation should also be green. To do so, 
waterborne approaches are desired over methods based on organic solvents. This point valorises 
the combination of controlled sol-gel synthesis with aqueous suspensions of polymer templates 
for meso- and macropores tailoring, respectively. Additionally, a procedure for catalyst 
functionalisation based on homolytic water splitting using sonochemistry is attractive, since it 
reduces the use of chemicals that are generally hazardous; and it is at the same time more atom-
economical and prevents further steps of purification. Based on these aspects, the catalyst 
synthesis proposed herein is based on the combination of polymer synthesis, sonochemical 
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decoration and sol-gel process. This approach aims for achieving materials with regular 
distribution of metal decorated macropores and controlled support structure with hierarchical 
porosity. 

Two case studies are proposed. The first is the preparation of Pt/SiO2 catalysts for the selective 
hydrogenation of chloronitrobenzene to produce chloroaniline. This reaction has been selected 
considering that haloanilines are important building blocks in the synthesis of a large variety of 
nitrogen-containing industrial products such as fertilizers, polymers, dyes and drugs [253]. 
Accordingly, Chapter III is focused on the preparation of silica-supported platinum catalysts 
with hierarchical porosity and Chapter IV discusses the effect of the hierarchical porosity on the 
catalytic performance of such materials. 

The second case study is the preparation of Pd-based catalysts for the hydrogen peroxide direct 
synthesis from oxygen and hydrogen. Hydrogen peroxide is a very important chemical 
commodity, but currently, it is produced by an anthraquinone-based process, which is highly 
energy consuming and large-volume waste producing. The direct synthesis of hydrogen 
peroxide was selected since it is a promising alternative to the current process [46], being the 
selectivity the main challenge to overcome [254]. Accordingly, Chapter V explores the 
versatility of the proposed catalyst preparation method to make Pd/SiO2, bimetallic Pd-Pt/SiO2 
and Pd-CeO2/SiO2 catalysts with hierarchical porosity. The alternative preparation of Pd-
containing hybrid latex template via miniemulsion polymerisation is also proposed. Finally, 
Chapter VI presents the comparison of the catalytic performances of these Pd-based materials. 

The international collaboration as well as the implication of scientists with different expertise 
and horizons, such as in the frame of the Sustainable Industrial Chemistry Doctoral Programme 
(SINCHEM), is a prerequisite to perform this type of study. Indeed, the final optimisation of 
catalytic materials will require the close collaboration between chemists, material scientists, 
chemical engineers and molecular simulation experts [177].  
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 Introduction   III.1-

Rational catalyst design is a topic that has been actively discussed as an opportunity to 
accelerate the development of tailor-made materials based on specific needs, reducing trial-and-
error testing and establishing structure-property relationships [1]. In general, a reaction in 
heterogeneous catalysis includes several steps of mass transport, sorption and chemical reaction 
– each of them providing an opportunity to improve the catalyst performance [2]. At a 
molecular level, the catalyst performance may be improved by a proper catalyst design that 
considers morphology effects (porous structure), physical effects (dispersion and electrostatic 
interactions) and chemical effects (electron arrangement) [3]. However, when the diffusion is 
the controlling step of the overall reaction, improvement of the active phase would not 
significantly increase the catalyst performance. Instead, the mass transport within the material 
becomes of major concern for catalyst improvement [4]. This is where the modulation of 
internal porosity and pore interconnectivity plays an important role in catalyst design. For 
instance, to improve mass transport phenomena, the catalyst can be conceived to have 
hierarchical porosity by combining pores of different sizes (micropores – smaller than 2 nm, 
mesopores – between 2 and 50 nm, and macropores – bigger than 50 nm, according to IUPAC 
classification) [5]. 

Rational design of the hierarchical porosity and the appropriate chemical composition of 
catalytic materials has been studied for achieving a specific tailoring based on the application 
requirements [6–8]. Generally, the sol-gel process, especially of silicon-based materials, is well 
described concerning the synthesis of hierarchically porous materials with micro- and 
mesopores [9–11]. In addition, this method is environmentally friendly since water can be used 
as reaction medium without co-solvent along the different preparation steps [12]. The sol-gel 
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synthesis of mesoporous silica is achievable by controlling the hydrolysis and condensation 
conditions: acid or basic catalysis in one or two steps [13–15]. Templating is another useful tool 
for the synthesis of meso- and macroporous materials. Templates such as self-assembling 
molecules, also called structure-directing agents (e.g. surfactants), and polymer nanoparticles 
have been used in the preparation of porous materials based on silica [16–21] and other oxides 
[22–24].  

Catalytic processes involving supported noble metals such as platinum, palladium and gold are 
currently used for producing fuels and other compounds of industrial interest [25–28]. Platinum 
nanoparticles supported on hierarchically porous silica have been prepared by using various 
techniques, including impregnation, precipitation, ion-exchange and colloidal deposition [28, 
29]. Some of the authors of the present study proposed original methods consisting of a 
polystyrene latex template and platinum nanoparticles prepared by microwave-assisted 
synthesis [31] or by sonochemical deposition [32]. The advantage of the sonochemical method 
is that the platinum forms nanoparticles upon reduction by the hydrogen generated in-situ under 
ultrasonic irradiation, limiting the requirement of additional reagents in the process [33]. 

The aim of this work is to integrate the engineering of an optimised hierarchically porous 
(meso- and macropores) catalyst support with the synthesis and transfer of a sonochemically 
decorated polymer template. Herein, we describe a rational design procedure for achieving the 
desired specifications (hierarchical porosity of the support and Pt nanoparticle distribution 
within the support). The silica-supported platinum catalysts with hierarchical porosity were 
synthesised following the stages depicted in Figure 49. The first step is the synthesis of the 
polystyrene (PS) latex template by emulsion polymerisation. The second step is the 
sonochemical synthesis and deposition of platinum nanoparticles on the surface of the polymer 
latex. The third step is the synthesis of the support by sol-gel processes using tetraethyl 
orthosilicate (TEOS) under controlled conditions to modulate the porosity of the final silica 
matrix (micro- and/or mesopores). Interestingly, all these steps can be carried out in water, 
reducing environmental impacts. 

 

Figure 49. Supported catalyst synthesis by combining emulsion polymerisation, sonochemistry 
and sol-gel route. 
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 Experimental III.2-

III.2.1-  Materials 

Potassium persulfate (K2S2O8, KPS, 99%, Sigma Aldrich), sodium metabisulfite (Na2S2O5, 
SMBS, 97%, Sigma Aldrich), sodium dodecylbenzenesulfonate (C12H25C6H4SO3Na, SDBS, 
99%, Sigma Aldrich), sodium tetrachloroplatinate (Na2PtCl4, 42.6% Pt, Strem), 
hexachloroplatinic acid (H2PtCl6.6H2O, 37.7% Pt, Strem), tetraethyl orthosilicate (Si(OC2H5)4, 
TEOS, 98%, Sigma Aldrich), absolute ethanol (C2H5OH, >99.8%, Sigma Aldrich) and 1 wt.% 
Pt/SiO2 (Sigma Aldrich, referred to as 0.7REF) were used as received. Hydrochloric acid (HCl, 
37%, Sigma Aldrich) and ammonium hydroxide (NH4OH, 28%, Sigma Aldrich) were used to 
prepare acidic and basic solutions with deionised water (1 microS/cm, D8 ion exchange 
demineraliser A2E Affinage de L’Eau or 18.2 MΩ·cm at 25 °C, Milli-Q). Styrene (99.0%, 
Sigma Aldrich) was distilled in order to remove its stabiliser: 4-tert-butylcatechol.  

 

III.2.2- Polystyrene (PS) latex template synthesis 

The polystyrene (PS) latex template was prepared by emulsion polymerisation of styrene using 
a redox initiator system: KPS as oxidiser and SMBS as reducer. SDBS was used as surfactant. 
The polymerisation was carried out under argon atmosphere with a molar ratio styrene : water : 
KPS : SMBS : SDBS = 1 : 50 : 5×10-3 : 3.2×10-3 : 6.6×10-4, in a 350 mL double-walled glass 
reactor with a glass stirring blade operating at 250 rpm. The temperature was regulated as 
follows: 1 h at 65 °C, 2 h at 72 °C and 3 h at 85 °C.  

 

III.2.3- Template functionalisation using sonochemistry 

The latex template was functionalised with platinum nanoparticles formed in-situ by reducing 
sodium tetrachloroplatinate or hexachloroplatinic acid under ultrasonic irradiation. Typically, 
the reaction was carried out in a reactor consisting of a 150 mL glass flask introduced in a 
deionised water bath contained in a double-walled glass reactor mounted on the top of a high-
frequency piezoelectric transducer with a 25 cm² irradiation surface (ELAC Nautik, Figure 50). 
The transducer was supplied by a generator with a maximum electrical power of 125 W (T & C 
Power Conversion, Inc.). The acoustic power supplied in the whole system was 0.14 W/mL at 
205 kHz for 12 h, determined by calorimetry (see Annex II). The sonochemical activity under 
the conditions used was estimated to be 0.32 µmol/min at 20 °C in water under argon 
atmosphere by measuring the hydrogen peroxide formation rate within the inner reaction vessel, 
as described elsewhere [34]. The temperature of the system was regulated at 20 °C. 90 mL of 
polystyrene latex were used with 9 mL of 10 g Pt/L sodium tetrachloroplatinate solution (for a 
latex at ca. 1 wt.% Pt/polystyrene, or when specified at 5 g Pt/L sodium tetrachloroplatinate 
solution for a latex at ca. 0.5 wt.% Pt/polystyrene). Prior to sonication, Ar was bubbled for 
about 15 minutes from the bottom of the latex-containing flask at ca. 130 mL/min. Then, the Ar 
bubbling was set at the liquid-gas interphase and the reaction medium homogeneity was ensured 
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Figure 52. Image of the 20 kHz experimental set-up: (1) 50 mL thermostated double-walled 
glass reactor, (2) titanium probe supplied by a 750W maximal electric power generator, (3) 
sample outlet, (4) closing joint, (5) gas outlet, (6) gas inlet. Generator, thermocouple and 

flowmeter are not visible in the picture 

 

III.2.4- Silica matrix via sol-gel synthesis 

The silica matrix was synthesised by a sol-gel technique using three procedures (see 
nomenclature in Table 6). The first one (A40 and A60) was an acid catalysed sol-gel synthesis 
using 10.3 mL of tetraethyl orthosilicate and 22.5 mL of HCl solution at 10-2 M. The synthesis 
was carried out either at 20, 40 or 60 °C. The gelation time was recorded in each case. The 
second procedure (B40 and B60) was a two-step acid-base catalysed sol-gel synthesis. The 
difference with procedure A is that 9 mL of NH4OH solution at 5×10-2 M were added at one 
third of the gelation time as observed in the acid catalysed synthesis. Once all samples reached 
the gel point, they were dried at 80 °C for at least 24 h. The third procedure (C40 and C60) was 
the same as the second one, but using 25 mL of latex (at 10 wt. % solids) instead of 22.5 mL of 
HCl solution at 10-2 M. Samples B40cal, B60cal, C40 and C60 where calcined under an air flow 
of ca. 50 mL/min in a Heraeus® RO tube furnace (Kendro) at 650 °C with a temperature profile 
of 5 °C/min up to 250 °C, then 0.5 °C/min up to 300 °C, a plateau at 300 °C for 2 h and then 0.5 
°C/min up to 650 °C, and kept at 650 °C for 2 h prior to natural cooling. 

All Pt-containing silica materials were prepared with Pt-decorated latex templates following the 
same procedure as for C40: the reaction mixture (consisting of TEOS, latex and HCl solution as 
detailed in Table 4) was stirred at 40 °C for 23.3 h in a glass round-bottomed flask. Then, the 
amount of 5×10-2 M NH4OH solution specified in Table 4 was added in one shot. Once the 
samples reached the gel point, they were dried at 80 °C for at least 24 h. Then, the catalysts 
were calcined under air flow at a rate of ca. 50 mL/min in a Heraeus® RO tube furnace 
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(Kendro) at the temperature specified in Table 4. The temperature profile for calcination at 450 
°C consisted of 5 °C/min up to 270 °C, then 1 h at 270 °C, then 0.33 °C/min up to 450 °C, and 
kept at 450 °C for 2 h prior to natural cooling. The temperature profile for calcination at 650 °C 
consisted of 5 °C/min up to 250 °C, then 0.5 °C/min up to 300 °C, a plateau at 300 °C for 2 h 
and then 0.5 °C/min up to 650 °C, and kept at 650 °C for 2 h prior to natural cooling.  

The catalysts are named based on their Pt loading and calcination temperature, e.g. 0.7cal450 
for a catalyst at 0.7 wt. % Pt/SiO2 and calcined at 450 °C. However, when a relevant feature in 
the catalyst preparation is under study, it is added at the end of the catalyst name after a hyphen. 
Thus, for a material with 12.5% of macroporosity, it is called: 0.2cal450-12.5%, or when the 
material was prepared at 343 kHz, it is called 0.3cal450-343kHz (note: when not specified, the 
default value for macroporosity is 50% and for the ultrasound frequency is 205 kHz). 

 

Table 4. Reaction mixture for the two-step acid-base catalysed sol-gel synthesis 

Sample TEOS 
 

Pt-
decorated 

latex 

Non- 
decorated 

latex 

0.01 M 
HCl 

solution[a] 

5×10-2 M 
NH4OH 

solution[b] 

Calcination 
temperature 

 (mL) (mL) (mL) (mL) (mL) (°C) 

0.7cal450 10.3 25.0 - - 7.0 450 
0.7cal650 10.3 25.0 - - 7.0 650 
0.8cal450-50% 7.5 19.0 - - 5.1 450 
0.4cal450-33.3% 7.5 9.5 - 8.6 5.1 450 
0.3cal450-25% 7.5 6.3 - 11.4 5.1 450 
0.2cal450-12.5% 7.5 2.7 - 14.7 5.1 450 
0.4cal650-25/25% 7.5 9.5 9.5 - 5.1 650 
0.3cal450-100kHz 7.5 19.0 - - 5.1 450 
0.3cal450-205kHz 10.3 25.0 - - 7.0 450 
0.3cal450-343kHz 7.5 19.0 - - 6.2 450 
1cal650-50%-IWI 10.3 - 25.0 - 5.3 650 
[a] An amount of 0.01 M HCl solution was added in some reactions in order to keep a constant 
water/TEOS molar ratio of 28. 
[b] The amount of base varied depending on the requirement of the latex to reach a pH 9.6. 

 
 

The silica matrix corresponding to 1cal650-50%-IWI was impregnated drop-wise with a 
solution of Na2PtCl4 at 10 g/L while stirring manually (for 1 g of silica, 1 mL of solution was 
used, in agreement with a pore volume of 1.1 mL/g measured in the silica matrix by mercury 
porosimetry). Subsequently, it was dried overnight at 80 °C and then it was treated under a 
hydrogen flow at ca. 40 mL/min in a vertical stainless steel tubular reactor within a temperature-
controlled tubular furnace following a temperature profile of 3 °C/min up to 300 °C and a 
plateau for 2 h at 300 °C, after which it was let cool down naturally (the catalyst was kept in 
place with quartz wool on the top and on the bottom of the reactor). A commercially available  
1 wt. % Pt/SiO2 material (referred to as 0.7REF) was characterised as received. 
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III.2.5- Characterisation 

After polystyrene latex synthesis, pH (PHM210 standard pH meter, Radiometer Analytical) and 
percentage of solids (MLS moisture analyser, KERN) were measured. The latex particle size 
was determined by dynamic light scattering (DLS) with a Vasco-3 particle size analyser 
(Cordouan Technologies) and by scanning electron microscopy (SEM) with a high resolution 
microscope S-4800 (Hitachi) operating at 2 kV. Typically, the samples for DLS measurements 
were prepared by diluting 5 µL of latex at 10 % solids in 5 mL of deionised water. Latex 
samples for SEM were dried overnight in a vacuum Raypa® drying oven (Espinar S. L.) at 
40 °C and 0.01 mbar; the resulting powders were attached to sample holder stubs using carbon 
conductive adhesive tape. Then, the samples were sputtered with platinum. 

The zeta potential of latex was measured with a Wallis zeta potential analyser (Cordouan 
Technologies) or a Zetasizer Nano ZS (Malvern). Inductively coupled plasma optical emission 
spectrometry (ICP-OES) measurements were carried out with a Spectro Arcos ICP-OES 
(Ametek). It was used to follow the Pt reduction during the sonochemical reactions by 
quantifying the residual Pt ions in solution. Polystyrene and reduced Pt nanoparticles were 
removed from the samples by filtration using two PTFE 0.2 µm 13 mm filters in a series, as 
previously reported [32]. The clear phase was then diluted 100 times with 0.3 M nitric acid, 
prior to injection in the ICP-OES. ICP calibration curves were recorded using SCP Science 
platinum standard solutions. The estimated experimental uncertainty for concentrations 
measurements by ICP was 5%. 

A sample of polystyrene functionalised with Pt at 20 kHz was dried overnight in a vacuum 
Raypa® drying oven (Espinar S. L.) at 40 °C and 0.01 mbar; the resulting powder was attached 
to sample holder stubs using carbon conductive adhesive tape (no metal sputtering in this case). 
Then it was analysed by SEM in a Hitachi S4500 FEG (Hitachi) and energy dispersive X-ray 
(EDX) spectra were acquired using AZtecEnergy (Oxford Instruments). Functionalised latexes 
and silica matrices before and after template removal were studied with transmission electron 
microscopy (TEM) using a 2200FS – 200 kV TEM (Jeol), a Tecnai F20ST/STEM 
monochromated TEM (FEI) or a Titan 80-300 kV cubed Cs-corrected TEM (FEI). Latex 
samples for TEM were prepared by diluting 10 µL of latex in 3 mL of absolute ethanol, 
depositing a drop on a formvar/carbon-coated 300 mesh Cu TEM grid followed by drying in 
ambient air. Silica samples were ground in a mortar, and then a few milligrams were 
encapsulated in an EMbed 812 resin before a section of 70 nm thick was cut and deposited on a 
Cu TEM grid, using an ultramicrotome Ultracut UCT (Leica Microsystems) equipped with a 
DiATOME ultra diamond knife. High resolution TEM (HR-TEM) analyses, including annular 
dark-field (ADF) images and energy-dispersive X-ray (EDX) spectroscopy, were performed in a 
Titan 80/300 kV cubed Cs-corrected TEM (FEI). For those analyses, a specimen of silica-
supported Pt catalyst was ground and ultrasonically shaken in ethanol, and then a drop was 
casted in air from the coloured dispersion onto a 200 mesh Cu grid with a holey carbon support 
foil (Quantifoil).The TEM images were analysed manually using ImageJ software (USA 
National Institutes of Health).  

Thermal gravimetric analyses (TGA) for latex decomposition in artificial air were carried out in 
a Q50 thermal gravimetric analyser (TA Instruments), using a heating rate of 10 °C/min up to 
700 °C. Additional TGA and differential scanning calorimetry (DSC) were carried out in 
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artificial air in a Simultaneous Thermal Analyser (STA 6000, PerkinElmer), using a heating rate 
of 10 °C/min up to 900 °C. The silica matrix surface area and mesopore size distribution were 
determined by nitrogen adsorption-desorption using an ASAP-2020 physisorption analyser 
(Micromeritics), with an estimated experimental uncertainty of 6% [35]. Mesopore size 
distributions were based on the Barrett-Joyner-Halenda (BJH) method on the adsorption branch. 
The macropore size distribution was characterised by mercury porosimetry using an AutoPore 
IV 9500 (Micromeritics).  

The X-ray photoelectron spectroscopy (XPS) analyses were carried out using an ESCALAB 250 
(Thermo Electron), using a monochromatic excitation source: Al Kα (1486.6 eV). The analysed 
surface was of 400 µm diameter and the charge was compensated by an electron beam (-2 eV). 
XPS binding energies were referred to the Si-O component of silicon Si2p3/2 at 103.2 eV. 
Temperature-programmed reduction (TPR) was carried out on an Autochem II (Micromeritics). 
The hierarchically porous materials were analysed after calcination at either 450 °C or 650 °C. 
In all cases, a 1 h in-situ pre-treatment at 120 °C in argon flow was carried out. Then, the TPR 
experiments were carried out between -50 °C and 350 °C, with a temperature ramp of 10 
°C/min in 5% H2/Ar flow. 

All Pt/SiO2 samples were studied by elemental analysis by ICP-OES. They were prepared by 
grinding 50 mg of catalyst with 250 mg of Na2O2. Then, the mixture was placed in a zirconium 
crucible at 480 °C for 1 hour in static air. After natural cooling, 180 mL of water were added to 
the mixture. Then, 20 mL of 6 M HCl solution were added under stirring and heating at  
ca. 50 °C and water was added to obtain a total of 250 mL. Then, 1.2 mL of the catalyst solution 
were added to 4.8 mL of a 0.3 M HNO3 solution prior to ICP measurement. The experimental 
uncertainty for metal loadings was estimated to 5% of the reported value. 
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 Results III.3-

The desired catalyst morphology was specified to consist of a meso- and macroporous silica 
matrix with Pt nanoparticles of a few nanometres in diameter mainly located in the macropores. 
To achieve such a material, a polystyrene latex template was first prepared and decorated with 
Pt nanoparticles. Then, the silica matrix was optimised to have about 50% of mesoporosity. 
Finally, a material with hierarchical porosity and Pt nanoparticles mainly on the macropore 
surfaces was obtained. 

III.3.1- Synthesis and functionalisation of the PS latex template 

III.3.1.1- PS latex template 

Typically, the latex obtained with the described procedure had a pH of 2 and a solids content of 
ca. 10 wt. %. This protocol worked well to produce stable latexes (more than 10 months shelf-
life). The latex dispersity (Ð) was calculated as the ratio of the weight-average diameter (Dw) 
over the number-average diameter (Dn). For a typical latex, the particle size characterisation 
revealed a Dn of 134 nm, a Dw of 140 nm, and a Ð of 1.04. It was observed that for this PS latex, 
the Ð was very close to 1, which corresponds to a uniform distribution of the PS particle size. In 
Figure 53, it can also be noticed that the particles are randomly close packed after drying the 
sample for SEM imaging. This phenomenon is expected after drying of a stable dispersion of 
monodisperse particles. 

 

Figure 53. SEM images of PS latex template. Particle size distribution histogram in the inset. 
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Electrostatic charge could be considered as a first attempt to explain the Pt-PS interaction. 
However, this is not the case since Pt(II) ions (from Na2PtCl4), Pt nanoparticles and PS beads 
are negatively charged. The zeta potential for the PS beads was 49 ± 7 mV and for the Pt 
nanoparticles was 17 ± 7 mV (the zeta potential of Pt nanoparticles was measured in a sample 
of Pt ions sonochemically reduced in the absence of latex). A more plausible explanation for the 
Pt-polymer bead interaction is the attachment of Pt nanoparticles to sulfonate groups at the 
surface of the PS beads, as has been reported elsewhere [38]. In the present case, sulfonate 
groups are certainly present at the polymer bead surface not only due to the SDBS used as 
surfactant in the latex formulation, but also due to sulfonate radicals generated by the redox 
initiation couple used in the latex polymerisation: KPS and SMBS [39,40]. Moreover, during 
the sonochemical reduction, the cavitation phenomenon is favoured at the interface between 
water and hydrophobic materials by decreasing the energy required for forming a bubble of 
vapour [41]. In the case of the PS bead template, the surface is mostly hydrophobic, so it is 
likely to have more cavitation bubbles at the PS surface-liquid interface than in the 
homogeneous medium, favouring the Pt reduction at the polymer surface. 

Moreover, the sonochemical reduction was carried out either under Ar or under 10 vol. % 
CO/Ar. Considering the high amount of platinum engaged in the system (ca. 1 g/L, equivalent 
to 0.1 g of Pt), ultrasonic treatments of at least 14 h were expected to achieve a complete 
reduction of the noble metal, so the reactions were carried out on two days with a stop during 
the night for safety reasons. As expected, the Pt reduction was faster at the beginning of the 
reaction in the presence of CO (first 500 min in Figure 58) [33]. It has two causes. First, the 
ability of CO to directly reduce Pt ions at the interface of the cavitation bubble, according to the 
equation: 

PtCl42− + CO + H2O   Pt0+ CO2+ 2H++ 4Cl−   

Second, the ability of CO to enhance the hydrogen formation: CO is a scavenger of OH• 
radicals generated during the water molecule splitting process under ultrasonic irradiation. This 
reaction leads to a higher formation rate of H2 which is a reducing agent for platinum in the 
system [33].  

CO + OH•  CO2 + H•      

2H•  H2       

PtCl42− + H2  Pt0+ 2H++ 4Cl−     
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Figure 58. Monitoring of Pt(II) reduction under Ar and 10 vol. % CO/Ar at 205 kHz and 20 °C, 
in presence of polystyrene beads at 9 wt. % solids. Plain lines for the duration of the ultrasound 

irradiation. No gas bubbling during silent period. Experimental uncertainty estimated to 5%. 

 

Interestingly, only the sample that was being reduced under Ar continued evolving overnight 
(Figure 58). It is because, when CO/Ar is used, as soon as the ultrasonic irradiation is turned off, 
there are no more radicals or other species that could reduce the Pt. On the other hand, when 
only Ar is used, the OH• radicals can be scavenged by other molecules in the vicinity of 
cavitation bubbles like surfactants (SDBS in this case) [42], leading to the formation and 
accumulation in solution of reducing species that would continue the Pt reduction even after 
stopping the ultrasonic irradiation. 

 

 

Figure 59. TEM images of Pt nanoparticles reduced at 20 °C, 205 kHz in presence of PS beads 
under: a. Ar atmosphere and b. 10 vol. % CO/Ar atmosphere. Particle size distribution 

histogram is shown in the insert. 
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From a morphological point of view, no major effect of the gas atmosphere was observed on the 
particle size of the Pt nanoparticles (Figure 59). In Ar, the Pt average particle diameter was Dn 
= 2.3 nm, Dw = 2.5 nm, Ð = 1.10. Similarly, in CO/Ar, the average particle diameter was Dn = 
2.1 nm, Dw = 2.4 nm, Ð = 1.15. So, from the morphological perspective, it is not necessary to 
use CO for the successful PS template decoration. 

It is possible to conclude that the latex decoration at 205 kHz was successful, leading to  
ca. 1 wt. % Pt/polystyrene using a latex at ca. 10 wt.% solids (as required for the next steps in 
the catalyst preparation). Furthermore, the Pt nanoparticles were of about 2 nm regardless of the 
use of an atmosphere of Ar or 10 vol. % CO/Ar.  

 

 Template decoration using alternative III.3.1.2.iii-

sonochemical set-ups 

Due to technical problems, the set-up operating at 205 kHz was no longer available. In order to 
find other alternatives for the Pt reduction, two other reaction set-ups were evaluated. The first 
alternative was a reactor operating at 100 kHz, in which the reaction medium was in direct 
contact with the ultrasound-generating surface, as detailed in the experimental section. The 
choice of a reactor with or without direct contact between the transducer and the reaction 
medium is related to the possibility of the transducer surface to be cleaned after every use (only 
the transducer at 100 kHz could be polished after every use). Ideally, the best configuration 
would be with direct contact, in order to improve the sonochemical effects in the reaction 
medium. In the non-direct contact reactor, the ultrasounds must go through the glass-walls of 
the inner reactor leading to energy loss. However, the sonochemical activity measured by the 
H2O2 formation was still similar at 100 kHz and at 205 kHz: 0.38 µmol H2O2/min and 0.32 
µmol H2O2/min, respectively. 

The second alternative was a reactor operating at 343 kHz. This set-up was similar to the one at 
205 kHz (without direct-contact), but with a transducer working at a different frequency (343 
kHz). Both systems at 343 kHz and at 205 kHz absorbed the same acoustic power: 0.14 W/mL. 
However, the set-up at 343 kHz exhibited a lower sonochemical activity (0.16 µmol H2O2/min) 
than at 205 kHz (0.32 µmol H2O2/min) due to a more important energy loss at 343 kHz than at 
205 kHz.  

Latexes decorated at 100 kHz and at 343 kHz were compared to a latex decorated at 205 kHz. 
The three of them were prepared by reduction of sodium tetrachloroplatinate at 0.5 g Pt/L under 
Ar atmosphere at 20 °C, using a polystyrene latex at ca. 10 wt. % solids (leading to  
0.5 wt.% Pt/polystyrene). Table 5 gives the Pt particle size obtained in each case, as well as 
some experimental information. Figure 60 presents TEM images of the Pt-decorated latexes and 
corresponding sonochemical reduction profiles. The average particle size did not show any 
significant variation with the different set-ups. However, the particle size distribution was 
narrower and with a smaller standard deviation, when using the set-up at higher ultrasound 
frequency.  
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Despite of the differences of sonochemical activity in the evaluated set-ups, the reduction of 
90% of the Pt took, in all cases, two days with an overnight silent period. However, as observed 
in Figure 60.c, only the sample reduced at 343 kHz did not evolve significantly overnight, 
probably due to a lower generation rate of radicals (related to a lower sonochemical activity) 
that decreased the formation of reducing species that could keep reducing Pt in the absence of 
ultrasound. 

Although, the alternative reaction set-ups (operating at 100 kHz and 343 kHz) worked at 
slightly different operation conditions compared with the set-up at 205 kHz, as detailed in  
Table 5 (frequency, sonochemical activity, direct or non-direct liquid-transducer contact, etc.),  
it was possible to successfully decorate polystyrene latexes with Pt nanoparticles of similar 
sizes:  2.9 ± 0.8 nm, 2.4 ± 0.7 nm and 2.1 ± 0.4 nm in the set-up at 100, 205 and 343 kHz, 
respectively. These latexes were prepared at ca. 0.5 wt. % Pt/polystyrene and ca. 10 wt. % solids.  
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III.3.2- Optimisation of the silica matrix 

The idea is to prepare a macroporous silica by polymer templating. Such macropores are desired 
to be surrounded by a mesoporous silica matrix, obtained by optimised sol-gel conditions. The 
strategy starts by the preparation of a silica matrix with a desired mesoporosity of 50% (without 
macropores at this stage), given by: 

 𝑉𝑜𝑙𝑚𝑒𝑠𝑜𝑝𝑜𝑟𝑒𝑠𝑉𝑜𝑙𝑆𝑖𝑂2,𝑚𝑒𝑠𝑜𝑝𝑜𝑟𝑜𝑢𝑠 × 100 = 𝑉𝑜𝑙𝑚𝑒𝑠𝑜𝑝𝑜𝑟𝑒𝑠𝑉𝑜𝑙𝑚𝑒𝑠𝑜𝑝𝑜𝑟𝑒𝑠 + 𝑉𝑜𝑙𝑆𝑖𝑂2,𝑑𝑒𝑛𝑠𝑒 × 100 

 

Where 𝑉𝑜𝑙𝑚𝑒𝑠𝑜𝑝𝑜𝑟𝑒𝑠 is the volume of mesopores, 𝑉𝑜𝑙𝑆𝑖𝑂2,𝑑𝑒𝑛𝑠𝑒 is the volume of the dense silica 

skeleton and 𝑉𝑜𝑙𝑆𝑖𝑂2,𝑚𝑒𝑠𝑜𝑝𝑜𝑟𝑜𝑢𝑠  is the volume of mesoporous silica. Note that in this case, the 

mesoporosity is equal to the total porosity of the material.   

Subsequently, it is desired to include enough polymer beads within the mesoporous silica in 
order to obtain a macropore volume of 50% with respect to the total volume (macroporosity), 
given by: 

 𝑉𝑜𝑙𝑚𝑎𝑐𝑟𝑜𝑝𝑜𝑟𝑒𝑠𝑉𝑜𝑙𝑆𝑖𝑂2,𝑚𝑎𝑐𝑟𝑜+ 𝑚𝑒𝑠𝑜𝑝𝑜𝑟𝑜𝑢𝑠 × 100 = 𝑉𝑜𝑙𝑚𝑎𝑐𝑟𝑜𝑝𝑜𝑟𝑒𝑠𝑉𝑜𝑙𝑚𝑎𝑐𝑟𝑜𝑝𝑜𝑟𝑒𝑠 + 𝑉𝑜𝑙𝑆𝑖𝑂2,𝑚𝑒𝑠𝑜𝑝𝑜𝑟𝑜𝑢𝑠 × 100 

 

Where 𝑉𝑜𝑙𝑚𝑎𝑐𝑟𝑜𝑝𝑜𝑟𝑒𝑠  is the volume of macropores, 𝑉𝑜𝑙𝑆𝑖𝑂2,𝑚𝑒𝑠𝑜𝑝𝑜𝑟𝑜𝑢𝑠 is the volume of the 

mesoporous silica skeleton and 𝑉𝑜𝑙𝑆𝑖𝑂2,𝑚𝑎𝑐𝑟𝑜+ 𝑚𝑒𝑠𝑜𝑝𝑜𝑟𝑜𝑢𝑠  is the total volume of macroporous and 

mesoporous silica. The total porosity of this hierarchically porous material is given by the 
volume of meso and macropores divided by the total volume of material. 

Having these specifications in mind, it is possible to calculate the required amounts of latex 
template and silica precursor (tetraethyl orthosilicate - TEOS) to prepare 1 g of hierarchically 
porous silica. Given that the density of dense silica is 2.2 g/mL, the density of polystyrene is 
approximatively 1 g/mL and the polystyrene content in the latex is ca. 10 wt. %, the required 
amount of latex to prepare 1 g of mesoporous silica with 50% macroporosity is: 

 

1 𝑔𝑆𝑖𝑂2,𝑑𝑒𝑛𝑠𝑒 × 1 𝑚𝐿𝑆𝑖𝑂2,𝑑𝑒𝑛𝑠𝑒2.2 𝑔𝑆𝑖𝑂2,𝑑𝑒𝑛𝑠𝑒 × 2 𝑚𝐿𝑆𝑖𝑂2,𝑚𝑒𝑠𝑜𝑝𝑜𝑟𝑜𝑢𝑠1 𝑚𝐿𝑆𝑖𝑂2,𝑑𝑒𝑛𝑠𝑒 × 1 𝑚𝐿𝑚𝑎𝑐𝑟𝑜𝑝𝑜𝑟𝑒𝑠1 𝑚𝐿𝑆𝑖𝑂2,𝑚𝑒𝑠𝑜𝑝𝑜𝑟𝑜𝑢𝑠 × 1 𝑚𝐿𝑝𝑜𝑙𝑦𝑠𝑡𝑦𝑟𝑒𝑛𝑒1 𝑚𝐿𝑚𝑎𝑐𝑟𝑜𝑝𝑜𝑟𝑒𝑠× 1 𝑔𝑝𝑜𝑙𝑦𝑠𝑡𝑦𝑟𝑒𝑛𝑒1 𝑚𝐿𝑝𝑜𝑙𝑦𝑠𝑡𝑦𝑟𝑒𝑛𝑒 × 100 𝑔𝑙𝑎𝑡𝑒𝑥10 𝑔𝑝𝑜𝑙𝑦𝑠𝑡𝑦𝑟𝑒𝑛𝑒 × 1 𝑚𝑙𝑙𝑎𝑡𝑒𝑥1 𝑔𝑙𝑎𝑡𝑒𝑥 = 𝟗. 𝟏 𝒎𝒍𝒍𝒂𝒕𝒆𝒙 
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And the required amount of TEOS is: 

1 𝑔𝑆𝑖𝑂2,𝑑𝑒𝑛𝑠𝑒 × 1 𝑚𝑜𝑙𝑆𝑖𝑂260.08 𝑔𝑆𝑖𝑂2,𝑑𝑒𝑛𝑠𝑒 × 1 𝑚𝑜𝑙𝑇𝐸𝑂𝑆1 𝑚𝑜𝑙𝑆𝑖𝑂2 × 208.33 𝑔𝑇𝐸𝑂𝑆1 𝑚𝑜𝑙𝑇𝐸𝑂𝑆 × 1 𝑚𝑙𝑇𝐸𝑂𝑆0.93 𝑔𝑇𝐸𝑂𝑆 = 𝟑. 𝟕 𝒎𝒍𝑻𝑬𝑶𝑺 

 

Considering the amount of water in the latex, the corresponding water/TEOS molar ratio is 27. 

 

Having this information, it is possible to start by the optimisation of the mesoporous silica 
matrix. Three temperatures were evaluated for the synthesis of the silica matrix: 20, 40 and 
60 °C. However, at 20 °C, the hydrolysis and condensation reactions were so slow that several 
weeks were required to achieve the gelation point (576 h). Thus, only temperatures of 40 and 
60 °C were considered further in this study.  

Table 6 shows the textural characteristics of the materials at each of the steps taken for 
engineering a mesoporous silica matrix. Experiments A and B were carried out without template, 
but with an HCl solution (pH = 2) that mimics the pH of the latex template. With one-step acid 
catalysed sol-gel synthesis (A40 and A60), the material was only microporous (according to the 
t-plot method, employing the Halsey equation adapted to silica by Cranston and Inkley [43,44] ) 
and the porosity was below the initial specification (32% and 41% compared with a target of 
50%). This microporosity is expected for syntheses in such acidic conditions where weakly-
branched structures are favoured [13]. Nevertheless, this step was important to determine the 
gelation time of the medium at the pH of the latex template with the given water/TEOS ratio. 
With this information, it was possible to set up a procedure for a two-step acid-base catalysed 
sol-gel synthesis (B40 and B60): a base was added at one third of the gelation time required 
under acidic conditions, increasing the pH from 2 to 9.6. Such an increase in pH, after partial 
acid hydrolysis, speeds up the condensation reactions and allows branched structures to 
rearrange in such a way that larger pores and a more crosslinked silica network are formed. 
Consequently, the maximum capillary pressure is reduced, and the mechanical resistance of the 
network is increased so the shrinkage during solvent evaporation is limited. As a result, a large 
total porosity is obtained in the resulting structure [13]. Using this technique, mesoporous silica 
materials were prepared with the desired mesoporosity (> 50%): 54 % and 51% for the 
syntheses at 40 °C and 60 °C, respectively.  
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Table 6. Textural characterisation of silica materials without Pt. 

Sample Description 

Sol-gel 
synthesis 

temp. 

Gelation 
time - tg 

BET 
surface 

area 

Total 
pore 

volume 
(by N2-

ads/des.) 

Total 
pore 

volume 
(by Hg-
poro.) 

Micropore 
volume 

Mesopore 
volume 

Macropore 
volume 

Total 
porosity 

BJH 
Adsorp. 
average 

mesopore 
diameter 

BJH 
Desorp. 
average 

mesopore 
diameter 

Mesopore 
range 

Average 
macropore 
diameter 

Macropore 
range 

(°C) (h) (m²/g) (cm³/g) (cm³/g) (cm³/g) (cm³/g) (cm³/g) (%) (nm) (nm) (nm) (nm) (nm) 

A40 
One-step acid 

catalysed sol-gel 
synthesis w/o latex  

40 72.0 434 0.21 - 0.21 - - 32 - - - - - 

B40 
Two-step acid-base 

catalysed sol-gel 
synthesis w/o latex 

40 25.0 620 0.54 - - 0.54 - 54 3.8 3.8 2-15 - - 

B40cal 
B40 calcined at  

650 °C - - 557 0.48 - - 0.48 - 51 3.7 3.8 2-15 - - 

C40 

Two-step acid-base 
catalysed sol-gel 

synthesis with latex. 
Calcination at 650 °C 

40 23.7 615 0.74 0.71 - 0.48 0.26 62 5.8 3.8 2-11 134 110-170 

        

A60 
One-step acid 

catalysed sol-gel 
synthesis w/o latex 

60 14.0 640 0.32 - 0.32 - - 41 - - - - - 

B60 
Two-step acid-base 

catalysed sol-gel 
synthesis w/o latex 

60 5.0 707 0.47 - - 0.47 - 51 3.2 3.8 2-11 - - 

B60cal 
B60 calcined at  

650 °C - - 652 0.43 - - 0.43 - 49 3.1 3.8 2-11 - - 

C60 

Two-step acid-base 
catalysed sol-gel 

synthesis with latex. 
Calcination at 650 °C 

60 2.3 572 0.61 0.66 - 0.48 0.18 59 4.9 3.8 2-15 128 110-170 
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The proposed two-step acid-base catalysed sol-gel syntheses in the presence of a polystyrene 
latex template permitted to obtain a hierarchically porous structure with mesopore sizes from  
2 nm up to 15 nm and macropores of 110-170 nm. However, at this point, one of the sol-gel 
procedures (at 40 °C or 60 °C) needs to be chosen for the next step using the Pt-decorated 
template. From the results given above, it can be concluded that the matrix synthesised at 40 °C 
has the largest specific surface area and total pore volume (respectively: 615 m2/g and 0.74 
cm3/g at 40 °C versus 572 m2/g and 0.66 cm3/g at 60 °C). In addition, the gelation time at 60 °C 
is very short (2.3 h versus 23.7 h at 40 °C), implying larger relative error on the addition time of 
the second hydrolysis solution (base-catalysed hydrolysis step at one third of the gelation time), 
which results in larger variability between batches with small variations in time. For these 
reasons, the temperature of 40 °C has been selected for the sol-gel synthesis in the presence of 
the Pt-decorated latex. 
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III.3.3- Characterisation of the final materials 

After the preparation of silica materials with Pt-decorated latex by the two-step acid-base 
catalysed sol-gel synthesis at 40 °C, the procedure for template removal by calcination was 
defined based on thermogravimetric analyses. The resulting materials after template removal 
were characterised in terms of matrix pore texture and Pt particle size and oxidation state. 

III.3.3.1- Template removal 

Thermogravimetric analyses (TGA) were carried out on the starting latex template and on the 
samples immediately after the sol-gel synthesis. It was observed that for the polymer alone the 
thermal degradation was complete above 425 °C (Figure 63), in agreement with Pfaffli et al. 
[45]. However, for the silica matrix with polystyrene template without Pt, at least 610 °C were 
required for complete polymer degradation (Figure 64.a). That higher temperature is required 
because the silica matrix constrains the template removal [46]. 

 

Figure 63. Thermogravimetric profile of dry polystyrene beads under air at 10 °C/min. 

 

Figure 64. Differential scanning calorimetric (gray lines) and thermogravimetric analyses (black 
lines): a. SiO2 with polystyrene template, b. SiO2 with 1 wt.% Pt-decorated polystyrene template. 

(Please note that the complete latex removal in the silica composite material corresponds to a. 
50 wt.% of total mass loss) 
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On the other hand, when the Pt nanoparticles are present in the material, the complete polymer 
removal occurs at 450 °C (Figure 64.b); there is no further weight loss, nor any other exo- or 
endothermic effects above this temperature. This difference in temperature is due to Pt-assisted 
template removal, which is confirmed by the DSC profiles: when Pt is absent, the template 
degradation is mainly endothermic (Figure 64.a), in which case the template removal mainly 
occurs by the polymer breaking down into volatile species [45,47]. The exothermic peak 
observed at 610 °C might correspond to the spontaneous ignition of the remaining polymer still 
trapped within the silica [48]. When Pt is present, the template removal is only an exothermic 
process (Figure 64.b) because the Pt acts as an oxidation catalyst [49]. 

In conclusion, 650 °C is the required temperature for polystyrene template removal from the 
silica matrix by calcination. However, in the presence of Pt, which acts as an oxidation catalyst, 
the calcination temperature can be decreased down to 450 °C. 

III.3.3.2- Pt nanoparticles characterisation 

The materials were calcined either at 450 °C (referred to as 0.7cal450) or 650 °C (referred to as 
0.7cal650). Figure 65 shows that, after template removal by calcination, the Pt nanoparticles are 
correctly transferred to the silica matrix, being positioned at the macropore surfaces. However, 
the Pt has sintered after calcination at 650 °C, as shown in Figure 65.b: Dn = 6.5 nm, Dw = 8.9 
nm, Ð = 1.36, to be compared with Dn = 2.3 nm for the initial Pt nanoparticles decorating the 
latex template. This is caused by coalescence and Ostwald ripening of the Pt particles [50,51]. 
In contrast, when the material was calcined at a lower temperature (450 °C), it reduced sintering 
of the Pt nanoparticles as shown in Figure 65.a: Dn = 4.6 nm, Dw = 5.9 nm, Ð = 1.28.  

 

 

Figure 65. TEM images of 0.7 wt.% Pt on silica after calcination: a. At 450 °C –0.7cal450, b. At 
650 °C – 0.7cal650. Corresponding particle size distribution histograms in the insets. 

 

In order to study the Pt nanoparticles in more detail, high resolution transmission electron 
microscopy (HRTEM) images were collected for catalysts 0.7cal450 and 0.7cal650. Figure 66 
shows selected Pt nanoparticles present in those materials. Lattice spacings of 2.3 ± 0.1 Å were 











III. PLATINUM-BASED CATALYSTS PREPARATION 
 

142 
 

Comparing the texture of the Pt-containing catalysts (0.7cal450 and 0.7cal650) with the non-
decorated silica (C40, Table 6), it is possible to see some differences in the pore texture of these 
materials. Such differences are due to chemical modification of the latex template during the 
sonochemical decoration with Pt nanoparticles (this is further discussed in in Section III.3.5-Pt-
catalysts derived from latexes decorated in alternative sonochemical set-ups at 100 and 343 
kHz). Notably, the mesopore size distribution was slightly narrower (2-7 nm in 0.7cal450 and 
0.7cal650 instead of 2-11 nm in C40). However, mesopores up to 11 nm could still be seen by 
intrusion of Hg (Figure 71.a.i and Figure 71.b.i). Additionally, the macropores exhibited a 
slightly larger size which corresponds to the aggregation of about 3 or 4 polymer beads. This 
results in a smaller specific surface area (490 m2/g versus 615 m2/g without Pt). Nevertheless, 
the total pore volumes and total porosities of 0.7cal450 and 0.7cal650 were very similar to the 
non-decorated silica. This leads to a total porosity of 63% for both Pt-decorated silica catalysts 
and 62% for the non-decorated silica. However, given the large difference in pore volumes 
obtained by N2 physisorption and Hg porosimetry, it was not possible to obtained reliable meso- 
and macropore volumes. This might be due to incomplete nitrogen capillary condensation 
within large macropores and mercury intrusion constriction by small mesopores. 

The materials prepared with ca. 1 wt. % Pt/polystyrene latex template decorated at 205 kHz 
exhibited the desired hierarchically porous structure with similar total porosities to the material 
prepared with non-decorated latex (63% and 62%, respectively), despite of having slightly 
smaller mesopores (2-7 nm versus 2-11 nm with non-decorated template) and slightly larger 
macropores (110-400 nm versus 110-170 nm with non-decorated template). 

 

 

At this point, it is possible to say that this novel preparation method, which combines 
polystyrene latex template preparation by emulsion polymerisation, template decoration with Pt 
nanoparticles by sonochemistry and silica matrix preparation by two-step acid-base catalysed 
sol-gel synthesis, permits to obtain hierarchically porous silica-supported Pt catalysts with 
mesopores of 2-7 nm and macropores of 110-400 nm. The variation of the calcination 
temperature permitted to obtain Pt nanoparticles of different size: 4.6 nm at 450 °C and 6.5 nm 
at 650 °C, without noticeable silica structure modification. Additionally, the use of a latex 
template for generating macropores that has been beforehand decorated with Pt nanoparticles 
permits to control the spatial distribution of the Pt nanoparticles throughout the support, 
selectively in the macropores. This tool is valuable considering the limited availability of 
methods for controlling the spatial distribution of active sites within porous materials [57]. The 
possibility of tailoring the catalyst texture and controlling the noble metal particle size and 
spatial distribution allows the optimisation of important aspects in heterogeneous catalysis such 
as heat and mass transport phenomena inside the material. The two next sections will focus on 
the effect of changes of latex content and sonication conditions on the properties of the resulting 
catalysts.   
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In Figure 73, it can be seen that in 0.8cal450-50%, 0.4cal450-33%, 0.3cal450-25% and 
0.2cal450-12.5% a few polymer beads formed small aggregates within the silica matrix, leading 
to larger macropores than expected. In contrast, 0.4cal650-25/25% showed a better polymer 
distribution, but some aggregates could still be observed. This can be attributed to a slight 
decrease on the polymer colloidal stability due to the presence of Pt on the surface of the beads 
that screens somehow the electrostatic repulsion between polymer particles (zeta potential 
discussion in Section III.3.5-Pt-catalysts derived from latexes decorated in alternative 
sonochemical set-ups at 100 and 343 kHz).  

Table 8 presents the catalysts textural characterisation of these materials as well as Pt loadings 
and nanoparticle sizes. Figure 74 shows the corresponding nitrogen physisorption isotherms and 
mercury porosimetry profiles.  

Regarding the Pt loading, it followed the expected trend with respect to the amount of Pt-
decorated template used in the preparation of each sample. 0.4cal650-25/25% exhibited the 
larger particle size given the higher calcination temperature. 0.8cal450-50% had a larger particle 
size than 0.7cal450 (8.6 ± 3.6 vs. 4.6 ± 1.1 nm), due to a slightly higher Pt content, but also 
probably due to a larger amount of directly connected macropores in 0.8cal450-50% (related to 
polymer beads aggregates). Furthermore, it was expected that decreasing the amount of 
decorated template, the Pt nanoparticles sintering would have been limited (by increasing the 
distance between macropores within the mesoporous matrix). However, due to the macropores 
direct connection as a result of small aggregates of polymer beads, the Pt sintering did not 
decrease significantly (8.6 ± 3.6 nm for 0.8cal450-50%, compared to 6.7 ± 3.1 nm for 
0.2cal450-12.5%).  

Regarding the nitrogen physisorption characterisation, it can be noticed that the BET specific 
surface area decreases with the amount of decorated template. This could be due to a slightly 
more acidic pH in the decorated template after the sonochemical reduction, that could be 
unnoticed, but that is important in terms of acid concentration. For instance, the concentration of 
[H3O

+] is 10% higher in a latex at pH 1.96 than at pH 2.00. This is important because the acid 
catalyses the TEOS reactions. Indeed, it has been shown that slight changes in pH could modify 
the TEOS condensation reaction rates [13], which leads to slightly different microstructures. 
This would also explain a slightly smaller average pore size in these materials (between 3.5 and 
4.1 nm, based on the adsorption branch) than in non-decorated hierarchically porous silica, C40 
(5.8 nm, based on the adsorption branch). Nevertheless, the mesoporous structure was still 
obtained with mesopore size ranges between 2 and 9 nm in most cases. Additionally, the 
nitrogen capillary condensation within the macropores was not complete, probably due to larger 
macropores generated by small polymer aggregates. This explains smaller total pore volumes by 
N2 physisorption in these materials (between 0.56 and 0.65 cm3/g) than in C40 (0.74 cm3/g). 
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Table 8. Characterisation of catalysts 0.8cal450-50%, 0.4cal450-33.3%, 0.3cal450-25%, 0.2cal450-12.5% and 0.4cal650-25/25%. 

Characteristics 0.8cal450-50% 0.4cal450-33.3% 0.3cal450-25% 0.2cal450-12.5% 0.4cal650-25/25% 

Pt loading[a] (wt.%) 0.8 0.4 0.3 0.2 0.4 

Pt NPs size[b]                 Dn (nm) 8.6 ± 3.6 7.6 ± 3.4 8.2 ± 3.7 6.7 ± 3.1 10.2 ± 3.9 

 Ð[b] 1.54 1.79 1.76 1.68 1.46 

      

Total BET surface area[c]  (m2/g) 759 729 718 694 674 
      

Mesopore average size in adsorption branch[c] (nm) 3.6 3.5 3.6 3.6 4.1 

Mesopore average size in desorption branch[c] (nm) 3.5 3.4 3.4 3.3 3.9 

Mesopore size range in adsorption branch[c] (nm)  2-7 2-9 2-9 2-9 2-9 

Total pore volume (by N2 physisorption)[c] (cm3/g) 0.56 0.59 0.60 0.60 0.65 

Total porosity (by N2 physisorption)[c] (%) 55 57 57 57 59 

      

Pore size at the beginning of Hg intrusion[d] (nm) 60 29 24 20 35 

Macropore size range in extrusion branch[d] (nm)  110-400 N/A N/A N/A 90-310 

Total pore volume (by Hg intrusion)[d] (cm3/g) 0.47 0.40 0.26 0.16 0.63 

Total porosity (by Hg intrusion)[d] (%) 51 47 37 26 58 

      

Total pore volume (using both techniques)[e] (cm3/g) 0.82 0.70 0.58 0.57 0.89 

Total porosity (using both techniques)[e] (%) 64 61 56 56 66 

[a] Determined by elemental analysis by ICP-OES 
[b] Determined by TEM. Dispersity Ð=Dw/Dn, Dw being weight-average diameter and Dn being number-average diameter.  
[c] Determined using nitrogen physisorption. Equivalent pore diameters calculated by BJH method. 
[d] Determined using mercury porosimetry. 
[e] The total pore volume was calculated as the maximum Hg intrusion from 1 µm down to 3.5 nm plus the volume of nitrogen adsorbed up to 3.5 nm equivalent 
diameter by BJH method in the adsorption branch. 
N/A: non-available 
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It can be concluded that it is possible to vary the amount of polymer template in order to tailor 
the amount of macroporosity within the catalyst. Additionally, the amount of Pt within the 
catalyst can be modified by changing the amount of decorated template, which can also be 
successfully combined with non-decorated template for additional macroporosity. Surprisingly, 
the Pt sintering did not decrease significantly when decreasing the amount of decorated 
macropores in the material (8.6 ± 3.6 nm for 0.8cal450-50%, compared to 6.7 ± 3.1 nm for 
0.2cal450-12.5%), which was due to the formation of small polymer aggregates that define the 
amount of Pt within the resulting macropore. Moreover, the variation of the amount of 
decorated template had a limited influence on the mesopore size distribution (going from 2-9 
nm to 2-7 nm with 12.5% and 50% of decorated macropores, respectively) due to very slight pH 
differences during the sol-gel syntheses. However, the hierarchical meso- and macroporous 
structure was guaranteed in all materials. Unfortunately, the measurement of total pore volumes 
of these hierarchically porous materials was not reliable since the macropores are too large for 
nitrogen physisorption and the mesopores are too small for mercury porosimetry. 
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III.3.5- Pt-catalysts derived from latexes decorated in alternative 

sonochemical set-ups at 100 and 343 kHz  

In agreement with the previous sections where polystyrene latexes were successfully decorated 
with Pt using sodium tetrachloroplatinate at 1 g Pt/L (equivalent to 0.1 g Pt) and 205 kHz, the 
same concentration of Pt precursor was tried to be reduced at 100 kHz. However, although the 
Pt reduction was successful in the set-up at 100 kHz, the latex colloidal stability was affected. 
The latex was more viscous after Pt reduction, which indicates a significant modification of the 
electrical double layer around the polymer beads [60]. Additionally, it segregated during the sol-
gel synthesis, leading to very fragile and non-homogeneous materials. A dilution in ethanol 
during the sol-gel synthesis was also tried, which led to a macroscopically homogeneous 
material. Unfortunately, it was very fragile after calcination and it was not microscopically 
homogeneous since the ethanol enhanced the Pt nanoparticles mobility while the silica matrix 
was still under formation. Nevertheless, it was possible to prepare silica materials with the 
expected morphology when decreasing by half the amount of Pt on the latex (ca. 0.5 wt. % 
Pt/polystyrene using a latex at ca. 10 wt. % solids). Thus, this section presents the 
characteristics of silica materials derived from the latexes decorated in alternative sonochemical 
conditions at 100 and 343 kHz (at ca. 0.5 wt. % Pt/polystyrene and ca. 10 wt. % solids), and 
they are compared to a silica material prepared from a latex prepared at 205 kHz with the same 
Pt loading. The sonochemical decoration of such latexes was discussed in Section III.3.1.2.iii-
Template decoration using alternative sonochemical set-ups. 

Silica materials with theoretical 50% of macroporosity were prepared with the latexes decorated 
at 100, 205 and 343 kHz using the two-step acid-base catalysed sol-gel synthesis already 
described. They were named 0.3cal450-100kHz, 0.3cal450-205kHz and 0.3cal450-343kHz, 
accordingly. The three materials exhibited the expected morphology with spherical macropores 
distributed within the silica matrix, as shown in Figure 76.  
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Table 9. Characterisation of catalysts 0.3cal450-100kHz, 0.3cal450-205kHz and 0.3cal450-
343kHz 

Characteristics 
0.3cal450-

100kHz 
0.3cal450-

205kHz 
0.3cal450-

343kHz 
Pt loading[a] (wt.%) 0.3 0.3 0.3 

Pt NPs size[b]                 Dn (nm) 4.7 ± 1.3 4.5 ± 1.1 3.9 ± 1.0 

  Ð[b] 1.21 1.18 1.15 

    

Total BET surface area[c]  (m2/g) 744 632 617 
    

Mesopore average size in adsorption branch[c] (nm) 3.6 4.2 5.0 

Mesopore average size in desorption branch[c] (nm) 3.5 4.1 4.6 

Mesopore size range in adsorption branch[c] (nm)  2-9 2-13 2-15 

Total pore volume (by N2 physisorption)[c] (cm3/g) 0.55 0.64 0.77 

Total porosity (by N2 physisorption)[c] (%) 55 59 63 

    

Pore size at the beginning of Hg intrusion[d] (nm) 130 60 60 

Macropore size range in extrusion branch[d] (nm)  130-310 130-310 110-260 

Total pore volume (by Hg intrusion)[d] (cm3/g) 0.61 0.73 0.92 

Total porosity (by Hg intrusion)[d] (%) 57 62 67 

    

Total pore volume (using both techniques)[e] (cm3/g) 0.95 1.00 1.08 

Total porosity (using both techniques)[e] (%) 68 69 70 

[a] Determined by elemental analysis by ICP-OES 
[b] Determined by TEM. Dispersity Ð=Dw/Dn, Dw being weight-average diameter and Dn being number-
average diameter.  
[c] Determined using nitrogen physisorption. Equivalent pore diameters calculated by BJH method. 
[d] Determined using mercury porosimetry. 
[e] The total pore volume was calculated as the maximum Hg intrusion from 1 µm down to 3.5 nm plus 
the volume of nitrogen adsorbed up to 3.5 nm equivalent diameter by BJH method in the adsorption 
branch. 
N/A: non-available 

 

Comparing the texture characteristics of 0.3cal450-100kHz, 0.3cal450-205kHz and 0.3cal450-
343kHz against the material prepared with non-decorated latex: C40 (Table 6), it can be seen 
that 0.3cal450-343kHz is the one that resembles it the most with a specific surface area of 617 
m2/g versus 615 m2/g for C40. The total porosities by nitrogen physisorption were measured to 
be 63% and 62 % for 0.3cal450-343kHz and C40, respectively. However, the mesopore average 
diameter in the adsorption branch was slightly smaller in the Pt-decorated material: 5.0 nm 
versus 5.8 nm for C40, although the mesopore size range was slightly larger: 2 to 15 nm, while 
2 to 11 nm for C40.  

 

  





III. PLATINUM-BASED CATALYSTS PREPARATION 
 

154 
 

sonochemical activity in the set-up at 100 kHz than at 205 or 343 kHz: 0.38 ± 0.04, 0.32 ± 0.03 
and 0.16 ± 0.02 µmol H2O2/min, respectively, which seems to indicate that a high sonochemical 
activity could reduce the latex colloidal stability by partially degrading the polymer beads 
surface. 

It is important to recall that the polystyrene latex template used in these experiments is 
stabilised by electrostatic repulsion between the polymer beads. Such repulsion is originated by 
the negatively charged surface groups at the polymer beads surface: sulfonates and sulphates. 
When the latex was decorated with Pt at ca. 0.5 wt. % Pt/polystyrene at 343 kHz, the polymer 
beads zeta-potential went from -54.4 ± 0.9 eV in the starting latex to -48.4 ± 0.9 eV after 
sonochemical decoration, evidencing that even in this latex that exhibited the best colloidal 
stability during the sol-gel synthesis, the Pt decoration decreased its colloidal stability by 
reducing the strength of the polymer beads repulsion, since the Pt nanoparticles interact with the 
sulfonate groups at the polymer beads [38]. 

 

Consequently, the sonochemical conditions for the template decoration with Pt nanoparticles 
have an effect on the resulting hierarchically porous silica material prepared by the two-step 
acid-base catalysed sol-gel synthesis. The best sonochemical reduction conditions seem to be at 
low metal content in order to limit the latex destabilisation by screening of stabilising functional 
groups at the surface. Additionally, a low sonochemical activity could limit the degradation of 
the polymer beads surface, leading to a better polymer colloidal stability. Indeed, it was found 
that the silica material prepared in the set-up with the lowest sonochemical activity (0.16 µmol 
H2O2/min at 343 kHz versus 0.38 and 0.32 µmol H2O2/min at 100 and 205 kHz, respectively), 
exhibited the closest structural characteristics to an equivalent silica prepared with non-
decorated latex: specific surface area and the total porosity of 617 m2/g and 63% versus  
615 m2/g and 62 % without Pt. Interestingly, the variation of the sonochemical conditions 
permitted to obtain materials with different mesopore size distribution: 2-9, 2-11 and 2-15 nm in 
the set-up at 100, 205 and 343 kHz, respectively. 

 

  





III. PLATINUM-BASED CATALYSTS PREPARATION 
 

156 
 

Table 10. Characterisation of catalysts a. 1cal650-50%-IWI and 0.7REF 

Characteristics 
1cal650-50%-

IWI 
0.7REF 

Pt loading[a] (wt.%) 1 0.7 

Pt NPs size[b]                 Dn (nm) 29.7 [3-200 nm] 2.9 ± 1.2 

  Ð[b] 6.16 1.62 

   

Total BET surface area[c]  (m2/g) 575 260 
   

Mesopore average size in adsorption branch[c] (nm) 5.2 18.0 

Mesopore average size in desorption branch[c] (nm) 5.9 13.0 

Mesopore size range in adsorption branch[c] (nm)  2-15 11-28 

Total pore volume (by N2 physisorption)[c] (cm3/g) 0.77 1.09 

Total porosity (by N2 physisorption)[c] (%) 63 71 

   

Pore size at the beginning of Hg intrusion[d] (nm) 60 29 

Macropore size range in extrusion branch[d] (nm)  110-170 - 

Total pore volume (by Hg intrusion)[d] (cm3/g) 1.11 0.95 

Total porosity (by Hg intrusion)[d] (%) 71 68 

   

Total pore volume (using both techniques)[e] (cm3/g) 1.25 0.96 

Total porosity (using both techniques)[e] (%) 73 68 

[a] Determined by elemental analysis by ICP-OES 
[b] Determined by TEM. Dispersity Ð=Dw/Dn, Dw being weight-average diameter and Dn 
being number-average diameter.  
[c] Determined using nitrogen physisorption. Equivalent pore diameters calculated by BJH 
method. 
[d] Determined using mercury porosimetry. 
[e] The total pore volume was calculated as the maximum Hg intrusion from 1 µm down to 
3.5 nm plus the volume of nitrogen adsorbed up to 3.5 nm equivalent diameter by BJH 
method in the adsorption branch. 
N/A: non-available 

 

The characteristics of 1cal650-50%-IWI were very similar to that of C40 (Table 6), with slightly 
lower specific surface area (575 m2/g versus 615 m2/g for C40), but the same total pore volume 
by nitrogen physisorption (0.77 cm3/g). However, the mercury porosimetry profile in  
Figure 79.a did not show any macropores during the extrusion branch. This might be due to the 
collapse of the structure at the very high pressure during the intrusion (up to 60 000 psia, 
corresponding to a pore diameter of 3.5 nm). So decreasing the maximum intrusion pressure up 
to 20 000 psia (which corresponds to an equivalent pore diameter of 10 nm), it was possible to 
observe a macropore size range of 110-170 nm. The corresponding mercury porosimetry profile 
is presented in Figure 80.  
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to completely characterise the pore volume of the hierarchically porous materials prepared in 
this work, since the macropores filling is incomplete due to the small mesopores of the matrix 
that surrounds the macropores. 

Furthermore, considering a total pore volume for 1cal650-50%-IWI calculated as the maximum 
mercury intrusion up to 3.5 nm plus the volume of nitrogen adsorbed up to 3.5 nm (equivalent 
diameter by BJH method in the adsorption branch), it was possible to obtain a total porosity of 
73%, which is very close to the initial target set for the synthesis of this hierarchically porous 
material: 75% of total porosity given by 50% macroporosity within a matrix with 50% of 
mesoporosity. 

 

It is possible to prepare hierarchically porous silica supports (with mesopores of 2-15 nm and 
macropores of 110-170 nm) and impregnate them with a metal precursor by incipient wetness 
impregnation. However, in such a case, there is a lack of control of the metal particle size. 
Indeed, the silica support impregnated with 1 wt. % Pt/SiO2 exhibited very large Pt 
nanoparticles with a board size distribution (29.7 nm, [3-200] nm). Furthermore, it was 
confirmed the requirement of reliable techniques for characterising of the total pore volume in 
this kind of hierarchically porous materials. Nevertheless, a total porosity of 73% could be 
measured in this material, which is very close to the total porosity of 75% initially targeted. 

Moreover, a commercial catalyst was also characterised, which only exhibited mesopores of  
11-28 nm and Pt nanoparticles of 2.9 ± 1.2 nm. Such nanoparticles are just slightly smaller than 
those that can be obtained in hierarchically porous catalysts with a sonochemically decorated 
template (3.9 ± 1.0 nm, for 0.3cal450-343kHz).  
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 Conclusions III.4-

It was possible to synthesise a polystyrene latex with a particle size around 130 nm by emulsion 
polymerisation. Subsequently, the latex was successfully decorated with ca. 2 nm Pt 
nanoparticles. This decorated latex was used as template for the preparation of a silica-
supported platinum catalyst with hierarchical porosity (meso- and macropores). The hierarchical 
porosity was tuned by varying the sol-gel synthesis conditions. Preferential location of the Pt 
nanoparticles in the macropores was also achieved. After template removal, the Pt oxidation 
state was mainly Pt(0) and no significant amounts of carbon residues were observed on the Pt 
nanoparticles. 

The atmosphere: Ar or 10 vol. % CO/Ar, did not have any significant influence on the Pt 
particle size after sonochemical reduction. However, four parameters were found to have an 
effect on the Pt particle size: calcination temperature, template loading, particle size on the 
decorated template and macropores aggregation. The best arrangement to limit Pt nanoparticles 
sintering is using the lowest calcination temperature as possible, reducing the amount of Pt in 
the macropore by reducing the Pt loading on the template (e.g. 0.3cal450-343kHz with Pt 
nanoparticles of 3.9 ± 1.0 nm). In this sense, it is also important to use stable latexes that 
decrease the amount of small aggregates of polymer beads. This was the issue found with the 
series of materials at different porosities: a decrease on the amount of decorated macroporosity 
from 50% to 12.5% did not significantly decrease the Pt particle size (8.6 ± 3.6 for 0.8cal450-
50% versus 6.7 ± 3.1 nm for 0.2cal450-12.5%), due to the formation of small aggregates. The Pt 
nanoparticles sintering by mobility from one macropore to another through the mesoporosity is 
less likely. For instance, the catalyst 0.3cal450-343kHz exhibited the smallest Pt nanoparticles 
(3.9 ± 1.0 nm), despite of having a large average mesopore diameter (5.0 nm, with mesopore 
range 2-15 nm). Finally, a small starting particle size on the template could also lead to smaller 
particles on the final material after calcination. 

Regarding the silica matrix microstructure, the materials typically exhibited surface areas 
ranging between 500 and 750 m2/g, depending on the decorated latex. Indeed, it was found that 
the sonochemical decoration of the latex had an influence on the catalyst macropore size due to 
polymer beads aggregation by two effects: screening of stabilising functional groups at the 
surface by the Pt nanoparticles and polymer beads surface degradation at high sonochemical 
activity (e.g. 0.38 µmol H2O2/min). The sample that resembled the most the silica matrix with 
non-decorated latex (C40) was 0.3cal450-343kHz, since the sonochemical activity at 343 kHz 
was low enough to limit the latex degradation (0.16 µmol H2O2/min) and the low metal content 
limited the latex destabilisation by screening of stabilising functional groups at the polymer 
surface. Nevertheless, all samples exhibited the meso- and macroporous hierarchical structure, 
with mesopores ranging at least between 2-7 nm and up to 2-15 nm. 

It was not possible to reliably establish the meso- and the macroporous volumes since the 
mercury intrusion and the nitrogen adsorption gave different values. However, given that 
1cal650-50%-IWI had very similar characteristics to C40 by nitrogen physisorption, it can be 
thought that even when those values are similar, it is possible that the mercury intrusion is 
incomplete and the nitrogen condensation does not fill all macropores. So this calls in question 
the reliability of the meso- and the macroporous volumes established for C40 and C60 in  
Table 6. So there is a need of a reliable technique to characterise the porosity of this kind of 
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hierarchically porous materials. Nonetheless, by the collapse of 1cal650-50%-IWI during 
mercury intrusion, it was possible to obtain a total porosity of 73%, which is very close to the 
initial target set for the synthesis of this hierarchically porous material: 75% of total porosity 
given by 50% macroporosity within a matrix with 50% of mesoporosity.  

As a conclusion, the novel preparation method described in this chapter combines polystyrene 
latex template preparation by emulsion polymerisation, template decoration with Pt 
nanoparticles by sonochemistry and silica matrix preparation by two-step acid-base catalysed 
sol-gel synthesis (all steps performed in water). Such method allowed fulfilling the requirements 
of the initial specifications for the desired catalytic material (50% macroporosity with a 
mesoporous silica matrix and Pt nanoparticles preferentially within the macropores). This 
catalyst preparation method can be adapted to catalysts with other active phases (e.g. Pd, as it 
will be discussed in Chapter V), and at the same time it allows the optimisation of catalytic 
materials for reactions with larger molecules that might require texture tailoring, for instance in 
the low temperature Fischer-Tropsch waxes hydrocracking [61]. The next chapter will be 
focused on the catalytic evaluation of these materials in the selective hydrogenation of  
p-chloronitrobenzene to p-chloroaniline, including the comparison with a commercially 
available Pt/SiO2 catalyst (0.7REF). 
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 Introduction IV.1-

Designing catalysts using a rational approach requires the possibility to control the architecture 
of the material at all scales, from lengths of a few nanometers up to several centimeters. 
Notably, a multi-scale hierarchical porosity plays an important role in the catalyst activity, 
selectivity and deactivation prevention [1]. Chapter III describes the preparation of platinum 
catalysts with hierarchical porosity by the combination of latex synthesis, sonochemistry and 
sol-gel process, which is a waterborne approach. In short, it starts from the preparation of a 
polystyrene latex by emulsion polymerisation (Figure 49, Chapter III). Then, the latex is 
decorated with Pt nanoparticles by sonochemical reduction of a water-soluble Pt precursor. 
Subsequently, the Pt-containing hybrid latex is used as template in the two-step acid-base 
catalysed sol-gel synthesis of a mesoporous silica matrix. This composite material is then 
calcined to remove the organic polymer template, leaving behind macropores decorated with Pt 
nanoparticles [2]. In this chapter, the catalytic performance of these materials is evaluated in the 
production of p-chloroaniline (p-CAN).  

In view of its industrial importance, the selective hydrogenation of p-chloronitrobenzene (p-
CNB) to p-CAN has been chosen to study the catalytic performance of tailored Pt-based 
catalysts with hierarchical porosity. Haloanilines such as p-CAN are important building blocks 
in the synthesis of a large variety of nitrogen-containing industrial products such as fertilizers, 
polymers, dyes and drugs [3]. Conventionally, they are produced from the corresponding 
halonitrobenzene (e.g. p-CNB) with stoichiometric reductants or hydride reagents. In line with 
green chemistry principles, notably the principle of atom economy [4], the most efficient 
method for large-scale halogenated aniline production is the heterogeneously catalytic 
hydrogenation of halogenated nitroarenes with H2. Due to the discovery of promising catalytic 
systems for this reaction, based on platinum, palladium, rhodium, ruthenium, nickel, gold, 
iridium, etc. [3,5–12], it has received more and more attention recently. 

The major drawback of heterogeneous catalysts is the hydrodehalogenation of the aromatic 
haloaniline by hydrogenolysis of the carbon–halogen bond [5,13,14]. Other side products can 
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also be formed as shown in Figure 81. From the selectivity enhancement point of view, the 
choice of the catalyst is very important to reduce the side reactions, particularly the 
hydrogenolysis of the halogen atom. Table 11 presents some of the selectivity values reported in 
the literature for different catalysts. Among them, platinum-based catalysts have received much 
attention for minimising dehalogenation. Several strategies have been employed to improve 
selectivity such as metal alloying [14–18], tuning the metal/support interaction [19] or adding 
promoters or inhibitors [20]. Particularly, alloying has been very effective. For instance, the 
selectivity towards p-CAN went from 82% with Pt/Al2O3 to 98% with a bimetallic Pt-Sn/Al2O3 
catalyst [14]. Other systems such as Pt(0) nanoparticles entrapped within a nano-hybrid sol-gel 
matrix have been studied in the selective hydrogenation of nitro compounds in the presence of 
different functionalities such as reducible carbonyl, amide, ester, amine and halide groups, 
achieving selectivity values between 50 and 100% [21]. 

 

Figure 81. Possible reaction pathways in the hydrogenation of p-chloronitrobenzene (p-CNB) to 
produce p-chloroaniline (p-CAN) [22].  
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Table 11. Selectivity values reported for the hydrogenation of p-CNB to p-CAN 

Catalyst 

Selectivity 
towards  
p-CAN 

(%) 

Conversion 
(%) 

Temp. 
(°C) 

Pressure 
(bars) Ref. 

Pt/SiO2 35 100 40 1 [18] 
PtZn/SiO2 >99 100 40 1 [18] 
Pt/Al2O3 82 >99 30 1 [14] 
PtSn/Al2O3  98 >99 30 1 [14] 
Pt/CNT 74 >99 30 1 [16] 
PtMn/CNT 99 >99 30 1 [16] 
Pt/Al2O3 85 >98 30 1 [19] 
Pt/TiO2 99 >98 30 1 [19] 
Pt/TiO2 93 >99 30 1 [15] 
PtFe/TiO2 98 >99 30 1 [15] 
Ru/SiO2 80 99 100 10 [23] 
Pt/CeO2 99 99 60 30 [24] 
Pd0.01Ru0.01Ce0.98O2-δ 100 100 35 1 [17] 
Pt/C 71 88 35 40 [25] 
Pd/P-doped carbon layers >99 100 90 10 [12] 
Au/SiO2 100 100 140 40 [26] 
Au/hybrid poly(4-vinyl-benzyl 
trimethylammonium chloride) – Al2O3 

>99 80 25 20 [27] 

Pt-Sm anchored with 
poly(vinylpyrrolidone) 96 100 30 1 [20] 

Pt-Ce anchored with 
poly(vinylpyrrolidone) 98 100 30 1 [20] 

Pt/Organosilica matrix 87 100 25 1 [21] 
 

The selectivity of the catalytic hydrogenation reactions is also influenced by many other factors, 
including temperature, pressure, stirring, as well as the catalyst support. Typically, the catalysts 
for the selective hydrogenation of p-CNB have been evaluated in batch conditions at 
temperatures ranging between 30 and 140 °C, with hydrogen pressures between 10 and 40 bars 
and stirring speed between 700 and 1200 rpm [6,12,23–26,28–32]. Furthermore, suitable 
carriers such as carbon, alumina, barium carbonate, barium sulphate, calcium carbonate, 
kieselguhr, silica and titania have been reported for the preparation of supported platinum 
catalysts for the hydrogenation of chloronitrobenzene [15,16,19]. However, these approaches 
have not focused on the development of catalytic systems taking into account a three-
dimensional multiscale architecture. Particularly, hierarchical porosity in catalytic materials is 
important in developing catalysts with high surface areas, large pore volumes, and efficient 
mass transport [33,34]. 

As mentioned, given the industrial relevance of the selective hydrogenation of p-CNB to p-
CAN, this reaction has been chosen for the evaluation of hierarchically porous Pt/SiO2 catalysts. 
Such catalysts provide Pt active sites within a tailored textural environment that could be 
advantageous for the reaction, the selectivity being the most relevant point. The catalytic study 
consists of some distinct steps. First, different operation conditions are studied. Subsequently, 
the effect of the catalyst pre-treatment conditions such as calcination temperature and pre-
reduction under hydrogen flow are considered. Such performances are compared against that of 
a commercially available catalyst. Afterwards, the catalyst stability is discussed. Finally, given 
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the versatility of this technique to tailor the catalyst hierarchical porosity, the effect of further 
textural modifications on the catalyst macro- and mesoporosity is also discussed. 

 

 Experimental IV.2-

IV.2.1- Reagents and catalysts  

p-Chloronitrobenzene (ClC6H4NO2, p-CNB, 99%, Sigma Aldrich), p-chloroaniline 
(ClC6H4NH2, p-CAN, 99%, Sigma Aldrich), octanol (C8H17OH, 99.5%, TCI), absolute ethanol 
(C2H5OH, 99.8%, Sigma Aldrich), 1 wt.% Pt/SiO2 (Sigma Aldrich, referred to as 0.7REF) were 
used as received. 

The preparation of hierarchically porous Pt/SiO2 catalysts was described in Chapter III. The 
characteristics of such materials are reminded in Table 12. The catalysts are named based on 
their Pt loading and calcination temperature, e.g. 0.7cal450 for a catalyst at 0.7 wt. % Pt/SiO2 
and calcined at 450 °C. However, when a relevant feature in the catalyst preparation is under 
study, it is added at the end of the catalyst name after a hyphen. Thus, for a material with 12.5% 
of macroporosity, it is called: 0.2cal450-12.5%, or when the material was prepared at 343 kHz, 
it is called 0.3cal450-343kHz (note: when not specified, the default value for macroporosity is 
50% and for the ultrasound frequency is 205 kHz). 

Typically, the catalytic experiments were performed directly after catalyst calcination. Catalyst 
0.7cal450 was also evaluated after a pre-treatment for 2 h at 300 °C (referred to as 0.7cal450-
red300) or at 450°C (referred to as 0.7cal450-red450) under hydrogen flow at ca. 10 mL/min in 
a vertical glass reactor within a temperature-controlled tubular furnace. The behaviour of the 
commercial catalyst 0.7REF was evaluated under the same catalytic conditions as a reference 
catalyst. 0.7REF after hydrogen treatment at 300 °C is referred to as 0.7REF-red300. 
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Table 12. Characteristics of the hydrogenation catalysts according to Chapter III 

Characteristics 0.7cal450 0.7cal650 
0.8cal450-

50% 
0.4cal450-

33.3% 
0.3cal450-

25% 
0.2cal450-

12.5% 
0.4cal650-

25/25% 
Pt loading[a] (wt.%) 0.7 0.7 0.8 0.4 0.3 0.2 0.4 

Pt NPs size[b]                 Dn (nm) 4.6 ± 1.1 6.5 ± 2.2 8.6 ± 3.6 7.6 ± 3.4 8.2 ± 3.7 6.7 ± 3.1 10.2 ± 3.9 

 Ð[b] 1.28 1.36 1.54 1.79 1.76 1.68 1.46 

        

Total BET surface area[c]  (m2/g) 490 490 759 729 718 694 674 
        

Mesopore average size in adsorption branch[c] (nm) 4.2 4.7 3.6 3.5 3.6 3.6 4.1 

Mesopore average size in desorption branch[c] (nm) 4.0 4.5 3.5 3.4 3.4 3.3 3.9 

Mesopore size range in adsorption branch[c] (nm)  2-7 2-7 2-7 2-9 2-9 2-9 2-9 

Total pore volume (by N2 physisorption)[c] (cm3/g) 0.35 0.36 0.56 0.59 0.60 0.60 0.65 

        

Pore size at the beginning of Hg intrusion[d] (nm) 130 130 60 29 24 20 35 

Macropore size range in extrusion branch[d] (nm)  110-400 110-400 110-400 N/A N/A N/A 90-310 

Total pore volume (by Hg intrusion)[d] (cm3/g) 0.54 0.55 0.47 0.40 0.26 0.16 0.63 

        

Total pore volume (using both techniques)[e] (cm3/g) 0.77 0.77 0.82 0.70 0.58 0.57 0.89 
Total porosity (using both techniques)[e] (%) 63 63 64 61 56 56 66 
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Table 12 (continuation) 

Characteristics 0.7REF 
1cal650-50%-

IWI 
0.3cal450-

100kHz 
0.3cal450-

205kHz 
0.3cal450-

343kHz 
Pt loading[a] (wt.%) 0.7 1 0.3 0.3 0.3 

Pt NPs size[b]                 Dn (nm) 2.9 ± 1.2 29.7 [3-200 nm] 4.7 ± 1.3 4.5 ± 1.1 3.9 ± 1.0 

  Ð[b] 1.62 6.16 1.21 1.18 1.15 

      

Total BET surface area[c]  (m2/g) 260 575 744 632 617 
      

Mesopore average size in adsorption branch[c] (nm) 18.0 5.2 3.6 4.2 5.0 

Mesopore average size in desorption branch[c] (nm) 13.0 5.9 3.5 4.1 4.6 

Mesopore size range in adsorption branch[c] (nm)  11-28 2-15 2-9 2-13 2-15 

Total pore volume (by N2 physisorption)[c] (cm3/g) 1.09 0.77 0.55 0.64 0.77 

      

Pore size at the beginning of Hg intrusion[d] (nm) 29 60 130 60 60 

Macropore size range in extrusion branch[d] (nm)  - 110-170 130-310 130-310 110-260 

Total pore volume (by Hg intrusion)[d] (cm3/g) 0.95 1.11 0.61 0.73 0.92 

      

Total pore volume (using both techniques)[e] (cm3/g) 0.96 1.25 0.95 1.00 1.08 
Total porosity (using both techniques)[e] (%) 68 73 68 69 70 

[a] Determined by elemental analysis by ICP-OES 
[b] Determined by TEM. Dispersity Ð=Dw/Dn, Dw being weight-average diameter and Dn being number-average diameter.  
[c] Determined using nitrogen physisorption. Equivalent pore diameters calculated by BJH method. 
[d] Determined using mercury porosimetry. 
[e] The total pore volume was calculated as the maximum Hg intrusion from 1 µm down to 3.5 nm plus the volume of nitrogen adsorbed up to 3.5 nm equivalent 
diameter by BJH method in the adsorption branch. 
N/A: non-available 
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IV.2.2- Catalytic experiments 

The catalytic hydrogenation reactions were carried out in a 0.3 L well-mixed gas-slurry reactor 
Parr autoclave with titanium vessel, operating in batch mode. The reactor was equipped with a 
4838 Temperature and Stirring Controller (Parr Instrument Company, Figure 82). In a typical 
catalytic experiment, the reactor was loaded with 1 g of p-CNB (6.3 mmol), 100 mL of ethanol 
as solvent, 0.2 g of catalyst and 0.6 g of octanol as internal standard. The reactor was closed and 
flushed 3 times with nitrogen. Then, the temperature was set at the desired temperature, under 
constant agitation (ca. 1000 rpm) and the pressure was raised to the operating level by hydrogen 
feeding (9 bars, or 2 bars when specified). During the experiment, hydrogen was continuously 
fed, so that the total pressure was maintained constant in the reactor. 2 mL-samples were 
withdrawn periodically from the reactor. At the end of the reaction, the reactor was cooled down 
naturally and the pressure was released.  

 

  

Figure 82. Image of the experimental set-up: a. Parr reactor equipped with a 4838 Temperature 
and Stirring Controller, b. Reactor head with: 1. Magnetic drive, 2. Manometer, 3. H2 inlet line 

equipped with a valve, 4. Outlet line equipped with a valve and 5. Thermocouple. 

 

The products were analysed by gas chromatography (GC) on a Varian 3900 chromatograph 
equipped with a flame ionization detector (FID) and a DB-1 capillary column (30 m x 0.32 mm,  
3 µm film thicknesses, Agilent). Samples of 0.5 µL were injected manually with a 1 µL glass 
syringe. The chromatograph temperatures were set as follows: injector at 250 °C, FID at 280 °C, 
column initial and final temperatures: 40 °C and 220 °C respectively, heating at a rate of 15 
°C/min. p-CNB, p-CAN and aniline were quantified using calibration curves based on the 
product/octanol molar ratio versus the corresponding product/octanol peak areas ratio in the 
experimental chromatographs.  

Additionally, all reaction products were identified by GC (GC-2010 Plus, Shimadzu) with a 
quadripole mass spectrometry (MS) detector (GCMS-QP2010 SE) equipped with a SLBTM-5ms 
capillary column (30 m × 0.25 mm, 0.25 μm film thicknesses, Supelco). The detector and the 

a. b. 
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injector temperatures were 200 °C and 280 °C, respectively. The column initial and final 
temperatures were 40 °C and 220 °C respectively, with a heating rate of 15 °C/min. 

Some of the reaction products were also analysed by Nuclear Magnetic Resonance (NMR) 
spectroscopy. The NMR spectra were recorded on a Bruker AC 400 instrument, using 
deuterated benzene, deuterated chloroform or deuterium oxide as solvents. The recording 
experimental conditions were 4 s of acquisition time, 1 s of pulse delay and 8 scans for 1H NMR 
and 2 s of acquisition time, 2 s of pulse delay and 256 scans for 13C NMR. 

Recycling test. After reaction the spent catalyst was filtered, rinsed with 96 vol. % ethanol and 
dried overnight at 80 °C. The recyclability experiments were carried out at 70 °C and 9 bars of 
hydrogen pressure with the recovered catalyst 0.6cal650 (prepared following the same 
procedure than for 0.7cal650). In these runs, the reaction time was 80 min and the amount of 
catalyst was 200.9, 197.4, 191.6, 187.1 and 184.9 mg in the first, second, third, fourth and fifth 
cycles, respectively (a very limited catalyst loss was observed after every catalyst recovery 
procedure probably due to adhesion of some grains to the filter or to the reactor vessel and lines. 
Some catalyst loss during sampling was also possible). 

Leaching test. Retention of the active Pt nanoparticles on the support was verified by removing 
the filterable catalyst (0.6cal650) after 50% conversion had been reached. The resulting reaction 
mixture did not show additional conversion under the same reaction conditions (70 °C and 9 
bars), indicating no Pt active species are present in solution when the catalyst is removed. 

Blank test. A blank run was also carried out by mixing the reactants in the absence of catalyst. 
No conversion was observed after 120 minutes. 

The catalyst performance was evaluated based on the selectivity and initial reaction rate of each 
reaction. The selectivity towards p-CAN was calculated either at 50% or 80% conversion of p-
CNB. Given that p-CAN and aniline were the only products in quantifiable amounts, the 
selectivity was calculated by:  

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  [𝑝 − 𝐶𝐴𝑁][𝑝 − 𝐶𝐴𝑁] + [𝑎𝑛𝑖𝑙𝑖𝑛𝑒] × 100 

Where the concentrations of p-CAN and aniline are expressed in molarity. The initial reaction 
rate (molCNB/min molPt) was calculated as the difference of the number of moles of p-CNB at 0 
min (𝑛𝑝−CNB,0) and after 15 min of reaction (𝑛𝑝−CNB,15min), divided by 15 min and the number 

of moles of Pt (𝑛𝑃𝑡) in the reactor, as follows: 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =  𝑛𝑝−CNB,0 − 𝑛𝑝−CNB,15min15 𝑚𝑖𝑛 × 𝑛𝑃𝑡  

IV.2.3- Materials characterisation 

The catalyst evaluated in this chapter were characterised as described in Chapter III. The only 
additional characterisation is the XPS analysis of 0.7cal450 and 0.7cal450-red450, which was 
carried out at the University of Messina in a PHI VersaProbe II analyser (Physical Electronics), 
using a monochromatic excitation source: Al Kα (1486.6 eV). The analysed surface was of 300 
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µm diameter. Position of XPS binding energies were referred to silver foil, whose binding 
energy was taken equal to 368.2 eV for Ag3d5/2.  
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IV.3.2- Effect of the operation conditions on the catalytic performance 

In order to define appropriate reaction conditions for the following catalytic tests, a screening of 
different hydrogen pressures and temperatures was carried out using the catalyst 0.7cal450. 

IV.3.2.1- Effect of the hydrogen pressure 

These experiments with catalyst 0.7cal450 were carried out at 60 °C and 2 or 9 bars of hydrogen 
pressure. The corresponding catalytic performances are presented in Table 13. As expected, by 
increasing the hydrogen pressure, the catalytic activity increased, which is related to the higher 
hydrogen concentration in the liquid medium [37]. Additionally, the selectivity at 80% 
conversion also increased: 75.5% at 2 bars, and 91.5% at 9 bars. This can be explained by a 
longer reaction time to reach 80% conversion: 106 min at 2 bars versus 58 min at 9 bars, 
increasing the probability of a p-CAN molecule being readsorbed and hydrogenated to aniline. 
So at a hydrogen pressure of 9 bars, the production of p-CAN is favoured. 

Table 13. Catalyst 0.7cal450 performance at different hydrogen pressures. 

Temp. 
(°C) 

Pressure  
(bar) 

Initial reaction rate[a] 
(molCNB/min molPt) 

Selectivity at 50 % 
conversion[b] 

(%) 

Selectivity at 80 % 
conversion[c] 

(%) 

60 2 17.9 85.0 75.5 

60 9 22.6 97.7 91.5 

[a] ± 2.9 molCNB/min molPt. [b] Selectivity to p-CAN ± 0.6%. [c] Selectivity to p-CAN ± 1.8%. Reactions 
carried out with 0.2 g of catalyst, 1 g of p-CNB and 100 mL of ethanol as solvent. 

 

IV.3.2.2- Effect of the temperature 

The catalyst 0.7cal450 was evaluated at three different temperatures: 50, 60 and 70 °C, at a 
constant hydrogen pressure of 9 bars. Table 14 presents the corresponding catalytic 
performances. The selectivity did not change significantly in this temperature range. However, 
the catalytic activity increased with the temperature, in agreement with Arrhenius’ law.  

Table 14. Catalyst 0.7cal450 performance at different temperatures. 

Temp. 
(°C) 

Pressure  
(bar) 

Initial reaction rate[a] 
(molCNB/min molPt) 

Selectivity at 50 % 
conversion[b] 

(%) 

Selectivity at 80 % 
conversion[c] 

(%) 

50 9 6.2 95.8 94.1 

60 9 22.6 97.7 91.5 

70 9 33.7 97.0 92.7 

[a] ± 2.9 molCNB/min molPt. [b] Selectivity to p-CAN ± 0.6%. [c] Selectivity to p-CAN ± 1.8%. Reactions 
carried out with 0.2 g of catalyst, 1 g of p-CNB and 100 mL of ethanol as solvent. 
Taking into account a constant hydrogen pressure, the equation of a pseudo-first order reaction 
rate can be written as: 
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        − 𝑑[𝐶𝑁𝐵]𝑑𝑡 = 𝑘′[𝐶𝑁𝐵] 
Where k’ is the apparent reaction rate constant, t is time and [CNB] is the concentration of p-
CNB at any time. By solving the differential equation, it is transformed into: 𝑙𝑛[𝐶𝑁𝐵] = −𝑘′. 𝑡 + 𝑙𝑛 [𝐶𝑁𝐵]0 

Where [CNB]0 is the initial concentration of p-CNB. So, by plotting the ln[CNB] versus time, it 
is possible to obtain k’. Figure 86 shows the plot corresponding to 70 °C and 9 bars. Since it is a 
straight line, it validates the assumption of a first order reaction with respect to the concentration 
of p-CNB. 

 

Figure 86. Validation of first order reaction with respect to p-CNB. Conditions: 70 °C and 9 
bars. 

 

For the reactions performed at 50, 60 and 70 °C with catalyst 0.7cal450, the obtained values of 
k’ were: 1.6, 2.0 and 2.9 h-1, respectively. 

The Arrhenius equation can be written as: 

𝑙𝑛(𝑘′) = 𝑙𝑛(𝐴) − 𝐸𝑎𝑅 (1𝑇) 

Where A is the collision frequency factor, Ea is the activation energy, R is the universal gas 
constant and T is the absolute temperature. So by plotting the ln(k’) versus (1/T), it is possible to 
obtain the activation energy (Figure 87). In this case, it was 27.5 ± 7.8 kJ/mol, which is in 
agreement with  
25.1 ± 2.1 kJ/mol reported for Pt nanoparticles of ca. 4 nm supported on alumina [22].  
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IV.3.3- Effect of the catalyst pre-treatment conditions on the catalytic 

performance 

As described in Chapter III, the polymer template that leads to macropores is removed by 
calcination at temperatures above 450 °C in the presence of Pt. In this section, the effect of that 
calcination temperature on the catalytic performance is assessed. Furthermore, the effect of a 
subsequent reduction pre-treatment before reaction is also evaluated. 

IV.3.3.1- Effect of the calcination temperature  

As shown in Chapter III, the Pt particle size increased with the calcination temperature. In order 
to evaluate the influence of such calcination step on the catalytic performance, catalysts 
0.7cal450 and 0.7cal650 (calcined at 450 °C or 650 °C, respectively) were evaluated for the 
hydrogenation of p-CNB at 70 °C and 9 bars. Additionally, a commercial material was also 
tested (0.7REF).  

In order to have enough elements for the discussion, X-ray photoelectron spectroscopy (XPS) 
analyses were performed on the fresh catalysts (0.7cal450, 0.7cal650 and 0.7REF) and on 
0.7cal650 and 0.7REF after being used in the catalytic reaction. Figure 88 shows the 
corresponding XPS spectra. Unfortunately, given the low Pt content of these samples, the 
collected XPS spectra were not resolved enough, so a deconvolution for quantitative analysis 
would not be reliable. Nevertheless, a useful qualitative analysis is still possible. 0.7REF as-
received was mainly oxidised (Figure 88a), since almost no signal was observed in the binding 
energy (BE) region of Pt(0) (i.e. 70.8 eV). However, it was strongly reduced in-situ under the 
reaction conditions, exhibiting a narrow full width at half maximum (FWHM) in the region of 
Pt(0) after being used in the reaction (Figure 88b). This can be explained by the fact that the 
reaction temperature was 70 °C, which falls in the temperature range of the reduction peak 
observed for 0.7REF by H2-TPR between 25 °C and 150 °C, as shown in Figure 89. Indeed, 
such reduction profile is in agreement with H2-TPR patterns of Pt/SiO2 prepared by wet 
impregnation and calcined at 500 °C: the peak around 100 °C corresponds to the reduction of 
platinum species at the surface [38]. 
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Table 15. Effect of the calcination temperature on the catalytic performance. 

Sample 
Calcination 

Temp.  
(°C) 

Pt NPs size  Initial reaction 
rate[b] 

(molCNB/ 
min molPt) 

Selectivity at 
50 % 

conversion[c] 
(%) 

Selectivity at 
80 % 

conversion[d] 
(%) 

Dn 
(nm) Ð[a] 

0.7cal450 450 4.6 1.28 33.7 97.0 92.7 

0.7cal650 650 6.5 1.36 31.9 100 96.7 

0.7REF N/A 2.9 1.60 47.7 95.7 90.8 

[a] Dispersity Ð=Dw/Dn, Dw being weight-average diameter and Dn being number-average 
diameter, determined by TEM. [b] ± 2.9 molCNB/min molPt. [c] Selectivity to p-CAN ± 
0.6%. [d] Selectivity to p-CAN ± 1.8%. N/A: non-available. Reactions carried out at 70 °C, 
9 bars of H2 with 0.2 g of catalyst, 1 g of p-CNB and 100 mL of ethanol as solvent. 

  

Conversely, 0.7REF exhibited a higher initial reaction rate compared to the other two catalysts 
(0.7cal450 and 0.7cal650), which can be explained by a larger active surface area as a result of 
the smaller particle size and a larger amount of Pt(0) formed in-situ (probably at the beginning 
of the reaction). Indeed, the narrower FWHM observed in the XPS spectrum of this sample after 
reaction (Figure 88b), in comparison with the other catalysts, indicates qualitatively that this 
sample contained less oxide species than the other catalysts. 

Consequently, it could be concluded that a higher calcination temperature (650 °C for 0.7cal650 
compared to 450°C for 0.7cal450) leading to larger Pt nanoparticles (6.5 nm compared to 4.6 
nm) improves the selectivity of these hierarchically porous catalysts towards p-CAN: 96.7 % 
selectivity compared to 92.7% selectivity at 80% conversion of p-CNB. Regarding the 
commercial catalyst (0.7REF), it exhibited lower selectivity (up to 95.7% selectivity) than the 
hierarchically porous catalyst 0.7cal650 (up to 100% selectivity), but it was more active (initial 
rate: 47.7 molCNB/min molPt compared to 31.9 molCNB/min molPt) probably due to its larger 
amount of easily reducible Pt species (reduction in situ), as well as its smaller particle size (2.9 
nm compared to 6.5 nm). 

 

IV.3.3.2- Effect of the hydrogen pre-treatment 

The catalytic performance was also evaluated after a pre-treatment under hydrogen flow. The 
experimental results are summarised in Table 16. The reference catalyst was reduced for 2 h at  
300 °C (Table 16, sample 0.7REF-red300). With such pre-treatment, the Pt particles sintered to  
6.1 nm average diameter, which is more than double their initial value without pre-treatment  
(2.9 nm) (Table 15, sample 0.7REF). This pre-treatment did not significantly modify the activity 
(47.7 ± 2.9 and 47.4 ± 2.9 molCNB/min molPt, without and with pre-treatment, respectively), 
probably because the larger proportion of reduced Pt species, as active catalyst, is partially 
counterbalanced by the lower specific surface area of the resulting Pt nanoparticles. In addition, 
the selectivity is high in both cases and increased only slightly (within the statistical uncertainty) 
despite the larger particle size after reduction. 
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Therefore, given that the Pt catalyst with hierarchical porosity (0.7cal450) was already active 
directly after calcination, a pre-treatment in hydrogen at 300 °C (0.7cal450-red300) or at 450 °C 
(0.7cal450-red450) was unnecessary. It was even counterproductive in terms of activity since 
for 0.7cal450-red450 the initial rate was 20.2 molCNB/min molPt, compared to 33.7 molCNB/min 
molPt without pre-treatment (0.7cal450), which was due to a decrease of active surface related to 
an increase of Pt nanoparticle size by sintering at 450 °C (5.4 nm compared to 4.6 nm before 
pre-treatment). Furthermore, at these reaction conditions (70 °C and 9 bars of hydrogen 
pressure), reduction pre-treatment was also not required for the reference catalyst (0.7REF) due 
to an efficient in situ reduction at this temperature. However, in case of decreasing the operating 
temperature below 50 °C, the in-situ reduction of 0.7REF would not be as effective as at 70 °C 
according to its corresponding H2-TPR (Figure 89). 
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IV.3.4- Catalyst stability 

The catalyst stability was assessed considering the chemical (oxidation state) and structural 
stability, as well as the performance upon recycling. 

As mentioned in the previous section, 0.7cal450 and 0.7cal650 did not require any pre-treatment 
to be active catalysts. Indeed, the sonochemical synthesis was enough to reduce the Pt precursor 
and form Pt nanoparticles that were chemically stable mainly in Pt(0) oxidation state, even after 
a strong oxidation treatment for template removal at temperatures up to 650 °C. More 
importantly, the stability of our hierarchical catalyst at the catalytic reaction conditions was also 
evidenced by the XPS results after reaction, where the oxidation state of the used catalyst 
0.7cal650 (Figure 88e) was very close to that of the fresh catalyst (Figure 88d).  

Regarding the catalyst structural stability, the textural characteristics of 0.7cal450 after reaction 
showed that the catalyst structure was stable under the evaluated reaction conditions. Notably 
the specific surface area was determined to be 510 ± 30 m2/g, which was not significantly 
different [42] from the initial specific surface area (490 ± 30 m2/g). Furthermore, additional to 
the Pt nanoparticles retention test (retention of the active Pt species in the silica support, as 
reported in the experimental part), elemental analysis of Pt by ICP-OES indicated a stable Pt 
content in the catalyst, confirming non-detectable Pt leaching from the used catalyst. 

In order to evaluate the recyclability of these hierarchically porous materials, another batch of 
catalyst, namely 0.6cal650 catalyst, was prepared (following the same procedure as described 
for 0.7cal650) (remark: larger Pt nanoparticle size was obtained for this batch: 11.8 ± 4.2 nm for 
the batch 0.6cal650 compared to 6.5 ± 2.2 nm nm for the batch 0.7cal650). It was used in five 
consecutive reaction cycles (each cycle until ca. 50% conversion). No significant Pt leaching 
was detected after the five cycles (loss of Pt < 3%, which is below the uncertainty of 5%). 
Figure 91 shows the kinetic profiles for the p-CNB hydrogenation over 0.6cal650 catalyst. 
Figure 91.a shows that the consumption of p-CNB becomes slower after the first and second 
cycles. The initial reaction rate goes from 20.2 ± 2.9 molCNB/min molPt, in the first use, to 16.3 
and 9.2 ± 2.9 molCNB/min molPt for the second and third cycles, respectively. However, after the 
third cycle, the initial reaction rate was almost constant: 9.2, 11.6 and 11.2 ± 2.9 molCNB/min 

molPt for the third, fourth and fifth cycles, respectively (Figure 91.b). Furthermore, no aniline 
was detected in these experiments (indicating 100% selectivity towards p-CAN at ca. 50% 
conversion of p-CNB). 
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In summary, the hierarchically porous Pt/SiO2 catalysts exhibited similar textural characteristics 
before and after being used in the hydrogenation of p-CNB (70 °C and 9 bars), evidencing the 
catalyst structure stability. Elemental analysis of Pt by ICP-OES indicated a stable Pt content in 
the catalyst, confirming non-detectable Pt leaching from the used catalyst. Furthermore, the Pt 
nanoparticles were chemically stable mainly in Pt(0) oxidation state, even after a strong 
oxidation treatment for template removal (up to 650 °C). Nonetheless, given the weak metal-
support interaction of Pt and silica [43], the Pt nanoparticles can move within the support. 
Consequently, when a Pt nanoparticle contacts other Pt particles, they form larger aggregates, 
which are kept together by cohesive forces. For instance, in catalyst 0.6cal650 (with mesopores 
of 2-7 nm), the Pt NPs (11.8 ± 4.2 nm) doubled in size by forming aggregates of 20.0 ± 10.4 nm 
after recycling the catalyst 5 times. This aggregation issue was even more noticeable in the 
commercial catalyst: after one single use, the aggregates were 5-fold the initial particle size (Pt 
NPs of 2.9 ± 1.2 nm formed aggregates of 14.1 ± 9.6 nm), which is attributed to its larger 
mesopores (11-28 nm).  

The aggregation of the Pt nanoparticles within the hierarchically porous silica matrix could be 
limited by decreasing the Pt loading on the polymer template, which would lead to less Pt 
nanoparticles within a single macropore. Another option would be to use a more diluted hybrid 
latex template, so that less polymer beads would lead to fewer macropores. This would decrease 
the probability of several macropores to be in direct contact, hindering the mobility of the Pt 
nanoparticles out of a single macropore. These two strategies will be discussed in the next two 
sections. 
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IV.3.5- Effect of the catalyst macroporosity and of the macropore 

connectivity on the catalytic performance 

In order to study the effect of macropore connectivity on the catalyst performance, including the 
Pt nanoparticles aggregation during reaction, several samples were prepared varying the amount 
of macropores in the material and they were evaluated for the selective hydrogenation of p-CNB 
to p-CAN.  

In four samples, the amount of Pt-decorated macropores (% of macropore volume related to the 
total catalyst volume) was varied (by using less and less hybrid latex in the formulation): 50%, 
33.3%, 25% and 12.5% (0.8cal450-50%, 0.4cal450-33.3%, 0.3cal450-25% and 0.2cal450-
12.5%, respectively). A fifth sample was prepared to have 25% of Pt-decorated macroporosity 
(Pt-polystyrene hybrid latex) and 25% of Pt-free macroporosity (polystyrene latex without Pt 
nanoparticles) (0.4cal650-25/25%). The sixth sample was prepared with 50% macroporosity 
(using polystyrene latex without Pt nanoparticles), but the Pt was brought to the material by 
incipient wetness impregnation and reduction in H2 at 300 °C for 2 h (1cal650-50%-IWI), 
instead of sonochemical decoration of the latex template as in the other hierarchically porous 
materials. These materials are schematised in Figure 93 and Figure 94. 

IV.3.5.1- Catalytic performance 

The corresponding catalytic performances of the materials described above are presented in 
Table 17. In the first four rows (0.8cal450-50%, 0.4cal450-33.3%, 0.3cal450-25% and 
0.2cal450-12.5%), it can be seen that the initial Pt particle size was not significantly different. A 
smaller Pt particle size was expected when designing these experiments using less amount of 
decorated template. Indeed, it was expected that decreasing the amount of decorated template, 
the Pt nanoparticles sintering would have been limited (by increasing the distance between 
macropores within the mesoporous matrix). However, as discussed in Chapter III, due to the 
macropores direct connection as a result of small aggregates of polymer beads, the Pt sintering 
did not decrease significantly (8.6 ± 3.6 nm for 0.8cal450-50%, compared to 6.7 ± 3.1 nm for 
0.2cal450-12.5%). After reaction, those particles formed aggregates that increased the particle 
size and the standard deviation. Additionally, the aggregates size after reaction did not 
significantly varied with the percentage of macroporosity (14.0 ± 10.4 nm for 0.8cal450-50%, 
compared to 12.4 ± 9.2 nm for 0.2cal450-12.5%), which indicates that the aggregation and Pt 
particle growth is mainly limited by the metal present within a given macropore. Thus, the 
aggregation of the Pt nanoparticles does not proceed by Pt nanoparticles transfer between 
macropores through the mesoporous structure (otherwise 0.2cal450-12.5% would have 
exhibited smaller Pt aggregates). 0.4cal650-25/25% exhibited larger initial particle size before 
reaction (10.2 ± 3.9 nm) than the previous four samples due to its higher calcination temperature 
during the synthesis (650 °C instead of 450 °C). Congruently, the aggregates after reaction were 
also slightly larger (17.0 ± 9.5 nm). Finally, 1cal650-50%-IWI exhibited nanoparticles with 
large size variation (Ð = 6.16, compared to Ð = 1.46 for 0.4cal650-25/25%), illustrating the lack 
of control for a spatially homogeneous Pt deposition via incipient wetness impregnation. Indeed, 
it exhibited an average particle size of 29.7 nm, but with a large variation range between 3 nm 
and 200 nm. Additionally, it can be noticed that the particle size measured after reaction is 
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Table 18. Texture characterisation before and after reaction by nitrogen physisorption. 

  Before reaction  After reaction 

  

Total BET 
Surface 

Area 
(m²/g) 

Total pore 
volume 
(cm³/g) 

Porosity 
(%) 

 Total BET 
Surface 

Area 
(m²/g) 

Total pore 
volume 
(cm³/g) 

Porosity 
(%) 

0.8cal450-50% 759 0.56 55  700 0.51 53 

0.4cal450-33.3% 729 0.59 57  722 0.64 58 

0.3cal450-25% 718 0.60 57  703 0.61 57 

0.2cal450-12.5% 694 0.60 57  681 0.58 56 

0.4cal650-25/25% 674 0.65 59  668 0.68 60 

1cal650-50%-IWI 575 0.77 63  525 0.68 60 

 

Concerning the initial reaction rate in a Pt molar basis, it was observed that when decreasing the 
amount of decorated macropores, the initial reaction rate increased (e.g. 21.0 molCNB/min molPt 
for 0.8cal450-50% versus 43.5 molCNB/min molPt for 0.2cal450-12.5%). A plausible explanation 
to this unexpected behaviour will be further discussed below.  

 

Up to here, it could be thought that in order to have the same overall activity of 1 g of 
0.8cal450-50% with 0.2cal450-12.5%, it would be required almost 2-fold the amount of 
catalyst: 21.0 𝑚𝑜𝑙𝐶𝑁𝐵𝑚𝑖𝑛 𝑚𝑜𝑙𝑃𝑡 × 0.8 % 𝑔𝑃𝑡  𝑔0.8cal450−50% × 1 𝑔0.8cal450−50%43.5 𝑚𝑜𝑙𝐶𝑁𝐵𝑚𝑖𝑛 𝑚𝑜𝑙𝑃𝑡 × 0.2 % 𝑔𝑃𝑡  𝑔0.2cal450−12.5% = 𝟏. 𝟗𝟑 𝒈𝟎.𝟐𝐜𝐚𝐥𝟒𝟓𝟎−𝟏𝟐.𝟓% 

However, it represents ca. 50% less Pt and 100% selectivity, instead of 94.5% in the case of 
0.8cal450-50%. Moreover, additional empty macropores would further improve the catalytic 
performance by favouring more interconnected networks as observed for 0.4cal650-25/25% 
(50% of total macroporosity) that exhibited 31.0 ± 2.9 molCNB/min molPt versus 0.4cal450-
33.3% (33.3% of total macroporosity) that exhibited 26.7 ± 2.9 molCNB/min molPt.  

 

 Initial reaction rate in a Pt molar basis IV.3.5.1.i-

In order to explain the variations of initial reaction rate in a Pt molar basis, it is important to 
know if there are any diffusional limitations. It is possible to predict empirically when the 
diffusion is the controlling step in overall reaction using the Thiele modulus (𝛷 ), which 
quantifies the ratio of the reaction rate to the diffusion rate in the pellet [45]. For a first-order 
reaction, the Thiele modulus is given by: 
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𝛷 = 𝐿√ 𝑘𝐷𝑒 

Where k is the apparent reaction rate constant, De is the effective diffusivity of the reactant and 
L is a characteristic length scale (e.g. half the thickness of a catalytic slab, or one-third the 
radius of a spherical catalyst particle). Using the Thiele modulus, it is possible to determine the 
effectiveness factor (𝜂), which is the ratio between the actual reaction rate and the ideal reaction 
rate in the absence of any diffusional resistance [45,46]. So when the diffusion limitations are 
important, 𝜂  is smaller than the unity. For the first-order reaction in spherical pellets, the 
effectiveness factor is given by: 

𝜂 = 1𝛷 [ 1tanh 3𝛷 − 13𝛷] 

 

In a porous medium, the effective diffusivity can be calculated by: 

𝐷𝑒 = 𝐷𝑚𝜀𝜏  

 

Where Dm is the bulk diffusivity, ε is the catalyst porosity and τ is the tortuosity factor (which 
for random networks is equal to 4) [1]. The bulk diffusivity of p-CNB in ethanol has not been 
reported in the literature to my knowledge. So it can be either measured experimentally or 
predicted using models based on experimental Abraham descriptors [47]. For p-CNB, the 
predicted Abraham descriptors are E =1.297, S=0.251, A=0.000, B=0.254, V=1.548. Using 
these values in the model created by Hills et al. [47], it is possible to calculate the diffusion 
coefficient of p-CNB in ethanol at 298 K: 𝑙𝑜𝑔𝐷12 = 0.29 − 0.34𝐴 − 0.16𝐵 − 0.11𝑉 = 0.07908 𝐷12 = (1.20 ± 0.04) × 10−5𝑐𝑚2/𝑠    
 

Which is close to the values reported for chlorobenzene and nitrobenzene in ethanol at the same 
temperature: 1.61×10-5 cm2/s and 1.44×10-5 cm2/s, respectively [47]. It is also larger than the 
value reported for p-CNB in water at 293 K: 0.76×10-5 cm2/s [48]. 

 

So the effective diffusion coefficient of p-CNB within the catalyst 0.8cal450-50%, which has 
64% of porosity, is: 

𝐷𝑒 = 𝐷𝑚𝜀𝜏 = 1.20 × 10−5𝑐𝑚2/𝑠 × 0.64  4 = 1.92 × 10−6𝑐𝑚2/𝑠 = 1.92 × 10−10𝑚2/𝑠 
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This value is five orders of magnitude larger than the experimental effective diffusion 
coefficient for p-CNB within HZSM-5 zeolite: 6×10-15 m2/s, in water at 300 K [49]. 

 

In order to calculate the effective diffusivity at the temperature of the reaction (70 °C = 343 K), 
the Stokes-Einstein equation can be used: 𝐷𝑇1𝐷𝑇2 = 𝑇1𝑇2 µ𝑇2µ𝑇1 

 

Where T corresponds to the absolute temperature and µ is the dynamic viscosity of the solvent.  

 

So the effective diffusivity of p-CNB in ethanol within the porous catalyst at 343 K is: 

 

𝐷343 𝐾 = 𝐷298 𝐾 343 𝐾298 𝐾 1.2040 𝑚𝑃𝑎 𝑠0.4730 𝑚𝑃𝑎 𝑠 = 5.62 × 10−10𝑚2/𝑠 

 

Using this information, it is possible to calculate the Thiele modulus and the effectiveness factor 
for each reaction. The results are presented in Table 19. The porosity values are taken from the 
characterisation presented in Table 12 and the apparent reaction rate constant were calculated as 
explained in Section IV.3.2.1-Effect of the hydrogen pressure. The diameter of catalyst grain 
size was taken as 450 µm. 

 

Table 19. Thiele moduli and the effectiveness factors for catalysts with different macroporosity 

Sample 
Pt 

loading 
(%) 

τ ε k (s-1) De m2/s 𝛷 η 

0.8cal450-50% 0.8 4 0.64 5.58×10-4 5.62×10-10 0.075 0.997 

0.4cal450-33.3% 0.4 4 0.61 4.02×10-4 5.36×10-10 0.065 0.997 

0.3cal450-25% 0.3 4 0.56 3.15×10-4 4.92×10-10 0.060 0.998 

0.2cal450-12.5% 0.2 4 0.56 2.05×10-4 4.92×10-10 0.048 0.999 

0.4cal650-25/25% 0.4 4 0.66 4.90×10-4 5.80×10-10 0.069 0.997 

1cal650-50%-IWI 1.0 4 0.73 2.19×10-3 6.41×10-10 0.138 0.989 

 



IV. PLATINUM-BASED CATALYSTS PERFORMANCE IN THE SELECTIVE HYDROGENATION OF  
P-CHLORONITROBENZENE 

 

197 
 

In Table 19, it can be seen that the effective diffusion coefficients did not largely change with 
the variation of porosity; additionally, the effectiveness factors are close to the unity, meaning 
that there are not diffusional limitations for this reaction with a grain size of 450 µm. Contrarily, 
if the calculations were made with the effective diffusion coefficient reported for p-CNB within 
HZSM-5 zeolite (6×10-15 m2/s at 300 K, equivalent to 1.76×10-15 m2/s at 343 K) [49], the Thiele 
moduli would be as large as 26 and the effectiveness factors, as small as 0.04, confirming that a 
microporous matrix would largely constrain the reaction by diffusion limitations. 

So, keeping in mind the absence of diffusional limitations, the increase of initial reaction rate 
per mole of Pt as the amount of Pt-decorated macroporosity decreased (Table 17, going from 
21.0 ± 2.9 molCNB/min molPt using 0.8cal450-50%, to 43.5 ± 2.9 molCNB/min molPt using 
0.2cal450-12.5%) must be due to an enhanced diffusive flux of product out of the catalyst grain 
when the Pt loading decreases given by a larger concentration gradient within the catalyst grain 
when the active sites are more dispersed (e.g. 0.2cal450-12.5%). Such enhanced diffusive flux 
of product would also favour the product desorption from the active sites, which would be 
readily available for adsorbing a new reactant molecule. A schematic representation of the 
product gradient is presented in Figure 95. This can be seen by the Fick's first law that relates 
the diffusive flux (J) to the concentration gradient in space: 

𝐽 = −𝐷 𝑑𝜑𝑑𝑥  

 

Where 𝜑 is the concentration and 𝐷 is the diffusion coefficient. So, for a constant diffusion 
coefficient, when the concentration gradient is large, the diffusive flux is also large. 
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factors in Table 19 would still be close to the unity (0.997 versus 0.989, in this example). In any 
case, it is strongly recommended to carry out a set of experiments keeping constant the total 
amount of macroporosity, while decreasing the amount of decorated macropores. This would 
avoid any interference of the variation of the total porosity. Additionally, it is recommended to 
measure experimentally the effective diffusion coefficients for these catalysts, so that more 
reliable effectiveness factors would be obtained. 

 

From this part, it can be concluded that even though no major diffusional limitations were 
observed by theoretical calculation of the Thiele modulus, for a given Pt loading, an increase in 
the macroporosity with empty macropores enhances the initial reaction rate (going from 26.7 ± 
2.9 molCNB/min molPt with 0.4cal450-33.3% (33.3% macroporosity, all decorated with Pt) to 
31.0 ± 2.9 molCNB/min molPt with 0.4cal650-25/25% (50% of total macroporosity, of which only 
half contains Pt)). Moreover catalysts with lower Pt loading, but similar Pt particle size exhibits 
higher selectivity and higher initial reaction rate. For instance, 0.2cal450-12.5% exhibited 43.5 
± 2.9 molCNB/min molPt as initial reaction rate and 100% selectivity at 80% conversion, while 
0.8cal450-50% exhibited 21.0 ± 2.9 molCNB/min molPt and 94.5% selectivity at the same 
conversion. Finally, the hierarchically porous materials prepared by sonochemistry were more 
selective towards p-CAN (up to 100%) than an equivalent catalyst prepared by impregnation 
(1cal650-50%-IWI), which only exhibited 54.8% selectivity at 80% conversion.  
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IV.3.6- Effect of the catalyst mesoporosity on the catalytic performance 

As described in Chapter III, three materials at the same Pt loading were prepared from 
polystyrene latex templates decorated by sonochemistry with Pt nanoparticles in different 
reaction set-ups, either at 100, 205 or 343 kHz. This led to materials with slightly different 
mesopore size ranges, being larger for the catalyst prepared in the reactor at 343 kHz (2-15 nm), 
followed in order by the one at 205 kHz (2-13 nm) and at 100 kHz (2-9 nm). Additionally, the 
Pt particle size in these materials slightly decreased when using the set-up at higher ultrasound 
frequency. The catalytic performances of these materials for the hydrogenation of p-CNB are 
presented in Table 20.  

 

Table 20. Effect of the sonochemical set-ups on the catalytic performance 

Sample 

Meso-
pore 
size 

range 
(nm) 

NPs size 
before 

reaction 
Dn (nm) 

Ð[a] 

NPs size 
after 

reaction 
Dn (nm) 

Ð[a] 

Initial 
reaction 
rate[b] 

(molCNB/ 
min molPt) 

Selectivity 
at 50 % 

conversion[
c] 

(%) 

Selectivity 
at 80 % 

conversion
[d] 

(%) 

0.3cal450-100kHz 2-9 4.7 ± 1.3 (Ð 
= 1.21) 

8.6 ± 6.6 
(Ð = 3.03) 57.8 91.9 92.0 

0.3cal450-205kHz 2-13 4.5 ± 1.1 (Ð 
= 1.18) 

8.4 ± 7.6 
(Ð = 3.11) 74.0 91.5 91.8 

0.3cal450-343kHz 2-15 3.9 ± 1.0 (Ð 
= 1.15) 

8.8 ± 7.8 
(Ð = 3.26) 91.7 92.1 92.1 

[a] Dispersity Ð=Dw/Dn, Dw being weight-average diameter and Dn being number-average diameter, 
determined by TEM. [b] ± 2.9 molCNB/min molPt. [c] Selectivity to p-CAN ± 0.6%. [d] Selectivity to p-
CAN ± 1.8%. N/A: non-available. Reactions carried out at 70 °C, 9 bars of H2 with 0.2 g of catalyst, 1 g 
of p-CNB and 100 mL of ethanol as solvent. The catalyst grain size was carefully controlled between 
250 and 425 µm in these experiments. 

 

As discussed in Chapter III, these three materials had homogeneous distribution of Pt 
nanoparticles within the material and their macroporous structures exhibited hierarchical meso- 
and macroporous structures. However, as summarised in Table 20, their mesopore size range 
was slightly different: 2-9, 2-13 and 2-15 nm for 0.3cal450-100kHz, 0.3cal450-205kHz and 
0.3cal450-343kHz, respectively. It enhanced the effective diffusion within the catalyst, 
increasing the catalyst activity: 57.8, 74.0 and 91.7 ± 2.9 molCNB/min molPt for 0.3cal450-
100kHz, 0.3cal450-205kHz and 0.3cal450-343kHz, respectively. Furthermore, the selectivity 
values towards p-CAN obtained with 0.3cal450-100kHz, 0.3cal450-205kHz and 0.3cal450-
343kHz were the very similar (92.0%, 91.8% and 92.1%, respectively, at 80 % conversion) 
because their particle sizes were also alike (4.7 nm, 4.5 nm and 3.9 nm, respectively). 

Regarding the Pt aggregates after reaction, it can be seen that they were of about the same size  
(8.6 nm, 8.4 nm and 8.8 nm for 0.3cal450-100kHz, 0.3cal450-205kHz and 0.3cal450-343kHz, 
respectively), independently of the mesopore size range. For instance, 0.3cal450-343kHz 
exhibited the smallest Pt particles (3.9 nm) with the largest mesopore size range (2-15 nm), and 
the Pt aggregate size (8.8 nm) was about the same as in the other two materials. This supports 
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the previous observation when evaluating the macroporosity effect on the aggregation of Pt 
nanoparticles: the aggregation of nanoparticles within this type of hierarchically porous 
catalysts is limited by the amount of Pt within a given macropore and less by the migration of Pt 
nanoparticles through the mesoporosity. 

Finally, we can compare 0.3cal450-100kHz, 0.3cal450-205kHz and 0.3cal450-343kHz against 
the best performance of the commercial catalyst: an initial reaction rate of 47.4 ± 2.9 
molCNB/min molPt and a selectivity of 92.5 ± 1.8% at 80 % conversion of p-CNB (0.7REF-
red300, Table 16). It is possible to see that these hierarchically porous catalyst performed much 
better than the reference commercial material in terms of initial reaction rate (up to 91.7 ± 2.9 
molCNB/min molPt) for about the same selectivity (92.1 ± 1.8% at 80 % conversion of p-CNB) 
without the need of any reduction pre-treatment (while the commercial catalyst is in situ 
reduced, provided that the reaction temperature is high enough, i.e. 70 °C). Additionally, the Pt 
particles aggregation in the commercial catalyst (0.7REF) was more marked (2.9 ± 1.2 nm 
aggregated up to 14.1 ± 9.6 nm) than for these materials (e.g. for 0.3cal450-343kHz  it went 
from 3.9 ± 1.0 nm to 8.8 ± 7.8 nm). Such an aggregation (up to 5 times the initial particle size 
after one single reaction) in the case of the commercial catalyst took place due to much larger 
mesopore size range (11-28 nm). 

Regarding the textural characteristics of these hierarchically porous materials, they did not 
change significantly. Even for the catalyst prepared at 100 kHz with the latex that was the least 
stable, the specific surface area after reaction was 743 m2/g compared to 742 m2/g before 
reaction. Similarly, 0.3cal450-343kHz went from 610 m²/g before reaction to 617 m²/g after 
reaction. 

In conclusion, a larger mesopore size range permitted to enhance the catalyst activity regarding 
the initial reaction rate since it went from 57.8 ± 2.9 molCNB/min molPt to 91.7 ± 2.9 molCNB/min 
molPt when the mesopore size range went from 2-9 nm to 2-15 nm. Additionally, since these 
mesopores were not as large as those in the commercial catalyst (11-28 nm), the Pt 
nanoparticles aggregation was limited to 8.8 ± 7.8 nm (with a mesopores between 2-15 nm), 
instead of 14.1 ± 9.6 nm with the commercial catalyst. Finally, with about the same selectivity 
(ca. 92% at 80% conversion) 0.3cal450-343kHz almost doubled the initial reaction rate of the 
commercial catalyst (91.7 ± 2.9 molCNB/min molPt versus 47.4 ± 2.9 molCNB/min molPt) which 
could be attributed to the hierarchical porosity in 0.3cal450-343kHz. 
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 Conclusions IV.4-

The combination of latex synthesis, sonochemistry and sol-gel process allowed preparing 
waterborne Pt-based materials that showed to be active catalysts in the selective hydrogenation 
of p-CNB to produce p-CAN without requiring any catalyst reduction pre-treatment nor in-situ 
reduction. Additionally, their micro-structure was stable under the reaction conditions. The 
catalytic performance of these materials was assessed in terms of the selectivity towards p-
CAN, the initial reaction rate, as well as the stability. 

In a general manner, these hierarchically porous materials can be considered efficient catalysts 
for this reaction. It is important to note that they exhibited better selectivity (up to 100% at 80% 
conversion) than a commercially-available reference catalyst (up to 92.5% at 80% conversion). 
The main parameter that permitted to enhance the selectivity was the Pt particle size. The best 
size seemed to be ca. 7 nm. On these large metal particles the product p-CAN is adsorbed less 
strongly in comparison with the reactant p-CNB, decreasing the likelihood of p-CAN to be 
hydrogenated further towards aniline [19]. Such particle size was achieved either by calcination 
at high temperature (650 °C) or by increasing the Pt loading on the hybrid polymer template (ca. 
1 wt. % Pt/polystyrene). Catalysts with lower Pt loading, but similar Pt particle size (obtained 
by using less amount of Pt decorated latex template) also showed enhanced selectivity. For 
example, the sample 0.2cal450-12.5% (with 0.2 wt. % Pt/SiO2 and particles of 6.7 ± 3.1 nm) 
exhibited 100% selectivity at 80% conversion.  

A hierarchically porous matrix decorated with Pt by incipient wetness impregnation and 
subsequent reduction under hydrogen flow was also prepared and evaluated in the 
hydrogenation reaction of  
p-CNB. Under similar conditions, it exhibited very poor selectivity towards p-CAN (54.8% at 
80% conversion). Important amount of by-products, including aniline and 
cyclohexylammonium chloride, were formed with this catalyst. This behaviour was attributed to 
the lack of control to achieve narrow Pt particle size distributions (e.g. 1cal650-50%-IWI 
exhibited Pt particles of size between 3 and 200 nm). 

In terms of catalytic activity, the hierarchically porous catalysts have also been superior to the 
commercial catalyst. For instance, the sample 0.3cal450-343kHz exhibited an initial reaction 
rate of 91.7 ± 2.9 molCNB/min molPt, much higher than that obtained with the commercial 
catalyst (47.4 ± 2.9 molCNB/min molPt). Such an improvement was attributed to the hierarchical 
porosity with a large mesoporous size (2-15 nm) obtained by preparing the decorated template 
in the sonochemical set-up at 343 kHz (with moderate sonochemical activity). Nevertheless, 
very large mesoporosity could promote the Pt nanoparticles aggregation as in the case of the 
commercial catalyst, in which the mesopores of 11-28 nm permitted the aggregation of initial Pt 
particles of 2.9 ± 1.2 nm up to 14.1 ± 9.6 nm, compared with 0.3cal450-343kHz (with 
mesopores of 2-15 nm), in which the initial Pt particles of 3.9 ± 1.0 nm only aggregated up to 
8.8 ± 7.8 nm. 

In general, no major diffusional limitations were observed in the hierarchically porous materials 
by calculation of the Thiele modulus and effectiveness factors. However, it was observed that 
for a given Pt loading, an increase in the macroporosity slightly enhanced the initial reaction 
rate: 0.4cal650-25/25% (50% of total macroporosity) exhibited 31.0 ± 2.9 molCNB/min molPt 
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versus 0.4cal450-33.3% (33.3% of total macroporosity) that exhibited 26.7 ± 2.9 molCNB/min 
molPt, this was observed despite the fact that 0.4cal650-25/25% had less active Pt surface area 
due to a larger particle size (10.2 ± 3.9 nm), in comparison with 0.4cal450-33.3% (7.6 ± 3.4 
nm). Such an improvement was attributed to the presence of more interconnected macropores at 
50% of total macroporosity that enhanced the internal diffusion of products and reactants. 

IV.4.1- Perspectives 

In order to study more in detail the effect of the Pt loading on the selectivity, it is recommended 
to carry out a set of experiments keeping constant the total amount of macroporosity, while 
decreasing the amount of decorated macropores. This would avoid any interference of the 
variation of the total porosity. Additionally, it is recommended to measure experimentally the 
effective diffusion coefficients for these catalysts, so that more reliable effectiveness factors 
would be obtained. 

Regarding the possibilities for catalyst rational design by this combination of latex synthesis, 
sonochemistry and sol-gel process, the smallest Pt particle size achievable at a given Pt loading 
is limited by the calcination temperature required for removing the polystyrene template (at 
least  
450 °C in the presence of Pt). For instance, at 0.7 wt. % Pt/SiO2, the smallest particle size was  
4.6 nm ± 1.1 nm (0.7cal450). This opens the possibilities to optimise this catalyst preparation 
method by using, for instance, polymer latex templates with lower degradation temperature so 
that they could be removed in milder conditions. Alternatively, it would be worth investigating 
polymers soluble in green solvents like supercritical carbon dioxide for template removal by 
supercritical extraction at temperature less than 100 °C [50]. 

The strategy explored in this work is part of a larger catalyst engineering approach for the 
preparation of silica-supported materials with hierarchical porosity. It is important to have in 
mind that the catalytic tests discussed herein were carried out in batch conditions, at which there 
are not marked mass transport limitations. Contrarily, catalytic tests in dynamic flow conditions 
through a porous monolithic contactor would take advantage of the hierarchical porous 
characteristics of these materials, considering the higher mass transport limitations that a 
continuous-flow operation requires to overcome. For such operation conditions, this waterborne 
catalyst preparation method is versatile enough to allow the preparation by dip-coating of 
monolithic pieces such as honeycombs structures or solid foams, maintaining the hierarchical 
micro-structure described herein. Moreover, this technique permits to optimise the catalyst 
effectiveness since it is possible to modify the effective diffusion within the catalyst by 
modifying the catalyst meso- and macroporosity, and simultaneously adjust the selectivity and 
intrinsic reaction rate by controlling the distribution of active sites within the catalyst and 
modifying the particle size by varying the metal loading and the calcination temperature. 
Another possible improvement is to modify the amorphous silica matrix into a zeolite more 
stable phase by pseudomorphic transformation [51]. Furthermore, based on this catalyst 
preparation method, other metals and/or metal oxides (e.g. Pd or CeO2) could be incorporated 
within the support, as it will be discussed in Chapter V and VI.  
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 Introduction V.1-

Metal catalysts are important in organic synthesis. Particularly, for industrial applications, they 
should be economical exhibiting high activity at low loadings [1–3]. Palladium-based catalysts 
are important materials for a wide variety of reactions, so they have been considered as 
promising catalysts to carry out reactions under mild conditions in the efforts to develop greener 
processes [4]. Being slightly cheaper than platinum, this metal exhibits different catalytic 
behavior [5]. So for certain reactions, palladium leads to better selectivity, which motivates the 
tailoring of even more performant Pd-based catalysts. For instance, palladium is the metal of 
choice for most catalyst formulations for the direct synthesis of H2O2 from H2 and O2 [6]. In 
order to develop more performing catalysts, superior preparation techniques are required in 
order to control homogeneous metal dispersion within the support, while keeping small metal 
particles [7]. Additionally, a support with a hierarchically porous structure is desired in order to 
avoid mass transport limitations [8]. 

This chapter is dedicated to the preparation of silica-supported Pd catalysts based on the 
methodology previously described in Chapter III. Four approaches were investigated exploiting 
the versatility of the different preparation steps in order to lead to materials with hierarchical 
porosity having low Pd loadings, exhibiting nanoparticles of different nature such as 
monometallic Pd, bimetallic Pt-Pd and mixed metallic-metal oxide Pd-CeO2. 

The first approach is the preparation of Pd-based catalysts by a combination of polystyrene latex 
synthesis by emulsion polymerisation, functionalisation using sonochemistry and silica matrix 
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 Experimental  V.2-

V.2.1- Materials 

Potassium persulfate (K2S2O8, KPS, 99%, Sigma Aldrich), sodium metabisulfite (Na2S2O5, 
SMBS, 97%, Sigma Aldrich), ammonium persulfate ((NH4)2S2O8, APS, 98%, Sigma Aldrich), 
sodium dodecylbenzenesulfonate (SDBS, 99%, Sigma Aldrich), sodium tetrachloroplatinate 
(Na2PtCl4, 84%, Strem), sodium tetrachloropalladate (Na2PdCl4, 99.9%, Sigma Aldrich), 
palladium (II) acetylacetonate (Pd(acac)2, 99%, Sigma Aldrich), tetraethyl orthosilicate (TEOS, 
98%, Sigma Aldrich), n-hexadecane (99%, Acros), 1,4-dioxane (99%, Merck), commercial 
cerium oxide aqueous dispersion (Nanobyk-3810, 18 wt.%, Byk Chemie) were used as received. 
2,2’-Azobis(2-methylpropionitrile) (AIBN, 98%, Sigma Aldrich) was purified by 
recrystallization in methanol. Styrene (99%, Sigma Aldrich), methyl acrylate (99%, Alfa Aesar), 
butyl acrylate (BA, Aldrich, 99%) and acrylic acid (AA, Aldrich, 99%) were purified by 
distillation. Hydrochloric acid (HCl, 37%, Sigma Aldrich), sodium hydroxide (NaOH, 98%, 
Sigma Aldrich) and ammonium hydroxide (NH4OH, 28%, Sigma Aldrich) were used to prepare 
acidic and basic solutions with deionised water (1 microS/cm, D8 ion exchange demineraliser 
from A2E Affinage de L’Eau, or 18.2 MΩ·cm at 25 °C, Milli-Q). Dibenzyl trithiocarbonate 
(DBTTC) was synthesised as described in the literature [9]. 

V.2.2- Polystyrene latex template synthesis 

The polystyrene latex template was prepared by emulsion polymerisation of styrene using a 
redox initiator system: KPS and SMBS, as described in Chapter III. Briefly, the polymerisation 
was carried out with a molar ratio styrene : water : KPS : MBSS : SDBS = 1 : 50 : 5×10-3 : 
3.2×10-3 : 6.6×10-4, in a 350 mL double-walled glass reactor with a glass stirring blade at 250 
rpm, under Ar atmosphere. The temperature was regulated as follows: 1 h at 65 °C, 2 h at 72 °C 
and 3 h at 85 °C. The latex pH (PHM210 standard pH meter, Radiometer Analytical, France) 
and percentage of solids (MLS moisture analyser, KERN, Germany) were then measured. The 
latex particle size was determined by dynamic light scattering (DLS) with a Vasco particle size 
analyser (Cordouan Technologies, France) and by scanning electron microscopy (SEM) with a 
high resolution SEM Hitachi S-4800 (Hitachi, Japan). The polydispersity index (PDI) was 
obtained from the cumulants analysis of the DLS intensity correlation [10]. Typically, the 
samples for DLS measurements were prepared by diluting 5 µL of latex at 10 % solids in 5 mL 
of deionised water. Latex samples for SEM were dried overnight in a vacuum Raypa® drying 
oven (Espinar S. L., Spain) at 40 °C and 0.01 mbar. The SEM images were analysed manually 
using ImageJ software (USA National Institutes of Health). The latex dispersity (Đ) was 
calculated as the ratio of the weight-average diameter (Dw) over the number-average diameter 
(Dn). For a typical polystyrene latex, the pH was 2.0 and the particle size characterisation 
revealed a Dn of 134 nm, a Dw of 140 nm, and a Đ of 1.04. 
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V.2.3- Hybrid CeO2-containing poly(styrene-co-methyl acrylate) latex 

template synthesis 

This latex was prepared by emulsion polymerisation following a procedure adapted from 
previous works described somewhere else [11,12]. Briefly, a macro-RAFT agent constituted of 
amphipathic oligomers of poly(BA5-co-AA5) was prepared by copolymerisation of butyl 
acrylate (10.60 g) and acrylic acid (6.03 g) in 1,4-dioxane (24.95 g) at 70 °C, using AIBN (0.24 
g) as initiator and DBTTC (4.80 g) as RAFT agent (DBTTC: AIBN molar ratio=11). The 
macro-RAFT agent was dried overnight in a vacuum oven at 50°C [11].  

Subsequently, styrene and methyl acrylate (styrene: methyl acrylate = 90:10 mass ratio) were 
copolymerised by emulsion polymerisation in the presence of the amphipathic RAFT oligomers 
and the dialysed cerium oxide nanoparticles. First, the macro-RAFT agent (0.12 g) was 
dissolved in water (49 g) and the pH was adjusted to 7 with 0.1 M NaOH solution (using a 
PHM210 Standard pH meter from MeterLab). Then, the cerium oxide dispersion (1.57 g) and 
the initiator (0.042 g APS) were added. This solution was introduced in a 4 neck double-walled 
100 ml glass reactor, surmounted by a condenser and equipped with a mechanical glass anchor 
stirrer, at room temperature. The aqueous medium and the monomers mixture (5.88 g, 
composed of 5.27 g of styrene and 0.61 g of methyl acrylate) were bubbled separately with Ar 
for 30 min. Subsequently, the glass reactor was regulated to 70°C with a continuous flow of 
thermostated water/ethylene glycol fluid delivered by a Lauda E200 circulating pump and the 
reaction medium was stirred at 250 rpm with a magnetic stirrer. The monomers mixture was be 
fed at 27 μL/min into the reactor during 4 h (Braun Perfusor Compact syringe pump). The 
reactor was then left for 2 h more at the same temperature and stirring conditions. The reactor 
was under Ar atmosphere at all times. The monomer conversion was measured to be 91%, 
leading to a hybrid CeO2-poly(styrene-co-methyl acrylate) latex at 10 wt.% solids (4.8 wt.% 
CeO2 based on polymer) with a final pH = 6.9.  

 

V.2.4- Template functionalisation via sonochemical reduction 

The latex template was functionalised with palladium nanoparticles formed in-situ by reducing 
Na2PdCl4 under ultrasonic irradiation. The reaction was carried out in a reactor consisting of a 
200 mL glass flask introduced in a deionised water bath contained in a double-walled glass 
reactor with a sonotrode on the bottom, as shown in Figure 97. The acoustic power supplied was 
0.14 W/mL at 205 kHz for 12 h. Under these conditions, the hydrogen peroxide formation rate 
was measured to be 0.973 µmol/min in water under Ar atmosphere [13]. The temperature of the 
system was regulated at 20 °C. 90 mL of polystyrene latex (at 9.2 wt.% solids) were used with  
9 mL of Na2PdCl4 solution in water at 10 mg Pd/mL. Prior to Pd addition and sonication, Ar (or 
10 vol.% CO/Ar) was bubbled at a flow rate of c.a. 120 mL/min for about 15 minutes from the 
bottom of the latex containing flask. Then, the Ar (or 10 vol.% CO/Ar) bubbling was set at the 
liquid-gas interphase, the Pd solution was added and the reaction medium was stirred with a 
glass blade. Subsequently, the ultrasound irradiation was started. The CeO2-containing 
poly(styrene-co-methyl acrylate) hybrid latex was decorated with Pd using the same procedure 
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V.2.5- Hybrid Pd-containing polystyrene latex template synthesis by 

miniemulsion polymerisation 

The palladium-containing polystyrene latex template was prepared by miniemulsion 
polymerisation with styrene (6 g), hexadecane as hydrophobic agent (0.32 g), SDBS (0.13 g), 
deionised water (57 g), AIBN (0.06 g), and Pd(acac)2 (0.04 g). Deionised water and SDBS were 
combined in a 250 mL beaker and purged with Ar for 30 minutes. Styrene, hexadecane, 
Pd(acac)2, and AIBN were combined to form the organic phase and purged with argon for 15 
minutes. Meanwhile, a 150 mL double-walled glass reactor equipped with a U-shaped glass 
stirring rod was heated to 75 °C and filled with argon. The organic phase was then added to the 
SDBS aqueous solution under vigorous mixing (magnetic stir bar) for 30 minutes under argon 
bubbling in an ice bath to form a macroemulsion. The macroemulsion (tens of microns to 
millimeter droplet size) was sonicated to form a miniemulsion (tens of nanometers droplet size) 
by using a BioBlock Scientific Vibracell 75043 equipped with a CV33 probe (13 mm diameter) 
at 750 W, 20 kHz and 60% amplitude for 3 minutes. This was performed in an ice bath to avoid 
premature polymerisation at this stage [14]. The miniemulsion was subsequently transferred to 
the heated double-walled glass reactor to start the polymerisation. The reaction proceeded for 
2.5 hours with aliquots withdrawn periodically. 

V.2.6- Sol-gel synthesis 

The silica matrix was prepared by a two-step acid-base catalysed sol-gel synthesis, as described 
in Chapter III. In a typical procedure for styrene homopolymer templates, 10 mL of polymer 
latex was adjusted to pH 2 using a 0.5 M HCl solution when required. The acidic latex was then 
added to a 25 mL round-bottom flask with a magnetic stir bar and immersed in a 40 °C oil bath. 
Then, 4.1 mL of TEOS were added to the latex under magnetic stirring. The round-bottom flask 
was then sealed with a septum and kept under agitation at 40 °C until a third of the gelation time 
in acidic conditions was attained. At this time, 3.6 mL of a solution of 0.05 M NH4OH (quantity 
predetermined based on titration of latex at pH 2) was added in one shot to the mixture to 
increase the pH to pH=9.6 and complete the gel formation process. For the material prepared 
with the hybrid CeO2-containing poly(styrene-co-methyl acrylate) latex template, the same 
experimental set-up was used but the procedure was slightly modified since the template 
colloidal stability was not guaranteed at pH 2. In that case, 8 mL of TEOS were hydrolysed at 
60 °C with 2.7 mL of 0.01 M HCl solution for 2 h. Then 22.5 mL of hybrid latex and 2.3 mL of 
0.05 M NH4OH were added and left reacting until gel formation. All gelled materials were dried 
in a ventilated oven at 80 °C overnight, and then calcined in a Heraeus® RO tube furnace 
(Kendro) at 650 °C in air, according to the temperature profile: 5 °C/min up to 250 °C, then 
0.5 °C/min up to 300 °C, a plateau at 300 °C for 2 h and then 0.5 °C/min up to 650 °C. The 
materials were kept at this temperature for 1 h prior to natural cooling of the oven. After 
calcination at 650 °C, the materials were treated in hydrogen at 40 mL/min and 300 °C for 2 h 
in a vertical quartz tubular reactor. When specified, the calcination at 450 °C took place with the 
following temperature profile: 5 °C/min up to 270 °C, then 1 h at 270 °C and then 0.33 °C/min 
up to 450 °C. The material was kept at this temperature for 2 h prior to natural cooling down of 
the oven. 
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V.2.7- Characterisation 

The silica matrix textural properties were determined by nitrogen adsorption-desorption using 
an Autosorb® iQ automated gas sorption analyser (Quantachrome Instruments) with an 
estimated experimental uncertainty of 6% [15]. Samples were degassed at 200 °C for at least 3 h 
before analysis. Mesopore size distributions were based on the Barrett-Joyner-Halenda (BJH) 
method on the desorption branch. In all samples, no microporosity was observed according to 
the t-plot method, employing the Halsey equation adapted to silica by Cranston and Inkley 
[16,17]. Total pore volumes were calculated from the total adsorbed volume at a relative 
pressure of 0.987 (P/P0). Thermal gravimetric analyses (TGA) for latex decomposition under air 
or oxygen were carried out in a Q50 thermal gravimetric analyser (TA Instruments) or in a 
Thermogravimetric analyser (STA-MS, Perkin-Elmer) at a heating rate of 10 °C/min from room 
temperature until 900 °C (unless other specified). The calcined catalysts were analysed by 
hydrogen temperature-programmed reduction (H2-TPR) in an Autochem II Chemisorption 
Analyser (Micromeritics). Typically, the sample was heated to 120 °C for 90 minutes under 50 
mL/min of argon for removal of absorbed water. Then the sample was cooled down to -60 °C 
under argon. Once the temperature was stable, the analysis gas was changed to 5 vol.% H2/Ar at 
50 mL/min. When the signal of the thermal conductivity detector (TDC) was stable, the 
temperature ramp started at 10 °C/min up to 950 °C.  

Functionalised latexes and catalysts after template removal were observed by transmission 
electron microscopy (TEM) using a 2200FS – 200 kV TEM (Jeol). Latex samples for TEM 
were prepared by diluting 10 µL of latex in 3 mL of deionised water, depositing a drop on a 
Formvar/carbon-coated 300 mesh Cu TEM grid followed by drying under ambient air. Silica 
samples were ground in a mortar, and encapsulated in an EMbed 812 resin before a section of 
70 nm thick was cut and deposited on a Cu TEM grid, using an ultramicrotome Ultracut UCT 
(Leica Microsystems) equipped with a DiATOME ultra diamond knife. High resolution TEM 
(HR-TEM) analyses, including annular dark-field (ADF) images and energy-dispersive X-ray 
(EDX) spectroscopy, were performed in a Titan 80/300 kV cubed Cs-corrected TEM (FEI). For 
those analyses, a specimen of silica-supported Pt-Pd catalyst was ground and ultrasonically 
shaken in ethanol, and then a drop was casted in air from the coloured dispersion onto a 200 
mesh Cu grid with a holey carbon support foil (Quantifoil). A specimen of silica-supported Pd-
CeO2 catalyst powder was crushed under hexane, ultrasonically shaken and drop casted on the 
foil. The TEM images were analysed manually using ImageJ software (USA National Institutes 
of Health).  

The X-ray photoelectron spectroscopy (XPS) analyses were carried out using a PHI VersaProbe 
II analyser (Physical Electronics). Pd3d, Ce3d, Pt4f, C1s, O1s, and Si1s binding energies (BE) 
were recorded using Al Kα (1486.6 eV) as excitation source and a pass energy of 23.5 eV. For 
the survey acquisition, the pass energy was 117 eV. The X-ray settings were 100 µm beam size 
at 100 W and 20 kV HP. Position of XPS peaks of the corresponding elements was referred to 
silver foil, whose energy was taken equal to 368.2 eV for Ag3d5/2.  

Solid samples for elemental analysis by ICP-OES were prepared by grinding 50 mg of silica-
supported catalyst with 250 mg of Na2O2. Then the mixture was placed in a zirconium crucible 
at 480 °C for 1 hour in static air. After natural cooling, 180 mL of water were added to the 
mixture. Then, 20 mL of 6 M HCl solution were added under heating and stirring and water was 
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added to obtain a total of 250 mL. Then, 1.2 mL of the catalyst solution were added to 4.8 mL 
of a 0.3 M HNO3 solution prior to ICP measurement. 
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V.3.1.2- Catalyst preparation and characterisation 

In agreement with the results obtained during the Pd sonochemical reduction, the latex at 1 
wt.% Pd/polystyrene reduced under 10 vol.% CO/Ar atmosphere was chosen for the preparation 
of a hierarchically porous Pd/SiO2. The silica support was prepared by a two-step acid-base 
catalysed sol-gel synthesis in order to obtain a mesoporous matrix, as already described in 
Chapter III. For the sake of comparison, another material was also prepared with non-decorated 
latex.  

Thermogravimetric analyses were carried out in order to define the calcination conditions for 
the template removal. In a first stage the non-decorated latex was studied alone. It was observed 
that above 425 °C in air, 97 wt.% of the polymer degraded at a heating rate of 10 °C/min and  
99 wt.% at 5 °C/min, in agreement with Pfaffli et al. [20]. Secondly, the silica matrix with non-
decorated latex was studied at a heating rate of 10 °C/min in air. It could be observed that at 
least 610 °C were required for complete polymer degradation, since the matrix constrained the 
template removal, thus requiring a higher calcination temperature than the polymer alone [21]. 
Figure 101 presents the comparison of the polystyrene template thermal degradation in air, 
before and after being included in the silica matrix. It is important to note that the complete 
latex removal in the silica composite material corresponds to approximatively 50 wt.% of total 
mass loss. 

 
Figure 101. Thermogravimetric analyses in air at a heating rate of 10 °C/min of non-decorated 

polystyrene latex and composite material of SiO2 and non-decorated polystyrene template. 

 
Regarding the DSC profile of the non-decorated latex within the silica material (Figure 102.a.), 
the template degradation was mainly endothermic, in which case the template removal mainly 
occurred by the polymer breaking down into volatile species [20,22]. The exothermic peak 
observed at 610 °C might correspond to the spontaneous ignition of the remaining polymer still 
trapped within the silica [23]. On the other hand, when Pd was present in the material, the first 
mass loss was related to an endothermic process (Figure 102.b.), corresponding to a thermal 
degradation of the polymer. However, the DSC profile showed a second signal with an 
exothermic maximum at 472 °C. It was related to an oxidation reaction catalysed by the Pd 
present in the material, similarly to the polymer oxidation catalysed by the Pt [24]. However, it 
was still required to calcine up to 650 °C in order to guarantee a complete polymer removal. 
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Figure 104. H2-TPR profiles of: 0.7 wt.% Pd/SiO2 calcined at 650 °C (red, top) and Pd-free SiO2 

(blue, bottom). 

 

H2-TPR analysis confirmed that after calcination at 650 °C (Figure 104), the material required 
to be reduced since non-metallic Pd species were present in the sample (reduction peak centered 
at 52 °C). So a reduction treatment under hydrogen flow was carried out at 300 °C. The nitrogen 
physisorption isotherm (Figure 106) of the final material 0.7 wt.% Pd/SiO2 after reduction 
revealed a characteristic hysteresis of a macro-mesoporous network with a mesoporous diameter 
size distribution up to ca. 5 nm. The catalyst exhibited a surface area of 425 m2/g and a total 
pore volume of 0.47 cm3/g. These values were below the expected characteristic observed on 
the silica matrix previously prepared under the same conditions: 615 m2/g surface area and 0.74 
cm3/g total pore volume (Chapter III). This could be due to non-reduced Pd species (as observed 
by XPS, discussed below) that could interact with TEOS or with the ethanol produced in-situ 
during the sol-gel process, interfering with the formation of branched silica chains that are 
important to obtain a porous material. Indeed, some experiments, non-detailed here, showed that 
Pd ions have an effect on the sol-gel process: sol-gel syntheses were tried with a Pd-containing 
latex with only 33% Pd reduced, so 67% of the Pd was in the medium as chloropalladate ions. 
In such a case, the gelation time was reduced (typically from 72h to 21h) and the gel obtained 
was not homogeneous: polymer template and silica segregated. Such segregation occurs because 
the ethanol formed in-situ during the hydrolysis of TEOS is required to have a homogenous 
mixture, otherwise the latex and TEOS phases do not mix during the silica matrix formation 
[25], leading to segregation of the polymer beads. So in the presence of Pd(II) species in 
solution, they could be reduced with ethanol, forming acetaldehyde [26], which could keep 
reducing more Pd(II) [27], decreasing the pH of the medium and reducing the latex colloidal 
stability.  

 

 

Figure 105. Acetaldehyde as a reducing agent for metal (M) ions [27]. 
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Figure 106. Nitrogen adsorption-desorption isotherms of the calcined and reduced 0.7 wt.% 
Pd/SiO2 catalyst. Mesopore size distribution is shown in the inset. 

 

In order to study the oxidation state of Pd along the preparation steps, XPS analyses were 
carried out. The corresponding spectra are presented in Figure 107. It was observed that the 
XPS spectra of both latexes after decoration with Pd, either in Ar or in 10 vol.% CO/Ar, 
exhibited very similar profiles (Figure 107.a. and b.). However, in those hybrid latexes, the Pd 
was in a mixture of Pd(0) and Pd(II) oxidations states, showing that the ultrasonic reduction was 
not complete. After the sol-gel synthesis with the Pd-decorated latex under 10 vol.% CO/Ar, the 
composite material exhibited mostly oxidised species of Pd (Figure 107.c.), which could 
correspond to Pd complexes formed during the sol-gel process, as binding energies at 338 eV 
have been reported to correspond to Pd complexes grafted on silica [28]. After calcination of 
this material at 650 °C, the main species observed was PdO (Figure 107.d.), which implies that 
such heat treatment (required for the template removal) strongly oxidises the Pd, in agreement 
with the H2-TPR analysis. However, after a reduction treatment under hydrogen at 300 °C, 
mainly Pd(0) was found (Figure 107.e.) within the hierarchically porous material. 
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V.3.2- Hierarchically porous Pt-Pd/SiO2 catalyst by combination of latex 

synthesis, sonochemistry and sol-gel process 

This approach takes advantage of the flexibility of the sonochemical technique to reduce several 
metals in series or in parallel. It starts by the preparation of polystyrene latex by emulsion 
polymerisation, then, a Pt seed is prepared by sonochemical reduction and, then the Pd 
precursor is added to form bimetallic nanoparticles under ultrasound. Such hybrid latex is used 
as template for the sol-gel process in order to obtain a hierarchically porous catalyst, as depicted 
in Figure 96.b. 

V.3.2.1- Pt-Pd nanoparticles synthesis by sonochemistry 

In Chapter III, it was observed that the Pt was preferentially located at the polystyrene beads 
surface. So we decided to set an experiment starting with a Pt precursor reduction, in order to 
form Pt nanoparticles as a seed for the following Pd precursor reduction. The desired metal 
loadings were 0.3 wt.% Pt and 0.2 wt.% Pd, in order to have a atomic ratio Pt/Pd close to 1. The 
Pd solution was added at 63 % of Pt reduction (after 8 h of ultrasound irradiation at 205 kHz). 
Then, the Pd and Pt reduction occurred very fast: all Pd and Pt were completely reduced in only 
20 minutes, showing a synergistic reduction effect of the two metals. The nanoparticles were 
only observed at the polystyrene surface, no free particles were observed (Figure 108). They 
were measured to have a number-average diameter Dn of 3.6 ± 1.3 nm (Dw =5.0 nm, Đ =1.39). 

 
Figure 108. TEM images of 10 wt. % polystyrene latex containing 0.3 wt. % Pt/polystyrene and 

0.2 wt. % Pd/polystyrene, reduced under ultrasound at 205 kHz in 10 vol. % CO/Ar at 20 °C. 

 

V.3.2.1- Catalyst preparation and characterisation 

The Pt-Pd decorated latex was used as template for the preparation of a hierarchically porous 
silica material by sol-gel method, using a two-step acid-base catalysed sol-gel synthesis as 
already described in Chapter III. Thermogravimetric analyses were then carried out. Figure 109 
shows the TGA and DSC profiles for a composite material with Pt and Pd. In that case, only 
exothermic effects were observed. The first one was probably governed by the oxidation 
reaction catalysed by Pt and the second one by a mixture of both metals. The maximum 
temperature for the second exothermic peak was 462 °C, which lies in between the values 
obtained individually for the Pt and the Pd composite materials. Even though, the two metals 

100 nm 
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catalysed the polymer oxidation, their low loadings were not enough to achieve a complete 
template removal at 450 °C (as observed in Chapter III with Pt at 0.7 wt.%), leading to only 
88.3 wt. % of polymer removed in this case. So a heat treatment in air at 650 °C was still 
required for a 99.4 wt. % template removal. 

 

Figure 109. Differential scanning calorimetric (red line) and thermogravimetric analyses (blue 
line) in air at a heating rate of 10 °C/min SiO2 with 0.3 wt.% Pt and 0.2 wt.% Pd/polystyrene 

template. 

 

After polymer removal upon calcination at 650 °C, a H2-TPR profile was recorded. Surprisingly, 
no evident reductions peaks were observed probably due to the low metal content (Figure 110). 
However, the XPS analyses confirmed that after calcination, the main oxidation states were 
Pt(II) and Pd(II). So a reduction treatment under hydrogen flow at 300 °C was carried out, as in 
the previous case. After such treatment, the oxidation number of the two elements was mainly 
equal to zero (Figure 111).  

 

 

Figure 110. H2-TPR profiles of: 0.3 wt.% Pt and 0.2 wt.% Pd/SiO2 calcined at 650 °C (green, 
top) and SiO2 (blue, bottom). 
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In summary, it was possible to prepare a 0.3 wt. % Pt - 0.2 wt. % Pd/polystyrene latex template 
by sonochemical reduction of Na2PtCl4 and Na2PdCl4 at 205 kHz under 10 vol. % CO/Ar at 
20 °C. Such template was successfully used in the preparation of a hierarchically porous  
Pt-Pd/SiO2 material with bimetallic Pt-Pd nanoparticles of 3.8 ± 1.4 nm. Such nanoparticles 
were mainly composed of Pt (II) and Pd(II) species after the template removal by calcination at  
650 °C, but they were reduced to Pt(0) and Pd(0) under hydrogen at 300 °C. 

 

  





V. PALLADIUM-BASED CATALYSTS PREPARATION 
 

231 
 

V.3.3.2- Catalyst preparation and characterisation 

The Pd-CeO2 hybrid latex was used as template for the preparation of a hierarchically porous 
silica material using a modified version of the two-step acid-base catalysed sol-gel synthesis 
used for styrene homopolymer templates, as described in the experimental section. Such 
modification was required because the stability of this hybrid latex was not guaranteed at pH 2, 
since no surfactant was used in this formulation and the polymer beads were only stabilised by 
carboxylic functional groups (pKa ~ 5) from the macro-RAF agent and sulphate functional 
groups (pKa ~ 2) derived from the initiators. So a pre-hydrolysis of the silica precursor was 
required before the latex addition. 

After calcination of the composite material at 450 °C, it was possible to observe macropores 
corresponding to the empty space left by the removed template, in agreement with the desired 
morphology (Figure 116), giving good evidence that the silica matrix had embedded the latex 
template. However, TGA and DSC analyses permitted to conclude that at 450 °C, only 84 wt.% 
of the polymer was removed (Figure 117). A treatment at 650 °C was required for a complete 
polymer removal. DSC profile only had two exothermic peaks, meaning that the polymer was 
removed by catalytic oxidation due to the presence of Pd and CeO2.  

 

   
Figure 116. TEM images of 0.2 wt.% Pd-3.8 wt.% CeO2 /SiO2 calcined at 450 °C, ground 
sample. 
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Figure 117. Differential scanning calorimetric (red line) and thermogravimetric analyses (blue 

line) in air at a heating rate of 10 °C/min of silica composite material with Pd-CeO2 hybrid latex. 

 

A H2-TPR profile was recorded for the sample calcined at 650 °C. Four features can be 
observed in Figure 118. A small peak around 50 °C corresponding to Pd reduction, as 
previously observed in Figure 104. Another peak between 170 °C and 270 °C, which can be 
attributed to the reduction of PdOy-CeO2-x species [31], since it has been demonstrated that 
transition metals (e.g. Pt or Pd) can lower the reduction temperature of metal oxides via 
hydrogen spillover [32]. A third peak centred at 450 °C can be attributed to the reaction between 
hydrogen and the ceria that was not in direct contact with Pd species [31]. Finally, the large 
peak centred at 650 °C can be attributed to signal in the thermal conductivity detector (TDC) 
originated by residues of the template left on the silica after calcination at 650 °C or by-products 
of further condensation reactions within the silica support. A similar profile could be observed 
on the silica sample prepared with non-decorate polystyrene template (blue curve in Figure 118). 

 

 

Figure 118. H2-TPR profiles of 0.2 wt.% Pd-3.8 wt.% CeO2 /SiO2 (red, top) and Pd-free 
templated SiO2 (blue, bottom), both calcined at 650 °C. 
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it was possible to quantify Pd and Ce on several nanoparticles, having Pd/Ce atomic ratios close 
to the expected 7% (Figure 122).  

 
Figure 121. EDX spectrum, Ce and Pd mapping and ADF image of 0.2 wt.% Pd-3.8 wt.% CeO2 

/SiO2 calcined at 650 °C and reduced at 300 °C. 

 

 

 
 

Figure 122. EDX mapping for Ce, Pd and O, and ADF images of 0.2 wt.% Pd-3.8 wt.% CeO2 
/SiO2 calcined at 650 °C and reduced at 300 °C. 
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The material texture was characterised by nitrogen physisorption. Figure 125 shows the 
isotherms for the 0.2 wt.% Pd-3.8 wt.% CeO2/SiO2 calcined at 650 °C and reduced at 300 °C. 
The hysteresis profile confirms the interconnected macro-mesoporous network. The specific 
surface area was 735 m2/g and the total pore volume was 0.82 cm3/g. These values are larger 
than those previously presented for the other here-in-prepared materials, which might be due to 
the modification of the sol-gel method used for this material preparation (acid step in the 
absence of the latex template, which was added with the base in the second step). However, as 
in the previous Pd-based materials, the mesopores size distribution was observed to be up to ca. 
5 nm. 

 

 
Figure 125. Nitrogen adsorption-desorption isotherms of the calcined and reduced 0.2 wt.% Pd- 

3.8 wt.% CeO2 /SiO2 catalyst. Mesopore size distribution is shown in the inset. 

 

Wrapping up, the Pd sonochemical reduction at 205 kHz under 10 vol. % CO/Ar at 20 °C 
permitted to decorate a CeO2-containing hybrid latex. Such template was successfully used in 
the preparation of a hierarchically porous Pd-CeO2/SiO2 material in which the Pd was 
selectively located on the CeO2 nanoparticles. The Pd-CeO2 particles exhibited a strong 
interaction that led to the formation of PdOy-CeO2-x species observed by H2-TPR and XPS. 
These Pd-CeO2 nanoparticles exhibited an average particle size of 4.8 ± 0.9 nm. 
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A H2-TPR analysis was carried out in the calcined material in order to evaluate the reduction 
temperature required to obtain metallic Pd species. Figure 129 shows the profile comparison of 
the Pd-containing silica with a Pd-free silica material. As expected, the silica does not show any 
reduction peak in the evaluated temperature range. However, the 0.2 wt. % Pd/SiO2 prepared 
from the Pd-containing hybrid latex by mimiemulsion polymerisation exhibited a reduction 
peak centred at 75 °C, which is about 20 °C higher than the homologous material prepared using 
sonochemical decoration. Such difference could be due to a slightly stronger Pd-support 
interaction in this case. 

 

 

Figure 129. H2-TPR profiles of 0.2 wt. % Pd/SiO2 (violet, top) and Pd-free templated SiO2 (blue, 
bottom), both calcined at 650 °C. 

 

XPS analyses were carried out after each preparation step. The corresponding spectra are 
presented in Figure 130. The Pd3d core level spectrum for the hybrid latex after miniemulsion 
polymerisation shows a broad peak for Pd (Figure 130.a.), which was highly noisy due to the 
low Pd loading. The Pd3d5/2 maximum was found at 338.6 eV, which does not correspond to 
pure Pd(acac)2, whose Pd3d5/2 signal has been reported to be at 336.4 eV [35]. This result 
suggests a close interaction of the Pd complex with the polystyrene formed in-situ. For instance, 
Pd(acac)2 on active carbon cloth has exhibited binding energies around 338.4 eV upon 
impregnation, and such signal has been attributed to Pd(IV) species formed upon dissolution 
with ionic liquids [36]. After calcination at 650 °C, the Pd was mainly in the form of PdO 
(Figure 130.b.). After a hydrogen treatment at 300 °C, the Pd species got reduced to form 
mainly metallic Pd (Figure 130.c.). 
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In conclusion, it was possible to prepare a 0.2 wt. % Pd/polystyrene latex template by 
miniemulsion polymerisation. Such template was successfully used in the preparation of 
hierarchically porous 0.2 wt. % Pd/SiO2 material. Despite of having 3-times lower Pd loading, it 
exhibited just slightly smaller Pd nanoparticles (12.0 ± 2.7 nm) than 0.7 wt.% Pd/SiO2 prepared 
via a sonochemically decorated template (16.2 ± 4.6 nm). After the template removal by 
calcination at 650 °C, the Pd nanoparticles were mainly composed of and Pd(II), which were 
reduced to Pd(0) under hydrogen at 300 °C. 
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 Conclusion V.4-

Four hierarchically porous materials were successfully prepared having different functionalities 
and exploring the versatility of the synthesis methodology proposed in this work. Their main 
characteristics are summarised in Table 21. 

Table 21. Summary of the main characteristics of the prepared materials 

Pd/SiO2  Pt-Pd/SiO2 Pd-CeO2/SiO2 
Pd/SiO2 

(miniemulsion 
approach) 

Total surface area (m2/g) 425 581 735 711 

Total pore volume (cm3/g) 0.47 0.64 0.82 0.93 

Total porosity (%) 51 58 64 67 

Active species Pd Bimetallic Pt-Pd Pd/CeO2
 b Pd 

Loading 0.7 wt.% Pd 0.3 wt.% Pt  
0.2 wt.% Pd 

0.2 wt.% Pd 
3.8 wt.% CeO2 

0.2 wt.% Pd 

Metal particle size  
on template (nm) a 

6.7 ± 2.7 nm  
(Đ =1.59) 

3.6 ± 1.3 nm  
(Đ =1.39) N.A. b N.A. c 

Metal particle size  
in final material (nm) a 

16.2 ± 4.6 nm  
(Đ = 1.23) 

3.8 ± 1.4 nm  
(Đ =1.54) N.A. b 12.0 ± 2.7 nm 

(Đ = 1.13) 
a Number-average diameter (dispersity (Đ = Dw/Dn) was calculated as the ratio of the weight-average 
diameter (Dw) over the number-average diameter (Dn)). 
b Pd was finely dispersed on the CeO2 nanoparticles, so it was not possible to measure the Pd particle size. 
c The Pd precursor was mixed with the polymer beads. 
 

In a first place, it was possible to demonstrate the preparation of hierarchically porous Pd-based 
catalysts by sol-gel method using a template of sonochemically decorated polystyrene latex 
(previously prepared by emulsion polymerisation). It permitted to demonstrate the feasibility of 
Pd sonochemical decoration, which was previously used in the preparation of Pt-based catalysts. 
Nevertheless, unlike in the case of Pt, the reduction atmosphere had an important impact on the 
successful latex decoration. Compared to pure Ar, the mixture 10 vol.% CO/Ar favoured the 
polymer homogeneous decoration with Pd nanoparticles, which were small enough to be 
stabilised at the surface of the polymer beads. Regarding sintering, an important increase of 
particle size was observed for these Pd nanoparticles, in comparison with the Pt-based materials. 
The Pt particle size previously obtained on the template was ca. 2.2 nm, which sintered to 4.6 
nm or 6.5 nm when calcined at 450 °C or 650 °C, respectively. On the other hand, the 
synthesised Pd particles were of 6.7 nm, which reached 16.2 nm after calcination at 650 °C. 
Another important point to note is that macroscopic settlement of the Pd-decorated latex at  
1 wt.% metal/polymer was an indication of the challenge to work with high Pd contents. Such a 
settlement was not observed in the case with Pt-decorated latexes. 

The second approach demonstrated the versatility of the sonochemical latex decoration to 
prepare Pt-Pd bimetallic nanoparticles by a subsequent functionalisation of the polystyrene 
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beads. The bimetallic composition was successfully demonstrated by EDX mappings at high 
resolution. Additionally, the particles demonstrated a high thermal stability with a very limited 
sintering after calcination at 650 °C, going from an average particle diameter of Dn = 3.6 ± 1.3 
nm after sonochemical preparation to Dn = 3.8 ± 1.4 nm, after calcination. Such nanoparticles 
were homogenously distributed on a hierarchically porous silica support. 

The third material permitted to demonstrate the versatility of latex synthesis and its powerful 
coupling with sonochemical reduction to prepare Pd-CeO2 nanoparticles. A CeO2-containing 
hybrid latex was first prepared by emulsion polymerisation. Then, after Pd decoration by 
sonochemical means, the latex was used as template to prepare a hierarchically porous silica-
supported catalyst. Even though, the sol-gel method was slightly modified since this hybrid 
latex was not stable at pH=2, a hierarchically porous support was successfully prepared by 
including a silica precursor pre-hydrolysis step. This was evidence of the versatility of the sol-
gel method to work with latex templates that exhibit different colloidal behaviours. After the 
template removal by calcination, it was possible to observe a close interaction between Pd-CeO2 
on the EDX mappings, which led to the formation of stable PdOy-CeO2-x species, as observed by 
XPS. 

A last approach permitted to demonstrate the possibility to prepare hybrid Pd/polystyrene latex 
template via miniemulsion polymerisation. This approach permitted to omit the sonochemical 
decoration in the preparation of monometallic Pd nanoparticles. However, this method gives 
very limited control on the nanoparticles synthesis: particle size, formation of bimetallic 
interactions, metal dispersion on the latex, etc. 

These results permit to conclude that it is possible to prepare Pd-based catalysts by the 
combination of latex synthesis, sonochemistry and sol-gel method. The versatility of such 
preparation technique led to the successful preparation of hierarchically porous silica-supported 
catalysts with monometallic Pd, bimetallic Pt-Pd and mixed metallic-metal oxide Pd-CeO2 
functionalities. It is important to note that all the evaluated approaches were waterborne, 
contributing to a sustainable catalyst preparation. 

The next chapter will be focused on the catalytic performances of these Pd-based materials for 
the direct synthesis of hydrogen peroxide from oxygen and hydrogen. 
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 Introduction VI.1-

Hydrogen peroxide (H2O2) is an important commodity compound with a forecasted global 
market of 4.67 million metric tons by 2017 [1]. It can be used in a very broad spectrum of 
applications: paper and textile bleaching, wastewater treatment, chemical synthesis, 
desulphurisation, metallurgy, electronics, propulsion and food industry among others [2]. H2O2 

is considered to be a green oxidant since water is the only by-product [3]. However, it is 
currently produced by the anthraquinone process, which presents environmental challenges due 
to effluents treatment and complex use of large amounts of solvents [2,4,5]. A lot of industrial 
interest has appeared in the last few decades on the direct synthesis of H2O2 as a competitive 
alternative [2,6]. Indeed, it constitutes a real alternative for on-site, on-demand and small-scale 
hydrogen peroxide production (capacities less than 10 kt per year), avoiding additional costs 
such as transportation and storage [6–8]. The H2O2 direct synthesis by the oxidation of hydrogen 
on Pd catalysts is a greener option: cleaner and more atom-efficient, but it is challenged by the 
low selectivity or requirement of additives with most catalysts [9]. (Figure 132 presents the 
reaction pathway for the direct synthesis of hydrogen peroxide and the related side-reactions). 
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Nevertheless, this reaction is catalyst-structure sensitive [10,11], meaning that depending on the 
catalyst design, the selectivity can be optimised towards H2O2. 

 

 

Figure 132. Reaction pathway of the direct synthesis of hydrogen peroxide (in blue) and the 
related undesired reactions leading to water [12]. 

 

The H2O2 direct synthesis is also challenged by safety issues: the reaction gas mixtures only 
have small regions out of the flammable range (e.g. below 1.1 vol.% H2 or above 90.1 vol.% H2 

in air, at 21 °C and 4 bar) [13], such region become narrower when increasing pressure and 
temperature. Additionally, the solid catalyst must be in a liquid medium, otherwise dry catalyst 
could lead to explosions [6]; as a result a gas-liquid-solid system is required, which increases in 
complexity due to the three-phases mass transport phenomena. Considering these technical 
challenges, most of the efforts have focused on catalyst development in order to meet the 
several requirements needed to make of the direct synthesis of H2O2 an economically viable 
process at a large scale. Such requirements include H2O2 concentrations above 15% (aqueous) 
or 9% (alcohol), high H2 conversion (> 99%) and selectivity towards H2O2 above 20% [6]. 
However, the selectivity and productivity vary largely depending on the operation conditions 
and type of reactor, which make difficult to compare catalysts performances from the literature 
[8]. Nevertheless, common trends can be identified. For instance, selectivity values have been 
reported up to 95 % at low H2 conversion (< 10%), but at higher conversions, it drops to 
maximum selectivity values of 50-60% [6]. Such values of selectivity are often achieved with 
the help of promoters like halides that act as catalyst poisons to limit water production or acids 
that retard base-catalysed decomposition and hydrogenation of H2O2. In terms of operation 
conditions, low temperatures help limit the H2O2 decomposition, with a lower productivity as a 
drawback [14]. On the other hand, pressure has little effect on the selectivity, but improves the 
productivity by increasing the reagents concentration in the liquid phase; the drawback is the 
requirement of more expensive equipment that can stand high pressures [6] and the narrower 
safe hydrogen concentration range [13]. 

In order to have a base of comparison, a conservative performance for monometallic Pd is 

characterised by 20% selectivity and 64  𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑃𝑑 ×ℎ  productivity [6,15]. Regarding the 

productivity, it has been demonstrated on zeolite-supported metals that the best productivity is 
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achieved with Pd (284 𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑃𝑑 ×ℎ), followed by Pt (16 𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑃𝑡 ×ℎ) and Au (14 𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝐴𝑢 ×ℎ) [16]. 

However, alloys of Pd with Pt or Au have led to even better performances. For instance, Pd-Au 

catalyst has led to productivities of 298
𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑚𝑒𝑡𝑎𝑙 ×ℎ for a silica-supported catalyst [17] and 467 𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑚𝑒𝑡𝑎𝑙 ×ℎ for a zeolite-supported catalyst [18]. Considering the Pd-Pt system, the addition of  

2.5 atom.% Pt has resulted in a 2.5-fold increase of the H2O2 productivity rate, without 
significantly affecting the selectivity [19]. Additionally, it has been shown that the addition of 

0.1 wt.% Pt to a zirconia-supported Pd catalyst improved the productivity from 97
𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑚𝑒𝑡𝑎𝑙 ×ℎ 

to 122 
𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑚𝑒𝑡𝑎𝑙 ×ℎ. The same enhancement was achieved with a Pd-Au alloy, but requiring 

much more Au: 1.2 wt.% [20]. Other works have reported the use of Pd(II) and Pt(II) ions onto 

mesoporous ion-exchange resins, leading to productivities of 1070  𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑃𝑑 ×ℎ  and 1155 𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑚𝑒𝑡𝑎𝑙 ×ℎ for Pd and Pd-Pt systems[21]. Surprisingly, the Au-Pd combination has received 

much more attention from the academic community than the system Pt-Pd [6,8]. Even though, 
relevant Pt-Pd catalysts have been protected with several patents [2,22].  

Catalyst design is an important tool to improve the performance of structure-sensitive reactions 
like this one. Control of the spatial distribution of active sites within the catalyst support, metal 
dispersion related to the particle size and catalyst texture are important parameters to tailor the 
catalyst design [23]. Several novel catalyst preparation methods have been recently reported for 
improving the selectivity of the direct synthesis of H2O2, such as: functionalised silica 
nanorattles containing Au nanoparticles [24], a yolk–shell structured Pd-void-ZrO2 catalyst [25], 
a core–shell structured Pd/SiO2–Al2O3 [26], single-crystal cubic [27] or octahedron [28] 
palladium supported on silica and Au-Pd nanoparticles on silica-coated capillary microchannels 
[29]. Concerning the support texture, silica-supported catalysts have been prepared with tailored 
hierarchical porosity in the presence of self-assembling molecules or polymer templates [30–37]. 
Metal-containing hybrid latex templates have also been prepared by miniemulsion 
polymerisation [38]. 

In Chapter III, we have discussed the preparation of hierarchically porous Pt/SiO2 materials by a 
two-step acid-base catalysed sol-gel synthesis using a polystyrene latex template, where the 
polymer beads were sonochemically decorated with Pt nanoparticles. Chapter V has presented 
the versatility of such technique to prepare Pd-based catalysts, controlling the support 
hierarchical porosity and the preferential spatial location of the Pd nanoparticles within the 
macropores. Four materials were successfully prepared as schematised in Figure 133. Three of 
them were prepared using sonochemically decorated templates: monometallic Pd/SiO2, 
bimetallic Pt-Pd/SiO2 and mixed metallic-metal oxide Pd-CeO2/SiO2. The fourth one, 
monometallic Pd/SiO2 was prepared with a template prepared via miniemulsion polymerisation. 
This chapter will be focused on the catalytic performance of these materials for the direct 
synthesis of H2O2, either after calcination or after calcination and reduction post-treatment. 
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 Experimental VI.2-

VI.2.1- Materials 

Anhydrous methanol (Carlo Erba, 99.9%) and sulphuric acid (H2SO4, Sigma Aldrich, 98%) 
were used as received. Catalysts as prepared in Chapter V. 

VI.2.2- Catalytic test 

The catalysts were either used after calcination or after a post-treatment with hydrogen at  
40 mL/min and 300 °C for 2 hours in a vertical quartz tubular reactor (ex-situ reduction). The 
catalytic tests in batch were performed as previously described [39,40]. Typically, the catalysts 
were ground in a ceramic mortar to achieve a granulometry between 500 and 36 µm, with at 
least 70% between 500 and 250 µm, as measured in a set of mesh-sieves. The reactions were 
carried out at room temperature (30 °C) in a Parr 4843 stirred stainless-steel reactor coated with 
poly(tetrafluoroethylene) (PTFE) (capacity 300 mL, Figure 134.a.), which was equipped with 2 
PTFE baffles and a PTFE gas entrainment impeller attached to a hollow PTFE stirring shaft to 
optimise gas-liquid mixing (Figure 134.b.). The reactor was loaded with 330 mg of catalyst with 
loading 0.2 wt.% Pd (or 60 mg when the loading was 0.7 wt.% Pd), 125 mL of methanol and 
125 µL of H2SO4 to stabilise the produced H2O2. The reactor was purged with CO2 for 15 
minutes and with the reaction gas mixture (H2/O2/CO2 = 9/63/28 vol.) for another 15 minutes. 
Then, the reactor was pressurised to 20 bars with the reaction mixture. The reaction began when 
stirring at 1300 rpm was started. The semibatch test was carried out in the same set-up with  
60 mg of 0.2 wt.% Pd-3.8 wt.% CeO2 /SiO2 (granulometry between 250 and 36 µm), 125 mL of 
methanol and 125 µL of H2SO4. The reactor was purged with CO2 for 15 minutes and with the 
reaction gas mixture (H2/O2/CO2 = 9/63/28 vol.) for another 15 minutes. Then, the reactor was 
pressurised to 20 bars with the reaction mixture and subsequently, the outlet was carefully 
regulated to keep constant pressure. The total gas flow was ca. 420 N mL/min. The reaction 
began when stirring at 1300 rpm was started. All reactions proceeded for 3 hours with 2 mL-
samples withdrawn periodically. Products concentration was monitored by potentiometric 
methods: H2O in a Metrohm 831 KF Coulometer, and H2O2 in a Metrohm 794 Basic Trino. 

After reaction, the catalysts were recovered by filtration through a cellulose filter paper, rinsed 
with methanol and dried at 50 °C overnight. A recycling catalytic test was performed as 
described above for batch reactions, using 250 mg of the recovered  
0.2 wt.% Pd-3.8 wt.% CeO2 /SiO2 (initially used in a batch test). 
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 Results VI.3-

The catalysts were tested in the direct synthesis of H2O2 from oxygen and hydrogen. 

Productivity ( 𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑃𝑑 ×ℎ) and selectivity ( 𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝐻2𝑂2+𝑚𝑜𝑙 𝐻2𝑂) were calculated from the 

concentration monitoring data in order to investigate the catalytic performance of such 
materials. Structural and chemical stability were also evaluated.  

 

VI.3.1- Hierarchically porous 0.7 wt. % Pd/SiO2 catalyst via sol-gel 

synthesis with sonochemically decorated latex template 

Two catalysts were derived from this material: directly after calcination, and after calcination 
and reduction treatment at 300 °C under hydrogen flow. All of them were tested in the direct 
synthesis of H2O2.  

 

VI.3.1.1- Microstructure stability 

Considering that the hydrogen treatment carried out to the catalyst after calcination was at  
300 °C, which is 350 °C below the calcination temperature (650 °C), it is assumed that during 
such treatment, no significant structural modifications take place. Such an assumption is 
supported by the H2-TPR profiles discussed in Chapter V that are evidence of no hydrogen 
consumption by the silica matrix below 350 °C. Consequently, only one of the samples will be 
discussed below in terms of stability under the reaction conditions. Figure 135 presents the 
nitrogen physisorption isotherms and Table 22 summarises the textural characteristic of the 
catalyst after calcination and reduction, both fresh and used.  

 

The calcined and reduced catalyst exhibited a specific surface area of 425 m2/g and a total pore 
volume of 0.47 cm3/g. However, these values are below the expected characteristic observed on 
the silica matrix previously prepared under the same conditions: 615 m2/g surface area and  
0.74 cm3/g total pore volume (Chapter III), and as discussed in Chapter V, this can be due to 
non-reduced Pd species (observed by XPS) that could interact with TEOS or with the ethanol 
produced in-situ during the sol-gel process. In addition, the textural characteristics degraded 
significantly after the catalytic test of direct synthesis of H2O2, as shown in Table 22. This 
means that the structure was not enough consolidated to stand the pressure (20 bars) used in the 
catalytic test. Such a condition led to densification of the catalyst, as observed by a decrease of 
total porosity from 51% to 43%. So there is still an opportunity for improving the structural 
stability of this material. 
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Figure 135. Nitrogen adsorption-desorption isotherms of calcined and reduced 0.7 wt.% Pd/SiO2 
catalyst. Mesopore size distributions are shown in the insets. Blue lines for fresh catalysts 

(▬●▬) and red lines for used catalysts (▬●▬). 

 

Table 22. Textural characterisation from nitrogen physisorption analyses of 0.7 wt.% Pd/ SiO2 
(calcined & reduced). 
 

Fresh Used 

Total surface area (m2/g) 425 339 

Total pore volume (cm3/g) 0.47 0.34 

Total porosity (%) 51 43 

 

VI.3.1.2- Oxidation state and chemical environment of Pd by 

XPS characterisation 

Figure 136 presents the XPS spectra of both catalysts, either fresh or after reaction. The Pd3d5/2 

binding energies expected for Pd, PdO, and PdO2 are 335.1, 336.7 and 338.6 eV, respectively 
[4,39,41–44].  

 







VI. PALLADIUM-BASED CATALYSTS PERFORMANCE IN THE DIRECT SYNTHESIS OF HYDROGEN 
PEROXIDE 

 

260 
 

Generally, the productivity of H2O2 is expected to be higher with Pd(0) than with Pd(II), as 
observed here, but not necessarily more selective [46]. It has been reported that highly oxidised 
Pd catalysts are detrimental for the selectivity [11], as observed at the beginning of the reaction 
with the calcined catalysts (Figure 137.c). However, passivated surface Pd species with oxygen 
have shown to be better than non-passivated, exhibiting higher activities and selectivity values 
around 40 % [47]. Indeed, the ratio Pd(0)/Pd(II) has been reported to play an important role in 
the selectivity, being favoured with Pd(II) species at the surface [46]. Congruently, the calcined 
and reduced catalyst exhibited the best overall performance with the highest productivity. 
However, no statistically significant difference of selectivity at the end of the reaction was 
observed between the calcined and the reduced catalysts. It is then recommended to carry out 
semi-continuous and continuous tests in order to evaluate the selectivity in a longer run. 

Additionally, it is important to note that the oxidation state of the reduced Pd nanoparticles was 
stable after reaction evidencing a good chemical stability. Conversely, the catalyst texture 
stability needs to be improved. 

 

VI.3.1.4- Hydrogen consumption: limiting reagent 

As an example, let’s consider the concentration of products at 180 min achieved with 0.7 wt.% 
Pd/SiO2 calcined and reduced: [𝐻2𝑂2] = 0.112 𝑀 [𝐻2𝑂] = 0.117 𝑀 

 

At that time, the final volume of solvent could be approximated to 100 mL (after sampling). So 
the number of moles of H2 consumed in H2O2 would be: 

𝑛𝐻2 = 0.112 𝑚𝑜𝑙𝐿 × 0.100 𝐿 = 0.0112 𝑚𝑜𝑙 𝐻2 

 

And the number of moles of H2 consumed in H2O would be: 

𝑛𝐻2 = 0.117 𝑚𝑜𝑙𝐿 × 0.100 𝐿 = 0.0117 𝑚𝑜𝑙 𝐻2 

 

So the total number of moles of H2 consumed would be: 0.0112 𝑚𝑜𝑙 𝐻2 + 0.0160 𝑚𝑜𝑙 𝐻2 = 𝟎. 𝟎𝟐𝟐𝟗 𝒎𝒐𝒍 𝑯𝟐 
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An estimation of the initial number of moles of H2 can be calculated by: 

𝑛𝐻2 = 𝑃𝐻2𝑉𝐻2𝑅𝑇  

 

The volume of gas is given by the volume of the reactor (ca. 300 mL) and the partial pressure of 
hydrogen is calculated from the initial pressure and the molar fraction: 𝑃𝑇𝑜𝑡𝑎𝑙,𝑖 = 22 𝑏𝑎𝑟 = 21.71 𝑎𝑡𝑚 𝑦𝐻2,𝑖 = 0.09 𝑃𝐻2,𝑖 = 𝑃𝑇𝑜𝑡𝑎𝑙,𝑖 × 𝑦𝐻2,𝑖 = 21.71 𝑎𝑡𝑚 × 0.09 = 1.9539 𝑎𝑡𝑚 

 

So the initial number of moles of H2 in the system would be: 

𝑛𝐻2,𝑖 = 1.9539 𝑎𝑡𝑚 × 0.300 𝐿0.082 𝑎𝑡𝑚 𝐿𝑚𝑜𝑙 𝐾 × 303.15 𝐾 = 𝟎. 𝟎𝟐𝟑𝟔 𝒎𝒐𝒍 𝑯𝟐 

 

Since the estimation of the initial number of moles of H2 (0.0236 mol) is very close to the total 
number of moles of H2 consumed (0.0229 mol), it can be assumed that, in this case, most of the 
initial amount of hydrogen has been consumed at 180 min. It can be evidenced by a very low 
productivity at 180 min, in Figure 137.d. In the following catalytic test, it will be observed that 
most of the concentration profiles achieve a plateau at values close to 100 mM due to total 
conversion of hydrogen (the limiting reagent). 
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VI.3.2- Hierarchically porous Pt-Pd/SiO2 catalyst by a combination of 

latex synthesis, sonochemistry and sol-gel process 

It is known that bimetallic nanoparticles can exhibit unique catalytic behaviour [48]. 
Particularly, the system Pt-Pd has demonstrated to be more performant than monometallic Pd in 
the direct synthesis of hydrogen peroxide [49]. This motivated the evaluation of this material 
containing bimetallic Pt-Pd nanoparticles, both after calcination and after calcination and 
reduction. The textural and chemical stability was also considered. 

VI.3.2.1- Microstructure stability 

Figure 138 presents the nitrogen physisorption isotherms of the reduced and calcined catalyst 
both before and after reaction. It can be seen that the isotherms are very similar, as well as the 
mesopore size distributions shown in the inset.  

  

Figure 138. Nitrogen adsorption-desorption isotherms of the calcined and reduced 0.3 wt.% Pt - 
0.2 wt.% Pd/SiO2 catalyst. Mesopore size distributions are shown in the insets. Blue lines for 

the fresh catalyst (▬●▬) and red lines for the used catalyst (▬●▬). 

 

Table 23. Textural characterisation of the calcined and reduced 0.3 wt.% Pt - 0.2 wt.% Pd/SiO2 
catalyst, before and after reaction.  

Fresh Used 

Total surface area (m2/g) 581 614 

Total pore volume (cm3/g) 0.64 0.60 

Total porosity (%) 58 57 
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due to the activity of the metallic nanoparticles in the hydrogenation of H2O2 in the presence of 
adsorbed H2 [46], consuming the desired product and leading to water. This effect can be 
observed on the H2O2 concentration curve for this catalyst, where there is a maximum at 40 min 
(82 mM) and then it decreases continuously, while the water concentration increases. 

The Pt effect on the H2O2 productivity has been proposed to be due to the modification of the Pd 
electronic structure that leads to the stabilisation of adsorbed dioxygen and intermediates 
species such as OOH• and OH• radicals. However an excess of Pt could destabilise the OOH• 

radicals and decompose H2O2, decreasing the selectivity (the optimal atomic ratio has been 
found to be Pd/Pt = 16/1) [49]. This explains why a selectivity of 19 ± 1 % obtained with 
reduced Pt-Pd/SiO2 (atomic ratio Pd/Pt = 10/9) was significantly lower than 49 ± 3 % obtained 
with reduced 0.7 wt. % Pd/SiO2 (Section VI.3.1.3-Catalytic performance).  

 

Consequently, it seems that an optimisation of Pt/Pd ratio would significantly improve the 
overall performance of this material. Moreover, the hierarchically porous  
0.3 wt. % Pt - 0.2 wt. % Pd/SiO2 catalyst exhibited chemical and structural stability at the 
reactions conditions. Although the selectivity towards H2O2 of the calcined and reduced catalyst 
was rather limited (19 ± 1 %), the non-reduced catalyst exhibited a good performance with a 

high productivity (24000 
𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑚𝑒𝑡𝑎𝑙 ×ℎ) and a stable selectivity (40 ± 1 %), already performing 

better than 0.7 wt.% Pd/SiO2 described in the previous section (3460 
𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑃𝑑 ×ℎ ). Such 

performance could be explained by the presence of stable Pd(II) species as observed by XPS. 
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VI.3.3- Hierarchically porous Pd-CeO2/SiO2 catalyst by combination of 

latex synthesis, sonochemistry and sol-gel process 

There is an interest to use hybrid latex containing inorganic nanoparticles such as cerium oxide 
[51]. For instance, in catalytic applications, a porous material synthesised with hybrid latex 
exhibited an important synergistic effect between platinum and cerium oxide: cerium oxide on 
its own has an oxygen storage capacity of 101 µmol O/g, but when it contains 1 % of platinum, 
the oxygen storage capacity increases to 505 µmol O/g [52]. The uses of cerium oxide in 
catalysis are diverse since it can be used in reactions catalysed on acid-base sites like 
dehydration and ketonisation, in reactions catalysed by redox centres like reduction and 
oxidation of organic compounds and in reactions catalysed by both like addition, substitution, 
isomerization and ring opening. The properties of the catalyst can be modulated by the 
composition of cerium-based mixed oxides [53].  

In this particular work, a catalyst with mixed metallic-metal oxide Pd-CeO2/SiO2 was evaluated 
in the direct synthesis of hydrogen peroxide. It was tested after calcination and after calcination 
and reduction. The chemical and texture stability were evaluated, as well as the performance in 
batch and semi-batch operation conditions. 

VI.3.3.1- Microstructure stability 

The catalyst texture was characterised by nitrogen physisorption. Figure 141 shows the nitrogen 
isotherms for the 0.2 wt.% Pd-3.8 wt.% CeO2 /SiO2 calcined at 650 °C and reduced at 300 °C: 
before reaction, after reaction and after a recycle. In Table 24, it can be observed that the 
catalyst texture slightly degraded after the first reaction: surface area went from 735 ± 44 m2/g 
to 654 ± 39 m2/g and the structure became denser losing 6% of total porosity. However, the 
textural characteristics of the catalyst after the first reaction and after a recycle were very similar. 
This means that the initial catalyst texture was not stable at the reaction conditions, but during 
the first reaction, it adopted textural characteristics that remained stable for another catalyst 
reuse. The surface area and total pore volume after recycling were in agreement with the 
textural characteristics obtained in hierarchically porous Pt/SiO2, discussed in Chapter III (632 ± 
38 m2/g and 0.64 ± 0.04 cm3/g, for catalyst 0.3cal450-205kHz). 

 

Table 24. Textural characterisation of 0.2 wt.% Pd-3.8 wt.% CeO2 /SiO2, calcined and reduced. 

 
Fresh Used once Recycled 

(used twice) 
Total surface area (m2/g) 735 654 635 

Total pore volume (cm3/g) 0.82 0.63 0.64 

Total porosity (%) 64% 58% 58% 
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Figure 141. Nitrogen adsorption-desorption isotherms of the calcined and reduced  
0.2 wt.% Pd-3.8 wt.% CeO2 /SiO2 catalyst. Mesopore size distributions are shown in the insets. 
Blue lines for the fresh catalyst (▬●▬), red lines for the used catalyst (▬●▬) and green for 

the recycled catalyst (▬●▬). 

VI.3.3.2- Oxidation state and chemical environment of Pd and 

Ce by XPS characterisation 

The Pd3d5/2 binding energies expected for Pd and PdO are 335.1 and 337.9 eV, respectively 
[4,39,41–44]. After calcination at 650 °C, it is expected to observe a component around 338 eV, 
related to the interaction between Pd and CeO2, corresponding to PdxCe1-xO2-x-δ 3d5/2 [54]. This is 
the main component on the spectrum corresponding to the calcined catalyst (Figure 142.a.), 
which remains the same after reaction (Figure 142.b.). This means that the oxidation state of the 
Pd does not change significantly at the reaction conditions. On the other hand, after a hydrogen 
treatment at 300 °C, there was certainly a new component between Pd and PdO binding 
energies. It is due to the Pd-support interaction that allows the formation of species with 
intermediate oxidation state in the presence of hydrogen [55]. It has been attributed to oxidised 
palladium clusters of the type PdOx/Pd–O–Ce with a binding energy around 336 eV [54]. These 
species were also stable during the reaction in batch, as observed by comparing the spectra 
before (Figure 142.c) and after reaction (Figure 142.d.). However, in semi-batch operation, the 
PdO component was more pronounced (Figure 142.e.), probably due to the continuous flow of 
oxygen in excess that favoured the presence of oxidised Pd. 

Regarding Ce, the binding energies expected for Ce(IV)3d3/2 and Ce(IV)3d5/2 are 916.9 and 
898.3 eV, respectively. For Ce(III)3d3/2 and Ce(III)3d5/2, they are 901.2 and 882.6 eV, 
respectively [56]. However, the Ce spectrum presents other components, as evidenced on the 
least-squares fittings of a CeO2 tablet published by Vercaemst et al. (Figure 143) [57]. It 
includes satellite lines due to the unpaired 4f electron in Ce(III): SU1, SU2 and SD at 904, 907, 
and 900 eV on the Ce(III)d3/2 and at 886, 889, and 881 eV on the Ce(III)3d5/2, respectively[56]. 
SU and SD stand for ‘shake-up’ (photoelectron energy loss) and ‘shake-down’ (photoelectron 
energy gain), respectively. Plasmon peaks (hatched components) and one Auger electron peak 
(A) can also be observed in Figure 143. 
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By comparison of the Ce spectra in Figure 142, it can be seen that Ce(IV) and Ce(III) are 
present in all samples. Additionally, there is not an evident difference between the calcined 
fresh catalyst (Figure 142.a.) and the reduced fresh one (Figure 142.c.). However, used catalysts 
in batch presented bigger signals corresponding to the Ce(III) satellite components, and 
especially, in Figure 142.d., it can be seen that the peaks corresponding to Ce(IV) are smaller 
compare to the other spectra. This means that a partial reduction of ceria occurs in batch 
condition. On the other hand, in semi-batch operation, the Ce(III) satellite components were less 
intense than in the batch operation, and the overall spectrum was closer to the one of fresh 
catalyst. This means that the oxidation state of ceria was stable while operating in semi-batch. 

Wrapping-up, in batch conditions, Pd oxidation state did not change after reaction. However, Ce 
was slightly reduced. On the other hand, after reaction in semi-batch, the PdO component 
became more important (compared to the other oxidised species), and the Ce(III) signals were 
less intense than in batch. In order to understand these differences, it is important to consider 
that in batch condition, the total pressure decreased over time, due to sampling and gas 
consumption in the reaction. Additionally, the gases partial pressures were not constant since 
oxygen and hydrogen were consumed over time. On the other hand, in semi-batch operation, the 
total pressure and gases molar fractions were constant during the whole reaction time. As a 
consequence, the concentration of gaseous species was higher in semi-batch condition than in 
batch (except at the very beginning of the reaction). This concentration difference, notably for 
CO2, could explain an possible reoxidation of some Ce(III) species produced during the reaction 
[58]. Regarding the Pd oxidation state after semi-batch reaction, it is difficult to tell if an 
oxidation or a reduction took place in semi-batch condition given the low Pd loading to obtain 
reliable deconvolution results. However, what is certain is that the PdO component increased in 
comparison to the mixed oxidation states related to Pd-CeO2-x interactions. On the whole, it 
could be concluded from this part that a mixture of Ce and Pd oxidation states were constantly 
present either after reaction in batch or in semi-batch operation, related to a certain chemical 
stability of the active species. 

VI.3.3.3- Catalytic performance 

A series of reactions were carried out to evaluate this material under different conditions. The 
catalyst was tested after template removal by calcination, and after calcination and reduction. 
Comparing these two materials (Figure 144), their performance was markedly different in the 
direct synthesis of H2O2. The only-calcined catalyst exhibited a very limited catalytic activity, 

with a maximum productivity of 260 
𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑃𝑑 ×ℎ after 120 minutes, compared to 3270 

𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑃𝑑 ×ℎ 

after just 10 minutes for the calcined and reduced catalyst. However, the only-calcined catalyst 
presented the highest selectivity after 3 h (68 ± 3 %), which can be attributed to a low activity in 
the H2O2 decomposition given the limited presence of metallic Pd(0) in the materials, as 
observed by XPS. 

The catalysts were recovered by filtration and dried at 50 °C overnight. 76 wt. % of the reduced 
catalyst was reused in another reaction cycle (corresponding concentration profiles in Figure 
144 were adjusted by a factor of 1/0.76=1.3 for comparison purposes). In such a test, the 

catalyst performance decreased, having a maximal productivity of 2400 
𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑃𝑑 ×ℎ at 10 minutes 
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The reduced 0.2 wt.% Pd-3.8 wt.% CeO2/SiO2 catalyst exhibited a stable selectivity towards 
H2O2 in batch and in semi-batch conditions: 53 ± 2 % to 63 ± 2 %, respectively. Furthermore, it 

exhibited a high productivity at the beginning of the reaction: 3270 
𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑃𝑑 ×ℎ and 4900 

𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑃𝑑 ×ℎ, 

for the batch and semi-batch conditions, respectively. The XPS analyses evidenced that ceria 
could stabilise oxidised palladium clusters of the type PdOx/Pd–O–Ce throughout the reaction, 
leading to a mixture of Pd oxidation states that have been reported to be useful for achieving 
higher selectivity [11]. Indeed, this Pd-CeO2/SiO2 performed better than a monometallic 

Pd/SiO2 that exhibited a selectivity of 49 ± 3 % and a maximum productivity of 3460 
𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑃𝑑 ×ℎ, 

as described in Section V.3.1-Hierarchically porous Pd/SiO2 catalyst via sol-gel synthesis with 
sonochemically decorated polystyrene latex template. 

Another advantage of using ceria is its acidic character. As mentioned in the introduction, acids 
are used to prevent the base-catalysed decomposition of H2O2. However, such additives must be 
then removed from the final product. The use of acidified supports has been reported as a 
greener option[6]. CeO2 has acidic sites that can be tailored in strength depending on the 
synthesis and the calcination temperature[60], but also the dopants can have an effect on the 
concentration and strength of such acidic sites on ceria [61]. This motivates further 
investigations on the tailoring of the Pd/CeO2/SiO2 system to enhance synergistic interactions 
for achieving higher selectivity. Additionally, the textural characteristics of the material were 
stable enough to guarantee a recyclability of the catalyst. 
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VI.3.4- Hierarchically porous 0.2 wt.% Pd/SiO2 catalyst by combination 

of miniemulsion polymerisation and sol-gel method  

As in the previous cases, the material was tested after calcination or after calcination and 
reduction, and the structural and chemical stabilities were also investigated. 

VI.3.4.1- Microstructure stability 

As observed in Figure 146, the catalyst exhibited nitrogen physisorption isotherms characteristic 
of a hierarchically-porous material, which is expected considering the two-step acid-base 
catalysed sol-gel synthesis protocol used for the preparation of this silica-supported catalyst. In 
addition, a surface area of 711 m2/g and a total pore volume of 0.93 cm3/g were obtained in the 
calcined and reduced 0.2 wt.% Pd/SiO2 fresh catalyst. Importantly, the textural characteristics 
did not change significantly after the catalytic test of direct synthesis of H2O2, as shown in  
 

Table 25, and the isotherms and mesopore size distributions were almost identical before and 
after reaction. This allows concluding that this catalyst was structurally stable at the reaction 
conditions. 

 

Figure 146. Nitrogen adsorption-desorption isotherms of the calcined and reduced  
0.2 wt.% Pd/SiO2 catalyst. Mesopore size distributions are shown in the insets. Blue lines for 

the fresh catalyst (▬●▬) and red lines for the used catalyst (▬●▬). 
 

Table 25. Textural characterisation of the calcined and reduced 0.2 wt.% Pd/SiO2 catalyst.  

Fresh Used 

Total surface area (m2/g) 711 701 

Total pore volume (cm3/g) 0.93 0.91 

Total porosity (%) 67 67 
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Table 26.  XPS estimation of Pd(II) and Pd(0) composition in fresh and used catalysts. 

Sample 

Fresh  Used 
Pd3d5/2 
binding 
energy 
(eV) 

Pd(II) 
(%) 

Pd(0) 
(%)  

Pd3d5/2 
binding 

energy (eV) 

Pd(II) 
(%) 

Pd(0) 
(%) 

 
0.2 wt.% Pd/SiO2 

calcined 
 

337.0 100 -  336.8 61 39 

0.2 wt.% Pd/SiO2 
calcined and reduced 

 
335.6 12 88  335.6 23 77 

 

 

VI.3.4.3- Catalytic performance 

In agreement with the XPS results, the catalyst used directly after calcination was reduced in-
situ. It can be evidenced on the concentration curves for H2O and H2O2, in Figure 149, where a 
smaller initial slope is observed compared to the ex-situ reduced catalyst. This indicates that the 
only-calcined catalyst was less active due to a reduction process taking place at the beginning of 
the reaction. Additionally, the ex-situ reduced catalyst showed a very high instantaneous H2O2 

productivity rate of 10390 
𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑃𝑑 ×ℎ, just after 10 minutes. The reaction was almost finished 

after 60 minutes. On the other hand, the calcined catalyst presented a more or less stable 

productivity rate of 1700 ± 500 
𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑃𝑑 ×ℎ in average between 10 and 60 minutes, taking about 

120 minutes to achieve complete hydrogen conversion. The marked H2O2 productivity peak 
observed in Figure 149 for the ex-situ reduced catalyst is due to high catalytic activity. Such a 
productivity profile relates to rapid reagents consumption, with hydrogen being the limiting 
reagent. As the hydrogen partial pressure in the medium decreased rapidly, a marked drop in the 
rate of the H2O2 productivity was observed. Similarly, the water productivity followed the same 
trend as hydrogen peroxide; so the selectivity did not exhibit any remarkable profile. This result 
could suggest that the catalyst texture equally allowed the reagents and products diffusion in and 
out of the catalysts, respectively, at the various rates that the reaction took place. 
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of -159 ± 2 
𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑃𝑑 ×ℎ for the ex-situ reduced catalyst versus -120 ± 5 

𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑃𝑑 ×ℎ for the only-

calcined one. This is in agreement with the literature regarding the role of Pd(0) in the 
hydrogenation of H2O2 in the presence of adsorbed H2 [46], which is the predominant oxidation 
state in the ex-situ reduced catalyst.  

 

The further reduced 0.2 wt.% Pd/SiO2 catalyst (ex-situ reduced catalyst) exhibited a structural 
stability of the hierarchically porous silica matrix and chemical stability with mainly Pt(0) 
oxidation state at the reaction conditions. Furthermore it had a better overall performance in the 
H2O2 direct synthesis, with a remarkably higher instantaneous productivity in the early stage of 

the batch reaction: 10390 
𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑃𝑑 ×ℎ, in comparison with the calcined catalyst (2700  

𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑃𝑑 ×ℎ). 

Nonetheless, both materials exhibited similar selectivity values: 46 ± 1 % and 46 ± 2 % at 90 
min, and 42 ± 4 % and 40 ± 1 % at 180 min, for the ex-situ reduced and the calcined catalysts, 
respectively.  
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Figure 150. Selectivity vs. Productivity (catalyst - colour correspondence is given in Table 27) 

 

It is not evident to determine which one of these was the best catalyst, since the best 
performance would imply to have high productivity at high selectivity. Figure 150 presents 
selectivity versus productivity graph with 4 quadrants. Unfortunately, the high selectivity-high 
productivity quadrant is empty.  

The best productivity of H2O2 was obtained with the reduced bimetallic Pd-Pt catalyst with 

32500 
𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑚𝑒𝑡𝑎𝑙×ℎ, unfortunately with a decreasing selectivity down to 19 ± 1 %. When non-

reduced, the bimetallic catalyst achieved a better selectivity (40 ± 1 %), but decreased in 

productivity (24000
𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑚𝑒𝑡𝑎𝑙×ℎ). On the other hand, the best selectivity was obtained with the 

Pd-CeO2/SiO2 catalyst, reaching 68 ± 3 % when only calcined. After reduction, it reached 53 ± 
2 % and 63 ± 2 %, in batch and semi-batch operation conditions, respectively. 

Without reduction pre-treatment, the Pd catalyst prepared by sonochemistry exhibited a limited 

activity up to 840 
𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑃𝑑 ×ℎ , with a selectivity of 54 ± 8 % at the end of the reaction, being 

better than with the bimetallic (40 ± 1 %) and miniemulsion (40 ± 1 %) strategies. But when 
reduced beforehand, the selectivity was not significantly different (49 ± 3 %) and the 

productivity increased to 3460
𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑃𝑑 ×ℎ. In comparison with the literature, this selectivity was 

better than the 40% obtained with 0.3 wt.% Pd/K2621 [11] or than the 42% reported for 3.6 wt.% 
Pd/SiO2 [45] under slightly similar reaction conditions. 

Something remarkable about the bimetallic Pt-Pd catalyst tested here is that the 32500 𝑚𝑜𝑙 𝐻2𝑂2𝑚𝑜𝑙 𝑚𝑒𝑡𝑎𝑙×ℎ  productivity corresponds to almost 10-fold increase compared with the catalyst  

0.7 wt.% Pd/SiO2, or 3-fold increase compared with the material 0.2 wt.% Pd/SiO2 by 
miniemulsion. This productivity enhancement is very promising considering that in the 
literature, the enhancement of adding some Pt to Pd has been reported to result in a maximum 
1.8-fold increase in productivity [49]. 
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The selectivity variation is related to the Pd oxidation state, which is influenced by the metal-
support interaction. An intermediate Pd oxidation state with mostly Pd(II) species at the surface 
improves the catalyst performance. In the materials tested with Pd alone, it was mostly present 
either as Pd(0) or Pd(II), leading to selectivity ranging from between 40 and 54 %. The 
interaction Pt-Pd after reduction favoured the metallic species, increasing the decomposition 
rate of H2O2, ultimately reducing the selectivity. In the presence of CeO2, oxidised Pd species 
were favoured both after the calcination step and after a hydrogen treatment, leading to 
PdOx/Pd–O–Ce species, which remained in the material after reaction due to the strong Pd-CeO2 
interaction. Such a peculiar Pd species in the catalyst, allowed reaching a stable selectivity up to 
63 %. Such selectivity was better than the 55% reported for a Pd/CeO2 catalyst in semi-batch 
conditions [59]. 

Regarding the chemical stability, the only-calcined monometallic Pd catalysts got partially 
reduced at the reaction conditions, which in a long run could affect the selectivity. In the other 
catalysts, the oxidation state was more or less stable at the evaluated reaction conditions.  

Regarding the texture stability, the bimetallic Pt-Pd and the monometallic Pd prepared by 
miniemulsion were very stable at the reaction conditions, keeping the almost identical textural 
characteristics after reaction. Conversely, the monometallic Pd prepared by the sonochemical 
route presented some densification during the reaction. It could be due to influence of non 
reduced species during the sol-gel synthesis, leading to a weaker structure than expected. The 
Pd-CeO2/SiO2 catalyst also presented a slight densification after the first reaction, but it was 
stable when recycled. It is important to recall that the synthesis of this material was slightly 
different to the other materials due to colloidal stability limitations of the template (sol-gel acid 
step in the absence of the latex template, which was added with the base in the second step). 
This means that such a synthesis could still be optimised to achieve a more stable material since 
the very first use.  

Concerning the application of these catalysts to larger scales, mass transport phenomena must 
be considered. In general, in the direct synthesis of hydrogen peroxide from oxygen and 
hydrogen in slurry batch reactors, there are no mass transfer limitations inside non-macroporous 
catalyst particles when they are small (under few hundred µm) [69]. So the presented materials 
with hierarchical porosity could potentially be used in bigger particles in fixed bed reactors or in 
thick coatings of Pd/SiO2 on structured catalysts such as monoliths, for a continuous operation.  

As a final remark, there is still opportunity for further development of catalysts for this reaction 
since the H2O2 direct synthesis is sensitive to the catalyst structure [11]. For instance, the Pd 
dispersion could be optimised with other loadings. Considering the outcome of this study that 
showed best productivities with the bimetallic Pt-Pd catalysts and best selectivity with the Pd-
CeO2 catalysts, it could be worth testing a catalyst Pt-Pd-CeO2/SiO2 that could take advantage 
of the productivity enhancement given by the Pt and the chemical stability provided by the ceria 
to achieve high selectivity. To my knowledge, such system has neither been reported in the 
literature nor claimed in patents. 
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VII. GENERAL CONCLUSION AND 

PERSPECTIVES 
Catalytic processes are present in about 90% of all industrial chemical transformations. 
Nevertheless, there is still a huge opportunity for improving catalysts performance in current 
processes as well as for developing new sustainable processes and products. This is why 
catalysis is one of the Green Chemistry Principles. Particularly, in 2015, heterogeneous catalysts 
were used extensively accounting for 73.6% of the global catalyst market volume due to their 
ease of handling, low price and easy market access. Such important market participation 
motivates the research on heterogeneous catalytic materials, and more specifically on supported 
metal catalysts, whose demand was 1,568.4 kilo tons in 2015 and is expected to grow in light of 
its increasing application in the organic synthesis of chemicals commodities.  

In order to provide more performant catalysts, rational design approaches should be privileged. 
However, it requires the possibility of controlling the porous architecture of the material at 
different scales (from a few nanometres up to several centimetres) and the spatial distribution of 
individual functions. Unfortunately, the routes to control the spatial distribution of individual 
functions within porous solids are limited [1]. In order to address such a challenge, this study 
provides a novel waterborne preparation method for controlling the active sites distribution 
within hierarchically meso- and macroporous catalysts. Particularly, this method permits to 
preferentially locate the active sites within the macropores, with such macropores being  
surrounded by a mesoporous matrix. 

In short, the proposed catalyst preparation consists of: first, the preparation of a polystyrene 
latex by emulsion polymerisation, followed by the latex decoration with Pt nanoparticles by 
sonochemical reduction of a water-soluble metal precursor. Subsequently, the metal-containing 
hybrid latex is used as template in the two-step acid-base catalysed sol-gel synthesis of a 
mesoporous silica matrix. This composite material is then calcined to remove the organic 
polymer template, leaving behind macropores decorated with Pt nanoparticles.  

Furthermore, the morphology of the final material can be tuned based on the synthesis 
conditions at each preparation step. Some of the parameters that were considered in this study 
are highlighted in Figure 151. 
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stability). Nevertheless, very large mesoporosity could promote the Pt nanoparticles aggregation 
as in the case of the commercial catalyst, in which the mesopores of 11-28 nm permitted the 
aggregation of initial Pt particles of 2.9 ± 1.2 nm up to 14.1 ± 9.6 nm, compared with a 
hierarchically porous catalyst with mesopores of 2-15 nm, in which the initial Pt particles of 3.9 
± 1.0 nm only aggregated up to 8.8 ± 7.8 nm. 

All the evaluated catalyst exhibited very good stability at the reaction conditions since no major 
changes of the textural characteristics were evidenced after reaction. For example, the specific 
surface area of 0.3 wt.% Pt/SiO2 with 50% of total macroporosity went from 610 ± 37 m²/g 
before reaction to 617 ± 37 m²/g after reaction. 

 

VII.1.1- Perspectives for the rational design of Pt-based silica-supported 

hierarchically porous catalysts for the selective hydrogenation p-

chloronitrobenzene to p-chloroaniline. 

As described, the modification of the catalyst morphology has an influence on the catalyst 
activity, being best when maximizing the macroporosity (50%) and when increasing the 
mesopore size range up to 2-15 nm. Additionally, the best selectivity values towards p-CAN 
were obtained with Pt nanoparticles of about 7 nm. However, further optimisation of these 
hierarchically porous materials is still possible. For instance, an optimisation of the Pt particle 
size can be carried out by only varying the Pt loading on the template and keeping constant all 
the other parameters. Furthermore, regarding the silica structure, surfactants such as 
poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) could be used 
during the sol-gel synthesis in order to obtain larger and ordered mesopores arrays [3]. Such 
design might improve the effective diffusion within the catalyst by favouring less tortuous 
diffusion paths. However, the nanoparticles retention might also be less efficient.  
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 Second case study: direct synthesis of hydrogen peroxide from VII.2-

oxygen and hydrogen with hierarchically porous silica-supported Pd-

based catalysts 

It was possible to synthesise silica-supported palladium catalysts and evaluate them for the 
direct synthesis of hydrogen peroxide from oxygen and hydrogen. Taking into account the 
versatility of the investigated catalyst preparation method, four approaches were investigated to 
obtain active nanoparticles of different nature such as monometallic Pd, bimetallic Pt-Pd and 
mixed metallic-metal oxide Pd-CeO2. The first approach was the preparation of Pd-based 
catalysts by a combination of polystyrene latex synthesis by emulsion polymerisation, 
functionalisation using sonochemistry (with Na2PdCl4 as precursor) and silica matrix synthesis 
by sol-gel method (Figure 158.a.). The second one utilised a subsequent functionalisation of the 
polystyrene beads by sonochemical reduction of Na2PtCl4 and Na2PdCl4 to create Pt-Pd 
bimetallic nanoparticles (Figure 158.b.). The third one comprised the synthesis of a hybrid latex 
template containing CeO2 nanoparticles at the surface of the polymer beads. The template was 
then functionalised with Pd by sonochemical reduction of Na2PdCl4 and subsequently, the silica 
matrix was prepared via sol-gel method (Figure 158.c.). The last approach was the preparation 
of hybrid Pd/polystyrene latex template via miniemulsion polymerisation using an organo-
soluble palladium precursor (palladium (II) acetylacetonate) (Figure 158.d.).  
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The last approach using a hybrid Pd/polystyrene latex template prepared via miniemulsion 
polymerisation permitted to omit the sonochemical decoration in the preparation of 
monometallic Pd nanoparticles. However, this method gives very limited control on the 
nanoparticles synthesis: particle size, formation of bimetallic interactions, metal dispersion on 
the latex, etc. 

Regarding the catalytic performances of these materials, the best productivity of H2O2 was 
obtained with the reduced bimetallic Pd-Pt catalyst with 32500 𝑚𝑜𝑙 𝐻2𝑂2/(𝑚𝑜𝑙 𝑚𝑒𝑡𝑎𝑙. ℎ) , 
unfortunately with a decreasing selectivity down to 19 ± 1 %. When non-reduced, the bimetallic 
catalyst achieved a better selectivity (40 ± 1 %), but decreased in productivity  
(24000𝑚𝑜𝑙 𝐻2𝑂2/(𝑚𝑜𝑙 𝑚𝑒𝑡𝑎𝑙 . ℎ)). On the other hand, the best selectivity was obtained with the 
Pd-CeO2/SiO2 catalyst, reaching 68 ± 3 % when only calcined. After reduction, it reached 53 ± 
2 % and 63 ± 2 %, in batch and semi-batch operation conditions, respectively. These selectivity 
values are better than 42 % reported elsewhere for 3.6 wt.% Pd/SiO2 under slightly similar 
conditions [4]. 

Something remarkable about the bimetallic Pt-Pd catalyst tested here is that the  
32500 𝑚𝑜𝑙 𝐻2𝑂2/(𝑚𝑜𝑙 𝑚𝑒𝑡𝑎𝑙. ℎ) productivity corresponds to almost 10-fold increase compared 
with the catalyst 0.7 wt.% Pd/SiO2, or 3-fold increase compared with the material 0.2 wt.% 
Pd/SiO2 by miniemulsion. This productivity enhancement is very promising considering that in 
the literature, the enhancement of adding some Pt to Pd has been reported to result in a 
maximum 1.8-fold increase in productivity [5]. 

Regarding the texture stability, the bimetallic Pt-Pd (specific surface area of ca. 600 m2/g) and 
the monometallic Pd prepared by miniemulsion (specific surface area of ca. 700 m2/g) were 
very stable at the reaction conditions, keeping the almost identical textural characteristics after 
reaction. Conversely, the monometallic Pd prepared by the sonochemical route presented some 
densification during the reaction (total porosity went from 51% to 43%) that could be attributed 
to influence of non-reduced Pd species during the sol-gel synthesis, leading to a weaker 
structure than expected. The Pd-CeO2/SiO2 catalyst also presented a slight densification after the 
first reaction (total porosity went from 64% to 58%), but it remained stable when recycled. This 
means that the synthesis of these two materials could still be optimised to achieve more stable 
textural characteristics since the very first use.  

 

VII.2.1- Perspectives for the rational design of Pd-based silica-supported 

hierarchically porous catalysts for the direct synthesis of 

hydrogen peroxide from oxygen and hydrogen. 

The selectivity variation is related to the Pd oxidation state, which is influenced by the metal-
support interaction. An intermediate Pd oxidation state with mostly Pd(II) species at the surface 
improves the catalyst performance. In the materials tested with Pd alone, it was mostly present 
as Pd(0) after an ex-situ reduction treatment, leading to selectivity up to 49 ± 3 % (without any 
ex-situ reduction, the selectivity could go up to 54 ± 8 %, but with a much limited catalytic 
activity). The interaction Pt-Pd after reduction favoured the metallic species (Pd(0) and Pt(0)), 
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increasing the decomposition rate of H2O2, ultimately reducing the selectivity. In the presence of 
CeO2, oxidised Pd species (PdOx/Pd–O–Ce) were favoured, both after the calcination step and 
after a hydrogen treatment, and remained in the material after reaction due to the strong Pd-
CeO2 interaction. Such a peculiar Pd species in the catalyst allowed reaching a stable selectivity 
up to 63 %. Such selectivity was better than the 55% reported for a Pd/CeO2 catalyst in semi-
batch conditions [6]. So, considering the best productivities with the bimetallic Pt-Pd catalysts 
and best selectivity with the Pd-CeO2 catalysts, it could be worth testing a catalyst Pt-Pd-
CeO2/SiO2 that could take advantage of the productivity enhancement given by the Pt and the 
chemical stability provided by the ceria to achieve high selectivity. 
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 General perspectives  VII.3-

In the first case study (the selective hydrogenation of p-chloronitrobenzene to p-chloroaniline 
with hierarchically porous Pt-based catalysts), it was possible to confirm that this catalyst 
preparation method permits to tailor the catalyst hierarchical porosity and to control the metal 
distribution throughout the material. In the second case study (the direct synthesis of hydrogen 
peroxide from oxygen and hydrogen with hierarchically porous Pd-based catalysts), it was 
possible to show that this method permits to modify the nature of the active sites by playing 
with bimetallic and metal-metal oxide interactions. Consequently, these results permit to 
confirm that the modification of the preparation conditions defines the morphology and catalytic 
performance of hierarchically porous catalysts prepared by the combination of emulsion 
polymerisation, sonochemistry and sol-gel route.  

Figure 159 summarises the type of Pt/SiO2 catalysts evaluated in this work. Particularly, the 
catalysts prepared by the combination of latex synthesis, sonochemical reduction and sol-gel 
process permitted to achieve Pt nanoparticles between 4 and 10 nm, depending on the Pt loading 
and calcination temperature. The mesopores exhibited different ranges from 2-7 nm to 2-15 nm. 
Such difference was explained by slight variations of pH and latex stability during the 
sonochemical decoration. Furthermore, the macropore size varied between 110 and 400 nm 
depending on whether the polymer beads aggregated due to slight colloidal destabilisation. In 
order to study more in detail the effect of the sonochemical decoration on the final morphology, 
it would be recommended to decorate a polystyrene latex at various sonochemical activities, 
under CO/Ar in order to limit the side reactions that could occur with the in-situ generated 
H2O2. Similar experiments under Ar would permit to study the effect of HO• radicals and in-situ 
generated H2O2 on the polymer beads surface, which could be characterised by titration of the 
surface functional groups [7–10] . 

An additional perspective for catalyst morphology would be the decoration of a silica material 
with a non-decorated latex. After drying, the material could be impregnated with a Pt precursor 
solution and then calcined at 650 °C for template removal. This might allow the selective 
decoration of the mesoporous matrix around the macropores as suggested on Figure 159.d. 

   
a. Via sonochemically 

decorated template 
 
NPs: 4 – 10 nm 
Mesopores: 2 – 15 nm 
Macropores:110–400nm 

b. Mesoporous 
commercial catalyst 

 
NPs: 3 nm 
Mesopores: 11 – 28 nm 
Macropores: N/A 

c. Via incipient wetness 
impregnation 

 
NPs: 3 – 200 nm 
Mesopores: 2 – 15 nm 
Macropores:110–170nm 

d. Via incipient 
wetness impregnation 

before calcination 
(PERSPECTIVE) 

 

 

Figure 159. Pt/SiO2 catalysts with different morphology. (In blue, the catalysts tested for the 
selective hydrogenation of p-Chloronitrobenzene to p-Chloroaniline) 
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a. Via sonochemically 

decorated template 
 
NPs: 16 nm 
Mesopores: 2 – 5 nm 
Macropores: ca. 130nm 

b. Via miniemulsion 
polymerisation 

 
NPs: 12 nm 
Mesopores: 2 – 5 nm 
Macropores: ca. 130nm 

c. Mesoporous 
commercial catalyst 
(PERSPECTIVE) 

 

d. Via incipient wetness 
impregnation 

(PERSPECTIVE) 
 

 

Figure 160. Pd/SiO2 catalysts prepared by different methods (In green, the catalysts tested for 
the direct synthesis of hydrogen peroxide from oxygen and hydrogen) 

 

Figure 160 presents the Pd/SiO2 catalysts evaluated in this work. The catalyst prepared by the 
combination of latex synthesis, sonochemical reduction and sol-gel process permitted to achieve 
Pd nanoparticles of ca. 16 nm, which was, on one hand, due to the large particle size obtained 
after Pd sonochemical reduction (7 nm) and on the other hand, due to the high calcination 
temperature required for template removal (650 °C). So a first perspective would be to prepare 
latex templates with a stronger interaction with Pd, for instance with thiol functional groups 
[11–13] and/or poly(vinylpyrrolidone) (PVP) at the surface of the polymer beads [14].. It would 
might favour a more even polymer surface decoration with smaller particles. A second 
perspective would imply the use of other polymer templates with lower degradation 
temperatures could be prepared like poly(methyl methacrylate) (PMMA), in order to limit the 
sintering of Pd nanoparticles during the calcination step at 650 °C. Indeed, it can be expected 
that the removal of a PMMA latex template could be carried out at lower temperature than in 
the case of polystyrene, since (when non included in a silica matrix) PMMA can be completely 
degraded at 215 °C [15], while polystyrene requires 425 °C [16]. A third perspective could be 
the removal of the polymer template using mild supercritical CO2 conditions (as briefly 
explored in Annex III), which in addition potentially opens the way for the recycling of the 
polymer template. 

Moreover, as in the first case study, it would be desirable to complete the study on the direct 
synthesis of hydrogen peroxide from oxygen and hydrogen by carrying out further experiments 
at the same reaction conditions in order to compare the performance of the hierarchically porous 
Pd-catalysts against a commercial Pd/SiO2 material and against a Pd catalyst prepared by 
incipient wetness impregnation using a hierarchical macro- and mesoporous silica matrix. 
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Furthermore, it could be possible to prepare a material with a certain functionality within the 
macropores and another within the mesopores (Figure 161.c). It could be done by a mixture of 
decorated latex and functionalised micelles. The latter can be prepared from triblock 
copolymers and a silica hybrid sol (where the Pt nanoparticles can be prepared, for instance, by 
microwave assisted polyol reduction) [17]. Another option for preparing functionalised micelles 
is the use of stimuli-responsive block copolymers to form PolyIon Complex (PIC) micelles. For 
instance double-hydrophilic block copolymers can exhibit a certain charge following a stimulus 
(such as a change of pH or of the ionic strength of the solution), so they can assemble with 
metal ions of the opposite charge by electrostatic complexation (e.g. Pt or Pd precursors). After 
the sol-gel synthesis, the resulting mesoporosity is ordered, containing the desired metal [18,19]. 

Regarding the synthesis of the latex template, additional perspective can be suggested. First, the 
polymer particle size can be decreased by the preparation of nanolatexes [20–22], in order to 
tailor macropores smaller than 100 nm. Such nanolatex templates could be combined with 
templates of a particle larger size in order to induce a macropore size hierarchy in the final 
material. Second, other functional groups than sulfonate or sulphate at the surface of the 
polymer beads can be used. For instance, in order to enhance the polymer-silica interaction, 
polyethylene oxide could be used to provide -OH terminations that could form Si-O bonds upon 
the sol-gel process. However, special attention must be given to the latex stability to avoid 
flocculation by hydrogen bonding in the presence of PEO [23]. Or in order to enhance the 
polymer-metal interaction, polyvinylpyrrolidone (PVP) could be used to stabilise metal 
nanoparticles at the surface of the polymer beads [14]. 

Furthermore, this study focused on hierarchically porous silica support. However, it could be 
extended to single or mixed oxide systems like TiO2, Al2O3, SiO2–TiO2 or SiO2–Al2O3 [17]. 

Regarding the operation conditions for catalyst testing, the catalytic reactions performed in this 
study were mainly performed in batch conditions, where no major mass transport limitations 
were expected. However, catalytic tests in dynamic flow conditions through a porous monolithic 
contactor would take advantage of the hierarchical porous characteristics of these materials, 
considering the higher mass transport limitations that a continuous-flow operation requires to 
overcome. For such operation conditions, this waterborne catalyst preparation method permits 
the preparation by dip-coating (during the sol-gel step before reaching the gel point) of 
monolithic pieces such as honeycomb structures or solid foams. 

In conclusion, this catalyst preparation technique by the combination of latex synthesis, 
sonochemical reduction and sol-gel process provides a very powerful and versatile toolbox for 
catalyst tailoring and catalyst optimisation. In addition, there are plenty of perspectives for 
further developing this novel method that would permit to prepare catalysts with improved 
morphologies and controlled active sites distribution. 
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Much effort has been put on the structuration of aluminophosphates, clays, hydroxides, metal 
organic frameworks and zeolites in order to improve their catalytic properties. This section aims 
to set a reference of pore sizes typically present in catalytic materials, highlighting the relevance 
of hierarchical zeolites, which constitute a well-recognised example of catalyst enhancement by 
porosity tailoring. 

 

 Aluminophosphates VIII.1-

Aluminophosphates (AlPO4-n) are catalytic materials typically with formula xR•Al2O3•1.0 ± 0.2 
P2O5•yH2O, R being the organic template. These materials are prepared by hydrothermal 
treatment with alumina, phosphoric acid and an organic template of the type amine or 
quaternary ammonium salt. Similar materials are silicoaluminophosphate (SAPO4-n), and their 
isomorphic substitution with metal ions: metal silicoaluminophosphate (MeAPSO4-n) and metal 
aluminophosphates (Me-AlPO4-n). The structure obtained in these materials is mostly 
microporous with pores ranging between 0.3 nm and 0.8 nm [1].  
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 Pillared interlayered clays VIII.2-

Pillared interlayered clays (PILCs) are another type of porous material with pore size ranging 
between 0.4 nm and 2.0 nm. PILCs are prepared from clays that are negatively charged 
aluminosilicate sheets arranged in a sandwich-like structure with cations in between that counter 
balance the charge. These parent clays are swollen and the cations are ion exchanged with 
aluminium polyoxocations like [AlO4Al12(OH)24(H2O)]7+, which, after calcination, lead to the 
formation of aluminium oxide pillars between the clay layers [1]. 

 Porous clay heterostructures VIII.3-

Porous clay heterostructures (PCHs) are clay-based materials prepared with a surfactant 
template between the sheets, leading to pores between 1.4 nm and 2.2 nm. Particularly, a 
quaternary-ammonium salt (Q+-FH) of the type [C16H33N(CH3)3]

+ was used with an neutral 
amine to swell the negatively charged clay layers. Tetraethylortosilicate (TEOS) was then 
added, which partially displaced the neutral amine. As a result, the silicate ions interacted with 
the surfactants forming rod-like micellar assemblies of Q+ and neutral amine. As a the low water 
content was measured in the solvating amine, the water concentration out of the interlayer 
spaces was also low, leading to a faster base-catalysed hydrolysis of TEOS within the interlayer 
spaces than out of them. These micelles were then surrounded by hydrated silica structures, 
which after calcination permitted the formation of the porous structure depicted in Figure 163 
[2]. 

 

Figure 163. Formation of porous clay heterostructures [2] 

 Layered double hydroxydes VIII.4-

Layered double hydroxydes (LDHs) are hydrotalcite-like compounds consisting of positively 
charged hydroxide layers with anions and water molecules in between [1]. Their structure is like 
natural mineral brucite (Mg(OH)2) with general formula [M1-x

2+ Mx
3+ (OH)2]

x+ [An-]x/n • mH2O, 
M2+ and M3+ being divalent and trivalent metal cations in the octahedral positions and An-

 being 
the interlayer exchangeable anions [3]. This kind of materials can be prepared by co-
precipitation, ion exchange, calcination-rehydration and hydrothermal method. Sodium citrate 
assisted hydrothermal method has been tried in one pot process leading to NiAl-LDH with 
hierarchical porosity, with interlayer spacing of 0.73 nm, average mesoporous size ranging 
between 10 and 31 nm decreasing with the Ni/Al ratio as measured by N2 physisorption, and 
macropores between 100 nm and 300 nm due to the macroscopic arrangement of layers as 
measured by SEM imaging [4]. An example of Ni4Al-LDH is shown in Figure 164. Recently, 
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Mg-Al and Zn-Al LDHs have been assembled with commercial sepiolite 
(Si12O30Mg8(OH,F)4(H2O)4·8H2O) leading to LDH/sepiolite materials, which can be employed 
as intermediate phase in the development of highly dispersed metal oxide catalysts supported on 
sepiolite by thermal decomposition of the LDH component [5]. 

 

 

Figure 164. Hierarchically porous Ni4Al-LDH 

 Metal organic frameworks VIII.5-

Metal organic frameworks (MOFs) are three-dimensional structures composed of inorganic and 
organic moieties self-assembled in such a way that the inorganic cationic systems act as nodes 
linked by polytopic organic linkers, as depicted in Figure 165 [6]. Examples of the inorganic 
part might be arsenates, silicates, sulphates, phosphates or phosphonates. The organic part can 
be branched carboxylic acids, amino complexes or others, which can have various lengths and 
volumes depending on their nature [1]. The great potential of MOFs over zeolites is that the 
former can be functionalised with organic moieties enabling enantioselective catalysis. 
Nevertheless, they required mild reaction conditions, since MOFs have low thermal, 
hydrothermal and chemical stability [6]. Depending on the organic moiety used on the MOF 
synthesis, the cavities or homogeneous periodic pores within the structure have been tuned 
between 0.38 nm and 2.88 nm [7]. This is the reason why MOFs have been claimed to fill the 
pore size gap between ultramicroporous (e.g. zeolites) and mesoporous materials [6]. Figure 166 
shows a comparison of the cavity size of porous MOFs and standard zeolites and 
aluminophosphates. It can be seen that this materials have pores ranging between small 
mesopores and micropores.  
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Figure 165. Self-assembly of metal–organic frameworks (centre) by combination of organic 
linkers (right) and polymetallic cluster nodes (left; top: µ4-oxo {M4O(-CO2)6} and bottom: 

paddlewheel {M2(-CO2)4}) [6–8]. 

 

Figure 166. Pore sizes comparison between MOFs (MIL-101, UMCM-1, MIL-100, JUC-48, 
MOF-5, ZIF-70, MOF-101, ZIF-8, MIL-103, HKUST-1, MOF-11), standard mesoporous 

silicate (MCM-41), zeolites (ITQ-33, VPI-5, FAU, MFI, LTA) and aluminophosphates (AlPO4-
5). Potential guests molecules size is shown on the top axis: MTBE=methyl tert-butyl ether; 

TIPB=1,3,5-triisopropylbenzene [6]. 
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microporous analogues. Such a better selectivity was due to a shorter diffusion path length that 
reduced the resident time of the product within the micropores, consequently, it limited 
successive alkylation reactions of the desired ethylbenzene to polyalkylbezenes [17]. 

VIII.6.1- Hierarchically porous zeolites  

In order to achieve hierarchically porous structures with zeolite functionalities, several 
approaches have been explored such as post-synthesis chemical treatment (hydrothermal, acidic, 
basic, desilication, dealumination, etc.) [18], recrystallization or templating [13]. Figure 168 
summarises some of the approaches that have been tried in the preparation of such 
hierarchically structured materials. 

Regarding the use of surfactants in the preparation of hierarchical zeolites, there are not many 
successful examples of the primary surfactant-assisted method starting from purely molecular 
species, notably because the mesopore-templating molecules can be expelled out form the 
zeolite framework due to low affinity with the zeolite crystals [14,19] or because large 
surfactant molecules are not thermally stable at the high crystallisation temperatures [20]. 
Nevertheless, a composite material of microporous MFI zeolite with mesoporous MCM-41 has 
been synthesised by using two templates simultaneously: C6H13(CH3)3NBr and 
C14H29(CH3)3NBr. The final structure exhibited MFI-type crystals partially embedded in 
aggregates or partially covered with thin surfaces of MCM-41[19]. Recently, a hierarchically 
porous ZSM-5 material (macropores, mesopores and micropores) was synthesized in the 
presence of n-hexyltrimethylammonium bromide (HTAB) and tetrapropylammonium hydroxide 
(TPAOH), leading to ZSM-5 samples with mesopores of diameter up to 32 nm. HTAB and 
TPAOH worked cooperatively in the assembly process: the role of TPA+ was the templating of 
micropores, while the HTA+ was the stabilisation of the zeolite nanocrystals [21]. More 
generally in this approach, tuneable organosilanes of the type 
[(CH3O)SiC3H6N(CH3)2CnH2n+1]Cl have been used as both a silica source and supramolecular 
template leading to mesopores in the range of 2-20 nm [22,23]. The other primary surfactant-
assisted method consists of crystallising the zeolite inside the surfactant assembly. This 
approach requires the preparation of microemulsions or reverse micelles. The crystallisation 
takes place then within the droplets, which at the same time, control the zeolite crystal size [13]. 
For instance, water-in-oil microemulsions have been prepared with cetyltrimethylammonium 
bromide (CTAB) as surfactant and butanol as cosurfactant, containing the silicalite-1 synthesis 
gel within the aqueous droplets. Depending on the microemulsion composition, ,the silicalite-1 
crystals morphology could be adjusted from coffin-shaped to rod-shaped or irregular-shaped 
nanoparticles [24]. 
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An example of secondary surfactant-assisted method, i.e. assembly of partly crystalline species, 
is the synthesis of FAU/MCM-41 by a successive synthesis method or by the addition of FAU 
crystals to a MCM-41 synthesis gel. In both cases, a bimodal porous material was obtained; 
unfortunately, another independent MCM-41 phase was always formed [25].  

In contrast, the use of carbon templates has been reported and reviewed several times 
[13,14,26]. It is a much promising technique in the preparation of hierarchical zeolites. The 
initial idea was to carry out the zeolite crystallisation within the porous carbonaceous matrix. 
That would prevent the crystal growing from being larger than the size of the pores. The 
hierarchically porous zeolite was obtained after carbon removal by calcination. This approach 
was successful in the preparation of MFI, BEA and ZSM-5 materials [13,27]. However, by 
slightly changing the crystallisation conditions, it is possible for the zeolite crystals to grow 
through the surrounding carbon pores in such a way that they encapsulate part of the carbon 
matrix. After calcination for carbon removal, the zeolite crystals exhibit intracrystalline 
mesopores, as depicted in Figure 169  [28]. Several materials have been prepared using this 
approach with carbon templates of different sizes and morphologies, including carbon 
nanotubes [13,26,29]. 

 

 

Figure 169. Representation of a zeolite crystal in the presence of a carbon template. 

Considering polymer templates in the preparation of hierarchical zeolites, there are not many 
examples either. Nevertheless, some polystyrene-templated materials have been reported. For 
instance, a hierarchical micro- and macroporous β-zeolite was prepared by co-deposition of 
mono-disperse polystyrene beads (diameter: ca. 1200 nm or 600 nm) and nano β-zeolites 
particles (average diameter: 70 nm) in aqueous suspension, and subsequently the polystyrene 
was removed by calcination [30]. It has been reported other attempts to prepare FeZSM-5 
hierarchical micro/macroporous material using polystyrene spheres (ranging from 280 to 1150 
nm), unfortunately a large proportion of amorphous silica instead of zeolite was formed [31]. 
Another approach has been the preparation of a hard amorphous silica skeleton around the 
polymer beads (ca. 530 nm), which was then converted into silicalite in the presence of TPA+ 
structure-directing agent at 130 °C under autogenous pressure for 40 h, leading to a micro-
/mesoporous material after calcination [14]. More recently, MFI zeolite was successfully 
prepared in the presence of polystyrene latex, leading to a micro-, meso- and macroporous 
material [32].  
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A remarkable work using polymer templates is the fabrication of hollow zeolite spheres using a 
polystyrene beads template by a layer-by-layer technique based on electrostatic interaction [33]. 
In short, negatively charged nanocrystals of zeolite β and silicate-1 were deposited on positively 
charged polystyrene beads. The polystyrene latex template was prepared by disposition of five 
layers of polyelectrolytes of cationic polydiallyldimethylammonium chloride) (PDDA) and 
anionic poly(styrenesulfonate, sodium salt) (PSS) in the order of 
PDDA/PSS/PDDA/PSS/PDDA. Subsequently, the nanocrystals and PDDA were alternately 
deposited on the positively charged beads to form homogeneous nanozeolite/PDDA multilayers, 
as depicted in Figure 170. Finally, after calcination, hollow zeolite spheres were obtained. 

 

 

Figure 170. Hollow zeolite spheres preparation by layer-by-layer deposition [33]. 

 

 Conclusion VIII.7-

Aluminophosphates, clays, hydroxides, metal organic frameworks and zeolites are typically 
microporous materials with pores of a few Angstroms. However their texture structuration to 
achieve hierarchically porous materials has permitted increase their catalytic performance. 
Hierarchical zeolites constitute a well-recognised example of catalyst enhancement by porosity 
tailoring. This has been possible by several techniques such as post-synthesis chemical 
treatment (hydrothermal, acidic, basic, desilication, dealumination, etc.), recrystallization or 
templating. 
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This section intends to give a brief overview of sonochemistry, which is defined as the use of 
ultrasound to enhance or alter chemical reactions [1]. 

 

 Definition of ultrasound IX.1-

Sound is created by the propagation of a mechanic wave in a medium. Such wave is 
characterised by its amplitude (pmax as the highest acoustic pressure) and frequency (f, which is 
the inverse of the period T), as depicted in Figure 171. 
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 Acoustic cavitation IX.2-

The first report of cavitation was published in 1895 by Thornycroft and Barnaby regarding the 
erosion of their submarine propeller. Nevertheless, the first use of ultrasound to enhance 
chemical reaction rates was reported by Richards and Loomis in 1927 [1]. The use of ultrasound 
relies on the chemical and mechanical effects of the implosive collapse of cavitation bubbles. 
Cavitation is defined as the formation, growth and collapse of bubbles containing vapour or gas 
within a moving liquid [3]. Such bubbles are formed by the effect of excessive constrains that 
break the medium continuity, so the cavitation can be of three types [5]: 

 Optic cavitation: it is related to the formation of cavities by the incidence of a high 
energy laser into a light-absorbing liquid [6].  

 Hydrodynamic cavitation: it occurs when a liquid is subjected to rapid changes of 
pressure, for instance a liquid flowing at high speed in the proximity of pump impellers 
[5]. 
 

 Acoustic cavitation: it results of ultrasound passing through a solution, which creates 
regions inside the solution with high and low pressure according to periodic 
compression and expansion stages. Through this oscillation, cavities are formed during 
the expansion stages. Then, during the compression, the volume of the cavities 
decreases and the concentration of gas inside increases, thus part of the gas is dissolved 
in the liquid and part of the vapour condenses at the interface. Contrarily, during the 
expansion stage, the size of the bubble increases by evaporation of the liquid and 
diffusion of the dissolved gas. Given that the exchange surface is smaller during the 
compression than during the expansion stages, the subsequent compression/expansion 
cycles induce the progressive bubble growth.  
These cavities can be of two types: stable or transient bubbles. The stable bubbles grow 
within the ultrasound field during several acoustic cycles. They can coalesce and escape 
from the medium due to buoyancy leading to the solution degassing. On the other hand, 
the transient bubbles last for one or a few acoustic cycles. They grow until they reach a 
critical bubble size that resonates with the ultrasound frequency, so they rapidly reach 
an unstable size, collapsing violently and fragmenting into microbubbles that will act as 
new sites of bubble nucleation. Stable and transient bubbles occur at small and high 
amplitude of pressure variation, respectively [2]. 
The process of acoustic cavitation includes the formation, growth and collapse of 
acoustic bubble (e.g. at 20 kHz, these bubbles have a radius of ca. 150 µm) [7]. This 
phenomenon is schematised in Figure 173 [8]. 
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Nevertheless, the “hot-spot” theory has limitations regarding the explanation of some 
experimental observations such as the influence of dissolved gas (e.g. argon, krypton or xenon) 
or the formation of species like O2

+, which cannot only be due to thermal excitation [11]. More 
recent studies have demonstrated the existence of plasma out of thermodynamic equilibrium, 
which permitted the development of a new model for the implosion phenomenon [12]. 

 

IX.2.1.1- Physical effects 

A notable effect of the acoustic cavitation is a phenomenon known as sonoluminescence: when 
the cavitation bubbles contain high energy particles like excited HO• radicals, they emit light 
(with wavelengths of 200–800 nm) for a very short time (about 100 ps). The analysis of the 
emitted light can give information about the conditions inside the acoustic bubble [7]. However, 
the real nature of sonoluminescence is still under investigation [12].  

Regarding other physical effects that arise from the acoustic cavitation, it is important to note 
the agitation of the medium due to bubble implosion as well as the accelerated reaction kinetics 
due to enhanced mass transfer phenomena. Important mechanical effects can also take place as a 
result of the bubble collapse like the generation of shock waves of several giga Pascal (GPa). 
Additionally, when the bubble implosion that takes place in the vicinity of a surface, it occurs 
asymmetrically, inducing the formation of a microjet of liquid towards the material surface at a 
speed of ca. 150 m/s, resulting on the erosion of the surface, as illustrated in Figure 175 [3,7]. 

 

 

Figure 175. Schematic representation of the acoustic cavitation effects [7]. 

 

Several examples of the use of the physical effects of ultrasound are reported in the literature. 
For instance, it has been used in the preparation of bionanocomposites based on chitosan and 
vermiculite, whose synthesis has been enhanced using ultrasound irradiation for homogenisation 
of the reaction medium [13]. 
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IX.2.1.2- Chemical effects 

Three main types of reaction can occur as a result of the acoustic cavitation. The first one is the 
combustion or pyrolysis of organic molecules (with high vapour pressure and/or hydrophobic) 
present in the medium. It takes place within the cavitation bubble given the extreme condition 
already discussed. The second type is the degradation of non-volatile organic compounds at the 
interface liquid/bubble where hydrothermal conditions can be achieved. The third type regards 

redox reactions. Water molecules can be split into H• and OH• radicals within the cavitation 

bubble. Hydrogen (H2) is generated by the recombination of H• radicals within these bubbles. 

Similarly, hydrogen peroxide (H2O2) is generated by the recombination of OH• radicals [12,14]. 
Such species can react with other molecules in the medium or at the boundary of the cavitation 
bubbles. In this way, the sonochemical activity can be estimated by measuring the hydrogen 
peroxide production rate. The concentration of H2O2 can be monitored by absorption 
spectrophotometry with a TiOSO4 solution in 0.5 M H2SO4 (λ = 411 nm, ε = 707 L/mol.cm) 
[15,16]. 

A visible example of the sonochemical activity is the chemiluminescence of a luminol solution 
submitted to ultrasound, as shown in Figure 176. The luminol molecule reacts with HO• radicals 
generated in the cavitation bubbles to give aminophthalate anions and a blue fluorescence [17]. 

 

    

Figure 176. Left: Luminol structure and Right: Chemiluminescence of 0.01 M luminol solution 
(pH = 10.5 NaHCO3) submitted to 204 kHz (Pac = 32 W) ultrasound at 20 °C under  
20 vol.% O2/Ar bubbling at 80 mL/min with mechanical stirring at 370 rpm [15]. 

 

 Characterisation of a sonochemical system IX.3-

In addition to the ultrasound frequency, the acoustic power transmitted to the medium 
(𝑃𝑎𝑐  in W) and the acoustic intensity (𝐼𝑎𝑐, typically expressed in W/cm2) are important physical 
values that characterise a given ultrasonic system. 



IX. ANNEX II. SONOCHEMISTRY 
 

325 
 

The acoustic power is the amount of energy absorbed by the liquid medium during a given time 
under ultrasound irradiation. It is directly related to the electric power delivered by the generator 
[2]. The acoustic power can be determined experimentally using a calorimetry method. Indeed, 
the system can be considered as adiabatic during the first 60 seconds of ultrasound treatment 
independently of the solvent used [3]. Thus the acoustic power transmitted to the medium can 
be determined by the change in temperature over the first seconds of ultrasound treatment. So 𝑃𝑎𝑐 is given by: 

𝑃𝑎𝑐 = 𝑚 𝐶𝑝  (Δ𝑇Δ𝜏) 

Where 𝑚 is the mass of solvent (g), 𝐶𝑝 is the solvent specific heat capacity (J/g.K), Δ𝑇 is the 

temperature variation (K) in a given duration of time of ultrasound irradiation, Δ𝜏 (s).  

 

Regarding the acoustic intensity, it is the amount of energy transmitted to the system within a 
second by unit of area of the studied medium. It can be calculated by: 

𝐼𝑎𝑐 = 𝑝𝑚𝑎𝑥22𝜌𝑐𝑤𝑎𝑣𝑒 = 𝑃𝑎𝑐𝑆  

Where 𝐼𝑎𝑐 is the acoustic intensity (W/m2), pmax is the maximum acoustic pressure (N/m2), 𝜌 is 
medium density (kg/m3), 𝑐𝑤𝑎𝑣𝑒 is the wave velocity (or wave propagation speed) (m/s), 𝑃𝑎𝑐 is 
the absorbed acoustic power (W) and 𝑆 is the area of the ultrasound emitting surface (m2).  

 

IX.3.1- Influence of the operating conditions 

The sonochemical effects depend on several operation conditions. Some of the key parameters 
are frequency, acoustic intensity, solvent, atmosphere, temperature and reactor geometry. Their 
effects are briefly described [1,3,18]: 

 Frequency: The duration of the compression/expansion cycle is related to the 
characteristic period of the wave, which is the inverse of the frequency. So at higher 
frequencies, the duration of the cycle is shorter. With short compression/expansion 
cycles, the cavitation phenomenon becomes more difficult, requiring higher acoustic 
intensities to be observed (Figure 177). 
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Additionally, a gas with a high thermal conductivity reduces the sonochemical effects 
by enhancing the heat transfer out of the cavitation bubble. Furthermore, monoatomic 
gases like noble gases (e.g. Xe, Ar, Kr) favour the achievement of high temperatures, 
contrarily to diatomic gases like O2 or N2, which dissociate within the cavitation bubble, 
thus consuming part of the energy released during the implosion [2,4]. 
 

 Temperature: An increase in the temperature modifies the solvent properties by 
reducing the viscosity and increasing the vapour pressure, as well as the gas solubility 
in the liquid. This favours the formation of cavitation bubbles. However, the 
temperatures and pressures released during the bubble implosion decrease when 
increasing the temperature [4]. So a reasonable temperature range up to 80 °C can be 
appropriate in order to improve chemical reaction performances [2]. 
 

 Reactor geometry: the size, shape and position of the ultrasound emitting surface and 
even the solvent level are important geometry parameters that influence the wave 
propagation and reflexion, eventually modifying the sonochemical activity [20]. 

 

 Sonochemical reactors IX.4-

Three main types of sonochemical reactors exist: ultrasounds bath, hydrodynamic continuous 
reactor and the sonotrode direct immersion reactor. They are schematised in Figure 178. The 
ultrasounds bath has been extensively used for cleaning lab glassware and to prepare 
dispersions. It usually works at 40 kHz. The immersed sonotrode horn set-up has particularly 
been used for synthesis at the lab scale, typically supplying acoustic powers in the range of 10 to 
50 W/cm2 at 20 kHz. Given the higher acoustic power supplied in this kind of reactor, the 
control of the temperature might be carried out with an external cooling fluid. There are 
commercially available reactors that provide different frequencies and powers. So it is important 
to optimise the reaction conditions and reactor volume depending on the desired application [3]. 
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Large devices for precision cleaning applications with capacities up to 0.3 m3 are also currently 
available and commercialised by companies such as Crest Ultrasonics Corporation in The 
United States. 

The use of sonochemistry has a huge potential for the development of sustainable processes. 
Additionally, reactors of a few hundreds of litres are already available. Though, challenges in 
the reactor design as noise and erosion have to be overcome for a more widespread use of 
sonochemistry at the industrial scale [21]. 
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The combination of latex synthesis, sonochemistry and sol-gel process has been demonstrated to 
be a powerful technique for the preparation of tailored catalysts, since it has been possible to 
modulate the catalyst hierarchical porosity and the active sites distribution throughout the 
material. Furthermore, there are other perspectives to make this catalyst preparation technique 
even more versatile. This short section is dedicated to the study of polymer latex perspectives 
for catalyst tailoring. The first perspective is related to the variation of latex template particle 
size by modifying the polymerisation conditions, in order to demonstrate the potential for 
macropore size modulation from the latex preparation step. The second perspective is related to 
an alternative procedure for latex template removal with organic solvents in order to propose an 
alternative to the template removal by calcination. Similarly, the third perspective is related to 
the polymer latex removal by extraction with supercritical carbon dioxide (scCO2) in mild 
conditions of temperature and pressure (typically T<40 °C and P<250 bars), which requires the 
preparation of scCO2 soluble polymer templates. 

 

 Experimental X.1-

X.1.1- Materials 

1,1,2,2-Tetrahydroperfluorodecylacrylate (FDA, Elf Atochem) was vacuum-distilled, passed 
through activated basic alumina, and filtered through a 0.2 μm PTFE filter before use. 2-
Methyl-2-propenoic acid, 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl ester (62-MA, DuPont™ 
Capstone™) was passed through activated basic alumina, and filtered through a 0.2 μm PTFE 
filter before use. Styrene (99.0%, Sigma Aldrich) was distilled prior to use. Potassium persulfate 
(K2S2O8, KPS, 99%, Sigma Aldrich), sodium metabisulfite (Na2S2O5, SMBS, 97%, Sigma 
Aldrich), sodium dodecyl benzene sulfonate (C12H25C6H4SO3Na, SDBS, 99%, Aldrich), Zonyl® 
FSO fluorosurfactant (DuPont™), 2,2'-azobis(2,4-dimethylvaleronitrile) (V-65, Wako), α,α,α–
trifluorotoluene (TFT, Aldrich, >99%), 1H,1H,2H,2H-perfluorodecanethiol (C8F17C2H4SH, 
Atochem), carbon dioxide (CO2, SFE 5.2, Linde Gas SA, France, 99.9%), activated basic 
Brockmann I aluminum oxide (Aldrich), tetraethyl orthosilicate (TEOS, Aldrich, 98%) were 
used as received. Hydrochloric acid (HCl, 37%, Sigma Aldrich) and ammonium hydroxide 
(NH4OH, 28%, Sigma Aldrich) were used to prepare acidic and basic solutions with deionised 
water (1 microS/cm, D8 ion exchange demineraliser A2E Affinage de L’Eau or 18.2 MΩ·cm at 
25 °C, Milli-Q). 

X.1.2- Polystyrene latex template synthesis 

The polystyrene latex template was prepared by emulsion polymerisation of styrene in batch 
using a redox initiator system: KPS as oxidiser and SMBS as reducer. SDBS was used as 
surfactant. The polymerisation was carried out under argon atmosphere with a molar ratio 
styrene : water : KPS : SMBS : SDBS = 1 : 50 : 5×10-3 : 3.2×10-3 : 6.6×10-4, in a 350 mL 
double-walled glass reactor with a glass stirring blade operating at 250 rpm. The temperature 
was regulated as follows: 1 h at 65 °C, 2 h at 72 °C and 3 h at 85 °C.   
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For the other latexes prepared in batch, the reaction conditions were the same, only the reagents 
formulation changed. When KPS was used as thermal initiator only, the reagents molar ratio 
was styrene : water : KPS : SDBS = 1 : 50 : 5×10-3 : 6.6×10-4.  When the SDBS was used at the 
critical micelle concentration (CMC), the reagents molar ratio was styrene : water : KPS : 
MBSS : SDBS = 1 : 50 : 5×10-3 : 3.2×10-3 : 1.5×10-3. When SDBS was used in large excess (100 
times the CMC), the reagents molar ratio was styrene : water : KPS : MBSS : SDBS = 1 : 50 : 
5×10-3 : 3.2×10-3 : 1.4×10-1. 

For the latexes prepared in semi-batch conditions, the polymerisation was carried out under 
argon atmosphere in a 350 mL double-walled glass reactor with a glass stirring blade operating 
at 250 rpm. The reagents were added in semi-continuous mode using a KDS-100-CE syringe 
pump (KD Scientific Inc., USA). The temperature was regulated as follows: 3.5 h at 65 °C and 
2 h at 85 °C. When KPS was fed semi-continuously, the molar ratio was styrene : water : KPS : 
MBSS : SDBS = 1 : 50 : 5×10-3 : 3.2×10-3 : 7×10-4. A shot of 1/3 of the total KPS (solution at 10 
g/L) was added at the very beginning, the other 2/3 were fed during 2.5 h. When KPS and 
styrene were fed semi-continuously, the molar ratio was styrene : water : KPS : MBSS : SDBS 
= 1 : 50 : 5×10-3 : 3.2×10-3 : 7×10-4 and a shot of 1/3 of the total KPS (solution at 10 g/L) was 
added at the very beginning of the reaction. The other 2/3 of KPS solution and the monomer 
were fed independently during 2.5 h. When KPS and styrene were fed semi-continuously in the 
presence of a large excess of surfactant, the procedure was the same, but the reagents molar 
ratio was styrene : water : KPS : MBSS : SDBS = 1 : 50 : 5×10-3 : 3.2×10-3 : 1.4×10-1.  

 

X.1.3- Polystyrene extraction with organic solvents 

The first batch of trials were with 200 mg of catalysts (containing ca. 200 µL of polystyrene) 
after the sol-gel synthesis immersed in 5 mL of solvent (either tetrahydrofuran, chloroform or 
toluene) for 1 h under vigorous stirring. The second test was carried out with 200 mg of catalyst 
immersed in 5 mL of toluene for 30 min under vigorous stirring. Then the solid was removed by 
filtration and immersed in 5 mL of chloroform for 30 min under vigorous stirring. A third batch 
of trials was carried out by taking 1.3 g of catalyst and immersing it 25 mL of tetrahydrofuran 
for 30 min under vigorous stirring. Then, the solid was filtered out and put in 25 mL of fresh 
tetrahydrofuran for 30 min under vigorous stirring, this was done twice. Then all catalysts were 
dried at 120 °C for 2 h. 

 

X.1.4- Latex synthesis of scCO2 soluble polymer by miniemulsion 

polymerisation 

The PFDA latex was prepared with FDA (20 g, 38.7 mmol), SDBS (0.4 g, 1.2 mmol), V-65 (0.2 
g, 0.8 mmol) and deionised water (57 g). DIW and SDBS were combined in a 250 mL beaker 
and purged with argon for 30 min. FDA and V-65 were combined to form the organic phase and 
purged with argon for 15 min. In the case of PFDA with chain transfer agent, C8F17C2H4SH (0.2 
g, 0.4 mmol) was also added to the organic phase. The organic phase was then added to the 
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times the volume of the cell). The outlet valve was regulated during this procedure to keep the 
pressure of the cell around 220 bars. At the end of the CO2 flush, the sample was carefully 
removed from the cell and weighed to check for the removal of the polymer template. 

 

X.1.7- Characterisation 

The latex percentage of solids was measured in a MLS moisture analyser (KERN). The 
materials were observed by transmission electron microscopy (TEM) using a 2200FS − 200 kV 
TEM (Jeol) and by scanning electron microscopy (SEM) with a high resolution microscope S-
4800 (Hitachi) operating at 2 kV. Thermogravimetric analyses (TGA) were performed on a Q50 
TGA (TA Instruments) using a temperature ramp of 20 °C/min in synthetic air from 25°C to 
900°C. The latex dispersity (Ð) was calculated as the ratio of the weight-average diameter (Dw) 
over the number-average diameter (Dn). 
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 Modulation of the latex particle size: effect of the polymerisation X.2-

conditions 

The modification of the experimental conditions during the free radical polymerisation of a 
styrene by emulsion polymerisation can have an effect on the polymer particle size. The effect 
of three parameters was studied: the radical initiator system, the surfactant concentration and the 
feeding conditions (batch or semi-batch) for the monomer and/or the initiator.  

 

X.2.1- Effect of the radical initiator  

The polystyrene latex described in Chapter III was prepared by free radical aqueous emulsion 
polymerisation with a redox system: KPS and SMBS. With this redox couple, the initiator is 
mostly a sulfonate radical SO3H [3]: 

 

But KPS can be an initiator by itself as well because it can be thermally decomposed into 
sulphate radicals O-SO3

-:  

 

It should be also noticed that the sulphate radicals bind the monomer creating a -C-O-SO3
- 

sulphate bond, which could be more easily hydrolysable than a -C-SO3H sulfonate bond that 
would be created by the sulfonate radicals (Figure 180). The problem with a possible hydrolysis 
is that the polymer particles are stabilised in suspension by the charges provided by the 
deprotonated sulphate and sulfonate groups (in addition to the SDBS surfactant contribution). If 
they are removed from the polymer, the polystyrene beads would be less colloidally stable and 
could coagulate. So using the KPS – SMBS couple, the obtained latex should stand longer in 
time. 
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Figure 180. Initiation and propagation stages of styrene polymerisation with sulfonate (top) or 
sulphate (bottom) radical initiators 

KPS was used to carry out a latex synthesis following the same procedure as described in 
Chapter III for the redox system, but without SMBS. As a result, the polystyrene particles that 
were obtained only with KPS were larger (194 nm) than those obtained with the redox system 
(134 nm) (Figure 181). This can be explained by a slower radical generation rate for KPS alone, 
so fewer particles are created in the nucleation step and as a result they grow more. This is given 
by the Smith−Ewart equation: 𝑵𝑷 = 𝑘 × (𝝆/𝜇)0.4 × (𝑎𝑆𝑆)0.6 

Where 𝑁𝑃  is the number of particles, 𝑘 is a proportionality constant, 𝜌 is the rate of radical 
generation, 𝜇  the rate of particle volume growth, 𝑎𝑆  the area occupied by one surfactant 
molecule and 𝑆 the amount of surfactant present in the system per volume unit [3–5]. So when 
keeping all parameters constant and decreasing the rate of radical generation, the number of 
polymer particles decreases, which results in larger particles. 

  

a.      b. 
Figure 181. SEM images of polystyrene latex synthesised with: a. redox couple KPS and SMBS 

(Dn: 134 nm, Dw: 140 nm, Ð: 1.04) and b. KPS (Dn: 194 nm, Dw: 195 nm, Ð: 1.00). 





X. ANNEX III. EXPLORATION OF SOME POLYMER LATEX PERSPECTIVES FOR CATALYST 
TAILORING 

 

339 
 

𝑵𝑷 = 𝑘 × (𝜌/𝜇)0.4 × (𝑎𝑆𝑺)0.6 

Where 𝑁𝑃  is the number of particles, 𝑘 is a proportionality constant, 𝜌 is the rate of radical 
generation, 𝜇  the rate of particle volume growth, 𝑎𝑆  the area occupied by one surfactant 
molecule and 𝑆 the amount of surfactant present in the system per volume unit [3–5]. So when 
keeping all parameters constant and increasing the amount of surfactant, the number of polymer 
particles increases, which results in smaller particles. 

Unfortunately, the challenge to be able to use a latex with large amounts of surfactant in the 
sonochemical step is related to the formation of foam due to the required Ar bubbling to remove 
the dissolved oxygen from the medium, even using a dilution factor of 10, as shown in Figure 
183. The partial removal of surfactant was tried with a dialysis membrane of 10k Dalton (40 mL 
of latex against 2.5 L of deionised water, in three cycles). After the process, the dialysed latex 
was so thick that it was impossible to use it in the sonochemistry set-up. This probably was due 
to the removal of salts that increased the thickness of the counterions double layer of the 
polymer particles, so the mobility of the system was reduced and the viscosity was increased. In 
the sol-gel synthesis, the excess of surfactant would lead to the formation of micelles that would 
induce an additional undesired porosity. 

 

 

Figure 183. Foam formation in the sonochemical reactor due to surfactant excess 

 

As a conclusion, an increase of the surfactant concentration can reduce the particle size of the 
polymer latex, going from 134 nm at 0.44 times the CMC down to 46 nm at 100 times the 
CMC, but at such surfactant concentration, it is not possible to carry out the subsequent steps of 
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sonochemical reduction and sol-gel synthesis as desired. Therefore additional efforts should be 
done to prepare nanolatexes and remove the excess of surfactants prior to sonochemical 
reduction while keeping the colloidal stability of the latex. As a perspective, it could be 
considered to remove the surfactant excess by ultrafiltration of the latex with an aqueous 
solution of surfactant at low concentration in order to keep the latex colloidal stability. 

 

X.2.3- Effect of the formulation feeding conditions  

The Smith−Ewart[6] theory was developed for batch systems. Fortunately, Sajjadi[7,8] 
extended it to semi-continuous polymerisation processes, proposing that: 

𝑵𝑷 𝛼 ( 𝑅𝐼𝑹𝒂)23 (𝑎𝑆𝑆) 

Where 𝑁𝑃  is the number of particles, 𝑅𝐼  is the rate of radicals generation, 𝑅𝑎  is the rate of 
monomer addition, 𝑎𝑆  the area occupied by one surfactant molecule and 𝑆  the amount of 
surfactant present in the system per volume unit. This equation assumes that the rate of 
volumetric growth of the particles is proportional to the polymerisation rate and that the 
processes occurred under completely starved conditions (i.e. the polymerisation is equal to the 
rate of monomer addition) [4]. In agreement with this equation, when decreasing the rate of 
monomer addition, the number of polymer particles increase, resulting in smaller particles.  

So in order to work at starved conditions, it is important to guarantee the availability of radicals 
along the whole polymerisation reaction. This is solved by adding part of the initiator in semi-
continuous mode while the monomer is added. It is also important to define the monomer inlet 
flow depending on the kinetics of monomer polymerisation. So in order to find out the average 
monomer reaction rate, an experiment with KPS added in semi-continuous mode was carried 
out (using a surfactant concentration at 44% the CMC). As a result, it was found that the 
average monomer consumption rate was 1 × 10-4 mol/L.s and the resulting latex exhibited 
nanoparticles of 193 nm in average (Figure 184.a.). This larger particle size in comparison with 
the batch polymerisation with redox initiator system (134 nm) is related to a slower rate of 
radical generation 𝑅𝐼 due to slow feeding of the oxidant, which results in a smaller number of 
particles and, thus, larger particles. 

Subsequently, an experiment with semi-continuous feeding of monomer and KPS was carried 
out. Styrene and KPS were fed independently during the same time (2.5 h), assuring a monomer 
inlet flow at the average monomer consumption rate. The resulting latex exhibited a particle size 
of 110 nm (Figure 184.b.), which is significantly smaller than the polymerisation in semi-
continuous feeding of KPS (193 nm) and the batch reaction (134 nm).  
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The semi-continuous feeding of KPS increases the polystyrene particle size to 192 nm. However, 
when KPS and styrene were fed simultaneously in semi-continuous mode, the particle size 
decreased to 110 nm (in semi-batch mode), which is also smaller than 134 nm in batch mode. 
This means that varying the operation conditions; it is possible to modify the polymer particle 
size at a given latex formulation. More experiments in actual starved feed conditions of styrene 
would probably lead to a more significant decrease of the particle size [9–12]. 

 

 

  Alternative latex template removal with organic solvents X.3-

Within the scope of preparing hierarchically porous catalysts, polymer templating is a useful 
tool to achieve a large variety of pore sizes. In addition to pore generation, the polymer template 
can act as carrier of catalytically active nanoparticles (ex. Pd, Pt) in order to place them at 
controlled locations within the catalyst, such as the macropores [1,13]. However, the polymer 
template must be removed in order to generate the desired porosity. It is usually done by 
calcination at high temperature, making the polymer recycling impossible and oxidising the 
active metal nanoparticles, partially or totally, which might create the requirement of a 
subsequent reduction post-treatment (as it was observed with Pd nanoparticles). Several solvents 
such as benzene, xylene, chloroform, toluene and tetrahydrofuran have been evaluated in a 
dissolution recycling process for polystyrene wastes, being tetrahydrofuran and chloroform the 
solvents in which the polystyrene solubility is higher. At the end of the process, the solvent can 
be recovered by distillation [14]. Toluene and chloroform have been used to remove polystyrene 
templates from thin membranes [15]. In this section, the polymer template extraction from the 
composite silica-polymer materials is explored with organic solvents. 

Several tests were carried out. The first batch of trials was performed with one step extraction 
either with tetrahydrofuran, chloroform or toluene for 1 h under vigorous stirring. A second test 
was carried out in two steps: 30 min under vigorous stirring in toluene, and then, after filtration, 
30 minutes in chloroform. A third extraction test was carried out in three steps: each step of 30 
min of vigorous stirring in tetrahydrofuran (the solid was recovered by filtration before 
replacing the solvent). Unfortunately, none of these procedures led to satisfying results. In all 
cases, only a fraction of polymer was removed as shown in Figure 186. This is because the 
solvent had to diffuse through the mesopores of the silica matrix, solvate the polymer, dissolve 
it and then, the polymer chain had to diffuse out of the material through the mesopores. This 
problem arises due to mass transport limitations that are not sorted until the hierarchical porosity 
is achieved after the polymer template removal. Additionally, the solvent swells the polymer 
beads breaking the internal structure of the silica matrix and reducing the granulometry of the 
material (it was considerably finer after the extraction with solvents). 
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nm, but at such surfactant concentration, it was not possible to carry out the subsequent steps of 
sonochemical reduction and sol-gel synthesis. Additionally, varying the operation conditions, it 
was possible to modify the polymer particle size at a given latex formulation. For instance, 
when KPS and styrene were fed simultaneously in semi-continuous mode, the particle size was 
110 nm compared with 134 nm in batch mode. 

Regarding the polystyrene template extraction from the silica matrix with tetrahydrofuran, 
chloroform or toluene, it was incomplete and the polymer swelling with such solvents affected 
the structure stability of the material. Conversely, the exploration of polymer template 
extraction with supercritical CO2 led to promising results as long as the polymer molecular 
weight is kept low enough to avoid crosslinking of the polymer chains. This approach permitted 
to remove up 24% of the total CO2-phile P62MA template and revealed the hierarchical porosity 
of the matrix. In order to increase the efficiency of the polymer extraction, it is recommended to 
reduce the polymer chain lengths, increase the silica-matrix mesopore size and reduce the 
polymer-silica interaction. Moreover, this strategy potentially allows recycling of the polymer 
template. 
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XI. ANNEX IV. ADDITIONAL REACTION 

PATHWAY IN THE HYDROGENATION OF 

P-CNB 
 

The reactions of hydrogenation of p-CNB are described in Chapter IV. Typically, when 
hierarchically porous catalysts prepared by the combination of latex synthesis, sonochemical 
decoration and sol-gel process were used, only traces of chloronitroso benzene and 
chlorophenyl hydroxyl amine were observed, especially at the beginning of the reaction, 
following the reaction pathway presented in Figure 192. 

 

Figure 192. Reaction pathway of the hydrogenation of p-CNB (1: p-CNB, 2: p-CAN, 4: 
chloronitroso benzene, 5: chlorophenyl hydroxyl amine). 

However, when the catalyst prepared by incipient wetness impregnation was used (1cal650-
50%-IWI), the material balance curve decreased continuously, indicating that not all products 
were quantified, as shown in Figure 193 (the corresponding raw GC-FID data is presented in 
Figure 194). 
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Figure 197. 1H-NMR spectrum of the aqueous fraction after extraction from 1cal650-50%-IWI 
reaction medium. 

 

In order to confirm the structure of the molecule, 13C NMR, DEPT 13C NMR, COSY and 
HMQC analyses were carried out. 15N NMR was not successful due to the low concentration of 
product within this sample and the low natural abundance of 15N. Alternatively, an extracted 
fraction with D2O provided more resolved NMR spectra. Compiling the information from all the 
spectra: 6 carbons, of which 1 was a CH and 14 protons, the proposed structure is 
cyclohexylammonium. 

 

Figure 198. Cyclohexylammonium structure 

It is important to notice that cyclohexylamine (pKa = 10.64) is a stronger base than aniline  
(pKa = 4.6) or p-CAN (pKa = 4.0). This explains why cyclohexylamine was protonated forming  
cyclohexylammonium chloride, which being a salt was not observable by GC-FID. In order to 
confirm the presence of cyclohexylammonium chloride in solution, cyclohexylamine and the 
stoichiometric amount of HCl were added to the aqueous fraction after extraction from 1cal650-
50%-IWI reaction medium. In Figure 199, it can be seen that the 1H-NMR spectra before and 
after addition of these two compounds are identical (just more intense when cyclohexylamine 
was added), confirming that the product in solution is cyclohexylammonium chloride (Figure 
200). 
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Figure 201. Hydrogenation pathway of p-CNB towards cyclohexylammonium chloride. 

 

In this case the selectivity was calculated as:  

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  [𝑝 − 𝐶𝐴𝑁][𝑝 − 𝐶𝑁𝐵]0 − [𝑝 − 𝐶𝑁𝐵] × 100 

Where [𝑝 − 𝐶𝑁𝐵]0  is the initial concentration of p-CNB, [𝑝 − 𝐶𝑁𝐵] and [𝑝 − 𝐶𝐴𝑁] are the 
concentration of p-CNB and p-CAN at any time, respectively. The concentrations are expressed 
in molarity. So it was found that at 80% conversion of p-CNB, the selectivity towards p-CAN 
was only 54.8% (compared with up to 100% with other catalysts reported in Chapter IV). 

 

It can be then concluded that 1cal650-50%-IWI was the least selective catalyst to produce p-CAN 
(as discussed in Chapter IV) because it continued catalysing the hydrogenation beyond aniline, 
favouring the hydrogenation of the aromatic ring. This hierarchically porous catalyst prepared 
by incipient wetness impregnation could be a promising catalyst for the one-step hydrogenation 
of nitrobenzene to cyclohexylamine, which has not been largely studied in the literature [4], 
despite the very few catalyst patents for this process [5]. However, it would be challenging 
giving the lack of control in the narrow Pt particle size distribution. 
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XII. ANNEX V: RÉSUMÉ ÉTENDU 
 

Les procédés catalytiques sont d'une importance capitale dans le développement industriel de 
notre société [1]. En effet, les procédés catalytiques actuels représentent environ 90% de toutes 
les transformations chimiques industrielles [2]. Les catalyseurs hétérogènes sont largement 
utilisés (73,6% du volume mondial du marché des catalyseurs en 2015) en raison de leur facilité 
d’utilisation et de leur faible coût. Cette forte contribution au marché motive la recherche et le 
développement des matériaux catalytiques hétérogènes, et particulièrement, des catalyseurs 
métalliques supportés, dont la demande a été de 1 568,4 kilo tonnes en 2015 et qui devrait 
augmenter en raison de leur application croissante en synthèse organique. Parmi eux, des 
procédés catalytiques impliquant des nanoparticules supportées de métaux précieux tels que le 
platine, le palladium et l'or sont actuellement utilisés pour produire des carburants et d'autres 
molécules d'intérêt industriel [3,4]. 

En outre, la catalyse est l'un des 12 Principes de la Chimie Verte [5] en raison de son potentiel à 
contribuer au développement de produits et de procédés durables. La catalyse hétérogène est 
généralement préférée par rapport à la catalyse homogène en raison de la facilité de récupération 
des catalyseurs solides dans les milieux réactionnels, de sorte qu'ils peuvent être recyclés et 
réutilisés plusieurs fois avant leur désactivation [6]. Néanmoins, il est toujours nécessaire de 
développer des matériaux catalytiques hétérogènes encore plus performants. 

La conception rationnelle des catalyseurs est un sujet qui a été activement discuté comme une 
opportunité pour accélérer le développement de matériaux sur mesure répondant à des besoins 
spécifiques, en établissant des relations structure-propriété et en évitant l’approche d’essai-
erreur [7]. Ainsi, du point de vue expérimental, des outils pour la modulation de la texture du 
catalyseur (porosité interne et interconnexion des pores) et pour la préparation sur mesure de 
sites actifs sont essentiels à la préparation rationnelle de catalyseurs. Cependant, actuellement, il 
existe une disponibilité très limitée de méthodes pour contrôler la répartition spatiale des sites 
actifs de métaux dans des matériaux poreux [8]. 

Le but de ce travail est de développer une nouvelle méthode de synthèse pour la préparation de 
catalyseurs afin d'améliorer la distribution des sites actifs (métaux nobles) à faible taux de 
charge, tout en contrôlant la porosité hiérarchique du matériau de support. Une structure à 
porosité hiérarchique combine des pores de différentes tailles (micropores : < 2 nm, mésopores : 
2-50 nm et macropores : > 50 nm). L'importance de la porosité hiérarchique en catalyse réside 
dans les pores interconnectés de différentes tailles qui permettent aux réactifs et aux produits 
d'atteindre tous les sites actifs [9]. 

La méthode proposée consiste en la synthèse d'une empreinte porogène (template en anglais) 
décorée avec des nanoparticules métalliques, lesquelles sont transférées à une matrice de silice 
mésoporeuse issue du procédé de sol-gel. Une représentation schématique est donnée dans la 
Figure 202. La première étape est la synthèse d'une empreinte porogène de billes de polystyrène 
(latex) obtenues par polymérisation en émulsion aqueuse. La deuxième étape est la synthèse et 
le dépôt de nanoparticules de métaux nobles sur la surface des billes de polymère par voie 
sonochimique dans l’eau. La troisième étape est la synthèse du support par un procédé sol-gel 
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Figure 204. Schéma de la réaction de la synthèse directe de peroxyde d'hydrogène à partir 
d'oxygène et d'hydrogène (en bleu). 
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Tous les catalyseurs évalués ont présenté une très bonne stabilité aux conditions réactionnelles : 
aucun changement majeur des caractéristiques de leur texture n’a été observé après réaction. Par 
exemple, on conserve la surface spécifique élevée du catalyseur à 0,3% en masse. Pt/SiO2 avec 
50% de macroporosité totale : 610 ± 37 m²/g avant réaction à 617 ± 37 m²/g après réaction. 

 

 Second cas d'étude: synthèse directe du peroxyde d'hydrogène à XII.2-

partir d’oxygène et d’hydrogène avec des catalyseurs à base de Pd 

supporté sur de la silice à porosité hiérarchique 

 

Il a été possible de synthétiser des catalyseurs de Pd supporté sur de la silice à porosité 
hiérarchique et de les évaluer pour la synthèse directe du peroxyde d'hydrogène à partir 
d’oxygène et d'hydrogène. Grâce à la souplesse du procédé étudié pour la préparation des 
catalyseurs, quatre approches ont pu être explorées pour obtenir des nanoparticules actives de 
différentes natures : monométalliques (Pd), bimétalliques (Pt-Pd) et métalliques-oxyde 
métallique (Pd-CeO2). La première approche a consisté en la préparation de catalyseurs à base 
de Pd par une combinaison de la synthèse de latex de polystyrène par polymérisation en 
émulsion, la fonctionnalisation par voie sonochimique (à partir de Na2PdCl4) et la synthèse de la 
matrice de silice par un procédé sol-gel (Figure 209.a.). La deuxième approche a inclus la 
fonctionnalisation des billes de polystyrène par réductions sonochimiques consécutives du Pt 
puis du Pd (en utilisant Na2PtCl4 et Na2PdCl4) pour créer des nanoparticules bimétalliques Pt-Pd 
(Figure 209.b.). La troisième approche a consisté en la synthèse d'un latex hybride contenant des 
nanoparticules de CeO2 à la surface des billes de polymère, par polymérisation en émulsion. Ce 
latex polymère/CeO2 a ensuite été fonctionnalisé avec du Pd par réduction sonochimique de 
Na2PdCl4, puis la matrice de silice a été préparée par la méthode sol-gel (Figure 209.c.). La 
dernière approche a été la préparation de la matrice de silice en présence d’un latex hybride 
Pd/polystyrène préparé par polymérisation en miniémulsion à partir d’un précurseur palladié 
organosoluble (palladium (II) acetylacetonate) (Figure 209.d.). 
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précédemment obtenue sur le latex était d'environ 2,2 nm, lesquelles ont respectivement 
augmenté à 4,6 ± 1.1 nm ou 6,5 ± 2.2 nm lors de la calcination à 450 °C ou à 650 °C. Au 
contraire, les particules bimétalliques de Pt-Pd ont quant à elles montré une stabilité thermique 
élevée avec un frittage très limité après calcination à 650 °C, allant d'une taille moyenne de 
nanoparticule de 3,6 ± 1,3 nm après préparation sonochimique jusqu’à seulement 3,8 ± 1,4 nm, 
après calcination. 

La dernière approche à l'aide d'un latex hybride Pd/polystyrène préparé par polymérisation en 
miniémulsion aqueuse a permis de s’affranchir de l’étape de réduction sonochimique dans la 
préparation des nanoparticules monométalliques de Pd. Cependant, cette méthode restreint le 
contrôle et la versatilité de la synthèse des nanoparticules qu’offre la sonochimie: contrôle de la 
taille et distribution en taille des nanoparticules, formation d'interactions bimétalliques Pt-Pd, 
dispersion du métal à la surface du latex, etc. 

En ce qui concerne les performances catalytiques de ces matériaux, la meilleure productivité de 
H2O2 a été 32500 𝑚𝑜𝑙 𝐻2𝑂2/(𝑚𝑜𝑙 𝑚𝑒𝑡𝑎𝑙 . ℎ) , obtenue avec le catalyseur Pt-Pd bimétallique 
préalablement réduit, malheureusement, avec une sélectivité de seulement 19 ± 1%, avec 
tendance à la baisse quand la conversion augmente. Lorsqu’il est non réduit, le catalyseur 
bimétallique a présenté une meilleure sélectivité (40 ± 1%), mais sa productivité a diminué 
(24000 𝑚𝑜𝑙 𝐻2𝑂2/(𝑚𝑜𝑙 𝑚𝑒𝑡𝑎𝑙 . ℎ)). D'autre part, la meilleure sélectivité a été obtenue avec le 
catalyseur Pd-CeO2/SiO2, atteignant 68 ± 3% lorsqu’il est seulement calciné. Et avec réduction 
préalable, le catalyseur Pd-CeO2/SiO2 a respectivement atteint une sélectivité de 53 ± 2% et 63 
± 2%, dans des conditions batch et semi-continu. 

Un fait remarquable sur le catalyseur bimétallique Pt-Pd testé ici est que sa productivité de 
32500 𝑚𝑜𝑙 𝐻2𝑂2/(𝑚𝑜𝑙 𝑚𝑒𝑡𝑎𝑙. ℎ) est environ 10 fois plus élevé que celle du catalyseur à 0,7% en 
masse Pd/SiO2, ou 3 fois plus élevée que celle du catalyseur à 0,2% en masse Pd/SiO2 obtenu 
par miniémulsion. Cette amélioration de la productivité est très prometteuse étant donné que, 
dans la littérature, l'amélioration par l'ajout de Pt au Pd a entraîné une augmentation maximale 
de la productivité de 1,8 fois [11]. 

Compte-tenu des meilleures productivités obtenues avec le catalyseur bimétallique Pt-Pd/SiO2 
et de la meilleure sélectivité obtenue avec le catalyseur Pd-CeO2/SiO2, il pourrait être 
intéressant de tester un catalyseur Pt-Pd-CeO2/SiO2 qui pourrait tirer profit de l'amélioration de 
la productivité apportée par le couple Pt-Pd et de la sélectivité plus élevée due a la stabilité des 
espèces oxydées de Pd par interaction avec l’oxyde de cérium. 

En ce qui concerne la stabilité de la texture poreuse, le catalyseur bimétallique (Pt-Pd/SiO2, avec 
surface spécifique d'environ 600 m2/g) et le catalyseur de Pd monométallique préparé par 
miniémulsion (avec surface spécifique d'environ 700 m2/g) se sont révélés être très stables dans 
les conditions de réaction catalytique : ils ont conservé des caractéristiques de texture presque 
identiques après réaction. Au contraire, le catalyseur de Pd monométallique préparé par voie 
sonochimique a présenté une certaine densification au cours de la réaction (la porosité totale est 
passée de 51% à 43%). Cette densification pourrait être attribuée à l'influence sur le procédé 
sol-gel des espèces de Pd non-réduites par sonochimie, entraînant la formation d’un réseau 
silicique moins résistant. Le catalyseur Pd-CeO2/SiO2 a aussi présenté une légère densification 
après une première utilisation (la porosité totale est passée de 64% à 58%), mais il est 
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néanmoins resté stable lors du recyclage. Cela signifie que la synthèse de ces deux derniers 
matériaux pourrait être encore optimisée pour obtenir des caractéristiques de texture plus stables 
lors d’une toute première utilisation. 

 

 Bilan et perspectives générales XII.3-

Dans le premier cas d'étude (hydrogénation sélective du p-chloronitrobenzene pour produire la 
p-chloroaniline avec des catalyseurs à base de Pt supporté sur de la silice à porosité 
hiérarchique), nous avons démontré que notre procédé de préparation du catalyseur en milieu 
aqueux permet de moduler de manière simultanée et indépendante la porosité hiérarchique 
méso-macro du catalyseur et sa teneur en métal, et de contrôler la distribution en taille des 
nanoparticules de métal ainsi que la distribution spatiale du métal dans le matériau 
(nanoparticules de métal situées dans les macropores).  

Dans le deuxième cas d'étude (synthèse directe du peroxyde d'hydrogène à partir d’oxygène et 
d’hydrogène avec des catalyseurs à base de Pd supporté sur de la silice à porosité hiérarchique), 
il a été possible de montrer que notre méthode de préparation du catalyseur en milieu aqueux 
permet d’introduire des sites actifs de natures différentes en jouant avec des interactions 
bimétalliques (Pt-Pd) et d'oxyde métallique-métal (CeO2-Pd).  

Ainsi, nos résultats concernant ces deux cas d’étude permettent d’affirmer que la modification 
des conditions expérimentales de préparation des catalyseurs en milieu aqueux, que ce soit lors 
de l’étape de synthèse du porogène (latex) par polymérisation en (mini)émulsion, de l’étape de 
synthèse des nanoparticules métalliques par réduction des précurseurs métalliques par 
sonochimie, de l’étape de synthèse du support silicique par procédé sol-gel ou encore lors de 
l’étape de la calcination du matériau final, permet de moduler les caractéristiques 
morphologiques et texturales qui déterminent les performances catalytiques de ces catalyseurs à 
porosité hiérarchique. 

La Figure 210 résume le type de catalyseurs de Pt/SiO2 évalués dans ce travail. En particulier, 
les catalyseurs préparés par la combinaison de la synthèse du latex, la réduction sonochimique 
et le procédé sol-gel ont été obtenus avec des nanoparticules de Pt entre 4 et 10 nm, en fonction 
de la température de calcination et le taux de charge de Pt. La gamme de tailles des mésopores 
formés pendant l’étape du procédé sol-gel a varié de 2-7 nm à 2-15 nm. Une telle différence a 
été expliquée par des légères variations de pH et de stabilité du latex lors de la décoration du 
porogène (latex) par réduction sonochimique de précurseurs métalliques. En outre, la taille des 
macropores a varié entre 110 nm et 400 nm en raison de l’agrégation de billes de polymère à 
cause d'une légère déstabilisation colloïdale lors de l’étape de sonochimie et/ou de l’étape du 
procédé sol-gel. Afin d'étudier plus en détail les effets de la décoration sonochimique du latex 
(création de nanoparticules métalliques en surface du latex) sur la morphologie finale du 
catalyseur, il serait recommandé d’effectuer une étude en décorant un latex de polystyrène à 
diverses activités sonochimiques sous CO/Ar ce qui permettrait évaluer les effets 
sonochimiques sur le latex en limitant les réactions secondaires qui pourraient se produire avec 
le H2O2 généré in-situ. Des expériences similaires sous Ar permettraient d'étudier l'effet sur la 
surface des billes de polymère (et l’effet sur le tensioactif présent dans la formulation du latex) 
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des radicaux hydroxyl HO• et du peroxyde d’hydrogène H2O2 générés in-situ. Cette surface peut 
être caractérisée par un titrage des groupes fonctionnels [12–15]. 

Une perspective supplémentaire pour varier la morphologie du catalyseur serait la préparation 
d'un matériau de silice avec un latex non décoré. Après séchage, le matériau peut être imprégné 
d'une solution de précurseur de Pt puis calciné à 650 °C pour l'élimination du porogène (latex). 
Cela pourrait permettre l’introduction sélective du métal dans les mésopores (au lieu 
d’introduire le métal dans les macropores), comme suggéré dans la Figure 210. 

 

   
a. Porogène décoré par 

voie sonochimique 
 
NPs : 4 – 10 nm 
Mésopores : 2 – 15 nm 
Macropores:110–400nm 

b. Catalyseur 
mésoporeux 
commercial  

 
NPs : 3 nm 
Mésopores: 11 – 28 nm 
Macropores : N/A 

c. Par voie  
d’imprégnation à sec 

 
NPs : 3 – 200 nm 
Mésopores : 2 – 15 nm 
Macropores :110–170nm 

d. Par voie 
d’imprégnation à sec 

avant calcination 
(PERSPECTIVE) 

 

 

Figure 210. Pt/SiO2 catalyseurs avec différentes morphologies. (En bleu, les catalyseurs testés 
dans notre travail pour l'hydrogénation sélective du p-chloronitrobenzene pour produire la p-

chloroaniline) 

 

La Figure 211 présente les catalyseurs de Pd/SiO2 évalués dans notre travail. Le catalyseur 
préparé par la combinaison de la synthèse du latex, de la réduction sonochimique et du procédé 
sol-gel est constitué de nanoparticules de Pd d'environ 16 nm. Cette taille relativement élevée 
des nanoparticules métalliques résulte, d'une part, de la taille des nanoparticules obtenues après 
réduction sonochimique (~ 7 nm), et d'autre part, du frittage des nanoparticules lors de la 
calcination à température élevée requise pour l'élimination du porogène polymère (650 °C). 
Ainsi, une première perspective serait la préparation de latex qui puissent avoir une interaction 
plus forte avec le Pd pour stabiliser ces nanoparticules métalliques et limiter leur croissance, par 
exemple en incluant des fonctions thiols à la surface des billes de polymère [16–18] et/ou en 
incluant des chaînes poly(oxyde d’éthylène) ou poly(vinyl pyrrolidone) à la surface des billes 
polymères [19]. Cela pourrait favoriser une décoration de surface plus uniforme des billes de 
polymère, conduisant donc à des nanoparticules métalliques plus petites. Une deuxième 
perspective impliquerait l'utilisation d'autres polymères porogènes avec des températures de 
dégradation plus faibles, comme par exemple, à base de poly(méthacrylate de méthyle) 
(PMMA), afin de limiter le frittage des nanoparticules de Pd pendant l'étape de calcination. En 
effet, on peut s'attendre à ce que l'élimination d'un latex de PMMA puisse être effectuée à une 
température plus basse que dans le cas du polystyrène, car (lorsqu'il n'est pas inclus dans une 
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matrice de silice) le PMMA peut être complètement dégradé dès 215 °C [20], tandis que le 
polystyrène nécessite 425 °C [21]. Une troisième perspective serait l'extraction du polymère en 
utilisant du CO2 supercritique sous conditions douces (typiquement 40 °C et 250 bars) 
(alternative succinctement explorée dans l'Annexe III). En plus de limiter le frittage des 
nanoparticules métalliques grâce à la faible température utilisée en CO2 supercritique par 
rapport à la méthode par calcination, cela ouvrirait potentiellement la voie au recyclage du 
polymère porogène. Ceci rendrait encore plus pertinent le procédé de synthèse du catalyseur en 
termes de développement durable (procédé en milieux aqueux et CO2 supercritique, deux 
solvants verts, et recyclage du polymère porogène). 

 

   
a. Porogène décoré par 

voie sonochimique 
 
 
NPs : 16 nm 
Mésopores : 2 – 5 nm 
Macropores : ~ 130nm 

b. Porogène préparé 
par polymérisation en 

miniemulsion  
 
NPs : 12 nm 
Mésopores : 2 – 5 nm 
Macropores : ~ 130nm 

c. Catalyseur 
mésoporeux commercial  

 (PERSPECTIVE) 
 

d. Par voie  
d’imprégnation à sec 

(PERSPECTIVE) 
 

 

Figure 211. Catalyseurs Pd/SiO2 préparés par des méthodes différentes (en vert, les catalyseurs 
testés dans notre travail pour la synthèse directe du peroxyde d'hydrogène à partir d'oxygène et 
d'hydrogène) 

 

Egalement, comme dans le premier cas d'étude, il serait souhaitable de compléter l'étude sur la 
synthèse directe du peroxyde d'hydrogène en effectuant d'autres expériences dans les mêmes 
conditions de réaction afin de comparer les performances de nos catalyseur de Pd/SiO2 à 
porosité hiérarchique obtenus par voie sonochimique, en comparaison à un matériau commercial 
de Pd/SiO2 et en comparaison à un catalyseur de Pd préparé par imprégnation à sec d’une 
matrice de silice à porosité hiérarchique. 
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Par ailleurs, il serait possible de préparer un matériau avec une certaine fonctionnalité introduite 
dans les macropores et une autre fonctionnalité introduite dans les mésopores (Figure 212.c). 
Cela pourrait se faire par un mélange de latex décoré et de micelles fonctionnalisées. Les 
micelles fonctionnalisées peuvent par exemple être préparées à partir de copolymères à blocs 
(des nanoparticules de Pt peuvent être préparées, par exemple, par réduction avec des polyols 
assistée par micro-ondes) [22]. Une autre option très séduisante pour préparer des micelles 
fonctionnalisées est l'utilisation de copolymères à blocs sensibles aux stimuli pour former des 
micelles constituées de complexes de polyions (PIC micelles en anglais : PolyIon Complex 
micelles). Par exemple, des copolymères à blocs double hydrophiles peuvent présenter des 
charges suite à un stimulus (comme un changement de pH pour un copolymère à blocs 
poly(oxyde d’éthylène)-b-poly(acide acrylique) qui présentera donc des charges négatives de 
type carboxylates -CO2

-,Z+). Cela leur permet de se co-assembler avec des polyions métalliques 
de charge opposée (par exemple charges cationiques de Mn+ pour MXn) par complexation 
électrostatique (par exemple : Pt(II) ou Pt(IV), ou Pd(II) ou Pd(IV)) gouvernée par le gain 
entropique lié au relargage des contre-ions Z+ et X-. Après la synthèse sol-gel, la mésoporosité 
résultante serait ordonnée et contiendrait le métal désiré [23,24]. 

En ce qui concerne la synthèse du latex porogène, une perspective supplémentaire peut être 
suggérée. Tout d'abord, la taille des particules de polymère peut être diminuée par la préparation 
de nanolatex [25–27] afin d’obtenir des macropores inférieurs à 100 nm (par exemple, pour 
limiter l’agrégation des nanoparticules métalliques dans un même macropore). Ces nanolatex 
pourraient être combinés avec des latex d'une taille plus grande afin d'induire une hiérarchie de 
taille des macropores dans le matériau final (pour améliorer le phénomène de diffusion dans le 
grain de catalyseur). Une deuxième perspective serait d’introduire d'autres groupes fonctionnels 
que des sulfates et sulfonates à la surface des billes de polymère. Par exemple, pour améliorer 
l'interaction polymère-silice, le poly(oxyde d'éthylène) (POE) pourrait être utilisé car il se forme 
des liaisons hydrogène entre les silanols Si-OH de la silice et les unités oxyde d’éthylène du 
POE lors du procédé sol-gel. De la même manière et aussi pour améliorer l'interaction entre le 
polymère et les nanoparticules métalliques, la polyvinylpyrrolidone (PVP) pourrait être utilisée 
pour à la fois assurer une interaction forte entre le latex et la matrice silicique mais aussi pour 
stabiliser les nanoparticules métalliques à la surface des billes de polymère [19]. 

De plus, notre étude a été effectuée sur un support de silice à porosité hiérarchique. Toutefois, 
elle pourrait être étendue à d’autres systèmes d'oxydes simples ou mixtes comme TiO2, Al2O3, 
SiO2-TiO2 ou SiO2-Al2O3 [22]. 

En ce qui concerne les conditions de fonctionnement pour le test du catalyseur, les réactions 
catalytiques effectuées dans notre étude ont été principalement effectuées dans des conditions de 
batch, où aucune limitation majeure du transport de matière n'était attendue. Cependant, les 
essais catalytiques dans des conditions d'écoulement dynamiques à travers un contacteur 
monolithique poreux profiteraient davantage des caractéristiques de nos matériaux à porosité 
hiérarchique, compte tenu des limitations de transport de masse plus élevées en opération en 
continu. Pour de telles conditions de fonctionnement, notre procédé de préparation de 
catalyseurs en milieu aqueux devrait permettre la préparation, par simple immersion (lors de 
l'étape sol-gel avant d'atteindre le point de gel), de pièces monolithiques telles que des structures 
en nid d'abeilles ou des mousses solides. 
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En conclusion, notre technique de préparation du catalyseur en milieu aqueux par la 
combinaison de synthèse du latex, réduction sonochimique et procédé sol-gel fournit une boîte à 
outils très puissante et polyvalente pour la préparation et l'optimisation des catalyseurs. Notre 
travail ouvre la voie à de nombreuses perspectives pour développer davantage cette nouvelle 
méthode qui permettrait de préparer des catalyseurs avec des morphologies améliorées et avec 
une distribution contrôlée de sites actifs de natures différentes au sein de la porosité 
hiérarchique méso et macro. 
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ABSTRACT  

Catalysis is one of the Green Chemistry Principles given its importance for limiting environmental impacts and improving 
current processes, as well as for developing new sustainable processes and products. In order to provide more performant 
catalysts, this study provides a novel preparation method for controlling the distribution of metal nanoparticles (NPs) within 
hierarchically meso- and macroporous catalysts. It consists of the combination of latex synthesis, sonochemistry and sol-gel 
process. All these steps can be carried out in water, reducing environmental impact. The first step is the synthesis of latex, 
typically polystyrene. The second step is the sonochemical synthesis and deposition of noble metal NPs on the surface of the 
latex polymer. The third step is the synthesis of the support by sol-gel process using tetraethyl orthosilicate (TEOS) under 
controlled conditions to modulate the porosity of the final silica matrix. As a result, an original catalyst morphology is 
obtained with active sites preferentially located within the macropores, which are surrounded by a mesoporous matrix. Using 
this approach, a monodisperse polystyrene latex (~130 nm) was prepared by emulsion polymerisation and then decorated 
with Pt NPs (~2.3 nm) by sonochemical reduction. The mesoporous silica support was prepared by sol-gel synthesis in the 
presence of the decorated latex. After calcination, the organic template left behind macropores with the Pt NPs within the 
generated macropores. Mesopores (2-15 nm) connecting these macropores (110-400 nm) were tuned by varying the synthesis 
conditions. Typically, specific surface areas of 615 m2/g and total pore volumes of 0.74 cm3/g were obtained. In a first case 
study, hierarchically porous Pt/SiO2 catalysts were evaluated in the selective hydrogenation of p-chloronitrobenzene (p-CNB) 
to produce p-chloroaniline. They exhibited activities up to 91.7 ± 2.9 molCNB/(min molPt) and selectivity values up to 100 ± 
2% at 80% of conversion, in comparison with 47.7 ± 2.9 molCNB/(min molPt) and 91 ± 2%, respectively, obtained with a 
commercial catalyst under the same conditions. Moreover, in a second case study, it was possible to prepare silica-supported 
Pd, Pd-Pt and Pd-CeO2 catalysts with hierarchical porosity (meso and macro). These materials were tested in the direct 
synthesis of hydrogen peroxide from hydrogen and oxygen. The best productivity of H2O2 was obtained with the bimetallic 
Pd-Pt catalyst with 32500 molH2O2/(h molmetal) in batch, and the best selectivity was obtained with Pd-CeO2/SiO2 catalyst (63 
± 2%) in semi-batch. In summary, this thesis proposes a new aqueous preparation method for hierarchically porous 
functional materials by the combination of latex synthesis, sonochemical reduction and sol-gel process. It has been 
demonstrated that this preparation technique provides a very powerful and versatile toolbox for catalyst tailoring and 
optimisation. Further perspectives to achieve improved morphologies and controlled active sites distribution are also 
proposed. 

KEY WORDS:    LATEX    •    SONOCHEMISTRY    •    SOL-GEL    •    CATALYST CHARACTERISATION    •    CATALYSIS 

RESUME 

La catalyse est l'un des piliers pour le développement de procédés durables, car elle permet d'utiliser moins de ressources en 
accélérant les réactions chimiques. Afin de fournir des catalyseurs plus performants, cette étude propose une nouvelle 
méthode de préparation de catalyseurs pour contrôler la distribution de nanoparticules (NPs) métalliques au sein des 
catalyseurs hiérarchiquement poreux (méso et macro) en combinant la synthèse de latex, la réduction sonochimique et le 
procédé sol-gel. La première étape est la synthèse d'une empreinte porogène de billes de polystyrène (latex) obtenues par 
polymérisation en émulsion aqueuse. La deuxième étape est la synthèse et le dépôt de NPs de métaux nobles sur la surface 
des billes de polymère par voie sonochimique dans l’eau. La troisième étape est la synthèse du support catalytique par un 
procédé sol-gel en milieu aqueux en utilisant le latex décoré et l’orthosilicate de tétraéthyle (TEOS) dans des conditions 
contrôlées pour moduler la porosité finale de la matrice de silice (mésoporeuse). Toutes les étapes de cette approche sont 
effectuées dans l'eau, ce qui limite les impacts environnementaux de la préparation du catalyseur. L'élimination du porogène 
(latex) par calcination génère les macropores. Le matériau résultant possède alors une morphologie inédite pour un 
catalyseur, avec des macropores fonctionnalisés par des NPs métalliques, dans une matrice de silice mésoporeuse. Ainsi, il a 
été possible de synthétiser un latex monodisperse de polystyrène (~130 nm), lequel a été décoré avec des NPs de Pt (~2.3 
nm) par réduction sonochimique. Le matériau final de silice a présenté des mésopores (2-15 nm) reliant les macropores (110-
400 nm) contenant les NPs de Pt. Il a été possible d'obtenir des surfaces spécifiques et des volumes poreux totaux de 615 
m2/g et 0,74 cm3/g, respectivement. Dans un premier cas d'étude, des catalyseurs de Pt/SiO2 à porosité hiérarchique ont été 
évalués dans l'hydrogénation sélective du p-chloronitrobenzene (p-CNB) pour produire la p-chloroaniline. Ils ont présenté 
des activités catalytiques allant jusqu'à 91,7 ± 2,9 molCNB/(min molPt) et des sélectivités jusqu'à 100 ± 2% à 80% de 
conversion, par rapport à 47,7 ± 2,9 molCNB/(min molPt) et 91 ± 2%, respectivement, obtenus dans les mêmes conditions avec 
un catalyseur commercial. Dans un deuxième cas d'étude, des catalyseurs à base de Pd, Pd-Pt et Pd-CeO2 supportés sur de la 
silice à porosité hiérarchique ont été préparés et testés dans la synthèse directe du peroxyde d'hydrogène. La meilleure 
productivité a été obtenue avec le catalyseur bimétallique Pd-Pt avec 32500 molH2O2/(h molmétal) en batch, et la meilleure 
sélectivité a été obtenue avec le catalyseur Pd-CeO2/SiO2 (63 ± 2%) en semi-continu. En résumé, cette thèse propose une 
nouvelle méthode de préparation dans l’eau de matériaux fonctionnels à porosité hiérarchique en combinant la synthèse de 
latex, la réduction sonochimique et le procédé sol-gel. Il a été démontré que cette technique de préparation fournit une boîte à 
outils très puissante et polyvalente pour la préparation et l'optimisation des catalyseurs. Des perspectives pour améliorer 
davantage les morphologies et la distribution contrôlée des sites actifs sont également proposées. 

MOTS CLES:    LATEX     •     SONOCHIMIE     •     SOL-GEL     •     CARACTERISATION DE CATALYSEUR     •     CATALYSE


