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In the beginning of the XXI st century, Environmental Transmission Electron Microscopy has become one of the reliable characterization techniques of nanomaterials in conditions mimicking their real life. ETEM is now able to follow the dynamic evolution of nanomaterials under various conditions like high temperature, liquid or various gas pressures. Among various fields of research, catalysis can benefit significantly from Environmental microscopy. This contribution to ETEM started with the study of the Palladium-Alumina catalytic system. Pd nanoparticles supported by α-Al2O3 and δ-Al2O3 are of an important physicochemical and environmental interest: particularly in the field of selective hydrogenation in petrochemistry, for the synthesis of polymers or CO2 hydrogenation for methane production.

We first performed 2D analyses at different steps of the synthesis process, e.g. raw impregnation, heating for calcination under air at atmospheric pressures. Essentially, the evolution of nanoparticles in terms of crystallographic structure and size distribution was measured. The influence of the support (i.e. αor δ-Al2O3) was also evidenced through 3D analysis performed by conventional Electron Tomography: in the case of δ-Al2O3, the porous structure of the support contributes significantly to the anchorage of nanoparticles. Then the same synthesis steps were performed in situ. The impregnated sample was dried and calcined under air and pure oxygen at pressures ranging from 0.2 to 15 mbar, the typical working range of an ETEM. The motivation of this approach is to compare ex situ treatments with ETEM observations, where the evolution of nanoparticles can be measured in situ and not only "before" and "after". Another aim of the in situ ETEM study was to quantify the Pd nanoparticles dynamics on the surface of both α and δ supports in reference to the calcination process: it has then clearly been demonstrated that the mobility is reduced in the case of δ-Al2O3 leading to less coalescence events, which is supported by the analysis of the size histograms of nanoparticles in both cases.

The most important problematic tackled in this work has concerned the need for accurate 3D information during the in situ evolution of, generally speaking, nano-systems studied in ETEM, as 2D data provide limited insights on, for example, structure and position of supported nanoparticles.

We then develop a new fast acquisition approach to collect tomographic tilt series in very short times, enabling to grab the morphology of a nano-system during its dynamical change. To do so, both optimized 'step-by-step' and continuous rotation schemes were employed, leading to 3D
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Résumé

Au début du XXI ème siècle, la Microscopie Electronique à Transmission en mode Environnemental (ETEM) est devenue l'une des techniques les plus fiables de caractérisation de nanomatériaux dans des conditions simulant leur vie réelle. L'ETEM est maintenant en mesure de suivre l'évolution dynamique des nanomatériaux dans diverses conditions comme l'exposition à des températures élevées, l'observation en milieux liquide ou gazeux à diverses pressions. Parmi les différents domaines de la recherche, la catalyse peut bénéficier de manière significative des avancées permises par la microscopie électronique environnementale.

Cette thèse, dédiée au développement de l'ETEM au laboratoire MATEIS, a commencé avec l'étude du système catalytique Pd-alumine. Les nanoparticules de Pd déposées sur α-Al2O3 et δ-Al2O3 sont très utilisées en physicochimie avec un impact environnemental important : en particulier dans le domaine de l'hydrogénation sélective, pour la synthèse de polymères ou l'hydrogénation de CO2 pour la production de méthane.

Nous avons tout d'abord effectué des analyses 2D aux différentes étapes du processus de synthèse du catalyseur : imprégnation du précurseur, séchage et chauffage pour la calcination dans l'air à la pression atmosphérique. Essentiellement, l'évolution des nanoparticules en termes de structure cristallographique et distribution de taille a été mesurée. L'influence du support (α-ou δ-Al2O3) a été également démontré par des analyses 3D en employant la Tomographie Electronique en mode conventionnel : dans le cas de δ-Al2O3, la structure poreuse du support contribue de manière significative à l'ancrage des nanoparticules. Ensuite les mêmes étapes de la synthèse ont été réalisées in situ. L'échantillon imprégné a été séché et calciné dans l'air ou de l'oxygène pur à des pressions allant de 0,2 à 15 mbar, représentant la plage des pressions de travail typique d'un ETEM. La motivation de cette approche a été de comparer des analyses post mortem avec des traitements dans un ETEM où l'évolution des nanoparticules peut être mesurée in situ et pas seulement « avant » et « après ». Un autre objectif de l'étude ETEM in situ a été de quantifier la mobilité des nanoparticules sur la surface de α-et δ-Al2O3 pendant le processus de calcination. Il a été ainsi clairement démontré que la mobilité du Pd supporté sur δ-Al2O3 est bien moindre que sur -Al2O3, ce qui représente un avantage majeur pour limiter une éventuelle croissance des nanoparticules par coalescence ; ce résultat est notamment attesté par l'analyse des histogrammes des tailles des nanoparticules.

Le problème le plus important abordé dans ce travail concerne le besoin d'informations tridimensionnelles en cours de l'évolution in situ. De manière générale, les études faites en ETEM en 2D donnent un aperçu limité sur la morphologie des objets et la distribution spatiale des nanoparticules supportées. Nous avons développé une nouvelle approche d'acquisition rapide pour collecter dans des temps très courts des séries d'images sous différents angles de vue pour la tomographie électronique, la rapidité de cette acquisition étant un prérequis pour appréhender correctement la morphologie d'un nano-système au cours de son évolution. Ainsi, deux méthodes d'acquisition, « pas-à-pas » et en rotation continu, ont été utilisées et optimisées, conduisant à des études en 3D à une vitesse permettant une rotation de l'objet sur un intervalle angulaire de 140° en moins de 2 minutes dans le premier cas et 5 secondes dans le second, grâce à l'utilisation d'un système rapide d'enregistrement (la caméra du TEM) de dernière génération acquise dans le cadre du projet ANR « 3DCLEAN » 2015-2019 dans lequel ce travail de thèse s'insère partiellement. Bien que limité au mode d'imagerie en champ clair, la tomographie rapide a pu être appliquée au système Pd-Al2O3 en la comparant à des analyses par tomographie conventionnelle pour démontrer sa pertinence. La technique a ensuite été utilisé dans l'étude de plusieurs systèmes où une acquisition rapide est indispensable : la combustion de suie supportée par la zircone a été étudiée in situ entre 400° et 600 ° C et une pression de 2 mbar d'oxygène à différents degrés de combustion, ce qui a permis d'extraire des données cinétiques ainsi que l'énergie d'activation du processus. La tomographie électronique rapide a été également appliquée à des matériaux sensibles au faisceau électronique, comme des nanocomposites polymères et des objets biologiques, montrant la vaste gamme d'applications possibles pour cette technique qui consiste un pas important vers la caractérisation operando 3D de nanomatériaux en temps réel.

Introduction

Electron microscopy techniques such as Transmission, Scanning and Scanning Transmission (TEM, SEM S/TEM) are considered as the most reliable characterization approaches to investigate the structural properties of materials from the micrometer to the atomic scale level.

There have been tremendous developments and technical improvements made to each technique during the past 2 decades, which have provided tools of highest precision, sensitivity, resolution now currently available on the market.

The availability of optical correctors makes that transmission electron microscopes can nowadays reach atomic resolution very easily, even when they are equipped with a objective lens with a high gap: such a configuration of the pole pieces is a valuable advantage, indeed a requirement for electron tomography analysis and in situ experiments. Electron tomography essentially requires space to allow large tilt capabilities, a prerequisite to perform so-called 'tilt series' enabling a 3D reconstruction of the sample. In situ means using verities of specimen holders to study the nanomaterial mechanically, electrically, thermally. One exciting development of such in situ approaches concerns the investigation of nanomaterials under gas and high temperature conditions, so-called Environmental TEM (ETEM). This setup resembles a nanoreactor chamber for material study; owing to the spatial resolution of (aberrationcorrected) TEMs, the analysis of materials (organic or inorganic) in controlled environments at different gas or liquid pressures and temperatures can then be performed down to the atomic resolution and almost 'in real time' in the best cases.

The present work will mainly focus on ETEM as performed with a dedicated Environmental microscope where the volume kept under a partial pressure is the whole pole-pieces around the sample (contrarily to studies conducted in sample supports or holders equipped with a sealed cell, or Environmental cell -'E-cell' -). Environmental catalysts and electrochemistry are among the major fields taking a great advantage of Environmental TEM.

Whereas the technique is now well developed because of significant technological advances brought by manufacturers since about 10-15 years, improvements are still possible (and needed). Indeed, ETEM observations are in most cases limited to 2D despite the fact that it is very well known that 3D features are governing the material properties. Conventional electron tomography is simply not compatible with ETEM studies because it requires too much time (up to 30 minutes to 90 minutes, depending on the imaging mode) to record a complete 'tilt series' as required to reconstruct the volume of the sample. Compared to the dynamics of a chemical reaction under reactive conditions, it can be considered that conventional electron tomography is sluggish for ETEM studies. In that context, we need to revisit the methods for data acquisition in electron tomography in order to be able to investigate the dynamic changes of nanomaterials in 3D under in-situ conditions. Said otherwise, it is necessary to develop a new strategy to record faster tilt series in order to visualize any intermediary or transient state of a dynamic morphological or chemical change of the object during its evolution in the microscope.

In the scope of studying the nanomaterial dynamics in 3D under in-situ conditions, this thesis has two main objectives.

First, it is aimed to apply ETEM to the in-situ characterization of a nanocatalysts systems, with the goal of comparing the microstructures obtained after 'ex-situ' treatments in a conventional reactor with that observed after in situ treatments in the ETEM. For this we have selected two catalytic systems consisting in Pd nanoparticles supported on and -Al2O3. Pd/Al2O3 catalysts have tremendous applications in the field of petrochemicals industry and for controlling the pollution emission from diesel engines in the automotive industry. This first step will then consist in characterizing morphological parameters of the population of Pd nanoparticles at different stages of the genesis of the catalyst, typically after the synthesis (impregnation of alumina powders by Pd salts), drying, calcination and reduction between 150 and typically 400° in adequate environments (air, oxygen and hydrogen).

Secondly, we ambition to develop a 'fast tomography' strategy allowing to investigate the nanomaterials in 3D under in-situ conditions and in real time, as fast as possible. This methodological approach will be developed at first on the Pd-Al2O3, then extended to other systems to properly demonstrate its feasibility. Fast tomography will not only help to investigate nanomaterials in 3D exposed to environmental conditions, but it will be shown that it can be a great advantage for the 3D characterization of electron beam sensitive nanomaterials, like polymers and bio materials without any special treatments. This manuscript is divided into 5 chapters.

Chapter 1 mainly surveys recent advances in the field of in-situ electron microscopy using both dedicated ETEM and E-cell TEM. Possible applications and limitations of each technique are also mentioned in some pertinent fields. Concepts related to Electron Tomography are briefly discussed as it is a topic of special interest in this work. As the Pd/Al2O3 catalytic system has been chosen for in-situ studies, a brief introduction of catalysis and particularly this heterogeneous catalysis system is proposed.

Chapter 2 deals with a conventional TEM study of Pd/Al2O3 catalyst with the help of TEM/STEM techniques. Industrially prepared samples were examined at each step of the synthesis process. The quantification of the size distribution of Pd nanoparticles on 2 different alumina supports (-Al2O3 and -Al2O3) at different stages, i.e. impregnation, drying and calcination were deduced from this study. Consistently with our ambition to develop in situ 3D analysis, classical electron tomography analysis was further performed on the ex-situ prepared samples and compared to with analysis and measurements performed on the same nanomaterials in 2D.

Chapter 3 shows the in-situ environmental TEM of the previous Pd/-Al2O3 and Pd/-Al2O3 systems. The distribution of Pd nanoparticles, their size and shape variation during the sintering process during the calcination was observed in real time and quantified. The chemistry (phase change) of the Pd population was further evaluated with the help of Tracy-Rice plots. Finally, the in-situ results are compared with the ex-situ results from Chapter 2.

Chapter 4 is mainly devoted to the challenging development of "fast tomography" under in-situ conditions. This chapter shows the proof of concept of our fast electron tomography approach and demonstrates the possibility to record tilt series in times of the order of one or two minutes only while preserving a resolution close to the nanometer. A simulation study was performed on a ghost numerical model to evaluate the possibilities as well as the limitations of the method.

Then tests were performed on various samples, including the previous Pd / Al2O3 systems.

Although our approach relies on conventional bright field imaging, thus leading to undesirable diffraction contrasts with such crystalline materials, encouraging results were obtained. Other tested nanomaterials have consisted in beam sensitive samples such as polymers and biological samples, for which the fast acquisition offers the advantage of limiting the total electron dose received during the short image acquisitions.

In continuation of Chapter 4, Chapter 5 concerns a more specific 'operando' fast electron tomography study of the oxidation process of soot anchored to zirconia-based catalysts. This system is of societal importance in the context of depollution of diesel engine exhaust gases in order to limit the emission of particulate matters. The combustion process of soot on Zirconia was followed in situ and volumetric changes were measured for aggregates in contact with the catalyst. A kinetic study at different temperatures allowed us to deduce the activation energy of the soot oxidation from the speed of soot consumption measured in 3D, to the best of our knowledge a 'première' in ETEM. Owing to the fast data acquisition, a total of 35 tilt series were acquired in less than 3 hours on the same object with a reasonably good control of the irradiation conditions. This chapter also deals with the possibilities to further improve the speed of acquisition from a few minutes to few seconds. Owing to the use of a fast and sensitive camera from the latest generation, it is shown that acquisition of tilt series over a very comfortable tilting range of 140° can be performed in 4 to 5 seconds, which obviously permit reasonable 3D reconstructions. Some feasibility experiments under true environmental conditions will then be described on several examples; in addition, requirements and developments needed in terms of image processing and data treatment but also hardware will be discussed.

Finally, a general overall conclusion is drawn and future perspectives of the work are presented in the perspective of real time operando tomography of nanomaterials under environmental conditions and at a nanometer level in the ETEM.

Chapter 1: ETEM of the XXI st century & Recent developments and applications

Environmental Transmission Electron microscopy 1.Recent instrumental advances in TEM

Since the pioneer development of the first electron microscope in 1931 by Ernst [START_REF] Ruska | The development of the electron microscope and of electron microscopy[END_REF]], Transmission Electron Microscopy (TEM) has become an unsurpassed tool to observe the building blocks of materials down to the atomic level. Structural, chemical, spectroscopic information that can be obtained to help the scientists to better understand the organisation of matter. This further provides modern industries the means to develop better products, a great challenge nowadays regarding societal issues, sustainable technological developments and the energetic transition. For better characterization performances, TEMs went under many improvements [START_REF] Haguenau | Key Events in the History of Electron Microscopy[END_REF]] over the last decades; consequently, today's existing microscopes can have a spatial resolution better than 0.1 nm in both imaging and spectroscopic modes, thanks to aberration correctors and monochromators [Hawkes (2015)]. In particular current generation electron microscopes have the facility to observe dynamic changes of materials when they are exposed to gas, liquid, high temperature, electric solicitations or stress conditions, with which one can get in-depth understanding of the materials of interest. Of all, the possibility exists now to follow dynamic processes in almost 'operando' conditions, thanks to environmental chamber and/or cell which enable to observe nano-objects under gas and at temperature in-situ in the microscope [START_REF] Butler | Wet cell microscopy[END_REF]; [START_REF] Sharma | An environmental transmission electron microscope for in situ synthesis and characterization of nanomaterials[END_REF]; Gai (2013); Hansen (2016), [START_REF] Ross | Transmission electron microscopy of specimens and processes in liquids[END_REF]].

Before describing in more details this environmental microscopy, or 'ETEM', it is useful to make some general statements about recent technical improvements of 'conventional', i.e. high vacuum, transmission microscopes.

Aberration correctors and Monochromators

The constant development of nanotechnologies in all research area, from nanoparticles-based theranostic to smaller and smaller nano-electronic devices have boosted the development of high spatial resolution capabilities in the TEM. The two main factors that determine the highresolution imaging possibilities are the properties and optical quality of objective lenses and the energy distribution of electrons emitted from the source.

The main optical imperfection of the converging lenses of an electron microscope is the spherical aberration: the lens is not capable of focusing electrons coming from a single object at the same converging position in the image plane. The associated reduced resolution can be improved by using an aberration corrector (or Cs-corrector, Cs being the coefficient of spherical aberration) as it has been proposed and technologically developed since about 2 decades. When the corrector is installed below the objective lenses (so-called image corrector), the resolution is improved in the High Resolution TEM mode, where atomic column images are produced by multi-beam interferences [START_REF] Erni | Aberration-corrected imaging in transmission electron microscopy: An introduction[END_REF]]. When the corrector is installed at the illumination condenser lens system (probe corrector), the probe size is minimized and the resolution is improved in the so-called Scanning TEM or STEM mode [START_REF] Brydson | Aberration-corrected analytical transmission electron microscopy[END_REF]; [START_REF] Erni | Aberration-corrected imaging in transmission electron microscopy: An introduction[END_REF]]. In this mode, atomic columns are resolved because a probe with a size smaller that the intercolumn distance is scanned over the sample. At the atomic column positions, the incident electrons incoherently scattered at moderated or high angles are collected on an annular detector, giving rise to intense 'atomic' dots in the image over a less intense background. This is called (High Angle) Annular Dark Field STEM ((HA)ADF-STEM) imaging. Figure 1.1 gives two illustrations of both imaging modes for atomically resolved imaging. Possible combination of optical devices consists in the assembly of hexapole elements and lens doublets to compensate the spherical aberration, based on the pioneer proposition by H. [START_REF] Haider | Towards 0.1 nm resolution with the first spherically corrected transmission electron microscope[END_REF]; [START_REF] Rose | Prospects for aberration-free electron microscopy[END_REF]].

The chromatic aberration is due to the energy spread of the electrons from the source which degrades the quality of image by focusing electron with different energies at different points.

This undesirable effect can be reduced by using a coherent field emission electron source, filtering it with a monochromator or decreasing the energy spread of the emitted electrons with help of additional electro-optical systems [START_REF] Krivanek | High-energy-resolution monochromator for aberration-corrected scanning transmission electron microscopy/electron energy-loss spectroscopy[END_REF]]. With the use of correctors on modern microscope, a resolution better than 0.5 Angstrom (50 pm) is now readily achievable in both TEM and STEM imaging [START_REF] Akashi | Aberration corrected 1.2-MV cold field-emission transmission electron microscope with a sub-50-pm resolution[END_REF]; [START_REF] Sawada | Resolving 45-pmseparated Si-Si atomic columns with an aberration-corrected STEM[END_REF]]. 

Ultrafast Cameras

In recent years, digital cameras have almost replaced other recording media, such as analogic film plates to serve as eyes for the conventional, HRTEM and diffraction imaging modes. An additional revolution is in progress with the achievement of fast and sensitive optimized-CMOS and/or Direct Electron detection cameras (DE) since roughly the beginning of the XX1 st century. Contrarily to traditional digital cameras using a scintillator to convert electrons into photons, DE devices detect directly the incoming electrons which thus offer a much better sensitivity, signal-to-noise ratio and resolution [ [START_REF] Mcmullan | Comparison of optimal performance at 300keV of three direct electron detectors for use in low dose electron microscopy[END_REF]]. Several such devices are available today from several manufacturers: Falcon TM series from FEI [www.fei.com, van Duinen (2017)], K2 TM and K3 TM from , DE TM series from Direct Electron [www.directelectron.com], pn-CCDs from PNSensor [www.pnsensor.de].

Owing to their high sensitivity, they can allow acquisition times as short as microseconds depending upon their binning capabilities (usually 16 Megapixels sensors -25 for the Gatan K3 TM -). As an example, newly developed cameras like K2 and very recently K3 models from Gatan are capable of taking 50 frames per second at 4K image resolution and can even up to more than 1000 frames per second at lower resolution (1600 fps at 512*512). With slightly fewer performances, optimized CMOS-based cameras of the last generation (Ceta TM from FEI,

Oneview TM from Gatan [www.gatan.com], TemCam XF TM series from TVIPS [www.tvips.com] exhibit nevertheless very good performances and between 25 to 50 frames per second (fps) acquisition rates in 4Kx4K format.

A large number of applications of these cameras were already performed especially in biology.

2D applications mostly concern high resolution of biological specimens, which is now possible below 4 Angstroms [ [START_REF] Bartesaghi | 2.2 Å resolution cryo-EM structure of β-galactosidase in complex with a cell-permeant inhibitor[END_REF]; [START_REF] Sirohi | The 3.8 Å resolution cryo-EM structure of Zika virus[END_REF]]. An increasing number of developments are in progress in 3D cryo-EM [START_REF] Abrishami | New computational methods toward atomic resolution in single particle cryo-electron microscopy[END_REF]]. Because of the high-quality signal to noise ratio (SNR), the high image resolution and the large field of view they allow, these advanced cameras offer also a great number of advantages in Materials Science as well. First, their great dimensions allow observing a large field of view while simultaneously maintaining high resolution capabilities, as illustrated in Figure 1.2. Then, their high sensitivity allows to capture images with a reasonable SNR but in very short exposure times of the order of a few milliseconds. This is of a great interest for observing beam sensitive samples (such as polymers and/or biological materials) in both 2D and 'fast 3D' as it will be demonstrated in Chapter 4.

The dedicated Environmental TEM strategy TEM with an environmental chamber

The basic structure of ETEM equipped with an environmental chamber is not very different from a conventional TEM. Indeed, the conventional microscope [START_REF] Williams | The transmission electron microscope[END_REF]] has first to be equipped with a large pole-piece gap (several mm) which creates enough room around the sample holder for gas in-let and out-let. To maintain a sufficient vacuum and to take out any leaking gas, turbo molecular pumps [START_REF] Anton | Performance of turbomolecular pumps in an extended TEM specimen chamber equipped for in-situ vapour deposition experiments[END_REF]] are installed above and below the sample chamber. This design is basically termed as differential pumping system [ Gai (2007)]. [START_REF] Rooksby | The formation and structure of delta alumina[END_REF]]. Microscope FEI TITAN ETEM, 300 kV.

The differential pumping system and its position inside the microscope are illustrated in Figure 1.3, which further shows two ETEM instruments. The fact to use a large pole pieces gap in the environmental microscope offers several advantages:

(i) This configuration allows easy tomography acquisition, because tomography in a TEM imposes to acquire tilted image series on a large angular range which in turn requires a large space around the specimen [Frank (1992); Herman (2014)].

(ii)

The room available further allows in situ montages, or the use of special holders such as provided by different manufacturers [START_REF] Warren | In situ nanoindentation in the TEM[END_REF], [START_REF] Nafari | MEMS sensor for in situ TEM atomic force microscopy[END_REF]] for, say, nanomechanical testing [START_REF] Yu | In situ TEM nanomechanics[END_REF]]. 

Heating sample holders for the ETEM

The availability of a gaseous environment in the TEM is itself an invitation to perform reactive transformations of nanomaterials, which most frequently require to heat the sample up to several hundred of degrees Celsius.

Older generation TEM holders have been serving the early stage material observations under vacuum since as early as the 70's. They were essentially based on a mini-furnace holding directly the specimen and heated by the Joule effect, the temperature being controlled by a thermocouple located as closed as possible to the sample (generally around the furnace, see Figure 1.4 a). Such heating holders can reach temperatures of up to 1000°C typically, with the help of a cooling liquid system (generally water). They were not very reliable for precise temperatures, rather delicate to handle (connecting and thermocouple wires being quite brittle).

Further, the geometry of the furnace strongly limits the tilt capabilities for tomography and prevents for any reliable EDX analysis due to its huge mass as compared to the sample (thin foil or grid-deposited nanoparticles). When some ingenious in-house systems were developed [START_REF] Winterstein | Temperature calibration for in situ environmental transmission electron microscopy experiments[END_REF], Niekiel (2016)]. Some of these MEMS-based holders also offer better opportunities for doing high tilt tomography experiments without too many complications.

MEMS based heating holders [START_REF] Allard | A new MEMS-based system for ultra-high-resolution imaging at elevated temperatures[END_REF]] can go up to 1300°C temperatures under gaseous pressures as high as 20 mbar. Electrical biasing up to 200 kV/cm under heating up to 800°C is also possible for some models. Different types of MEMS based holders for various applications are available from different manufactures: DENS solutions [www.denssolutions.com], Proto chips[www.protochips.com], Hummingbird etc...

Environmental Cells

Gaseous and Liquid Environmental Cells

Another solution to allow the partial pressure in the microscope without breaking the high vacuum required for the production and propagation of the electron beam all along the column is to use a closed sealed cell mounted onto the specimen holder [Giorgio (2006)]. In such an Environmental Cell (E-Cell), a tiny volume, typically tens of µm 2 in surface by hundreds of nm in height, is confined for gas or liquid flow. As compared to the dedicated ETEM, this solution offers the advantage of versatility since commercial such holders can easily be fitted in any microscope. The new MEMS technology based holders from the early years of the XXI st century also permits much higher pressure, up to the atmospheric pressure or slightly higher: this is a great feature since it allows the observation of liquids at room temperature Creemer (2008); [START_REF] Allard | A new MEMS-based system for ultra-high-resolution imaging at elevated temperatures[END_REF]; [START_REF] Ross | Transmission electron microscopy of specimens and processes in liquids[END_REF]]. The essential counterparts are:

[
(i)

The much smaller space available prohibits any easy mechanical in situ montage.

Tomography as well is much more limited than in the ETEM because of rapid shadowing effects when tilting.

(ii) E-Cells certainly offer a worst spatial resolution than in an ETEM owing to the beam interaction with the two-sealing top and bottom membranes [START_REF] Kawasaki | Improvement of windowed type environmental-cell transmission electron microscope for in situ observation of gas-solid interactions[END_REF][START_REF] Mehdi | Observation and quantification of nanoscale processes in lithium batteries by operando electrochemical (S) TEM[END_REF]; [START_REF] Surrey | Multislice simulations for in-situ HRTEM studies of nanostructured magnesium hydride at ambient hydrogen pressure[END_REF]].

(iii) For the same reason, chemical analysis by usual spectroscopic methods (Energy Dispersive X-Ray -EDX -and Electron Energy-Loss Spectroscopy -EELS -) is not facilitated allow us to apply the gaseous pressures up to few bars and able to study the biological samples as the sample can be kept in the liquid.

Nevertheless E-Cell type holders are still currently largely developed and applied to a very large variety of challenging applications, such as the dynamic characterizing of solid-liquid interactions at high pressures [Gai (2008); [START_REF] Zeng | Visualization of Colloidal Nanocrystal Formation and Electrode-Electrolyte Interfaces in Liquids Using TEM[END_REF]], the observation of biological samples in a natural liquid environment [START_REF] De Jonge | Electron microscopy of specimens in liquid[END_REF]] and electrical biasing studies to investigate the conduction properties of nanomaterials, in particular for electrochemistry purposes (i.e. batteries) [START_REF] Hodnik | Importance and challenges of electrochemical in situ liquid cell electron microscopy for energy conversion research[END_REF]; [START_REF] Kushima | Liquid cell transmission electron microscopy observation of lithium metal growth and dissolution: Root growth, dead lithium and lithium flotsams[END_REF]]. Examples of possible configurations of Environmental Cells are illustrated in Figures 1.5 and 1.6. 

A brief summary of ETEM and Environmental Cell strategies

As mentioned early, ETEM and E-Cell strategies have their own advantages and disadvantages.

Table 1 summarizes the possibilities of exceling each technique for vivid applications. An overview of applications is discussed in a further section of this chapter.

Field of applications

Nano mechanics

Nano mechanics is the field of science that mainly deals with the toughness of the materials and its stress and strain properties. It is more helpful to understand the mechanical properties of Reinforcing the grains has been a good practice to improve the mechanical properties by reducing the dislocation motion. In this perspective, there is a need to understand the in-depth characteristics of poly crystalline materials. Grain boundaries and interfaces not only serves as dislocations they also act as source of generating multiple dislocations. Many observations have been performed on Grain boundary as dislocation source. As an example, reported [START_REF] Ohmura | Dislocation-grain boundary interactions in martensitic steel observed through in situ nanoindentation in a transmission electron microscope[END_REF]] in-situ TEM nano indentation study on dislocation interaction with different grain disorientations in Fe -0.4 wt. %C tempered martensitic steel.

they observed that the evolution of dislocation pileup structure with high angle and low angle grain boundaries. In the case of grain boundaries with lower angle, the induced dislocations piled up against the boundary. Then high density of dislocations are suddenly emitted on the far side of grain boundary into the adjacent grain when the stress reaches a critical point during nano-indentation test. Not only metals are analysed, it is also possible to observe the mechanical properties of block co polymers [START_REF] Zhou | Nanoscale plastic deformation and fracture of polymers studied by in situ nanoindentation in a transmission electron microscope[END_REF]] and ceramics [START_REF] Calvié | Mechanical behavior law of ceramic nanoparticles from transmission electron microscopy in situ nano-compression tests[END_REF]; [START_REF] Issa | In situ investigation of MgO nanocube deformation at room temperature[END_REF]].

Structural design of the nano indentation holder is depicted in Figure 1. 7 [HoáGu (2013)]. 

Electrical biasing

Electrical properties of the materials take an effect if their nanostructure changes. This can be due to the design of the structure of the material or change in the doping concentration. Studying the behavioural changes due these factors is necessary, particularly in the field of solar cells as the shape/structure and electrical properties of the materials define the efficiency of the solar cells. Post mortem experiments can only show us the changes happened from the initial state of the material under study. We cannot follow the events that trigger either increase or decrease in the performance of the solar cell. With the help of new in-situ biasing and heating holders this can be possible. [START_REF] Jeangros | Energy-filtered environmental transmission electron microscopy for the assessment of solid-gas reactions at elevated temperature: NiO/YSZ-H 2 as a case study[END_REF]] showed the performance degradation of solar methylammonium lead iodide (MAPbI3) cell due to the nucleation PbI2 nanoparticles and voids which is due to the migration of iodide into the positively biased charge transport layer.

Light interactions and spin coupling

Similar to the electrical behaviour of the electronic materials, light interactions with the materials need to be studied particularly in the field of photo catalysis applications in green energy harvesting. [START_REF] Cavalca | In situ transmission electron microscopy of light-induced photocatalytic reactions[END_REF]] demonstrated the light-induced photocatalytic reactions with the help of different in-situ illumination TEM holders. In their work, it is reported that the size and morphological changes happed to cuprous oxide photo catalysts due to light illumination. The light illuminated TEM holders can be seen in Figure 1.8. 1.2 Nanomaterials under gas & temperature.

Environmental Cell studies

As shown in Figures 1.5 and 1.6, closed or E-Cells are capable of observing both gas solid and liquid solid interactions.

Gas-Solid interactions

Gas solid interactions are worth being studied to better understand the dynamics and behaviour of environmental catalytic activities, a very significant example of such investigations requiring ETEM. Catalytically improved oxidation and reduction plays a major role in many industrial processes; with a special interest in reference to the present work, one can consider the case of selective hydrogenation of alkynes in the petrochemical industry. Pd based catalysts has the potential to play a major role in these kinds of processes. In this context [START_REF] Crozier | Direct observation of reduction of PdO to Pd metal by in situ electron microscopy[END_REF]], reported the conversion of metallic Pd to PdO under O2 at 0.2 mbar at 400°C

temperatures and reduction of PdO to Pd under H2 at 200°C. This phenomenon is observed with the help of done in E-Cell based system.

Liquid-Solid interactions

E-Cells mainly facilitate the study of Liquid-Solid interactions, such as in the case of electrolyte studies for batteries materials, or biological samples [Liao (2016)]. We will give here only a very brief description of recent applications (for more information the ready is invited to consult the recent book dedicated to liquid E-cells [START_REF] Ross | Transmission electron microscopy of specimens and processes in liquids[END_REF]).

Electrolyte studies for batteries materials

Battery materials and associated technology fields concerning any electronic device directly or indirectly linked to the energy storage are hot the subjects for considerable scientific developments. There is another application in the mechanical (transportation) field like electric cars, which are hoping to control the increasing pollution, which needs efficient batteries to store the energy. Because of all these reasons heavy amount of work is undergoing on understanding the characteristics of electrolytes reactions, which controls the efficiency of the battery. Nano scale level characterization has been performing with the help of liquid cell based TEM. [START_REF] Sacci | Nanoscale imaging of fundamental Li battery chemistry: solid-electrolyte interphase formation and preferential growth of lithium metal nanoclusters[END_REF]] investigated the mechanisms of solid electrolyte interface formation and tracked the Li nucleation and growth mechanisms from standard organic battery electrolyte in Li-Ion batteries. [START_REF] Mehdi | Observation and quantification of nanoscale processes in lithium batteries by operando electrochemical (S) TEM[END_REF]] observed the electrochemical process that occurs at the anode during charge and discharge cycling this observation, which indeed helps to understand how to improve the efficiency of Li-Ion batteries.

Biological samples

Observing the biological cells and their activity in their living state under electron microscope has been a tough task until the development of Liquid based environmental cell, which can mimic the natural environment around the biological tissue. This helps to understand the behaviour of cells at molecular level and observe the functions of the various intracellular components for developing better drugs and other applications. In this perspective, De Jonge et al. [START_REF] De Jonge | Electron microscopy of specimens in liquid[END_REF]] reported observations on fully hydrated yeast cells.

Environmental chamber in combination with MEMS technology holder

Current generation In-situ TEMs, especially environmental chamber ETEMs provide a large space around the TEM sample, advantageous for in situ and operando solicitations of nanomaterials. This is particularly obvious in the field of catalysis, semiconductor material studies, sintering observation of metals and alloys, electrical biasing characteristics of materials at nanoscale, study of biological samples in environment close to their native state, nanomechanical behaviour (stress and strain of nano-materials and devices), and characterization of polymers based soft materials. The possible observations can be divided as solid-solid, solidgas, and liquid-solid interactions. There are other types of interactions which can be investigated, like light-solid (photo catalysts), spin coupling etc., but these studies will not be further documented as they appear to be largely beyond the scope of the present work. We will mainly survey the principles of solid-solid and gas-solid interactions as they can be approached in an ETEM.

Solid-Solid & Gas-Solid interactions

Gas-solid interaction and solid-solid interactions are not very difficult to be observed in a ETEM. As it is mentioned earlier, MEMS-based nanodevices [START_REF] Novak | MEMS metrology techniques[END_REF]] are very well suited to the study of gas-solid and solid-solid reactions involved in, mainly, the following processes which are clearly in the scope of dedicated ETEM observations such as: phase transformation, sintering and nucleation, growth of nanoscale structures and oxidation/reduction process.

Phase transformation

There is a tremendous literature about conventional, i.e. under high vacuum, in situ studies of phase transformations for example [START_REF] Shao-Horn | Understanding phase transformations in lithium battery materials by transmission electron microscopy[END_REF]; [START_REF] Santra | Electron Microscopy Study of the Phase Transformation and Metal Functionalization of Titanium Oxide Nanotubes[END_REF]]. The use of surrounding atmosphere allows to extend the possibilities of such studies, by facilitating for example solid state to liquid state (or to any other intermediate states) reactions. For example, [START_REF] Hu | In situ transmission electron microscopy of solid-liquid phase transition of silica encapsulated bismuth nanoparticles[END_REF]] reported in-situ TEM observations on the solid-liquid phase transition of silica encapsulated bismuth nanoparticles where bismuth core melts at 650°C which is perfectly encapsulated by Silica and silica can prevent the agglomeration, leakage and oxidation of phase change nanoparticles. In another work [START_REF] Yim | Sublimation of GeTe nanowires and evidence of its size effect studied by in situ TEM[END_REF]] demonstrated the sublimation occurrence in GeTe/SiO2 nanowires at 469°C, which is much less than the bulk melting point of GeTe (724°C). Phase transformations in solids are the consequence of re-arrangements of their structure at the atomic level. [START_REF] Kooi | In situ transmission electron microscopy study of the crystallization of Ge 2 Sb 2 Te 5[END_REF]] showed from in-situ heating experiments that amorphous Ge2Sb2Te5 thin films crystalizes under 400keV electron beam at room temperature. Under 200KeV crystallization occurs from 70°C to 125°C. At temperatures higher than 130°C, crystallization occurs without influence of electron beam.

Sintering

Sintering at a nanoscale level can happen in 2 ways. When atoms migrate from a solid solution (or very small particles) towards bigger particles by (surface) diffusion or through a vapour phase, smaller particles vanish and bigger particles grow: this is Oswald ripening [Ratke (2013)]. The other type of sintering phenomenon is the coalescence of two particles in contact into a single one by surface diffusion: this is known as coalescence [Lorke ( 2012)]. We can briefly refer here to two specific recent ETEM observations. [START_REF] Simonsen | Ostwald ripening in a Pt/SiO 2 model catalyst studied by in situ TEM[END_REF]] showed the occurrence of Ostwald ripening on a Pt/SiO2 model catalysts under 10 mbar of synthetic air at 650°C. This finding presents some interest in the perspective of using this system as a catalyst during the development of alternative fuels. In another works, Yoshida et al. [Challa (2011); Yoshida (2013); [START_REF] Martin | Dynamic imaging of Ostwald ripening by environmental scanning transmission electron microscopy[END_REF]] studied the surface atoms behaviour during coalescence and surface reconstruction of nanoparticles (e.g. metallic platinium) in a Pt /amorphous carbon electrode catalytic system which can be used for proton exchange in solid fuel cells for real vehicles.

Growth of nanoscale structures

Observation of growth mechanisms (with the help of ETEM and E-cell) at the nanoscale is a key feature to speed up the development of future nano-technologies [START_REF] Baker | Nucleation and growth of carbon deposits from the nickel catalyzed decomposition of acetylene[END_REF]; [START_REF] Helveg | Atomic-scale imaging of carbon nanofibre growth[END_REF]; [START_REF] Yoshida | Atomic-scale in-situ observation of carbon nanotube growth from solid state iron carbide nanoparticles[END_REF]; [START_REF] Wirth | The phase of iron catalyst nanoparticles during carbon nanotube growth[END_REF]], such as nanotubes expected to play a functional role in the fabrication of miniaturized circuits, diodes, transistors and sensors for various applications. Feng et al. [Feng (2007)] studied the growth on carbon nanotubes (CNTs) under acetylene on Fe NPs, showing the consumption of CNTs by iron in the absence of the precursor gas.

Nanowires also constitute a specific class of rather new materials that are deeply studied by in situ and heating TEM; for example, [START_REF] Boston | In Situ TEM observation of a microcrucible mechanism of nanowire growth[END_REF]] have investigated the growth of Y2BaCuO5 nanowires to identify the formation of barium carbonate nanoparticles acting as catalytic sites for the growth of the oxide phase under vacuum.

Oxidation and reduction

Oxidation and reduction reactions are the most common reactions involving solid-gas interactions. These two processes (Oxidation & Reduction) plays crucial role particularly in the field of environmental catalysis [START_REF] Eugster | Heterogeneous reactions involving oxidation and reduction at high pressures and temperatures[END_REF]; [START_REF] Trovarelli | Catalysis by ceria and related materials[END_REF]; [START_REF] Sheldon | Image reconstruction in circular cone-beam computed tomography by constrained, total-variation minimization[END_REF]; [START_REF] Astruc | Nanoparticles and catalysis[END_REF]]. Both Environmental Cells in a conventional TEM and the environmental chamber in a dedicated ETEM are well suited to observe dynamic changes of nano-objects occurrence during the interaction of gas with solid [START_REF] Cabié | Direct observation of the reversible changes of the morphology of Pt nanoparticles under gas environment[END_REF]; [START_REF] Yokosawa | In-situ TEM on (de) hydrogenation of Pd at 0.5-4.5 bar hydrogen pressure and 20-400[END_REF]; Jeangros (2016); Koh (2016); Ramade (2017); Gänzler (2017)]. In this context, [START_REF] Yoshida | Oxidation and reduction processes of platinum nanoparticles observed at the atomic scale by environmental transmission electron microscopy[END_REF]]

observed the oxidation and reduction of Pt nanoparticles supported on CeO2 with ETEM. It is reported that, during the oxidation, the process starts by forming oxides at preferential facets then the whole surface of Pt oxidizes simultaneously. In-situ formed PtO can be reduced back to Pt by introducing CO or H2O.

All those observation are done at atomic scale level, which is a strong point for ETEM based observations. The information from 2D projections is not enough to visualize and analyse the morphological and structural features of the material under study. In that context, we need to investigate the material in 3D. Electron tomography is serving as the best tool for 3-dimensional visualization and quantification of Nano structures. Performing electron tomography under insitu conditions to investigate the dynamic evolution in 3D is a challenging aspect ahead of us.

Electron Tomography

Brief introduction of Electron Tomography in TEM

Tomography is a tool for characterizing the materials in 3 Dimensions (3D). The tomography technique was introduced at the end of 20 th century by Radon [Radermacher (1997[START_REF] Deans | The Radon transform and some of its applications[END_REF]; [START_REF] Sonka | Image processing, analysis, and machine vision[END_REF]], which is nothing but reconstructing the 3D volume of the object from a series of 2D dimensional projections of it taken at different angles. Whereas electron tomography became rapidly efficient in medicine [START_REF] Cormack | Representation of a function by its line integrals, with some radiological applications[END_REF]], biology and life sciences [DeRosier (1968); [START_REF] Baumeister | Towards higher resolution in biomolecular electron microscopy[END_REF]; [START_REF] Marco | Electron tomography of biological samples[END_REF]; Barcena (2009); [START_REF] Sousa | Development and application of STEM for the biological sciences[END_REF]]. it took more time to adapt it to Materials Science. The main reason is that tomography requires the validity of the so-called 'Projection approximation ' [Frank, J. (2006)] enabling to establish a direct link between the intensity in the images and the mass-thickness of the sample; this hypothesis is in its principle not respected in crystalline materials since diffraction contrast provides intensity changes during the rotation of the sample [START_REF] Thomas | The Chemical Application of High-Resolution Electron Tomography: Bright Field or Dark Field?[END_REF]]. It is only at the beginning of the 21 st century that imaging modes like HAADF and EFTEM allowed suppressing significantly any diffraction contrasts, which then enabled the development of electron tomography in Materials Science [START_REF] Koster | Threedimensional transmission electron microscopy: a novel imaging and characterization technique with nanometer scale resolution for materials science[END_REF]; [START_REF] Midgley | Z-Contrast tomography: a technique in three-dimensional nanostructural analysis based on Rutherford scatteringElectronic supplementary information (ESI) available: 3D animations of a Pd-Ru bimetallic catalyst generated from a tomographic reconstruction of HAADF STEM images[END_REF]; [START_REF] Midgley | 3D electron microscopy in the physical sciences: the development of Z-contrast and EFTEM tomography[END_REF]; [START_REF] Möbus | Spectroscopic electron tomography[END_REF]; [START_REF] Ersen | 3D-TEM characterization of nanometric objects[END_REF]]. From this point, STEM tomography was also extensively used for biological materials in addition to conventional Bright Field TEM (BF-TEM) imaging [START_REF] Yakushevska | STEM tomography in cell biology[END_REF]; [START_REF] Sousa | Dual-axis electron tomography of biological specimens: Extending the limits of specimen thickness with bright-field STEM imaging[END_REF]].

In brief, based on the nature of the material, we can choose which type of image acquisition mode is the most reliable. For example, in the case of highly diffracting materials and materials with different elements, the STEM-HAADF imaging mode will undoubtedly provide the best image contrast. Because, the intensity recorded in the image is proportional to the square of the atomic number of the element(s) present in the material. In the case of materials with light elements or amorphous materials, such as polymers [START_REF] Jinnai | Transmission electron microtomography in polymer research[END_REF]] or support of catalysts [START_REF] Evans | Advanced tomography techniques for inorganic, organic, and biological materials[END_REF]], the BF-TEM conditions might be favoured for acquisition. Electron tomography has been proven technique to estimate the 3D structural information of heterogeneous catalysts as well [START_REF] Ziese | Electron tomography: a tool for 3D structural probing of heterogeneous catalysts at the nanometer scale[END_REF], [START_REF] Weyland | Electron tomography of catalysts[END_REF]]. Friedrich et al. [Friedrich (2009)] reported application of electron tomography possibilities on heterogeneous catalysts like Pd nanoparticles on carbon nanotubes, Pd on SiO2 and other soft materials like zeolites and mesoporous materials.

General ideas: conventional BF and STEM Nano-tomography

In principle Electron Tomography is not very difficult and consists of few simple steps to follow; the difficulty relies on the degree of perfection with which all steps are performed, which depends upon the stability of the sample, the alignment of the microscope, the accuracy of the reconstruction algorithm. These steps, illustrated by the process flowchart reported in Figure 1.9, are:

1) Recording micrographs of projections of the material taken in, mainly, BF-TEM or STEM- HAADF [Li (2014)] mode over a large tilt range (typically, 120°-140° or better 180° owing to full -rotation dedicated sample holders [START_REF] Kawase | Transmission electron microtomography without the "missing wedge" for quantitative structural analysis[END_REF]; [START_REF] Kato | Maximum diameter of the rod-shaped specimen for transmission electron microtomography without the "missing wedge[END_REF]]).

2) Aligning the recorded images on the true rotation axis since experimentally the imperfections and instabilities of the sample holder and the goniometer of the microscope induce shifts in the successive projected images which have to be corrected. This step is crucial since few pixels in misalignment can cause large artefacts in the reconstructed volume. There are many methods and algorithms for alignment of 2D images [START_REF] Kremer | Computer visualization of threedimensional image data using IMOD[END_REF]; [START_REF] Thévenaz | StackReg: an ImageJ plugin for the recursive alignment of a stack of images[END_REF]; [START_REF] Mastronarde | Automated electron microscope tomography using robust prediction of specimen movements[END_REF]; [START_REF] Nickell | TOM software toolbox: acquisition and analysis for electron tomography[END_REF]; H. [START_REF] Winkler | Accurate marker-free alignment with simultaneous geometry determination and reconstruction of tilt series in electron tomography[END_REF]; [START_REF] Castaño-Díez | Alignator: a GPU powered software package for robust fiducial-less alignment of cryo tilt-series[END_REF];

Printemps (2016)]. Several methods use nanoparticles with a controlled size intentionally deposited on the sample before the experiment in order to serve as fiducial markers helping the alignment [START_REF] Olins | Electron microscope tomography: transcription in three dimensions[END_REF]; [START_REF] Ziese | Three-dimensional localization of ultrasmall immuno-gold labels by HAADF-STEM tomography[END_REF]; [START_REF] Houben | Refinement procedure for the image alignment in highresolution electron tomography[END_REF]; [START_REF] Hayashida | Nano-dot markers for electron tomography formed by electron beam-induced deposition: Nanoparticle agglomerates application[END_REF]; [START_REF] Hagen | Multimodal nanoparticles as alignment and correlation markers in fluorescence/soft X-ray cryo-microscopy/tomography of nucleoplasmic reticulum and apoptosis in mammalian cells[END_REF]].

3) Reconstruct the object in 3D by applying reconstruction algorithms. There are again a great number of available algorithms to perform the reconstruction, which have been largely developed and improved in the last decades, mainly owing to the power of computer in terms of RAM, processors speed and efficiency using GPUs [Martinez (2011); Palenstijn (2011); Wan (2012)]. It is beyond the scope of this work to detail all algorithms and programs suites enabling the reconstruction, although we will briefly introduce this point in chapter 4. Some representative references are given here below relatively to the different categories and reconstruction methods; also, it is worth mentioning the following reviews [Lewitt (1983); [START_REF] Kak | Principles of computerized tomographic imaging[END_REF]Frank (2006); [START_REF] Wan | Three-dimensional reconstruction using an adaptive simultaneous algebraic reconstruction technique in electron tomography[END_REF][START_REF] Fernandez | Computational methods for electron tomography[END_REF]; [START_REF] Goris | Advanced reconstruction algorithms for electron tomography: from comparison to combination[END_REF]; [START_REF] Alpers | Geometric reconstruction methods for electron tomography[END_REF] [START_REF] Bender | ART and the ribosome: a preliminary report on the three-dimensional structure of individual ribosomes determined by an algebraic reconstruction technique[END_REF]Gilbert (1972); [START_REF] Andersen | Simultaneous algebraic reconstruction technique (SART): a superior implementation of the ART algorithm[END_REF]] [START_REF] Donoho | Compressed sensing[END_REF]Eldar (2012)] and Discrete Tomography [Herman (2008); Batenburg (2011);Herman (2012)] methods  Others (EST, TV, entropy maximisation) [Miao (1998); [START_REF] Miao | Equally sloped tomography with oversampling reconstruction[END_REF]; Sidky (2008); [START_REF] Goris | Electron tomography based on a total variation minimization reconstruction technique[END_REF]; [START_REF] Ahmed | Nonparametric denoising methods based on contourlet transform with sharp frequency localization: Application to low exposure time electron microscopy images[END_REF]] 

 Compressed sensing [

Recent performances in Electron Tomography

Previous sections 1.1 and 1.2 have shown that both Environmental Cells and dedicated ETEMs have the ability of revealing the morphological evolution of nanomaterials under atmosphere and temperature solicitations close to operando conditions. Although the time dimension is then implicitly added during these in situ observations, the third 'z' dimension is still missing in real space if usual 2D images are acquired.

It is quite instructive to notice that the recent improvements of electron tomography have now made possible to reconstruct the shape of the nanomaterials/nanoparticle up to the atomic level [START_REF] Saghi | Model based atomic resolution tomography[END_REF]Van Aert (2011); [START_REF] Scott | Electron tomography at 2.4 {\AA} resolution[END_REF]; [START_REF] Chen | Three-dimensional imaging of dislocations in a nanoparticle at atomic resolution[END_REF]; [START_REF] Bals | Atomic resolution electron tomography[END_REF]]. Surprisingly, no similar improvement has been done in the direction of in situ tomography. We refer here to the possibility of following 3D morphological changes of a material in real time while it is subjected to an external solicitation: mechanical stress, electrical biasing or gas/temperature stimuli. In the context of the present work, we will focus here on electron tomography during in situ environmental experiments, i.e. under a gas pressure and at high temperature. To the best of our knowledge, there are only a few attempts to perform tomography under environmental dynamic conditions. Due to the shadowing effects at high tilts in a closed cell, it appears that dedicated ETEMs are presently the best tools to develop in situ environmental tomography.

Some recent attempts have concerned a 'before / after' approach: tomography experiments were performed on a raw material before its solicitation, then post mortem (e.g. the calcination of a porous silica zeolite [START_REF] Arslan | Electron tomography: Seeing atoms in three dimensions[END_REF]] or the electrochemical ageing of Pt-Co Fuel Cell nanocatalysts [START_REF] Yu | Three-dimensional tracking and visualization of hundreds of Pt-Co fuel cell nanocatalysts during electrochemical aging[END_REF]]. Although such an approach allows to finely characterizing the 3D modifications of the object caused by the stimuli, it does not provide a continuous and instantaneous view of its evolution during the process.

Intuitive ideas for in situ tomography

Performing tomography under in-situ conditions is obviously a challenging task because the reaction is dynamic, and any tilt series acquisition has to be performed very fast to avoid influence of any significant morphological change during the transformation itself on information recorded. The conventional acquisition of the tilt series takes usually between a few tens of minutes up to hour(s) (case of STEM-tomography). A simple realistic constraint is intuitively easy to deduce, the acquisition time must be short as compared to the speed of reaction that is followed. This further implies that the acquisition of each projection of the tilt series has to be short, which eliminates the possibility of STEM-HAADF tomography. Indeed, STEM images of a reasonable size, say 1Kx1K, require acquisition times of the order of 5 to 6 seconds if a dwell time of 6 µs/pixel is used (usual values). Secondly, the tilt series acquisition must be speed up. Current acquisitions contain various adjustments at each tilt, such as prealignments in order to keep the region of interest in the field of view, refocusing, delays to allow a perfect immobility of the goniometer; this practically increase the total time of the tilt series acquisition over the total angular amplitude. To illustrate this point, 5-10 seconds lost at each angular position (a typical value with any commercial acquisition software like FEI software Xplore 3D TM ) lead to a temporal increase of the total acquisition time by 5 to 10 minutes for a series over 140° with a tilting step of 2°. Together with a typical acquisition time of 0.5 s per image, we end up with a total acquisition time certainly too long to capture conveniently a 'frozen' 3D configuration of a sample during its dynamical evolution.

These basic elements give us directions to accelerate the acquisition of the tilt series to allow in situ tomography. The challenge is then to perform acquisition in a few seconds or even below one second to improve the temporal resolution of 'Fast Operando Electron Tomography'

[ [START_REF] Roiban | Fast 'Operando'electron nanotomography[END_REF]]. One way is to limit the number of projections and reconstruct the volume with improved algorithms to compensate the lack of information due to few projections. Another way is to obliterate any adjustments during the acquisition and accelerate both the sample rotation and the image acquisition.

The second strategy has been applied by [START_REF] Roiban | Fast 'Operando'electron nanotomography[END_REF]], which appears to be the most comprehensive attempt for in situ tomography under environmental conditions published so far. In this work, the authors demonstrate that skipping all automatic and software-driven adjustments during the tilt series acquisition allow shortening the acquisition time down to 1 minute. Such short times further require acquiring the tilting series of images in the form of a video recorded at 10 frames per second (fps). With such durations, it becomes realistic to follow a reaction in 3D if its intrinsic speed can be sufficiently controlled by adequate partial pressure and temperature conditions. The approach was applied to study the calcination of silver nanoparticles trapped in zeolite cages under different temperature and gaseous conditions. The evolution of silver nanoparticles at various temperature conditions under 1.8 mbar of O2 is shown in Figure 1.10. All tilt series were acquired in less than 230 seconds.

This study constitutes a significant improvement as compared to conventional step-by-step tomography. It further reveals that it is possible to acquire the tomography tilt series under few minutes, which can be applicable under in-situ conditions without any special equipment or reconstruction algorithms.

Faster acquisitions of tomography tilt series appear to be possible with the help of recent and ultrafast cameras (as described in section 1.1.1). In a recent test, [START_REF] Migunov | Rapid low dose electron tomography using a direct electron detection camera[END_REF]] have rotated the sample which is lanthanide-based nanotube supported on carbon membrane continuously inside the microscope. The sample is rotated continuously from -70° to +30° under a continuous electron beam illumination. The rotation was completed in less than 5 seconds and during this rotation, projections were recorded at direct electron detection camera form PNDetector. A reduced data set extracted from 3487 images have been used for the reconstruction using the DART algorithm [START_REF] Batenburg | 3D imaging of nanomaterials by discrete tomography[END_REF]]. Although not greatly resolved, a 3D model of the nanotube could be obtained (Figure 1.11) which demonstrates the possibility of almost real-time tomography. 

Towards real time in situ tomography under operando conditions in ETEM

Repeating the title of this section 1.3.3 is a way to conclude that, according to the previous experiments, real time tomography is almost possible.

In the course of this work, we focus on the possibility to perform tomography under environmental conditions, with the aim of not only characterizing the 3D features of the samples in environmental (gas and temperature) conditions, but also following its dynamical evolution under these solicitations. In particular, chapter 5 demonstrates that quantitative measurements of the kinetics of a reaction are possible with tomography at the level of a few seconds under gas and at high temperature in the ETEM. [START_REF] Migunov | Rapid low dose electron tomography using a direct electron detection camera[END_REF]].

ETEM into Environmental Catalysis

General idea about catalysis

In brief, a catalyst [START_REF] Berzelius | Årsberättelsen om framsteg i fysik och kemi[END_REF]; [START_REF] Laidler | Physical Chemistry[END_REF]; [START_REF] Satterfield | Heterogeneous catalysis in industrial practice[END_REF]; Ertl (1997)] is a substance that is capable of speeding up a chemical reaction without being consumed in the reaction. Though the catalysts have the capability to affect greatly the reactions, the composition of the reactants and products is determined by the thermodynamics of the reaction only. The variation in the Gibbs energy required to make a reaction possible with and without catalyst can be schematically represented as in Figure 1.12. This simple diagram explains why catalysis is so widely used: indeed, about 80 % of the industrial processes in chemistry today are using catalytic processes directly or indirectly. It is expected to be a 34 billion dollars industry by 2024 [www.grandviewresearch.com/press-release/catalyst-market-analysis].

Based on the phase of the catalyst and the phase of the reactants, catalysts are classified into two types. They are either homogeneous catalysts or heterogeneous catalysts if the catalyst is at the same aggregation state as the reactants or not.

"Homogeneous catalysis refers to catalytic reactions where the catalyst is in the same phase as the reactants. Homogeneous catalysis applies to reactions in the gas phase and even in solids."

"Heterogeneous catalysis is the alternative to homogeneous catalysis, where the catalysis occurs at the interface of two phases, typically gas-solid."

Figure 1.12: Gibbs energy variation with and without catalyst during the chemical reaction.

To give an example of heterogeneous catalysis:

2CO + 2NO  2CO2 + N2 (in the presence of Pt/Pd/Rh)

In this reaction both reactants (CO and NO) and products (CO2 and N2) are in gas phases and the catalysts Pt/Pd/Rh are in solid phase.

Most reactions in the industrial applications involves gaseous reactants passed over the solid surface of a metal, metal oxide or zeolites which indeed acts as catalysts. Gas molecules first interact with the surface of a solid catalyst through very weak intermolecular bonds (so-called 'physisorption'), which may lead to stronger bonds qualified as 'chemisorption'. For example, Pd based catalysts (special interest in this work, see section 1.4.2 and Chapter 2) are used in car exhaust systems to convert poisonous gases into less or non-poisonous gases, such as:

2CO + O2  2CO2
The oxidation of carbon monoxide to carbon dioxide involves the chemisorption of oxygen molecules and carbon monoxide molecules onto the surface of the catalytic Pd metal. When the oxygen atoms chemisorbed onto the surface of Pd they dissociate into separate atoms, each of these atoms being able to combine with the chemisorbed carbon monoxide molecule. This results in carbon di-oxide molecules which will desorb from the surface of the catalyst. This process is illustrated in Figure 1.13. When the absorbed molecules form much stable bond with the catalyst surface, the system becomes nonreactive since this initial surface coverage prevents other molecules to absorb on to the surface: the catalyst becomes inactive and this phenomenon is called poisoning. For example, lead additives present in the gasoline are capable of poisoning the Pt catalysts which are used in the exhaust systems to convert carbon monoxide and other hydrocarbons to harmless gases. Catalyst poisoning can be controlled by removing the poisoning components from the source fuel [START_REF] Taylor | Automobile catalytic converters[END_REF]; [START_REF] Mcgreavy | Catalysis and automotive pollution control: edited by[END_REF]].

To reduce the costs of industrial processes the catalysis is widely used, for example, in petroleum industry, among others. Heterogeneous catalysts are used in cracking, hydrogenation or NOx removal etc… But always a question stands "what is deactivating the chemical proprieties of the catalyst?". To provide some answers to this question we need the help of ETEM or environmental cell. Changing the environmental conditions which are faced by a catalyst and follow in live its activity provide real insights of the up-mentioned question.

As example, the ETEM studies can contribute to various major applications in the field of petroleum refining, environmental catalysis, chemical synthesis and polymer developments.

There are different branches in petroleum refining that are heavily based on catalytic processes some of them are alkylation [START_REF] Fahim | Fundamentals of petroleum refining[END_REF]; Gary (2007)], hydrotreating [START_REF] Kokayeff | Hydrotreating in Petroleum Processing[END_REF]],

hydrocracking [Leffler (1985)], catalytic reforming [Lapinski (2015); Little (1985)]

Regarding environmental catalysis, it is unfortunately demonstrated that vehicles (heavy & light duty) and engines that are dependent on the fossil fuels emit poisonous gases when they burn the fuel. The harmful exhausts are converted into non-poisonous gases when they pass through the exhaust system. Different types of catalysts [START_REF] Heck | Automobile exhaust catalysts[END_REF]] such as nitric oxide [START_REF] Taylor | Nitric oxide catalysis in automotive exhaust systems[END_REF]], ceria [START_REF] Yao | Ceria in automotive exhaust catalysts: I. Oxygen storage[END_REF]], rhodium, zirconia [Andersen (2004)], Platinum [START_REF] Kummer | Use of noble metals in automobile exhaust catalysts[END_REF]], etc., are used for this application.

Developing better catalysts to reduce the pollution or to produce better products from fossil fuels, better understanding of the catalysts is highly needed.

Characterization of Catalysts

A structural and morphological characterization of catalysts is systematically needed in order to ensure that they may be active in good conditions for a long period of time. A good catalyst has to be efficient under normal conditions i.e., at room temperature and atmospheric pressure.

The working life span of the catalyst system should be longer. Solid catalysts (nanoparticles based) must present specific features to be efficient: (i) they must have large active surface areas to accommodate more space for adsorption of the reactants; (ii) they should not sinter together since this would lead to bigger particles with reduced external surfaces, (iii) they must not be prone to poisoning process. For this reason, shape, size, structure and distribution of the catalytic nanoparticles or materials are features that must be quantitatively known and related to their activity and efficiency during real catalytic tests. In this context, Transmission Electron

Microscopy and associated techniques are first choice tools for such an in-depth characterization. For quite a long time, post mortem observations have thus been used, but the availability of Environmental TEM techniques has recently impulse valuable in-situ characterization. We will briefly describe such approaches and mention some other characterization techniques frequently used for structural investigation of catalysts.

Post-mortem TEM

Post-mortem TEM observation of the materials [Goodhew (2000); [START_REF] Weyland | Electron tomography of catalysts[END_REF]Gai (2003); Imelik (2013); Qiao (2015)] deals with characterizing the material after or before the chemical/physical activity that it is involved in. Here we do not see the dynamic activity of the reaction. There are variety of post-mortem techniques to extract the information from the material. For example, chemical composition and concentration of elements in the material can be analysed with the help of X-ray Diffraction (XRD) [START_REF] Cohen | X-ray diffraction studies of catalysts[END_REF]], X-ray photo electron spectroscopy (XPS) [Rivière ( 2009)], energy dispersive x-ray spectroscopy (EDX) [Vansant (1995); Anderson (2009)], other techniques like Raman spectroscopy and nuclear magnetic resonance spectroscopy (NMR) [START_REF] Duer | Solid state NMR spectroscopy: principles and applications[END_REF]] are also used.

To visualize the size, shape, structure and distribution of elements / particles in/on the material, techniques like scanning electron microscopy (SEM) [Reimschussel (1969)], transmission electron microscopy (TEM) [START_REF] Sanders | Transmission electron microscopy of catalysts[END_REF]; [START_REF] Datye | The Study of Heterogeneous Catalysts by High-Resolution Transmission Electron MicroscoDV[END_REF]; [START_REF] Hansen | Atomic-resolution in situ transmission electron microscopy of a promoter of a heterogeneous catalyst[END_REF]], scanning transmission electron microscopy (STEM), atomic force microscopy (AFM) [START_REF] Schildenberger | Foils, films, and nanostructured surfaces: A comparative XPS and AFM study of model catalyst surfaces[END_REF]; [START_REF] Zang | Basics of Atomic Force Microscope (AFM)[END_REF]] and sometimes scanning tunnelling microscopy (STM) [START_REF] Binnig | Surface studies by scanning tunneling microscopy[END_REF]; Reetz (1995)] are also used.

In-Situ

Catalysis is by definition a topic for which it is of outermost importance to understand the dynamics of a given reaction or phase transformation. This is where in-situ techniques [Rodríguez ( 2013)] excel. Particularly, either it is environmental TEM or E-cell based TEM [START_REF] Zheng | Frontiers of in situ electron microscopy[END_REF]] other techniques like Environmental SEM are capable of observing dynamic characteristics of the materials under gas and temperature conditions [START_REF] Silva | An environmental scanning electron microscopy study of activated charcoal gasification catalyzed by MoO3 in air and in oxygen and by a eutectic alloy of MoO3 and V2O5 in air[END_REF]]. Some typical examples of characterizations of catalysts in ETEM have already been given in sections 1.2 and 1.3.3; it is however worth summarizing some representative literature by citing specific recent works and reviews related to ETEM studies of catalytic nanomaterials:

- [START_REF] Baker | In situ electron microscopy studies of catalyst particle behavior[END_REF]]: the pioneer works on environmental TEM

- [START_REF] Boyes | Environmental high resolution electron microscopy and applications to chemical science[END_REF]]: a collective book summarizing the state-of-the-art work from the XXI st century and highlighting the start of high resolution imaging under environmental conditions - [START_REF] Crozier | In situ analysis of gas composition by electron energy-loss spectroscopy for environmental transmission electron microscopy[END_REF]]: a paper demonstrating the use of EELS to detect and discern gases in the ETEM - [START_REF] Helveg | Atomic-scale studies of metallic nanocluster catalysts by in situ high-resolution transmission electron microscopy[END_REF]; [START_REF] Hansen | Catalysts under controlled atmospheres in the transmission electron microscope[END_REF]; [START_REF] Takeda | Environmental transmission electron microscopy for catalyst materials using a spherical aberration corrector[END_REF]]: recent review papers showing in particular the interest of aberration correctors for atomic imaging in ETEMs Currently, solid-gas and solid-liquid reaction are the driving mechanisms of the current industrial processes. Either it is environmental catalysis [START_REF] Baker | In situ electron microscopy studies of catalyst particle behavior[END_REF]] or electrochemistry [START_REF] Wan | Three-dimensional reconstruction using an adaptive simultaneous algebraic reconstruction technique in electron tomography[END_REF]].,these are the prominent fields that could help in dealing with the global warming problem by reducing the carbon emission and effective way of burning the fuel. So, in that context in-depth understanding of the process that drives these two fields is very demanding.

[
In this perspective, environmental catalysis stands first. With the existing characterization technology, it is possible to get the atomic level observation of the catalytic materials. There are plenty of studies going on, on different types of catalytic materials in the field of petrochemicals and environmental catalysis.

ETEM observations in the present work

In the present chapter, we have introduced advanced TEM techniques with a special focus on environmental microscopy in a dedicated ETEM and operando tomography mostly for characterization of catalysts. These generalities lead us naturally to introduce the materials that have been studied during the course of this thesis.

The main subject is related to metallic Pd Nano catalysts supported on two different types of alumina supports:  and  Al2O3 (Chapters 2 and 3). As already mentioned in the general introduction of this manuscript, these systems of specific interest for various dehydrogenation reactions have been studied in ETEM to get better insights on genesis of the catalysts during the drying, calcination and reduction heat treatments. The Pd alumina system will also serve to establish the proof-of-concept of fast acquisition methods in order to perform fast operando electron tomography. One can notice that Pd is a noble metal, and precious / noble metals (like Pd, Pt, Au) seem to be good choices for acting as good catalysis since their metallic form is very stable, little subject to poisoning and with oxide difficult to form and in any case easy to reduce back in the metallic state.

Fast tomography will then be analysed in more details in Chapter 4 and applied in nonenvironmental conditions to illustrate its potentialities for electron-beam sensitive nanomaterials like biological tissues and polymer nanocomposites.

Finally, fast tomography is applied to a catalytic system under real operando conditions (chapter 5): a soot-ZrO2 system of specific interest for particulate filtering in the exhaust pipe of automotive Diesel motors in the automotive industry. Future perspectives of the in situ fast tomography are discussed in chapter 5.

Chapter 2: Post mortem characterization of Pd on α-and δalumina

2.1 Generalities about Pd-based heterogeneous catalysts

Precious metal Nano catalysts

Nano catalysts consisting in precious metals are very stable in their metallic state and thus present a high resistance to the formation of oxides, which are mostly unstable in the usual working conditions; reciprocally, any existing oxide or suboxide will be easily reduced back to the metallic state. This 'tuning effect' is typically applied to oxidation catalysts to be used in automotive depollution application, like Pt on ceria [START_REF] Jones | Thermally stable single-atom platinum-on-ceria catalysts via atom trapping[END_REF]), Gäntzler (2017)]. Precious metals based catalysts also offer the intrinsic advantages of precious metals, like their chemical resistance (for example, they do not dissolve in alkaline or acidic solutions), which makes them very suitable for a large range of industrial applications [START_REF] Muroi | Role of precious metal catalysts[END_REF]]. In the case of the Pd/Al2O3 system (Pd nanoparticles supported on various alumina supports), typical applications are summarized in Table 2.1 (in bold are particularly related to Pd/Al2O3); they mainly concern petrochemical and environmental catalyst applications.

The Pd/Al2O3 system

Owing to the industrial importance and potential applications of catalytic supported Pd nanoparticles (NPs), various characterization studies have already been published on the Pd / αor δ-alumina systems. However, most of them concern particles larger than the typically sub-5nm

NPs used here, so it is not obvious to anticipate which processes will operate under our conditions.

In particular, smaller particles may have different interactions with the and -alumina substrates, thus different anchorage effects and mobility during heat treatments: this is also one of specific points that we intend to study especially during the calcination process. One other main concern is the metallic state and the crystallographic structure of Pd-based nanoparticles. They exhibit a stable metallic fcc structure at room temperature and can be oxidized at high temperature under various oxide forms as reported in Table 2.2. 

Compound

Space group Parameters Ref. [Levi (1926)] [START_REF] Moore | The crystal structures of the tetragonal monoxides of lead, tin, palladium, and platinum[END_REF]] [START_REF] Waser | The structure of PdO[END_REF]] [START_REF] Kumar | Formation of NaCl-and Cu2O-type oxides of platinum and palladium on carbon and alumina support films[END_REF]] [START_REF] Häglund | Theory of bonding in transition-metal carbides and nitrides[END_REF]]

PdO Tetragonal P 4/m a = 3.0 Å, c = 5.2 Å
PdO Tetragonal P 42/m m c a = 3.02 Å, c = 5.31 Å [
PdO Tetragonal P 42/m mcS a = 3.03 Å, c = 5.33 Å [
Pd3.5O4 Cubic Pm-3n (223) a = 5.756 Å [Meyer (1979)] Pd2O Cubic Pn-3m (224) a = 4.28 Å
Pd Cubic Fm-3m (225) a = 3.9 Å [
When Pd is exposed to temperature and/or an oxidizing atmosphere, important changes happen with are briefly discussed in the next two sub-sections.

Pd morphological modifications

Morphological modifications occur due to temperature-induced growth and faceting processes, which further affects 'intrinsic' physical properties of pure Pd NPs like their melting point, see Growth of Pd nano-particles deposited on a SiO2 substrate has also been proved to occur by Ostwald ripening at 650°C and 10 mbar O2 pressure during a direct in situ ETEM experiment [START_REF] Simonsen | Coarsening of Pd nanoparticles in an oxidizing atmosphere studied by in situ TEM[END_REF]]. 

Oxidation of Pd

Metallic Pd can transform into PdOx. This mechanism is totally driven by the pressure and temperature conditions and the phase transformation can be complete, partial or just initiated depending on the conditions, as shown in Figure 2.3 in the case of bulk Pd. As previously reported by [START_REF] Han | Interaction of O 2 with Pd single crystals in the range 1-150Torr: Oxygen dissolution and reaction[END_REF]], oxidation proceeds by a mechanism where dissociated oxygen chemisorbs first at the Pd surface then dissolves into the metal lattice up to formation of the oxide phase.

Conversion of Pd into PdO on various substrates (Al2O3, ZrO2, SiO2) was indeed reported in ETEM experiments over 325°C under 0.2 Torr (1 Torr = 1.33 mbar) of oxygen [Rodriguez (1995)]. Slightly latter, post mortem selected area electron diffraction was employed to evidence the formation of PdO from Pd nanoparticles supported on silica when oxidized outside the microscope at 400°C [START_REF] Crozier | Oxidation and reduction of small palladium particles on silica[END_REF]]. Penner et al. [Penner (2006)] have studied the formation and phase transformation of relatively large (> 15 nm) Pd nanoparticles on SiO2 again in the diffraction mode; their observations show the formation of a PdO phase at 350°C and 1 bar of O2 pressure. This oxide phase is easily reduced back to Pd at 250°C in a He -1% CO (thus a CO partial pressure of 10 mbar) reducing atmosphere. Regarding NPs, [START_REF] Farrauto | Thermal decomposition and reformation of PdO catalysts; support effects[END_REF], [START_REF] Colussi | Structure and morphology of Pd/Al 2 O 3 and Pd/CeO 2/Al 2 O 3 combustion catalysts in Pd-PdO transformation hysteresis[END_REF]] reported that both Pd oxidation (kinetics)

and PdO reduction are greatly affected by the nature of the support, see Figure 2.4. [START_REF] Farrauto | Thermal decomposition and reformation of PdO catalysts; support effects[END_REF]] showing the differences in temperatures of decomposition of PdO (TD), re-oxidation of Pd (TR) and associated hysteresis TD-TR as a function of substrate (as indicated).

Latter authors report that the system Pd(O) supported on a mixture of CeO2 / Al2O3 exhibits intermediate oxidation stages where both Pd and PdO structures coexist, metallic Pd being more easily observed on alumina grains whereas PdO seems to be stabilized by ceria (CeO2). As seen from Figure 2.5, their particles appear to be significantly larger than those studied in the present work, meaning that differences due to more pronounced size effects may be expected for smaller objects. This was also the case in the XRD study from [START_REF] Farrauto | Thermal decomposition and reformation of PdO catalysts; support effects[END_REF]] where sizes of both PdO and Pd were always larger than 20 nm. In addition, these authors have shown that Pd sizes were about 1.5 times greater that PdO sizes, indicating that sintering occurs during the oxide reduction. The same tendency was obtained on the system Pd/Al2O3 produced by IFPen (providing our samples) where initial Pd nanoparticles were as small as 2 nm as in the dried samples used in the present study [Ramos-Fernandez (2007)]: after reduction, the Debye-Scherrer analysis of anomalous XRD spectra indicate a mean size of 20 nm for metallic Pd NPs.

Interestingly, it is also well-known that Pd oxide is not stable at high temperature and decomposes even under air at atmospheric pressure above about 800°C, the decomposition temperature being influenced by various parameters such as the heating speed and the oxygen partial pressure as shown in Figure 2.6 [ [START_REF] Zhang | PdO/Pd system equilibrium phase diagram under a gas mixture of oxygen and nitrogen[END_REF]]. Although these data cannot be extrapolated to the conditions investigated in this work (i.e. 'non-bulk' objects, much lower temperatures and oxygen partial pressures), some instability effects may be expected and the conditions of appearance of Pd oxides during the calcination process of Pd/Al2O3 catalysts are worth to be studied. It is further important to notice that several authors mention that PdOx phases are very sensitive to the electron beam [START_REF] Ye | Electron-beam-induced surface reactions in Pd/PdO films[END_REF], Ramos-Fernandez (2007)] and irradiation-induced reduction to the metallic state easily occurs in the microscope: accordingly, in situ reduction in the ETEM from PdO to Pd is very easy at low temperatures below 200°C

[ [START_REF] Crozier | Direct observation of reduction of PdO to Pd metal by in situ electron microscopy[END_REF], [START_REF] Han | Kinetic and Morphological Studies of Palladium Oxidation in O2-CH4 Mixtures[END_REF]]. 

Introduction of the Pd-Al 2 O 3 catalytic system used in this study

Chemical synthesis

The samples we worked on where synthesized at IFPEN in the Research Centre in Solaize,

France. The synthesis is based on seed mediated growth using the slandered procedure, a process detailed in [Di [START_REF] Gregorio | Characterization of well faceted palladium nanoparticles supported on alumina by transmission electron microscopy and FT-IR spectroscopy of CO adsorption[END_REF]]. In the initial step small Pd nanoparticles of size 2 to The so-called 'IMPregnated' state corresponds to the Pd precursor simply mixed with the alumina (for both α and δ Al2O3) powder. This mixture is then heated up to 120°C for 2 hours

Pd Al2O3

Heating in air at 1 bar of pressure (atmospheric pressure) for a final drying serving as reference; this step is called the 'DRIed' state. Then the sample were heated 2 hours up to 425°C under Air at atmospheric pressure in order to burn all possible remaining organic residues; this will called the 'CALCined' state. Finally, reduction is performed in an hydrogen atmosphere at 1 bar at 150°C for 1 to 2 hours ('REDuced' state).

The purpose of the work reported in this chapter is to perform a 'classical' characterization of the size and size evolution of the Pd nanoparticles (NPs) distributed on alumina grains at the different stages of the synthesis and conditioning of the catalyst. By 'classical' we first intend 2D observations of the post mortem state as it can be done with a conventional TEM. According to the importance of the distribution of the Pd NPs population, some 3D measurements will also be performed.

In a second step (chapter 3), we will reproduce the heat treatments submitted to the catalysts in situ in the ETEM. Although it will be seen that we cannot reproduce exactly the synthesis conditions (all actual treatments under atmosphere are performed at normal pressure -1 barwhich cannot be reached in the microscope), the aim of the post mortem vs. in situ approach is obviously to compare the morphological and, if possible, chemical and structural information we can derive from each approach for a better understanding of the behaviour of our system.

Sample preparation for the post mortem TEM study

The alumina supported Pd came as spherical balls of 3 mm diameter in size after the synthesis as described previously. Pd is anchored to surface of the alumina balls. For the TEM characterization, the top surface is pealed with a surgical knife, then crushed into a fine powder. This powder is later dissolved in a solvent, i.e. ethanol. The sample is then deposited on usual holey carbon TEM grids (Ted Pella Inc.). The grids are then exposed to an argon-oxygen plasma in a dedicated Gala TM plasma cleaner chamber during a few seconds for reducing the carbon contamination.

Samples were taken after each step of the catalyst synthesis process (IMPregnated, DRIed and CALCined). Most post mortem observations were performed with a single-tilt specimen holder in a JEOL2010F Transmission Electron Microscope operating at 200 keV and under usual high vacuum conditions. However, some observations were also performed in the FEI-TITAN ETEM which will be further described in chapter 3. Either a conventional FEI double-tilt holder, or a DENS Solutions single-tilt Wildfire heating holder was used for Cs-corrected High Resolution TEM (HRTEM) imaging at room temperature and in high vacuum on post mortem samples (prior to any in situ treatment). Both STEM-HAADF (Scanning Transmission Electron Microscopy -High Angular Annular Dark Field) and TEM-BF (TEM -Bright Field) imaging modes were used to characterize the Pd NPs anchored on their support. HRTEM was also used to determine the crystallography of these nanoparticles which appeared to be too small (see below) for a meaningful diffraction analysis.

Similarly, some chemical analyses were performed with Energy Dispersive X-ray spectroscopy (EDX, using an Oxford Instruments XMAX 80 mm² Silicon-DRIFT Detector); due to the important oxygen signal arising from the alumina grains, it was not possible to use this approach to properly discern between metallic and oxidized nanoparticles. Nevertheless, it will be seen in the in-situ chapter (3) that quantitative STEM-HAADF may be a possible elegant way to tackle this question.

Preliminary remark: illumination and imaging conditions

Two main experimental difficulties were encountered in all observations of Pd-Al2O3 samples:

 A lack of contrast of Pd NPs on their support in the BF imaging mode, due to their very small size (between 1 and 4 nm typically)  Significant electron beam induced-irradiation damages of both Pd NPs and alumina support (with significant differences depending upon the imaging mode and the state of the sample) Figures 2.8 and 2.9 illustrate respectively both points (i) and (ii). In Figure 2 Although the contrast of nanoparticles is here reasonably good (compare Figures 2.8 and 2.9 for the -support), it is seen that after 2 minutes of observation under conditions allowing comfortable measurements of the NP size, a significant damage occurred of the alumina support. No such drastic and rapid effects were observed in the STEM mode. From such observations it was decided to essentially perform all size measurements in the STEM mode at 200 and 300 keV depending on which microscope (JEOL 2010F or FEI TITAN ETEM) was used. However, it will be seen all along the manuscript that conventional TEM imaging was required especially in the High-Resolution mode in order to get structural information on the NPs or for the purpose of fast tomographic acquisitions as it will be described in details in chapters 4 and 5.

Pd on δ-Alumina

Conventional 2D observations

Size histograms

STEM-HAADF observation showed that the Pd nanoparticles are well-dispersed on the δalumina support in all the 3 stages of the catalyst synthesis as illustrated in Figure 2.10. Size histograms were measured from about 750 nanoparticles investigated from 10 regions of interest (ROI) such as shown here.

According to contrast variations due to the contribution of the alumina grains supporting the particles, measurements were performed manually by using semi-automatic tools in the ImageJ TM software. The average size of the Pd nanoparticles deduced from this analysis are 2.3 nm, 2.7 nm and 3.5 nm in the IMPregnated, DRIed and CALCined stages respectively. These results show that the average size of the particles is slightly increasing from the IMPregnated to the CALCined states. and facetted nanoparticles in the range of 2 to about 4 nm can be observed as shown in Figure 2.11 b). Although all distances indexed in the micrograph of fig. 11a) do nicely correspond to the {111} distance of Pd at 0.225 nm, it should be noted that the angle between these closepacked planes in the inserted diffractogram is close to 68° instead of the expected value of 70.5° in an ideal fcc structure. The origin of this discrepancy is not understood but it could be related to the very small size of the particle and the internal dissolution of some oxygen [START_REF] Han | Interaction of O 2 with Pd single crystals in the range 1-150Torr: Oxygen dissolution and reaction[END_REF]] which may lead to distortions of the lattice. In their study Han et al. observed heterogeneous variations of interplanar spacings up to 20% between the first layers of bulk Pd after exposure to O2 even at low temperatures and pressures (600 K under 1 to 20 Torr).

In the CALCined state both oxidized and metallic Pd nanoparticles have been identified as shown in Figure 2.11 c) and d) respectively. According to the diagram of phases reported in Figure 2.3, one may expect a full oxidation of Pd at 450°C in air at atmospheric pressure, but substrate effects can help to stabilize small NPs in the metallic state as previous evoked in the literature (e.g. [START_REF] Colussi | Structure and morphology of Pd/Al 2 O 3 and Pd/CeO 2/Al 2 O 3 combustion catalysts in Pd-PdO transformation hysteresis[END_REF]).

An interesting feature in the microstructure of the CALCined state is that the topography of -Al2O3 grains, and especially their high density of pores and cavities seems to anchor Pd NPs as demonstrated by Figure 2.12. One can anticipate that this will have an effect on their mobility during heat treatments, and this will be re-discussed through in situ ETEM experiments aiming at comparing the effect of both  and substrates (see chapter 3). 

Post-mortem 3D observations of CALCined Pd on δ-Al2O3

Previous 2D observations have brought some information about the size and the population of the NPs as they are distributed on -alumina, but it is interesting to confirm it in 3D. For this purpose, STEM-HAADF tomography was performed on a sample in the CALCined state. FEI TITAN 300keV TEM equipped with gatan CCD camera and a FEI tomography holder is used for recording a tilt series. The intermediate steps (like tracking the object, adjusting the focus)

were performed semi-automatically with the FEI tomography software Xplore3D TM [Xplore3D (2009)]. A tilt series was recorded from +73° degrees to -73° degrees with an angular step difference of 2° degrees. The whole acquisition process took 100 minutes, a typical time for STEM-HAADF tomography. The tilt series has been aligned to the rotation axis with the IMOD software [ [START_REF] Kremer | Computer visualization of threedimensional image data using IMOD[END_REF]] in post-processing using fiducial markers. The ART algorithm [START_REF] Bender | ART and the ribosome: a preliminary report on the three-dimensional structure of individual ribosomes determined by an algebraic reconstruction technique[END_REF]] as integrated in the Tomo-J plugin [Messaoudi ( 2007)] for ImageJ TM was used to reconstruct the volume of the material from 2D projections. From the 3D volume, a model is created with the help of 3D slicer [START_REF] Fedorov | 3D Slicer as an image computing platform for the Quantitative Imaging Network[END_REF]] and it is shown in Figure 2.13. The colored view on the left shows that a lot of NPs are anchored at the surface of the δ-alumina support;

[
their localization can also be seen from a selection of cross-sections at different z positions.

From these sections it is clear that most of the nanoparticles are also preferentially anchored at the edges of pores, none of them being really trapped inside the alumina matrix. This analysis thus confirms the hypothesis qualitatively drawn out from 2D observations such as shown in Figure 2.12. This finding confirms the results from a previous 3D study where Pd NPs were preferentially found at the surfaces of d-platelets, assuming the binding role of surface steps or terraces as anchorage points for the particles [Roiban (2012)].

This 3D analysis also allows obtaining statistics about the particles and pores sizes.

Corresponding histograms are reported in Figure 2.14. The average diameter of the particles and the pores is 3.3 nm and 5.5 nm respectively. The distribution of particles diameter and pore size distribution can be seen from the histograms shown Figure 2.14. The average diameter of Pd nanoparticles is measured from the 3D volume is consistent with the average diameter measured from 2D STEM-HAADF post mortem observations, which was 3.5 nm (see Figure 2.10). Most probably, this good agreement is due to the good sphericity of all particles, making any 2D projections significant for size measurements. 

Pd on α-Αlumina

Conventional 2D observations

Size histograms

Similar to the previous case of the Pd/δ-alumina system, the post mortem 2D characterization of the Pd/α-alumina system was conducted in the STEM-ADF mode with a JEOL 2010F microscope. However, due to time constraints and some experimental difficulties, we have restricted the analysis to the most important final stage of the heating procedure in air, i.e. the CALCined state. These difficulties concerned mainly the size of the supporting α-alumina grains, leading to thicknesses much greater than the -alumina platelets: in both bright field conventional TEM and STEM-HAADF images the Pd NPs exhibited then a relatively poor signal-to-noise ratio, making any statistics in all states rather tedious and probably uncertain. Figures 2.15a Pd nanoparticles appear to be well-dispersed on the surface of the α-alumina support after calcination, the particles are distributed properly and less clusters of nanoparticles can be seen as attested by Figure 2.16. The overall average diameter of the particles at the CALCined stage is found to be 3.1 nm; this value is comparable to that found in the same state for the Pd/ system (3.3-3.5 nm, cf. section 2.3.1), although a bit smaller.

Crystallographic structure of NPs

As for the case of the Pd/-alumina system, HRTEM imaging was used in order to characterize the crystallographic state of NPs onto a-alumina in all stages. All observations were here performed at 300 kV in the FEI TITAN ETEM microscope. Results are shown in Figures 2.17 PdOx particles were identified in the same state of the Pd/ system. In agreement with previous mention in the literature (see section 2.1.2), we also notice that it was very easy to reduce Pd oxides during exposure to the electron beam as reported in Figure 2.18 a-b). Although irradiation effects may explain the presence of reduced Pd NPs, we strongly believe that all identified metallic NPs were not artefacts according to the care we brought to avoid such strong damages during our observations. In-situ calcination and reduction experiments performed in the ETEM will bring further insights to these findings. 

3D observations of post mortem CALCined Pd on -Al2O3

A 3D volume characterization of calcined Pd NPs on a α-alumina grain was performed as in the case of the Pd/δ-alumina system (section 2.3.3).

A tilt series was recorded Iin STEM-HAADF conditions from -75° to +60° degrees with a 2 degrees angular step difference and a treatment similar to that used for the Pd/δ system was employed on to the production of a 3D model shown in Figure 2.19.

As expected, all Pd NPs appear to be located at the external surface of the supporting α-alumina grain. Overall, the average diameter of the 78 nanoparticles identified from this tomographic analysis is 3.2 nm; the distribution of the particle size is illustrated by the histogram in Figure 

Summary and Discussion of the chapter

The previous paragraphs were devoted to the conventional TEM analysis of two Pd-alumina systems using respectively and -Al2O3 supporting powders. The morphology of these powders appeared to be significantly different: -alumina particles consists in very thin (nanometric) flakes of platelets, whereas the -alumina grains were much equiaxed and clearly bigger in size, around typically 200 nm. This difference explains why the size of Pd nanoparticles was not deeply investigated in the case of the Pd/ system owing to the much worst contrast in both TEM and STEM imaging modes to detect NPs on as compared to alumina. In the next sub-sections, we will briefly discuss the size evolution of Pd NPs (this only in the case of the Pd/-alumina system, section 2.5.1) then the question of the crystallographic and chemical nature of these NPs in the final CALCined state (section 2.5.2). 

Mechanism controlling the size of Pd NPs during heating in air up to 425°C

The evolution of the Pd NPs was consistently followed on pre-treated samples for all steps realized in air at atmospheric pressure (DRIed and CALcined states at respectively 120 and 425°Csee Table 2.2 -) and following the initial IMPregnated state. This thorough post mortem analysis shows that the NPs size experienced a small increase from 2.3 to 3.5 nm (Figure 2.10).

Although this represents a significant relative increase, we can still qualify it as a small increase since the particles remain clearly nanometric at the end of the calcination process. These measurements were performed on STEM-HAADF images since this imaging mode leads to a reasonably good contrast for an easy detection of these small Pd NPs on the alumina support.

They were qualitatively confirmed by a 3D analysis (Figure 2.14) which further indicates that the NPs were relatively spherical, a result which certainly reinforce the credibility of the previous 2D measurements.

The question is then to discuss the mechanism explaining this small but significant size increase during the thermal treatments. We can indeed think about three mechanisms: (i) a swelling effect due to oxidation, (ii) Ostwald ripening driven growth, (iii) coalescence.

These three mechanisms are apparently easy to discuss in a first approach, but it will be seen that the situation may not be as simple as it may appear.

Oxidation of Pd NPs during calcination

According to the relatively low temperature used for calcination in comparison with the values reported in the literature for a significant oxidation of Pd particles (typically around 600°C as reported in several references and illustrations in section 2.1.2), we should at first reject the possibility of a significant oxidation in the CALCined state. Indeed, oxidation should lead to some size increase according to crystallographic and atom density considerations as detailed in the footnote 1 (page: 61/62) however, even a complete oxidation cannot explain the increase measured here1 . This is all the more obvious that HRTEM imaging (sections 2. (1995)], PdO formation from Pd NPs on silica at 400°C [START_REF] Crozier | Oxidation and reduction of small palladium particles on silica[END_REF]], PdO appearance at 350°C under 1 bar of O2 -again on SiO2). On the other hand, it was also shown that oxygen can penetrate the Pd sub-surface (a few atomic layers) even during short exposures (10 minutes) to a low oxygen pressure (a few Torr, that is the mbar range) at temperatures as low as 327°C ( 600K) [START_REF] Han | Interaction of O 2 with Pd single crystals in the range 1-150Torr: Oxygen dissolution and reaction[END_REF]].

Ostwald Ripening and coalescence

In a fist view, coalescence of Pd NPs looks very improbable since this mechanism was identified at much higher temperatures (700°C) in the case of Pd particles supported on alumina [ Lui (2005)]. However, no data seems to exist in the literature on particles as small as the ones used here, and in situ observations are indeed needed to tackle properly this point.

The same conclusion may be drawn for Ostwald Ripening (OR) which was only mentioned at much higher temperatures (again 700°C [Lui (2005)] -see illustration in Figure 2.2 -or 650°C

for Pd on SiO2 [START_REF] Simonsen | Coarsening of Pd nanoparticles in an oxidizing atmosphere studied by in situ TEM[END_REF]). OR should indeed involve Pd atoms or ions diffusing towards existing NPs, thus producing their growth.

It is tempting to invoke thermodynamical considerations to test the possibility of OR. It is frequently and semi-empirically considered that atomic migration becomes significant above the Hütting temperature THütting at which atoms migrate in a quasi-liquid state: in the case of palladium, the value for THütting is reported to be 548 K (275°C) [He ( 2016)], well below the calcination temperature (425°C). Neglecting in a first step any size effect (discussed a few lines below), this low THütting value is compatible with the occurrence of OR during calcination. In a similar manner, one generally considers that motion of nanoparticles may become significant equal to 67.95 atoms/nm 3 . Similarly, the PdO tetragonal structure as reported in Table 2 (space group P42/m m c S , with a = 0.303 and c = 0.533 nm, with a cell volume of 0.0489 nm 3 ) contains 2PdO units, which leads to (Pd|PdO) equal to 40.9 atoms/nm 3 . With these values, a 2.3 nm ideally spherical Pd NP -typical valur for the IMPRegnated state) should contain 433 atoms which would then occupy a PdO sphere with a diameter 2.7 nm. These elementary calculations show even in the case of a complete oxidation, the size increase cannot account for the final measurement of 3.5 nm (case of the Pd/alumina system).

above the Tamman temperature TTamman, equivalent to THütting but for the migration of crystallites, TTamman being equal to 914 K (641°C) [He (2016)], thus significantly higher than the calcination temperature. We can conclude from these values that very few if any coalescence of the NPs should occur at 425°C since, as small crystallites, they should be poorly mobile and consequently have few chances to meet and merge to give rise to bigger particles.

These arguments must nevertheless be analysed with a great care since it is well known that the melting temperature of NPs strongly depends on their size (so the THütting and TTamman values as well). In the case of Pd, [START_REF] Guisbiers | Size-dependent catalytic and melting properties of platinum-palladium nanoparticles[END_REF]] report that the melting temperature Tm of a free-standing particle with size S (i.e., the diameter for a spherical particle) is related to the 'bulk' melting temperature Tm ∞ (1555°C for Pd) as:

T m = T m ∞ (1- shape /S) /2.1/
With shape a factor dependent on the shape of the NP. For a sphere, these authors refer to their own prediction of sphere = 1.68 while also citing a literature value form molecular dynamics calculation is 0.95. The scatter in the sphere value leads to very different values for, say, the Tamman temperature which becomes 393°C for a 3.5 nm size (mean value in the CALCined state) with sphere = 0.95 and only 202°C with sphere = 1.68 (values obtained assuming a constant ratio between the Tamman and the meting temperatures independently of size: TTamman/Tm = TTamman ∞ /Tm ∞ ).

A final further complication comes from the fact that all previous simple calculations apply to the case of free-standing particles, thus neglect their interaction with the substrate. The interfacial energy linking the NPs to their support may most certainly slow down their motion through an "anchorage" effect.

This discussion shows that it is therefore not possible to conclude and in the absence of any kinetic study it is needed to perform in situ experiments to get more insight on the operating mechanism(s).

Chemistry and nature of Pd NPs in the CALCined state

For both Pd/ and Pd/ systems, High Resolution imaging using the Cs-corrected TITAN ETEM microscope evidences the presence of both metallic fcc Pd particles and oxide particles, mostly PdO (see Figures 2.11 and 2.18). According to the thermodynamic considerations reported in section 2.1.2 (see Figure 2.3), a treatment at 425°C in air at atmospheric pressure of small Pd NPs should entirely transform them into 'stable' oxides. Unless a size effect stabilizes the metallic state, we have here to admit that the interaction with the alumina support helps to keep the fcc structure of pure Pd in some cases, meaning at special anchored locations. To the best of our knowledge, we were not able to find comparable literature results (especially in terms of an equivalent small size of the Pd NPs) to discuss these observations in a more contradictory way.

This rather unexpected result is also a further motivation to perform a direct calcination in situ during the TEM observations in the ETEM mode (although with a significant lower oxygen partial pressure due to the inherent limitations of the TITAN microscope), see next chapter.

Chapter 3: Environmental-TEM characterization of Pd on δ -and on α -Alumina

Sample preparation

In situ strategy

As reported in Chapter 2, post mortem characterization provides information about each state of the synthesis of both and -alumina supported palladium catalyst synthesis. This information is obviously only partial in order to fully understand how the catalyst evolves during the heating process and in all intermediate stages. For example, the temperature influence of the particle growth, the movement of the particles on the surface and possible occurrence of interaction between the particles cannot be evaluated.

In-situ characterization of the catalysts were then performed at 300 kV inside the FEI-TITAN ETEM to mimic the heat treatments that we can recall here for clarity (see Figure 2.7 in Chapter 2):

(i) alumina supports impregnated by a Pd aqueous solution are heated in air to 120° C for 2h in order to start eliminating unwanted residues attached to the support (ii) A calcination treatment is performed at 425° C for 2h under air at atmospheric pressure (iii) A reduction at 150°C under hydrogen at atmospheric pressure is then to reduce oxidized nanoparticles.

Obviously, pressures as high as 1 bar (atmospheric pressure) could not be reached in the ETEM and various pressures in the range of 0.1 to 15 mbar were used as will be shown in sections 3.2 to 3.6 hereafter.

The experiments were first aiming at comparing the NPs sizes to measurements performed post mortem on samples treated outside the microscope. We then proceeded with 'static' observations in all states of the synthesis route (i.e. DRIed, CALCined and REDuced), the samples being kept and treated in situ from the starting IMPRegnated state. The heating scheme adopted during this first set of in situ ETEM experiments in air or oxygen is reported in Figure 3.1. The horizontal shade line below the Heating Profile illustrates that the gas pressure (the value of which will be indicated in each case) was fixed at the beginning of the experiments at room temperature and remained constant during the whole treatment. For the reduction experiments, the temperature was first decrease to the desired value (e.g. 150°C), then the gaseous atmosphere was gradually exchanged form oxygen (or air) to hydrogen. In all cases, the environment around the sample was systematically checked with the Residual Gas Analyzer (RGA) inserted in the gas system of the microscope, as illustrated by Figure 3.2. To anticipate the results Figure 3.3 illustrates the static observations made in the TEM Bright Field imaging mode in comparison to post mortem ones in the case of the Pd/α-alumina system.

However as already stated in Chapter 2 (section 2.2.3), both contrast and irradiation considerations led us to systematically used STEM-HAADF imaging for these 'static' in situ observations and for the NP size measurements. As said above, in situ ETEM also intends to study some dynamical effects (i.e. motion of particles on surfaces and possible interactions), so other heating schemes, such as ramps or isothermal treatments at intermediate temperatures were also performed as it will be reported in the next sections. 

Samples conditioning

Industrially synthesized catalysts come in the form of 3 mm circular balls. For conducting in situ TEM characterization, 3 to 4 balls were taken, and top most thin layers of their top most surfaces were peeled off with a surgical blade. The peeled sample is dissolved into a solvent like water and ethanol that was further deposited on the TEM sample supports. The latter generation of holders allows a much better stability and temperature accuracy and control as compared to the furnace-based one. In both cases (Cu grids or Si-chips) these TEM sample supports were exposed in a Gala Instrument GmbH plasma cleaner to an air-argon plasma before the deposition of the sample to reduce the possibility of carbon contamination.

In-Situ observation

Pd on δ -Alumina STEM observations under different partial pressures

A first set of observations has consisted in checking the Pd NPs sizes after the drying and calcination treatments performed in air at atmospheric pressure at 120 and 425°C respectively. As it will be seen hereafter, several oxygen partial pressures were used. It can first be observed that the microstructure of the support is not influenced by the temperature and the exposure to the electron beam which was kept as minimal as possible (beam blanking while heating and most of the waiting time before recording the micrographs). A careful examination reveals an evolution of the population of Pd NPs, the number of which slightly decreases simultaneously with some increase of their size; from the size histograms overall, average diameters were calculated as 2.7 nm, 3.0 nm and 3.2 nm respectively for the IMPregnated (starting), DRIed and CALined states respectively.

Similar observations (not reported here) were also performed in air at different gas pressure conditions, i.e. 1.3 and 15 mbar. It was observed that the evolution and change in size of the particles is similar to what was observed in oxygen at 0.2 mbar (Figure 3.4). All measurements are reported on Figure 3.5.

TEM vs. STEM

For the sake of completeness, we did also perform size measurements in the Bright Field TEM mode, although it was clearly stated in Chapter 2 that BF-TEM imaging mode is less convenient than STEM-HAADF for our Pd-alumina systems. Figure 3.6 shows some images recorded from one of the areas examined during a heating sequence from 20 to 450°C, starting from the IMPregnated state. During this treatment, the beam was 'un-blanked' only when acquiring micrographs. It is observed that the particles size is increasing with increase in temperature. 

Comparison with post mortem characterization

The previous in situ measurements are finally compared in Figure 3.8 with results from the post mortem characterization (section 2.3). This comparison shows that apart from TEM data, already considered as questionable, all sizes are consistent at corresponding temperatures.

This finding has two important consequences confirming in a 'bilateral' way each series of results:

(i) it first shows that post mortem measurements are consistently giving a correct picture of the size of such small nanoparticles in the Pd--alumina system.

(ii) It further demonstrates that the pressure level (used during the thesis work) has little influence on the size since post mortem experiments were performed at atmospheric pressure while in situ observations were conducted at pressures about 2 or even 3 orders of magnitude lower.

The second point may appear questionable since we may expect that oxidation kinetics should differ significantly, thus leading to size effects during the Pd-PdO transformation (see previous discussion of Chapter 2, section). In fact, one has to recall here that we are dealing with very small nanoparticles, meaning that a full oxidation state requires only a little oxygen incorporation into the Pd lattice. Interestingly the discussion of Chapter 2 pointed out that a full oxidation of a metallic Pd NP of 2.3 nm (as measured for the IMPregnated state in the Pd/-alumina system) should lead to a size increase up to only 2.7 nm, which represents a minor change as compared to the evolution at ≈ 3.5 nm in the CALCined state. In addition, we also show that oxidation is neither complete in terms of the population of NPs, nor complete at an individual level so the size increase due to atomic reorganization during oxidation will certainly stay in some error margin. Further ETEM experiments to test the reduction behaviour of the Pd/-alumina system will bring additional information on such partially-oxidized NPs before their final reduction, see section 3.4.

Pd on α -Alumina

Measuring the size of Pd nanoparticles during in situ ETEM is required because we did not perform post mortem measurements on the -alumina support (see chapter 2). Two specific areas showing a high density of Pd particles on two samples were analysed using either the Gatan or the DENS Solutions heating holder. For the experiment reported in Figure 3.9, the heating rate was 2°C/minute, and plateaux of 2 hours were performed at the drying and calcination temperatures after which measurements were performed. As for the in-situ treatments performed on the -alumina support in the previous sub-section 3.2.1, the beam was blanked when no image was acquired. The evolution of Pd nanoparticles is summarized in Figure 3.10 which also reports for comparison data recorded at 1.3 mbar of air on the Pd/ system (from Figure 3.5). As for the case of the -support, we notice here the disappearance of some particles typically around 300°C, and probable associated coalescence of NPs. In the starting IMPregnated state, the overall average diameter of the particles is 2.2 nm and it increases up to 3.5 nm at the calcination temperature, which remains consistent with the post mortem observations reported in Chapter 2 (3.1 nm, see Figure 2.16). Figure 3.10 presents the measurements of size performed during the heating sequences; for the sake of comparison, the average values from in situ STEM results measurements on the Pd/δ-alumina system (Figure 3.8a) are also recalled.

These diagrams support the idea of a more significant increase in size with the a-alumina support, which would indicate a larger mobility of NPs and more efficient coalescence.

Although these processes are possible, such an evolution was generally reported at higher temperatures (but for bigger nanoparticles [Liu ( 2005)]), and there is a doubt that they could be at least accelerated by the effect of the electron beam. For these reasons, we have undertaken in the next section 3.3 a further study consisting in following the evolution of Pd nanoparticles on both supports but with a better temporal resolution, simultaneously taking a very great care to minimize the influence of the incident electrons. 

Dynamic time-lapse studies in the ETEM

Preliminary remark: irradiation during STEM time-lapse studies

As mentioned before and in Chapter 2, irradiation damage is certainly one of the main concerns during in situ ETEM experiments, especially regarding the very small size of Pd nanoparticles investigated in the present work. Whereas studying specifically the degradations induced by a long exposure to the electron beams was beyond the scoop of this thesis, we tried to adjust experimental conditions minimizing, if not suppressing, significant irradiation-induced phenomena with the ambition to follow the dynamic evolution of NPs with a reasonable temporal resolution. Although it is not the best way to acquire images rapidly, we worked in the STEM-HAADF mode according to its better contrast and, most probably, to its lower irradiation effects.

From a practical point of view, we adopted the following strategy: according to previous in-situ observations, it seems reasonable to consider that most of the evolution becomes significant between 250 and 300°C for both  and  supports. Therefore, we fixed the temperature around 300°C and examined in STEM test areas with a continuous scan at different electron doses in order to find conditions under which any significant undesirable evolution can be avoided in a

given reasonably short time. The experimental conditions were kept similar for these irradiation tests and the subsequent observations: ETEM 300 kV, spot size 9, condenser aperture 50 µm (larger values of 70 and 150 µm were also used in order to allow more aggressive irradiation conditions), camera length (not influencing the irradiation) equal to 245 mm (ADF conditions).

The dwell time (acquisition time per pixel) during the tests was adjusted to visually control the damages induced by the electron beam. NPs motion and coalescence were easily detected as marked by arrows (dwell time 8 µs). In the right column (Fig. 11c-d) corresponding to a shorter exposure (dwell time 5 µs), very little modification is detected, and these conditions were judged as reasonably adequate to follow relatively dynamically the evolution of NPs at high temperature.

Table 3.2 summarizes some elementary algebraic calculations showing that this successful test insures that time-lapse experiments as long as 2 hours can be 'safely' performed with acquisitions every 3 minutes (the electron beam being blanked in between). 

Nanoparticles motion

The aim of this section is essentially to compare the efficiency of the diffusion of Pd NPs on both αand δ-alumina surfaces and identify the mechanisms responsible for their growth and interactions during heat treatments. Obviously, this requires in situ experiments with sufficient temporal resolution to identify properly if nanoparticles coalesce. The above discussion enabled us to fix experimental conditions under which we can hope to minimize, if not ignore the possible electron beam effects.

With the previous observations under in-situ conditions, it is estimated that 270°-300°C is a crucial temperature at which the migration of Pd nanoparticles can become significant on both supports. Time-lapse experiments were then performed at 275° C under 1.27 mbar of O2. As deduced form the preliminary irradiation tests (Figure 3.11 and Table 3.2), STEM-HAADF images were recorded every 3 minutes for a period of about 2 hours ( 145 minutes in fact). From the NP tracking measurements, the 'instantaneous' NP mobility at each frame of the whole sequence was deduced, enabling to compare the mobility for both supports. These speeds are displayed in a size/time 2D space in Figure 3.14, which allows revealing combination of parameters where the nanoparticles are more mobile and where the nanoparticles are less mobile. The data shows that the NPs on Pd/-alumina are active at the beginning of time-lapse experiment particularly NPs whose diameter is smaller than 2.5 nm. On Pd/α-alumina NPs, whose size is smaller than 2.5 nm are active throughout the time-lapse observation (heat map shows the active regions). On both supports NPs are relatively immobile if the size of nanoparticles is more than 3 nm (blue regions). This point outs that, smaller (<2.5 nm) have better mobility compared to the NPs whose size is greater than 3 nm. Comparing these two diagrams shows that palladium is more mobile on the -alumina support. Another way to evidence this is illustrated by Figure 3.15 through the plot of the speed of classes of NPs with a width of 0.5 nm for both systems: apart for the largest particles above about 2.5 nm which are almost immobile in both cases, the particles appear to be always more mobile, on the -support.

As suggested in Chapter 2 (section 2.3.1 and 2.3.2) and from previous literature [Roiban (2012)], the topography of δ-alumina platelets play an important role to anchor Pd nanoparticles; the present time-lapse experiments clearly and unambiguously demonstrate that these Pd nanoparticles are more efficiently anchored on the -alumina surface than on . 

Structural evolution of NPs during in situ calcination

Another important question that merits to be tackled is related to the crystallographic structure of Pd NPs during the high temperature treatments under oxygen. As presented in Chapter 2, it was seen that in both Pd/ and Pd/ systems, metallic palladium and oxide phases seem to coexist in the CALCined state. As the catalytic efficiency of metallic catalysts is reduced if an oxide subsists, it is important to ascertain the phases in presence in our systems. The 'Treacy & Rice' (T&R) analysis [START_REF] Treacy | Catalyst particle sizes from Rutherford scattered intensities[END_REF], Liu (2017)] relies on the fact that the STEM-HAADF imaging mode produce intensities proportional to Z  (the atomic number of chemical species in presence),  being an exponent varying between 1.6 and 2. Thus, for a homogeneous phase with a volume V containing various elements with atomic numbers Zi and atomic densities i (expressed in number of atoms per unit volume), its total HAADF intensity IHAADF is simply:

IHAADF = k V i Zi  /3.1/
In this expression, k is a constant depending on the experimental conditions that will be omitted in the following (or taken equal to unity).

For ideally spherical particles (a valid assumption in the present case), relation /3.1/ can simply be expressed as a function of the projected size (e.g. diameter Ø) of the NPs:

IHAADF 1/3 = A(i,Zi) Ø /3.2/
That is, the plot of IHAADF 1/3 as a function of Ø must be a straight line, the slope of which A is depending upon its composition (atomic densities i of elements Zi: A(i,Zi) = i Zi  ). Note that in practice IHAADF is easily obtained by integrating the intensity over the projected image of each NP after a convenient background subtraction.

We have applied the T&R analysis to the previous time lapse experiments conducted at 275°C (illustrated by Figure 3.12 and 3.13), as well as 2 other experiments during the in-situ calcination of both Pd/ and Pd/ systems (not shown here). Whereas the slopes A(i,Zi) were not quantitatively determined, we followed graphically their evolution from the beginning up to the end of each annealing. If the chemical composition of the NPs changes significantly, like an oxidation of metallic Pd, then a detectable change in the slope should be visible.

Figures 3.17 (i)

The T&R behaviour is very reasonably respected in all cases, which first means that the NP population is quite homogeneous from the chemical point of view.

(ii) all slopes for a given system are comparable, meaning that no significant chemical change occurs during heating.

To further confirm point (ii), we made in each case the basic assumption that the population consists in pure Pd or pure PdO. According to the crystallographic parameters reported in the footnote 1 of section 2.5.1 in Chapter 2, we could then plot the expected slope of PdO if the experimental slope corresponds to Pd, and conversely Pd if it was PdO (for this the exponent  in /3.1/ was fixed to 1.8). Value of these slopes are summarized in Tables 3.3. 

 Pd (atoms/Å 3 )  O (atoms/Å 3 ) Z Pd  Z O  slope  i Z i 
In each situation, apart for some outliers lying close to the PdO line, all data are consistent with a population essentially consisting in the Pd phase. This result may appear in contradiction with the experimental evidence of Pd oxide structures as was shown by HRTEM in Chapter 2 for both systems (see the Discussion: sections 2.5.1 and 2.5.2). We should first note that results presented here concern lower temperatures than the calcination one (275 and 400°C as compared to 425°C), and for the highest temperature of 400°C the analysis was performed after only 20 minutes instead of 2 hours for the calcination.

Secondly, no statistics were made during the HRTEM observations and we can easily admit that very few if any NPs could have oxidized in the present experiments. Thirdly, it was also mentioned that interactions with their support could stabilize metallic Pd particles at the alumina support. This is further consistent with literature result showing that 'surface' Pd oxides form hardly from monocrystalline small Pd NPs (typically less than 10 nm) below 650°C state

[ Keatinget (2013); Datye (2000); [START_REF] Tao | In situ studies of chemistry and structure of materials in reactive environments[END_REF]Persson (2006)]. Finally, it was also mentioned in Chapter 2 that NPs could have been only partially oxidized, they may therefore contain only a too small amount of oxygen with regard to the sensitivity of the T&R analysis. This last point will indeed be confirmed by the next HRTEM observations conducted during the in-situ reduction of a calcined Pd/-alumina sample in the ETEM. 

In situ reduction under hydrogen in the ETEM

After the calcination step, both Pd/alumina systems are subjected to a final reduction aiming at reducing any possible oxide nanoparticles which are not active for catalysis. We have performed an in-situ reduction in the ETEM at 150°C for 2 hours under a pressure of 2 mbar of pure hydrogen. For an easier visibility of the NPs, the starting sample was Pd / -alumina in a

CALCined state but prepared with slightly bigger Pd nanoparticles than the batches referred in The calcination stage was performed at IFPen under normal conditions, i.e. 2 hours at 425°C in air under atmospheric pressure. Consistently with the observations performed on the CALCined state of our Pd/a system, it is seen that all Pd nanoparticles are not fully oxidized after this treatment as shown in Figure 3.20.

The interest to perform the reduction in situ was to verify on positively identified oxide NPs that the reduction is effective under the chosen conditions. Figure 3.21 demonstrates that it is effectively the case.

After the reduction treatment, we were able to identify a large number of pure metallic PD NPs, as attested by the top micrographs of Figure 3.22. This is particularly noticeable for small particles, whereas larger particles show more frequently some composite structures, with 'domains' compatible only with lattice distances of oxide structures (cubic or tetragonal PdOx), and other made of metallic fcc Pd (bottom micrographs in Figure 3.22).

All these results on in situ ETEM experiments on both Pd/d and a-alumina systems complete the post mortem observations of, mainly, the CALCined state. They will be briefly summarized and synthetized at the end of this Chapter (section 3.6). Top micrographs show small and totally reduced NPs, bottom images evidence composite larger particles most probably constituted by oxidized and metallic areas (FEI-TITAN ETEM 300 kV under 2 mbar of H2 after 2 hours at 150°C).

FAST 3D characterization of Pd nanoparticles

Demonstration of the pertinence of fast tomography

In Chapter 1, we anticipate that one of the interest of ETEM in situ experiments under reactive environments (gas and temperature) is to open the door on a possible 3D characterization.

However, it is almost impossible to follow the dynamic changes of a system in 3D under operando conditions with the help of conventional TEM and/or STEM tomography acquisition schemes, because they take by far too much time as compared to the speed of morphological evolution experienced by the sample.

In this context, we aim to formulate a strategy to perform FAST Tomography. This strategy was introduced in section 1.3.3: unlike conventional tomography acquisition schemes, we are less attentive about any image or sample position adjustment between successive images during the tilt series and accelerate both the sample rotation and the image acquisition. This means that Fast tomography speeds up the acquisition process by reducing the holder relaxation time and time spent for computational operations like focus and re-entering procedures. This process results in bringing the time need for recording a tilt series from tens of minutes to a few minutes range and it is possible that it can bring down to seconds scale.

It was obviously essential to test the fast tomography approach; in this perspective, a fast acquisition and subsequent reconstruction was performed on the Pd/ δ-Al2O3 system and they were compared to results obtained with a conventional Bright Field (BF) tomography procedure on the same object. The sample was chosen in the CALCined state.

This demonstration step was performed in the ETEM equipped with a 2K x 2K US1000XP-P Gatan CCD camera enabling exposition times leading to reasonably acceptable signal-to-noise ratio of the order of 0.2 -0.1 second per frame. For these experiments at room temperature a dedicated single-tilt tomographic holder was used (model from Fischione Instruments, www.fischione.com). A tilt series was recorded in 150 seconds over an angular range from -74° to +66° degrees with an angular interval of 1° between successive images. Results are illustrated by Figure 3.23.

Conventional BF electron tomography, including realignments at each angular step, was performed on the same object over the same angular range from -74° to 66° with a 1° tilt increment; it took more than 40 minutes for the complete acquisition. This conventional acquisition was named 'step-by-step' since the rotation of the holder was stopped at each angle during the tilt to allow time for corrections. In contrast to this, the Fast Tomography was qualified as 'segmented tilt Fast Electron Tomography' since the holder was still stopped but for a very short time, simply to avoid too much blur of the images due to the rotation during acquisition of micrographs. Both tilt series were aligned post mortem and then the volume is reconstructed using classical routines. The Bright Field projection at 0° tilt from the two series can be seen in Figure 3.23 ab). A slice was extracted at the same depth of both reconstructed volumes as shown in Figure 3.23 c-d). The size distribution of Pd particles visible in orthoslices reported in Figure 23e-f) was then quantified from both volumes (conventional & fast) and these measurements served as a comparative tool of both reconstruction, hence of both strategies of acquisition. The histograms are presented in Figure 3.24. The Conventional BF tomography resulted in identifying the position and size of 218 Pd nanoparticles, and the Fast tomography provided information on 212 Pd nanoparticles. The overall average diameter of Pd nanoparticles calculated from conventional BF tomography scheme is 4.1 nm, to be compared to 3.9 nm for the Fast Tomography approach. This first set of results delivers optimistic conclusions. On one hand, speeding up the process of acquisition is largely possible down to the minute range; one can then easily anticipate than following in 3D reactions under operando conditions that can be more or less controlled in speed (playing with the temperature and gas pressure for example) is possible. On the other hand, it is seen that, in a case which is not especially trivial (i.e. the d-support produces some diffraction contrast in the BF tomography, and the Pd NPs are really small in size), reasonably accurate results can be deduced form the Fast Tomography approach. 

FAST 3D characterization of Pd nanoparticles under Operando conditions

Although the initial results are encouraging, the previous experiment was performed at room temperature, but the objective of our work on the subject of Fast Tomography is really to provide a tool that can be used quantitatively in the ETEM during the evolution of a sample under the influence of temperature and gas solicitations. We aimed then to follow in 3D the population of Pd NPs during the different steps of treatment under air and hydrogen as presented in Chapter 2. In this perspective, a Pd/ δ-Al2O3 system was investigated during heating under oxygen in the microscope. We will further come back on this example in Chapter 4 to compare the results by the Fast Tomography approach with those obtained from a classical STEM-HAADF experiment at room temperature.

Two fast acquisitions were then performed under different environments: one at 20°C under high vacuum (starting IMPregnated state) and one in the course of the heating ramp up to the calcination temperature, i.e. after 60 minutes at 350°C under 2.6 mbar of oxygen pressure. The Fast acquisition scheme was to record a tilt series from 73° to -67° with a 2° difference between successive angles. The tilt series where then recorded on the same object in 230 seconds under exactly the same acquisition conditions at 20°C under vacuum and 350°C under oxygen.

A 0° projection from the both 20°C and 350°C series is shown in Figure 3.25 a-b). As in Figure 3.23, a slice was extracted at similar depths from the two volumes as reported in Figure 3.25 cd). However, single slices (in reality here a group of 36 slices over 284) could not reveal exactly the same microstructure for two reasons: at first, a more careful analysis of both volumes reveals that the  particle was slightly tilted on its SiNx supporting film while heating, making that similar slices from the tomograms did not correspond to the same true sections of the volumes (this can be seen by analysing the general aspect of the sections reported in Figure 3. The size histograms first confirm that there is a slight increase by about 26% of the number of NPs from 20 to 350°C. In the meantime, the size increases slightly for 2.6 to 2.8 nm (average values) in agreement with the general tendency measured previously during post mortem and in situ experiments. Interestingly the 3D analysis allows quantifying the inter-particle distances, an important parameter qualifying the homogeneity of the NPs dispersion. It is seen that the evolution of the population remains relatively weak, the particles being slightly closer at high temperature in intuitive agreement with the slight increase of their number. This results also confirm that migration of NPs occurred during the heating treatment.

Summary and conclusions of in situ ETEM

Evolution of the population of Pd nanoparticles

Sections 3.2 to 3.4 of the present Chapter were devoted to the presentation of the results obtained during in situ treatments in the Environmental TEM under conditions reproducing the various steps of the preparation of Pd/alumina catalyst (drying, calcination and reduction).

Concerning the evolution in size, it was shown that the tendency deduced from the post mortem analysis of the DRIed and CALCined states has been mostly confirmed, although the oxygen partial pressure could not be adjusted to that of the real treatments outside the microscope (mbars compared to 200 mbar -air at atmospheric pressure -). We believe that this agreement has to do with the very small initial size of the particles, which makes that nanoparticle kinetics have little influence on the evolution of Pd particles. To summarize these results, Table 3.3 reports size values as measured under different conditions during our statistical approach.

Tables 3.3: Post mortem and in situ Pd NP size measurements at different temperatures for the Pd/ and Pd/ systems (reminder: no post mortem measurements were performed on the  support because of time constraints).

Very consistently, the 3D analysis performed in situ (section 3.5.2) on the /δ-alumina confirm these results for the IMPregnated state (initial size equal to 2.6 nm). This agreement lacks strength at high temperature (the value 2.8 nm measured at 350°C is even smaller that the statistical averages reported in Table 3.3: 3 and 3.1 nm). A disparity can be observed in the post mortem 3D analysis reported in Figure 3.24, where the mean size for both conventional and fast tomography approaches close to 4 nm in the CALCined state. It should however be reminded that this measurement comes for a single aggregate and was obtained in the bright filed TEM imaging mode, already questionable in the case of in situ measurements (see Figure 3.5 or 3.8 where a value of 4.7 nm was obtained at 450°C). Clearly, the TEM bright field imaging reaches limits in the present case, due to the combination of the lack of contrast for very small Pd particles on alumina grains and of the diffraction effects.

Although this increase remains small, it is clear that the size evolution is due to some migration and NP-NP interactions. All analyses reported in the present Chapter indicate that NPs can migrate on their support above typically 275-300°C. Time-lapse experiments presented in section 3.3 have evidenced the mobility which was studied with a great care to minimize (if not control) the possible irradiation-induced processes (i.e. diffusion and mobility enhancement).

One important feature is that these experiments clearly evidence that Pd NPs have less mobility on the -support as compared to  (Figures 3.14 and 3.15). This is attributed to the anchorage effects produced by the more complex topography of -surfaces owing to the presence of Ostwald ripening operates, as it was suspected in the in-situ 3D analysis (section 3.5.2: increase of the number of nanoparticles and increase in size during heating). The coalescence of NPs, generally evoked at higher temperatures (700°C see Chapter 2), cannot be ruled out for these small NPs; it was indeed identified during the time-lapse experiments even at 275°C, a relatively low temperature.

In parallel, we tackled the question of the crystallographic structure of Pd-based NPs during their evolution in temperature. This study was delicate for many reasons:

(i)
The small size of the NPs, and indeed their relatively low concentration on their support, made any statistical analysis, as in diffraction for example, almost impossible. The main results are that in all 'high temperature' states, oxide and metallic phases seem to coexist. The attempt to detect a significant variation using the quantitative analysis of STEM contrasts based on the method developed by Treacy and Rice (section 3.3.3) did not allow any clear conclusion (all particles were analysed as having the same atomic density). It was however shown that partial oxidation occurred in the CALCined state, making the previous analysis probably not sensitive enough to draw a definitive conclusion.

In any case, and although this work did not strictly intend to correlate the studied structural parameters to the catalytic activity, the main result here is that the particles did never experience a strong increase in size during heating up to 450°C. This finding is indeed in qualitative good agreement with literature results (see Chapter 2) since it is commonly admitted that significant increase occurs at higher temperatures (about 600°C). A second point is that the final structural state of NPs after reduction at 120°C seems to be essentially metallic Pd, which further insures a good catalytic activity. Although some partially oxidized particles were identified after an insitu reduction (section 3.4, Figure 3.22), they still contain some reduced areas enabling at least a partial activity.

Fast Tomography towards operando 3D characterization

A second objective of the present in situ ETEM experiments is to implement tomography under environmental or operando conditions. We have here demonstrated the feasibility of a fast acquisition, leading to the reasonable ambition to perform some time-resolved 3D characterization during an ongoing reaction in the microscope. The principles of the method are very simple and limited to bright field tomography for the moment, taking into account that the time for recording images is controlled by the sensitivity and the rapidity of the recording media (of the order of 0.1 second with conventional cameras).

We have demonstrated that fast tomography reducing the acquisition time by a factor 20 at least (40 minutes to 150 seconds, see Figure 3.23) may lead to good 3D results in terms of structural features such as the supported population of Pd NPs. We have also been able to apply this approach to a true operando situation where a Pd/-alumina aggregate was heated under oxygen and characterize in 3D at its starting and final stages, a pioneering work to our knowledge in such a system (Figure 3.25). Such a performance could never be obtained with classical tomography approach since here the acquisition times for each tilt series was only 230 seconds.

From these experiments, Figure 3.26 shows that quantification is possible and helps to refine the scenario explaining the observations. Indeed, the 3D analysis allowed discussing the overall NP size and the homogeneity of their distribution, which can easily be characterized by interparticle distances.

Although exiting, the Fast Tomography results obtained on the Pd/d-alumina did not fully satisfy our expectations. To speed up even more the acquisition of the tilting series, it is needed to optimize and automatize the acquisition procedure and decrease the exposure time. This was one of our goals to develop this approach with a recently acquired fast OneView camera from Gatan. According to the difficulties encountered with the Pd/alumina systems and inherent to the lack of contrast in BF TEM imaging, the smallness of the NPs, the easy irradiation damage, we decided to continue the Fast Tomography development with another catalytic system as it will be described in the next Chapters. In a first step, Chapter 4 will summarize the analysis of some of the limitations imposed by the fast acquisition by using 2D image simulations. In addition, considering that one of the advantage of Fast Tomography is minimizing the electron dose received by the sample, we performed some test experiments on samples sensitive to the electron beam such as polymers and biological materials. Chapter 5 will show how quantitative results can be obtained with the Fast Tomography applied under true operando conditions used to study the oxidation kinetics of soot on a zirconia-based catalyst. It is also demonstrated in later chapters that acquisition down to the range of one second are possible by combining a continuous rotation of the sample and a live acquisition with a fast and sensitive camera.

Chapter 4: Fast segmented-tilt series recording in electron tomography

Context of the study

Preliminary remark

The present Chapter was written as the core of a scientific publication that will be soon submitted . This explains why some parts, like the next paragraph serving as an introduction, and experimental results in section 4.3, repeat general notions already presented in Chapter 1

or in other places of this manuscript.

Recent developments in Electron Tomography

Electron microscopy is a well-established and sometimes unsurpassed technique to characterize materials at a micro, nano and sub-nano scale [Williams (2008)]. It is under continuous technical developments and improvements to provide newer information with higher accuracy.

Among the imaging techniques, Electron Tomography (ET) [Midgley (2009); [START_REF] Epicier | Tomographie électronique[END_REF]]

has become a robust and reliable approach to obtain quantitative information on threedimensional structural and morphological features of nanomaterials at nanometric [Ersen (2015); [START_REF] Carenco | The core contribution of transmission electron microscopy to functional nanomaterials engineering[END_REF]] and even atomic resolution [START_REF] Goris | Electron tomography based on a total variation minimization reconstruction technique[END_REF]; [START_REF] Xu | Threedimensional coordinates of individual atoms in materials revealed by electron tomography[END_REF]]. ET consists of few important steps starts from acquiring a series of projections from the object at different orientations over a large amplitude of tilt, so-called tilted series. Then, specific reconstruction algorithms [START_REF] Bender | ART and the ribosome: a preliminary report on the three-dimensional structure of individual ribosomes determined by an algebraic reconstruction technique[END_REF]; Gilbert (1972); [START_REF] Goris | Advanced reconstruction algorithms for electron tomography: from comparison to combination[END_REF]; [START_REF] Zhuge | Automated discrete electron tomography-Towards routine high-fidelity reconstruction of nanomaterials[END_REF]] implemented in different softwares [START_REF] Kremer | Computer visualization of threedimensional image data using IMOD[END_REF]; [START_REF] Mastronarde | Dual-axis tomography: an approach with alignment methods that preserve resolution[END_REF]; [START_REF] Messaoudil | TomoJ: tomography software for three-dimensional reconstruction in transmission electron microscopy[END_REF]; [START_REF] Agulleiro | Tomo3D 2.0-exploitation of advanced vector extensions (AVX) for 3D reconstruction[END_REF]; [START_REF] Van Aarle | The ASTRA Toolbox: A platform for advanced algorithm development in electron tomography[END_REF]; Gatan (2017); Baumeister (2017)] are used to retrieve the 3D microstructure of the sample. Initially ET was performed under BF-TEM (Bright Field -Transmission Electron Microscopy) because it was mainly applied on the study of biological samples [START_REF] Baumeister | Electron tomography of molecules and cells[END_REF]Frank (2006)] with poor crystallinity than in material science [START_REF] Koster | Threedimensional transmission electron microscopy: a novel imaging and characterization technique with nanometer scale resolution for materials science[END_REF]; [START_REF] Zečević | Progress in electron tomography to assess the 3D nanostructure of catalysts[END_REF]]. For crystalline objects, it is well-known that diffraction contrast may limit the validity of the projection approximation which establishes an unambiguous and linear relationship between the image intensity and the mass-thickness of the sample [START_REF] Hawkes | The electron microscope as a structure projector[END_REF]] . STEM-HAADF (Scanning Transmission Electron Microscopy with High Angle Annular Dark Field detector) [Florea (2013); Midgley (2013)] imaging mode and analytical modes such as energy filtered TEM (EFTEM) [START_REF] Midgley | 3D electron microscopy in the physical sciences: the development of Z-contrast and EFTEM tomography[END_REF]; Roiban (2013); [START_REF] Nicoletti | Three-dimensional imaging of localized surface plasmon resonances of metal nanoparticles[END_REF]; Roiban (2016)] and STEM-EDX (STEM coupled with an energy-dispersive X-ray spectrometer) [START_REF] Möbus | Spectroscopic electron tomography[END_REF]; Lepinay (2013)] are thus widely preferred to limit the undesirable diffraction contrasts.

Today, several commercial and home-made softwares and/or plugins are available for ET acquisition with modules driving the mechanical rotation of the TEM goniometer. They are able to perform the object tracking between successive images (by adjusting the beam shifts), to correct the focus (through the control of the objective lens) and record the image by controlling the camera [Zheng (2003[START_REF] Zheng | Automated acquisition of electron microscopic random conical tilt sets[END_REF]; [START_REF] Mastronarde | Automated electron microscope tomography using robust prediction of specimen movements[END_REF]; [START_REF] Nickell | TOM software toolbox: acquisition and analysis for electron tomography[END_REF]; Suloway (2009); [START_REF] Davuluri | Tomography 4.0 software[END_REF]; Hegerl (2015); JEOL Ltd ( 2017 the feasible amplitude of tilt is typically between +70° and -70° with dedicated tomographic sample-holders and the angular step is chosen between one or two degrees. For such conditions, the total acquisition time for a tilt series is of the order of tens of minutes in BF mode, more than an hour in STEM mode and even more for analytical modes such as EFTEM and STEM-EDX. This significant difference directly depends on the image acquisition time in each imaging mode, of the order of a fraction of second in bright field, but several seconds up to two minutes in all other imaging modes. More time is needed to record an image is due to the scan procedure in STEM, STEM-EDX mode and/or the low signal-to-noise ratio requiring long exposure times in STEM-EDX and EFTEM modes. In all cases, ET is mainly applicable for 3D characterization of nanomaterials that do not suffer from irradiation damage due to long exposure time to the electron beam. Thus beam sensitive samples such as biological material [START_REF] Evans | Advanced tomography techniques for inorganic, organic, and biological materials[END_REF]], organic materials [Dalmas (2014[Dalmas ( ,2016)); [START_REF] Thiele | Tomographic Analysis of Polymer Electrolyte Fuel Cell Catalyst Layers: Methods, Validity and Challenges[END_REF]], zeolites [Prieto (2012)] are generally analysed in 3D using low dose [Roiban (2016)] or cryo [START_REF] Schur | Determination of protein structure at 8.5 Å resolution using cryo-electron tomography and sub-tomogram averaging[END_REF]; [START_REF] Zečević | Progress in electron tomography to assess the 3D nanostructure of catalysts[END_REF]; [START_REF] Bartesaghi | 2.2 Å resolution cryo-EM structure of β-galactosidase in complex with a cell-permeant inhibitor[END_REF]] techniques, or embedded in a resin [Prieto (2012); [START_REF] Shakeri | Engineering and sizing nanoreactors to confine metal complexes for enhanced catalytic performance[END_REF]]. Indeed, the irradiation degradation possibly caused to the object always remains a concern especially in the case of soft materials: any significant morphological change of the sample during the ET acquisition will obviously make any further 3D reconstruction meaningless. When the duration of the ET acquisition is an issue regarding irradiation, it is also a severe obstacle for following the 3D evolution of nanomaterials under dynamic in-situ conditions.

A typical situation where nanomaterials are studied under in situ conditions concern Environmental Transmission Electron Microscopy (ETEM), where gas and/or liquid are inserted near the sample. In addition, the sample can be heated in order to study chemical, structural and morphological transformations. ETEM can be performed through two different technical approaches [START_REF] Crozier | In situ and operando transmission electron microscopy of catalytic materials[END_REF]]. The first one consists in a dedicated differential pumping system which transforms the pole-pieces space into an environmental chamber in the column of the microscope called the dedicated ETEM, or simply ETEM [Gai (2002); [START_REF] Jinschek | Advances in the environmental transmission electron microscope (ETEM) for nanoscale in situ studies of gas-solid interactions[END_REF]; [START_REF] Hansen | Catalysts under controlled atmospheres in the transmission electron microscope[END_REF]]. The second system consist in an environmental Cell (E-Cells) [Giorgio (2006); [START_REF] Ross | Transmission electron microscopy of specimens and processes in liquids[END_REF]; [START_REF] Woehl | Defining the radiation chemistry during liquid cell electron microscopy to enable visualization of nanomaterial growth and degradation dynamics[END_REF]], where the sample is confined in a small sealed chamber situated on a sample-holder. ETEM has been the subject of considerable developments and exciting applications mainly during the last decades, owing to the availability of technologically advanced instruments [Koh (2016)]. It is beyond the scope of this work to review such developments, but it is worth mentioning that ETEM allows to follow the dynamics of chemical reaction [START_REF] Sharma | Experimental set up for in situ transmission electron microscopy observations of chemical processes[END_REF]; [START_REF] Zheng | Frontiers of in situ electron microscopy[END_REF]; [START_REF] Tao | Atomic-scale observations of catalyst structures under reaction conditions and during catalysis[END_REF]] even at atomic resolution [START_REF] Takeda | Environmental transmission electron microscopy for catalyst materials using a spherical aberration corrector[END_REF]; [START_REF] Jinschek | Achieve atomic resolution in in situ S/TEM experiments to examine complex interface structures in nanomaterials[END_REF]], such as growth of carbon nanotubes, oxidation process [START_REF] Takeda | Atomic-resolution environmental TEM for quantitative insitu microscopy in materials science[END_REF]; Serve (2015); [START_REF] Han | Interrogation of bimetallic particle oxidation in three dimensions at the nanoscale[END_REF]], reduction [Van den [START_REF] Van Den Berg | Revealing the formation of copper nanoparticles from a homogeneous solid precursor by electron microscopy[END_REF]] or mass transfer phenomenon [START_REF] Melinte | Towards nanoprinting with metals on graphene[END_REF]]. According to the developments, one may wonder the possibility for 3D characterization of such nanomaterials under in-situ conditions following their evolution.

Clearly, as stated above, the main issue is the long time needed for the recording the ET tilt series with respect to the kinetics of the chemical or morphological transformations that intended to be studied. It would be not only unrealistic to record several tilted series to follow the intermediate states of the dynamic evolution of the material during the reaction of interest, but also it would even be difficult to acquire one single tilt series if the system is evolving very rapidly. Because it is of the highest interest to characterize such evolutions on nanomaterials in 3D, few conventional ET experiments have already been successfully performed 'before' and 'after' an ex-situ environmental solicitation in an external cell or reactor [START_REF] Yu | Three-dimensional tracking and visualization of hundreds of Pt-Co fuel cell nanocatalysts during electrochemical aging[END_REF]; [START_REF] Melinte | Towards nanoprinting with metals on graphene[END_REF]; [START_REF] Han | Interrogation of bimetallic particle oxidation in three dimensions at the nanoscale[END_REF]]. Such a strategy is very delicate, since it requires that the sample needed to be inserted and retracted from the microscope. Furthermore, it does not offer the suitable conditions to follow dynamical transformation in 3D.

To the best of our knowledge, the only and first work devoted to an in-situ 3D characterization successfully performed under environmental conditions in an ETEM is the recent study of the calcination of an Ag@silicalite-1 with interest for catalysis. Tomograms of the same area of interest were reconstructed using tilt series quickly recorded at 20°C in vacuum, at 280°C and 450°C under 1.8 mbar of O2 [START_REF] Roiban | Fast 'Operando'electron nanotomography[END_REF]].

The purpose of the present work is to state upon the possibilities of fast tilt series acquisition in bright field mode to perform ET experiments that can allow to track a dynamic 3D transformation using a dedicated ETEM. At the same time, the application of fast ET to beam sensitive samples will be exemplified.

Survey of technical approaches

As discussed earlier the limitation to employ ET for 3D analysis under in situ/operando conditions is the time needed to acquire the tilt series. Typically, we aim here to follow the dynamic evolution of a nanomaterial which may exhibit significant morphological changes in a minute or a few seconds. In the example cited above [START_REF] Roiban | Fast 'Operando'electron nanotomography[END_REF]], coalescence and disappearance of Ag nanoparticles encaged in hollow silicalite-1 occurred in a few minutes according to the slow reactive conditions dictated by the low O2 partial pressure at 280°C and 450°C. Consequently, tilted series acquisition times of 2 minutes nominally were short enough to grab stable configurations. This allowed the calculation of the volume of the same object at different temperatures, while keeping the electron dose below a minimum where no irradiation damage was detected. If we consider the perspective of following in 3D, an in-situ straining experiment where the material can deform or exhibit microcracks or void formation, acquisition times should be much shorter than one second. Whereas this is still a challenge in TEM, such studies are possible in X-ray Computed Tomography [START_REF] Bieberle | Experimental two-phase flow measurement using ultra fast limited-angle-type electron beam X-ray computed tomography[END_REF]], where the high flux and high sensitive detectors of Synchrotron installations allow to perform 180° tilting series acquisition at a very high temporal frequency. Second or sub-second temporal resolution has been achieved at synchrotron facilities since less than a decade. Recent works performed with the latest hardware developments at the Swiss Light Source allowed tomographic acquisitions to be performed at a frequency of several Hz in both life sciences [START_REF] Mokso | Four-dimensional in vivo X-ray microscopy with projection-guided gating[END_REF]] and materials science [Marie ( 2016)]. Fast acquisition in X-Ray Computerized Tomography (CT) either in electron beam CT [START_REF] Retsky | Electron beam computed tomography: challenges and opportunities[END_REF]] or in classical tilting tomography [START_REF] Bonnet | Dynamic X-ray computed tomography[END_REF]] is indeed a key technique regarding several biomedical applications as study of respiratory or cardiac systems [START_REF] Mokso | Real time tomography at the Swiss Light Source[END_REF]], or in material science such as mechanical testing of light alloys at low and high temperatures [Lhuissier (2012)].

We have thus to consider the possible ways to reduce the acquisition time down to the second range, which restricts us today to the usual bright field TEM imaging mode. It should obviously be kept in mind that the compromise between acquisition time and resolution have to be considered. Starting from several minutes, which is the duration of a typical tilt series acquisition as discussed previously, we can review different solutions that have already been proposed or can be tried to reduce this recording time.

The first one is to use a limited number of projections of the sample and to reconstruct the volume by adequate algorithms like the discrete tomography technique [START_REF] Jinschek | 3-D reconstruction of the atomic positions in a simulated gold nanocrystal based on discrete tomography: Prospects of atomic resolution electron tomography[END_REF]; [START_REF] Goris | Advanced reconstruction algorithms for electron tomography: from comparison to combination[END_REF]]. The greatest potential of this approach seems to be the 3D characterization of monocrystalline nanoparticles at atomic resolution in STEM mode. Given the fact that it restricts the observation of the sample along a few different zone axes [Van Aert (2011);[START_REF] Bals | Three-dimensional atomic imaging of colloidal core-shell nanocrystals[END_REF]], it spares time for the acquisition but not sufficiently to approach the minute range at least.

A second solution is to speed up the sample rotation procedure by tilting the goniometer continuously instead of using the classical step-by-step procedure, and acquire images continuously during this movement. Note that in some very rare situations, one can take profit of the free rotation of the sample itself, as it was pertinently performed in the case of a nanoparticle in a liquid cell [START_REF] Mehdi | Observation and quantification of nanoscale processes in lithium batteries by operando electrochemical (S) TEM[END_REF]]. This continuous rotation of the sample has been already used in structural biology [START_REF] Nannenga | High-resolution structure determination by continuous-rotation data collection in MicroED[END_REF]] and in the study of lanthanide-based inorganic nanotube [START_REF] Migunov | Rapid low dose electron tomography using a direct electron detection camera[END_REF]] . This approach provides a possible substantial gain of time since the sample does not stop during its rotation, but this is at the cost of the impossibility to perform any live tracking of the object. Another disadvantage is a possible poor signal-tonoise ratio of the images as compared to the step-by-step rotation, since exposure times of images must be short enough to avoid any significant drift of the object during the image acquisition which would lead to crippling blurring of the projections. At this stage it appears convenient to record the tilted series as a video sequence instead of individual projections With slightly fewer performances, optimized CMOS-based cameras of the last generation like Ceta TM from FEI [Anderson (2015)], Oneview TM from Gatan [One View] or TemCam XF TM series from TVIPS [TemCam] nevertheless exhibit very good performances and between 25 to 50 frames per second (fps) acquisition rates in 4Kx4K format. The combination of the two latest solutions, i.e. recording a video sequence using a high-speed camera during a continuous rotation was applied as a test at room temperature and in high vacuum [START_REF] Migunov | Rapid low dose electron tomography using a direct electron detection camera[END_REF]], where a tilt series over an angular range of 100° was performed in less than 4 seconds. Very interesting developments are also currently performed in the perspective of real-time 3D in situ straining experiments [Hata (2016)] were where the images acquisition time was of order of 2-3 minutes over 120° rotation amplitude. Using straining holder [START_REF] Sato | Development of a novel straining holder for transmission electron microscopy compatible with single tilt-axis electron tomography[END_REF]] it is possible to record the several tilt series during straining experiment and follow the deformation of the sample in 3D.

From the above, a promising solution for performing fast tilt series acquisition consists in recording a video during a continuous rotation of the object with a high-speed camera. Before

showing experimental results, some of the major possible problems that could limit the performances of this approach were surveyed. To understand the possible problems and improve the continuous tilt approach, one should come back to the step-by-step procedure (called SBSET for step-by-step Electron Tomography hereafter) in order to understand how it can be speeded up. As already mentioned in the first section of this chapter, most of the computer-driven tilt series acquisition routines slow down the process because of adjustments between successive images, i.e. tracking, focusing and computing time are time consuming. The way to optimize the duration of the acquisition step is simply to perform these corrections manually after a proper adjustment of the eucentric height of the sample to prevent leaving form the field of view will rotating. Table 4.1 gives typical time values for experimental conditions for recording an 2Kx2K images tilt series between -70° and +70° at an increment angle of 2° using a conventional digital camera or a fast recording camera of last generation. The time considered to calculate the total time are based on experimental values used for an acquisition using either a fully automated software-based or a semi-automatic procedure. The time gain is given by the relaxation time needed (after tilting) before recording the image at the respective angle. While a software is successively calculating the position and the focus of the sample in around 45s, manually we can do it in 1s. If we perform the adjustments of the sample at each tilt manually, the gain of time as compared to a fully automatic procedure can easily be of the order of 50 minutes (conventional tomography acquisition). Although it may be not fully reproducible because relying on human capacities, the manual step-by-step procedure offers the possibility of an acquisition duration less than 3 or even 2 minutes. To better identify this fast acquisition performed with a step-by-step tilting approach from the slower conventional techniques, we will refer to it as STFET for Segmented-Tilt Fast Electron Tomography in the following, meaning here that the tilt is almost continuous, each stop being not a working step but simply insures a relative stability of the sample during image acquisition.

Current technical possibilities for fast electron tomography

Optimized 'step-by-step' acquisition and continuous rotation approach

Table 4.1: Recording times for a SBSET tilt series. For fully automatic software-based acquisition, the time was estimated using FEI tomography plugin, for the semi-automatic acquisition, the time was estimated using a home-made plugin. For both methods, we compared the exposure time needed for a conventional digital camera and an optimized DE camera to record an image having a reasonable signalto-noise ratio. To calculate the total time needed to record a tilt series, we considered an angular increment of 2°, the time needed to tilt the sample from an angle to the next as well as the relaxation time at each angle. With such acquisition times, this manual approach remains unfortunately still too slow to follow dynamic events, mainly because of the relaxation time required for keeping the object in the field of view and optionally for re-adjusting the focus. Whatever the cost (especially regarding the quality of focusing), the quest for a very rapid acquisition requires to forget about any halt during the rotation, meaning a continuous tilt and continuous image recording at a rate as high as possible. In this context, we certainly have to take care about the possible systematic blur effect produced by the rotation of the object during recording, even with very short exposures on DE-type high-speed cameras.

Experimental

Possible effects of the 'rotation blur' during CRRET

Three different types of blur effects can affect the quality of a tomography experiment performed with the Continuous Rotation and Recording approach (labelled hereafter as CRR Electron Tomography (CRRET))

(i) Random (x,y) (and z) shifts of the sample due to mechanical instabilities of the goniometer while rotating. Those are difficult to correct in real time because they are linked to the mechanics of the goniometer. However, they can be predicted by a precalibration procedure as already done by some of the softwares cited above.

(ii) High frequency vibrations at high rotation speed of the goniometer. This is linked to the inadequate mechanics of the goniometer for high-speed rotations. The design of goniometers was conceived to stably sustain the sample and to move it slowly in order to preserve the high-resolution imaging. The current systems are not conceived for fast tilting.

(iii) The 'rotational blur' recorded in an image. This is result of the compromise between the rotation speed and the exposure time of the camera for each image.

However, the CRRET method has some limitations in terms of reproducibility and time, especially in the case of ETEM experiments. The time needed to set the pre-adjustment procedures, to correct eucentric height of the sample, verify the maximum and the minimum tilt angle, the focus and the astigmatism may take several minutes even when performed rapidly.

Time that can be precious in the observation of a dynamic phenomenon.

Currently, the first blur sources can be corrected by performing pre-calibrations of the goniometer movements in x,y,z directions. Then, the calculated shifts are applied to the microscope according to the predicted variations in x, y and z compensating for the movement of the sample at each tilt position [START_REF] Mastronarde | Automated electron microscope tomography using robust prediction of specimen movements[END_REF]]. In BF mode, the focus is made in the whole thickness of the sample. In the very best cases, the eucentric alignment is sufficient to simultaneously keep the object in the field of view and in good focus. So, no correction during the final acquisition is needed. Such an example will be given in the operando fast tomography experiment on a soot-ZrO2 system in Chapter 5.

The second vibration blur will not be discussed here because it cannot be counteracted by the user so far. Further improvement has to be made by the manufacturers to improve these instabilities which affect systematically mostly projections. The third source merits some special attention. Intuitively, it is expected that fast rotation may induce blur effects, and this reason has justified performing simulations, i.e. tomographic reconstructions of a phantom subjected to various blur conditions to evaluate them.

For practical reasons, a 2D ghost model was fabricated from true TEM micrographs instead of using numerical or purely computer-generated phantoms for image processing [Gach (2008); [START_REF] Saghi | Three-dimensional morphology of iron oxide nanoparticles with reactive concave surfaces. A compressed sensing-electron tomography (CS-ET) approach[END_REF]; Printemps ( 2016 To reproduce various rotation blurs, the reference image has been rotated numerically between -90 to 90° with an angular step of 0.1°. Then, images integrating various rotation blur amplitudes (from 1° to 10°) were calculated: for example, the 1° rotation blur images is made by averaging of 10 elementary images rotated by an increment of 0.1° (from 0° to 1°).

Respectively, 20 images for a 2° rotation blur (0° to 2° with 0.1° step), and 100 images for the 10° rotation blur, as illustrated in the series of images all shown at zero tilt in Figure 4.2 a). The 0° image is sharp and unblurred: the Ag nanoparticles appear as dark dots, and the walls of the silicalite-1 container are clearly resolved.

For the reference image (0°) as well as for the integrated blur images, the 1D projections (along the vertical direction represented by the blue arrow are calculated and the sinograms from -70°

to 70° are shown in Figure 4.2 b). Their intensity profile is also plotted (Figure 4.2c) and it can be seen how the signal becomes smoother as the rotation blur increases from 0° to 10°.

Figure 4.3 shows the 2D-reconstructions calculated from 1D projections having integrated various blur conditions. Note that these blur conditions will be subsequently translated into speed rotations in order to evaluate which speed can be used while keeping a reasonable quality of the reconstruction.

The reference model is reconstructed using no blur 1D projections and a tilt series with an angular amplitude from -90° to +90° and an angular step of 0.1° in Figure 4.3 a). Then it is compared with reconstructions performed without any blur in typical conditions used in conventional ET using an angular amplitude from -70° to +70° and an angular step of 1°, 2°,3° and 5° (Figure 4.3 b), c), d) and e)). It should be noted that the missing edge due to the limited tilting range produces a fading of the top and bottom edges of the cage for all reconstructions (even unblurred conditions). The images are compared with the images reconstructed using projections having an integrated blur of 1°, 2°, 3° and 5° (Figure 4.3 f), g) h) and j)). Considering the main microstructural features of the ghost as the overall shape of the silicalite-1 and the presence of the Ag nanoparticles, it can be seen that the rotation blur has a limited effect on the quality of the reconstructions up to at least 2°. At higher blur values, some of the smallest and the most decentred particles (such as the one circled as an example) are lost, but this degradation is not significantly worse than that produced by a conventional tilting procedure with a step amplitude equivalent to the rotation blur. The conclusion of such simulations is that we can continuously rotate the sample at the speeds producing rotation blurs of up to 2° and still preserve the nanometric resolution in 3D.

Accordingly, we can calculate the rotation blur  blur produced in each frame during a CRRET experiment as a function of the total tilting range 2max and the acquisition rate of the camera fps.

𝜶 𝒃𝒍𝒖𝒓 = 𝒔𝒂𝒎𝒑𝒍𝒆 𝒓𝒐𝒕𝒂𝒕𝒊𝒐𝒏 𝒔𝒑𝒆𝒆𝒅 𝒄𝒂𝒎𝒆𝒓𝒂 𝒇𝒓𝒂𝒎𝒆 𝒓𝒂𝒕𝒆 = 𝟐𝜶 𝒎𝒂𝒙 𝒕 𝒕𝒐𝒕𝒂𝒍 𝒕 𝒑𝒇



Where: -bluris the rotation blur in °/frame, -2maxis the angular interval in °, -ttotalis the total time of the rotation in s, -tpf is the exposure time of each image.

Reciprocally, Figure 4.4 plots the recording speed of the camera in fps required to keep blur below the indicated values as a function of ttotal for a given rotation amplitude 2max.
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Step 5 1 2 3 5 These diagrams show that high-speed cameras capable of acquisition frequencies of hundreds of frames per second are easily compatible with experiments shorter than one second even with a rotation blur largely lower than the 2° limit evoked previously. The situation is even more favourable if the total rotation amplitude is reduced from 140° to 120° or even 100°. In practice, to our knowledge, no TEM goniometer is capable of reaching rotation speed allowing to cover 140° in times shorter that about 3 s. Therefore, the limited factor for very fast CRRET is presently the mechanics of the microscope goniometer rather than the acquisition speed of the camera. As a typical example, an optimized camera such as a Oneview camera from Gatan used in the 2Kx2K format can record at 100 fps, which leads to a rotation blur of 0.28° for a 140° rotation amplitude covered in 5 seconds.

Experimental study: SBSET vs. STFET acquisitions

Experimental setup

Experiments were performed using a FEI Titan ETEM (Cs-corrected) operating at 300 keV and equipped with an UltraScan 2K US1000XP-P Gatan CCD camera for the 'step-by-step' acquisitions. The tilt series were aligned by IMOD [START_REF] Kremer | Computer visualization of threedimensional image data using IMOD[END_REF]], the volumes reconstructed by TomoJ [Messaoudi (2007)] using ART algorithm [Gordon (1970)]; the data segmentation, A first example concerns the Pd/δ-Al2O3 catalytic system used for the selective hydrogenation of alkynes and alkadienes into the respective olefins in petrochemical refining [START_REF] Derrien | Selective hydrogenation applied to the refining of petrochemical raw materials produced by steam cracking[END_REF]]. It is composed of Pd nanoparticles less than 5 nm in diameter supported on porous δ-Al2O3 consisting in aggregates of poorly crystalline platelets which produce only a weak diffraction contrast. Consequently, BF-ET is reasonably adapted [Roiban (2012)] and a conventional automatic acquisition (C-ET) can then be compared to a fast 'semi-automatic' one (This experiment was already presented in Chapter 3 (Figure 3.23 and 3.24)). For the C-ET, the object was tilted from -74° to 66° using an angular increment of 2°. The images were recorded with a size of 2Kx2K pixels and an exposure time of 1s (Figure 4.5 a). The total acquisition time was 50 minutes using the FEI tomography software.

For the 'semi-automatic' faster acquisition, the microscope was driven through a home-made plugin in Digital Micrograph (GMS2 from Gatan) to tilt the holder with a step of 1° at maximum speed. To avoid confusion with the Conventional 'step-by-step' ET (SBSET), we will label this 'semi-automatic' fast acquisition as Segmented Tilt Fast ET (STFET). After each step, a 1s relaxation time was imposed in order to stabilize the goniometer and reduce as much as possible undesirable blur. 1Kx1K pixels images were recorded with an exposure time of 0.1 s at each programmed tilt (Figure 4.5b)). The total time needed to record the tilt series from -74° to 66° (i.e. the same angular amplitude as for the C-ET series) was 150 s (2 min 30 s) including the relaxation and images acquisition total time. Figures 4.5c In the volume obtained by C-ET, 218 Pd particles were quantified, with an average diameter of 4.1 nm whereas in the volume obtained by STFET, 212 NPs were visible with an average size of 3.9 nm. During the data segmentation of the fast tomography approach, only 6 Pd nanoparticles were lost, representing an error of 2.7% as compared to the C-ET 'SBSET reference' reconstruction.

Although this comparison supports the idea that Segmented-Tilt Fast ET can be reliable with a significant gain of time, it relies here on a Bright Field TEM imaging in both cases. As noted in previous chapters, this imaging mode was not ideal in the case of small Pd NPs supported on alumina grains. In this perspective, a comparison between STFET in Bright Field with a

Conventional ET experiment performed in the STEM-HAADF imaging mode would bring an additional and valuable credit.

This comparison was performed on the sample used in However, some differences can be pointed out: some particles visible in the 'high temperature' state are not detected in the STEM volume after cooling down, and some new particles are detected. The latter observation could in principle be explained by the expected better resolution and acquisition conditions of the STEM series in terms of contrast and signal to noise ratio. The corresponding histogram show indeed some smaller NPs were detected. However, some small NPs were missed in the Fast Tomography series. In addition, this argument cannot account for the particles that are 'lost' after cooling back to 20°C (red arrows in Figure 4.6c)). This discussion clearly means that:

(i) the Fast Tomography experiment is globally validated by the STEM one, (ii) although the sample was cooled down very rapidly, we have to admit that some residual migration occurred for some NPs (it cannot be explained by a overall deformation or tilt of the δ-alumina platelet since no particle would then have been identified at the same positions than at 350°C).

This comparison experiment has then another very important consequence, since it shows that 'quenching' the system in the microscope is not sufficient to ascertain that the exact high temperature microstructure is efficiently frozen. Although very minor in this case (especially since the average NP size is exactly the same before and after cooling), it shows the merit of in situ ETEM for a careful and accurate microstructural characterization.

To conclude, both test experiments illustrated by Figures 4.5 and 4.6 clearly attest that Segmented-Tilt Fast Electron Tomography can be efficient for the 3D analysis of nanomaterials with the very great advantage of a drastic decrease of the acquisition time, i.e. of the exposure time under the electron beam. This advantage can be of a great interest for beam sensitive materials like biological materials: this point will be investigated in the next sub-section.

Segmented-Tilt Fast ET (STFET) of a magnetotactic bacteria

Pioneer work in electron tomography was indeed devoted to life sciences [START_REF] Bárcena | Electron tomography in life science[END_REF]; Gan (2012)]. We chose the case of magnetotactic bacteria [Blackemore (1975); [START_REF] Faivre | Magnetotactic bacteria and magnetosomes[END_REF]]

because the system has already been studied by ET.

In the present investigation the tilt range is limited to -50° to +50° because of shadowing from the supporting grid. Images were recorded every degree with an exposure time of 0.1 s and a relaxation time of 0.5 s. 100 images were recorded at an image size of 1Kx1K pixels, each pixel representing 3.43 nm. The whole tilt series was acquired in 140 s. In biology, for the analysis of an unstained vitrified biological sample, the electron dose accepted for an image in TEM mode is of 1 to 12 e -/Å 2 [ Buban (2010); [START_REF] Kourkoutis | Electron microscopy of biological materials at the nanometer scale[END_REF]; [START_REF] Veschambres | Layered double hydroxides: Efficient fillers for waterborne nanocomposite films[END_REF]]. Therefore, for the 3D analysis the maximum electron dose accepted for a frozen biological [START_REF] Kourkoutis | Electron microscopy of biological materials at the nanometer scale[END_REF]] sample is of 100 e -/Å 2 . By using a high sensitivity camera, elementary frames recorded in 0.05 s/frame can easily be adjusted so that the sample xy 2 1 4 3 receives a dose of about 1e -/Å 2 per frame. Thus, 100 frames reach the total dose of 100 e -/Å 2 that corresponds to a total acquisition in 5 s in the CRRET mode, a performance readily accessible for a tilt form -70 to +70°. It becomes then clearly possible to plan tomographic experiments on unstained biological materials in the continuous rotation mode.

Segmented-Tilt Fast ET (STFET) of a LDH-Latex polymer nanocomposite

Another typical example of beam sensitive materials for which fast ET analysis would be profitable are the polymers. We have investigated here a polymer nanocomposite made of a soft latex matrix reinforced with Mg3AlCO3 layered double hydroxide nanoplatelets (LDH)

[ [START_REF] Veschambres | Layered double hydroxides: Efficient fillers for waterborne nanocomposite films[END_REF]]. The experiment was conducted on a nanocomposite slice prepared by cryo-ultramicrotomy (thickness of about 100 nm), employing a Oneview TM camera from Gatan.

Preliminary irradiation tests were performed in order to define ideal conditions for tomography.

A video sequence of 16 minutes was recorded, during which the sample was exposed to an electron dose of 20.2 e -/Å 2 /s. The sample clearly suffered degradation around the LDH lamellas after 7 min, meaning a total affordable dose of about 8470 e -/Å 2 . A SBSET tilt series was recorded on a fresh area from -70° to +70° with an angular step of 1°, a relaxation time of 1 s at every degree of rotation and an exposure time of 0.2 s for each projection. The rotation speed of the goniometer was 5°/s, which gives a tilting time of 0.2 s between two successive tilt angles.

A tilt series of 141 4Kx4K images (each pixel representing 0.13 nm) has been recorded in 200 s. Under the selected conditions, the material received a total dose of 8000 e -/Å 2 slightly lower than the threshold previously determined. In Figure 4.8 a) an image at 0° tilt of LDH platelets in the polymer matrix is shown, the black dots are the 5 nm Au nanoparticles (fiducial markers) used to align the tilted series and the grey line are the reinforcing mineral platelets. Figure 4.8 b) is a cross-section through the volume. A detail reporting the separation of the interlayer distance of the LDH platelets is shown in insert: it is measured at 0.8 nm very close to its theoretical value [START_REF] Das | Nanocomposites based on chloroprene rubber: effect of chemical nature and organic modification of nanoclay on the vulcanizate properties[END_REF]] of 0.77 nm. Note that this result comes from the volume reconstruction and not from a single experimental projection, supporting the idea that a voxel resolution better than 1 nm 3 has been achieved in this experiment, although the acquisition was performed in only 200 s. 

Brief Summary and Conclusions

From the outcome of these results, it can be stated that the Segmented-Tilt Fast Electron

Tomography has the potential to investigate biological and electron beam sensitive materials in 3D with a reasonably high quality and precision. However, let us come back to the initial context of this work, i.e. Environmental Electron Microscopy. Although we have demonstrated the possibility of Fast Tomography in the case of a nanocatalytic system under true environmental conditions (section 4.3.2), it was nevertheless concluded that this system was very challenging for a more extensive 3D operando study. Not only the small size of Pd nanoparticles (less than about 4 nm whatever the conditions used here) and their low contrast are severe handicaps, but the dynamics of the system (in terms of NP evolution -growth, xy coalescence -) is rather slow under the in-situ conditions that we are interested in, which would require very long et tedious experiments.

We chose a better system allowing in priority a 'true' study (and not only a feasibility demonstration), and also the possibility to extend the STFET approach to the Continuous Rotation and Recording ET (CRRET) presented and discussed in sections 4.1 and 4.2. Such a system is introduced and studied in the following Chapter.

Chapter 5: 3D operando studies towards faster in situ Electron Tomography

To reach the challenging objective of characterizing nanomaterials in 3D under operando conditions, a fast acquisition electron tomography scheme is definitely required. It was shown that the Segmented-Tilt Fast Electron Tomography which was implemented in Chapters 3 and 4 has the capability to investigate dynamic morphological changes in 3D at the nanometer level under in situ conditions in the ETEM. In that context, in order to demonstrate it on a real case, we chose to characterize the oxidation of carbon soot on a Yttria stabilized zirconia (YSZ) catalyst. This system has a potential societal and economical interest in the depollution of exhaust gases from diesel motors in the automotive industry. After presenting this study in There is a large variety of catalysts that can be used for the removal of soot nanoparticles, like perovskites, spinel-types, and ceria-based oxides. It is beyond the scope of the present work to cover exhaustively the very large literature devoted to this topic and to the study of oxidation mechanisms of soot or carbon black. We are essentially concerned by O2-carbon oxidation, according to catalytic or non-catalytic reactions. [Stanmore (2011); Fino (2016)] are representative reviews reporting quite a lot of researches concerning oxidation of soot in DPFs.

Recently researchers from IRCELYON Obeid et al. [Obeid (2014); Tsampas (2015)] demonstrated that Yttiria-stabilized Zirconia (ZrO2) can be a promising catalyst to oxidize the soot continuously under oxygen (then eliminate the soot particulates) according to the following general reaction (more sub-reactions can be found in [Stanmore (2011)]:

C (𝑠) + (1 + x 2 ) O 2  x CO 2(𝑔) + (1 -x)CO (𝑔)   
This reaction is facilitated at low temperature with the help of a catalyst; since soot is essentially carbon in a more or less amorphous state, its oxidation makes that it turns into a non-hazardous gas: CO2. For the oxidation process of the soot in presence of YSZ, oxygen ions for this good ionic conductor play a crucial role, and specific experiments [START_REF] Obeid | Isothermal catalytic oxidation of diesel soot on Yttria-stabilized Zirconia[END_REF]] have shown that they are active actors of the soot consumption as (considering CO2 as the major reactant):

C(s) + 2 O 2 - YSZ → CO2(g) + 4 e-/5.2/ which means that the catalytic benefit of YSZ is effective only if the soot is in good contact with the oxide. Thus, the larger the contact areas, the more efficient the soot oxidation. The same conclusion applies to CeO2-based Nano catalysts, a compound widely studied in this context. However, elementary mechanisms seem to differ since it is generally claimed that the oxygen species transforming the carbon into carbon oxide gases essentially stay at the surface of the catalysts through an interaction with oxygen vacancies from the ceria lattice [Liu (2017)].

Soot can also burn spontaneously without any catalyst typically starting from about 600°C; in all cases the working temperature for soot combustion is easily accessible with heating holders in the ETEM, thus the experiment is largely feasible even at reduced partial pressures such as made in the dedicated environmental microscope. A preliminary study can be found in Serve et al. [Serve (2015)], where the authors have demonstrated the efficiency of the zirconia-based catalyst with in situ ETEM experiments around 550°C and under a few mbars of oxygen.

There are indeed a few oxidation experiments using TEM, among which some recent ones with ETEM. Jung and co-workers [START_REF] Jung | Kinetics and visualization of soot oxidation using transmission electron microscopy[END_REF]] used conventional post mortem TEM observation of soot granulates deposited on TEM grids made of Ni/holey SiO2 films and gradually oxidized in a furnace outside the microscope; they found an activation energy of 148 kJ.mol -1 below 527°C. [START_REF] Simonsen | Ceria-catalyzed soot oxidation studied by environmental transmission electron microscopy[END_REF]] performed an ETEM experiment on ceria (CeO2) which shows a good catalytic activity for carbon black oxidation. As in the post mortem work by Jung et al., these authors measured the 2D projection of carbon particulates during their consumption by oxygen but directly in situ in the ETEM; from their evolution they deduce an activation energy equal to 133 kJ.mol -1 for the oxidation mechanism. More recently, studies of soot oxidation in the presence of silver nanoparticles were also published [START_REF] Kamatani | Direct observation of catalytic oxidation of particulate matter using in situ TEM. Scientific reports[END_REF]; Gardini (2016)]. All of these works were performed in 2D and might suffer from the usual limitation of this imaging mode, especially since volume information is essential to quantitatively measure the consumption of carbon matter. In this context, the 3D in situ study of soot oxidation on a catalyst under oxygen is an exciting and still challenging experiment to perform. As performed by Simonsen et al., the idea is to measure the speed at which the carbon material is burning for several temperatures in order to classically deduce the activation energy from an Arrhenius plot: the challenge is then here to follow in 3D the same object and measure the consumption speed using volumes measurements with the help of tomograms. 

Experimental details

Soot is prepared with the help of a mini combustion Aerosol standard soot generator [START_REF] Lizarraga | Effect of diesel oxidation catalysts on the diesel particulate filter regeneration process[END_REF]]. The produced soot particles have a quality comparable to that of real soot produced from the diesel engines; it does not contain any significant inorganic matter (such as metals) or any other sub-products with which it can react. YSZ powders are commercially available then purchased from the Tosoh company. The YSZ support we used has a 92 mol % of Zirconia and 8 mol % of Yttrium. The soot/YSZ sample was prepared at IRCELYON laboratory in the group of Philippe Vernoux; the weight ratio soot-over-YSZ was equal to 1:4; the mixture was crushed for 20 minutes in a mortar in order to produce a tight contact between the soot and the catalyst for the TEM experiment.

The sample was then deposited on to a MEMS based SiNx-chip further mounted on the Wildfire S5 heating holder from DENS Solutions. We chose to follow the oxidation process under 1.7 mbar pressure of oxygen at different temperatures, this relatively low pressure aiming at helping us to control the speed of oxidation in order to avoid too much morphological modifications of the sample during the acquisition of tilt series, even if performed in the STFET mode. As long discussed in Chapter 3, electron irradiation induced damages can be a serious issue especially when dealing with light elements such as carbon exposed to 300 kV electrons. For that purpose, a preliminary irradiation test was performed in order to define conditions (electron flux and total dose) under which no damage occurred, at least visually. This experiment is illustrated in The sample was heated close to the intended working temperatures for the real oxidation experiment, i.e. 300°C; a very small oxygen partial pressure was also maintained in order to have conditions as similar as possible as the future oxidation. During the irradiation test, the area is subjected to electron irradiation for 5 minutes during which it received an electron dose of 1.68 10 4 e -Å -2 (the flux was 56 e -Å -2 s -1 ). A visual inspection of initial and final microstructures displayed in Figure 5.3 indicates that there is no significant damage due to electron beam.

3D Kinetics studies ETEM experiments between 400 and 600°C on the same soot/YSZ agglomerate

To follow the oxidation process, an isolated aggregate of soot anchored to YSZ particles was selected as shown in Figure 5.4. This region of interest has been exposed to different temperatures ranging from 400°C to 600°C with an interval of 25°C. Since we aimed at measuring the speed at each temperature, we had to measure volumes at different times, then 5

tomograms were recorded at interval of 5 minutes over 20 minutes as illustrated in Figure 5.5. As a primary conclusion, YSZ crystal is accelerating the oxidation of the soot compared to the intrinsic burning of the soot. This 2D observation does not provide accurate information about the quality of contact of the soot with YSZ particles, which is essential for a quantitative characterization of the oxidation process. From the tilt series obtained, the volume of the soot has been reconstructed at every temperature and corresponding time intervals. Some 3D models were made to illustrate the overall evolution of the region of interest with temperature as reported in Figure 5.6. These models clearly confirm the soot in contact with the YSZ nanoparticles in the lower right area burn more rapidly that soot that is not in direct contact (left and upper-left) and remains partially even at 600°C. From the 3D volumetric information, we can investigate the characteristics regarding the activation energy.

nm

Analysis of the 3D data sets: activation Energy of the Soot oxidation

To measure the activation energy GYSZ-SO of the soot oxidation process in the presence of the YSZ catalyst, one first has to select a convenient area when the consumption of soot is really in tight contact with zirconia. Fortunately, the examination of the 3D volumes displayed in Figure 5.6 allows identifying a small soot particulate, with a pillar shape, directly lying over a zirconia grain as marked in Figure 5.6. From the reconstructed 3D data, not only the volume of this decreasing pillar can be measured, but its shape can be followed through the evolution of the average section, e.g. diameter Ø vs.

height (h+H) as plotted in Figure 5.9. Interestingly it is seen that the cylindrical shape is almost preserved all along the sequence, meaning that the pillar burns essential by collapsing on its basis and not radially: this process proves clearly the role of the contact area in the oxidation process. The Arrhenius plot using the 4 values of speed Sburning that were measured between 425 and 550°C is shown in Figure 5.11: taking the log of both members of equation /5.3/, one finds a reasonable linear variation, the slope of which gives the activation energy GYSZ-SO, which was is 129 kJ/mol. This value is in good agreement with the value of 140 kJ/mol reported in [Obeid (2004)] and will be further discussed in the next sub-section (5.1.3). To definitely confirm the benefit of the YSZ catalyst, one can try to compare the speed of reaction as measured from the shrinkage of the pillar with that corresponding to a region of soot not directly in contact with zirconia grains. Such a volume is illustrated in Figure 5.12 and Figure 5.13 which shows crosssections extracted from the tomograms at the same depth of the reconstructed volume. Clearly, this montage evidences that the shrinkage rate is very slow and becomes significant only above 550°C. In the same way that speeds of shrinkage were determined in the case of the soot pillar in contact with the zirconia grain (e.g. Figure 5.10), we have determined the rates at which this volume without any direct contact with zirconia decreased with time and temperature. 

475°C 500°C 525°C 550°C

nm

Obviously, both sets of speed cannot be directly compared because they do not correspond to the same volume. Since oxygen ions 'interact' with the soot through external surface, one has to normalize these speeds to the exchange surface, i.e. the interface between the soot and the oxidizing media. For the pillar analysed above, this surface of exchange is the section of its basis, i.e. the surface of the cylinder almost constant all along the experiment as shown in Figure 5.10 and equal to about 2200 ± 200 nm². For the region without any direct contact, the exact 3D surface is extremely difficult to measure because it is largely fractal due to the microstructure of agglomerate of individual soot particulates. The crevices were smoothed during the 3D reconstruction, meaning that the surface of the circled volume in Figure 5.12 cannot be accurately quantified and will indeed be under-estimated, which in turn leads to an overestimation of the normalized speed of shrinkage. Despite of this, it is demonstrated that the speed of burning for the soot without direct contact with the catalyst remains always significantly lower than in the case of a direct contact as reported in Figure 5.14. 

Discussion of the results and Conclusion

As quoted in section 5.1.1, there is a very large number of published works devoted to the study of Diesel soot oxidation (see reviews in [Stanmore (2011);Fino (2016)]). The activation energy strongly depends upon the type of oxidation, either with or without a catalyst. In addition, the nature of the catalysts has obviously a strong influence. Another crucial parameter for the practical (and economical) use of a given catalyst is its real efficiency in eliminating the soot particulates: the activation energy is not the unique parameter qualifying the reaction since the actual rate (or speed) of the reaction r(T) is indeed controlled by a more general equation:

r(T) = {S'0T  exp[-GYSZ-SO/RT]} PO 2 n /5.3/
where: the term in braces is indeed a modified Arrhenius since a variation with temperature is introduced in the pre-exponential term through an exponent  . the order of the reaction n is linked to the influence of the oxygen (or oxidant) partial pressure PO 2 

In any experience such as the one performed here, measurements are indeed representative of an apparent rate of the reaction, and thus not directly representative of the simple first-order Arrhenius law written in /5.3/. For a better discussion it would then have been required to vary the oxygen pressure as was for example performed by [START_REF] Issa | Catalytic carbon oxidation in the presence of cerium oxide: experimental study and modeling of the effect of oxygen concentration[END_REF]], which is clearly beyond the objective of our study. We will then restrict this short analysis of our results to the pertinence of the activation energy which was measured below 550°C for soot oxidation on YSZ, i.e. GYSZ-SO = 129 kJ/mol. According to the literature, the activation energy for uncatalyzed O2-carbon oxidation GuO 2 -Cox varies between 150 and 180 (even 210) kJ/mol [Stanmore (2011);Fino (2016)], whereas the same quantity for catalyzed O2-carbon oxidation GcO 2 -Cox is reported in the range 102-140 kJ/mol [START_REF] Tartakovsky | Modeling of the Regeneration Processes in Diesel Particulate Filters[END_REF]; Obeid (2004), Fino (2016)] with especially low-values in the case of NO2-mediated oxidation mechanisms [Fino (2016)]. Again, a rigorous comparison with literature results requires in principle discussing the influence of the temperature through the exponent  (generally less than 1 [START_REF] Issa | Catalytic carbon oxidation in the presence of cerium oxide: experimental study and modeling of the effect of oxygen concentration[END_REF]]) in the pre-exponential factor of the generalized law in equation /5.4/, as well as the dependence with the oxygen partial pressure. According to the narrow temperature interval used for measuring GYSZ-SO (450-550°C, i.e. 723-823 K), we may neglect the temperature variation T  of the pre-exponential factor in relation /5.4/. As for the partial pressure, the best way to neglect this effect is to perform a dedicated experiment in a reactor reproducing the oxygen partial pressure used in the ETEM. This experiment was designed in collaboration with Diego Lopez-Gonzalez and Philippe Vernoux from IRCELYON (University of Lyon). A soot@YSZ sample mixed in similar tight conditions was exposed to a 9.95 l/h flux of atmosphere of He containing 1700 ppm of oxygen, reproducing exactly the 1.7 mbar of O2 in the ETEM experiments. The heating experiments were then followed by micro-Gas Chromatography (mGC) and Infra-Red spectroscopy (IRs) in order to measure quantitatively the quantity of CO and CO2 produced by the oxidation and consumption of soot. Form these experiments (not presented in details here), activation energy values deduced by both techniques were respectively 121.7 and 124.8 kJ/mol in the temperature range 400-475°C (slightly lower than the 475-550°C covered in the ETEM, but the temperature in the reactor is measured much farther from the sample than in the microscope).

These results, as well as the measurements made previously but in air at atmospheric pressure on the same system (140 kJ/mol [Obeid (2004)]) and all data reported in the literature with oxide catalysts, are relatively consistent. This means that such kinetics and thermodynamical studies are possible in the Environmental TEM even in 3D as permitted by the fast tomography approach developed in the present work.

Fast Continuous Rotation and Recording Electron Tomography in a few seconds

As shown in the previous Chapters 4 and 5.1, 3D experiments performed in the Segmented-Tilt Fast Electron Tomography (STFET) mode allow studying both electron beam sensitive materials in a static configuration at a sub-nanometre resolution without any special pretreatments, and nanomaterials experiencing a dynamical structural evolution under operando conditions. Nevertheless, the technique still presents limitations in terms of rapidity, essentially due to the fact that (i) stops at each angular position, although minimized, remain timeconsuming, (ii) the sensitivity of the recording media slows down the process if acquisition time remains in the range of a few tenths of one second.

To speed up the acquisition, a continuous 'high-speed' rotation without pauses (no holder relaxation time, tracking and focusing of the sample) coupled with a fast and sensitive recording camera is a possible target as discussed in Chapter 4. In the next sub-sections, we will demonstrate experimentally the efficiency of this Continuous Rotation and Recording ET approach, starting with the use of a conventional camera (section 5.2.1) to end up with the optimization achieved to date owing to a CMOS fast camera of the latest generation (5.2.2). In all cases the acquires tilt series were aligned, reconstructed and segmented for 3D modelling as described in previous chapters.

CRRET using a conventional CCD camera: Pd nanoparticles on a -Al2O3 support

The Pd/α-Al2O3 catalytic system is one of the two Pd/alumina systems that we have introduced and studied in Chapters 2 and 3. Contrary to -Al2O3 grains, the α-Al2O3 phase is much less sensitive to the electron beam material but presents a strong diffraction contrast and it is thus a good system to test the performances of fast tomography in the BF mode. An additional challenge is here to detect properly the very small Pd nanoparticles of about 3 nm in diameter dispersed on the alumina grains. Due to the diffraction contrast of the support and the good Zcontrast between Pd and α-Al2O3, a reference tomography experiment was performed in the STEM-HAADF mode (Figure 5.15a). The STEM-HAADF tilt series was recorded from -75°

to +61° with 2° angular step using a Fischione TM single-tilt tomography holder. The acquisition was conducted with the help of the FEI acquisition software Xplore 2D. Prior to this long series, a continuous rotation acquisition of BF projections was performed over the same angular range (Figure 5.15b). A relatively low speed of the goniometer of 0.56 °/s was chosen during this acquisition, leading to 240 s for covering the entire tilt range of 136°. The CCD camera acquired images at 0.1 s/frame, thus 2400 images were recorded. According to relation /4.1/ in Chapter 4, these conditions led to a very negligible rotation blur of 0.05°/frame recorded in the images.

In this typical example, we intentionally chose a low rotation speed of the goniometer due to the difficulties in adjusting the eucentric position of the sample.

During rotation, significant drifts occur and at a relatively low speed, it was possible to manually track the object, i.e. maintaining it in the field of view and even re-adjusting the focus, a couple of times. Of course, these operations led to severe motion blur on several images that are removed from the tilt series. At the end, a sub set of 76 frames from the initially recorded 2400 images were kept to perform a 3D reconstruction from the projections; they were chosen as having the best signal-to-noise ratio and the sharpest contrast. It should be noted that this final number is typically the same as for a conventional ET acquisition with a constant step of 2° over a tilting amplitude of the order of 140°-150°. This means that skipping 'bad' frames, even a large number of them, from a continuous rotation experiment is not specially restrictive.

STEM-HAADF CRRET xy xy

Figure 5.15c) and d) allow the comparison between both STEM-HAADF and CRRET reconstructions from typical cross-sections. We chose here on purpose a section showing the limitation of the BF tomography owing to diffraction contrast. In the STEM-HAADF reconstruction, all Pd particles (brighter dots) anchored at the α-Al2O3 surface are clearly resolved as highlighted by the green circles. In the CRRET reconstruction, some of the Pd particles (dark dots) are not detected because of a strong diffraction contrast at the edge of the alumina grain. Both 3D models and size histograms reported respectively in Figure 5.15e-f)

and Figure 5.16 confirm the poorer quality of the BF tomography when applied to such a crystalline sample. Smallest Pd nanoparticles are missing in the CRRET reconstruction that allowed only 60% of them to be properly measured. This limitation is essentially due to the BF mode rather that the fast acquisition procedure; however, the average size measured from this fast tomography approach remains very close to the value measured from the STEM-HAADF conventional ET experiment as shown in Figure 5.16. This means that although not perfect, very fast CRRET can still give a reasonable information on the 3D microstructure of a sample. 

CRRET using an optimized CMOS or DE-type camera.

Microstructure of Au/TiO2 'plasmonic' thin films

In the frame of a collaboration between the Microscopy group of MATEIS and the research team of Filip Vaz (Centro de Física, Universidade do Minho, Braga, Portugal), we have been involved in 3D characterization of Gold-TiO2 thin films studied for their interesting optical properties linked to to the Localized Surface Plasmon Resonance (LSPR) effect [START_REF] Borges | Broadband Optical Absorption Caused by the Plasmonic Response of Coalesced Au Nanoparticles Embedded in a TiO2 Matrix[END_REF]]. Since this effect is closely related to the size, distribution and shape of nanoparticles present in the film, a 3D quantification at a nanoscale is greatly needed. In this context, Electron Nano-Tomography is a very-well adapted approach. A sample deposited on NaCl by magnetron-sputtering followed by a post-deposition thermal annealing at 600°C was thus provided by the Portuguese colleagues. The samples were dived in water to dissolve the salt block, then the film was collected using a holey carbon grid of 200 mesh for the tomography work in the ETEM but under high vacuum conditions at 300 kV. We used the Fishione tomography holder and the TEMSpy software from FEI ('Tad' option of the Dialogues\Compustage menu) for performing a continuous rotation from +70° to -70° degrees at a rotation speed of 15.5 °/s, leading to a time acquisition with the high speed Oneview camera of only 9 seconds for the complete tilt sequence. The projections were recorded at a rate of 100 frames per second with a 2K*2K projection at a direct magnification of 185 K lead to a calibration of 0.26 nm/pixel. Each frame had an exposure close to 0.01 s and a total of 900 frames were recorded. These conditions lead to a rotational blur of 0.15 °/frame which can still be considered as low if we consider the impact of the rotation blur discussed in Chapter 4. 3D reconstruction was performed using 15 iteration of ART algorithm implemented in Tomoj (ImageJ plugin) [Messaoudi (2007)] on selected images from the complete stack images in which the translational blur and rotational blur was visually judged as minimum (in this case 361 images were removed from the tilt series; the image alignment was performed using the IMOD software).

Figure 5.17 illustrates this 3D experiment. The diameter of the particles is ranging from 4 nm to 40 nm with a significant higher size near the surface of the sample: intuitively one can understand that Gold particles can grow more easily during the annealing treatment once they outcrop the surrounding TiO2 matrix. The cross-section presented in Figure 5.17c) further shows that a resolution of at least 4 nm is obtained although the experiment was recorded under 9 seconds. Towards operando experiments: soot supported by YSZ at 300°C under O2

The third experiment was performed under almost operando conditions in the ETEM with the aim to demonstrate the real interest of applying very fast CRRET in the case of samples exposed to environmental gas and temperature conditions.

We used the soot@ YSZ (Ytrrium-Stabilized Zirconia) system studied in section 5.1: the sample was studied under the conditions of the irradiation test described in Figure 5.3, i.e. at 300°C under 5 10 -5 mbar of O2.

The sample was continuously tilted using the same procedure as in the case of the Au@TiO2 thin film previously described; the rotation from 73° to -70° was performed at a rotational speed of 28°/s covering the completely angular range in about 5.3 seconds. A careful eucentric alignment was performed close to the region of interest before the acquisition to minimize the drifts since no live compensation could be performed within the short acquisition time. The acquisition was performed at speed of 100 frames/s leading to a series of 527 2K*2K images.

Under those conditions, the integrated rotational blur was only 0.28°/frame, which is a very low value if we refer to Chapter 4. The electron dose received by the sample was kept reasonably respectively). We have shown that CRRET can be performed at the minute level if the recording is insured by a conventional ultrascan-type CCD camera, and at a few seconds level with a fast recording camera as recently available from many manufacturers as surveyed in Chapter 1 section 1.1.1. Nevertheless, the success of such experiments strongly depends on the quality of the alignment of the ucentric height, the mechanical imperfections of the goniometer which To reach the 'sub-second' recording rate of a tilt series, as it is becoming possible with X-Ray tomography in synchrotron facilities, more developments are required in electron tomography.

Newly available recording devices offer tremendous acquisition speeds up to 1500 frames/s in 24 Megapixels in the case, for example, of the K3 camera from Gatan (www.gatan.com/k3-camera). According to some theoretical criterium of an acceptable blur effect due to the permanent rotation of the sample during the image acquisition (see Figure 4.4 in Chapter 4), it can be stated that such a high speed would in principle allow acquisition times largely below even 0.5 second for an angular tilt amplitude of 140°! To our knowledge however, no standard goniometer installed on any microscope can achieve such rotation speeds (goniometer is certainly conceived for smooth, reproducible and stable motion -even rotation -but not at high speed).

While a skilful user can perform the tracking of the sample manually at the minute level of the recording time, nevertheless, no user is able to track the sample at a speed of several degrees per second or at the speed of 140°/s, which represents tomography at the Hz level. Hardware solutions may have to be invented, but easier software-based solutions can be implemented as a first step.

Tracking the sample in real time seems impossible because even if smart and very efficient tracking algorithms may be programmed, the calculation time, and the time to dialog with the camera during the image recording will certainly be incompatible with the 140° rotation at the second level. According to the fact that undesirable drifts of the goniometer may be reproducible, a possible direction would be to calibrate these drifts prior to the experiment and apply them as a correction during the experiment. This looks an easy and naïve solution but the trick here is again that this calibration routine must be very fast if we refer to environmental or operando microscopy: any delay before any acquisition or between successive acquisitions (as for performing the calibration procedure) will let the sample evolve since always exposed to its environmental and reactive conditions.

Other solutions could be to think of deblurring images where the sample has experienced important drifts as the rotation blur effect discussed above does not seem to be the more limiting factor. As it was shown in section 5.2.3 during the fastest acquisitions performed in this work, not all images were significantly blurred, which also give the possibility to skip the worst images for the reconstruction. In this context, the development of a software able to detect and, why not, to correct those images from the blur is a possible perspective. While robust algorithms exist for image deblurring (see as a simple example [START_REF] Hsu | Blurred image detection and classification[END_REF]]), the problem here is that the blur function is difficult to measure and deconvolute without any a priori knowledge, and smart machine learning techniques should then have been implemented to achieve such an ambitious goal.

A final problem of fast electron tomography is the management (transfer and storage) of high amounts of data. In classical electron tomography, we are able to record only a few tilt series in a day. Using CRRET, tilt series can be recorded almost continuously. Taking the example of 2K*2K images recorded at 100 frames/s, a single tilt sequence over 140° in 5 seconds produces a data sets of 8 Gbytes (16 Mbytes for a single frame). In this context, the experiments reported in section 5.1 on the soot@YSZ system (see Figure 5.5) represented more than 300 Gbytes and could even not be entirely treated and exploited during this thesis. In a near future one can anticipate that a single acquisition in one second at 1500 fps for the full size of the K3 camera (5760x4092 pixels -90 Mbytes -) will represent a total size of 135 Gbytes, leading to possible dozens of Terabytes in a single microscope session. 

General conclusion

Fast Electron Tomography

Besides its objective of characterizing heterogeneous Pd/Al2O3 catalysts, the present work also constitutes a starting point for a real time 3D investigation of nanomaterials exposed to temperature and gas conditions in an ETEM. Since 3D characterization if essential for an accurate quantification of any microstructure, it is of the highest interest to perform tomography under operando conditions. The main problem is obviously the time needed to record the required tilt series of projections, during which the system evolves owing to the reactive conditions favoured by its environment. We have then worked on the development and optimization of two fast acquisitions schemes, which today restrict to the Bright Field (BR) imaging mode. Although BF TEM produces a significant and undesirable loss of information when strong diffraction contrast occurs in crystalline nanomaterials, there is today no real possibility to proceed in the STEM mode, by far too slow regarding the acquisition of numerical images. In this context, it has been shown that in a lot of cases, even for crystalline materials such as the alumina (especially -Al2O3) grains supporting the Pd nanoparticles of the previously studied nanocatalysts, Fast Tomography in BF-TEM can still provide qualitative and even quantitative information, like size histograms of nanoparticles.

Two methods were explored and introduced in Chapter 4: The Segmented-Tilt Fast Electron Tomography (STFET) and the Continuous Rotation and Recording Electron Tomography (CRRET).

STFET is the implementation of the classical Step-By-Step Electron Tomography (SBSET) approach, where a tilt series of projections is acquired over a large angular rotation amplitude.

At each tilting step, the rotation of the holder is stopped so that various adjustments are made to stabilize and improve the quality of the image before acquiring any micrograph. By skipping such adjustments and minimizing the relaxation time during which the sample is kept immobile, one can easily arrive to acquisitions times of a few minutes with conventional cameras enabling frame rates of 1-10 images/second (exposure time of 0.1 to 1 second typically). This may lead to a total acquisition time of a 140° tilting series a bit less than 2 minutes if we can manage a possible live (x, y, z) adjustment of the projected images during a short relaxation time at each tilt. Straightforward applications of STFET include the 3D study of nanomaterials sensitive to the electron beam, where speeding up the acquisition process simply means reducing the electron dose it may receive. This was shown to be efficient to study biological material, such as the magnetotactic bacteria, and polymer-based nanocomposites reinforced with fragile minerals loads (Chapter 4); in both cases the resolution achieved in the fast 3D analysis was as good as for conventional tomography. Although not suitable for fast in situ 3D investigation of a dynamic process, this semi-automatic STFET approach is nevertheless applicable to environmental investigations where the kinetics can be sufficiently slowed down by a fine control of the temperature and the gas pressure. This was the case of the study of the oxidation mechanism of soot in the presence of zirconia-based catalysts, which has thus been conducted in situ using this approach between 400 and 600°C under oxygen in the ETEM (Chapter 5). The quantification of about 15 tomograms acquired in less than 2 minutes each on the same soot-ZrO2 aggregate has allowed measuring the speed of burning by measuring the volume reduction of soot. This in turn led us to a first 3D ETEM measurement of the activation energy of such a mechanism, which was found to be 129 kJ/mol, very close to literature results on similar systems confirmed by dedicated micro-chromatography and Infra-Red spectroscopy performed on the same system in a reactor outside the microscope.

The second approach, CRRET, was motivated by the availability of recent high speed and high sensitivity cameras such as the Oneview camera from Gatan, capable of 4K*4K acquisitions at 25 fps, and 100 fps in 2K*2K. This camera was acquired and installed on the TITAN ETEM with the help of the financial support of the French National Agency for Research through the ' 3DCLEAN' program (20153DCLEAN' program ( -2019) ) to which this thesis is partly associated. Real time tomography requires simultaneous high-speed sample rotation and image recording. In this acquisition scheme, we do not stop the rotation of the sample and continuously record the projections at a video sequence. Using simple simulations on 2D ghosts (Chapter 4), we studied the effect of the blur produced by the continuous rotation of the sample during image acquisition (so-called 'rotation blur') on the quality of the 3D reconstruction. The rotation blur has indeed a negligible effect even for very fast tilting of the goniometer: typically, a rotation speed of 140°/s will produce a rotation blur of 1.4°/frame while tilting from -70° to 70° with a camera frame rate of 100 fps. This amount of rotation blur appears to be almost negligible.

Consequently, the speed of the microscope goniometer appears to be the actual limiting factor.

The feasibility of CRRET experiments in 5 to 10 seconds has been demonstrated on different samples and under true ETEM conditions, i.e. under possible operando conditions.

Although successfully applied, fast tomography still needs corrections and improvements to allow routine applications. In 5 seconds or less, there is no time for a live adjustment of the focus (z change), neither for correcting the possible drifts (in plane (x, y) displacements) of the images due to goniometer instabilities which can easily be up to a few tens of nm. However, there is no way to account for non-systematic instabilities such as those possibly inherent to the goniometer when rotated at high speed. Technical progress allowing smoother rotations of the goniometer would then certainly be appreciable. Regarding predictable and reproducible movements, a goniometer pre-calibration can be done in an area close to the region of interest as classically performed in low-dose experiments to protect the sample from the electron beam influence. Then the measured displacements would be compensated during the true tilt series.

However further work is needed to speed up the calibration step, since in the environmental mode the sample is constantly submitted to the stimuli produced by the gas pressure and the temperature and it may thus always evolve rapidly and irreversibly. If the pre-calibration is not possible, there must be a compromise between keeping the sample in the field of view during rotation and image recording while maintaining a reasonable spatial resolution.

A last comment concerns the handling of huge data in Fast Tomography. Although the acquisition time will be essentially short, CRRET experiments will produce a very large amount of data due to the very high recording frame rate and, generally, large images size (16 Mbytes for 2K*2K images). As a typical illustration, recording 2Kx2K, after binning 2 pixels, in integer 2 data type at a frame rate of 100 fps produces 4.1 GBytes in 5 seconds and 2 times more if the data are real 4 type. The possibility of following the kinetics of any reaction by recording dozens of tilting series on the same of similar objects will then lead to TBytes of data in a very short time. This "big data" problem will then present severe challenges in terms of handling, transfer, storage and most important processing.

In conclusion, the Continuous Rotation and Recording Electron Tomography approach offers considerable interest in the operando study of phase transformations or reactions of nanomaterials that can be followed in an Environmental TEM. This is a first step towards 3D analysis of in situ transformation demanding 'real time' dynamics, such as straining experiments which remains another exciting, but more challenging and demanding topic. In the beginning of the XXI st century, Environmental Transmission Electron Microscopy has become one of the reliable characterization techniques of nanomaterials in conditions mimicking their real life. ETEM is now able to follow the dynamic evolution of nanomaterials under various conditions like high temperature, liquid or various gas pressures. Among various fields of research, catalysis can benefit significantly from Environmental Microscopy. This contribution starts with the study of the Palladium-Alumina catalytic system. Pd nanoparticles supported by α-Al2O3 and δ-Al2O3 are of an important physicochemical and environmental interest, particularly in the field of selective hydrogenation in petrochemistry, for the synthesis of polymers or CO2 hydrogenation for methane production.

Figure 1 . 1 :

 11 Figure 1.1: Atomic resolution images in the TEM. a): conventional HRTEM micrograph of a Pd(O) nanoparticle supported on calcined δ-Al2O3 (see details in chapter 2); microscope JEOL 2010F, 200 kV, Cs = 0.5 mm (uncorrected). b): similar particle (other sample) imaged with a 'image Cs-corrected' FEI TITAN ETEM, 300 kV; note the overall sharper contrast and the improved resolution revealing radially-oriented faint lattice fringes with a spacing 0.14 nm from (scale bar 1nm), most probably, organic residus. c): uncorrected STEM image of Pd nanoparticles supported on δ-Al2O3 (in situ calcination in the ETEM at 450°C under 3 mbar of O2; micrograph recorded at 600°C under a vacuum of 10-6 mbar). Both instruments at CLYM, Villeurbanne, F.

Figure 1 . 2 :

 12 Figure 1.2: Pd nanoparticles supported on -Al2O3 observed in ETEM at 600°C under 0.4 mbar of H2.Full frame 4Kx4K image recorded with a Gatan Oneview optimized CMOS camera at a direct magnification of 245 K with an exposure time of 0.32 s (summation of 8 aligned elementary frames of 0.04 s). Note that the whole supporting alumina grain is observed with atomic resolution preserved on most of nanoparticles (such as enlarged frames A to D). The diffractogram shows the crystallographic indexing of the particle in D as Pd[110]; the schematic pattern on the left depicts the geometry of the[110] reciprocal space projection of the tetragonal phase of -alumina with a = 0.79 nm and c = 1.17 nm[START_REF] Rooksby | The formation and structure of delta alumina[END_REF]]. Microscope FEI TITAN ETEM, 300 kV.

Figure 1 . 3 :

 13 Figure 1.3: Environmental TEMs. a-b): schematic representation and diagram of the building blocks of the ETEM [Gai (2007)]; c-d): views of a home-made [Boyes (1997)] and last generation commercial ETEM microscopes (Philips CM30 at DuPont Lab., DE, USA and FEI TITAN at IRCELYON / CLYM, Villeurbanne, F respectively; the latter instrument has been used all along the present work).

  for dedicated ETEM experiments (see Figure1.4 b), modern TEM heating holders are now based on the MEMS (MicroElectroMechanical System) technology (Figure1.4 c-d). They essentially consist in nanochips made of a silicon thick platelet embedding a metallic wire heating the whole system owing to an electric current. As the heating of the sample is based on the electrical biasing of the chip, the heating and cooling speed are very fast and there is no need of additional cooling system. To support the sample(s) one or several windows, a few µm² are machined and covered by a deposited thin membrane suitable for TEM observations (e.g. electron-transparent amorphous C, SiNx of SiC films of a few tens of nm). In-factory calibrations based on the resistivity of the heating metal (such as Pt or Mo) provide an excellent accuracy of the temperature as verified by some authors with dedicated test experiments

Figure 1 . 4 :

 14 Figure 1.4: Various heating holders compatibles with gas experiments in the environmental chamber of a (E)TEM. a): furnace-based heating holder (Inconel, 900°C) from Gatan. b): simple and clever homemade system to heat nanoparticles deposited on a metallic wire heated by the Joule effect and exposed to a local gas flux produced by a small injection nozzle [Kamino (2005)]. c): MEMS-based heating holder for observation of gas-solid interactions [Kamino (2016); Vicarelli (2016)]. d): advanced MEMS-based heating Si/SiNx chip system from DENS Solutions (Widlfire S5 model). Devices from a) and d) have been used in the present study.

Figure 1 . 5 :

 15 Figure 1.5: Schematic representation of E-Cell TEM fitted with holder and gas system [Kawasaki (2009)].

  ceramics and metals to create brittle free structures and more robust structures for industrial applications. Dynamic characterization of dislocation motion and their interactions with twins, grain boundaries and interfaces are possible, thanks to Quantitative in-Situ TEM and straining & heating holders.
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 16 Figure 1.6: Simplified E-Cell design for Gas-Solid and Liquid-Solid interactions (respectively left and right, top line) and detailed overview of micro/nano technology based chip system (bottom line) [De Jonge (2011)].

Figure 1 .

 1 Figure 1.7: a) Design overview of nano indentation mechanical holder. b) Closer view at the sample and interaction tip of the holder for force measurements [HoáGu (2013)].

Figure 1

 1 Figure 1.8: a) Over all design of the Light interaction based TEM holder. b) Closer look at the interaction area mechanism; c,d) With and with out light on [Cavalca (2012)].

4)

  At last, the reconstructed volume has to be visualized. There are several commercial softwares, open source or freewares also exist, such as the widely used 3D slicer [Pieper(2004)] andChimera [Pettersen (2009)] tools.
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 19 Figure 1.9: Electron Tomography: tilt series acquisition, alignment, reconstruction & visualization in 3D respectively. [Levin (2016)]
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 110 Figure 1.10: In-situ Environmental Tomography to follow the evolution of silver nanoparticles encaged in silicalite-1 hollow zeolite at (A) 20°C in high vacuum, (B) 280°C and (C) 450°C under 1.8 mbar of O2. The left column shows experimental TEM images at 0° tilt. The reconstructed models are shown in the right column with the zeolite in green, yellow and blue at 20°C, 280°C and 450°C and Ag nanoparticles in red [Roiban (2017)].

Figure 1 .

 1 Figure 1.11: some TEM projections at different angles of a nanotube during a continuous tilt series (left). Right: 3D model of the reconstructed nanotube [[START_REF] Migunov | Rapid low dose electron tomography using a direct electron detection camera[END_REF]].

Figure 1 . 13 :

 113 Figure 1.13: Mechanism for the oxidation of carbon monoxide under the presence of Pd catalyst.[ www.essentialchemicalindustry.org/processes/catalysis-in-industry.html] 

Figure 2 . 1 .

 21 Figure 2.1. This constitutes the well-known 'nano-size effects', Pd nanoparticles with sizes below typically 15 nm and different crystallographic structure exhibit melting points significantly different from the bulk melting point of Pd which is close to 1828 K (1554°C). In addition, changes occur because the nanoparticles population evolves under the effect of temperature, which promotes growth of particles. Figure 2.2 illustrates the ETEM study conducted by Liu et al. on Pd NPs on a α-Al2O3 support [Liu (2005)]. These micrographs show that the growth of Pd nanoparticles can happen, due to Ostwald ripening and coalescence mechanisms at high temperatures (700°C). The processes are enhanced for used catalysis as compared to fresh ones because migration and diffusion on the particles is facilitated by some hydrocarbon residues produced on the alumina surface after the reaction.

Figure 2 . 1 :

 21 Figure 2.1: Size dependent melting temperature of metallic palladium versus the size for different shapes [Guisbiers (2011)].

Figure 2 . 2 :

 22 Figure 2.2: Size evolution of a fresh Pd/Al2O3 catalyst heated in 500 mTorr of steam (air + water) at 700°C. micrographs extracted from Figure 2.1 of the authors' paper at times zero, 3 hours and 7 hours from left to right respectively [Liu (2005)].

Figure 2 . 3 :

 23 Figure 2.3: Phase diagram showing the experimentally measured stability regions of different palladium oxide structures as a function of oxygen partial pressure, PO 2 and temperature [Ketteler (2005); Tao (2011)].

Figure

  Figure 2.4: Table published in[START_REF] Farrauto | Thermal decomposition and reformation of PdO catalysts; support effects[END_REF]] showing the differences in temperatures of decomposition of PdO (TD), re-oxidation of Pd (TR) and associated hysteresis TD-TR as a function of substrate (as indicated).
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 25 Figure 2.5: Typical Pd and PdO nanoparticles encountered in the study of Pd/CeO2/Al2O3 combustion catalysts [Collusi (2010)] (montage of original micrographs rescaled at the same magnification and showing NPs approaching 10 nm).
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 26 Figure 2.6: Decomposition temperature of bulk PdO as a function of temperature for (left) various heating rates, (right) various oxygen partial pressure in a O2-N2 mixing environments at atmospheric pressure [Zhang (2002)].

4Figure 2 . 7 :

 27 Figure 2.7: Industrial synthesis of Pd nanocatalyst grafted on α-and δalumina. The process has 3 steps (shown from left to right): IMPregnated, DRIed, CALCined and REDuced.

  Figures 2.8 and 2.9 illustrate respectively both points (i) and (ii). In Figure2.8, two micrographs recorded in BF TEM and STEM-HAADF imaging modes are respectively shown at a magnification allowing to discern the Pd NPs. They clearly demonstrate that the 'Z-contrast' inherent to the STEM image provides a much better contrast of the particles of such areas of relatively large thicknesses.

Figure 2 .

 2 Figure 2.9 shows BF TEM images of relatively thin regions of the Pd -δ and Pd -α systems.

Figure 2 . 8 :

 28 Figure 2.8: contrast of Pd NPs in both TEM (left, dark dots) and STEM (right, white dots) as imaged at 200 kV (JEOL2010F) on similar but different areas of a Pd / δ-Al2O3 sample in the impregnated state.

Figure 2

 2 Figure 2.9: illustration of irradiation damages rapidly induced in the impregnated δ-alumina and calcined α-alumina support (respectively top and bottom rows) before and after a 2 minutes

Figure 2 .

 2 Figure 2.10: STEM-HAADF projections of various regions of Pd/-alumina in the IMPregnated, DRIed and CALCined states (respectively from top to bottom) and corresponding size histograms of the Pd nanoparticles leading to average diameters of 2.3 nm, 2.7 nm and 3.5 nm respectively (with standard deviation 0.45, 0.55 and 0.74 respectively) (microscope JEOL 2010F).

Figure 2 .

 2 Figure 2.11 shows various representative HRTEM micrographs from the Pd/δ-Al2O3 system in the IMPregnated and CALCined states (the analysis of the reduced state will be presented in chapter 3 dedicated to the in situ ETEM treatments).

Figure 2 .

 2 Figure 2.11: HRTEM images of Pd-based NPs on δalumina. a-b): IMPregnated state; c-d): CALCined state (FEI TITAN ETEM microscope).

Figure 2 .

 2 Figure 2.12: HRTEM image of the Pd/δ-alumina in the CALCined state (JEOL2010F); note that most of the NPs are anchored at edges of pores or at surface irregularities (white arrows).

Figure 2 .

 2 Figure 2.13: 3D model of the CALCined Pd/-alumina catalyst and its crosssectional views.

Figure 2 . 14 :

 214 Figure 2.14: Pd nanoparticles size distribution having an average diameter of 3.3 nm (1.22 of SD) (left). Right: pore size distribution of the δ-alumina support having an average diameter of 5.5 nm.

  ) and b) show the respective microstructures of both Pd/ and Pd/ systems.The δ-alumina grains are essentially platelets generally lying on the supporting film of the TEM grid on their largest facets, leading to a relatively small thickness in the direction of the incident electron beam. The micrograph from Figure2.15b) was chosen on purpose because several platelets are seen edge-on, which gives a good idea of their thickness which may be less than 10 nm as it can be more clearly seen in the high magnification image form Figure2.15c). On the contrary, α-alumina grains shown in Figure2.15a) have clearly round shapes, with a grain size in any direction in the range of 200 nm, which represents relatively thick samples in the TEM. Although some 'thin enough' areas could obviously be found locally, we then restrict the statistical analysis to the CALCined state for sake of time. During the in situ ETEM analysis (chapter 3), such an adequate region will however be followed in temperature to allow semiquantitatively the evolution of the NPs population. Results concerning the size measurements in the CALCined state are illustrated by Figure2.16.

Figure 2 . 15 :

 215 Figure 2.15: Comparison of the αand -alumina grain sizes. a): Bright field TEM image of the Pd/ system at low magnification: most of grains have a mean size around 200 nm. b) Similar micrograph of the Pd/ system at the same magnification showing a typical thickness in the range of 10 nm for the  platelets (when seen edge-on as the one shown with an arrow). c): HRTEM of the arrowed platelet in b); the projection is compatible with a [45-1] orientation with superposition of various other domains.

Figure 2 .

 2 Figure 2.16: TEM analysis of the Size of Pd NPs on α-alumina. a): Typical STEM-HAADF microgaph of an α-alumina grain used for the size measurements of Pd NPs in the CALCined state. b): Corresponding size distribution of nanoparticles; the average diameter is 3.1 nm (with a standard deviation of 1.14)

  and 18. Similarly to the CALCined state of the Pd/ system, both fcc 'metallic' Pd and oxidized

Figure 2 .

 2 Figure 2.17: Typical HRTEM image of a Pd nanoparticle at the surface of an alumina grain in the IMPregnated stage.

Figure 2 .

 2 Figure 2.18: Representative HRTEM images of Pd-based nanoparticles on δ-alumina in the CALCined state. In a-b), the same NP is seen which undergoes a rapid irradiation-induced reduction from PdO to pure fcc Pd (TITAN ETEM, 300 kV).

  2.19. The average dimeter of the nanoparticles is consistent with the analytical observation done on the 2D projections of the CALCined Pd Alumina which showed particles have 3 nm average diameter.

Figure 2 .

 2 Figure 2.19: 3D model views of calcined Pd nanoparticles grafted on α-alumina. The diagram on the right shows the NPs size distribution with an average diameter of 3.2 nm (standard deviation: 1.35).

Figure 3 . 1 :

 31 Figure 3.1: Heating profile and gaseous pressure profile for in-situ experiments under oxygen or air. At the end of the ramp, the sample were cooled down to 150°C for reduction in hydrogen.

Figure 3 . 2 :

 32 Figure 3.2: Snapshots of the interface of the ETEM-RGA system showing typical gas analyses: left: under 15 mbar of oxygen at 450°C showing prominent O and O2 peaks at masses of 16 and 32 respectively; right: under 10 mbar of hydrogen at 150°C showing H and H2 peaks at masses of 1 and 2 respectively.

Figure 3 . 3 :

 33 Figure 3.3: Montage of BF TEM images comparing the microstructure of the Pd/-alumina system at the different preparation stages in both post mortem (top row, JEOL 2010F micrographs) and in situ (bottom row, FEI TITAN ETEM micrographs) heating experiments.

  Two different heating holders were used to conduct the in-situ experiments. In a first part of the thesis, CLYM only owned Gatan TM heating holders made of a miniaturized furnace holding the sample as was shown in Figure1.4a) (628 Inconel-based model capable of heating temperatures up to 900°C in high vacuum and suitable for conventional 3 mm disks). With this holder, copper holey carbon grids (Ted Pella Inc.) were used on which few micro liters of the prepared solutions from both Pd/-and Pd/-alumina systems were deposited. In a second part, a MEMS-based heating holder from DENS Solutions TM (Wildfire S5) was used. The powders was deposited on a thin SiNx film in 5x20 µm² electron transparent windows machined in a Sibased nano-chip (see Figure1.4d) (the lab acquired the holder in collaboration with IFPEN).

  These temperatures were then reached either with the Gatan heating holder or with the DENS Solutions holder. In the case of the furnace-based Gatan holder, we increased the value of the regulated temperature by 25°C according to the fact that the thermocouple measuring the temperature is located very close to the furnace and thus probably overestimate the actual temperature at the sample position[Ramade (2017)]. Accordingly, the references to 150°C and 450°C in the following are actually targeting true temperatures of 125 and 425°C respectively when heating with the Gatan holder.

  Figure 3.4 corresponds to STEM-HAADF measurements performed under 0.2 mbar O2 oxygen at 300 kV; the DRIed and CALCined temperatures were then adjusted to 125 or 150 and 425 or 450°C respectively.

Figure 3 . 4 :

 34 Figure 3.4: in situ ETEM ADF-STEM observations of Pd on -alumina under 0.2 mbar of pure oxygen. The top row shows the general microstructure of an aggregate of -platelets, the middle row shows enlarged regions showing the evolution of Pd NPs. Histograms show the distribution of Pd nanoparticles at the corresponding temperatures (20°C, 150°C and 450°C) from which average NP diameters equal to 2.7 nm, 3.0 nm, 3.2 nm are respectively calculated.
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 35 Figure 3.5: In-situ STEM measurements of Pd nanoparticles on δ-alumina under different gaseous conditions.

Figure 3 . 6 :

 36 Figure 3.6: Bright Field TEM mages extracted from a continuous series showing the in-situ growth of Pd nanoparticles at different temperatures from 150 to 450°C under 1.6 mbar of air.

Figure 3 . 7 :

 37 Figure 3.7: HRTEM images extracted from a video sequence recorded at 12 images per second showing the rapid coalescence of two Pd nanoparticles (arrows in the first micrograph) as promoted by the electron beam at 450°C under 1.6 mbar of air (DENS Solutions holder, SiNx nanochip). Note the immobility of the particle on the left, which seems to be anchored at the edge of a nanopore on the -alumina support.

Figure 3 .

 3 Figure 3.8: a) Comparison of in situ measurements of Pd NPs sizes under different experimental conditions as shown in Figure 3.5 with post mortem measurements for the Pd/ system; b) averaged values deduced from the STEM measurements only (the shaded area visualizes the scattering of data).
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 39 Figure 3.9: ADF-STEM observation of Pd on -alumina under 1.2 mbar of oxygen during in situ treatments at different temperatures showing the evolution of nanoparticles (Si/SiNx nanochip with the DENS Solutions heating holder. The encircled area presents a significant evolution of the NPs (disappearance and coalescence). Note that the last temperature should have been 425°C instead of 450°C -450°C is the targeted value with the Gatan holder due to its overestimation of the real temperature).
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 310 Figure3.10: Evolution of Pd NPs sizes (in blue) for the Pd/-alumina system as measured in ETEM (STEM Imaging mode). Inserted histograms illustrate the measurements at some specific temperature. For both sets of data (results from the Pd/ system are reported for comparison), the dotted lines are indicating guides for the eye. Average diameters of Pd nanoparticles are 2.2, 2.3 and 3.6 nm respectively at the IMPregnated, DRIed and CALCined states respectively.

Figure 3 .

 3 Figure 3.11 illustrates the final conditions at which we arrived for a sufficient confidence that little modification occurred due to the electron dose: in the left column (Fig.3.11a-b), unwanted

Figure 3 .

 3 Figure 3.11: STEM irradiations tests in ETEM at 300°C under 2.5 mbar of oxygen. Left (ab): start and end frames of a 512x512 continuous acquisition during almost 3 minutes with a dwell time of 8 µs showing easily detected motions of NPs (arrows; dotted circles in the bottom micrograph reproduce the initial positions from a) of moving NPs). Right (c-d): same as a-b) but with a dwell time of 5 µs and very little damage (except as indicated by the white arrow).

Figures 3 .

 3 Figures 3.12 and 3.13 summarize the results obtained from both Pd/-and Pd/-alumina systems. Only a few frames from the recorded sequences are shown. In each of these Figures, the right column shown the trajectories of each particles as they could have been tracked in position and size using the Manual Tracking plug-in[START_REF] Cordelières | Manual tracking[END_REF]] of the ImageJ TM software.

Figure 3 .

 3 Figure 3.12: STEM Micrographs extracted from a time-lapse sequence showing the evolution of Pd NPs on -alumina at 275°C under 1.27 mbar O2. On the right trajectories of most of NPs have been measured (ETEM 300 kV).

Figure 3 .

 3 Figure 3.13: STEM Micrographs extracted from a time-lapse sequence showing the evolution of Pd NPs on α-alumina at 275°C under 1.27 mbar O2. On the right trajectories of most of NPs have been measured (ETEM 300 kV).

Figure 3 . 14 :

 314 Figure 3.14: Color maps showing the speed of nanoparticles at different time intervals as a function of their size on and -alumina (left and right respectively). The temperature look-up-table highlights overall mobility of NPs on the δ and -support.
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 315 Figure3.15: Comparison of 'instantaneous' speeds of nanoparticles on both alpha and delta alumina supports. Each point represents the average speed of the Pd nanoparticles of a given size class measured as their displacements in the time interval between two images (3 minutes). Interval: speeds of nanoparticles over every 0.5 nm size range is averaged.

  not simple to demonstrate by direct chemical analysis on oxidation state of 2-3 nm Pd-based particles anchored on an oxide support such as alumina. Although some STEM-EELS experiments could have been performed during in-situ ETEM observations, they could only demonstrate the Pd nature of these particles but without any clear evidence of their oxidation state (see Figure 3.16). To investigate prospective changes from Pd to PdO during in situ heating in oxygen, one can try to describe the NPs population with the help of the Treacy and Rice analysis.

Figure 3 .

 3 Figure 3.16: STEM-EELS chemical mapping of Pd NPs on δ-alumina during in situ ETEM heating. a) EELS spectrum of the Pd-M4,5 edge and visualization of the energy window used to produce maps in b-c). b) Mapping of few NPs during in situ calcination at 425°C under 2 mbar of oxygen. Note that only some of the largest NPs are resolved in the chemical map (colored for a better visibility). c) Same as b) during reduction after 2 h. under 10 mbar of H2 at 150°C.

  Figures 3.17 and 3.18 illustrate the T&R analyses for the Pd/-and Pd/-systems. In each diagram, the curve IHAADF 1/3 vs Ø has been treated by a linear regression. It can be noted that the intensity extrapolates to zero for null diameter as expected form relation /3.2/. Two main conclusions can be drawn out form these analyses:

Figure 3 .

 3 Figure 3.17: 'Treacy & Rice' analysis of the STEM-HAADF images for in situ heating of Pd-based NPs on -Al2O3 under 1.27 mbar of O2 at different temperatures and times (as indicated). The T&R plots on the right support the hypothesis of a constant chemistry for the NPs in all cases. Note that some individuals lie close to the PdO line (see text for details). [Y axis: Intensity = (IHAADF) 1/3 ]

Figure 3 . 19 :

 319 Figure 3.19: Initial microstructure of the Pd / -alumina sample prior to the in situ reduction (ETEM, 300 kV). The enlarged grain on the right shows Pd nanoparticles with sizes ranging between 3 and 15 nm (average value around 6 nm).

Figure 3 . 20 :

 320 Figure 3.20: HRTEM images of Pd-based NPs in the CALCined state of the Pd/-alumina sample prior to the in-situ reduction (ETEM, 300 kV). As shown on the right, not all particles are fully oxidized.

Figure 3 . 21 :

 321 Figure 3.21: Evidence for the in-situ reduction of a PdO NP as seen at the start of the reduction treatment (left column) and after 45 minutes under 2 mbar of H2 at 150°C (right column).

Figure 3 .

 3 Figure 3.22: HRTEM images of Pd-based NPs after in situ reduction of the calcined Pd / -alumina. Top micrographs show small and totally reduced NPs, bottom images evidence composite larger particles most probably constituted by oxidized and metallic areas (FEI-TITAN ETEM 300 kV under 2 mbar of H2 after 2 hours at 150°C).

Figure 3 . 23 :

 323 Figure 3.23: Comparison of classical 'step-by-step' with 'segmented tilt fast ET'. a) and b): Projections at 0° from the classical and fast approaches respectively. c) and d): Cross sections of the reconstructed volume at the same depth parallel to the XY plane; e) and f): Orthogonal cross sections showing the Pd particles distribution, in blue for classical ET and in green for segmented tilt fast ET.

Figure 3 . 24 :

 324 Figure 3.24: Distribution of Pd particles size distribution obtained for a calcined Pd/ sample by C-ET in blue and by STF-ET in green. The histograms represent the diameter of an equivalent sphere. The average ΔΦ, shows the average calculated with a Gaussian fit and its standard deviation.

  25c) and d) which do not exhibit the same features at 20 and 350°C). Secondly it can be concluded that modifications of the NP population occurred during the heating procedure. This is indeed what the cross-sections from Figure3.25c) and d) demonstrate: we resolve much more NPs at 350°C, although the experimental conditions cannot be better because of the effects of gas and temperature. Few correspondences can be established between the 2 NPs population, indicating that migration occurs during the heating ramp or the plateau at 350°C as it was also established by the time-lapse experiments in section 3.3.We then have to conclude that appearance of new particles in this experiment has occurred most probably by nucleation of NPs during the heating ramp from 20 to 350°C and crossing the DRIed state at 120°C. Quantifying the NPs particles migration in 3D would demand additional treatments that we could not implement during this work because of time constraints. Although 3D modelling was not attempted on these volumes, their tomograms allowed measuring the Pd nanoparticles size distribution as well as first-neighbour inter-particle distances using homemade routines to count the particles in the successive slices of the tomograms. The results are shown in Figure3.26.

Figure 3 .

 3 Figure 3.25: ETEM Operando Fast Tomography in the course of the calcination of a Pd/δ-alumina sample. a) BF micrograph at zero tilt under High Vacuum at 20°C; b) same as a) after 1 hour at 350°C under 2.6 mbar of oxygen. c-d): averaged 36 central slices of the tomogram reconstructed from a tilt series acquired at 20°C and 350°C (case a) and b) respectively). Arrows indicate NPs which can be identified as the same NPs in both states. Note that the top left-hand areas differ in contrast due to a global deformation on the alumina supporting grain.

Figure 3 . 26 :

 326 Figure 3.26: 3D quantification of the Pd NP population. Left (in red): size histograms for the temperatures 20°C and 350°C (top and bottom respectively). Right (purple): inter-particle distances for the same states.

  (ii) Due to this small size, High Resolution imaging was systematically required, with the risk to irradiate the NPs and then change their crystallography as it was demonstrated in Chapter 2 in the case of PdO which can rapidly transforms into Pd under the electron beam (Figure 2.18 a-b).

  ); FEI Xplore; ResAlta]. Depending upon the degree of sophistication of the routine used, acquiring the tilt series includes several steps: (i) Step-by-step rotation of the object to the next inclination angle, using equal or Saxton[START_REF] Saxton | Three-dimensional reconstruction of imperfect two-dimensional crystals[END_REF]] tilt increment or recently developed dose-symmetric tilt-scheme[START_REF] Hagen | Implementation of a cryo-electron tomography tilt-scheme optimized for high resolution subtomogram averaging[END_REF]]. ii) Optional automatic or manual calculation of cross-correlation (or equivalent) operations to track the object and keep it in the field of view. (iii) Optional adjustment of the focusing conditions. (iv) Recording and storing the image and the corresponding tilt angle. All those steps cost extra computing time with respect to the minimum time needed by the step-bystep tilt procedure and the exposure time of the camera while recording the image. Technically,

[

  [START_REF] Roiban | Fast 'Operando'electron nanotomography[END_REF]]. A third solution became recently possible owing to the availability of fast and sensitive optimized-CMOS and/or Direct Electron detection cameras (DE) since roughly the beginning of the XXI st century. Contrarily to traditional digital cameras using a scintillator to convert electrons into photons, DE devices directly detect the incoming electrons which thus offers a much better sensitivity, signal-to-noise ratio and resolution [[START_REF] Mcmullan | Comparison of optimal performance at 300keV of three direct electron detectors for use in low dose electron microscopy[END_REF]]. Such devices are available today from several manufacturers: Falcon TM series from FEI[START_REF] Kuijper | FEI's direct electron detector developments: Embarking on a revolution in cryo-TEM[END_REF];[START_REF] Davuluri | Falcon 3EC Direct Electron Detector[END_REF]] , K2 TM from Gatan [Gatan K2], DE TM series from Direct Electron [Direct Electron] , pn-CCDs from PNSensor[PNSensor]. Owing to their high sensitivity, they can allow acquisition times as short as microseconds depending upon their binning capabilities.

Figure 4 .

 4 Figure 4.1 sketches the difference between the step-by-step acquisition, where the sample is tilted with a given angular increment between successive images, and the continuous rotation technique, leading to a much higher sampling of the angular range.

  Figure 4.2: a) Images used as ghosts to simulate tomographic reconstructions with a rotation. The blur was obtained after a rotation around the center of the image (black centered circle) simulating the eucentric high along the red arrow. The image at 0° is the reference having no blur integrated, then are shown the images having an integrated rotation blur of 1°, 2°, 3°, 4°, 5°, 7° 8°, 9° and 10°. b) Sinograms of all the images between -70° and +70°. c) 1D projections of the all images having the integrated blur along the beam axis (blue arrow), the graph shows the intensity profile of the 1D projections.

Figure 4

 4 Figure 4.3: a): Reference reconstruction over the range +90° to -90° with an angular step of 0.1° (1801 1D projections). b-e): conventional ET conditions, -70° to +70° with angular step of 1° (b, 140 1D projections), 2° (c, 70 1D projections), 3° (d, 47 images), 5° (e, 29 1D projections). f-j) Reconstructions from the 1D projections having an integrated blur of 1°, 2°, 3° and 5°. The circles point out excentred particle clearly affected by the amplitude of the angular increment in conventional ET and the rotation blur in CRRET.

Figure 4 . 4 :

 44 Figure 4.4: Camera frame rate (in fps: frames per second) required to keep the rotation blur below the indicated values for a continuous rotation between -70 and +70° of a given total time.

  Total time to tilt form -70°to +70°(s) visualization and quantification were performed by ImageJ [Image J] and 3D Slicer[START_REF] Fedorov | 3D Slicer as an image computing platform for the Quantitative Imaging Network[END_REF]] softwares. Several samples have been used to demonstrate the possibilities of the different modes of fast ET. 4.3.2 SBSET and STFET acquisitions using a conventional CCD camera: example of Pd nanoparticles on a δ-Al2O3 support As previously mentioned in Chapter 1, the most time-consuming step of the tilt series recording in conventional SBSET is the tracking and focusing of the object. Here are shown some successful ET experiments performed in a 'semi-automatic' mode where the user performed the adjustments of the sample manually during very short relaxation time.

  ) and d) illustrate both reconstructions and report cross sections through the δ-Al2O3 platelet. Finally, Figure4.5 e) reproduces the histograms presented in Figure3.24, showing the very good correspondence between both sets of measurements.

Figure 4 .

 4 Figure 4.5: a) and b) Projections at 0° from Conventional SBSET and STFET tilt series respectively. c) and d) Oriented cross sections through a δ-Al2O3 plate. e) Distributions of Pd particles size obtained by C-ET in blue and by STFET in green. The histograms represent the diameter of the spherical equivalent of each particle. The mean values are deduced from a Gaussian fit of both distributions (Note: this Figure is a montage from Figure 3.23 and 3.24 in Chapter 3).

  Figure3.25 to demonstrate the adaptability of STFET to operando ETEM studies. After the heat treatment at 350°C under 2.6 mbar of oxygen, the sample was cooled down very rapidly to room temperature (DENS Solutions Si/SiNx nanochips do not present any significant thermal inertia, and the recorded line profile indicated that the SiNx support was cooled down in less than 1 second). Then, a conventional SBSET experiment was performed in the STEM-HAADF mode. The tilt series was then performed using the FEI acquisition software Xplore3D TM between +75 and -68° with an angular step of 2°. The acquisition time was 90 minutes (to be compared to the 2 min 42 sec of the STFET at 350°C). One may wonder why this new tilt series was not recorded in temperature; indeed, we feared that 90 minutes under the beam at 350°C would certainly induce irreversible modification that would prevent any positive comparison and could thus invalidate the pertinence of the Fast Acquisition approach. Results are shown in Figure 4.6 as a montage similar to what was shown in Figure 3.25. The quantitative analysis of these data sets as visualized by Figure 4.6c-d) and illustrated by the histograms in Figure 4.6e). It shows a very good correspondence between both volumes, keeping in mind that the Fast Tomography acquisition took more than 30 times less time.

Figure 4 . 6 :

 46 Figure 4.6: Comparison between Fast Tomography in BF TEM (STFET) and Conventional STEM-ADF Tomography (SBSET); montage as in Figure 3.25.a) and b) Projections at 0° from BF and STEM tilt series at 350°C and 20°C respectively, both under 2.6 mbar of oxygen. Note the obvious better visibility of Pd NPs in the STEM image. c-d): Averaged 36 central slices of the tomogram reconstructed from a tilt series acquired at 350°C and 20°C after a rapid cooling down. (case c is exactly what was presented in Figure 3.25c). For an easier comparison, the STEM slice is shown with a reverse contrast (see f). White arrows indicate common NPs between the initial state at 20°C and the heated state (see Fig. 3.25d) and c) -same image -); Red arrows spot NPs that do not appear at the same z position after cooling and white ones show newly identified Nps in the STEM volume. e): Comparison of size histograms from both volumes; note the perfect agreement for the size distribution and average diameters. f) slice of the STEM volume shown in d) but in normal contrast (Pd NPs appear as small white dots).

  Figure 4.7: a) 0° image of chemically fixed magnetotactic bacteria in BF mode. b) Cross section parallel to the XY plan from the reconstructed volume obtained by STFET. c) Schematical model showing the: (1) cell wall, (2) Inclusion bodies containing Phosphorus and Oxygen, (3) magnetosomes made of Fe and (4) Flagella.

Figure 4 .

 4 Figure 4.7a) shows the projection at 0°. A cross section within the reconstructed volume parallel to the XY plane is shown in Figure 4.7 b). In Figure 4.7c) a schematically model of the bacteria is presented. Due to the thickness of the bacteria, about 1 µm, details are not easily visible in the 2D projection but the cross section from the 3D reconstruction clearly evidences the cell membrane, the inclusion bodies, the flagella and the magnetosomes as identified in the schematic representation.

  Figure 4.8: a) BF projection of the LDH-Latex nanocomposite at 0° (4Kx4K image); the black dots are the Au 5 nm fiducial markers; the grey lines are the LDH lamellas. b) Typical 1Kx1K cross section parallel to the XY plane; the insert shows the distance between the bilayer of a LDH single platelet. c) 3D Model representing the LDH nanoplatelets distribution within the latex matrix (not shown).

  section 5.1, we move to the description of faster tomography as permitted by the availability of a rapid optimized C-MOS camera, the Oneview model from Gatan. In section 5.2, several examples will be reported of Continuous Rotation and Recording Electron Tomography (CRRET) demonstrating for the first time the possibility to achieve 3D information in a few seconds under environmental, e.g. operando condition in the ETEM. of carbon-based and Diesel soot oxidation studies Literature background and interest of the soot/YSZ system One of the major problems of diesel engines in cars and trucks is that soot particles (so called particulates in this context) are one of the by-products of the combustion reaction in the exhaust pipe of the vehicles. Since many years, dedicated Diesel Particulate Filters (DPFs) have been made compulsory in Europe (EURO5 regulation, October 2010) and in many countries outside Europe with the aim of limiting the particulates emission in the atmosphere, one of the most important air pollution agent, and one of the most serious causes of cancers and diseases of the respiratory system. The DPF is indeed part of a complex as sketched in Figure 5.1: this device aims at depolluting the exhaust gases from the Diesel engines, thus eliminates dangerous compounds (such as CO -Diesel Oxidation Catalyst part -, nitrogen oxides -DeNOX part -) including the soot particulates.

Figure 5 . 1 :

 51 Figure 5.1: schematic of a typical soot-NOX filtering system in the exhaust pipe of a vehicle equipped with a Diesel engine (adapted from[START_REF] Konstandopoulos | The multiscale nature of diesel particulate filter simulation[END_REF]].

Figure 5 . 2 :

 52 Figure 5.2: Illustration of literature results on TEM studies of soot oxidation. a): Non-catalytic O2-soot combustion as visualized post mortem in a TEM (from [Jung (2004)]). b) In situ ETEM 2D observations of the shrinkage of carbon black particles on ceria under 2 mbar of oxygen between 300 and 500°C(from [Simonsen (2008)]; scale bar is 30 nm). c): ETEM observation of the oxidation of soot on SiO2 in the presence of Ag NPs: time 0 and 48 seconds under 0.5 Pa of oxygen at 300°C (from[START_REF] Kamatani | Direct observation of catalytic oxidation of particulate matter using in situ TEM. Scientific reports[END_REF]]).

Figure

  Figure 5.3.

Figure 5 . 3 :

 53 Figure5.3: Irradiation test on soot@YSZ aggregates at 300°C under 5 10 -5 mbar of O2 (ETEM, 300 kV). The electron flux was 56 e -.Å -2 .s -1 leading to a total dose received by the sample of 1.68 10 4 e -.Å -2 in 5 minutes. Left and right micrographs show respectively the initial and final microstructure: no significant damage is detected visually.

Figure 5 . 4 :

 54 Figure 5.4: Aggregate of soot anchored to YSZ grains (dark contrast) chosen for the in-situ oxidation (summation of 6 4K*4K frames acquired in 0.04 seconds each; Oneview Gatan camera, FEI ETEM at 300 kV). Small dark spots (as arrowed) are ≈4 nm gold NPs deposited on the nanochip to facilitate the post mortem alignment of the tilt series.

Figure 5 . 5 :

 55 Figure 5.5: Evolution of soot anchored to YSZ catalyst under different temperatures at different time intervals. Micrographs correspond to the zero-tilt projection at time "0 second" of each tilt series; they have been colorized for a better visualization of soot and zirconia grains (respectively green and red colours).

Figure 5 . 6 :

 56 Figure 5.6: 3D models of Soot anchored ZrO2 catalyst at the beginning of the sequences at 400, 475, 550 and 600°C. The arrows spot a small soot 'pillar' in close contact with the underlying zirconia grain.

Figure 5 . 7 :

 57 Figure 5.7: 3D perspective view of the 'pillar-shaped' soot aggregate in close contact with the underlying grain and associated geometrical description (time 0 min at 550°C).

Figure 5 . 8 :

 58 Figure 5.8: Views from the reconstructed tomograms of the progressive shrinkage of the soot particulate shown in Figure 5.7; note that the pillar collapsing regularly from its base while keeping its global cylindrical shape.

Figure 5 .

 5 Figure5.7a) is another 3D view of this area shown at the beginning of the measurements at 550°C. To illustrate the morphological evolution, we will describe this soot particulate as a true 'pillar', the geometry of which is depicted in Figure5.7b): a hemispherical end-tip of height h on top of a cylindrical part of height H and diameter Ø. The variation in shape of this pillar is depicted as a function of time and temperature in Figure5.8.

Figure 5 . 9 :

 59 Figure 5.9: Profiles showing the evolution of the mean diameter Ø(h+H) as a function of the total height of the pillar analysed in Figures 5.6 and 5.7. These plots show that the cylindrical part remains relatively regular with roughly constant diameter Ø and height H up to the last temperature where only the hemispherical tip remains after 20 minutes.

Figure 5 . 10 :

 510 Figure 5.10: Quantitative volume changes of the soot pillar at various temperatures: the blue profiles correspond to the volume of the cylindrical part and the black profiles represent its diameter, both evolutions being plotted as a function of time (in seconds) during the time tilt series were recorded (i.e. 20 minutes).

Figure 5 . 11 :

 511 Figure 5.11: Arrhenius plot log(Sburning) as a function of 1/T; the expected linear relationship is validated.

Figure 5 .

 5 Figure5.12: 3D model of the soot@ZrO2 aggregate at 475°C, time zero. Encircled is part of the soot not in direct contact with any oxide grain; the dotted line (z-z') shows the trace of cross-sections displayed in Figure5.13.

Figure 5 .

 5 Figure5.13: cross-sections of the soot volume not in direct contact with the zirconia and marked in Figure5.12 showing a slow shrinkage rate with time and temperature.

Figure 5 .

 5 Figure 5.14: comparison of burning rate of different soot regions as measured at different temperatures from their shrinkage speed normalized by the exchange surface with the oxidizing media.

Figure 5

 5 Figure 5.15: a) 0° tilt STEM-HAADF image from a conventional tilt series. b) Same for a CRRET image in the BF mode. c) and d) The same cross-section parallel to the XY plane through the respective volumes; the green circles highlight the particles that are visible in both volumes, and the red circles in d show those which have been lost due to diffraction contrast. e) and f) Models showing the colored Pd particles distribution over the α-Al2O3 support (in orange).

Figure 5 . 16 :

 516 Figure 5.16: Pd particles size distributions deduced from tomography experiments illustrated in Figure 5.15: in blue by STEM-HAADF conventional electron tomography, and in green by CRRET in the bright field TEM mode. Due to the diffraction contrast, some of the Pd particles are lost in BF mode.

Figure 5 . 17 :

 517 Figure5.17: Fast tomography of a chip of a Au@TiO2 thin film; a) BF TEM projection at tilt zero. b) (x, y) Cross-sectional view of the sample near the upper surface showing relatively large Gold particles (diameter > 30 nm). c) Similar cross-section near the middle of the sample with much smaller Au particles (diameter down to less than 5 nm). Titan ETEM at 300 kV under high vacuum.

Figure 5 . 18 :

 518 Figure 5.18: CRRET experiment of a soot-ZrO2 sample under environmental conditions in the ETEM (300°C, 510 -5 mbar O2). a) Projection at 0° extracted from a tilt series recorded in 5.3 seconds between 73 and -70°. ZrO2 dark grains are surrounded by soot (in grey); small black dots are the 5 nm fiducial gold markers deposited on the SiNx nanochip (opposite side from the soot-ZrO2 particles). b) 3D model of the analysed object. c-d) (x, y) cross section through the volume reconstructed respectively with the ART and the SIRT-FISTA-TV [Banjak (2017)].
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  Al 2 O 3 nanocatalysts: post mortem TEM and in situ ETEM observations The present work was undertaken in the context of the acquisition of the first dedicated Cscorrected Environmental Transmission Electron Microscope installed in France, a FEI TITAN ETEM. This work is one of the first thesis conducted on this instrument at the MATEIS lab, in collaboration with the research centre (IFPEN) in Solaize near Lyon.After having presenting some recent advances of TEM during these last decades, with a special concern on environmental electron microscopes, MEMS-based heating and in situ specimen holders and fast recording cameras in Chapter 1, we have devoted 2 chapters (2 and 3) to the study of Pd/ Al2O3 nanocatalysts developed by IFPen.Two different systems, Pd/δ-Al2O3 and Pd/α-Al2O3, were characterized during the various steps of their preparation, from room temperature to high temperature in air (oxygen) or hydrogen, from the alumina powders impregnated by Pd-salts up to the reduced metallic Pd nanoparticles.One of the challenges, but also interests of these systems arose from the very small size of Pd nanoparticles, i.e. sub-5 nm, as compared to previous studies reported in the literature.Post mortem observations (Chapter 2) were classically conducted under high vacuum in two TEMs, a JEOL 2010F and the FEI-TITAN ETEM. Results helped to understand the position and size of Pd nanoparticles on both alumina supports at three different stages of the catalyst genesis (IMPregnation, DRIedafter 2 hours at 120°C in air -and CALCination -2 hours at 450°C in air). This work confirms that the average size of the nanoparticles increases only slightly from 2.7 nm to 3.2 nm from impregnation to calcination state in case of Pd/δ-Al2O3.Overall average diameter of the Pd nanoparticles at the calcined state of Pd/α-Al2O3 is close 3.1 nm. For both supports, the Pd nanoparticles are lying on the external surfaces of the alumina grains, which is confirmed by electron tomography results. Similar consistent results were deduced from the in-situ characterization performed on two supports under various gaseous pressures (Chapter 3). In situ TEM quantification results support the outcomes of post mortem quantification regarding size distribution and position of the nanoparticles on the alumina supports.High Resolution imaging was employed to study the phase transformation of Pd into PdO in situ below 500°C and mainly under a low pressure of pure oxygen (< 15 mbar). Though the conditions are thermodynamically favorable for the formation of PdO, we still observed metallic fcc Pd in the CALCined state. Using the Treacy & Rice analysis of STEM-HAADF images we demonstrate that there should be few evolutions of the mean chemistry of the Pd nanoparticles population during in situ annealing below 400°C.In situ time laps studies at 275°C under 2.7 mbar O2 allowed quantifying the migration of Pd nanoparticles on both  and -alumina supports. Making our possible to minimize or avoid any significant irradiation effects, which could affect the mobility of particles, we clearly established that the speed of migration of the nanoparticles is relatively high (twice) on α-Al2O3 compared to δ-Al2O3. Most probably pores and topography of -alumina platelets help to anchor Pd nanoparticles which are then less mobile than on the smoother -support. These experiments suggest that the slight growth of particles during the heating treatments proceed from two classical mechanisms: (i) the dragging by pre-existing particles of remaining Pd ions lying on the surface in the IMPregnated state (assimilated to Ostwald ripening), (ii) some limited coalescence due to the migration of particles as directly observed during in situ ETEM experiments.

  situ and 3D Environmental Transmission Electron Microscopy of Pd-Al2O3 nanocatalysts: fast tomography with applications to other catalytic systems in operando conditions and electron beam sensitive nanomaterials.

  

  

Table 1 .

 1 1. Over view of vivid applications and limitations of ETEM & E-Cell.

	Domain of Applications	Type of studies	ETEM	E-Cell
	Catalysis	 Nanoparticles distribution, Size, Shape and position changes on the support with respect to the Gas and Temperature conditions.  Gas Solid interactions  Morphological changes of catalytic support.	Highly adapted and possibility to observe at atomic level but limited to low pressures (< 20 mbar)	Due to the window thickness limitations, achieving atomic resolution is a challenge but very adoptable to observe Gas-Solid interactions at very high pressures (> 1 bar)
			Not adoptable due to	
			the pressure	Very adoptable to
	Liquids and	 Liquid Solid interactions.	limitations but	observe Liquid-Solid
	Suspensions	 Electrochemical studies.	possibility to operate	interactions at very high
			under water vapour	pressures (> 1 bar)
			conditions	
	Biological materials	 Biological cells under liquid.	Not very favourable	Very favourable
	Phase transformation on bulk alloys	 Phase change (crystalline to amorphous)  Oxidation & Reduction  Shape/structural changes under gaseous environment	Adopted to observe at atomic resolution.	Very difficult. Needed a FIB preparation to incorporate the sample into the cell
	3D observations / Electron Tomography	 TEM Tomography  STEM Tomography  Fast Electron Tomography	Very favourable and adopted to high tilt angular tilt range and possibility to have < 1nm 3D resolution	Conventional tomography is possible but very limited due the window thickness of the E-Cell and limited angular rotational tilt.

Table 2 .1

 2 Application of precious metal catalysts

	Petrochemical  Hydropurification  Hydrogenation of pyrolysis gasoline	Bulk chemical  Hydrogen peroxide (H2O2)  Phenol
		 Aniline
	Polymer	Synthetic fiber
	 Vinyl chloride	 Nylon
	 Methyl methacrylate	 Polyester
	 Toluene di-isocyanate	 Vinyl acetate
	 Cyclohexane di-methanol	
	 Hydrogenated polymer	
	Medicines  Production of Vitamin A  Medicine for pain and fever (Acetaminophen)  Hemostatic agent	Gas production and purification  Purification of hydrogen  Purification of Nitrogen  Purification of Carbon dioxide
	 Antibiotics	
	Specialty chemicals  Dye and organic pigments	Other Very important applications  Agricultural Chemicals
	 Rosin	
	 Liquid crystals	
	 Cosmetics	

 Nuclear power plants  Electricity production (Gas turbines)  Gasoline engine, Purification of diesel engine gas  Ozone decomposition (Aircraft cabin air purification)

Table 2 .2: crystallographic

 2 

structures of palladium and palladium oxides.

Table 2 .3:

 2 Notations of the Pd/Al2O3 systems studied during the work.

	sample	Internal reference	T°, pressure Conditions	treatment
	Pd/δ-alumina Pd/α-alumina	Imprig-135315 Imprig-135317	Pd precursor mixed with Al2O3 powder, room temperature, atmospheric pressure	IMPregnated
	Pd/δ-alumina Pd/α-alumina	Heat-135318 Heat-135316	Dried 2 hours at 120°C (air, atmospheric pressure)	DRIed
	Pd/δ-alumina Pd/α-alumina	Calcined-135319 Calcined-135262	Calcined 2 hours at 425°C (air, atmospheric pressure)	CALCined
	Pd/δ-alumina Pd/α-alumina		Reduced 1 to 2 hours at 150°C (H2, atmospheric pressure)	REDuced

  3.1 and 2.4.1) clearly demonstrates that oxidation is limited and in any cases, does not concern the whole population of Pd nanoparticles. Fundamentally, we should however not completely rule out the process itself: on the one hand we evidenced PdOx structures, which is consistent with other TEM studies already cited (ETEM experiments over 325°C under 0.2 Torr of O2 [Rodriguez

Table 3 .

 3 1: summary of STEM in situ size measurements for Pd NPs on both δ and α-alumina supports during ETEM high temperature treatments.

Table 3 . 2 :

 32 Safety conditions for STEM time-lapse experiments without significant electron beam damage. The calculations adapt the total dose received per nm² during a real observation of 145 minutes with image acquisitions every 3 minutes (see sub-section 3.3.2) to the amount received per nm² during the (c-d) irradiation test in Figure3.11.

Tables 3.2:

  Calculations of T&R slopes. The first Table reports atomic densities and values for slopes APdO and APd expressed as in relation /3.2/ with the exponent equal to 1.8. The following Tables correspond to the slopes of lines plotted in Figures 3.17and 3.18.

	PdO	0.04	0.04	983.9 42.2	41.97
	Pd	0.07	0		66.86

Table 2 .

 2 3. It initial microstructure is depicted in Figure 3.19.

-Al 2 O 3 Size measurements Temp (°C)

  

	numerous pores in  platelets. Concerning the growth of particles, it is mostly probable that
	Pd/-Al 2 O 3 Temp (°C)	Post mortem STEM Size measurements In situ STEM	Pd/In	situ STEM
	20	2.57 ± 0.37 nm	2.66 ± 0.32 nm	20	2.2 ± 0.3 nm
	150	3.00 ± 0.34 nm	3.10 ± 0.30 nm	150	2.3 ± 0.2 nm
	450	3.41 ± 0.25 nm	3.38 ± 0.22 nm	450	3.5 ± 0.3 nm

procedure Software-based acquisition Semi-automatic acquisition

  

		Conventional digital camera	Optimized CMOS or DE camera	Conventional digital camera	Optimized CMOS or DE camera
	Acquisition time for one 2Kx2K image (s)	0.2	0.01	0.2	0.01
	Angular increment between images (°)		2		
	Time for tilting between two successive angles		0.1		
	(s)				
	Total number of images		71		
	Relaxation time needed after tilting (s)	45		1	
	Total acquisition time	52 min 51 sec 52 min 38 sec 1 min 31 sec 1 min 18 sec

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI123/these.pdf © [S. Koneti],[2017], INSA Lyon, tous droits réservés

Considering the fcc lattice of metallic Pd (space group Fm-3m with a = 0.389 nm), we have 4 Pd atoms in the cell volume of 0.059 nm 3 , which means an atomic density of Pd into the Pd structure (Pd|Pd) Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI123/these.pdf © [S. Koneti], [2017], INSA Lyon, tous droits réservés
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low owing to a flux of 34 e -/Å 2 /s representing a total dose of 180 e -/Å 2 during the 5.3 seconds of acquisition. After the analysis of all recorded projections and the removal of those with too much significant blur due to the uncompensated residual lateral drift of the goniometer during the rotation sequence, a sub set of selected 71 projections were aligned and used for the reconstruction. They were further cropped to a 1K*1K frame centred on the aggregate as shown in Figure 5.18a). Figure 5.18b) shows the 3D model that we made from this object after data segmentation with 3D-Slicer. In this particular case, we used different algorithms for the 3D reconstructions: Figure 5.18c) shows a (x, y) cross section extracted from the reconstructed volume obtained with the ART algorithm after 15 iterations, whereas Figure 5.18d) illustrates the use of new home-made 'SIRT-FISTA-TV' algorithm developed in the frame of the 3DCLEAN ANR project 2 . This software was developed using the MATLAB-GPU toolbox; it is based on the classical SIRT approach and integrates a Total Variation (TV) regularization method [START_REF] Sheldon | Image reconstruction in circular cone-beam computed tomography by constrained, total-variation minimization[END_REF]] to deal with missing data and a Fast-Iterative Shrinkage-Thresholding Algorithm (FISTA, [Beck (2009)]) that is an acceleration step to speed up the convergence of the algorithm.

This last example is really demonstrating the power of the CRRET approach when combining a fast rotation and recording of video frames at a high frequency.

Discussion and perspectives

The Continuous Rotation and Recording Electron Tomography (CRRET) approach can be one of the future direction to be developed in order to follow the morphological evolution of nanomaterials under dynamic solicitations in a TEM or an Environmental TEM.

For now, CRRET is restricted to the bright field mode with the drawback of being sensitive to the diffraction contrast, a severe handicap for crystalline materials. Nevertheless, examples presented in this work on such materials (Pd/alumina -see , show that some valuable information can be extracted, which represents a great advantage when conventional and 'slow' approaches are incompatible with the dynamic of the processes of interest. CRRET can also represent an important step forward in the study of beam sensitive materials as was presented on biological and polymer-based materials (Figures 4.7 and 4.8 2 www.agence-nationale-recherche.fr/en/anr-funded-project/?tx_lwmsuivibilan_pi2%5BCODE%5D=ANR-15-CE09-0009. The reconstruction program is mainly developed by H. Banjak, V. Maxim and T. Grenier from the CREATIS lab, University of Lyon.  Florea, I., Feral-Martin, C., Majimel, J., Ihiawakrim, D., Hirlimann, C., & Ersen, O. (2013).
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