1D -one dimensional 2D -two dimensional 3D -three dimensional AFM -atomic force microscope AIP -aluminum isopropoxide CVD -chemical vapor deposition DCCA -drying control chemical additives DEG -diethylene glycol EG -ethylene glycol LIBs -lithium ions batteries LTO -lithium titanate (Li 5 Ti 5 O 12 ) MEEAA -2-[2-(2-methoxyethoxy)ethoxy]acetic acid MTES -methyltriethoxysilane NCs -nanocrystals NPs -nanoparticles OA -oriented attachment OAc -Acetate group PEG -polypropylene glycol PLD -pulsed laser deposition PVD -physical vapor deposition QDs -quantum dots RE -rare earth rt -room temperature STM -scanning tunneling microscope TEG -triethylene glycol TEOS -tetraethyl orthosilicate TMOS -tetramethyl orthosilicate TOPO -trioctylphosphine oxide SCD -supercritical drying SCF -supercritical fluid STP -standard conditions for temperature and pressure YAG -yttrium aluminium garnet (Y 3 Al 5 O 12 )

Chapter III. Synthesis of YAG:Ce and GdF 3 nanoparticle-based aerogels

This chapter describes the synthesis of NP-based YAG:Ce aerogels from aqueous colloidal solution already covered in the Chapter 2. Additionally, the same conditions were used for preparation of GdF aerogels proving the versatility of the method. Moreover, hybrid aerogels of combined YAG:Ce and GdF 3 were also obtained.

General Introduction

Nanotechnology has become a key domain of technology in XXI century. The great development of the synthetic approaches toward nanoparticles (NPs) with desired composition, size and shape has exposed the potential of their use as building blocks for larger scale structures. It allows fabrication of functional materials and devices directly from colloids by bottom-up approach, thus involving the possibility of material design over several length scales. The process is referred to NPs assembly or selfassembly and leads to structures with varying architectures as for instance 1D rods, 2D films or 3D superlattices or gels. However, most of the 3D assemblies are limited to the micrometric scale and are difficult to control. Practically the only route enabling preparation of the macroscopic 3D structures from NPs is their gelation and fabrication of xero-or aerogels. As an alternative, NPs can be embedded in a matrix creating bulk composite material, with homogenously distributed non-aggregated NPs. Nevertheless, several drawback can be associated with macroscopic materials derived from colloids, such as low mechanical strength or poor optical properties. In all cases, the key parameter controlling the assembly process and the final macrostructure is the size, shape and surface state of the building blocks. Therefore, the synthesis of small and homogeneous NPs appears as crucial step before the assembly in more sophisticated structures.

During this works, I intended to use nanobuilding blocks in different types of configurations with the idea to rationalize the processing towards 2D or 3D macrostructures. The objectives w ere the development of novel NP-based functional materials for applications in optics, sensing and energy storage. The strategy was developed first on model metal oxides and extended to fluorides. The choice of the chemical composition of the model oxides was directed by some important applications in energy or environment.

The research project was mostly focused on two metal oxide compounds Y 3 Al 5 O 12 :Ce (YAG:Ce) and Li 4 Ti 5 O 12 (LTO) on synthesis in nanoparticulate form, assembly strategies and structure/properties relationships. The former one is an important material for optics and scintillators, while the latter is promising compound for anodes for Li-ion batteries. The main motivation for LTO was the development of porous NP-based structures allowing efficient interaction with electrolyte in Li-ion batteries thus enhancing the performance of batteries. Regarding YAG:Ce the main goal was to fabricate 3D highly porous and monolithic materials which could be used as novel efficient sensors for the detection of low energy ionizing radiation in liquids and gases. In addition, the fabrication of YAG:Ce crystalline 2D films is of great importance, due to wi de application in white light emitting diodes.

The materials development strategy began with the synthesis of NPs of few nm with desired size, shape and crystallinity. Thus, the synthetic approaches had to be optimized in order to obtain high quality colloidal building blocks. In the next step, prepared YAG:Ce colloids were used for the fabrication of photoluminescent thin films with controllable thickness by spin-coating method. Preparation of highly porous 3D macroscopic structure was performed by two distinct strategies. The first one involved the destabilization of YAG:Ce NPs yielding colloidal gels which could be supercritically dried into NP-based aerogels. The second approach exploited well-known silica aerogels as supports for NPs leading to aerogel composites. Both of them represent novel concepts of porous YAG:Ce structure. The fabrication of both 3D structures was further expanded toward other NPs showing the versatility of the developed methods and extended application potential.

The developed materials demonstrated great application potential in energy storage, optics and sensing. The nanostructured LTO was investigated in terms of its electrochemical performance as an anode for Li-ion batteries. The measurements were performed in AGH in Cracow. The fabricated highly porous aerogels containing YAG:Ce were potentially suited for a novel type of scintillating sensors detecting low energy beta particles. Therefore, optical and scintillating properties of these materials were extensively investigated. This part of work was conducted in collaboration with Institute Lumiere Matiere (ILM) at University Claude Bernard Lyon 1 and Laboratoire National Henri Becquerel (LNHB) at CEA de Saclay.

This manuscript was divided into 5 chapters dedicated to; i) state of the art concerning: i) synthesis of colloids with emphasis on solution-based methods; ii) fabrication of NP-based materials exhibiting designed architectures; special accent was put on aerogels. ii)

syntheses of nanocrystals (NCs) of YAG:Ce and LTO NPs. Both of them served for preparation of functional 2D materials for optics (YAG:Ce) and Li-ion batteries (LTO). iii) fabrication of single component crystalline YAG:Ce aerogels by NCs self-assembly. The same approach was additionally extended to GdF 3 NPs proving versatility of this approach. iv) synthesis of silica aerogel with YAG:Ce NCs incorporated as the guest phase. v) novel type of sensors for ionizing radiation detection in gase s and liquids developed from NP-based materials of YAG:Ce This PhD research project was conducted in co-tutelle between Ecole Normale Superieure de Lyon and University of Science and Technology AGH in Cracow. The synthesis of materials was performed at ENS de Lyon and part of characterization at AGH in Cracow.

Chapter I

Chapter I. Nanomaterials: state of the art

Reducing the size of devices has been an important challenge for several decades, in particular in the fields of electronic, optics, catalysis, energy-related and medicine. The emerged discipline of research and development on materials and devices in the submicrometer scale domain directed important technological breakthroughs and broadly impacted the market in domains such as mobile phones, computers, screens, solar cells or medical imaging.

This research domain, commonly called nanoscience, has opened unlimited technological possibilities for the XXI century. Nanoscience and nanotechnology integrate multidisciplinary concepts of chemistry, physics, materials science, biology and engineering giving access to completely new ideas and opportunities (Figure 1).

Figure 1 Multidisciplinarity of nanoscience and nanotechnology

The essential features of nanoscale materials are their unique physical and chemical properties not accessible for corresponding bulk structures. In addition, many nanomaterials properties become sizedependant. Therefore, the ability to develop tools that enable the control over chemical composition but also the size and shape of nanoscale phases provides exceptional potential for tailoring and engineering the different features of nanomaterials.

"There's plenty of room at the bottom"

"There's plenty of room at the bottom", a famous sentence quoted by Richard Feynmann (Nobel prize in Physics, 1965) at the American Physical Society meeting in 1959 expressed the idea of storing information in atomic dimensions. 1 His presentation started the conceptual origins of nanotechnology.

Later on, the development of electronics led to intensive miniaturization of matter to increase the density of transistors on the integrating chips (meeting the famous Moor's law). 2 It laid the foundations on what we know now as nanotechnology. The term itself was used for the first time by Norio Taniguchi to describe precise processes leading to materials with nanometric-scale control. 3 The exploration of nanotechnology must have been correlated with observation tools and was particularly boosted by the development of scanning tunnelling microscope (STM). It allowed to look into materials at atomic level and later manipulate them. The inventors, Gerd Binning and Heinrich Rohrer, earned the Nobel Prize in 1986. Similarly important was the invention of atomic force microscope (AFM), by Gerd Binning, Calvin Quate and Christophe Gerber, capable to view and manipulate materials on atomic scale and measure intrinsic forces related to nanoscale.

What are nanomaterials?

The definition of nanomaterials has been the bone of contention between scientist and the business for a long time. Finally, some consensus has been reached and currently the term is used for materials having at least one characteristic length scale in the range of 1-100nm (Figure 2) and some property considerably different than the corresponding bulk material. 

Types of nanomaterials

Nanomaterials are divided according to their dimensionalities into: i) zero-dimensional (0D) nanoparticles NPs with all dimensions similar and smaller than 100nm; ii) one-dimensional (1D) nanowires having one length greater than 100nm and high aspect ratio; iii) two-dimensional (2D) thin films where only thickness is lower than 100nm. Another class of three-dimensional (3D) nanomaterials is not always distinguished by the researchers as the separate class. It is consisted of micro-or macroscopic porous or dense nanostructures composed of NPs or nanowires (Figure 3). 3D -na nos tructured ma teri a l s . Arrows s how the di mens i ons wi th l es s tha n 100nm.

Size really matters!

The excitement regarding nanoscience and nanotechnology arose from their spectacular properties not observed in bulk counterparts. The most often evoked example in the literature is gold. The bulk gold has a bright-yellow colour while NPs have intense orange, red, violet or blue colour depending on their size and shape (Figure 4). Likewise, the melting point of the bulk gold is 1064 o C whereas for 4nm NPs approaches 400 o C. 5 Bulk gold is also known as rather inert material (as befits noble metal), however, in nanoscale it willingly helps some reactions, becoming an efficient catalyst. 6 This shows the importance of the size of matter on its properties. In fact, there are two origins of sizedependent effects: i) scaling -increased fraction of atoms at the surface and ii) spatial confinementelectronic and magnetic properties directly affected by the small size.

Scaling effects

Splitting a bulk material into smaller pieces generates additional surfaces while keeping an overall volume constant. It means that smaller particles possess the greater fraction of atoms at the surface than larger particles as depicted in the Figure 5a. The atoms at the surface are significantly different from those in the bulk. Their coordination sphere is not saturated meaning less neighbouring atoms and the presence of dangling bonds. Therefore, the surface free energy is larger than that of the bulk volume, which results in higher reactivity and increased mobil ity of atoms or ions. Scaling particles size down, gradually rises the contribution of the surface to the total free energy of particles, changing some of physico-chemical properties as for instance: i) decrease of melting point; 5 ii) increase of chemical reactivity; 10 iii) improvement of catalytic properties; 10 v) appearance of the significant surface conductivity of metal oxide NPs (e.g. TiO 2 NPs in the Grӓtzel cell) [START_REF] Gratzel | The Advent of Mesoscopic Injection Solar Cells[END_REF] . The higher surface contribution often causes distortions in interatomic spacing and bond angles thus stabilizing phases that are normally metastable in bulk. Another consequence is the emergence of new energy levels from dangling bonds, which act as quenchers for luminescence.

Spatial confinement

Below a certain size, the properties of NPs are directly influenced by their dimensions. This critical size varies depending on the particles composition and the properties. For instance, the effect of spatial confinement on the magnetic properties occurs only if the dimensions of NPs are smaller than the size of the critical magnetic single domain. [START_REF] Dronskowski | The Little Maghemite Story: A Classic Functional Material[END_REF] In effect, NPs exhibit different magnetization or polarization characteristic from the bulk. [START_REF] Park | Size-Dependent Magnetic Properties of Single-Crystalline Multiferroic BiFeO3 Nanoparticles[END_REF] The interaction of matter with light is significantly diminished when the size of separated particles is much lower than the light wavelength. Thus, the light scattering is greatly reduced, and at some point for enough small sizes, colloids become transparent (Figure 5b).

In the case of optical properties of semiconductors (absorption or emission) confinement is related to the length scale given by the radius of Bohr exciton. [START_REF] Alivisatos | Semiconductor Clusters, Nanocrystals, and Quantum Dots[END_REF] Effectively, it increases the bandgap between valence and conduction bands of NPs of sizes comparable or lower to the radius of Bohr exciton. [START_REF] Rabouw | Excited-State Dynamics in Colloidal Semiconductor Nanocrystals[END_REF] This effect refers to quantum confinement which is responsible for size dependent colour and photoluminescence properties of semiconductors, called quantum dots [START_REF] Alivisatos | Semiconductor Clusters, Nanocrystals, and Quantum Dots[END_REF] (Figure 6), or plasmon resonance shift of gold NPs. 16 

Metal Oxide Nanoparticles

Metal oxides are among the most widely studied compounds. This highly unique and versatile group of materials exhibits properties covering most of the aspects of solid-state physic and material science.

The character of metal-oxygen bond varies from ionic (e.g. Cs 2 O) to covalent (Au 2 O 3 ) or even metallic (RuO 2 ). Therefore, among oxides we can find insulators, semiconductors, conductors and superconductors. Their compositions range from simple binary oxides to highly complex structures (e.g. Bi 2 Sr 2 Ca 1-x Y x Cu 2 O y ). [START_REF] Inoue | Modulated Structures in High-Tc Superconducting Oxides: Bi-Sr-Ca-Y-Cu-O and Tl-Ba-Ca-Cu-O[END_REF] The oldest and most widely applied method for the metal oxides synthesis is solid-state process based on direct reaction between powders at very high temperatures. It is driven by the diffusion of ionic or atomic species. The method leads to coarse, polycrystalline products without a control over the size and shape of particles, often with impurities due to the diffusion control character of reactions.

Nevertheless, the process is extremely important in heavy industries for production of refractory materials, construction materials (e.g. cement, concrete, bricks), ceramics etc.

The calcination temperatures needed in solid-state method can be significantly decreased by the preparation of suitable metal oxides precursors by soft chemistry. In this case, co-precipitation and sol-gel synthesis serve to obtain amorphous metal oxide, hydroxide or carbonate which annealed at certain temperature form crystalline metal oxide phase. The obtained products are characterized by improved homogeneity because of the uniform distribution of atoms in the precursor.

The nanosizing of metal oxides offers the opportunity of enhancing some of their properties or even impart novel features due to aforementioned spatial confinement and increased surface area. For instance, enhanced electrical conductivity (due to the space charge contribution from the surface and interfaces), [START_REF] Gratzel | The Advent of Mesoscopic Injection Solar Cells[END_REF][START_REF] Lappalainen | Electronic Conductivity and Dielec tric Properties of Nanocrystalline CeO2 Films[END_REF] improved catalytic properties (due to the high surface area and possibility of distinct mechanisms of catalysis), [START_REF] Roo | Colloidal Metal Oxide Nanocrystal Catalysis by Sustained Chemically Driven Ligand Displacement[END_REF] feasibility of in-vivo and in-vitro biomedical applications [START_REF] Shen | Iron Oxide Nanoparticle Based Contrast Agents for Magnetic Resonance Imaging[END_REF] to mention but a few.

However, the preparation of nanoscale metal oxides requires special efforts of the synthesis control.

The methods applied for bulk oxides do not provide enough constraints over the growth and aggregation of compounds. Therefore, novel strategies were developed in order to obtain desired phases in nanoscale. Some of the classical approaches were also specially adapted to fabricate nanoscale compounds.

Synthesis

In the last two decades, enormous progress in the synthesis of inorganic NPs has been achieved. Scientists have been developing tools to control the composition, crystallinity, size, shape and surface state of synthesized NPs. Another matter which strongly pushes the development of new synthetic routes are environmental issues. Many approaches proceed through toxic chemicals, large amount of wastes, complicated purification and high energetic cost. Hence, new pathways meeting the "12 principles of green chemistry" [START_REF] Anastas | Green Chemistry: Theory and Practice[END_REF] are pursued.

Generally, there are two approaches toward nanosized matter: top-down and bottom-up. Their names intuitively bring the idea that the former leads through disintegration of a bulk material to adequately small pieces, while the latter relies on building nanoscale materials from even smaller constituents, namely molecules and atoms. The first one is mostly realized by physical methods, such as high-energy ball milling and electron beam lithography, [START_REF] Mohammad | Fundamentals of Electron Beam Exposure and Development[END_REF] or by chemical etching. [START_REF] Nanotechnology; Schmidt | [END_REF] Therefore, its applicability is strongly limited to a few specific areas, however, with a great importance as production of integrated circuits. Contrary, the bottom-up approach is much softer and more versatile. It can be performed by a great number of different methods that allow obtaining nanoscale materials with desired size, shape and composition, what is hardly possible for top-down approach.

In general, the following synthetic methods are distinguished in the frame of bottom-up approach: gas phase condensation, molten salts, biomimetic and solution based (often called wet or soft chemistry). Laser ablation is somewhat in between top-down and bottom-up approach. In the next paragraphs, selected synthetic methods are discussed with particular emphasis on wet-chemistry.

Laser ablation synthesis

The method of NPs synthesis in liquids by a strong flux of photons has gained much attention in the last decade. [START_REF] Zhang | Laser Synthesis and Processing of Colloids: Fundamentals and Applications[END_REF] Laser ablation focuses laser on a target immersed in a liquid causing ejection of solid fragments, atoms and/or ions. Therefore, it connects both top-down and bottom-up approaches toward NPs synthesis. Surface of prepared particles is usually strongly defected what gives strong electrostatic stabilization in liquids without necessity of using capping agents. [START_REF] Zhang | Laser Synthesis and Processing of Colloids: Fundamentals and Applications[END_REF] Additionally, it enhances the surface activity of NPs what is important for instance for catalysts. [START_REF] Barcikowski | Advanced Nanoparticle Generation and Excitation by Lasers in Liquids[END_REF] The target adopts different forms, for instance bulk piece or pressed powder, making the method very versatile.

The advantages of the method are: i) meeting 12 principles of "green chemistry"; [START_REF] Anastas | Green Chemistry: Principles and Practice[END_REF] ii) lower cost of bulk materials compared to molecular precursors; [START_REF] Barcikowski | Advanced Nanoparticle Generation and Excitation by Lasers in Liquids[END_REF] iii) non-toxic chemical precursors or by-products which could graft on the particles surface; iv) NPs coated with organic molecules can be obtained in one step; 28 v) very rapid synthesis. On the other hand, several drawbacks can be pointed out: i) high cost of the set up; ii) lower productivity compared to other techniques; iii) poor control over NPs polydispersity, size and shape.

The initial step of the process is absorption of laser photons by the target (Figure 7). It creates plasma plume containing ejected material (composed of highly ionized or atomic species) on the target surface.

Figure 7 Laser ablation | Schema ti c pi ctures of di fferent pha s es of l a s er a bl a ti on proces s . Ada pted from ref. 29 The material ablation is considered to occur by three possible mechanisms: vaporization, normal boiling and "explosive boiling" (depending on the laser parameters). The plasma plume expands, transferring energy into the surrounding liquid and producing a vapour layer. Further, vapour layer generates cavitation bubble which also expands and collapses. Both processes of collapse are accompanied by shockwaves. The main question remaining in the laser ablation process is at which step NPs are formed and grown. [START_REF] Zhang | Laser Synthesis and Processing of Colloids: Fundamentals and Applications[END_REF] High complexity of simultaneously occurring physical and chemical processes, make the answer difficult and equivocal. Still there is no clear answer where and when the nucleation step takes place. In some cases homogenous nucleation might not occur consi dering ejected molecular clusters and solid fragments which can act as preferential sites of product growth and coalescence. For deeper analysis, reader is referred to the very recent comprehensive review of Zhang et al. [START_REF] Zhang | Laser Synthesis and Processing of Colloids: Fundamentals and Applications[END_REF] and in the books dedicated to this method. [START_REF]Laser Ablation and Its Applications[END_REF][START_REF] Stafe | Pulsed Laser Ablation of Solids. Basics, Theory and Applications[END_REF] Many binary and ternary metal oxides NPs were prepared by this method. [START_REF] Zhang | Laser Synthesis and Processing of Colloids: Fundamentals and Applications[END_REF][START_REF] Amendola | What Controls the Composition and the Structure of Nano -Materials Generated by Laser Ablation in Liquid Solution?[END_REF] For instance, Amans et al. prepared (2-methoxyethoxy)ethoxy]acetic acid (MEEAA) as a capping ligand. [START_REF] Amans | Synthesis of Oxide Nanoparticles by Pulsed Laser Ablation in Liquids Containing a Complexing Molecule: Impact on Size Distributions and Prepared Phases[END_REF] Iron oxide NPs with average size of 5nm were prepared by laser ablation of bulk iron in water. [START_REF] Svetlichnyi | Structure and Properties of Nanocrystalline Iron Oxide Powder Prepared by the Method of Pulsed Laser Ablation[END_REF] Navas et al. synthesized ZnO NPs with different shape by ablation of polished metal Zn or pressed ZnO powder in water.

Addition of ammonia or CTAB as well as a change of temperature resulted in various anisotropic structures. 33

Gas Phase condensation methods.

Synthesis of NPs by condensation of gaseous reactants is in the most cases realized by aerosol processes. [START_REF] Jayadevan | Oxide Nanoparticles[END_REF] The process starts by formation of gaseous molecules or liquid droplets in aerosol reactors by different chemical or physical methods. The precursors are transported by a gas flow to a reaction chamber with a source of energy (e.g. flame, plasma, laser or hot walls). The nucleation of the product is driven by chemical reaction or physical cooling. The obtained primary particles grow by competitive phenomena such as surface reactions, coagulation and sintering, coalescence. Depending on the process conditions and characteristic time of particles growth and agglomeration, synthesized product can have different morphologies (e.g. nanoparticles, micron-sized particles, hollow spheres). The crucial parameters in this process are temperature, time, flow of the gases and quantity of the particles produced per volume. The method is suitable in laboratory conditions as well as in industry. The greatest advantages are: i) lack of liquid by-products; ii) easier extraction of NPs from the gas than liquid phase; iii) few steps of the process; iv) ability to form products with high purity; v) possibility to form metastable phases, in spite of using high temperatures (monoclinic BaCO 3 [START_REF] Strobel | Unprecedented Formation of Metastable Monoclinic BaCO3 Nanoparticles[END_REF] or ε-WO 3 36 ); vi) continuous process. The main drawbacks are: i) formation of aggregates and agglomerates; ii) very often high cost of precursors; iii) difficult control over the size, shape and polydispersity of NPs.

Flame technology is the most extensively used method among all aerosol process. It is responsible for production of 90% of fine particles in the gas phase [START_REF] Strobel | Flame Aerosol Synthesis of Smart Nanostructured Materials[END_REF] . Compared to other gas-phase methods, is cheaper and easier to scale up due to the lack of additional energy sources like lasers or plasma. The particles formation is driven by energy generated chemically in the form of the flame. Then, this energy is rapidly dissipated by convection and radiation processes what is essential for preparation of nanostructures. Among flame technology several specific techniques varying by the state of dozed precursors can be distinguished (Figure 8): Nucleation take place directly from the gaseous phase. Then, the small particles grow by surface reactions and/or coagulation and subsequent coalescence. The technique is applied industrially for production of e.g. fume silica and titania (Aeroxide® P25 TiO 2 ). The great limitation of this process is availability of volatile precursors of desired phase in reasonable prices. 2) Liquid fed aerosol flame synthesis (LAFS) -instead of volatile precursors, liquid precursors (solution, emulsion or even slurry) are directly applied by spraying over the flame by special nozzles. Precursors, can be evaporated into gas phase and follow the scheme of the VAFS or the evaporation may be not completed what lead to micron-sized particles with shell or hollow morphology. Typically, external heat source is applied in order to facilitate precursors evaporation. It varies for different solvent compositions: a) Flame spray pyrolysis (FSP) -small ignition of precursors leads to sustain spray combustion. It can be realized with highly combustible, organic solutions (high enthalpy) b) Flame-assisted spray pyrolysis (FASP) -Variation of previous method for low-enthalpy liquids (usually aqueous solutions of inorganic precursors) where as a heat source, external flame is used.

Prepared particles are separated by cyclones, electrostatic precipitators or filters. They can be also directly deposited on different types of substrates resulting in films. [START_REF] Thybo | Flame Spray Deposition of Porous Catalysts on Surfaces and in Microsystems[END_REF] Aerosol flame synthesis is a powerful method for production of metal oxide NPs. Practically, oxides of every metal could be produced by this method. [START_REF] Strobel | Flame Aerosol Synthesis of Smart Nanostructured Materials[END_REF] Very good atomic mixing facilitates preparation of many mixed compositions with broad range of stoichiometric ratios such as: solid solutions of CeO 2 -ZrO 2 for automotive catalysts [START_REF] Stark | Flame Synthesis of Nanocrystalline Ceria-Zirconia: Effect of Carrier Liquid[END_REF] or CeO 2 -GdO 2 for solid oxide fuel cells 40 . The method is also used for synthesis of oxide supported metal nanocatalysts with superior catalytic activity compared to catalysts prepared by conventional impregnation methods. [START_REF] Li | Flame Aerosol Synthesis of Nanostructured Materials and Functional Devices: Processing, Modeling and Diagnostics[END_REF] For instance, well dispersed Pd clusters on TiO 2 NPs support [START_REF] Niu | Catalyti c Behavior of Flame-Made Pd/TiO2 Nanoparticles in Methane Oxidation at Low Temperatures[END_REF] or Rh clusters on Al 2 O 3 NPs 43 were prepared. Additionally, doped photocatalysts such as Ag-ZnO [START_REF] Height | Ag-ZnO Catalysts for UV-Photodegradation of Methylene Blue[END_REF] and nanophosphors (e.g. Y 2 O 3 :Eu 3+ ) [START_REF] Qin | Flame Synthesis of Y2O3:Eu Nanophosphors Using Ethanol as Precursor Solvents[END_REF] could be obtained. Much more examples can be found in the literature. They are summarized in several reviews [START_REF] Li | Flame Aerosol Synthesis of Nanostructured Materials and Functional Devices: Processing, Modeling and Diagnostics[END_REF][START_REF] Li | Flame Aerosol Synthesis of Nanostructured Materials and Functional Devices: Processing, Modeling, and Diagnostics[END_REF][START_REF] Wang | Formation of Nascent Soot and Other Condensed-Phase Materials in Flames[END_REF][START_REF] Camenzind | Flame-Made Nanoparticles for Nanocomposites[END_REF][START_REF] Koirala | Synthesis of Catalytic Materials in Flames: Opportunities and Challenges[END_REF] and books. [START_REF] Trommer | Flame Spray Technology. Method for Production of Nanopowders[END_REF][START_REF]Handbook of Atomization and Sprays[END_REF] 

Solution based synthesis of metal oxide nanoparticles

Synthesis of NPs by so-called wet-chemistry is far more diverse than the other methods. It offers the enormous variety of preparation procedures, which assures exceptional flexibility. Nanomaterials are built by direct assembly of atoms or by cleavage of molecules' bonds with subsequent creation of new ones, similarly to organic chemistry. NPs can be synthesized by chimie douce or in harsher conditions like in boiling solvents. The required equipment varies from a simple beaker to highly complex and expensive systems, as for instance, autoclaves coupled with microwave heating and ultrasound stirring.

Undoubtedly, solution-based synthesis ensures the best tools for the NPs synthesis with desired properties. It often enables for atomic scale control over NPs size, thus the great majority of NPs are produced by wet chemistry.

Many of the developed syntheses are ambiguous to classify because they take the advantages of several synthetic variations. Therefore, rough general classification of solution-based methods is made by grouping them according to three categories: i) type of chemical reactions; ii) type of synthetic method; iii) type of solvent (Figure 9). 

Type of chemical reaction

This classification takes into account the mechanisms of occurring chemical reactions. However, it is important to note that some of them cannot be easily assigned and classify due to the complex character of some processes.

Coprecipitation

Coprecipitation is a classical method, representing basic fundaments of chemistry. Precursors dissolved in a liquid react together, resulting in a sparingly soluble product. Induced supersaturation state is followed by the series of simultaneously occurring reactions: nucleation, nuclei growth, agglomeration and coarsening. Coprecipitation might be promoted by numerous chemical reactions such as a simple exchange reaction, hydrolysis or reduction/oxidation. The simplest exchange is expressed by Equation 1.

𝑥𝐴 𝑦+ (𝑎𝑞 ) + 𝑦𝐵 𝑥- (𝑎𝑞) ⇌ 𝐴 𝑥 𝐵 𝑦 (𝑆) (Equation 1)

𝐾 𝑠𝑝 = (𝑎 𝐴 ) 𝑥 (𝑎 𝐵 ) 𝑦 (Equation 2)

The precipitation occurs for the materials with a very low solubility product constant K sp (Equation 2). This is mostly the case of carbonates, hydroxides and chalcogenides in aqueous solution. Depending on the reaction conditions, micro-or nanoparticulate, and poly-or monodispersed product is obtained

The process starts from a nucleation step driven by supersaturation (Figure 10a). At the certain degree of supersaturation, nuclei start appearing in the whole volume of solution. Depending on their sizes, they are immediately dissolved or start growing. The equilibrium critical radius r* of nuclei able to grow is the function of the degree of supersaturation, temperature and surface tension of liquid and solid. It corresponds to the size of the crystallite which energy debt from the surface contribution is equilibrated by the volume of thermodynamically more favourable phase (Figure 10b). The rate and the time period of nucleation determine the size of obtained crystallites. Burst nucleation (shown in the Figure 10a) strongly favours nanosized particles because of the extremely fast and short period of nucleation, so that most of precursor is consumed for creation of tiny nuclei. In most cases, precipitation reactions are diffusion limited, thus the particle growth rate is primarily determined by concentration gradient, supersaturation and temperature. Simultaneously with particles growth, Ostwald Ripening (often referred as coarsening) takes place. During this process, smaller particles are dissolved and precipitated on larger ones, because of their difference in solubility. At every stage of the coprecipitation, created NPs can aggregate and agglomerate due to thermodynamics that favour the minimization of the surface/volume ratio. This effect can be reduced or eliminated by steric or electrostatic stabilization of NPs. Reaction is strongly affected by the stirring speed, reactant addition rate, temperature and the type of solvent.

The metal oxide NPs are synthesized from aqueous solutions by two routes: i) direct precipitation of oxide phase; ii) synthesis of precursors (hydroxides, carbonates etc.) which turn into oxides in post annealing process. Additional calcination unavoidably leads to agglomeration, aggregation and particles growth, thus well dispersible monodispersed NPs are hardly possible to get. Products obtained at room temperature are usually amorphous. However, there are examples where directly crystalline oxides were obtained. For instance, 50nm aggregates of 4nm rutile (TiO 2 ) NPs were synthesized by precipitating aqueous solution of TiCl 3 with NH 4 OH (aq) at room temperature and presence of poly(methyl methacrylate) as stabilizing agent. [START_REF] Borse | Synthesis and Investigations of Rutile Phase Nanoparticles of TiO2[END_REF] Matijevic et al. synthesized very uniform, monodispersed and spherical (hydroxy)oxides of many metals 55 by slow decomposition of urea at elevated temperatures in the presence of metal salts. [START_REF] Matijevic | Preparation and Properties of Monodispersed of Lanthanide Compounds Colloidal Particles of Lanthanide Compounds[END_REF] Subsequent thermal treatment led to pure oxides. [START_REF] Sordelet | Preparation of Spherical, Monosized Y2O3 Precursor Particles[END_REF] More complex compounds are also accessible by coprecipitation, for instance In-Ga-Zn oxide NPs synthesized from an aqueous solution of nitric salts, ethylene glycol and urea and post calcined at 700 o C. [START_REF] Fukuda | In -Ga-Zn Oxide Nanoparticles Acting as an Oxide Semiconductor Material Synthesized via a Coprecipitation -Based Method[END_REF] Nonaqueous solutions are often used, when the two elements of the final product have a large difference of precipitating pH like in the case of LiCoO 2 , where LiOH is difficult to precipitate from aqueous solution. However, LiOH and Co(OH) 2 could be precipitated from the solution of their nitric salts in ethanol by dropping it into KOH solution. Further calcination at 400-700 o C produced LiCoO 2 phase with particles size between 12-41nm. [START_REF] Chen | Synthesis and High Rate Properties of Nanoparticled Lithium Cobalt Oxides as the Cathode Material for Lithium-Ion Battery[END_REF] Co-precipitation is a simple and versatile method with great flexibility in terms of reaction conditions. [START_REF] Cushing | Recent Advances in the Liquid-Phase Syntheses of Inorganic Nanoparticles[END_REF] The vast number of metal oxide NPs has been synthesized, however with rather poor control over crystallinity, aggregation and the size of NPs. Therefore, the method is widely used when polydispersity and aggregation is not an obstacle for an application. Nevertheless, the control over NPs properties can be achieved following more sophisticated synthetic routes such as hot-injection, described latter in the text.

Sol-gel

Sol-gel process is a mature synthetic route developed in the past century. [START_REF] Stober | Controlled Growth of Monodisperse Silica Spheres in the Micron Size Range[END_REF][START_REF] Roy | An Experimental Study of the Formation and Properties of Synthetic Serpentines and Related Layer Silicate Minerals[END_REF][START_REF] Iler | The Chemistry of Silica: Solubility, Polymerization, Colloid and Surface Properties and Biochemistry of Silica[END_REF] It proved to be very successful for preparation of bulk metal oxides. Generally, the procedure involves the following steps: i) dissolution of metal precursors in adapted solvent, yielding a homogenous and transparent solution; ii) conversion of the solution into a sol (the dispersion of colloidal particles) by addition of water or the adjustment of pH; iii) transition of the sol into a gel as the consequence of reactions already started or by addition of gelation agent (usually affecting pH); iv) aging; v) drying; vi) thermal treatment. The classical hydrolytic sol-gel synthesis is very useful for preparation of films in which particles aggregation and calcination is not an issue, however, it is troublesome for formation of NPs with controlled morphology. Contrary, non-hydrolytic sol-gel process gives the possibilities of controlling the size, shape and aggregation of NPs.

 Hydrolytic process is the classical procedure involving water as an initiator of hydrolysis reaction (Equation 3) which is followed by condensation (Equations 4,5).

𝑀(𝑂𝑅) 𝑥 + 𝐻 2 𝑂 → 𝑀(𝑂𝑅) (𝑥-1) 𝑂𝐻 + 𝐻𝑂𝑅 (Equation 3) 𝑀(𝑂𝑅) (𝑥-1) 𝑂𝐻 + 𝑀(𝑂𝑅) (𝑥-1) 𝑂𝐻 → (𝑅𝑂) (𝑥-1) 𝑀 -𝑂 -𝑀(𝑂𝑅) (𝑥-1) + 𝐻 2 𝑂 (Equation 4)

𝑀(𝑂𝑅) (𝑥-1) 𝑂𝐻 + 𝑀(𝑂𝑅) 𝑥 → (𝑅𝑂) (𝑥-1) 𝑀 -𝑂 -𝑀(𝑂𝑅) (𝑥-1) + 𝑅𝑂𝐻 (Equation 5)

The starting compounds are usually salts or metalorganic precursors such as alkoxides. It is carried out directly in an aqueous solution or in an organic solvent like alcohol with a controlled amount of added water.

Dissolved metal salts are processed by adjusting the amount of water, pH, temperature and concentration. Most of the transition metals are readily hydrolyse d and polymerized therefore special strategies are necessary to control their reactivity. They involve: i) addition of small molecules (chelating agents) such as citric acid; 64 ii) gelation with propylene oxide; [START_REF] Gash | Use of Epoxides in the Sol-Gel Synthesis of Porous Iron(III) Oxide Monoliths from Fe(III) Salts[END_REF] iii) slowly induced pH change by decomposition of urea. [START_REF] Giordano | Synthesis of Mo and W Carbide and Nitride Nanoparticles via a Simple "Urea Glass[END_REF] For instance, 5nm CeO 2 NPs aggregated into 50nm structures were synthesized by addition of propylene oxide into aqueous solution of CeCl 3 . [START_REF] Wang | Synthesis of CeO2 Nanocrystals with Controlled Size and Shape and Their Influence on Electrochemical Performance[END_REF] Higher control over synthesis is usually obtained using metalorganic precursors (such as metal alkoxides or acetates) dissolved in organic solvents. The rates of reactions depends on several parameters such as electronegativity and coordination number of the metal atom, bulkiness of organic ligands and their strength of interaction with metal ions, the amount and the rate of water addition, solvent polarity and acidity. The main problem is high cost of metalorganic precursors, which are also very often difficult to handle due to extreme sensitivity to humidity.

 Non-hydrolytic sol-gel synthesis involves the reaction of precursors (such as metal alkoxides, acetates, acetyloacetonates) in organic solvents without presence of water. Oxygen provided by water in aqueous processes, here is supplied by the solvent or organic groups from the precursors. It is important to note here, that complex reactions pathways may lead to generation of water molecules in situ making the synthesis not water-free. So that, it is often difficult to distinguish whether the process is hydrolytic or not. [START_REF] Deshmukh | Mechanistic Aspects in the Formation, Growth and Surface Functionalization of Metal Oxide Nanoparticles in Organic Solvents[END_REF] Non-aqueous sol-gel process offers more diversity in terms of precursors and solvents. Moreover, the rate of reactions is easier to control, ensuring improved regulation over the synthesis. Therefore, it is more profitable in terms of NPs synthesis compared to aqueous route. However, it requires much higher control over the purity of solvents (water free) and often special set-ups, such as glovebox, making the process more difficult to apply on an industrial scale.

Thermal decomposition

The process is based on chemical decomposition induced by temperature. The reaction has been of great industrial importance for centuries for production of ceramic materials as for instance cement through thermal decomposition of CaCO 3 . Thermolysis is not a sophisticated process and classically is performed in solid state. However, the method was successfully transferred into the solution with the possibility of controlled decomposition. The reaction occurs if the thermal energy is sufficient to break a chemical bond. Therefore, organometallic or metalorganic precursors are particularly interesting, because they require relatively low temperatures to decompose, thus enabling carrying out the reaction in a solvent phase. This assures better homogeneity and control over nucleation and particles growth.

The method demonstrated to be very useful for the synthesis of magnetic NPs like iron oxide. In this case, metalorganic precursors of iron are heated and decomposed in a solution containing capping molecules. For instance, heating up the solution of iron oleate in trioctylamine in the presence of oleic acid at 350 o C led to very uniform and spherical NPs of 20nm (Figure 11). [START_REF] Unni | Thermal Decomposition Synthesis of Iron Oxide Nanoparticles with Diminished Magnetic Dead Layer by Controlled Addition of Oxygen[END_REF] The same synthetic approach was also successfully applied for MnO, ZnO and CoO. 80 

Type of synthetic method

The aforementioned chemical reactions can be carried out at different temperatures using different types of heating, reactors and mixing techniques. Variation of these parameters influences the properties of final product. The most convenient for laboratory as well as industrial scale is simple synthesis at room temperature. However, rather few metal oxides can be obtained directly at such soft conditions. As an example, TiO 2 NPs synthesized by co-precipitation method maybe evoked. [START_REF] Borse | Synthesis and Investigations of Rutile Phase Nanoparticles of TiO2[END_REF] Consequently, processes involving higher temperatures are commonly used.

Heating-up

This very classical approach is realized by preparation of reaction mixture usually at room temperature and subsequent heating which triggers chemical reactions and nucleation process. Continued heating assures the NPs growth. It is performed in an open vessel or under reflux depending on the reaction temperatures and the boiling points of solvents and reactants. Synthesis is controlled by the temperature, heating rate, stirring and reaction time. Additionally, lack of reflux can lead to gradual removal of volatile products from the mixture, affecting the equilibrium of the reaction. Synthesis can be driven by coprecipitation, sol-gel or thermal decomposition.

For instance, monodispersed doped ZnO nanocrystal of sizes between 11 and 27nm (depending on the type of doping: Al, Ga or In) were obtained by reaction of Zn stearate, oleic acid and 1-dodecanol in 1octadecene at 200-250 o C under nitrogen atmosphere. The reaction represented non-aqueous sol-gel process. 81

Hot-Injection

The method was primarily developed by Murray for synthesis of highly monodispersed quantum dots (QDs). 82 Generally, it relies on the injection of precursors solution into a hot solvent containing capping molecules. The rapid injection leads to high supersaturation, which induces burst nucleation quickly arrested by abrupt drop of precursor concentration (Figure 12). Nuclei growth is supported by prolonged heating. The separation of nucleation and particles growth step is essential for synthesis of highly monodispersed NPs. The method was quickly adapted for synthesis of metal oxides NPs. TiO 2 with the tailored size of 5 to 10nm was obtained by addition of titanium alkoxide into the solution of TiCl 4 and trioctylphosphine oxide (TOPO) in heptadecene at 300 o C (non-hydrolytic sol-gel through alkyl halide elimination). [START_REF] Trentler | Synthesis of TiO 2 Nanocrystals by Nonhydrolytic Solution-Based Reactions[END_REF] Recently, In 2 O 3 nanocrystals (NCs) with sub-nanometre control over their sizes were synthesized by drop-wise addition of indium oleate solution into oleyl alcohol pre-heated to 290 o C (thermal decomposition mechanism). [START_REF] Jansons | Continuous Growth of Metal Oxide Nanocrystals: Enhanced Control of Nanocrystal Size and Radial Dopant Distribution[END_REF] Tetrapod ZnO NCs with tuned size (10-25nm) were obtained by swift addition of zinc stearate and oleyamine solution in 1-octadecene into 1-octadecanol at 250 o C. 86 The variable conditions of the synthesis are: i) temperature, ii) rate of injection, iii) temperature of injected solution, iv) stirring rate, v) time of reaction. All previously mentioned reactions might be involved in hot-injection method, however for metal oxides the most common are non-hydrolytic solgel and thermal decomposition.

Solvothermal synthesis

Synthesis performed in a closed vessel at temperatures exceedeing the boiling point of a solvent is called solvothermal synthesis. Generally, it uses common and inexpensive solvents and reagents, hence is widely accessible. It does not require structure-directing agents, making the whole process greener. The size and shape of NPs is generally simply controlled by the reactants and the solvent, which often plays the role of capping agent. The great advantage, compared to other methods, is the high crystallinity of obtained NPs. Higher temperatures facilitate the crystallization of products, which prepared by other techniques often require further calcination. It is especially beneficial for the synthesis of ceramic-type metal oxides NPs, which normally require very high temperatures to crystallize. The prominent example is yttrium aluminium garnet, which will be discussed broader in the next chapters. On the side of disadvantages, the process often leads to broader size distribution, irregular shape and formation of aggregates. However, proper optimization of reaction conditions can overcome these matters.

Solvothermal reaction is governed by two types of parameters: chemical and thermodynamic. The former ones are basically the same as for the other methods and take into account the type and the concentration of chemical precursors and the type of solvent. The thermodynamic parameters involve temperature, pressure, time of reaction and heating rate. Temperature affects the kinetics of chemical reactions, solubility and stability of reactants and may be responsible for decomposition of the solvent. Autogenous pressure , generated during reaction, increases the boiling point of solvents and generally enhances the chemical reactivity and the kinetics of the reactions. Higher pressure stabilizes denser structures thus supporting nucleation step. In addition, the thermal stability of reactants is also greater under higher pressure.

The reactions are carried out in reactors called autoclaves. There are several types varying in volume, stirring mechanism, maximum temperature and pressure of synthesis. The simplest are Parr-type autoclaves which are consisted of inner liner made of Teflon in which the reaction is carried out. The liner is placed in a thick stainless steel shell which is tightly closed (Figure 13a). The heating is usually performed by placing them in laboratory drying ovens. Small autoclaves are relatively cheap and simple, however, they generally lack of stirring mechanism and precise control over temperature and pressure. Therefore, it is difficult to control the heating rate and the real temperature in the reaction mixture. Additionally, the Teflon made liners are limited to 200-250 o C. Another problem is the possibility of contamination if the liner is used for several different syntheses due to Teflon porosity. More sophisticated and definitely more expensive are larger autoclaves with mechanical stirring device (Figure 13b). They are often equipped with a manometer and a stainless steel sleeve for thermocouple to measure the temperature directly in the reaction medium. They are heated up by external heating mantle, which accompanied by precise temperature measurement of the reaction medium gives much better control over the heating rate. Additionally, much higher temperatures can be applied, sometimes exceeding 400 o C. Practically, all solvents can be used in the synthesis. The choice is based on the precursor solubility, thermal stability, boiling point, complexing properties etc. Very recently CeO 2 nanostructures with controlled shape and porosity were synthesized from deep-eutectic solvothermal method. In this case, Deep Eutectic Solvent (DES) was prepared from the mixture of choline chloride and urea (1:2 molar ratio). Cerium salts were mixed with pure DES or DES : water solution and heated up to 100-180 o C under autogenous pressure. The mechanism of the reaction involved slow decomposition of urea and strong interaction of Ce ions with urea. [START_REF] Hammond | Deep Eutectic-Solvothermal Synthesis of Nanostructured Ceria[END_REF] Another example is TiO 2 NPs prepared by reaction of titanium isopropoxide in alcohol : ionic liquid solution under solvothermal conditions. [START_REF] Lin | The Synthesis of Anatase TiO2 Nanoparticles by Solvothermal Method Using Ionic Liquid as Additive[END_REF] Special case of solvothermal approach is hydrothermal synthesis in which water is used as the solvent.

It is mostly (but not exclusively) dedicated to the preparation of hydroxides and oxides as for example ZrO 2 [START_REF] Behbahani | Hydrothermal Synthesis of Zirconia Nanoparticles from Commercial Zirconia[END_REF] or Fe 2 O 3 . [START_REF] Zhu | Hydrothermal Synthesis of Hematite Nanoparticles and Their Electrochemical Properties[END_REF] It offers significant advantages due to the process clean conditions not requiring organic solvents.

Microwave synthesis

The microwave-assisted synthesis was developed in the '80s by Komarneni and Roy. [START_REF] Komarneni | Titania Gel Spheres by a New Sol -Gel Process[END_REF] They obtained titania gel spheres from polymerized titanium ethoxide suspended in kerosene and heated in a microwave oven. Since that time, the method has emerged as well-established synthetic approach able to decrease the time of synthesis from hours to minutes. Moreover, it meets 12 principles of green chemistry due to energy efficiency and new synthetic pathways involving more environmentally friendly solvents and yielding products with lower demand for purification.

Microwave energy is too low to induce some chemical changes (such as chemical bonds cleavage). However, it aligns dipoles and moves ions in the electric field. Oscillation of this field constantly forces dipoles rotation and movement of ions, thus generating heat by molecular friction (Figure 14a,b).

Consequently, the efficiency of the heating depends on the solvent dielectric properties. Easily polarized molecules are very efficiently heated (water, glycols, lower alcohols, DMSO) while non-polar solvents like hexane are nearly transparent to microwaves. Microwave irradiation assures efficient heating without existence of thermal gradients which are often the reason of non-homogenous processes in conventionally heated reactors. It allows for rapid initiation of chemical reactions resulting in a strong supersaturation of solution and burst nucleation of the product which is beneficial for the synthesis of small and monodispersed NPs. Apart from conventional parameters (type of precursors and solvent, temperature, stirring etc.), the final product morphology is controlled by irradiation: time, power and type (pulsed or continuous).

Great amount of various binary and ternary metal oxides has been prepared by microwave-assisted approach. [START_REF] Zhu | Microwave-Assisted Preparation of Inorganic Nanostructures in Liquid Phase[END_REF] The simplest procedure involves the reaction of water-soluble metal salts in alkaline environment with presence of organic molecules controlling the size and shape of NPs. For instance, (Y,Gd) 2 O 3 nanostructures from spheres to flower like were synthesized by coprecipitation of metal salts with decomposing urea under microwave heating. [START_REF] Dai | Preparation of Eu 3+ Doped (Y,Gd)2O3 Flowers from (Y,Gd)2(CO3)3*nH2O Flowerlike Precursors: Microwave Hydrothermal Synthesis, Growth Mechanism and Luminescence Property[END_REF] The most convenient solvents for microwaves are organic solvents such as polyols [START_REF] Bhatt | Microwave-Assisted Synthesis and Magnetic Studies of Cobalt Oxide Nanoparticles[END_REF] or benzyl alcohol [START_REF] Bilecka | Kinetic and Thermodynami c Aspects in the Microwave-Assisted Synthesis of ZnO Nanoparticles in Benzyl Alcohol[END_REF] .

They absorb microwave energy more efficiently to water and have higher boiling point leading to faster heating rate and higher reaction temperatures. In a typical synthesis metal salts or organometallic precursors are used without necessity of additional surfactants or capping agents. Another group of solvents beneficial for NPs synthesis and susceptible for microwave irradiation are ionic liquids. Moreover, they can be also added in small amount to non-polar solvents, increasing the rate of their heating and enhance the rate and the yield of the reaction. 96

Micro-emulsion synthesis

Adequately composed mixture of water, oil, surfactants and co-surfactants (e.g. alcohols or amines) yields homogenous and clear solution, termed "micro-emulsion" by Schulman. [START_REF] Hoar | Transparent Water-in-Oil Dispersions: The Oleopathic Hydro-Micelle[END_REF] The amphiphilic nature of surfactants imposes special behaviour in oil-water mixtures. Their arrangement is not random and together with co-surfactants, they form spherical assemblies through ion-dipole interactions. The polar head of the molecule is oriented toward the centre of assembly in oil phase while in aqueous phase orientation is opposite. Co-surfactants behave like spacers, which minimize repulsion between the positively charged heads of surfactants. Water presented in oil phase with surfactants and co-surfactant is enclosed within such aggregates creating so-called reverse micelle (Figure 15a). Their size is primarily controlled by the ratio between water and surfactants. Such emulsions are thermodynamically stable contrary to traditional emulsions. [START_REF] Hoar | Transparent Water-in-Oil Dispersions: The Oleopathic Hydro-Micelle[END_REF] Micro-emulsion state made by four-component mixture exists in rather limited range of compounds ratios. The small size and constant collisions between micelles predestine them to act as "nanoreactors".

During the collisions, they form short-living dimers which exchange their contents opening the possibility of chemical reaction inside the micelles (Figure 15b).

The formation of metal oxides by micro-emulsion approach is mostly based on coprecipitation reaction inside the micelles. In the typical procedure, a reverse micelle solution containing ammonia is added into a reverse micelle solution containing metal ions. During content exchange between reverse micelles, co-precipitation reaction occurs giving a product of size limited by the size of the reverse micelle. The technique turned to be particularly useful in the synthesis of mixed-metal ferrites of general formula MFe 2 O 4 . In this case Fe and Mn or Co salts were mixed with water, dioctyl sulfosuccinate and isooctane. Analogously prepared solution with ammonia was subsequently added yielding 10-15nm spherical NPs. [START_REF] O'connor | Synthesis and Reactivity of Nanophase Ferrites in Reverse Micellar Solutions[END_REF] Nevertheless, reactions in the micelles are not limited to coprecipitation. For instance, TiO 2 NPs were prepared by the typical sol-gel reaction performed with micro-emulsion assistance. That is, titanium isopropoxide solution in cyclohexane was rapidly added into cyclohexane solution containing controlled amount of water and surfactant. 100 Iron oxide NPs coated with silica were also prepared by addition of reverse micelle solution of ammonia and TEOS to another solution containing iron salt. 101

Type of solvent

It is not surprising that the role of the solvent is particularly significant in a "solution-based" method. The primary role of solvents is dissolution of precursors and creation of environment for chemical reactions. Therefore, the choice of the solvent is prerequisite to assure homogeneity and appropriate direction of synthesis. Solvents are broadly classified as polar or non-polar due to their polarity and dielectric constant and as protic or aprotic depending on the presence of labile proton. In general, polar compounds are soluble in polar media and non-polar precursors in non-polar solvents.

Solvents are often involved in the synthesis being one of the reagent. This is the case for instance for water in precipitation of metal hydroxides, benzyl alcohol route [START_REF] Beach | Solvothermal Synthesis of Crystalline Nickel Oxide Nanoparticles[END_REF] described below and glycothermal approach detailed in the next chapter. Additionally, non-aqueous solvents may also guide the reaction toward specific structures such as NPs by limiting their growth or stabilize either transition or final product. Therefore, surfactant-assisted and solvent-controlled synthesis can be distinguished, especially for non-aqueous sol-gel approaches. [START_REF] Niederberger | Metal Oxide Nanoparticles in Organic Solvents[END_REF] In the former one, auxiliary molecules, usually containing long alkyl chain, attach to the nuclei surfaces limiting their growth, while in the latter case this role is fulfilled by the solvent. Generally, surfactant-assisted synthesis permits exceptional control over particles size and completely eliminates particles aggregation. However, surface strongly capped by organic surfactants is not accessible toward post functionalization and increases the toxicity of NPs.

The example of such synthesis is aforementioned hot-injection method, in which crystallites growth is strongly limited by capping molecules such as TOPO. [START_REF] Trentler | Synthesis of TiO 2 Nanocrystals by Nonhydrolytic Solution-Based Reactions[END_REF] Contrary, solvent-controlled approaches are much simpler. The reaction medium is composed of precursors and solvent. Usually, lower temperatures are employed and molecules on the surface are easily removed by washing procedures.

On the side of disadvantages, particles are more irregular in shape, often aggregated and possess broader size distribution.

Some solvents proved to be particularly useful and provided access to a large number of compounds.

For instance, Niederberger developed the general synthetic approach for various metal oxides in benzyl alcohol. 102,103 It plays the simultaneous role of solvent and reactant, and allows to use a broad type of precursors such as metal halides, 69 alkoxides, [START_REF] Niederberger | Nonaqueous and Halide-Free Route to Crystalline BaTiO3, SrTiO3, and (Ba, Sr)TiO3 Nanoparticles via a Mechanism Involving C-C Bond Formation[END_REF] or acetates. [START_REF] Bilecka | Kinetic and Thermodynami c Aspects in the Microwave-Assisted Synthesis of ZnO Nanoparticles in Benzyl Alcohol[END_REF] The library of synthesized materials counted over 35 in 2008. 104 Among them TiO 2 , 103 BaTiO 3 , [START_REF] Niederberger | Nonaqueous and Halide-Free Route to Crystalline BaTiO3, SrTiO3, and (Ba, Sr)TiO3 Nanoparticles via a Mechanism Involving C-C Bond Formation[END_REF]105 LiNbO 3 , 105 or CeO 2 . 106 The method is very easily realized through heat-up 102 , solvothermal 105 and microwave-assisted 107 synthesis. It represents non-hydrolytic sol-gel process of metal chloride and alcohol (e.g. TiO 2 ) or metal alkoxide and metal alcoholate with alcohol (e.g. BaTiO 3 ). Possible mechanisms can be found in ref. 78 Another particularly useful group of solvents for NPs synthesis are polyols. 108 The simplest polyol is ethylene glycol (EG) and it gives rise to two main series of compounds: i) through the condensation of EG units (i.e. diethylene glycol (DEG), triethylene glycol (TEG) and polyethylene glycol (PEG)); ii) by extending the length of the carbon chain between hydroxyl groups (propanediol, butanediol, pentanediol etc.). Their properties as boiling point, polarity and viscosity gradually changes in the series, so that, they provide high flexibility in the synthesis. One of their most important feature is compounds solubility comparable to that of water, due to the compensation of a lower dielectric constant by chelating properties. Additionally, their high boiling point and high stability allow to carry out reactions in temperatures exceeding 300 o C which is beneficial for high crystallinity of as prepared NPs. The properties of polyols predestine them for the synthesis of oxides NPs. Cheap and simple metal salts can be used, as well as, more sophisticated metalorganic precursors (alkoxides, acetates etc.).

During the synthesis, polyols coordinate to as formed nuclei, assuring good control over the particles size, shape and aggregation. The size of NPs typically depends on the solubility of the final product in the polyol. 108 The synthesis is carried out by simple heat up, 109 microwave assisted, 110 microemulsion 111 or solvothermal [START_REF] Inoue | Synthesis of Yttrium Aluminum Garnet by the Glycothermal Method[END_REF] approach.

The ideal solvent for chemical reactions would be water due to the low cost, environmental friendliness, non-toxicity and easiness of manipulation. However, many reactions cannot be performed in water due to undesirable direction of chemical reaction, instability of precursors, poor solubility of non-polar compounds. In fact, nowadays much more syntheses of NPs are performed in nonaqueous conditions due to the higher flexibility. However, extensive investigation are carried out to transfer synthetic approaches into aqueous medium.

Nanoparticle-based materials

Nanomaterials find applications almost in every part of our life: cosmetics, textiles, medicine (both diagnosis and therapy), coatings, optics, catalyses, water and air pollution treatment, concrete, automobile industry, sensors and many, many more.

The very small size of NPs connected with their unique properties enables to bring the material functionality into places not accessible for bulk materials what is of great importance for in vivo applications. Therefore, NPs are valuable for biomedical applications such as probes, 112 contrast agents, 113 drug carriers, 114 biomolecular sensors. 115 In addition, they are very important part of novel concept in medicine, theranostics, which combines diagnostic and therapeutic properties in single agents. 116 Significantly reduced light scattering by NPs allows to use them as transparent pigments.

Glass or plastic substrates with incorporated NPs pigments are coloured but remain optically transparent. 117 They are used in paint coatings for vehicles and colour filters in displays. 9 TiO 2 and ZnO NPs find application in cosmetics in high factor sun protection creams due to their UV light absorbing properties. 118 Nevertheless, in most cases NPs have to be processed to develop a technologically important materials. Therefore, NPs are important constituents of functional and smart materials. The former is related to materials possessing some particular intrinsic property such as magnetism, energy storage functions, photoluminescence etc. The latter one is a material which properties can be modified or tuned by external stimuli such as electricity, light, temperature, humidity etc. This change is reversible and can be repeated many times, so that, they serve as sensors, drug delivery agents, switches or actuators.

The outstanding progress in synthesis of NPs in the last decades emphasized their potential to be used as building blocks for various 1D, 2D and 3D nanostructures. 119 NPs can be self-assembled into materials with extended dimensions or be embedded in some matrix providing shape and dimensions.

In the following sections, several examples of NPs-derived materials are discussed, with regard to developed materials presented in the next chapters (Figure 16). At first, disordered 2D materials prepared by colloidal processing are presented. Then, the 3D materials fabricated by incorporation of NPs into different matrices are discussed. The last part is dedicated to the 3D materials synthesized by ordered (superlattices) and disordered (aerogels) NPs sell -assembly process will be covered. 

2D materials: thin films and layers

Colloidal solutions are appropriate for the fabrication of thin films by e.g. dip-coating, spin-coating or spray coating. This is a very convenient alternative toward pulsed laser deposition (PLD), chemical vapour deposition (CVD) or physical vapour deposition (PVD) methods requiring sophisticated equipment, extremely controlled environment, high processing temperatures, thus very high costs.

Colloidal deposition, contrary to sol-gel method which similarly uses dip-and spin-coating, forms crystalline films without the necessity of post-treatment.

The thickness of the film can be controlled in a large extend from few nanometers to few microns. However, in order to avoid cracking of thicker films, multiple coating approach should be applied (Figure 17a). 120 On the other hand, Schneider et al. recently showed that critical cracking thickness of the film could be easily increased at least five times by the simple addition of small amount of immiscible solvent to colloidal solution. Created capillary bridges between particles prevent films cracking during draying process (Figure 17b). 

Host-guest structures

The term host-guest structure comes from supramolecular chemistry, wherein it describes complexes that are made of molecules and/or ions held together by their unique structuration in which one unit is entrapped inside another one. The term was acquired by material science, describing the entities of one phase confined within some matrix. NPs are perfectly suited to be valuable guest phases bringing specific properties (catalytic, optical, electrochemical etc.). On the other hand, the matrix provides shape and assures good dispersibility of NPs. It is a type of composite material which very often exhibit unique properties and functionality not available for separated constituents.

Such materials are broadly present in a daily life. The first widely used example is concrete. Nanosized SiO 2 particles proved to be highly beneficial for strength of cement-derived materials. 125 Moreover, they fill the nanopores and prevent deep penetration of chlorides, which decrease the strength of the structure by reacting with concrete. 126 Even so "simple" material as concrete can be smart due to nanotechnology. The most prominent example is self-cleaning concrete, which keeps its white colour even in polluted environment due to TiO 2 NPs dispersed within it. Their photocatalytic properties are able to exploit sun light to produce highly reactive radicals which remove chemically organic compounds, biological organisms and air-borne pollutants (sulfuric acids, nitrous oxides, tobacco smoke). Besides, TiO 2 NPs impart white colour to the concrete. 127 Another example is ceramic tiles for sterile places such as hospitals with antibacterial properties provided by dispersed NPs of Ag. 128 Composites made of NPs embedded in a matrix take various forms e.g. aggregates, films or even macroscopic monoliths. The matrix can be highly porous (aerogels) or very dense (glasses), chemically and physically inert (SiO 2 ) or active (carbon based). The composites preparation may be completed by several routes (Figure 18): i) immobilization of preformed NPs by forming matrix; ii) in situ synthesis of NPs in the matrix; iii) impregnation of preformed matrix with solution containing NPs; iv) formation of NPs and the matrix at the same time from multicomponent sols. Interactions between guest and the host can be chemical (covalent or ionic bonds) or physical (van der Waals attraction). The most widely reported type of matrices are carbon-based, polymers or silica. 

Carbon based matrix

The unique properties and diverse forms of carbon are very attractive especially for electrochemical applications. Therefore, it is not surprising that many researchers have been trying to combine the properties of inorganic NPs with carbonaceous materials. Distinct electronic properties of carbon matrix very often improve the electrochemical and electrocatalytic properties of NPs. 

Self-assembled nanoparticles

Significant improvement of NPs synthesis with desired quality, turned the attention of scientist to extend bottom-up approach on the further length scales. NPs prepared from atoms and molecules, could be further assembled into specially designed larger structures such as superlattices or gels/aerogels, in the way analogous to connecting LEGO® bricks. 151 Such tailored crystalline functional materials could be particularly valuable in various fields such as optics (sensors, 152 filters [START_REF][END_REF] ), catalysis (heterogeneous catalysis, photocatalysis), 154 energy (batteries, 155 photovoltaics, 156 lightning 157,158 ) or environment protection/monitoring. 159 The term self-assembly is generally employed for constituents, called building blocks, linked together by weak forces such as Van der Waals (VdW), hydrogen bonding or hard particles interactions. 160 Selfassembled structures are for instance DNA, 161 proteins, 162 opals 163 or nanocrystal superlattices. 160 Although these structures represent ordered arrangement, the self-assembly of NPs could be also accomplished by non-ordered assembly, like in the case of colloidal gels. In that case, NPs stack together creating open fractal structure, spanning over whole volume of colloid.

Preparation of self-assembled structures requires very good control over the properties of constituents (NPs) and modulation of interactions occurring between both NPs and their environment and NPs themselves.

Assembly forces

The type and distribution of forces acting on colloidal particles are very complex. The stability of colloidal systems is an effect of the ratio of attractive and repulsive forces existing between two NPs. Forces acting on NPs in bulk solution (excluding NPs at interphases like liquid-air) are divided into 3 groups: 164

 Repulsive forces

Coulomb interactions -particles with similarly charged surfaces experience repulsive forces when are too close each other (Figure 19a). Electrostatic repulsion has a major contribution in stabilization of colloidal systems. It is tuned by pH, salt concentration and solvent polarity.

Steric stabilization -some colloidal systems are stabilized by capping the surface of NPs by organic molecules or polymers (Figure 19b). These organic species attached to the NPs overlap when particles are close together, rising the osmotic and elastic repulsion between the chains. 

 Attractive forces

Van der Waals forces -they are attractive collective multibody dipolar interactions (Figure 20a).

Their strength and range rely on the size and shape of particles described by Hamaker formalism.

VdW forces between particles have much greater range compared to molecular interactions. They can be screened by matching refractive index of the liquid and particles. 166

Flocculation forces -when there is an attraction between a dissolved polymer and particles, it results in bridging flocculation of particles (Figure 20b). However, higher concentration of polymer may completely cover the surface of particles and stabilize them.

Depletion forces -presence of smaller constituents (such as smaller NPs or small polymer units) in colloidal solution may lead to aggregation of larger particles through depletion forces (Figure 20c). The process is driven by the reduction of total energy due to an increase of entropy and translation freedom. 

 External forces

Brownian motions -Intrinsic property of particles dispersed in some fluid, involving their constant random motions caused by collisions with rapidly moving atoms and/or molecules of the fluid phase (Figure 21a). It is the source of kinetic energy of NPs induced by thermal energy of the system.

Gravitational forces -Force responsible for particles sedimentation (Figure 21b). It is negligible for small and stabilized particles, however it increases with particles dimensions and density. It can be reinforced by acceleration forces which appear during centrifugation process. Colloidal solution is stable when the repulsive forces exceed the attractive ones. In the most cases, the starting point of self-assembly is a stable solution of monodispersed particles. Then the process is induced by slow change of the ratio between repulsive and attractive interactions. Some of them are inherent properties of colloids and cannot be changed, however, the rest can be tuned in the system leading to NPs assembly or aggregation. The forces holding NPs together have to be strong enough to suppress Brownian motions. Proper control over the balance between the different interactions is essential for self-assembly, otherwise NPs aggregation and flocculation, eventually leads to their precipitation. The controllable parameters of the process are the dispersion medium (its pH, dielectric constant and ionic strength), NPs (shape, size, surface modification) and conditions of the process (temperature, particles volume fraction and assembling method).

Nanocrystal superlattices

A superlattice is an array of nano-objects, assembled as crystal lattice. Since the past few years, NC superlattices are the "hot-topic" as indicated by the high number of research published in high impact journals. 161,162,[168][169][170][171][172] The opportunity of building up "crystals" with tuneable composition from nanoobjects is highly promising and might result in unique properties. Therefore, this novel type of materials has a great potential to open novel fields of research.

The preparation of superlattices does not require a very sophisticated equipment like in the case of top-down techniques (e.g. nanolithography) and is accomplished in a solution by means of standard laboratory equipment. However, the most significant difficulty is the complexity of the system and necessity of broad knowledge of physicochemical properties of colloids. The intricate behaviour of colloids even in the simplest system made of spherical, monodispersed building blocks is puzzling scientist working in the field. 160 At the scale of few nanometres many simplification used to described the colloidal systems are not valid. 170 Most of nanocrystal superlattices are fabricated from NPs stabilized with organic molecules. It is very important to start from monodispersed colloids so that the lattice is built evenly. The superlattices are formed by basically two approaches, evaporation of solvent or destabilization of colloidal solution. 160 The first one employs a gradual crowding of NPs due to increasing concentration and forces occurring on the liquid-air or liquid-liquid (water-oil) interphase. The latter exploits the attractive interactions of nanocrystals in the case in which overlapping of organic capping layers of neighbouring NPs is more favourable than mixing of solvent and capping layers of NPs.

Talapin et al. fabricated long-range hexagonal array of 8nm PbSe QDs capped with oleic acid by dropcasting from hexane : octane solution (9:1) and solvent evaporation, for thin film field-effect transistors (Figure 22a). In order to decrease the distance between the NPs, the oleic acid molecules were partially removed by washing and treatment with hydrazine. 171 Two dimensional membranes could be produced by deposition of a colloid droplet upon some surface and entrapment of NPs at the liquidair interface, producing 2D superlattices. This approach was used by Bigioni et al. for preparation of monolayer of gold NPs superlattice from monodispersed dodecanethiol -ligated gold NCs in toluene (Figure 22b). 172 Similarly, extended two-dimensional superlattices were formed at the interface of two immiscible liquids. 168 The synthesis of superlattices by destabilization based approach is realized by gentle change of the solvent quality. For instance, oleic acid capped PbS NPs with the tuneable dimeter of 2-10nm were assembled into <50 μm sized superlattice crystals with different shapes depending on the size of NPs.

Assembling was performed by careful addition of ethanol over colloidal solution in toluene in the way to obtain biphasic system which was left for one week in the dark. Gentle diffusion driven mixing of ethanol with toluene induced slow crystallization of micron-sized superlattices (Figure 22c,d). 173 Alternative way to promote slow destabilization is slow evaporation by heating of premixed solution of low-boiling solvent and non-solvent. 169 Most of self-assembled superlattices were made from QDs. The origin of that is exceptional control over their size and shape through hot-injection synthesis. Aerogels are a fascinating group of materials with unique structure of highly connected units and large porosity. According to International Union of Pure and Applied Chemistry (IUPAC) aerogels are defined as "gel comprised of a microporous solid in which the dispersed phase is a gas". 175 The starting point of aerogels was the work of Kistler, published in Nature in 1931, in which the author argued that liquid in a jelly can be removed without shrinkage or other effects on its solid structure. Interestingly, the origin of this work was a bet between him and his colleague. 176 Eventually, he successfully managed to dry a gel without affecting the solid network by supercritical drying (SCD) process.

Originally the term aerogel was restricted to the materials prepared by supercritical drying, however presently there are special techniques leading to comparable structures and porosity. The wet gels can be dried by three procedures: i) ambient drying; ii) freeze drying; iii) supercritical drying. The products of such procedures are used to be named xero-, cryo-and aerogels respectively (Figure 23). Ambient drying leading to xerogels involves large shrinkage of the gel and partial collapse of the porous structure. It is very often accompanied by harsh cracking which results in small pieces instead of a monolith. They are much denser than aerogels and their porosity is in the range of 50-60 %. However, structure of the gel may resist shrinkage if special treatment is applied. For instance, incorporation of bulk organic groups on the surface of silica gel prevents shrinkage during drying due to the repulsion of overlapping organics. 177 In the case of freeze-drying, a solvent in the gel is frozen and removed by sublimation at low temperature and low pressure. This approach also avoids capillary forces, however the structure of the gel is affected by solvent crystallization leading to cracks. 178 Supercritical drying is a key to high quality aerogels. It is non-invasive technique, most frequently used to preserve the original structure of the gel. It is broadly described in the next paragraph.

There is no clear definition of aerogels in the literature. IUPAC description is not precise and excludes most of silica aerogels. Several authors proposed novel definitions taking into account traditional silica aerogels prepared from molecular approach and novel ones. Rechberger et al. stated that "aerogels are open-celled porous solid materials composed of a network of inter-connected nanostructures with the majority of pore sizes below 100nm and a porosity of over 80%" while Ziegler et al. described aerogels as a "solid with meso-and macropores with diameters up to a few hundred nanometers and a porosity of more than 95%". Similarly, the CEO of Aerogel Technologies™, Dr Steiner, stated that aerogels are "a diverse class of solid materials comprised of a network of interconnected nanostructures that exhibits at least 50% of porosity by volume, the porosity of which is primarily mesoporous" at the 19 th International Sol-Gel conference in Liege in 2017. All those definitions diminish the type of gel drying, while focusing on the structural aspects like high porosity of these materials and at least part of porosity falling into mesoporous range.

Supercritical drying

During conventional drying, evaporating liquid induces large capillary forces causing strong shrinkage and in most cases cracking. Capillary forces can be avoided if the phase transition from liquid to gas does not occur. It is done by gradual transformation of the liquid into supercritical state without crossing the equilibrium line between liquid and vapour. Supercritical fluid (SCF) is any substance which crosses critical point at certain pressure and temperature, characteristic for each substance (Figure 24). Properties of SCF are between gas and liquid, it behaves like a liquid but it expands filling whole volume like a gas. There is no phase transformation under such conditions, the change occurs continuously. Lack of phase transition means lack of solid-liquid-gas points and thus lack of capillary forces. This approach avoids the appearance of compressive stresses inside the gel. Furthermore, SCF is slowly evacuated from the gel at the constant temperature, leaving the colloidal or polymeric network unaffected. The parameters of critical point strongly differ among substances. Certainly, the most interesting for SCD is CO 2 with low critical temperature and reasonable critical pressure. Contrary, water needs high temperature and very high pressure to be transformed to SCF, hence it is not used in SCD. On the other hand, often utilized solvents for silica aerogels are ethanol or methanol, which have similar critical pressure to CO 2 but higher critical temperatures (Table 1).

Table 1 Cri ti ca l poi nt pa ra meters of chos en s ubs ta nces .

Synthesis of NP-based aerogels

Silica aerogels prepared by sol-gel route are the classical and the most studied aerogels. They inaugurated the research over those fascinating materials. Important advances such as an epoxide route, 179 broadened the compositional availability of aerogels. However, a breakthrough was reached with the development of NP-based aerogels, synthesized by gelation of colloids. It greatly enlarged the library of existing aerogels due to a large number of accessible high quality colloids. The remarkable advantage of this approach over molecular one is the crystallinity of as-prepared aerogels giving rise . [180][181][182] Those findings were further exploited to obtain the first NPbased aerogels described below.

 Chalcogenides

In 2004 Brock et al. prepared the first aerogels by controlled destabilization of crystalline NPs (Figure 25a). 183,184 Thiolate capped CdS, CdSe, ZnS, PbS colloidal solutions in acetone were slowly destabilized by oxidation of the organic ligands by H 2 O 2 or photooxidation. The oxidized ligands were removed from the surface leaving space for condensation between two particles. Consecutive series of such reactions led to the network spanning over whole volume of the colloid. Their SCD formed the first NP-based aerogels. QDs preserved their quantum confinement but the photoluminescence was weak due to the presence of many traps on their surfaces. This issue was overcome by preparing an aerogel from coreshell QDs of CdSe@ZnS by the same approach (Figure 25b,c). 185 The studies on gelation mechanism showed that oxidized thiolate ligands produced soluble disulfide molecules. The decomplexed Cd ions were solvated and transferred into the solution which led to a chalcogenide rich surface of the QDs.

The surface chalcogenide ions were further oxidize creating radicals able to link together (Figure 25d). Existence of chalcogenide -chalcogenide bonding was confirmed by Raman and XPS spectroscopies. On similar bases many other chalcogenide aerogels were synthesized, as for instance: PbSe; Bi 2 Te 3 ; 188 PbTe; 189 CdTe 190 . AgSe aerogels were prepared by exchanging Cd with Ag ions in the CdSe wet gel. 191 More recently, InP 192 and Ni 2 P aerogels were obtained in a similar way, however in this case, particles were held together by P-O-P bonds. 193 Moreover, hybrid aerogels of ZnSe and CdTe were prepared which enabled to tune photoluminescence properties and resulted in white-light emission (Figure 25e). Chalcogenide aerogels can be valuable materials for optical sensors 197,198 ; optoelectronic devices 199 or photovoltaic devices. 200

 Metals

Synthesis of pure metallic aerogels could not be achieved by molecular approach without post thermal treatment in reductive atmosphere. Therefore, metallic aerogels were for the first time successfully synthesized by colloidal route in the group of Prof. Eychmüller. 201,202 Since then various metallic and bimetallic aerogels were synthesized by similar approaches. 176,203  Metal oxides

Preparation of metal oxide aerogels from NPs colloidal solution was slightly delayed compared to metals and chalcogenides. First reason might be the availability of metal oxide aerogels via classical molecular approach 176 which reduced the interest of scientific community. Secondly, preparation of well defined, monodispersed and non-aggregated oxides NPs has been particularly complicated, 203 while chalcogenides could be synthesized with a great precision.

The field was pioneered by the Niederberger group which fabricated TiO 2 aerogels in 2011. 204,205 Titania NPs prepared by benzyl alcohol route were functionalized with 2-amino-2-(hydroxy-methyl)-1, 3propanediol (Trizma), suspended in water and heated at 90°C for 30 min under cover. Gelation was processed by aging at 60°C for 2 days, solvent exchange with acetone and SCD in CO 2 yielding centimetre sized pieces. Additionally, aerogels could be doped with gold NPs. The mechanism of the gel formation involved selective desorption of trizma molecules from {001} facets leading to oriented attachment (OA) along this facets (Figure 26a). Highly enough concentrated colloid formed percolating network with pearl-necklace like structure. 204 The same synthetic approach led to ternary aerogels made of anatase NPs, W 18 O 49 nanowires (5% wt) and Au NPs (ppms) by mixing all the constituents together before heating (Figure 26f). 206 The material exhibited enhanced catalytic properties compared to pure TiO 2 aerogel. Similarly, titania aerogels doped with Pt NPs and reduced graphene oxide were synthesized. 207 Binary composite of TiO 2 NPs and Stöber SiO 2 NPs was formed by two mechanisms, OA of TiO 2 NPs and electrostatic attraction between two kinds of differently charged NPs. The network of aerogel was formed from titania NPs with embedded SiO 2 NPs. 208 In addition, the same group obtained anisotropically structured binary aerogels of TiO 2 and magnetic Fe 2 O 3 NPs. 205 Gelation of NPs was not limited to TiO 2. For instance, antimony doped tin oxide NPs developed from microwave assisted benzyl alcohol approach were destabilized in aqueous solution by heat treatment at 90°C for 1h (Figure 26d,e). In this case, the oriented attachment was also observed, however, over a distance of only few particles. This synthesis did not involve surface modifying agents which could have driven the OA mechanism. Instead, particles aggregation was driven by thermodynamic minimization of free energy by reducing the surface area. 209 Elevated temperature increased the frequency and effectiveness of collisions between NPs leading to their flocculation and gelation. Slightly modified approach was used for BaTiO 3 aerogels. In that case, NPs were prepared by benzyl alcohol route post-functionalized with 2-[2-(2-methoxyethoxy)ethoxy]acetic acid (MEEAA) and dispersed in EtOH. The destabilization of colloid was induced by addition of water (in the same volume as ethanol) and heating at 90°C for 30 min or sonicating for 15 min (Figure 26c). In this case water led to non-selective detachment of MEEAA molecules from the surface of BaTiO Centrifugation assisted gelation was also used for synthesis of yttrium oxide aerogels. The base for the synthesis was a colloidal solution of ultrathin Y 2 O 3 nanosheets. Aerogel was also enriched with gold NPs which could potentially increase its catalytic properties. Moreover, the aerogels exhibited very high capability of organic dyes adsorption showing a high potential for water purification. 159 Metal oxides NPs show enormous spectrum of properties making them a very important class of materials. Possibility of their assembling into three dimensional, porous structures is of great importance for many applications such as: sensing, optics, photonics, catalysis, air and water depollution etc. However, there are still just few examples in the literature of crystalline oxide aerogels, therefore this area is particularly interesting for the future research.

Another issue is lower mechanical and optical quality of currently synthesized NP-based aerogels compared to aerogels prepared by molecular approach. Indeed such systems do not achieve dimensions of several tens of cm and often exhibit cracks and irregular shapes. In addition, their optical transparency is lower than the average silica aerogels. Therefore, significant improvements in synthetic approach are needed, especially if they are to be used in industrial scale.

Aims and Objectives

The development of nanomaterials has been extensively pursued for almost 3 decades. Many different synthetic routes were invented, showing divergent benefits and drawbacks. Hence, depending on the application, synthetic scale, defined morphology, costs and so on, NPs are produced by different routes. Although synthesis of NPs is still essential for nanotechnology, the focus of scientist is turning toward building of functional materials directly from NPs. Thus, well defined "nano-blocks" are selfassembled into 2D or 3D structures creating another type of nanomaterials with extended dimensions.

This process is particularly complex and requires proper control over the aggregation of NPs in order to avoid loss of their unique nature arising from the nano-size. Therefore, another convenient route toward functional materials from NPs is their incorporation into some matrix in which they remain separated.

Nevertheless, NP-based materials still require intensive research in order to get better control over the assembling process, thus producing high quality functional structures. It is especially important for metal oxide NPs, which are less exploited in the assembling processes of superlattices or aerogels than chalcogenides.

This manuscript is devoted to the development of various functional materials directly obtained from metal oxides NPs. The work started from synthesis of well-crystalized metal oxides colloids of few nanometers which served for preparation of: i) 2D materials for optics and energy storage; ii) 3D NPbased aerogels for optics and sensors; iii) 3D silica aerogel composites for sensors.

Synthesis of metal oxide NPs and fabrication of thin films and layers

The synthesis was mainly focused on two compounds: i) Y 3 Al 5 O 12 :Ce (YAG:Ce) due to its optical and scintillating properties and ii) Li 4 Ti 5 O 12 (LTO) which is promising anode material for Li-ion batteries.

Regarding the synthetic approach, glycothermal method was chosen due to the high crystallinity of obtained products which is crucial for their applications in optics and energy storage. Additionally, it offers enough tools for the control of morphological aspects of NPs.

The objectives were manifold: i) Preparation of well crystallized YAG:Ce colloids of few nm with good photoluminescence properties and high transparency of colloidal solution. ii) Fabrication of homogenous thin films, with controllable thickness, directly from YAG:Ce colloids iii) Synthesis of LTO NPs with porous morphology for efficient anodes for li-ion batteries.

Fabrication of NP-based aerogels.

NP-based aerogels are still limited in terms of accessible compositions, especially, in the large family of metal oxides. In addition the mechanical and optical quality of reported aerogels is still very low. Therefore, we aimed to expand the accessible compositions of NP-based aerogels by preparing YAG:Ce aerogel. For that reason, we intended to transform colloidal solution of YAG:Ce into gels by abrupt change of solvent quality. As it was shown in the state of the art, liquid in the colloidal gels could be evacuated by SCD without affecting the inorganic network. Furthermore, the same preparation method was extended on GdF 3 NP-based aerogels proving versatility of the method. Those two compounds have never been obtained in the form of aerogels.

Preparation of NPs embedded in monolithic silica aerogels.

Another type of highly porous structures which permit to exploit full potential of NPs are composite materials with NPs supported on monolithic silica aerogels. Contrary, to NP-based, silica aerogels exhibit better mechanical and optical properties. However, literature does not offer many examples of such composite materials. In most cases, silica matrices are utilized in the dense form of xerogels or glasses with incorporated optical materials for non-linear optics or photonics applications.

Highly porous aerogels with incorporated active NPs may be valuable materials for sensors, catalysts or water / air depolluting agents. Although application of silica aerogel in the gas phase is rather natural due to the high porosity, their impregnation with liquids leads to harsh cracking due to capillary forces.

Therefore, the objectives were to: i) develop monolithic and transparent silica aerogels which would be impregnated with liquids without cracks formation. Therefore, they would be valuable platform for aforementioned applications. ii) prepare composite materials by association of obtained aerogel with YAG:Ce NPs, preserving properties of both constituents.

Novel sensors for ionizing radiation measurement

The porous YAG:Ce structures served for the novel concept of sensor for low energetic ionizing radiation in liquids and gases. Such material is of great interest to replace currently used liquid scintillators. Therefore, we investigated the performance of obtained "porous YAG:Ce" materials in detection of beta radiation both in gases and in liquids with different radionuclides.

Chapter II. Synthesis of crystalline metal oxide nanoparticles and preparation of 2D functional films

The development of NP-based materials is highly dependent on the properties of NPs such as crystallinity, size and shape. Their processing by self-assembling, embedding or deposition provide convenient routes for desired functional materials.

In this chapter the synthesis of various metal oxides NPs by glycothermal approach is presented with particular emphasis on Y 3 Al 5 O 12 :Ce and Li 4 Ti 5 O 12 . In addition, optimization of the synthesis conditions and structural as well as functional properties (photoluminescence and energy storage) characterization are demonstrated. Both these materials served for preparation of functional 2D materials: i) YAG for photoluminescent and transparent thin films; ii) LTO for anode layer in Li-ion batteries.

Introduction

Synthesis of crystalline metal oxide NPs with well-defined shape and size in aqueous media is complicated due to manifold reasons. First of all, many transition metals possess strong affinity toward water molecules leading to high reactions rates difficult to control. Thus, the product morphology cannot be adequately constrained. Second issue is the possibility of synthesis of metal hydroxides or amorphous phases which need to be thermally treated to induce oxide phase crystallization.

These obstacles can be overcome by the non-aqueous synthesis. Especially beneficial are syntheses involving metalorganic precursors and proceeded by sol-gel or thermal decomposition reactions. In such cases, the rates of reactions are limited allowing better control over the final product morphology. Higher reaction temperatures, such as in solvothermal conditions, often lead to well-crystallized products. Additionally, the presence of organic molecules able to attach to the nuclei surfaces provides conditions of confined growth and prevents aggregation of NPs.

The principles of non-aqueous sol-gel process were established in '20s by Dearing and Reid who prepared silica gel by refluxing TEOS and acetic acid in dry benze ne. 213 The method received broader scientific attention at the beginning of '90s serving for preparation of metal oxide powders and gels. 214- 217 Simultaneously, it was adapted to the synthesis of metal oxide NPs. 216,[218][219][220][221][222] The synthesis brings together organic and inorganic chemistry by synthesis of inorganic phases through reactions wellknown in organic chemistry. The established process serves as important method for preparation of high quality metal oxide colloids. [START_REF] Niederberger | Metal Oxide Nanoparticles in Organic Solvents[END_REF]106 In the following work, NPs were obtained by non-aqueous synthesis in 1,4-butanediol (1,4-BD). The solvent has given access to broad range of sub-micrometre size metal oxides. 223 In this case the reaction is triggered by high temperature, above the boiling point of solvent, hence solvothermal conditions were applied.

Glycothermal synthesis of metal oxide nanoparticles -state of the art

Glycothermal synthesis of metal oxide NPs relies on the reaction of metalorganic precursors in 1,4-BD at high temperature (300 o C) under autogenous pressure. For the first time, the method was applied by Inoue et al. for the synthesis of microcrystalline α-alumina. 223 The method was quickly extended to other materials such as ZnAl 2 O 4 (Zn acetate + Al isopropoxide at 300 o C) 224 or LnPO 4 (Ln acetate + triethyl phosphate at 315 o C) 225 , both composed of aggregated crystalline NPs of several tens of nanometers.

Glycothermal approach provided access to many metal oxides with varying morphology (examples are listed in the Table 2). The second step is crucial and rate determining. It is particularly different for 1,4-BD compared to other glycols. In this case, the hydroxyl group of the glycol derivative participates in the reaction and facilitates the heterolytic cleavage of the O-C bond through intramolecular nucleophilic substitution reaction, yielding THF molecule. Although 1,3-and 1,5-diols are also able to undergo cyclization reaction, the rate of the reactions are two order of magnitude lower meaning that 5 member rings are kinetically more favoured that 4 and 6 member rings. 237 In the case of EG, heterolytic cleavage may occur by thermal decomposition of the O-C bond which is additionally obstructed by the close proximity of electron withdrawing group which destabilizes carbocation formed by the cleavage. Therefore, poorly crystalized compounds are obtained with a large amount of organics on the particles surface Nevertheless, it is important to note that there are other processes that may interfere with the presented above mechanism. Up to now, in all published papers, authors used hydrated yttrium acetates which introduced reactive water molecules able to hydrolyse AIP and yttrium precursor.

Additionally, isopropanol released during glycolysis reaction can be dehydrated at high temperature since it is a secondary alcohol. On the other hand, activity of water is lower in glycol medium due to multiple hydrogen bonding and dipolar interactions.

Synthesis of YAG:Ce

The most prominent example of glycothermal synthesis potential is the preparation of yttrium aluminium garnet Y 3 Al 5 O 12 NPs. [START_REF] Inoue | Synthesis of Yttrium Aluminum Garnet by the Glycothermal Method[END_REF] Conventionally, polycrystalline YAG phase is synthesized by a solid state reaction in which yttrium and aluminium oxides are mixed together and heat over 1400 o C. Contrary, in glycothermal process YAG phase is obtained in temperature as low as 300 o C by the simple mixing of AIP and Y(OAc) 3 hydrate in 1,4-BD and the subsequent thermal treatment inside an autoclave. [START_REF] Inoue | Synthesis of Yttrium Aluminum Garnet by the Glycothermal Method[END_REF] The resultant product of the reaction is a milky colloidal solution and white precipitate consisted of NPs of the size of around 30nm. YAG phase is already formed at 250 o C, however product contains also yttrium oxide acetate (YOOCOCH 3 ) and glycol derivative of boehmite. Prolonged reaction at 250 o C increases the YAG yield and reduces the amount of yttrium oxide acetate, 236 which suggests that it is the intermediate product. Yttrium oxide acetate is also produced in the reaction of yttrium acetate alone in 1,4-butanediol at 300 o C. 236 YAG phase is obtained with Y(OAc) 3 as well as Y(acac) 3 as the precursor, contrary to yttrium oxalate, sulphate and oxide which yields unidentified products.

The generated aluminate anion may react with another aluminium molecule leading to glycolderivative of boehmite, or attack another heteroatomic molecule (such as yttrium compound) thus forming >Al-O-Y< bond. In the case of hydrothermal conditions, the intermediate product of reaction is pseudoboehmite (microcrystalline boehmite) which is more stable compared to glycol-derivative of boehmite formed in glycols. Therefore, the synthesis of YAG phase in hydrothermal conditions is less likely to occur due to a much higher stability of boehmite phase. In fact well crystalized boehmite is the major phase. 236 Kasuya et al. reported that YAG could be easily doped with Ce 3+ , by the same method, forming photoluminescent NPs. 239,240 They prepared two doped compounds via the classical approach and with polyethylene glycol 200 (PEG 200) as a co-solvent (1:1 vol/vol). Both syntheses resulted in YAG phase, however with considerably different morphologies. 1,4-BD yielded primary particles of 10-20nm partially separated and partially coarsen in polydispersed aggregates. Contrary, the mixture of solvents produced monodispersed 30-40nm aggregates-like NPs. 239 The surface of glycothermally prepared YAG:Ce NPs could be easily covered with other functional molecules, 241,242 showing the its accessibility. The addition of citric acid reduced the size of primary particles due to its strong attachment to the NPs surface. However, its higher concentration caused significant aggregation of particles. 243 Nyman et al. reported that the same glycothermal procedure could be applied in standard Paar type autoclave in temperatures as low as 225 o C. However, the reaction had to be continued for several days. The obtained product was contaminated with layered alumina which turned out to have a positive influence on its photoluminescent properties. [START_REF] Nyman | Nano-YAG:Ce Mechanisms of Growth and Epoxy-Encapsulation[END_REF] They also showed that application of diethylene glycol as the co-solvent (up to 15% of volume) allowed obtaining almost completely nonaggregated particles in the supernatant phase. Higher volume of DEG yielded amorphous product. [START_REF] Nyman | Nano-YAG:Ce Mechanisms of Growth and Epoxy-Encapsulation[END_REF] Photoluminescent properties of YAG:Ce NPs were clearly lower than in single crystals, additionally photobleaching was observed. Therefore, Revaux et al. demonstrated the method of NPs thermal treatment avoiding their aggregation. Glycothermally prepared YAG:Ce NPs were covered with mesoporous silica, calcined first in air and subsesquently in H 2 /Ar atmosphere. Then, silica shell was dissolved in HF and NPs could be redispersed in water. Such treatment enhanced PL QY as well as photostability of NPs. 122

Importance of YAG:Ce nanocrystals synthesis

YAG is one of the most valuable material for optics, therefore ability to synthesize highly crystalline YAG NPs with controllable size and shape is of special interest. YAG is known as a very good host structure for rare earth metals ions like neodymium or cerium leading to special optical properties. YAG:Nd is frequently used material for lasers and YAG:Ce is widely employed in white light emitting diodes (WLED) and as a scintillator.

The size reduction of devices, in many cases, enforces preparation of materials as thin films. Their fabrication can be achieved by dip-, spray-or spin-coating of colloidal solutions. However, in order to get good quality films, monodispersed and highly crystalline NCs are required. The reduction of NPs size below 10nm allows to obtain films with reduced light scattering 244 which is profound for applications in optics. Nevertheless, the synthesis of non-aggregated, monodispersed and highly crystalline oxide nanocrystals (NCs) of few nanometers remains a challenging task. 203,245 For that case, the modified glycothermal synthesis was investigated in order to optimize synthetic parameters to obtain non-aggregated, highly crystalline YAG:Ce NCs of few nanometers which could be further highly concentrated in the aqueous solution. Such colloids were used for preparation of homogenous, crystalline thin films with controllable thickness.

Synthesis of highly luminescent YAG:Ce nanocrystals

Experimental conditions

The series of modified glycothermal synthesis of YAG:Ce NCs were performed in the large stainless steel autoclave (700ml) with mechanical stirring and precise control over heating rate (Figure 13b). Different polyols as co-solvents were investigated together with the influence of water on obtained NPs. We showed that removal of water from the starting precursors and addition of DEG, resulted in highly crystalline and very well dispersible YAG:Ce ultra-small NCs (Figure 28b) exhibiting very good photoluminescence (PL) properties. The synthesis in pure 1,4-BD with hydrated precursors (conditions initially applied by Inoue and coworkers) [START_REF] Inoue | Synthesis of Yttrium Aluminum Garnet by the Glycothermal Method[END_REF] led to crystalline YAG:Ce NPs of the TEM size around 20nm, what was in good agreement with the previously reported results. [START_REF] Inoue | Synthesis of Yttrium Aluminum Garnet by the Glycothermal Method[END_REF] The obtained colloidal solution after the purification was opaque due to significant aggregation (Figure 28a). Several co-solvents were investigated, in order to reduce the size of NPs as well as particles aggregation. Ethylene glycol (EG), DEG and polyethylene glycol 200 (PEG 200) were selected. It is important to note that synthesis of YAG:Ce in pure EG, PEG 200 or DEG, without 1,4-BD led to amorphous products which required calcination to obtain crystalline YAG phase. Another modification of the synthesis was variation of a water amount. The formation of oxides is strongly facilitate by the presence of water. Hence, the concentration of available water can be used as a factor controlling reaction. To the best of my knowledge, all previously reported glycothermal syntheses of YAG:Ce were carried out with the presence of water contained in the precursors hydrates (yttrium and cerium acetates hydrates). Therefore, the same synthesis was performed with dehydrated precursors. The procedure of yttrium acetate drying is presented in the Appendix A.

Procedure: Glycothermal synthesis of YAG:Ce NPs

The base synthesis of YAG NPs was implemented from the procedure presented in the ref. The influence of solvent composition on the morphology of obtained product was investigated. The type of co-solvents and the amount of water was varied, keeping the final volume and volume quantity of co-solvent (15% v/v) constant, so the concentration of precursors remained constant. Once the size and aggregation was greatly reduced, NPs were extremely stable and simple centrifugation was not enough to precipitate them. In that case, precipitation in non-solvents such as a mixture of THF and diethyl ether was applied.

The experimental conditions and results are summarized in the Table 23. The optimized conditions led to the smaller size of NPs and suppressed aggregation. Therefore, high quality colloidal solution of 4-5nm NCs could be obtained (Figure 28 b,c). The choice of the co-solvent and the precise control over the water quantity had a profound influence over NPs morphology.

Structural and morphological characterization

X-ray diffraction

Y 3 Al 5 O 12 have the typical cubic structure of a garnet. The unit cell belongs to the Ia-3d space group with dodecahedral Y atoms (24c -Wyckoff notation) and both tetrahedral (24d) and octahedral (16a) positions of Al atoms. The lattice parameter of a single crystal YAG was measured to be 12,01 Å. 246 X-ray diffraction (XRD) confirmed that nanocrystalline, pure YAG:Ce phase was obtained in all the experiments. For clarity XRD patterns were presented in two plots: the first compares samples prepared with different co-solvents and dehydrated precursors (Figure 29a), the second correlated samples prepared with DEG and varying amount of water (Figure 29b).

The diffraction patterns were different in terms of peaks broadening. This indicated that crystallites sizes were depended on the experimental conditions. The sizes calculated by Sherrer equation were presented in the Table 3. They varied from 8 to over 100nm and were strongly depended on the solvent composition as well as on the amount of water. Addition of EG or DEG decreased the crystallites size from over 20nm to 10 and 8 respectively while PEG 200 did not affect the crystallites size. The water from the precursors (samples 2w) had a minor effect on the crystallites sizes, however, addition of extra quantity greatly increased this size(sample DEG 7w). Thereby, the smallest crystallites (8nm) were obtained when DEG is used as a co-solvent and crystallization water was removed from acetates.

Dynamic Light Scattering

Dynamic light scattering (DLS) allows to measure the hydrodynamic diameter of NPs in solution. By definition, it is the diameter of a sphere in solution that diffuses together with the particle. Hence, it is larger than the core of NPs measured by electron microscopy. In the case of NPs aggregation, the assigned diameter corresponds to the size of aggregate. Therefore, DLS was used to investigate the state of particles aggregation in aqueous solution. In most cases the DLS size was larger than the calculated on the basis of XRD peaks broadening. It suggested that the NPs were significantly aggregated. However, the aggregates were stable and rather uniform in size. 

Transmission electron microscopy

Transmission electron microscopy (TEM) confirmed the results of XRD and DLS measurements. The substantial changes of NPs morphology, dependant on the experimental conditions, were directly observed. The synthesis in neat 1,4-BD led to NPs of the size of around 20nm which was in agreement to XRD measurements and literature. 247 The NPs were mostly aggregated into secondary structures, which were responsible for the DLS size in solution (Figure 30a).

Addition of PEG 200 changed the morphology of NPs from dense to more raspberries like aggregates with very uniform size distribution (Figure 30b,c). Interestingly, deeper HR TEM analysis showed their single crystalline character (Figure 30b). The sample prepared with EG possessed much smaller primary NPs (between 4-10nm) mostly strongly aggregated. However, single NPs could be observed as well (Figure 30d). Their microstructure was similar to the sample prepared with PEG200, however, the aggregates were not uniform in size and in shape. In spite of the reduced size of NPs, their aggregates strongly scattered light. Therefore, even their low concentration made a solution appearance opaque. Additional water in the reaction mixture with EG promoted NPs growth and aggregation (Figure 30f). Contrary, the removal of water from the precursors strongly reduced the aggregation without changing the size of the crystallites (Figure 30e). Most of NPs were isolated and the aggregates smaller in size.

Water removal and addition of EG as co-solvent in the reaction yielded semi-transparent solution of NCs with individual sizes down to 6-7nm. Aggregation could be almost completely suppressed by changing co-solvent from EG to DEG and keeping anhydrous conditions. Apart from mild aggregation caused by drying, primary NPs were very well separated (Figure 30g,h), confirming DLS measurements. HR TEM demonstrated high crystallinity of obtained NCs (Figure 30g inset).

Fourier-transform infrared spectroscopy

The organics on the surface of washed NPs were investigated by FTIR ( Figure 31). The broad bands between 3700 and 3000 cm -1 were assigned to the stretching vibration of OH groups. The sample synthesized in anhydrous conditions and with DEG as co-solvent exhibited one asymmetric broad band with the maximum absorption at 3442 cm -1 . The samples prepared in the presence of water and in the neat 1,4-BD presented clear peak around 3340 cm -1 resulting from two overlapping bands. It was characteristic for boehmite structure 248 and corresponded to the OH between the boehmite layers. It indicated that water induced formation of boehmite or glycol -derivative of boehmite. On the other hand, it might also originated from NP aggregates in which OH groups had similar structure to OH groups between two layers of boehmite stacked together (Figure 32a,b). The peaks between 3000 and 2700 cm -1 were assigned to the stretching vibration of C-H bonds coming from organic molecules strongly attached to the surface. They were the most intense for sample prepared with DEG and dry precursors, which could indicate better surface passivation against aggregation. Two peaks at 1566 and 1424 cm -1 were characteristic for carboxylic groups (COO -) complexing metal ions. They corresponded to the asymmetric and symmetric stretching vibrations respectively. The frequency separation between those bands illustrated the interaction type between the carboxylate and the metal ion. Generally, four interaction modes are possible: unidentate, bridging bidentate, chelating bidentate and ionic. In this case, the difference was over 140 cm -1 which corresponded to bridging bidentate mode [START_REF] Amans | Synthesis of Oxide Nanoparticles by Pulsed Laser Ablation in Liquids Containing a Complexing Molecule: Impact on Size Distributions and Prepared Phases[END_REF] shown in the Figure 32c.

The bands located at 1454 and 1342 cm -1 were due to the vibrations of -CH 3 and -CH 2 groups. The moderate peak at 1066 cm -1 appeared in the spectra of the samples prepared with the presence of water. It is also characteristic for boehmite phase and it may be assigned to the deformation vibrations of OH groups between boehmite layers. 249 The peaks located at 679 and 778 cm -1 corresponded to stretching modes of Al-O bonds. The peak at 710 cm -1 is due to the stretching vibration of Y-O bonds. 250 The acetates groups were easily removed by washing in mild acidic conditions, allowing for easy functionalization with other molecules. For example, in order to disperse the NCs in non-polar solvents, molecules of stearic acid were grafted on the NPs surface. After that, a clear and highly concentrated solution of NCs in toluene was prepared (Figure 32d,e). The structure and crystallinity of the synthesized products were investigated by NMR spectroscopy (Figure 33), the method sensitive to the closest environment of paramagnetic elements. In the YAG structure, yttrium is placed in one crystallographic position, contrary to Al ions which accommodate two different positions with octahedral ( VI Al) and tetrahedral ( IV Al) coordination. Thereby, [START_REF] Anastas | Green Chemistry: Principles and Practice[END_REF] Al NMR is able to differentiate between them resulting in two peaks at different positions in the spectrum. The octahedral sites are presented at around 0ppm with low quadrupole coupling constant (C q around 0,6 MHz) and tetrahedral sites are located between 70 -80ppm with larger value of C q = 6MHz demonstrating significant peak broadening. In the bulk YAG structure, the ratio between tetrahedral and octahedral Al ions is 1,5. The distortions in this ratio indicates the imperfections of a crystal structure and related presence of defects.

27 Al solid-state nuclear magnetic resonance

Therefore, the evolution of the ratio between integrated peaks intensities of tetrahedral and octahedral Al atoms was investigated. All the spectra showed abovementioned peaks. Additionally, peaks at 0,9ppm contained a shoulder indicating presence of another peak located between 5-6ppm, which disappeared after calcination at 1000 o C. In the literature, the shoulder was assigned to the residual boehmite phase. 122,251 This is probably the case for sample prepared in neat 1,4-BD for which this shoulder was most pronounced. However, for the other samples this additional peak was diminished. Considering the large number of atoms on the surface of NPs, it could be also assigned to the surface Al atoms capped with glycol derivatives.

The highest ratio between tetra-and octahedral Al was obtained for the sample prepared with DEG and absence of water meaning improved crystallinity. This ratio, even after calcination, is rather far from theoretical value. There are two possible reasons. The first one is related to the small size of the particles and therefore a large number of Al atoms close to the defected structure of the surface. On the other hand, quadrupolar nucleus like [START_REF] Anastas | Green Chemistry: Principles and Practice[END_REF] Al are challenging for quantitative MAS NMR analysis due to different quadrupolar interactions of two existing Al sites. 252 Therefore, it might be connected to analysis parameters. Nevertheless, the measurements performed in the same conditions, demonstrated clear improvement of the crystallinity of the sample prepared in optimized conditions (DEG as co-solvent and removed water).

Zeta Potential

The colloidal solution of YAG:Ce NCs was clear and highly stable (Figure 28b). The measured zeta potential at pH=6.5 in water was over 50 mV (Figure 34) confirming very high stability of NCs. 

Conclusion: the influence of solvent composition

As it was shown, the addition of co-solvent had a profound effect on the morphology and texture of prepared material. The synthesis performed in neat DEG, EG or PEG 200 yielded only amorphous products due to the too high stabilization of the metal ions and suppressed formation of aluminate moiety. However, they had a positive influence on the morphology of NPs when added as co-solvents. The primary role of EG and DEG was increased solubility of precursors ensuring more homogenous nucleation step. It was confirmed by taking aliquots of the reaction mixture from the autoclave at different periods of the process. The samples taken from the batch prepared without any co-solvent were opaque at every stage of reaction while samples prepared with DEG were clear (Figure 35). Moreover, their strong chelating properties, effectively passivate the surface screening the aggregation of NPs.

Although presence of water is often absolutely necessary for oxides synthesis, the intrinsic condensation of polyols can provide a necessary amount for the oxide formation. 1,4-BD in this case is unique as it was mentioned in the introduction. As a matter of fact, its intramolecular cyclisation reaction can be consider as intramolecular condensation with generation of tetrahydrofuran and the product of AIP hydrolysis (Figure 27). In fact, it is equal to the in situ release of water. Supplementary water molecules facilitate hydrolysis and condensation reactions, which contributes to particles growth and aggregation, as confirmed by all characterization methods. The presence of water was also responsible for small amount of boehmite derivative phase. 

Photoluminescence properties of YAG:Ce nanocrystals

The NPs used in functional materials for optics require high crystallinity to display full potential of their properties. In the case of photoluminescence (PL), which involves absorption, emission and/or energy transfer any defect in the crystal structure causes competitive trap and loss processes. Therefore, NPs properties such as PL are almost always weaker than in the bulk materials due to the intrinsic defect which is the surface of NPs acting as efficient PL quencher.

The PL properties of non-aggregated YAG:Ce NCs with different Ce concentration were measured. In the literature, the maximum intensity of PL for YAG:Ce single crystals was reported below 0,5% of Y atoms. 253 The reported optimal concentration for NPs was usually determined at 1%. 240 Such difference is caused by the lower crystallinity of NPs and the presence of the developed surface.

Three colloids of YAG doped with Ce (0,4; 1; 3 at.% respectively to Y atoms) were prepared. Normalized PL spectra of the obtained colloids are shown in the Figure 36a. YAG:Ce is mostly excited by blue light and it emits green-yellow light. The excitation spectrum showed two peaks at 340 and 450nm associated with the transitions 4f→5d ( 2 B 1g ) and 4f→5d ( 2 A 1g ) respectively. However, contrary to microcrystalline YAG:Ce, peak at 400nm was presented. The peak was already reported by all the authors which prepared YAG:Ce by glycothermal approach. [START_REF] Nyman | Nano-YAG:Ce Mechanisms of Growth and Epoxy-Encapsulation[END_REF]239 It disappeared after calcination at 1000 o C. Two explanations are proposed: (i) some Ce atoms were localized close to the surface of NPs; (ii) some Ce was incorporated in another minor phase. In fact, both explanations are associated with some perturbation in the surrounding of Ce atoms. It is because 5d orbitals are very sensitive to the environment of the ion in contrary to shielded 4f orbitals. Thus, any distortion in the crystal structure affects the PL properties. Intensity of the peak at 400nm was higher for increased amount of Ce, which suggests that the peak was indeed associated with Ce located near the surface.

The PL performance, in most cases, is evaluated by measurement of quantum yield (QY). However, both types of measurements of absolute and relative QY are troublesome for NPs. 254 The absolute QY was measured by means of integrating sphere. The QY value was dependent on the excitation wavelength, conditions of sample drying, amount of the sample in a capillary and storing conditions. The obtained values were in the range of 25-63% for different compounds. In the case of relative QY, an overlapping between the absorption and the NPs scattering effectively obstructed the evaluation of YAG:Ce absorption.

Due to the difficulties in QY measurements, PL properties of NCs were compared by measuring the PL decays, which are very sensitive to any non-radiative de-excitation pathways existing in the crystal (Figure 36b). YAG:Ce single crystal exhibited one component decay with the decay time of 67ns. 253 Quenched PL results in sudden intensity drop at the beginning of the decay (fast component of few nanoseconds). PL decays of the NCs with different Ce concentration correlated with single crystal sample are shown in the Figure 36b. The decay times were obtained by mathematical fitting of the exponential decay function to the decay curves (Table 4). The PL decay times of NCs significantly varied from the literature and from measured single crystal sample. Those differences originated from photonic effects represented by Fermi's golden rule. 255,256 NCs radiative decay was affected by their environment and more precisely by refractive index (RI) of the surrounding. Therefore, bulk YAG:Ce (with the RI of 1,83) exhibited different decay time compared to small NCs in water with RI of 1,33. The dependence of the decay rate of NCs is usually well correlated with RI of the surrounding by NC-cavity model. 255 The emission rate rises with increasing RI, so that the decay time was longer in water than in the bulk. The appearance of the second, faster component (around 55 ns for 0,4% of Ce and 60 ns for other samples) is probably related to the Ce ions near the surface of NCs. Similar findings were obtained for YAG:Nd NPs 257 were slower and faster component were observed instead of single component decay displayed by bulk sample. Another example was given for LaPO 4 :Tb NCs in which the faster component was assigned to the close proximity of some Tb ions to the NCs surface. 255 The fastest components for the 1% and 3% of Ce were due to the concentration quenching. The results clearly showed that YAG with 3% of Ce was the most quenched sample what was consistent with the lowest emission intensity of this sample (Figure 36d). Contrary to the results obtained by other researchers, the best PL in our case was achieved for sample with 0,4% of Ce, where quenching was significantly reduced. In fact, the emission from the colloidal solution of the same concentration of YAG:Ce NPs was brighter for sample with 0,4%. Contrary, YAG with 3% of Ce exhibited very low emission. The 0,4% Ce sample showed that most Ce ions are involved in radiative transitions of electrons, compared to the samples with higher Ce content. The results proved again the very good crystallinity of the prepared NCs.

From YAG:Ce nanocrystals to thin films

Thin films of YAG:Ce (0,4% Ce) were prepared by spin-coating directly from the aqueous solution of NCs (Figure 37). PL spectra were recorded on the films with different thicknesses. The excitation spectra (Figure 37c). showed the same bands as in the case of colloidal solutions. Surprisingly, the ratio of peaks intensity at 340 and 450nm was changing depending on the film thickness. Normally the band at 450nm is more intense than the one at 340nm and it is also the case for the thickest sample. However, the ratio was Procedure: Fabrication of thin films from YAG:Ce colloids Thin films of YAG:Ce were prepared on silicon wafers using spin-coating method. First, silicon wafers were cleaned with basic solution of surfactant, washed with distilled water and acetone and dried over isopropanol vapours. Next, the aqueous colloidal solutions with different weight concentration were prepared (2,5%; 5%; 10%; 15%; 20%). Then, 150μl of YAG colloidal solution was deposited over silicon substrate (25 x 25mm). Subsequently, substrate was rotated at the speed of 3000rpm (acceleration 1000 rpm/s) for 60sec.

increasing with reduction of the samples thickness. Although the reason of this peculiar behaviour is not known, it might be attributed to absorption saturation effects. Emission spectra (Figure 37d) did not differ with the PL spectrum recorded of colloids and as it was expected, the emission from thicker films was more intense.

The morphology of the thin films was observed with scanning electron microscopy (Figure 38). The substrates were tilted in order to picture the cross-sections of the films . Clearly, the thickness of the films increased with the concentration of colloid as observed by ellipsometry. All the films were homogenous and crack free. 

Conclusions

A systematic study on the morphology and size of YAG:Ce NPs obtained in modified glycothermal conditions by varying the type of co-solvent (EG, DEG, PEG200) and amount of water in the reaction mixture was reported. The synthesis conditions were optimized in order to obtain non -aggregated and highly crystalline NCs. It was achieved by dehydration of precursors and addition of DEG as a cosolvent. The prepared NCs could be highly concentrated in water (up to 50% by weight) while still keeping high transparency and stability. The Ce concentration in YAG was optimal at 0,4% to get the best PL properties. The higher concentration led to concentration quenching. The obtained colloids were effectively used for fabrication of thin films by spin-coating method, without need for additives to obtain homogeneous, crack-free luminescent films with controlled thickness.

Glycothermal synthesis of hierarchically structured LTO for Li-ion battery anodes

This work was published in Odziomek et al. Nat. Commun., DOI: 10.1038/ncomms15636

Anode materials for lithium-ions batteries

Ensuring an effective ionic and electronic transport in the electrodes is crucial to construct highperformance batteries. This issue is particularly important considering insertion-or intercalation-type electrodes utilized in lithium-ion batteries. [258][259][260][261] Depending on the intrinsic structural and transport properties of the particular electrode material, various approaches are used. For instance, if the material possesses insufficient ionic (that is, Li + ) conductivity, transition to nanoscale, as well as grain morphology optimization is performed, to decrease diffusion length or/and expose particular crystal planes, through which the enhanced ionic transport may occur. [261][262][263][264][265] At the same time, to increase electronic component of the conductivity, various additives (usually carbonaceous materials) are often used, yielding composite-type electrodes. [266][267][268] Alternatively, intrinsic transport properties, as well as chemical stability of the candidate electrode compound can be also adjusted, which is usually done by an appropriate chemical modification (commonly by doping). 262,[269][270][271] In the case of Li 4 Ti 5 O 12 (LTO) spinel, which is considered as a promising anode material for Li -ion batteries, especially for application together with a high-voltage cathode, both, ionic and electronic transport in the electrode must be optimized. 262 The material, which is particularly interesting due to its zero strain-like behaviour during lithium insertion/extraction, 272 excellent chemical stability and good cyclability, unfortunately suffers from low ionic and electronic conductivity. Although inadequate transport properties of microcrystalline LTO hinder its usefulness, transition to nanoscale was shown to be an effective way to greatly improve electrochemical performance of this material. 273,274 Nanostructured LTO was previously reported in a form of nanosheets, 275 nanorods, 276 nanotubes, 277 nanowires, 278 nanoflakes, 279 nanoflowers 280 and nanoparticles (NPs). 281 The respective materials were prepared via various routes, including solid-state, hydrothermal, sol-gel, microwave, combustion, molten salt, sonochemical, rheological phase, and spray pyrolysis methods. 262 and references therein Although nanostructured LTO particles can deliver superior rate performance, with substantial capacity attained at high current rates of 100 C and higher, this usually comes with a high irreversible capacity loss at initial cycles and with difficulty in manufacturing electrodes of high volumetric energy density, owing to low tap density of such powders. 262 As a solution, ideal hierarchically structured materials can be designed, in which primary, nanosized crystallites form larger, porous agglomerates, which can be further grouped into micro-sized grains. Well-controlled multilevel porosity would enable effective penetration of the liquid electrolyte, with distance for the Li+ diffusion minimized within the electrochemically active NPs (Figure 39). If at the same time, electronic transport in electrode can also be ensured (for example, by a carbonbased additive), LTO-based anodes having excellent electrochemical properties can be achieved.

Numerous reports of synthesis of nanostructured LTO can be found in the literature 272,[281][282][283] In many cases, the synthesis routes are complex and/or unsuitable for inexpensive commercialization, in particular if the observed performance improvements are incremental taking conventionally prepared LTO as a baseline. Promising syntheses of LTO have been reported using solvothermal approaches in various solvents, but to our knowledge never in 1,4-butanediol (1,4-BD), a solvent shown to exhibit particular properties for oxide synthesis. [START_REF] Niederberger | Metal Oxide Nanoparticles in Organic Solvents[END_REF] In this work, we present synthesis of hierarchically structured LTO by a relatively inexpensive and scalable method. We use the well-known glycothermal approach, in which oxide NPs are synthesized from metal-organic compounds in 1,4-BD in autoclaved conditions. Nanostructuring of the prepared LTO results in enhanced electrochemical performance in extended cycling tests at high rate.

Synthesis and structural properties of LTO

The synthesised and purified compound was dried resulting in white nanopowder (Figure 40a) or redispersed in EtOH (Figure 40b) creating white opaque colloid, flocculating and settling down within few hours (not precipitating).

According to X-Ray powder diffraction (XRD) analysis (Figure 40c), a highly crystalized pure LTO phase was obtained in agreement with the reported JCPDS data (Card No. 00-049-0207) and corresponding to a spinel type cubic structure. Significant peak broadening was ascribed to small crystallites size. In general such peak broadening results from a number of factors such as instrumental issues, lattice distortions and small crystallites size. The last factor produces Lorentzian broadening while the former two produce a Gaussian shape. The experimental XRD diffraction profile was better fitted with a Lorentzian function than Gaussian, implying that the Lattice distortions were negligible. A Rietveld refinement was performed using data in the range 10-100 o in 2θ. The Thompson-Cox-Hastings formulation of the pseudo-Voigt function and an instrumental resolution function were applied to describe the peak profiles and to determine an apparent crystallite size as well as the lattice parameters. The results led to an apparent crystallite size of 4.0nm. The cell was refined in the cubic system, Fd-3m and the parameter of the unit cell a = 8.364Å was slightly larger than values reported in the literature. 284 Interestingly, good crystallinity was obtained without any post-treatment.

Procedure: Glycothermal synthesis of Li 4 Ti 5 O 12

Typically, 4.59g (45mM) of LiOAc dihydrate was completely dissolved in 200ml of 1,4-butanediol (1,4-BD) under magnetic stirring at room temperature. Then, 17,02g (50mM) of Ti(O n Bu)4 was dropwise added and the whole solution was stirred for around one hour at the end of which the reaction medium turned into yellowish transparent solution. Next, the s olution was transferred into a 700ml stainless-steel autoclave. Additional 60 ml of 1,4-BD was added into a gap between the autoclave and the beaker in order to assure thermal contact. The autoclave was tightly sea led and heated up to 300°C (3°C min -1 ) and kept at that temperature for 2h. Solution in autoclave was constantly stirred by mechanical stirrer (300rpm). The maximum autogenous pressure was obta ined at the end of reaction (25bar). After that, the autoclave was cooled down overnight. White precipita te with milky colloidal solution was obtained. Product was collected by centrifugation (6000rpm for 10min), washed with ethanol three times, and then dried in vacuum at 50 o C for 3h. Gas adsorption studies confirmed the porous structure of the material. Adsorption/desorption isotherms (Figure 42a) corresponded to the isotherm type IV according to IUPAC nomenclature, 285 which is characteristic for mesoporous materials. The hysteresis was due to the aggregations of NPs, which created voids in the mesoporous range, and thus resulting in capillary condensation. Calculated Brunauer-Emmett-Teller (BET) surface area was 220m 2 g -1 , which corresponded to cubic particles with diameter of 7-8nm. This surface area value is one of the highest reported in the literature for pure LTO phase. The pore size distribution calculated from Barrett-Joyner-Halenda model (Figure 42a inset), clearly shown three types of porosity: i) coarser mesoporosity of 40-50nm; ii) finer mesoporosity of 2-4nm and iii) microporosity. This was consistent with the proposed multiple levels of assembly in the aggregates. The pore size distribution, surface area and crystallites size could be tuned by changing reaction parameters (Appendix B) The surface of the as-prepared NPs was covered with organic species as shown by Fourier transform infrared spectroscopy (Figure 42b) and thermogravimetric analysis (TGA) (Figure 42d). The amount of organics was evaluated to be 12% weight from TGA plot. This organic cover was attached by chemical bonds strong enough to remain after the washing step. X-ray Photoelectron Spectroscopy (XPS) and FTIR evidenced that nanoparticles were mostly covered with residual -butoxy groups from titanium alkoxide and 1,4-BD.

Stoichiometry deviation of nanostructured lithium titanate

Interestingly, inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis shown 4.64% of Li and 46.30% of Ti atoms, corresponding to a molar ratio Li/Ti = 0.692. Such significant deviation from the theoretical structure is surprising in particular when considering the excess of lithium during the synthesis. Calculations made from XPS also confirmed shortage of Li atoms (Figure 42c). This gave rise to a ratio of 3.5 moles of Li to 5 moles of Ti in LTO. Charge neutrality considerations could suggest some Ti 3+ to be present in the structure. However, EPR measurement did not detect any Ti 3+ . However, EPR measurements did not detect any Ti 3+ . Moreover, the high-resolution Ti 2p core level XPS spectrum (Figure 42c) shows two peaks at 458.7eV and 464.4eV, which indicated the existence of Ti 4+ exclusively in the material. As a consequence, we assumed that the compound had some oxygen vacancies in the structure. However, there is a possibility that some charge is compensated by O-R groups (R = H or C) remained on the particles surface. Such lithium deficiency, or in other words, formation of titanium-rich LTO can be explained on the basis of work by Lu et al.,286,287 where they investigated LTO structure by aberration-corrected scanning TEM. They noticed irregular surface layer (2nm thick) with reduced contrast of lithium ion columns, in comparison with the interior regions. Authors concluded that the outmost layer possessed titaniumenriched composition. In addition, Wang et al. 288 observed rutile surface layer on synthesized LTO nanosheets when less than 0.5mol excesses of Li precursor was used. Consequently, it can be concluded that the surface structure of synthesized NPs undergoes a specific relaxation where titanium atoms are exposed on the surface. Therefore, higher ratio of titanium to lithium atoms in small NPs with comparable amount of surface and volume atoms is not surprising. This effect may also explain the presence of the oxygen vacancies in the synthesized LTO. Surface of grains of oxides experiences rearrangement of atoms usually yielding exposition of oxygen atoms. For instance, in a reconstructed surface structure of SrTiO 3 only TiO 4 units are present. 289 Considering that the near surface layer composition of the material is closer to TiO 2 , which has lower Ti/O than LTO, oxygen deficiency can be expected. This explanation is supported by XPS measurement (which is more sensitive toward particle surface) where even more lithium deficiency was detected.

Electrochemical performances

The electrochemical performances were studied by Konrad Świerczek and Anna Rutkowska from AGH in Cracow.

Preparation of LTO anode layer

Obtained LTO NPs were mixed with carbonaceous materials and drop casted on metallic current collector forming active anode layer. The electrode assembled in a battery cell served for electrochemical measurements.

The conditions of electrochemical measurements are presented in the Appendix B.

Electrochemical measurements

It is known that shape of the charge/discharge characteristics differs for micro-and nanosized LTO, with flat voltage vs. charge state behaviour observed for batte ries made using microsized material, and pronounced voltage changes when nanoparticles are used. [289][290][291] Interestingly, the recorded curves, at low current rate of C/2, shown a substantial capacity range (c.a. 30-40mAh g -1 ) with voltage constantly changing with the ongoing electrode process. This was further followed by a more flat dependence, and finally, larger changes at the final stages of the charge/discharge ( Figure 43a). The recorded capacity in 1.0-2.6V range exceeded the theoretical one of LTO, and was on the order of 190mAh g -1 after 10 cycles. While on the first discharge such behaviour might be interpreted as originating from initial introduction of missing lithium, speculatively into the 8a site with corresponding 29mAh g -1 of additional capacity, the enhanced capacity on the following cycles is possibly linked with

Procedure: Preparation of anode layer from Li 4 Ti 5 O 12 NPs

Electrochemical performances of the synthesized nano LTO were evaluated in coin -type cells with metallic lithium used as the negative electrode. The positive electrode was prepared by mi xing of the active material (70wt.%) with carbon additives (10wt.% carbon black, 15wt.% graphite) and polyvinylidene fluoride (PVDF) binder (5wt.%). N-methyl-2-pyrrolidone (NMP) was added to the mixture in a certain amount, in order to obtain the desired viscosity of the paste. After overnight mixing the slurry was cast on the Al foil, dried under vacuum at 70°C, and then was dried at 120°C.

near-surface lithium storage, with contributions of the surface-present organics originating from the synthesis process. 292,293 In the next 100 cycles the capacity stabilized at around 170mAh g -1 (Figure 43d).

Appropriately prepared, nanosized Li 4 Ti 5 O 12 spinel was already shown to exhibit excellent electrochemical properties, with optimized materials delivering almost theoretical capacity up to 50C, as well as capacities exceeding 100 mAh g -1 at unusually high rates on the order of 500C or above. 273,274 However, in those works the cells were prepared using rather non-standard, and therefore costly approach. Also, as shown in ref.

274 the active material loading was below 0.2mg cm -2 , which is limiting from a practical point of view. As presented in the Appendix B, the LTO-based electrodes were prepared by a standard method with a rather typical loading of the active material of about 1mg cm -2 . 

Figure 43e

presents the results of initial 1000 cycles of CR2032 Li/Li + /LTO battery recorded for 50C charge/discharge rate in 1.3-2.5V range. While the capacity in the initial cycles was low, it improved considerably on cycling, which could be directly related to the decreasing polarization (Figure 43b).

After about 300 th cycles, the capacity stabilized close to 170mAh g -1 , and remarkably, no capacity fading was observed till the 1000 th cycle. While such extraordinary stability could be partially attributed to a relatively narrow cycling voltage range, it was mostly due to the intrinsic properties and morphology of the synthesized material. It should be also emphasized that metallic lithium anode maintained stable work in those 1000 cycles, despite known common problems with dendrite formation. Likely, good performance of Li/Li + electrode was related to the limited 1.3-2.5V cycling range. Examination of cycled material microstructure by SEM revealed no visible differences. LTO remained highly porous and hierarchically-structured (Figure 44).

Interestingly, a substantial discharge capacity on the order of 99mAh g -1 was maintained if the electrode was subjected to an extremely fast 500C charge current, and then discharged at 50C (Figure 43c,f). This result was of practical interest, as it suggests that manufacturing of LTO-based batteries capable of ultrafast charging is attainable. Doubtlessly, such extraordinary results were connected with high ability of Li ions to be inserted or extracted into/from nanoparticles with well -developed surface 293 and with peculiar non-stoichiometry of the system. Additionally, very high crystallinity was also an important factor to be considered for good performances. This results are compared to the results from the literature (Appendix B). As can be noticed, there is a substantial asymmetry between the anodic and cathodic peaks, with the cathodic one being initially split in two. Origin of this effect was likely due to the ongoing solid-electrolyte interface (SEI) formation, 294 which diminishes in the following cycles. This was also supported by electrochemical impedance spectroscopy (EIS) data gathered on cycling, as presented in the Figure 45. As expected, after SEI formation the recorded resistances decreased substantially, and remained almost constant for the following cycles. Finally, the increase of capacity in the first 300 cycles at fast charging rate was ascribed here to rather complicated formation of SEI under a fast charging/discharging rate. 

Conclusions

In summary, a method of preparation of hierarchically structured LTO-type nanosized spinel, based on scalable and facile glycothermal process, was developed. It was possible to obtain uniform, w ellcrystallized primary 4-8nm nanoparticles, self-assembled in porous secondary particles, with specific surface area of 220m 2 g -1 . By a combined analytical methods (ICP, XPS, XRD) a Li-and O-deficient LTO composition was established. Interestingly such material delivered exceptional electrochemical performance while applied in lithium-ion batteries, with recorded capacity for low current densities exceeding the theoretical one, as well as reversible capacity of 170mAh g -1 after 1000 cycles at 50C current density with practically no signs of capacity fading.

Glycothermal synthesis of other metal oxides.

Apart from YAG:Ce and LTO, several other attempts were made to synthesize different metal oxides for different applications. Synthetic conditions are presented in the Appendix C.

Y2SiO5:Ce

Yttrium orthosilicate (YSO) similarly to YAG is a very good host for RE metals (e.g. Eu, Ce, Pr, Tb, Yb). 295- 297 Therefore, it is widely used in cathodluminescence, 298,299 lasers 300 and scintillators. 301 There are two polymorphic phases, X 1 and X 2 , of YSO, both monoclinic. Phase X 1 is transformed into phase X 2 above 1190 o C. The latter one exhibits improved optical properties with more intense luminosity. 302,303 All synthetic techniques described in the literature required high temperature in order to crystallize YSO phase. So that colloids of YSO were not prepared yet.

Ce doped YSO is a valuable scintillating material with fast scintillation decay and high luminous output. Hence, we were particularly interested to obtain this compound in nanoparticulate form. We attempted to synthesized Ce doped YSO in similar conditions as YAG or LTO. The procedu re was analogous except that heating at The gel-like product was obtained with some part presented as colloidal solution. After purification and redispersion in ethanol, stable milky colloidal solution was obtained. X-ray diffraction pattern of dried product demonstrated two broad bands characteristic for short range structural order of amorphous phase (Figure 46a). TEM showed that obtained YSO:Ce phase was in the form of NPs of few tens of nm and random shape (Figure 46b). Calcination at 1000 o C induced crystallization of pure YSO X1 phase (Figure 46c). Such treatment caused coalescence of the NPs forming elongated particles with width of around 50nm and length of 200nm (Figure 46d). They aggregated into rather low density structures of micron sizes. The higher calcination at 1300 o C transformed X1 phase into X2 phase, in accordance to the literature. The obtained XRD peaks were very sharp meaning loss of nanoparticulate character of the material (Figure 46e).

Interestingly, the samples calcined at 1000 o C or 1300 o C in air, demonstrated strong PL properties, contrary to YAG:Ce, which calcined at 1000 o C exhibited very poor PL due to the Ce 3+ oxidation.

ZnO:Ga

Zinc oxide is an important multifunctional material for many industrial applications such as UV absorbers, pigments or rubber manufacturing. In addition, it is used in ceramic industry due to its hardness and piezoelectric properties, as well as in biomedical applications because of its low toxicity and biocompatibility. [START_REF] Objectives | [END_REF] Moreover, its semiconducting properties can be tuned by doping with other elements. Nanophase ZnO find applications in light emitting diodes (LEDs), 305 transparent conducting oxide coatings, 306,307 random lasers, 308 or gas sensors. 309

ZnO:Ga was reported as an efficient ultra-fast scintillating material. 310 Therefore, ZnO:Ga (Ga 2 at.%) NPs were synthesized by glycothermal procedure analogous to YAG. In this case zinc acetate dihydrate and gallium acetyloacetonate were used as the reactants (see Appendix C).

The obtained product was in the form of blue turbid colloid, which after washing in ethanol could be easily redispersed in water or ethanol. X-ray diffraction pattern was well-matched with hexagonal wurtzite-type zinc oxide reference (Figure 47a). The crystallites size was calculated to 20nm from the peak broadening and was in good agreement to the size obtained from electron microscopy. The observed NPs by TEM were well crystallized and of spherical or slightly elongated shapes (Figure 47b,c). 

ZnAlO2

ZnAlO 2 (ZAO) crystallizes in the cubic spinel structure. The material is transparent to the visible and the part of UV light up to the wavelength of 320nm. It emits light upon x-ray irradiation. It also possess catalytic properties thus it is useful for cracking, dehydrogenation or hydrogenation reactions. 311 The nanosized ZAO was prepared by the classical route with zinc acetate dihydrate and AIP as zinc and aluminium precursors respectively (see the Appendix C).

Surprisingly, at the end of the heating the pressure reached 54 bars, being much higher compared to YAG (40 bars). The reason could lay in catalytic properties of ZAO which might induced a degradation of organics during the reaction. Additionally, after the autoclave opening, bubbles were evacuating from the beaker (probably CO 2 ). The obtained product was a yellowish colloidal solution.

The X-ray diffraction pattern of the dried product was assigned to pure spinel phase with a very small crystallites size (of around 3nm) calculated by Sherrer equation (Figure 48a). After the purification in ethanol and redispersion, the obtained colloid was turbid and partially precipitating, meaning that particles were strongly aggregated. TEM microscopy confirmed very small size of primary particles (2-3nm) and their aggregation into secondary structures (Figure 48b-d temperatures by doping with yttrium, magnesium or calcium. It is used primarily in production of ceramics for various applications, such as: protective coatings, 312 refractor materials, 313 abrasives or enamels. 314 It is widely used in cars in lambda sensors (sensor for oxygen) and in membranes in fuel cells. 315 It serves also for production of dental restorations (e.g. crowns). 316 For the synthesis of ZrO 2 NPs, zirconia n-propoxide in isopropanol (70% w/w) was used as the precursors. Prior to glycothermal treatment, isopropanol was evaporated off on rotatory evaporator.

Well-dispersed colloidal solution was obtained. XRD analysis confirmed that tetragonal zirconia was the only product and presence of very broad peaks indicated a very small size of crystallites (Figure 49a). Tetragonal form was stable at low temperature without special stabilization due to nanoparticulate form. Furthermore, TEM images confirmed the high crystallinity of NPs with very small (3nm) and non-aggregated character (Figure 49b-d). 

Conclusions

Glycothermal approach demonstrated its high potential toward synthesis of crystalline metal oxide NPs. It combines advantages of sol-gel chemistry, polyols stabilization and solvothermal conditions. Relatively high temperature ensured high crystallinity of most of the obtained compounds. The product morphology could be tuned depending on reaction conditions. The important parameters controlling the size and aggregation of NPs were amount of water, type and amount of co-solvent and type of precursors.

The properly adjusted solvent composition allowed to obtain highly crystalline and very welldispersible YAG:Ce NPs of size of few nm. The prepared colloids were directly used for fabrication of high quality films with tuneable size depending on the concentration of colloidal solution. No additives had to be added to assure good homogeneity and non-cracked film.

Contrary, in some certain conditions, as-synthesized NPs were directly self-assembled in peculiar highly porous structures like in the case of hierarchically-structured LTO. The high porosity, combined with well-crystalized NPs resulted in superior electrochemical properties.

Fabrication of functional devices from synthesized YAG:Ce colloids is further developed in the next chapters. During these studies, particular efforts were dedicated to the formation of highly porous and transparent 3D structures of macroscopic sizes. Therefore, as it was presented in the introduction I attempted to develop: i) pure YAG:Ce NP-based aerogels by destabilization of colloidal solution; ii) host-guest structures with NPs embedded inside transparent and porous silica aerogels.

Introduction

The great development of synthetic approaches toward NPs with controlled size and shape, enabled their use as building blocks. These nano-blocks can be assembled creating various functional materials. Among several possible approaches, gelation of colloidal solution is particularly interesting. Up to know, it is practically the only method allowing preparation of macroscopic materials in a bottom-up approach, binding several orders of magnitude in length scale. Indeed, colloidal gelation has focused the scientific attention in recent years resulting in many theoretical 317,318 and experimental research.

Colloidal solution and its gelation is somewhat analogous to the sol and sol -gel transition. The main difference is the crystalline character of colloid, thus with lower chemical potential compared to amorphous sol. Therefore, the gelation of colloids is achieved by the controlled destabilization of NPs.

Consecutively occurring collisions of NPs, due to the Brownian motions, results in branched 3D structures spanning over the whole sample (gelation). Destabilization process requires that the attractive forces in the colloid exceed the repulsive ones. This can be obtained by several methods, typically neutralizing the surface charges using either pH variation 319 or ionic strength changes, addition of chemicals 321 or temperature change. 209 The NP-based gels are rather weak and mechanically unstable. 203 Therefore ambient drying results in large shrinkage and harsh cracking. However, removal of solvent from a gel can be achieved using supercritical drying preventing material cracking. 322 The NPs self-assembly route toward aerogels is particularly interesting for functional materials due to the crystallinity of solid phase contrary to aerogels prepared by sol -gel process.

Synthesis of YAG:Ce aerogels

The preparation of NP-based aerogels requires 3 essential steps: i) synthesis of crystalline, monodispersed NPs of few nm which are well-dispersible at high concentration; ii) destabilization of relatively high concentrated colloids to induce gelation; iii) drying of prepared gel, practically limited only to SCD. The general overview of preparation of YAG:Ce NP-based aerogels is shown in the Figure 50.

YAG:Ce colloidal solution

The colloidal solutions were prepared by glycothermal synthesis accordingly to the chapter 2. The optimized synthetic conditions allowed obtaining highly concentrated and good quality colloids. The YAG:Ce colloids were washed in mild acidic conditions in order to remove acetates from the surface of NPs, dialyzed to assure high stability and low ionic strength of colloid and in the last step concentrated on rotatory evaporator. The colloidal solution was highly stable, transparent and quite viscous (Figure 50a). XRD confirmed existence of pure YAG phase (Figure 51a).

Washing of NPs with acidic water removed the acetates, increasing the amount of accessible OH groups and leaving some strongly bonded organics coming from adsorbed glycols molecules. DLS and zeta potential measurements (Figure 51c,d) confirmed non-aggregated character of NPs and good stability.

Gelation of nanoparticles

As a matter of fact, the initial idea concerning gelation of YAG:Ce NPs was adopted from work of Gash, 179 who prepared aerogels of transition metal oxides by using epoxides. In this case metal ions in aqueous solution were treated with propylene oxide (PO) which captured a proton from solvated metal ion M(H 2 O) x y+ , generating reactive M-OH group able to condense with other ions. Series of consecutive reactions produced a gel which after SCD yielded an aerogel.

For that reason, knowing that prepared YAG:Ce possessed plenty of M-OH group at the surface, it was assumed that proton scavenger, such as propylene oxide, might induce generation of highly reactive M-O -and create a bridge between two particles. In fact, upon addition of PO, colloidal solution indeed gelled. However, relatively high amount of PO (30-40% of total volume) hinted that gelation could occurred due to some other effects involving destabilization of NPs. Especially, that to complete ring opening of epoxide some even very weak nucleophile (like Cl -) is necessary.

Indeed, PO exhibits much lower polarity compared to water and ethanol while still being miscible with their mixture. Therefore, analogous procedure was repeated with isopropanol and acetone which dielectric constant is also much lower than this of water. Similarly to gelation with epoxide, b oth

Procedure: Post-processing of YAG:Ce colloids

NPs were prepared by previously presented glycothermal procedure (with 15% v/v of DEG as cosolvent and dehydrated yttrium and cerium acetate). The as prepared NPs were washed 3 times with EtOH by precipitation and re-dispersion. Each time prior to centrifugation, THF was added in order to destabilized NPs. Then, NPs were redispersed in 20ml of water and 0,4ml of 1M HCl was added.

Solution was put into ultrasonic bath for 15min, destabilized by addition of THF and centrifuged. The procedure was repeated 3 times, followed by re-dispersion in pure water and centrifugation at high speed (15000 rpm) to remove coarser particles (about 10% of total particles mass). Then, the colloidal solution was dialysed in 2l of water for 2d with 3 times exchanged water. Afterwards, colloid was concentrated up to 50% (dependi ng on needs) using rotatory evaporator.

solvents yielded gels meaning that processes involved destabilisation of NPs through abrupt change of their environment. 

Destabilization of NPs by the change of solvent dielectric constant

In order to induce the gelation process, it becomes crucial to control the local environment at the NPs surface and their respective interactions, which ensure their stabilisation or destabilization.

Particles in a solution display a well-known surface charge organisation called the electrical double layer, which assures the electrostatic stabilization of colloids. 323 In this model, ions are arranged around NPs in two layers: i) the Stern layer of chemically bonded ions to the surface, and ii) the diffusive layer of loosely associated ions with the surface, that can rapidly exchange in the fluid under influence of coulombic interaction and thermal motions. This ionic atmosphere near a charge d surface has a characteristic thickness which can be related to the Debye length noted as κ -1 and described by the Equation 6:

𝜅 -1 = √ 𝜀 𝜀 0 𝑘𝑇 2𝑁 𝑎 𝑒 2 𝐼
(Equation 6)

where ε, ε0 -dielectric constant of the solvent and the vacuum respectively; k-Boltzmann constant; T-temperature; Na-Avogadro constant; e-elementary charge; I-ionic strength of the solution.

The ionic environments of approaching particles start to overlap leading to osmotic pressure, which provides repulsive force. The Debye length depends mostly on the ionic strength and the dielectric constant of the solvent (Equation 6). In first approximation, the total potential energy of interaction between NPs is a sum of repulsive electrostatic and attractive van der Waals forces (DLVO theory). It varies depending on the distance between the particles. High dielectric constant of the solvent maintains the efficient screening of the electrostatic attraction between ions bound to the NP's surface and counter-ions, building the electrical double layer. This is a simplified image of particles interaction, especially for the system with NPs of few nanometers where the complex interactions and additional phenomena have to be taken into account. 324 The prepared YAG:Ce NCs were stabilized electrostatically as shown their high zeta potential. Therefore, they were stable in solvents possessing high dielectric constant, such as water (ε=80,1). The aqueous solution of NCs was dialysed, ensuring very low ionic strength and as a consequence higher stability. The NPs remained well-dispersed in the solution, if the total interparticle potential was repulsive. Aggregation of NPs was induced by changing the ratio between attractive and repulsive forces. The latter ones were efficiently screened by changing the ionic strength or diel ectric constant of the solution. This led to a drop of the energetic barrier for the NPs collisions (Figure 52). Therefore, the particles aggregated due to the collisions induced by Brownian motions. Depending on the density of the aggregates and interaction forces, they can flocculate, precipitate or span over whole sample forming a gel. In this work, the gelation of colloidal solution was induced by the slow addition of solvents with a lower dielectric constant than the initial dispersion medium (water). The added solvents had to be fully miscible with water to assure homogenous gelation. Experiments showed that the best quality gels were obtained when the concentrated aqueous solution of YAG:Ce was first diluted with EtOH and then mixed with 1,4-dioxane (1,4-DO) which possesses very low dielectric constant (ε=2,2) while still keeping very good miscibility with water. Depending on the ratio between water, EtOH and 1,4-DO, the gelation time was easily tuned from almost instantaneous to several days at ambient temperature (Appendix D). The gelation was quicker, when elevated temperatures (20-90 o C) were applied due to higher effectiveness of NPs collisions due to Brownian motions. This procedure enabled to control the density of the gel and the resulting aerogel by simple adjustment of the colloid/solvents ratio (Appendix D). The obtained gels were clear and transparent proving high homogeneity (Figure 50b). It is relevant to note that the gelation of YAG:Ce colloids from 45% colloidal solution, without additional ethanol was very abrupt. The gel was less transparent and full of bubbles (Appendix D), which was often the case when too fast condensation process occurred in silica gels. On the other hand, the colloids diluted with water instead of ethanol, where often too stable to achieve ge lation even at elevated temperatures. As a matter of fact, the gelation was also obtained changing ionic strength of the solvent by addition of salt solution to the colloid (Appendix D). Although the resultant gel was opaque meaning generation of large aggregates, the proper optimization of conditions might form good quality gels.

As mentioned before, the transition of colloidal solution into the gel was also achieved with PO and less toxic acetone or isopropanol. However, the gel obtained with isopropanol was turbid instead of transparent. We observed that for the same volume ratio of solvents, gelation time was decreasing together with decrease of dielectric constant of solvent. The gelled samples, were aged for at least two days at 50 o C under atmosphere of 1,4-DO vapours. This step was crucial to increase integrity and the strength of the gel, necessary for the next steps toward aerogel.

Supercritical drying of colloidal gels

The gels were composed of co-existing liquid and solid network. Conventional drying led to the collapse of the gel network, indicated by huge shrinkage, due to capillary forces. It usually resulted in sample cracking, especially in the case of fragile NP-based gels (Appendix D). However, as it was described in the first chapter, this difficulty can be overcome by supercritical drying process in CO 2 . For this procedure, the gel have to contain only liquids miscible with liquid CO 2 . Therefore, the pore liquor had to be exchanged to acetone prior to supercritical drying.

The gel processing

As the matter of fact, the big problem was encountered with the sample removal from the mould. At the beginning, the gels were prepared in Teflon containers. In the case of silica gels, syneresis (contraction) occurs during the aging step, thus they can be readily removed from the vials. Contrary, the NP-based wet gels did not change their dimensions, which were the same as the volume of the gelling colloid. The reason of lack of syneresis and contraction is based on the absence of reactions occurring during silica aging process (continuous hydrolysis, condensation and often dissolution). The NP-based gel was composed of crystalline NPs, thus chemical reaction between the particles did not occurred. Nevertheless, the aging process reinforced the structure of the gel, probably due to some rearrangements of NPs, increasing the number of contact points between them. In the case of samples with lower volume fraction of particles during gelation and mostly aging, the gel was setting down (Appendix D). It means that created flocks were not enough strong to create rigid network structure. During setting down, the flocks became denser thus they gained strength to withstand further "precipitation", creating a gel.

The gel removal from the Teflon vial with spatula or by gentle knocking the bottom of the vials put upside down caused the sample damaging. Therefore, prior to gelation, sample were prepared in half cut syringes, so that after gelation and aging, gels could be pushed up by the piston and eventually released (Appendix D).

Procedure: Gelation of YAG:Ce NCs

The gels could be prepared from wide range of composition. For instance, 0,600g of 40% YAG:Ce colloidal solution in water (w/w) was mixed wi th 0,800g of ethanol. Then 0,700g of 1,4-dioxane was added dropwise under magnetic stirri ng. Solution was stirred for 30sec, and the magnetic stirrer was removed. The colloid stopped moving upon container tilting after 10 min. The gel was aged under the aluminium foil cover at 50 o C under atmosphere of 1,4-dioxane for 2-3 days.

Solvent exchange

The solvent in the gel pores was exchanged to acetone since it is very well miscible with liquid CO 2 and possess low dielectric constant. Normally, such procedure requires multistep exchange with increasing concentration of acetone in order to do not damage the fragile structure of the gel.

The direct immersion of as-prepared solvent in pure acetone caused appearance of cracks in the sample. Whereas, the gradual exchange of the solvent prevent gel damaging of the gels. The gels transferred into the water were readily dissolved regenerating colloidal solution.

Supercritical drying in liquid CO 2

Procedure: Solvent exchange

The gels were removed from the containers and transferred into a beaker containing the mixture of 1,4-DO and acetone (40% of acetone by volume). Then after each 12h the gels were transferred into the fresh mixtures with increased amount of acetone (by turns: 50%; 60%; 75%; 90%; 100%). Then the gels were soaked in pure acetone for 24h.

Procedure: Supercritical drying.

Supercritical dryi ng was performed on Cri ti ca l Poi nt Dryer E3100 from Quorum Technologies ( Figure 53) connected to the temperature controller from Julabo. Firstly, the a utoclave was cooled down to 10 o C i n order to ena ble the tra nsfer of liquid CO2 from the bottle to the a utoclave. Then, wet gels were put i nto a "boat" conta iner filled with a cetone (Appendix D), which was subsequently placed in the autoclave. The autoclave was ti ghtl y closed and filled completely with liquid CO2. Next, filling valve was cl osed and drain valve was opened in order to remove a cetone / CO2 mi xture down to the l evel of the gels (to a voi d potential s ample drying). Procedure was repeated 6 ti mes and then the samples were left for equilibrati on for 30 mi n. Such sequence wa s repeated 2 ti mes. The purpose was to completely remove acetone and fill the alcogels uniquely with liquid CO2. Pres ence of a cetone could ca use pressure i nhomogeneity wi thin the gel s tructure provoking stresses. Moreover, a higher amount of acetone could ca use problem with reaching s upercri ti ca l s ta te of the l i qui d. Furthermore, the l evel of the liquid was set just a bove the boat a nd all va lves were tightly cl osed. Temperature control ler was set a t 45 o C, ri sing the temperature i n the autoclave. When the temperature and the pressure in the a utoclave exceeded 31.1 o C a nd 73 ba rs the s urface of the l i quid s ta rted to "di s appear" i ndicating s upercritical conditions. The fi nal temperature a nd pressure were 45 o C a nd 95 ba rs . The samples were left at thi s conditions to equilibrate for a round 1h. Then the pressure was slowly released, at the ra te below 1 bar per mi nute. Unfortunately, the dryer was not equipped with the pressure controller so release valve was gradually opened over the ti me of 2 -4h. Mos t of obta i ned a erogel s ha d the s a me di mens i ons a s before dryi ng.

Figure 53

Image of the autoclave used for supercritical drying

Properties of YAG:Ce aerogels

The prepared aerogels were non-cracked and transparent which is highly beneficial for prospective application as for instance sensors (Figure 54). In the literature, a repeatedly reported problem of NPbased aerogels is their very low mechanical strength which imposed necessity of extremely careful handling and prevented from their use in many applications. Adequate optimization of gelation conditions allowed obtaining aerogels which could be manipulated with fingers. Their densities were dependent on the starting composition of the gels, and were between 0,092 -0,209g cm -3 (Appendix D). Higher densities were accompanied with higher transparency of the materials because of lower pore size and total pore volume. The microstructure of the aerogel was investigated with electron microscopy. SEM shown highly porous and homogenous sponge-like structure with pores sizes up to 100nm (Figure 55a-c). STEM and TEM analyses revealed that the porosity was a result of random aggregation of NCs (Figure 55d-f).

Deeper analysis by HR TEM demonstrated that NCs were rather randomly attached, however, in several cases, crystallographic alignment between neighbouring NCs was observed (Figure 55h) such as reported for TiO 2 325 and SnO 2 209 aerogels.

The aerogels structure could be reinforced by their calcination at 750 o C with a low heating rate (1 o C min -1 ) in order to avoid cracking. The calcined samples were slightly densified ( Figure 56d) and thus more mechanically stable. Thermally treated samples preserved very high porosity and unique structuration, what was confirmed by SEM analysis (Figure 56a-c). Surprisingly, the size of NCs was significantly larger than as prepared aerogel. Clearly part of NCs grew to the size of 10nm, however, 5nm particles still could be seen (Figure 56e-f). Additionally, the shape of particles became more regular and spherical. Comparing TEM pictures of calcined and not-calcined samples, it looked that coalesced NPs merged into a single particle by the diffusion process. Such treatment increased the contact area between NPs and perhaps partially sintered them, Therefore, calcined aerogels exhibited much improved mechanical resistance demonstrated by their very easy handling. High porosity of as-prepared and calcined sample was confirmed by nitrogen adsorption measurements (Figure 57). The special care was taken to assure proper equilibration time at each step of gas dosing. 326 The recorded isotherms were assigned as deformed isotherms of type IV according to IUPAC classification scheme, 285 which is typical for mesoporous materials. The flat part of adsorption curve at low and medium relative pressures indicated low amount of micro-and low mesoporosity.

The adsorption strongly accelerated at the high relative pressures confirmi ng existence of large mesopores and probably low macropores. The total pore volume in micro-and mesoporous range (V micro+meso ) was calculated using the Gurvich rule which assumes that adsorbate is present in all pores as a liquid-like state. In this case, total pore volume is calculated from the volume of gas adsorbed at the pressure of plateau region (~0,99) by the Equation 7.

𝑽 𝒎𝒊𝒄𝒓𝒐+𝒎𝒆𝒔𝒐 [𝑐𝑚 3 𝑔 -1 ] = 𝑽 𝒂𝒅𝒔 [𝑐𝑚 3 (𝑆𝑇𝑃) 𝑔 -1 ] × 𝒄 (Equation 7)

Herein, c represents the constant converting volume of gas phase to liquid phase and for N 2 it is 0,001547cm 3 cm -3 (STP). Thus the pore volume of as-prepared and calcined sample was calculated to 1,47 and 2,72cm 3 g -1 respectively, being much lower than the pore volume calculated on the basis of aerogel weight and diameter (5,5 and 4cm 3 g -1 respectively). It confirmed the observation from SEM that the sample contained pores with a diameter exceeding 100nm, which could not be detected by nitrogen adsorption. 

The method versatility -GdF 3 aerogels

The developed approach was applied to other systems, not necessarily oxides, in order to check the method versatility. The attempt was made on fluoride NPs since their chemistry is different to oxides and they, exhibit interesting optical properties when doped with rear earth metal ions. In addition, no method for preparation of aerogels was reported hitherto.

Synthesis and properties of Tb or Eu doped GdF3 nanoparticles

The colloids were prepared accordingly to a previously reported method. 328 The obtained NPs were composed of pure orthorhombic phase as indicated by XRD (Figure 58a) with NPs size of 10-15nm measured by TEM (Figure 58e,f). NPs were not spherical, most of them possessed aspect ratio of 2 demonstrating their elongated character. They did not aggregated and were characterized by high positive surface charge ( Figure 58c,d). The surface of NPs was covered with residual organics most likely coming from ring opening decomposition of pyrrolidinone generating molecule with carboxylic group and amine. Hence peaks from both amines (3300cm -1 ) and carboxylic groups (1530-1450cm -1 ) were observed (Figure 58b). Contrary to YAG:Ce, the GdF 3 NPs could not been concentrated over 30 wt% due to the separation of solid phase.

Fabrication of GdF3 aerogels

The colloidal solution with weight concentration of 30% was readily gelled at room temperature by the same protocol as used for YAG:Ce. However, the ratio between solvents was adjusted differently compared to YAG:Ce. The GdF 3 gels were robust and easy to manipulate. Analogous procedure of solvent exchange and SCD led to pure GdF 3 aerogels (Figure 59d) exhibiting high transparency. SEM showed homogenous and highly porous structure similar to that of YAG:Ce (Figure 59a Procedure: Preparation of GdF 3 aerogels 0,700g 30% colloidal solution of either GdF3:Tb or GdF3:Eu was gelled by addition of 0,500g of ethanol and dropwise addition of 0,800g of 1,4-DO under magnetic stirring. Sample gelled within 30min. The gel aging was the same as for previously mentioned YAG:Ce.

Solvent exchange and supercritical drying were performed by the same protocol as for YAG:Ce.

Hybrid aerogels (YAG:

Ce -GdF 3 )

Fabrication of hybrid aerogels

The method turned to be very flexible for aqueous colloids, thus both YAG:Ce and GdF 3 aerogels were prepared. Therefore, in the next step, the aerogel hybrid made from both types of NPs was synthesized. Performed experiments unveiled that the composition of such aerogels could be freely designed. For that reason, an example of aerogel consisted of 50% of YAG:Ce and 25% of GdF 3 :Tb and 25% of GdF 3 :Eu by weight is presented (Figure 60c). The procedure was analogous to the previously prepared aerogels. Most of reported examples of multicomponent aerogels were in the form of doped structures, so that low amount of one phase was embedded in the aerogel structure. 206 Only a few examples of composite structures of NP-based aerogels exist in the literature between NPs with similar nature as for instance CdSe/ZnS aerogel. 329 To the best of our knowledge, YAG-GdF 3 aerogel is the first example of crystalline composite aerogel made from NPs with such different chemical nature, and evenly building the aerogel network. Moreover, the sample did not lose macroscopic quality compared to pure aerogels of YAG:Ce and GdF 3 .

The microstructure was equivalent to the previous aerogels as shown by SEM and STEM ( Figure 60a,b,e). STEM mapping of Y and Gd elements demonstrated good homogeneity of NPs repartition (Figure 60f) indicating that NPs segregation did not occur during destabilization process ( Appendix D).

Optical properties

Doping of NPs with rear earth metal ions provided additional optical properties to the materials. PL spectra of YAG:Ce, GdF 3 :Eu, GdF 3 :Tb aerogels are presented below (Figure 61). They were in very good agreement to their colloidal solutions meaning that highly porous structure did not affect their PL properties contrary to mentioned in the introduction QD aerogels (unless the QD surface was specially protected).

The PL properties of Ce 3+ ion deviate from the classical RE ions emission due to a different type of optical transition. Ce 3+ presents broad band emission owing to the 5d->4f transition, while Eu 3+ and Tb 3+ emit narrow bands from 4f-4f transitions, typical for RE. Gd itself is also a very good emitter, however in UV range (310nm). Eu or Tb doped GdF 3 NPs can be excited directly or by excitation of GdF 3 host which efficiently transfer the energy into emitting centres. Four narrow red emission bands in Eu doped NPs were caused by transition from emitting level 5 D 0 to 7 F 1 , 7 F 2 , 7 F 3 and 7 F 4 levels as depicted in the figure below. Similarly, the emission spectra of Tb exhibited 4 narrow bands caused by transition from emitting 5 D 4 to 7 F 6, 7 F 5, 7 F 4, 7 F 3 levels. The synthetic route toward hybrid aerogels opened the opportunity for precise design of emission and excitation spectrum of aerogels. The hybrid aerogel containing three types of separated RE metals possessed interesting optical properties. Each element could be almost exclusively excited or all of them could be excited at the same time with the proper wavelength (Figure 62). 

Discussion

Since the method was successful for colloids with completely different chemical properties, it is expected that it would be applicable for wide range of aqueous colloids. Nevertheless, colloidal solution must meet some requirements to yield good quality gels. Firstly, NPs should be nonaggregated and possess the size below few tens of nanometers. Increased size of NPs produces denser flocs which are more subjected to gravitational forces. For instance, the attempt was made on the system very similar to GdF 3 but with NPs size of 50nm. We observed formation of very week, opaque jelly like structure which moved upon container tilting. Larger particles create less "contact points" stabilizing the gel structure compared to smaller particles. Colloidal solution should be stable in water, possess high zeta potential (over 30mV) and be easy to concentrate at least to 20% by weight. We did not investigated the influence of organic species on NPs surface, supposedly it have a large impact on gelation. In our system both types of particles had only residual organics and most of the surface was accessible.

Conclusions

The versatile and facile strategy for synthesis of robust, monolithic aerogels from NPs of different composition was presented. Effectiveness of the method was demonstrated by preparation of novel YAG and GdF 3 aerogels. Additionally, the method was suitable for the development of hybrid monolithic aerogels made of two completely different types of NPs. This finding is highly promising for novel functional multicomponent structures. Especially, if the properties of each components would result in synergetic effects.

The obtained gels and aerogels can be also treated as a green bodies which upon calcination densify gaining mechanical strength and optical quality. Potentially, such denser structures composed of homogenously distributed NPs may provide interesting optical properties.

Chapter IV. YAG:Ce NCs embedded in silica aerogel

Despite the unique structure of NP-based aerogels, their mechanical properties remain weak, thus lowering their application potential. The alternative strategy, toward highly porous systems exploiting the specific properties of NPs in the form of bulk structure, is the design of composite made of NPs embedded in silica aerogels. Such structures exhibit interesting features like higher mechanical resistance, large tuneable porosity and very high transparency, thus overcoming obstacles encountered in the NP-based aerogels.

Therefore, this chapter is devoted to the development of monolithic silica aerogel matrix, for NPs supports, with high porosity, transparency and ability to be re-impregnated with liquids. These silica aerogels are then combined with developed YAG:Ce NCs maintaining the properties of both constituents. Such composites have a great potential to be used as sensors (for liquid and gases), catalysts, optics or agents for water / air depollution, depending on the type of incorporated NPs.

Introduction

Preparation of applied NP-based devices require processing of NPs into films or bulk materials. However, their aggregation or sintering very often lead to the partial or complete loss of their unique nature due to the loss of spatial confinement and developed surface. Therefore, for many applications, it remains crucial to develop materials in which NPs are somehow hanged in a free space and separated from each other in a finite volume. It provides an opportunity to use NPs as bulk materials, without losing their specific nature. Such approach can be realized by incorporation of NPs into a bulk matrix providing a platform for NPs (Figure 63). The main function of the matrix is to support homogenously dispersed, non -aggregated NPs and deliver the shape of such composite material. The properties of support material might be adjusted in terms of composition, porosity and chemical activity.

Silica is especially interesting material for NPs platforms. It can adapt highly porous form of aerogels or be densified into a glass form. The former are beneficial for sensors, 330 while the later are useful for optics and photonics. 148,149,[331][332][333] Silica is chemically inert, thus do not interfere with chemical properties of NPs.

Silica xero-and aerogels -state of the art

Aerogels are solid structures with large pore volume, high surface area (typically 800 -1000m 2 g -1 ) and nanometric pore size (<100nm). Typical porosity is of the order of 90%, 334 however, there is no official convention existing which would dictate the porosity threshold of aerogels. They are prepared by the non-invasive evacuation of a liquid phase from wet gels, preserving the structure of solid network. Contrary, the term xerogel represents materials in which the solid backbone was partially collapsed and densified during liquid evaporation. The silica aerogels were for the first time obtained by Kistler in 1932. 335 Since then, extensive research on their preparation and properties has been carried out. Nowadays, the focus is rather on their applications.

Preparation of silica xero-and aerogels is inevitably associated to sol-gel chemistry. In spite of a large number of variations of sol-gel process leading to plenty of different structures, originally the process was strongly limited to silicon-based compounds. Silica sol-gel represents the classical hydrolytic process.

Silicon based sol-gel process

The origins of the sol-gel process date back to XIX century and the work of Ebelmen who synthesized silicon alkoxide from silicon chloride and alcohol. 336 He observed that the obtained compound changed from the liquid to the gel-like state upon exposure to humidity. 20 year later, Graham stated that the aqueous pore liquor of gel could be exchanged by another liquid, such as alcohol, showing existence of the solid network with interconnected porosity. 337 However, that discoveries were out of interest for the next century. It was rediscovered by i.e. Geffcken (preparation of metal oxide films from alkoxides), 338 Hurd (revealing the character of the gel structure, consisting of polymeric backbone entrapping continuous liquid phase), 339 Roy (preparation of homogenous powders of ceramic materials) 340,341 and many others. The interest of scientific community toward sol-gel was additionally raised by the work of Yoldas who had showed that monolithic samples could be obtained by careful drying of the gel. 342,343 The method offers the possibility of the synthesis of simple oxides, 345,346 as well as, highly sophisticated functional hybrid structures. 347,348 It serves as an alternative for solid state synthesis of oxides powders, improving their homogeneity and lowering calcination temperature due to the precursors mixing at the atomic level. The method is particularly convenient for the formation of films and layers by spin-or dip-coating of the sol solution (Figure 64). 349,350 At the same time, the method enabled preparation of bulk monolithic structures with random shape and macroscopic sizes. 351,352 In addition, It opened the completely new field of "hybrid materials" which bind organic and inorganic parts in a single material. 353,354 The standard sol-gel procedure toward monolithic silica involves several steps: i) preparation of homogenous solution of silicon alkoxides (in alcohol most frequently); ii) addition of certain amount of water and catalyst which begin hydrolysis and condensation reactions forming a sol; iii) transformation of the sol into a gel occurring as a direct consequence of previously started reactions or induced by addition of another portion of water and/or catalyst; iv) aging of the gel in its pore liquor or other solvent strengthening the inorganic network; v) the gel conventional drying leading to a xerogel or supercritical drying leading to an aerogel; vi) (optional) thermal post-treatment leading to partial sintering increasing durability and mechanical properties of the xero-or aerogel.

Sol-gel synthesis of silica monoliths

Sol-gel synthesis is based on two reactions which form inorganic or hybrid (organic-inorganic) polymeric networks from a liquid state. Silica precursors, in most cases silicon alkoxides, are hydrolysed in the presence of water (Equation 3, chapter I) and condensed (Equation 4and 5, chapter I) generating siloxane bonds which build the polymeric structure.

The synthesis is usually carried out in alcoholic solvents due to the lack of miscibility between water and alkoxides. However, it is possible to perform sol -gel process without any additional solvents, due to the release of alcohol molecules from the alkoxides during hydrolysis. 355 Contrary to transition metals, both processes are very slow for silicon alkoxides, so that acidic or basic catalysts are added. Their catalytic activities are different meaning that the choice of the catalyst is profound for the emerging inorganic network structure.

Hydrolysis and Condensation

The structure of silica network is dependent primarily on the rates of hydrolysis and condensation reactions which are controlled by the type of precursor, solvent, temperature and the ratio between compounds and aforementioned catalysts.

Influence of catalyst

The critical factor influencing the structure of the network in silica sol-gel process is the type of catalyst and involved pH of the solution. Both, acids and bases catalyse hydrolysis, as well as, condensation reactions. However, acidic media more efficiently enhances the rate of hydrolysis and bases the rate of condensation. Hence, in acidic conditions the rate determining step of the process is condensation and in basic media hydrolysis. The mechanisms involved in catalysis are shown in the Figure 65. Acids catalyse hydrolysis by the protonation of alkoxy groups enhancing their quality as leaving groups in nucleophilic substitution. At a very low pH, they can also catalyse condensation by protonation of silanol groups increasing the electrophilic character of silicon atom, thus making it more susceptible toward nucleophilic attack. 334 Contrary, bases primarily enhance the rate of condensation by deprotonation of silanol groups, strongly increasing its nucleophilicity. Above pH=7, hydrol ysis is also catalysed by bases: hydroxyl group most likely reacts with silicon atom creating intermediate 5 coordinated species in which alkoxy anion is released. 334 

Influence of precursor

Steric and inductive effects provided by organic ligands attached to silicon effectively affects the rates of reactions. Hydrolysis and condensation are greatly retarded by any structural obstacles of the ligands, especially if they are branched like in the case of isopropoxy or tert-butoxy groups. Additionally, they affect the electronic density on silicon atom, influencing its susceptibility toward nucleophilic-electrophilic reactions. Electron providing groups (like alkyl groups) increase the electronic density (Figure 66) and thus stabilize the positively charged transition state in the case of acid catalysed hydrolysis and destabilize the negatively charged transition state in the case of base catalysed hydrolysis (Figure 65). As the consequence, the hydrolysis rate decreases at each consecutive step in acidic media, while increases in the presence of base due to the rising electronic density on silicon (OR groups replaced by OH and OSi). Additionally, organically substituted siloxanes (R' x Si(OR) x-1 ) undergo faster reaction compared to corresponding Si(OR) 4 under acidic conditions and vice versa in the presence of base. 

Influence of H 2 O / Si ratio (r)

Relative amount of water is another important parameter controlling hydrolysis reaction, the solubility of alkoxides and crack formation during xerogel drying. In order to complete hydrolysis of Si(OR) 4 , r=4 is required. However, since the condensation reactions release two mols of water, the r=2 is sufficient to complete overall sol-gel process Si(OR) 4 -> SiO 2 . Moderate amounts of water (r<10) supports formation of Si-O-Si bridges and accelerate gelation. In the case of even higher values (r>10), the dilution of the system causes increase of gelation time and lowers the gel density. 334 Generally, values of: i) r<2 favour formation of linear and ladder-like siloxane chains appropriate for the fibre fabrication; 356 ii) 2<r<4 are chosen for films fabrications; 357 iii) r>4 are appropriate for formation of three dimensional networks. 358-360

Silica network growth mechanism

The growth of the silica structure by sol-gel process is kinetically controlled. Hence, like most of kinetic growth processes, it forms self-similar objects with fractal properties. 361 It means that the structure of the material looks the same at different magnifications, over several length scales. The growth occurs via condensation of monomers with clusters or by condensation of clusters together, so that they are called monomer-cluster and cluster-cluster growth respectively. They take place simultaneously or almost exclusively depending on the conditions (Figure 67).

Monomer-cluster growth requires constant presence of monomers in the solution. In neutral pH (5-7) they can be found even close to gelation point (t/t gel = 0,9); at lower pH monomers are quickly consumed and solution is composed of almost exclusively Q 2 to Q 4 species (t/t gel =0,01); in the case of basic media the system maximizes Q 0 and Q 4 units due to the dissolution of silica (hydrolysis of siloxane bond occurs preferentially on Q 1 unit yielding monomeric species). Therefore monomer-cluster growth is strongly favoured in basic and neutral media. The growth occur in diffusion-or reaction-limited conditions. In the former (DLC) regime there is no energetic barrier for bond formation between the monomer and the cluster, so that the monomer sticks to the first encountered part of the cluster. Thus, it cannot penetrate aggregates deeply forming structures consists of clusters whose density drops radially from the centre. On the other hand, reaction-limited regime (RLC) is characterized by energetic barrier for the monomer bonding to the cluster. It means that many collisions occur before monomer sticks to the cluster, yielding denser and more compact aggregates. 334

Cluster-cluster growth occurs when all monomers form collections of clusters, which further aggregate through the collision between them. Similarly, in DLC model, clusters sticks together at every collision while in RLC model some energetic barrier occurs. Nevertheless, both lead to more open structures compared to monomer-cluster aggregation (Figure 67). Such conditions exist at low pH, wherein hydrolysis is completed very quickly and subsequent condensation is favoured between lower Q units leading to open and randomly branched aggregates. The presented trends are summarized below in pH-dependent regions.

Low pH (<2)

At low pH the rate of hydrolysis is much larger than the rate of condensation. Therefore, hydrolysis is completed at an early stage especially when r>4. Condensation occurs primarily between fully hydrolysed monomers, and then between the least condensate species in the reaction limited clustercluster aggregation regime. It leads to weakly branched structures. Additionally, condensation reactions are practically irreversible, thus the structure is not able to restructure. In the case of lower amounts of water (r<4), condensation of incompletely hydrolysed species occurs. No n hydrolysed OR groups reduce functionality of the clusters leading to the formation of linear-like structures which can be easily concentrated without gelation thus forming viscous and spinnable sols.

Slightly acid pH (3 -6)

At slightly acidic conditions hydrolysis and condensation reactions occurs simultaneously. Hydrolysis is driven by acid catalysed and condensation by base catalysed mechanism. Monomers and weakly branched clusters undergo hydrolysis preferentially and are subsequently condensed. Rate of condensation achieves minimum around pH=3 and increases constantly up to strongly basic pH promoting monomer cluster growth.

Slightly basic (7-9)

At slightly basic conditions and r<4, hydrolysis is rate determining step. Condensation occurs between not completely hydrolysed molecules and follows the pattern of hydrolysis. The growth is mainly driven by monomer-cluster aggregation leading to fractal and porous clusters. Depolymerisation reactions are the source of additional monomers. Higher amount of water increases both hydrolysis and dissolution rate leading to more compact structures.

High pH Conditions (>10)

The hydrolysis and condensation occur by nucleophilic substitution (S N 2) involving OH -and -OSi respectively. Higher r values increases the rate of depolymerisation and hydrolysis what promotes formation of denser structures. High pH strongly promotes depolymerisation and dissolution of polymeric network, preferentially at the weakly branched sites (Q 1 ). Such process assures constant availability of monomeric species. Condensation is privileged betwe en "strongly" acidic species (protonated) and weakly acid species (deprotonated), so that it occurs in the monomer to cluster regime. Aggregation is reaction limited what lead to process resembling nucleation and growth. Therefore, formed structures are near-equilibrium without fractal properties. Such conditions were used by Stober for preparation of monodispersed, non-aggregated, spherical silica particles. [START_REF] Stober | Controlled Growth of Monodisperse Silica Spheres in the Micron Size Range[END_REF] Lower amounts of water (r<4) form structures with unhydrolysed sites incorporated within clusters. Depending on the quantity of such "poisoned" sites fractal or uniformly porous structures can be formed.

Gelation

The growing silica clusters, due to consequently occurring hydrolysis and condensation reaction, at some point coalesce creating one huge cluster spanning over the whole volume of solution. The sample gains bond percolation meaning that random ends of the network are connected by series of atomic bonds. The moment when the structure percolate is called gelation point and is accompanied by a sharp rise of solution viscosity, which eventually freezes the structure. It is observed as the loss of sample fluidity.

Aging

The chemical reactions responsible for sol and gel formation are continued long after the sol -gel transition. This step is highly beneficial for strengthening and stiffening of the gel network, necessary for monoliths to resist drying step. The processes taking place during aging are divided into two categories: polymerization and coarsening . 334,362

Polymerization

The network after gelation is still "alive", meaning that hydrolysis and condensation reactions according to equations 3-5 still occur. It significantly increases the network connectivity over time what was proved by NMR studies showing a great increase of Q 3 and Q 4 units during aging process at the expense of Q 2 and Q 1 units. 363 The rate of the reactions are depended on the solvent, pH, temperature etc. Additionally, apart from hydrolysis and condensation, the reverse reaction of re-esterification occurs especially if the amount of water is low. The one consequence of proceeding condensation is a network shrinkage causing the expulsion of the liquid from the pores. Such phenomenon is called syneresis and is driven by reduction of the gel solid-liquid interface.

Coarsening

The process is a result of solubility differences between the surfaces with different curvatures. Smaller spherical particles have a higher curvature and are more soluble than their bigger counterparts. As the consequence smaller particles are dissolved creating monomers, which can re -precipitate onto larger particles. In the gel network, necks between particles have a negative radii (r<0) meaning that its solubility is especially low. Material dissolved elsewhere, re-precipitates and accumulates onto these necks. Similarly, monomers re-precipitate in the small pores, leading to decrease of surface area and increased pore size distribution. The process highly contributes to overall stif fness and strength improvement of the network. Coarsening rate is significantly enhanced by high pH, r value and temperature. Developed stiffness of the network, reduces shrinkage occurring during drying process.

Conventional drying -route to xerogels

Conventional drying of the gel is rather complex in terms of mechanism. Generally, 3 stages can be distinguished during solvent evaporation (Figure 68):

1) Constant rate period. The liquid evaporation causes gel shrinkage. The shrank volume corresponds to the volume occupied by the evaporated liquid. The gel network prepared from alkoxides is ductile, therefore it deforms at this stage. The liquid flows from the interior to the surface of the gel where it is evaporated. Along with this shrinkage, the network stiffens due to creation of new siloxane bonds between silanols on approaching surfaces. The pores radius is gradually decreased what involves continuous increase of capillary pressure, in accordance to Young Laplace (Equation 8).

∆𝑝 =

2𝛾𝑐𝑜𝑠𝜃 𝑟 (Equation 8) Where ∆p -capillary pressure, γ -interfacial tension, θ-wetting angle; r -pore radius.

At some point, the stiffness of the network is large enough to stop further shrinkage.

2) It starts first falling period, in which the evaporation rate slows down and the liquid-air meniscus retreats into the interior of the gel. The contiguous liquid film remains at the surface of the solid network, thus making pathways for liquid flow to the exterior (Figure 68d). Hence, most of the liquid evaporates from the exterior part of the gel. This is a crucial moment for monolithic character of the sample since the cracking probability is the largest. This "critical point" is accompanied by complete loss of sample transparency or translucency due to the migration of the liquid-air meniscus into the body of the gel. 3) In the second falling period, the liquid film is fractured, eventually creating isolating pockets, which are evacuated by diffusion of the vapours (Figure 68e). In principle, two processes particularly contribute to the gel cracking. Firstly, liquid tension compresses the gel network and procures liquid flow from the interior to the surface. Hence the liquid evaporates from the meniscus located at the surface of the gel. The meniscus remains at the surface if the rate of evaporation does not exceed the liquid flux from interior. The flux is proportional to the network permeability and inversely proportional to the viscosity of the liquid. Small pore size results in low permeability, so that, too fast drying results in large pressure gradients causing difference in the shrinking rate of outer and inner parts.

Secondly, the liquid is removed faster from larger pores. The neighbouring pores with considerably different size are subjected to different drying kinetic which provoke faster drop of liquid meniscus in the larger pore. This in turn, lead to not uniform stresses and more probability for fracture ( Figure 69).

Figure 69 Sketch of stress generation during liquid evaporation from pores of different

There is several ways to avoid cracking during drying process: i) preparation of gel with larger pores due to smaller capillary forces (Equation 8); ii) strengthen of the network by aging process; iii) use of drying control chemical additives (DCCA) which presented in the liquid phase of the g el reduces capillary forces, modify the structure of the gel or slows down the drying process; iv) synthesis of gel with uniform pore size distribution thus avoiding non-homogenous stress distribution.

Supercritical drying

Two types of SCD are applied for silica aerogels, namely hot-and cold-supercritical drying. Hot-SCD is performed in alcohols (methanol and ethanol) at temperatures exceeding 240 o C and pressures of several tens of bars. In such conditions, reactions of re-esterification and hydrolysis, if water is present, are greatly accelerated. This lead to some network changes like pores coarsening and hydrophobicity due to Si-OR groups on the surface. The gels undergo slight shrinkage in the case of base catalysed system and higher shrinkage in the case of acidic conditions. 364 Since the gels are prepared in the most cases in alcohols, the procedure of SCD is rather facile. In many cases, water can be still present in the reaction medium.

On the other hand, SCD can be performed in temperatures as low as 32 o C, with similar pressure as hot-SCD, by using CO 2 as the solvent. The process is much milder, preventing silica hydrolysis or reesterification, thus producing hydrophilic aerogels. The only inconvenience is the necessity of solvent exchange in the wet gel, since it must be miscible with liquid CO 2 (like methanol, ethanol, acetone or amyl acetate). It is important to remove any traces of water, which being not miscible with CO 2 generates liquid-liquid interfaces responsible for capillary compression of the gel. Then the process proceeds by long exchange of pore liquor with liquid CO 2 . Since the structures are hydrophilic they can absorb moisture, which often leads to sample cracking even long time after drying. 365

Thermal post-treatment

In many cases, the drying is not the final step of synthesis. Very often, prepared gels are additionally thermally treated either to remove organic residuals or to densify the xero-or aerogel structure. Very often aerogels have to be stabilized in order to avoid cracking upon exposure to humidity. The process of the strong densification of the structures at high temperatures is called sintering and is driven by interfacial energy. Aero-and xerogels possess enormous surface area and high porosity, therefore, sintering occurs at unusually low temperatures. Amorphous materials are sintered mostly through viscous flow while crystalline materials by diffusion. Large number of OH groups on the surface may be the reason of aerogel foaming if they are heated too fast and too high.

Properties of silica aerogels 2.3.1. Structure and texture

Silica xero-and aerogels are amorphous materials with skeletal density of 2g cm -3 , 366 compared to 2,2g cm -3 of amorphous silica. Their porosity is highly interconnected with average pore size of 20-40nm for aerogels. The texture of the solid network and accompanied porosity of the xero -and aerogel is depended on the preparation conditions. 

Transparency

In spite of high porosity, aerogels can be prepared as very transparent bodies. Although, silica does not absorb in the visible range, the light extinction occurs due to the scattering phenomena. The main contribution comes from Rayleigh scattering by solid gel network heterogeneities in the nanometre range. It is responsible for yellowish colour of aerogels in transmission and bluish against dark background. A part of scattering occurs on the external aerogel surface due to micrometric scale imperfections, 367 responsible for blurred deformation of images. 368 In order to achieve high transparency, sources of light scattering should be minimized.

The optical transparency of the aerogels is mostly depended on the structure of the network. 367 Generally, trend is that transparency is high when particles/clusters sizes are kept small. 368 Obviously it is difficult to find some general trend between differently catalysed system, due their distinct structures. Therefore parameters like amount of water, pH, concentration, temperature might have contradictory effects. It was reported by several authors that particularly beneficial is double acid-base catalysis on samples transparency. 367,369,370 Transparency was also enhanced by SCD in CO 2 instead of hot-SCD, due to the higher number of residual organics groups and slightly bigger clusters size in the latter case. Silica aerogels prepared from TMOS as precursor instead of TEOS also exhibited higher transparency. 369 Nevertheless, very often structural integrity and transparency are rather inversely correlated. 359

Other properties

The major characteristic of aerogels is their low thermal conductivity of the order of 0,015Wm -1 K -1 which is lower than air (0,025Wm -1 K -1 ). 129 Therefore, silica aerogels are one of the best insulating materials which are in addition non-flammable. 371 The high insulating properties combined with transparency resulted in a novel concept of superinsulating windows. 129 Acoustic properties of silica aerogels are closely related to their thermal insulating properties. The acoustic wave propagation is attenuated by constant energy transfer between gas and solid phase over whole material thickness. 372 The main problem in application of silica aerogels is their relatively low mechanical properties. The parameters like elastic modulus, compressive and tensile strength are low and dependent on the network connectivity and density. 373 They can be improved by prolonged aging process, 374 preparation of hybrid aerogels (ORMOSIL) 375 or polymeric crosslinking of the silica skeleton. 376

Nanoparticles embedded in silica monoliths -state of the art

The potential of silica aerogels as functional materials can be extended by exploiting them as platforms for nanocomposites. The incorporation of metal or metal oxide NPs into the aerogel structures expands their properties and applicability. The aerogels are perfect candidates for functional materials due to their large surface area and high pore volume which allow to disperse NPs keep ing their confinement. This is a prerequisite requirement for high quality functional nanocomposites. Additionally, open pore network ensures NPs accessibility, retaining their functionalities requiring Considerable efforts in the field of aerogel composites were done, however, still major challenges remain as a control over the homogeneity, size and loading which directly determine the electronic, optical, magnetic and catalytic properties of nanocomposites. 129 Generally, two strategies are applied for nanocomposite synthesis, addition of nanophase (or its precursors) before or after the gelation (Figure 18). First strategy includes addition of inorganic precursors or preformed NPs into the mixture of matrix precursors. The obtained multicomponent sol is subsequently hydrolysed and co-gelled, hence homogenously entrapping the guest phase within the host matrix. Such method offers the advantages of precise control over host phase loading. On the other hand, appropriate selection of synthetic conditions (solvents, precursor type, additives, NPs stabilization etc.) is highly challenging. Sol-gel process is very chimeric and even small variations of preparation conditions can significantly affect the final structure.

Second approach is based on the incorporation of guest phase after sol-gel transition. There is several possible ways to proceed: i) impregnation; ii) deposition-precipitation; iii) chemical vapour infiltration. First two could be realized before or after gel drying. Both methods usually produce poorly homogenous materials. Moreover, there is a great risk of support damage in the liquid media. Third method is limited by availability of suitable precursors with high enough vapour pressure, low cost etc.

In the case of using inorganic precursors of guest phase, additional post treatment is required in order to induce crystallization of desired phase.

Aerogels composite monoliths

The first broad report concerning aerogels doped with NPs was published by Morris et al. They prepared silica aerogels doped with i.e. Pt, Au and TiO 2 NPs (Figure 71a), by addition of corresponding colloidal solutions into a sol which was "just about to gel". 377 Such procedure was applied in order to minimize the interaction time between the guest phase and silica. No information was provided concerning the amount of NPs inside the materials. In the case of Au doped materials, the sol was prepared from solution of TMOS:MeOH:H 2 O (1: 4,2: 3,3) catalysed with ammonia. Before gelation, the sol was diluted with colloidal solution of NPs in the volume ratio 1:1 meaning high water content at the end. 378 In another work, Si NCs covered with different molecules were added into the sol of TMOS:MeOH:H 2 O (2,6: 5,9: 1) (Figure 71d). Then, after gelation with ammonia, aging and SCD in CO 2 , aerogels were obtained. No NCs content was given. 379 Iron oxide NPs embedded in SiO 2 aerogels were prepared by mixing hydrated iron salt or iron EDTA complex with TMOS in alcoholic solution. Gelation occurred spontaneously or with acidic or basic catalyst within several days. Samples were subjected to HOT-SCD yielding aerogels with magnetic properties (Figure 71b). 380 Free standing, but cracked, aerogels containing iron oxide NPs were also prepared by ambient drying. In this case, aqueous solution of iron oxide NPs was mixed with water glass solution and gelled in basic medium. Then the surface of the gel was modified with trimethylchlorosilane TMCS or hexamethyldisilazane HMDZ and dried at elevated temperatures. 383 Contrary, Luo et al. used similar approach but with nitric salts and mixture of TEOS and MTES as silica matrix precursors. 382 In that case, the procedure led to strongly cracked sample (Figure 71e). These reports confirmed the superior quality of aerogel composites prepared from addition of preformed NPs prior to gelation.

Xerogel composite monoliths

A larger number of reports can be found concerning NPs embedded in denser silica xerogels or glasses, especially for optics. For instance, highly luminescent QD-doped silica xerogel monoliths were prepared by dispersing CdSe@CdS@ZnS QDs in the mixture of TEOS, ethanol and water followed by gelation with propylamine (Figure 72b). The surface of QDs had to be first suitable modified with 6-mercaptohexanol to achieve watersolubility. 148 Several other systems of QD embedded in dense silica xerogels were developed. 332,333,384 In each case the QDs surface had to be modified to enable water solubility.

Different approach for dense glass doped with gold NPs and chromophores was developed by Chateau et al. They prepared hybrid glass from mono-and dialkysilanes with high optical and mechanical properties, containing gold NPs with different concentration and size (Figure 72a). 150 ). Solution was gelled upon exposure to humidity at 25 o C followed by toluene evaporation (Figure 72c). 149

Conclusion

To the best of our knowledge, there is no many reports concerning NPs embedded in monolithic silica aerogels. The existing ones, in most cases, lack the good quality, being often cracked and opaque. Definitely, more examples of high quality monolithic composites can be find among xerogels or denser glasses. However, similarly to NP-based aerogels, most of the reports show composites with QDs or metal NPs.

There is no report developing transparent, monolithic and highly porous silica aerogels highly loaded with NPs, which could be additionally re-impregnated with liquids. Therefore we aimed to develop synthetic route toward such materials with possibility of incorporation of different NPs with broad range of doping, preserving properties of both constituents.

Synthesis of pure silica monoliths.

The development of the composite aerogel started by the synthesis of YAG:Ce NPs (presented in the chapter II). The second step involved the determination of optimal conditions for preparation of silica matrix with all required properties (high porosity, high transparency, monolithicity and immersibility).

Choice of conditions

Incorporation of pre-synthesized NPs prior to sol-gel transition is the most convenient approach for fabrication of homogenous aerogel composites with precisely controlled amount of dopant. The emerging network might suitably adapt itself to contained NPs, avoiding stresses appearing during gel post-impregnation. On the other hand, sol-gel process is very chimeric and sensitive to even tiny changes of reaction parameters. Therefore, it is expected that the synthesis of composite from multicomponent sol, requires specially adapted conditions.

 Precursor

The resulting silica matrix is supposed to be impregnated with polar liquids, therefore hydrophilic character is desired. So that, alkyl-derivatives of silicon alkoxides would not be suitable. Moreover, structure of the gel has to be stabilize at higher temperatures which would decompose the alkyl groups leading to strong tensions in the network. Additionally, the pre-synthesized NPs are hydrophilic, so they would be incompatible with partially lyophilic silica precursors. Water glass would not be suitable as the precursor as well due to the high content of sodium leading to less transparent aerogels. 370 In addition Na ions increase the ionic strength of solvent what might cause NPs aggregation. Therefore, the most appropriate precursors to use are simple alkoxides such as TMOS and TEOS or partially condensed low-weight oligomers derived from the simple alkoxides. Among them, TMOS was precursor of choice because of the higher transparency of gels (compared to TEOS) 370 and better compatibility of released methanol to hydrophilic NPs. The disadvantage of this precursor is high sensitivity to humidity leading to more difficult handling.

 Catalyst

Acid catalysed systems are made of weakly branched polymeric structures with low mechanical properties. They experience shrinkage even during SCD. 334 Therefore, acid-catalysed systems would not be mechanically suitable (Figure 73c). The pore size usually is in "micro" or low "meso" range what imparts very good transparency of the sample. However, such small pores would be the reason of very high capillary stresses during impregnation, what can facilitate crack generation. Contrary, base catalysts yield particulate gel network, especially if higher amount of water is used. Such network is durable and mechanically resistant what is undoubtedly a big advantage. On the other hand, the gels are usually more or less diffusive (depending on the particle and pore sizes) which limits their transparency.

Another factor which has to be considered is the stabilization of NPs. The synthesized YAG:Ce NPs are stabilized by the electrostatic charge on their surface, which highly depends on the solution pH. Therefore, NPs should be subjected to the pH window in which their zeta potential is high enough to prevent their aggregation. Possible dissolution of NPs at very low pH also has to be taken into account. On the basis of surface zeta measurements and dissolution of YAG at certain pH, the pH stability window is estimated between 3-9.

On the other hand, aggregation can be also triggered by differences of surface charge between constituents in multicomponent sol. The isoelectric point (IEP) of silica varies between pH=2-3, while for YAG IEP occurs between pH 8 -9. 385 The difference is rather large and means that in the estimated window both constituents would be oppositely charged. This would lead to attraction between silica clusters and NPs and their aggregation in the basic media (Figure 73a,b). Therefore, double acid -base catalysed system was chosen. Such procedure demonstrated fabrication of gels with very good optical properties and high mechanical resistance. 358,367,370 First, TMOS is hydrolysed in acidic pH and then gelled by altering the pH to basic one. This method assures relatively low period of time in which oppositely charged YAG:Ce and silica particles can react.

Experimental conditions and properties of silica aerogels

The gels were prepared from TMOS, methanol, deionized water, oxalic acid and ammonia. Oxalic acid was chosen due to the reported enhanced transparency of prepared samples. 360 In addition, it is known as drying controlling chemical agent (DCCA) which could be beneficial for ambient dried non-cracked xerogels. 386 Special care had to be taken concerning the purity of TMOS since it is very sensitive to humidity and can be easily partially hydrolysed and condensed affecting the sol-gel process. Thereby, TMOS was distilled and kept under inert atmosphere in order to assure reproducibility of synthesis. The scheme representing preparation method is depicted in the Figure 74. Procedure: supercritical drying of alcogels -> aerogel preparation 1) Solvent exchange. Pore liquor of the alcogel was exchanged with acetone by the simple transfer of the alcogel into the flask with large excess of acetone. Samples were transferred to a fresh batch of acetone 3 times, every 12h. The gels did not change their aspects .

2) Supercritical drying. Analogous to SCD of NPs based gels (see chapter III)

Procedure: ambient drying of alcogels -> xerogel preparation

At the end of the aging step, the Teflon vial containing sample was left in the oven at 50 o C, with the slightly opened cup (around 270 o ). Temperature was raised from 50 to 110 o C within 24h and kept at 110 o C for 10h. Then, the oven was naturally cooled down. In the case of much higher gel volumes, period of rising temperature was suitably extended (48h for 15 ml gel). During the first period of drying, liquid surrounding gel was removed relatively quickly. Later, sample turned completely opaque (the reason is explained in the introduction to this chapter). In the last period of drying it turned again transparent.

The obtained aerogels were very transparent (Figure 75), robust and did not crack even after long exposure to air, what was often reported in hydrophilic aerogels. 365 Contrary, xerogels in half of cases exhibited some cracks or even fractures. Their densities were 0,620 for the xerogel and 0,192 g cm -3 for the aerogel which corresponds to 69 and 91% of porosity respectively, assuming that their skeletal density was equal 2g cm -3 . Indeed, such value of skeletal density was measured by helium pycnometry and reported for systems supercritically dried in CO 2 . 366 The bulk densities of the samples were measured by weighting the monoliths and measuring their dimensions with a calliper.

The porosity was characterized by nitrogen sorptometry. Adsorption and desorption isotherms ( Figure 76) corresponded to the type IVa isotherms according to updated IUPAC classification, 285 typical for mesoporous materials, with a characteristic hysteresis loop related to a capillary condensation. The steep adsorption curve of the aerogel indicated uniform pore size di stribution thus absence of significant pore blocking effects. The shape of hysteresis recorded for aerogel corresponded to H1 updated IUPAC model, 285 representative for materials exhibiting narrow range of uniform mesopores as for instance in templated silicas. 285 However, such hysteresis is also exhibited by some percolating networks of pores with ink-bottle shape where the size distribution of the necks is close to the pore size distribution. 285 Therefore, materials composed of spherical particles or aggregates with uniform size and shape exhibits H1 type of hysteresis. 387 Very steep desorption is frequently observed in disordered materials with percolation transition showing highly interconnected structure of the pores. 285 It confirmed that the aerogel structure was built from interconnected silica NPs/nanoclusters. Hysteresis did not exhibited flat plateau at higher relative pressure, but the continuous slope, which demonstrated that some deformations of the network taken place. 327 Contrary, adsorption curve of xerogel is gradual meaning broader size distribution or occurrence of pore blocking effects. The aerogel pore volume of micro-and mesopores calculated by means of Gurvich rule was 4,65cm 3 g -1 , which stayed in good agreement with macroscopically determined total pore volume of 4,70cm 3 g -1 . It indicated that the synthesized aerogels did not contain macropores. The calculated parameters of porosity from adsorption / desorption isotherms are shown in the Table 5. The aerogels were characterized by the large surface area and high pore volume. The pores were very uniform what was depicted by a narrow size distribution provided by BJH model. The size of the pores calculated from adsorption and desorption isotherms were slightly different, 22nm and 14nm respectively. This is due to the aforementioned ink bottle shaped porosity meaning that the entrance to the cavities with diameter of 22nm is limited by 14nm necks. Such structure resulted from interconnected uniform particles, creating voids between them. The pores were almost exclusively in mesoporous range, however, some small contribution of microporosity (pores below 2nm) was observed.

As prepared aerogel, could not be impregnated with a liquid due to cracking and sample disintegration. Contrary, the xerogel was easily impregnated without any signs of cracking. In order to reinforce the structure of aerogel to withstand immersion in liquids without fracturing, partial densification was required.

Thermal treatment

The aerogels prepared by the same route, from one batch of the sol, were thermally treated at different temperatures (550, 700, 850 and 1000 o C). The calcination was performed with a slow heating rate (1 o C min -1 ), in order to preserve the samples integrity, followed by 5h hold at maximum temperature. The samples treated at different temperatures are shown in the picture below (Figure 77). The pl ot bel ow depi cts the dens i ty of monol i ths a ga i ns t ca l ci na ti on tempera ture

The yellowish colour of the as prepared sample disappeared after thermal treatment. Apparently, the reason of this coloration was aldol condensation of acetone catalysed by residual ammonia in the gels network during the solvent exchange process. It could be avoided if the wet gel after aging was rinsed with alcohol. The calcination at 550 o C removed residual organic groups, adsorbed water and a part of silanol groups, so that 10% mass loss was accompanied by slight decrease of the monolith dimensions.

The sintering of the aerogels started at temperatures above 700 o C. The calcination above 1000 o C significantly shrunk the monolith and its density was approaching that of glass. No foaming or bloating were observed meaning the facile possibility of densification to the glass state. All the samples kept very high transparency.

Nitrogen adsorption and desorption isotherms showed the gradual reduction of pore volume, however without a significant change of pore size (Figure 78). The calcination at 550 o C reduced larger mesopores which contributed to the pore volume. Additionally, clear and almost flat plateau region was observed indicating lack of network deformation during adsorption and desorption. Further heating at higher temperatures slightly reduced the pore size at 850 o C. Although, the samples preserved large porosity typical for aerogels up to 700 o C, the sample calcined at 850 o C still demonstrated significant porosity. 

Re-impregnation

The pieces of the samples cut by a razor blade were subjected to impregnation with the mixture of ethanol and water (2:1 v/v). The tests showed that the calcination at 850 o C enabled to impregnate the monoliths with the liquid without crack formation (Figure 79a). The samples calcined below 850 o C were damaged by impregnation. Interestingly, impregnation looked much different for the samples calcined in different temperatures. At 700 o C (not showed here) the aspect of impregnation was similar to the sample calcined at 850 o C however, plenty of cracks appeared (close to the Figure 79d). The impregnation test was also performed on the bulkier sample. In this case, just the bottom part of monolith was immersed. Capillary forces were slowly pulling the liquid up into the monolith structure (Figure 79b) without crack formation. Direct immersion in water caused cracking meaning that capillary forces were too strong (Figure 79d). However, sample could be impregnated with water, by impregnation with ethanol and solvent exchange with water. In fact, tests demonstrated that monoliths could be transferred into the water just partially impregnated with ethanol without cracking (Figure 79c).

Influence of water content

The density of aerogels could be controlled by the amount of added water into the sol in the second step. Additional water did not change the aspect of monoliths, they remained strong, robust and transparent. Their densities directly after SCD and after calcination at 850 o C are correlated in the Table 6. das prepared [g cm -3 ] 0,202 0,195 0,177 d850oC [g cm -3 ] 0,499 0,450 0,397

Increased amount of water rather significantly influenced the densities of monoliths, especially after calcination. Each extra 3 moles of water per mole of TMOS reduced the density of calcined samples by 0,05g cm -3 .

As expected, the nitrogen sorptometry demonstrated that higher amount of water increased the pore volume (Figure 80), and slightly increased the size of cavities from 22 to 28nm (indicated by adsorption isotherms). However, the necks leading to the cavities were not changed (desorption isotherm). The reason might be due to the fact that water was added into the prepared sol within which preformed silica clusters/particles were present. Necks were formed between neighbouring clusters, while cavities were generated within the group of cluster. The surface area decreased from 990 to 928nm due to the increased pore sizes. As prepared and calcined samples are presented in the Figure 81. The tops of calcined ones, were cut with a razor blade in order to get some material for nitrogen sorptometry. The samples were subjected to immersion in EtOH : water mixture (2:1 v/v) to investigate their behaviour during impregnation. All the samples kept their monolithic character, however, the one with the lowest density showed few cracks, presented in the Figure 81. 

Influence of hydrolysis time

The influence of the hydrolysis time between the first and the second step of catalysis was investigated. Full hydrolysis of TMOS was expected to occur very quickly after the addition of acid, contrary to the condensation, which rate was very slow at this pH. In fact, the gelation of the sol without the second step also occurred but it took around 10 days. The batch of the sol was prepared the same way as it was described before. Then portions of 1,88ml of the sol were transferred into vials at different periods of time, 366μl of water was added and the gelation was induced by addition of 50μl of 1M ammonia. The resultant aerogels, with corresponding gelation times, densities and surface areas are shown below (Figure 82).

The sample aspects remained constant apart from the two last ones, which were much more diffusive.

In fact, the sample hydrolysed for 47h already presented some inhomogeneities in the transparent matrix, especially at the bottom of the sample (hard to catch by the camera). It is possible that some precipitation of bigger clusters occurred. The gelation time remained constant for all the samples. Their densities, were also constant up to the sample gelled after 47h of hydrolysis. Longer hydrolysis times led to denser structures. The nitrogen adsorption measurements did not revealed any significant porosity changes apart from the slight drop of pore volume and surface area with extended hydrolysis time , what is in agreement with higher densities of those samples. The reason of negligible changes laid in the process mechanism. The synthesis of sol was performed in the conditions of relatively low condensation rate meaning slow growth of clusters. Therefore, they were not significantly different over relatively short periods of time. Once the cluster were large enough, rapid condensation in the second step, generated inhomogeneities which were responsible for light scattering and slight precipitation. The pore structure was very similar for all samples due to the aging process in basic media. High pH, assured relatively good solubility of silica, so the evolution of the structure was guided in the same direction for all the samples. It means that aging process was somewhat unifying the solid network and thus the pore structure. It was already shown in the literature that acid catalysed alcogels can change the structure during the aging in basic media to the typical alcogels catalysed by base due to a dissolution and re -condensation reactions. 334 The samples calcined at 800 o C for 4h were partially sintered to the densities in the range of 0,360 to 0,370g cm -1 . No differences in terms of impregnation with ethanol : water mixture (2:1 vol/vol) were observed and all the samples showed few cracks meaning that the calcination was not enough high. However, the samples prepared with longer hydrolysis times showed just one or two cracks.

The microstructure and texture of the as prepared samples with hydrolysis times of 1, 21 and 141h and the sample hydrolysed for 21h and calcined at 800 o C were investigated by scanning electron microscopy (SEM). The observations were greatly obstructed by charging effects, common for silica.

Although it could be avoided by coating with conductive material, it would affect the observed nanoporous structure, hence the imaging was performed without additional conductive coating (Figure 84).

In all the cases, materials confirmed large and open porosity, with the pore sizes around 20nm what was in good agreement with nitrogen adsorption measurements. The calcined samples possessed slightly coarser solid structure compared to non-calcined counterparts. The materials seemed to be homogenously built from very small silica clusters. 

. Synthetic conditions and properties of composites

The method presented above was easily adapted for the preparation of aerogels composites with incorporated NPs, preserving the properties of both the silica matrix and the guest material. The NPs were not aggregating during the process, and were homogenously distributed in the monolith structure. The procedure was the same as for pure aerogels, however, instead of adding water in the second step, colloidal solution was introduced (Figure 85). The utilized colloidal solution of YAG:Ce was the same as for preparation of NP-based aerogels.

Figure 85 Scheme of preparation conditions of composites wet gels

The concentration of NPs inside the composite is expressed by weight percentage of NPs to the mass of whole composite. This convention is continued through the rest of the manuscript.

Procedure: synthesis of silica aerogel composite with 15% of YAG (w/w) 2,75ml of distillated TMOS was transferred into a balloon (immersed in an ice bath) together with 4,52ml of methanol. Then, 1,34 ml of acidic water (0,001 M of oxalic acid) was added dropwise (around 1 droplet per 2s) under a vigorous magnetic stirring. The ice bath was removed 10min after water addition and solution was stirred at rt for 20h. Solution remained perfectly clear during all this period. Afterwards, 3,76ml of sol was transferred into a Teflon vial placed in an ice bath. Next, 391mg of dialysed colloidal solution of YAG (22% w/w) was mixed with 0,474ml of distilled water and dropped into a sol solution under stirring. Five minutes later, 100μl of 1M NH4OH was added slowly (1 drop per 5sec) followed by stirring for 90sec (Appendix E). Subsequently, the magnetic bar was removed, container tightly closed and put into the fridge. Gelation took 6-7min, so a little bit longer compared to pure sol. Then aging and drying processes were analogous to pure gel. The prepared xero-and aerogels samples were non-cracked, highly transparent and yellowish due to the presence of YAG:Ce NPs. They were stable and did not crack even after very long exposure to humidity. The composite xerogels were not cracking, meaning that NPs had a positive influence on the processes occurring during gel drying (Figure 86).

The aerogel composites retained the characteristic porosity of pure aerogels (the same pore size), however the pore volume was reduced (Figure 87). It suggested that YAG:Ce NPs were not involved in building the solid network of aerogel, instead they were incorporated in the pores.

Figure 87 Porosity of composite aerogel compared to pure silica aerogel | ads orpti on a nd des orpti on i s otherms a nd corres ponding pore s i ze di s tri buti on (i ns et) for pure a nd compos i te a erogel conta i ni ng 15% of YAG:Ce

Influence of calcination temperature

The aerogel composites containing 15% of YAG:Ce NPs were calcined at temperatures of 550, 700, 850 and 1000 o C (Figure 88) using the same heating parameters like in the case of pure silica aerogels. All the samples preserved their monolithic character without cracking. Calcination at 550 and 700 o C caused small shrinkage and decolouration of the sample due to the oxidation of Ce 3+ to Ce 4+ which does not absorb visible light. Calcination over 800 o C intensified shrinkage, however to a lower extent than in the case of silica aerogels. The composites became again yellowish indicating that a part of Ce 4+ ions were reduced back to Ce 3+ . The samples calcined at 1000 o C appeared more diffusive, suggesting generation of larger units in the solid network, which enhanced the light scattering or chemical reaction between YAG:Ce NPs and SiO 2 .

The samples densities remained almost constant up to 800 o C meaning that the presence of NPs significantly retarded the viscous flow during calcination, which is mainly responsible for the amorphous samples densification. 334 The pores size remained constant (27nm) with slightly reduced pore volume and surface area up to 850 o C as indicated by nitrogen adsorption (Figure 89). The sample calcined at 1000 o C still kept relatively high pore volume (1,2cm 3 g -1 ) and pore size of 16nm. 

Calcination in hydrogen

Unique optical properties of YAG:Ce are related to Ce 3+ which is the PL centres. Contrary, Ce 4+ ions are not involved in PL meaning that oxidation of Ce in YAG:Ce NPs supressed their optical properties. Therefore, calcination in air strongly reduced PL properties of YAG:Ce NPs embedded in the aerogel. However, additional thermal treatment in reductive atmosphere could effectively reduce Ce 4+ back to desired Ce 3+ .

Procedure: Calcination of monoliths in reductive atmosphere

The air calcined samples were placed in a quartz tube within a tubular oven and calcined by rising temperature to 750 o C within 6h under the flow of N2. Then at maximum temperature, quartz tube was flushed for 10min with pure hydrogen. The samples were kept for 5h in steady state H2 atmosphere. Additionally, after 2,5h at maximum temperature, the quar tz tube was flushed again for 5min with H2. At the end, the samples were cooled down under flow of nitrogen.

Such treatment did not affect the aerogels structure, but effectively reduced Ce ions restoring intense yellowish colour of the monoliths due to absorption of Ce 3+ (Figure 90). YAG:Ce NPs powder subjected to the same treatment yielded greyish product without PL behaviour.

The reason is probably creation of multiple oxygen vacancies which acted as efficient PL quenchers. Such behaviour is not observed when YAG:Ce NPs were embedded in silica matrix both in presented here aerogel systems and in the case of reported NPs covered with mesoporous silica. 122

Influence of hydrolysis time

The series of samples was prepared from one batch of the sol but with varying hydrolysis times (t 1 ).

The obtained aerogel composites are presented in the Figure 91. Similarly to the pure aerogels the aspect of the samples was rather constant up to 47h. Longer period of hydrolysis, resulted in less transparent and denser samples. The gel time rose from 5 to 9min up to hydrolysis time of 21h and decreased again to 5 min for sample hydrolysed for 141h. Their densities remained constant apart from the last two possessing higher densities. The calcined samples preserved their monolithic character and were less diffusive. Their macroscopic densities were larger for samples synthesized with longer hydrolysis time. The composites were tested in terms of possibility of impregnation. The details are showed in Appendix F. First two samples with the lowest hydrolysis times were cracked during impregnation in EtOH : water mixture (2:1 v/v). However, cracking was not significant, only several cracks appeared. Contrary, the other samples were easily impregnable without generation of cracks. Supposedly the impregnation behaviour was correlated with the sample density. Samples possessing higher density were more resistant to crack formation.

Nitrogen adsorption and desorption of as-prepared samples showed slight drop of monoliths pore volume and surface area with increased hydrolysis time, similarly to pure aerogels. SEM confirmed highly porous and opened microstructure of composites (Figure 93), without significant differences between the samples prepared with different hydrolysis times and between composites and pure aerogels. Although pure silica does not absorb visible light, its transmittance is affected by light scattering due to the colloidal character of structural units of the network. The transmission spectra shapes of the samples exhibited regular variation in the UV-VIS part of the spectrum. However, as-prepared silica aerogel demonstrated more pronounced light extinction below 500nm due to the stronger Rayleigh scattering (higher porosity, larger thickness of the sample) and coloration of the sample caused by residual organics. The near-infra red part of the spectra exhibited several peaks over 1200nm due to absorption of adsorbed water, Si-OH and Si-O-Si groups.

The pure silica aerogels proved to exhibit very good optical transparency of over 80% at 600nm, which was additionally improved after the calcination. Incorporation of NPs reduced the transmittance because of more pronounced scattering effects caused by: i) contribution of NPs to the scattering; ii) the refractive index mismatch between silica and YAG:Ce and. Nevertheless at 550nm the transmission was still over 60% which is important because of the YAG:Ce emission. The absorption peak of Ce 3+ was clearly seen at 450nm after calcination in hydrogen.

Influence of YAG:Ce NCs concentration

The synthetic method could be applied to a broad range of NPs loading. Aerogels and xerogels with concentration of YAG:Ce NPs up to 55% were prepared. For such large doping, highly concentrated colloidal solution had to be used. Increased amount of YAG:Ce NPs in the sol strongly raised the gelation time (Table 7). The reason was the dilution of silica sol with YAG:Ce NPs what slowed down the condensation.

Table 7 The gel a ti on ti mes of s ol s conta i ni ng di fferent a mount of YAG:Ce NPs . The sample with 38% of YAG:Ce was transparent just in transmission, while at 55% it was completely opaque. The effect was related to the refractive index mismatch between the constituents (air -silica -YAG). Prior to the SCD process, samples were transparent or translucent (depending on the YAG concentration). However, highly concentrated samples turned opaque in the dry state. Their reimpregnation restored their transparent or translucent character. Contrary, even highly doped xerogels remained transparent/translucent (Appendix E). The aerogel loaded with 55% of YAG:Ce started cracking after longer exposure to humidity, contrary, xerogel showed few cracks after calcination at 700 o C.

Larger loading of YAG:Ce NPs yielded denser monoliths, due to the additional fraction of solid in a given volume of a sol. In fact, if the contribution of density related to NPs was removed ( Equation 9), keeping the mass and the volume from silica aerogel, then the obtained densities were the same as for pure matrix or lower in the case of very high NPs concentration (the silica contribution of density is given in the table in the brackets). This indicated that NPs had a negligible influence on the emerging network structure which is probably due to a short time between particles introduction and the gelation process and low temperature of gelation. Reduced densities of silica backbone in heavily doped matrices was caused by stronger dilution of the network with NPs.

𝑑 𝑆𝑖𝑂2 = 𝑑 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 * 𝑋𝑚 𝑆𝑖𝑂2 (Equation 9)

Where, d SiO2 -density of silica aerogel without NPs; d composite -density of composite; Xm SiO2 -mass fraction of silica Additionally, NPs seemed to reinforce the structure of composites giving better me chanical properties. However, no tests in this direction were performed.

Nitrogen sorptometry of composites loaded with 15, 25% and 38% of YAG:Ce NPs and calcined at 950 o C confirmed lower pore volume for higher amount of NPs (Figure 96). Interestingly, the drop of porosity was more significant at lower doping content what could be related to the observation of lower density of silica network at higher NPs concentrations. In addition, the pore size distribution was slightly bigger for the network with higher amount of NPs. It confirmed that larger doping of NPs expanded the silica network. Then after 5min stirring, 0,067ml of 1M ammonia solution was added dropwise under the strong stirring which was continued for 90 sec. After that the magnetic bars were removed and samples were placed in a fridge, where gelation taken place within a few minutes. The aging and SCD were the same as before.

The obtained aerogels are shown in the picture below (Figure 99). All of them were transparent or translucent demonstrating good homogeneity of NPs distribution. Interestingly, colloidal solution of Au bipyramids was brownish, giving the same colour to alcogels (Appendix E). However, after the SCD the colour was changed to greenish what was assigned to the difference of refractive index between alcogel and aerogel which shifted the plasmonic band absorption. Composite with 30% of GdF 3 was less diffusive than samples with the same amount of YAG:Ce. This was the effect of lower refractive index of GdF 3 (1,59 at 550nm) compared to YAG (1,83 at 550nm) and the higher density of GdF 3 (7,1 to 4,55g cm -3 that of YAG) meaning lower volume of NPs. 

Conclusions

A facile method for synthesis of robust, transparent and highly porous silica aerogels which could be impregnated after the thermal treatment was developed. The method was designed to enable easy doping of aerogels with YAG:Ce NPs. Additionally, the amount of incorporated guest phase could be tuned in a very broad range (at least up to 55% for YAG:Ce NPs). It was also shown that the same procedure could be applied to incorporate materials with completely different nature, into the silica aerogels. The only requirement was the stability of NPs in aqueous solutions.

The studies shown that introduced NPs did not affected significantly the silica network, indicating that the interaction of silica clusters and NPs were rather low during the gelation process. It is rather surprising taking into account opposite charges on YAG:Ce and silica. The reason was most likely related to the low temperature and the pH at which silica have very small negative charge impeding coalescence with positively charged NPs. Another possibility could be the formation of thin silica shell over NPs surface. In this case small size of NPs with thin silica shell could preserve low light scattering properties. Nevertheless, the TEM observation suggested that silica shell was not formed.

Both, composites and pure silica monoliths could be re-impregnated without cracking, if they were properly densified. During extensive research on this system, it was noticed that the sample had to exhibit a density of at least of 0,390g cm -1 which corresponded to 80 and 70% porosity of pure aerogel and composite with 15% of YAG:Ce respectively. Nevertheless, those values were not decisive, and were also depending on the preparation conditions. The sample s had to be impregnated with low surface tension liquid like EtOH otherwise cracks were generated. Partially impregnated samples could be then transferred to a high surface tension solvent without damaging the monoliths.

Chapter V. Novel sensors for the measurement of low-energetic beta radiation in liquid and gas phase based on aerogels.

The materials presented in the previous chapter are very well suited for sensors. Especially encouraging is the possibility of their application in different media such as gas or liquid. Embedded YAG:Ce NPs provided both photoluminescence and scintillating properties into the aerogel. This chapter is devoted to the concept of novel porous inorganic scintillators for detection of low energetic ionizing radiation in both liquids and gases.

1. The novel concept of porous inorganic scintillators.

Detection of low energetic beta radiation in liquids is currently performed by means of liquid scintillators (LS). However, the detection efficiency threshold encountered by LS encouraged us to look on inorganic scintillators. Although they exhibit much better light yield and higher stability, the form of inorganic scintillators does not allow for the efficient harvesting of low energetic radiation due to the small contact area between investigated liquid and the scintillator. Hence, we propose to use inorganic porous scintillators, which could highly enhance the number of absorbed beta particles. Synthesis of porous three dimensional crystals would be extremely difficult or even impossible. Thus, another approach significantly increasing the contact area between investigated liquid and the scintillator is its nano-sizing. Therefore, the possibility to use a composite made of scintillating NPs homogenously distributed within a transparent, porous and easily immersible matrix appears very promising (Figure 100). Such materials would be impregnated with investigated liquid. The porous structure together with well-developed contact area between the material and the liquid would ensure close contact between the beta emitters and the scintillator which is necessary due to the low mean free path of emitted beta particles. In fact in most cases beta particles do not leave the liquid. The materials for NPs and the matrix were preliminarily selected according to necessary properties.

The requirements for the nano-scintillators are primarily high scintillation yield and short decay time.

The first assures high detection efficiency, while the fast decay is necessary due to the coincidence measurement technique of beta radiation. NPs should be small and homogenously distributed in the matrix in order to assure good transparency of the composite. The additional advantages would be high chemical stability, radiation hardness and low cost. Therefore, YAG:Ce was selected as a very good candidate for this application.

Concerning the matrix, silica monoliths were chosen due to the possibility of preparation of highly transparent and porous matrix in the form of xero-or aerogels. In addition, it shows high chemical stability, reasonable mechanical strength, and it is relatively simple to prepare. As we demonstrated in the previous chapters, we managed to obtain high quality YAG:Ce colloids and develop synthetic route toward highly transparent and porous silica aerogels. Merging both compounds into the composite yielded the material with designated properties.

The project was initiated by prof. Christophe Dujardin from Institute Lumiere Matiere at Uni versity Claude Bernard Lyon 1.

Scintillation -brief introduction

Radioactive nuclides spontaneously release high energetic ionizing radiation which can be divided into four types: i) alpha particle; ii) beta particles; iii) gamma rays; iv) neutrons. They differ in terms of their nature, energy and mean free path. Their energy from radioactive decays spans over six orders of magnitude from about 5 eV to around 20 MeV. Alfa particles are easily attenuated by a sheet of paper, while gamma rays carrying large energy are characterized by much longer attenuation length and require many centimetres of lead to be stopped.

The detection of ionizing radiation is performed by means of scintillators, materials able to convert their high energy into ultraviolet or visible light which can be easily detected by conventional photodetectors. This principle is used in scintillation counters which are able to measure the energy and intensity of radiation. 388 The first scintillation counter was constructed by Crookes in 1903. The instrument was made of ZnS screen which produced weak flashes of light when hit by alpha particles -one flash one particle. Novel counters replaced naked eye as a light detector for conventional photodetectors such as a photomultiplier tube (PMT). The concept of scintillation counter is showed below (Figure 101). The ionizing particles moving through the scintillator interact with its atoms. The complex mechanism of energy relaxation generates a flash of multiple low energetic photons which can strike a photocathode of photomultiplier tube. The photocathode produce at most one electron per one photon, which is electrostatically accelerated and focused on the first dynode. The accelerated electron hitting the dynode, generates multiple secondary electrons which are accelerated and focused on the next dynode. The series of such electron multiplication processes lead to a current amplification which gives output signal.

There are several types of scintillators varying in terms of composition, properties and form. Primarily scintillators may be divided into inorganic and organic which exhibit completely different scintillation mechanisms and thus properties. Both are of great technological and scientific importance.

Inorganic scintillators

Inorganic scintillators are employed in the form of crystals grown at high temperatures or polycrystalline powders. Although, some of them are pure compounds as for instance CaWO 4 or ZnS, in most cases they contain small amount of activator similarly to phosphors like CsI:Tl or YAG:Ce. Their properties such as scintillation efficiency, density or scintillating time vary considerably depending on their compositions. They are widely used in medical imaging (for instance CdWO 4 or Lu 2 O 3 in X-ray radiology 391,392 and Lu 2 SiO 5 :Ce 3+ in positron emission tomography 393 ), high-energy physics (detectors in LHC at CERN made of e.g. PbWO 4 ), 394 safety systems (e.g. CsI:Na) 395 or astrophysics (for low orbit satellites or interplanetary missions). 396

Electronic band structure of the crystals

Scintillation in inorganic crystals is determined by their electronic band structure. Depending on the relative position of valence and conduction bands, they are divided into metals, semiconductors and dielectrics. The valence band is occupied by outer shell electrons bound to the lattice sites of the crystal. The conduction band remains empty for insulators or semiconductors at low temperature (Figure 102). In the case of metals, both bands overlap so electrons are not bound to the lattice sites and can freely migrate through the crystal. Regarding semiconductors and dielectric materials both bands are separated by the gap called band gap or forbidden band. In pure crystals the electrons cannot adopt the energy within the gap. The valence band electrons can be elevated to the conduction band by absorption of a photon having a high enough energy (at least equal the energy of the band gap). Promoted electron leaves the hole in the valence band, which migrates through the crystal as well as electron in the conduction band. Furthermore, electron and the hole might eventually recombine producing a photon of energy of the band gap. In pure crystals of insulators, this radiative process is often inefficient and recombination occurs through non-radiative pathways, not useful for optical applications or scintillation. However, the probability of photon emission during recombination process can be increased if small amount of some impurity is present. Deliberately added impurities, often called activators, changing the electronic structure of the crystal generating energy levels within the band gap. Energy transfer from electron-hole pair may occur toward activators, which can deexcite by emission of photons with corresponding wavelength. 

Energy absorption and charge carriers multiplication

High energetic electrons, photons or other charged particles interact with solids. Their penetration depth depends on the nature of particles and their energy. The charged particle (e.g. electron) releases its high kinetic energy through the inelastic scattering with electrons, phonons or electrostatic interactions with scintillator atoms. The incident particles are energetically high enough to excite coreelectrons resulting in so called primary electrons with energy of few tens of keVs and inner holes. The high energy of primary electrons allows them to other ionizing processes which multiply number of excited electrons. The multiplication of electrons and holes takes place by: i) radiative process -higher orbital electrons falling into inner hole emit photons of secondary X-rays; ii) non-radiative Auger processes -recombination of higher orbital electrons with inner holes release the energy not in the form of photon but it is transferred into another electron which is ejected from the atom with some kinetic energy; iii) inelastic electron-electron scattering. At some point, energy of multiplied electrons becomes lower than ionizing threshold. Then, electrons and holes thermalize to the bottom of conductive band and to the top of valence band respectively. They can "bind" together forming excitons or remain free.

Energy carrier migration

The site of radiation absorption usually does not coincidence with the final emission site. The deposited energy in the host migrates to be eventually transferred to the luminescence centres. Therefore, the kinetic and intensity of scintillation process are strongly influenced by the energy carriers . This part of scintillation is very complex since it involves various species such as excitons and defects. It is influenced by non-radiative processes affected by many parameters such as temperature, types of energy carriers and impurities. Energy transfer efficiency can be greatly degraded by energy traps resulting from the defects in the crystal structure. Traps are able to catch migrating electrons or holes delaying or quenching radiation process.

Emission

An excited emission centres undergo relaxation via photon emission or non-radiative pathways.

Emission efficiency is strongly related to the position of energy levels of emitting centre. Generally, efficient emission processes are observed if the ground state of the emitter (activator) is l ocated above the valence band of the host crystal while its excited state is placed below the conduction band. In this later cases energy level should not be too close to conduction band due to possibility of auto -ionization process which quenches the emission. 399,400

Energy efficiency of scintillator

The overall energy efficiency η of a scintillator is defined as the number of photons N ph generated from energy of incident particle E inc. : 398

𝑁 𝑝ℎ = 𝑁 𝑒-ℎ 𝑆𝑄 = 𝐸 𝑖𝑛𝑐 . 𝐸 𝑒-ℎ 𝑆𝑄 = 𝐸 𝑖𝑛𝑐 .
𝛽𝐸 𝑔 𝑆𝑄 (Equation 10)

where N e-h is the number of electron-hole pairs produced during multiplication step; S is the efficiency of the energy carrier transfer to the luminescent centre; Q is the quantum efficiency of light emission from the excited luminescent centre; E e-h is the mean energy required to create an electron-hole pair.

The later one is estimated to be proportional to the energy of the band gap E g . β is the proportional constant ranging between 2-3. 398 The difference is the consequence of dissimilarities in a host lattice i.e. the vibrational frequencies.

Nevertheless, the response of scintillators is not proportional with incident energy, meaning that the total light output is not linear with ionization energy. 401,402 The main contribution to it is nonlinear quenching mechanisms of excitation along the primary electrons track. 402 2.1.4. Properties of inorganic scintillators.

Scintillation efficiency, described above, is one of the most important issue among all properties of scintillating compounds. Nevertheless, there are other important properties which impact differently the scintillation efficiency. 403 Such properties are: i) light yield; ii) stopping power; iii) chemical and mechanical stability; iv) linearity of light response with the incident ionizing radiation energy; v) radiation resistance; vi) price; vii) spectral match between the scintillator and the photodetector. 404 Generally, it is impossible to find a perfect scintillator which would exhibit all this properties and be suitable for all applications. The choice of material is thus tailore d to the specific requirements of the particular application.

YAG:Ce scintillating properties

Ce doped YAG is a very important material for optics due to the excellent photoluminescence (PL) 405 and cathodoluminescence (CL) 406 properties. It has found broad application as a phosphor applied in cathode ray tubes 407 and in white light emitting diodes (WLED). 408 In the '70s, it gained broad scientific interest as an inorganic scintillator with very attractive properties as high radioluminescence yield and fast scintillation decay. 409,410 The diagram showing band structure of YAG host with incorporated Ce energy levels and related optical transitions is depicted in the Figure 104. The excitation spectra is composed of three bands peaking around 230, 340 and 460nm. They involve direct excitation of cerium ion by excitation of 4f 1 ground state into one of the 5d level of excited 4f 0 5d 1 state. The ground 4f state is split into two levels 2 F 5/2 and 2 F 7/2 by spin-orbit interactions. The excitation and emission of Ce 3+ involves parity and spin allowed 5d-4f transitions. The emission of Ce is broad due to the electron -phonon interaction combined with the overlapping transitions from the lowest excited state to the split ground state.

The PL show fast luminescence decay with single component with decay time of about 67 ns. 411 Ce doped garnet oxides are very important class of inorganic fast scintillators. 412 YAG:Ce is characterized by good light yield, fast scintillation (dominated by the decay component of 60-80ns), 410,411,413,414 good mechanical properties, 415 high chemical and thermal stability. 416 However, due to low density (4,55g cm -3 ) and rather low effective atomic number (Z eff =31,9) it exhibits low detection efficiency for high-energy photons. Nevertheless, it can be relatively easily increased by replacing Y atoms with Lu, without very significant change of optical or scintillating properties. 404,412,417,418 The reported properties: Contrary, some traps are located much deeper the band gap, therefore the charge carriers fall ing into them are strongly delayed (at the same temperature). Charge carriers captured by the traps have a higher probability of non-radiative de-excitation decreasing the light yield. 411 In the case of PL, the emission centre is usually directly excited under appropriate wavelength, so there is no charge transport through the lattice. Therefore, longer decay times are not observed.

There are significant differences in the literature concerning decay times of YAG:Ce. It was showed that it is depend on the Ce concentration and excitation source. For instance, Moszyński showed that the decays of fast and slow components are lower upon excitation with alpha particles than gamma rays. Moreover the ratio between fast and slow component is more or less reversed. 410 It can be easily applied in the pulse shape discrimination method to identify the particles. 420

Strong differences in the scintillation intensity and decay characteristic were also observed in the samples with different microstructural characteristic. Zych et al. compared the single crystal sample with ceramic samples containing different grains size. Increased densities of grain boundaries decreased the light intensity upon gamma excitation. Moreover, the ceramic samples exhibited additional fast component with the decay constant of about 20nm which magnitude was increasing with higher densities of grain boundaries. 413 These differences were not detected when Ce ions were directly excited with UV or blue light. 414 Authors assigned this phenomenon to the presence of "receiving states" residing at the grain boundaries.

Nano-scintillators

The concept of nano-scintillators started being developed in the last decade due to strong enhancement of nano-structured light emitters. 421 Therefore, scintillating properties of materials in nanoscale began to be investigated.

Relaxation of energy deposited in NPs is somehow more complex than in single crystals. Multiple electrons and holes generated during primary and secondary excitation processes have migration distances larger than the NP size. 422 It can suggest that deposited energy is shared between NP and the surrounding. In fact, most of the energy is dissipated in the surrounding media if the NPs volume fraction is low. Generated primary electrons escaping NPs can be involved in excitation of another particle. 423 The studies concerning evolution of scintillating yield with material down-sizing are ambiguous and often contradictory. 424 11)

Where, X and Y represent initial and final isotope, ⊽ is the antineutrino. There are two types of beta decays, the electron decay with antineutrino and the positron decay with neutrino. The neutrino and antineutrino are undetectable due to extremely low probability of interaction with matter.

High number of beta-active radionuclides is produces by neutron bombardment, so that they are readily created through reactor flux. Their energies and half-life strongly differ depending on the radionuclide. Some properties of pure beta emitters are compared in the Table 9. The energy of beta particles is not a constant value because the energy of the decay is shared between the particle and the neutrino/antineutrino. Therefore, the energy distribution is observed (Figure 105). A part of beta emitting radionuclides is of great technological importance. They are widely used in nuclear medicine for diagnosis and/or therapy and in industry for detection systems. For instance, 137 Cs is used in brachytherapy 433 and to measure the flow in oil pipelines; 434 14 C is a base of carbon dating; 99m Tc is the most often used radioactive tracer in nuclear medicine imaging diagnosis; 435 63 Ni serves to detect explosives; [START_REF] Nanotechnology; Schmidt | [END_REF] Na helps to locate the leaks from pipelines and is used in medical diagnostics; 129 I is a very important isotope for detection of performed nuclear tests (nowadays it is a very hot topic due to the North Korea activity). Concerning 3 H, it shows particular importance in many fields. Primarily, it is principal component of nuclear weapons, increasing efficiency and yield of hydrogen bombs. Moreover, it is important fuel for nuclear fusion which is very promising future source of energy.

Interaction of beta particles with matter

High energetic particles approaching material can be backscattered or penetrate and interact with it. Charged particles interact with mater mostly through coulombic forces between particles and orbital electrons of absorbing material. These interactions with orbital electrons lead to ionization or excitation of absorber atoms. The particles passing through absorber, interact with many orb ital electrons until its kinetic energy is reduced to 0. Moreover, particles are also subjected to electronnuclear interactions which cause elastic scattering of particles. Therefore, because of the low mass of electrons its trajectory is not straight as for heavy alpha particles but it follows zig-zag path. Some part of energy is lost by radiative process called bremsstrahlung which originates from abrupt deceleration of electrons. According to classical theory, any accelerated or decelerated charge must emit electromagnetic radiation. However, the process becomes important only at very high energy of electrons.

The activity of beta emitters is measured by means of liquids scintillators.

Liquid Scintillators

Liquid scintillators (LS) are composed of at least organic solvent and dissolved molecules of organic phosphor. Radioisotope mixed with LS (LS cocktail) emits the ionizing particle which has the highest probability to interact with the solvent molecules. Therefore, the solvent is chosen to be able to interact with ionizing radiation and absorb part of its energy. Resultant excited molecules of a solvent transfer the energy to the phosphor molecule which is able to emit photon of UV -VIS light. Aromatic organic solvents as for instance toluene, pseudocumene or PXE (phenyl xylylethane) proved to be very efficient solvents for LS. Their π clouds from aromatic rings are able to interact with beta particles and capture their energy. The excited aromatic molecule has a very low probability of de-excitation through light emission or other non-radiative pathway. Instead, the excitation energy is transferred between solvent molecules back and forth until it passes to the phosphor molecule ( Figure 106). The LS cocktails may also contain surfactants or additional solvents which role is to facilitate miscibility between the investigated liquids and the cocktail solvent.

Liquid Scintillation Counting (LSC) is widely used for the activity measurement of radionuclides in solution. Its main advantage is the absence of physical separation between the radionuclide and the detector, allowing the detection of low-energy electron emitters, but also on the 4 detection angle leading to a good geometrical efficiency. Nevertheless, the energy transfer in the LSC process is quite inefficient and up to now, no significant improvements of the intrinsic light yield were achieved, when using organic scintillators. Therefore, others approaches using inorganic scintillators could be useful to improve the intrinsic light yield of the scintillator and thus the detection efficiency of the measurement process. Of course, this supposes the use of a dispersed scintillator, ei ther a suspension of inorganic scintillator particles in liquid, or a porous scintillator accepting a liquid phase. This latter ap proach is used in our study.

Emissive properties of aerogel composites

The development of YAG:Ce NPs and the composites were presented in the previous chapters. The next part is devoted to optical and scintillating characterization of obtained materials. Furthermore, measurement of beta radiation in liquids and gases is demonstrated.

Photoluminescence

Presence of YAG:Ce NPs inside the aerogels introduced into the composites additional properties such as PL or scintillation. The PL emission and excitation spectra remained the same for YAG:Ce NPs in colloidal solution and in silica matrix (Figure 107). The excitation peak below 400nm presented in colloidal YAG:Ce, was greatly reduced and even completely removed by calcination at 1000 o C and further reduction in hydrogen atmosphere. It supported the hypothesis that the peak originated from Ce ions located close to the NPs surface. The disappearance of the peak might be attributed to improved crystallinity and/or migration of Ce ions deeper into the crystallite. Thermal treatment of composites was highly beneficial for optical properties of materials due to enhanced crystallinity favouring radiative electronic transitions by decreasing number of traps generated by crystal defects. Nevertheless, the thermal treatment had to be properly optimized in terms of temperature and atmosphere to get PL improvement. Samples calcined at 550 and 700 o C exhibited very weak PL due to the oxidation of Ce 3+ to Ce 4+ . In the former one, the emission was negligible and kinetics of emission from remaining Ce 3+ was strongly quenched as shown in the Figure 108. Although above 700 o C the PL decay kinetic was improving again indicating partial reduction of Ce 4+ to Ce 3+ restoring some emissive centres, the PL intensity was still very low compared to as prepared sample confirming much lower number of emissive Ce 3+ centres.

Calcination at 850 o C or 1000 o C returned the sample yellowish colour due the higher absorption of blue light by increased number of Ce 3+ . Their PL kinetics were improved compared to as prepared composite especially after 1000 o C resulting in almost monoexponential decay, which indicated lack of quenching. However, these kinetics come from Ce 3+ which were still rather lower in number than Ce 4+ , thus their emission was still low (Figure 108c,d). Contrary, calcination in reductive atmosphere regardless to previous calcination, strongly improved PL intensity and kinetics ( Figure 108b-d). All the samples exhibited strong and yellowish colour. This improvement of calcination temperature could be directly observed in emission from the samples under UV lamp irradiation (Figure 108d). The behaviour of YAG:Ce PL decay was varying depending on its environment. The decay curves were monoexponential, however their decay time was a function of refractive index as it was explained in the chapter 2 for colloids. Therefore, the PL decay time from aerogel composites was significantly longer (Figure 109). The porosity of xerogel is approximately half of aerogel meaning, higher refractive index of material and faster decay. Additionally, filling of xerogel with water increased the refractive index and thus shortened the decay time of YAG:Ce NPs (Figure 109).

Radioluminescence

The one component of scintillating process is light emission from the luminescent centre. Therefore, at the beginning the prospective sensors were optimized in terms of good PL properties, since the last step of scintillation mechanism is analogous to PL emission. It was assumed that better scintillation would be obtained from materials with improved PL. Therefore, materials were double calcined in order to reduced Ce 4+ to optically active Ce 3+ . However, as it was shown by Nikl, 437 Ce 4+ is involved in RL as well. In fact, it proved to be more efficient in scintillation than Ce 3+ due to the distinct mechanism less sensitive toward traps present in the crystal structure.

The electron-hole pair transfer to the emitting centre Ce 3+ is assumed to occur through a sequential charge carriers trapping e -+ h + + Ce 3+ -> Ce 4+ + e --> Ce 3+ * -> Ce 3+ + hν. One can remark that Ce 4+ appears in this sequence. Ce 4+ can thus be considered as a Ce 3+ which would have already capture a hole. Despite Ce 4+ is not an emitting centre under optical excitation it contributes to the scintillation: Ce 4+ + e -+ h + -> Ce 3+ * + h + -> Ce 3+ + hν + h + -> Ce 4+ . Since the emission occurs prior the hole capture, this process is faster and occur even if the hole is trapped (Figure 110).

In the first step, Ce 4+ centres capture electrons from the conduction band as an alternative for electron traps generated by oxygen vacancies or antisite defects. It transforms Ce 4+ into excited Ce 3+ centres which in the second step emit a photon. Subsequently, a hole is captured from the valence state regenerating Ce 4+ centres. Contrary, Ce 3+ is not enough competitive compared to traps to catch electron from the conduction band. Instead, it captures the hole located in the valence band. Temporary Ce 4+ centres, captures an electron thus generating excited Ce 3+ centres which in the last step emit the photon of light through electron-hole recombination. Indeed, it turned out that the samples calcined in air exhibited better RL properties then the samples calcined both in air and reductive atmosphere of hydrogen. Therefore , the assumption that improved PL will improve scintillating properties was wrong what will be shown in the following part.

Emission spectrum

The recorded RL emission spectrum of composites was typical for Ce emission and it well coincided with PL emission (Figure 111a). The shape of the emission was very similar for YAG:Ce samples in different forms: single crystal, nanopowder and NPs dispersed in silica matrix (Figure 111b). Additionally the emission spectrum was almost independent on the oxidation state of Ce. Both Ce 3+ and Ce 4+ led to emission of photons of the same energy, meaning that both mechanisms presented above occurred. The composite calcined in air, containing mostly Ce 4+ , showed a little red shift. Single crystal and powder YAG:Ce showed more notable shoulder what can be assigned to more pronounced self-absorption due to a not even collection of light. 

Optimization of aerogel composites scintillating properties

The performance of RL was strongly depended on calcination conditions. From one side, higher temperatures are beneficial for NPs crystallinity thus removing crystals defects which acts as traps or quenching centres. However, the composites are two component systems of silica and YAG so that both materials can react at very high temperatures, influencing the structure of scintillating material. Additionally, higher temperature causes more significant shrinkage and reduction of porosity. On the other hand, depending on the temperature and atmosphere Ce centres can adopt 3+ or 4+ ionization state.

Calcination atmosphere

Comparison of two samples containing 15% of YAG:Ce and calcined: i) at 950 o C in air, and ii) at 950 o C in air and at 750 o C in hydrogen atmosphere.

The sample reduced in hydrogen exhibited strong quenching confirmed by almost one order of magnitude drop of emission intensity in the first few nanoseconds of RL decay (Figure 112a). Contrary, the sample calcined at the same temperature just in air showed much lower quenching (lower drop of emission and less accelerated decay). There are two possible explanations: i) the calcination in hydrogen generated shallow traps in the YAG:Ce structure by for instance creating oxygen vacancies; ii) shallow traps are presented anyway, however mechanism of scintillation from Ce 4+ centres is less sensitive toward traps. Contrary to Ce 3+ , Ce 4+ does not need to capture a hole to generate a photon of light. The scintillation mechanism involving Ce 4+ is thus insensitive to the hole traps. Moreover, together with improved internal quantum yield, samples showed greatly enhance d intensity of RL (Figure 112b). Similar observations were made on samples calcined at lower temperatures meaning that additional reduction of Ce ions in H 2 inherently decreases scintillating properties of YAG:Ce. 

Cerium concentration in YAG:Ce

Comparison of two non-calcined samples containing 15% of YAG with different Ce doping of either 1 or 0,4 at%.

It was demonstrated in the chapter II, that PL internal quantum yield of prepared YAG:Ce NPs was improved by decrease of Ce concentration to 0,4%. Similarly to PL, lower cerium concentration was beneficial for the RL. The quenching was clearly seen in the RL decay (Figure 113a) of the sample with higher Ce concentration. The improved RL kinetic of the sample with lower amount of Ce resulted in higher intensity of RL (Figure 113b). This suggested a concentration quenching for higher Ce concentration. 

Calcination Temperature

Comparison of composites containing 15% of YAG:Ce with 0,4% Ce doping not calcined or calcined at 750 o C or 1000 o C.

The RL properties of samples calcined at different temperatures are shown in the Figure 114a and correlated with a reference YAG:Ce single crystal. Although the as-prepared sample and the calcined at 750 o C exhibited similar RL decay curves, the RL intensity was greatly improved for calcined one (Figure 114b) due to the higher amount of Ce IV . Their RL decay times were assigned by fitting the decay curves with double exponential functions (Table 10). The decays were consisted of faster (54 and 52ns) and slower (216 and 225ns) components with similar ratios between them. Moreover, those values were close to the values of reference sample (65 and 241ns), however with a little bit higher part of slower component. It confirmed the very good RL properties of the prepared composites. The recorded decay times for those composites were significantly faster than reported in the literature for YAG:Ce single crystals (88ns) 410 which is associated with faster emission involving Ce 4+ centres. 437 Lower ratio between fast and slow component compared to single crystal is probably caused by nanoparticulate character of YAG:Ce.

The calcination at higher temperature as 1000 o C, rather significantly changed the RL kinetic. Both components exhibited longer decays (137 and 311 ns) without signs of RL quenching. The ratio between both components remained constant compared to other samples. In terms of intensity, it was slightly lower than the sample calcined at 750 o C, however it has to be emphasis that intensity measurement in this case could be slightly disturbed by different sizes of the samples, since the calcination at 1000 o C caused stronger shrinkage. Therefore some non-equality in light collection and self-absorption could occur. 

Afterglow

Additionally, the sample calcined at 1000 o C showed significant afterglow even under day light illumination. The composite exposition to the light just for few minutes resulted in significant light detection by the photodetector without presence of excitation source. Such situation did not take place for lower calcination temperatures. Actually, the afterglow was also observed for samples which were reduced in hydrogen atmosphere. In terms of single calcination in air, temperatures of 1000 o C had to be used.

Clearly, some changes occurred in the structure of YAG:Ce which were responsible for such big differences. Longer decay times and lower RL intensities suggested appearance of shallow traps which slowed down the emission process and enhanced the probability of non-radiative pathways. Some impact could had a thermal reduction of Ce 4+ to Ce 3+ which were more sensitive toward traps. On the other hand, afterglow show that some traps are located deeper in the gap, so that higher thermal energy was necessary to "release" captured electrons. In fact, heating up the sample for 1h allowed to remove the afterglow.

The best results were obtained with medium calcination temperature. Moreover at 750 o C, the aerogel was just slightly densified, so the high porosity was remained.

Concentration of YAG:Ce NPs

The as prepared composites with varying amount of YAG (15%, 26% and 40%) doped with 0,4% of Ce where compared.

The higher amount of NPs inside the composite aerogel should be beneficial for the material RL intensity. However, as it was shown before, higher number NPs affected the transparency of composite. This in turn, could decrease the number of photons extracted from the inner parts of monolith.

Therefore, RL properties of three composites with different amount of YAG:Ce NPs per composite were investigated (Figure 115). Each next sample contained twice more YAG:Ce NPs in the same volume.

As expected, the increased concentration did not have significant influence on the RL decay characteristic. Slightly faster decay was observed for increased amount of YAG, which could be explained by slightly higher refractive index of the material. The RL intensity was greatly improved by higher amount of YAG:Ce. Approximately the intensity increased by the same factor as increase of YAG:Ce amount. It indicated rather minor effect of sample transparency on collected light (the emitted light was collected at the angle of 70 o from the excitation). In fact, the light form inner parts could be also extracted after its multiple scattering yielding more isotropic distribution of light. Tritium is an important radionuclide widely monitored in the environment. Its levels are the result of naturally occurring processes, however its amount has been considerable increased due to the human activity such as nuclear weapon testing and nuclear power plants. Therefore , it is consider as good indicator of nuclear activities. 438 At the same time it is the most challenging beta-emitter to measure due to the very low energy of emitted beta particles (average energy 5,7 keV). Its detection efficiency by liquid scintillators (LS) is only 0,5. 439,440 Further improvement of that value is very hard due to the intrinsic limitations of LS process and therefore an alternative method would be useful.

In order to give some quantitative view, here are some numbers: if all the energy is transformed in light, a 5 keV electron can produce maximally 1700 photons (425nm) but typically, at most 1% of this energy is converted into light (17 ph.), the rest is dissipated as heat; however, at such low energy as 5 keV the light yield is worse due to the ionization quenching process (7 ph.). The typical quantum efficiency of a photocathode is about 25%, thus, at the end, it will produce a mean number of photoelectrons of about two. 441 The decay of tritium is described by 3 H -> 3 He 3+ + e -+ v e with half-life of 12,3 years. The electron energy spectrum of this decay is shown below (Figure 117): The measurements were performed on the mixture of ethanol and tritiated water with activity of 40 kBq ml -1 measured by LS.

Geometry of the measurement.

The geometry of the measurement is extremely important in scintillation detectors and has profound impact on light collection efficiency. The geometry of TDCR system is particularly adapted to liquid scintillators. Therefore, some adjustment of the samples geometry had to be performed. The glass containers used for LS were used as containers for the aerogels. However, the volume of aerogels was much lower than the volume of the liquid, so that in order to place the sample approximately at the height of photodetector, paraffin was melted and poured into the vials to elevate the samples positions as shown in the Another issue was partial light entrapment inside the vial. The light emitted from the sample travelled through the air to the walls of the vial. It passed through a boundary between medium of lower and higher index of refraction, so no light was reflected. However, then it went through the glass/air boundary (n glass = 1,52) in which part of the light was reflected. Reflection occurs when the light reaches the boundary above particular angle (Figure 118c). This critical angle (θ c ) can be calculated by Snell's law (Equation 12).

𝑛 𝐺 𝑠𝑖𝑛θ 𝑐 = 𝑛 𝑎 𝑠𝑖𝑛90 𝑜 (Equation 12)

Where n G and n a are refractive indexes of glass and air.

For this system, the critical angle of total internal reflection was 41 o . It meant that all the light with an incident angle θ i greater than 41 o was reflected back into the vial. This phenomena was well described by Nahle et al. by measuring the light extraction from different vials (polyethylene, glass and glass covered with diffusive scotch tape). 442 It was observed that the light was more effectively extracted from a diffusive polyethylene vial or glass vial covered with diffusive scotch tape (Figure 119). Therefore, the glass vials were covered with the layer of diffusive scotch tape in order to enhance the extraction of light. Indeed, we observed significant enhance ment of the light output.

Blank measurements (without radioactivity)

As it was shown in the part of RL measurements, some samples exhibited afterglow. Therefore, samples were first measured without the presence of radioactivity to determine which samples exhibit afterglow which would interfere with the measurement. The count rates coming from the all kind of background sources were on the level of 10 CPM (counts per minute). However, the samples calcined first in air and then in reductive atmosphere showed significant emisison even as high as 20 kCPM. It was observed that for similar samples with different Ce content in YAG:Ce NPs the afterglow was increasing with the decrease of the Ce content (3% Ce -40; 1% Ce 6000; 0,4% Ce 21000 CPM). Samples not calcined in H 2 did not show any afterglow, even after prolonged exposition to light.

Afterglow was easily removed by a simple heat treatment at 100 o C in the dark for few hours. Then, the samples were kept in the dark. The sample exposed again to light for 2h showed strong afterglow.

The measurement parameters

An important parameter of the TDCR measurement is the correct definition of the coincidence window. When a pulse is detected in one PMT channel, a coincidence window is opened to allow the detection of other pulses in other channels, allowing the creation of double or triple coincidence events. Then, the system is paralyzed during some period of time (dead-time) within which no photon can be counted (usually 10-50 us). It intends to separate two events and record them as two separate pulses. Each new event detection within the dead time, starts again this period from the beginning (Figure 120). Coincidence window is normally set to 40 ns, which is optimal for liquid scintillators with the decay time of several nanoseconds. The decay time of our system is significantly larger, as t he fastest component of the light emission has a time constant of about 60 ns. Therefore, a longer coincidence window had to be applied. The samples were impregnated with the radioactive liquid without causing cracking ( Figure 122).

The samples were fully impregnated within 30 min. Their transparency was greatly improved due to the lower refractive index mismatch. 11). Each measurement was recorded within 60-100s. The blank sample was an empty vial filled with paraffin. The T/D is the ratio between triple and double coincidence count rates. It has to be noted that single counts were affected by thermal noises of the PMTs and S value was dropping down during the lasting measurement. The recorded count rates with higher coincidence window showed lower S values, since the measurements for each sample were performed continuously and the coincidence window was changed without stopping the measurement.

In a perfect situation all counts S, D and T would be the same, meaning that all signals came from events of radioactive decay. Obviously, the S value is subjected to PMTs noises, which is not the case for D and T, for which the signal is produced by the radioactive decays. Higher their values and higher T/D ratio improve the detection efficiency.

Clearly, liquid scintillators demonstrated much higher coincidence counts and the T/D ratio compared to the composites. The aerogel samples exhibited strong single counts, however, double and triple coincidences were very low. In fact, T values were on the level of the background meaning that there was almost no triple coincidences. D value was higher for larger coincidence windows and for increased amount of YAG:Ce in the material. Nevertheless, in the case of such low values of T and D, T/D ratio losing its physical meaning as detection efficiency. Improved performance was observed for heavily doped xerogel (40% of YAG:Ce). Very strong S signal was obtained (one order of magnitude higher then LS) and the D on the same level as liquid scintillators. However, triple coincidence, one order of magnitude higher than for aerogel samples, was still very low. Higher performance was assigned to lack of calcination in reductive atmosphere, higher amount of YAG:Ce NPs and good transparency The last aerogel was calcined at slightly higher temperature without post reduction. Its performance was slightly better than the corresponding sample subjected to reductive atmosphere, however T value was still on the level of the background.

The results proved the concept of the project idea. Nevertheless, the composites did not outperform LS yet. The designed composites exhibited very high values of S and D, however they were lacking of triple coincidences. The energy of emitted beta rays from tritium is very low meaning that their free path is very short (≈1μm in liquids). It is mostly dissipated by coulombic interaction with electrons of the atoms in the matter. YAG:Ce NPs are very small and much denser than overall composite material. It means that their volumetric concentration is relatively low in the aerogel. Therefore, their stopping ability is poor and the energy of beta particles is mostly wasted somewhere between active NPs. Although, single counts are high, triple coincidence counts remain almost negligible. Single beta particle from tritium had not enough energy to excite more NPs and to create enough coincidence signal. Moreover, small size of NPs and not completely optimized scintillating properties p revented formation of multiple photons which could reach detectors in coincidence. Contrary, in the case of LS emitted beta particles were captured by a whole volume of solvent which subsequently transferred the energy into secondary scintillator emitting photons of light. Therefore, single radioactive decay event was able to generate several photons of light which generated coincidence signal.

The utilized samples were prepared with YAG:Ce NPs doped with 1% of Ce, which was showed to be not optimal. Therefore, there is a room for improvement, utilizing the composites with lower Ce content, higher amount of YAG:Ce and calcined at the temperature between 600-800 o C without further reduction. Such samples are currently under investigation.

Measurements in gas phase

A porous detector can be a very promising device to detect radioactive noble gases. These gases are of special interest because they are created during the nuclear fission process, with a high yield. Thus the detection of these gases is a good and unambiguous evidence of nuclear activities. This is why the CTBTO, an international organization assuring the control of the nuclear test ban treaty, operates all around the world, laboratories devoted to the detection of radioactive noble gas (Xe, Kr, Ar). Current radioactive gas detectors are based on internal gas proportional counters, in which the radioactive gas is mixed with a counting gas (generally methane). Other detection systems are based on the use of plastic scintillator, with the drawback of a memory effect. Thus aerogels composites could be very good competitors for this kind of measurements.

85 Kr as almost pure beta-emitter

The composites were used for measurements of detection efficiency of [START_REF] Jansons | Continuous Growth of Metal Oxide Nanocrystals: Enhanced Control of Nanocrystal Size and Radial Dopant Distribution[END_REF] Kr radionuclide which is almost a pure beta emitter with a half-life of 10,756 years. It decays to stable [START_REF] Jansons | Continuous Growth of Metal Oxide Nanocrystals: Enhanced Control of Nanocrystal Size and Radial Dopant Distribution[END_REF] Rb according to equations: [START_REF] Jansons | Continuous Growth of Metal Oxide Nanocrystals: Enhanced Control of Nanocrystal Size and Radial Dopant Distribution[END_REF] Kr -> [START_REF] Jansons | Continuous Growth of Metal Oxide Nanocrystals: Enhanced Control of Nanocrystal Size and Radial Dopant Distribution[END_REF] Rb + β 1 maximum energy 678 keV (average 251 keV) -(99,56 % of decays) [START_REF] Jansons | Continuous Growth of Metal Oxide Nanocrystals: Enhanced Control of Nanocrystal Size and Radial Dopant Distribution[END_REF] Kr -> [START_REF] Jansons | Continuous Growth of Metal Oxide Nanocrystals: Enhanced Control of Nanocrystal Size and Radial Dopant Distribution[END_REF] Rb + β 2 maximum energy 173 keV (average 47,5 keV) + γ (514 keV) -(0,44% of decays)

As the source, the mixture of N 2 and 85 Kr was used. Its activity was evaluated to 202 Bq/cm 3 on 21/03/2007.

The measurements were performed in the same geometrical configuration like measurements with liquids. Samples were placed in vials which were further connected to a gas line. First, the air inside the vials and the aerogels was evacuated, secondly the vial s were filled with the radioactive gas at pressure around 10 5 Pa. Then, the vials were disconnected and quickly tightly closed and left for 1h before the measurement.

The precise control over the introduced amount of gas was very difficult due to the lack of adapted systems for our samples. Therefore, some variations in the concentration of radionuclides inside the aerogels could have occurred. Nevertheless, the goal of this experiment was to evaluate the detection efficiency, from the T/D ratio, which does not depends on the activity.

Investigated samples

The investigated samples were varying in terms of YAG:Ce content, calcination temperature, density and an amount of Ce in YAG. First two series of aerogels with increasing YAG:Ce concentration were calcined either at 700 o C and then reduced in hydrogen at 800 o C or at 900 o C without further reduction. Secondly, highly doped xerogel calcined at 800 o C in air was used. All these samples contained YAG:Ce NPs with 1% of Ce. Then, the influence of Ce concentration was investigated with two samples containing either 0,4% or 3% of Ce in YAG and twice lower volume than other samples (Figure 123). The results are summarized in the Table 12 like in the case of measurements in liquids.

The detection of beta radiation in gas phase was much than the detection in liquid phase. The reason was a higher energy of single beta particle (on average 5,7keV for 3 H and 251keV for 85 Kr). Therefore, its mean free path was much longer broadening the possibility of multiple photon generation from one decay event, before the whole energy of beta particle was dissipated. Similarly, the optimal coincidence window was at least 400ns.

The increased amount of YAG:Ce inside the composite improved the counting rates (series B1-D1 and B2-D2). Clearly, the improvement was less pronounced for the largest amount of YAG:Ce probably due to the lower transparency and possibility of light re-absorption. Higher YAG:Ce concentration was particularly beneficial for triple coincidences due to the great increase of volume concentration of active scintillator. Therefore, one beta particle had more chances to generate multiple photons.

As expected, the series of samples calcined at 900 o C in air demonstrated higher signal compared to the samples reduced in hydrogen. Higher percentage of the decay events were detected as double and triple coincidence. For the best sample, the T/D ratio exceeded 0,5 which is a very good starting point.

The xerogel sample possessed higher amount of YAG:Ce, good transparency and much lower porosity. It was calcined in optimal temperature of 800 o C therefore, it showed very low PL due to oxidation of Ce 3+ . Its T/D value was even higher than for the best aerogel, approaching value of 0,6. However, the counts values were slightly lower despite of greater amount of active material and very good transparency. The reason was probably the lower porosity of the xerogel, thus less exchange area between emitters and scintillator. These results showed that prepared composite aerogels have a great potential to be effective scintillating systems for beta rays, with high counting efficiency. The performances were very impressive, especially taking into account luck of full optimization of composite. Undoubtedly, the best performances should be obtained with samples containing YAG doped with 0,4% Ce and larger loading of active material. Clearly, there is a balance between pore volume, YAG:Ce loading and material transparency. In the case of aerogels, higher doping resulted in opaque system, however, with high pore volume. Contrary, the xerogel sample exhibited very good transparency in spite of large loading, however, the pore volume was significantly reduced. Another issue is to optimized the calcination temperature. It seems that the optimal value is somewhere between 750 o C and 900 o C.

Optimized sample

The optimized aerogel sample was prepared by the same protocol as previous samples. It contained 35% of YAG doped with 0,4% of Ce and was calcined at 750 o C just in air. Sample was slightly bigger than the previous samples (prepared from 4,07 ml of sol compared to 3,7 ml).

The new source of [START_REF] Jansons | Continuous Growth of Metal Oxide Nanocrystals: Enhanced Control of Nanocrystal Size and Radial Dopant Distribution[END_REF] Kr radiation was used with much higher activity (120 kBq).

Table 13 Res ul ts of detecti on of beta pa rti cl es i n ga s pha s e by mea ns of opti mi zed compos i te a erogel s . As it was expected, the sample demonstrated significantly improved properties. Very high counting rates were obtained for both single and coincidence counts. Unfortunately, due to different Kr source, there was no possibility to directly compare optimized sample with the previous ones. However, the T/D value was independent on the activity of the source. The count rates were on very high level (two order of magnitude higher than the samples before) meaning that properties were indeed improved. Lower coincidence window (190 ns) was applied due to very high counting rates, which could increase accidental coincidences.

The geometry and equipment of the measurement is not fully optimized yet. There is not possibility to control the amount of introduced radioactive gas so to control the counting rates.

There were several reasons of such improved properties. The lower amount of Ce clearly reduced the quenching of YAG:Ce emission resulting in higher amount of emitted photons. Calcination at 750 o C improved YAG:Ce crystallinity and oxidized Ce 3+ to Ce 4+ which proved to be far more efficient scintillating centre. Another impact of Ce oxidation was lower number of centres able to reabsorb emitted photons. Therefore, the multiple scattering of light inside material did not increase the probability of photon loss due to the reabsorption. Instead, light could be extracted from material. Calcination over 800 o C, already showed a coloration of the aerogel meaning the possibility of reabsorption.

Conclusions

In this study, we demonstrated experimentally that silica aerogels are very well suited materials for sensing applications. By incorporation of YAG:Ce NPs in silica based aerogels, we developed an efficient scintillating porous material designed for measurements of beta radiation both in liquids and in gases.

This completely novel approach proved the concept and demonstrated very good detection performance especially for [START_REF] Jansons | Continuous Growth of Metal Oxide Nanocrystals: Enhanced Control of Nanocrystal Size and Radial Dopant Distribution[END_REF] Kr source. Nevertheless, the full investigation is still ongoing work. The presented results will be improved by optimization of metrological aspects as well as aerogels properties. Therefore, these materials are truly promising for detection of radionuclides in gas phase as for example xenon and iodine isotopes released during nuclear fission.

The measurements of the most challenging tritium, despite of high single count rates, did not generate enough coincidence signals. The reason laid in low capability of material to harvest energy of beta rays, due to the low volume fraction of YAG:Ce NPs. Moreover, the investigated samples were not optimized and possessed 1% of Ce which proved to quench part of emission. Additionally, calcination in H 2 reduced the light yield as well. The detection efficiency of optimized samples is currently under investigation.

The part of the process which mostly limits the detection performance is collection of energy from beta rays. In the case of LS, beta particles are absorbed by the whole volume of LS cocktail while in the case of the developed porous materials only very small part of active materials (YAG:Ce) is involved in energy absorption. The rest of energy is dissipated within silica matrix or liquid/gaseous medium. Therefore, some approaches enhancing the volume fraction involved in energy collection is needed (see the future work).

Due to the novelty of the method, the geometry of the measurement and the set-up was not optimized. It is necessary to build specially adapted device, which would allow measurement of flowing gas (see the future work).

The designed porous materials entrapping YAG:Ce NCs, confirmed to be excellent candidates for detection of low energy beta radiation in liquids and gases. In this case, the large porosity was important to assure close contact between scintillating material and beta emitters due to a short mean free path of emitted electrons. The first tests showed that these materials have a great potential to replace currently existing techniques, especially for the detection of radioactive noble gases which are i.e. indicators of nuclear activity. The same technique was used for detection of tritium in liquids.

Although, the results were encouraging, the materials had to be further improved to more efficiently harvest very low energy beta particles from tritium.

Based on these results, the presented work strongly contributes to the field of devel opment of novel NP-based functional materials. The designed approaches for 3D macroscopic porous structures showed the great potential of such systems, opening the possibility of future applications in fields such as optics, catalysis, energy storage or sensing.

Future work 1. Porous scintillators

The investigation on YAG:Ce NCs supported on silica aerogels as sensors for beta radiation detection is still ongoing. For the future work, the composites will be further optimized in terms of YAG:Ce properties (Ce concentration and calcination temperature) and loading. It would be useful to understand the reasons of RL variation for samples calcined at 1000 o C (longer RL decay and presence of afterglow). Another aspect to focus on would be the synthesis of YAG:Ce co-doped with divalent ions such as Mg 2+ which force Ce to adopt oxidation state of Ce 4+ thus increasing RL yield as shown by Nikl. 437 Another matter is to improve the geometry of the measurement as well as set-up, especially for gas sensing. For that reason a device will be develop allowing to perform measurement under flowing gas.

However, the main problem of low collection of beta particles energy remains. Therefore, the use of pure crystalline YAG:Ce aerogels developed in the third chapter would be of particular interest. They would ensure collection of beta particles energy by whole volume of monolith. Since th ey are adapted for sensing in gas phase these systems are currently under investigation. However, their application in liquid phase is still not possible due to material cracking. Therefore, further investigation is planned to reinforce their structure allowing using them in liquids.

NP-based aerogels

The developed systems as well as the ones existing in the literature still require intensive research to optimize their quality, especially in terms of mechanical properties. The first goal will be to reach silica aerogels performances, which are already successfully used.

The synthetic approach developed in this project will be applied for another systems, in order to evaluate its broader applicability. Still, plenty of questions remain concerning the proce ss mechanism.

The prepared hybrid aerogels might exhibit some interesting properties. The collective work of different functional particles could be favourable for sensing, optics, catalysis etc. The obtained YAG:Ce GdF 3 :Re hybrid will be submitted to thermal treatment to evaluate properties of such denser structures. Additionally, other compositions will be investigated as for instance YAG:Ce with incorporated gold or silver NPs. Potentially it could enhance PL from YAG:Ce due to the plasmon effects.

LTO as anode

The investigation on properties of synthesized LTO is still in progress. First of all, it is necessary to understand improved electrochemical properties as well as capacity improvement phenomenon in terms of hierarchical structuration and peculiar non-stoichiometry. Therefore, Li NMR studies are planned. However it will be necessary to perform such measurements during the battery cycling, showing the pathways of Li + intercalation and deintercalation. Moreover, additional electrochemical test are planned. Further on, the next step will be to prepare batteries with higher active material loading to investigate the possibility of its use in commercial set-ups.

Appendix B. LTO Supplementary information to synthesis and properties of LTO NPs

 Synthesis in varying conditions

The influence of different glycothermal conditions (Table A.1) were investigated. All synthetic conditions yielded similarly unstable colloids, which settled down within few hours. In each case XRD confirmed pure LTO phase. Calculated surface area and size of crystallites are presented in the table below. The porous structure was measured by gas adsorption. The adsorption and desorption isotherms of each compounds are shown below. Although the varying condition did not affected the composition of NPs, they influenced their morphology. The size of crystallites were rather constant excluding the sample synthesized at lower temperature. It was concluded that the microstructure of the material could be tuned by slight changes of synthetic conditions. The strong influence of solvent composition on NPs aggregation was clearly observed in the present case as well as in the case of YAG.

 Comparison of electrochemical performance of synthesized LTO with the literature

The table presents the results of charging/discharging process at higher currents rates of various LTO nanostructures reported in the literature and compared to our study. Some reports presented electrochemical tests performed on non-standard electrodes with low amount of active materials, thus they are difficult to compare and were presented in different column. Some results were obtained at different current rates thus are presented in the brackets. As indicated in the table, all those compounds were subjected to capacity fading phenomenon over the cycling. In our case the behaviour was completely different and the electrochemical performance was improving over the time.

 Conditions of electrochemical studies of LTO NPs

Since the studies presented in this work were directed towards development of an effective, but cheap and scalable way of preparation of the nanosized Li 4 Ti 5 O 12 , also the electrode preparation method and consequently, electrochemical tests were planned in a way to keep the costs minimized. Due to the use of standard and cheap Al foil, the voltage range was limited to 1.3-2.5 V range. The active material loading was about 1 mg cm -2 . The cells were constructed using commercial CR2032 enclosures in Arfilled glove box (with O 2 and H 2 O levels < 0.1 ppm).

Electrochemical tests (cyclic voltammetry scans, charge/discharge characteristics, AC impedance spectroscopy studies) were conducted using Solartron SI 1287 electrochemical interface and Solartron 1252A frequency response analyzer. EIS studies were conducted in 10 mHz -300 kHz range with 25 mV amplitude. Impedance data were fitted using typical equivalent circuit: R ohm -(R dl CPE dl ) -(R ct CPE ct ) where: R stands for resistance and CPE is a constant phase element. The respective indexes correspond to: ohmic-, double layer-and charge transfer-related effects. 
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 2 Figure 2 Relative size of nanoscale objects. Ada pted from ref. 4

Figure 3

 3 Figure 3 Types of nanomaterials | 0D -NPs ; 1D -na notubes (l eft) a nd na nowi res (ri ght); 2D -thi n fi l ms ;3D -na nos tructured ma teri a l s . Arrows s how the di mens i ons wi th l es s tha n 100nm.

Figure 4

 4 Figure 4 Image of colloidal solutions of gold NPs and nanorods with different size | the s hape a nd size is i ndi ca ted by the dra wi ng a bove the pi cture . Ada pted from ref. 7

Figure 5

 5 Figure 5 Scaling and spatial confinement effects | a Sketch of growing fra ction of surface a toms wi th particles down-sizing. Ada pted from ref. 8; b Reduced l i ght s ca tteri ng of na nos i zed Si O2 s us pens i ons . Ada pted from ref. 9

Figure 6

 6 Figure 6 Quantum confinement of QDs | effects on the electronic band structure of QDs and corresponding i mage of CdSe QD of di fferent s i ze, exci ted wi th UV l i ght. Ada pted from ref. 15,17

Figure 8

 8 Figure 8 Flame assisted synthesis of NPs | Schematic picture of particles formation during different fl a me technol ogi es : Fl a me-assisted s pray pyrolysis (FASP); Flame s pray pyrolysis (FSP) and Vapour fed aerosol flame s ynthes i s . Ada pted from ref. 37 1) Vapour fed aerosol flame synthesis (VAFS) -Volatile precursors are combusted in the flame.Nucleation take place directly from the gaseous phase. Then, the small particles grow by surface reactions and/or coagulation and subsequent coalescence. The technique is applied industrially for production of e.g. fume silica and titania (Aeroxide® P25 TiO 2 ). The great limitation of this process is availability of volatile precursors of desired phase in reasonable prices. 2) Liquid fed aerosol flame synthesis (LAFS) -instead of volatile precursors, liquid precursors (solution, emulsion or even slurry) are directly applied by spraying over the flame by special nozzles. Precursors, can be evaporated into gas phase and follow the scheme of the VAFS or the evaporation may be not completed what lead to micron-sized particles with shell or hollow morphology. Typically, external heat source is applied in order to facilitate precursors evaporation. It varies for different solvent compositions: a) Flame spray pyrolysis (FSP) -small ignition of precursors leads to sustain spray combustion. It can be realized with highly combustible, organic solutions (high enthalpy) b) Flame-assisted spray pyrolysis (FASP) -Variation of previous method for low-enthalpy liquids (usually aqueous solutions of inorganic precursors) where as a heat source, external flame is used.

Figure 9

 9 Figure 9 Classification of the solution-based methods of NPs synthesis.

Figure 10

 10 Figure 10 Nucleation and growth of NPs | a La Mer pl ot i llustrating the mechanism of the synthesis of monodispersed NPs due to s eparated nucleation and growth steps. S a nd Sc correspond to s aturation a nd s upers a tura ti on . Ada pted from ref. 52; b concept of equi l i bri um cri ti ca l ra di u s r* of nucl ei . Ada pted from ref. 53

  Most of the condensation reactions fall into five distinguished pathways: 68 I) Alkyl halide elimination (e.g. TiO 2 , 69,70 WO 3 69 ) II) Ether elimination (e.g. YAG, 71,72 Li 2 MoO 4 73 ) III) Ester/amide elimination (e.g. ZnO, 74 In 2 O 3 75 ) IV) C-C coupling of benzylic alcohols and alkoxides molecules (e.g. BaTiO 3 76 ) V) Aldol condensation (e.g. NiO 77 )

Figure 11

 11 Figure 11 Monodispersed iron oxide NPs with controlled size prepared by thermal decomposition of iron oleate. Ada pted from ref. 80

Figure 12

 12 Figure 12 Hot-injection synthesis of monodisperse NPs. Ada pted from ref. 83

Figure 13

 13 Figure 13 Reactors for solvothermal synthesis | a pa rr-type a utoclaves; b 700ml s ta i nl es s s teel a utocl a ve wi th s ti rri ng devi ce a nd pos s i bi l i ty of tempera ture control i ns i de the rea cti on mi xture.

Figure 14

 14 Figure 14 Features of microwave-assisted synthesis | a, b funda mental mechanisms of microwave heating: dipole rotation (a); i oni c mi gra ti on (b). Ada pted from ref. 92; c compa ri s on of conventi ona l a nd mi crowa ve hea ti ng.

Figure 15

 15 Figure 15 Concept of micro-emulsion synthesis |a s ketch of reverse micell e. Ada pted from ref. 97; b the mecha ni s m of rea cti on i n mi cro-mi cel l e s ys tem. Ada pted from ref. 98

Figure 16

 16 Figure 16 Nanoparticle based materials | NPs a s sembled into films, superlattices a nd a erogels (left); NPs i ncorporated into 2D a nd 3D ma tri ces (ri ght)

Figure 17

 17 Figure 17 The preparation methods of thick, non-cracked layers from colloidal solutions | a mul tiple deposition of diluted col l oids, instead of one deposition of concentrated solution; Adapted from ref. 120; b a ddition of a s ma l l a mount of nons ol vent whi ch crea tes ca pi l l a ry bri dges hol di ng NPs together. Ada pted from ref. 121

Figure 18

 18 Figure 18 Strategies for NPs incorporation inside the matrix |ba s ed on s ilica aerogel as a n example of the matrix. Adapted from ref. 129

Figure 19

 19 Figure 19 Stabilization mechanisms of colloidal systems | a el ectrostatic s tabilization; b s teric stabilization. Ada pted from ref. 165.
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Figure 20

 20 Figure 20 Attractive forces acting on colloids | a Va n der Wa a l s ; b fl ocul a ti on; c depl eti on.

Figure 21

 21 Figure 21 External forces acting on colloids | a browni a n moti ons ; b gra vi ti ona l forces .

Figure 22

 22 Figure 22 The examples of superlattices reported in the literature | a TEM pi cture of hexa gona l a rra y of 8nm PbSe QDs . Ada pted from ref. 171; b TEM pi cture of monolayer of gold NPs. Adapted from ref. 172; c, d TEM a nd SEM pi ctures of PbS s uperl a tti ces . Ada pted from ref. 173

Figure 23

 23 Figure 23 Drying procedures of wet gels toward highly porous structures. Ada pted from ref. 176

Figure 24

 24 Figure 24 Phase diagram of CO2 | pha s e di a gra m s howi ng the pa th fol l owed i n s upercri ti ca l dryi ng.
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Figure 25

 25 Figure 25 QDs NP-based aerogels reported in the literature | a CdS xerogel (left), wet gel (middle), a erogel (ri ght). Adapted from ref. 183; b, c CdS@ZnS a erogel (l eft) a nd xerogel (ri ght). Ada pted from ref. 185; d mecha ni s m of QDs gel a ti on; Ada pted from ref. 186; e whi te-light emission from hybri d a erogel of ZnSe a nd CdTe upon i rra di a ti on wi th UV l a mp. Ada pted from ref. 194

Figure 26

 26 Figure 26 NP-based metal oxides aerogels from the literature| a HR TEM pi cture of oriented a ttachement between titani a NPs . Ada pted from ref. 204; b a na ta s e a erogel . Ada pted from ref. 205; c Ba Ti O3 a erogel . Ada pted from ref. 210; d,e a nti mony doped ti n oxide aerogel, as prepared (d) a nd ca l ci ned a t 550 o C (e). Ada pted from ref. 209; f terna ry a na ta s etungs ten oxi de -gol d compos i te a erogel . Ada pted from ref. 206

  exhibits distinct properties in solvothermal synthesis compared to other homologous diols. For instance, the reaction of aluminium isopropoxide (AIP) in glycols yielded a glycol derivative of boehmite of the crystallite sizes increasing in the following order: ethylene glycol (EG) < 1,3-propanediol < 1,6propanediol < 1,4-BD.235 Additionally, if yttrium acetate Y(OAc) 3 was presented in the mixture of glycol and AIP, well crystallized Y 3 Al 5 O 12 (YAG) phase was obtained only for 1,4-BD, contrary to amorphous products synthesized in EG 236 and 1,5-pentanediol.[START_REF] Nyman | Nano-YAG:Ce Mechanisms of Growth and Epoxy-Encapsulation[END_REF] This behaviour was explained in terms of the difficulties in the cleavage of the C-O bond of glycoxide species formed by the reaction of a diol with AIP (Figure27).235 

Figure 27

 27 Figure 27 The mechanism of glycothermal synthesis First, AIP undergoes the glycolysis reaction wherein alkoxy group is exchanged to glycoxy group of diol. In the second step, the heterolytic cleavage of O-C bond occurs generating the aluminate species able to react with another metalorganic molecule forming M-O-M bridge. The series of such reactions build the metal oxide structures.

Figure 28

 28 Figure 28 Optimization of YAG:Ce NCs synthesis | Compa rison of morphol ogy a nd a s pect of i ni ti a l l y prepa red YAG :Ce col l oid (a) a nd YAG:Ce NCs obtained in optimized conditions (b,c). The i nset (b) s hows highly concentrated colloidal solution of YAG NCs (45% w/w) i n wa ter

  71. Contrary to that report, AIP (Sigma Aldrich) was purified by vacuum distillation. Typically 10,2g of AIP was mixed with 9,9g of Y(OAc)3 hydrate from Sigma Aldrich (3,9 molecules of water verified by thermogravimetry) and 0,100g of Ce(OAc)3 sesquihydrate (if 1% of atomic doping was applied) from Sigma Aldrich in 200ml of 1,4-BD. Homogenisation of the solution was facilitated by ultraturax homogenising probe. The beaker containing reaction mixture was transferred into an autoclave filled with additional 70 ml of 1,4-BD. The autoclave was purged with N2 and heated up to 300 o C (3 o C min -1 ) under constant mechanical stirring (set at 700rpm -revolutions per minute) and kept at this temperature for 2h. The autoclave was cooled down to room temperature overnight and opened the next day. The obtained colloidal solution with precipitate (if present) is purified by centrifugation (20000rcf -relative centrifugal force) and re-dispersion in EtOH. The washing procedure was repeated 3 times. Finally, the last centrifugation was followed by re-dispersion of precipitate in water. A part of colloidal solution was dried at 120 o C for further analyses.

Figure 29

 29 Figure 29 XRD and DLS of the synthesized YAG:Ce NPs in different conditions | XRD pa tterns (a,b) a nd hi s togra ms of hydrodynamic size (c, d); a, c compa rison of s amples prepared in neat 1,4-BD and with different co-solvents in "a nhydrous " condi tions; b, d compa rison of samples prepared wi th va rying a mount of water and compared to the s a mpl e prepa red i n nea t 1,4-BD.

  Figure 29c demonstrates the influence of co-solvent used in the synthesis on NP aggregation. Although PEG had a little influence on the hydrodynamic size, the addition of EG or DEG strongly reduced or even eliminated the NP aggregation. However, any presence of water strongly contributed to aggregation or growth of NPs during synthesis what was depicted on the Figure 29d. Similar trend was observed in the case of EG. Hence, in order to obtain non-aggregated NPs, removal of water was equally important to the addition of suitable co-solvent (DEG).

Figure 30

 30 Figure 30 Transmission electron microscopy of NPs prepared in varying experimental conditions | a 1,4-BD + Y a ceta te hydra te; b, c 1,4-BD : PEG 200 + Y a cetate hydrate, i ns et i ma ge pres ents Fouri er tra ns formed i ma ge; d 1,4-BD : EG + Y a ceta te hydra te ; e 1,4-BD : EG + dehydra ted Y a ceta te; f) 1,4-BD : EG : H2O + Y a ceta te hydra te ; g, h 1,4-BD : DEG + dehydra ted Y a ceta te , i ns et pi cture s hows hi gh crys ta l l i ni ty of NCs .

Figure 31 FTIR

 31 Figure 31 FTIR spectra of YAG:Ce NPs prepared in varying conditions | a dehydrated precursors and different co-sol vents , b DEG a s a co-s ol vent a nd va ryi ng a mount of wa ter

Figure 32

 32 Figure 32 Surface properties of YAG:Ce NPs | a the l a yered s tructure of boehmi te; b pos s i bl e s tructure between two a ggregated YAG NPs; c bri dging bidentate i nteraction mode between a ceta tes a nd the s urfa ce of NPs ; d YAG@ol ea te di s pers ed i n tol uene; e FTIR s pectra of a s prepa red, wa s hed wi th a ci d a nd ca pped wi th ol ei c a ci d YAG:Ce NPs

Figure 33 27

 33 Figure 33 27 Al MAS NMR of YAG:Ce NPs prepared in different conditions | Condi tions a re depicted on the left side of ea ch s pectrum; the ra ti o between tetra hedra l a nd octa hedra l Al i ons i s pres ented on the ri ght s i de.

Figure 34

 34 Figure 34 Zeta potential of YAG:Ce colloidal solution | NPs were wa s hed wi th a ci d a nd di a l ys ed.

Figure 35

 35 Figure 35 Evolution of glycothermal reaction over time | Al i quots of reaction mixture taken from the autoclave at different s ta ge of the rea cti on. Synthes i s i n : nea t 1,4-BD (a); i n opti mi zed condi ti ons wi th DEG a nd wi thout wa ter (b).

Figure 36

 36 Figure 36 Optical properties of colloidal solution of YAG NCs doped with different amount of Ce | a Norma l i zed PL a nd exci ta tion s pectra; b PL deca ys compared to decay of s ingle crys tal; c i mage of colloidal solutions of YAG doped wi th 0,4 -1 -3 % of Ce (from l eft to ri ght), the concentration of YAG i s the same i n each sample; d The same sa mpl es under UV l i ght.

  No additives were required to improve homogeneity or suppress film cracking. The thickness was controlled by the simply concentration of YAG:Ce NCs. The thicknesses were measured by spectroscopic ellipsometry and are shown in the Figure 37b. The film thickness varied between 26 and 175nm depending on the concentration of the NCs solution used.

Figure 37

 37 Figure 37 Properties of YAG:Ce colloidal films | a i ma ge of s a pphi re s ubs tra te wi th depos i ted YAG:Ce fi l m from 15% col l oidal solution (right) and without coating (left); b the thickness of the films measured by el l i ps ometry prepa red from col l oids with different concentration; c, d photoluminescence excitation a nd emission spectra of the fi l ms wi th di fferent thi cknes s es

Figure 38

 38 Figure 38 SEM images of the films with different thicknesses | The fi lms were scratched in order to record cros s -s ecti on. The fi l ms were prepa red from: 5% (a, b); 15% (c, d); 20% col l oi d (e, f).

Figure 39

 39 Figure 39 Significance of electrod material nanosizing | the reduced s i ze of pa rti cl es i mprove s excha nge ra te of Li + between s ol i d a nd el ectrol yte

Figure 40

 40 Figure 40 The obtained LTO phase | a, b Photogra phs of purified material i n form of dried powder and colloidal s olution i n EtOH; c X-Ra y di ffraction pattern (CuK) performed on a dried powder exhibiting very broad peaks of pure LTO pha s e due to the na nopa rti cul a te cha ra cter. Scanning electron microscopy, transmission electron microscopy and electron diffraction (ED) studies (Figure 41) confirmed the particular hierarchical nanostructure of the material. High-resolution TEM images shown the formation of well-crystalized, cubic NPs free of secondary phases with typical sizes of 4-8nm (Figure 41a,b). This size was in accordance with the crystallite size calculated from XRD results. The ring ED pattern (Figure 41b inset) demonstrated typical polycrystalline character of the sample. Spherical aggregates of the primary particles shown in the Figure 41b had a diameter of several hundred nanometers and they were also observed in the further electron microscopy pictures (Figure 41c,d) as balls of similar diameters. Further, the aggregates of crystallites created even larger spheroidal structures with micrometric sizes. The overall hierarchical organization of the particles was observed using both SEM and TEM as shown in the Figure 41c,d. Formation of spherical aggregates of particles was previously observed for glycothermal synthesis of Y 3 Al 5 O 12 NPs where primary particles of the size of few tens of nanometers aggregated into secondary structures. Those primary particles could not be separated once aggregated. However, no further larger scale aggregation was observed. 239

Figure 41

 41 Figure 41Electron microscopy images of LTO hierarchical structure | a hi gh res ol uti on TEM s hows wel l crys ta l i zed na noparticles; b high magnification TEM picture of single s pherical aggregate; c TEM pi cture of very porous (s ponge l i ke) s tructure composed of spherical a ggregates of very s mall particl es ; d SEM pi cture s hows overa l l s tructure of s pheri ca l pa rti cles arranged i n larger s tructures. The drawings s how schematic representation of 3 l evel s of pa rti cl e a rra ngement where small nanoparticles a ggregated in spherical s tructures (150 -500nm s i ze), whi ch crea ted even l a rger s tructures .

Figure 42

 42 Figure 42 Characterization of LTO |a Nitrogen adsorption and desorption isotherms, (inset) pore size distribution calculated by BJH model; b FTIR spectrum; c XPS spectroscopy of the region from titanium; d Thermal analysis of LTO powder.

Figure 43

 43 Figure 43 Electrochemical performance of obtained LTO | a, b, c Cha rge/discharge profiles for Li/Li + /LTO battery cycl ed a t current ra te C/2 (a), 50 C (b), 500 C (c); d, e, f Di s charge ca pacity of the Li/Li + /LTO battery charged a nd discharged a t C/2 (d) 50 C (e) a nd 500 C/ 50 C (f) current ra te.

Figure 44

 44 Figure 44 SEM images of anode layer | a before cycl i ng; b a fter 300 cycl es a t 50C; c a fter 1000 cycl es a t 50C Representative results of cycling voltammetry studies, performed with 1mV s -1 scanning rate are shown in the Figure 45.As can be noticed, there is a substantial asymmetry between the anodic and cathodic peaks, with the cathodic one being initially split in two. Origin of this effect was likely due to the ongoing solid-electrolyte interface (SEI) formation, 294 which diminishes in the following cycles. This was also supported by electrochemical impedance spectroscopy (EIS) data gathered on cycling, as presented in the Figure45. As expected, after SEI formation the recorded resistances decreased substantially, and remained almost constant for the following cycles. Finally, the increase of capacity in the first 300 cycles at fast charging rate was ascribed here to rather complicated formation of SEI under a fast charging/discharging rate.

Figure 45

 45 Figure 45 Additional electrochemical characterization | EIS da ta on cycl i ng, recorded for Li /Li +/LTO cel l (left); cycl i ng vol ta mmetry s tudi es of Li /Li +/LTO ba ttery performed wi th 1 mV s -1 s ca nni ng ra te (right)

  300 o C was prolonged to 5h. The utilized precursors were Y(OAc) 3 *3,9H 2 O; Ce(OAc) 3 *1,5 H 2 O and TEOS (see Appendix C).

Figure 46

 46 Figure 46 Structural and microstructural properties of synthesized YSO:Ce | a, c, e XRD pa tterns of YSO dried a t 120 o C (a), ca l cined a t 1000 o C (c), ca l ci ned a t 1300 o C (e); b, d TEM pi ctures of YSO: dri ed a t 120 o C (b) a nd ca l ci ned a t 1000 o C (d).

Figure 47

 47 Figure 47 Structural and microstructural properties of synthesized ZnO:Ga | a XRD pa ttern with correlated peaks from the reference; b, c, d TEM a nd HR TEM i ma ges

  ). However, addition of 2-[2-(2methoxyethoxy)ethoxy]acetic acid (MEEAA) as a capping molecule redispersed such obtained NPs.

Figure 48

 48 Figure 48 Structural and microstructural properties of synthesized ZnAlO2 | a XRD pa ttern with correlated peaks from the reference; b, c, d TEM a nd HR TEM i ma ges 5.4. ZrO2 Zirconia (ZrO 2 ) has several polymorphs with different crystal structures: monoclinic (<1170 o C); tetragonal (<2,370 o C) and cubic (>2370 o C). The latter two phases must be stabilized at low

Figure 49

 49 Figure 49 Structural and microstructural properties of synthesized ZrO2 | a XRD pa ttern wi th correl a ted pea ks from the reference; b, c, d TEM a nd HR TEM i ma ges

Figure 50

 50 Figure 50 Preparataion of YAG:Ce aerogel from colloidal solution | a Aqueous col l oi da l s ol uti on of YAG:Ce (45% by wei ght); b YAG:Ce gel removed from the mould in which colloidal solution was gelled and a ged a t 50 o C; c YAG:Ce a erogel a fter s upercri ti ca l dryi ng of wet gel . Sca l e ba r, 1 cm.

Figure 51

 51 Figure 51 Properties of YAG:Ce colloidal solution | a XRD pa ttern showing nanocrys talli ne cha ra cter of NPs ; b FTIR of a s prepa red NPs (black) and washed i n mild acidic conditions (red); c hydrodynamic size distribution measured by DLS; d zeta potenti a l of col l oi d.

Figure 52

 52 Figure 52 Mechanism of gelation process | a TEM pi cture of colloidal solution of YAG NPs; b-d s ketch showing mecha ni s m of pa rti cles flocculation a nd gelation; b s ta ble NPs with large Debye length -s trong repulsion between NPs; c the decrea s e of Debye length by reducing the dielectric constant of solution -diminished repulsion between NPs ; d NPs a ggregation due to the effecti ve col l i s i ons -crea ti on of fl ock s pa nni ng over whol e vol ume of col l oi d; e TEM pi cture of a erogel

Figure 54

 54 Figure 54 Synthesized YAG:Ce aerogels

Figure 55

 55 Figure 55 Electron microscopy of YAG:Ce aerogels | a-c SEM; d-f TEM; g STEM; h HR TEM

Figure 56

 56 Figure 56 Electron microscopy of calcined YAG:Ce aerogel at 750 o C | a-c SEM; d i ma ge comparing as prepared and calcined two ha l f-pi eces of the s a me s a mpl e; e TEM; f HR TEM The lack of clear plateau, especially for non-calcined sample, indicated that the fragile structure of the gel was strongly affected by compression stresses during nitrogen sorption. 327 Therefore, the calculated pore size distribution was affected by partial deformation of the aerogel. Contrary, parallel adsorption and desorption isotherms in the calcined sample demonstrated narrower pore size distribution. It was larger compared to as prepared sample due to the coalescence of small pores into larger ones and particles sintering which decreased the size of macropores.

Figure 57

 57 Figure 57 Nitrogen adsorption measurements

Figure 58

 58 Figure 58 Properties of prepared GdF3 NPs | a XRD pa ttern of pure orthorhombic pha s e of na nocrys ta l l i ne GdF3; b FTIR s pectra showing existence of residual organics on the particles s urface; c hydrodynamic size distribution of NPs mea s ured by DLS demonstrating non-aggregated character of NPs; d zeta potential over 40mV provi ng very hi gh stability of colloi d; e, f TEM of NPs

  ,b). The aggregates building the network, were more elongated as a consequence of the NPs shape. Similarly to the previous YAG:Ce aerogel, interconnecting NPs built the open-pores structure of the network. STEM picture (Figure 59c) indicated that the aggregates were less dense what might be assigned to the NPs anisotropic shape.

Figure 59

 59 Figure59 Properties of GdF3 aerogel. a-c SEM i ma ge; d di gi ta l i ma ge of the a erogel , s howi ng good qua l i ty a nd hi gh tra ns pa rency; e, f TEM i ma ges of ra ndoml y s ta cked el onga ted NPs .

Figure 60

 60 Figure 60 Properties of YAG-GdF3 aerogel composite | a, b SEM i ma ge c digital i mage of the highly tra nspa rent a erogel ; d TEM i ma ge s howing homogenous distribution of YAG a nd GdF3 NPs s ta cked together; e STEM of the porous s tructure; f ma ppi ng of yttri um a nd ga dol i ni um el ements from the STEM i ma ge

Figure 61

 61 Figure 61 Optical properties of single component aerogels | The PL exci tation and emission of GdF3 doped ei ther wi th Tb or Eu a nd YAG:Ce . The i ns ets i ma ges pres ent corres pondi ng a erogel s under UV i rra di a ti on.

Figure 62

 62 Figure 62 Optical properties of hybrid aerogels | Tunea bl e emi s s i on s pectra of hybri d a erogel s .

Figure 63

 63 Figure 63 Sketch of 2D and 3D structures with embedded NPs

Figure 64

 64 Figure 64 Sol-gel process. Ada pted from ref.344

Figure 65

 65 Figure 65 Mechanisms of acid and base catalysed sol-gel reactions.

Figure 66

 66 Figure 66 Electron providing / withdrawing properties of ligands attached to silicon during sol-gel process.

Figure 67

 67 Figure 67 Structures simulated from different kinetic growth models | D va l ue corresponds to fra ctal dimension. Ada pted from ref. 334

Figure 68

 68 Figure 68 The mechanism of wet-gel conventional drying | a s chematic plot s howi ng the dryi ng ra te a ga i ns t the wa ter content i n the gels. The plot is divided i nto 3 regi ons with different rates of water evaporation; b s ketch repres enti ng the gel network at different stages of dryi ng process; c, d dryi ng mechanisms during 1 st a nd 2 nd fa l l i ng peri ods res pecti vel y. Ada pted from ref. 334

Figure 70

 70 shows the structure of the gel prepared in acid, basic and two step acid-base catalysed system and the structures of corresponding xerogels. Acid catalysis produces very weakly branched network consisted of interwoven polymeric species which can interpenetrate easily, thus the network freely undergoes shrinkage upon solvent removal. Base catalysed system are made of uniform particles which can be packed randomly or in hierarchical composition. Particles cannot interpenetrate thus drying process leads to particles rearrangement. Due to relatively large particles size compared to other structures, the capillary forces are lower meaning that upon drying structures is less contracted. Highly branched structures are generated during double step acid-base catalysed conditions. Instead of dense particles, here the network is primarily composed of branched clusters, which cannot interpenetrate. During solvent removal, clusters rearrange in order to accommodate denser packing. Shrinkage stops relatively quickly, due to the gain of the stiffness.

Figure 70

 70 Figure 70 Aerogel and xerogel structures prepared in differnet conditions | Sketch of the wet gel / a erogel and corres ponding xerogel s ynthesized i n: a cid (a), double a cid-base (b) a nd base-catalysed (c) medi a . Ada pted from ref. 334

Figure 71

 71 Figure 71 Examples of NPs embedded in silica aerogels from the literature | a composite aerogels with different dopa nts (from the l eft: pure silica, Pt NPs , Au NPs, ca rbon black, Fe complex with zeolite crys tals, Ti O2 NPs, titania-silica compos i te, PMMA-s i lica composite). Adapted from ref. 377; b ma gnetic a erogel doped wi th Fe2O3 NPs. Adapted from ref. 380; c hybri d s i lica aerogel doped with s ilica-coated i ron oxide NPs. Adapted from ref. 381; d a erogel s conta i ni ng Si NCs covered wi th di fferent amount of PEG 450, pentanoic a cid or 1-dodecene; Adapted from ref. 379; e a mbient dried silica a erogel with iron oxi de pa rti cl es . Ada pted from ref. 382

Figure 72

 72 Figure 72 Examples of NPs embedded in silica xerogels or glasses from the literature | a Hybri d s ilica gl a s s es conta i ni ng gol d NPs; a dapted from ref. 150 b, CdSe@CdS@ZnS QD embedded with different concentration in sili ca xerogel ; a da pted from ref. 148 c, s i l i ca monol i thi c xerogel s wi th embedded Cs PbBr3 QDs . Ada pted from ref. 149 Additionally, Li et al. fabricated transparent, luminescent and stable composite of perovskite CsPbBr 3 QDs embedded in silica-alumina monolithic xerogel. Preformed QDs were surface modified with didodecyldimethyl ammonium bromide (DDAB) in order to protect QDs surface from the by-products of sol-gel process. The coated NPs dispersed in toluene were mixed with single precursor containing both Si and Al atoms (sec-BuO) 2 -Al-O-Si(OEt) 3). Solution was gelled upon exposure to humidity at 25 o C followed by toluene evaporation (Figure72c).149 

Figure 73

 73 Figure 73 Silica gels and aerogels containing YAG:NPs synthesized either by acid or base catalysis | a Wet gel s of s i lica-YAG:Ce composite gelled i n basic (l eft) and acid (right) conditions; b, c Corres ponding aerogels; ba s e ca ta l ys ed (b) di d not cra ck but wa s opa que, whi l e a ci d ca ta l ys ed (c) was tra ns l ucent but s trongl y s hrunk a nd cra cked.

Figure 75

 75 Figure 75 Scheme of alcogel drying methods, leading to aero-or xerogels | on the ri ght i ma ge of the obta i ned s i l i ca a erogel .

Figure 76

 76 Figure 76 Nitrogen adsorption and desorption isotherms of silica aerogel and xerogel | both s amples were prepared from the s a me s ol . Ca l cul a ted pore s i ze di s tri buti on by BJH model i s s hown a s the i ns et.

Figure 77

 77 Figure77 Properties of calcined silica aerogels | pi cture of monoliths prepared i n the s a me condi ti ons but ca l ci ned a t di fferent temperatures. The ta ble below shows dimensions (d -hi ght, h-width), weight (m) a nd dens i ty (d) of monol i ths .The pl ot bel ow depi cts the dens i ty of monol i ths a ga i ns t ca l ci na ti on tempera ture

Figure 78

 78 Figure 78 Porosity measurement of silica aerogels calcined at different temperatures | Ni trogen a ds orpti on a nd des orption isotherms (left), ca lculated pore s ize distributiond from adsorption isotherm (right) a nd des orpti on i s otherm (right inset).

Figure 79

 79 Figure 79 Impregnation tests | a Impregnation of silica a erogel pieces ca lcined a t different temperatures (depi cted on the pi ctures ); b i mpregna ti on of the whol e monol i th ca l ci ned a t 850 o C; c, d the monol i ths ca l ci ned a t 850 o C pa rti a l l y i mpregna ted wi th etha nol a nd then wi th wa ter (c) a nd di rectl y wi th wa ter (d).

Figure 80

 80 Figure 80 Nitrogen adsorption and desorption isotherms of silica aergoels prepared with varying amount of water |a s prepa red (left) and calcined (right) samples; Pore s ize distributi on ca l cul a ted from BJH model i s s hown a s the i ns ets .

Figure 81

 81 Figure 81 Pictures of silica monoliths prepared with varying amount of water | a a s prepa red s a mpl es ; b ca l ci ned a t 850 o C; c i mpregna ted wi th etha nol : wa ter mi xture.

Figure 82

 82 Figure 82 Aspect and properties of as prepared silica aerogels prepared with varying hydrolysis times | the gellation ti me (tg), dens i ty (d) a nd s urfa ce a rea (BET m 2 g -1 ) of ea ch a erogel a re pres ented.

Figure 83

 83 Figure 83 Adsorption and desorption isotherms of as prepared samples with different hydrolysis times | The corres pondi ng pore s i ze di s tri buti ons a re s hown a s the i ns et.

Figure 84

 84 Figure 84 SEM pictures of silica aerogels preapred with different hydrolysis times | the hydrolysis ti mes a re depi cted i n the upper ri ght corner of ea ch pi cture, 5. Preparation of YAG:Ce NPs embedded in silica aerogels

Figure 86

 86 Figure 86 Scheme of drying methods of composite wet-gels leading to aero-and xerogels | The pi cture on the ri ght s hows s ynthes i zed a ero-a nd xerogel from the s a me vol ume of s ol .

Figure 88

 88 Figure88 Properties of composite aerogels calcined at different temperature | the ta ble below s hows their densities a nd s urfa ce area. The plot below represents evolution of composite density with increasing calcination temperature compa red to s i l i ca a erogel s .

Figure 89

 89 Figure 89 Nitrogen adsorption and desorption isotherms of samples calcined at different temperatures | pore s i ze di s tri buti on ca l cul a ted from BJH model i s s hown a s the i ns et.

Figure 90

 90 Figure 90 Calcination of aerogel composites in reductive atmosphere | the pi cture showing a erogels samples ca l ci ned a t di fferent temperatures in a ir (upper) and further ca lcined in hydrogen a t 750 o C (bottom); a s prepa red s a mpl e wa s not trea ted i n reducti ve a tmos phere.

Figure 91

 91 Figure 91 Aspect and properties of as prepared composite aerogels prepared with varying hydrolysis times | hydrol ys i s ti me (t1); the gellation time (tg); density of a s preapred s amples (d); density of s amples calcined a t 900 o C Addi ti ona l l y the bottom pa rt of the ta bl e s how res ul ts of i mpregna ti on tes ts .

Figure 92

 92 Figure 92 Nitrogen adsorption and desorption isotherms of composites prepared with different hydrolysis times |Ca l cul a ted pore s i ze di s tri buti on i s s howed a s the i ns et.

Figure 93

 93 Figure 93 SEM images of samples prepared with differnet hydrolysis times | ti me of hydrolysis is depicted in the upper left corner5.1.4. Optical transmissionThe optical transmission of as-prepared and calcined at 800 o C aerogel composite is presented below and correlated with corresponding pure silica aerogels. The size of as prepared pure aerogel (Figure94red curve) was twice larger than the other investigated samples.

Figure 94

 94 Figure 94Optical transmission of aerogels | Si l ica a erogel is compa red wi th compos i te a erogel both a s prepa red a nd ca l cined at 850 o C. Al l samples possesed s imilar thickness of 7 mm excl uding as-prepared pure s ilica aerogel wi th thi cknes s of 14 mm.

  C) + 10h (rt)* *sample did not gelled at 3 o C for longer time so that it was moved to rt to accelerate gelationThe higher concentration of NPs strongly increased the scattering properties of aerogels (Figure95).

Figure 95

 95 Figure 95 Composite aerogels with different concentration of YAG:Ce NPs I s a mpl es were ca l ci ned a t 750 o C i n a i r a nd 750 o C i n H2; ta bl e pres ents the dens i ti es of the s a mpl es

Figure 96

 96 Figure 96 Nitrogen adsorption and desorption isotherms of composites synthesized with different YAG:Ce loading |ca l cul a ted pore s i ze di s tri buti on i s s howed a s the i ns et5.1.6. SAXS measurementSmall angle x-ray scattering (SAXS) measurements were performed on both as-prepared and calcined pure silica aerogels and aerogel composites containing 15% YAG:Ce NPs. All scattering curves were flat at low q values displaying a Guinier regime and demonstrating uniform, non-fractal long range structure at that level. The plateau region of composites was shifted toward lower q values meaning

Figure 98

 98 Figure 98 TEM of calcined composite aerogels | TEM (a), HR TEM (b) a nd STEM (c) i mages of composite a erogel wi th 25% of YAG a nd calcined at 900 o C, red cycl es shows SiO2 a nd green YAG NPs . d i ma ge s howi ng ma ppi ng of Si a nd Y a toms .

Figure 99

 99 Figure 99 Silica aerogels doped with different NPs and corresponding densities

Figure 100

 100 Figure 100 The concept of novel inorganic porous scintillators for beta radiation detection in liquids

  389 

Figure 101

 101 Figure 101 Schematic picture of scintillation counter | Ada pted from ref. 390

Figure 102 2 . 1 . 2 .Figure 103

 102212103 Figure 102 Electronic band structure in conductors, semicondutocrs and dielectric materials | Ada pted from ref. 3972.1.2. Excitation by ionizing radiation -scintillation mechanismScintillation is a complex process divided into 3 consecutive steps: i) absorption and multiplicationcorresponding to material excitation; ii) migration and energy transfer to radiative centres; iii) emission

Figure 104

 104 Figure 104 Schematic diagram of the band structure and energy levels of YAG:Ce | Ada pted from ref. 411

Figure 105

 105 Figure 105 The energy distribution of beta particles from the decay of 36 Cl. Ada pted from ref. 389

Figure 106

 106 Figure 106 Mechanism of light emission from liquid scintillators | Ada pted from ref. 436Concerning the phosphors, they are divided into two classes of primary and secondary scintillators. Primary scintillators receive the energy from the molecules of solvent and convert it into the photons of light. They have to show good spectral overlap with solvent molecule and be soluble at sufficient concentration to give efficient light emission. Contrary, the purpose of secondary scintillators is light shift into longer wavelength. It was particularly important in the early times of LS when the photodetectors had rather limited spectral range. However, in many case s application of secondary scintillators improved the detection efficiency, so that they are still used in the LS cocktails. The

Figure 107

 107 Figure 107 PL excitation and emission spectra of colloidal solution and aerogel composites calcined at different temperatures.

Figure 108

 108 Figure 108 Photoluminescence properties of composites calcined at different conditions. a PL deca y of samples ca l ci ned i n a ir; b PL deca y of samples ca lcined in air a nd hydrogen; c PL emi ssion of samples ca lcined a t different conditions; d i mage of s a mpl es ca l ci ned a t 950 o C a nd reduced i n H2 (behi nd) a nd s a mpl es ca l ci ned jus t a t 1000 o C (i n front)

Figure 109

 109 Figure 109 The YAG:Ce PL decay time dependent on medium refractive index

Figure 110

 110 Figure 110 Scintillation mechanism involving Ce 3+ (left) and Ce 4+ (right) emission centres. Ada pted from ref. 437

Figure 111

 111 Figure 111 RL of composite aerogel |a compa rison of PL a nd RL emission; b emission spectra of YAG:Ce i n different forms .

Figure 112

 112 Figure 112 Influence of calcination atmosphere on RL properties | a RL deca y a nd b RL of a erogel composites ca l ci ned i n a i r a nd hydrogen (red) a nd the s a mpl e ca l ci ned jus t i n a i r (bl a ck).

Figure 113

 113 Figure 113 Influence of Ce dopant concentration on RL properties | a RL deca y a nd b RL i ntensity of a erogel compos i tes conta i ni ng YAG NPs wi th di fferent Ce dopi ng.

Figure 114

 114 Figure 114 Influence of calcination temperatrue on RL properties | a RL deca y a nd b RL of a erogel composites conta i ni ng 15% of YAG:Ce doped wi th 0,4% of Ce a nd ca l ci ned i n a i r a t di fferent tempera tures

Figure 115

 115 Figure 115 Influence of YAG:Ce loading on RL properties | a RL deca y a nd b RL of a erogel composite conta i ni ng 15%, 26%a nd 40% of YAG doped wi th 0,4% of Ce3.2.2.5. Xerogel vs AerogelTwo gels with the same dimensions and YAG:Ce concentration (25%) were transformed into aero-and xerogel and calcined at 700 o C in air and hydrogen. Their RL emission intensities were very similar,

Figure 117

 117 Figure 117 The energy spectrum of emitted beta particles by tritium

Figure 118 .

 118 Paraffin did not emit any photon of light upon exposure to ionizing radiation.

Figure 118 a

 118 Figure 118 a, b Conta iners used for the measurements; c tota l internal reflecti on of l i ght pa s s i ng gl a s s -a i r bounda ry 442

Figure 119

 119 Figure119The light output from different vials | (left) the l ight output from PE, gl ass and Scotch ta pe covered gl a s s vi a l (from l eft to right); (right) i ntensity profile from glass (solid), gl a s s wi th Scotch (dotted) a nd PE (da s hed). The effect of i nterna l refl ecti on i s s een by l a ck of emi s s i on from the upper pa rt of gl a s s vi a l (a bove the l i qui d).442 

Figure 120

 120 Figure 120 Sketch of signal counting during TDCR method 4.1.5. Investigated samples First experiments were performed on calcined aerogels and xerogel (Figure 121) with different concentration of YAG:Ce (8, 13, 22 and 30% for aerogels and 40% for xerogel). The aerogels were calcined at 950 o C in air and then at 800 o C in hydrogen, contrary, xerogel was calcined at 900 o C just in air. All these samples contained YAG NPs with 1% of Ce. Additionally, another aerogel (15% of YAG) calcined in air at 1000 o C was also measured.

Figure 121

 121 Figure 121 Investigated samples in measurements of beta radiation in liquids

Figure 122

 122 Figure 122 Impregnation of calcined aerogels.

Figure 123

 123 Figure 123 Investigated samples in measurements of beta radiation in gas phase 4.2.3. Results

Figure A. 2

 2 Figure A.2 Nitrogen adsorption and desorption isotherms of LTO prepared in different conditions

  The gels after aging at 50 o C for 3 days, under 1,4-DO vapours, and solvent exchange with acetone, were supercritically dried. The obtained aerogels together with their densities are shown in the figure below.

Figure A. 3 4 )Figure A. 4 Figure A. 5

 3445 Figure A.3 Image of aerogels gelled in differet conditions | Sa mpl es dens i ti es a re s hown i n the ta b l e bel owAccording to Equation6the Debye length depends on both dielectric constant of the solvent and its ionic strength. Therefore YAG:Ce colloidal solution could be gelled by changing ionic strength of colloidal solution. Addition of small amount of AlCl 3 resulted in rapid gelation process producing opaque gel(Figure A.4) 

Figure A. 8

 8 Figure A.8 Uncontrolled drying duirng aging (a,b); too abrupt gelation (c)  YAG:Ce/GdF 3 hybrid gels The hybrid YAG/GdF 3 gels were of similar quality to pure YAG:Ce or pure GdF 3 gels (Figure A.9)

  

  

  

  

  

  

  

  

  

  

  

  

  

  nanophosphors of Y 2 O 3 :Eu; Gd 2 O 3 :Eu and Y 3 Al 5 O 12 :Ce with small size distribution by applying 2-[2-

133 3.2.2. Polymer based matrix

  130 For instance, Wan et al. synthesized the monolithic composite of Ni 3 C NPs embedded in a porous carbon network by self-foaming process for electrocatalytic production of H 2 .131 Wu et al. prepared NaTi 2 (PO 4 ) 3 NPs incorporated in 3D micro-sized graphene network by self-assembly of NPs and graphene oxide under hydrothermal conditions and further calcination in reductive atmosphere. The prepared porous material exhibited good ionic and electronic conductivity and served for high-rate and long life-cycle sodium electrodes.132 Another interesting material for Li-ion storage was obtained by Jiao et al. They prepared carbonaceous mesoporous superlattice with in situ synthesized tin oxide NPs. Carbon-based superlattice was prepared from superlattice of crystalline Fe 2 O 3 NPs capped with oleic acid, calcined under inert atmosphere and washed with acid.

	Polymer matrices are commonly used due to their easy fabrication. Their large variety allow to adjust
	their properties such as optical transparency or electrical conductivity. Hence, they find their
	applications in photonics, 134 optoelectronic devices, 135 non-linear optics, 136 sensors, 137
	photocatalysis 138 and more. 139
	Le Ferrand et al. prepared a composite which mimicked a tooth structure. The composite was made
	of platelets of alumina and silica NPs in poly(vinyl pyrrolidinone). 140 Chen et al. inserted Si NPs in
	conductive polymer polyparaphenylene for Li-ion batteries. 139 Li et al. performed systematic studies
	on switching performance of different NPs (ZrO 2 , NiO, Au) embedded in poly[(9,9-di-n-octylfluorenyl-
	2,7-diyl)-alt-(benzo[2,1,3]thiadia-zol-4,8-diyl)] (PFBT) films. 141 Marinins et al. synthesized monolithic,
	transparent composites of Si NCs incorporated in PMMA matrix with tunable emission. 134 Interesting
	sensor material for CO 2 was proposed by Willa et al. They prepared composite films of La 2 O 2 CO 3 NPs
	dispersed in polyionic liquid polymer ( P[VBTMA][PF 6 ]). High capacity of polymer for CO 2 uptake and
	high interfacial conductivity resulted in good sensing properties of CO 2 . 142 More examples are
	presented in the ref. 143,144

3.2.3. Silica based matrix

  

	Silica matrix is highly universal due to its intrinsic inert character, convenient for functionalization if
	needed. Its microstructure is easy to control from highly porous to completely dense. The classical
	preparative route is sol-gel process, which allows to design almost any shape of a final material. Several
	types of silica matrices are distinguished: i) ordered-mesoporous silica (e.g. MCM-41); ii) non-ordered
	mesoporous silica (aerogels, xerogels); iii) microporous (zeolite -type); iv) macroporous; v) glasses.
	High porosity and related high surface area of mesoporous silica are beneficial for catalysts support.
	For instance ceria NPs deposited on ordered mesoporous silica 145 or monolithic silica aerogels
	containing Cu, Cu 2 O or CuO NPs. The latter effectively catalysed NO reduction and CO oxidation. 146
	Adequately prepared silica matrix exhibits good transparency, especially if the sample is dense (like in
	the case of glasses) 147 or the pores are in microporous range. Therefore, it is used for different optical
	application. Jun et al. embedded luminescent QDs in dense monolithic xerogel, and used them for LED
	applications. 148 Similarly, Li et al. recently incorporated perovskite QDs (CsPbBr 3 ) to silica-alumina
	monolithic xerogels. 149 Chateau et al. used sol-gel process for fabrication of dense hybrid silica
	materials containing gold NPs or bipyramids, and platinum based chromophores. The materials
	exhibited enhanced non-linear optical absorption due to the presence of gold nanostructures. 150

174 3.3.3. Nanoparticle-based aerogels 3.3.3.1. What are aerogels?

  The process gives access to many semiconducting NPs in similar conditions. Synthesis of oxides is less straightforward. Only few metal oxides could be synthesized with comparable control. Such example is Fe 2 O 3 which was successfully assembled into superlattice structure.

T [ o C] p [bar] CO 2

  The pioneering work concerning the transition of colloidal solutions into gels was performed byGacoin et al. in which CdS QDs capped with thiols gelled in oxidative environment (long exposure to air or in the presence of oxidizers as H 2 O 2

	31,1 Methanol 239,5 Ethanol 241 water 374 to properties not achievable for molecularly prepared materials. Therefore, NP-based aerogels are 72,8 79,8 60,6 excellent candidates for applied functional materials.

  Sayevich et al. recently reported a different approach toward QDs gelation. Long chain organic ligands on the surface of CdSe, PbS, PbSe and ZnO QDs were completely exchanged with inorganic ligands S 2-, I -, Cl -or F -and complexes of Ga/I or In/Cl providing fully inorganic QDs. Steric stabilization was replaced by electrostatic so that colloids were stable in polar solvents. Gelation was induced by addition of acetates salts of Cd 2+ , Pb 2+ or Zn 2+ . The strong affinity of those ions to the surface resulted in linking properties and formation of purely inorganic gel network.195 Aqueous solution of 3mercaptopropanoic acid stabilized CdTe QDs could be also gelled by changing the solution pH.196 

Table 2

 2 Exa mpl es of gl ycotherma l l y s ynthes i zed meta l oxi des reported i n the l i tera ture

	Compounds	Precursors	Product morphology	references
	LiNbO5	Li (OAc)3 Nb(OEt)5	Mi crocrys ta l l i ne Ps	226
	Zr6Nb2O17	Zr(a ca c)4 Nb(OEt)5	8-14 nm NPs	226
	Gd3Ga5O12	Ga (a ca c)3 Gd(OAc)3 hydra te	600 nm pol ycrys ta l l i ne s pheri ca l Ps	227
	LaFeO3	La (O i Pr)3, Fe(O n Bu)3	200-300 nm Ps	228
	ZrO2	Zr(O n Pr)4	Few nm NPs a ggregated into micron sized Ps	229
	BaTiO3	Ba (OH)2*8H2O, a morphous titanium hydrous gel	Spheri ca l NPs of few tens of nm	230,231
	YBO3	B(OMe)3, Y(OAc)3*4H2O	Mi cron-s i ze pol ycrys ta l l i ne s pheri ca l Ps	232
	ZnGa2O4:Mn	Zn(OAc)2*2H2O, Ga (a ca c)3, Mn(OAc)2*4H2O	10 nm s pheri ca l NPs	233
	Zn2SiO4	Zn(OAc)2*2H2O, TEOS	200 nm l ong -100 nm wi de pa rti cl es	234

Table 3

 3 The experi menta l condi ti ons of obta i ned YAG NPs

	Sample	Co-solvents	Water amount [g]	Size of crystallites (XRD [nm])	Size of aggregates (DLS [nm])
	1,4-BD 2w	-	2*	24,7	88
	1,4-BD	-		20,8	82
	PEG 200 2w	PEG 200	2	19,5	76
	PEG 200	PEG 200	-	21,7	78
	EG 2w	EG	2	11,8	78
	EG	EG	-	11,7	50
	DEG 2w	DEG	2	13,1	44
	DEG	DEG	-	8,5	14
	DEG 7w	DEG	7	> 100	150
	EG 5w	EG	5	42	112
	* 2 g of water correspond to crystallization water from acetates	

Table 4

 4 Deca y ti mes of the a na l ys ed s a mpl es wi th di fferent Ce concentra ti on a nd s i ngl e crys ta l a s reference

		τ 1	τ 2	τ 3
	Single crystal	64,1±0,1	-	-
	YAG:Ce 0,4%	55,6±3,0 (38%)	123±1 (62%)	-
	YAG:Ce 1%	17,7±4,3 (74%)	60,4±7,6 (16%)	118±2 (10%)
	YAG:Ce 3%	18,0±2,1 (88%)	60,0±5,3 (8%)	110,7±3,5 (4%)

Table 5

 5 Poros i ty properti es of a ero-a nd xerogel ca l cul a ted from ni trogen i s otherms

		BET surface area	Total pore volume	Pore size [nm]
		[cm 2 g -1 ]	[cm 3 g -1 ]	adsorption desorption
	Aerogel	950	4,65	22	14
	Xerogel	865	1,34	8	6

Table 6

 6 Densities of a s prepared a nd ca lcined a erogels, s ynthesized with different a mount of water

	TMOS:MeOH:H2O	1:6:7	1:6:10	1:6:13

Table 8

 8 Sci nti l l a ti ng properti es of YAG:Ce reported i n the l i tera ture Ce exhibits two decays times showing at least two mechanisms of population and depopulation of excited states. Faster component of scintillation is the dominant and slightly longer than PL decay (≈67 ns compared to over 80 ns). Slower component has a decay time value of few hundreds of ns. The reason of long component and increase of the decay time of dominant component (compared to PL) was explained by existence of numerous traps associated with structural defects. During the second step of scintillation, charge carriers are transported through the crystal lattice into the Ce ion centres. Charge carriers can fall into the electronic levels with different energetic depths associated with the structural defects. Shallow traps are localized very closed to the conduction band, therefore thermal energy at room temperature can easily free charge carriers and transport them into the PL centre. It is responsible for slight increased decay time o f RL.

	ref	type	% Ce	Ems [nm]	Decay time [ns]	Light yield [ph/MeV]
	410 single crystal 0,5%	550	τ 1 = 88 (72%) τ 2 = 302 (28%)	20 300
		Single crystal			τ 1 = 88 (71%) τ 2 = 405 (29%)	
	413		0,5%	525	τ 1 = 21 (5%)	-
		Ceramic			τ 2 = 81 (65%)	
					τ 3 = 440 (30%)	
	414	Single crystal 0,5% Ceramic	530	-	17000 1500
	419 Single crystal	1%	540	τ 1 = 82 (83%) τ 2 = 214 (17%)	23000
	Contrary to PL decay, scintillation decay of YAG:	

  For instance, it was shown that scintillating properties of Y 2 O 3 :Eu and Gd 2 O 3 :Eu were strongly reduced, 425 while YSO:Ce showed improvement of properties with nanosizing.426 It is extremely difficult to perform reliable experiments comparing materials exclusively differing by the size of particles. The reason is a limited control over the stoichiometry, surface state, crystallinity and so on, together with precise amount of interacting matter.424 Generally, scintillating yield of NPs is intrinsically lower than bulk counterparts. Additionally, imperfections in the crystal structure of NPs combined with the developed defected surface strongly increases the non-radiative pathways, which decrease the light yield.Despite the lower scintillating yield, NPs possess inherent advantages not accessible for bulk materials, as it was shown in the first chapter. The most prominent example is the possibility of NPs utilization in in vivo experiments. Therefore, they are useful materials for diagnosis and therapy in biomedical applications. Advantages of excitation of NPs by ionizing radiation has been already exploited in photodynamic therapy.423,[427][428][429][430][START_REF] Introduction | [END_REF][432] 

	2.4. Detection of beta-rays		
	2.4.1. Beta particles		
	Beta particles are high-speed electrons or positrons generated during radioactive decay of some
	elements. The process of beta-minus emission can be schematically written as:	
	𝑋 𝐴 → 𝑍	𝑌 𝑍+1 𝐴 + 𝛽 -+ ⊽	(Equation

Table 9

 9 Exa mpl es of ha l f-l i fe a nd ma xi mum energy of beta pa rti cl es emi tted by certa i n pure beta emi tters .389 

	Nuclide	Half-life	Endpoint Energy (MeV)
	3 H	12,26y	0,0186
	14 C	5730y	0,156
	32 P	14,28d	1,710
	33 P	24,4d	0,248
	63 Ni	92y	0,067
	90 Sr	27,7y	0,546
	99 Tc	2,12*10 5 y	0,292

Table 10 Deca

 10 

y ti mes ca l cul a ted from the fi tti ng of exponenti a l curve to the RL deca y curves . τ

1 [ns] τ 2 [ns] Single Crystal

  

		65 (80%)	241 (20%)
	As prepared	54 (60%)	216 (40%)
	750 o C	52 (62%)	225 (38%)
	1000 o C	137 (63%) 311 (37%)

Table 11

 11 The mea s urement res ul ts of beta pa rti cl es detecti on from tri ti um

		Coincidence window [ns]	S [1/s]	D [1/s]	T [1/s]	T/D	m of YAG [mg]
	Blank	40 150	2404 2341	2,8 3,7	0,8 0,7		
		400	1922	4,7	0,7		
	Liquid	40	2173	414	207	0,500	
	Scintillator	150	1934	369	188	0,509	
	Ae8	40	3015	4	0,7	0,175	34,9

Table 12

 12 The res ul ts of beta pa rti cl es detecti on from tri ti um Two last samples contained YAG:Ce NPs with different Ce amount (0,4% and 3%). Both were calcined in optimal temperature of 800 o C. The sample with 3% of Ce showed poor performance due to a concentration quenching and thus low probability of photon emission. Contrary, the sample with lower Ce amount exhibited very promising properties considering lower volume of the sample and low amount of YAG:Ce doping.

		window [ns]	S [1/s]	D [1/s]	T [1/s]	T/D	YAG content [g]
	Ae15 700+H	40 150 400	2607 1900 1630	125 136 182	17 19,9 38	0,138 0,15 0,21	0,0716
	Ae26 700+H	40 150 400	3014 2450 2212	148 174 254	28 57 70	0,190 0,334 0,28	0,143
	Ae38 700+H	40 150 400	7338 5086 2949	153 150 196	18 44 78,8	0,116 0,29 0,4	0,249
		40	2662	125	17	0,13	
	Ae15	150	2556	175	50	0,286	0,0716
	900	400	1819	217	79	0,365	
		800	1670	240	91	0,38	
		40	2473	141	29	0,2	
	Ae26 900	150 400	2566 1751	181 217	74 107	0,41 0,49	0,143
		800	1535	230	115	0,5	
		40	2593	198	51	0,258	
	Ae38	150	2559	234	111	0,474	
	900	400	1790	275	147	0,536	0,249
		800	1630	290	157	0,54	
	Xe40 800	40 150 400	2470 2400 1600	212 222 251	86 127 148	0,407 0,57 0,59	0,407
	Ae15 800 0,4%Ce	40 150 400 800	3953 3324 2840 2720	130 170 211 238	19 53,6 85 100,5	0,144 0,315 0,402 0,422	0,037
	Ae15 800 3%Ce	40 150 400 800	4072 3646 3000 2975	33 33,7 43,3 53	3 2,8 3,9 5,1	0,09 0,083 0,09 0,096	0,037

Table A . 1

 A1 Properti es of LTO s ynthes i zed i n di fferent condi ti ons

	LTO	Li	Ti	Solvent	max temp [ o C]	time [min]	pressure [bar]	XRD size [nm]	BET surface area [m 2 g -1 ]	BET particles size [nm]
	1	OAc	OBu	1,4-BD	300	120	25	4,3±0,6	213	8,0
	6	OAc	OBu	1,4-BD	250	120	5	2.6±1,2	288	5,9
	7	OAc	OBu	1,4-BD	300	60	20	4.7±0,6	269	6,4
	9	OAc	OiPr	1,4-BD	300	120	30	4.1±0,6	266	6,5
	10	OH	OBu	1,4-BD	300	120	14	4.0±0,5	303	5,7
	13	OAc	OiPr	1,4-BD PEG200	300	120	25	3,7±0,6	259	6,6

Table A . 2

 A2 Compa ri s on wi th cycl i ng da ta from l i tera ture

		Standard electrochemical	non-standard electrode
		measurement	preparation
		capacity 50C [mAh g -1 ]	cycles -fading	capacity 50C [mAh g -1 ]	cycles -fading
	nano-sized hierarchical Li3.5Ti5O12 (present work)	170	1000 -0%	-	-
	nanograins coated by carbon 283	128,8	500 -7,4% (10C)	-	-
	N-doped 2D wavelike with carbon joints 443	151	150 -6,5%	-	-
	assembly on nanowires 444	-	-	125 (60C)	5000 -17% (20C)
	N-doped, carbon coated nanocomposite 445	110	300 -5% (10C)	-	-
	core-shell LTO/C 446	101	250 -11% (1C)	-	-
	nanoparticles 274	-	-	175	1000 -11% (100C)
	nanoLTO -carbon nanotubes composite 273	130	-	-	-

Table A . 2

 A2 The di fference of the ra ti o between the s ol vents on gel a ti on ti me

		Volume fraction of	Water:EtOH:1,4-DO	Gelation time
		particles		(volume ratio)	
	A	2,71	1	1,7	2,8	Instantaneous
	B	2,36	1	2,4	2,8	Few sec
	C	2,53	1	2,6	2,1	<30 sec
	D	3,10	1	2,1	1,6	1 min
	E	4,35	1	1,0	1,4	1 min
	F	1,62	1	3,8	4,1	<30 sec
	G	0,84	1	7,7	8,5	30 min
	H	0,46	1 14,6	15,9	3 d
	I	2,39	1	1,7	2,5	2 min
	J**	2,49	2	1	1,3	No gelation at rt
						within 6 days

Procedure: synthesis of silica alcogels 1) Preparation of stock solution of silica sol. The molar ratio of TMOS:MeOH:H2O of the sol was adjusted to 1:6:4. Depending on the size and a number of monoliths to prepare, different volumes could be used. For instance, 13ml of TMOS was transferred into the glass balloon placed in an ice bath with subsequent addition of 21,4ml of methanol, under a magnetic stirring. 15min later, 6,35ml of 0,001M aqueous solution of oxalic acid was added dropwise under vigorous stirring. The ice bath was removed 10min after the addition of acidic water and the solution was left for 20h. The solution remained highly transparent at each step.

2) Gelation of the sample. 20 hours later, the balloon with the sol was put again into the ice bath.

Portions of the sol were transferred into the Teflon vials, which served as contain ers for gelation and aging. The vials were placed in an ice bath as well. Then, supplementary water was dropped into the sol followed by a dropwise addition of 1M ammonia solution. The final molar ratio of TMOS:MeOH:H2O was 1:6:10. For instance 3,134ml of the sol was transferred into the vial and followed by addition of 610μl of deionized water. Five minutes later, 85μl of 1M NH4OH was dropped with the constant rate of 1 drop per 5 sec, under vigorous magnetic stirring. The stirring had been continued for 90 sec before the magnetic bar was removed, the vial tightly closed and placed for gelation in a fridge at 3 o C.

3) Aging. After gelation sample was left at 3 o C for 3h, then the vial was placed at rt for 6h and at 50 o C for 48h. The first liquid expulsion from the gel was already observed when the vial was transferred into rt. Then 6h later at rt, alcogel was already "released from the container" and was surrounded by the liquid. Few hours in the oven extended syneresis , but it was not proceeding more over longer period of time. The total volume shrinkage during syneresis was estimated between 10-15%.

During all the preparation steps, solution and gel remained fully transparent. The gelation time counted from addition of second catalyst was between 4-5min. Cooling down was necessary to reduce the rate of gelation. If this step was performed at room temperature (rt), the gelation took place almost instantaneously not allowing for addition of whole volume of ammonia and trapping magnetic bar inside the gel.

The alcogels were very robust and could be easily handled with fingers without any damage, as long as they remained wet. Uncontrolled drying caused their cracking. Transferring them into other liquids did not provoke any damage. The alcogels could be transformed into aerogels or xerogels depending on the drying conditions (Figure 75).

larger size of particle clusters building the aerogel structure. The reason was the averaging of the composite structure composed of SiO 2 particles and YAG:Ce NPs during measurement (Figure 97a). The intermediate q regions corresponded to fractal structures with mass fractal dimensions between 2,0 -2,3 however rather in limited length range of one order of magnitude. Calcination of pure aerogel at 850 o C and composite aerogel at 1000 o C strongly affected their structures, eliminating their fractal character (Figure 97b,c). Contrary, the composite calcined at 850 o C did not exhibit so drastic evolution of the structure and its scattering pattern was similar to as prepared composite (Figure 97c).

The Porod's region at higher q values indicates the roughness of the surface of NPs. In all the cases, the SAXS intensity was proportional to q -4 meaning non-fractal and smooth surface of particles which was expected due to condensation and aging in basic medium.

The measurements confirmed the small impact of NPs on the emerging structure of silica network. Additionally, the presence of NPs retarded the sintering of silica matrix as it was observed before.

Distribution of NCs inside the composites.

Transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM) were performed in order to investigate the structure and YAG:Ce NPs distribution (Figure 98). 

The method versatility

The developed method for composite aerogels synthesis was suitable not only for YAG:Ce NPs. Potentially, any aqueous solution could be used in the second step of the composite synthesis. The only demand was to use a stable aqueous solution of NPs or molecules. It is worth to point out that the synthesis could be adapted for pH sensitive constituents. For instance, prehydrolysis of TMOS could be achieved with pure water, however resultant material was less transparent.

Therefore, in order to show the method versatility, composites with GdF 3 :Eu, Au bipyramids (AuBPs) and YAG:Ce + AuBPs were prepared.

Chapter V meaning no much difference in scintillation performance in spite of the fact of much greater transparency of xerogel (Figure 116b). However, the amount of matter interacting with X-rays was probably not the same since samples possessed different dimensions. The only difference was faster decay which was attributed, similarly as PL decay, to the difference in refractive index of two samples.

Conclusions

The measurements demonstrated the optimal parameters to design the best scintillating performances. Contrary to the PL, the samples with oxidized Ce exhibited much better scintillating properties. It meant that the samples were either good scintillators or good phosphors. Calcination of the aerogels clearly improved the intensity of scintillation due to the two factors, improved crystallinity and oxidation of Ce 3+ . However, too high calcination caused a drop of scintillation performance probably due to the generation of the traps which increased the probability of non-radiative recombination of electron-hole pairs. It was also shown that the second calcination in reductive atmosphere decreased the scintillation intensity and their decay curve suggested more pronounced quenching phenomenon.

Detection of beta particles with the developed composites

The developed aerogels composites exhibited good RL properties which were additionally optimized. Nevertheless, the excitation with x-rays has a different characteristic than excitation with charged particles such as fast electrons. Moreover the set-up and configuration during the RL measurement was different than in the case of the measurement of the detection efficiency of beta sources.

The first tests with radioactive medium were rather blind tests due to the lack of preliminary measurements because of novelty of the approach. Most of the investigated samples were "1 st generation" which were optimized in terms of good photoluminescence. The proposed method has to be properly adjusted. We also learned that these materials are very promising for the measurement of radionuclides in gaseous phase.

The measurements with radioactive material were performed in Laboratoire National Henri Becquerel at CEA Saclay under supervision of Dr Philippe Cassette. The base for the measurements was a detection system originally devoted to liquid scintillation measurements by the triple-to-double coincidence ratio method (described in the Appendix G).

General Conclusions

In this work, the development of functional materials derived from colloids was presented. The first part of the research was focused on the synthesis of metal oxide NPs, by modified glycothermal method, with particular emphasis on YAG:Ce and LTO NPs. Then, the synthesized colloids were used for fabrication of materials in the form of 2D films or 3D porous monoliths.

The synthesis of YAG:Ce NPs known from the literature , was optimized in order to obtain highly crystalline non-aggregated NCs of few nm and quasi-spherical shape. The influence of water, during the synthesis, on NPs aggregation was highlighted together with the effect of co-solvent on the size and shape of NPs. It was concluded that high quality YAG:Ce colloids (non-aggregated, monodispersed, well-crystalized) were obtained when DEG was added as a co-solvent and water was removed from the precursors. The synthesized NCs were used for the fabrication of homogenous photoluminescent films which thickness was controlled by concentration of colloidal solution.

In the case of LTO material, well-crystallised NPs were synthesized for the first time by glycothermal approach. Contrary to YAG:Ce, self-assembling of NPs occurred directly during glycothermal synthesis, creating a hierarchical structure with multi-level porosity. Therefore, further colloidal processing was not necessary. Interestingly, the material demonstrated peculiar non-stoichiometry, despite the small excess of Li + used for synthesis, the material exhibited Li deficiency indicated by ICP-OES and XPS. The material demonstrated exceptional electrochemical performance, reaching theoretical capacity at high current rate (50C) cycling. Moreover, no capacity fading was detected over 1000 cycles. We assigned this outstanding properties to high crystallinity of NPs and suitable structuration which assured good contact area with the electrolyte thus efficient exchange of Li ions.

Highly concentrated aqueous YAG:Ce colloids were further employed for the elaboration of NP-based aerogels of good optical and relatively good mechanical quality. For that, colloids were destabilized by addition of 1,4-DO as a solvent with low dielectric constant. The abrupt change of solvent quality induced NPs flocculation and eventually gelation. The obtained gels were supercritically dried yielding porous, crystalline and monolithic YAG:Ce aerogels. In addition, the method versatility was confirmed by the analogous fabrication of GdF 3 aerogels. These two aerogel compositions have never been reported. The method turned out to be also applicable for hybrid aerogels made of both YAG:Ce and GdF 3 NPs homogenously distributed within the network. Although literature knows the examples of multicomponent aerogels, to our knowledge, this was the first time such hybrid materials made of completely different type of NPs that evenly built the network were reported. The optical properties of pure and hybrid aerogels were investigated, demonstrating PL tuneability of the latter one.

Alternatively, highly porous functional monolithic structures which exploited properties of NPs were made by incorporation of NPs into silica aerogels. Such procedures allowed obtaining materials with improved mechanical and optical properties compared to NP-based aerogels. This was due to the wellestablished sol-gel synthesis toward silica aerogels, investigated over several decades. Therefore, the silica matrix was designed to be monolithic, highly porous, transparent and able to be re-impregnated with liquids without its damaging. The embedment of YAG:Ce NPs occurred prior to the gelation of silica sol. Additionally, the developed approach ensured that incorporated NPs had a little influence on emerging network what was confirmed by porosity and SAXS measurements. Thi s assured very good homogeneity, durability and transparency of the aerogel composites. The material cracking during impregnation with liquids was avoided if the aerogel was partially densified. Although such procedure involved reduction of porosity, it remained on the level of 70%. Additionally, thermal treatment was beneficial for crystallinity of NPs improving photoluminescent and scintillating properties. Then, the vacuum was slowly applied in order to prevent sucking the powders into vacuum line. The balloon with acetate was heated at 130 o C for 2h while keeping vacuum in the system. The white powder of P 2 O 5 becomes very dark and caramel-like in consistency. After 2h, the balloon with yttrium acetate was cooled down and the product was stored under nitrogen. The complete dehydration was confirmed by FTIR analysis of the powder in nujol.

Cerium acetate was dehydrated in the same way. 

Appendix C. Preparation conditions of different metal oxides by glycothermal approach

All presented compounds were prepared in analogous procedure to YAG and LTO except YSO in which heating time at 300 o C was prolonged to 5h. Appendix D. Supplementary results and pictures of NP-based aerogels.

 Control over gelation time and density of aerogels

Colloidal solution of YAG:Ce was gelled in broad range of solvent composition. Depending on the this composition and volume fraction of NPs, colloids were gelled within varying periods of time (Table A.2). As expected, higher volume of particles within the same solvents composition decreased the gelation time (E, F, G). In the case of solvent composition, the relation to gelation time was more complex. Generally, higher volume fraction of 1,4-DO accelerated gelation. 

Appendix E. Supplementary information and pictures to synthesis of silica aerogels doped with YAG:Ce NCs

Appendix F. Impregnation of composites monoliths

Monolithic composites with 15% of YAG calcined at 900 o C were immersed in ethanol. Samples were prepared in the same way from the same batch, however with varying hydrolysis time.

Figura A.11 Impregnation of aerogel composites prepared with different hydrolysis times

The samples prepared with low hydrolysis times demonstrated appearance of few cracks during impregnation with ethanol. Cracking was not harsh, meaning that the treatment in a little bit higher temperature would probably eliminated this phenomena. The next sample with 8h hydrolysis showed a single crack. It could been caused by not enough strength of the structure or presence of small crack before impregnation which propagated during liquid penetration. This crack could be generated when the sample was cut by the razor blade in order to obtain material for nitrogen sorptometry.

All the next samples were easily impregnated without crack generation. As it can be seen, scattering of impregnated sample was greatly reduced due to lower refractive index mismatch.

Appendix G. The triple-to-double coincidence ratio method

The triple-to-double coincidence ratio (TDCR) method was specially developed for the measurement of absolute activities of beta emitters by liquids scintillators. [447][448][449] The high impact on the method development had a collaborative work between Polish and French laboratories. 450,451 The method is based on statistical and physical models describing the distribution of emitted photons by a scintillator, 451 This method of absolute measurement relies on three fundamental assumptions regarding: i) statistical aspects of emitted light; ii) the threshold of counter detection; iii) scintillation non -linearity.

1 st The number of photons emitted from a scintillator interacting with monoenergetic electron can be described by Poisson distribution.

An electron interacting with the scintillator generates a mean number of photons ( m). Statistical number of photons emitted by the scintillator follow the Poisson distribution. The refore, the emission probability of x photons for a mean value m is described by Equation A.1:

2 nd The probability of detection of one photon is not zero Detection efficiency corresponds to detection probability which is the complement of non -detection probability which expresses the probability to detect 0 photons for a mean value m. Therefore, detection efficiency can be expressed as:

3 rd The number of emitted photons is not a linear function of the energy

The mean number of photons m emitted by the scintillator is not proportional to the energy of incident ionizing radiation. There are several existing models in the literature describing this behaviour, for instance the semi-empirical equation given by Birks for organic scintillators: Where, m(E) corresponds to mean number of photons ge nerated by the absorption of the energy E; A -parameter characterizing efficiency of the scintillator; kB -semi empirical parameter; dE/dx -linear energy transfer of the particle in the scintillator.

Taking into account these hypotheses and assuming that the emitted energy spectrum of the radionuclide can be described by a normalised density function S(E), the ratio of probabilities of triple and double coincidence TDCR is There is an unique solution for pure beta emitters, meaning that detection efficiency is a monotonous function of the experimental TDCR.

The presented model is simplified and other parameters had considered as for instance the differences between the PMTs quantum efficiencies which must be taken into account in the evaluation of measurement uncertainties. 453 The method was primarily developed for the standardization of beta-emitting radionuclides in solution by means of liquid scintillators. It was later extended to radionuclides decaying by electron capture or by alpha transitions.