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INTRODUCTION 2

Nanoparticle assemblies present interesting behaviors, due to the combination of the intrinsic properties of the nanoparticles with their organization. However, these systems are not yet well understood. Depending on the aggregation state and organization, the properties of the assembly can significantly vary or new properties can arise. Moreover, the intrinsic properties (i.e. crystal structure, size, shape and chemical composition) of the isolated nanoparticles also play a significant role for the final properties.

Here, we concentrate on nanoparticles exhibiting a magnetic behavior and their assembly. The magnetic properties of nanoparticles (in the form of oxides, metals and alloys) are dependent on the structural, morphological and chemical characteristics of the nanoparticles (e.g. distribution in size, shape and chemical composition); this has already been reported in numerous studies. However, concerning the influence of the nanoparticle organization on the magnetic behavior, not many studies exist. For instance, the organization of nanoparticles can influence interparticle interactions and give rise to a collective behavior.

Hence, it is important to simultaneously control the microstructure of the nanoparticles (to be able to control their intrinsic properties) and their organization (to control the magnetic coupling between them). Moreover, it can be imagined that a well-controlled organization of the particles could give rise to new properties, due to controlled interactions of the nanoparticles, for instance along a single direction.

The sol-gel method could allow the preparation of a macroscopic hard ordered template (e.g. mesoporous silica), in which different types of nanoparticles with a controlled particle size and shape could subsequently be prepared. If a hexagonally ordered porosity is chosen, the anisotropic orientation of the pores might offer the possibility to additionally organize the nanoparticles along a single direction. A control of the chemical composition of the nanoparticles should be possible by the use of Prussian blue analogue (PBA), as precursors of the targeted nanoparticles. In PBAs, the metal centers are indeed already mixed at the atomic scale. Moreover, since the solgel method is used, it could be possible to mold the silica into any desired macroscopic shape, which could also have an influence on the final properties of the magnetic material.

The possibilities to simultaneously control multiple parameters for the development of magnetic materials with properties governed by an assembly of magnetic nanoparticles are schematically represented in Scheme 1. In this thesis, we are interested and will focus on the preparation of assemblies made of well-controlled magnetic nanoparticles, and the study of their magnetic properties. We have chosen Co and/or Fe containing compounds in the form of oxides, metals and alloys, since these elements are known to present interesting magnetic properties, and they are also earth abundant. The nanoparticles will be prepared within the ordered porosity of a mesoporous silica monolith. This manuscript contains five chapters:

1. In the first chapter, a bibliographic review of the procedures to prepare nanocomposites, which are comparable to those considered in this thesis, is given. The synthesis of magnetic PBA, oxide and metal/alloy nanoparticles within ordered mesoporous silica, as well as their magnetic properties, are presented.

2. The second chapter concerns a first structural, morphological and magnetic investigation of the Co/SiO 2 , CoFe/SiO 2 and Fe/SiO 2 nanocomposites.

3. In the third chapter, an investigative study of the synthesis conditions to selectively form the εFe 2 O 3 phase, known for its remarkable magnetic properties, is presented. 4. In chapter four, microstructures and explanations for the magnetic properties of the Co/SiO 2 nanocomposites are proposed. 5. In chapter five, the microstructures and the magnetic properties of the CoFe/SiO 2 nanocomposites are further described. A possible control of the chemical composition and the magnetic properties thanks to the use of PBA as precursor is discussed.

CHAPTER 1

Bibliography

The preparation of magnetic nanoparticles has attracted a lot of interest over the past years. This is due to their size-dependent magnetic properties and the variety of possible applications that can be envisaged, such as biomedical applications, [1,2] magnetic recording, [3] catalysis [4,5]… In Figure 1, the effect of the size reduction on the magnetic structure is schematically shown. Bulk ferromagnetic materials are composed of several magnetic domains. In each of these domains, the atomic magnetic moments are aligned in the same direction. Without the application of an external magnetic field, each domain presents a different orientation of the net magnetic moment, resulting in an overall magnetic moment of zero. This corresponds to the minimization of the overall energy of the system. When the volume of the particle is decreased down to the nanoscale, the formation of domains is no longer favorable and the nanoparticle develops a single magnetic domain. In general, the formation of a single domain is dependent on the crystalline structure, the chemical composition and different anisotropies, such as magnetocrystalline and shape anisotropies. [6,7] Due to this single magnetic domain structure, the nanoparticle also exhibits a different magnetic behavior than the corresponding bulk material. As shown in Figure 2, two different orientations along the easy axis of magnetization of the nanoparticle are considered for simplicity, each one corresponding to an energy minimum separated by an energy barrier ΔE = KV (K is the anisotropy constant and V is the particle volume). For k B T < KV, the magnetic moment of the nanoparticle is blocked, and for k B T > KV, its orientation can spontaneously reverse, resulting in a freely fluctuating magnetization. These nanoparticles are exhibiting a superparamagnetic behavior, which is accompanied by the absence of coercivity. [7] Figure 2: Schematic representation of the free energy for a single-domain particle with uniaxial anisotropy along its easy axis as a function of magnetization direction.

In the context of this thesis, we are not only interested in the synthesis of magnetic nanoparticles with controlled intrinsic properties (e.g. crystal structure, chemical composition…), which directly control the magnetic ones, but also in their organization into nanoparticle assemblies and the resulting properties. Superparamagnetic nanoparticles consisting of a single magnetic domain can be seen as randomly oriented individual permanent magnets (Figure 3, left). However, when the nanoparticles are part of an assembly within a solid matrix (Figure 3, right), such as Al 2 O 3 or SiO 2 , interparticle interactions (i.e. dipole interactions)

and spatial organization can influence the magnetic behavior. [8] With increasing strength of these interactions, the magnetic behavior shifts from a superparamagnetic one to a collective one, and strongly interacting particles can even develop a superferromagnetic behavior. [7] Therefore, it can be imagined that the organization of the nanoparticles and their crystallographic orientation within the pores, in combination with their shape and their magnetocrystalline anisotropy, can lead to different properties depending on the interplay of these parameters. Despite promising novel magnetic properties of nanoparticle assemblies, these properties are not yet well understood and often strongly depend on the synthesis conditions.

By controlling the particle size and shape, the chemical composition and crystal structure of the particles as well as their spatial organization, the magnetic properties of the nanoparticle assembly could be tuned. However, the possibility to control all these parameters at the same time can be challenging. Our idea to respond to this issue is to use a hard porous template (mesoporous silica (SiO 2 ) monoliths) to cast nanoparticles with a controlled size and shape.

Moreover, since the synthesis is performed with the help of an ordered template, it should be possible to induce a spatial organization of the nanoparticles. For the control of the chemical composition, we will use Prussian blue analogues (PBA) in which the metal centers are already mixed at the atomic scale; this should allow for a precise control of the resulting stoichiometry of the nanoparticles.

Hard porous templates for the synthesis and organization of nanoparticles

The nanocasting method allows the control over the size and shape of the nanoparticles, and offers the possibility to organize the nanoparticles in the solid state by the use of an ordered porous template. In particular, metal oxide matrices are used, due to their various advantages: they are low-cost, exhibit a good chemical and thermal stability, are toxicologically safe and can be tuned as needed (pore size, surface species…). [9][10][11][12] Essentially, two kinds of versatile ordered porous oxide matrices have been so far used as hard templates for the elaboration and study of magnetic nanoparticle assemblies, namely alumina (Al 2 O 3 ) and silica (SiO 2 ). Alumina with ordered pore domains with a narrow size distribution is typically obtained by an anodization process involving the electrochemical oxidation of an aluminum metal foil accompanied by a self-organization process. [13,14] This method allowed the preparation of ordered alumina porous films and tubule arrays, as well as a patterned, ordered nanopore array by using silica as an anodization barrier. [15,16] On the other hand, ordered silica with various organizations and pore sizes is usually obtained by a surfactant assisted sol-gel process. Since we have chosen mesoporous silica as an ordered template for the preparation of our nanocomposites, its synthesis is described in detail in the following section and alumina is not further discussed.

Formation of a silica hard template by a sol-gel process

The sol-gel process is used for the formation of oxides using molecular precursors, such as alkoxides, under ambient conditions. A sol is defined as the dispersion of nanometric aggregates within a solution, which can then evolve towards a continuous solid network swollen by the solvent (called a gel). The following sections describe i) the formation and drying of the silica network, ii) the possibilities of nanostructuration by surfactant-assisted methods, and iii) the preparation of ordered bulk materials, such as monoliths.

Formation of oxide gel network

The sol-gel process and the formation of silica gels in various morphologies, such as powders and fibers, have been thoroughly described in reference [17].

When using alkoxides as precursors, the general process is divided into two steps: the hydrolysis of the alkoxide precursor and the subsequent condensation of these hydrolyzed species into a continuous gel network. The hydrolysis of tetramethyl orthosilicate (TMOS) is schematized in Figure 4. The nucleophilic substitution reaction continues until each alkoxide group has been replaced by a hydroxide group. The second step is the formation of the silica network, through condensation reactions (Figure 5), leading to the formation of a Si-O-Si bond and the liberation of a water molecule.

The continuing polycondensation reactions result in the interconnection of silica monomers by oxo-bonds, leading to the formation of aggregates or colloidal particles in the solvent called a sol. At the beginning of condensation, the viscosity of the sol is still low, allowing it to be casted into a mold. Subsequently, the polycondensation reactions continue, leading to the formation of a three-dimensional SiO 2 network. During the subsequent ageing of the silica gels, the polycondensation reactions continue and the network strengthens. Finally, the last step of the process is the drying of the formed gel, during which the liquid, present within the network is removed. However, during the drying process the capillary forces can cause the shrinking and cracking of the silica gel. This can result in either the collapse of the gel network and the formation of a powder, or the formation of a monolith, depending on the drying conditions (Figure 6). Therefore, it is important to control the drying process to maintain the gel structure. Possible methods are the use of slow drying conditions, or solvent exchange and supercritical drying using liquid CO 2 to decrease the liquid surface energy. [17,18] 

Surfactant-assisted nanostructuration of the oxide matrix

It is known that the addition of surfactants to the precursor solution of the silica gel enables the formation of silica particles with an organized porosity. Typical surfactants include i) quaternary ammonium ions and ii) nonionic triblock-copolymers.

In 1992, a new family of mesopourous molecular sieves made of silica or aluminosilicates was presented by the Mobil oil corporation and named M41S. [19,20] They used quaternary ammonium surfactant compounds for the formation of ordered mesoporous oxides with various organizations and pore sizes depending on the length of the alkyl chain. Later, ZHAO et al. [21,22] from the University of California reported on the formation of mesoporous silica using triblock copolymers, consisting of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) units. These surfactants present several advantages, including their biodegradability and their low-cost commercial availability. The pore size of the materials is dependent on the synthesis temperature and time, as well as the composition of the amphiphilic block polymer (molecular weight and architecture). The reported TEM images for hexagonally ordered SBA-15 (Santa Barbara Amorphous-15) silica with different pore sizes are presented in Figure 7. Furthermore, different organizations of the porosity can be achieved, including cubic structures (Im3m or Pm3m), 2D hexagonal (P6mm) and lamellar. The resulting organization of the mesophase is dependent on the PEO/PPO ratio: whereas a high ratio results in a cubic structure, a low ratio causes the formation of the lamellar organization. For the formation of hexagonal arrays with parallel channels, as in SBA-15, the triblock copolymer Pluronic P123 with a chemical formula of (PPO) 20 (PEO) 70 (PPO) 20 is used as a structuring agent (Figure 8). In comparison to the MCM-41 structure, the silica walls of the SBA-15 one are thicker, resulting in a better thermal stability. The formation of hexagonally ordered silica is schematically shown in Figure 9, using the nonionic surfactant P123 as the structuring agent and a tetraalkyl orthosilicate (Si(OR) 4 ) as the silica source. The surfactant first organizes into micelles with a hydrophobic core, made up of PPO units, and a hydrophilic shell, consisting of PEO units. [23] Then, these micelles selfassemble into rods organized in a honeycomb-like 2D-hexagonal structure. The silica walls condensate in the solvent (typically water) filled areas within the surfactant liquid crystal structure. In the last step, the organic template is removed by calcination, resulting in hexagonally ordered hollow cylinders with a uniform pore size within the silica matrix. [19] Figure 9: Schematic representation of the formation of hexagonally ordered mesoporous silica.

Nevertheless, other methods besides calcination also exist for the removal of the organic phase to liberate the silica porosity, namely the solvent extraction (i.e. using ethanol).

This allows the recovery of the surfactants molecules and enables their reuse. [22] The calcination process typically leads to the condensation of the remaining silanol groups within the silica network and a shrinking of the nanostructured oxide, resulting in a reduced pore size and surface area. For a less rigid silica network, soft treatment alternatives can be envisaged to avoid a possible collapse of the mesostructure. [24][25][26] 

Elaboration of structured silica monoliths

The sol-gel process is a versatile method and allows the formation of silica with tailored shapes and properties. This includes thin films, but also particles with different morphologies (such as rods and spheres) as well as fibers. [27,28] However, an interesting morphology is a macroscopic silica monolith, for which the shape can be controlled by molding the gel during the process. Moreover, a combination of the sol-gel process and the surfactant-assisted nanostructuration can be used to obtain mesostructured silica monoliths. The reduced external surface area makes these monoliths suitable candidates for their use as a nanoreactor. [29] Furthermore, the pore orientation domains can develop over large areas, which can give an anisotropic organization of the pores to the macroscopic piece of silica.

However, the formation of a monolith can be challenging. During the removal of the solvent from the wet gel, the shrinkage of the network due to the capillary forces can result in the formation of macrocracks, which limits the practical applications of the monolith. [27] A possibility to avoid the macro-cracking of the monolith is to drastically extend the duration of the drying process, which can last several weeks. To evade this long required drying time, YANG et al. [27] reported a modified drying method using a paraffin layer for the formation of a crackfree mesostructured silica monolith in various shapes, by using P123 as structuring agent. After the gelation and sufficient aging (20 -48 hours) of the silica to ensure that the network is rigid enough to keep the mesostructuration, the aged gel is covered with a thin paraffin layer. The solvent (ethanol) is evaporated under mild conditions at 60 °C. Due to the paraffin layer, the macromorphology of the monolith is protected, resulting in crack-free dried monoliths. The authors explained this effect by the reduction of the internal stresses. At the same time, the thermal treatment also results in a densification of the silica matrix, making it more resistant towards the evaporation.

EL-SAFTY et al. [30][31][32] reported on the formation of large ordered silica monoliths, obtained by using either the Brij-56 surfactant (C 16 H 33 (EO) 10 OH) or the co-polymer P123 as templates. The synthesis was performed in an acidic medium (HCl/H 2 O, pH = 1.3) and the methanol formed during the hydrolysis of TMOS was removed with a vacuum pump. This removal step is necessary, since the produced methanol leads to the disorganization of the formed liquid crystal phase. As shown in Figure 10a, large monoliths can be obtained in various sizes reproducing the shape of the reaction vessel. However, due to the uncontrolled drying in air, these monoliths present cracks. By using a gentle drying process, consisting of a thermal treatment at 40 °C for 10 hours, a translucent, crack-free monolith could be obtained (Figure 10b). This shows that a controlled and adapted drying process is critical for the preparation of crack-free translucent silica monoliths in various shapes and sizes. Furthermore, it is possible to introduce metal ions into the silica resulting in the formation of colored ordered monoliths, as shown in Figure 11. [27] During the preparation of the monolith, the respective metal nitrate salt is added, resulting in a pink monolith in case of Co 2+ ions, yellow in case of Fe 3+ ions and green for Cu 2+ ions. The authors could show that the insertion of transition metal ions does not disrupt the ordered mesoporosity but rather improves the regularity of the order. This is a direct result of the interactions of the transition metal ions with the oxygen-groups present in the structuring co-polymer P123. However, after calcination at 550 °C, the prepared monoliths lose their transparency resulting from internal microcracks formed during the decomposition of the organic template. 

Discussion

The examples described above show the versatility of ordered mesoporous silica hard templates. The size of the pores, as well as their organization, can be adjusted as desired by changing selected synthesis parameters. This makes them perfect candidates for the use as a nanoreactor for the preparation of nanoparticles within the pores. The calibrated pores should be able to control the size of the nanoparticles, since they can restrict the particle growth. Same can be said about the shape of the pores, which should allow to synthesize nanoparticles reproducing the shape of the porosity. So, anisotropic pore channels could allow the formation of nanoparticles with an anisotropic shape and/or the formation of a nanoparticle assembly with interparticle interactions along a uniaxial direction. Moreover, it is possible to prepare silica monoliths, which can be molded in different desired shapes with various sizes. Therefore, if the macroscopic monolith contains ordered domains oriented in the same direction, it can be imagined that the organization of the nanoparticles and their directed interactions with one another could induce particular properties directly linked to this organization.

Hence, the use of these versatile hard silica templates and especially monoliths seems to be promising for the preparation of materials, in which the magnetic properties depend on the organization of interacting magnetic nanoparticles, and the study of their magnetic properties.

Magnetic nanoparticle assemblies prepared within hard templates

In most cases, powders or films are used as ordered hard templates instead of monoliths. Besides the use of ordered templates, magnetic nanoparticles are also often synthesized within an unordered matrix, most often silica matrices synthesized by a sol-gel route. In these cases, the nanoparticle precursor (typically metal salts such as nitrates or acetates), is directly mixed with the silica precursor and embedded within the silica matrix during the sol-gel process. Depending on the thermal treatment conditions, CoFe alloy [33,34] or CoFe 2 O 4 particles [35,36] dispersed in a silica matrix were thus prepared. Silica aerogels containing dispersed CoFe 2 O 4 , ZnFe 2 O 4 , NiFe 2 O 4 or FeCo particles have also been reported. [37][38][39][40] The main drawbacks of using this sol-gel preparation are that i) the pores are not well calibrated leading to broad size distributions, and ii) a long-range order of the nanoparticles is not given. [41] In the following section, we focus on the different techniques and possibilities to prepare magnetic nanoparticle assemblies within ordered silica templates.

Magnetic nanoparticles embedded in ordered oxide hard templates

Two main approaches are reported in the literature for the preparation of assemblies of magnetic nanoparticles in ordered oxide templates: the electrochemical deposition, which is often used for anodized matrices and the preparation of metal nanowires, [42,43] or different infiltration methods (for silica matrices), which are described in the following.

During the wet infiltration, the porosity of the hard template is infiltrated using capillary forces. Therein, the choice of the precursor and the solvent plays an important role for a successful nanocasting. The precursor should be chemically inert with respect to the template, such as nitrate and chloride metal salts. To aid the infiltration of the metal salts into the silica pores, a polar solvent which enhances the capillary forces can be used. [12] During the wet impregnation method, the precursor is diluted in a solution and subsequently added to the porous template. The resulting suspension is stirred to ensure that the precursor can diffuse into the pores. The disadvantage of this method is the possible precipitation on the external surface of the mesoporous template, resulting in a loss of control over the particle growth.

However, this effect can be avoided by using an impregnation volume equal to the pore volume, also known as the incipient wetness method. [12] Another variation of the infiltration methods is the dual-solvent method, which allows to achieve a high efficiency of the pore filling. In this method, the porous template is dispersed in a non-polar solvent and then an aqueous solution containing the precursor is added. [12] Several examples using these methods are reported in the literature and are presented below.

Since we are interested in the magnetic properties of the nanocomposites, we have focused on examples containing magnetic nanoparticles. Magnetic properties of nanoparticles assemblies are typically reported for ferromagnetic metals (i.e. Co, Fe, Ni) and ferrimagnetic ferrites (MFe 2 O 4 ), composed of transition metal oxides. [44] Hence, in the following, we are presenting the preparation of nanocomposites containing metal or oxide nanoparticles as well as Prussian blue analogue nanoparticles, which also present interesting magnetic properties.

Metals and Alloys

The preparation of a CoFe alloy was achieved in SBA-16 matrices with different pore sizes. [45] The samples were prepared by wet impregnation using aqueous Co and Fe nitrate salt solutions. For the transformation of the alloy phase, the nitrates were first decomposed in air and then reduced in H 2 . The magnetic behavior of this nanocomposite was not reported.

The formation of the tetragonal FePt alloy within SBA-15 was done by the incipient wetness method. [46] Several cycles, in which the Fe and Pt acetylacetonates (dissolved in dimethylsulfoxide) were added to the mesoporous silica and subsequently thermally decomposed in either air or in H 2 , were performed. The last step of this procedure was the reduction in H 2 to form the FePt nanoparticle with a tetragonal crystal structure. The authors reported that, depending on the synthesis pathway, the ferromagnetic properties of the FePt/SiO 2 composites differ. In particular, a coercive field of 280 Oe is obtained for the direct reduction pathway, whereas the oxidative pathway leads to a reduced coercive field (H C = 35 Oe). These differences were assigned to a possible phase segregation and the formation of iron oxide and metallic platinum prior to the reduction in H 2 , which only occur in case of the oxidative pathway. [46] It was also possible to prepare the nanoparticles separately and then introduce them into the porosity by liquid phase incorporation. This method was reported for Co nanoparticles which were stacked in chains along ordered SBA-15 silica pores. [47] This anisotropic organization resulted in a constructive ferromagnetic coupling between the particles along the chain. This is shown by the shift of the peak maximum in the Zero Field Cooled (ZFC) curve to higher temperatures, indicative for interparticle interactions (Figure 12a), and an increase of the coercivity in comparison to non-interacting or randomly aggregated particles (Figure 12b). 

Oxides

It could be shown that the introduction of transition metal ions directly during the synthesis of silica monolith can be used for the formation of transition metal oxide nanoparticles (i.e. Cr 2 O 3 , MnO, Fe 2 O 3 , Co 3 O 4 , NiO, CuO and ZnO) in a single step. [29] The metal nitrate salts (dissolved in ethanol with M/Si ratios ranging from 1:1 to 1:15) interact with the structuring copolymer P123, resulting in their dispersion in the surfactant micelles and direct introduction into the silica host during the sol-gel process. The subsequent thermal decomposition of the surfactant in air causes the formation of highly-crystalline rod-like oxide nanoparticles with a uniform diameter. However, the study did not report on the magnetic properties.

For the preparation of Co with a diameter of 8 nm and lengths up to 100 nm. [48] These particles present an antiferromagnetic behavior, which is strongly influenced by surface effects, resulting in the presence of an exchange bias effect between the core and the surface of the nanoparticle, as indicated by the displacement of the hysteresis loop (Figure 13). In this context, it is to be mentioned that the nanoparticles were removed from the silica matrix prior to the magnetic analysis. [48] It is also possible to substitute some of the cobalt ions within Co 3 O 4 by Mg, Mn or Ni.

This was reported for the case of the wet impregnation of the porosity of a KIT-6 silica matrix with the respective metal nitrates dissolved in ethanol. [49] To ensure the impregnation of the pores, the metal nitrate/silica powder was refluxed in heptane. During calcination, the nitrate salts transformed in the corresponding metal oxide spinel. The magnetic behavior was not reported; the study focused on the catalytic properties. The use of the dual-solvent method was reported for the formation of MnO 2 and Fe 2 O 3 nanoparticles. [41,50] A hexagonally ordered SBA-15 silica powder was suspended in n-hexane and an aqueous manganese nitrate solution of the same volume as the pore volume was added. After a thermal treatment in air, manganese oxide nanowires with a length of 1 µm and a diameter corresponding to the pore diameter of the silica template of 4 nm were obtained. [50] The synthesis of maghemite (γ-Fe 2 O 3 ) nanoparticles with sizes ranging from 4 -4.8 nm in the pores of SBA-15 from the thermal decomposition of Fe(NO 3 ) 3 by the same method as for the MnO 2 nanowires was reported. [41] These maghemite nanoparticles present a superparamagnetic behavior at room temperature and no magnetic interactions between the particles were reported. The authors also described the presence of peculiar surface effects on the magnetic properties resulting from the small particle size. [41] Another possibility that has been explored in the context of the nanoparticle formation within ordered silica is the grafting of specific groups on the pore surface to help the fixation of the nanoparticle precursors within the pores. In an example, the mesoporous SBA-15 silica was functionalized with acetylacetonate groups and then mixed with an ethanolic solution containing iron acetylacetonate. [51] Due to a substitution reaction between the Fe ligands and the silica functionalities, a homogeneous spatial distribution was achieved (Figure 14). After further addition of organic solvents and iron acetylacetonate, the transformation into Fe 3 O 4 nanoparticles was done by a thermal decomposition. The magnetic behavior is described as an assembly of single-domain nanoparticles with a broad distribution of the anisotropy energy barriers causing that some nanoparticles are still blocked at 300 K. [51] In specific cases, it is possible to avoid the use of a solvent, for instance when the metal salt used as precursor presents a melting point below its decomposition temperature. This solid-liquid method involves the heating of a mix of the porous template and the precursor.

Upon the liquefaction of the precursor, the solution enters the pores of the template due to the capillary forces. [12] This method was used for the impregnation of rod-like mesoporous silica particles (280 nm x 3 µm) with melted Fe(NO 3 ) 3 • 9 H 2 O to subsequently form iron oxide particles by calcination of the nanocomposite. [52] It could be shown that the Fe 2 O 3 nanoparticles exhibit a preferred crystallographic orientation along the pores of the rod-like silica particles and also align into magnetic chains. Due to these effects, it was possible to align the nanocomposite particles in a magnetic field and achieve an orientation over macroscopic scales.

Prussian blue analogues

For the preparation of Prussian blue analogues (PBA) within ordered silica, an anchoring method was developed in which the silica walls are modified with pyridine functionalities. [53][54][55] The different PBA nanoparticles are formed by subsequent incorporation cycles of methanolic solutions containing M z+ ions (i.e. Fe 2+ , Fe 3+ , Co 2+ and Ni 2+ ) and methanolic solutions containing [M'(CN) 6 ] 3-ions (with M' = Fe, Co or Mo). This method led to the formation of homogenously dispersed PBA nanoparticles with a narrow size distribution. The magnetic study of selected PBA/SiO 2 nanocomposites revealed a modified superparamagnetic behavior, explained either by negligible interparticle interactions or a possible spin-glass behavior due to spin-frustration inside or at the surface of each nanoparticle. [54] Moreover, the authors also reported the transformation of these prepared PBA nanoparticles into an alloy on the example of the NiFe PBA (Figure 15). The direct incorporation of one of the PBA precursors into the silica during the sol-gel process, resulting in the grafting of Co 2+ onto the pore walls, was also reported. [56] Later, this approach was combined with the dual-solvent method. For this, the Co 2+ -containing ordered silica monolith was immersed in hexane and then impregnated with an aqueous solution containing [Co(CN) 6 ] 3-ions with a volume corresponding to 80% of the porous volume, resulting in the formation of the CoCo PBA, which was subsequently thermally decomposed into Co 3 O 4 nanoparticles with an average particle size of 5 nm. [57] By a comparison of the temperature-dependent magnetic curves of the nanocomposite with a Co 3 O 4 powder (particle sizes: 300 -600 µm), it could be shown that the magnetic properties are strongly affected by the particle size, confirming the full confinement of the nanoparticles in the porosity. [57] The same procedure could also be applied for the formation of CoFe PBA nanoparticles within an ordered silica monolith and the subsequent transformation into Co 1.8 Fe 1.2 O 4 nanoparticles. [58] On the example of NiFe PBA nanowires embedded in a hexagonally ordered mesoporous silica monolith, it could be shown that the orientation of the pores has an influence on the magnetic properties. [59] In Figure 16, the magnetic field dependence of the magnetization at 2 K for a 1 mm 3 monolith piece is shown for two orientations of the pores (parallel or perpendicular) with respect to the magnetic field direction. The magnetic field dependence strongly varies, which was explained by the parallel organization of the particles within the monolith piece. 

Discussion

In most cases, different infiltration processes are employed to load the porosity with the required precursor (i.e. metal salts) for the subsequent formation of oxide or metal nanoparticles during a thermal treatment under a controlled atmosphere. It is also possible to first form PBA nanoparticles within the pores by an infiltration with hexacyanometallates and then thermally decompose them. These different examples show that a wide variety of methods to prepare nanocomposites containing magnetic nanoparticles exist. Depending on the desired chemical composition, shape and spatial organization of the nanoparticles, the method to introduce the final compound or its precursors into the pores of the ordered template needs to be adapted.

In general, the magnetic properties are dependent on the chemical composition, shape and size of the nanoparticles, as well as on the interparticle interactions which can arise in nanoparticle assemblies. Thereby, this magnetic coupling between the particles is also dependent on the shape, size, chemical composition and the agglomeration state of the particles, and it can significantly influence the overall magnetic behavior. [35] The magnetic properties of the nanoparticles thus strongly depend on the synthesis conditions. The typical magnetic response of nanoparticles measured under Field-Cooled (FC) and ZFC conditions is schematically shown in Figure 17. The ZFC magnetization curve presents a peak at a temperature maximum T max , close to the blocking or freezing temperature of the magnetic moments. For non-interacting nanoparticles, this so-called blocking temperature is defined as the temperature at which the magnetic moment of an uniaxial anisotropic particle is capable to overcome the energy barrier of its energy well (Figure 2). [60] Below this temperature, the particles magnetic moment orientation is blocked, whereas above the temperature maximum, the particle enters a superparamagnetic state in which the thermal fluctuations lead to an average magnetization of zero in the absence of an external magnetic field. T max , as the energy barrier, increases with the volume of the particle V and its anisotropy constant K. The width of the ZFC peak is also dependent on the distribution of the particle sizes and anisotropy energies.

For example, a strong polydispersity of the particle size leads to a dispersion of the energy barriers and thus a broadening of the peak. [60] In addition, the presence of interparticle interactions causes a shift of T max to higher temperatures, since the thermal fluctuations of the particles are suppressed and/or slowed down by the magnetic interactions. [47] For example, a supported sample (30% Ferrite/unordered SiO 2 ) presents a superparamagnetic behavior and interparticle interactions play a minor role, whereas pure CoFe 2 O 4 particles present strong interparticle interactions, leading to a shift of the ZFC maximum above room temperature. [35] Nonetheless, the interparticle interactions can also help to build additional anisotropy into the nanoparticle assembly and thereby control the magnetic properties, as in the case of stacked Co chains. [47] Figure 17: Schematic representation of a typical superparamagnetic behavior with a temperature maximum T max in the magnetization curve measured under ZFC conditions.

To sum up, it could be shown through different examples that the structure of the nanoparticles and their magnetic properties strongly depend on the synthesis conditions. Even though, several examples on the preparation of magnetic nanoparticles in the pores of an ordered template are reported, not in all cases their magnetic properties are discussed or the silica template is removed prior to the magnetic characterization. Moreover, in most cases, the nanocomposites are obtained as powders instead of a monolith. Therefore, the size and shape of the magnetic nanoparticles can be controlled by the template and the effect of these parameters on the magnetic properties studied. To be able to study the effect of their organization, their magnetic behavior and develop possible new properties induced by an anisotropic organization of the nanoparticles, it is interesting to develop nanocomposites containing magnetic nanoparticles within the ordered porosity of silica monoliths.

It could be shown that it is possible to control the size and shape of PBA, oxide and metal nanoparticles by hard templating techniques using mesoporous silica as a template. In addition, it was reported that the use of PBA allows a good control over the chemical composition in the derived oxides and alloys. Therefore, the next section deals in detail with the confinement of PBA particles inside an ordered silica monolith and their thermal decomposition.

Confinement of PBA particles inside an ordered silica monolith and their thermolysis

We first present the PBA system and its advantages as a precursor for oxides and alloys, followed by a description of our strategy to prepare an ordered PBA/silica monolith and its subsequent thermolysis to form oxides and metals/alloys.

Prussian blue, its analogues and their transformation

Prussian blue (PB) is the first purely synthetic blue pigment and was accidentally discovered in 1706 by DIESBACH and DIPPEL in Berlin. The colormaker DIESBACH observed the formation of a blue precipitate when he added potash (K 2 CO 3 ), which was contaminated with hexacyanoferrate, to a solution containing iron sulfate during the attempted synthesis of a red pigment. This contamination of the potash was caused by DIPPEL, who had previously used it for the preparation of animal oil for which potash is added to the distillation of animal blood. [61] In general, the formation of PB or PBA requires the mixing of two types of precursors.

Typically, a solvated transition metal [M II (OH 2 ) 6 ] 2+ ion reacts with a hexacyanometallate [M III (CN) 6 ] 3-ion in solution, causing the formation of PBA with the well-known cubic structure, as schematically shown in Figure 18. The structure of PB (Fe III 4 [Fe II (CN) 6 ] 3 ) has been described by BUSER et al. [67]. PB crystallizes in the Fm3m space group. The Fe III ions occupy the (0,0,0) positions and the Fe II (CN) 6 ions the (1/2,1/2,1/2) positions. The cations are connected to one another by cyanide bridges, resulting in a three-dimensional network. However, due to the different charges of the precursors, the structure contains some Fe II (CN) 6 vacancies to ensure the electroneutrality of the cyanide network.

In this thesis, we are interested in the versatile character and the possible variation of the chemical composition of the PBA particles. Depending on the nature and oxidation state of the transition metal ion used during the synthesis, an unlimited combination of transition metal ions can be homogeneously assembled within the coordination network. Furthermore, the well-controlled chemical composition can also be maintained after a thermal decomposition of the cyanide bonds, making PBA a suitable candidate for the elaboration of mixed metal oxide and alloy particles. [68] For the example of CoFe PBA, the thermal decomposition into oxide, carbide or alloy particles was reported. [69,70] Moreover, it was reported that the Co/Fe ratio in the spinel oxide or alloy obtained after the thermal decomposition can be directly tuned by the Co/Fe ratio in the initial PBA particles. [71,72] Other examples include the thermal decomposition of Zn[Cu(CN) 3 ] into mixed oxides and a reduced Cu/ZnO composite, [73] of Mn 4 [Fe(CN) 6 ] 2.667 into FeMnO 3 , [74] and Cu 3 [Fe(CN) 6 ] 2 into CuFeO. [75] The autoreduction of Co[Pd(CN) 4 ] and [Pt(CN) 4 ] by using cyanide as the reducing agent under inert atmosphere allows the preparation of CoPd and CoPt alloys. [76] Furthermore, Prussian blue was also used as a precursor of various iron oxides, including α-, β, or γ-Fe 2 O 3 depending on the particle size and thermal treatment. [77][78][79][80] Figure 19 shows the schematic transformation of PBA into oxides, metals or alloys; their expected crystal structures are described in the following. Metals, as well as alloys, typically crystallize in closed-packed lattices: the cubic closed packed (ccp) lattice (also known as the face-centered cubic structure and illustrated in Figure 19b), the body-centered cubic (bcc) structure (Figure 19c), and the hexagonal closed packed (hcp) lattice (Figure 19d). Typically, the oxides crystallize in the spinel crystal structure, named after the mineral MgAl 2 O 4 (Figure 19a). They present a general chemical composition of AB 2 O 4 , with A and B corresponding to the same or different transition metals with the oxidation states of +II and +III, respectively. The O 2-ions form a face-centered cubic lattice in which 1/8 of the tetrahedral sites are occupied with the divalent A 2+ ions and 1/2 of the octahedral sites with the trivalent B 3+ ions. However, besides this normal spinel structure, an inverse spinel structure also exists, in which the cations are distributed differently. In that case, the trivalent B 3+ ions occupy 1/8 of the tetrahedral sites, and the octahedral sites are occupied by 1/4 of divalent A 2+ ions as well as 1/4 of trivalent B 3+ ions. The formation of the normal or inverse spinel structure depends on the nature of the transition metal used during the synthesis. Furthermore, the degree of inversion can also vary depending on the chemical composition. 

Strategy Elaboration of an ordered silica monolith containing PBA precursors

The formation and confinement of the PBA nanoparticles within the mesoporosity of silica monolith has been developed in our group. For this, one of the two PBA precursors is already introduced into the porosity during the formation of the ordered silica monolith. In the present case, Co 2+ ions have been added. [56,81,82] The general synthesis steps of the Co 2+ insertion during the synthesis of the silica monolith are schematically presented in Figure 20. After the structuring co-polymer P123 is completely dissolved in TMOS, an acidified solution containing Co(NO 3 ) 2 • 6 H 2 O is added at room temperature. A pink transparent gel is obtained. The shape of the monolith obtained after aging and a gentle thermal treatment corresponds to the shape of the vial used. The copolymer template is removed by calcination in air at 500 °C. This yields a silica monolith whose pores are loaded with low-condensed Co 2+ species, which are grafted onto the silica pore walls. [83] Furthermore, during the thermal treatment, a color change from pink to blue can be observed, assigned to a change in the coordination sphere of the cobalt ions from It is possible to obtain different organizations of the porosity (i.e. wormlike, 2Dhexagonal, 3D-cubic and lamellar) of the silica monoliths, depending on the synthesis conditions as well as the quantities of the block copolymer used, as shown in the ternary phase diagram depending on both the P123/TMOS and Co(NO 3 ) 2 /TMOS ratio (Figure 21). [84] This approach can be used for various metal ions. The dispersion of the Co 2+ within the silica matrix depends on the interactions with the templating co-polymer P123 as well as with its counter anion. Weak interactions with the polymer results in the condensation of the metal cations, resulting in the formation of metal oxides after thermal treatment. In contrast, strong interactions with the polymer and thus weak interactions with counter anion, as it is the case for nitrates, lead to the homogenous dispersion of M 2+ species in the organic phase. [84] In the context of this thesis, we are especially interested in the formation of the hexagonal organization, in which the pores are aligned parallel to one another in a honeycomb-like organization. Thereby, an anisotropic organization of the nanoparticles along the pore direction can be achieved. Hence, the P123/TMOS ratio has been fixed to 0.6.

Furthermore, the M z+ /TMOS ratio was fixed to 1% and metal nitrate salts have been used. Concerning the nanostructuration of the monolith, it could be shown by a small angle X-ray scattering (SAXS) study on a Ni 2+ -containing hexagonal ordered silica monolith that the orientation of the ordered porosity does not expand over the entire monolith. The formed monolith rather consists of many ordered domains with an estimated size of 1000 x 400 x 400 µm 3 . Nevertheless, neighboring domains are only slightly rotated from one domain to another as schematized in Figure 22. [59] Moreover, it is known that the pores are all aligned parallel to the surface plane of the monolith. Therefore, using a small piece of monolith with the dimensions of 1 mm 3 , it is possible to analyze a piece of monolith with all cylindrical pores aligned along one close direction. 

PBA formation within the porosity of Co 2+ containing silica monoliths

For the formation of PBA in the porosity (Figure 23), the blue Co 2+ -containing monolith is impregnated with an acidified aqueous solution containing a hexacyanometallate [M(CN) 6 ] 3- complex, such as [Co(CN) 6 ] 3-or [Fe(CN) 6 ] 3-. A two solvent method is used, [50] and the impregnation volume is fixed to a volume corresponding to 80% of the porosity. [57] This guarantees that the entire aqueous solution can enter the porosity, thereby avoiding a possible precipitation and formation of PBA on the outside of the porosity. 

Transformation of PBA into Oxides and Alloys

In the context of this thesis, our main focus lies not in the controlled formation of PBA nanoparticles within the porosity of a silica monolith, but rather in the elaboration of nanocomposites containing oxidized or reduced magnetic species with a high control over the synthesis parameters. We have chosen to focus on magnetic compounds containing Co and Fe ions, due to their magnetic properties.

The previous works in our group obtained by V. TRANNOY [58] have shown that it is possible to transform CoCo PBA and CoFe PBA nanoparticles embedded in an ordered silica monolith into oxide or metal/alloy nanoparticles. The optimal thermal treatment conditions have been carefully tested to ensure that the mesoporosity of the silica remains intact after the thermal treatment, and that the nanoparticles are well confined inside the pores. A thermal treatment in air transformed the PBA nanoparticles into an oxide. The direct reduction of the nanocomposites in 5%H 2 /Ar revealed that only a low quantity of nanoparticles is formed, and with a size exceeding the pore diameter. Therefore, a pre-oxidizing thermal treatment in air was chosen, followed by a thermal treatment under reducing atmosphere. Moreover, for the reduction of pre-oxidized CoFe PBA, a high thermal treatment temperature again resulted in an excessive growth of the nanoparticles. However, a lower treatment temperature (T < 700 °C) allowed the synthesis of well-confined nanoparticles with a size below the pore diameter.

Objective of the Thesis

In this thesis, we are focusing on the bottom-up synthesis of nanocomposites made of nanoparticles (Co and/or Fe in the form of oxides and metals/alloys), embedded within the ordered mesoporosity of silica monoliths. On the one hand, this will allow to study the effect of the size and shape of the nanoparticles, as well as their organization and dispersion within an oxide matrix, on the magnetic properties. On the other hand, we also want to use the ordered porosity of the silica monolith to study a possible effect of the nanoparticle organization on the resulting magnetic properties. The objective is to combine the controlled synthesis of the nanoparticles in regards to their size and shape, as well as their chemical composition, with their anisotropic organization along porous channels for the development of new properties (e.g. transformation of the superparamagnetic behavior of each single particle into a collective behavior).

To achieve this goal, the nanoparticles will be synthesized within a silica monolith with a controlled hexagonally ordered mesoporosity obtained by a surfactant-assisted sol-gel process. Furthermore, the synthesis of the nanoparticles with a well-controlled stoichiometry will be achieved by using PBA as a precursor. For this, one of the PBA precursors (Co 2+ or Fe 3+ ions) is introduced into the ordered silica network during its formation and the monolith is then impregnated with a solution containing hexacyanometallates, resulting in the formation of PBA particles in a single step. The subsequent transformation of the PBA precursor into oxides and metals follows the same thermal treatment conditions as previously optimized by V. TRANNOY for nanocomposites containing CoCo PBA and CoFe PBA. [58] In addition, a series of nanocomposites will also be prepared by using Co and Fe nitrate salts as precursors, as it is often done in literature to be able to compare the influence of the synthesis pathway on the magnetic properties.

The results are presented in the following four chapters 1. The second chapter concerns the development of silica monolith nanocomposites with a M/Si ratio of 2 mol% (M = Co and/or Fe ions). The nanocomposites are prepared by two different synthesis pathways using either metal nitrate salts or the respective PBA as a precursor and are subsequently treated thermally under oxidizing or reducing atmosphere. The main focus of this chapter is to determine the influence of the synthesis pathway and the treatment atmosphere on the structure, the morphology and the magnetic properties of the nanoparticle assemblies. It is revealed that the systems are more complex than anticipated leading to the development of different approaches depending on the nature of the transition metal ions (presented in chapter 3, 4 and 5).

2. The third chapter focuses on nanocomposites containing Fe ions in the form of the εFe 2 O 3 iron oxide phase. The pure iron based systems being particularly complex, we focused on the ε-Fe 2 O 3 phase known to exhibit a giant coercivity at room temperature.

The influence of the thermal treatment temperature and of the Fe/Si ratio on the microstructure of the nanocomposites, as well as their magnetic properties, are described.

3. The fourth chapter deals with a more detailed analysis of the Co/SiO 2 nanocomposites by UV/Vis and X-ray absorption spectroscopies, which allowed us together with the structural analysis to propose a model for the microstructure of the nanocomposites and a more thorough discussion of the magnetic properties. The syntheses for all nanocomposites discussed in this thesis are presented. The structural and morphological characterizations by X-ray diffraction (XRD) and transmission electron microscopy (TEM) for the nanocomposites derived from the two kind of precursors are presented, as well as a first investigation of their magnetic properties.

Synthesis conditions and observations

The nanocomposites made of ordered mesoporous silica monoliths containing nanoparticles based either on cobalt, on a mixture of iron and cobalt or on iron have been prepared using two synthesis pathways, called PBA and NO 3 synthesis pathway in the following.

For the first one, Prussian blue or its analogues have been used as precursor and for the second one, the corresponding metal nitrate salts have been used. The metal/Si ratios were fixed to 1.7 mol% and 2 mol% for the two pathways, respectively. The detailed synthesis conditions for each synthesis pathway can be found in Annex I (Experimental Procedures).

The sample names of the nanocomposites are composed of the prefix mono indicating the synthesis within a monolith, the abbreviation for the precursor (PB/PBA or NO3), the chemical symbol of the transition metals used (Co or Fe) and a supplement for the performed thermal treatment atmosphere (Ox for an oxidizing and Red for a reducing atmosphere). In case of different annealing temperatures for the same nanocomposite and the same thermal treatment, the value of the treatment temperature is also indicated at the end of the sample name. Furthermore, for the nanocomposites with a varying Co/Fe ratio, the ratio of the Co and Fe hexacyanometallates in percentage is added after the chemical symbols.

Preparation and impregnation of the silica monoliths

Synthesis of the ordered mesoporous silica monolith

The ordered mesoporous silica monolith was prepared by a sol-gel process, as described in references [56] and [81]. In a typical synthesis, the structuring co-polymer P123 is dissolved in TMOS and subsequently an acidified aqueous solution is added. The resulting gel is left ageing and finally the obtained monolith is calcined to remove the co-polymer. This monolith is called Si-mono in the following.

Furthermore, silica monoliths containing Co 2+ or Fe 3+ ions in a M/Si ratio of 1 mol% in the porosity have been synthesized. For their synthesis, the same procedure as for the Si-mono was followed, except that either Co(NO 3 ) 2 • 6 H 2 O or Fe(NO 3 ) 3 • 9 H 2 O were dissolved in the acidified aqueous solution. After calcination, the transition metal ions are grafted onto the surface of the pores. [83] These monoliths are denoted as Co-mono and Fe-mono, respectively.

Impregnation of the silica monolith

PBA synthesis pathway

The the color of the initially white Si-mono became slight pink for monoNO3Co, and increasingly orange-brown with the increasing Fe content for monoNO3CoFe and monoNO3Fe (Table 1).

Thermal treatments under oxidizing atmosphere

For the thermal treatment under oxidizing atmosphere, a heating ramp of 5 °/min and an annealing temperature of 700 °C for 2 hours was used in all cases. The samples obtained under oxidizing atmosphere are monoPBACoCoOx, monoNO3CoOx, monoPBACoFeOx, monoNO3CoFeOx, monoPBFeFeOx, monoNO3FeOx, as well as monoPBACoFe7525Ox, monoPBACoFe5050Ox and monoPBACoFe2575Ox.

After the thermal treatment under oxidizing atmosphere, all Co/SiO 2 and CoFe/SiO 2 nanocomposites present a black color (Figure 25 and Figure 26), which is expected for the formation of Co oxides and CoFe oxides. MonoNO3FeOx presents a brown color, as it is typical for Fe 3+ -containing iron oxides. Surprisingly, monoPBFeFeOx is beige colored (Figure 27) and thus almost completely loses its color after a thermal treatment at 700 °C in air. The behavior of the Fe/SiO 2 nanocomposites after thermal treatment in air thus depends on the synthesis pathway. These color changes are gathered in Table 1. 

Thermal treatments under reducing atmosphere

The nanocomposites were first preoxidized in air at 500 °C, as optimized in a previous work [58], and immediately left cooling down to room temperature once the target temperature was reached. A direct thermal treatment under reducing atmosphere indeed led to the formation of only a low quantity of nanoparticles with a size exceeding the diameter of the pores. [58] The nanocomposites were then thermally treated under reducing atmosphere in 5%H 2 /Ar for 2 hours. In this thesis, the target temperature during the treatment under reducing atmosphere was 700 °C in the case of the Co/SiO 2 nanocomposites, and 600 °C for the CoFe/SiO 2 and Fe/SiO 2 nanocomposites. In addition, a CoFe/SiO 2 nanocomposite was thermally treated at 700 °C. A previous work [58] on the CoFe/SiO 2 showed that the nanoparticles exceed the pore diameter at 700 °C, but are wellconfined at 600 °C; this could allow us to selectively study the influence of the particle size.

These nanocomposites obtained under reducing atmosphere are monoPBACoCoRed, monoNO3CoRed, monoPBAFeFeRed, monoNO3FeRed, monoPBACoFeRed700, monoPBACoFeRed600, monoNO3CoFeRed600, as well as monoPBACoFe7525Red, monoPBACoFe5050Red and monoPBACoFe2575Red.

After the pre-oxidation at 500 °C, the nanocomposites containing either Co ions or Co and Fe ions present a dark color (Figure 28 and Figure 29), whereas the Fe-containing monoliths present a brown color (Figure 30). These color changes are also gathered in Table 2.

In comparison to the colors of the nanocomposites obtained under oxidizing atmosphere (Table 1), the colors after the pre-oxidation suggest the formation of oxides. Surprisingly, if monoPBFeFe is only treated at 500 °C (Figure 30), the monolith is light brown and does not decolor as it was the case at 700 °C (Figure 27). This indicates that at temperatures above 500 °C, the initially formed iron oxide is transformed into another species.

After the thermal treatment under reducing atmosphere, the Co/SiO 2 and CoFe/SiO 2 nanocomposites, mainly present a black or dark color with the exception of monoPBACoCoRed (Table 2). The dark color of the majority of the Co/SiO 2 and CoFe/SiO 2 nanocomposites suggests to the presence of oxides in the nanocomposites due to an incomplete reduction or a possible oxidation of the nanoparticle surface. The blue-grey color of monoPBACoCoRed (Figure 28), different from that of monoNO3CoRed is a first indication that the different synthesis pathways lead to different cobalt species under these conditions.

Both monoNO3FeRed and monoPBFeFeRed present a brown-black color after the treatment in reducing atmosphere (Figure 30). 

Nanocomposites obtained after thermal treatment under oxidizing atmosphere

In a first instance, the nanocomposites obtained after a thermal treatment under oxidizing atmosphere were characterized by XRD and TEM, to get a first insight on the structure of the nanocomposites. Subsequently, the magnetic properties of the nanocomposites are described.

Structural and morphological characterization

Co/SiO 2 nanocomposites

X-ray diffraction

The X-ray diffraction patterns for monoPBACoCoOx and monoNO3CoOx are shown in Figure 31, together with the diffraction lines of Co 3 O 4 from the database (Annex IV, 010741657).

It can be seen that the diffraction peaks show only a low intensity in both cases, but the peaks of monoNO3CoOx are significantly more intense. Furthermore, the diffraction peaks are also strongly broadened in both cases. Nonetheless, we could index all diffraction peaks in the 

Transmission electron microscopy

In Figure 32, the results of the TEM analysis for monoPBACoCoOx and monoNO3CoOx are compared to one another. The TEM images (Figure 32a, b and d) show the hexagonal organization of the silica matrix. The parallel alignment of the porosity can well be seen, especially in Figure 32d. Thus, the thermal treatment at 700 °C does not have an effect on the organization of the porosity. Furthermore, dark areas which can be attributed to the oxide nanoparticles with higher electron density can be observed. This demonstrates that the oxide particles are located in the pores and are framed on two sides by the silica walls.

Concerning the morphology of the formed oxide particles, significant differences between the nanocomposites can be seen. In monoPBACoCoOx (Figure 32a), nanoparticles with a spherical shape are formed; the average particle size is 3.9±0.6 nm and the size distribution is narrow. In the case of monoNO3CoOx, the formation of nanorods along the channels with various lengths (28.1±13.6 nm) up to 49 nm can be seen (Figure 32e; particle size distribution shown in Annex III (Figure A12a)); the average diameter of the particles is 4.7±0.6 nm, with a narrow size distribution. The nanocomposites have also been analyzed using a high resolution (HR) mode; the corresponding images are presented in Figure 33. Both the nanospheres of monoPBACoCoOx (Figure 33a) and the nanorods of monoNO3CoOx (Figure 33b) show one series of lattice planes over the entire particle, which shows the formation of monocrystalline particles. It could be shown that the diameter of the particles in monoPBACoCoOx and monoNO3CoOx is always inferior to the pore size of the silica monoliths (5.5 nm, as determined by N 2 physisorption (Annex II, Instrumentation)). This indicates a successful confinement of the nanoparticles within the silica matrix and a restriction of the particle growth by the silica walls. However, the particle size is different in monoPBACoCoOx and in monoNO3CoOx. Whereas in the former nanocomposite monodisperse spherical particles are evidenced, the latter nanocomposite shows nanorods with various lengths up to 49 nm, possibly formed by the aggregation of several particles. Therefore, the synthesis pathway has a significant influence on the shape and size of the nanoparticles. Furthermore, the amount of dark areas and therefore of oxide nanoparticles, that is to say the overall filling of the mesoporosity, seems to be significantly lower in monoPBACoCoOx than in monoNO3CoOx (Figure 32), even though the molar ratio of Co and Si is similar in both cases. Since monocrystalline elongated particles are formed when using the direct impregnation synthesis pathway whereas smaller monocrystalline spheres form when the PBA synthesis pathway is used, the different intensities and the broadness of the diffraction peaks can be explained by different sizes of the diffracting domains.

Summary for the Co/SiO 2 nanocomposites obtained under oxidizing atmosphere

To sum up, monoPBACoCoOx consists of monocrystalline, spherical Co 3 O 4 nanoparticles with a size of 3.9±0.6 nm and monoNO3CoOx is composed of crystalline, elongated Co 3 O 4 nanoparticles formed along the length of the pores of the silica monolith with a diameter of 4.7±0.6 nm and lengths up to 49 nm (average length 28.1±13.6 nm, Figure A12a).

CoFe/SiO 2 nanocomposites

X-ray diffraction

The X-ray diffraction patterns of monoPBACoFeOx and monoNO3CoFeOx are presented in Figure 34 For monoNO3CoFeOx, the crystallite size could be estimated by the Scherrer equation using the (311) diffraction peak. A crystallite size of 5.2 nm was estimated, which agrees with the diameter of the pores of the silica matrix. For monoPBACoCoOx, an estimation of the particles size was not possible. 

Transmission electron microscopy

The results of the TEM analysis for monoPBACoFeOx are presented in Figure 35. The TEM images (Figure 35a andb) show that the hexagonal organization of the silica matrix is preserved after thermal treatment. These images show some darker spherical areas, which can be attributed to oxide nanoparticles distributed within the matrix. Furthermore, it can be seen that the particles are separated from one another but seem to be aligned in a row along one direction; these rows correspond to the organized porous channels of the silica matrix in which the nanoparticles are embedded. From the particle size distribution (Figure 35c), an average particle size of 3.5±0.7 nm is determined. This value lower than the diameter of the silica pores The results of the TEM investigation of monoNO3CoFeOx are shown in Figure 36. The hexagonal organization of the silica matrix can be well seen in Figure 36b, meaning that the thermal treatment does not affect the organization. It can be seen that the oxide particles are all well confined within the porous channels. They present either a spherical or a more elongated shape. However, it is not evident if these rods are not just made up of individual particles maybe fused together during the thermal treatment. The diameter of the particles is 4.3±0.7 nm, in agreement with the crystallite size determined by XRD, and they present a narrow size distribution, which is in agreement with a control of the particle diameter by the diameter of the silica pores. The size distribution of the rods along the length of the pores is broad, with an average value of 14.6±6.7 nm (Annex III, Figure A12b). Furthermore, the HRTEM image of a nanorod (Figure 36c) shows that it consists of several crystalline domains along the length: inter-planar distances of 2. 

Summary for the CoFe/SiO 2 nanocomposites obtained under oxidizing atmosphere

For the CoFe/SiO 2 nanocomposites obtained under oxidizing atmosphere, the morphology of the nanoparticles is strongly dependent on the synthesis pathway. On the one hand, the PBA synthesis pathway leads to the formation of monocrystalline, spherical CoFe spinel oxide nanoparticles with a narrow size distribution (3.5±0.7 nm) and a homogeneous chemical composition. On the other hand, the NO 3 synthesis pathway results in the formation of spherical or elongated CoFe spinel oxide nanoparticles (particle length: 14.6±6.7 nm), which are polycrystalline possibly due to the aggregation of several particles during the thermal treatment as indicated by the presence of monocrystalline, spherical particles (particle diameter: 4.3±0.7 nm). Moreover, the chemical composition of the particles in monoNO3CoFeOx varies significantly, probably reflecting a phase segregation.

These results signify the interest in the PBA synthesis pathway for the formation of wellcontrolled nanoparticles with a high homogeneity, especially for the preparation of mixed metal oxides. In comparison, the Co/SiO 2 nanocomposites obtained in air only differed in the shape of the nanoparticles when prepared from the NO 3 or PBA synthesis pathway.

Fe/SiO 2 nanocomposites

X-ray diffraction

The X-ray diffraction patterns of monoPBFeFeOx and monoNO3FeOx are shown in Figure 37, together with the diffraction lines of maghemite (γ-Fe 2 O 3 , Annex IV, 00-024-0081) and magnetite (Fe 3 O 4 , Annex IV, 96-900-5840). These references have been chosen, since they present a spinel structure consisting either of only Fe 3+ ions or of a mixture of Fe 2+ and Fe 3+ ions. Also, these phases can frequently be observed for comparable synthesis condition in the literature. [85] It can be noticed that the diffraction patterns of monoPBFeFeOx and monoNO3FeOx are similar. The pattern of monoPBFeFeOx does not present any diffraction peaks allowing to identify one or several crystallized phases. However, on the pattern of monoNO3FeOx, the (311) and (440) diffraction lines of maghemite might be present: around the position of these diffraction lines, very broadened peaks with a very low intensity seem to emerge from the baseline. Nevertheless, the XRD analysis does not allow to show the presence of iron containing crystallized phases. This can be explained by several reasons: i) the particles are too small to be detected by XRD and/or ii) the particles are amorphous/low crystalline.

Transmission electron microscopy

Representative TEM images as well as the particle size distributions for monoPBFeFeOx and monoNO3FeOx are shown in Figure 38. The hexagonal organization of the silica matrix, as well as the porous channels, can be well seen even after the thermal treatment for both samples.

In monoPBFeFeOx, some of the pores in the honeycomb structure of the ordered silica monolith (Figure 38a) are filled with dark spots assigned to the iron oxide nanoparticles. This suggests a good confinement of the particles within the porosity of the silica matrix. The average particle size of these spherical particles is 4.1±1.0 nm, which is in agreement with the pore diameter. Due to the low contrast between the iron oxide particles and the silica matrix, it was not possible to obtain a HR-image and the crystallinity of the particles could not be evidenced. A possible explanation is also that the particles are not crystalline, which would agree with the lack of diffraction peaks in the diffraction pattern (see Figure 37). The TEM image of monoNO3FeOx (Figure 38c) shows the parallel organization of the pores and dark areas assigned to the iron oxide nanoparticles confined within the pores. These particles present a spherical shape and are either isolated or in close contact, causing in the latter case the partial formation of nanorods along the length of the pores. The average diameter of the nanoparticles is 4.3±0.7 nm. The size distribution is narrow and in good agreement with the pore size of the silica matrix.

The HR-TEM image and the electron diffraction pattern of monoNO3FeOx are shown in Figure 39. A family of lattice planes is hardly visible within the nanoparticle but an interreticular distance of 2.48 Å can be measured; this distance can be attributed to the (311) family of lattice planes of maghemite (d = 2.52 Å). In addition, the electron diffraction pattern (Figure 39b) shows diffraction rings with low intensity from which two inter-planar distances (2.52 Å and 1.50 Å) can be determined; these values can be attributed to the (311) and (440) families of lattice planes of maghemite. This strongly suggests the formation of maghemite nanoparticles within the porosity. A similar study by CANNAS et al. [85], who analyzed the behavior of iron oxide particles dispersed in a silica matrix, concluded that amorphous Fe 2 O 3

particles are formed at low treatment temperatures (< 700 °C) and that the crystallinity of these It could be shown that the nanoparticles in monoPBFeFeOx and monoNO3FeOx have a similar size. Their size agrees well with the diameter of the silica pores, suggesting a good confinement of the particles. However, the nanocomposites show significant differences in their crystallinity: the particles in monoPBFeFeOx are low-crystalline or amorphous, while in monoNO3FeOx they are partially crystalline. This is also in agreement with the XRD data and the absence of diffraction peaks for monoPBFeFeOx. For monoNO3FeOx, the low intensity of the diffraction peaks can be assigned to the small particle size.

Summary for the Fe/SiO 2 nanocomposites obtained under oxidizing atmosphere

For the Fe/SiO 2 nanocomposites, the synthesis pathway plays a significant role for the preparation of iron oxides. Whereas Prussian blue leads to the formation of low-crystalline or amorphous particles with a size of 4.1±1.0 nm, Fe(NO 3 ) 3 results in the formation of maghemite nanoparticles with a size of 4.3±0.7 nm.

In comparison to the Co/SiO 2 and CoFe/SiO 2 nanocomposites obtained under oxidizing atmosphere, in the Fe/SiO 2 nanocomposites, not only the shape of the particles is dependent on the synthesis pathway but also their degree of crystallinity.

Magnetic properties of nanocomposites obtained under oxidizing atmosphere

For the measurement of the magnetic properties, the nanocomposite was finely ground and the powder pressed into a pellet at 2 tons. The given magnetic values always refer to the magnetization per gram of nanocomposite.

Co/SiO 2 nanocomposites

The ZFC-FC magnetization curves of monoNO3CoOx and monoPBACoCoOx over the Bulk Co 3 O 4 is an antiferromagnet with a Néel temperature T N = 33 K, but it is reported that the transition temperature can decrease down to 4 K in nanoparticles with a size of 9 nm. [86] A magnetic behavior similar to that of the bulk Co 3 O 4 could be observed in nanocasted Co 3 O 4 nanowires with lengths up to 100 nm and a diameter of 8 nm, which have been prepared in an ordered silica matrix; their ZFC curve shows a maximum at T = 30 K. [48] However, it has to be mentioned that the nanowires were removed from the silica matrix prior to the magnetic analysis. In another study by DUTTA et al. [87] comparing the magnetic properties of bulk Co 3 O 4 (1 -2 µm) and nanoparticles with a size of 17 nm, the FC and ZFC magnetization curves both show a maximum at T N and irreversibility between the two curves arising from the collective magnetic behavior.

The magnetic behavior of monoPBACoCoOx and monoNO3CoOx differs significantly In conclusion, monoNO3CoOx is made of antiferromagnetic Co species, whereas monoPBACoCoOx presents a mainly paramagnetic behavior. This magnetic data gives rise to new questions concerning the microstructure and chemical composition of the nanocomposites.

CoFe/SiO 2 nanocomposites

The ZFC-FC magnetization curves of monoPBACoFeOx and monoNO3CoFeOx are shown in Figure 42. The magnetization curves of the two nanocomposites differ significantly from one another. The overall magnetization over the studied temperature range is much lower in monoPBACoFeOx than in monoNO3CoFeOx, especially at low temperatures. For both nanocomposites, an irreversibility of the FC and ZFC magnetization curves is observed, but the maximum of the ZFC curve is different: in monoNO3CoFeOx, it is located around 155 K (Figure 42c), whereas in monoPBACoFeOx, the maximum is above 400 K (Figure 42b). In a size-dependent study of CoFe 2 O 4 nanoparticles, a similar trend of the ZFC and FC magnetization in the case of 4 nm spherical particles with a maximum of the ZFC curve at 160 K was reported. [88] The authors assigned the peak-like feature in the ZFC curve to a typical superparamagnetic behavior or a superspin glass like state.

Moreover, the broadness of the ZFC peak also strongly differs in the two nanocomposites. The broadening of the peak in the ZFC magnetization curve reflects a distribution of the energy barriers of the relaxation of magnetization and depends on several parameters (particles size distribution, magnetic anisotropy distribution, strength distribution of interparticle interactions…). From the structural investigation of monoNO3CoFeOx, a heterogeneous composition with varying particle sizes and chemical compositions was revealed. This heterogeneity of the structure probably results in the broadening of the ZFC maximum. On the other hand, for monoPBACoFeOx, a homogeneous composition was found during the structural characterization. The chemical composition of the nanoparticles is more homogenous and the size distribution is also narrower, in respect to monoNO3CoFeOx. Thus, it is surprising to see a larger broadening of the ZFC maximum in monoPBACoFeOx.

Furthermore, monoPBACoFeOx presents an increase of the magnetization at low temperatures under FC and ZFC conditions, suggesting a paramagnetic behavior, which cannot be evidenced in monoNO3CoFeOx. A similar magnetic behavior at low temperatures could be observed in the case of CoFe 2 O 4 nanoparticle assemblies embedded in a silica matrix. [89] It was reported that this paramagnetic behavior at low temperatures can be attributed to the reduced particles size and the resulting surface species. Another study on CoFe/Al 2 O 3 assigned this paramagnetic behavior at low temperatures to atomically small clusters.[90] The magnetic field dependences of monoPBACoFeOx and monoNO3CoFeOx measured at 300 K and 5 K are presented in Figure 43, and the magnetic values extracted from the curves are summarized in Table 3. The magnetization of monoNO3CoFeOx shows a magnetic hysteresis at 5K with a coercive field of almost 10000 Oe, whereas the loop is closed at 300 K. The field dependent magnetic behavior of monoNO3CoFeOx thus agrees well with the results derived from the M-T curves. At 300 K, above the blocking or freezing temperature (T max = 155 K), the oxide nanoparticles are mostly superparamagnetic, whereas at 5 K, the hard magnetic behavior of the cobalt ferrite dominates. For monoPBACoFeOx, a hysteretic behavior can be evidenced both at 300 K and at 5 K, with a higher value of the coercive field at 5 K. This is in agreement with the broad ZFC peak and a collective behavior up to 300 K.

With increasing temperature, the unblocking temperature of some of the magnetic moments is reached, resulting in a decrease of both the remanence and the coercive field. In conclusion, monoNO3CoFeOx presents the typical magnetic behavior already reported for comparable nanoparticle assemblies, whereas monoPBACoFeOx presents a surprising magnetic behavior with a very large distribution of energy barriers of the relaxation of magnetization. These results are indeed surprising since monoPBACoFeOx contains an assembly of more homogenous nanoparticles (in regards to their chemical composition, particle size and shape) with respect to monoNO3CoFeOx. Furthermore, the detection of paramagnetic species at low temperatures in monoPBACoFeOx raises again the question about the actual microstructure of the nanocomposites.

Fe/SiO 2 nanocomposites

The ZFC-FC magnetization curves of monoPBFeFeOx and monoNO3FeOx are shown in Figure 44. The shape of the magnetization curves of the two nanocomposites differs significantly from one another. In monoNO3FeOx, an irreversibility of the FC and ZFC curves at low temperatures can be seen, with the maximum of the ZFC magnetization around 33 K.

This maximum can either be assigned to a superparamagnetic behavior with a blocking temperature of 33 K or to a superspin glass behavior with a freezing temperature of 33 K, as it has been observed in other maghemite systems [91]. Moreover, the maximum of the ZFC curve is narrow. This is in agreement with the structural characterization indicating the formation of The magnetic behavior of monoNO3FeOx was further analyzed by a frequency dependent AC study in the 10 -120 K temperature range. The in-phase (χ') and out-of-phase (χ'') components of the AC susceptibility present a frequency dependence (Figure 45). The temperature dependence of the relaxation time of the magnetization determined from the inphase susceptibility has been fitted with an Arrhenius law (Annex II, Equation A6), resulting in physically reasonable values (τ 0 = 6.9•10 -12 s, E A /k B = 912.3 K). The attempt time τ 0 lies in the expected range from 10 -8 to 10 -12 s. [9] This indicates the presence of non-interacting superparamagnetic nanoparticles in monoNO3FeOx. Another parameter to characterize nanoparticle assemblies, is the Mydosh parameter Φ, which is defined as Φ = (ΔT max / T max )/Δlog f, with T max the temperature at the maximum for one frequency f. A value of Φ = 0.18 can be found; this confirms the non-interacting character of superparamagnetic nanoparticle assemblies, which is expected for Φ > 0.1. [10] The maghemite nanoparticles formed in the pores in monoNO3FeOx are thus behaving as a classical superparamagnet with a blocking temperature of 33 K. The magnetic field dependence of monoPBFeFeOx and monoNO3FeOx at 5 K are presented in Figure 46. In monoPBFeFeOx, no hysteresis can be evidenced. This confirms, together with the shape of the curve, the mainly paramagnetic behavior of this nanocomposite.

On the other hand, monoNO3FeOx shows a hysteresis of 1130 Oe at 5 K, in agreement with a superparamagnetic behavior with a blocking temperature of 33 K. In summary, monoPBFeFeOx behaves as a paramagnet and monoNO3FeOx as a superparamagnet.

Conclusion on the nanocomposites resulting from an oxidizing treatment

It could be shown, that the ordered porosity of the silica monolith is preserved after a thermal treatment in air. In nearly all nanocomposites, the transition metal ions form the cubic spinel oxide crystal structure. Only exception to this rule is monoPBFeFeOx, for which the used analytical methods do not allow an identification of the iron oxide phase. This can be understood by the fact that cobalt is a simple system: only one thermodynamically stable oxide phase exists (Co 3 O 4 ), which could also be clearly evidenced here. However, for Fe, several iron oxide polymorphs exist, resulting in a more complex system. This complexity of the Fe systems could also be responsible for the chemical and structural variations in monoNO3CoFeOx.

Nonetheless, for the CoFe/SiO 2 nanocomposites, it was also possible to prepare nanoparticles with an interesting, homogeneous chemical composition, which was controlled by using the PBA synthesis pathway.

Concerning the shape of the resulting nanoparticles, some differences between the NO 3 synthesis pathway and the PBA synthesis pathway can be evidenced. The PBA or PB precursors always lead to the formation of spherical nanoparticles embedded in the pores of the ordered silica monolith. In contrast, the nitrate salts rather cause the formation of either spherical or elongated/aggregated nanoparticles along the length of the porous channels.

The analysis of the magnetic properties is surprising. In all cases, the nanocomposites obtained from the nitrate salt pathway (monoNO3CoOx, monoNO3CoFeOx and monoNO3FeOx) exhibit properties as described in the literature for Co, CoFe and Fe oxide nanoparticles embedded in a silica matrix. Their magnetic behavior can be explained as that of an assembly of magnetic nanoparticles depending on several parameters intrinsic to the nanoparticles (e.g. chemical composition, particle size and shape) or inherent to the assembly of nanoparticles (e.g. distribution in shape, size and chemical composition, spatial organization of the nanoparticles). Contrary to expectations, the properties of the nanocomposites obtained from the PBA synthesis pathway are significantly different. MonoPBACoCoOx and monoPBFeFeOx exhibit a paramagnetic behavior. For monoPBACoFeOx, the magnetic behavior is even more complex with a paramagnetic contribution evidenced at low temperatures and an irreversibility of the ZFC and FC magnetization up to 400 K.

The structural and magnetic characterizations of the nanocomposites obtained after a thermal treatment under oxidizing atmosphere show that the synthesis pathway plays a significant role and significantly influences the final properties. All our observations indicate that the use of PBA as a precursor gives rise to complex magnetic behaviors, despite the apparent better homogeneity of the nanoparticle assemblies, which raises new questions about these systems (which will be further discussed in chapter 4 and 5, respectively).
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Nanocomposites obtained after thermal treatment under reducing atmosphere

This section is divided into two parts: in the first one, the structure of the nanocomposites obtained after a thermal treatment under reducing atmosphere is characterized by XRD and TEM. The second part focuses on the magnetic properties.

Structural and morphological characterization

Co/SiO 2 nanocomposites

X-ray diffraction

The X-ray diffraction patterns of monoPBACoCoRed and monoNO3CoRed are shown in Figure 47, together with the diffraction lines of face-centered cubic Co (Annex IV, 010894307).

The diffraction peaks only show a low intensity. For monoNO3CoRed, three diffraction lines are clearly visible, whereas for monoPBACoCoRed only one diffraction peak at 44.9 °2θ can be seen. Nonetheless, both nanocomposites can be indexed in the Fm3 m space group, with lattice parameters of 3.55±0.02 Å. This is in agreement with the formation of the facecentered cubic (fcc) phase of metallic cobalt (a = 3.54 Å).

The average crystallite size of the particles was estimated from the peaks width of the (110) diffraction peak by the Scherrer formula. A crystallite size of 7.6 nm in monoNO3CoRed and 31.6 nm in monoPBACoCoRed were estimated. For monoNO3CoRed, the crystallite size is close to the one of the silica pore diameter, but the result for monoPBACoCoRed is surprising, since this estimated crystallite size significantly exceeds the pore diameter. However, the low intensity of the peaks indicates a low quantity of the crystalline phase inside the silica matrix. The XRD study shows that both synthesis pathways result in the formation of metallic cobalt nanoparticles with a fcc crystal structure. Nevertheless, the degree of crystallinity, the size and/or the amount of the metallic phase seem to differ from one Co/SiO 2 nanocomposite to the other. The parallel channels of the ordered structure of the mesoporosity of the silica matrix are visible for both nanocomposites (Figure 48b ande) showing that the successive thermal treatments did not significantly modify the porous organization. The dark spots on the images can be attributed to the metallic cobalt nanoparticles formed within the silica matrix. The images in Figure 48a and d present a general overview of the nanocomposites. In both nanocomposites, it can be seen that the nanoparticles are distributed all over the silica matrix and they are mainly located within the porous channels. However, it can be particularly seen in Figure 48e that particles in monoNO3CoRed have partially grown into the silica walls.

Transmission electron microscopy

Furthermore, the morphology of the particles is the same regardless of the synthesis pathway, since only spherical particles can be found, but their size is different from one compound to the other. The particle size distributions for monoPBACoCoRed and monoNO3CoRed are shown in Figure 48c and f, respectively. For the nanoparticles formed in monoPBACoCoRed, the average particle size is 3.5±0.7 nm. The size distribution is narrow and the average particles size is smaller than the diameter of the pores. In monoNO3CoRed, the average particle (6.1±1.5 nm) is slightly larger than the pore diameter but close to the size of the pores of the silica matrix, which can be explained by the fact that some nanoparticles have pushed into the silica walls. Nevertheless, the distribution of the particle size is still narrow.

Effect of the Precursor

With respect to the crystallite size estimated from the X-ray diffraction patterns, the values are in good agreement for monoNO3CoRed, but not for monoPBACoCoRed.

However, the nanoparticles are all confined within the silica pores and no particles on the outside of the porosity could be detected, which would have explained the significantly bigger particle size estimated from the XRD data. Regardless of the employed synthesis pathway, spherical monocrystalline nanoparticles with a narrow size distribution are formed within the hexagonally ordered pores of the silica matrix. The main difference between the two synthetic pathways is the size of the nanoparticles formed and perhaps also their amount. In monoPBACoCoRed, the number of dark spots visible on the TEM images seems indeed to be smaller, but this can be due to the smaller particle size.

Summary for the Co/SiO 2 nanocomposites obtained under reducing atmosphere

Both, monoPBACoCoRed and monoNO3CoRed consist of spherical nanoparticles with a fcc Co crystal structure. The main difference in between the two synthesis pathways is the size of the nanoparticles (6.1±1.5 nm in monoNO3CoRed and 3.5±0.7 nm in monoPBACoCoRed), as well as the quantity of the nanoparticles within the silica matrix.

CoFe/SiO 2 nanocomposites

X-ray diffraction

The X-ray diffraction patterns of monoPBACoFeRed700, monoPBACoFeRed600 and monoNO3CoFeRed600 are shown in Figure 50, where they are compared to the diffraction lines of the bcc CoFe alloy (Annex IV, 00-044-1433) and the monoxides CoO (Annex IV, 030652902) and FeO (Annex IV, 01-074-1884).

The diffraction pattern of monoPBACoFeRed700 presents three diffraction peaks, whereas the diffraction pattern of monoPBACoFeRed600 only shows one low-intense diffraction peak. In both cases, these peaks can be indexed in the Pm3 m space group with a lattice parameter of 2.85±0.02 Å, showing the formation of the bcc CoFe alloy. Furthermore, it can be seen that the intensity of the diffraction peaks is increasing with the increase of the treatment temperature and that they are narrow. This evolution could be due to an increase of the crystallinity or of the size of the particles with an increase of the temperature. From the (110) diffraction peaks, the crystallite sizes of 53.5 nm for monoPBACoFeRed700 and 29.9 nm for monoPBACoFeRed600 were estimated by the Scherrer formula. However, these sizes significantly exceed the pore diameter of the silica matrix. Such narrow peaks were already observed on the XRD pattern of monoPBACoCoRed.

In the diffraction pattern of monoNO3CoFeRed600, multiple broad diffraction peaks can be seen. The peaks around 44.8° and 65.4° 2θ can be indexed in the Pm3 m space group and can be attributed to the (110) and ( 200) diffraction line of the bcc CoFe alloy. A crystallite size of 9.2 nm for the bcc CoFe phase was estimated by the Scherrer formula using the (110) diffraction line. The other peaks around 42.3° and 61.4° 2θ can be indexed in the Fm3m space group. These peaks can be attributed to the (200) and (220) diffraction lines of the monoxides CoO and FeO, with a lattice parameter of 4.25±0.02 Å. However, the position of the diffraction peaks of FeO and CoO, as well as their lattice parameters, are very similar and a clear identification of which monoxide is formed is not possible. Furthermore, it can be seen that the diffraction peaks are broadened, which was not the case in monoPBACoFeRed600 and monoPBACoFeRed700. A possible explanation is the small crystallite size or the possible presence of nanoparticles with varying Co/Fe ratios and therefore different lattice parameters. Therefore, both synthesis pathways lead to the formation of the bcc CoFe alloy. In the case of monoNO3CoFeRed600, monoxides (CoO and/or FeO) are also present in the nanocomposite. This can be due to a not completed reduction or a reoxidation of the nanoparticles in air, resulting in a possible phase separation. For monoPBACoFeRed600 and monoPBACoFeRed700, the presence of monoxides was not detectable by X-ray diffraction.

Transmission electron microscopy

The analysis by TEM of monoPBACoFeRed700 is presented in Figure 51. The image (a)

shows that the silica matrix is organized in parallel pores filled with darker spots, corresponding to the formed alloy nanoparticles. The particles are spherical but their size distribution is broadened. The average particle size of the nanoparticles is 5.3±2.1 nm; this size is close to the diameter of the pores. However, the size distribution suggests that the confinement effect on the CoFe alloy particles is less effective at a thermal treatment temperature of 700 °C. Since Representative TEM images and the size distribution of monoPBACoFeRed600 are presented in Figure 52. The parallel organization of the silica monolith can be well seen in the images. The thermal treatments do not have an effect on the organization of the pores of the silica monolith. Within the porosity, darker spots can be seen, corresponding to the formed CoFe alloy nanoparticles. The particles are spherical and they are distributed heterogeneously within the matrix. Some areas are densely filled as in Figure 52b whereas others only contain some isolated particles. The average size of these particles is 3.3±0.6 nm. Their size is smaller than the diameter of the silica pores and the size distribution is narrow. Also, no particles with a bigger size on the outside of the porosity could be evidenced, which would have explained the estimated large particle size determined from the XRD. The chemical composition of several regions of the nanocomposite was determined by EDS. The Co/Fe ratio is always around 1.5, which agrees with the Co/Fe ratio given in the PBA precursor Co 4 [Fe(CN) 6 ] 2.7 . This suggests the formation of nanoparticles with a homogeneous chemical composition. The HR-TEM images of monoPBACoFeRed700, monoPBACoFeRed600 and monoNO3CoFeRed600 are presented in Figure 54. All images show one particle and the presence of at least one set of lattice planes spreading over the entire particle. Therefore, both synthesis pathways lead to the formation of monocrystalline nanoparticles. The inter-reticular distances are 2.0 Å in the case of the particles in monoPBACoFeRed600 and monoPBACoFeRed700, and 1.96 Å in the case of the particle in monoNO3CoFeRed600.

These distances can be attributed to the (110) family of lattice planes of the metallic bcc CoFe alloy. This confirms the results deduced from the X-ray diffraction patterns and the formation of the CoFe alloy with a bcc crystal structure. 

Summary for the CoFe/SiO 2 nanocomposites obtained under reducing atmosphere

The formation of the bcc CoFe alloy could be shown for all nanocomposites. In addition, the XRD pattern of monoNO3CoFeRed600 shows the presence of the CoO and/or FeO monoxides. The nanoparticles exhibit a spherical shape, a particle size in agreement with the diameter of the pores and a narrow size distribution (4.9±0.9 nm for monoNO3CoFeRed600 and 3.3±0.6 nm for monoPBACoFeRed600). The only exception is monoPBACoFeRed700, in which the average particle diameter agrees with the pore diameter but the size distribution is broadened (5.3±2.1 nm). The main difference between the synthesis pathways is the presence of additional monoxides in monoNO3CoFeRed600.

In comparison to monoPBACoFeRed700, a thermal treatment temperature at 600 °C results in nanoparticles which are better confined in the porosity with a narrow size distribution. This is in agreement with the previous study [58] and represent an opportunity to selectively study the influence of the particle size on the magnetic properties while the chemical composition, the shape and the organization of the nanoparticles is maintained.

Fe/SiO 2 nanocomposites

X-ray diffraction

The X-ray diffraction patterns of monoPBFeFeRed and monoNO3FeRed are presented in Figure 55, together with the diffraction lines of metallic iron with a bcc structure (Annex IV, 96-900-6604) and the monoxide FeO (Annex IV, 01-074-1884).

The diffraction patterns of monoPBFeFeRed and monoNO3FeRed display no clear diffraction peaks. The apparent peaks that can be seen in the diffraction patterns can all be assigned to silica measured on the polymer support (Annex II, Figure A8). Several hypotheses can explain the absence of any diffraction peaks: i) no particles are formed during the thermal treatment, ii) the formed particles are too small to be detected by X-ray diffraction or iii) the particles are amorphous. Since a Cu radiation source is used, it is also possible that the diffraction signal is reduced due to the occurrence of fluorescence processes in the iron atoms.

[92] 

Transmission electron microscopy

Due to the 2020 pandemic and the resulting work conditions, it was not possible to complete the analysis of monoPBFeFeRed by TEM. Therefore, only the results for monoNO3FeRed are presented in Figure 56.

Representative TEM images are presented in Figure 56a andb. The parallel alignment of the ordered porosity of the silica matrix is still visible. The pores are filled with dark spots, which can be attributed to the formed nanoparticles in the porosity of the silica monolith.

These particles exhibit a spherical or elliptic shape with an average particle diameter of 4.3±0.9 nm. The HR-TEM image (Figure 56d) shows a monocrystalline particle with visible lattice planes having a spacing distance of 2.03 Å; this distance can be attributed to either the 

Summary for the Fe/SiO 2 nanocomposites obtained under reducing atmosphere

It was not possible to identify the crystalline phases in monoPBFeFeRed and monoNO3FeRed by XRD. Moreover, the TEM analysis of monoNO3FeRed revealed the formation of crystalline nanoparticles with spherical or elongated shapes. However, due to the similarity of the distances of the lattice planes in the different iron containing phases, it was not possible to propose a chemical composition.

Due to this complex chemical composition of monoPBFeFeRed and monoNO3FeRed, it can be assumed that the magnetic behavior of these nanocomposites is also going to be highly complex. Therefore, the magnetic properties are not presented in the following section.

Nonetheless, the magnetic field dependence and the ZFC-FC magnetization curves were measured and are included in Annex III (Figures A13 andA14). A collective magnetic behavior can be evidenced for monoNO3FeRed with an opening of a hysteresis cycle at 5 K and 300 K, whereas in monoPBFeFeRed the collective behavior is less pronounced and the nanocomposite presents a more paramagnetic behavior.

Magnetic properties of the nanocomposites obtained under reducing atmosphere Co/SiO 2 nanocomposites

The ZFC-FC magnetization curves of monoPBACoCoRed and monoNO3CoRed are presented in Figure 57. Significant differences in the value of the magnetization can be seen, with the FC magnetization of monoNO3CoRed significantly higher than the one of monoPBACoCoRed over the whole temperature range. Despite the differences in the values of the magnetization, the ZFC-FC magnetization curves of both nanocomposites present some similarities. In both cases, an irreversibility between the FC and ZFC curves and a maximum of the ZFC curve above 400 K can be seen. This shape is typical for an assembly of magnetic nanoparticles. Moreover, in both monoNO3CoRed and monoPBACoCoRed, the peak in the ZFC magnetization curve is strongly broadened, indicating the presence of a wide range of energy barriers of the relaxation of magnetization.

MonoPBACoCoRed presents another difference with respect to monoNO3CoRed. At low temperatures, both the FC and the ZFC magnetization of monoPBACoCoRed increase, indicating a paramagnetic behavior. This behavior could arise from the presence of similar Co species as in monoPBACoCoOx. The FC magnetization also remains constant at high temperatures until the paramagnetic contribution dominates at low temperatures. This suggests that the magnetic moments of the metallic Co nanoparticles in monoPBACoCoRed remain blocked, maybe due to strong interparticle interactions within the nanoparticle assembly over the entire studied temperature range. [47] The structural investigation revealed that spherical Co nanoparticles with a narrow size distribution were formed in both nanocomposites. From the XRD and TEM data, the main difference between monoNO3CoRed and monoPBACoCoRed is the size of the nanoparticles (6.1±1.5 nm and 3.5±0.7 nm, respectively) and a possible different spatial organization of the nanoparticles. However, these differences in size and organization do not allow us to satisfactorily explain the different magnetic behaviors. Moreover, in the TEM images (Figure 48)

it appeared as if a reduced number of nanoparticles is formed in monoPBACoCoRed, which might explain the significant differences in the magnetization values. From the results of a chemical analysis of the PBA nanocomposites, it is known that all Co 2+ ions react and transform into PBA. [83] Therefore, the quantity of Co in the nanoparticles should indeed be similar in the two synthesis pathways, unless another Co species is formed during the thermal decomposition of the PBA particles. However, further investigations of the synthesis pathways are required to determine the actual microstructure. The magnetic field dependence of the magnetization measured at 300 K and 5 K for monoPBACoCoRed and monoNO3CoRed are presented in Figure 58, and the extracted values of the coercive field and remanent magnetization are summarized in Table 4. For monoNO3CoRed, the saturation magnetization at 300 K and 5 K is similar but the coercive field decreases with increasing temperature. This can be explained by a continuous unblocking of the magnetic moments with increasing temperature. In the case of monoPBACoCoRed, the coercive fields do not strongly differ at low and ambient temperatures. This is related to the strong interparticle interactions, as indicated by the constant FC magnetization. However, the magnetization at 50000 Oe is significantly higher at 5 K than at 300 K, which is due to the significant paramagnetic contribution in monoPBACoCoRed, for which the magnetization becomes very weak at 300 K. Again, these significant differences in the magnetic behaviors are surprising since the microstructures that could be proposed from the XRD and TEM investigations are quite close in the two nanocomposites. 

CoFe/SiO 2 nanocomposites

The ZFC-FC magnetization curves of monoPBACoFeRed600 and monoNO3CoFeRed600 are shown in Figure 59. A prominent difference between the two nanocomposites is again the significant higher magnetization value of monoNO3CoFeRed600 over the entire studied temperature range in comparison to monoPBACoFeRed600. Both nanocomposites show an irreversibility of the FC and ZFC magnetization. These magnetic curves represent the expected magnetic shape for an assembly of magnetic nanoparticles. The 2.3 Effect of the Precursor -Reducing Atmosphere 73 ZFC maximum is located at 120 K for monoNO3CoFeRed600 and above 400 K for monoPBACoFeRed600. In addition, the ZFC peak is strongly broadened in both samples, indicating the presence of a wide range of energy barriers of the relaxation of magnetization.

The ZFC-FC magnetization curves for monoPBACoFeRed600 present the same shape as monoPBACoCoRed, including the contribution of paramagnetic species at low temperatures and the possible interparticle interactions. In the case of monoPBACoFeRed700

(Annex III, Figure A15), the shape of the ZFC and FC magnetization curves are similar to the one of monoPBACoFeRed600. However, under FC conditions, the magnetization is not constant as in monoPBACoFeRed600 but rather increases with decreasing temperature. This suggests that the particle size and its distribution influence the magnetic properties of the nanoparticle assembly. In conclusion, the magnetic study suggests that monoNO3CoFeRed600, monoPBACoFeRed600 and monoPBACoFeRed700 are composed of interacting magnetic nanoparticles, while monoPBACoFeRed600 and monoPBACoFeRed700 also contain paramagnetic species. As for the Co/SiO 2 nanocomposites obtained under reducing atmosphere, this again raises the question about the actual microstructure of the nanocomposites. The comparison of monoPBACoFeRed600 and monoPBACoFeRed700, in which only the particle size of the alloy nanoparticles differs (due to the variation of the thermal treatment temperature), revealed the significant influence of the particle size on the magnetic behavior.

Conclusion on the nanocomposites resulting from a reducing treatment

It could be shown that the ordered porosity of the silica monolith is preserved after a thermal treatment under reducing atmosphere for all nanocomposites.

Regarding the morphology and crystallographic structure of the nanoparticles, monoPBACoCoRed, monoNO3CoRed, monoPBACoFeRed700, monoPBACoFeRed600 as well as monoNO3CoFeRed600 present spherical nanoparticles embedded in the ordered porosity of the silica monolith. Either the fcc Co metal or bcc CoFe alloy crystal structure was formed. In monoNO3CoFeRed600, the additional formation of monoxides could be evidenced. The magnetic measurements have shown that the magnetic properties significantly depend on the synthesis pathway, as well as on the particle size as shown by the comparison of monoPBACoFeRed600 and monoPBACoFeRed700. The nanocomposites derived from the PBA synthesis pathway present a collective magnetic behavior as well as a paramagnetic contribution evidenced at low temperatures. On the contrary, the nanocomposites derived from the NO 3 synthesis pathway exhibit a magnetic behavior typical for nanoparticle assemblies.

In contrast, a clear identification of the crystallographic phases present in monoPBFeFeRed and monoNO3FeRed was not possible, neither by XRD nor TEM.

Furthermore, the nanoparticles in monoNO3FeRed are rather elliptic than spherical. Resulting from the complex chemical composition, complex magnetic behaviors are anticipated and indeed observed (Annex III, Figure A13 andA14). Moreover, it can be noticed that a paramagnetic contribution can be detected at low temperatures in monoPBFeFeRed.

Conclusion 76

Conclusion

This chapter has shown the successful incorporation of different types of nanoparticles consisting of cobalt and/or iron oxides or metals/alloys into the pores of an ordered silica monolith. The crystallographic structure is not affected by the choice of precursor: the metal nitrate salts as well as PBA always lead to the formation of oxides with a spinel structure after a thermal treatment in air, and to the formation of metals or alloys with either a fcc or bcc structure under reducing atmosphere. The nanoparticles are all well confined in the pores with a narrow size distribution. However, in the case of the NO 3 synthesis pathway, during the thermal treatment in air, nanorods along the pore channels are formed with various length up to 49 nm. Interestingly, in the case of the CoFe/SiO 2 nanocomposites, the PBA synthesis pathway allows the synthesis of monocrystalline nanospheres with a controlled chemical composition, whereas the NO 3 synthesis pathway leads to the formation of polycrystalline nanorods with various chemical compositions. These structural and morphological differences arising from the different synthesis pathways, lead to significant different magnetic behaviors.

All nanocomposites derived from a PBA precursor exhibit a paramagnetic contribution that can be detected at low temperatures. In contrast, the nanocomposites derived from metal nitrates present a magnetic behavior expected for nanoparticle assemblies and comparable to other comparable compounds already reported in the literature. These differences are surprising, since the thermal treatment conditions, the initial M/Si molar ratio as well as the crystallographic phase are always the same for each nanocomposite regardless of the precursor. However, it is possible that the Co and Fe ions are distributed among different species (e.g. paramagnetic ones) after the thermal treatment, resulting in discrepancies in the final oxide/Si or alloy/Si ratio in the two synthesis pathways.

In conclusion, the choice of the precursor in the development of new nanocomposite materials cannot be neglected, since the structural and magnetic properties of the resulting nanoparticle assemblies are strongly dependent on it. To understand the differences in the magnetic properties of the Co/SiO 2 and CoFe/SiO 2 nanocomposites, further structural and magnetic characterizations were performed. These results are presented in chapter 4 for the Co/SiO 2 nanocomposites and in chapter 5 for the CoFe/SiO 2 nanocomposites.

The Fe/SiO 2 nanocomposites, with exception of monoNO3FeOx, all present a complex structural and magnetic behavior. Therefore, for the subsequent study, only one iron oxide phase (ε-Fe 2 O 3 ) with interesting magnetic properties was chosen. Its synthesis within the silica porosity derived from the NO 3 synthesis pathway is presented in chapter 3.

The previous chapter revealed that the Fe/SiO 2 nanocomposites present a complex behavior, which can be explained by the number and the complexity of the possible iron oxide phases and polymorphs. Therefore, we decided to focus on one phase, namely ε-Fe 2 O 3 , due to its magnetic properties, as well as on the NO 3 synthesis pathway since it is the most appropriate synthesis pathway to form this iron oxide phase. The ε-Fe 2 O 3 phase is obtained in particular conditions since it is the intermediate between the maghemite and hematite phases. [96] For a better understanding of these different iron oxide phases and their magnetic behaviors, the Fe 2 O 3 systems are briefly reviewed in a first instance before presenting our results on the εFe 2 O 3 phase.

Iron(III) oxides

Iron(III) oxide (Fe 2 O 3 ) can crystallize in several polymorphs with a particular crystal structure, causing each polymorph to exhibit unique magnetic properties. In the context of this thesis, the focus will be on the following three polymorphs: hematite (α-Fe 2 O 3 ), maghemite (γFe 2 O 3 ) and ε-Fe 2 O 3 . For the sake of completeness, it has to be mentioned that besides the three already mentioned iron(III) oxide polymorphs, the rare β-Fe 2 O 3 polymorph also exists.

Hematite (α-Fe 2 O 3 )

The thermodynamically stable polymorph is hematite (α-Fe 2 O 3 ). It crystallizes within the The most remarkable magnetic property of hematite is the Morin transition around the spins along the z-axis. But above this transition temperature, the spins are aligned almost perpendicular to the z-axis (remaining spin canting of 5° of the two magnetic sublattices) and hematite acts as a weak ferromagnet (or canted antiferromagnet); it transforms into a paramagnet at its Néel temperature T N = 950 K. [97,98] The Morin transition is caused by competing effects having comparable magnitudes: the magnetocrystalline anisotropy and the long range dipolar anisotropy. The overall anisotropy changes sign at the transition temperature and causes the spin reorientation. [99,100] Furthermore, the Morin temperature can vary depending if the magnetization is measured during warming or cooling, causing a thermal hysteresis. [99] Finally, the temperature of the magnetic phase transition is also dependent on the particle size and decreases with decreasing particle size, and can no longer be observed below a particle size of 10 nm. Due to its spinel structure, maghemite possesses two magnetic sublattices, resulting in a ferrimagnetic order. Above its Curie temperature of 928 K, [102] it transforms into a paramagnet. Maghemite has attracted attention due to its superparamagnetic behavior at room temperature in nanoparticles with a size below 10 nm. This nanosized maghemite has already been used in several fields, including magneto-optical devices, information storage, magnetic fluids as well as in biomedical applications. [97,103,104] 

Epsilon iron oxide (ε-Fe 2 O 3 )

Historical background and crystal structure

In 1963, SCHRADER and BÜTTNER [105] have identified a new iron oxide phase during the synthesis of iron oxides in an electric arc discharge. The XRD analysis enabled to identify reflections of maghemite and hematite but also additional diffraction peaks. They were attributed to a new monoclinic phase, named ε-Fe 2 O 3 . This new iron oxide phase, still being poorly crystallized, was described to possess an antiferromagnetic behavior with a Néel temperature T N = 480 K and to transform into hematite at 1040 °C. [106] In 1998, TRONC et al. [96] reported that the metastable maghemite phase transforms directly into hematite when in powder form upon heating, whereas a dispersion within silica allows the appearance of the ε-Fe 2 O 3 phase. They synthesized a silica nanocomposite consisting of 80% of ε-Fe 2 O 3 with a particle size of 30 nm by treating maghemite nanoparticles embedded in a silica matrix at 1400 °C. They showed that, due to the dispersion and stabilization of the maghemite particles within a silica matrix, they are stable up to 1000 °C and that ε- 

Formation conditions

Several studies [102,108,109] have shown that when formed within a silica matrix, the size of Fe 2 O 3 particles is increasing as the annealing temperature is increased, accompanied by the transformation of maghemite into ε-Fe 2 O 3 and finally into hematite. Furthermore, not only the treatment temperature influences the transformation of one polymorph into another one, but the annealing time also plays a significant role. If the iron oxide nanocomposite is kept at high temperatures for an extensive period of time, the formed ε-Fe 2 O 3 nanoparticles will eventually transform into hematite. [110] Finally, the iron content present inside the silica matrix influences the formation and stability of the ε-Fe 2 O 3 phase. For the spatial stabilization of εFe 2 O 3 , it is thus important to limit the agglomeration of the iron containing particles within the silica channels. [111,112] At last, the formation of the ε-Fe 2 O 3 phase has been directly connected to the free energy G/V per unit of volume for the three polymorphs and d the particle diameter. [113] Figure 64 shows that the G/V curves intersect when different conditions are fulfilled and give rise to a d-dependent appearance of the ε-Fe 2 O 3 phase. Typically, the reaction kinetics need to be fast or the volume available for the particle growth needs to be limited to fulfil the conditions.[112] 

Magnetism

The ε-Fe 2 O 3 phase presents a ferrimagnetic order with a Curie temperature T C = 480 K and is known for its giant coercivity at room temperature, with values up to H C ≈ 20 kOe. [115] Another typical magnetic characteristic of ε-Fe 2 O 3 is the magnetic transition between 150 K and 80 K, similar to the one observed in the case of hematite (Morin transition at 260 K). During this second order phase transition, the collinear ferrimagnetic order (> 150 K) changes to a squarewave incommensurate magnetic order while the magnetic anisotropy decreases gradually. [107] The origin of this transition has been studied by X-ray magnetic circular dichroism (XMCD) at the Fe L 2,3 edge by TSENG et al. [116]. They showed that, during the magnetic transition, the orbital moment of Fe decreases. This causes a reduction of the spinorbit coupling, inducing a collapse of the magnetocrystalline anisotropy as well as the coercivity associated with significant changes in the Fe-O bond distances.

Furthermore, it could be shown that the magnetic properties themselves are directly influenced by the particle size. OHKOSHI et al. [117] have evidenced a correlation between the particle size and the resulting coercive field H C . With increasing particle size, H C steadily increases up to H C ≈ 20 kOe. In this context, it also has to be mentioned that ε-Fe 2 O 3 nanoparticles below 7.5 nm act as superparamagnets. [117] Due to its unique magnetic properties as well as a ferroelectric behavior, [118,119] εFe 2 O 3 is a possible candidate for magnetic recording and information storage. Applications in the biomedical field such as magnetic resonance imaging can also be envisioned. [120] Moreover, εFe 2 O 3 is of interest since it is a rare-earth free hard magnet presenting high coercivities. Typically, Nd, Sm, Pt or Pd are used for hard magnets, but they present high environmental costs or are precious and thus cannot be used in large magnets. [121] 

Synthesis

Since the ε-Fe 2 O 3 polymorph is an intermediate structure, the obtained synthesis product is often contaminated with maghemite and/or hematite. Therefore, the research in the past years focused on the elaboration of silica composites with a high quantity of ε-Fe 2 O 3 to study the dependencies of its formation and to understand its unique magnetic properties.

Several methods have been used for the synthesis of ε-Fe 2 O 3 , among which the sol-gel synthesis route [110,112,[122][123][124][125][126] or the combination of the sol-gel route with the reversemicelle method [121,127,128] are the most popular. Other methods that have been used

include the impregnation of silica with a more or less concentrated solution containing the iron oxide precursor [52,111,120,[129][130][131][132][133][134][135], the coating of iron oxide (FeO, Fe 3 O 4 or maghemite)

particles with a silica shell [136][137][138], and the chemical vapor or pulsed laser deposition [118,139,140]. Not only the synthesis method but also the choice of the iron precursor has a direct impact on the degree of formation of the ε-Fe 2 O 3 phase. [122] Typically, iron nitrate [110,112,120,[124][125][126]141], iron sulfate [102,111,[129][130][131][132][133] or maghemite nanoparticles [96,109,136] are used in the various different methods.

So far, the ε-Fe 2 O 3 containing products are mostly obtained as silica powders, which are stabilizing the iron oxide nanoparticles, but it is also possible to synthesize thin films based on ε-Fe 2 O 3 [118,119,140,[142][143][144][145] or to densify the powder to obtain a bulk iron oxide silica composite [121].

Synthesis of the nanocomposites

As mentioned above, it can be challenging to obtain the ε-Fe 2 O 3 phase in its pure form because it is a metastable phase which forms during the transformation of maghemite into the thermodynamically stable hematite phase. Therefore, the development of the optimal synthesis conditions to favor the formation of only the kinetic product is essential. Two series have been studied: the first one analyzes the effect of the thermal treatment temperature, and the second one studies the effect of the Fe/Si ratio on the formation of the ε-Fe 2 O 3 phase.
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All samples have been prepared by the NO 3 synthesis pathway. The detailed synthesis conditions of the nanocomposites and the hematite and maghemite references can be found in Annex I. For the preparation of the nanocomposites, Si-mono was impregnated with different Fe/Si molar ratios using Fe(NO 3 ) 3 • 9 H 2 O. To study the effect of the treatment temperature, the dried nanocomposites with a Fe/Si ratio of 10 mol% were thermally treated up to a final temperature ranging from 700 to 1300 °C. These samples are denoted as EFeX,

where the X corresponds to the used thermal treatment temperature (in °C). For the second series, the effect of the Fe/Si ratio was analyzed. The nanocomposites with a Fe/Si ratio of 5, 10 and 20 mol% were thermally treated at 1100 °C. The samples are denoted as EFe5%, EFe10% and EFe20%. All nanocomposites present a dark brown color after the thermal treatment, as exemplarily shown for EFe1100 in Figure 65. It has to be noted that for the two samples EFe1200 and EFe1300, a different oven needed to be used to achieve the desired treatment temperatures, causing the heating time to be significantly decreased in comparison to the treatments at lower temperatures. The times needed to reach the target temperatures are summarized in Table A1 (Annex I). Furthermore, it could be seen that the monoliths EFe1200 and EFe1300 also significantly shrank to 60 -70%

of their original size during the thermal treatment. For the monoliths obtained at temperatures below 1200 °C, the size of the monolith did not significantly decrease.

Effect of the thermal treatment temperature on the formation of ε-Fe 2 O 3

This section describes the characterization of the nanocomposites obtained for different temperatures of thermal treatment. The samples were thoroughly characterized by XRD, TEM and Fe K-edge XAS to determine the best conditions for the formation of the ε-Fe 2 O 3 phase. This study allowed identifying the most interesting samples, for which the magnetic properties are then described.

Structural and morphological characterization X-ray diffraction

As already mentioned in the introduction, a differentiation of the different polymorphs by XRD is difficult, since several diffraction lines are similar for the different structures.

Nevertheless, each polymorph has a diffraction signature, namely a peak existing only for this phase and which allows to identify its existence in the nanocomposite even when the peaks are broadened. For maghemite, it is the most intense (311) Bragg reflection at 35.6° 2θ, for hematite the (012) diffraction line at 24.2° 2θ, and for ε-Fe 2 O 3 the double peak at 60.2° and 60.9° 2θ, corresponding to the (053) and (205) diffraction lines, respectively.

In a first instance, an overview of the X-ray diffraction pattern of EFe700, EFe800, EFe900, EFe1000, EFe1100, EFe1200 and EFe1300 is presented in Figure 66 before discussing some groups of patterns in a more detailed way.

Overview of the diffraction patterns

All diffraction patterns show a broad peak around 22.0° 2θ, which corresponds to the amorphous mesoporous silica matrix in which the nanoparticles are embedded. The intensity of the reflections corresponding to ε-Fe 2 O 3 (marked with the grey lines) increases with an increasing thermal treatment temperature up to EFe1200. The first Bragg reflections of the εFe 2 O 3 phase can clearly be identified for EFe900. At the thermal treatment temperature of 1300 °C, several significant changes can be seen. The peaks corresponding to cristobalite SiO 2

(marked with □) can be observed, in accord with literature for a silica/Fe 2 O 3 nanocomposite treated at 1300 °C. [136] Associated to the cristobalite formation, new peaks (marked with *) appear; they can be attributed to hematite, since its characteristic (012) reflection at 24.1° 2θ is observed. The diffraction peaks of the ε-Fe 2 O 3 phase are also still visible in EFe1300, however we will not further describe this nanocomposite in more detail below. The evolution with temperature of the diffraction signature of each phase clearly shows that the ε-Fe 2 O 3 phase is predominant between a thermal treatment temperature of 900 °C and 1200 °C and the hematite phase forms at 1300 °C. Considering the literature, it can be assumed that below 900 °C, maghemite is formed as the predominant phase. Therefore, this first overview enables to separate the diffraction patterns into two groups, depending on the dominant phase (maghemite or ε-Fe 2 O 3 ).

Nanocomposites rich in maghemite

Since the diffraction patterns of EFe700 and EFe800 show only low intensity broad peaks in comparison to the other samples (Figure 66), only these diffraction patterns are shown in Figure 67. We can see that for both nanocomposites, the peaks are broadened and with a low intensity. The visible peaks correspond to the most intense (311) and (440) reflections for maghemite (Annex IV, 00-024-0081), as expected since maghemite is the low-temperature metastable polymorph. an overall increase of the intensity and a narrowing of all the characteristic ε-Fe 2 O 3 peaks. This evolution can be attributed to i) an increasing quantity of the epsilon iron oxide phase within the silica matrix, ii) an increase of the particle size and/or iii) a higher crystallinity. The particle size of the iron oxide species inside the ordered mesoporous silica were estimated with the help of the Scherrer formula for EFe900, EFe1000, EFe1100 and EFe1200 from the (122) εFe 2 O 3 diffraction line at 32.8° 2θ. A crystallite size of 7.2 nm, 8.8 nm, 12.7 nm and 20.6 nm, respectively, is obtained. So the narrowing and intensifying of the diffraction peaks can be assigned to an increase of the particle size when the treatment temperature increases. We must notice that the crystallite size exceeds the pore diameter that is 5.5 nm for all nanocomposites;

this suggests that the nanoparticles expand through the silica walls over multiple porous channels at high treatment temperatures. These values are in good agreement with those reported in the literature [96,114], confirming the formation of ε-Fe 2 O 3 in the nanocomposites.

Summary

From the XRD study, it can be concluded that ε-Fe 2 O 3 is the main iron oxide phase when the treatment temperature lies in the 900 -1200 °C range. However, due to the small particle size and the dilution in the silica matrix, the presence of remaining maghemite nanoparticles cannot be excluded. Since the ε-Fe 2 O 3 particles consist of bigger diffraction domains (evidenced by the intense and narrow diffraction peaks) and the 2θ position is similar for the ε-Fe 2 O 3 and maghemite phases, the reflections of ε-Fe 2 O 3 indeed prevent the identification of an underlying signal originating from residual maghemite particles.

Transmission electron microscopy

All the nanocomposites were analyzed by TEM in order to visualize the nanoparticles and the structuration of the silica matrix, as well as their evolution with an increase of the thermal treatment temperature.

Overview over the entire series

The TEM images of the entire series of EFe700 up to EFe1300 are presented in Figure 69.

According to their electron densities, the iron oxide particles appear as darker areas inserted within brighter zones corresponding to the silica matrix.

First and foremost, it can be seen that the iron oxide particles within the matrix become more visible with increasing thermal treatment temperature due to an apparent increase in their size. Furthermore, up to EFe1100 (Figure 69e), an apparent organization of the nanoparticles can be seen, which either corresponds to a memory of the pore organization or indicates that the porosity remains intact and withstands undergoing a densification process during the high temperature treatment. However, for EFe1200 and EFe1300 (Figure 69f and g), the porosity is no longer visible and the formed particles are rather separated from one another by a continuous matrix. This is in agreement with the significant shrinkage of the monolith observed during the thermal treatment at 1200 °C and 1300 °C. The maximal treatment temperature to be used, while keeping all other thermal treatment parameters the same, is thus 1100 °C if the porosity and so an organization of the nanoparticles is to be kept intact.

The particle distribution within the silica matrix is similar in all the synthesized nanocomposites and can be related to the impregnation process and the diffusion of the aqueous solution inside the pore system. Overall, the particles are well distributed all over the silica matrix and no particles could be found on the outside of the pore system, indicating a good confinement within the mesoporosity. 

First stage: Retention of the organized mesoporosity

Representative images of EFe700 and EFe800 with a larger magnification are shown in Figure 70.

It can be seen that the single nanoparticles are quasi-spherical and are organized in chains along the porous channels. The nanoparticles in EFe700 have a size of 4.3±0.7 nm (Figure 70c) and the ones in EFe800 are 5.3±0.8 nm (Figure 70e). The diameter of the nanoparticles is thus around 5 nm, in agreement with the silica pore size. Therefore, at 700 °C and 800 °C, the porous structure of the silica monolith is not affected by the thermal treatment and is able to confine and restrict the growth of the iron oxide nanoparticles. Furthermore, in the HRTEM images (Figure 70d andf), lattice planes spreading over the whole nanoparticle's volume are visible, indicating that the formed nanoparticles are monocrystalline. However, an accurate assignment to a specific iron oxide phase is not readily possible due to the strong similarity of the crystal structures and thereby similar lattice plane distances. 

Second stage: Softening of the silica matrix

Figure 71 show the representative TEM images of EFe900, EFe1000 and EFe1100.

As for EFe700 and EFe800, the iron oxide nanoparticles are quasi-spherical and aligned along the pore channels. But, the further the thermal treatment temperature is increased, the more the particles in the chains separate from one another while increasing in size. Their growth is no longer limited by the silica walls and they are able to expand over more than one of the parallel aligned pore channels. This can be explained by the fact that at higher temperatures (T > 1000 °C), the silica becomes soft and therefore the growing nanoparticles are able to increase in size over multiple pore channels. [102] Concerning their size and size distribution (Figure 71d, f and h), a trend depending on the treatment temperature can be seen. The size distribution of EFe900 (Figure 71d) is broader than for EFe700 and EFe800 but still narrow with a particle size of 6.2±1.0 nm, meaning that surrounding silica matrix still manages to confine the particles. However, once the silica begins to soften (≥ 1000 °C), the particles are able to expand, by passing through the walls and reaching a size of 8.4±2.6 nm in the case of EFe1000 and 10.3±3.6 nm for EFe1100. So an increase of the treatment temperature leads to an increase of the particle size, but also to a broadening particle size distribution. Interestingly, even though the particle size is overall increasing, some small particles always remain even at high thermal treatment temperatures, indicating a heterogeneous growth and/or a ripening process accompanied by the growth of the bigger particles to the detriment of the smaller ones. Furthermore, since the formation of the ε-Fe 2 O 3 phase is directly linked to the particle size, [108] the presence of small particles might be related 

Third stage: Densification of the silica matrix

The TEM images of EFe1200 (Figure 72a) shows that after the thermal treatment at 1200 °C, the porosity of the mesoporous silica monolith is completely lost, leading to a dense and isotropic silica matrix. The nanoparticles are dispersed within the matrix and no specific organization reminiscent of the ordered porosity before the thermal treatment can be observed. The particle size continues to increase, with an average size centered at 16.5±6.2 nm and a wide size distribution. On the HR-TEM image (Figure 72c) several lattice planes can be identified, showing a high monocrystallinity of the nanoparticles. The analysis of the corresponding Fourier transform (Figure 72d), enabled the determination of several lattice plane distances, which could all be assigned to the ε-Fe 2 O 3 phase. The TEM analysis concludes with the particular case of EFe1300, whose diffraction pattern revealed the presence of cristobalite SiO 2 and hematite. The images in Figure 73a andb show the total loss of the ordered mesoporosity, as it was already the case for EFe1200. Big crystals corresponding to cristobalite can also be evidenced (Figure 73b), which confirms the crystallization of the silica matrix into the cristobalite phase, as observed by XRD (Figure 66).

An average particle size of 28.4±9.2 nm with a broad size distribution is obtained (Figure 73c).

Finally, the HR-TEM image in Figure 73d shows the high monocrystallinity of the formed iron oxide particles. However, not enough different lattice planes could be observed to assign them to one of the iron oxide phases. 

Summary

In conclusion, the morphological analysis by TEM of the EFe700 to EFe1300 series revealed an increase of the particle size when the treatment temperature is increased. The average particle size is in agreement with the crystallite sizes estimated from XRD (Figure 74).

All the nanoparticles are monocrystalline. Regarding the particle size, it could also be seen that the particle size distribution continuously broadens with the increase of the thermal treatment temperature. A closer look at the dependence of the average particle size on the thermal treatment temperature (Figure 74) reveals a linear dependence at low temperatures and another one at high temperatures. The discontinuity of this linear behavior occurs at 1100 °C, indicating significant changes in the properties of the nanocomposites. 

Fe K-edge X-ray absorption spectroscopy

XRD and TEM have shown that ε-Fe 2 O 3 can be formed with the appropriate thermal treatment temperature, but that the possible co-existence of different iron oxide polymorphs cannot be excluded. Therefore, EFe900, EFe1000, EFe1100, EFe1200 and EFe1300 were investigated by Fe K-edge X-ray absorption spectroscopy (XAS); the experiments were performed on the SAMBA beamline (SOLEIL, Gif-sur-Yvette, France). [146,147] Fe K-edge XAS is indeed sensitive to the electronic structure of Fe and to its local environment. [148] So we undertook a fingerprint analysis of the spectra of these five nanocomposites using hematite and maghemite as references. The synthesis of these references is described in Annex I (p. 184 -185). The X-ray absorption near edge structure (XANES) spectra are displayed in Figure 75.

The spectrum of the hematite reference presents two well-defined features in the white line, at 7130.0 eV and 7134.0 eV. The pre-edge region (Figure 75b) is also characterized by two peaks, at 7113.5 eV and 7115.0 eV. The spectrum of the maghemite reference presents a broad white line maximum at 7133.0 eV. Two features can be identified in the pre-edge (Figure 75b):

a main peak at 7115.0 eV and a shoulder at lower energy. Since the Fe ions are present only in the +III oxidation state, these differences between hematite and maghemite reflect a different local environment around the Fe ions.

The spectra of EFe900, EFe1000, EFe1100 and EFe1200 present similar spectral features, with the white line maximum located at the same energy for the four nanocomposites (7133.0 eV). Their pre-edge is also identical, with only one broad peak at 7114.5 eV. The spectrum of EFe1300 is clearly different: it presents an absorption maximum at 7134.0 eV and a well-marked shoulder located at 7130.0 eV. Its pre-edge is also different, with a main peak at The amount of hematite has been quantified in EFe1300 by linear combination of reference spectra: the spectrum of hematite is combined in variable percentages with the spectrum of EFe1100, for which no spectral features of hematite can be evidenced. The best agreement between the linear combination and the experimental spectrum of EFe1300 is obtained for 70%±5% of hematite and 30%±5% of EFe1100 (Figure 76). The high quantity of hematite present in EFe1300 is in agreement with the XRD data and its expected formation given the high temperature of the thermal treatment. To get more information on the ε-Fe 2 O 3 nanocomposites (EFe900, EFe1000, EFe1100

and EFe1200), they have been further analyzed by high-energy resolution fluorescence detected (HERFD) XAS on the FAME-UHD beamline (ESRF, Grenoble, France). [149] Through the use of a crystal analyzer spectrometer, HERFD-XAS indeed allows to get better resolved spectra in the XANES region. [150] The XANES spectra of EFe900, EFe1000 and EFe1100 as well as those of the two Fe 2 O 3 references (maghemite and hematite) are shown in Figure 77.

As in the classical transmission mode on SAMBA, the HERFD-XANES spectra of EFe900, EFe1000 and EFe1100 resemble more the spectrum of maghemite and not the one of hematite. In the pre-edge region (Figure 77b), the spectrum of the three nanocomposites mainly exhibits one peak at 7114.0 eV, with the same intensity. This confirms that EFe900, EFe1000 and EFe1100 have the same local symmetry of Fe ions. However, the spectra of the nanocomposites present a more marked spectral feature in the edge rising at 7124.0 eV. This confirms that these nanocomposites are mainly made of another phase than maghemite.

However, the information obtained from the study at UHD-FAME are not enough for a quantification of the different phases in the nanocomposites. Nevertheless, these HERFD-XAS spectra could potentially be used as an experimental reference for a theoretical determination of the spectra by calculations based on the density functional theory (DFT), which could bring the missing information. To summarize, the XAS analysis showed that EFe900, EFe1000, EFe1100 and EFe1200 consist mainly of the ε-Fe 2 O 3 phase. The presence of maghemite as a minor phase could not yet be excluded. We are only able to exclude the presence of hematite since it begins to form at a thermal treatment temperature of 1300 °C. In the case of EFe1300, we could unambiguously show that it consists of 70% hematite and 30% ε-Fe 2 O 3 . All these observations are in agreement with XRD. For a more detailed identification of the different iron oxide phases present in each nanocomposite, it would be interesting to perform a characterization by Mössbauer spectroscopy.

Magnetic properties

Since we are interested in the specific magnetic properties of the ε-Fe 2 O 3 phase, we focused the magnetic study on the nanocomposites containing this phase, i.e. EFe900, EFe1000, EFe1100 and EFe1200. We also investigated EFe1300, since it still contains ε-Fe 2 O 3 as a minor phase. Prior to the magnetic measurements, the nanocomposites were ground into a powder and pressed into a pellet at 2 tons.

The ε-Fe 2 O 3 phase presents a magnetic transition between 80 and 150 K and a high coercive field dependent on the particle size is expected at room temperature. Below a particle size of 7.5 nm, a superparamagnetic behavior of the epsilon iron oxide phase is also predicted. [117] Temperature-dependent magnetic measurements

The ZFC-FC magnetization curves for EFe900 to EFe1300 are shown in Figure 78, which clearly shows that the treatment temperature strongly modifies the magnetic behavior. The ZFC-FC magnetization curves of EFe900 (Figure 78a) shows the characteristic profile for an assembly of superparamagnetic nanoparticles with a maximum in the ZFC curve at 49±2 K.

When increasing the thermal treatment temperature, the typical characteristic magnetic transition of the ε-Fe 2 O 3 phase centered around 100 K starts to develop. In EFe1000, both the maximum in the ZFC (T max = 44±2 K) and the magnetic transition starts to be visible. The magnetic transition is strongly pronounced in EFe1100 and in EFe1200, as shown by the sudden and strong variation of the magnetization around 100 K. EFe1100 also still shows a maximum in the ZFC curve but at lower temperatures (T max = 28±2 K). In EFe1200, the maximum in the ZFC in the 30 -40 K range can no longer be seen and only the transition between the low and high temperature magnetic phase of ε-Fe 2 O 3 can be observed. Finally, EFe1300 still presents the magnetic transition around 100 K, but with a much lower magnitude.

It can also be observed that the maximal value of magnetization increases with the increasing thermal treatment temperature up to EFe1200 and then significantly decreases for EFe1300. Depending on the shape of the magnetization curves, the nanocomposites can be separated into three categories. EFe900 and EFe1000 do not present the typical magnetization curves of the ε-Fe 2 O 3 phase in the form of nanoparticles of sufficient size, and EFe1100 and EFe1200 presenting the typical magnetic features of the ε-Fe 2 O 3 phase. This classification can be connected to the dependence of the particle size on the treatment temperature. Figure 74 revealed a strong increase of the nanoparticle size beginning at 1100 °C, resulting in the switch from a mainly superparamagnetic to a ferrimagnetic behavior. Furthermore, for EFe1100 and EFe1200, it could be shown that they mainly consist of the ε-Fe 2 O 3 phase and only differ in their particle size distribution. Hence, it is not surprising that their magnetic response is also similar. Finally, the observations for EFe1300 are consistent with the presence of ε-Fe 2 O 3 only as a minor phase. Despite being the major phase in EFe1300, the expected Morin transition for hematite (at T = 260 K [98]) cannot be evidenced. One can suppose that the size of these hematite nanoparticles is still too small to present the Morin transition, as it is the case for particles in the range of 20 -40 nm. [111] Field-dependent magnetic measurements

The magnetic field dependence of the magnetization at 300 K is displayed in Figure 79 for EFe900, EFe1000, EFe1100, EFe1200 and EFe1300. The extracted values of the coercive field (H C ) are summarized in Table 6.

It can be seen that the values of the coercive field and the magnetization at 50000 Oe are steadily increasing from EFe900 to EFe1200, but decreases for EFe1300. The null coercive field for EFe900 confirms the expected superparamagnetic behavior of the particles, since their average size is only 6.2±1 nm. The increasing opening of the hysteresis cycle with the increase in the thermal treatment temperature can be assigned to an evolution of the magnetic properties of the ε-Fe 2 O 3 nanoparticles. The H C value decreases for EFe1300, due to the partial transformation of ε-Fe 2 O 3 into hematite at 1300 °C.

Figure 80 presents the dependence of the coercive field at 300 K on the average particle size determined by TEM. This shows that for ε-Fe 2 O 3 the value of H C of the ε-Fe 2 O 3 phase directly depends on the nanoparticle size. It can be seen that the coercive field begins to increase for particle sizes between 6 -8 nm, which is in good agreement with the calculated value for the superparamagnetic particle size limit (7.5 nm) reported by OHKOSHI et al. [117]. In the following, this value for the superparamagnetic limit will be considered for the further discussion of the magnetic properties. In addition to a non-zero coercive field, EFe1100, EFe1200 and EFe1300 show a necking around 0 Oe, which we propose to assign to the presence of different magnetic fractions (superparamagnetic fraction of nanoparticles with a size below 7.5 nm and a ferrimagnetic fraction). To confirm this hypothesis, we now compare the derivatives of the magnetization at 300 K (Figure 81). The different magnetic fractions can indeed be well separated from one another by the position of the dM/dH maximum. For EFe900 and EFe1000, the dM/dH curves mainly present a maximum centered at 0 Oe, indicating a predominant superparamagnetic behavior. For EFe1100 and EFe1200, in addition to the peak at 0 Oe, the dM/dH curves present two symmetric peaks around ±17500 Oe, corresponding to the reorientation of the magnetization of the ε-Fe 2 O 3 phase in nanoparticles of sufficiently large size. However, for EFe1300, the peak at 0 Oe increases to a maximal value in this series, while the intensity of the two symmetric peaks decreases. The peak at 0 Oe indicates the formation of a new magnetic species, identified as hematite following the XRD and XAS results, and the remaining presence of the two symmetric peaks shows the contribution of ε-Fe 2 O 3 as a minor phase, also in agreement with the XAS analysis. In summary, the derivatives of the magnetic field dependence reveal the presence of two distinct populations of nanoparticles: i) superparamagnetic Fe 2 O 3 nanoparticles with a particle size below 7.5 nm, for which the magnetization flips as soon as the magnetic field changes sign, and ii) ferrimagnetic ε-Fe 2 O 3 nanoparticles with a particle size above 7.5 nm for which the magnetization changes sign at a magnetic field of H = 17500 Oe. Therefore, the increase of the coercive field is not directly a result of the progressive increase of the average particle size but rather depends on the ε-Fe 2 O 3 nanoparticles with a size above 7.5 nm Quantity of Fe 2 O 3 Nanoparticles ratio. The more εFe 2 O 3 particles of sufficient size are present in the nanocomposite, the more the contribution of the hard magnetic ε-Fe 2 O 3 phase with a high coercive field (H C = 17500 Oe) dominates the magnetic properties.

Effect of the thermal treatment temperature on the magnetic properties

In all the samples that have been treated above 1000 °C, the co-existence of a superparamagnetic fraction and a ferrimagnetic one could be observed, which is in accord with the broadened particle size distribution and the remaining fraction of particles smaller than . The linear relation of the coercive field and the average particle size, enabled to confirm the superparamagnetic limit for particle sizes below 7.5 nm. To conclude, this study could show that the thermal treatment temperature governs the particle size and size distribution, which at the same time govern the magnetic properties.

Effect of the Fe/Si ratio on the formation of ε-Fe 2 O 3

We have just shown that the magnetic properties of the desired ε-Fe 2 O 3 phase are linked to the particle size and size distributions, which is also directly linked to the temperature of the thermal treatment. However, the resulting particle size should also be connected to the available amount of iron ions in the matrix. So we now investigate the effect of the Fe/Si ratio.

In this section, EFe5% and EFe20% are presented with respect to EFe10%. It is to be noted that EFe10% is identical to EFe1100 of the previous section.

Structural and morphological characterization X-ray diffraction

The X-ray diffraction patterns for the diluted EFe5% and the enriched EFe20% 

Transmission electron microscopy

XRD and XAS have shown that the macroscopic and local structure of the three nanocomposites do not show significant differences. The particle distribution in the pores as well as the actual particle size and iron quantity were studied by electron microscopy. The TEM images and particles size distribution are displayed in Figure 84.

The ordered mesoporosity of the silica monolith is visible in all samples. Only quasispherical crystalline particles, which extend over multiple pore channels, can be visualized. The particle size distributions are similar for the three nanocomposites: the majority of the particles shows a size in the 5 -15 nm range, and some (about 2%) larger particle with a size between 20 -25 nm can be found. The average particle sizes are 9.9±2.7 nm for EFe5%, 10.3±3.6 nm for EFe10% and 11.9±3.3 nm for EFe20%; this is in agreement with the crystallite size determined from XRD. So an increasing quantity of the iron nitrate precursor inside the porosity, leads to particles with slightly increasing size but a close size distribution. The actual Fe/Si ratio was verified by a SEM instrumentation equipped with a EDS system, resulting in semi-quantitative results. For each nanocomposite three measurements have been averaged and the results are presented in Table 7. The values do not correspond to the theoretically expected ratios but the Fe/Si ratio increases as planned. For EFe5% and EFe10%, the actual ratio is close to the intended ones. The significant deviation for EFe20% can possibly be explained by the fact that the prepared Fe(NO 3 ) 3 solution was more viscous than the solutions with the lower concentrations, which could have hindered the impregnation process. However, no precipitation of Fe 2 O 3 particles on the outside of the porosity could be observed. 

Sample Atomic ratio

Fe/Si EFe5% 6% EFe10% 9% EFe20% 15%

An apparent linear relation between the average particle size and the actual Fe/Si ratio can be evidenced, as shown in Figure 85. This suggests that the control of the Fe/Si ratio in the impregnation solution allows to some extent the control of the particle size, which is a critical parameter for the control of the magnetic properties. However, it has to be noted that the average particle sizes vary over the 10 -12 nm range and that the variation is indeed small. This observed trend can be related to the fact that the thermal treatment temperature, which controls the confinement effect of the silica matrix, is the same for these nanocomposites, resulting in a very similar average particle size and particle size distribution. The differences thus have to be assigned to experimental variations from one synthesis to another. Hence, the Fe/Si ratio rather influences the quantity of formed nanoparticles than the size of the particles. 

Magnetic properties

The ZFC-FC magnetization curves for EFe5%, EFe10% and EFe20% are shown in Figure 86. First, for all nanocomposites, the characteristic drop of the ZFC-FC magnetization curves associated with the magnetic transition between 150 and 80 K is observed, confirming the formation of ε-Fe 2 O 3 particles in the pores. A maximum in the ZFC curve is also visible at T max = 28±2 K, suggesting the presence of an assembly of superparamagnetic nanoparticles. This is in agreement with the size distribution (Figure 84), which showed the presence of particles with a size below 7.5 nm. Furthermore, the magnetization increases as the iron content of the nanocomposite increases from EFe5% to EFe20%, while the shape of the magnetization curve remains similar. The structural characterization of the nanocomposites showed that their structure and particle size are similar. Therefore, this increase of the magnetization is most likely due to a higher number of magnetic iron oxide particles with comparable particle sizes present inside the pores. BARICK et al. [125] prepared comparable nanocomposites with a molar 3.4 ε-Fe 2 O 3 -Effect of the Fe/Si Ratio 108 ratio of Fe(NO 3 ) 3 /TMOS of 5, 10 and 20% treated at 1000 °C for 2 hours. They showed that the maximal magnetization (M max ) is increasing when the concentration of Fe 3+ is increased, being related to the total volume of the ε-Fe 2 O 3 magnetic phase within the silica matrix. [125] Nevertheless, they also showed an increase of the particle size, but the size distribution was strongly broadened (20 -80 nm) and at a Fe/Si ratio of 20%, the particle size decreased to the 10 -30 nm range due to an increase of nucleation sites. [125] In our nanocomposites, due to the use of ordered silica, the particle size is well controlled in the 10 -12 nm range. Hence, this confirms our hypothesis that the magnetization value depends on the quantity of nanoparticles, as also evidenced by the EDS analysis (Table 7). The magnetic field dependence of the magnetization has also been collected at 300 K (Figure 87a). All curves display an open hysteresis cycle. It can be seen that with an increase in the Fe/Si ratio in the nanocomposites, the magnetization at 50000 Oe, as well as the opening of the cycle is increasing. All cycles show a necking of the curve around H = 0 Oe, which is indicative for the presence of multiple magnetic species in the nanocomposites. Figure 87b presents the derivatives of the magnetization for EFe5%, EFe10% and EFe20% and a contribution around H = 0 Oe is visible for the three nanocomposites. Following our observations in section 3.3.2, we attribute it to superparamagnetic particles with a particle size below 7.5 nm. The symmetric contribution at a value of H = ±17500 Oe can be assigned to the ferrimagnetic ε-Fe 2 O 3 nanoparticles. The extracted values for the coercive field at 300 K are summarized in Table 8. H C is increasing at 300 K when the Fe/Si ratio is increased. Even though, the particle size and the local structure EFe5%, EFe10% and EFe20% are close (respectively 9.9 nm, 10.3 nm and 11.9 nm), an influence on the magnetic behavior can nevertheless be evidenced. An increase in the volume of the ferrimagnetic phase, as given by the ε-Fe 2 O 3 nanoparticles with a size above 7.5 nm Quantity of Fe 2 O 3 Nanoparticles ratio, as well as interparticle interactions resulting in a stronger collective behavior, could be responsible for the increase of the coercive field. 

Comparison of the effect of the Fe/Si ratio to the one of the thermal treatment temperature

It could be shown that within the Fe/Si ratio range studied, the Fe/Si ratio does not have an effect on the crystallographic structure. Regardless of the Fe/Si ratio employed, the ε-Fe The dependence of the coercive field at 300 K for all nanocomposites containing mainly ε-Fe 2 O 3 nanoparticles on the average particle size reveals a linear relation (Figure 88). It can be seen that H C is increasing when the particle size is increasing. This trend shows the connection between the magnetic properties and the particle size distribution, which can be influenced by the thermal treatment temperature as well as the Fe/Si ratio. 

Magnetic properties of a piece of monolith

So far in this chapter, the nanocomposites were only characterized in powder form.

However, since silica monoliths are used for the synthesis, it is also interesting to study the magnetic properties of a piece of monolith and the effect of the macroscopic shape of the monolith on these properties. Due to the loss of porosity, observed in the morphological characterization of EFe1200 (section 3.3.1), the orientations of the EFe1200 monolith piece are not connected to the orientation of the porosity but related to the macroscopic shape of the analyzed piece. EFe1200 was chosen, since it presents the most interesting magnetic properties (largest coercive field at room temperature).

The monolith was cut into an anisotropic elongated bar shape (3.6 mm x 1.1 mm). It was fixed with glue on a piece of cardboard to be able to install the piece of monolith in different orientations inside the magnetic field. An image of the prepared sample is shown in Figure A9 (Annex II). Measurements were performed for the monolith bar placed with its long axis perpendicular to the orientation of the applied magnetic field and then parallel. To better understand the absence of an orientation effect on the magnetic properties, we performed electron diffraction. The pattern (Figure 90) shows that the lattice planes of the different ε-Fe 2 O 3 nanoparticles are randomly oriented. This absence of preferred crystallographic orientation of the nanoparticles within the silica monolith results in an overall randomization of their magnetic easy axes. This explains why the macroscopic shape of the monolith with an aspect ratio of 3 has no effect on the magnetic properties. 

Conclusion ε-Fe 2 O 3

The effects of the thermal treatment temperature and of the Fe/Si ratio on the formation of the ε-Fe 2 O 3 phase were studied. We could confirm that the ε-Fe 2 O 3 phase is indeed formed as an intermediate of the metastable maghemite phase (obtained at 700 °C) and the thermodynamically stable hematite phase (obtained at 1300 °C). The formation of εFe 2 O 3 begins at 900 °C and reaches optimal temperature conditions in between 1100 °C and 1200 °C, with the drawback of the loss of the silica porosity at 1200 °C. With increasing treatment temperature, the particle size increases and the size distribution broadens once the silica walls begin to soften (above 1000 °C).

Nanoparticles with a size below 7.5 nm behave as superparamagnets, regardless if they possess a maghemite or ε-Fe 2 O 3 crystal structure. For larger particles, the typical magnetic transition of ε-Fe 2 O 3 between 150 and 80 K can be observed. The coercive field at room temperature is directly linked to the particle size and the ε-Fe 2 O 3 nanoparticles with a size above 7.5 nm Quantity of Fe 2 O 3 Nanoparticles ratio which is mainly governed by the thermal treatment temperature but also by the Fe/Si ratio. Due to the residual presence of a superparamagnetic fraction in each nanocomposite, the overall coercive field is typically decreased with respect to the one of the pure hard magnetic phase. Nevertheless, a coercive field of approximately 20000 Oe can be obtained.

The nanocomposite EFe1200 presents the lowest proportion of superparamagnetic particles and hence the largest overall coercive field. However, it could be shown that the macroscopic shape of a EFe1200 monolith piece has no effect on its magnetic properties. The anisotropic macroscopic shape cannot be combined with the anisotropic crystal structure of the ε-Fe 2 O 3 nanoparticles, which are randomly distributed and oriented in the silica matrix.

Nevertheless, this shows that it should be possible to prepare silica monoliths with a specific shape by the sol-gel process and combine them with the unique magnetic properties of the εFe 2 O 3 iron oxide phase. Hence, enabling the production of materials with tailored shapes presenting a high coercivity without having to use rare earth or precious metals.

In chapter 2, we showed that the choice of the precursor (PBA or NO 3 ) significantly influences the magnetic behavior of the Co/SiO 2 nanocomposites. However, the structural differences that could be detected by XRD and TEM did not allow us to explain these different magnetic behaviors, as they only enabled to establish that metal or oxide nanoparticles are present and that they are well confined in the ordered porosity.

Therefore, these nanocomposites were further studied by spectroscopic methods, namely UV/Vis spectroscopy and Co K-edge X-ray absorption spectroscopy, to get better insights into the microstructure of the nanocomposites and their magnetic properties. The Co/SiO 2 nanocomposites turned out to be the simplest systems presented in this thesis and have thus been chosen to be discussed at first. The insights obtained on this system will enable us to better understand the more complex systems containing both Co and Fe ions (see chapter 5).

Spectroscopic investigation of Co/SiO 2 nanocomposites

In this first section, the Co/SiO 2 nanocomposites are further characterized by spectroscopic methods and their microstructure is further described.

Co/SiO 2 nanocomposites obtained after thermal treatment under oxidizing atmosphere UV/Vis spectroscopy

The diffuse reflectance UV/Vis spectra of monoNO3CoOx and monoPBACoCoOx over the 400 -800 nm energy range are presented in Figure 91. structure. [START_REF] Bhargava | AIP Conference Proceedings[END_REF] The nanocomposite monoPBACoCoOx, on the other hand, shows these two broad bands but with a lower intensity and, in addition, a multiple band centered around 590 nm, which can be attributed to the 4 A 2 → 4 T 1 (P) transition of Co 2+ ions in tetrahedral geometry. [84] In the following, they will be referred to as Co 2+ Td species. This analysis clearly shows that the chemical composition of both nanocomposites after thermal treatment in air is To conclude, the UV/Vis analysis reveals striking differences between monoNO3CoOx

and monoPBACoCoOx, namely the presence of an additional species in monoPBACoCoOx. 

Whereas in monoNO3CoOx the

Co/SiO 2 nanocomposites obtained after thermal treatment under reducing atmosphere UV/Vis spectroscopy

The diffuse reflectance UV/Vis spectra of monoPBACoCoRed and monoNO3CoRed are presented in Figure 95 in the 400 to 800 nm range. It can be seen that the two spectra are significantly different from one another.

The spectrum of monoNO3CoRed shows only a steady variation of the reflectance over the analyzed energy range. However, the reflectance is quite low (<15%), which is not typical for metals; this could indicate the presence of oxides in monoNO3CoRed, in line with the color of the monolith. In addition to the monotonous variation of the reflectance, monoPBACoCoRed presents a multiple band centered around 590 nm, characteristic of Co 2+

Td species. This means that, monoPBACoCoRed also contains the blue Co 2+ Td species, in addition to the metallic Co nanoparticles, which is consistent with the grey-blue color of the nanocomposite (see section 2.1, Figure 28). In conclusion, the UV/Vis analysis shows that monoPBACoCoRed contains, in addition to the metallic Co nanoparticles, Co 2+ Td species close to those present in monoPBACoCoOx.

Concerning monoNO3CoRed, the results of the UV-Vis analysis are in line with a silica monolith containing metallic Co nanoparticles as well as cobalt oxide species.

Co K-edge X-ray absorption spectroscopy

The local environment and electronic structure of monoNO3CoRed and monoPBACoCoRed have been further analyzed by Co K-edge XAS on the SAMBA beamline, using the transmission mode. The XANES spectra of the two nanocomposites are compared to the one of metallic Co with a fcc structure in Figure 97. It has to be mentioned that bulk Co typically has a hcp structure at ambient conditions, but Co nanoparticles often exhibit a fcc structure. From the XRD characterization in chapter 2, it is indeed known that the nanoparticles in the pores crystallize in a fcc crystal structure. A spectrum of fcc Co nanoparticles (as given in reference [START_REF] Novikova | [END_REF]) has been provided by E. Fonda (SAMBA beamline, SOLEIL).

The XANES spectrum of monoNO3CoRed is very similar to the one of the reference fcc Co, with a white line maximum located at 7725.5 eV in both cases and similar spectral features.

Following reference [156], the slightly higher intensity of the white line in monoNO3CoRed can be reasonably assigned to the presence of a Co oxide species, most probably located at the surface of the particles. The spectrum of monoPBACoCoRed differs significantly from the two other spectra: its spectral features resemble more those of the spectrum of a Co ion surrounded by oxo-ligands than those of the spectrum of a metal, and the white line maximum is located at 7725.0 eV. This is consistent with the UV/Vis results, which showed that the composition of monoPBACoCoRed is much more complex, with the presence of multiple Co species, including a low-condensed Co 2+ Td species strongly interacting with the silica and probably located within the silica walls. Let's now concentrate on monoNO3CoRed and the possible presence of a CoO oxide phase. It is known that Co nanoparticles are prone to oxidation and, when exposed to air, a passivation layer of the CoO monoxide forms at the surface. [157] So, the commercial CoO powder was used (Alfa Aesar, 95%) as a reference and its XANES spectrum is presented in In the case of monoPBACoCoRed, the XANES spectrum, the XRD and UV/Vis results suggest the presence of at least two phases for monoPBACoCoRed: metallic Co (from XRD), and a low-condensed Co 2+ Td species (from UV/Vis spectroscopy). But from literature [157], the presence of CoO formed at the surface of the nanoparticles cannot be excluded. Thus, we chose as references fcc Co, monoCo-Ox1000 and CoO. First, the contribution of fcc Co was removed from the spectrum of monoPBACoCoRed until the resulting spectrum becomes physically wrong (i.e. with negative features); this corresponds to a contribution of 15% of the fcc Co spectrum. From this new spectrum, the same procedure was done with the CoO contribution, and a presence of 20% CoO could be found. This final spectrum, for which we subtracted 15% of the spectrum of fcc Co and 20% of that of CoO, is compared to the spectrum of monoCoOx1000 in Figure 99. It can be seen, that all the spectral features of monoCo-Ox1000 are well reproduced by this linear combination. By mirror effect, we can conclude that monoPBACoCoRed is composed of 15% fcc Co, 20% CoO and 65% low-condensed Co 2+ Td species (error bar of ±3% for each contribution). As a cross-check, it was also possible to reproduce the spectra of CoO or fcc Co, by a linear combination of the three other spectra. 

Influence of the synthesis pathway

The spectroscopic investigations of the Co/SiO 2 nanocomposites revealed a significant influence of the synthesis pathway on the resulting chemical composition of the nanocomposites. The formation of the Co 2+ Td species indeed occurs only for monoPBACoCox and monoPBACoCoRed, and so exclusively in the presence of cyanide ions.

This suggests that the nature of the counteranion present in the pores, either bridging cyanide (CN -) or nitrate (NO 3 -), may have a role during the thermal treatment. Therefore, two model nanocomposites, denoted monoCNCoOx and monoCNCoRed, were prepared by impregnation of Si-mono by a solution of K 3 [Co(CN) 6 ] instead of Co(NO 3 ) 2 ; the detailed synthesis is presented in Annex I (p. 183). They present a blue color after the thermal treatment at 700 °C under oxidizing or reducing atmosphere, respectively. Their UV/Vis reflectance spectra are presented in Figure 100 with the one of monoCo-Ox1000.

The spectra of monoCNCoOx and monoCNCoRed superimpose with three bands at 540 nm, 590 nm and 650 nm; this means that the Co species are the same in these two nanocomposites and that the thermal treatment atmosphere has no effect on the formed Co species. For monoCo-Ox1000, the two bands at 590 and 650 nm are also evidenced, but the high energy band is shifted to higher energies at 525 nm. To better understand this shift, the spectra of two additional model compounds are also studied: Co-mono (containing mainly 

Microstructures of the Co/SiO 2 nanocomposites

Proposition of the nanoparticle structure

The nanoparticles in monoPBACoCoOx and monoNO3CoOx consist only of the Co 3 O 4 spinel oxide. However, the structure of the nanoparticles in monoPBACoCoRed and monoNO3CoRed is more complex and will be discussed in the following.

Starting from XRD and UV/Vis results, the detailed XAS analysis enabled us to quantify the chemical composition of the nanoparticles in the pores. Combined with the TEM data, it is thus possible to propose a structure for each nanoparticle. From the TEM images, we know that the particles are located in the pores of the silica matrix, with a size of 6.1±1.5 nm for monoNO3CoRed and of 3.5±0.7 nm for monoPBACoCoRed. For monoNO3CoRed, we estimated from XAS that fcc Co represents 90% of the volume of the nanoparticle and CoO the remaining 10%. If we assume a perfectly spherical particle with a fcc Co core and a CoO external layer, this leads to a fcc Co core of 58 Å in diameter and a CoO surface of 1.5 Å (Figure 101a).

For monoPBACoCoRed, only the CoO and fcc Co contributions are taken into account here, since the third identified species for monoPBACoCoRed does not belong to the nanoparticles.

The 15% fcc Co and 20% CoO, quantified for the whole sample gives for the nanoparticles 43% fcc Co and 57% CoO. With these values, the fcc Co core diameter is 26 Å and the CoO shell has a thickness of 4.5 Å (Figure 101b).

It is interesting to see that, in the case of monoNO3CoRed, the thickness is close to the ionic radius of oxygen (1.35 Å [158]), whereas for monoPBACoCoRed, this oxide layer corresponds to one unit cell of CoO. A possible origin of this difference is the size of the nanoparticles and how their growth was restricted by the silica walls. The nanoparticles in monoNO3CoRed are slightly larger than the pore size, meaning they exerted a pressure on the silica walls during the thermal treatment. Consequently, the thin oxide layer that was determined can be ascribed to the oxygen of the silica wall which seem to form a surface bond with the metallic nanoparticle. The particles in monoPBACoCoRed are smaller than the pore diameter and so the surface is not partially protected by the silica matrix but a CoO passivation layer is formed. It is to be noted that, in the case of the PBA synthesis pathway, the TEM images suggest that less nanoparticles are formed than with the NO 3 synthesis pathway. However, taking into consideration the different volumes and sizes of the metallic cobalt nanoparticles in monoNO3CoRed and monoPBACoCoRed, it leads to a similar number of fcc Co particles. For monoNO3CoOx and monoPBACoCoOx and considering the approximation of only spherical nanoparticles, a comparable number of Co 3 O 4 nanoparticles in both nanocomposites can also be found. This means that the apparent lower quantity of nanoparticles in monoPBACoCoRed and monoPBACoCoOx is caused by their smaller particle size, making them harder to be visualized. Since it is not possible to visualize nanoparticles with a size below a certain threshold by TEM, it can also be imagined that the nanocomposites contain Co species with increasing size ranging from monomers (Co 2+ Td) to nanoparticles with an average size of 3.5 nm, located along the pore channels. A second interesting point is that, due to the smaller size of the particles obtained through the PBA synthesis pathway, the number of unit cells of Co 3 O 4 or fcc Co, in one nanoparticle and so the number of magnetic centers is also significantly reduced. In [86] and 298 K for CoO [159].

Metallic Co exhibits a ferromagnetic behavior with a Curie temperature of 1400 K [160]. At last, for the Co 2+ Td species, the ZFC-FC magnetization curves measured for monoCNCoOx (Annex III, Figure A20a) indicate a paramagnetic behavior over the entire temperature range.

The discussion of the magnetic properties is now resumed on the basis of the improved structural and chemical description.

The paramagnetic contribution

A paramagnetic behavior is usually well described by a Curie-Weiss law, where C is the Curie constant and θ corresponds to the Weiss constant:

χ C T θ (1) 
The two parameters (C and θ) are usually determined through a plot of the inverse of the magnetic susceptibility (1/χ ) against the temperature. However, this approach could not be successfully used here since the Co species are embedded in a diamagnetic silica matrix.

It was hence necessary to introduce in the description of the total magnetic susceptibility a temperature independent term χ DF for the diamagnetic contribution of the silica matrix. Other temperature independent constants such as ferromagnetic contributions are also included in

χ . χ χ χ (2) 
The magnetic susceptibilities measured under FC conditions were fitted by Equation 2.

The results for monoPBACoCoOx, monoNO3CoOx and monoCNCoOx are shown in Figure A16 and Figure A20b (Annex III), and the extracted values from the fits are summarized in Table 9. First, it has to be noticed that for the three nanocomposites, the temperature independent term χ DF is very weak and positive, which is not in agreement with a pure diamagnetic contribution (expected to be negative). This probably reflects a peculiar magnetic behavior of the magnetic species present in the nanocomposites. However, this effect is not further discussed here.

In the case of monoNO3CoOx, a good fit of the data is obtained over the 40 -400 K temperature range. A value of θ = -62.3 K is found for the Weiss constant, in agreement with an antiferromagnetic exchange interaction. Interestingly, the data can only be reproduced The magnetic susceptibility of monoPBACoCoOx can also be well reproduced over the 5 -400 K temperature range. A very small value of -1.8 K is obtained for θ, indicating a very weak deviation from the Curie law. This surprisingly shows that monoPBACoCoOx is mainly made up of paramagnetic Co species. The magnetic behavior of monoPBACoCoOx is very close to the one of the model nanocomposite monoCNCoOx. Furthermore, a molar Curie constant of 2.6 emu•K/Oe•mol Co for monoCNCoOx was determined, assuming respectively 2.9•10 -4 mol Co in monoCNCoOx in 1 g of silica. This molar value is not far from the theoretical value expected for Co 2+ Td ions (1.9 emu•K/Oe•mol Co ) for a spin-only contribution (S = 3/2).

Therefore, the mainly paramagnetic behavior of monoPBACoCoOx can be assigned to the Co 2+ Td species and to the Co species in the Co 3 O 4 nanoparticles with a diameter of 3.9 nm, whose size may hinder an antiferromagnetic behavior.

For monoPBACoCoRed, both the ZFC and the FC magnetization present an increase at low temperatures and it is possible to reproduce them by equation 2 (Annex III, Figure A17).

As the ferromagnetic fcc Co nanoparticles create an intrinsic magnetic field, the extracted values for C and θ will not be discussed further. Nonetheless, the magnetization contains a paramagnetic contribution that we propose to assign to the low-condensed Co 2+ Td species.

Evidence of an exchange bias effect

The appearance of an exchange bias effect is typically observed in particles with a ferromagnetic core and an antiferromagnetic shell, and was first described for Co particles with an CoO oxide surface. [161,162] To confirm the proposed core-shell structure of monoNO3CoRed and monoPBACoCoRed, we tried to experimentally evidence a possible exchange bias effect. For this, the sample was cooled from room temperature down to 5 K while applying an external magnetic field of 30000 Oe; the corresponding magnetic field dependence curves are shown in Figure 103. Both monoNO3CoRed and monoPBACoCoRed present an opened hysteresis loop, which is centered at -550 Oe for monoNO3CoRed and at -250 Oe for monoPBACoCoRed. This displacement of the hysteresis loop along the magnetic field axis is the signature of the presence of an exchange bias effect that we propose to assign to the interaction between the metallic Co core and the CoO surface layer. This undoubtedly confirms our proposed core-shell structure of the nanoparticles. 

Discussion of the magnetic properties

The magnetic properties of the Co/SiO 2 nanocomposites are now discussed in the context of their proposed microstructures and the additional magnetic measurements.

For the nanoparticles in monoNO3CoRed and monoPBACoCoRed, we proposed a core-shell structure consisting of a fcc Co core and a CoO surface, which could be confirmed by the presence of an exchange bias effect. The difference between the two nanocomposites is the particle size, but also the quantity of fcc Co present in each of the nanoparticles with respect to the total quantity of Co atoms (90% fcc Co in monoNO3CoRed and 15% fcc Co in monoPBACoCoRed). These differences in the microstructure of the nanocomposites obtained under reducing atmosphere are able to further explain the differences in the magnetic properties, described in chapter 2. For the magnetic field dependence measurement performed at 300 K, the magnetic signal should only arise from the ferromagnetic fcc Co species. Hence, we proceeded to determine the magnetic moment per Co atom (µ Co ) using the saturation magnetization M S measured at 50 kOe and 300 K (Figure 58a [163]). This allows us to confirm our proposition of the microstructure of the nanocomposites, as well as to explain the big difference between the magnetization values for both compounds. Since monoNO3CoRed contains about 10 times the number of Co atoms with respect to monoPBACoCoRed, the value of M S is also approximately 10 times higher. However, even though the magnetization values can be satisfactorily be explained by the microstructure, the shape of the ZFC-FC magnetization curves still gives rise to questions. It is surprising that the ZFC peak is stronger broadened in monoPBACoCoRed than in monoNO3CoRed and that the temperature maximum of the ZFC curve T max also has a larger value. If one considers individual nanoparticles, the larger particle size in monoNO3CoRed (6.1 nm) with respect to monoPBACoCoRed (3.5 nm) suggests that the energy barrier of the magnetization relaxation and thus T max should be at higher temperatures for monoNO3CoRed than for monoPBACoCoRed, based on the expression ΔE = KV and assuming that the magnetocrystalline anisotropy is the same for both nanocomposites. However, the magnetization behavior of a nanoparticle assembly can also be affected by interparticle interactions, which also depend on the nanoparticle organization. This could be the reason for the differences in the magnetic properties.

MUSCAS et al. [164] studied the interplay between the single particle anisotropy and the interparticle interactions, that they describe by a random anisotropy model. For an ensemble of dipolar interacting nanoparticles, they proposed to introduce a correlation length (L corr ), defining a correlation region. Its size depends on the relative values of interparticle interactions and single particle anisotropy constants and the effective anisotropy constant results from the averaged anisotropies over the nanoparticles within the correlation volume. In the random anisotropy model, the magnetic moments of each nanoparticle are oriented in a different direction (Figure 104), resulting in an overall decrease of the effective magnitude of the mediated anisotropy. In the context of this model, we propose a possible explanation for the observed magnetic behaviors. Considering that the net magnetic moment in each particle depends on the particle size, we can assume that the larger the size of the particle, the stronger its magnetic moment, which in return is related to the strength of the interparticle interactions. Hence, since the particles are larger in monoNO3CoRed with respect to monoPBACoCoRed, the strength of the interparticle interactions increases. This results in the fact that the correlation length also increases and that the anisotropy is averaged over a higher quantity of particles, causing an overall decrease of the anisotropy of the system and a shift of T max to lower temperatures.

Therefore, the presence of interparticle interactions with different strength due to the particle size and/or the organization of the nanoparticles could explain the differences in the magnetic behavior of monNO3CoRed and monoPBACoCoRed.

The nanocomposites obtained under oxidizing atmosphere contain Co 3 O 4 nanoparticles, which are expected to exhibit an antiferromagnetic behavior. This behavior can indeed be observed in monoNO3CoOx. However, in monoPBACoCoOx the oxide nanoparticles present a paramagnetic behavior despite their Co 3 O 4 crystal structure. These differences can be explained by the differences in the particle size and thus the quantity of magnetic centers in each nanoparticle. Whereas the spherical particles in monoPBACoCoOx contain 59 Co 3 O 4 unit cells, the nanorods in monoNO3CoOx contain an average number of 934 unit cells. Therefore, the reduced particle size in monoPBACoCoOx might prohibit the development of a collective magnetic behavior above 5 K. Considering the small particle size, a superparamagnetic behavior is expected, but might not be observable in the analyzed temperature range.

Macroscopic properties of the Co/SiO 2 nanocomposites

So far, only the magnetic properties of the nanocomposites after grinding were presented, but the nanocomposites as a monolith piece can also present a peculiar magnetic behavior, especially the ones obtained after a thermal treatment under reducing atmosphere.

Figure 105 shows the magnetic attraction of monoPBACoCoRed and monoNO3CoRed as a monolith piece to a NdBFe magnet at room temperature. In monoNO3CoRed, only a quantity of 2 mol% Co in respect to the diamagnetic silica matrix is present, and in monoPBACoCoRed, the Co/Si ratio is even further reduced to 1.7 mol%. The quantity of metallic nanoparticles is very low and monoPBACoCoRed even contains paramagnetic species. Hence, it was not expected that the monolith piece would exhibit a macroscopic magnetic attraction. This means that, the nanoparticle assemblies are able to transfer the collective magnetic behavior to the macroscopic piece of monolith. 

Anisotropic magnetic properties of monoNO3CoRed

In grinded monoliths, the orientations of the pores are randomized. However, since the porosity of the silica monoliths exhibits an anisotropic spatial organization, it could have an effect on the formation and/or the organization of the magnetic particles within the matrix which in return could influence the magnetic properties or even induce new magnetic properties. We can consider that the hexagonal ordered silica monoliths consist of ordered domains with an average size of 1000 x 400 x 400 µm 3 , with very close orientations of neighboring domains (see Figure 22). [59] It is also known that the parallel pore channels are aligned parallel to the surface of the monolith and only their in-plane orientation is unknown.

Therefore, a small monolith piece with a size of approximately 1 mm 3 was studied in different orientations to evidence a possible anisotropic behavior. Two different approaches were tried.

In the first one, an external magnetic field was used to orient the monolith piece in nujol, whereas in the second one, the monolith piece was manually blocked in different orientations.

For this study, monoNO3CoRed was chosen, since the nanoparticles consist of Co/CoO coreshell structure with a spherical shape and are aligned along the pore channels. Also, no other Co species could be evidenced.

Orientation by the magnetic field

After the synthesis, the piece of monolith monoNO3CoRed is attracted to and can even be moved by a NdBFe magnet (Figure 105b). Therefore, we decided to attempt an orientation of the piece of monolith along a hypothetical macroscopic easy axis of magnetization by applying a magnetic field. As a fixing agent for the monolith, the nujol mineral oil has been chosen due to its freezing point of -24 °C and its sufficiently low density to allow the piece of monolith to freely rotate in the liquid oil. Once the surface plane of the monolith was identified, the monolith piece was placed in a capsule with the surface plane perpendicular to the axis along which the magnetic field is applied (i.e. perpendicular to the orientation of the pores) and fully immersed in nujol. Prior to the introduction of the sample holder into the SQUID, the magnetic field is reset to zero to avoid any possible influence on the monolith. The sample is cooled to 10 K in the magnetometer allowing the nujol to freeze and block the monolith in its current position. The magnetic field dependence is collected at 10 K. After completion of the measurement from 20000 Oe to -20000 Oe, the sample is heated up to 300 K to liquefy the nujol and then a magnetic field of 20000 Oe is applied. After two minutes, the sample was cooled back down to 10 K under an applied field of 20000 Oe to block the monolith piece in its new position. Finally, the magnetic field dependence is again collected at 10 K. The results of this study are presented in Figure 106.

The magnetization curves before and after applying a magnetic field of 20000 Oe are very close. A shift of the coercive field H C from 1615 Oe to 1865 Oe and an increase of the remanent magnetization from 1.1910 emu/g to 1.4421 emu/g can be observed; this corresponds to a 13% increase of H C and a 17% increase of M R . These changes indicate that the 1 mm 3 monolith cube orients itself in the applied magnetic field. However, these results also raise questions:

1. Is the applied magnetic field of 20000 Oe strong enough to fully orient the monolith piece?

2. Is frozen nujol rigid enough to prevent the piece from moving?

3. What are the actual orientations of the pores in the monolith piece for the two measurements?

Manual orientation

For the above described study in nujol, it is not possible to have access to the actual orientation of the monolith piece. Therefore, the experiment was repeated with the monolith piece embedded in eicosane (C 20 H 42 ) and manually blocked in different orientations on a piece of cardboard. The magnetic field dependences at 10 K for the different orientations are shown in Figure 107.

The magnetization at 50000 Oe seems to change between the parallel and perpendicular orientations. The negative slope of the parallel orientation at high magnetic fields can be attributed to a diamagnetic contribution from the eicosane. It has to be noted that the quantity of used eicosane to fix the monolith piece in its position is not exactly the same for the two orientations, which may induce artefacts. A difference of the coercive fields for the different orientations of about 100 Oe can be detected. Yet, it cannot be certainly said that this difference is caused by the different orientations of the porosity or due to a possible distortion of the signal due to the strong diamagnetic contribution. During a previous orientation attempt, in which the monolith piece was not sufficiently fixed by the eicosane on the cardboard, and was therefore able to move, the obtained magnetic curves can be seen in Figure 108. The curve follows an expected trend during the measurement from 50000 Oe to -50000 Oe. However, when a magnetic field of -1900 Oe is applied and the magnetization approaches zero, the magnetization suddenly flips due to the spontaneous reorientation of the monolith piece. Afterwards, the curve continues on the expected path (represented in grey). The same flip can also be observed when the magnetization is measured from -50000 Oe to 50000 Oe; an applied magnetic field of 1400 Oe causes the flip of magnetization, but an applied magnetic field of 1800 Oe is needed to recover the initial magnetization value. The difference in the needed applied fields for the flip in increasing and decreasing magnetic field can be explained by the fact that during the movement of the monolith, the orientation of the pores is not the same afterwards and thus a lower magnetic field is needed to turn the monolith again. Another small increase at an applied field of 1800 Oe can be seen before rejoining the initial curve which could indicate that the original position is restored. It can be noticed that the applied magnetic fields needed to induce a reorientation of the magnetization is close to the values of the coercive fields observed in the nujol study above.

This experiment shows that the 20000 Oe magnetic field applied to orient the monoNO3CoRed monolith piece in nujol are sufficient to move it and orient it at 300 K.

Therefore, the differences seen in Figure 106 can be assigned to a possible orientation of the monolith in the magnetic field along its easy axis.

Conclusion Co/SiO 2 nanocomposites

The characterization of the Co/SiO 2 nanocomposites by spectroscopic methods has revealed that the chemical composition is more complex in the PBA derived nanocomposites than assumed by the previous characterization by XRD and TEM in chapter 2.

Regarding the nanoparticles, they consist of Co 3 O 4 spinel oxides in monoNO3CoOx and monoPBACoCoOx. For monoPBACoCoRed and monoNO3CoRed, we were able to propose a core-shell structure for the nanoparticles in monoPBACoCoRed and monoNO3CoRed with a fcc Co core and a surface layer consisting of CoO shell, acting as a protective layer for the metallic core. This core-shell structure could be confirmed by the presence of an exchange bias effect caused by a coupling of the ferromagnetic Co core with the antiferromagnetic CoO shell. In addition to the nanoparticles, low-condensed Co 2+ Td species located at the surface of the pores or diffused into the silica matrix during the thermal treatment were evidenced in monoPBACoCoOx and monoPBACoCoRed. The differences in the magnetic behavior observed between the two synthesis pathways can be explained by the presence of these additional Co species, whose origin is identified as a poor partial pressure of O 2 during the thermal treatment. We propose to attribute the paramagnetic contribution evidenced at low temperatures in monoPBACoCoRed and monoPBACoCoOx to these Co 2+

Td species.

The study of the monoNO3CoRed monolith piece in nujol allowed to evidence an apparent self-orientation of the monolith along its easy axis in a 20000 Oe magnetic field.

However, the effect of the different orientations is small and the exchange anisotropy arising from the core-shell structure appears to be the dominant anisotropic contribution.

Nevertheless, it is possible to move the macroscopic piece of monolith by applying a magnetic field (similar to the coercive field).

Overall, the study of the Co/SiO 2 nanocomposites revealed that depending on the precursor and on the atmosphere during the thermal treatment, very different magnetic behavior based on the same matrix and same element can be obtained: monoPBACoCoOx is paramagnetic, the behavior of monoNO3CoOx is that of an assembly of antiferromagnetic nanoparticles, and monoNO3CoRed and monoPBACoCoRed are room temperature magnets.

In chapter 2, the magnetic characterization of the CoFe/SiO 2 nanocomposites revealed a complex magnetic behavior, especially in the nanocomposites derived from the PBA synthesis pathway. In chapter 4, we were able to propose a model for the microstructures of the different Co/SiO 2 nanocomposites and thereby better understand the behavior of the Co ions in the silica matrix, as well as the magnetic properties of the nanocomposites. Therefore, it can be useful to also understand how the Fe ions are behaving in the silica matrix in order to further characterize the CoFe/SiO 2 nanocomposites and to further discuss their magnetic properties.

Analyses of the Fe/SiO 2 nanocomposites

In the following, the Fe/SiO 2 nanocomposites are further analyzed by UV/Vis and Fe Kedge X-ray absorption spectroscopies to better understand their microstructure.

Spectroscopic investigation of Fe/SiO 2 nanocomposites obtained after thermal treatment under oxidizing atmosphere UV-Vis spectroscopy

The diffuse reflectance UV/Vis spectra of monoPBFeFeOx and monoNO3FeOx are shown in Figure 109. The spectrum of monoNO3FeOx shows no defined absorption peaks but a decrease in reflectivity with decreasing wavelength, as it can generally be observed in iron oxides. [165,166] This agrees with the formation of iron oxide nanoparticles. In contrast, the spectrum of monoPBFeFeOx presents a different trend: the reflectance also decreases with decreasing wavelength but the entire curve is shifted towards lower wavelengths. To better understand these differences, a model nanocomposite (monoCNFeOx) containing ferricyanide with a 2% Fe/Si molar ratio was prepared and thermally treated in air at 700 °C; the synthesis is described in Annex I (p.183). The diffuse reflectance spectrum of monoCNFeOx (Figure 110) shows a decrease of the reflectance with decreasing wavelength.

The reflectance decrease is even further shifted towards lower wavelengths with respect to monoNO3FeOx and monoPBFeFeOx. Additionally, three absorption bands centered at 375, 410 and 440 nm are also present with a low intensity. These bands can be assigned to the spinforbidden d-d transitions of Fe 3+ HS (high spin) ions. They are typical for a tetrahedral coordination within zeolite frameworks, but have also been reported for octahedral Fe 3+

complexes. [167,168] Thus, monoCNFeOx mainly contains Fe III (HS) discrete species, which can explain the lack of color of the nanocomposite (Annex I, Figure A3).

The spectrum of monoPBFeFeOx can thus be described as an intermediate between the two other spectra (Figure 110). The shift of the onset of the decreasing reflectance with respect to monoNO3FeOx might be caused by a smaller size of the same iron oxide nanoparticles or by the presence of another iron oxide phase. However, no spin-forbidden dd transition assignable to additional discrete Fe species is detectable on the spectrum of monoPBFeFeOx. Nevertheless, the light coloration of this nanocomposite (Figure 27) suggests the presence of discrete or lowcondensed Fe 3+ (HS) discrete species as those contained in monCNFeOx rather than the presence of oxide nanoparticles. In summary, this UV/Vis study confirms the formation of iron oxide nanoparticles in monoNO3FeOx, in agreement with the TEM data, but provides no clear-cut answer for monoPBFeFeOx.

Fe K-edge X-ray absorption spectroscopy

The local environment and electronic structures of the Fe/SiO 2 nanocomposites was analyzed by Fe K-edge XAS on the SAMBA beamline, using the transmission mode. The XANES spectra of monoPBFeFeOx and monoNO3FeOx are compared to the ones of the two iron oxides references (hematite and maghemite), as well as to the one of the model nanocomposite monoCNFeOx, in Figure 111.

It can be seen that monoNO3FeOx presents the same spectral features as maghemite, with the maximum of the white line centered at 7133.0 eV. So the nanoparticles formed in monoNO3FeOx are composed of the maghemite phase. This is in agreement with the XRD and TEM data (see section 2.2), which indicated maghemite as the most probable iron oxide. The XANES spectrum of monoPBFeFeOx strongly resembles the one of monoCNFeOx.

Figure 112 shows that these two spectra nearly superimpose, suggesting that both nanocomposites contain Fe species very close to one another. Therefore, it can be concluded that monoPBFeFeOx mainly contains low-condensed or discrete Fe 3+ species, as those present in monoCNFeOx. 

Spectroscopic investigation of the Fe/SiO 2 nanocomposites obtained under reducing atmosphere

The XANES spectra of monoPBFeFeRed and monoNO3FeRed are compared to the spectrum of the Fe foil with a bcc structure and to the one of the model nanocomposite monoCNFeOx in Figure 113. The most striking feature is that the spectra of the nanocomposites significantly differ from the spectrum of the Fe metal. The spectrum of monoNO3FeRed displays an absorption maximum around 7131.5 eV and a shoulder around 7137.5 eV. The absorption maximum of the spectrum of the bcc Fe foil is also located at 7131.5 eV, suggesting that bcc Fe is probably present in monoNO3FeRed but is not the only phase. However, it was not possible to identify the other phases by a simple fingerprint analysis, since too many different phases (Fe 2 O 3 , Fe 3 O 4 , FeO and Fe) can be present. This is in line with the TEM analysis (Figure 56), in which lattice planes of several different phases were observed.

The XANES spectrum of monoPBFeFeRed surprisingly strongly resembles the one of monoCNFeOx, suggesting mainly the presence of a majority of low-condensed Fe 3+ species in monoPBFeFeRed, as it is the case for monoPBFeFeOx (Figure 112). 

Discussion of the synthesis pathway

Figure 114 shows the superimposition of the XANES spectra of monoPBFeFeOx and monoPBFeFeRed, as well as the superimposition of the XANES spectra of monoNO3FeOx and monoNO3FeRed. These spectra are compared to those of monoCNFeOx, maghemite and bcc Fe. Surprisingly, the shape of the XANES spectra at the Fe K-edge of the Fe/SiO 2 nanocomposites depends more on the synthesis pathway rather than on the thermal treatment atmosphere. The spectra of monoNO3FeOx and monoNO3FeRed strongly resemble the one of maghemite. Both nanocomposites contain Fe species mainly in the form of maghemite or other iron oxides. The shift of the absorption maximum to lower energies on the spectrum of monoNO3FeRed, suggests in addition to the iron oxides, the presence of a reduced form of Fe. The spectra of monoPBFeFeOx and monoPBFeFeRed resemble the one of monoCNFeOx.

This means that, regardless of the thermal treatment atmosphere, these nanocomposites mainly contain low-condensed Fe 3+ species. Hence, neither synthesis pathway leads to the complete reduction of the iron after the thermal treatment under reducing atmosphere, and iron oxides and/or low-condensed species remain largely present. Here again, as discussed for the Co/SiO 2 nanocomposites in chapter 4, the main difference between the two synthesis pathways is the nature of the counteranion (CN -or NO 3 )

present in the silica porosity prior to the thermal treatment. Moreover, the strength of the bond between the iron cations and the cyanide or nitrate anions, respectively, is different and could influence the decomposition mechanism. The CN -ions are directly connected to the Fe 2+ and Fe 3+ in the PB structure by a covalent bond, whereas the NO 3 -ions are in close proximity to the Fe 3+ ions due to an ionic bond in the precipitated nitrate salt in the pores. Regarding the NO 3 synthesis pathway, during the thermal treatment in air, the iron nitrate salt is transformed into iron oxide (maghemite). When a second thermal treatment under reducing atmosphere is subsequently applied, only a small fraction of the oxide is transformed into metallic Fe and/or the Fe is rapidly re-oxidized in presence of air. For the PBA synthesis pathway, the thermal treatment in air results in a consumption of O 2 by the cyanide ligands and the formation of an iron oxide is hindered. Instead, low-condensed Fe 3+ species which are stabilized by interactions with the silica matrix are formed. During the second thermal treatment under reducing atmosphere, a similar behavior as for the NO 3 synthesis pathway can be assumed. In comparison to the Co/SiO 2 nanocomposites obtained from the PBA synthesis pathway, it appears that the discrete Fe 3+ species are more readily formed than the Co 2+ Td species.

Microstructure of the Fe/SiO 2 nanocomposites

Since the Fe/SiO 2 nanocomposites obtained under reducing atmosphere present a very complex composition, which our analyses did not enable to determine, we are solely focusing on monoPBFeFeOx and monoNO3FeOx in the following.

From the results of the XRD, TEM, UV/Vis and XAS analyses, it is possible to propose a microstructure for monoPBFeFeOx and monoNO3FeOx (Figure 115). The silica matrix is hexagonally organized regardless of the used synthesis pathway and the nanoparticles are confined within the pores. In monoNO3FeOx, these nanoparticles could be identified as maghemite (γ-Fe 2 O 3 ) and the spherical particles are either isolated or aggregated in the form of nanorods along the porous channels. In contrast, monoPBFeFeOx contains spherical, amorphous nanoparticles of an unidentified iron oxide and low-condensed Fe 3+ (HS) species. The differences between the magnetic behaviors of monoPBFeFeOx and monoNO3FeOx, presented in chapter 2 can now be further explained with the help of these microstructures. Whereas the maghemite particles in monoNO3FeOx result in a superparamagnetic behavior, the presence of a majority of low-condensed Fe 3+ species (similar to the ones in monoCNFeOx; magnetic measurements in Annex III, Figure A21) in monoPBFeFeOx results in a mainly paramagnetic nanocomposite.

Investigation of CoFe/SiO 2 nanocomposites obtained under oxidizing atmosphere

In this section, spectroscopic investigations of monoPBACoFeOx and monoNO3CoFeOx and associated new magnetic analyses are presented.

Spectroscopic characterizations UV/Vis spectroscopy

Since the UV/Vis spectra of the Co/SiO 2 and Fe/SiO 2 nanocomposites were already analyzed and discussed in sections 4.1 and 5.1, the discussion of the UV/Vis spectra of monoPBACoFeOx and monoNO3CoFeOx is done in this context. Their UV/Vis spectra are presented in Figure 116. The only bands that can be observed in the spectra are the ones arising from the transitions involving the cobalt ions. Both nanocomposites indeed present bands at 450 nm and 740 nm which can be assigned to the charge transfer transitions from the oxygen ions to the cobalt ions in the spinel crystal structure. In addition, monoPBACoFeOx presents a multiple band centered around 590 nm, which can be assigned to the Co 2+ Td species. The fact that no iron transitions can be observed in the spectra is not surprising, since the transitions that were observed in monoCNFeOx are caused by spin-forbidden d-d transitions and so have a low intensity, especially in comparison to charge transfer bands. Similar conclusions as for the Co/SiO 2 nanocomposite can be drawn.

MonoNO3CoFeOx contains nanoparticles with a spinel crystal structure, whereas in the case of monoPBACoFeOx, the presence of an additional low-condensed Co 2+ Td species can be well evidenced. No clear information on the presence and nature of Fe species can be obtained by UV/Vis spectroscopy.

Co and Fe K-edges X-ray absorption spectroscopy

MonoPBACoFeOx and monoNO3CoFeOx were studied by Co and Fe K-edges XAS on the SAMBA beamline, using the transmission mode.

Since the Co/Fe ratio of the cobalt iron oxide nanoparticles in monoPBACoFeOx and monoNO3CoFeOx is expected to be fixed by the Co/Fe ratio in the precursor, the spinel oxide 

Co K-edge

The XANES spectra at the Co-K edge of monoPBACoFeOx and monoNO3CoFeOx are compared to the spectra of Co 1.8 Fe 1.2 O 4 and monoCo-Ox1000 in Figure 117.

It can be seen that the spectra of monoNO3CoFeOx and Co 1.8 Fe 1.2 O 4 resemble one another. This indicates that the Co speciation (average oxidation state and local structure) is close in the two samples. This is consistent with XRD, which shows that monoNO3CoFeOx exhibits a spinel crystal structure.

The spectrum of monoPBACoFeOx presents some similar spectral features as 

Fe K-edge

The XANES spectra of monoPBACoFeOx and monoNO3CoFeOx at the 

Discussion

In monoPBACoFeOx, it appears that the quantity of low-condensed species is higher at the Fe K-edge with respect to the Co K-edge (70% Fe compared to 45% Co). Conversely, the spinel oxide nanoparticles consist of 55% Co ions and 30% Fe ions. These ratios can be used to propose a chemical formula for monoPBACoFeOx. We know, that the 

Microstructures of the CoFe/SiO 2 nanocomposites obtained under oxidizing atmosphere

The proposed microstructures for monoPBACoFeOx and monoNO3CoFeOx derived from the XRD, TEM, UV/Vis and XAS characterizations are shown in Figure 121.

For both synthesis pathways, the hexagonal organization of the silica porosity is filled with nanoparticles, whose size is close to or below the pore diameter. But the shape and organization of the nanoparticles strongly differs between the two synthesis pathways. The NO 3 synthesis pathway results in the formation of spherical or aggregated particles, whereas in the case of the PBA synthesis pathway only spherical particles are formed.

The average chemical composition of the nanoparticles is also different: the XAS analysis showed that the spinel oxide nanoparticles in monoPBACoFeOx have on average a chemical formula of Co 2.2 Fe 0.8 O 4 , whereas for the ones in monoNO3CoFeOx no clear chemical formula could be established. Indeed, the TEM analysis of monoNO3CoFeOx showed that the chemical composition of the nanoparticles is heterogeneous. Therefore, the spinel oxide nanoparticles in monoNO3CoFeOx can be better described by a general composition of 

Further discussion of the magnetic properties of the CoFe/SiO 2 nanocomposites obtained under oxidizing atmosphere

Since the microstructure of monoNO3CoFeOx is more simple (Figure 121b), its magnetic behavior is further discussed at first. The magnetization curve under ZFC conditions (see Figure 42c) showed a broad peak with a maximum centered around 155 K. AC susceptibility measurements were performed in order to better understand the magnetic behavior; the χ' and χ'' components of the magnetic susceptibility are shown in Figure 122. It can be seen that both components of the magnetic susceptibility are frequency-dependent, the shift of the maximum of the temperature T max with the frequency can be well seen in χ'.

Hence, the temperature dependence of the relaxation time τ of the magnetic moments has been fitted by different models (Arrhenius law, Vogel-Fulcher law and Power law, see Annex II (page 192) for details). The extracted values for the different models are presented in Table 10.

Only the Power law well reproduces the data with reasonable values, which indicates a spin-glass behavior that we assign to interparticle interactions. This is confirmed by the value of the Mydosh parameter, which is defined as Φ = (ΔT max /T max )/Δlog f. In nanoparticle assemblies, for collective superspin glasses with strong particle-particle interactions, Φ values of < 0.01 are expected, whereas rising Φ values indicate a decrease in interparticle interactions as far as Φ values > 0.1, which correspond to non-interacting nanoparticles. [10] The determined value of Φ = 0.09 for monoNO3CoFeOx confirms the presence of interparticle interactions in the spinglass like structure. A possible explanation for this is the inhomogeneous chemical composition and morphology of the nanoparticles (various Co/Fe ratios and spherical and aggregated particles), as evidenced by the TEM analysis, which in return causes a complex magnetic structure. For monoPBACoFeOx, a complex microstructure consisting of cobalt iron spinel oxide nanoparticles as well as low-condensed Co 2+ and Fe 3+ species in interaction with the silica matrix could be proposed (Figure 121a). Furthermore, the magnetic characterization in chapter 2 (Figure 42b) also revealed a complex magnetic behavior: i) the irreversibility of the FC and ZFC magnetization up to 400 K indicating the presence of blocked magnetic moments, ii) an event in the ZFC curve around 10 K indicating a possible maximum, and iii) the increase of the magnetization at low temperatures indicating a paramagnetic behavior. For a better understanding of this magnetic behavior, frequency dependent AC susceptibility measurements were performed.

The frequency dependence in the 5 -400 K temperature range is presented in Figure 123a. It can be seen that the in-phase χ' and out-of-phase χ'' components of the AC susceptibility are independent of the frequency above 20 K and that the out-of-phase χ'' component is very low. This implies that the magnetic moments of the nanoparticle assembly are blocked up to 400 K, which explains the irreversibility of the FC and ZFC magnetization. Therefore, monoPBACoFeOx is composed of multiple different magnetic species. At low temperatures, non-interacting superparamagnetic nanoparticles with a blocking region below 5 K can be evidenced, which can possibly be ascribed to isolated nanoparticles within the pores of the silica matrix. The irreversibility between the FC and ZFC curves can be assigned to a collective behavior causing the magnetic moments to be blocked. Since the nanoparticles are homogeneous in size and chemical composition, the blocking of the magnetic moments over a wide temperature range and a T max above 400 K, can be assigned to the variation of the interparticle interaction strength, caused by the organization within the silica pores.

Furthermore, the ZFC and FC curves of monoPBACoFeOx showed the presence of a paramagnetic contribution at low temperatures (Reproduced by equation 2; Annex III, Figure A18). The spectroscopic methods have shown that, in addition to the spinel oxide nanoparticles, low-condensed Co 2+ Td and Fe 3+ species are present in monoPBACoFeOx.

These species are structurally and magnetically similar to the ones found in monoCNCoOx (Annex III, Figure A20) and monoCNFeOx (Annex III, Figure A21). Therefore, we propose to attribute the paramagnetic contribution to the low-condensed Co 2+ Td and Fe 3+ species.

CoFe/SiO 2 nanocomposites with varying Co/Fe ratio obtained under oxidizing atmosphere

The analyses of monoPBACoFeOx revealed that its chemical composition is complex.

The nanocomposite consists of a spinel oxide, in which the Co and Fe ions are distributed among the tetrahedral and octahedral sites and in addition low-condensed Co 2+ Td and Fe 3+ species are present. Even though the chemical composition and structure are complex, the advantage of using PBA as a precursor is the control over the chemical composition of the nanoparticles. In this section, the structural characterization and the magnetic properties of monoPBACoFe7525Ox, monoPBACoFe5050Ox and monoPBACoFe2575Ox are described and compared to those of monoPBACoCoOx and monoPBACoFeOx, which have already been discussed in section 2.2. The intermediates were prepared by varying the 

Structural and morphological characterizations X-ray diffraction

The X-ray diffraction patterns of monoPBACoFe7525Ox, monoPBACoFe5050Ox, monoPBACoFe2575Ox are presented in Figure 124 From the XRD study, it can be concluded that i) the nanocomposites all contain oxide nanoparticles with a spinel structure and ii) the Co/Fe ratio in the oxide nanoparticles is determined by the K 3 [Co(CN) 6 ]/K 3 [Fe(CN) 6 ] ratio of the impregnation solution.

Transmission electron microscopy

The intermediate monoPBACoFe5050Ox was exemplarily investigated by TEM. We chose to study only this sample since monoPBACoCoOx and monoPBACoFeOx presented similar morphological properties. In Figure 126, the results of this analysis are shown.

The ordered porosity of the silica monolith is still visible after the thermal treatment and the pore channels are organized parallel to one another. In Figure 126a, the hexagonal ordering of the porosity is clearly visible. The nanoparticles, visible as dark spots on the TEM images, are all well confined inside the pore channels and no formation of particles on the outside of the porous system could be evidenced. The particle size presents a narrow distribution around an average particle size of 3.8±0.7 nm, which is in agreement with the diameter of the pores. It is also close to the average particle size obtained for monoPBACoFeOx (3.5±0.7 nm) and monoPBACoCoOx (3.9±0.7 nm), suggesting that the particle size is not dependent on the chemical composition. The HR-TEM image (Figure 126d)

shows lattice planes with an interreticular distance of 2.1 Å and 2.0 Å, which can be attributed to the (400) family of lattice planes in CoFe 2 O 4 or Co 3 O 4 , respectively. This monocrystallinity of the nanoparticles was also observed for the nanocomposites presented in chapter 2.

The Co/Fe ratio of the nanocomposite was further analyzed by EDS measurements of several regions containing multiple nanoparticles. An average Co/Fe ratio of 3.7 was found, varying only slightly from one region to another. This value is not far from the Co/Fe ratio in the PBA intermediate (Co 4 [(Fe 0.5 Co 0.5 )(CN) 6 )] 2.7 assuming similar chemical behaviors for both [M(CN) 6 ] 3-complexes and is also the same as the value of 3.7 reported for the bulk powder derived from PBA. [71] This tends to confirm that it is possible to tune and to control the chemical composition of oxide nanoparticles by using PBA as a precursor. However, it has to be mentioned that the Co/Fe ratio within the nanoparticles probably deviates from the obtained ratio of 3.7, as it was also the case for monoPBACoFeOx due to the formation of low-condensed Co 2+ and Fe 3+ species. Nonetheless, the Co/Fe ratio in the impregnation solution allows to change the chemical composition, as shown by the linear behavior of the cell parameter, while the particle size and size distribution remain the same. 

Magnetic properties

In Figure 127, the ZFC-FC magnetization curves for monoPBACoFe7525Ox, monoPBACoFe5050Ox and monoPBACoFe2575Ox are presented and compared to those of monoPBACoFeOx and monoPBACoCoOx.

The shape of the magnetization curves of the three intermediates present an evolution with the variation of the Co/Fe ratio. The gap between the FC and the ZFC magnetization curves decreases with a decreasing iron content in the nanocomposite, until the irreversibility completely disappears in monoPBACoCoOx. The trend of the temperature-dependent magnetization of monoPBACoFe2575Ox strongly resembles the one of monoPBACoFeOx: a significant gap between the FC and ZFC magnetization curves and a shoulder on ZFC curve with a maximum around 15 K can be seen. This maximum can be attributed to the presence of non-interacting superparamagnetic nanoparticles, as evidenced by the frequency dependent 5.3 Effect of the Co/Fe Ratio -Oxidizing Atmosphere 157 AC susceptibility measurements (Annex III, Figure A23), as well as the magnetic discussion of monoPBACoFeOx (section 5.2.3).

At last, all nanocomposites show an increase of the magnetization with decreasing temperature at low temperatures. As for monoPBACoFeOx, we propose to attribute this paramagnetic contribution to the low-condensed Co 2+ and Fe 3+ species. The X-ray diffraction patterns (Figure 124) showed that the spinel crystal structure is formed in all nanocomposites, and only the cell parameter evolves with changes in the Co/Fe ratio. Therefore, the observed changes of the FC and ZFC magnetization curves can be directly related to the intrinsic chemical composition of the nanoparticles. The progressive replacement of Co ions by Fe ions also causes a progressive change from an antiferromagnetic behavior of the nanoparticles in monoPBACoCoOx to a ferrimagnetic behavior in monoPBACoFeOx. This is also confirmed by the magnetic field dependence measured at 300 and 5 K. Both H C and M R increase with the quantity of iron present in the nanocomposite (Annex III, Figure A24 and Table A3).

This progressive change in the magnetic behavior was also observed in the bulk form and can be attributed to the progressive replacement of Co ions by Fe ions in the spinel oxide structure. [71] The replacement causes a significant change in the magnetic structure since the Co III (LS) ions (S = 0) or Co II (HS) ions (S = 3/2) are progressively replaced by Fe III (HS) (S = 5/2)

or by Fe II (HS) ions (S = 2). As a result, the net magnetic moment of each nanoparticle increases with an increasing iron content. This results in the progressive collective magnetic behavior, which can therefore be directly controlled by the Co/Fe ratio in the impregnation solution.

Investigation of CoFe/SiO 2 nanocomposites obtained under reducing atmosphere

In this section, monoPBACoFeRed600 and monoNO3CoFeRed600 are analyzed by spectroscopic techniques to better understand their microstructure.

Spectroscopic characterizations UV/Vis spectroscopy

The diffuse reflectance UV/Vis spectra of monoNO3CoFeRed600 and monoPBACoFeRed600 are shown in Figure 128.

The reflectance of monoNO3CoFeRed600 continuously decreases with decreasing wavelengths. However, in comparison to the UV/Vis spectrum of monoNO3CoRed containing metallic Co nanoparticles (Figure 95), the reflectance does not decrease monotonously and the shape of the curve resembles the one of monoNO3FeOx (Figure 109). Moreover, the reflectance is low over the entire energy range, suggesting the presence of oxides in 

Co and Fe K-edges X-ray absorption spectroscopy

The local environment and electronic structure of monoPBACoFeRed600 and monoNO3CoFeRed600 were studied by Co K-edge and the Fe K-edge XAS on the SAMBA beamline, using the transmission mode.

Co K-edge

The Co K-edge XANES spectra of monoPBACoFeRed600 and monoNO3CoFeRed600 are presented in Figure 129. They are compared to the spectra of monoCo-Ox1000 and commercial CoO (Alfa Aesar, 95%). For the reference of the metallic component, the spectrum of the fcc Co (from reference [START_REF] Novikova | [END_REF]) was chosen. It can be seen that none of the spectra of the nanocomposites resemble the spectrum of fcc Co, nor present the spectral features of a metallic compound.

The spectra of monoNO3CoFeRed600 and of CoO presents an absorption maximum located at the same energy (7726.0 eV). The other spectral features are also similar in both spectra, suggesting the presence of a significant quantity of Co species with the same speciation in CoO and in monoNO3CoFeRed600. This is in agreement with the X-ray diffraction pattern of monoNO3CoFeRed600 (Figure 50), which showed the presence of a CoO or FeO monoxide phase in addition to the CoFe alloy phase. We tried to quantify the different components present in monoNO3CoFeRed600 by removing different proportions of the CoO spectrum from the one of monoNO3CoFeRed600, to reproduce the spectrum of fcc Co.

However, none of the resulting spectra resembled the spectrum of a metal or alloy (Annex III, Figure A26). The linear combination attempt with other cobalt containing oxides besides CoO was also not successful and it was thus not possible to identify and quantify the different cobalt species present in monoNO3CoFeRed600. The Co K-edge XANES spectrum of monoPBACoFeRed600 presents similar features as the spectrum of monoNO3CoFeRed600. Therefore, monoPBACoFeRed600 is also composed of different Co components. It can also be seen that the shape of the white line is slightly different: the shoulder at 7724.0 eV is much more visible for monoPBACoFeRed600, and corresponds to the absorption maximum of the spectrum of monoCo-Ox1000. This suggests the presence of the low-condensed Co 2+ Td species, as also revealed by the UV/Vis analysis (Figure 128).

Fe K-edge

The XANES spectra of monoPBACoFeRed600 and monoNO3CoFeRed600 are presented in Figure 130, in comparison to the spectrum of the bcc Fe foil. It can be seen that the overall shape of the spectra is different. The energy of the absorption maximum is located at higher energy in the spectra of the nanocomposites than in the one of the Fe foil. This indicates that in neither nanocomposite the iron has been completely reduced to Fe 0 .

The shape of the spectrum of monoNO3CoFeRed600 suggests the presence of an oxide phase, such as FeO. Different linear combinations were attempted to reproduce the spectrum of monoNO3CoFeRed600. We were able to show the presence of a low proportion of metallic Fe and to exclude the presence of hematite, but it was not possible to identify and quantify the iron oxide phases. The spectrum of monoPBACoFeRed600 presents spectral features significantly different from the ones of monoNO3CoFeRed600, but similar to the one of the model nanocomposite monoCNFeOx. These observations show that, besides the evidenced lowcondensed Co 2+ species at the Co K-edge, low-condensed Fe 3+ species are also present in monoPBACoFeRed600. As for monoNO3CoFeRed600, it was not possible to identify and quantify the Fe phases.

Microstructure of CoFe/SiO 2 nanocomposites obtained under reducing atmosphere

For the CoFe/SiO 2 nanocomposites obtained under reducing atmosphere, only an approximate model for the microstructure can be proposed (Figure 131). The hexagonally ordered porosity of the silica monolith can still be evidenced and the nanoparticles are well confined within the pores. The main difference between the synthesis pathways is the size of the spherical nanoparticles, which is larger in the case of the NO 3 synthesis pathway.

The XAS analysis revealed a complex chemical composition. The presence of a metallic phase in a low quantity could be found at the Co and the Fe K-edge. From the XRD analysis, the formation of the bcc CoFe alloy was known. However, a significant quantity of Co and/or Fe oxides is also present in both nanocomposites. Due to this complex composition, it was not possible to quantify the different phases by linear combination of model spectra. Moreover, the XANES spectrum of monoPBACoFeRed600 also revealed the formation of Co 2+ Td species and low-condensed Fe 3+ species in addition to the other cobalt and/or iron phases. The magnetic behaviors that were presented in chapter 2 can be a little bit further explained in light of the proposed microstructure, as well as by comparison with the less complex Co/SiO 2 nanocomposites. For monoPBACoFeRed600, both the ZFC and the FC magnetization curves show a presence of a paramagnetic contribution (Reproduced by Equation 2; Annex III, Figure A19). This behavior was also observed in monoPBACoCoRed, who displays similar magnetization curves. Therefore, we propose to assign the paramagnetic contribution evidenced at low temperatures to the low-condensed Co 2+ Td and Fe 3+ species.

Furthermore, the AC susceptibility measurements of monoPBACoFeRed600 (Annex III, Figure A22) reveal that the magnetic moments are indeed blocked over the entire 5 -400 K temperature range, as it was suggested by the constant FC magnetization (Figure 59b). As it was the case for monoPBACoCoRed, this blocked state is probably due to interparticle interactions present in the nanocomposite.

For monoNO3CoFeRed600, the magnetic behavior is different from the one observed in monoNO3CoRed and the shapes of the ZFC and FC curves are more similar to the ones of monoNO3CoFeOx. This is in agreement with the proposed microstructure and the evidence of a significant presence of Co and/or Fe oxides besides the metallic nanoparticles. Hence, the nanoparticle assembly in monoNO3CoFeRed600 presents a complex magnetic behavior.

CoFe/SiO 2 nanocomposites with varying Co/Fe ratio obtained under reducing atmosphere

The possibility to tune the chemical composition of the nanoparticles could be shown for the CoFe/SiO 2 nanocomposites obtained under oxidizing atmosphere. In this section, first results for the characterization of monoPBACoFe7525Red, monoPBACoFe5050Red and monoPBACoFe2575Red, obtained under reducing atmosphere, are presented and compared to those obtained for monoPBACoCoRed and monoPBACoFeRed (see section 2.3).

Structural characterization

The nanocomposites, were analyzed by X-ray diffraction only. Figure 132 A similar study was reported by LIU et al. [72] on alloy particles derived from CoFe PBA in powder form with particle sizes ranging from 50 -200 nm. They observed a change from the body-centered to the face-centered cubic structure at a Co/Fe ratio of 7:3, which they explain with the fact that the body-centered cubic structure can only accommodate a limited quantity of cobalt atoms.

At last, the diffraction peaks are surprisingly narrow. The size of the crystallites estimated by the Scherrer formula is around 40 nm for all nanocomposites, which is significantly higher than the diameter of the pores. The diffraction peaks of monoPBACoCoRed and monoPBACoFeRed are also narrow but the TEM study (see section 2.3) has shown that the particles are all well confined in the porosity of the silica monolith, with an average particle size around 3.3 nm and no larger particles formed at the surface of the monolith. Therefore, it can be assumed that the alloy particles with the intermediate chemical compositions are also all well confined within the porosity. The XRD analysis thus showed that it is possible to influence the crystal structure of CoFe alloy nanoparticles by varying the Co/Fe ratio in the impregnation solution. The crystal structure can either be indexed in the Pm3 m or the Fm3 m space group, depending on the Fe content in the particles. The only exception is monoPBACoFe5050Red, in which diffraction peaks of both space groups are present, indicating that the structural change occurs at a Co/Fe ratio of 1 in the impregnation solution. The fact that the diffraction peaks present a narrow profile remains surprising but cannot be explained at this point. Further investigations on these nanocomposite systems are required to understand and explain this structural characteristic.

Magnetic properties

In Figure 133, the ZFC-FC magnetization curves of monoPBACoFe7525Red, monoPBACoFe5050Red and monoPBACoFe2575Red are compared to those of monoPBACoCoRed and monoPBACoFeRed600.

It can be seen that the curves of all nanocomposites present the same trend. Under ZFC conditions, the magnetization increases with an increase of the temperature due to the progressive alignment of the magnetic moments in the external magnetic field. But under FC conditions, the magnetization remains constant as the temperature decreases, indicating a strong coupling of the magnetic moments. At low temperatures, the magnetization increases with decreasing temperature and obeys a Curie-Weiss law. In agreement with the previous obtained results, we propose to attribute this paramagnetic behavior evidenced at low temperatures to the low-condensed Co 2+ and Fe 3+ species in interaction with the silica matrix.

The only differences that can be observed between the nanocomposites are the magnetization values, which appear to increase with an increase of the Fe content. However, the values cannot directly be compared to one another since the quantity of nanoparticles in the analyzed powder can differ from one nanocomposite to the other. Also, the crystal structure changes from a face-centered cubic structure to a body-centered cubic structure with increasing iron content, which could also influence the resulting total magnetization value of the nanocomposite. The magnetic field dependent measurements of the magnetization (Annex III, Figure A25) confirm the strong coupling of the magnetic moments in the nanocomposites obtained under reducing atmosphere regardless of the Co/Fe ratio, leading to a collective behavior even at ambient conditions. At both 300 K and 5 K a similar coercive field can be observed for all intermediate nanocomposites; this was also the case in monoPBACoCoRed and monoPBACoFeRed600. Within this Co/Fe ratio dependent series, it can be seen that the coercive field at 300 K increases with an increase of the Fe content (Annex III, Table A4).

These observations are not surprising, since Co, Fe and CoFe exhibit a ferromagnetic behavior as bulk materials. In comparison to the discussion in section 5.4, the presence of cobalt and iron oxides, and of low-condensed Co 2+ Td and/or Fe 3+ species is also likely in the intermediates, resulting in the formation of comparable nanocomposites. Hence, the variation of the Co/Fe ratio in the impregnation solution seems to only have a minor influence on the final magnetic properties of the nanocomposites obtained under reducing atmosphere.

Macroscopic properties of the CoFe/SiO 2 nanocomposites

So far, only the magnetic properties of the CoFe/SiO 2 nanocomposites after grinding of the monoliths were discussed. In this section, the peculiar magnetic properties of the pieces of monolith obtained after thermal treatment under reducing atmosphere are presented.

Furthermore, a small monolith piece with a size of approximately 1 mm 3 was studied in different orientations to evidence a possible anisotropic behavior. For that purpose, we have chosen the monoNO3CoFeOx monolith, because even though the nanoparticles have various chemical compositions and are polycrystalline, they present an anisotropic shape, since nanorods of various lengths are formed along the pore channels.

Magnetic properties of the CoFe/SiO 2 monoliths obtained under reducing atmosphere

The monolith piece of monoPBACoFeRed600, monoPBACoFeRed700 and monoNO3CoFeRed600, respectively, are attracted to a NdBFe magnet at room temperature (Figure 134). The monolith pieces of the intermediates monoPBACoFe7525Red, monoPBACoFe5050Red and monoPBACoFe2575Red are also all attracted to a NdBFe magnet at room temperature. This is exemplarily shown in Figure 135 for a monoPBACoFe5050Red monolith piece.

As for the Co/SiO 2 nanocomposites obtained under reducing atmosphere, it is surprising that the monoliths of the CoFe/SiO 2 nanocomposites obtained under reducing atmosphere are all attracted to a NdBFe magnet even though the CoFe/Si molar ratio is only 

Anisotropic magnetic properties of monoNO3CoFeOx

The monolith piece with a size of about 1 mm 3 was manually fixed in different positions on a piece of cardboard with eicosane. The study of the monolith piece of monoNO3CoRed (section 4.3.1) showed that the quantity of eicosane has an impact on the resulting magnetization. Therefore, the differences in the quantity of eicosane is kept as low as possible (Δ ~ 0.01 mg) from one measurement to the next. From the ZFC magnetization (T max = 155 K), we decided to measure the different orientations at 10 K, 80 K and 120 K to be able to evidence a possible effect of the orientation of the monolith piece while sufficiently blocking the magnetic moments but also reducing the interparticle interactions, which could counteract the orientation in the magnetic field.

The magnetic field dependent magnetization curves at the different temperatures are presented in Figure 136. It can be seen that the hysteresis loop closes when approaching the temperature of the ZFC maximum. However, no difference in the opening of the cycle can be evidenced for the different orientations. Only the magnetization at high magnetic fields is increased for the parallel orientations. Since the magnetization curves otherwise well agree with one another, it cannot be excluded that this deviation might be due to a different distribution of the diamagnetic eicosane matrix surrounding the monolith piece. Overall, the combination of the anisotropic shape of the nanoparticles with an anisotropic organization does not significantly influence the magnetic behavior of the monoNO3CoFeOx monolith piece. 

Conclusion CoFe/SiO 2 nanocomposites

The spectroscopic analysis of the CoFe/SiO 2 nanocomposites confirm the results of the XRD and TEM characterizations, but also revealed the complexity of their chemical composition. Due to the phase segregation, which can be observed by EDS, with the formation of Co and Fe rich nanoparticles in monoNO3CoFeOx, the chemical composition can be described as Co x Fe 3-x O 4 .The heterogeneous chemical compositions and aggregation states of the nanoparticles lead to a spinglass like magnetic behavior. For monoPBACoFeOx a formula of Co 2.2 Fe 0.8 O 4 is proposed for the nanoparticles, and the presence of low-condensed Co 2+ and Fe 3+ species in interaction with the silica matrix is evidenced. For the nanocomposites obtained after the thermal treatment under reducing atmosphere, we were unable to determine their chemical composition, since they are made up of bcc CoFe and different oxides. We propose to assign the paramagnetic contribution evidenced at low temperatures in both monoPBACoFeOx and monoPBACoFeRed600 to the low-condensed Co 2+ and Fe 3+ species.

The variation of the Co/Fe ratio using the PBA synthesis pathway showed two effects.

Under oxidizing atmosphere, the replacement of [Fe(CN) 6 ] 3-complexes by [Co(CN) 6 ] 3-ones always results in the formation of the spinel oxide structure but with varying cell parameters.

On the contrary, under reducing atmosphere, the formation of a face-centered cubic structure or a body-centered cubic one can be observed depending on the Co/Fe ratio. The control over the chemical composition of the oxide nanoparticles is also reflected in the magnetic behavior, whereas for the nanocomposites obtained under reducing atmosphere, the magnetic properties are similar regardless of the Co/Fe ratio. Therefore, it is possible to tune the chemical composition as well as the crystallographic structure of mixed metal oxide and alloy nanoparticles by using PBA as a precursor. The structure and magnetic properties are hence directly connected to Co/Fe ratio in the impregnation solution. It must be noted that lowcondensed Co 2+ and Fe 3+ species are formed in addition to the nanoparticles.

For the monolith piece (1 mm 3 ) of monoNO3CoFeOx containing anisotropic nanorods along the channel length, it could be shown that the orientation of the porosity in an external magnetic field does not induce an anisotropic magnetic behavior.

The objectives of this thesis were to develop magnetic materials with macroscopic properties governed by those of an assembly of magnetic nanoparticles. For this, Co/SiO 2 , CoFe/SiO 2 and Fe/SiO 2 nanocomposites were chosen, in which the controlled synthesis of nanoparticles in terms of shape and size was combined with their organization thanks to the use of an ordered silica monolith as a hard template. Furthermore, we wanted to control the chemical composition of the nanoparticles through the use of PBA as precursors, by first synthesizing them inside the pore of the monolith and then thermally decomposing them into oxides or metals/alloys depending on the atmosphere conditions. The combined control over the microstructure and organization of the nanoparticles could allow us to design original magnetic materials and to study their magnetic properties.

The structural, morphological and magnetic investigations of the Co/SiO 2 , Fe/SiO 2 and CoFe/SiO 2 nanocomposites revealed a versatile character of these systems. The use of an ordered silica monolith as a hard template allows the preparation of comparable nanocomposites, in which the different parameters (chemical composition, particle shape, particle size…) can be selectively varied. It was possible to obtain different magnetic systems by exchanging Co and Fe ions with one another, by varying the thermal treatment conditions (treatment temperature and atmosphere), and by changing the synthesis pathway (use of PBA or nitrate salts as precursors). Moreover, the use of PBA as a precursor allowed to synthesize nanocomposites containing mixed metal oxide or alloy nanoparticles with a well-controlled ratio of the metal centers, giving thus access to new chemical compositions. We were able to show that the Co/Fe ratio in the nanocomposite is directly linked to the Co/Fe ratio in the impregnation solution containing the hexacyanometallate complexes.

However, the magnetic study revealed that the actual microstructure of the nanocomposites is more complex than anticipated. Nonetheless, by combining multiple analytical techniques, each one focusing on different parts of the nanocomposite, we were able to develop models of the microstructure for most of the prepared nanocomposites. This allowed us to better understand the relation between the microstructure and the magnetic properties.

A thermal treatment in air leads to Co/SiO 2 and Fe/SiO 2 nanocomposites presenting a mainly paramagnetic (monoPBCoCoOx and monoPBAFeFeOx) or a superparamagnetic (monoNO3CoOx and monoNO3FeOx) behavior. The CoFe/SiO 2 nanocomposites present a complex magnetic behavior: various different magnetic species could be found in monoPBACoFeOx and the magnetic behavior of monoNO3CoFeOx resembles the one of a spin-glass. After a thermal treatment under reducing atmosphere, the Co/SiO 2 and CoFe/SiO 2 nanocomposites present a strong collective magnetic behavior over a wide temperature range.

Moreover, monoNO3CoRed and monoPBACoCoRed also exhibit an exchange bias effect assigned to the proposed core-shell structure of the nanoparticles. Overall, we were able to show that the NO 3 synthesis pathway leads to the typical magnetic behavior expected for such assemblies of nanoparticles, as already reported in the literature. In contrast, the nanocomposites obtained through the PBA synthesis pathway present a surprising magnetic behavior. At low temperatures, a paramagnetic contribution can always be evidenced, which we proposed to assign to low-condensed Co 2+ Td and/or Fe 3+ species, located at the surface of the pores or within the silica walls, and formed in addition to the nanoparticles. These lowcondensed species form in the presence of cyanide ions in the porosity, which we proposed to assign to a consumption of O 2 during the thermal treatment in air. Concerning the differences in the magnetic properties arising from the PBA or NO 3 synthesis pathway, we propose to explain them by the different particle sizes and organizations within the silica matrix, probably resulting in different strength of interparticle interactions.

For the Fe/SiO 2 nanocomposites, we focused on the ε-Fe 2 O 3 phase, which could be synthesized within the silica monolith by a fast thermal treatment under oxidizing atmosphere.

The magnetic properties of the nanocomposites strongly depend on the ε-Fe 2 O 3 nanoparticles with a size above 7.5 nm Quantity of Fe 2 O 3 Nanoparticles ratio, which is governed by the thermal treatment temperature and the Fe/Si ratio. We were able to show that the ε-Fe 2 O 3 phase presents a superparamagnetic behavior for particle sizes below 7.5 nm and that larger ε-Fe 2 O 3 nanoparticles exhibit a large coercive field (close to 20 kOe) at room temperature. This high coercive field is also independent of the shape of the monolith piece. This could allow the production of materials, with desired shapes thanks to the sol-gel process, and presenting a high coercivity without having to use rare earth or precious metals.

The monolith pieces of the Co/SiO 2 and CoFe/SiO 2 nanocomposites obtained under reducing atmosphere also present a peculiar magnetic behavior. Both synthesis pathways (NO 3 and PBA) lead to the formation of room temperature permanent magnets, despite the low loading of the pores (M/Si ratio of 2 mol% or 1.7 mol%). Furthermore, we studied a possible effect of the organization of the nanoparticle assembly for small pieces of monolith with a size of 1 mm 3 for monoNO3CoRed, presenting an anisotropic organization of the core-shell nanoparticles, and monoNO3CoFeOx, which contains nanoparticle aggregates exhibiting an anisotropic shape. The magnetic studies allowed us to show that the orientation of the anisotropic pores within a magnetic field does not have a significant effect on the magnetic properties of these nanocomposites. The magnetic properties of these nanocomposites arise from the more dominant contributions: such as the exchange bias effect present in monoNO3CoRed or the spin-glass like behavior in monoNO3CoFeOx.

Therefore, we can conclude that it is possible to simultaneously control the size and shape of the nanoparticles by synthesizing them within the ordered pores of a silica monolith, and additionally control their chemical composition through the use of PBA as precursor.

Furthermore, it could be shown that the organization of the nanoparticles within a solid template influences the interparticle interactions and gives rise to interesting magnetic properties. Overall, our approach allows the preparation of comparable nanocomposites with respect to one another, enabling us to better understand the magnetic behavior of each nanoparticle assembly.

Based on this conclusion, several future works can be envisaged for a better understanding of the magnetic properties of an assembly of oxide or metal nanoparticles embedded in the ordered pores of a silica monoliths, as well as for the development of new functional magnetic nanomaterials.

o A closer investigation of the origin of the low-condensed Co 2+ Td and Fe 3+ species and their influence and role on the magnetic properties of the nanocomposites is needed.

Our preliminary study on their origin also revealed that Co-mono may present a catalytic activity in contact with H 2 O 2 ; it has to be further evaluated.

o To develop other new magnetic properties, the variation of the total magnetic moment of the nanoparticles and thus a variation of the interactions arising within the nanoparticle assembly would be of interest. This can be done by changing the transition metal ions (i.e. Ni, Cu, Zn).

o A suitable method to orient the monolith without changing the quantity of the surrounding medium (eicosane distorts the magnetic signal due to its diamagnetic contribution) must be developed, as well as the synthesis of silica monoliths with an anisotropic shape.

I. Experimental Procedures

SYNTHESIS OF THE NANOCOMPOSITES

A. Synthesis of the silica nanoreactor

The synthesis of the silica monoliths follows the procedure described in references [56] and [81].

Ordered mesoporous silica monolith

For a typical synthesis of four hexagonal mesoporous silica monoliths (2 cm in diameter) 2. 

NO 3 synthesis pathway

In the case of the NO 3 synthesis pathway, the pure silica monolith is impregnated with a M(NO 3 ) x solution.

Preparation of the impregnation solution

A solution is prepared by dissolving the iron and/or cobalt nitrate salts in 

Impregnation of the monolith

Si-mono was dispersed in heptane and a volume of the aqueous solution corresponding to 80% (0.56 ml for 1 g SiO 2 ) of the porosity was added. After the addition, the white Si-mono monolith adopted the color of the transition metal salt solution. After approximately 15 minutes the heptane was removed and the monoliths placed on a watchglass to dry overnight.

C. Thermal treatment of the impregnated monoliths

The nanocomposites containing PBA or nitrate salts with a M/Si ratio of 2 mol% were all treated in the same way under oxidizing or reducing atmosphere.

Under oxidizing atmosphere for all samples, the oven was heated up to 700 °C with a heating ramp of 5 °C/min and kept at 700 °C for 2 hours. Afterwards, the oven was left cooling down. The samples obtained are called: monoPBACoCoOx, monoNO3CoOx, monoPBACoFeOx, monoNO3CoFeOx, monoPBFeFeOx, monoNO3FeOx, as well as monoPBACoFe7525Ox, monoPBACoFe5050Ox and monoPBACoFe2575Ox.

For the reducing conditions, the thermal treatment took place in two steps. At first the precursor was pre-oxidized at 500 °C with a heating ramp of 5 °C/min. Instead of holding the temperature, the oven was directly left cooling down. Afterwards, the oxidized nanocomposite was placed into a tube furnace and the atmosphere was exchanged to 5%H 2 /Ar during 1 hour.

The oven was heated to either 600 °C or 700 °C. For both temperatures a heating ramp of 5 °/min was used. The oven was kept at the target temperature for 2 hours and finally cooled back down to room temperature. All steps were performed under a constant flow of 5%H 2 /Ar gas. The samples obtained at 600 °C are called: monoPBACoFeRed600, monoNO3CoFeRed600, monoPBAFeFeRed, monoNO3FeRed, monoPBACoFe7525Red, monoPBACoFe5050Red and monoPBACoFe2575Red. The samples for which a treatment temperature of 700 °C was chosen are called: monoPBACoCoRed, monoNO3CoRed and monoPBACoFeRed700.

D. Preparation of the ε-Fe 2 O 3 nanocomposites

The impregnation solution for the ε-Fe 2 O 3 samples were prepared with a Fe/Si of 5, 10 and 20 mol% corresponding to 600 mg, 1200 mg and 2400 mg Fe(NO 3 ) 3 • 9 H 2 O, respectively, dissolved in 1 ml distilled water.

Si-mono was immersed in heptane and a volume of the impregnation solution corresponding to 80% (0.56 ml for 1 g SiO 2 ) of the porous volume was added. During the addition, the white Si-mono monolith turned brown. After approximately 15 minutes the heptane was removed and the monoliths placed on a watchglass to dry overnight.

For the ε-Fe 2 O 3 series, a fast thermal treatment has been used. For the decomposition of the iron nitrate salt and the formation of the oxide, the oven was heated up from room temperature to the target temperature (ranging from 700 to 1300 °C) as fast as possible and after reaching the final temperature the oven was directly left cooling down. The time needed to reach each target temperature is summarized in Table A1. The samples with a Fe/Si ratio of 10% are EFe700, EFe800, EFe900, EFe1000, EFe1100, EFe1200 and EFe1300. The samples EFe5%, EFe10% and EFe20% correspond to the samples with a Fe/Si ratio of 5 mol%, 10 mol% and 20 mol%, respectively, obtained after a thermal treatment at 1100 °C.

Synthesis of maghemite

For the synthesis of maghemite, the protocol by CAO et al. [169] was used with some modifications. Two samples were prepared at different temperatures. The X-ray diffraction pattern of γ-FeOx200 (Figure A4a) shows several broadened peaks which can be assigned to the hematite phase. Regarding the relative intensities of the main reflections, it can be seen that the intensity ratio between the reflections of the hematite lattice planes ( 104) and ( 110) is not in full agreement with the database reference (01-079-1741).

However, this can be explained with the subjacent reflection of the (311) maghemite plane causing an increase of the intensity of the peak located around 35.6 2θ. The powder prepared at 200 °C is thus a mixture of hematite and maghemite. On the other hand, the diffraction pattern of γ-FeOx150 (Figure A4b) also shows a broadening of the diffraction peaks but in this case only the maghemite phase can be successfully indexed. The main hematite Bragg reflection (104) at 33.1 2θ cannot be observed. It can be assumed that the metastable maghemite phase can be stabilized as the main phase only below 200 °C with the used protocol. Therefore, γ-FeOx150 has been chosen as the maghemite reference in this work. 

Transmission electron microscopy

The analysis of the morphology of the nanocomposites was performed by transmission electron microscopy (TEM) by Dr. Patricia Beaunier at the technical platform of the Institut des Matériaux de Paris Centre (IMPC) at the Sorbonne Université, Paris.

Some milligrams of the ground sample were deposited at the bottom of a Beem capsule and the embedding AGAR100 resin was added. The resin polymerized over 2 days at 60 °C. Then, this polymerized block was microtomed with a diamond knife into ultrathin sections with a thickness of 70 nm. The sections were recovered on copper grids.

For the analysis of the ε-Fe 2 O 3 series, a JEOL JEM 2100Plus UHR equipped with a LAB 6 crystal operating at 200 kV, has been used. The images were collected with a CCD camera (Gatan Orius Sc 1000) with a resolution of 4008 x 2672 pixels.

For the analysis of the Co and/or Fe containing nanocomposites a JEOL JEM 2010 UHR equipped with a LAB 6 crystal operating at 200 kV, has been used. The images were collected with a CCD camera (Gatan Orius Sc 1000) with a resolution of 4008 x 2672 pixels. The chemical analyses were obtained by a selected energy-dispersive X-ray spectroscopy (EDS) microanalyser (PGT-IMIX PC) mounted on the JEM 2010.

The particle size distribution of the nanoparticles within the silica matrix was determined by using the ImageJ software. The given mean values and standard deviations of the particle sizes have been determined by plotting the distribution with the Kaleidagraph data treatment software.

Scanning electron microscopy

The ε-Fe 2 O 3 samples have been analyzed by scanning electron microscopy (SEM). A Zeiss Sigma HD scanning electron microscope fitted with a SAMx IDFix EDS microanalysis system has been used. The Fe/Si ratio was determined multiple times by energy-dispersive spectroscopy (EDS) and the obtained values have been averaged.

Co and Fe K-edges X-ray absorption spectroscopy

The speciation (oxidation state and local environment) of Co and Fe was analyzed by Kedge X-ray absorption spectroscopy (XAS) in transmission mode at the SAMBA beamline at the SOLEIL Synchrotron (Gif-sur-Yvette, France). [146,147] The samples were finely ground and placed between two pieces of kapton tape on a punched cardboard. The references (commercial and prepared) were diluted in BN and pressed into 10 mm pellets at 5 tons. The spectra were recorded at room temperature in a continuous mode from 6900 to 8800 eV to successively cover both the Fe (7112 eV) and Co (7709 eV) K-edges. The step size was adjusted individually for each series. During the acquisition, no radiation damage was observed.

After the measurement, the spectra were normalized and, if needed, energy-calibrated to the corresponding metal edge using the XAS data processing software ATHENA [172]. In the case of the cobalt containing samples, the energy calibration was done using the Co 3 O 4 reference measured on the ROCK beamline (SOLEIL synchrotron) during a previous beamtime. [71] Additional Fe K-edge HERFD-XANES (High-Energy-Resolution-Fluorescence-Detected X-ray Absorption Near-Edge) spectra were measured on the FAME-UHD beamline (ESRF, Grenoble, France) for three ε-Fe 2 O 3 samples (EFe900, EFe1000 and EFe1100). [149] The ground powder was placed inside the sample holder and fixed on both sides with kapton tape. The hematite and maghemite reference powders were diluted in cellulose to 5 wt%, to avoid self-absorption effects. The spectra were acquired from 7080 eV up to 7350 eV by monitoring the Fe Kα 1 fluorescence line (6403 eV) using Ge (440) analyzer crystals. No radiation damage was observed. Following the measurements, the spectra were normalized to 1 at the edge jump by just applying a normalization factor; the HERFD mode indeed allows to directly measure a background-free spectrum. They were further energy-calibrated to the spectra measured on the SAMBA beamline.

Magnetometry

For the measurement of the magnetic properties, the monolith has been finely ground and the powder has been pressed into a pellet at 2 tons. The mass of the nanocomposite was typically between 10 and 20 mg. The pellet was fixed with two straws, which ends were sealed with Teflon, within another straw. If only the ZFC-FC curves were collected or AC measurements were performed for which no high magnetic fields are required, the powder was placed in a capsule.

The magnetic measurements were performed on a Quantum Design MPMS XL7 or a Quantum Design MPMS 5 magnetometer. Prior to the installation of the samples, the magnet was reset to zero. Then, the samples were installed and the sample position centered. The ZFCFC magnetization curves were measured with an applied field of 50 Oe between 5 K and 400 K for the Co/SiO 2 , CoFe/SiO 2 and Fe/SiO 2 nanocomposites and for the ε-Fe 2 O 3 nanocomposites between 10 K and 400 K. The step size was 5 K and the rso mode was used.

This acquisition was followed by a measurement (in dc mode) of the magnetic field dependence of the magnetization between 50000 Oe and -50000 Oe at 300 K and at 10 or 5 K, For each performed frequency-dependent susceptibility measurement, the temperature of the χ' or χ'' maximum was determined for each frequency and the relaxation time τ was tried to be reproduced by one of the laws given in equations (A6), (A7) and (A8) to determine the magnetic dynamics of the studies nanoparticle assembly.

Orientation dependent magnetic measurements

The orientation experiments have been performed with the help of Dr. Eric Rivière on a Quantum Design MPMS XL7 magnetometer.

For the study of the EFe1200 monolith piece, the bar-shaped piece was fixed with glue on a piece of cardboard and was installed with its long axis perpendicular to the applied magnetic field into the SQUID. For the parallel orientation of the bar along its length, the cardboard with the sample was fixed on an elongated piece of paper inside of a straw with the help of a thread. The parallel set-up is shown in Figure A9. For the orientation experiments of monoNO3CoRed and monoNO3CoFeOx, another method has been employed. A piece of monolith with the approximate dimensions of 1 mm 3 was embedded in eicosane (which is a solid at room temperature) on a piece of cardboard and thereby blocked in the desired orientation. After the magnetic measurement, the eicosane was slightly warmed-up (to liquefy it again) so that the monolith piece could be rotated and be blocked in the new desired position.

Magnetism of the pure silica monolith

The magnetic properties of a pure silica monolith have been first analyzed to check its possible influence on the measured magnetism. For the measurement, Si-mono has been finely ground and was placed into a capsule for analysis. The ZFC-FC magnetization curves were measured between 5 K and 120 K with an applied field of 50 Oe, as it was the case for the other measurements. This measurement was followed by a magnetic field dependence measurement of the magnetization at 5 K. The obtained curves are shown in Figure A10. It can be seen, that the magnetization increases at low temperatures, meaning that the silica is not completely diamagnetic. The temperature dependence of the magnetization can indeed be reproduced by the sum of a temperature independent constant and a Curie-Weiss law (Figure A10b). The temperature independent term is negative, as it is expected for a diamagnetic contribution. The field dependence of the magnetization at 5 K (Figure A10c), shows a slight s-shape with a positive slope confirming the paramagnetic behavior. The paramagnetic contribution can be attributed to impurities present in the silica.

However, the magnetization values are negligible in comparison to those of the nanocomposites containing the magnetic nanoparticles, and were not further considered in the magnetic study of the nanocomposite samples.

III. Supplementary Characterizations 1. X-ray diffraction patterns of the PBA nanocomposites before thermal treatment

The 

Size distribution of nanoparticle length of monoNO3CoOx and monoNO3CoFeOx

The size distributions of the elongated nanoparticles along the direction of the pores of the silica monolith in monoNO3CoOx and monoNO3CoFeOx are presented in Figure A12. 

ZFC-FC magnetization curves of monoPBACoFeRed700

The ZFC-FC magnetization curves of monoPBACoFeRed700 are shown in Figure A15.

An irreversibility of the FC and ZFC magnetization curves, as well as an increase of the magnetization at low temperatures, can be seen. In comparison to the nanocomposite monoPBACoFeRed600, the FC magnetization increases. Furthermore, the maximum of the ZFC curve is shifted towards lower temperatures, which can reflect a decrease of the strength of the interparticle interactions. These observations show the significant influence of the particle size on the magnetic properties of cobalt ferrite nanoparticles. 

Reproduction of the magnetic susceptibility of the nanocomposites by a Curie-Weiss law

The reproductions of the magnetic susceptibility by a the sum of a temperatureindependent constant and a Curie-Weiss law ( χ χ ) for monoPBACoCoOx, monoNO3CoOx, monoPBACoCoRed, monoPBACoFeOx and monoPBACoFeRed600 are presented in Figure A16 to Figure A19. 

Magnetic properties of the model nanocomposites

The ZFC-FC magnetization curves for monoCNCoOx and monoCNFeOx are presented in Figures A20 and Figure A21. Furthermore, for each model nanocomposite the FC susceptibility is fitted with a Curie-Weiss law. 

AC characterization of monoPBACoFeRed600

The in-phase (χ') and out-of-phase (χ'') magnetic susceptibilities of monoPBACoFeRed600 over the 5 -400 K temperature range are shown in Figure A22.

Neither χ' nor χ'' depend on the frequency, indicating that the magnetic moments are either blocked or completely follow the direction of the magnetic field. 

AC characterization of monoPBACoFe2575Ox

Since monoPBACoFe2575Ox presents a similar peak maximum around 15 K as monoPBACoFeOx, the nanocomposite was also characterized by AC susceptibility measurements in the 2 -400 K range to understand the relaxation dynamic of the magnetization. Figure A23a shows that the in-phase (χ') and the out-of-phase (χ'') components of the AC magnetic susceptibility are frequency independent in most of the studied temperature range. For the χ'' component at low temperatures (below 6 K) a frequencydependent peak is visible (Figure A23b). A3 and Table A4, respectively. 
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Scheme 1 :

 1 Scheme 1: Representation of the possibilities to control the different parameters which can influence the magnetic properties of nanoparticles or the resulting nanoparticle assembly for the design of new magnetic materials.

Figure 1 :

 1 Figure 1: Schematic representation of the effect of the size reduction on the magnetic domain structure.

Figure 3 :

 3 Figure 3: Schematic representation of the organization of magnetic nanoparticles. A nanoparticle is illustrated by a magnetic dipole N/S.

Figure 4 :

 4 Figure 4: Schematic representation of the mechanism for the hydrolysis reaction of tetramethyl orthosilicate. Me corresponds to the methyl group CH 3 .

Figure 5 :

 5 Figure 5: Schematic representation of the condensation reaction mechanism of the hydrolyzed silica species.

Figure 6 :

 6 Figure 6: Schematic representation of the sol-gel process and the effect of the drying procedure.

The MCM- 41 (

 41 Mobil Composition of Matter-41) system exhibits a hexagonal arrangement of ordered uniform cylindrical pores with a pore diameter ranging from 15 to 100 Å. A liquid crystal templating mechanism was proposed for the formation of the mesophase: the surfactant molecules organize into micellar liquid crystals and the silicate condensates around it. The final calcination leads to the removal of the organic parts and the formation of hollow cylinders.

Figure 7 :

 7 Figure 7: TEM images of SBA-15 silica with varying pore sizes, (A) 60 Å, (B) 89 Å, (C) 200 Å, and (D) 260 Å, adapted from reference [21].

Figure 8 :

 8 Figure 8: Chemical structure of the amphiphilic non-ionic structuring agent P123.

Figure 10 :

 10 Figure 10: Mesoporous silica monolith prepared from a) the Brij 56 mesophase and b) the P123 mesophase; adapted from references [30] and [31], respectively.

Figure 11 :

 11 Figure 11: Side view of the silica monoliths prepared by YANG et al.[27], with no transition metal (transparent) and doped with different metal cations: Co 2+ (pink), Fe 3+ (yellow), and Cu 2+ (green).

Figure 12 :

 12 Figure 12: ZFC-FC magnetization curves (a) and magnetic field dependence of the magnetization at 5 K (b) of 6 nm Co nanoparticles for different aggregation and organization states of the nanoparticles, adapted from GROSS et al.[47].

Figure 13 :

 13 Figure 13: Exchange bias effect measured at 2 K in nanocasted Co 3 O 4 nanowires, reported by SALABAS et al.[48].

Figure 14 :

 14 Figure 14: TEM image of Fe 3 O 4 nanoparticles (black points) embedded in ordered hybrid silica, adapted from MATSURA et al.[51].

[ 55 ]

 55 The NiFe PBA/SiO 2 nanocomposite was thermally decomposed in Ar or H 2 , resulting in the formation of NiFe alloy nanoparticles with a homogenous Ni/Fe ratio. Therefore, this method allows the preparation of nanoparticles with a controlled chemical composition, size and shape. The nanocomposites present a superparamagnetic behavior and the maximum of the ZFC magnetization curve depends on the particle size. Furthermore, the value of the energy barriers obtained by an Arrhenius fit decreases as the particle size decreases.[55] 

Figure 15 :

 15 Figure 15: Schematic representation of the anchoring of NiFe PBA within the ordered porosity of SBA-15 silica and the thermal decomposition into a NiFe alloy, reported by FOLCH et al.[55].

Figure 16 :

 16 Figure 16: Magnetic field dependence of the magnetization at 2 K of NiFe PBA nanoparticles embedded in a mesoporous silica monolith. The pores are oriented parallel (a) or perpendicular (b) to the magnetic field, as reported in reference [59].

Figure 18 :

 18 Figure 18: Schematic representation of the Prussian blue and its analogues synthesis.

Figure 19 :

 19 Figure 19: Schematic representation of the transformation of PBA into an oxide with the spinel structure (a) or a metal with different types of closed-packed lattices (ccp (b), bcc (c) and hcp (d)).

  octahedral ([Co(H 2 O) 6 ] 2+ ) to tetrahedral ([Co(OH) 4 ] 2-) during the thermal treatment.[83] 

Figure 20 :

 20 Figure 20: Schematic representation of the insertion of Co 2+ ions into the pores of a silica monolith during the sol-gel process, with photographs of the monolith before and after calcination, as reported in reference [56].

Figure 21 :

 21 Figure 21: a) Phase diagram of the ternary system based on the quantity of TMOS, P123 and Co(NO 3 ) 3 , adapted from DELAHAYE et al.[84]. b) TEM images and schematic representation of the porosity, adapted from FORNASIERI et al.[9].

Figure 22 :

 22 Figure 22: Scheme of the hexagonal ordered domains with close orientations present in the silica monolith, adapted from MOULIN et al.[59].

Figure 23 :

 23 Figure 23: Schematic representation of the impregnation of the cobalt containing silica monolith and the formation of PBA particles within the ordered porosity.

Figure 24 presents

 24 Figure 24 presents TEM images showing the ordered honeycomb structure of the silica monoliths. The dark spots in some of the pores reveal the presence of PBA nanoparticles. In addition, the HR-TEM image in Figure 24 shows lattice planes of monocrystalline PBA nanoparticles.

Figure 24 :

 24 Figure 24: TEM and HR-TEM images of RbCoFe PBA nanoparticles embedded in the pores of an ordered silica monolith, adapted from FORNASIERI et al.[82].

Figure 25 :

 25 Figure 25: Photographs of monoPBACoCoOx before and after thermal treatment in air.

Figure 26 :

 26 Figure 26: Photographs of monoPBACoFeOx with varying Co/Fe ratios before and after thermal treatment in air.

Figure 27 :

 27 Figure 27: Photographs of monoPBFeFeOx before and after thermal treatment in air.

Figure 28 :

 28 Figure 28: Photographs of monoPBACoCo after thermal treatment in air at 500 °C and monoPBACoCoRed.

Figure 29 :

 29 Figure 29: Photographs of monoPBACoFe after thermal treatment in air at 500 °C and monoPBACoFeRed600.

Figure 30 :

 30 Figure 30: Photographs of monoPBFeFe, monoPBFeFe after thermal treatment in air at 500 °C and monoPBFeFeRed.

Fd3 m space group

  and attribute them to the Co 3 O 4 spinel structure, regardless of the used synthesis pathway. This is further confirmed by the calculated lattice parameter of 8.09±0.02 Å for monoPBACoCoOx and 8.10±0.02 Å for monoNO3CoOx, which is close to the expected lattice parameter of Co 3 O 4 (a = 8.07 Å). The low intensity and the broadness of the diffraction peaks can respectively be explained by a low amount of metal ions (M/Si = 1.7 mol% and 2 mol%, respectively) and a nanometric size of the formed particles. For monoNO3CoOx the crystallite size was estimated from the (311) diffraction line by the Scherrer formula and a value of 7.8 nm could be obtained, which is close to the pore size of the silica monolith. The diffraction peaks of monoPBACoCoOx are too broad for an estimation.

Figure 31 :

 31 Figure 31: X-ray diffraction patterns of monoPBACoCoOx and monoNO3CoOx, with the reference diffraction lines of Co 3 O 4 .

Figure 32 :

 32 Figure 32: Representative TEM images of monoPBACoCoOx (a, b) and monoNO3CoOx (d, e) and the size distribution of the particle diameter (c, f).

Furthermore, a lattice plane distance of 2 . 40 Å

 240 in the monoPBACoCoOx particle and of 2.85 Å in the monoNO3CoOx particle could be determined. These distances correspond to the distance of the (311) or the (220) families of lattice planes of the Co 3 O 4 crystal structure, respectively, confirming the results of the XRD analysis and the formation of the Co 3 O 4 spinel structure during the thermal treatment in air.

Figure 33 :

 33 Figure 33: HR-TEM images of a) monoPBACoCoOx and b) monoNO3CoOx.

4 (

 4 , together with the diffraction lines from the database of the CoFe 2 O Annex IV, 01-077-0426) and Co 3 O 4 (Annex IV, 01-074-1657) spinel oxides. These reference diffraction patterns correspond to the most common Co and CoFe spinel oxides. Both nanocomposites show broad diffraction peaks with a low intensity, with a stronger intensity of the diffraction peaks in monoNO3CoFeOx. Despite the low intensity of the diffraction peaks, it is possible to index the peaks within the Fd3 m space group and to assign them to a spinel oxide crystal structure. A lattice parameter of 8.27±0.03 Å could be calculated for monoPBACoFeOx and 8.23±0.03 Å for monoNO3CoFeOx; these values are intermediate between the lattice parameters of Co 3 O 4 (a = 8.09 Å) and CoFe 2 O 4 (a = 8.40 Å).

Figure 34 :

 34 Figure 34: X-ray diffraction patterns of monoPBACoFeOx and monoNO3CoFeOx, compared to the diffraction lines of CoFe 2 O 4 and Co 3 O 4 .

( 5 .

 5 5 nm) indicates that the particles are well confined within the porous channels. The HR-TEM image (Figure 35d) shows a set of lattice planes with an inter-planar distance of 2.42 Å; this distance is close to the one expected for the (311) family of lattice planes of Co 3 O 4 or of CoFe 2 O 4 , confirming the formation of the cubic spinel crystal structure. The chemical composition of the nanocomposite determined by energy dispersive spectroscopy (EDS) (Figure 35e) gives an average Co/Fe ratio of 1.5. It has to be noted that the EDS measurement is performed on several regions containing multiple nanoparticles, since it is not possible to focus the electron beam onto a single particle. Nevertheless, it was observed that the Co/Fe ratio only slightly varies among the different regions. Thus, a chemical formula of Co 1.8 Fe 1.2 O 4 can be proposed for the oxide nanoparticles.

Figure 35 :

 35 Figure 35: TEM characterization of monoPBACoFeOx: a), b) representative TEM images, c) particle size distribution, d) HR-TEM image and e) representative EDS spectrum.

  40 Å and 2.05 Å could be measured. The former distance can be assigned to the (311) family of lattice planes for Co 3 O 4 or CoFe 2 O 4 , and the latter one to the (400) family of lattice planes for either the Co 3 O 4 or the CoFe 2 O 4 crystal structure. But, monocrystalline particles could also be found (Figure 36d), which suggests that the nanorods are made up of aggregated particles. An inter-reticular distance of 2.50 Å was found and can be assigned to the (311) family of lattice planes of CoFe 2 O 4 . The results of the EDS analysis (Figure 36f) indicate that the Co/Fe ratio varies significantly from one analyzed region to another, showing that a phase segregation occurs resulting in the formation of mono-or polycrystalline nanoparticles with various Co/Fe ratios.

Figure 36 :

 36 Figure 36: TEM characterization of monoNO3CoFeOx: a), b) representative TEM images, c) HR-TEM image of polycrystalline nanorod, d) HR-TEM image of monocrystalline spherical particle, e) particle diameter size distribution and f) representative EDS spectra.

Figure 37 :

 37 Figure 37: X-ray diffraction patterns of monoPBFeFeOx and monoNO3FeOx, compared to the diffraction lines of maghemite (γ-Fe 2 O 3 ) and magnetite (Fe 3 O 4 ).

Figure 38 :

 38 Figure 38: Representative TEM images of monoPBFeFeOx (a) and monoNO3FeOx (c) and the respective size distribution of the particle diameter (b, d).

Fe 2 O

 2 3 particles increases with an increase of the thermal treatment temperature, leading to the formation of maghemite.

Figure 39 :

 39 Figure 39: a) HR-TEM image and b) electron diffraction pattern of monoNO3FeOx.

5 -

 5 400 K temperature range are shown in Figure40. For both compounds, both the ZFC and the FC magnetization curves increase with decreasing temperature. However, regarding the values of the magnetization, a significant difference can be evidenced: at 5 K, the FC magnetization of monoNO3CoOx is approximately 10 times lower than the one of monoPBACoCoOx. Silica being diamagnetic (Annex II, FigureA10), the magnetization essentially arises from the Co species present in the samples. The previous sections concerning the structural characterization of the nanocomposites show that both samples contain Co 3 O 4 nanoparticles with a diameter below 5 nm, with elongated nanoparticles also present in monoNO3CoOx.

Figure 40 :

 40 Figure 40: ZFC-FC magnetization curves for a) monoPBACoCoOx and b) monoNO3CoOx. The inset c) shows a zoom of the ZFC (dotted line) and the FC curves at low temperatures.

from the expected behavior of antiferromagnetic Co 3 O 4 .

 34 It is possible that the nanoparticles exhibit a superparamagnetic behavior with a blocking temperature shifted to low temperatures. Nevertheless, the irreversibility between the ZFC and FC curves of monoNO3CoOx (Figure40c) below 40 K reflects a collective magnetic behavior, which can be explained by the presence of antiferromagnetic Co 3 O 4 nanoparticles. This is in agreement with the low FC magnetization at 5 K. The shape and the reversibility of the ZFC and FC magnetization curves of monoPBACoCoOx suggest that the sample is mainly made of paramagnetic species, which is not in agreement with a nanocomposite made up of antiferromagnetic Co 3 O 4 nanoparticles embedded in a diamagnetic matrix.The field dependence of the magnetization of monoNO3CoOx and monoPBACoCoOx at 5 K is shown in Figure41. It can be seen that the magnetization of monoNO3CoOx is always low and increases linearly with the magnetic field. This behavior is typical for an antiferromagnet and confirms the presence of Co 3 O 4 nanoparticles in monoNO3CoOx. In contrast, the field dependent magnetization curve of monoPBACoCoOx presents a shape typical of a paramagnetic behavior, in agreement with the previously discussed results.

Figure 41 :

 41 Figure 41: Magnetic field dependence of the magnetization for monoPBACoCoOx and monoNO3CoOx at 5 K.

Figure 42 :

 42 Figure 42: ZFC-FC magnetization curves of a), b) monoPBACoFeOx and c) monoNO3CoFeOx.

Figure 43 :Table 3 :

 433 Figure 43: Magnetic field dependence of the magnetization of monoPBACoFeOx and monoNO3CoFeOx at a) 300 K and b) 5 K.Table 3: Summary of the magnetic properties of monoPBACoFeOx and monoNO3CoFeOx. Nanocomposite 300 K 5 K H C (Oe) M R (emu/g) H C (Oe) M R (emu/g) monoPBACoFeOx 450 0.01 1230 0.1 monoNO3CoFeOx --9830 0.36
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 2 Effect of the Precursor -Oxidizing Atmosphere 56 maghemite nanoparticles with a narrow size distribution in the case of monoNO3FeOx. In contrast, monoPBFeFeOx only presents an increase of the magnetization with decreasing temperature and thus an overall paramagnetic behavior.

Figure 44 :

 44 Figure 44: ZFC-FC magnetization curves of a) monoPBFeFeOx and b) monoNO3FeOx.

Figure 45 :

 45 Figure 45: Frequency dependent AC magnetic measurements of monoNO3FeOx.

Figure 46 :

 46 Figure 46: Magnetic field dependence of the magnetization of monoPBFeFeOx and monoNO3FeOx: a) at 5 K, b) with a zoom of the -20000 Oe to 20000 Oe range for monoNO3FeOx.

Figure 47 :

 47 Figure 47: X-ray diffraction patterns of monoPBACoCoRed and monoNO3CoRed with the reference diffraction lines of metallic fcc cobalt. The asterisk * marks the peaks arising from the polymer support.

Figure 48

 48 Figure 48 presents representative TEM images and size distribution histograms for monoPBACoCoRed and monoNO3CoRed.

Figure 48 :

 48 Figure 48: Representative TEM images of monoPBACoCoRed (a, b) and monoNO3CoRed (d, e) and the size distribution of the particle diameter (c, f). HR-TEM images of monoPBACoCoRed and monoNO3CoRed are shown in Figure 49. Both images show one set of lattice planes for a single particle, indicating a monocrystallinity of the formed metallic nanoparticles. The inter-reticular distance of 2.0 Å for the nanoparticle in monoPBACoCoRed can be attributed to the (111) family of lattice planes of the Co fcc phase. The inter-reticular distances of 1.8 Å and 2.0 Å for the nanoparticles in monoNO3CoRed can also be assigned to the (200) and the (111) families of lattice planes of the Co fcc phase, respectively. This confirms the formation of metallic cobalt nanoparticles in the porosity of the silica monolith.

Figure 49 :

 49 Figure 49: HR-TEM images of a) monoPBACoCoRed and b) monoNO3CoRed.

Figure 50 :

 50 Figure 50: X-ray diffraction patterns of monoPBACoFeRed700, monoPBACoFeRed600 and monoNO3CoFeRed600 compared to the diffraction lines of the oxides FeO and CoO and the bcc CoFe alloy.

  two different transition metal ions are present in the nanocomposite, several areas containing multiple particles were analyzed by EDS and a Co/Fe ratio of 1.6 was found, varying only slightly from one region to another (1.6±0.2). This ratio is close to the expected value of 1.5 given by the used CoFe PBA precursor Co 4 [Fe(CN) 6 ] 2.7 .

Figure 51 :

 51 Figure 51: TEM characterization of monoPBACoFeRed700: a) representative TEM image, b) particle size distribution and c) representative EDS spectrum.

Figure 52 :

 52 Figure 52: TEM characterization of monoPBACoFeRed600: a), b) representative TEM images, c) particle size distribution and d) representative EDS spectrum. The analysis of monoNO3CoFeRed600 by TEM is presented in Figure 53. Porous channels of the silica matrix can be seen, which are aligned parallel to one another. Within the pores dark spots can be seen, corresponding to the formed nanoparticles. The particles are all spherically shaped and aligned in a chain like manner (Figure 53c) or distributed randomly. The average diameter of the particles is 4.9±0.9 nm, which is close to the diameter of the pores of the silica monolith and also close to the crystallite size estimated from XRD. The formation of spherical particles, which are organized in a chain like manner, is possibly caused by the two successive thermal treatments. During the first thermal treatment in air at 500 °C, one can assume that the nitrate salt precursors transform into oxide nanorods along the channels like in monoNO3CoOx and monoNO3CoFeOx (see Figure 32 and Figure 36). These oxide nanorods are then transformed into single, separated nanoparticles during the subsequent thermal treatment under reducing atmosphere. Several regions of the nanocomposite have been analyzed by EDS to determine the Co/Fe ratio and representative spectra for different regions are shown in Figure 53e. The Co/Fe ratio varies significantly from one analyzed region to another, suggesting that a phase segregation occurs either during the crystallization of the salt within the pores and/or during the thermal treatments.

Figure 53 :

 53 Figure 53: TEM characterization of monoNO3CoFeRed600: a), b), c) representative TEM images, d) particle size distribution and e) representative EDS spectra.

Figure 54 :

 54 Figure 54: HR-TEM images of a) monoPBACoFeRed700, b) monoPBACoFeRed600 and c) monoNO3CoFeRed600.

Figure 55 :

 55 Figure 55: X-ray diffraction patterns of monoPBFeFeRed and monoNO3FeRed, compared to the diffraction lines of FeO and bcc Fe.

(

  011) family of lattice planes of metallic Fe (d = 2.02 Å) or to the (400) family of lattice planes of magnetite (Fe 3 O 4 , d = 2.09 Å). The HR-TEM for an elongated particle in Figure 56e shows multiple lattice planes underlined with white lines. The presence of multiple sets of different lattice planes can be due to i) the close proximity of two distinct particles or ii) the polycrystalline character of the particles. The inter-reticular distances determined are 2.46 Å, 2.53 Å and 2.87 Å; these distances can be attributed to the (220) and (311) families of lattice planes of magnetite (d = 2.96 and 2.53 Å), as well as to the (311) family of lattice planes of maghemite (d = 2.52 Å) or the (111) family of lattice planes of FeO (d = 2.48 Å). A clear identification of the present iron containing phases is thus not possible, since the inter-reticular distances in the different crystal structures are similar to one another. Additionally, previous studies have shown that the Fe 2 O 3 reduction to Fe in H 2 passes through Fe 3 O 4 and FeOphases.[93][94][95] Therefore, it can be concluded that the iron containing particles that have been formed herein most likely consist of mixture of Fe 3 O 4 , FeO and Fe depending on the degree of reduction and/or reoxidation that occurred.

Figure 56 :

 56 Figure 56: TEM characterization of monoNO3FeRed: a), b) representative TEM images, c) particle diameter size distribution, d) and e) HR-TEM images.

Figure 57 :

 57 Figure 57: ZFC-FC magnetization curves of a), b) monoPBACoCoRed and c) monoNO3CoRed.

Figure 58 :

 58 Figure 58: Magnetic field dependence of the magnetization of monoPBACoCoRed and monoNO3CoRed at a), b) 300 K and c) 5 K.

Figure 59 :

 59 Figure 59: ZFC-FC magnetization curves of a), b) monoPBACoFeRed600 and c) monoNO3CoFeRed600.The magnetic field dependent measurements at 300 K and 5 K for monoPBACoFeRed700, monoPBACoFeRed600 and monoNO3CoFeRed600 are shown in Figure60, and the extracted values are summarized in Table5. In monoNO3CoFeRed600, the value of the coercive field strongly depends on the measurement temperature. Above the temperature of the maximum of the ZFC curve at 120 K, the hysteresis cycle almost closes due to the dominant superparamagnetic behavior. A similar value of the coercive field around

Figure 60 :

 60 Figure 60: Magnetic field dependence of the magnetization of monoPBACoFeRed600 and monoNO3CoFeRed600 at 300 K (a, b) and 5 K (c, d).

R3 c space

  group, resulting in a rhombohedrally-centered hexagonal crystal structure (α = β = 90°, γ = 120°). The lattice parameters are a = 5.036 Å and c = 13.749 Å.[97] The structure is made up of a hexagonal closed packed lattice formed by the O atoms and in which 2/3 of the octahedral sites are occupied by the Fe atoms (Figure 61).

Figure 61 :

 61 Figure 61: Crystal structure of hematite (α-Fe 2 O 3 ).

[101] 3 . 1 . 2

 312 Maghemite (γ-Fe 2 O 3 )Maghemite (γ-Fe 2 O 3 ) is the second most common polymorph besides hematite in the iron oxide family. The structure is an inverse spinel with vacancies in the octahedral sites (Figure62), resulting in the chemical formula of Fe Td (Fe 5/3 □ 1/3 ) Oh O 4 . It crystallizes in the cubic system with a = 8.351 Å, either within the P4 1 32 space group in case of a partially ordered vacancy pattern or in the Fd3 m space group for a disordered vacancy structure.[97] 

Figure 62 :

 62 Figure 62: Crystal structure of maghemite with the tetrahedral sites (orange) and octahedral sites (grey).

  Fe 2 O 3 is observed as an intermediate phase during the transformation into hematite. ε-Fe 2 O 3 crystallizes in an orthorhombic crystal system (Pna2 1 space group) with a = 5.095 Å, b = 8.789 Å and c = 9.437 Å.[96] The structure consists of four Fe-sites, among which one is tetrahedral (Fe3), one is octahedral (Fe4) and two are distorted octahedral (Fe1 and Fe2) (Figure63).[107] 

Figure 63 :

 63 Figure 63: Orthorhombic crystal structure of ε-Fe 2 O 3 represented as the intermediate of γ-Fe 2 O 3 (maghemite) and α-Fe 2 O 3 (hematite).

Figure 64 :

 64 Figure 64: Dependence of G/V and d for α-, γ-and ε-Fe 2 O 3 (reported in reference [114]).

Figure 65 :

 65 Figure 65: Photographs of EFe1100 before and after the thermal treatment in air.

Figure 66 :

 66 Figure 66: Overview of the X-ray diffraction patterns for the temperature dependent series ranging from EFe700 to EFe1300. The grey lines correspond to the Bragg reflections of ε-Fe 2 O 3 . The peak at 65° 2θ in the pattern of EFe900 and EFe1000 can be attributed to the Al support. The first peak in the pattern of EFe1300 (corresponding to cristobalite SiO 2 ) has been cut off for better visibility.

Figure 67 :

 67 Figure 67: X-ray diffraction patterns of EFe700 and EFe800, compared to the diffraction peaks of maghemite.

Figure 68 :

 68 Figure 68: X-ray diffraction patterns of EFe900, EFe1000, EFe1100 and EFe1200. The peak at 65° 2θ in the patterns of EFe900 and EFe1000 can be attributed to the Al support. Finally, since the diffraction pattern of EFe1200 shows the most intense peaks, a refinement of the crystal structure was attempted using FullProf 1 . Since the nanocomposite consists of 10% Fe 2 O 3 and 90% SiO 2 (considering the initial Fe/Si ratio in the impregnation solution), the atomic positions could not be determined due to the background noise of the silica matrix. Nevertheless, by fixing the atomic positions to the values reported in Table A5

(

  Annex IV), it was possible to determine the crystal structure and the cell parameters: Crystal system: orthorhombic; Space group: Pna2 1 a = 5.0721(3) Å; b = 8.7351(8) Å; c = 9.4182(4) Å

Figure 69 :

 69 Figure 69: TEM images with a 20000x magnification of a) EFe700, b) EFe800, c) EFe900, d) EFe1000, e) EFe1100, f) EFe1200 and g) EFe1300.

Figure 70 :

 70 Figure 70: Representative TEM images, respective particle size distributions and HR-TEM images for EFe700 (a, c and d) and EFe800 (b, e and f).

3. 3 ε-Fe 2 O 3 -

 323 Effect of the Thermal Treatment Temperature 92 to a possible persistence of maghemite. Despite the increase of the particle size and the size distribution broadening, the HR-TEM images for EFe900, EFe1000 and EFe1100 (Figure71e, g and i, respectively) show that the iron oxide particles are monocrystalline whatever their size. As for EFe700 and EFe800, the lattice planes cannot be assigned to a specific iron oxide polymorph. Due to the possible presence of multiple polymorphs in one sample, the assignment for one particle may also not be representative for the entire sample.

Figure 71 :

 71 Figure 71: Representative TEM images, respective size distributions and HR-TEM images for EFe900 (a, d and e), EFe1000 (b, f and g) and EFe1100 (c, h and i).

Figure 72 :

 72 Figure 72: TEM characterization of EFe1200: a) representative TEM image, b) particle size distribution, c) HR-TEM image and d) respective Fourier-transform of the HR-TEM image.

Figure 73 :

 73 Figure 73: TEM characterization of EFe1300: a) Representative TEM image of iron oxide nanoparticles, b) TEM image showing the cristobalite formation, c) particle size distribution of the representative particles and d) HR-TEM image.

Figure 74 :

 74 Figure 74: Evolution of the average particle size as a function on the treatment temperature.

3. 3 ε-Fe 2 O 3 -

 323 Effect of the Thermal Treatment Temperature 96 7115.0 eV and a shoulder at 7113.5 eV. From these observations, the nanocomposites can be divided into two groups: i) EFe900, EFe1000, EFe1100 and EFe1200, and ii) EFe1300.The spectra of the first group of nanocomposites are different with respect to the references, which indicates a different local environment of the Fe ions. These nanocomposites are thus mainly made of ε-Fe 2 O 3 , in agreement with XRD. However, due to the strong similarities of the spectra, it is not possible to determine if a low quantity of maghemite is present by XAS. The spectrum of EFe1300 presents a clear spectral signature of the spectrum of hematite, clearly showing the formation of hematite, as also evidenced by XRD.

Figure 75 :

 75 Figure 75: a) Normalized Fe K-edge XANES spectra and b) zoom on the pre-edge region of EFe900, EFe1000, EFe1100, EFe1200, EFe1300, hematite and maghemite.

Figure 76 :

 76 Figure 76: Normalized Fe K-edge XANES spectra of hematite , EFe1100 and the superimposition of EFe1300 and the result of the linear combination.

  [151][152][153] 

Figure 77 :

 77 Figure 77: Normalized Fe K-edge HERFD-XANES spectra of a) EFe900, EFe1000, EFe1100, maghemite and hematite and b) zoom on the pre-edge region.

Figure 78 :

 78 Figure 78: Temperature dependence (ZFC-FC) of the magnetization for a) EFe900, b) EFe1000, c) EFe1100, d) EFe1200 and e) EFe1300. The grey zones indicate the temperature range of the magnetic transition known for ε-Fe 2 O 3 .

Figure 79 :Figure 80 :

 7980 Figure 79: Magnetic field dependence of the magnetization at 300 K for a) EFe900, b) EFe1000, c) EFe1100, d) EFe1200 and e) EFe1300. Table 6: Values of the coercive field at 300 K of EFe900, EFe1000, EFe1100, EFe1200 and EFe1300. Nanocomposite H C (Oe) EFe900 0 EFe1000 500 EFe1100 6750 EFe1200 17600 EFe1300 7100

Figure 81 :

 81 Figure 81: Derivatives of the magnetic field dependence at 300 K for the temperature dependent series: a) EFe900, b) EFe1000, c) EFe1100, d) EFe1200 and e) EFe1300.

7. 5

 5 nm observed by TEM. The coercive field at room temperature increases up to EFe1200 to a value of almost 20000 Oe. We propose to assign the increase of H C to the presence of an increasing volume of ε-Fe 2 O 3 nanoparticles with a size above 7.5 nm in the nanocomposite and that H C depends on the ratio of ε-Fe 2 O 3 nanoparticles with a size above 7.5 nm Quantity of Fe 2 O 3 Nanoparticles

  nanocomposites are shown together with the one of EFe10% in Figure82. All the diffraction patterns exhibit the same diffraction peaks, regardless of the Fe/Si ratio. Only the reflections of the ε-Fe 2 O 3 phase can be identified (marked by the grey lines together with the Miller indices; Annex IV, 98-005-1122). With the increase of the Fe/Si ratio, the intensity of the

Figure 83 :

 83 Figure 83: Normalized Fe K-edge XANES spectra of EFe5%, EFe10% and EFe20%.

Figure 84 :

 84 Figure 84: Representative TEM images and their corresponding size distributions for EFe5%, EFe10% and EFe20%.

Figure 85 :

 85 Figure 85: Evolution of the average particle size determined by TEM as a function of the Fe/Si ratio. The black line is a guide for the eyes to represent the tendency.

Figure 86 :

 86 Figure 86: Temperature dependence (ZFC-FC) of the magnetization for EFe5%, EFe10% and EFe20%.

Figure 87 :

 87 Figure 87: a) Magnetic field dependence of the magnetization at 300 K and b) derivative of the magnetization for EFe5%, EFe10% and EFe20%.

2 O 3 phase

 23 can be identified by XRD and confirmed by XAS. The magnetization and the coercive fields increase when the Fe/Si ratio increases, indicating, again, a connection to the ε-Fe 2 O 3 nanoparticles with a size above 7.5 nm Quantity of Fe 2 O 3 Nanoparticles ratio.

Figure 88 :

 88 Figure 88: Dependence of the coercive field on the average particle size for the nanocomposites containing mainly the ε-Fe 2 O 3 phase. The red line is a guide for the eyes to represent the tendency of the coercive field.

Figure 89 shows

 89 Figure 89 shows the magnetic field dependence and the derivative of the magnetization (dM/dH) of the two orientations in comparison. The curves of the different orientations superimpose, indicating that the orientation of the monolith bar does not have an effect on the magnetic behavior.It has to be noted here that the intensity of the peak of the derivative curve centered around H = 0 Oe (which can be assigned to the superparamagnetic fraction of the nanocomposite) is decreased in comparison to the curves presented in Figure81. This can be

Figure 89 :

 89 Figure 89: Magnetic field dependence of the magnetization and b) derivative of the magnetization for the EFe1200 monolith oriented parallel (red dashed) or perpendicular (black) in the magnetic field.

Figure 90 :

 90 Figure 90: Electron diffraction pattern of EFe1200.

First, the overall

  reflectance is low in both nanocomposites. This is fully consistent with the formation of the Co 3 O 4 oxide identified by XRD for both monoPBACoCoOx and monoNO3CoOx and the dark color of these nanocomposites. But the most striking information is that the spectral features of the two nanocomposites are significantly different depending on the synthesis pathway. The spectrum of monoNO3CoOx shows two broad bands centered around 440 nm and 740 nm, the former band being attributed to the O 2-→Co 2+ charge transfer and the later one to the O 2-→Co 3+ charge transfer within the Co 3 O 4

  different: whereas all Co ions transform into the Co 3 O 4 oxide in monoNO3CoOx, tetrahedral Co 2+ species are also present in monoPBACoCoOx.

Figure 91 :

 91 Figure 91: Diffuse reflectance UV/Vis spectra of monoPBACoCoOx and monoNO3CoOx. To better understand this Co 2+ Td species, a model nanocomposite containing mainly Co 2+ Td species, called monoCo-Ox1000, blue-colored and obtained by thermally treating monoPBACoCo at 1000 °C for 2 hours in air, was prepared. It is made of blue Co 2+ Td species distributed within a dense silica matrix.[58] Its spectrum is compared to the spectrum of monoPBACoCoOx in Figure 92. The model nanocomposite monoCo-Ox1000 presents a multiple band centered around 590 nm, corresponding to the presence of tetrahedral Co 2+ ions, and comparable to that found in monoPBACoCoOx. This indicates that monoPBACoCoOx contains Co species similar to the ones present in monoCo-Ox1000. These Co 2+ Td species are most likely low-condensed and have diffused into the walls of the silica matrix.

Figure 92 :

 92 Figure 92: Diffuse reflectance UV/Vis spectra of monoPBACoCoOx and monoCo-Ox1000. The spectra were shifted along the y-axis to compare the bands present in each of the samples.

  Co ions are only present in the form of Co 3 O 4 , monoPBACoCoOx contains both Co 3 O 4 and Co 2+ Td species. Co K-edge X-ray absorption spectroscopy In order to confirm the UV/Vis spectroscopic investigation and to try to quantify the amount of the different species present in the nanocomposite, we investigated by Co K-edge XAS the local environment and electronic structure of the Co ions in monoNO3CoOx and monoPBACoCoOx. The XANES spectra in the 7700 -7800 eV range for monoPBACoCoOx and monoNO3CoOx are compared to the spectrum of commercial Co 3 O 4 (Alfa Aesar, 99.7%) in Figure 93. The measurements were performed in the transmission mode on the SAMBA beamline at SOLEIL. In both nanocomposites, the white line maximum is located at 7729.0 eV, as in the Co 3 O 4 reference. The spectrum of monoNO3CoOx presents the same spectral features as Co 3 O 4 , confirming the formation of only the spinel oxide in this nanocomposite. The spectrum of monoPBACoCoOx presents additional contributions: a shoulder around 7724.0 eV and a broad peak after the absorption maximum around 7740.0 eV. These spectral differences confirm the presence of another Co species in addition to Co 3 O 4 , as suggested by UV/Vis spectroscopy.

Figure 93 : 4 .

 934 Figure 93: Normalized Co K-edge XANES spectra of monoPBACoCoOx, monoNO3CoOx and Co 3 O 4 . In order to quantify the different species, we tried to reproduce the spectrum of monoPBACoCoOx by linear combination of those of Co 3 O 4 and monoCo-Ox1000. The spectra of the two references, of monoPBACoCoOx, and of the linear combination that best reproduces the experimental spectrum of monoPBACoCoOx are shown in Figure 94. It can clearly be seen that the linear combination of the spectra of Co 3 O 4 and monoCo-Ox1000 in a

Figure 94 :

 94 Figure 94: Normalized Co K-edge XANES spectra of Co 3 O 4 , monoCo-Ox1000 and the superimposition of monoPBACoCoOx and the result of the linear combination. In conclusion, the XAS analysis revealed that all Co species in monoNO3CoOx are in the form of the Co 3 O 4 spinel oxide. For monoPBACoCoOx, the presence of Co 3 O 4 could also be confirmed, as well as the presence of an additional Co 2+ Td species, similar to the one in the model nanocomposite monoCo-Ox1000. Therein, 55% of the Co ions present in the nanocomposite are low-condensed Co 2+ Td species and the remaining 45% of the Co ions can be found in the spinel oxide nanoparticles.

Figure 95 :

 95 Figure 95: Diffuse reflectance UV/Vis spectra of monoPBACoCoRed and monoNO3CoRed.In Figure96, the UV/Vis spectrum of monoPBACoCoRed is compared to the one of monoPBACoCoOx. A strong resemblance between the two spectra can be evidenced, with the same number of bands at approximately the same energy. This indicates that the Co 2+ Td species are similar regardless of the atmosphere (oxidizing or reducing) during the thermal treatment. These rather surprising similarities might be due to the pre-oxidation step performed in air, inducing the formation of the low-condensed Co 2+ Td species within or on the surface of the silica walls.

Figure 96 :

 96 Figure 96: Diffuse reflectance UV/Vis spectra of monoPBACoCoRed and monoPBACoCoOx. The spectra were shifted along the y-axis to compare the bands present in each of the samples.

Figure 97 :

 97 Figure 97: Normalized Co K-edge XANES spectra of monoPBACoCoRed, monoNO3CoRed and fcc Co[155].

Figure 98 ,

 98 Figure 98, together with the spectra of monoNO3CoRed and the one of fcc Co. We tried to confirm and quantify this CoO contribution by reproducing the experimental spectrum by linear combinations of model spectra. Here, a variable percentage of the CoO spectrum was subtracted from that of monoNO3CoRed to try to reproduce the fcc Co spectrum. The best reproduction of the fcc Co spectrum is obtained when 10%±3% of the spectrum of CoO is removed. Furthermore, as a cross-check, it was also possible to reproduce the CoO spectrum by removing 90% of the fcc Co spectrum from the monoNO3CoRed spectrum.

Figure 98 :

 98 Figure 98: Normalized Co K-edge XANES spectra of monoNO3CoRed, CoO and the superimposition of fcc Co and the final linear combination.

Figure 99 :

 99 Figure 99: Normalized Co K-edge XANES spectra of monoPBACoCoRed, fcc Co, CoO and the superposition of monoCo-Ox1000 and the final linear combination.

  Co 2+ Td species) and octahedrally-coordinated Co 2+ ions [Co(H 2 O) 6 ] 2+ (present in the pink Co 2+ containing monolith before calcination at 500 °C). The spectrum of the [Co(H 2 O) 6 ] 2+ species displays a single band centered around 525 nm. Co-mono shows three bands at 520 nm, 4.1 Spectroscopic Investigation of Co/SiO 2 Nanocomposites 123 585 nm and 650 nm; these shifts probably arises from a slightly different tetrahedron around the Co 2+ ions. Hence, the multiple band observed in the spectra of monoCo-Ox1000, monoPBACoCoOx and monoPBACoCoRed, may result from the presence of both octahedral Co 2+ ions and Co 2+ Td species.

Figure 100 :

 100 Figure 100: Diffuse reflectance UV/Vis spectra of the model nanocomposites monoCNCoOx, monoCNCoRed, monoCo-Ox1000, [Co(H 2 O) 6 ] 2+ and Co-mono. The formation of the Co 2+ Td species thus solely depends on the presence of CN -ions in the pores. This effect can be understood by considering the oxygen consumption by the counteranion during its thermal decomposition. While the NO 3 -ions do not consume any O 2 during their transformation into NO x , the CN -ions consume O 2 from the atmosphere while decomposing into CO 2 and NO x . Therefore, in the case of the PBA precursor, the reaction atmosphere is lacking oxygen for the formation of a cobalt oxide (either during the calcination at 700 °C or the pre-oxidation step at 500 °C for the metal formation). This makes some of the Co 2+ ions available to react with the silica and thus form the Co 2+ Td species, which is comparable to the one found in Co-mono or monoCo-Ox1000. During the calcination of the monolith at 500 °C, the P123 copolymer, consisting of organic carbon chains, is decomposed into CO 2 , causing the atmosphere to again be partially depleted of O 2 . The formed tetrahedral Co 2+ species in Co-mono are accessible, most likely located at the surface of the silica pores, as shown by the PBA formation during the subsequent impregnation step with K 3 [Co(CN) 6 ] or K 3 [Fe(CN) 6 ]. In monoCo-Ox1000, the Co 2+ Td species are in strong interactions with the dense SiO 2 network due to the high thermal treatment temperature of 1000 °C. Considering these observations, we propose to assign this Co 2+ Td species formed during the thermal treatment in monoPBACoCoOx and monoPBACoCoRed to small clusters or isolated Co ions diffused within the SiO 2 walls or located at the surface of the pores.

Figure 101 :

 101 Figure 101: Proposed structure of a) the monoNO3CoRed nanoparticles and b) the monoPBACoCoRed nanoparticles.

Figure 102 :

 102 Figure 102: Proposed microstructures of the hexagonally ordered silica monolith containing oxide or metal nanoparticles obtained by the PBA synthesis pathway or the NO 3 synthesis pathway: a) monoPBACoCoOx, b) monoNO3CoOx, c) monoPBACoCoRed and d) monoNO3CoRed.

4 . 2 Further insight into the magnetic behavior of the Co/SiO 2 nanocomposites

 422 monoPBACoCoOx, the spherical nanoparticles consist of 59 Co 3 O 4 unit cells, whereas the nanorods (for an average length of 28 nm) in monoNO3CoOx contain 934 Co 3 O 4 unit cells. For the nanocomposites obtained under reducing atmosphere, in monoPBACoCoRed 213 unit cells of fcc Co are present in the nanoparticles, but 2303 in the nanoparticles of monoNO3CoRed. The combination of multiple analytical methods, focusing on different parts of the nanocomposites, allowed us to propose a model for the microstructure for all Co/SiO 2 nanocomposites with a better knowledge of their chemical composition. Four different Co species (Co 3 O 4 , CoO, fcc Co and Co 2+ Td) were identified in the Co/SiO 2 nanocomposites, possessing different magnetic behaviors. The cobalt oxides are both antiferromagnetic, with a Néel temperature of 33 K for Co 3 O 4

Table 9 :

 9 Parameters obtained by a fit of the FC susceptibility by a Curie-Weiss law for the Co/SiO 2 nanocomposites obtained under oxidizing atmosphere.

  above the Néel temperature (T N = 33 K) for bulk Co 3 O 4 . This is in agreement with the presence of antiferromagnetic Co 3 O 4 nanoparticles in the nanocomposite and a paramagnetic order above T N . 4.2 Magnetic Properties of Co/SiO 2 Nanocomposites 128

Figure 103 :

 103 Figure 103: Magnetic field dependence of the magnetization measured under FC conditions at 5 K of a) monoNO3CoRed and b) monoPBACoCoRed.

  , M S = 2.02 emu/g for monoNO3CoRed and M S = 0.26 emu/g for monoPBACoCoRed) and the quantity of fcc Co (for monoNO3CoRed 1.57•10 20 Co atoms and for monoPBACoCoRed 2.19•10 19 Co atoms are present in the fcc Co phase with respect to 1 g nanocomposite) determined by XAS. This results in a value of µ Co = 1.4 µ B for monoNO3CoRed and µ Co = 1.3 µ B for monoPBACoCoRed; these values are close to the expected value for bulk Co (µ Co = 1.7 µ B

Figure 104 :

 104 Figure 104: Representation of the correlation length L corr in an assembly of nanoparticles with randomly oriented magnetic moments, reported in reference [164].

Figure 105 :

 105 Figure 105: Photographs of the monolith piece of a) monoPBACoCoRed and b) monoNO3CoRed, presenting their magnetic attraction to a NdBFe magnet at room temperature.

Figure 106 :

 106 Figure 106: Magnetic field dependence at 10 K for monoNO3CoRed as a monolith (in nujol) before and after applying a magnetic field of H = 20000 Oe.

Figure 107 :

 107 Figure 107: Magnetic field dependence for a monoNO3CoRed monolith (in eicosane) in different orientations at 10 K.

Figure 108 :

 108 Figure 108: Magnetic field dependence of a monoNO3CoRed monolith piece which is not sufficiently blocked. The grey curves represent the measurement for which the monolith piece is blocked in its position.

Figure 109 :

 109 Figure 109: Diffuse reflectance UV/Vis spectra of monoPBFeFeOx and monoNO3FeOx.

Figure 110 :

 110 Figure 110: Diffuse reflectance UV/Vis spectra of monoCNFeOx, monoPBFeFeOx and monoNO3FeOx.

Figure 111 :

 111 Figure 111: Normalized Fe K-edge XANES spectra of hematite, monoCNFeOx, monoPBFeFeOx, monoNO3FeOx and maghemite.

Figure 112 :

 112 Figure 112: Superimposition of the Fe K-edge XANES spectra of monoPBFeFeOx and monoCNFeOx.

Figure 113 :

 113 Figure 113: Normalized Fe K-edge XANES spectra of monoPBFeFeRed, monoNO3FeRed, monoCNFeOx and the Fe foil with a bcc structure.

Figure 114 :

 114 Figure 114: Superimposition of the normalized Fe K-edge XANES spectra of the Fe/SiO 2 nanocomposites obtained under oxidizing and reducing atmospheres, compared to the spectra of the references bcc Fe, maghemite and monoCNFeOx.

Figure 115 :

 115 Figure 115: Proposed microstructures of the hexagonally ordered silica monolith obtained by the PBA synthesis pathway or the NO 3 synthesis pathway: a) monoPBFeFeOx and b) monoNO3FeOx.
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Figure 116 :

 116 Figure 116: Diffuse reflectance UV/Vis spectra of monoPBACoFeOx and monoNO3CoFeOx in the 350 -800 nm range.

Co 1 . 8 Fe 1 . 2 O 4

 18124 was synthesized from CoFe PBA in powder form and used as reference; the detailed synthesis procedure is described in Annex I (p.185). Furthermore, the model nanocomposites monoCo-Ox1000 and monoCNFeOx are also used as references at the Co K-edge and Fe Kedge, respectively, since the XAS analyses of the Co/SiO 2 and Fe/SiO 2 nanocomposites (see sections 4.1 and 5.1) revealed their presence in some nanocomposites.

monoNO3CoFeOx and Co 1 . 8 Fe 1 . 2 O 4 ,

 18124 in particular the overall shape and the energy of the absorption maximum (7728.0 eV), which corresponds to that of Co 1.8 Fe 1.2 O 4 . But, an additional shoulder with a significant intensity is visible on the low energy side of the absorption maximum, suggesting a significant contribution from another phase. The position of this shoulder agrees well with the energy of the absorption maximum of monoCo-Ox1000 (7724.0 eV), consistent with the UV/Vis analysis of monoPBACoFeOx that showed two types of cobalt species.

Figure 117 :

 117 Figure 117: Normalized Co K-edge XANES spectra of monoCo-Ox1000, monoPBACoFeOx, monoNO3CoFeOx and Co 1.8 Fe 1.2 O 4 . Therefore, to determine the quantity of the respective Co species in monoPBACoFeOx, linear combinations of the spectra of Co 1.8 Fe 1.2 O 4 and monoCo-Ox1000 were performed in various proportions. The combination of the spectra of Co 1.8 Fe 1.2 O 4 and monoCo-Ox1000 in a 55/45 ratio well reproduces the spectrum of monoPBACoFeOx at the Co K-edge(Figure118). This means that monoPBACoFeOx consists of 55% of Co species within a spinel structure and 45% of low-condensed Co 2+ Td species.

Figure 118 :

 118 Figure 118: Normalized Co K-edge XANES spectra of monoCo-Ox1000, Co 1.8 Fe 1.2 O 4 and the superimposition of monoPBACoFeOx and the linear combination, which best reproduces the spectrum.

  Fe K-edge are shown in Figure 119. As at the Co K-edge, the spectra of monoNO3CoFeOx and Co 1.8 Fe 1.2 O 4 resemble one another. The speciation of the Fe ions is therefore similar in these two samples, confirming the presence of Fe ions in a CoFe spinel oxide, as observed by XRD. The spectral features of monoPBACoFeOx differ significantly from the ones of monoNO3CoFeOx and Co 1.8 Fe 1.2 O 4 ; it seems to be intermediate between those of Co 1.8 Fe 1.2 O 4 and monoCNFeOx.

Figure 119 : 1 . 8 Fe 1 . 2 O 4 .

 11918124 Figure 119: Normalized Fe K-edge XANES spectra of monoCNFeOx, monoPBACoFeOx, monoNO3CoFeOx and Co 1.8 Fe 1.2 O 4 . Linear combinations of the spectra of Co 1.8 Fe 1.2 O 4 and monoCNFeOx were performed to determine the quantities of each Fe species in monoPBACoFeOx; the best linear combination is compared to the spectrum of monoPBACoFeOx in Figure 120. We can clearly see that a combination of 30% of the Co 1.8 Fe 1.2 O 4 spectrum and 70% of the monoCNFeOx

Figure 120 :

 120 Figure 120: Normalized Fe K-edge XANES spectra of Co 1.8 Fe 1.2 O 4 , monoCNFeOx and the superimposition of monoPBACoFeOx and the linear combination, which best reproduces the spectrum.

Co 4 [

 4 Fe(CN) 6 ] 2.7 PBA initially formed in the porosity has a Co/Fe ratio of 1.5.[83] Assuming the total quantity of Co atoms to be 1.5, 0.83 Co atoms are within the nanoparticle and 0.68 are in the form of the lowcondensed species. The same reasoning can be done for the Fe atoms, resulting in 0.30 Fe atoms in the nanoparticles and 0.70 in the low-condensed phase. This gives a Co/Fe ratio of 2.75 in the nanoparticles. Considering the general formula for spinel oxides (M 3 O 4 ), the Co 2.2 Fe 0.8 O 4 chemical formula can be proposed for the nanoparticles formed in monoPBACoFeOx.

Co x Fe 3

 3 -x O 4 (x = 0 -3). For monoPBACoFeOx, the proposed chemical formula Co 2.2 Fe 0.8 O 4 from XAS does not agree with the Co/Fe ratio obtained by EDS, which revealed a Co/Fe ratio of 1.5. However, EDS analyzes regions of the sample and XAS the local structure. Overall, the Co/Fe ratio remains constant but the Co and Fe ions are distributed within the spinel oxide nanoparticles as well as in low-condensed Co 2+ Td and Fe 3+ species located on the surface and/or within the silica matrix. Hence, for monoPBACoFeOx , a homogeneous chemical composition of Co 2.2±x Fe 0.8±x O 4 (x = 0.1), controlled by the PBA precursor, can be considered for the nanoparticles. Lowcondensed Co 2+ Td and Fe 3+ species, located at the surface of the pores or within the silica matrix, are also present in monoPBACoFeOx.

Figure 121 :

 121 Figure 121: Proposed microstructures of the hexagonally ordered silica monolith obtained by the PBA synthesis pathway or the NO 3 synthesis pathway by a thermal treatment under oxidizing atmosphere: a) monoPBACoFeOx and b) monoNO3CoFeOx.

Figure 122 :

 122 Figure 122: Frequency dependent AC magnetic measurements of monoNO3CoFeOx in the 30 -400 K range. Table 10: AC fitting parameters for the different models of the χ'(in-phase) peak of monoNO3CoFeOx.

Below 5 K

 5 , the χ'' component (Figure123b) presents a sharp peak with low intensity and the temperature maximum is frequency dependent. The temperature dependence of the relaxation time τ of the magnetic moments has been fitted with an Arrhenius law with reasonable values (τ 0 = 2.3•10 -12 s, E A /k B = 81.6 K). This suggests the presence of non-interacting superparamagnetic nanoparticles. This is also confirmed by the Mydosh parameter (Φ = 0.18 > 0.1).

Figure 123 :

 123 Figure 123: Frequency dependent AC measurements of the magnetic susceptibility of monoPBACoFeOx: a) χ' and χ'' in the 5-400 K range, b) χ' in the 2 -6 K range, and d) χ'' in the 2 -6 K range.

K 3 [

 3 Co(CN) 6 ]/K 3 [Fe(CN) 6 ] ratios (75/25, 50/50 and 25/75) in the impregnation solution, as described in section 2.1.

  and compared to those of monoPBACoCoOx and monoPBACoFeOx. The diffraction lines for the Co 3 O 4 (Annex IV, 01074-1657) and CoFe 2 O 4 (Annex IV, 01-077-0426) spinel oxides from the database are also shown. It can be seen that the intensity of the diffraction peaks is very low in all nanocomposites and the peaks are all broadened. Nevertheless, it is possible to identify several diffraction lines for each nanocomposite, which can be indexed in the Fd3 m space group and assigned to a spinel oxide crystal structure. The 2θ values are located between the expected diffraction lines for Co 3 O 4 and CoFe 2 O 4 . The position of the diffraction peaks of monoPBACoCoOx agrees with those of the diffraction lines of Co 3 O 4 . A decreasing cobalt content is accompanied by an expected shift of the diffraction peaks to lower 2θ values, since the cell parameter of Co 3 O 4 is 8.07 Å and the one of CoFe 2 O 4 8.40 Å.

Figure 124 :

 124 Figure 124: X-ray diffraction patterns of monoPBACoCoOx, monoPBACoFe7525Ox, monoPBACoFe5050Ox, monoPBACoFe2575Ox and monoPBACoFeOx, compared to the diffraction lines of CoFe 2 O 4 and Co 3 O 4 .The cell parameter of the cubic unit cell of the spinel crystal structure was calculated for the different nanocomposites. It is plotted against the percentage of the [Fe(CN) 6 ] 3- complexes replaced by [Co(CN) 6 ] 3-ones in the impregnation solution (Figure125). It can be seen that the cell parameter linearly decreases with the introduction of Co ions. This shows that the more [Co(CN) 6 ] 3-complexes are present in the impregnation solution, the more cobalt ions are present in the spinel oxide. This linear relation could also be observed in bulk CoFe PBA powders with variable Co/Fe ratios and in the resulting bulk CoFe oxides.[71] 

Figure 125 :

 125 Figure 125: Evolution of the cell parameter of the nanocomposites containing PBA derived CoFe oxides nanoparticles depending on the percentage of the [Fe(CN) 6 ] 3-complexes.

Figure 126 :

 126 Figure 126: TEM characterization of monoPBACoFe5050Ox: a -c) representative images, d) HR-TEM image, e) particle size distribution and f) representative EDS spectrum.

Figure 127 :

 127 Figure 127: ZFC-FC magnetization curves of a) monoPBACoFe7525Ox, b) monoPBACoFe5050Ox, c) monoPBACoFe2575Ox in comparison to those of d) monoPBACoCoOx and e) monoPBACoFeOx.

monoNO3CoFeRed600.

  The overall low reflectance can also be observed in the UV/Vis spectrum of monoPBACoFeRed600, which additionally presents a multiple band centered around 590 nm, which can be attributed to the Co 2+ Td species. Due to the low intensity of the d-d spin forbidden transitions arising from low-condensed Fe 3+ species, their presence cannot be excluded nor confirmed by UV/Vis spectroscopy.

Figure 128 :

 128 Figure 128: Diffuse reflectance UV/Vis spectra of monoPBACoFeRed600 and monoNO3CoFeRed600 in the 350 -800 nm range.

Figure 129 :

 129 Figure 129: Normalized Co K-edge XANES spectra of monoCo-Ox1000, monoPBACoFeRed600, monoNO3CoFeRed600, CoO and fcc Co.

Figure 130 :

 130 Figure 130: Normalized Fe K-edge XANES spectra of monoCNFeOx, monoPBACoFeRed600, monoNO3CoFeRed600 and bcc Fe.

Figure 131 :

 131 Figure 131: Proposed microstructures of the hexagonally ordered silica monolith obtained by the PBA synthesis pathway or the NO 3 synthesis pathway by a thermal treatment under reducing atmosphere: a) monoPBACoFeRed600 and b) monoNO3CoFeRed600.

  shows the Xray diffraction patterns of monoPBACoFe7525Red, monoPBACoFe5050Red and monoPBACoFe2575Red. They are compared to those of monoPBACoCoRed and monoPBACoFeRed600. The positions of the diffraction lines for fcc Co (Annex IV, 010894307) and bcc CoFe (Annex IV, 00-044-1433) are also presented. The crystallographic structures of the Co metal and the CoFe alloy are different. Pure metallic cobalt nanoparticles crystallize in the Fm3 m space group, but metallic CoFe crystallizes in the Pm3 m space group. The position of the diffraction lines of fcc Co and bcc CoFe thus differ, which allows to follow the transformation of the crystal structure from one lattice into another. It can be seen that the diffraction peaks of monoPBACoCoRed and monoPBACoFe7525Red agree with the diffraction lines of the fcc Co metal, and that monoPBACoFeRed and monoPBACoFe2575Red can be indexed within the Pm3 m space group. However, in the case of monoPBACoFe5050Red, in addition to the intense diffraction peaks corresponding to the bcc CoFe crystal structure, the (111) diffraction peak of the fcc Co crystal structure can also be seen. This indicates that around a Co/Fe ratio of 1 in the impregnation solution, the change from the Fm3 m to the Pm3 m space group mainly occurs and the formed crystal lattice strongly depends on the chemical composition of the alloy. This suggests that the chemical composition only slightly varies from one particle to another, indicating a good control over the chemical composition.

  Figure 132: X-ray diffraction patterns of monoPBACoCoRed, monoPBACoFe7525Red, monoPBACoFe5050Red, monoPBACoFe2575Red and monoPBACoFeRed, compared to the diffraction lines of fcc Co and bcc CoFe.

Figure 133 :

 133 Figure 133: ZFC-FC magnetization curves of a)monoPBACoFe7525Red, b) monoPBACoFe5050Red, c) monoPBACoFe2575Red, d) monoPBACoCoRed and e) monoPBACoFeRed600.
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 6 Macroscopic Properties of the CoFe/SiO 2 Nanocomposites 166 2% in case of the NO 3 synthesis pathway and 1.7% for the PBA synthesis pathway. Furthermore, the XAS study revealed a significant presence of oxides, as well as low-condensed paramagnetic Co 2+ or Fe 3+ species in the case of monoPBACoFeRed600. Despite the low quantity of metallic nanoparticles, sufficiently strong interparticle interactions are present in these CoFe/SiO 2 nanocomposites and are responsible for the collective magnetic behavior at room temperature, as revealed by their attraction to a NdBFe magnet.

Figure 134 :

 134 Figure 134: Photographs of the monoliths of a) monoPBACoFeRed600, b) monoNO3CoFeRed600 and c) monoPBACoFeRed700, showing the magnetic attraction to a NdBFe magnet at room temperature.

Figure 135 :

 135 Figure 135: Photograph of monoPBACoFe5050Red as a monolith attracted to a NdBFe magnet at room temperature.

Figure 136 :

 136 Figure 136: Magnetic field dependence of the magnetization of monoNO3CoFeOx as a monolith in different orientations: a) at 10 K, b) at 80 K and c) at 120 K.

  4 g copolymer Pluronic P123 were dissolved in 4 g (3.875 ml) tetramethyl orthosilicate (TMOS) at 50 °C in a sealable polypropylene vial. The solution was cooled down while stirring and 2 ml acidified water (pH = 1.4, by addition of HNO 3 (68%)) were quickly added. The vial was sealed again and stirred for 2 minutes and 30 seconds before being split into 4 equal portions in fluorinated polymer vials which were then sealed for 1 hour and stored in a water bath at 23 °C. Finally, the vials were opened and the sol continued ageing at 23 °C for 1 week. For the removal of the structuring copolymer and the liberation of the mesoporosity, the solid monoliths were first placed at 80 °C overnight to densify the silica skeleton before being calcined at 500 °C using the program shown in Figure A1. The obtained white monoliths are denoted Si-mono. After calcination all monoliths are stored at 80 °C to avoid the condensation of humidity within the pores and are removed only shortly before their further use.

Figure A1 :

 A1 Figure A1: Temperature program for the calcination of the silica monoliths.M 2+ or M 3+ containing ordered mesoporous silica monolithFurthermore, it is possible to introduce metal cations into the structure during the solgel process and the formation of the silica monolith. For the introduction of Co 2+ or Fe 3+ ions with a molar ratio M/Si of 1%, 80 mg Co(NO 3 ) 2 • 6 H 2 O or 105 mg Fe(NO 3 ) 3 • 9 H 2 O, respectively, were dissolved in the acidified water prior to the addition to the P123/TMOS solution.

3 . 64 g

 364 Fe(NO 3 ) 3 • 9 H 2 O were dissolved in 15 ml DMF inside an evaporating dish, giving a red-yellow solution. The mixtures were placed into an oven and heated up to 150 and 200 °C, respectively, for 2 hours with a heating ramp of 1 °C/min. The sample treated at 200 °C was a solid dark brown powder and the sample treated at 150 °C was a brown paste. The paste was solubilized in distilled water and transferred into a centrifugation vial. Then, acetone was added to induce the precipitation of brown flakes and the solution centrifuged for 10 minutes at 8000 rpm. Acetone was again added and the centrifugation step repeated until the supernatant became clear. Finally, the dark brown precipitate was collected and dried in air. The sample treated at 200 °C is denoted as γ-FeOx200 and the one prepared at 150 °C as γ-FeOx150.

Figure A4 :

 A4 Figure A4: X-ray diffraction patterns of a) γ-FeOx200 and b) γ-FeOx150.

Figure A6 :

 A6 Figure A6: Synthesis of the CoFe PBA powder.

Figure A9 :

 A9 Figure A9: Photograph of the parallel setup for the measurement of the EFe1200 monolith.

Figure A10 :

 A10 Figure A10: Low temperature magnetic behavior of the pure silica matrix (Si-mono): a) ZFC-FC measurement from 5-120 K and b) magnetic field dependence of the magnetization at 5 K.

  diffraction patterns of the Prussian blue (PB) or cobalt Prussian blue analogue (PBA) nanoparticles which are formed during the impregnation inside the mesoporosity of the silica monolith are shown in Figure A11. The diffraction peaks show a low intensity and a broadened shape and the position of the diffraction peaks corresponds well with the expected cubic structure. This is in accord with the formation of PB or PBA particles with a nanometric size inside the porous channels of the silica matrix.

Figure A11 :

 A11 Figure A11: X-ray diffraction patterns of a) monoPBFeFe measured on the Al support with the diffraction lines of Fe 4 [Fe(CN) 6 ] 3 . and b) monoPBACoCo measured on the polymer support with the diffraction lines of Co 3 [Co(CN) 6 ] 2 . (*=peaks corresponding to respective support).

Figure A12 :

 A12 Figure A12: Size distribution of the nanoparticle length along the pore channels of a) monoNO3CoOx and b) monoNO3CoFeOx.

Figure A15 :

 A15 Figure A15: ZFC-FC magnetization curves of monoPBACoFeRed700.

Figure A16 :

 A16 Figure A16: Reproduction of the magnetic susceptibility measured under FC conditions by a Curie-Weiss fit for a) monoPBACoCoOx and b) monoNO3CoOx.

Figure A17 :

 A17 Figure A17: Reproduction of the magnetic susceptibility of monoPBACoCoRed measured under a) ZFC conditions and b) FC conditions by a Curie-Weiss fit.

Figure A18 :

 A18 Figure A18: Reproduction of the magnetic susceptibility measured under FC conditions by a Curie-Weiss fit for monoPBACoFeOx.

Figure A19 :

 A19 Figure A19: Reproduction of the magnetic susceptibility of monoPBACoFeRed600 measured under a) ZFC conditions and b) FC conditions by a Curie-Weiss fit.

Figure A20 :

 A20 Figure A20: Magnetic properties of monoCNCoOx: a) ZFC-FC magnetization curves and b) Fit of the FC magnetic susceptibility with a Curie-Weiss law.

Figure A21 :

 A21 Figure A21: Magnetic properties of monoCNFeOx: a) ZFC-FC magnetization curves and b) Fit of the FC magnetic susceptibility with a Curie-Weiss law.

Figure A22 :

 A22 Figure A22: Frequency dependent AC magnetic susceptibility measurements of monoPBACoFeRed600 in the 5 -400 K range.

Figure A23 : 9 .

 A239 Figure A23: Frequency dependent AC magnetic susceptibility measurements of monoPBACoFe2575Ox: a) χ' and χ'' in the 5 -400 K range, and b) χ'' in the 2 -10 K range.

Figure A24 :Figure A25 :

 A24A25 Figure A24: Magnetic field dependence of the magnetization of monoPBACoCoOx, monoPBACoFe7525Ox, monoPBACoFe5050Ox, monoPBACoFe2575Ox and monoPBACoFeOx measured at a), b) 300 K and c), d) 5 K.

3 :

 3 intrinsèques (c'est-à-dire la structure cristalline, la taille, la forme et la composition chimique) des nanoparticules isolées jouent également un rôle important dans les propriétés magnétiques. Par conséquent, il est nécessaire de contrôler simultanément tous ces paramètres pour contrôler et ajuster également les propriétés magnétiques finales de l'assemblage.Pour parvenir à contrôler la taille et la forme des particules, nous avons utilisé la mésoporosité hexagonale d'un monolithe de silice, synthétisé par voie sol-gel. Cette utilisation d'une matrice de taille macroscopique dont la mesoporosité est ordonnée à l'échelle de domaines de taille également macroscopique permet non seulement la synthèse contrôlée des nanoparticules magnétiques, mais offre aussi l'opportunité d'organiser les nanoparticules dans la matrice à une échelle macroscopique. Pour le contrôle de la composition chimique des nanoparticules, nous avons utilisé une famille de composés de coordination, les analogues du bleu de Prusse (ABP), dans lesquels les centres métalliques sont mélangés à l'échelle atomique. L'objectif de cette thèse est de combiner i) le contrôle de la taille, la forme et la composition chimique de nanoparticules d'oxyde ou d'alliage contenant du Co et/ou Fe, et ii) leur organisation anisotrope dans les canaux poreux pour le développement de nouvelles propriétés. Nous avons cherché à étudier sur les effets de taille et de forme des nanoparticules, ainsi que les effets de leur organisation et dispersion au sein d'une matrice d'oxyde diamagnétique, sur les propriétés magnétiques. Les pores du monolithe de silice mésoporeuse ordonnée (chargés ou non en ions Co 2+ ou Fe 3+ ) ont été imprégnés par une technique d'infiltration suivant deux voies de synthèse. Pour la première, des solutions d'hexacyanométallate de cobalt ou de fer et des monolithes chargés sont utilisés, permettant ainsi la précipitation d'APB (voie ABP), et pour l'autre, des solutions de nitrate de Co 2+ et/ou de Fe 3+ et des monolithes non chargés sont utilisés (voie NO 3 ). Cette seconde voie de synthèse est fréquemment reportée dans la littérature. Par un traitement thermique sous atmosphère contrôlée, ces précurseurs sont ensuite transformés en oxydes ou métaux/alliages. Les premières études structurales, morphologiques et magnétiques par diffraction des rayons X (DRX), microscopie électronique à transmission (MET) et magnétométrie SQUID ont révélé des différences entre les composés issus des deux voies de synthèse et entre les composés obtenus dans des atmosphères de traitement thermique différentes. Les nanocomposites obtenus sous atmosphère oxydante cristallisent dans une structure d'oxyde spinelle, tandis que ceux obtenus sous atmosphère réductrice ont une structure cristalline cubique centrée ou cubique à faces centrées. La voie de synthèse NO 3 conduit à des particules cristallines allongées (après traitement oxydant) ou des particules sphériques (après traitement réducteur), tandis que la voie de synthèse APB permet d'obtenir des nanoparticules sphériques monocristallines quelle que soit l'atmosphère de traitement. Les tailles de particules sont proches ou inférieures au diamètre des pores, indiquant leur bon confinement. Par ailleurs, pour les nanocomposites CoFe/SiO 2 , il apparaît que l'utilisation d'APB comme précurseur conduit à une composition chimique bien plus homogène comparée à l'imprégnation directe avec des sels de nitrate. L'étude des propriétés magnétiques a révélé un comportement surprenant. En général, les nanocomposites NO 3 présentent un comportement magnétique comparable à celui d'assemblées de nanoparticules, rapportés dans la littérature. Pour les nanocomposites APB, un comportement magnétique plus complexe est observé, avec une contribution paramagnétique mise en évidence à basse température. Cependant, il n'a pas été possible d'expliquer ces différences entre les voies de synthèse à partir des seules données de DRX et de MET. Il faut noter que les nanocomposites Fe/SiO 2 ont montré un comportement plus complexes que les nanocomposites Co/SiO 2 et CoFe/SiO 2 . Les nanocomposites Fe/SiO 2 présentant une microstructure et un comportement magnétique complexes, nous nous sommes concentrés sur la phase ε-Fe 2 O 3 . Cette phase est intéressante en raison de la possibilité de produire des matériaux à forte coercivité sans utiliser de terres rares ou de métaux précieux. La phase ε-Fe 2 O 3 est métastable et formée comme intermédiaire entre les phases maghémite (γ-Fe 2 O 3 ) et hématite (α-Fe 2 O 3 ). Les conditions de synthèse, notamment la température de traitement thermique et le rapport Fe/Si, ont été optimisées. Les microstructures des nanocomposites ont été caractérisées plus en détail par DRX, MET et spectroscopie d'absorption des rayons X (XAS) au seuil K du fer. On a ainsi montré que la phase ε-Fe 2 O 3 peut être stabilisée comme phase majoritaire dans la gamme de température 900 -1200 °C, en utilisant un traitement thermique rapide. On a aussi observé que la taille des particules et leur distribution en taille augmentent progressivement avec l'augmentation de la température de traitement thermique. L'analyse fine du comportement magnétique a révélé que le champ coercitif à 300 K augmente également avec l'augmentation de la taille des particules. Nous expliquons cet effet par la variation du rapport Nanoparticules de ε-Fe 2 O 3 avec une taille supérieur à 7,5 nm Quantité totale de nanoparticules de Fe 2 O en dessous de 7,5 nm, les nanoparticules de Fe 2 O 3 présentent un comportement superparamagnétique avec un champ coercitif nul, alors qu'au-dessus de 7,5 nm, les nanoparticules de ε-Fe 2 O 3 sont ferrimagnétiques avec un champ coercitif de 17500 Oe. Enfin, nous avons pu montrer que les propriétés magnétiques sont indépendantes de la forme macroscopique du morceau de monolithe et son orientation dans le champ magnétique. Les nanocomposites Co/SiO 2 ont été analysés finement par spectroscopies UV/Vis et XAS au seuil K du Co. En combinant les résultats de ces analyses avec ceux obtenus par DRX et MET, nous pouvons proposer un modèle de microstructure pour chacun de ces nanocomposites (voies de synthèse NO 3 et ABP, traitement thermique sous atmosphère oxydante et réductrice). Quel que soit le traitement thermique, la voie de synthèse ABP conduit à la formation de nanoparticules mais aussi à la formation d'espèces Co 2+ Td faiblement condensées, localisées à la surface des pores ou au sein de la matrice de silice ; une explication de la formation de ces espèces supplémentaires est proposée. Le traitement sous atmosphère réductrice aboutit pour les deux voies de synthèse à une structure coeur-coquille des nanoparticules, avec un coeur ferromagnétique de Co métal et une coquille antiferromagnétique de CoO ; cette microstructure des nanoparticules a pu être confirmée par la mise en évidence d'une interaction d'échange entre le coeur ferromagnétique et la coquille antiferromagnétique (exchange bias). Grâce à ces informations sur la microstructure des nanocomposites, les différences observées dans les propriétés magnétiques des nanocomposites obtenus par la voie de synthèse NO 3 ou ABP sont attribués aux différentes tailles de particules et interactions interparticulaires, liées à la taille et la répartition spatiale différentes des nanoparticules. Un morceau de monolithe des nanocomposites obtenus par traitement thermique sous atmosphère réductrice est attiré par un aimant NdBFe à température ambiante, ce qui révèle la transformation d'un bloc de matière diamagnétique en un aimant permanent grâce à une assemblée de nanoparticules. Cependant, l'orientation dans un champ magnétique d'une pièce de monolithe (1 mm 3 ) n'a révélé qu'une faible anisotropie des propriétés magnétiques. Enfin, une analyse par spectroscopies UV/Vis et XAS aux seuils K du Fe et du Co nous a permis de proposer des microstructures pour les nanocomposites CoFe/SiO 2 obtenus sous atmosphère oxydante via les deux voies de synthèse. Une composition chimique générale Co x Fe x-3 O 4 (avec des variations importantes du rapport Co/Fe d'une nanoparticule à l'autre) a pu être établie pour la voie de synthèse NO 3 , causant un comportement semblable à celui d'un verre de spin. La voie de synthèse ABP conduit, elle, à la formation de nanoparticules avec une composition Co 2.2 Fe 0.8 O 4 homogène, ainsi que d'espèces Co 2+ Td et Fe 3+ faiblement condensées. Une analyse similaire a été tentée pour les nanocomposites obtenus par traitement thermique sous atmosphère réductrice, mais ils présentent une composition chimique trop complexe pour pouvoir identifier les différentes phases présentes. De plus, nous avons étudié plus avant l'utilisation d'APB comme précurseur pour le contrôle de la composition chimique des nanoparticules en synthétisant des nanocomposites à partir de rapports Co/Fe variables dans la solution d'imprégnation. Nous avons ainsi pu montrer que le contrôle de ce rapport permet d'ajuster la composition chimique finale des nanoparticules

  

  

  3 O 4 nanowires, a SBA-15 silica template was dispersed in an ethanol solution containing Co(NO 3 ) 2 • 6 H 2 O. Due to the capillary effects the pores were filled with cobalt species which were subsequently transformed by calcination into Co 3 O 4 nanowires

-mono or

  PBA/silica nanocomposites were obtained by impregnation of Co

	Femono with hexacyanometallates.
	Different aqueous solutions containing either Fe(II), Fe(III) or Co(III) hexacyano-
	metallates (K 4 [Fe(CN) 6 ], K 3 [Fe(CN) 6 ]) or K 3 [Co(CN) 6 ]) were prepared for the synthesis of
	monoPBFeFe, monoPBACoFe, and monoPBACoCo, respectively. Their concentrations were
	adjusted to reach a molar M/Si ratio of 1.7% in the final nanocomposite. Furthermore, to obtain
	PBA nanoparticles with intermediate stoichiometries, three impregnation solutions containing
	a mixture of K 3 [Co(CN) 6 ] and K 3 [Fe(CN) 6 ] in variable Co/Fe ratios (75/25, 50/50 and 25/75) were
	prepared for the synthesis of monoPBACoFe7525, monoPBACoFe5050 and
	monoPBACoFe2575.
	For the formation of the PBA nanoparticles, the Co-mono or Fe-mono monoliths
	containing 1 mol% of Co 2+ or Fe 3+ ions in the pores, respectively, were immersed in heptane
	and then impregnated with an acidified solution containing the desired concentration of
	hexacyanometallates. A rapid color change indicated that the formation of PB or PBA took
	place instantaneously.

The color of the monolith changed from light brown to dark blue for monoPBFeFe, from blue to pink-violet for monoPBACoCo, and from blue to brown for monoPBACoFe. For the samples with a varying Co/Fe ratio monoPBACoFe7525, monoPBACoFe5050 and monoPBACoFe2575, it could be observed, that the color of the

  

	NO 3 synthesis pathway
	The NO 3 /silica nanocomposites were prepared by impregnating Si-mono with nitrate
	salts.
	The aqueous impregnation solutions were prepared by dissolving metal nitrate salts in
	a concentration adjusted to reach a M/Si ratio of 2 mol% in the resulting nanocomposite.
	Co(NO 3 ) 2 • 6 H 2 O was used for the preparation of monoNO3Co, a mixture of Co(NO 3 ) 2 • 6 H 2 O
	and Fe(NO 3 ) 3 • 9 H 2 O for monoNO3CoFe, and Fe(NO 3 ) 3 • 9 H 2 O for monoNO3Fe.
	Si-mono was immersed in heptane and the impregnation solution containing the
	respective nitrate salts added. Upon impregnation with the corresponding nitrate salt solution,
	nanocomposites turned from red-brown to dark brown when the Fe/Co ratio increased in the
	PBA. The different colors are summarized in Table 1.
	The successful formation of PB or PBAs has been confirmed by powder X-ray diffraction
	(XRD). The XRD patterns of monoPBACoCo and monoPBFeFe are shown as examples in
	Annex III (Supplementary Characterizations, Figure A11).

Table 1 : Summary of the colors for the nanocomposites before and after the thermal treatment in air. Nanocomposite Color Thermal Treatment Color monoPBACoCoOx

 1 

		pink-violet	Air, 700 °C	black
	monoNO3CoOx	light pink	Air, 700 °C	black
	monoPBACoFe7525Ox	light red-brown	Air, 700 °C	dark
	monoPBACoFe5050Ox	red-brown	Air, 700 °C	dark
	monoPBACoFe2575Ox	dark brown	Air, 700 °C	dark
	monoPBACoFeOx	dark brown	Air, 700 °C	dark
	monoNO3CoFeOx	orange-brown	Air, 700 °C	dark
	monoPBFeFeOx	blue	Air, 700 °C	beige
	monoNO3FeOx	orange-brown	Air, 700 °C	brown

Table 2 : Summary of the colors for the nanocomposites before and after the consecutive thermal treatment in air and 5%H 2 /Ar. Nanocomposite 1 st Thermal Treatment Color 2 nd Thermal Treatment Color monoPBACoCoRed

 2 

		Air, 500 °C	black	5%H 2 /Ar, 700 °C	grey-blue
	monoNO3CoRed	Air, 500 °C	black	5%H 2 /Ar, 700 °C	black
	monoPBACoFeRed700	Air, 500 °C	black	5%H 2 /Ar, 700 °C	black
	monoPBACoFeRed600	Air, 500 °C	black	5%H 2 /Ar, 600 °C	black
	monoPBACoFe7525Red	Air, 500 °C	black	5%H 2 /Ar, 600 °C	black
	monoPBACoFe5050Red	Air, 500 °C	black	5%H 2 /Ar, 600 °C	black
	monoPBACoFe2575Red	Air, 500 °C	black	5%H 2 /Ar, 600 °C	black
	monoNO3CoFeRed600	Air, 500 °C	black	5%H 2 /Ar, 600 °C	black
	monoPBFeFeRed	Air, 500 °C	brown	5%H 2 /Ar, 600 °C	brown-black
	monoNO3FeRed	Air, 500 °C	brown	5%H 2 /Ar, 600 °C	brown-black

Table 4 : Summary of the magnetic properties of monoPBACoCoRed and monoNO3CoRed.

 4 

	Nanocomposite H monoPBACoCoRed	350	300 K	0.028	280	5 K	0.038
	monoNO3CoRed	50		0.15	1040		0.93

C (Oe) M R (emu/g) H C (Oe) M R (emu/g) In conclusion, monoNO3CoRed and monoPBACoCoRed are composed of magnetic nanoparticles, which are able to interact with one another, with an additional paramagnetic Co species in monoPBACoCoRed. As for the Co/SiO 2 nanocomposites obtained under oxidizing atmosphere, this raises again the question about the microstructure of the nanocomposites.

Table 5 : Summary of the magnetic properties of monoPBACoFeRed600 and monoNO3CoFeRed600, as well as monoPBACoFeRed700.

 5 

	Nanocomposite	H C (Oe)	300 K M R (emu/g)	H C (Oe)	5 K M R (emu/g)
	monoPBACoFeRed600	550	0.057	450	0.07
	monoNO3CoFeRed600	50	0.007	380	0.155
	monoPBACoFeRed700	150	0.036	220	0.055

Table 7 : Averaged atomic ratios of Fe/Si for EFe5%, EFe10% and EFe20%.

 7 

Table 8 : Summary of the magnetic values EFe5%, EFe10% and EFe20% measured at 300 K .

 8 

	Nanocomposite	H C (Oe)
	EFe5%	2100
	EFe10%	6750
	EFe20%	8580

Table A1 : Summary of the targeted temperatures and the times needed to reach them.

 A1 

	Thermal Treatment	Needed Time
	Temperature (°C)	(minutes)
	700	27
	800	34
	900	44
	1000	57
	1100	72
	1200	16
	1300	22

Table A4 : Coercive fields of PBA derived alloy nanocomposites with different Co/Fe ratios at 300 K and 5 K.

 A4 

	Nanocomposite H monoPBACoCoRed monoPBACoFe7525Red monoPBACoFe5050Red monoPBACoFe2575Red monoPBACoFeRed600 IV. XRD Reference Data Name and formula Reference code: 01-074-1657 350 350 450 500 550 Cobalt Oxides 300 K 0.028 0.07 0.077 0.064 0.057 Chemical formula: Co3O4 Crystallographic parameters Crystal system: Cubic Space group: Fd3 m Space group number: 227 a=b=c (Å): 8.0650 α=β=γ (°): 90.0000 Peak list No. h k l d [A] 2Theta[deg] I [%] 1 1 1 1 4.65633 19.045 17.1 2 2 2 0 2.85141 31.346 32.3 3 3 1 1 2.43169 36.936 100.0 4 2 2 2 2.32817 38.642 8.9 5 4 0 0 2.01625 44.921 20.0 6 3 3 1 1.85024 49.205 0.1 7 4 2 2 1.64626 55.797 8.1 8 5 1 1 1.55211 59.510 30.6 9 4 4 0 1.42570 65.408 34.5 10 5 3 1 1.36323 68.812 1.2 11 4 4 2 1.34417 69.929 0.1 Name and formula Reference code: 03-065-2902 Chemical formula: CoO Crystallographic parameters Crystal system: Cubic Space group: Fm3 m Space group number: 225 a=b=c (Å): 4.2603 α=β=γ (°): 90.0000 Peak list No. h k l d [A] 2Theta[deg] I [%] 1 1 1 1 2.45969 36.501 66.5 2 2 0 0 2.13015 42.399 100.0 3 2 2 0 1.50624 61.515 48.1 4 3 1 1 1.28453 73.693 17.5 5 2 2 2 1.22984 77.561 12.5 Cobalt Metal Name and formula Reference code: 01-089-4307 Chemical formula: Co Crystallographic parameters Crystal system: Cubic Space group: Fm3 m Space group number: 225 a=b=c (Å): 3.5441 α=β=γ (°): 90.0000 Peak list No. h k l d [A] 2Theta[deg] I [%] 1 1 1 1 2.04619 44.229 100.0 2 2 0 0 1.77205 51.532 42.1 3 2 2 0 1.25303 75.867 16.8 Cobalt Iron Oxide Name and formula Reference code: 01-077-0426 Chemical formula: (Co0.2Fe0.8) Co0.8Fe1.2O4 Crystallographic parameters Crystal system: Cubic Space group: Fd3 m Space group number: 227 a=b=c (Å): 8.4000 α=β=γ (°): 90.0000 Peak list No. h k l d [A] 2Theta[deg] I [%] 1 1 1 1 4.84974 18.278 10.1 2 2 2 0 2.96985 30.066 29.8 3 3 1 1 2.53270 35.413 100.0 4 2 2 2 2.42487 37.044 7.7 5 4 0 0 2.10000 43.038 20.4 6 3 3 1 1.92709 47.122 0.6 7 4 2 2 1.71464 53.391 8.1 8 5 1 1 1.61658 56.914 26.0 9 4 4 0 1.48492 62.497 33.9 10 5 3 1 1.41986 65.710 0.8 11 4 4 2 1.40000 66.763 0.1 12 6 2 0 1.32816 70.898 2.5 Cobalt Iron Alloy Name and formula Reference code: 00-044-1433 Chemical formula: CoFe Crystallographic parameters Crystal system: Cubic Space group: Pm3 m Space group number: 221 a=b=c (Å): 2.8570 α=β=γ (°): 90.0000 Peak list No. h k l d [A] 2Theta[deg] I [%] 1 1 0 0 2.85700 31.283 1.0 2 1 1 0 2.02020 44.828 100.0 3 1 1 1 1.64950 55.678 1.0 4 2 0 0 1.42850 65.263 14.0 5 2 1 0 1.27770 74.153 1.0 6 2 1 1 1.16640 82.662 25.0 Iron Metal Name and formula Reference code: 96-900-6604 Chemical formula: Fe2.00 Crystallographic parameters Crystal system: Cubic Space group: Im3 m Space group number: 229 a=b=c (Å): 2.8520 α=β=γ (°): 90.0000 Peak list No. h k l d [A] 2Theta[deg] I [%] 1 0 1 1 2.01667 44.911 100.0 2 0 0 2 1.42600 65.392 13.6 3 1 1 2 1.16432 82.842 24.3 Peak list No. h k l d [A] 2Theta[deg] I [%] 1 1 1 0 5.90000 15.004 2.0 2 1 1 1 4.82000 18.392 5.0 3 2 0 0 4.18000 21.239 20 3 6 1.22718 77.761 1.7 21 2 3 1.21360 78.799 0.8 22 3 1 1.20452 79.510 0.1 23 1 2 1.19089 80.606 1.4 24 2 8 1.18931 80.735 3.1 1.0 4 2 1 0 3.73000 23.836 5.0 5 2 1 1 3.41000 26.111 2.0 6 2 2 0 2.95000 30.273 ε-Fe 2 O 3 34.0 7 2 2 1 2.78000 32.173 19.0 8 3 1 1 2.52000 35.598 Name and formula 100.0 9 2 2 2 2.41000 37.281 Reference code: 98-005-1122 1.0 10 3 2 0 2.32000 38.784 Compound name: Iron(III) Oxide -Epsilon 6.0 11 3 2 1 2.23000 40.416 Chemical formula: Fe2O3 1.0 12 4 0 0 2.08000 43.473 24.0 13 4 2 0 1.87000 48.652 1.0 14 4 2 2 1.70000 53.888 12.0 15 5 1 1 1.61000 57.168 Crystallographic parameters Crystal system: Orthorhombic Space group: Pna21 Space group number: 33 33.0 16 5 2 0 1.55000 59.599 1.0 17 5 2 1 1.53000 60.459 1.0 18 4 4 0 1.48000 62.728 53.0 19 5 3 0 1.43000 65.186 1.0 20 6 2 0 1.32000 71.403 7.0 21 5 3 3 1.27000 74.679 a (Å): 5.0950 b (Å): 8.7890 c (Å): 9.4370 α=β=γ (°): 90.0000 Peak list (abbreviated) 11.0 22 6 2 2 1.26000 75.374 No. h k l d [A] 2Theta[deg] I [%] 3.0 23 4 4 4 1.20500 79.472 5.0 Hematite Name and formula Reference code: 01-079-1741 Mineral name: Hematite, syn Chemical formula: Fe2O3 Crystallographic parameters Crystal system: Rhombohedral Space group: R3 c Space group number: 167 a=b (Å): 5.0342 c (Å): 13.7460 α=β (°): 90.0000 γ (°): 120.0000 Peak list No. h k l d [A] 2Theta[deg] I [%] 1 0 1 2 3.68154 24.155 31.2 2 1 0 4 2.69888 33.167 100.0 3 1 1 0 2.51710 35.640 71.0 4 0 0 6 2.29100 39.295 1.9 5 1 1 3 2.20613 40.872 18.8 6 2 0 2 2.07787 43.520 1.8 7 0 2 4 1.84077 49.476 32.7 8 1 1 6 1.69429 54.084 38.7 9 2 1 1 1.63611 56.174 0.4 10 1 2 2 1.60242 57.464 2.4 11 0 1 8 1.59858 57.615 12 2 1 4 1.48584 62.454 13 3 0 0 1.45325 64.018 14 1 2 5 1.41338 66.050 15 2 0 8 1.34944 69.616 16 1 0 10 1.31098 71.970 17 1 1 9 1.30575 72.304 18 2 1 7 1.26229 75.214 19 2 2 0 1.25855 75.476 4.9 0.2 1.9 8.0 2.3 0.2 23.9 24.4 8.0 1 1 1 6.43165 13.757 29.9 2 0 2 4.71850 18.791 14.5 7 1 2 3.22107 27.672 17.9 8 2 2 3.21583 27.718 36.1 10 1 3 2.96169 30.151 44.7 12 2 2 2.71944 32.909 100.0 280 555 630 555 450 13 1 3 2.56051 35.016 14.6 14 0 0 2.54750 35.201 11.7 15 3 0 2.53974 35.312 22.4 16 0 1 2.45946 36.504 21.5 17 3 1 2.45248 36.612 43.0 21 2 3 2.28597 39.385 10.1 23 3 2 2.23636 40.296 11.5 26 1 2 2.17212 41.542 49.8 34 0 3 1.97972 45.796 13.0 35 3 3 1.97607 45.886 25.9 37 1 3 1.93133 47.012 5.9 41 4 2 1.85514 49.067 29.4 42 1 5 1.84533 49.345 4.7 43 2 3 1.80501 50.524 4.5 46 0 4 1.73097 52.848 9.9 47 3 4 1.72853 52.928 19.4 49 4 3 1.69831 53.946 3.7 63 1 2 1.57220 58.675 6.9 67 5 3 1.53448 60.264 4.9 69 0 5 1.51653 61.053 17.8 70 3 5 1.51489 61.126 35.7 78 3 0 1.46930 63.237 40.4 79 6 0 1.46483 63.453 19.9 85 2 3 1.41486 65.972 7.1 90 5 2 1.38324 67.681 9.2	5 K	0.038 0.1 0.11 0.09 0.07

C (Oe) M R (emu/g) H C (Oe) M R (emu/g)

Table A5 : Atomic Positions of ε-Fe 2 O 3 used for the Rietveld refinement (ISCD-415250)

 A5 Les assemblées de nanoparticules magnétiques présentent des comportements intéressants grâce à la combinaison des propriétés intrinsèques des nanoparticules et de leur organisation. Ces systèmes ne sont cependant pas encore bien compris. En fonction de l'état d'agrégation et de l'organisation de nanoparticules, les propriétés de l'assemblée peuvent varier considérablement ou de nouvelles propriétés peuvent apparaître. De plus, les propriétés

	Atom Ox.	Wyck.	Site	x/a	y/b	z/c
	Fe1	3	4a	1	0.6768(9) 0.8427(5)	0.00000
	Fe2	3	4a	1	0.204(1)	0.3509(8) 0.7726(9)
	Fe3	3	4a	1	0.807(1)	0.6605(8)	0.693(1)
	Fe4	3	4a	1	0.6852(9) 0.4634(5)	0.983(2)
	O1	-2	4a	1	0.337(2)	0.853(2)	0.887(1)
	O2	-2	4a	1	0.019(3)	0.474(2)	0.610(2)
	O3	-2	4a	1	0.453(3)	0.677(2)	0.651(2)
	O4	-2	4a	1	0.527(3)	0.669(2)	0.100(1)
	O5	-2	4a	1	0.868(3)	0.334(2)	0.863(1)
	O6	-2	4a	1	0.336(3)	0.513(1)	0.891(1)

The Rietveld refinement has been done by Romuald Saint-Martin, in charge of the powder XRD service at ICMMO.

CHAPTER 3

Εpsilon Iron Oxide:

A Remarkable Fe 2 O 3 Polymorph diffraction peaks also increases, in agreement with an increasing amount of the ε-Fe 2 O 3 phase.

The crystallite size for this series was determined by the Scherrer formula for the (122) diffraction peak. The size calculations give 11.4 nm, 12.7 nm and 13.5 nm for EFe5%, EFe10% and EFe20%, respectively. Thus, the crystallite size appears to be slightly increasing with an increase in the Fe/Si ratio. The XRD study shows that ε-Fe 2 O 3 is formed as the main iron oxide phase. An effect of the Fe/Si ratio on the average crystallite size is present but the sizes are nevertheless very close to one another. Therefore, the increase of the peak intensity is rather related to the quantity of introduced Fe 3+ into the porosity and an increase of the crystalline phase in the nanocomposite.

Fe K-edge X-ray absorption spectroscopy

The Fe K-edge XANES spectra of EFe5%, EFe10% and EFe20% were collected on the SAMBA beamline in transmission mode (SOLEIL) and are presented in Figure 83. The spectra are the same regardless of the Fe/Si ratio. The Fe/Si ratio influences neither the oxidation state nor the local structure of the Fe ions.

CHAPTER 4

Co/SiO 2 Nanocomposites

CHAPTER 5

CoFe/SiO 2 Nanocomposites Annex I: Experimental Procedures Annex II: Instrumentation Annex III: Supplementary Characterizations Annex IV: XRD Reference Data Subsequently, the synthesis follows the procedure described for the ordered mesoporous silica monolith.

The pink solid monoliths turned blue during the calcination process due to a change of the coordination sphere of the cobalt(II) ion from octahedral [Co(H 2 O) 6 ] 2+ to tetrahedral [Co(OH) 4 ] 2-. [83] This monolith is called Co-mono in the following. The Fe 3+ containing monolith showed a light brown color after calcination. It is denoted as Fe-mono.

B. Impregnation of the nanocomposites

PBA synthesis pathway

During this PBA synthesis pathway, the M z+ containing silica monolith is impregnated with a [M(CN) 6 ] z-solution, resulting in a total M/Si molar ratio of 1.7%.

Preparation of the impregnation solution

The needed amount of hexacyanometallate complex corresponding to a molar ratio of 1:1 regarding the amount of metal ions already present inside the mesoporosity is dissolved in 1 ml distilled water. For monoPBACoCo this corresponds to 98. 

Impregnation of the monolith

Fe-mono or Co-mono, respectively, was dispersed in heptane and a volume, corresponding to 80% (0.56 ml for 1 g SiO 2 , determined by N 2 sorption) of the total porosity, of the acidified impregnation solution containing the hexacyanometallates complex was added. Upon contact, the color of the monolith changed showing the formation of the PBA.

After a minimum of 15 minutes, the heptane was removed from the vial and the monoliths washed on average 5 times with distilled water until a coloration of the washing solution was no longer visible. Finally, they were left drying on a watchglass overnight before further use.

SYNTHESIS AND CHARACTERIZATION OF MODEL COMPOUNDS AND REFERENCES

Synthesis of model nanocomposites

For the model compounds, the pure silica monolith is impregnated with a [M(CN) 6 ] 3- solution.

Preparation of the impregnation solution

The impregnation solution is prepared by dissolving cobalt or iron hexacyanometallates complexes in a M/Si ratio of 2 mol%. For the monoCNCo nanocomposite, 197.5 mg K 3 [Co(CN) 6 ] were dissolved in 1 ml distilled water and for the monoCNFe nanocomposite 195.7 mg K 3 [Fe(CN) 6 ] were dissolved.

Impregnation of the monolith

For the synthesis, Si-mono was dispersed in heptane and a volume of the previously prepared impregnation solutions corresponding to 80% (0.56 ml for 1 g SiO 2 ) of the porosity was added. After the addition, the white Si-mono monolith adopted the color of the cyanometallate salt solution. After approximately 15 minutes the heptane was removed and the monoliths placed on a watchglass to dry overnight.

Thermal Treatment

The same thermal treatment as for the other nanocomposites under oxidizing (2 hours at 700 °C in air with a heating ramp of 5 °/min) or reducing (Pre-oxidation at 500 °C followed by 2 hours at 700 °C in 5%H 2 /Ar with a heating ramp of 5 °/min) atmosphere was then applied.

After the thermal treatment, monoCNCoOx presents a blue color (Figure A2), which is also the case for monoCNCoRed. Whereas, monoCNFeOx, changes from a bright yellow color to almost white again during the thermal treatment (Figure A3). 

Synthesis of hematite

For the synthesis of hematite, pure Fe(NO 3 ) 3 • 9 H 2 O salt was thermally treated up at 1000 °C. During this thermal treatment, the thermal treatment temperature is increased as fast as possible from room temperature. Then, the oven is left cooling down directly after the target temperature has been reached. The X-ray diffraction pattern is shown in Figure A5. The diffraction peaks can all be indexed as the Bragg reflections of the rhombohedral hematite phase. This is in agreement with the work by WIECZOREK-CIUROWA and KOZAK [170] as well as MELNIKOV et al. [171] who have analyzed the thermal decomposition of hydrated iron nitrate salts with hematite being the final decomposition product.

Synthesis of CoFe Prussian blue analogue and the corresponding oxide phase

The synthesis of the CoFe and its corresponding metal oxide were prepared following the synthesis protocols in references [58,71].

For the synthesis of the CoFe PBA bulk reference with a stoichiometry of Co 4 [Fe(CN) 6 ] 2.7 , 1.455 g Co(NO 3 ) 3 • 6 H 2 O were dissolved in 100 ml distilled water, placed into a beaker and 5 drops of 68% HNO 3 were added. 400 ml of a solution containing 329.24 mg K 3 [Fe(CN) 6 ] was placed into a dropping funnel and dropwise added to the cobalt solution for approximately 2 hours. Upon contact of the two solutions, a precipitate could be seen (Figure A6). After the complete addition, the precipitate was centrifuged for 15 minutes at 8000 rpm, washed with distilled water 3 times and centrifuged. Finally, the red-brownish powder was dried in air. For the transformation of the CoFe PBA powder into an oxide, the dried powder was thermally treated in air at 900 °C for 2 hours and a heating ramp of 5 °C/min to obtain a black powder with a chemical formula of Co 

II. Instrumentation 1. Physisorption

The porous volume of the calcined monoliths has been determined via nitrogen physisorption on a Belsorp-Mini instrument by Bel Japan Inc.. A monolith piece was initially pretreated at 393 K for 1000 minutes in vacuum to remove any of the residual absorbents from the porosity. Then the sample was cooled down to 77 K and the nitrogen sorption and desorption isotherm measured. The used parameters are summarized in Table A2. After the measurement, the weight of the samples was determined to obtain the actual sample mass.

From the desorption branch, the pore size was determined via the method by Barrett-Joyner-Halenda (BJH) and the specific surface area was calculated by the Brunauer, Emmet and Teller (BET) method. 

Gas dosing setting

Relative Pressure Easy method Adsorption relative pressure upper limit 0.99 P/P 0 Desorption relative pressure lower limit 0.1 P/P 0

The measurements have been performed on several monoliths from different synthesis.

The value of the total porous volume changes slightly from one synthesis to another as well as from one measurement to another (σ = 2.7%). However, the value is always above 0.7 ml/g monolith which was therefore defined as the overall porous volume of the synthesized mesoporous hexagonal ordered monoliths. For the pore radius a size of 2.76 nm could be determined, corresponding to pores with a diameter of 5.5 nm.

UV/Vis diffuse reflectance spectroscopy

For the determination of the environment of the cobalt and iron ions in the nanocomposites, the nanocomposites were analyzed by UV/Vis spectroscopy using a UV/Vis-NIR spectrophotometer Cary 5000 by Varian. The finely ground powders were placed in the sample holder for the internal diffuse-reflectance accessory DRA 2500 and the spectra collected in a range of 200 -800 nm at a mean resolution of 0.5 nm and a sampling rate of 300 nm/min.

X-ray diffraction

The crystallographic structure of the nanoparticles within the pores was determined by X-ray diffraction (XRD). The samples were finely ground and placed on an Al support in case of ε-Fe 2 O 3 nanocomposites with a Fe/Si ratio of 5, 10 and 20 mol%. A polymer support was used in case of the samples with a M/Si ratio of 1.7 mol% or 2 mol%, since the diffraction peaks of the Al support appear close to the diffraction peaks of the nanocompounds. The analysis was carried out on a Philips X'Pert diffractometer (Cu K α ) overnight (minimum collection time:

12 hours) and a step size of 0.033°. The 2θ range was adapted from sample to sample focusing on the regions with the expected diffraction peaks.

The average particle size (crystallite size) L was determined using the Scherrer equation A1 with the full width half maximum (fwhm) Δ2θ and the position θ of the diffraction peaks.

The Bragg law (A2) is combined with the expression (A3) for the interplanar distance d in which the cell parameter is connected to the Miller indices h, k, l of a cubic crystal system.

The resulting equation (A4) allows to calculate the cell parameter a by using the diffraction angle of the Bragg reflection in the diffraction pattern of the nanocomposites.

X-ray diffraction pattern of the XRD supports and the silica matrix

The two sample supports have also been measured to identify their possible peaks in the diffraction pattern of the nanocomposites. The diffraction pattern of the aluminum and polymer support are shown in Figure A7. When the X-ray diffraction pattern of Si-mono is measured on the polymer support (Figure A8), one broad peak at 43° 2θ appears. However, this peak is due to the polymer support. Since Si-mono is amorphous, no diffraction peaks can be evidenced (except for a broad peak at 24°) as it is expected in the absence of a crystalline phase. The presence of apparent diffraction peaks can be assigned to the fact that the X-rays pass through the powder and are diffracted on the underlying support. depending on the sample. For some samples the signal to noise ratio was low, in that case the field dependence measurement was repeated in rso mode on the same pellet.

Exchange bias effect measurements

The ground samples were pressed into a pellet and were installed at 300 K. A magnetic field of 30000 Oe was applied and the temperature decreased to 5 K, followed by the measurement of the magnetic field dependence of the magnetization between 30000 Oe and -30000 Oe.

AC susceptibility measurements

The AC susceptibility measurements were performed with a fixed applied field of 3 Oe.

The temperature range of the analysis was centered around the maximum in the ZFC-FC magnetization curve and if no maximum could be identified the whole range from 5 to 400 K was analyzed. The frequencies were automatically chosen by the program by setting the lowest and highest frequency as well as the number of total frequencies. The curves with a low signal to noise ratio were excluded from the discussion.

AC susceptibility measurements allows an insight into the spin dynamics of the system.

For this the temperature dependence of the relaxation time τ is studied. τ can be expressed with the help of equation (A5), with f being the measurement frequency.

The behavior of non-interacting nanoparticles can be described with an Arrhenius law, as given in equation (A6) with τ 0 being the attempt time, E A being the average energy barrier and k B being the Boltzmann constant.

In the presence of interparticle interactions, the magnetization relaxation dynamics are modified. The Vogel-Fulcher law takes into account the interparticle interactions (Equation A7), with T 0 being related to the interaction strength.

Finally, in case of a spin-glass like behavior, the temperature dependence of the magnetization relaxation time can be described with a critical power law, as given in equation (A8). Therein, T g stands for the critical freezing temperature; zv is an exponent, typically ranging from zv = 4 -12. [9] (A5)

Magnetic properties of Fe/SiO 2 nanocomposites obtained under reducing atmosphere

The ZFC-FC magnetization curves of monoPBFeFeRed and monoNO3FeRed are shown in Figure A13. In both cases an irreversibility of the FC and the ZFC magnetization and an increase of the magnetization at low temperatures can be evidenced. The magnetic field dependence measurements of monoPBFeFeRed and monoNO3FeRed at 300 K and 5 K are shown in Figure A14. 

Linear combination attempt for monoNO3CoFeRed600

The XAS spectra resulting from the different linear combinations of the spectra of monoNO3CoFeRed600 and CoO are shown in Figure A26. For these linear combinations, different quantities of the CoO spectrum were removed from the one of monoNO3CoFeRed600 to attempt to reproduce the spectrum of fcc Co. Abstract : The magnetic properties of nanoparticle assemblies are dependent on the intrinsic properties (size, shape and chemical composition) of the nanoparticles, as well as on their organization. The elaboration of an assembly of well-controlled nanoparticles is of interest for the development of materials with new properties, as well as for the study of the influence of the different parameters of the nanoparticle assembly on the magnetic properties.

Iron Oxides

Name and formula

Our approach is the combination of i) the controlled formation of the nanoparticles using the ordered mesoporosity of a silica monolith, prepared by a template-assisted sol-gel method, and ii) the use of Prussian blue analogues (PBA), in which the metal centers are mixed at the atomic scale. The ordered silica monolith enables us to control the size, shape and organization of the nanoparticles, whereas the use of PBA presents the advantage to control the chemical composition of the nanoparticles.

In this work, we have prepared Co/SiO2, CoFe/SiO2 and Fe/SiO2 nanocomposites by thermal treatment under oxidizing and reducing atmosphere by using two synthesis pathways, which vary in the choice of precursor (PBA or nitrate salts). The study of the magnetic behaviors reveals a surprising but significant influence of the synthesis pathway. Microstructures for the nanocomposites and their relationship to the magnetic properties could be established. Furthermore, the impact of the organization of the magnetic nanoparticles on the magnetic properties of one macroscopic monolith piece oriented in a magnetic field was studied and the results are discussed.