General Introduction

Nano-sized noble metals (NPs) synthesized by various routes show their own distinct physical and chemical properties such as optical, catalytic or magnetic properties. Their high surface-to-volume ratio leads indeed to novel properties that are not observed in their bulk state.

Interest in bimetallic nanoparticles has increased significantly in recent years with the identification of many potential applications for which they may be suited, and in particular for their use as efficient catalysts. They allow to combine the novel nanoscale properties of more than one component within one nanoparticle, and to gain enhancement of the properties through synergistic interactions between those components. Bimetallic NPs present thus significant advantages over their monometallic counterparts. Their greatest advantage lies in the tunability of their properties. Their properties can be controlled by controlling the structure and chemical composition, as well as their size and shape. In the case of sequentially synthesized systems, size and shape can be influenced both by the seed particle and by the deposition of the second metal. This tunability means that bimetallic nanoparticles are ideal candidates for achieving the goal of rationally designed nanocatalysts. Furthermore, binary NP superlattices, which are composed of two complementary components have also emerged. Compared to the limited phase structures formed in the singlecomponent NP superlattices (SLs), a variety of phase structures such as AlB2, NaZn13, NaCl of binary NP SLs can be produced, and the prediction of these phase structures mainly relies on the space-filling principles. The binary SLs constitute ideal candidates to favor coupling between two types of nanomaterials (e.g. plasmonic/plasmonic, magnetic/magnetic and magnetic/plasmonic), which is expected to result in tunable and/or novel collective properties.

The main objective of this thesis work is thus the integration of two different types of metals into one system based on NPs, either through bimetallic core-shell NPs or binary superlattices.

The synergistic interaction between both components will be studied through their properties (optical, catalytic and magnetic).

In chapter I, recent advances one hand in the synthesis and properties of bimetallic core -shell NPs and on the other hand in the fabrication and properties of binaries SLs are reviewed.

Chapter II is focused on the development of a two steps synthesis process of bimetallic core-shell NPs such as Au/Ag@M (M=Ag, Pd, Pt). The central point of this strategy is to solubilize the shell precursor in oleylamine and to induce the growth of the shell on selected seeds under heating. The shell thickness is thus controlled by various parameters (temperature, annealing time, the [shell precursor] / [seed] concentration ratio, seed size and crystallinity).

Au or Ag nanoparticles (NPs) characterized by distinct surface chemistry, different sizes and crystallinities are chosen as seeds to demonstrate the versatility and robustness of the approach.

The combination of two plasmonic materials into core-shell NPs (Au@Ag NPs) isdeveloped to tune their localized surface plasmon (LSPR). Then, the change of shell materials with representative catalytic properties (Pd or Pt) is studied. Au@Pd, Au@Pt with controlled composition and crystallinity are synthesized. The Au core is also exchanged by silver, which exhibits intrinsically stronger plasmonic performance than gold. Finally, the ability of coreshell nanoparticles to organize in 3D superlattices is studied.

In Chapter III, the optical and catalytic properties of core-shell NPs are studied. The combination of Au@Ag NPs, as both materials having plasmonic properties, are expected to tune their localized surface plasmon resonance (LSPR). By combining UV-visible spectrophotometry measurements and DDA calculations, we show significant changes in the plasmonic response depending on the core size and silver thickness. These experiments are extended to Au/Ag@Pt and Pd NPs. Blue shift and damping are observed, depending on the nature of the two components, core size and shell thickness. Finally, we present results in the catalytic activity of core-shell Au@M (M=Ag, Pd, Pt) NPs studied through a model reaction based on the reduction of 4-nitrophenol to 4-aminophenol by NaBH4. The effects of size, composition and crystallinity on the bimetallic core-shell NP catalytic performance are discussed.

Chapter IV is related to the fabrication of binary nanoparticle superlattices (BNSLs). Two cooperative and complementary components such as -Fe2O3/Au or Pd/Au NPs are used two grow the BNSLs. The effects of different parameters like deposition temperature, effective size ratio or concentration ratio on the formation of BNSLs from -Fe2O3/Au or Pd/Au mixtures are discussed. Finally, the magnetic properties of  -Fe2O3/Au NP binary superlattices were studied by SQUID measurements and compared to those of pure  -Fe2O3 NPs superlattices. The -Fe2O3 interparticle distance modulated by the insertion of Au NPs is shown to effectively impact their magnetic properties.

Chapter I. State-of-the-art 1. Noble metal nanomaterials

The term of noble metal was determined in fourteenth century as a type of metal that is not reactive with air, resistant from the oxidation and corrosion. Generally, the list of noble metals consists of ruthenium (Ru), rhodium (Rh), palladium (Pd), silver (Ag), iridium (Ir), platinum (Pt) and gold (Au). In physics, there is a strict definition of noble metal having a filled electronic layer (d-band) and including only copper (Cu), Ag and Au. The applications of noble metals are in various domains such as medicine, catalyst, mechanics, electronics, and nanotechnologies. In this Ph.D work, nano-sized noble metals such as Au and Ag nanoparticles (NPs) were synthesized by chemical route which allow the control of their size, crystalline structure, shape, and chemical composition. 

. Schematic image in part of periodic table, list of metals which divide into three major parts depending on their representative physical properties (plasmonic, magnetic, catalytic) and applications covered in this Ph.D work.

Compared to the bulk phase, NPs have an increased surface area per unit volume and higher density of low-coordination atom on the surface. They are not in a thermodynamically favored state compared from bulk phase 1 . They show specific chemical and physical properties such as a localized surface plasmon resonance (LSPR) or superparamagnetism (in assemblies of non-interacting NPs). The optical properties of plasmonic NPs (Cu, Au and Ag NPs in Fig 1 .1) are especially interesting because they can be controlled by their composition, size, and shape. For instance, Au bulk metal exhibits a high reflectivity, while Au nanocrystal absorbs visible light by stimulating LSPR around 500 nm showing vivid wine color. This phenomenon is due to the collective oscillation of conduction electrons stimulated from the oscillating electric field of incident light.

The platinum group metals (green area in in Figure 1.1) are most extensively investigated for catalytic properties. These metals can catalyze a variety of chemical reactions such as hydrogenation, dehydrogenation, and coupling reactions 2,3 . Their catalytic activities depend on various characteristics such as surface area/volume ratio, coordination number, their d-band location, and even plasmonic properties. Optimizing some of these characteristics can lead to develop effective heterogeneous catalyst. The physical properties described above can be integrated, tuned, and/or enhanced by alloying with another metals.

Bimetallic nanoparticles

Bimetallic metals have been used since Bronze Age. The humankind found out that mixing two metals can produce an alloy showing an enhanced property as compared to one of the two metals. Interestingly, steelmakers are still using a similar process to make an alloy. For example, Fe is known as an element with a rapid surface oxidation in the presence of oxygen. Alloying Fe with a minimum 11 wt. % of chromium (Cr) and a maximum of 1.2 wt. % carbon (C), stainless steel, the most well-known alloy, can be produced. This alloying can keep the structural and chemical stability of the surface for a long time.

In case of NPs, synthesizing bimetallic or more complex NPs can enhance the physical properties upgraded from the monometallic system. For instance, development of a bimetallic system can lead to heterogeneous catalysts with higher performance. Among the different candidates of catalytic materials, Pt group metals (Pt, Pd, and Rh in Figure 1.1) are the most investigated materials for catalytic purpose. The NPs maximize the specific surface area to access the more effective catalytic reactions. Also, a practical catalytic system often requires more than one metal for a complicated reaction. In case of optical properties, the LSPR properties can be modified and even enhanced through alloying process with other type of metals. The novel optical properties of bimetallic NPs give rise to various applications such as sensing, imaging, catalysts, and spectroscopy [4][5][6][7][8][9][10][11][12][13] .

The development of different types of bimetallic NPs allow us to control the physical properties and merge new ones from the individual monometallic NPs. The properties are in some cases highly dependent on their atomic ordering and composing structure. Therefore, several synthesis protocols to make bimetallic NPs have been studied to produce different types of bimetallic NPs 14,15 .

Various structures of bimetallic nanoparticles

The structure of bimetallic NPs depends on the synthesis conditions and the miscibility of the two components. The possible architecture of bimetallic NPs can be diverse up to atomic ordering (alloyed or intermetallic), crystal structure, shape, facet type and configuration (dimeric, dendritic, or core-shell, concentric/non-concentric). Figure 1.2 shows schematic images of possible structures of bimetallic NPs. They can be categorized in three main families: alloys, Janus, and core-shell. small core material coated by single shell material, (i) movable core within hollow shell NPs (Zhao, W. et al. 2013) 16 .

An alloyed NP can be either disordered (solid solution Figure 1.2 (a)) or ordered (Figure 1.2 (b)). Metal combination such as Au/Cu or Pt/Ni can form an ordered alloy with a specific lattice parameter, far from original monometallic system. Typical example of this structure is Au3Cu and PtNi2 14,17 . In most cases, bimetallic compounds tend to form disordered alloys, hence an additional step such as post-synthesis annealing is needed to transform disordered alloy into intermetallic compound exhibiting defined stoichiometry and ordered crystal structure 18 .

Janus NPs are made up of two parts where each part is enriched with one of the two components and two parts are contacted with two distinct faces: Sides red and blue represent two surfaces with different physical or chemical properties (Figures 1.2 (c), (d) and (e)) (Ferrando, R. et al. 2008). 19 It is then possible to have for example a nanomaterial with opposite physico-chemical properties such as a strong difference in affinity with water and/or organic solvents 20,21 .

The core-shell NPs are composed of a core surrounded by a shell, of different materials (Figure 1.2 (f)). It is possible to have a configuration called "onion", e.g. alternating layers of two materials (Figure 1.2 (g)) or a configuration where few small core materials are coated by a single shell material (Fig. 1.2 (h)). Core-shell structures, offer the possibility to observe different and new physical and/or chemical properties in regards to the properties of the materials taken alone 19,20 . The development of core-shell NPs has a great interest for several reasons; i) enhanced chemical stability, ii) tuning optical properties, iii) increasing catalytic efficiency through the electronic coupling. The physical properties of core-shell NPs are tunable through the thickness of the shell 24 . Also, the derivatives of core-shell NPs are nanocage or nanobox. Those systems are variously studied for different applications such as biomedicine including cancer therapy, drug delivery and sensing system 22,23 . Finally, it is also possible to synthesize a movable core particle within a uniformed hollow shell particle (Figure 1.2 (i)). Some of these structures allow their individual components to keep their own original physical properties. Moreover, new physical properties (or modified ones) can emerge from their original properties (related to the two components) in favor of merging from the synergy between the components in the bimetallic structures.

Synergetic effect of bimetallic nanoparticles

There are various possibilities to integrate two different metals into one system as previously introduced in Section 2.1. Bimetallic NPs with core-shell structure have intermetallic effect between core and shell, hence they show their own optical or catalytic properties, different from the sum of two individual properties. This intermetallic effect depends on the bimetallic structure, the core-shell structure in this PhD work. Especially, we focused on synthesizing core-shell structure of NPs by integrating plasmonic materials with another plasmonic or catalytic materials.

Making a core-shell structure composed of two plasmonic metals (e.g. Ag, Au, Cu) enable us to tune the LSPR, which creates intense localized electric fields enhancing a variety of lift-matter and light-molecule interaction at the nanoparticle surface. In this work, we focus on the case that a thin Ag shell covers the Au core NPs surface (Chapter II). Monometallic Au or Ag NPs have maximum LSPR band around 500 nm or 400 nm respectively. The LSPR response of bimetallic core-shell structure shows a distinct behavior as compared to the disordered alloy structure of the same metallic components. The optical coupling between core and shell induces a blue shift of LSPR band and increases of its intensity. However, the LSPR band shows two peaks due to the Au core and the Ag shell unlike LSPR peak from the alloy which shows only one LSPR peak dependent on the mole fraction of the Au and Ag atoms 25 .

When we combine the plasmonic metal (as a core) with catalytic metal (as a shell), the intermetallic effects between optical (core) and catalytic (shell), promise enhanced reactivity and products specify. This effect significantly depends on the bimetallic structure, and results in plasmon hybridization (optical coupling), to charge transfer (electronic coupling), to a new electronic structure (atomic coupling) 26 .

Plasmonic and catalytic metals have different electronic band structure (Figure 1.3).

Plasmonic metals have a d-band far from the Fermi level, and catalytic metals have a d-band center close to the Fermi level. Intense plasmonic properties need a d-band far from Fermi level, however, d-band close to Fermi level is required for the catalytic properties. For the core-shell structure, the catalytic shell covers the plasmonic core achieving the optical coupling and contacts to the chemical environment. Integrating catalytic metals on the plasmonic core metals surface modifies the d-band center relative to Fermi level. This induces a change of the adsorption of a molecule. Moreover, this d-band shift is induced from two ways; mechanical strain or/and charge transfer between core and shell. Table 3 shows the lattice parameter of the metals investigated in this PhD work. When the shell materials have smaller lattice parameter Chapter I. State-of-the-art than the core materials, it causes a narrower d-band width and d-band shift closer to the Fermi level. For the larger lattice parameter of shell than core, opposite effect is caused. A charge transfer reaction, named as ligand effect, may also occur from the different Fermi level caused through the interface between two metals (core and shell) and shift the Fermi level possibly to both directions 26 .

Figure 1.3. Electronic properties of plasmonic and catalytic metals. (a,b) Electronic band structure of typical plasmonic metals (a) and catalytic metals (b). To the right of each diagram

is the density of states of a simple molecular adsorbate (Sytwu et al. 2019) 26 .

Segregation/mixing rules

The equilibrium shape of bimetallic NPs are described by different rules (Ferrando, R. et al. 2008) 19 ; i) element with the highest cohesion energy will preferentially occupy the core of the particle while the species with the lowest surface energy will be placed on the surface to minimize the total surface energy; ii) ionic character of the different species establishing metalmetal bonds. The ionic bond is caused by the difference in electronegativity between two elements. In this case, the system tends to maximize the number of heterogeneous bonds. In the case of small NPs, the more electronegative elements would preferentially occupy the surface of the NP; iii) local elastic tension when atoms of different sizes are present within a NP. The elasticity of energy may be relaxed by promoting the segregation of the larger atoms towards the surface; iv) This rule is related to environmental effects. This applies, for example, to NPs synthesized in presence of ligands (to prevent coalescence) as it is the case in my PhD work. The element which will have the strongest binding with the ligand will then be pulled to the surface of the NP; v) An alloy is favored if the attraction between the different metallic atoms is stronger than between the same metallic atoms. On the other hand, segregation is favored by strong homonuclear interactions which tend to be at the center of the cluster; vi) the atomic arrangement is stabilized by electron spin interaction. Tables 1.1, 1.2 and 1.3 summarize the most important properties of metals used in this PhD work determining the final bimetallic core-shell NP structure. Au@Ag, Au@Pd and Ag@Pt NPs are considered in this PhD work. The structure of bimetallic NPs obtained by simultaneous reduction of ions of both metals could be initially predicted based on the difference of the reduction potential. In the case of Au-Ag NPs, a simultaneous reduction may lead to alloyed NPs while a sequential reduction (seeded growth) allows to obtain core-shell NPs. This last synthesis method was thus chosen in this work. Ag and Au have relatively low surface energy in mixture with other metals such as Pt or Pd, thus they tend to migrate to the surface. Nevertheless, the strength of the Au-Au bonding is higher than Au-Pd and Au-Ag and favors the formation of an Au-rich core. 

Synthesis of bimetallic nanoparticles

Different protocols have been established to synthesize the various bimetallic system and often require using multiple synthesis steps up to the targeted structure. The structure of bimetallic NPs significantly depends on the preparation condition, kinetics of reduction process, miscibility 16 . The most well-known protocols for efficient bimetallic NPs synthesis is introduced in following subsections.

Coreduction

Coreduction is well-known as a simple approach to synthesize alloy structure, but it is also possible to make core-shell structure. This process is based on the simultaneous reduction of two metal precursors to atoms A 0 and B 0 . The nucleation and growth processes involving both atoms may induce the formation of disordered A-B alloy NPs. To produce an ordered alloys such as AuCu3, an additional annealing step is required 27 . As the coreduction is simultaneous reduction of two metals, the final structure depends on several experimental parameters, such as reduction potential of metal ions, strength of the reducing agent, or nature of the ligand. It is assumed that a small difference in the reduction potentials usually leads to alloyed NPs while a large difference results in a core-shell structure ( 

Thermal decomposition

Another way to synthesize the bimetallic system is the thermal decomposition. This method is well-known route to promote the formation of either monometallic or bimetallic NPs 15 . Thermal decomposition is a conventionally applied method when a metallic precursor has relatively low reduction potential and is not easily reduced such as Fe, Co and Ni [29][30][31] .

The use of thermal decomposition to synthesize the bimetallic NPs is through one-pot decomposition of two precursors with time difference. First reaction occurs at a temperature slightly below than the reduction temperature of the less stable metal precursor, inducing the formation of the first monometallic NPs. Then, the initially formed monometallic NPs becomes an active site for heterogeneous growth of shell. This method was reported for the synthesis of Pd@Ni NPs through decomposition of Pd and Ni precursors in a sequence (Son, S.U. et al.

2004

) 32 . Trioctylphosphine (TOP) forms Pd-TOP and Ni-TOP complexes, then Ni-TOP is firstly decomposed at 205°C during 30 min. The temperature is increased to 235°C, then finally Pd-TOP complex is decomposed and formed Pd shell.

It is difficult to accurately control the decomposition rate of two different metal precursors is entered to complicate the decomposition and induce the unexpected results. For example, thermal decomposition using bimetallic precursor Pt3Fe3(CO)15 in presence of oleic acid and oleylamine, gives rise to the formation of 5.8 nm diameter FePt alloys (Lukehart et al.

2006)

. 33 Another study shows that the use of different types of PtFe precursors with different 

Seed mediated growth

Seed mediated growth is a well-established route to fabricate the core-shell NPs 15 . This process consists of separated steps:

-First step: nucleation and growth of metallic NPs, the future core.

-Second step: heterogeneous nucleation of the shell at the core surface.

This methodology was used in a first place in 2001 by Murphy and their group. They used Au NPs as seeds and grew an additional Au to form nanorods (Jana, N. R. et al. 2001) 35- 37 . This method was then used by several research groups to synthesize bimetallic NPs especially core-shell structure. For example, Ag nanowire grown from Pt seeds (Sun, Y. et al.

2002

) 38 and Pt@Pd core-shell NPs (Habas, S. E. et al. 2007) 39 could be synthesized in this way.

The main advantage of seed mediated growth method is well-controlled architecture of bimetallic NPs such as distribution in size, shape, composition and structure. This result is strongly linked to the quality of the germs synthesized (distribution of size, shape, crystalline structure etc). In MONARIS laboratory, various synthesis methods to make NPs were developed as i) reverse-micelle synthesis for Co NPs ( 

Galvanic replacement

Galvanic replacement can be used for making bimetallic NPs. Galvanic replacement reaction is a redox process between a metal (NP) reacting as a sacrificial template and metal ions in solution. The difference in the reduction potential between the sacrificial NP and the metal ions in solution is the driving force for the reaction; oxidation and dissolution of the template together with reduction of metal ions from solution and deposition at the surface of the template. Then, this reaction requires a higher redox potential in the metallic shell compared to the sacrificial metallic core. The standard reduction potentials of representative metals are shown in table 2. The change of Gibbs free energy (∆G) is expressed as:

∆𝐺 = -𝑛𝐹𝐸 (1.1)
where n is the number of moles of electron, F is Faraday constant, and E is potential difference of electrochemical half reactions. The potential difference can be re-written by the Nernst equation as:

𝐸 = 𝐸 °+ 𝑅𝑇 𝑛𝐹 𝑙𝑛𝑄 (1.2)
where E ° is the standard reduction potential at 25°C shown in Table 1.1, R is ideal gas constant, T is temperature, and Q is reaction quotient from the concentration of reactants and products.

Positive potential difference gives a negative Gibbs free energy, leading to a spontaneous reduction. It is reverse in case of negative potential difference. Galvanic replacement is using different materials with the different redox potentials.

The most common way for galvanic replacement involves separate stages; i) synthesis of certain shape of NPs; ii) adding the metal ions with higher reduction potentials than that of the metallic core. If the reaction continues, it is possible to make a nanocage as shown in Figure 1.5 (b) and this final structure is maintained as initial shape of NPs.

It is possible to build core-shell NPs (not hollow) using two step reaction when shell materials (MD) has a higher reduction potential than core materials (E 0 D>E 0 A); i) reduction of metallic precursor (C X+ ) on core surface (seed mediated growth); ii) galvanic replacement from A seed mediated growth is mainly studied in this PhD work. Galvanic replacement is thus the phenomenon which must be avoided as it interferes shell overgrowth. If redox potential of metal precursor is higher than core NPs metal, hollow NPs may be synthesized instead of core-shell NPs. Hence, the redox potential of each core and shell metal must be considered before the shell overgrowth reaction.

Figure 1.5. Schematic description of (a) mechanism of galvanic replacement between metal A

and B for forming the hollow NPs (nanocage), 51 (b) 2-step reaction to build core-shell structure involved with reduction and replacement to another metals. 52 

Properties of bimetallic nanoparticles

There are lists of metals which have some specific physical properties as shown in Figure 1.1. They can be categorized into three groups depending on their properties; i) Cu, Ag, Au for plasmonic properties; ii) Ru, Rh, Pd, Os. Ir, Pt for catalytic properties; iii) Fe, Co, Ni for magnetism. The most important objective of synthesizing the bimetallic NPs is to combine the properties related to the presence of two individual metals and to obtain new or enhanced properties due to a synergetic effect such as charge transfer between two metals.

Plasmonic properties

LSPR of noble metal NPs originate from the strong interaction between conduction electrons of the NP and incident light under specific resonant condition (Figure 1.6). The corresponding plasmon peak is located on the visible range (400-800 nm) in case of plasmonic NPs such as Cu, Ag and Au. NPs such as Ru, Rh, Pd and Pt have their LSPR in the ultraviolet (UV) range. The nature of the metal mainly determines the LSPR wavelength. In this Ph. D work, one of the main objectives is to synthesize core-shell NPs combining two metals (plasmonic-plasmonic or plasmonic-catalytic). The plasmonic properties of Au@Ag core-shell NPs as a function of their core and shell diameter, and crystallinity are described in Chapter III. The plasmonic properties can be tuned by fine control of shell thickness and narrow distribution. The plasmonic properties of core-shell NPs by replacing Ag shell to catalytic materials (Pd or Pt) are then investigated, and eventually replacement of Au core material by Ag. A combination of plasmonic-catalytic metals can upgrade the properties from simple catalytic NPs and become photocatalytic materials 26 . We observe the catalytic properties of these core-shell NPs in Chapter III. Horace Lamb described the different modes of vibration of a homogeneous isotropic elastic sphere. 55 Each vibrational mode is distinguished by number (l, n); l means the vibrational mode with angular moment, and n is different harmonics in mode l. We could distinguish different modes of vibrational mode in case of spheroidal modes as shown in Figure 1.9.

Vibrational properties

-The breathing mode (radial mode) defined by the numbers (l=0, n) -The quadrupolar mode (l=2)

The breathing mode, another term radial mode, causes change in volume of NPs during vibration. In case of quadrupolar mode, the vibration causes the deformation of sphere by shearing effect and no change in total volume of sphere. The vibrating frequency of sphere object is expressed as:

𝑣 𝑙,𝑛 = 𝑆 𝑙,𝑛 𝑣 𝐿 /𝑣 𝑇 𝐷 (1.3) 𝑆 𝑙,𝑛 ∝ 𝑣 𝐿 𝑣 𝑇 (1.4)
where vl,n is the vibrating frequency, vL is longitudinal velocity, vT is traverse velocity, D is diameter of sphere object, Sl,n is the coefficient. As the equation of vibrating frequency is presented in (1.3), their vibrating frequencies (vl,n) is associated with longitudinal velocity (vL) and traverse velocity (vT) which are determined by the materials. The coefficient (Sl,n) is also dependent on the longitudinal and traverse velocity of the materials. Hence, the diameter (D) of the sphere object mainly influences the vibrational frequency. 

Catalytic properties

Heterogeneous catalyst is where the catalyst and the reactants are in different physical phases (gas, liquid, or solid phases). In our case, the catalyst (NP) is solid. The surface reactivity of metals towards molecules (in liquid or gaseous phase) and their ability to catalyze chemical reactions results from a balance between different elementary steps, such as the adsorption of the reagents on the metal surface, ability to react and the desorption of the products formed. The advantage of using metallic NPs rather than larger particles or bulk metals is related to their large surface area per unit volume. The surface-to-volume ratio increases as particle size decreases. As the NPs are smaller, the proportion of "sub-coordinate, edge and corner" atoms are greater. These atoms at the edge are more reactive than atoms on the face. It is accompanied with structural changes that directly influence on the reactivity. 

2001) 58

The catalytic properties of Au NPs were discovered in the late 1980s, thanks to the development of small Au NPs synthesis method (< 5 nm) stabilized on oxide supports (M. 60 .

The surface atoms of a metallic NP are not all equivalent depending on whether they occupy tips, edges or planes (Figure 1.11) and then do not offer the same reactivity. They have fewer close neighbors than volume atoms (twelve first neighbors in the case of Au of fcc structure) eight or nine first neighbor's for plane atoms, seven for edge atoms, and six for tips atoms (these are called sub-coordinate low-coordination atoms). As a result, the latter have a greater reactivity than the other atoms on the surface planes.

The major advantage of bimetallic NPs over monometallic NPs is the improvement in catalytic properties. The addition of the second metal may show a significant enhancement in terms of the activity, selectivity, and stability of the nanocatalyst [START_REF] Su | Thermally Reduced Ruthenium Nanoparticles as a Highly Active Heterogeneous Catalyst for Hydrogenation of Monoaromatics[END_REF][START_REF] Lu | Fast Aqueous/Organic Hydrogenation of Arenes, Olefins and Carbonyl Compounds by Poly(N-Vinylpyrrolidone)-Ru as Amphiphilic Microreactor System[END_REF] . It causes modification in the electron density of the system and the alteration of the metal-metal bond length that may lead to an improved catalytic activity [START_REF] Zhang | Shape-Controlled Synthesis of Au-Pd Bimetallic Nanocrystals for Catalytic Applications[END_REF] . Furthermore, the geometry is important as the charge transfer in core-shell NPs can affect the catalytic activities 15 . It is also possible that a precious metal can be integrated with an inexpensive metal reducing the overall cost. For example, it has been reported that for the hydrogenation of methyl acrylate Ag@Pd NPs had an activity of 1.6 times more than Pd monometallic NPs [START_REF] He | Facile Fabrication of Ag-Pd Bimetallic Nanoparticles in Ultrathin TiO2-Gel Films: Nanoparticle Morphology and Catalytic Activity[END_REF] .

Different types of M@Pd NPs with a core of different metal M, M=Ag, Rh, Ru, Au, Pt has been developed. The formic acid decomposition rate against work function of different core metals showed a linear decrease in order of Ag>Rh>Au=Ru>Pt (Tedsree, K. et al. 2011) [START_REF] Tedsree | Hydrogen Production from Formic Acid Decomposition at Room Temperature Using a Ag-Pd Core-Shell Nanocatalyst[END_REF] .

Dimitrov and their group synthesized PtxCu100-x nanocubes and studied their catalytic activities with different atomic composition to find the best candidate as a catalyst (Xu, D. et al. 2010) [START_REF] Xu | Composition-Dependent Electrocatalytic Activity of Pt-Cu Nanocube Catalysts for Formic Acid Oxidation[END_REF] . Another study to build Pd@Pt core-shell NPs was performed by Xia group. Pd@Pt core-shell NPs based on various shapes of Pd core such as cubes, octahedra, decahedra and icosahedra were synthesized (Wang, X. et al. 2015) 24 . It is already well-known that Pt(111)

shows much higher catalytic activity than Pt(100). Hence, NPs having (111)-facets such as octahedra, decahedra, and icosahedra showed an increase in catalytic activity (Xie, S. 2013) [START_REF] Xie | Catalysis on Faceted Noble-Metal Nanocrystals: Both Shape and Size Matter[END_REF] .

d Depositing several layers of Pt on Pd tune the properties.

Combination of optical and catalytic properties

There is a special synergetic effect when integrating plasmonic metals such as Au, Ag and Cu with efficient catalytic metals like Pd, Pt in bimetallic NPs. The catalytic activity may be enhanced with the visible light. At the resonant plasmonic wavelength, NPs absorb the light, then release the energy in two ways, radiatively (photon is re-emitted) or non-radiatively (electron-hole pair is generated). The electron-hole pair has a much larger energy than the carriers near the Fermi energy, called as "hot" carriers. These hot electrons near the metal surface with enough energy to overcome the barrier can jump up to other materials. It can be, for example, an adsorbed molecule or a semiconductor in contact with metal. This electron transfer activates chemical reactions that usually require high energy input (Gilroy K.D. et al.

2016

) 15 .

Intermetallic effect between two metals in bimetallic NPs results in optical and catalytic properties distinct from the sum of their parts. Wang et al. showed that the extinction spectrum of a bimetallic, core-shell Au@Pd NP was strikingly different than the sum of the extinction spectra of its two components. They observed the blue-shift of LSPR peak, the intensity damping, and broadening in spectral shape (Figure 1.12) (Wang, F. et al. 2013) 10 . Despite this dampened plasmonic response, Au@Pd NPs were shown to be more functional than monometallic systems due to their photocatalytic ability. Under illumination, Au@Pd coreshell nanorod system were shown to have a greater catalytic yield at Suzuki coupling than a mixture of its individual components (Figure 1.12 (b)). 

Applications of bimetallic nanoparticles

Possible application area of bimetallic nanocomposites includes Surface-enhanced Raman spectroscopy (SERS) [START_REF] Willets | Localized Surface Plasmon Resonance Spectroscopy and Sensing[END_REF][START_REF] Yang | Development of Polymer-Encapsulated Metal Nanoparticles as Surface-Enhanced Raman Scattering Probes[END_REF] , photocatalysis 9,[START_REF] Liu | Plasmon Resonant Enhancement of Photocatalytic Water Splitting Under Visible Illumination[END_REF][START_REF] Sun | A Novel Application of Plasmonics: Plasmon-Driven Surface-Catalyzed Reactions[END_REF] , drug delivery [START_REF] Dreaden | The Golden Age: Gold Nanoparticles for Biomedicine[END_REF] , photothermal therapy [START_REF] Gobin | Near-Infrared Resonant Nanoshells for Combined Optical Imaging and Photothermal Cancer Therapy[END_REF][START_REF] Jain | Au Nanoparticles Target Cancer[END_REF] and sensing [START_REF] Sil | Seeing Is Believing: Hot Electron Based Gold Nanoplasmonic Optical Hydrogen Sensor[END_REF][START_REF] Anker | Biosensing with Plasmonic Nanosensors[END_REF] etc.

Bimetallic NPs integrated two different natures can be utilized for bio-diagnostics, biophysical studies, and medical therapy as shown in Figure 1.13 (a) [START_REF] Zheng | Single-Particle Study of Pt-Modified Au Nanorods for Plasmon-Enhanced Hydrogen Generation in Visible to Near-Infrared Region[END_REF] . Strong LSPR scattering attached with specific targeting molecules enables the molecule-specific imaging and diagnosis of diseases such as cancer. Tuning LSPRs of the metal NPs through their composition modification allows chemists to design nanostructures geared for specific bio-applications.

Nanostructures such as core-shell type nanorods show an enhanced and tunable LSPRs in targeted wavelength by modifying the rods length, highly suitable for bio-applications [START_REF] Zhang | Growth of Au@Ag Core-Shell Pentatwinned Nanorods: Tuning the End Facets[END_REF] .

Integration of plasmonic and plasmonic nanostructures can develop electron-hole charge separation in semiconductor medium, photocatalytic and photovoltaic devices as shown in 

Self-assemblies of nanoparticles

Self-assembly is a process by which inorganic nanoparticles can spontaneously organize themselves into ordered structures. It is a method of choice to control their collective properties and integrate them into materials that will become functional. As a result of these assemblies, new properties may emerge because of the interaction between the magnetic moments and/or plasmon of the surfaces of individual nanoparticles.

NPs can self-organize at 2D or 3D through different growth modes. Heterogeneous growth is occurring layer by layer on the substrate to give rise to supercristalline films. For the homogeneous growth, the nucleation and the subsequent growth is occurring in the colloidal solution to result in the formation of isolated supercrystals also called colloidal crystals, characterized by well-defined shapes.

Specific conditions are necessary to obtain ordered self-assemblies of NPs in both growth modes; i) narrow size distribution of NPs; ii) suitable growth conditions (temperature, nature of the solvent, and nature of the substrate); iii) ligand inter-digitation. The final crystalline structure of the 3D self-assemblies is also dependent on these conditions (Figure 1.14) [START_REF] Henry | Tuning of Solid Phase in Supracrystals Made of Silver Nanocrystals[END_REF] . 

Interaction between nanoparticles

In order fabricate ordered 3D self-assemblies, nanoparticles interact with each other via different types of forces. The spontaneous organization of uniform metallic coated NPs result from the balance between (i) van der Waals attractive interactions between metallic cores, (ii) steric repulsive interactions between the ligands, (iii) dipolar magnetic interaction between ferro (or anti) magnetic NPs and (iv) ligand-ligand interactions driven by the nature of the solvent. The representative attractive and repulsive interactions between NPs are shown in where d is the interparticle distance (center to center), R the radius of the particles, l the length of the capping agent,  its surface per polar head group. A is the so-called Hamaker constant dependent on the nature of the material.

Interaction with the substrate during the deposition process, could also play an important role in the self-assembly process [START_REF] Motte | Self-Assemblies of Silver Sulfide Nanocrystals on Various Substrates[END_REF] .

The electrostatic forces can have an important role in self-assembly of NPs. Conversely to Van der Waals, the electrostatic interactions can be attractive or repulsive. Electrostatic repulsion plays a role when the NPs have a same surface charge to each other forming electrical double layer (EDL) outside of the NPs. Directional electrostatic interaction can be detected only when NPs are asymmetrically charged [START_REF] Yan | A New View for Nanoparticle Assemblies: From Crystalline to Binary Cooperative Complementarity[END_REF] . Repulsive electrostatic force prevents the aggregation of NPs and keeps the stability of colloidal solution. On the other hand, oppositely charged NPs have attractive electrostatic force and favor the self-assembly formation.

If NPs are magnetic, the organization also depends on the dipolar (magnetic) interactions. In that case, uniform colloidal NPs can assemble into long-range ordered superlattices as result of the balance between; i) van der Waals attractions between the metallic cores, ii) magnetic dipolar interactions between the NPs, iii) solvent-mediated interactions between ligands. An external field during the solvent evaporation may control the 3D superlattices morphology [START_REF] Salzemann | Mesoscopic Void Structures in Cobalt Nanocrystal Films Formed from Drying Concentrated Colloidal Solutions[END_REF] .

There is one major force for the formation of assembly structure is entropic effect which can drive ligand molecules to interdigitate each other and stabilize the organization. The entropic effect can be applied to an attractive force when hard spheres of NPs are diluted in colloidal solution. 

Self-assembly methods

The assembly of nanoparticles can take place at the liquid-liquid, liquid-air or liquidsolid interfaces. The assembly of nanoparticles can take place at the liquid-liquid, liquid-air or liquid-solid interfaces. It can be realized in different ways namely the Langmuir Blodget technique, by sedimentation or evaporation, and by adsorption of nanoparticles.

Organization at 2D of silver or golds NPs were obtained by drop deposition on a solid substrate. This deposition is be performed by using a micropipette, on a TEM grid placed on a filter paper. In that case, the excess of colloidal solution is rapidly drained to the paper, inducing the formation of a homogeneous film [START_REF] Taleb | Optical Properties of Self-Assembled 2D and 3D Superlattices of Silver Nanoparticles[END_REF] .

Also, to favor the 3D self-assembly formation, anticapillary tweezer can be used (Figure 1.16 a). The whole one drop of NPs solution is trapped on substrate with the help of tweezer, then this whole drop evaporate on substrate with enough time to organize if a solvent with a low boiling point is used in order to prevent Marangoni effects [START_REF] Maillard | Rings and Hexagons Made of Nanocrystals: A Marangoni Effect[END_REF][START_REF] Ouhenia-Ouadahi | Tuning the Growth Mode of 3D Silver Nanocrystal Superlattices by Triphenylphosphine[END_REF] .

Homogeneous ordered films were obtained also by the liquid-liquid interface deposition method (Figure 1.16 c). This assembly method is based on the use of a bad solvent such as ethylene glycol (EG) or diethylene glycol (DEG). It is called a bad solvent because it cannot solubilize the NPs which tend to agglomerate at its surface. Heterogeneous growth mode of NPs lead to the formation of ordered film. This method was established for the formation of a binary superlattice to study the plasmonic tuning effect mixing PbS, PbSe with Au NPs by Murray group (Ye, X. et al. 2013) [START_REF] Ye | Tunable Plasmonic Coupling in Self-Assembled Binary Nanocrystal Superlattices Studied by Correlated Optical Microspectrophotometry and Electron Microscopy[END_REF] . EG or DEG is filled in a Teflon beaker, then one drop of NPs colloidal solution is deposited on top of bad solvent. After solvent evaporation, the NPs interface is collected and deposited on a solid substrate. Ordered assembles at 3D and large scale were obtained also via the solvent evaporation [START_REF] Henry | Tuning of Solid Phase in Supracrystals Made of Silver Nanocrystals[END_REF][START_REF] Henry | Tuning of Solid Phase in Supracrystals Made of Silver Nanocrystals[END_REF][START_REF] Ouhenia-Ouadahi | Tuning the Growth Mode of 3D Silver Nanocrystal Superlattices by Triphenylphosphine[END_REF][START_REF] Courty | Supra Crystals" Made of Nanocrystals[END_REF] Hexane allowed better solubilization of particles than toluene due to the structure of hexane close to that of the dodecanethiol ligands.

The glass bottle can also be tilted by 60-70° and placed in a low-pressure chamber as shown in Figure 1.17 a. Binary assemblies of -Fe2O3 and Au NPs were obtained after evaporation of solvent such as toluene or mixtures of toluene with THF or chloroform (approximately 1:1 by volume), (Figure 1.17 b) [START_REF] Shevchenko | Structural Diversity in Binary Nanoparticle Superlattices[END_REF] . The best assemblies were obtained by evaporating concentrated colloidal solution at 45° under low pressure (around 3.2 kPa). 

Collective properties of NPs 3D self-assemblies

When NPs are organized in 2D or 3D, collective properties can result from the interactions between neighboring NPs, inducing enhanced chemical and physical properties.

The metal NPs have their own size-dependent effect on their electronic and magnetic properties.

The collective properties of NPs 3D self-assemblies can be tuned by their structure.

Collective magnetic properties of the 3D superlattices of magnetic NPs have been evidenced in various systems. For example, -Fe2O3 showed an increase in blocking temperature from 80 K for the isolated NPs, to ~100K for the aggregate of NPs (Nakata, K. et al. 2008) [START_REF] Nakata | Chains of Superparamagnetic Nanoparticles[END_REF] . The 3D fcc supercrystalline films of Co NPs were characterized by a higher blocking temperature compared to the disordered assemblies composed of the same NPs (Figure 1.18 left) [START_REF] Parker | Emergence of New Collective Properties of Cobalt Nanocrystals Ordered in Fcc Supracrystals: II, Magnetic Investigation[END_REF] . The collective properties can differ by the contact distance between NPs, the shape of NPs assemblies and packing density (Lalatonne, Y. et al. 2004) [START_REF] Lalatonne | Der Waals versus Dipolar Forces Controlling Mesoscopic Organizations of Magnetic Nanocrystals[END_REF] .

Collective optical properties of plasmonic nanoparticles 2D and 3D ordered assemblies were also evidenced (A Courty J.Phys.Chem 2010) [START_REF] Courty | Silver Nanocrystals: Self-Organization and Collective Properties[END_REF] . Assemblies of Au or Ag NPs allows the coupling between surface plasmon. This coupling strength may be affected by the interparticle distance related to the geometry of assemblies. Coupling brings a red shift of LSPR when NPs and interparticle distances are small enough. This 3D plasmonic NP ordered assemblies can be 

The concept and interest of binary superlattices

The term binary superlattices (BNSLs) refers to the assemblies of nanomaterials composed of two different cooperative complementary components. Normally, two or more individual components are synthesized separately, then binary superlattices can be fabricated through the methods like fabricate the 3D assemblies of one type of NPs as described previously. They are obtained in organic solvents. The assembly of NPs can lead to binary 3D superlattices with accurately controlled stoichiometry and symmetry depending on the relative size.

The definition of binary components was established around 1978 with opal which was discovered in two different mixed sizes. [START_REF] Sanders | Ordered Arrangements of Spheres of Two Different Sizes in Opal[END_REF] Despite extensive study and results on the synthesis of binary superlattices, results about their properties are still few. This can be explained by the fact that the binary assemblies obtained today are usually fine (stacking of a few layers) and extend over several tens of nanometers. We will see in chapter IV that we have obtained binary networks at the mesoscopic scale allowing the study of their collective properties and their valorization for application.

Structures of binary superlattices

The mixture of two populations of NPs is often presented as a mixture of hard particles yielding to 3D self-assembly; one of the two components occupies an interstitial position in the compact structure (mainly fcc). In entropy-driven crystallization and hard-sphere approximation, it is possible to predict the final binary structures that are thermodynamically stable [START_REF] Boles | Many-Body Effects in Nanocrystal Superlattices: Departure from Sphere Packing Explains Stability of Binary Phases[END_REF] . Hence, there are two important parameters that can determine the possibility of formation of BNSLs with A and B components differing by their radius ratio  = RB/RA with RA > RB. In addition, the softness parameter (L/R) where the chain length, L, has to be considered in case of hydrocarboned chains capped NPs, and the parameters  becomes  L = (RB+LB)/(RA+LA). The ratio  determines the domain of stability of the different structures (Boles, M.A. et al. 2015) [START_REF] Boles | Many-Body Effects in Nanocrystal Superlattices: Departure from Sphere Packing Explains Stability of Binary Phases[END_REF] .

(Figure 1.19).
The entropic model is not perfect even with the correction and some experimental data do not agree with the model. Shevchenko and their group published the formation of more than 15 different binary superlattices structures using semiconducting and metallic NPs, shown in [START_REF] Shevchenko | Structural Diversity in Binary Nanoparticle Superlattices[END_REF] . These binary assembly structures include AB, AB2, AB3, AB4, AB5, AB6, AB13 and cub-AB13. However, AB3, AB4 and AB5 structures are known as unstable ones. It was concluded that BNSL structure is determined by entropic effect, and thanks to the strong interparticle interaction between the components. It is also reported that the crystalline structure of binary superlattices could depend also on the nature of the ligands (Wei, J. et al. 2015) [START_REF] Wei | Ligand Exchange Governs the Crystal Structures in Binary Nanocrystal Superlattices[END_REF] . 

Magnetic properties

In magnetic NPs assemblies, the magnitude of magnetic dipolar interactions, which strongly influence the magnetic properties, can be tuned through the interparticle distance.

Controlling this last structural characteristic, which is not trivial, is possible thanks to the use of binary superlattices, by adjusting the component size ratio. This strategy could be used to study the superspin glass 105 , which origin is not yet fully elucidated (The magnetic properties has been tuned through the insertion of Mo132 polyoxometalates (POM) with 2.9 nm diameter between maghemite NPs with 6.2 nm diameter. The interparticle distance between maghemite

NPs is slightly increased in the presence of POM inducing the blocking temperature increase 106 (Figure 1.22). It has been shown that binary superlattices of two different sizes of Fe3O4 NPs, one is 14.3 nm and the other is 7.2 nm diameter, displays a single-phase-like magnetization alignment process. In another study, the collective properties have been compared between Fe3O4 NPs and binary Fe3O4/FePt superlattices, and a dipolar interaction effect is observed 107 .

Mechanical properties

Stoichiometries of binary superlattices can determine packing density such as AB5

showing much lower packing density than other binary crystalline structures. It is due to the van der Waals interactions between ligands and entropic driving 108 .

It was observed a shrinkage of the superlattices with perpendicular direction to the solid substrate through the studies of binary -Fe2O3/Au superlattices with AB2 structure. This shrinkage has been determined by small-angle X-ray scattering. It occurred in (210) direction when binary superlattices on (100) plane 109 .

Conclusions

This bibliography section has allowed us to review the state of the art concerning the synthesis of bimetallic nanoparticles and in particular core-shell nanoparticles. We were interested in the specific case of the combination of two materials with plasmonic and/or catalytic properties. We have also introduced the bases and the principle of self-assembly of metallic nanoparticles and the resulting collective properties. Finally, we treated the case of binary assemblies which offer the possibility of new physical properties (optical, magnetic, etc.) due to couplings between particles. The continuation of this thesis work consists of 3 chapters.

In Chapter II, we focused on the controlled synthesis of core-shell NPs system with two different metals with plasmonic properties (Au or Ag) and/or catalytic properties (Pd and Pt)., in Chapter III, we studied their various physical properties such as optical, vibrational, and catalytic activities as a function of their size, chemical composition, and crystallinity.

Finally, Chapter IV deal with the fabrication of BNSLs which is another strategy to integrate two different metals into one system. In case of plasmonic/plasmonic or plasmonic/magnetic NPs, different types of coupling and tunable interparticle distance are expected to give rise to tunable and/or novel collective properties. Chapter II. Synthesis of core-shell nanoparticles composed of plasmonic/catalytic materials with controlled size, composition, and crystallinity.

Introduction

We developed a synthesis in two steps of bimetallic core-shell NPs combining a plasmonic core (Au or Ag) and a plasmonic (Ag) or catalytic (Pt or Pd) shell. This synthesis presents a great flexibility because it makes it possible to start from spherical seeds of different crystallinity, size or capped with different ligands. It is based on the use of oleylamine to solubilize and reduce the metallic precursor for the shell under annealing for a controlled time at the surface of the core, itself synthesized by different synthesis pathways in an organic medium.

Bimetallic Au@Ag core-shell nanoparticles have received extensive interest for many years due to the possibility of tuning their properties through the size of the core, the thickness of the shell and the structural coupling between the core and the shell. In this way, it becomes possible to modify and control the plasmon resonances for SERS application, catalysis, and chemical sensing [1][2][3][4][5][6][7] . The synthesis of alloys or core-shells is facilitated for gold and silver by their similar crystal structure (fcc) and lattice constants (a = 0.408 nm for Au and 0.409 nm for Ag) 4 . The fabrication of Au@Ag core-shell structures results in most cases from the reduction of gold to form a core followed by the reduction of silver ions to coat it 2,[8][9][10][11][12][13][14] . Due to the close match of the lattice constants an epitaxial growth of Ag on the Au seeds is expected 15 . However, the morphology of the gold seeds can evolve after the deposition of the silver shell depending on experimental conditions such as the type of Au seeds (size, shape, crystalline structure and coating agent) 3,11,12 , the precursor of silver ions, the reductant, the capping agent present in the reaction solution 2,3,12 , the solvent and the temperature 10 . A wide variety of synthesis protocols were thus developed in recent years that play on these multiple parameters. Different morphologies of Au@Ag NPs were obtained including sphere, cube, nanorod, octahedron, decahedron or cornlike shapes 3,5,6,10,11,16 In this chapter, we were first interested in the synthesis of spherical Au@Ag NPs with a fine control of core size and crystallinity and also of shell thickness. Au NPs characterized by distinct surface chemistry (including dodecanethiol or oleylamine as capping agent), different sizes (~5 and ~10 nm) and crystallinities (polycrystalline or single crystalline), were chosen as seeds to demonstrate the versatility of our synthetic route in two steps. We then studied the influence of the temperature, annealing time, [shell precursor] / [seed] concentration ratio, seed size and crystallinity on the shell growth.

Then, we replaced the silver layer by platinum or palladium which are well known for their strong catalytic activity. This combinationwhen efficiently tunedcan lead to plasmonic-driven enhancement of NPs catalytic activities [17][18][19] . It is known that various applications of Au-Pd(or Pt) catalysts and the significance of preparing shape-controlled Au-Pd (or Pt) NPs, followed by an overview of synthetic strategies for structural effect of Au-Pd (or Pt) bimetallic catalysts: a core-shell structure different from an alloy structure 19 . Finally, the Au core was exchange by silver, which exhibits intrinsically stronger plasmonic 

Synthesis of Au@Ag core-shell NPs

Within the framework of this thesis work, the synthesis of Au@Ag core-shell NPs is done in two main steps ( 

First step: Synthesis of Au NPs

5 nm Au NPs are synthesized through a revisited method from the Stucky group 20,21 .

Briefly, 0.25 mmol of gold(I) chlorotriphenylphosphine (AuClPPh3) complex is dissolved in 25 mL of toluene with 500 µL of 1-dodecanethiol. The gold precursor is reduced by adding a solution of tert-butylamine borane (TBAB) complex (2.5 mmol dissolved in 5 mL of toluene).

The reaction takes place at 100°C under vigorous stirring for 5 min. The formation of Au NPs is evidenced by the color change of the solution from colorless to dark red. After the reaction, a washing step is necessary to remove all by-products. First, all the solvent is evaporated, and the same amount of ethanol is added, then the solution is centrifuged at 5000 rpm for 5 min.

The precipitate is then dispersed in toluene or hexane. These NPs corresponding to a mixture of polycrystals (PC) (decahedra and icosahedra) and single crystals (SC) 22 were used for the selection in crystallinity and the obtaining of polycrystal (PC) or single crystal (SC) Au seeds.

10nm Au(PC) NPs are synthesized by using only two reagents: oleylamine and gold(III) chloride trihydrate. The ability of oleylamine to act as surfactant, solvent and reducing agent is well known 23,24 . The reduction process is carried out via the amine which can undergo induced oxidation by the metal ions to nitrile 25,26 . By dissolving 25 mmol of gold(III) chloride
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50 trihydrate in 5 mL oleylamine at 30°C under magnetic stirring for 30 min, Au-oleylamine complex is formed. The complex formation was evidenced by IR spectroscopy (Figure 2.2 (a)

and (b)), which showed that Au ions were bonded through N-H functional groups to oleylamine.

The N-H stretching vibration can be detected at about 3340 cm -1 , which is the characteristic peak of oleylamine. Two new peaks appear around 3290 and 3380 cm -1 which may be due to the coordination of Au 3+ with the amine group of oleylamine. 27 We observe also a blue shift on the N-H2 scissoring band in the Au 3+ oleylamine complexes (around 1610 cm -1 ) compared to that in oleylamine (1588 cm -1 ) 28 .

Subsequently, the temperature was increased to 110°C (4°C min -1 ) and maintained there for 30 min. The solution was cooled to room temperature and the nanoparticles were precipitated by adding an excess of ethanol and centrifuging at 5000 rpm for 5 min to remove all the by-products. The supernatant was discarded and the precipitate was dispersed in toluene. 

Intermediate step: Nanocrystallinity selection

The crystallinity selection of 5nm Au NPs was carried out through a process based on the preferential self-assembly of gold single crystals (Figure 2.4). This process was followed from the protocol of H. Portalés et al. 29 . Nanocrystals of single-crystalline forms (cuboctahedra and truncated octahedra) have larger facet surfaces than polycrystals (icosahedra and decahedra). Knowing that the intensity of van der Waals interactions of flat surfaces is proportional to their areas; single crystals will preferentially associate with each other contrary to polycrystals by orienting themselves in such a way as to have their facets facing each other.

In addition, the configuration and interaction of the molecules that dress the nanocrystals has to be considered. Indeed, it is well known that the molecules of 1-dodecanethiol form organized and compact layers on the gold surfaces. When these layers are on the surfaces of nanocrystals, their interactions allow the aggregation of the latter. However, the organized and compact arrangement of 1-dodecanethiol molecules can be very altered by the presence of crystal defects in the case of polycrystalline nanocrystals, which decreases their interactions.
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The crystallinity segregation protocol is as follow: 20 ml of Au NPs colloidal solution in toluene is washed firstly with ethanol. Detailed washing protocol is that all solvent is evaporated by nitrogen flow, then 10 ml of ethanol are added and centrifuged for 4 minutes by 5000 rpm. All precipitates are re-dispersed in 20 ml of toluene. Washed Au NPs in toluene placed in a closed vessel to avoid solvent evaporation. After 8 days, a black precipitate corresponding to the single crystal (SC) NP superlattices was recovered after centrifugation and dispersed in isooctane. This solution was then used as Au(SC) seeds. The supernatant contains the Au(PC) seeds. 

Second step: Ag shell growth on Au seeds

Whatever their size or crystallinity (PC or SC), the Au NP seeds must be washed before the silver growth to remove the excess of ligands (oleylamine or dodecanethiols). After adding ethanol, the solution was centrifuged at 2000 rpm for 4 min and the resulting precipitates were dispersed in 2 mL of toluene or isooctane for Au(PC) or Au(SC) seeds respectively. Isooctane replaced toluene for Au(SC) NPs to avoid their self-assembly into superlattices and thus their precipitation 29,31,32 . This step was repeated one more time. The growth of the silver shell was then induced in a solution of Ag-oleylamine complex. This solution is produced by a method adapted from Shen et al 24 . 0.055 mmol of AgNO3 were dissolved in 5 mL pure oleylamine at 30°C and stirred during 30 min. After dissolution, the solution was used immediately. As in the case of Au-oleylamine, the complex formation was evidenced by IR spectroscopy shown in Figures 2.2 (a) and (b), which showed that Ag ions, like Au ions, in a gold oleylamine complex are bonded through an N-H functional group to oleylamine. The N-H stretching vibration can be detected at about 3340 cm -1 , which is the characteristic peak of oleylamine.

Two new peaks appear around 3290 and 3380 cm -1 which may be due to the coordination of Ag + with the amine group of oleylamine. 27 We observe also a blue shift on the N-H2 scissoring band in the Ag + oleylamine complexes (around 1610 cm -1 ) compared to that in oleylamine (1588 cm -1 ). 28 Then 100 L of Au seed suspension was mixed with 150 L Ag-oleylamine complex solution and the volume was completed to 2 mL with toluene or isooctane. The final concentration CAg + of silver precursors is equal to 0.825 mmol L -1 but could also be changed and multiplied thus by 2 or 4 for a fixed concentration of Au seed (Cseed= 1.4 mol L -1 ).

Furthermore, the final concentration of Au seeds can be also tuned from Cseed to Cseed/2 or Cseed/4. The silver shell overgrowth takes place under annealing at 90°C during 5 hours for dodecanethiol functionalized AuNPs and 2 hours for oleylamine functionalized AuNPs. A slight lower temperature of 80°C was also used for 5nm dodecanethiol functionalized single crystalline AuNPs. The NPs are finally washed with 1 mL of acetone and dispersed in chloroform.

This method can be adapted for different metallic seeds and shells which will be handled in section 5. The change of materials used on shell overgrowth can be also same materials as seed to obtain a bigger size of monometallic NPs.

The core-shell Au@Ag NPs are schematically presented in figure 2. Chapter II. Synthesis of core-shell nanoparticles composed of plasmonic/catalytic materials with controlled size, composition, and crystallinity.
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3. Control of Au@Ag nanoparticle size, composition and crystalinity. The silver shell overgrowth on gold cores was induced by mixing the colloidal solution with a solution of Ag-oleylamine complex under annealing at 90°C during 2 or 5 hours depending on the core size (for more details see section 2.3). The silver growth on the Au seeds takes place via a surface catalyzed reaction of Ag + by oleylamine at 90°C 33 . A much higher

Effect of Au(PC) seed initial size, concentration and nature of the ligands

Figures. 2.
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56 temperature is indeed required to reduce silver nitrate directly in oleylamine and to form nanoparticles 34 . At 90°C, any nucleation of new silver NPs can thus be avoided. Chapter II. Synthesis of core-shell nanoparticles composed of plasmonic/catalytic materials with controlled size, composition, and crystallinity.

Au5nm(PC)@Ag

57 Furthermore, the TEM images (insets in figures. 2.8 (a)-(c)) confirm the formation of Au5nm(PC)@Ag core-shell NPs, as most of the particles have a dark central part and a bright outer part, in agreement with a gold core and a silver shell since gold atoms scatter electrons more strongly than silver. However, strong diffraction contrast affects the visibility of the shell, which is somewhat variable as a function of particle crystallinity and orientation 35 . The two elements Au and Ag have the same lattice structure (fcc), similar lattice parameters (lattice mismatch less than 0,1%) and very close electronegativities (2.5 and 1.9 for Au and Ag respectively) 4 . These metals thus satisfy the Hume-Rothery's rules and are therefore highly miscible 36 . Core-shell Au@Ag nanoparticles are often obtained by depositing silver on Au seeds. Their conversion to homogeneous alloys is then possible by heating at high temperatures (250-1000°C) 37,38 . Our synthesis process in two steps and at low temperature (90°C) is thus favorable to the formation of core-shell NPs in agreement with the obtained results. Further morphology observations were performed by HAADF-STEM. The HAADF approach can detect the variation in chemical composition of the multi-component sample with an atomlevel resolution due to the contrast difference between different elements (Z-contrast imaging).

As the atomic number difference between Ag(47) and Au( 79) is rather high, Z-contrast imaging can distinguish the Au and Ag within the nanoparticles 10 . Figures 2.9(a) present a typical HAADF-STEM images of quasi-spherical core-shell Au5nm(PC)@Ag (sample 1 in table 2.1)

with Au core and Ag shell in a bright and dark contrast respectively. This can be further verified by corresponding EELS maps (figure 2.9 (b)). A silver thickness e = 0.6 nm is estimated in agreement with the value deduced from TEM images (e = 0.5 nm see Table 2.1). Nevertheless, this latter value is less precise, due to a sampling difference. In fact, a minimum of 500 particles were measured by TEM compared to about ten particles by STEM-HAADF. More generally,
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we observe polycrystalline NPs including multiply-twinned particles (MTP) with tetrahedral sub-units corresponding to an icosahedron (see arrow on figure 2.9 (a)). Furthermore, it is important to note that because of their low size distribution, the Au5nm(PC)@Ag NPs selforganize into a 2D hexagonal network 39 . The silver growth process is thus faster and more efficient on Au10nm-C18 compare to Au5nm-C12. Larger nanoparticle sizes offer indeed a larger surface area accessible to silver ions, which promotes the growth of the silver layer and gives a greater silver thickness than on smaller nanoparticle sizes. In addition, silver is deposited on Au area in presence of capping agent. The silver growth process thus requires a desorption of the capping layer, deposition of Ag on the exposed Au surface and subsequent re-encapsulation of the Au surface by the capping agents 40 . Oleylamine as a capping agent is more weakly binds to the gold surface and is very labile 25,41 , thereby promoting the growth of silver on the gold surface.

A typical HRTEM image of Au10nm(PC)@Ag NPs with overall size 12.2 ± 1.0 nm after the silver shell growth is shown in figure 2.11. The icosahedral particle with rather rounded edges shows a dark central part and a bright outer part in agreement with a gold core and a silver shell. Moreover, the HRTEM image suggests an epitaxial growth relationship between the icosahedral Au core and Ag shell as the growth of the shell perfectly follows the morphology of the underlying gold core. The white circle delineates the gold core of the silver layer and the yellow dotted lines show the epitaxial relationship between the heart and the shell. The silver shell overgrowth was induced as previously in a solution of Ag-oleylamine complex under annealing temperature at 90°C and with concentrations in Ag + ions and Au seed of CAg + =0.825 mmol L -1 and Cseed=1.4 mol L -1 respectively and R=Ag precursor /Au seed = 6. The size of the NPs is slightly increased, and the deduced average Ag thickness of 0.2 nm is around half that obtained on PC Au seeds in similar conditions (see figures 2. 13 (a) and (b)).

Effect of Au seed crystallinity

The silver shell appears thus to grow faster on PC Au seeds. This is consistent with the fact that PC NPs present more corners and edges which are sub-coordinated atomic sites of higher energy and hence more active for the heterogeneous nucleation of Ag at the Au surface.

When the Ag-oleylamine complex concentration is doubled (CAg + =1.65 mmol L -1 , R=12), the SC nanoparticles flocculate after a reaction time of 1 hour due to a significant increase in their sizes and thus in van der Waals attractions but also due to a tendency to assemble originating from the atomic alignment between their facets 29 . A slight decrease of the heating temperature to 80°C (keeping CAg + =1.65 mmol L -1 , R=12) was observed to slow down the growth of silver on the gold surface leading to an average silver thickness around 4 times greater than previously (e=0.85 nm) ( Chapter II. Synthesis of core-shell nanoparticles composed of plasmonic/catalytic materials with controlled size, composition, and crystallinity.
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Effect of silver precursor initial concentration and reaction temperature

We have just seen that the seed concentration as well as the nature of the ligands coating the seeds had an influence on the final silver thickness in the core-shell structure. A low concentration of seeds and weakly bound ligands favored the growth of silver on the PC seed surface. In general, the overall core/shell particle size or shell thickness increases with increasing reactant concentration 42,43 . Subsequently, the effect of silver precursor concentration (CAg + ) on silver overgrowth was investigated. The Au (PC) seeds used in this section were synthesized through chemical reduction of AuCl(PPh3) complex by TBAB as described in section 2.1. The diameter of the Au PC seed is around 5nm (Figure 2.14 and table 2.3). For the silver shell growth step, several concentrations of Ag-oleylamine complex were used: CAg+=0.825 mmol L -1 , 2CAg+ and 4CAg+ for a fixed reaction temperature of 90°C. As Agoleylamine complex concentration was increased, the Au4.6nm@Ag NP total diameter DCS 
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As previously observed, the increase in silver precursor concentration induces an increase of the silver thickness. Nevertheless, for a concentration of silver precursor multiplied by 4 (4CAg+)

and a reaction temperature equal to 110°C, the formation of a bulk precipitate during the silver shell overgrowth was observed. Figure 2.17 reports the evolution of the final silver shell thickness in function of the initial silver precursor concentration or the initial Au seeds concentration but by maintaining the same silver precursor / Au seed concentration ratios. We observe a similar evolution of the silver shell thickness. This in agreement with a general trend to observe an increase of the shell thickness with the reactant concentration 45 .
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Self-assembly of Au@Ag core-shell nanoparticles

We observed the 3D organization of NPs after drops deposition of colloidal solution on a silicon substrate and solvent evaporation (toluene in this case). Au NPs whatever their size (~5 or ~10 nm), coating agent (dodecanethiol or oleylamine) or crystallinity (SC or PC) selfassembly in ordered well facetted 3D superlattices (SLs) as it is shown in the SEM images (see Figure 2.18(a), (d) and (g)). Similar SLs sizes are obtained whatever the NP size, capping agent, and crystallinity. Nevertheless, the SLs shapes are more well-defined with the appearance of triangular shaped SLs by increasing the NP sizes or considering single crystalline NPs. These well-defined shapes are characteristic of homogeneous growth in solution that could be favored by an increase in NP-NP interactions between larger NPs due to larger Wan der Waals interactions or between SC NPs due to the presence of larger facets 31,46 . Furthermore, previous results showed that the nature of the interactions between NPs (attractive or repulsive) depend both on the nature of the capping agent and of the van der Waals attractions between the cores for a given solvent 31,46 . Although the interdigitation is partial for oleylamine molecules (unlike dodecanethiols) due to the C=C double bond 47 , a larger metal core size can still induce 3D organization into colloidal crystals. Ordered assemblies of gold NPs 16 to 21 nm in diameter
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67 coated with oleylamine have indeed been reported in the literature 25 as well as 11 nm diameter FeXO/CoFe2O4 NPs coated with oleic acids of molecular structure comparable to oleylamine 48 . After silver layer overgrowth, Au@Ag NPs form 3D SLs with similar sizes and shapes to those obtained from the Au5nm and Au10nm NPs, regardless of their overall size as shown in All these samples were also analyzed by EDX in the SEM to determine the NP composition. When the measured error does not exceed one percent, we consider such NPs to be homogeneous in composition. EDX measurements confirm the homogeneous composition of the bimetallic nanoparticles everywhere on the substrate and agree with the atomic compositions calculated from the core-shell structures deduced from TEM images shown in 

Replacement of core and shell materials: towards new properties

The synthesis method of Au@Ag core-shell NPs that we developed in this Ph.D work is easily transposable to other bimetallic systems and yields core-shell NPs while keeping a narrow size dispersion and homogeneous shape. However, attention must be paid to the difference in redox potential (E) between the material used for the core and for the shell in order to avoid galvanic replacements and the formation of alloys. Ecore must be greater than Eshell. Temperature and reaction time can also be adapted. Our objectives were two synthesis bimetallic core-shell NPs combining different properties: a plasmonic core and a shell with strong catalytic activities. This combinationwhen efficiently tunedcan lead to plasmonicdriven enhancement of NPs catalytic activities. The idea is also to minimize synthesis costs for catalysis by using cheaper core materials than shell materials. Representative catalytic materials such as palladium (Pd) and platinum (Pt) were used for shell materials and gold or silver as core materials. Their application for catalysis is the subject of chapter III.
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Replacement of shell material: synthesis of Au@Pd and Au@Pt core-shell nanoparticles

The Au10nm NPs coated by oleylamine and synthesized as reported in section 2.1 was used as seeds ( 
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obtain different sizes of core-shell NPs: Au10nm(PC)@Pd NPs with a total diameter DCS from 11.4 to 12.5 or 13.7nm and Au10nm(PC)@Pt NPs with DCS from 10.9 to 11.4 or 12.9 nm for different values of Cseed (Table 2.5). The average shell thicknesses e for palladium increases thus from 0.40 to 0.95 nm and for platinum layers from 0.25 to 0.55 nm by decreasing initial seed concentration.

The Au@Pd NPs present spherical shape with a narrow size distribution (Figure 2.21 Chapter II. Synthesis of core-shell nanoparticles composed of plasmonic/catalytic materials with controlled size, composition, and crystallinity.
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The efficiency of overgrowth as a function of the metal type (@Ag, Pd or Pt) is shown in Figure 2 

Replacement of core materials: synthesis of Ag@Pt and Ag@Pd core-shell nanoparticles.

We succeeded in replacing the Ag shell by a material with a strong catalytic activity such as Pd and Pt so far. Here, we were interested by replacing the Au core by Ag. This is
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because Ag NPs have a more intense and well-defined LSPR than Au NPs (corresponding UVvisible spectra are shown in chapter III). This work was done during a Master 2 internship (S.

Hadoui) that I co-supervised.

To synthesize Ag NPs, direct reduction by oleylamine of AgNO3 was used and it basically followed same synthesis procedure as for Au NPs with 10.6nm diameter synthesized as described in section 1. and Cseed/8. As seed concentration decreases, Ag12nm@Pt NPs DCS increases to 12.9, 13.0, 13.2 and 13.7 nm in diameter with keeping low size polydispersity around 10% (table 2.6). We observe as for Au@Pt NPs a well control of the Pt thickness by adjustment of the Pt/Ag concentration ratios. Furthermore, Pt overgrowth on silver core do not lead to dendritic core- Chapter II. Synthesis of core-shell nanoparticles composed of plasmonic/catalytic materials with controlled size, composition, and crystallinity.
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3D organization of the metallic/catalytic core-shell nanoparticles

We studied the 3D self-assemblies of the core-shell NPs synthesized in this Ph.D work (Au10nm@Pd or @Pt and Ag12nm@Pd or@Pt) core-shell NPs synthesized in this work. We have shown that they are all characterized by narrow size and shape plolydispersity which is a key parameter for their organization (A. Courty, 2010) 51 . Deposition conditions are maintained in a same way as the one for Au@Ag self-assemblies (solvent: toluene, substrate: silicon wafer, method: drop deposition).

Both Au10nm@Pd and Au10nm@Pt NPs formed individual hexagonal shape 3D superlattices in micrometer scale (Figure 2.29). The presence of well-defined facets agrees with a fcc type crystalline structure due to their narrow size distribution (<10%) 52 . Ag@Pt and Ag@Pd NPs also exhibit homogeneous NPs size and shapes and after deposition on a solid substrate self-organized at 3D in well faceted superlattices. These self-assemblies were characterized by SEM and EDX cartography ( The HR-SEM image and corresponding Fourier transform of a typical 3D superlattice made of Ag12nm@Pt core-shell NPs with a total diameter DSC =13. 

Conclusion

Au@Ag core-shell NPs were successfully synthesized with controlled size (size distribution < 10%), crystallinity of the core and chemical composition through a versatile approach using Au seeds with selected sizes and crystallinities, and coated by different ligands (oleylamine or dodecanthiol). The final size of the core-shell NPs was shown to depend on three main parameters: i) the Ag precursor / Au seed concentration ratio, ii) the nature of the ligands coating the seeds, and iii) the reaction temperature. Oleylamine as coating agent
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and high temperature or low seed concentration (high silver precursor concentration) favors the growth of silver shells. Furthermore, micrometer-scale well-faceted 3D superlattices of ordered Au@Ag nanoparticles were obtained and imaged by HR-SEM.

Finally, we showed that this synthesis method is adaptable to different core and shell materials. Au core was exchanged by Ag, and Ag shell by Pt or Pd without strong modification of the synthesis process. Only reaction temperature and reaction time have to be optimized.

The shell growth is always control by concentration ratio [metallic precursor]/[seed]. Pt and Pd shell growth on gold core are less efficient than Ag because of the higher lattice mismatch.

This thesis work show that we are able to design various core-shell NPs up to targeted new physical and chemical properties and new applications. The high degree of tunability of these nanostructures will facilitate their application in various domains such as SERS detection or catalysis. In chapter III, the optical, vibrational and catalytic of these core-shell NPs as a function of their composition, size and crystallinity are described. We will see that the high quality of the samples should make it possible to answer the question of the influence of shell thickness or crystalline defects on their properties.

Chapter III. Physical and chemical properties of bimetallic core-shell nanoparticles.

Introduction

The optical, vibrational, and catalytic properties of bimetallic core-shell NPs are investigated in this Chapter. These core-shell NPs are synthesized by the two steps process described in chapter II, which allows to perform the synthesis under a variety of conditions (seed size, seed crystallinity, and seed surface chemistry). The core-shell NPs combine either two plasmonic materials: such as Au@Ag or plasmonic and catalytic materials such as Au@M or Ag@M with M=Pt or Pd. The LSPR effects can be control by the shell thickness or the core size. In addition, it is possible to enhance catalytic activities due to synergistic effects between two metals.

The optical properties of Au@Ag core-shell NPs are studied by UV-visible spectroscopy and discrete dipole approximation (DDA) calculations for different core sizes and shell thicknesses. Blue shift and increase of SPR band are expected by Ag shell overgrowth 1 . This study was then extended to other bimetallic core-shell NPs Au@M or Ag@M (M=Pt or Pd)

NPs.

The vibrational properties of Au@Ag core-shell NPs are studied by low frequency Raman spectroscopy (LFRS) as a function of their chemical composition and crystalline structure. The LFRS studies were already reported to give various information of metallic NPs such as size, shape, crystallinity and chemical composition [1][2][3][4] . Furthermore, the vibrational frequency of Au@Ag core-shell NPs using LFRS should give information on coupling between both metals (core and shell) 5 .

The catalytic activity of Au@M (M=Ag, Pd or Pt) core-shell NPs, with different 

Optical properties

We succeeded to synthesize Au@Ag core-shell NPs from different Au core sizes (~5 and ~10 nm) and crystallinities (SC and PC) with various Ag shell thickness by the two steps process described in chapter II. Their structural characterization was confirmed by electron microscopy (HR-TEM, STEM HAADF, EELS). This synthesis method allowed also to replace the shell by other materials such as catalytic materials (Pt or Pd) or the core by a material with stronger plasmonic properties (Ag). This offer the opportunity to study the optical properties of core-shell NPs as a function of their size, composition. The optical properties of the colloidal dispersions were investigated by UV-visible absorption spectroscopy and DDA calculations.

Au@Ag core-shell nanoparticles

One of the main purposes of synthesize of core-shell NPs using Au and Ag is the exploring of their specific optical properties. Au and Ag have both representative plasmonic properties in visible range. In case of Au and Ag NPs the maximum of the plasmon resonance is ~500 nm, and ~400 nm, respectively. So, by integrating those two materials into one NP system, we expected to tune SPR in visible range between SPR of Au and Ag NPs. Moreover, the structural characteristics as a core-shell structure not random alloys are expected to be represented in their SPR band such as a separated influence from the core and the shell 6 . We studied the optical properties of Au@Ag NPs formed on one hand from polycrystalline (PC)

Au cores with diameters ~5nm or ~10nm and various silver shell thicknesses and on the other hand from single crystalline (SC) Au core with diameters ~5nm and various silver shell thicknesses. The colloidal solutions were characterized through UV-visible absorption measurements (Figure 3.1). The spectra were recorded from colloidal solutions at room temperature with a fixed concentration of 0.14 mol L -1 .

Au5nm(PC)@Ag NPs: In figure 3.1 (a), Au5nm(PC) seeds exhibit an absorbance band at 520 nm corresponding to the surface plasmon resonance (SPR) of the NPs. For core-shell Au5nm(PC)@Ag NPs, a blue shift (30 nm) and an increase in the SPR band intensity are observed when the Ag shell grows to e = 0.5 nm thickness (1~2 atomic layer). When the thickness of the silver layer reaches 0.65 nm (2~3 atomic layers), the SPR band appears to be structured, with two components centered at 410 nm and 490 nm. The higher-wavelength SPR component is attributed to the Au core while the other one corresponds to the silver shell [7][8][9] .

Finally, the absorption spectrum of Au5nm(PC)@Ag NPs with around 3-4 Ag atomic layers (e = 0.85 nm) only exhibits the low-wavelength SPR component whose profile and wavelength correspond to the SPR of silver NPs of similar size. This experience was reproduced several times. It seems that the absorption of the silver shell is dominant despite the thin silver layer. Au10nm(PC)@Ag NPs: Au10nm(PC) seed NPs a sharp and narrow SPR band centered at nm (~3 atomic layers) the SPR band becomes more intense and shifts to the blue at 510 nm while a shoulder starts to grow on the low-wavelength side of the SPR. When the silver thickness is further increased to reach e = 1.7 nm (~5 atomic layers), two SPR components are observed at 505 and 405 nm. As previously, the splitting into two components arises from the respective contributions of the gold core and the silver shell to the absorption. Finally, for a silver thickness of 2.1 nm (~6 atomic layers) the lower-wavelength SPR component attributed to the Ag shell becomes dominant. We experimentally observe that SPR features of Au@Ag NPs are significantly modulated by the layer thickness and core size in agreement with the literature 10,11 .

To gain deeper insights into the relationship between the SPR bands and the core size and shell thickness of the Au@Ag NPs, DDA calculations were carried out to simulate the absorption spectra of Au5nm(PC)@Ag and Au10nm(PC)@Ag core-shell NPs 7 . In these calculations, the refractive index of the surrounding medium is set to 1.5 to simulate the toluene used as the solvent 12 . The size-corrected complex dielectric functions for Ag shells and Au core were calculated according to the procedure described in Annex 3. The calculated spectra obtained for different Au core sizes and silver shell thicknesses are plotted in figure 3.1 (b) and are consistent with the general trend observed in experimental spectra. Nevertheless, for the Au10nm(PC)@Ag NPs spectra, the contribution from the silver component increases with the shell thickness but remains slightly smaller than in the experiment. For Au5nm(PC)@Ag NPs, in each calculated spectra, the contribution of the gold core remains more pronounced whatever the silver shell thickness, although it decreases with the thickness of silver layer as experimentally observed. The disagreement is all the greater as the number of silver layers reached is 3. The discrepancies between the experimental and calculated spectra may arise from the slight deviation from the ideal concentric spherical shape, as revealed in figure 2.9 in Chapter II by the EELS mapping of the core-shell NPs. And they also from a uniform shell thickness especially as it increases (see the HRTEM image of Au10nm@Ag NPs in figure 2.11

in Chapter II). The presence of pure Ag NPs in coexistence with core-shell Au@Ag NPs, which could explain the more pronounced contribution of silver component in the experimental spectra must be excluded according to the EDX results (see Table 2.4 in Chapter II) and LFRS spectra performed on these samples (Figure 3. 5). Finally, we can note that the peak corresponding to the contribution of silver to plasmon resonance appears at shorter wavelengths in all simulated spectra than in experimental ones. We cannot exclude an Au-Ag alloy layer at the interface according to EELS profiles (Figure A.4 in Annex). The interface in the Au(SC)@Ag NPs (Figure 2.13 in chapter II) is thus no more than 1nm, with a likely value of half of this or less, corresponding to about 1 unit cell. The Au(PC)@Ag NPs are more difficult to analyze in this way, with some localized regions in which the silver layer penetrates further into the gold (figure 2.9 in chapter II). Nevertheless, there is no particular reason to believe the interface width here would be significantly different. This alloy layer could disturb the optical spectra and be at the origin of the disagreement with the DDA calculations.

The SPR evolution of Au5nm(PC)@Ag NPs covered with an even thicker layer of Ag obtained under higher temperature conditions (see Chapter II) are represented in Figure 3.2 (a).

Both Au5nm(PC)@Ag NPs with thickness e = 2.5 nm (~7 atomic layers), 3. 

nm (blue curve). (b)

Corresponding DDA calculated absorption spectra of Au@Ag NPs with shell thicknesses as those considered in (a).

Au@M (M=Pd or Pt) core-shell nanoparticles

We studied the optical properties of Au@Pd and Au@Pt core-shell NPs at visible wavelengths, which is essential for photocatalysis functionality. The objective is to have a clarified idea of the physical origin of enhanced catalysis functionality.

The replacement of shell materials from plasmonic materials (Ag) to catalytic materials (Pd or Pt) was able to synthesize because of the flexibility and robustness of the synthesis process developed in this work (see chapter II). The optical spectra for Au10nm(PC) seed solution and Au10nm(PC)@M NPs (M=Pt or Pd) were measured for different Pd or Pt thicknesses (Figure 3.3 (a) and (b) respectively). We observed only one resonance which is progressively blue shifted and damped in intensity with increasing Pt or Pd intake (see table 3.1). Our results show thus that Au@Pd and Au@Pt bimetallic NPs have their SPR in the visible range with a broad tunability, which is difficult for pure Pd and Pt NPs to achieve. For pure Pd or Pt NPs, there is indeed no SPR effect in this visible wavelength regime 13 . These spectral behaviors are in agreement with a core-shell structure. 

(green curve). (a)

Absorption spectra of core-shell Au10nm @Pt NPs with different thicknesses e = 0 (black curve), e = 0.25 nm (red curve), e = 0.55 nm (blue curve), e=0.9 nm (green curve). 

Ag@M (M=Pd or Pt) core-shell nanoparticles.

The replacement of core material from Au to Ag with stronger plasmonic properties is The experimental spectra show progressive blue shift and intensity damping of the SPR maximum for increasing Pd and Pt thickness (see Table 3.

2). The damping effect by the Pt or

Pd shell appears stronger on silver core than gold core (see Tables 3.1 and 3.2).

To confirm the effect of shell thickness on the optical properties of Ag@Pt and Ag@Pd NPs, DDA calculations were performed. For calculated spectra, progressive blue shift and SPR intensity damping for increasing the shell thickness are also observed (see figures A.9 and A.10 in Annex 4). However, the widths of the SPR peaks between the calculated and experimental spectra differ. The experimental SPR peaks are indeed broader and this can be attributed to the size distribution of the NPs which is not considered in the DDA calculations. 

Vibrational properties of Au@Ag core-shell NPs

Low frequency Raman scattering (LFRS) of bimetallic particles is an area of investigation that has been little explored until recently. Raman scattering experiments carried out on Au@Ag particles lead on many points to results consistent with those already obtained with Au NPs 3,14 . They allow us to characterize the crystallinity of NPs between polycrystalline and monocrystalline, their size and shape.

Acoustic vibrations of Au5nm(PC)@Ag, Au5nm(SC)@Ag and Au10nm(PC)@Ag coreshell NPs with different silver shell thicknesses were investigated by LFRS to confirm the crystallinity of the Au core and to study the strength of the core-shell bond. The corresponding Stokes and anti-Stokes LFRS spectra are presented in figure 3.5. Each spectrum obtained from Au5nm(PC)@Ag and Au10nm(PC)@Ag core-shell NPs (figures 3.5 (a) and 3.5 (b)) exhibits an intense band ascribed to the Raman scattering by the quadrupolar vibrational mode of the NPs.

Whatever the DCORE value, this band shifts towards lower frequencies when the shell thickness is increased. Such a behavior qualitatively agrees with the usual dependence of the vibrational frequencies on the inverse of the NP diameter 15 . The measured frequencies at the maximum of the quadrupolar band are listed in Table 3.3 and compared to those calculated using a model based on Lamb's theory 16 and Eringen and Suhubi's equations 17 . The same approach was already described in a previous work 5 to numerically determine the frequencies of the free vibrational modes of core-shell and onion-like systems. 

(c) comparison of the spectrum of Au5nm(SC) NPs (black curve) with those of Au5nm(SC)@Ag

NPs with e = 0.85 nm (red curve). All the spectra are normalized and vertically shifted for

clarity. (d) Calculated and measured (blue points) T2g/Eg frequency ratio of Au5nm(SC)@Ag

NPs in function of the relative shell thickness variation defined by 2e/DCS for epitaxial (black curve) and isotropic Ag shell (red curve).

For the Au(PC)@Ag NPs the calculated vibrational frequencies reported in Table 3 97 3330 m/s and vl[Ag] = 3747 m/s. In addition, to mimic a perfect contact between the core and shell materials, it is assumed that there is continuity of both the vibrational displacement and the force at the Au/Ag interface. The agreement between the measured and calculated vibrational frequencies supports therefore the core-shell structure of the NPs, i.e. the separation of the two metals. Moreover, it makes sense from this comparison to infer a strong contact between the Au core and the Ag shell. For the Au5nm(SC) seeds and the corresponding Au5nm(SC)@Ag NPs with a total diameter DCS of 7.5 nm, two bands are observed and correspond to a splitting of the quadrupolar vibration into two components (figure 3.5 (c)) which was shown in previous papers as being an effect of crystallinity [18][19][20] . This quadrupolar mode splitting into Eg and T2g modes is related to the variation of the transverse sound speeds with the propagation direction of phonons in the cubic lattice. The ratio of the calculated frequencies of the T2g and Eg peaks is about 1.6 for gold which makes it a powerful indicator of the crystallinity of the NPs. Calculations for coreshell NPs were performed for an Au(SC) core surrounded by a shell made of either epitaxial silver or multiply-twinned silver (modeled as isotropic silver) with varying thicknesses using the elastic constants for bulk materials 21 and the sound speeds given above for the isotropic approximation of silver (see Table 3.4). We focus on the T2g/Eg frequency ratio in the following to monitor the elastic anisotropy of the core-shell NPs. The results are presented in figure 3.5 (d). The shell thickness variation is represented by 2e/DCS. On the left side of the graph (e = 0) the NPs are Au5nm(SC) NPs. On the right side (e >> DCORE), the core can be neglected and the NPs are Ag(SC or PC) NPs depending on the model. For an epitaxial silver shell, the T2g/Eg frequency ratio hardly changes with e while in the case of a multiply twinned silver shell the splitting vanishes as e increases. The experimental ratios are also plotted in this graph with error bars considering the experimental accuracy. As already reported in previous works, calculations overestimate the experimental splitting for the Au (SC) NPs 20 . As we expect the same to be true for the Au5nm(SC)@Ag core-shell NPs, we compare the variations of the T2g/Eg frequency ratio as the shell thickness increases in the following. For the epitaxial silver shell, the variation of the calculated T2g/Eg frequencies ratio between the Au NP and the Ag@Au NP is small (~0.008). For the isotropic silver shell, it is about ten times more (~0.09). The experimental variation falls in-between those two values (~0.04) but with non-negligible error bars. This intermediate value probably indicates that the actual structure of the core-shell Au5nm(SC)@Ag NPs is more complex than previously thought. We assumed in these calculations an abrupt interface between the core and the shell and a shell having a constant thickness. These may be good first-order approximations only. As already discussed before, we cannot rule out the presence of interdiffusion between gold and silver. The presence of such an intermediate layer would modify the frequencies. Also, a thinner shell on the (110) facets of the Au5nm(SC)@Ag core-shell NPs would increase the calculated T2g frequencies and improve the agreement between the experimental data and the epitaxial model. 

Catalytic properties of Au@M (M=Ag, Pt or Pd) core-shell NPs

Noble metal NPs, especially Au, Ag, Pt and Pd, are known to have a high catalytic activity in the reduction of different nitroaromatic compounds to the corresponding amino compounds in water in ambient conditions [22][23][24] . Core-shell Au@M (M=Ag, Pt or Pd), are expected to present enhanced catalytic activities due synergistic effects between both metals 25 .

As observed previously the metallic shell whose thickness is finely controlled thanks to our two-step synthesis method, modifies the optical properties of the gold core. That is fundamental for photocatalysis functionality.

In this work, we have carried out a series of experiments in order to compare the catalytic reactivities of Au@M (M= Ag, Pt or Pd) core-shell NPs with different core size and crystallinity and shell thickness, in the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in the aqueous phase in the presence of sodium Borohydride (NaBH4). From those experiments, we determined physical parameters such as the apparent rate constant (Kapp) and the activation energy (Ea) of the reactions.

In chemical industries, the conversion from 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) can be widely used in fabricating of analgesics and antipyretic drugs 22,26 . From that, there is great industrial demand for aromatic amino compounds. In addition, the model reaction of the reduction of 4-NP to 4-AP is selected, because it can easily monitor the reaction kinetics by UV-Vis spectroscopy during the color changes associated with the conversion of 4-NP to 4-AP. Detailed conditions will be explained below. 

Experimental setup

Preparation of NPs and ligand exchange

The characteristics (core size and crystallinity, final diameter, shell nature and thickness) of the different NPs (Au NPs and Au@M (M=Ag, Pt or Pd) core-shell NPs) that were the subjects of our study are shown in the table 3.5 and 3.6. The effects of shell thickness on one hand (see section 4.3) and core crystallinity on the other hand (see section 4.4) were tested on the catalytic response of the NPs.

Au seeds with 10 nm diameter are synthesized through direct reduction in oleylamine.

Then, the growth of Ag, Pd or Pt shell was performed via the two steps methods described in chapter II. The obtained NPs are all reported in table 3.5. As reported in chapter II, Au seeds with 5 nm diameter were synthesized through organometallic route by reduction of AuClPPh3 salt by TBAB complex at 100°C in presence of 1-dodecanethiols ligands. The crystallinity selection of Au5nmNPs was obtained then through the preferential self-assembly process of single crystal Au(SC) NPs which allowed to separate SC from PC NPs. The Au or Ag shell overgrowth on Au5nm seeds with different crystallinity was then preformed through the two steps method (see table 3.6).

The concentrations of NPs (or number of NPs per unit volume) were precisely controlled to study their catalytic activity. It is known that the number of atoms at the surface plays an important role on catalytic properties 11,27,28 . All the NPs considered in this study are spherical, we thus adjusted the concentration in NPs to keep the same number of atoms at the surface. The total surface area for a given colloidal solution is defined as:

𝑇𝑜𝑡𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 = 𝐶 𝑁𝑃𝑠 × 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑝𝑒𝑟 𝑁𝑃 (𝑆)
where CNPs is concentration of NPs, S is surface area per spherical NP of diameter D.

In all the experiments, the total number of atoms at NP surface is expected to be the same in order to reveal synergistic effects between the core and the shell in relation to the nature of the shell and the crystallinity of the core. As a result, NPs concentration was adjusted.

Table A.1 in Annex 5 shows the list of the characteristics of the NPs and their concentration used to catalyze the reaction. The reaction of 4-nitrophenol (4-NP) with NaBH4 to form 4-aminophenol (4-AP) takes place in water, however, all NPs synthesized in this thesis work are dispersed in organic solvent such as toluene or chloroform and coated by alkyl chain like oleylamine or 1-dodecanethiols (see Chapter II). So, it is necessary to exchange the hydrophobic ligands by hydrophilic ligands on NP surfaces to allow their dispersion in water. The objective of ligand exchange is to replace alkyl chains with a shorter, charged ligand to allow the transfer of the NPs into the polar solvent and to favor the adsorption of the reactants on the free NP surface for catalysis. The procedure of ligand exchange has been adapted from the literature [29][30][31] .

We decided to exchange oleylamine ligands by mercaptosuccinic acid (MSA) (Figure 3. 7). This concerns the case of 10 nm gold seeds and associated core-shells NPs. This acid has a thiol function that will have a stronger affinity for silver than the amine function of oleylamine.

This will shift the equilibrium in favor of ligand exchange. In addition, MSA has two carboxylic acid functions that are easily deprotonated by the action of a base. The formation of carboxylates will thus favor the transfer into aqueous solution. MSA is therefore a good candidate for carrying out ligand exchange and simultaneous transfer of NPs into the aqueous phase 32,33 immediately changed into purple. After we sonicate them to favor the ligand exchange, the centrifugation was done for 5 minutes with 3500 rpm. The precipitates were re-dispersed in 1 ml methanol and repeated one more centrifugation (3500 rpm/ 5mins). Finally, the precipitate is dispersed in 1 ml of water. To help the NP stabilization, 10 µl tetramethylammonium hydroxide (C4H13NO) were added to the solution. To remove the excess of free ligands, 2 ml of acetone was added, and the solution was centrifuged at 3500 rpm during 5mins. Finally, the precipitate was dispersed in 1 ml water. After exchange, NPs are electrostatically dispersed in water. This decreases the interparticle distance, as observed on TEM images (Figures 3.8 We observed that 1-dodecanethiol ligands could not be exchanged with MSA acid.

This concerns the case of ~5 nm gold seeds synthesized via organometallic route (see chapter II and Table 3. The nature of the ligands adsorbed on the surface of core-shell NPs Au5nm@Ag and Au10nm@Ag was characterized by X-ray photoelectron spectrometry (XPS) measurements in collaboration with Pr. Vincent NOEL in the laboratory ITODYS (Paris University). Only main results are presented in Figure 3.9 and 3.10, and all detailed spectra are presented in Annex 6.

For Au10nm@Ag NPs obtained just after synthesis and before ligand exchange, the XPS signals show the presence of nitrogen with a N1s peak at 400 eV, as a signature of oleylamine.

After the ligand exchange process, Au10nm@Ag NPs show an S-Metal bond at 164 eV (at.% = with a broad satellite at 368.2 eV [fwhm= 1.2 eV] attributed to Ag(III) 35 . In the experimental XPS spectra for Au@Ag NPs before and after ligand exchange (figure 3.10c and e), Ag 3d5/2

peak is observed at 368 eV, with no evident supplementary peak around 366.8 eV. Furthermore, we do not observe the O1s peak from AgO at 528.4 eV. Thus, we clearly demonstrate a ligand exchange between oleylamine and a mixture of MSA and TMAOH leading to water soluble NPs, and in both cases the silver shell remains not oxidized.

For Au5nm(PC)@Ag NPs synthesized from Au5nm seeds coated by 1-dodecanethiols (Figure 3.10), there is no XPS signal of S and N1s peak at 400 eV is the signature of oleylamine.

That confirms a first ligand exchange between 1-dodecanethiol and oleylamine during the silver shell overgrowth. Chapter III. Physical and chemical properties of bimetallic core-shell nanoparticles.
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Catalytic reduction of 4-nitrophenol (4-NP) in 4-aminophenol (4-AP) by NPs

The catalytic capabilities of mono and bimetallic NPs considered in this Ph.D work (Tables 3.5 and3 Optical measurement was performed using 1 cm quartz cell containing 150 µl of 4nitrophenol (C=4 mM) to which 20 µl of Au10nmNPs solution. Then, 500 µl of sodium borohydride (NaBH4, C=0.4 M) used as reducing agent is added. Finally, water is added to make the total volume to 4 ml.

The 4-NP solution show a strong absorption peak at 317 nm 37,38 . The addition of the reducing agent NaBH4 induces the deprotonation of OH group of 4-NP and formed 4nitrophenolate ion appearing at 400 nm in the UV-vis spectrum. The color of the 4-NP solution changed from light yellow to vivid yellow immediately after adding NaBH4 due to 4nitrophenolate ion as it is shown in figure 3.12 a (left side) 39 . The reduction of 4-NP does not occur without the presence of a catalyst as it was explained earlier 40 . The thermodynamically favorable reduction of 4-NP to 4-AP (E0 = -0.76 V vs. NHE) by H3BO3/BH4 -(E0 = -1.33 V vs. NHE) produced large potential difference with negative free energy. The presence of a large energy between the mutually repelling negative ions of 4-NP and BH4 -was responsible for the slow kinetics of the reaction. 22 Alternatively, NPs can absorb negative ions and able to act as electronic relay systems to transfer electrons donated by borohydride ions to the nitro groups of 4-NP, which is expected to lower the kinetic barrier and thus catalyze the reduction. Metallic

NPs are known to catalyze the reduction reaction by facilitating the electron transfer process from the donor BH4 -to the 4-NP acceptor. 37 With the presence of Au10nmNPs as a catalyst, the absorption peak at 400 nm gradually decreased by time and a new peak appeared at 300 nm attributed to the 4-AP formation which is shown in figure 3.12 (b) (left side) 40 

Catalytic activity of Au NPs: size effects

The catalytic activities of Au NP seeds were studied in function of their size and served as references for our study on corresponding Au@M NPs. To compare the size effect of the Au NPs on catalytic activities, the total number of gold atoms is kept the same for all colloidal solution. Atomic concentration of each NPs is thus fixed as C= 1.4x10 -3 mol L -1 .

Herein was obtained with linear coefficients all above 0.99, indicating that the reaction is pseudo firstorder kinetics. In general, the higher the kapp value, the faster the catalytic reaction and the higher the efficiency of the nanocatalyst utilized.

The catalytic activities were compared with three different sizes of Au NPs (7 nm, 8.7 nm, and 10.6 nm). The rate constant of reduction process without NPs shows almost 0 indicating that the reduction of 4-NP requires catalyst (e.g. metallic NPs). The rate constant of three different sizes of Au NPs decreased with the increase of NPs diameter (Figure 3.13 and Table 3.6). We observed thus an increase of the catalytic activity with decreasing Au NP sizes.

The size of the NPs was indeed demonstrated as pivotal for their catalytic activity 41,42 . A decrease of their size induces an increase surface to volume ratio, meaning more surface atoms become available for the reaction.

Table3. 6 

Catalytic activity of Au@M (M=Ag, Pd or Pt) core-shell nanoparticles

In 3.7. The reduction reaction rate of bimetallic Au@Ag NPs appears to up to 1.6 times higher than that of monometallic Au NPs. These improved reduction rates can be explained by electronic synergistic effect between Au and Ag. 22,37 Electrons could transfer from Ag to Au leading to an increase in the electron density on the surface of the bimetallic Au@Ag NPs, which improved finally the catalytic activity. 43 The catalytic performance of the NPs appear also to depend on the shell thickness e (Figure 3.14 and Table 3.7). The reaction rate of 12.2nm Au@Ag NPs with e= 0.8 nm (around 2 Ag layers) is 1.2 times higher than the reaction rate of Au@Ag NPs with e=0.4 nm (around 1 Ag layer). Then, 14 nm Au@Ag NPs with e=1.7 nm (around 5 Ag layers) shows the same rate constant as Au@Ag NPs with 2 atomic layers. Finally, we observe a decrease in the reaction rate when the silver layer thickness reaches 2.2 nm (around 6 Ag layers). It can be assumed that the thickness of the silver layer is large enough for canceling ligand effects (electronic transfer) and decreasing the reactivity of NPs 44 .

Au@Pd NPs shows also better catalytic activities than Au NPs (UV-vis spectra in 3.7). Au@Pd NPs have indeed higher reaction rate than Au NPs and it increases with Pd thickness until a maximum thickness of 1.55 nm (around 4 Pd layers). Then it decreases slightly. Therefore, we can also adopt the synergetic effect between Pd and Au as Pd is well-known catalytic materials. Nevertheless, the catalytic performances of Au@Pd NPs appears lower than Au@Ag NPs. This results could be explained by hydrogen adsorption on Pd surfaces 45,46 . Pd has indeed the ability to absorb large volumetric quantities of hydrogen at room temperature and atmospheric pressure 47 . Moreover, a recent study showed that alloying Pd(110) surface with submonolayer of Au dramatically accelerates the hydrogen absorption, by a factor of more than 40. 46 This hydrogen adsorption on Pd surface can be an obstacle during the conversion reaction from 4-NP to 4-AP. The reducing agent NaBH4 in water produces hydrogen gas and it can remain trapped in the Pd shell surface and disrupt the activities as Au@Pd NPs catalyst.

Au@Pt NPs shows highest catalytic activities among the shell candidates (Ag, Pd) (UV -vis spectra in Figure A.15 in Annex 7, Figure 3.16, and Table 3.7). Pt is indeed a well-known metal as a candidate for catalyst with high catalytic activities 25,48,49 . It is also important to evaluate these results in terms of the NPs morphology. In case of Au@Pt NPs, their final morphologies of NPs are dendritic shape (Figure 2. 21 in Chapter II), so they have larger surface area than spherical Au@Ag or Au@Pd NPs. As they have different morphologies, they can display different number of atoms at their surfaces. Spheres show lower relative number of total atom than dendritic shape of NPs. It allows more efficient catalytic activities than spherical shape of NPs. The influence of shell thickness for Au@Pt NPs is coherent with other shell metal types, the catalytic activity increases indeed with the shell thickness and stabilize beyond 3 layers (Figure 3.16 and Table 3.7). 

Influence of crystallinity of NPs on their catalytic performance

Herein, the NP crystallinity effects on their catalytic performance was studied. Single was in the order of (111) < (100) < (110), which is the reason why (100) usually exhibited higher activity than (111) facets 50,51 . In case of monometallic Au7nm NPs, there is no significant difference in reaction rate between SC and PC NPs (Table 3.8 and Figure 3.17). The crystallinity effect is likely governed by a complex combination between coordination number of the different surfaces and the presence of defects like corners and edges which are subcoordinated atomic sites of higher energies. SC NPs present (100) surfaces of higher energy than (111) facets present in PC NPs which however have more defects characterized by a high catalytic activity. As we can see in table 3.8, the rate constant k value for Au(SC) NPs is slightly higher than for Au(PC). The difference is not large enough to determine which is the most important parameter: the coordination number of the facets or the presence of defects.

The reduction rates with Au@Ag NPs are higher than Au NPs of similar sizes whatever the crystallinity of Au cores in agreement with previous results (see section 4.3). It is clearly due to a synergistic effect between both metals. The reduction rate of Au(SC)@Ag NPs is slightly higher than Au(PC)@Ag NPs (Table 3.8 and Figure 3.17). As the silver overgrowth is epitaxial (see chapter II), we can consider that the core -shell Au(SC)@Ag NPs are also singlecrystalline.

In conclusion, the catalytic activities of SC (cuboctahedron) and PC (MTP) NPs are close whether mono-or bimetallic particles are involved. 

Influence of reaction temperature on catalytic activity of Au and Au@Ag core-shell nanoparticles

In this part we carried out a series of reduction reactions of 4-NP in the presence of Au10.6nm NPs and Au10.6nm@Ag NPs to obtain thermodynamic parameters that show how the reaction temperature can affect the kinetic of such reaction. The reduction process of 4-NP to 4-AP is highly dependent on reaction temperature because it directly influences the rate constant (k) based on Arrhenius equation 27,52 ;

𝑘 = -𝐴𝑒 -𝐸 𝑎 𝑅𝑇 ⁄ (3.1)
where k is the apparent rate constant, A is numerical constants characteristic of the reacting substances, Ea is the activation energy, R is the thermodynamic gas constant, and T is the absolute temperature.

All of absorption spectra during the reduction of 4-NP to 4-AP were performed in same conditions with previous experiment except that the temperature is raised from 20 to 30 and 40°C. The temperature effect was studied on the catalytic performance of Au10nm NPs and Au10nm@Ag NPs with overall diameters of 11.4 nm, 12.2 nm, 14.0 nm, and 14.8 nm.

From figures 3.18, the reaction temperature has an important influence. In fact, at higher temperatures the conversion of 4-NP is faster. The catalytic activities of both mono and bimetallic NPs are improved with increasing temperature (Table 3.9). When Au@Ag particles are used as catalyst the conversion of 4-NP is significantly faster than for Au NPs whatever the reaction temperature is and when the silver thickness is increased until 0.8 nm. This trend shows that the core-shell structure improves the catalytic activity of the NPs. Based on the Arrhenius equation , by plotting the rate constant for each catalytic system versus the corresponding 1/T (see figure 3.18) we can obtain the activation energy (Ea, apparent) 53 . From the slopes of the lines, we obtained the Ea values for the different systems reported in Table 3.9. The lower Ea values for Au@Ag NPs compared to Au NPs demonstrate synergistic effects between Au and Ag in core-shell NPs, which lead to the improvement of their catalytic activity.

It is important to note that Ea decreases with the thickness of the silver shell, but beyond a thickness of 2 nm (6 Ag layers) increases. As mention in the previous section, if the silver shell is too thick (around 6 atomic layers), the effects of electronic transfers are no longer possible, and the reactivity of the NPs decreases.

For comparison, apparent activation energy were estimated in the literature for 16 nm and 4 nm diameter Au NPs coated by PVP around 43.566 and 39.690 kJ/mol respectively, and for 10 nm Au NPs coated by glucose polymer (MBS) around 47.42 kJ/mol 5451 .The apparent activation energy for Au10nm NPs that we calculated (30.9 kJ/mol ) is thus lower than those reported in the literature for similar sizes. This may be due to a difference in the nature of the coating agents, which are consider having an influence the catalytic performance of the 55 . In case of Au@Ag core-shell NPs, few studies were performed. An activation energy around 14

(kJ/mol) 56 was reported in case 2-6 nm diameter Au@Ag NPs stabilized on porous MOF. An activation energy of 51 (kJ/mol) 57 in case of 21 nm diameter Au-Ag (5:5) alloyed NPs was also reported. The activation energies of Au@Ag NPs calculated in this work are around 22 kJ/mol.

The prominent catalytic activity of Au@Ag core-shell NPs is ascribed to the electronic structure in a core-shell NP which is superior to that in an alloy or monometallic NP for the reduction of 4-NP. 

Conclusion

In this Chapter, we characterized physical and chemical properties of bimetallic coreshell NPs synthesized through a two-steps protocol. Optical, vibrational, and catalytic properties were investigated according to their size, chemical composition, and crystalline structure.

First, the plasmonic properties of the Au5nm/10nm(PC)@Ag NPs were studied as a function of the Au core diameter and Ag shell thickness by UV-vis absorption spectroscopy and DDA calculations. One of the interests of synthesizing the core-shell NPs is to tune the optical properties by tuning the shell thickness. The tunabilty of the SPR band through shell overgrowth was observed. The study of SPR band after the replacement of shell from plasmonic materials to catalytic materials (Pd or Pt) or the replacement of core material from Au to Ag with stronger plasmonic properties were also performed. Our results show that Au(Ag)@Pd and Au(Ag)@Pt bimetallic NPs have their SPR in the visible range with a broad tunability, which is very difficult for pure Pd and Pt NPs to achieve. Nevertheless, a damping effect of the SPR band is also observed, which is more significant with the shell thickness.

The vibrational properties of Au5nm/10nm(PC)@Ag NPs were demonstrated by low frequency Raman spectroscopy (LFRS). Bimetallic core-shell NPs have their own vibrational frequency different from monometallic NPs. Core-shell NPs vibration modes are shifted to lower frequency by the increase of Ag shell thickness. Especially, one of the distinctive characteristics of single crystalline (SC) NPs is the splitting of quadrupolar vibrational mode into two peaks. It was verified that this splitting is maintained throughout Au(SC)@Ag growth.

The catalytic performance of bimetallic core-shell NPs was evaluated via a model reaction of reduction of 4-NP to 4-AP in presence of NaBH4 in aqueous phase. First, catalytic activities of Au NPs are inversely proportional to diameter of NPs when we keep same atomic concentration due to the increase of their surface area. We show that the bimetallic Au@Ag NPs synergistically improves the catalytic activity compared to the monometallic Au NPs. It was also found that shell thickness in bimetallic Au@M (M=Ag, Pt or Pd) NPs influenced their catalytic properties. Ag, Pt or Pd shells with thicknesses below 5 atomic layers can maximize the synergetic effect between core and shell. Even though palladium is known for its catalytic performances, the catalytic performance of Au@Pd NPs was shown to be lower than that of Au@Ag NPs. This could be explained by the ability of Pd to absorb hydrogen which is detrimental to the reduction of 4-NP by NaBH4. Finally, Pt shell shows the highest catalytic activities among all the shells studied.

The crystallinity effect on NP catalytic performance is trickier to discuss. This effect is likely governed by a complex combination between surface energy of the different crystalline facets and the presence of defects like corners and edges which are sub-coordinated atomic sites of high energies. The experiment shows that the crystallinity structure of mono or bimetallic NPs from SC to PC has a minor effect on their catalytic activities. Single crystalline (SC) NPs have indeed slightly higher rate constant than polycrystalline (PC) NPs.

From our results, we could estimate the activation energy of the reduction process of 4-NP to produce 4-AP. The lower Ea values for Au@Ag NPs compared to Au NPs, demonstrates synergistic effects between Au and Ag in core-shell NPs, which lead to the improvement of their catalytic activity.

Chapter Ⅳ. Fabrication of multifunctional binary nanoparticle superlattices: mixing plasmonic and magnetic or catalytic nanoparticles

Introduction

The term binary superlattices (BNSLs) refers to the assemblies of nanomaterials composed of two different cooperative complementary components. Normally, two or more individual components are synthesized separately, then binary superlattices can be fabricated through the methods like fabricate the 3D assemblies of one type of NPs as described previously (see chapter I). Monodisperse spherical particles can usually self-assemble into superlattices with either face centered cubic (fcc) or hexagonal close packed crystalline (hc) structures [1][2][3][4][5] . Binary mixtures naturally provide a much richer class of compositions and structures. When two types of particles co-crystallize, they must meet, as far as possible, the requirements of certain geometrical principles. In the simplest approach, the formation of a binary assembly is expected only if its compactness exceeds that of single-component crystals in fcc or hcp (0.74) 6 . This principle of space filling is still widely used for predicting the behavior of particles in binary mixtures. Particle size ratio (Rsmall/Rlarge) and concentrations are considered as factors determining the structure of binary assemblies 7,8 . By taking into account the geometric considerations, we can predict the formation of BNSLs structure such as AB, AB2, or AB13. The interparticle distance (between NPs A) can be increased through the insert of NPs B (with possible different sizes) in the BNSLs as compared to the single component superlattices (made of NPs A). Consequently, the strategy of the binary superlattices offers a possibility to tune the interactions between the NPs (NPs A), to control the collective properties of the assemblies 9,10 . The binary superlattices constitute ideal candidates to favor coupling between two types of NPs (NP A and NP B) (e.g. plasmonic/plasmonic, magnetic/magnetic and magnetic/plasmonic), which is expected to result in tunable and/or novel collective properties.

The distance between the two components is a main factor for the formation of binary superlattices. An understanding of the interaction between both components leads to the fabrication of appropriate and desired binary structure. The fabrication of binary superlattices started in 1998 11 , hence the study of their physical properties in view of possible applications is still a challenge in nanoscience.

Fabrication of BNSLs is one other say to integrate two different metals into one system.

The organization between two different types of NPs is obtained through a balance between van der Waals interaction and steric repulsion. In case of plasmonic or magnetic NPs, coupling between NPs may influence the interactions, which brings unique collective properties on binary assemblies [12][13][14] .

In first part of Chapter IV, we focus on structural study of binary assemblies made of Au and maghemite (-Fe2O3) NPs. The influence of different parameters like deposition temperature (Td), -Fe2O3/Au effective size ratio ɣ 𝑒𝑓𝑓 , or [-Fe2O3]/[Au] concentration ratio was studied to optimize their organization. The Maghemite (-Fe2O3) and Au NPs used are characterized by narrow size distributions and their size can be tuned from 7.9 to 12.4 nm for maghemite NPs and fixed around 5 nm for gold NPs.

In a second part, we studied the BNSLs structure from Pd and Au NPs characterized by their well-known catalytic and plasmonic properties, respectively. The influence of Au/Pd effective size ratio ɣ 𝑒𝑓𝑓 , and the deposition methods is studied to optimize their organization.

All the BNLs structure were characterized by TEM (in the case of thin films), by highresolution scanning electron microscopy (HR-SEM) and small angle X-ray scattering (SAXS).

Finally, the magnetic properties of -Fe203/Au NP BNSLs were studied by SQUID magnetometer measurements and compared to those of -Fe2O3 NPs superlattices.

Fabrication of binary superlattices by mixing -Fe2O3 and Au NPs

Preparation of nanoparticles (NPs)

The maghemite (-Fe203) NPs with 12.4 nm (=8%), 11.4 nm, (=) and 7.9 nm (=8%) were prepared by Anh-Tu Ngo (MONARIS) 15 using modified procedure from Park et al 16 . For the 12.4 nm diameter maghemite NPs, the reactants sodium oleate and oleic acid are replaced here by sodium laurate and lauric acid. The typical synthesis of the ironlaurate complex is prepared by mixing iron chloride (FeCl36H2O) and sodium laurate in a solvent mixture composed of ethanol, distilled water, and hexane. The mixture is refluxed at

Chapter Ⅳ. Fabrication of multifunctional binary nanoparticle superlattices: mixing plasmonic and magnetic or catalytic nanoparticles 129 66 °C for 4 h and the organic phase is washed three times with ultrapure water in a separatory funnel. The remaining hexane in the organic phase is evaporated under vacuum in a rotavapor at 32 °C. The iron-laurate complex is then washed three times with a mixture of ethanol and hexane and evaporated at 40 °C. In a typical synthesis procedure of maghemite nanocrystals, 1.05 g of the iron-laurate complex is dissolved in a mixture of 10 ml of 1-octadecene and 0.64 g of lauric acid at room temperature. This mixture is heated to the boiling point of 1-octadecene (b.p: 317 °C) under vigorous stirring and is refluxed for 30 min and then cooled to room temperature. A black gel containing the nanocrystals is formed. The nanocrystals are separated and washed with a large excess of hexane, ethanol, and acetone.

For the 11.4 nm and 7.9 nm diameter maghemite NPs, we replaced the sodium laurate and lauric acid by sodium oleate and oleic acid. The procedures for synthesizing the reactant (sodium oleate) and particles are the same way as those described above. The 7.9 nm diameter maghemite NPs were synthesized using 1.42 g of iron-oleate complex dissolved in a mixture of 10 mL of 1-octadecene and 0.9 g of oleic acid. However, if we heated this mixture for 2h at 100°C before heating up to the boiling point of 1-octadecene under vigorous stirring and keeping under refluxed for 30 min, 11.4 nm maghemite NPs are obtained. The NPs are then dispersed in organic solvent such as chloroform or toluene.

The Au NPs were synthesized via organometallic route as described in chapter II. They are characterized by a mean diameter of 4.6 nm with a size distribution of 7% and are dispersed in organic solvent (chloroform or toluene). The binary samples were then prepared by mixing both colloidal solutions

In entropy-driven self-assemblies with hard-sphere approximation, it is possible to predict the most thermodynamically stable binary structure. The packing density of binary superlattices is mainly dependent on the effective size ratio between smaller and bigger NPs.

The effective size ratio can be shown below.

𝛾 𝑒𝑓𝑓 = 𝐷 𝑒𝑓𝑓 𝑜𝑓 𝑠𝑚𝑎𝑙𝑙𝑒𝑟 𝑁𝑃𝑠 𝐷 𝑒𝑓𝑓 𝑜𝑓 𝑏𝑖𝑔𝑔𝑒𝑟 𝑁𝑃𝑠 (4.1)
The effective diameter (Deff or DC-C) is the distance between NPs including ligands length and this distance can be estimated by TEM, the center to center distance between NPs organized in 2D or 3D network (Figure 4.1).
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The introduction of soft repulsive potential allows a characterization of a significant morphological diversity in self-assembled superlattices. In the region where phase separation into A + B can be overcome 17,18 .

Thus, before mixing the NP concentrations of both colloidal solutions were determined 

Preparation of binary assemblies

There are various methods to fabricate the NP binary superlattices which are similar to those for the fabrication of one-component ordered assemblies (see Chapter I). Here, we used two deposition methods: i) immersion method, ii) liquid-liquid interface deposition (already mentioned in chapter I) (Figure 4.2).

i) immersion method

The BNSLs growth process is performed via the evaporation of binary colloidal solutions 19,20 . Substrates (TEM grid or silicon) were placed in a glass vial in a temperaturecontrolled chamber through water circulation and the whole chamber is filled with flowing N2 gaz. Then, fixed volume of binary colloidal solution was added: 20 µl in case of TEM grids
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ii) liquid-liquid interface deposition

There is another way to obtain BNSLs which is liquid-liquid interface deposition method 21,22 . This assembly method is based on the use of a bad solvent, ethylene glycol (EG) in our case. It is called a bad solvent because it cannot solubilize the NPs which tend to agglomerate at its surface. EG is filled in a Teflon beaker, then 20 µl of the binary colloidal solution is deposited on top of the bad solvent. This deposition is performed in a temperaturecontrolled chamber through water circulation and filled with flowing N2. This heterogeneous growth mode of NP assemblies leads, after solvent evaporation, to the formation of a thin film made of ordered binary assemblies. The NPs film is collected and deposited on a solid substrate. 

Control of binary superlattices structure: case of mixing -Fe2O3

and Au NPs

Influence of effective nanoparticle size ratios

Here, we used only spherical NPs with low dispersion in size ≈8% favoring their selfassembly. The choice of both components (called NP1, NP2) to form binary assemblies is dependent on; i) their size distribution which must be narrow (≤10 %) to favor their selforganization, ii) the need of second component with moderate sizes to obtain a reasonable effective size ratio. One of main parameter to control the binary assembly is the effective nanoparticle size ratio ( ɣ 𝑒𝑓𝑓 ) between smaller and larger binary components 23 . The hydrophobic long alkyl chain ligands covered each NPs make avoid the formation of aggregates through short-range steric repulsion and favor a sphere-like crystallization 24 . These long alkyl chain ligands also prevent phase separation of NP1-NP1, NP2-NP2 and lead to the NP1-NP2 interactions as electrostatic repulsion and van der Waals attractions 8 .

In this work, three different sizes of -Fe2O3 NPs (12.4, 11.4, and 7.9 nm) are expected to form binary assemblies with Au NPs (4.6 nm diameter). The corresponding effective diameter of both components are given in table 4.1, the nature of the ligands and the effective size ratio are also indicated. BNSLs of -Fe2O3 and Au NPs were self-assembled from the toluene solution by using the immersion method (see table 4.2 for the details on the BNSLs growth conditions). During the evaporation process, the system is expected to adpt the crystal structure corresponding to the most efficient space filling system and reach the maximum packing density for a given effective size ratio.

TEM studies revealed that three different structural types of BNSLs: NaCl (Space Group Fm3m), AlB2 (Space Group P6/mmm), NaZn13 (Space Group Fm3c) could be obtained We could observe film formation with some cracks through the TEM images observation (Annex 9) that most probably indicates the layer by layer growth for such NaCl, AlB2, NaZn13-type superlattices 25 .
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NPs) and plasmonic NPs (Au NPs), as a result, three combinations of BNSL with different effective size ratios. According to hard sphere model, the system is expected to adopt the crystal structure corresponding to the most efficient space filling to reach the maximization of the packing density for a given effective nanoparticle size ratio 26 . The effective size ratio (ɣ 𝑒𝑓𝑓 ) of three BNSL combinations between -Fe2O3 and Au NPs has been increased (0.45 ≤ 0.48 < 0.64) with the decrease of the -Fe2O3 diameter (12.4 nm > 11.4 nm > 7.9 nm). With the increase of size ratio, the BNSL type-structure has been changed from NaCl, AlB2 and finally NaZn13 structures.

The BNSLs structures observed in this work are in accordance with the phase diagram for binary hard spheres mixtures [6][7][8]8,27 . A transition of binary structure was observed by decreasing the nanoparticle effective size ratio. This confirms that at a fixed temperature (50 °C) and concentration ratio ([-Fe2O3]:[Au] =1:4), the hard-sphere model design for atoms can, to some extent, be used for NPs. Consequently, the binary superlattices can be simply predicted from the spacing filling curves. This is confirmed by Table 4. 

Influence of [-Fe2O3]/[Au] concentration ratio and deposition temperature.

The effective size ratio is not the only parameter to control the BNSLs structure. NPs mixture decide the BNSL structure which are thermodynamically stable for them. Previous studies showed that the change of the relative volume of colloidal solutions can induce the phase transformation in binary NP SLs 25 . Here, the [-Fe2O3]/[Au] concentration ratio and deposition temperature (Td) were modulated (table 4.2). We have chosen -Fe2O3 NPs with 7.9

nm NP diameter and Au NPs with 4.6 nm NP diameter to fix the effective size ratio (ɣeff =0.64). 

TEM images in

Influence of the nature of the solvent

The long hydrophobic alkyl chain ligands are attached on NPs surface through a headgroup linker, forming a soft corona around the NPs. The interaction between NPs and surface ligands are repulsive in some solvent, also can be attractive in other solvent. And it is up to NPs diameter and chemical structure of ligands. During the self-assembly process, solvent evaporation densifies the NPs colloidal solution and force the solvated NPs to contact each other. It is shown that the phase diagram of a soft repulsive potential leads to the morphological diversity observed in experiments with binary nanoparticles, thus providing a general framework to understand their phase diagrams. Particular emphasis is given to the two most successful crystallization strategy which is the evaporation of solvent from nanoparticles with grafted hydrocarbon ligands 17,28 . Finally, complete evaporation of solvent makes the collection of NPs into a binary superlattices by the balance between van der Waals attraction and ligand elastic repulsion. Also, the formation of stable BNSL structure takes time along the evaporation of the solvent. The solvent with high boiling point is typically required to form well-ordered BNSL structures 21 .

So, we have chosen -Fe2O3 NPs with 12.4 or 11.4 nm diameter and Au NPs with 4.6 nm diameter to fix the effective size ratios ɣeff =0.45 or 0.48, respectively. We tested toluene, hexane, and chloroform as solvents. The NaCl and AlB2 type binary structures are observed with hexane and toluene as solvent depending on the ɣeff value in agreement with the wellknown hard sphere model of atomic binary bulk material (see table 4.3). Nevertheless, any BNSL organization were observed with chloroform as solvent in agreement with the Fast Fourier Transform (FFT) of the TEM image (inset figure 4.5 c). The Hildebrand parameter value for 1-dodecanethiol or lauric acid as coating agents for gold and ferrite NPs, respectively can be approximated by the Hildebrand parameter value for the solvent dodecane (16 MPa 0.5 ) 29 and is thus close to this one of oleic acid coating agent (16.3 MPa 0.5 ) (table 4.4). Hexane, whose Hildebrand parameter (14.9 MPa 0.5 ) is expected to be a significantly better solvent for the coating agents than toluene or chloroform (18.2 and 18.7 MPa 0.5 ) respectively (see table 4.4).

This translates into interaction potentials that are repulsive or very weakly attractive for hexane, whereas they are highly attractive for toluene or chloroform for any NP sizes 29 . The BNSLs are thus more homogeneous with toluene (less defects) than with hexane. Nevertheless, the evaporation rate has also to be considered. The hexane evaporation rate is faster than toluene that could also prevent the NP diffusion, and thus their interaction. Thus, Chloroform whose has a Hildebrand parameter close to toluene leads to amorphous arrangement du do a too fast evaporation rate. Decane, cumene toluene and isooctane characterized by boiling points of 174, 152, 111 and 99°C respectively were tested in the case of mixing -Fe2O3 NPs with 7.9 nm diameter and Au NPs with 4.6 nm diameter to fix the effective size ratio (ɣeff =0.64). For a concentration ratio of 1:4 and a deposition temperature Td=50°C, NaZn13 type binary structure was expected according to previous results and in agreement with hard-sphere model.

As expected, NaZn13 type structure for BNSLs were observed whatever the nature of the solvent (Figure 4.6). However, by increasing the solvent evaporation time from toluene to cumene and decane, the BNSLs tend to exist as isolated islands scattered irregularly on the solid substrate. Nevertheless, if we consider isooctane having a close boiling point to toluene (see table 4.4), we observed smaller BNSL island sizes with isooctane than with toluene.

Isooctane (Hildebrand parameter = 16.8 MPa 0.5 ) is expected to be a significantly better solvent for the NP coatings agent than toluene (18.2 MPa 0.5 ) (see table 4.4). Highly attractive interactions between NPs in toluene seems again to favor the NP organization into BNSLs of larger sizes.

The nature of the solvent is clearly shown not to influence the structure type of BNSLs but rather its coherence length which appears to depend both on the solvent evaporation rate and the Hildebrand parameters of the solvent and the ligands. Experiments under quasisaturated conditions would allow us to better distinguish these two last effects. 

Influence of deposition method

The as-grown BNSLs structure in immersion method typically exists as isolated, randomly scattered islands on the substrate in an optimized condition as it is shown in previous sections. The formation of isolated island is due to the formation of BNSL is a procedure typically leading to a low surface coverage during a solvent evaporation 32 . Here, we studied how BNSLs are influenced by the deposition method.

Liquid-liquid interface deposition is based on self-assemblies on an immiscible liquid surface, allowing the growth of macroscopic BNSL films with no substrate restrictions under ambient conditions. Another major benefit of our approach is that BNSL films formed on the liquid surface can be easily transferred to another substrate.

We have chosen -Fe2O3 NPs with 7.9 nm NP diameter and Au NPs with 4.6 nm NP diameter to fix the effective size ratio (ɣeff =0.64), and solvent as toluene. The TEM images (figures 4.7 a and b) allowed to identify CuAu binary type structure of BNSL domains in case of a concentration ratio [-Fe2O3]/[Au]=1:1 whatever the deposition method. Nevertheless, the BNSLs appear clearly thicker by using immersion method than interface deposition.

The structure and stoichiometry of BNSL film is tuned by changing the concentration ratio between both NPs components. The BNSL structure in case of 1:4 concentration ratio is NaZn13 type whatever the deposition method. For this concentration ratio the binary crystal domains appear clearly thicker and larger in size by using immersion method than interface deposition.

Thus, there is no difference in BNSL type binary structure depending on the deposition method, which appears to influence only the thickness and size of the crystal domains. 

Structural and magnetic characterizations of 2D organization of BNSLs

(-Fe2O3 NPs-Au NPs) and -Fe2O3 NPs

Structural characterization of 2D organization of BNSLs (-Fe2O3

NPs-Au NPs) and -Fe2O3 NPs

In the previous section, the successful coassembly of spherical 7.9 nm maghemite (γ-Fe2O3) and gold (4.6 nm) NPs is demonstrated. The different type structures of BNSL obtained according to the deposition conditions (temperature, solvent, effective size and concentration ratios) correspond to the stacking of a few layers of nanoparticles (3-4 layers) which is thus fine enough to be observed by MET but need the use of a superconducting quantum interface devise (SQUID) magnetometer for the characterization of their magnetic properties in order to optimize the signal. In order to anticipate the evolution of the magnetic properties between assemblies of pure maghemite NPs and binary assemblies of maghemite and golds NPs, it is interesting to determine the core to core interparticle distances Dc-c between maghemite in both types of assemblies.

We focused our study on one type of BNSL structure. For this purpose, the effective size ratio was set at ɣeff =0.64 and all other deposition conditions listed in Table 2. assemblies, the TEM image show close packed arrangement of these NPs. From the profile performed on the TEM image we deduce the core to core interparticle distance Dc-c between maghemite which is around 10 nm (table 4.5). From this Dc-c value and maghemites size, we deduce an edge to edge distance around 2.2 nm that imply no interdigitation of the OA chains (effective length 1.1nm) in agreement with previous results 24 . Thus, the maghemite NPs assemblies are distorted by the presence of gold that induces an increase in interparticle Dc-c

distance. Here, we can thus anticipate that magnetic dipole-dipole interactions between maghemite NPs should be modified in the BNSL. 

Magnetic characterization of 2D organization of BNSLs (-Fe2O3

NPs-Au NPs) and -Fe2O3 NPs

In order to study the effect of the presence of Au NPs in the superlattices of -Fe2O3 on the magnetic properties, a comparative study at low field and high field have been performed

involving (1) the thin superlattices composed of -Fe2O3 NCs (Figure 4.9) and ( 2) the thin NaZn13 binary superlattices composed of -Fe2O3 and Au NCs (Figure 4.8). The measurements have been performed on the samples deposited on a TEM grid by using a SQUID magnetometer.

It must be noted that maghemite NPs with a mean diameter of 7.9 nm, are small enough to have a single magnetic domain. In that case, in an assembly of NPs, each nanoparticle acts like a giant or "superspin". In sufficiently concentrated systems as this is the case in superlattices, these superspins can interact via long-range dipolar interactions 33 . The magnetic measurements we performed, allow to learn about these dipolar interactions, which are, in light of the structural characterizations, expected to change between the two samples. superlattices. In a general trend, as the sample has been cooled in zero field, there is no net alignment of the superspins (here at 3 K) and hence the magnetization is close to zero. A small magnetic field (here of 20 Oe) is applied. As the temperature is increased, the superspins become progressively 'unblocked', aligning towards the field direction and the magnetization increases until it reaches a maximum which we define here as the blocking temperature, TB.

Above TB the behavior is paramagnetic i.e. the thermal energy increases to such an extent that the increased dynamic rotation of the superspins prevents alignment in the field direction and the magnetization decreases with increasing temperature. In the FC curve, the magnetization is high from 5 3 K to TB. Above TB the behavior is paramagnetic, and the magnetization decreases with increasing temperature in line with the ZFC curve.

The pure -Fe2O3 superlattices are characterized by a TB of around 84 K. This value is in good agreement with the values reported in the literature for the same size of NPs 24 . The blocking temperature accounts of the energy barriers of the magnetic nanoparticles (Eb), which depend on both the anisotropy energy (size, nanocrystallinity and shape) Ea = kaV and the dipole interaction energy, Edd 5 . The narrowness of the ZFC peak indicates here, a narrow distribution of energy barriers, that is to say a low size distribution of the maghemite NCs in the sample. The low slope of the FC curve, at low temperature, is indicative of rather strong dipolar interactions between the nanoparticles.

For the binary superlattices, we observe a significant decrease in the TB from 84 K to 76 K. As the two sample are made with the same batch of maghemite NCs, this change in TB cannot result from a change in the anisotropy energy, that is in the NP size. The TB decrease is explained by the decrease in the dipolar interactions between the maghemite NPs. This behavior is in good agreement with the decrease in the distance (from 13.8 nm to 10 nm) between the magnetic NPs in the binary superlattices compared to the pure maghemite superlattices 24,34 . Besides, we see that there is a slight increase in the field cooled magnetization with temperature below TB for the binary sample compared to the pure maghemite superlattices.

This feature is explained by the decrease in the NP dipolar interaction in the assembly, and well agree with the TB decrease. The magnetic signatures (at high field) of both samples appear similar. Independently of the presence of Au NPs in the thin superlattices, the coercive field is found equal to around 360

Oe. The change in the dipolar interaction, expected to impact Hc, and observed in the ZFC curves could be compensated by a coupling between the Au and -Fe2O3 NPs.

In conclusion, both the structural and magnetic studies clearly evidence an effect of the insertion of Au NPs in the superlattices of -Fe2O3. As a result of an increase in the interparticle distance in the binary sample compared to the pure -Fe2O3 sample, we observe a decrease in the dipolar magnetic interactions between magnetic NPs. So, 4.6 nm Au NPs can be used as spacer between 7.9nm γ-Fe2O3 NPs in binary assemblies to tune the dipole interactions between γ-Fe2O3 NPs. However, a coupling between Au and -Fe2O3 cannot be excluded. 

Fabrication of binary superlattices by mixing Pd and Au NPs

We studied also the formation of BNSLs by mixing Pd and Au NPs well known for their catalytic and plasmonic properties 13,35 . The self-assembly of two types of NPs show great interest design of new functional materials. Some BNSLs can be an ideal model for investigating catalytic process, providing a unique approach to link information gained from the superlattices 35 . We exploited the ability to control the relative size ratio, deposition method to vary the BNSL type structure.

We considered the binary mixture in which 7.5 nm Pd NPs coated by oleylamine (C18)

were used as large NPs (NP1), whereas small NPs (NP2) were replaced by Au NPs with diameter between 4 and 5 nm and coated with dodecanethiols (C12). 7.5 nm Pd NPs were synthesized through direct reduction in oleylamine of PdCl2(PPh3)2 metallic salt. Briefly 36 mg PdCl2(PPh3)2 are dissolved in 10 ml of oleylamine (OLA, C18). Then, the solution is heated until 240°C with ramping 450°C/h. The reaction has been performed during 1 hour at 240°C, then it is cooled down to room temperature. The washing step is like this one of 10 nm Au NPs (see Chapter II). The final Pd NP size is 7.5 nm in diameter with 7% polydispersity.

For BNSL formation, we used three different sizes of Au NPs (NP2). All Au NPs are synthesized through the reduction of ClAuPPh3 salt in presence of 1-dodecanethiols (C12) by TBAB complex as described in Chapter II. The control of size from 4nm to 4.6 nm and 5nm

was done through the amount of added ligand during the synthesis (from 600, 500 and 400 µl).

The effective size ratio (ɣeff) of the three BNSL combinations between 𝑃𝑑 and Au NPs was increased (0.6 < 0.67 < 0.73) with the increase of the Au NP diameter (4 nm < 4.6 nm <5 nm).

The BNSL structure was observed to change with the effective size ratio and deposition method.

The concentration ratio [Pd]:[Au] is fixed to 1:4. Chapter Ⅳ. Fabrication of multifunctional binary nanoparticle superlattices: mixing plasmonic and magnetic or catalytic nanoparticles 148 By using immersion method for the BNSL fabrication (Td=50°C), the BNSL structure was changed with the effective size ratio from CuAu for ɣeff=0.6 to a mixture of AlB2 and NaZn13 type structures for ɣeff=0.67. NaZn13 is the expected product for 0.54≤ ɣ 𝑒𝑓𝑓 ≤0.67 36 whereas the CuAu and AlB2 are not predicted to appear at this size ratio. Finally, MgZn2 structure, which is a highly stable phase in the hard-sphere model, was not produced at large γeff values (0.73), and only the formation of separated monometallic superlattices was observed (more than 80 % of area) instead with some amorphous states (10-20%). These data clearly show that in this case, the binary structures produced with two different coating agents (dodecanethiols and oleylamine) can differ from the hard-sphere model as observed previously by Wei et al in the case of binary nanocrystal superlattices made of Ag-Ag binary mixtures with two distinct nanocrystal sizes 25 .

By using liquid-liquid interface method for the BNSL fabrication, the BNSL structure was changed with the effective size ratio from AlB2 (ɣeff=0.6), NaZn13 structure (ɣeff=0.67), and finally pure separated monometallic superlattices formation (ɣeff=0.73). The unstable CuAu structure is thus no more observed. The binary structure appears also to depend on the deposition method. Detailed fixed deposition conditions are same as listed in table 4.2. The crystalline structure of BNSL obtained by mixing -Fe2O3 (7.9 nm) and Au (4.6nm)

NPs was further investigated by grazing incidence small angle X-ray scattering (GISAXS).

Binary and pure -Fe2O3 NPs superlattices lead to similar GIXAS patterns as shown in figures 4.15a and 4.16a. Both patterns reveal rings and d periodicity pointing to an fcc cubic structure (Table 4.9). suggest that the films have (111) planes preferentially oriented parallel to the substrate. We also pointed out the presence of elongated spots that is due to the presence of stacking faults.

These observations agree with a layer by layer growth.

For BNSLs (figure 4. Consequently, complementary SAXS measurements on Thin binary SLs should be considered in the future.

Conclusion

In NP Superlattices tune the SLs growth mechanism from a heterogenous to a homogenous one.

Finally, the difference in the magnetic properties has been investigated in thin Au NPs / -Fe2O3 NPs binary and pure -Fe2O3 NPs SLs using SQUID experiments. We clearly evidenced an effect of the insertion of Au NPs in the superlattices of -Fe2O3. As a result of an increase in the interparticle distance in the binary sample compared to the pure -Fe2O3 sample, we observe a decrease in the dipolar magnetic interactions between magnetic NPs.

Conclusion and future work

These 3 years of study have allowed us to design multifunctional nanomaterials including bimetallic nanoparticles and binary nanoparticles superlattices. These nanomaterials offer the possibility of combining the properties of individual components and to evidence new ones arising from their interactions. Multifunctional nanomaterials combining two cooperative and complementary components such as plasmonic-plasmonic, plasmonic-magnetic, plasmonic-catalytic were studied. They attract much interest for their promising potentials in fields such as optical detection, catalysts, or magnetic sensors.

In chapter II, we developed a protocol to synthesize core-shell NPs. First, Au@Ag coreshell NPs with controlled final size (size distribution < 10%) and crystallinity of the core through a versatile approach using Au seeds with selected sizes and crystallinities and coated We also showed that this two-step synthesis method is adaptable to different core and shell materials. In Chapter III, optical and catalytic properties of bimetallic core-shell NPs, which were synthesized through the two-steps protocol described in previous chapter, were investigated as a function of their size, chemical composition, and crystalline structure. First, the plasmonic properties of the Au5nm/10nm@Ag NPs were studied as a function of the Ag shell thickness and Au polycrystalline (PC) core size by UV-vis absorption spectroscopy and DDA calculations.

The evolution of SPR band through shell overgrowth was observed. Blue shift and enhancement of the SPR band were evidenced. The SPR band of bimetallic core-shell NPs obtained after the replacement of shell materials to catalytic materials (Pd or Pt) were investigated. Finally, replacement of core material by Ag with stronger plasmonic properties were also studied. Our results show thus that Au(Ag)@Pd and Au(Ag)@Pt bimetallic nanoparticles have their SPR in the visible range with a broad tunability, which is very difficult for pure Pd and Pt nanoparticles to achieve. Nevertheless, a damping effect of the SPR band is also observed, which is more significant with the shell thickness.

The vibrational properties of Au5nm/10nm(PC)@Ag NPs were demonstrated by low frequency Raman spectroscopy (LFRS). Bimetallic core-shell NPs have their specific vibrational frequency different from monometallic NPs. Core-shell NPs vibration modes are shifted to lower frequency by the increase of Ag shell thickness. Especially, one of the distinctive characteristics of single crystalline (SC) NPs is the split of quadrupolar vibrational mode into two peaks. It was verified that this split is maintained throughout Au(SC)@Ag growth.

The catalytic activity of bimetallic core-shell NPs was evaluated via a model reaction of reduction of 4-NP to 4-AP in presence of NaBH4 in aqueous phase. First, catalytic activities of Au NPs are inversely proportional to diameter of NPs when we keep same atomic concentration due to the increase of their surface area. We show that synergistic interaction between Au and Ag in bimetallic core-shell Au@Ag NPs improves their catalytic activity compared to the monometallic Au NPs. It was also found that shell thickness in bimetallic Au@M (M=Pt or Pd) NPs influenced their catalytic properties. Pt or Pd shells with thicknesses less than 6 atomic layers can maximize the synergetic effect between core and shell. Even though palladium is known for its catalytic performances, the catalytic performance of Au@Pd NPs was shown to be lower than that of Au@Ag NPs. This could be explained by the capability of Pd to absorb hydrogen which is detrimental to the reduction of 4-NP by NaBH4. Finally, Pt shell shows the highest catalytic activities among the different shell materials.

The crystallinity effect on NP catalytic performance is more delicate to discuss. The crystallinity effect is likely governed by a complex combination between surface energy of the different crystalline facets and the presence of defects like corners and edges which are subcoordinated atomic sites of high energies. We observed that the change in crystallinity of Au NPs from SC to PC has a minor effect on their catalytic activities. SC NPs have indeed slightly higher rate constant than PC NPs.

From our results we could estimate the activation energy of the reduction process of 4-NP to produce 4-AP. The lower Ea values for Au@Ag NPs compared to Au NPs demonstrate synergistic interactions between Au and Ag in core-shell NPs, which lead to the improvement of their catalytic activity. So far, catalytic activities of core-shell NPs were only studied as a colloidal state in water. The investigation of catalytic activities as a solid state is necessary to get closer to the applications: heterogenous catalyst. The catalytic activities and electrochemical study of 3D-assemblies of core-shell NPs on solid substrate will be done as a future work to get closer to the application as a catalyst. Furthermore, these bimetallic Au/Ag@M NPs are of interest for the study of LSPR catalytic interactions.

In Chapter IV, the formation of binary nanoparticle superlattices (BNSLs) were investigated. We focused on structural study of binary assemblies made of Au and maghemite (-Fe2O3) NPs. The influence of different parameters like temperature, effective size ratio, and concentration ratio were studied to favor the growth of BNSLs with controlled crystalline phase (NaZn13, NaCl or AlB2). Furthermore, depending on deposition conditions faceted BNSLs were obtained, the Au NPs inserted in the maghemite cubic arrangement appear to strengthen the film cohesion and favor the homogeneous growth of binary superlattices in colloidal crystals with cubic shape. In a second part, we studied the formation of binary superlattices obtained by mixing Pd and Au NPs characterized by their well-known catalytic and plasmonic properties, respectively. Their final type structures appear to differ from the hard-sphere model depending on the deposition conditions.

Finally, the change of magnetic properties in BNSLs was observed compared to pure -Fe2O3 ordered assemblies. It is due to an increase in the interparticle distance in the binary sample compared to the pure -Fe2O3 sample. Resulting from this structural change, we observe a decrease in the dipolar magnetic interactions between magnetic NPs. Still, the deeper investigation of various physical properties is necessary in future. The blocking temperature of BNSL is expected to be controlled through the control of their structure. Also, the study of other physical properties such as change of optical, and catalytic properties will be investigated in future. BNSLs formed by mixing plasmonic active metals (Au) with traditionally catalytic metal (Pd) should promote an optical coupling between the plasmonic and catalytic metals to enhance reactivity. For example, the measure performance of such BNSL on hydrogen dissociation for different illumination wavelength and polarization could be considered. -Dark field image mode: The incident electron beam cannot arrive in normal incidence but with an incidence such that the diffracted electrons stand out in the direction of the objective diaphragm. The diffraction planes can appear on dark background.

-Conical dark field image mode: this mode consists of applying a precession motion, at angular velocity, on the primary electron beam tilted at an angle. This will induce a rotational movement of the diffraction pattern with the optical axis of the column as its center. By placing the objective diaphragm on the optical center, we pass through an entire ring of a plane type.

In this way, we get a dark field made up of all the electrons diffracted at a certain angle. The image is accumulated for a while to obtain a minimum angle of 360 ° on the illumination.

-High resolution: Imaging of the sample is obtained from both transmitted and diffracted beams. This is possible by a much larger opening of the objective diaphragm and in some cases without any objective diaphragm. The high-society resolution comes from the interference of transmitted and diffracted beams. 

Scanning Transmission Electron Microscopy (STEM)

Scanning Transmission Electron microscopy (STEM) is a powerful tool for imaging nanostructures. STEM works in the same way as scanning electron microscopy by forming a concentrated beam of high energy (> 200 kV) electrons that scans the surface of the sample while the desired signal is collected to form an image. This achieves atomic resolution. The The different modes of vibration of molecules are known and referenced in databases. The interpretation of infrared spectra is therefore based on the detection of characteristic peaks and their attribution to specific chemical groups.

We saw in Chapter II that infrared spectroscopy allows us to obtain information on the environment. local NPs, on the adsorbed molecules on their surface [KORGEL 1998] as well as their arrangement. Infrared (IR) spectra of oleylamine, Au-and Ag-oleylamine complexes were recorded using an ATR diamond crystal accessory on a Bruker Equinox 55 spectrometer equipped with a Ge/KBr beamsplitter and a liquid nitrogen-cooled MCT detector. Au-and Agoleylamine complexes samples are prepared as a solution as same concentration as the synthesis protocol.

UV-visible spectroscopy

The extinction spectrum of NP solutions with a fixed concentration of 0.14 mol L -1

was measured at room temperature with a CARY 5000 double-beam UV-visible spectrophotometer between 300 and 700 nm using a quartz cell, with optical path(l =1 mm).

thus observed, which does not exclude the observation of n> 1 harmonics 4 . This is mainly because the activity of the quadrupole modes is generally more important than that of the breathing modes in the case of a Raman scattering resonating with the surface plasmon. For a gold sphere of 5 nm in diameter [longitudinal sound speed vL = 3330 ms -1 and transverse vT = 1250 ms -1 ] the wave numbers expected for the quadrupole mode and the breathing mode are 6.5 cm -1 and 19.2 cm -1 , respectively 5 .

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic technique based on the photoelectric effect. We can identify the elements that exist in a material or cover the surface, their chemical state, the overall electronic structure and density of the electronic states in the material. XPS analysis shows what elements are present, also what they are bonded to. A typical XPS spectrum is a plot of the number of electrons detected at a specific binding energy. Each element produces a set of characteristic XPS peaks which correspond to the electron configuration of the electrons within the atoms (e.g., 1s, 2s, 2p, 3s, etc). These are quantified by the elements based on peak intensity.

The ligand on the surface of Au NPs and Au@Ag NPs were quantified by in situ X-ray photoelectron spectroscopy (XPS) using a KAl source (hν = 1486,6 eV), and analyzed with the CASAXPS software). The measurement was performed by Vincent Noël in ITODYS, University of Paris. All XPS spectra are presented in Annex 6.

Annex 3. Discrete dipole approximation (DDA) simulations and size-corrected dielectric functions of Au and Ag

Discrete dipole approximation (DDA) simulations

All the calculations of the extinction spectra performed in this work were carried out using the discrete dipole approximation (DDA) method. This method is based on the theory originally developed by Purcell and Pennypacker for the study of interstellar dust grains. 6 Subsequent improvements have enabled its use for calculating the extinction, absorption and scattering cross sections of other fine particles. [7][8][9] Due to its versatility this method has been widely used in the last few years to simulate the optical response of various metallic systems composed of either individual or multiple objects of any size and shape. [10][11][12][13][14][15] Here, the extinction spectra of Au(PC) and Au(PC)@Ag NPs are calculated using the free software DDSCAT 7.3 written by Draine and Flatau. 16 Size-corrected dielectric functions were calculated using the procedures described elsewhere for the spherical core 17,18 and the shell geometries. 19 This correction aims to account for the reduction of the effective electron mean free path Leff due to the scattering of the conduction electrons from the particle surface as well as the core-shell interface. The size-correction aforementioned was performed on the dielectric functions of bulk Au and Ag taken from Palik's handbook. 20 Further information on the calculation of the size-corrected dielectric functions and their graphs are presented in Annex 3.2.

Au core and Ag shell size-corrected dielectric functions in Au@Ag core-shell NPs

The optical properties of homogeneous metallic NPs are well-known to sensitively depend on their size 4 . A damping of the plasmon resonance is noticed when reducing the NP size to a few nanometers. In a purely classical approach, the origin of such a line shape broadening of the plasmon resonance is essentially geometric. The intrinsic bulk width of the dipole plasmon polariton, 0 is due to the scattering of the electrons with phonons, electrons, lattice defects, or impurities. At variance, in a particle whose size is comparable to or smaller than the mean free path of conduction electrons in the bulk material, the scattering of the electrons from the where bulk() is the bulk metal dielectric function and p is the plasma angular frequency. In this work, the Au and Ag bulk dielectric functions were taken from Palik's handbook. 6 The experimental values used for the Fermi velocity, the plasma energy and the intrinsic bulk width of the plasmon polariton of each metal are from Ref. [7]:

• For Au: vF = 1.4010 6 m s -1 , ℏp = 9.02 eV, 0 = 0.024 eV.

• For Ag: vF = 1.3910 6 m s -1 , ℏp = 8.98 eV, 0 = 0.018 eV.

Following a geometrical probability approach, 8 the effective mean free path of the conduction electrons inside a spherical particle of radius R is stated as Leff = 4R/3, as used for correcting the dielectric function of the Au core. In Figure 6, one shows the size-corrected dielectric functions calculated for Au nanospheres of two different diameters, which are compared to the bulk one. in diameter compared to those of the bulk material (black curves) issued from Ref. [6].

Regarding the size dependence of the Ag dielectric function, one uses the reduced effective mean free path derived for a spherical shell geometry from the billiard formula: 9 

. NPs control conditions of catalytic activity test

Annex 8. Crystalline structure information of representative types of BNSLs

All crystalline structure information is deduced from https://materialsproject.org/materials. 
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Figure 1 . 1

 11 Figure 1.1. Schematic image in part of periodic table, list of metals which divide into three

Figure 1 . 2 .

 12 Figure 1.2. Schematic images of structures of representative bimetallic NPs into three families: (a-b) alloys, (c-e) Janus, and (f-i) core-shell. In detail, (a) disordered alloys; (b) ordered alloys; (c) subclusters with two interfaces; (d) subclusters with three interfaces; (e) subclusters with a small number of A-B bonds; (f) core-shell NPs; (g) multi-shell core-shell NPs; (h) multiple

  carbonyl cluster anions such as [Pt3Fe3(CO)15] -1 and [Fe4Pt(CO)16] -2 , allows to form different alloy NPs FePt and Fe4Pt (Robinson. I. et al. 2009) 34 (Figure 1.4).

Figure 1 . 4 .

 14 Figure 1.4. (a-d) Atomic models of bimetallic carbonyl complexes that have been explored as precursors for the synthesis of bimetallic NPs (red = O, grey = C, yellow = Co, blue = Fe, purple = Pt, and green = Ni). Below each model is a TEM image of the corresponding Fe-based NPs derived from the precursor. (Thanh et al. 2009) 34 .

  metal (C) to materials of the shell (D) (E 0 D>E 0 C) as shown in Figure1.4 (b). Theoretically, coreshell NPs synthesis is impossible when shell materials (MD) have higher reduction potentials than core materials (E 0 D>E 0 A). By introducing intermediate step (i), the shell overgrowth can occur by galvanic replacement (ii) (Figure 1.5 (b)).
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 16 Figure 1.6. Illustration of collective oscillation of electrons of metallic sphere under an electric field called localized surface plasmon (LSP).

Figure 1 . 7 .

 17 Figure 1.7. Absorption spectra of Au NPs (a) with different sizes black: 5 nm, red: 8 nm, bleu: 10 nm, (b) with different crystallinities black; single crystalline (SC), red; poly crystalline (PC).

  Raman scattering is discovered by Chandrashekara Venkata Raman (Raman, C.V. et al. 1928) 53 . He observed the scattered light is made up of emitted light, which has two families of band located at greater or lower length than incident wavelength. The difference of energy gives information about the vibrational structure of the molecule. Three possibilities of transmitted frequencies are possible as shown in Figure 1.8: -Rayleigh scattering -Raman Stokes scattering -Raman Anti-Stokes scattering The intensity of Stokes and Anti-Stokes scattering looks identical, but in experiment, their intensities are not same (Venkateswarlu, K. et al. 1941) 54 .The frequency of the acoustic phonons depends on the direction of the crystals propagates. In case of nanosized object, the reduction of size into nanometer can affect the acoustic phonons behavior. As the NPs cannot support the propagation of vibrational wavelength (D < λ/2), they behave like one object that can vibrate. Therefore, we can observe their own individual acoustic vibrational mode.
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 18 Figure 1.8. Energy diagram of a molecule in excitation and de-excitation of Rayleigh and Raman scattering (Stokes/anti-Stokes).
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 19 Figure 1.9. Illustration of different vibrational mode of (a) breathing mode (l=0), (b) quadrupolar mode (l=2). (Lamb, H.I. et al. 1904, Portalés, H. et al. 2001)55-57 . 
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 110 Figure 1.10. Quadrupolar vibrational mode of LFRS spectrum in (a) different sizes of Au NPs red: 10 nm, black: 5 nm, (b) different crystallinity of Au NPs of 5 nm, red: Single crystalline, black: Poly crystalline.
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 111 Figure 1.11. Evolution of the proportion of the different surface sites of a metallic NP as a function of diameter; calculation based on a truncated cuboctahedron model (Mohr C et al.

Figure 1 .

 1 Figure 1.12. (a) Calculated extinction cross section of the sum of a 24 nm × 96 nm Au nanorod and a 2 nm Pd shell (black) versus an Au@Pd core-shell nanorod (red) with the same dimensions. (b) The yield of the Suzuki coupling reaction between bromobenzene and mtolylboronic acid under illumination using either Au@Pd nanorod catalysts (red) or a mixture of Au nanorods and porous Pd NPs (black) with the same metal molarity ratio (Wang, F. et al. 2013) 10 .
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 1 photocatalysts and photovoltaic devices by integration of plasmonic NPs (NPs) with semiconductor materials. The presence of plasmonic NPs increases the absorption crosssection of semiconductors via strong field enhancement and extension of light absorption to longer wavelengths.
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 113 Figure 1.13. Various applications of NPs (a) biological applications such as bioimaging, drug delivery 75 (b)photocatalysis 9 .

Figure 1 . 14 .

 114 Figure 1.14. Crystalline phase diagram of 3D self-assemblies made of Ag NPs coated by a) dodecanethiols and b) decanethiols. The crystalline order is characterized by small-angle Xray diffraction (SAXRD) on a 3D film grown by immersion of a polished silicon substrate in colloidal solution and evaporation of the decane solvent at controlled temperature between 15 and 50°C (Courty, A. et al. 2008) 79 .
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 115 Figure 1.15.
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 115 Figure 1.15. Attractive and repulsive interactions between NPs (Yan, C. et al. 2017) 82 .
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 116 Figure 1.16. Schematic image of different deposition methods to build 3D NPs assemblies through (a) drop deposition method (b) immersion deposition (c) interface deposition using ethylene glycol (EG).

Figure 1 .

 1 Figure 1.17. low-pressure chamber used for the fabrication of binary assemblies b) example of binary assembly made of -Fe2O3 and Au NPs obtained by using this deposition method.

  used as SERS substrate (Aubertin, P. et al. 2015; Chapus, L. et al. 2017) 950,956 . The SERS enhancement was correlated to the thickness of NP assemblies, the NP sizes, and the interparticle distance (Figure 1.18, right).
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 1 Figure 1.18. (left) FC (full line) and ZFC (dashed line) M vs T curves for disordered samples (a) native and (b) annealed at 250 and (c) 350 °C; (d) ZFC M vs T/TB curves for disordered samples, native (full line) and annealed at 250 (dashed line) and 350 °C (dotted line). (right) UV/Vis absorption spectra of Ag5nm (red) and Au5nm (blue) nanoparticles dispersed in solution and absorbance spectra of Au5nm (black) and Ag5nm (green) 3D NP SLs with thicknesses of 96 and 872 nm, respectively.

Figure 1 . 19 .

 119 Figure 1.19. Structural diversity of binary NP superlattices and low packing density predictions for most observed phases. (a) Models of 12 commonly observed binary arrangements showing larger A spheres in green and smaller B spheres in orange. Unit cells with AB, AB2, AB3, AB5, AB6, and AB13 stoichiometry as well as the structural motifs of Archimedean tiling (AT) and dodecagonal quasicrystal (DDQC) configurations are shown. (b) Plot of density vs. size ratio for spheres packed in these arrangements. Overlay; data points showing phases observed in several BNSL studies using reported effective size ratios and densities predicted using sphere-packing models. Most observed BNSLs appear to be open arrangements compared with close-packed monodisperse hard spheres (dotted line).
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 120 Figure 1.20 (Shevchenko, E.V. et al. 2006)[START_REF] Shevchenko | Structural Diversity in Binary Nanoparticle Superlattices[END_REF] . These binary assembly structures include AB,

Figure 1 . 4 . 2 . Collective properties of binary superlattices 4 . 2 . 1 .

 142421 Figure 1.20. TEM images of the characteristic projections of the binary superlattices, selfassembled from different NPs, and modelled unit cells of the corresponding threedimensional structures. Each superlattice is assembled from two types of NPs listed in table right to TEM images. Scale bars: a-c, e, f, i-l,20 nm; d, g, h, 10 nm 90 .

Figure 1 .

 1 Figure 1.21. HRSEM images of fragments of (a) AlB2-type binary superlattice consisting of 8.7 nm CdSe and 5.5 nm Au NPs and (b) CdSe-only superlattice of 8.7nm CdSe NPs c) Time integrated fluorescence spectra of CdSe NP only superlattice (blue curve) and of BNSL of CdSe and Au NPs (red curves).

Figure 1 .

 1 Figure 1.22. (a) Typical TEM image of [111]-projected AB-type DDA-{Mo132}/OA-γ-Fe2O3 binary superlattice (scale bar: 10 nm) and (b, c) corresponding SQUID measurements binary thin film (open circles) and for a pure γ-Fe2O3 thin film (solid line), in detail, (b) The temperature-dependence (FC and ZFC measured with in-plane fi eld of 100 Oe) and (c) the inplane field dependence(measured at 3 K).

Figure 1 .

 1 23 illustrates the different paths used in this thesis to combine the properties of different metals through binary systems (core-shell or BNSL) and the study of the resulting properties.

Figure 1 . 23 .

 123 Figure 1.23. The overall guide of this study is illustrated. To integrate two different metals in one system in two ways: one in Chapter II which is about the synthesis of core-shell NPs and chapter III with their characterization of optical, vibrational, and catalytic properties. Second way is via mixing two separate NPs and forming the binary superlattices, and finally, fabrication in microscopic scale of BNSLs and their characterization will be shown in chapter IV.

  performance than gold. The overgrowth of Pd and Pt shells on Ag or Au core was studied in function of the nature of the core and [shell precursor] / [seed] concentration ratio. SEM, STEM-HAADF, HR-TEM, EELS, UV-Visible and low-frequency Raman spectroscopies are used to characterize the crystallinity, chemical composition of the NPs and their organization. The last two spectroscopic techniques mentioned above allow to probe the large uniformity of the samples in terms of structure, chemical composition, and size.

Figure 2 .Figure 2 . 1 .

 221 Figure 2.1. Outline of overall synthesis pathways to synthesize Au@Ag core-shell NPs. In seed mediated growth method, it consists of two main steps i) Au core NPs synthesis and ii) Ag shell growth on Au core NPs. Here, as an intermediate step, the crystallinity of Au NPs can be selected before Ag shell growth.

Figure 2 . 2 .Figure 2 . 3 .

 2223 Figure 2.2. IR spectra of Oleylamine (blue curve), Ag + -Oleylamine (red curve) and Au 3+ -Oleylamine complexes (black curve) at frequency ranges (a) 4000-1000 cm -1 and (b) 4000 -

Figure 2 . 4 .

 24 Figure 2.4. Schematic description of crystallinity segregation process. Separated single crystalline Au NPs consists of (a) cuboctahedron and (b) truncated octahedron with two color, red-(111) facets, yellow-(100) facets. 30 and polycrystalline Au NPs consist of a mixture of decahedron icosahedron or single twin.

  6 and are characterized by a diameter of core NPs as DCORE, a total diameter as DCS and a shell thickness expressed as e = (DCS-DCORE)/2.

Figure 2 . 5 .Figure 2 . 6 .

 2526 Figure 2.5. Schematic description to synthesize Au@Ag core-shell NPs via seed mediated growth (Reaction condition can be varied from this to obtain different final size.)

  Figures. 2.7 (a) and (b) shows typical TEM images of Au(PC) NPs with diameters around 5 and 10 nm and functionalized by dodecanethiols or oleylamine respectively. They are characterized by a narrow size distribution (both <8%) (figures. 2.7 (a), (b), (e) and (f)) and an average diameter Dcore of 5.3 ± 0.4 or 10.6 ± 0.8 nm depending on the synthesis process used (Tables 2.1 and 2.2). They have a rather spherical shape and are polycrystalline as seen in the dark-field TEM images (figures 2.7 (c) and (d)) in which a significant proportion of NPs exhibiting inhomogeneous contrast are present. The different seeds are referred to as Au5nm(PC)-C12 and Au10nm(PC)-C18.

Figure 2 . 7 .

 27 Figure 2.7. Representative TEM images (a) Au5nm(PC)-C12, (b) Au10nm(PC)-C18 seeds and (b) the corresponding dark field TEM images and (E, F) the corresponding size histograms.

  NPs obtained from three different Au seed concentrations (Cseed, Cseed/2 and Cseed/4) and an annealing time fixed of 5 hours were observed by TEM (Figures 2.8

  (a)-(c)). As the gold seed concentration decreases, the overall size of Au5nm(PC)@Ag NP increases from 6.3 ± 0.5 to 6.6 ± 0.5 and 7 ± 0.6 nm in diameter and the obtained polydispersity remains low (around 8%) (figures. 2.8 (d)-(f)) with a Gaussian profile characteristic of a homogeneous growth of silver at the surface of the seeds. The values of the shell thickness e were estimated assuming that the average size of gold cores was Dcore= 5.3±0.4 nm and the deposited silver layer was uniform (Table2.1).

Figure 2 . 8 .

 28 Figure 2.8. Representative TEM images of Au5nm(PC)@Ag NPs obtained from different seed concentrations (a) Cseed, (b) Cseed/2 and (c) Cseed/4 where Cseed = 1.4 mol L -1 and(d, e, f) the corresponding histogram. In inset: TEM images at higher magnification.

Figure 2 . 9 .

 29 Figure 2.9. Electron microscopy characterization of Au@Ag core-shell NPs (a) Typical HAADF-STEM dark field image of Au5nm(PC)@Ag NPs obtained for Cseed=1.4 µmol L -1 , white arrow pointed an icosahedral NP (b) corresponding EELS map showing the Au core (yellow) and the silver shell (blue).

  (a)-(c) and insets,

Figure 2 .

 2 Figure 2.10. Representative TEM Images of Au10nm(PC)@Ag core-shell NPs from different seed concentrations (a) Cseed, (b) Cseed/2, (c) Cseed/4 where C =1.4 mol L -1 and(d, e, f) the corresponding size histograms. In inset: representative TEM images at higher magnification.

Figure 2 .

 2 Figure 2.11. Typical HRTEM image of Au10nm(PC)@Ag NPs obtained for Cseed=1.4 µmol.L -1 .

Figure 2 .

 2 Figure 2.12 (a) is a typical TEM image of SC Au5nm NPs nm obtained after crystallinity selection (see experimental section). Most of the NPs shown exhibit indeed a homogeneous contrast which clearly indicates their single-crystalline structure. The corresponding high

Figure 2 .

 2 13 (c)). Furthermore, the TEM image in inset figure2.13 (c) confirms the formation of core-shell Au@Ag NPs via the difference of contrast between the core and the shell. The core-shell structure is further verified by the EELS map (figure2.13 (d)). An average silver thickness e around 1 nm is estimated and is closed to the value deduced from TEM images.

Figure 2 .

 2 Figure 2.12. (a) TEM images of Au5nm(SC) seeds, (b) the corresponding HRTEM image and corresponding FFT image.

Figure 2 .

 2 Figure 2.13. (a) typical TEM image of the corresponding Au5nm(SC)@Ag NPs with a silver thickness e=0.2 nm obtained for CAg+= 0.825 mmol L -1 and T=90°C (b) HRTEM image of one corresponding single NP. (c) typical TEM image of Au5nm(SC)@Ag core-shell NPs with a silver thickness e=0.85 nm obtained for CAg+=1.65 mmol L -1 and T=80°C and (d) corresponding EELS map showing the Au core (yellow) and the silver shell (blue).

Figure 2 .

 2 Figure 2.14. (a) Representative TEM images of Au5nm NPs with an average diameter of 4.6 ± 0.3 nm (b) the corresponding size histograms.

increases from 5 .

 5 3 to 6.2 nm and keep the polydispersity as Au seed (Figure 2.15 a, b and c and

  ).A second parameter that can influence the final composition of the core-shell NPs is the reaction temperature. Silver shell is grown on coated Au seeds via the reduction of [Ag(OLA)n] + . This process thus implies the desorption of the capping layer in order to allow the deposition of Ag on the Au surface then the re-encapsulation of the Au surface by the capping agent which can be dodecanethiol (initially present on the Au seeds) and/or oleylamine (present in the solution of Ag + ). An increase of the reaction temperature can thermally activate the reduction of [Ag(OLA)n] + and also the desorption of the capping layer, that should favor the increase of the silver thickness shell44 .

Figure 2 .

 2 Figure 2.15. Representative TEM images of Au5nm@Ag NPs obtained from two reaction temperatures T and different silver precursor concentration CAg+ ( CAg+ = 0.825 mmol L -1 ): (a) (b) and (c) for T=90°C: and for CAg+, 2CAg+ and 4CAg+ respectively (d, e, f) the corresponding size histograms ; (g) and (h) for T=110°C and for CAg+, and 2CAg+ respectively (i, j) the corresponding size histograms .

Figure 2 . 16 .

 216 Figure 2.16. Temperature and silver precursor concentration effects on the final size of Au@Ag NPs.

Figure 2 .

 2 Figure 2.17. Comparison of silver precursor concentration and initial seed concentration effects on the final total diameter DSC of Au@Ag NPs obtained for a reaction temperature of 90°C.

Figure 2 . 18 .

 218 Figure 2.18. This is consistent with a uniform Ag overgrowth allowing to keep a narrow size and shape distribution of the core-shell NPs, which are well-known as key parameters for NP organization.

Figure 2 . 68 A

 268 Figure 2.18. Typical SEM images of 3D superlattices made of (a) Au5nm(PC)-C12 seeds and corresponding Au5nm(PC)@Ag NPs with (b) DCS = 6.3 nm and (c) DCS = 6.6 nm. (d) Au10nm(PC) -C18 seeds and corresponding Au10nm(PC)@Ag NPs with (e) DCS = 12.2 nm and (f) DCS = 14 nm. (g) Au5nm(SC)-C12 seeds and corresponding Au5nm(SC)@Ag NPs with (h) DCS = 5.8 nm and (i) DCS = 7.5 nm.

Figure 2 .

 2 Figure 2.19. HRSEM image (a) of colloidal crystal made of core-shell Au10nm(PC)@Ag NPs with overall size of 14 nm after the shell growth. In inset the corresponding Fourier transform. (a) Magnified HRSEM image of the area delimited by red rectangle in (a).

  Figure 2.7 (b)). Pd(acac)2 and Pt(acac)2 were used as metallic precursors. They were thus dispersed in 300 µl of OLA for a final concentration of 11 mM) and added to the Au NPs solution. The solution was then heated during 1 hours at 110°C or 140°C for Pd(acac)2 or Pt(acac)2 respectively (Figure 2.20). Once the mixture is cooled down to room temperature, 1 ml of ethanol is added to the solution, and then centrifuged at 5500 rpm during 5 min. The supernatant is removed, and the precipitate is dispersed in 1 ml of toluene.

Figure 2 . 20 .

 220 Figure 2.20. Schematic description to synthesize Au10nm@Pd or Au10nm@Pt core-shell NPs via seed mediated growth (Reaction condition can be varied from this to obtain different final size.)

  (a)-(c)) whatever the initial seed concentration. While Au@Pt NPs present in majority spherical shapes with few dendritic shapes 49 (Figure 2.21 (d)-(f)). The amount of dendritic shapes is observed to increase with the increase of the concentration ratio [Pt precursor]/[seed]. The formation of such branched structures was already observed in oleylamine. Zhang et al 50 have reported indeed the synthesis of Pt branched NPs by reducing Pt(acac)2 in oleylamine and modulating the growth kinetic through reaction temperature and time control.

Figure 2 .

 2 Figure 2.21. Representative TEM images of Au10nm@Pd NPs obtained from different seed concentrations (a) Cseed, (b) 1/2Cseed and (c), 1/4Cseed where Cseed =1.4 µmol L -1 (d, e, f) the corresponding size histograms and TEM images of Au10nm@Pt NPs for similar seed concentrations (g, h, i) and the corresponding size histograms (j, k, l).

Figure 2 . 22 .

 222 Figure 2.22. Comparison of final NPs sizes up to their shell materials type between Au@Ag NPs, Au@Pd and Au@Pt NPs in function of the ratio [precursor]/[seed].

  1. 0.25mM of AgNO3 was thus dissolved in oleylamine which has a role as reducing agent, solvent and ligand. The temperature was increased with ramping (4°C per minute) until it reached the reaction temperature 240°C during 30 minutes, then the solution was cooled down. TEM image of Ag core NPs shows their diameter is 12.4 nm and their histograms show their size distribution around 8% (Figure 2. 23 (b), (c)).

Figure 2 .

 2 Figure 2.23. (a) . Description of synthesis process of Ag NPs via direct reduction of AgNO3 in oleylamine, (b) representative TEM image of Ag NPs with 12.4±0.8 nm diameter and (c) the corresponding histogram.

75 shell

 75 Chapter II. Synthesis of core-shell nanoparticles composed of plasmonic/catalytic materials with controlled size, composition, and crystallinity. NPs Island as observed for Au@Pt core-shell nanosphere (Figure2.25). It could be explained by the use of a higher reaction temperature for the growth of Pt on Ag core (200°C) compared to Au core (140°C). It is coherent with the results obtained by Zhang et al 50 on the morphological control of Pt nanoparticles grown in oleylamine. The authors observed indeed that Pt nanostructure evolves from spheres to branched particles in OLA with decreasing the reaction temperature.

Figure 2 . 24 .

 224 Figure 2.24. Schematic description to synthesize (a) Ag@Pd and Ag@Pt core-shell NPs via seed mediated growth (Reaction conditions can be varied from this to obtain different final size.)

Figure 2 .

 2 Figure 2.25. Representative TEM images of Ag12.4nm@Pt NPs obtained from different seed concentrations (a) Cseed, (b) Cseed/2, (c) Cseed/4 (d) Cseed/8 where C = 1.4x10 -3 mmol L -1 and (eh) the corresponding size histograms.

Figure 2 . 26 .

 226 Figure 2.26. Electron microscopy characterization of Ag12nm@Pt core-shell NPs (a) Typical HAADF-STEM dark field image of Ag12nm@Pt NPs with a total diameter DCS = 13.7 nm, (b) corresponding EELS map showing the Ag core (blue) and the Pt shell (yellow).

Figure 2 . 27 .

 227 Figure 2.27. Representative TEM images of Ag12nm@Pd NPs obtained from different seed concentrations (a) Cseed, (b) Cseed/2, (c) Cseed/4, (d) Cseed/8 where Cseed = 1.4x10 -3 mmol L -1 (eh) the corresponding histograms.

Figure 2 . 28 .

 228 Figure 2.28. Shell thickness evolution of Ag12nm@Pd (in black) and Ag12nm @Pt (in red) NPs in function of the concentration ratio [precursor]/[seed].

Figure 2 .

 2 30). The cartographies of two elements (Au/Pd or Au/Pt or Ag/Pt or Ag/Pd) show a homogeneous repartition of the two metals in the 3D SLs. The atomic composition deduced from EDX analysis agrees with this one calculated from TEM images (Table2.7). These results mean these SLs do not stem from the segregation of a specific population of NPs.

Figure 2 .

 2 Figure 2.29. Typical SEM images of 3D superlattices made of Au10nm@Pd with (a) DCS = 11.4nm, (b) 12.5 nm, (c)13.6 nm and Au10nm@Pt with (d) DCS =10.9 nm, (e) 11.4 nm, (f) 12.9 nm.

Figure 2 .

 2 Figure 2.30. Typical SEM images of 3D superlattices made of Ag12nm@Pt DCS=13.7 nm and Ag12nm@Pd DCS=13.0 nm and cartography of each atom using EDX analysis.

  7 nm show the stacking of NP monolayers organized in a hexagonal network (Figure 2. 31). This is similarly to what was observed for Au@Ag core-shell NP SLs (Figure 2.19).

Figure 2 .

 2 Figure 2. 31. HRSEM image of colloidal crystal made of core-shell Ag12nm@Pt NPs with a total diameter DCS = 13.7 nm. In inset the corresponding Fourier transform.

  crystallinities (single crystalline (SC) or polycrystalline (PC)) and sizes of the Au core and different shell thicknesses, is tested through a model reaction based on the reduction in aqueous phase of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by sodium borohydride (NaBH4). As the NPs are synthesized in organic solvent, a ligand exchange is necessary to transfer the NPs in water to test their catalytic activity with the model reaction. The choice of the ligand is governed by its ability to allow access to the reagents on the surface of the NPs. Physical-chemical parameters such as the apparent rate constant (kapp) and activation energy (Ea) of the reactions are obtained for the different systems.

Figure 3 . 1 .

 31 Figure 3.1. (a) Experimental and DDA calculated absorption spectra of core-shell Au5nm(PC)@Ag NPs and (b) Au10nm(PC)@Ag NPs with various shell thicknesses as indicated in both panels.

  5 nm (~10 atomic layers), shows SPR component whose profile and wavelength correspond to the SPR of Ag NPs of similar size (λmax=410 nm). The corresponding DDA calculation is shown in figure 3.2 (b) and it shows a clear agreement with absorbance spectra obtained from experiment. Only difference is the broadening of the peak in case of experimental absorption spectra due to the size distribution of NPs.

Figure 3 .

 3 Figure 3.2. a) Experimental absorption spectra of core-shell Au5nm(PC)@Ag NPs with different Ag thicknesses e = 0 (black curve), e = 2.5 nm (red curve), and e = 3.5 nm (blue curve). (b)

Figure 3 . 3 .

 33 Figure 3.3. (a) Absorption spectra of core-shell Au10nm@Pd NPs with different thicknesses e = 0 (black curve), e = 0.5 nm (red curve), e = 0.65 nm (blue curve), e=0.95 (green curve). (a)

  beneficial to the enhancement of photocatalytic properties of both Pd and Pt. The optical spectra for Ag seed solution and Ag@ M (M=Pt or Pd) solutions (characterized by different Pd or Pt thickness) are measured by UV-visible absorption spectroscopy (Figures 3.4

  (a) and (b)).

Figure 3 . 4 .

 34 Figure 3.4. Experimental absorption spectra of core-shell Ag12nm@Pt NPs. (a) Ag12nm@Pd NPs with different thicknesses e = 0 (black curve), e = 0.2 nm (red curve) and e = 0.3 nm (blue curve). (b) Ag12nm@Pt NPs with different thicknesses e = 0 (black curve), e = 0.2 nm (red curve), e = 0.3 nm (yellow curve), e = 0.4 nm (green curve) and e = 0.65 nm (blue curve).

Figure 3 . 5 .

 35 Figure 3.5. Stokes / anti-Stokes Raman scattering spectra of Au@Ag core-shell NPs with different Ag thicknesses e and core crystallinities (PC or SC). (a) Comparison of the spectrum of Au5nm(PC) NPs (black curve) with those of Au5nm (PC)@Ag with e = 0.5 nm (red curve) or 0.65 nm (blue curve). (b) Comparison of the spectrum of Au10nm(PC) NPs (black curve) with those of Au10nm (PC)@Ag NPs with e = 0.8 nm (red curve) or 1.7 nm (blue curve).

. 3 are

 3 in good agreement with the measured ones, especially for the largest values of DCORE. Although the NPs self-assemble to form 3D superlattices, in which they are in contact with neighboring NPs via the coating molecules, their acoustic vibrations are successfully estimated in the frame of a free elastic sphere model. The calculated frequencies are determined by modeling the core-shell NPs as free elastic spheres made of an Au core and an Ag shell. Both materials are assumed to have isotropic elasticity. The transversal and longitudinal sound velocities used for Au and Ag are respectively vt[Au] = 1250 m/s, vt[Ag] = 1740 m/s, vl[Au] = Chapter III. Physical and chemical properties of bimetallic core-shell nanoparticles.

  Catalytic properties of core-shell NPs were characterized by UV-Vis spectrometer by measuring the absorbance change of solution in quartz cell (l=1 cm) by time from reactant (4nitrophenol) to product (4-aminophenol) at controlled temperature by water flow (Figure 3.6).

Figure 3 . 6 .

 36 Figure 3.6. UV-Vis spectrometer experimental setup with controlled temperature setup.

  6) and coated by 1-dodecanethiols. 1-dodecanethiols are more strongly bound to the gold surface via their sulfur atoms than oleylamine via their nitrogen atoms34 . In this case, the ligand exchange was performed in two steps: i) exchange of 1-dodecanethiol ligands by oleylamine via the overgrowth of gold or silver shell on Au5nm-C12 seeds from the reduction of the [Au/Ag(OLA)n] complexes (see chapter II) leading to Au7nm or Au5nm@Ag NPs, ii) exchange of oleylamine ligands by MSA by the procedure described above and Figure3.7.

Figure 3 . 7 .Figure 3 . 8 .

 3738 Figure 3.7. Ligand exchange reaction between oleylamine and MSA/TMAOH to lead water soluble NPs

3. 25 )

 25 from the coordination of MSA (Figure3.9 (i)). The XPS signals show two N1s peaks, one at 400 eV is NH2 from the coordination of oleylamine (at.%=0.44) and the other one at 404 eV is from NOx (at.%=2.25) which is originated from TMAOH (Figure3.9(f)). The trace of residual oleylamine (at.%=0.44) is relatively minor compared to the trace of NOx (at.%=2.25).The ratio between two major ligands (MSA/TMAOH) or (S / Nat 400 eV) is around 1.4 (= 3.25 / 2.25). Also, O1s peak is observed at 533 eV (at % =9.79), which is attributed to the C = O bond in MSA (Figure A.12 in annex 6). The atomic percentage of O is close to double the quantity of S, as expected regarding the crude formula of MSA. The chemical state of the silver shell was also studied by XPS. In the literature, the binding energy (BE) of the Ag 3d5/2 peak from Ag(0) was reported at 368.24 eV [fwhm= 0.63 eV] and the Ag 3d5/2 peak position of Ag(I) in Ag2O was found to shift to lower BE than that of Ag(0) with BE= 366.8 eV [fwhm=0.8 eV] 

Figure 3 . 9 .

 39 Figure 3.9. XPS spectra 2p for Au10nm@Ag core-shell NPs before ligands exchange and (left column) after ligand exchange (right column) in detail: (a, b) survey XPS spectra (c, d) Ag (3d), (e, f) N(1s), and (i) S(2p).

Figure 3 .

 3 Figure 3.10. XPS spectra 2p for Au5nm@Ag core-shell NPs before ligands exchange and (left column) after ligand exchange (right column) in detail: (a, b) survey XPS spectra (c, d) Ag (3d), (e, f) N(1s), and (i) S(2p).

. 6 )

 6 were ascertained in the reduction of 4-nitrophenol to 4-aminophenol in the presence of sodium borohydride in aqueous phase. The reaction mechanism can be explained by hydrogen adsorption by NPs that transported the hydrogen between NaBH4 and 4-NP (Figure3. 11). That hydrogen is produced when NaBH4 reduces water. NPs adsorb hydrogen from NaBH4 and release it during the reduction process, therefore NPs is a hydrogen carrier in this reduction process36 .

Figure 3 . 11 .

 311 Figure 3.11. Schematic illustration of the reduction of 4-NP to 4-AP mechanism with NPs as catalysts [De Oliveira et al. 2016] 27 .

  . The reduction reaction is also visible through color change with bleaching of yellow color, indicating complete reduction of 4-NP (see figure3.12 (a), right side). This reduction process is a pseudofirst order reaction, therefore, ln(A/A0) versus time shows a linear tendency. The apparent reduction rate (kapp) is a slope, directly calculated from the UV-vis spectra (figure3.12 (b) right side).

Figure 3 .

 3 Figure 3.12. a) Images of quartz cells showing a change in color of the colloidal solution during the reduction of 4-nitrophenol to 4-aminophenol: before the reaction (left, yellow) and after the reaction (right, transparent) (b) corresponding UV-Vis spectrum and absorbance change at 400 nm by time to obtain the apparent rate constant of the conversion.

  , catalytic performances of Au NPs with different sizes were evaluated through the comparison of their reduction reaction rate by plotting ln ([4-NP] /[4-NP]0) versus reaction time (Figures 3. 13). A linear relationship between ln ([4-NP] /[4-NP]0) and reaction time (t)

  the control reduction experiment, no clear change in the absorption intensity was observed at 400 nm for 4-NP in the absence of a catalyst (Figure A.15 in Annex 7). The spectra indicated that the 4-NP was not reduced by the NaBH4, and the mixture remained yellow. Au NPs or Au@Ag NPs were then used as catalysts, the peak at 400 nm decreased, until the peak ultimately disappears, and a new peak appear at 300 nm attributed to the 4-AP formation as described in experimental section (Figure A.15 in Annex 7). The comparison of rate constant between Au NPs and Au@Ag NPs with four different thicknesses is shown in Figure 3.14 and Table

Figure A.16 in annex 7 ,

 7 Figure A.16 in annex 7, Figure 3.15 and Table3.7). Au@Pd NPs have indeed higher reaction

  crystalline (SC) Au7nm NPs were separated from polycrystalline (PC) Au7nm NPs and Ag shell were grown on Au7nm (SC) or (PC) seeds with same sizes according to the process described in Chapter II. Their catalytic activities were evaluated in a same condition as previous experiment and the absorption spectra of 4-NP reduced by NaBH4 are shown in Figure A.16 in Annex 7. The crystallinity effect on Au NP catalytic performance is delicate to discuss. SC NPs characterized by electronic microscopy in Chapter II, are single crystal cuboctahedrons (or truncated octahedrons) with (100) and (111) facets with relatively large area (Figure 2.3 in Chapter II). Polycrystalline NPs correspond in large majority to multiply-twinned particles (MTP) with fcc tetrahedral sub-units and consist of smaller (111) facets with defects (figure 2.3 in Chapter II). For catalyst with a face-centred cubic (fcc) lattice, the coordination number of atoms on (111), (100), and (110) surfaces is 9, 8, and 7. The corresponding surface energy

  by UV-vis absorption spectroscopy. The [-Fe2O3]/[Au] concentration ratio for mixing was tuned from 1:1 to 1:7 with fixed [-Fe2O3]=0.1 wt. %, for example 1:1=0.1 wt. %:0.1 wt. % and 1:7=0.1 wt. % : 0.7 wt. %. Their volume ratio is always fixed to 1:1. The -Fe2O3 and Au colloidal solutions were prepared separately and then mixed under sonication during 5 min.

Figure 4 . 1 .

 41 Figure 4. 1. TEM image of 4.6 nm diameter Au NPs with 7% polydispersity covered by 1dodecanethiol (DDT) with a line profile showing an interparticle distance ≈6.4 nm.

Figure 4 . 2 .

 42 Figure 4. 2. Schemes of preparation methods used for growing ordered binary assemblies.

  by varying the effective nanoparticle size ratio ɣeff keeping the other conditions constants (Td= 50 °C and [-Fe2O3]: [Au]= 1:4) (figures 4. 3a, b and c). The TEM image in figure 4.3a show typical (111) crystal planes of NaCl-type binary superlattices with the corresponding model in the insets for an effective size ratio ɣ 𝑒𝑓𝑓 =0.45. The size of the crystal domains of the NaCltype binary structure is up to few m (low magnification TEM image in Annex 9). Furthermore, a further increase of ɣ 𝑒𝑓𝑓 to 0.48 and 0.65 induces the production of AlB2 and NaZn13 type binary structures respectively (Figure 4.3b and c). the corresponding model are in insets. The size of the crystal domains of both binary structures are up to a few hundred nm to 1-2 m (TEM image in Annex 9). For AlB2-type structure, the crystal orientation has the (110) plane parallel to the substrate as is observed in the TEM image (Figure 4.3b). For NaZn13-type structure, the TEM image represent the icosahedral NaZ13 (Figure 4.3c) from the preferential crystal orientation with the (100) plane parallel to the substrate.

  3, which compares the various structures of binary superlattices obtained for the different nanoparticle effective size ratio values claimed for these different structures in the paper given in reference.

Figure 4 . 3 .

 43 Figure 4. 3. TEM images of binary superlattices formed from 𝛾-Fe2O3 and Au NPs under different effective size ratio ( ɣ 𝑒𝑓𝑓 ) keeping the other conditions as a constant ([-Fe2O3 ]:[Au])=1:4, Td=50°C) (a) 0.45 (b) 0.48 (c) 0.64. Insets (right) indicate selected area FFT analysis. Representation of each BNSL structure corresponding to TEM image is presented in insets (left side from FFT diagram).

Figure 4 .

 4 4 show that BNSL type-structures can change with the [-Fe2O3]:[Au] concentration ratio and deposition temperature (Td). First, at Td=50 °C, the concentration ratio from 1:1 to 1:4 or 1:7 induced the change of BNSL structure from CuAu to NaZn13 structure. A similar behavior is observed at Td=65°C. At Td=35 °C, CuAu-type structure is observed for concentration ratios [-Fe2O3]:[Au]=1:1 and 1:4. At high concentration ratio [-Fe2O3]:[Au]=1:7 NaZn13-type with high density of Au NPs remains dominant. At the medium ratio [-Fe2O3]:[Au]=1:4, amorphous arrangements are also observed (figure 4.4 d). The deposition temperature influences the solvent evaporation velocity from the mixture of two NPs and the formation of superlattices. The formation of superlattices aretypically required enough temperature for binary hard-sphere mixtures8 . However, exceeding boiling point of solvent prevent the organization. This clearly shows that, for a given γ value, the well-known hard sphere model of atomic binary bulk material is valid for nanoparticles in a rather restrictive domain related to the relative concentration of large to small nanoparticles and depends on the deposition temperature (Td). Here, this is valid for ɣeff =0.64 with 1:4 ≤ [-Fe2O3]:[Au] ≤1:7 for a substrate temperature Td ≥50°C.

Figure 4 . 4 .

 44 Figure 4. 4. TEM images of binary superlattices formed with 7.9nm -Fe2O3 NPs and 4.6nm Au NPs and fixed effective size ratio (ɣeff =0.64) and different [-Fe2O3]/[Au] concentration ratios (in three rows : 1:1, 1:4, and 1:7 from top to below), and deposition temperatures (in three columns : 35 °C, 50°C, and 65 °C from left to right). Insets indicate selected area FFT analysis. Representation of unit cell of each BNSL structure corresponding to TEM image is presented as an inset (left side from FFT diagram).

Figure 4 . 5 .

 45 Figure 4. 5. TEM images of binary nanoparticle superlattices formed from -Fe2O3 and Au NPs with effective size ratio of (1) ɣeff = 0.45 and (2) 0.48 formed after evaporation of different nature of solvent (a) and (d) toluene, (b) and (e) hexane and (c) and (f) chloroform. Insets indicate selected area FFT analysis. Representation of unit cell of each BNSL structure corresponding to TEM image is presented as an inset (left side from FFT diagram).

Figure 4 . 6 .

 46 Figure 4. 6. TEM images of NaZn13 type binary superlattices formed with 7.9nm 𝛾-Fe2O3 and 4.6nm Au NPs with fixed effective size ratio (ɣeff =0.64) and deposition temperature Td=50°C by using different solvents a) isooctane, b) toluene, c) cumene and d) decane . In Insets selected area FFT analysis. And representation of unit cell of NaZn13 type binary structure.

Figure 4 . 7 .

 47 Figure 4. 7. TEM images of binary superlattices formed with 7.9nm 𝛾-Fe2O3 and 4.6nm Au NPs with fixed effective size ratio (ɣeff =0.64), different concentration ratio and deposition method: a) and c) by immersion method for Td=50°C and concentration ration of 1:1 and 1:4 respectively, b) and d) by liquid-liquid interface method and concentration ration of 1:1 and 1:4 respectively Insets indicate selected area FFT analysis. Representation of unit cell of each BNSL structure corresponding to TEM image is presented as an inset (left side from FFT diagram).

  2 were set to obtain a structure of NaZn13 type binary structure. From TEM image, we confirm the cubic lattices (Figure 4.8a) and from a closer view (Figure 4.8 b and c) we can distinguish the -Fe2O3 (light grey) and the Au (black) NPs since gold atoms scatter electrons more strongly than iron oxide. The core to core interparticle distance Dc-c between maghemite in BNSL is deduced from TEM image (see profile in figure 4.8 d) and is around 13.8 nm (table 4.5). For pure -Fe2O3

Table 4 . 5 .Figure 4 . 8 .

 4548 Figure 4. 8. (a-c) HR-TEM images of NaZn13 BNSL structure with different magnification, scale bar indicated in each TEM image. (d) the line profiles from (c) indicate interparticle distances DC-C≈13.8 nm, respectively.

Figure 4 .

 4 Figure 4. 9. (a) TEM image of thin layers of -Fe2O3 NPs with their FFT image inset and (b) the line profiles from (a) indicate interparticle distances DC-C≈10 nm, respectively.

Figure 4 .

 4 Figure 4.10 shows the field-cooled (FC) and zero field cooled (ZFC) magnetization versus temperature curves for pure -Fe2O3 superlattices and NaZn13 binary -Fe2O3-Au

Figure 4 .

 4 Figure 4.10 shows the magnetization as a function of field for pure -Fe2O3 superlattices and NaZn13 binary -Fe2O3-Au superlattices. The measurements have been performed at 5 3 K.

Figure 4 .

 4 Figure 4. 10. SQUID measurements in thin layers of NaZn13 binary structure composed of 7.9 nm -Fe2O3 and 4.6 nm Au NPs (green curve) compared with 7.9 nm -Fe2O3 NPs 2D organization (red, reference). (a) zero field cooled/field cooled (ZFC/FC) measurements of magnetization vs. temperature, (b) the in-plane field dependence (measured at 3K).

Table 4 . 7 .

 47 Nanoparticles used as components for BNSLs composed of catalytic NPs (Pd NPs)and plasmonic NPs (Au NPs), as a result, three combinations of BNSL with different effective size ratios.

Figure 4 .

 4 Figure 4. 11. TEM images of BNSL formed with Pd NPs and Au NPs at a fixed concentration ratio [Pd]/[Au] =1/4 with different effective size ratio (ɣeff) 0.6, 0.67, and 0.75 (in column) and different deposition methods: immersion (Td=50°C) , and liquid-liquid interface mode (in row).

Figure 4 .

 4 Figure 4. 12. (a-d) SEM images at different magnifications of NaZn13 BNSLs formed with 7.9 nm -Fe203 NPs and 4.6 nm Au NPs for effective size and concentration ratios fixed to 0.64 and 1:4, respectively and (e, f) corresponding cartography of Fe in green, and Au in red using EDX analysis.

Figure 4 .

 4 Figure 4. 13. (a-d) HR-SEM images at different magnification of NaZn13 BNSL formed with 7.9 nm -Fe203 NPs and 4.6 nm Au NPs for effective size and concentration ratios fixed to [-Fe203]:[Au]=1:4, respectively. Magnification is indicated in each image. (b) FFT image shown as an inset which are obtained from selected area (marked as a dotted red square).

Figure 4 .

 4 Figure 4. 14. SEM images at low magnification of pure 7.9 nm -Fe203 NPs 3D deposition on silicon substrate (mostly existed as film state).

  15a and b), the GISAXS pattern show continuous rings with discontinuous reinforcements. The rings are characteristics of small randomly oriented BNSLs and the reinforcements are attributed to large well-developed BNSLs sitting on their larger flat facets. This agree with the SEM images shown in figure4.12, and 4.13. These observations can be explained by a homogenous growth of binary SLs31,37 . To our knowledge this is the first experimental evidence that the incorporation of Au NPs in fcc -Fe2O3 NP Superlattices tune the SLs growth mechanism from a heterogenous to a homogenous one.

Figure 4 .

 4 Figure 4. 15. GISAXS patterns of (a) NaZn13 structure BNSLs of 7.9 nm -Fe2O3 NPs and 4.6 nm Au NPs, respectively. (b) normalized intensity vs. qz from (a).

Figure 4 .

 4 Figure 4. 16. GISAXS patterns of (a) 7.9 nm -Fe2O3 NPs 3D assemblies and (b) normalized intensity vs. qz from (a).

  this Chapter, it is shown that binary superlattices obtained by mixing -Fe2O3 and Au NPs or Pd and Au NPs, allow to integrate different types of NPs and to get synergistic effect between the binary constituents for magnetic, plasmonic or catalytic applications. At first, different parameters were optimized the form binary superlattices made of -Fe2O3 NPs (bigger size) and Au NPs (smaller size) with controlled crystalline structure. One of the main factors to control BNSL structure was the effective size ratio. By increasing the effective size ratio, the BNSL type-structure changes from NaCl to AlB2 and NaZn13 in accordance with the phase diagram for binary hard spheres mixtures. The effects of concentration ratio ([Fe203]:[Au]) and deposition conditions such as deposition temperature, deposition method, and nature of the solvent were also investigated. It is shown that they can influence the final structure of the binary superlattice, alone or combined with each other. For binary superlattices obtained by mixing Pd and Au NPs, the final type structures appear to differ from the hard-sphere model depending on the deposition conditions. Thick binary superlattices were prepared. Binary faceted superlattices characteristic of homogeneous growth were obtained, whereas same deposition condition of only -Fe2O3 NP lead to superlattices in the form of films. To our knowledge, we get evidence for the first time that the incorporation of Au NPs in fcc -Fe2O3

  by different ligands (oleylamine or dodecanthiol). The final size of the core-shell NPs was shown to depend on three main parameters: i) the [Ag precursor]/[Au seed] concentration ratio, ii) the nature of the ligands coating the seeds, and iii) the reaction temperature. Furthermore, micrometer-scale well-faceted 3D superlattices of ordered Au@Ag nanoparticles were obtained and imaged by HR-SEM. The final narrow size distribution of core-shell NPs favored their organization.

  Au core was exchanged by Ag, and Ag shell by Pt or Pd without strong modification of the synthesis process. Only reaction temperature and reaction time have to be optimized. The shell growth is always controlled by [metallic precursor]/[seed] concentration ratio. Still, more precise approaches are necessary to obtain fine control of size and shape of Ag core and thus to control the final morphology of Ag@M (M=Pd, Pt) NPs. Depending on the morphology of the seeds, and the growth conditions of the metallic overlayer (temperature, concentration of reagents…), bimetallic nanoparticles of different crystalline structures and morphologies should be obtained Dendritic morphologies are for example expected to be more efficient for catalysis.

Annex 1 .Annex 1 . Electronic microscopy techniques 1 . 1 .

 1111 Electronic microscopy techniques Annex Transmission Electron Microscopy (TEM) The transmission electron microscope (TEM) is the conventional electronic optical microscope in transmission mode. The first TEM was built in 1932 by Ruska (Nobel Prize in 1986). The conventional lenses of optical microscope are replaced by electromagnetic lenses. A schematic illustration of a TEM column is shown in Figure A.1.

Figure A. 1 .

 1 Figure A.1. Schematic illustration of TEM.

Figure A. 2 .

 2 Figure A.2. Types of TEM imaging modes: (A) bright-field mode, (B) dark-field mode, (C) high-resolution image.

Annex 1 .

 1 Electronic microscopy techniques 165 samples, as in the case of TEM, must be thin and are prepared by depositing on a conventional MET grid. Figure A.3 shows the main components of STEM. The electrons are accelerated from the source and concentrated at a point via a set of lenses. There are several types of detector to form the image.

Figure A. 3 .

 3 Figure A.3. Schematic illustration of STEM.

Annex 2 .

 2 Spectroscopy techniques2.1. IR spectroscopyThis technique is based on the absorption of infrared radiation by the material. An analysis of the chemical functions present in the material is made possible by detecting the vibrations characteristic of chemical bonds. In practice, medium infrared radiation (between 4000 and 400 cm -1 ), of frequency close to frequency of vibration of the molecule, is sent on the sample to be analyzed. These radiations are absorbed by the molecule and save us-rons a decrease in the intensity of the transmitted or reflected beam. The main modes of vibration of molecules are the modes of elongation and deformation. The vibration of elongation, also called "stretching", concerns the variation of the interatomic distance. When the molecule has symmetries, we can distinguish between symmetrical or antisymmetric modes of elongation.The deformation modes relate to the variation of the angles between adjacent links. They can be symmetrical or asymmetrical and occur in the plane or out of the plane.The infrared spectra are recorded on a Bruker Equinox 55 spectrometer, equipped with a Ge / KBr separator (semi-reflecting mirror) and an MCT detector (Mercury Cadmium Tellurium) cooled by liquid nitrogen. They are produced either in solution in an optically transparent CaF2 cell of length l = 200 μm, or in transmission-reflection mode, by depositing drops of solution on a horizontal mirror (silicon substrate covered with a layer of aluminum).

  particle surface results in a reduced effective mean free path, Leff, and an increased homogeneous line width of the dipole plasmon polariton, (eff). Through the Mathiessen's rule,4 this latter is expressed as:𝛾(𝑒𝑓𝑓) = 𝛾 0 + 𝐴 𝑣 𝐹 𝐿 𝑒𝑓𝑓Annex 3. Discrete dipole approximation (DDA) simulations and size-corrected dielectric functions of Au and Ag 174where vF is the Fermi velocity and A is a dimensionless factor, usually assumed to be close to unity.The surface dispersion effect on the plasmon polarition described above gives rise to the size dependence of the dielectric function, according to the following relationship: 5𝜀(𝜔, 𝐿 𝑒𝑓𝑓 ) = 𝜀 𝑏𝑢𝑙𝑘 (

Figure A. 6 .

 6 Figure A.6. Real (solid lines) and imaginary (dashed lines) components of the size-corrected complex dielectric function of Au nanospheres of 5.3 nm (blue curves) and 10.6 nm (red curves)

2 )Figure A. 7 .

 27 Figure A.7. Real (solid lines) and imaginary (dashed lines) components of the size-corrected complex dielectric function of various Ag shells compared to those of the bulk material (black curves) issued from Ref. [6]. The shells have the same internal diameter Dcore = 5.3 nm and three different thicknesses: e = 0.5 nm (blue curves), e = 0.65 nm (green curves) and e = 0.85 nm (red curves).

  FigureA.8. Real (solid lines) and imaginary (dashed lines) components of the size-corrected complex dielectric function of various Ag shells compared to those of the bulk material (black curves) issued from Ref.[6]. The shells have the same internal diameter Dcore = 10.6 nm and two different thicknesses: e = 0.8 nm (orange curves) and e = 1.7 nm (violet curves).

Annex 4 .

 4 Figure A. 9. Experimental and DDA calculated absorption spectra of core-shell (a) Au10nm(PC)@Pd NPs and (b) Au10nm(PC)@Pt NPs with various shell thickness as indicated in both panels.

Annex 4 .

 4 Figure A. 10. Experimental and DDA calculated absorption spectra of core-shell (a) Ag12nm(PC)@Pd NPs and (b) Ag12nm(PC)@Pt NPs with various shell thickness as indicated in both panels.

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 1. Physicochemical properties of selected metals16 .

	Metal Atom radius (pm)	Surface energy (J/m -2 )	Standard reduction potential (V)
	Ag	144	1.246/1.250	Ag + + e -⇌ Ag	0.7996
	Au	144	1.506/1.500	Au 3+ + 3e -⇌ Au	1.498
	Pd	137	2.003/2.050	Pd 2+ + 2e -⇌ Pd	0.951
	Pt	138	2.489/2.475	Pt 2+ + 2e -⇌ Pt	1.18

Table 1 .

 1 2: Strength of selected homonuclear and heteronuclear metallic bonds16 .

	Bond	Dissociation energy (kJ/mol) 0 K 298 K
	Ag-Ag	159  8	163  8
	Ag-Au	199.2  9.2	203  9
	Au-Au	215.5  6.3	218.5  5
	Au-Pd	n/a	142.7  21
	Pd-Pd	105-141.8	>136
	Pt-Pt	n/a	306.7  1.9

Table 1 .

 1 3: Lattice constant of metals with fcc structure16 .

		Lattice parameter (pm)	Atomic radius (pm)
	Au	407.82	144
	Ag	408.53	144
	Pt	392.42	137
	Pd	389.07	138

  Yan et al. found that Pd and Pt tipped Au nanorods shows an important role in crosscoupling between bromobenzene and m-tolyboronic acid with resonant light (Wang, F. et al. 2013) 10 . Majima et al. developed Pt tipped Au nanorods for plasmon-enhanced H2 production from water and methanol (Zheng, Z. et al. 2014) 68 .

Table 2 .

 2 

	1	1.4	0.825	0.5	6
	2	0.7	0.825	0.65 12
	3	0.35	0.825	0.85 24
	4	1.4	1.65	0.45 12
	5	1.4	3.3	0.8	24

1. Experimental conditions used for the preparation of Au5nm(PC)@Ag NPs, where R is the [Ag precursor] / [Au seed] concentration ratio.

Samples Au seed  (mol L -1 ) Ag +  (mmol L -1 ) e (nm) R

Table 2

 2 

	.2). The

Furthermore, the thicknesses e of the silver layers for similar gold seed concentrations are greater than those obtained previously for smaller size seeds and identical Ag precursor / Au seed concentration ratios (see Tables 2.1 and 2.2).
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Table 2 .

 2 2. Experimental conditions used for the preparation of Au10nm(PC)@Ag NPs, where R is the [Ag precursor] / [Au seed] concentration ratio.

	Samples Au seed  (mol L -1 ) Ag +  (mmol L -1 ) e (nm) R
	6	1.4	0.825	0.8	6
	7	0.7	0.825	1.7	12
	8	0.35	0.825	2.1	24

Table 2 .

 2 

3)

. By multiplying the silver precursor concentration by 2, the silver shell thickness slightly increases, it is only by multiplying by 4 this concentration that we see a real thickness increase from 0.4 to 0.8 nm (Table

2

.3 and Figure

2

.17

Table 2 .

 2 

		AgNO3 concentration	
	CAg+	2CAg+	4CAg+

3. Details of the diameter Dcore of the Au seeds and of the total diameter DSC of the corresponding Au@Ag core-shell NPs obtained from the different synthesis protocols (section 2.1). The concentration of Ag-oleylamine complex is varied from CAg+=0.825 mmol L -1 , 2Cshell and 4Cshell. The reaction temperature is at 90°C and 110°C for the silver overgrowth. The initial seed concentration is fixed Cseed = 1.4 mol L -1 .

observed to increase drastically with the temperature and the silver precursor concentration (Figures 2.16 and 2.17). Furthermore, this temperature increase remains low enough to prevent the formation of separate silver NPs while increasing the thickness of the shell (Figure

2

.16).
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Table 2 .

 2 4. Diameter DCS, shell thickness e=(DCS-DCORE)/2 and atomic composition obtainedthrough EDX measurements or calculations for Au5nm(PC/SC) @Ag and Au10nm(PC)@Ag coreshell NPs obtained from the different synthesis protocols.

	Sample	DCS (nm) e (nm)	EDX composition	calculated composition
				% Au	% Ag	% Au	% Ag
		6.3	0.50	64	36	61	39
	Au5nm(PC)@Ag						
		6.6	0.65	58	41	55	45
		7.0	0.85	26	73	40	60
		12.2	0.80	66	34	66	34
	Au10nm(PC)@Ag						
		14.0	1.70	40	60	43	57
	Au5nm(SC)@Ag	5.8	0.20	80	20	80	20
	Au5nm(SC)@Ag	7.5	0.85	50	50	54	46

Table 2 .

 2 

				Au seed concentration
			Cseed	Cseed/2	Cseed/4
	Temperature (°C) Dcore (nm)	DSC (nm)	DSC (nm)	DSC (nm)
	110		11.4±0.9	12.5±1.0	13.7±1.0
	140	10.6 ± 0.8	11.1±2.2	11.7±2.5	12.9±2.3

5

. Details of the diameter Dcore of the Au seeds and of the total diameter DSC of the corresponding Au@Pd and Au@Pt core-shell NPs. The initial seed concentration Au NPs is varied from Cseed=1.4 µmol L -1 and 1/2Cseed. The reaction temperature is varied up to the type of shell (Au@Pd at 110°C, Au@Pt at 140°C).

  .22. The Ag overgrowth appears to be the most effective, followed by the Pd and Pt overgrowths in order. Moreover, the thickness shells are well controlled by the concentration ratio [precursor]/[seed]. Ag and Au with low lattice mismatch (0.17%) generate smaller lattices strains, decrease the interfacial energy and thus form more easily core-shell structure compared to Au-Pt and Au-Pd with lattice mismatch of 3.70% and 4.60% respectively (Table1.3 in chapter I). The difference of overgrowth efficiency between Pt and Pd could be attributed to higher Pt-Pt bond energy (Table1.2 in chapter I) even though Au-Pt have a smaller lattice mismatch than Au-Pd50.

Table 2 .

 2 6. Details of the diameter Dcore of the Ag seeds and of the total diameter DSC of

	the corresponding Ag@Pd and Ag@Pt core-shell NPs. The concentration of Pd(or Pt)-
	oleylamine complex is fixed at 0.825 mmol L -1 . The initial seed concentration is alternatively
	C = 1.4 mol L -1 , C/2 or C/4 or C/8.		
	Ag Core	Shell metal	Initial seed concentration
		Cseed	Cseed/2	Cseed/4	Cseed/8

Table 2 . 7

 27 

				EDX composition	Calculated composition
	Sample	DCS (nm)	e (nm)				
				% Core	% Shell	% Core	% Shell
		11.4	0.4	76	24	80	20
	Au10nm@Pd	12.5	0.95	65	35	61	39
		13.7	1.55	51	49	46	54
		11.1	0.2	90	10	87	13
	Au10nm @Pt	11.7	0.4	74	26	74	26
		12.9	1.15	60	40	55	45
		12.8	0.2	88	12	91	9
	Ag12nm@Pd	13.2	0.4	80	20	87	13
		13.6	0.6	78	22	76	24

. Diameter DCS, shell thickness e=(DCS-DCORE)/2 and atomic composition obtained through EDX measurements or calculations for Au10nm @Pd, Au10nm@Pt or Ag12nm@Pd, Ag 12nm@Pt core-shell NPs.

Table 3 .

 3 1. Maximum SPR wavelength and percentage of damping intensity of SPR calculatedfrom the ratio between the intensity at the maximum of the SPR of core-shell NPs to that of the seed NPs for Au@M core-shell NPs (M=Pd or Pt) with a variable shell thickness(e).

	Samples	Shell thickness e (nm)	Maximum SPR	Damping
			wavelength (nm)	intensity %
	Au10nm	0	529	0
		0.4 (~1 atomic layer)	516	23
	Au10nm@Pd	0.55 (~2 atomic layer)	512	32
		0.95 (~3 atomic layers)	505	38
		0.25 (~1 atomic layer)	515	29
	Au10nm@Pt	0.55 (~ 2 atomic layers)	513	35
		0.9 (~3 atomic layers)	509	43

Table 3 .

 3 

	Sample	Shell thickness e	Maximum SPR wavelength	Damping
		(nm)	(nm)	intensity %
	Ag	0	415	0
		0.2	409	61
		0.3	405	71
	Ag12nm@Pd			
		0.4	404	80
		0.65	399	99
		0.25	399	74
	Ag12nm@Pt	0.3	390	83
		0.4	380	88
		0.65	355	97

2. Maximum SPR wavelength and percentage of damping intensity of SPR calculated

from the ratio between the intensity at the maximum of the SPR of core-shell NPs to that of the seed NPs for Ag@M core-shell NPs (M=Pd or Pt) with a variable shell thickness(e).

Table 3 .

 3 

	3. Measured quadrupolar vibrational mode frequencies of Au5 or 10nm(PC)@Ag NPs
	compared to those calculated for a free elastic isotropic nanosphere with an Au core -Ag shell
	structure. The thickness e is equal to (DCORE-DCS)/2	
	DCORE (nm) DCS (nm)	e (nm)	Measured frequency (GHz)	Calculated frequency (GHz)
	5.3	-	-	199	200
	5.3	6.3	0.50	177	185
	5.3	6.6	0.65	171	181
	10.6	-	-	100	100
	10.6	12.2	0.80	91	92
	10.6	14.0	1.70	88	88

Table 3 .

 3 

		4. Measured quadrupolar vibrational mode frequencies of Au5nm(SC)@Ag NPs
	compared to those calculated using the Rayleigh-Ritz variational method.	
				measured frequency	calculated frequency	
	Dcore	DCS	e	(GHz)		(GHz)		Ag shell
	(nm)	(nm)	(nm)	Eg	T2g	Eg	T2g	growth
	5.8	-	-	130.0	206.0	128.7	207.7	-
						115.3	185.3	Cubic
	5.8	7.5	0.85	123.0	190.0			
						122.9	187.1	Isotropic

Table 3 .

 3 

	5. Final sizes, core crystallinity and chemical composition of Au NP seeds, and
	corresponding Au@M (M=Ag, Pt or Pd) core-shell NPs		
	Au (PC) NPs		Au(PC)@Ag NPs	
	D (nm)					
	11.4±1.0	0.8	12.2±1.0	0.8	14±1.0	1.7 14.8±1.0 2.1
	1 atomic layer	2 atomic layers	5 atomic layers 6 atomic layers
	10.6 ±		Au(PC)@		
	0.8					

D (nm) e (nm) D (nm) e (nm) D (nm) e (nm) D (nm) e (nm)

Pd NPs D (nm) e (nm) D (nm) e (nm) D (nm) e (nm) D (nm) e (nm)

  

	11.4±0.9	0.4	12.5±0.9	0.95	13.6±1.0 1.5 14.0±1.2 1.7
	1 atomic layer	2 atomic layers	4 atomic layers 5 atomic layers
			Au(PC)@Pt NPs
	D (nm) e (nm) D (nm)	e (nm) D (nm) e (nm) D (nm) e (nm)
	11.1±2.2 0.25	11.7±2.5	0.55	12.9±2.3 1.15 13.4±2.3 1.4
	1 atomic layer	2 atomic layers	3 atomic layers 4 atomic layers

Table 3 .

 3 6. Final sizes, core crystallinity and chemical composition of Au NPs and Au@Ag core-

	shell NPs

  After the second ligand exchange procedure to allow the NP transfer into water, the XPS signals show two N1s peaks, one at 400 eV is from NH2 as a signature of residual oleylamine (at.%=0.44) and the other one at 404 eV is from NOx (at.%=2.25) which is originated from TMAOH. The ratio between two major ligands MSA:TMAOH deduced from the S and N1s peaks at 162 eV (at.%=3.44) and at 404 eV (at.%=2.25) respectively is around 1.5 (1.5:1) and is similar to that measured on Au10nm@Ag NPs Furthermore, O1s peak is observed at 533 eV (at.% =7.95), which is attributed to the C = O bond in MSA (see figure

A.14 in annex 6). The atomic percentage of O is close to double (≈ 2.3) the quantity of S whose peak is at 162 eV (at.%=3.44), It is in agreement with the crude formula of MSA and confirm its presence as ligands.

Table 3 .

 3 7. Apparent rate constant (kapp) for the reactions carried out in presence of 10.6 AuNPs, Au@Ag, Au@Pd and Au@Pt NPs with different shell thicknesses.

	sample	NP size (nm)	Shell thickness (nm)	k (min -1 )	Error, R 2
	Au	10.6	-	0.27	0.99
		11.4	0.4 (~1 layer)	0.36	0.95
		12.2	0.8 (~2 layers)	0.44	0.97
	Au@Ag				
		14.0	1.7 (~5 layers)	0.44	0.99
		14.8	2.2 (~6 layers)	0.40	0.98
		11.4	0.4 (~1 layer)	0.30	0.99
		12.5	0.95 (~2 layers)	0.35	0.99
	Au@Pd				
		13.7	1.55(~4 layers)	0.40	0.99
		14.0	1.7 (~5 layers)	0.39	0.99
		11.1	0.25 (~1 layer)	0.44	0.98
		11.7	0.55 (~2 layers)	0.49	0.95
	Au@Pt				
		12.9	1.15 (~3 layers)	0.52	0.96
		13.5	1.95 (~4 layers)	0.52	0.96

Figure 3.14. The comparison of catalytic activity between the catalysts 10.6 nm Au NPs and Au@Ag NPs with 11.4, 12.2, 14, and 14.8 nm diameters with the reduction reaction of 4nitrophenol to 4-aminophenol.

Figure 3.15. The comparison of catalytic activity between the catalysts 10.6 nm Au NPs and Au@Pd NPs with 11.4, 12.5, 13.6, and 14.0 nm diameters with the reduction reaction of 4nitrophenol to 4-aminophenol.

Figure 3.16. The comparison of catalytic activity between the catalysts 10.6 nm Au NPs and Au@Pt NPs with 11.1, 11.7, 12.9, and 13.4 nm diameters with the reduction reaction of 4nitrophenol to 4-aminophenol.

Table 3 . 8

 38 

	NPs	NPs diameter (nm)	k (min -1 )	Error, R 2
	Au (PC)	7	0.27	0.99
	Au (SC)	7	0.29	0.98
	Au@Ag (PC)	7.2 (4 layers)	0.43	0.98
	Au@Ag (SC)	7.5 (4 layers)	0.46	0.98

. Apparent rate constant (kapp) for the reactions carried out in presence of Au and Au@Ag of different crystallinities (SC or PC).

Figure

3

.17. The comparison of catalytic activity between the catalysts between poly-and single crystalline Au NPs, Au@Ag NPs with the reaction in absence of any catalyst.

Table 3 .

 3 9. The comparison of rate constant (k) of reduction reaction up to temperature change(20, 30 and 40 °C) and the apparent activation energy (Ea) in presence of lists of NPs.

			k (min -1 )			
	NPs				Ea (kJ/mol)	Error, R 2
		20°C	30°C	40°C		
	10.6 nm Au NPs	0.24	0.35	0.54	30.9	0.99
	11.4 nm Au@Ag NPs	0.36	0.56	0.76	24.4	0.99
	12.2 nm Au@Ag NPs	0.44	0.63	0.84	22.1	0.99
	14.0 nm Au@Ag NPs	0.44	0.6	0.81	21.5	0.99
	14.8 nm Au@Ag NPs	0.40	0.57	0.78	22.7	0.99

Table 4 . 2
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. Growth conditions of BNSLs assemblies.

Table 4 .

 4 3. Comparison of structures that are experimentally observed with the theoreticalphase diagrams for binary hard spheres mixtures7,27 . 

		NaCl	AlB2	NaZn13
	Ref. 27	0.421≤ ɣ 𝑒𝑓𝑓 ≤0.45	0.45≤ ɣ 𝑒𝑓𝑓 ≤0.54	0.54≤ ɣ 𝑒𝑓𝑓 ≤0.625
	Deff, Au/Deff, Fe2O3	ɣ 𝑒𝑓𝑓 =0.45	ɣ 𝑒𝑓𝑓 =0.48	ɣ 𝑒𝑓𝑓 =0.64

Table 4 .

 4 4. Hildebrand parameters and boiling points of the different solvents and ligands used in this work29-31 . 

	Solvent or (ligands)	Hildebrand solubility parameters (MPa 0.5 )	Boiling point (°C)	Evaporation time (hour)
	toluene	18.2	111	4
	chloroform	18.7	61	0.3
	cumen	17.5	152	5
	decane	15.6	174	6~7
	isooctane	16.8	99	3~4
	Oleic acid (ligands)	16.3	360	-
	Dodecane (ligands)	16	216.2	-
	hexane	14.9	68	0.5

Table 4 .

 4 6. Comparison of blocking temperature and coercivity values of SQUID measurements.

	All values are deduced from Figure 4. 10.		
		SQUID	
	Blocking temperature, Tb (K)	Coercivity, Hc (Oe)
	-Fe2O3 alone	84	360
	-Fe2O3-Au BNSLs	76	360

Table 4 .

 4 We prepared thick binary assemblies on silicon substrate (approximately hundred layers of binary -Fe2O3 /Au). The effective size ratio is fixed to ɣeff =0.64 and all other deposition conditions listed in Table4.8 are fixed to get NaZn13 type structure according to our previous results. The SEM images performed after solvent evaporation, show predominantly individual faceted SLs with cubic shape with 2-7 m long edges (Figure4.12 a-f) characteristic of homogenous growth in toluene. The SLs was also analyzed by energy dispersive X-ray spectroscopy (EDX) in the SEM to obtain quantitative information on the chemical composition of the deposition. EDX measurement confirmed that the SLs are composed by gold and iron with an atomic ratio of Fe and Au around 20% and 80% in agreement with the initial concentration ratio ([-Fe2O3 ]:[Au])=1:4. The composition in Au and Fe remains similar in all 3D cubic binary assemblies. Few less faceted thin films composed of pure Au NPs are also observed (see an arrow on the SEM image Figure4.12 d). Around 80% superlattices were found out to be BNSLs, and around 20% of Au SLs (Figures 4.12 f, g, h). 8. Growth conditions of NaZn13 structure BNSLs assemblies.

	Chapter Ⅳ. Fabrication of multifunctional binary nanoparticle superlattices: mixing plasmonic and
	magnetic or catalytic nanoparticles

Insets indicate selected area FFT analysis. Representation of unit cell of each BNSL structure corresponding to TEM image is presented as an inset (left side from FFT diagram).

Table 4 .

 4 

	9. Summary of the binary and pure maghemite superlattices properties deduced from
	GISAXS pattern				
		-Fe2O3 and Au NP BNSLs	pure -Fe2O3 SLs
	Rings	qz	periodicity d(nm)	qz	periodicity d (nm)
	1	0.73	8.60	0.77	8.16
	2	0.83	7.53	1.47	4.27
	3	1.40	4.48		

Table A .

 A 1. List of NPs and their concentration used in catalytic activity test.

	NPs type	Diameter (nm)	Surface area per NP (S) (nm 2 )	NPs concentration (CNPs) (µmol L -1 )	Total surface area (S x CNPs) (nm 2 µmol L -1 )
	Au NPs	10.6	353.0	0.0350	
		11.4	408.3	0.0303	
	Au@Ag	12.2 14	467.6 615.8	0.0264 0.0201	
		14.8	688.1	0.0180	
		11.4	408.3	0.0303	
	Au@Pd	12.5 13.7	490.9 589.6	0.0252 0.0210	
		14	615.8	0.0201	49.39
		11.1	387.1	0.0319	
	Au@Pt	11.7 12.9	430.1 522.8	0.0287 0.0236	
		13.5	572.6	0.0216	
	Au PC	7	153.9	0.0803	
	Au SC	7.2	162.9	0.0759	
	Au@Ag PC	7	153.9	0.0803	
	Au@Ag SC	7.5	176.7	0.0699	
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Annex 9. TEM image of NaCl, AlB2, and NaZn13-type of BNSL structure.

Figure A. 17. TEM images of (a) NaCl, (b) AlB2, and (c) NaZn13 type of BNSL structure in lower magnification. FFT images are shown in inset. Deposition condition is described in section 3.1, Chapter IV.
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quantitative, but they suffice to localise the silver layer. The Au M-edge onset is blurred because of spectrometer defocus (it is not possible to be in focus across the entire > 2000 eV energy range). Dwell times per pixel were 20 to 50 ms.

Scanning Electron Microcopy (SEM)

The first scanning electron microscopy (SEM) was built by Zworykin in 1942. This type of instrument is widely used in fields as diverse as electronics, materials, and life sciences.

The basic principle of SEM is shown in Figure A.5. The SEM image is a reconstructed image: a probe, the electron beam, scans the surface of the sample, a detector synchronously recovers a signal induced by this probe to form an image, intensity mapping of this signal.

The SEM consists of a source of electrons that a set of "condenser" lenses focuses on a diaphragm. A second "objective" lens refocuses this beam on the sample in a fine spot (15 to 200 Å). A set of deflection coils makes it possible to move the beam and therefore sweep the sample. This forms the probe. Under the impact of the electron beam, there are essentially: i) electron backscattering of the incident beam with energy loss, ii) emission of low energy secondary electrons from the outer layers of the atoms of the sample, iii) X-ray emission, competitively with Auger electrons, iv) UV-visible photon emission, v) flow of a current towards the mass.

All these signals can be used to form an image. The SEM base detector recovers a mixture in variable proportion of secondary electrons and backscattered electrons, proportion depending on the primary energy, the sample-objective distance, the angle of incidence of the primary beam, the material observed. Other detectors make it possible to discriminate the secondary electrons from the backscattered electrons.

The contrast (i.e. the local variation of the electronic emission) of the image comes from topographical, chemical, and structural effects, governing back scattering and secondary emission. The magnification is determined by the ratio between the area scanned on the sample (a rectangle of dimension varying between a few mm and a fraction of micrometers on the side) and the dimension of the final document on the observation screen.

The secondary electron image is characterized by very good definition, up to magnifications between x20,000 and x50,000 in conventional, up to> 500,000 in high resolution, with lateral resolutions of 10 to 200 Å , depending on the sample, the apparatus and the observation parameters. Mounting the detector in the objective lens makes it possible to eliminate most of the backscattering, and to obtain a better-defined image of the surface, particularly at low primary energy.

The backscattered electron image has a lateral resolution at best of the order of 0.1 μm.

The use of a specialized detector (semiconductor or scintillator) makes it possible to bring out a contrast which is a function of the atomic number of the elements present. A heavy element will give an intense signal and therefore a clear area; a light element will give a weak signal and therefore a dark area, sort of an atomic number map. This mode of operation requires a flat surface to minimize the contrast due to the relief. On the other hand, the identification of the elements present requires the use of another method, typically X-ray microanalysis.

Scanning electron microscopy (SEM) images associated with energy dispersive X-ray spectroscopy (EDX) on the NPs 3D superlattices were performed with a JEOL-5510LV. The samples were prepared by depositing several drops of colloidal solution on a silicon wafer. This law determines the concentration of the solutions of NPs.

Low Frequency Raman Spectroscopy (LFRS)

Samples for LFRS measurements were prepared by depositing several drops of colloidal solution onto a silicon wafer. The spectra are recorded with a six-pass tandem Fabry-Perot interferometer coupled with an Si avalanche photodiode for the detection of the scattered light. Because of the weak signal from the samples an acquisition time of several hours is required for each spectrum to obtain a sufficient signal-to-noise ratio. The 647.1 nm line of a Kr + laser is used as excitation source. To prevent damage of the sample during the long irradiation time, the laser beam is focused on the sample surface at a low optical intensity of about 10 10 W m -2 . This system allows us to record inelastic light scattering spectra with low frequency shifts ( < 300 GHz). To facilitate and support our interpretation of the LFRS spectra, the measured frequencies are compared with analytical calculations based on Lamb theory. 1 A Fabry-Pérot multi-pass tandem (6 pass) was used in a classic backscattered geometry.

Due to the weak signal detected on the samples, an integration time of several hours was typically required for each spectrum to obtain a suitable signal-to-noise ratio. To prevent any damage to the sample that could result from long laser irradiation, the laser beam was focused on the surface of the sample at low optical intensity in the order of 107 W / m2. The laser excitation wavelength was 647 nm. This system allows measurement of inelastic scattering signals for wave numbers between 0.1 and 15 cm -1 2,3 .

When the diameter of the spherical NP is small compared to the wavelength of the incident light D << λ it has been shown on the basis of symmetry arguments that only the breathing modes l=0 and quadrupolar mode l=2 are active in the Raman diffusion process (Chapter I). In most Raman experiments, only the fundamental mode of these two modes is 

Annex 6. Ligands on core-shell NPs in XPS analysis