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General introduction

Transition metal borides are of major interest in large families of applications, including magnetism [1][2][3] , refractory materials 4,5 , superconductors 6 , catalytic reactions such as hydrodesulfurization 7,8 or hydrogenation 9 and electrocatalytic water splitting 10,11 . In most of these fields, this is the association of boron with metals atoms that modifies properties and enhances performances, by bringing covalence to the nature of bonding. Along the increase of the metal-to-boron ratio, boron tends to extend covalent B-B bonds into complex clusters and frameworks, which yields unique crystal structures and unique variations of properties.

However, compared to other classes of materials such as carbides, sulfides or phosphides, which have been reported for some of the applications mentioned, the exploration of borides remains limited due to the complexity of their synthesis. Indeed, due to the high degree of covalence in these materials, conventional synthesis methods are based on solid-state reactions between metal and elemental boron at temperatures above 1000 °C. These methods are not suitable for the elaboration of nanoscale materials as extensive crystal growth occurs at these temperatures. Unfortunately, decreasing the temperature generally leads to insufficient energy input for crystallization, hence amorphous phases, often poorly stable and with properties that differ from those of the crystals.

On the opposite, liquid-state approaches towards metal borides, generally based on molecular or ionic precursors, allow the combination of transition metals with boron in a one or a twostep synthesis [12][13][14][15][16][17] . In the former case, reactions occur in high temperature liquids [18][19][20][21][22][23] . In the latter case, an amorphous intermediate is formed following colloidal chemistry protocols, and an annealing step triggers the crystallization of borides 16,17,24,25 . In both cases, however, the size and morphology control over the boride nano-objects are inferior compared to the standards of colloidal synthesis 26,27 . A general method to achieve composition and morphology-controlled boride nanocrystals then remains unattained. Such control would be of high interest to understand and optimize the properties, to target new high interest or metastable boride compounds, and to pave the way to the combination of boride with other p-block elements.

Particularly, metal-rich borides and phosphides exhibit structural similarities. Like borides, metal-rich phosphides possess a high, although lower, degree of covalence in M-P and P-P bonds 12,[28][29][30][31][32] . This explains why some application fields of phosphides are common to borides, particularly for water splitting electrocatalysis 11,12,14,29,30,33,34 . This raises the possibility of complex electron transfers in borophosphides, which could further enhance the catalytic properties. Nevertheless, borophosphides are rare, even at the bulk scale. For instance, only two phases have been reported in the case of the nickel, and only through solid-state strategies 35,36 .

Therefore, the aim of this thesis is to develop new approaches towards morphology-controlled nanostructures containing metals and p-block elements boron and/or phosphorus. The field of interest extends from single metals to borides and borophosphides of one or two metals. To overcome the limitations of the reported synthesis methods, our strategy relies on several pillars. First, inorganic molten salts are used to provide liquid media thermally stable over a wide temperature range, with a low viscosity, in order to accelerate reactions compared to solidstate processes, and to support homogeneous reactivity. The second pillar is the use metal nanoparticles as reagents, which act as nano-reactors in which boron and phosphorus atoms are incorporated. The high surface-to-volume ratio of the nanoparticles and small diffusion length within them should ensure high reactivity compared to conventional reagents.

Overall, this approach presents several advantages. The diffusion paths are shorter, the liquid state provides sufficient diffusion and structural changes can be accommodated more easily than in bulk solids. We demonstrate herein that the control of composition and morphology of the boride nano-objects is superior to other synthesis methods. Meanwhile, we put emphasis on reaction mechanisms and identification of reaction intermediates. For this purpose, we have combined ex situ techniques (total X-ray scattering coupled with pair distribution function analysis, transmission electron microscopy, X-ray photoelectron spectroscopy) and in situ Xray diffraction to monitor the reaction pathways in the melt. We will also show that this synthesis approach provides materials with promising electrocatalytic properties for water splitting.

More in detail, this thesis is divided in six chapters:

In Chapter 1, we briefly review the state-of-the-art in post-synthesis modification methods of nanostructures, including the processes of controlled and selective chemical and structural transformations of nanocrystals. Since the reactivity of nanomaterials is different from that of bulk phases, a knowledge of the processes behind their transformation is essential to drive and understand the crystallization pathways studied throughout the different chapters. In particular, the possibility of B, P insertion in metal-containing nanostructures is discussed according to the reported synthesis methods and the structural similarities of borides and phosphides.

Chapter 2 presents the proof-of-concept of the synthesis of metal boride nanocrystals in molten salt medium by incorporation of boron into metal nanoparticles with the case study of nickel borides. We discuss the synthesis conditions towards pure Ni3B and Ni4B3 nanocrystals with controlled morphology by using nickel nanoparticles as precursors. A detailed study of the specific crystallization mechanism revealed the presence of intermediate phases and possibly a non-classical crystallization pathway.

Chapter 3 focuses on the electrocatalytic properties of the nickel boride nanoparticles discussed in chapter 2 for water splitting half-reactions: the hydrogen evolution reaction and the oxygen evolution reaction.

Chapter 4 depicts the co-incorporation of boron and phosphorus into nickel nanoparticles to attain nickel borophosphide nanoparticles. Different reaction pathways are investigated in molten salts conditions by incorporating heteroelements (B, P) into nickel, nickel borides or nickel phosphides nanoparticles. In parallel, a redox approach in molten salts involving the reduction of nickel (II) in presence of B and P sources has been investigated.

Chapter 5 extends the concept of boron incorporation into pre-formed metal nano-objects, by discussing the synthesis of a new bimetallic nickel cobalt boride formed by the insertion of boron into core-shell Ni-Co nanoparticles. The specificity of the synthesis method combined with structural and thermodynamic considerations allowed to avoid phase depletion during crystallization, observed in methods involving redox reactions of Ni (II) sources. We present also preliminary results on the electrocatalytic activity of these materials for water splitting.

Chapter 6 presents another extension of the synthesis concept, by transformation of iron nanoparticles into iron boride nanocrystals. We highlight how the synthesis method to produce the initial metal nanoparticles plays an important role in their further conversion into borides In addition, an appendix chapter is devoted to the use of molten salts to form ligand-free metallic nanoparticles. Indeed, when the particles are used as reactants, the absence of ligand could be beneficial in controlling reactivity and limiting side reactions. The synthesis is based on the properties of alkali halide liquid salts to provide a colloidal stability during a simple reduction of a metal precursor by a hydride. This work represents the first foray into the synthesis of metal nanoparticles in molten salts, and the use of induction heating for colloidal synthesis. It then paves the way to important extensions of the studies discussed in the previous chapters. ( 

Chapter 1: Strategies for chemical transformations of nanocrystals

This thesis is dedicated to the design of nanoparticles and nanostructures containing metals and p-block elements: boron and/or phosphorus. Various studies have shown the possibility to design nanostructures of borides and phosphides through one-step syntheses from molecular or ionic precursors [1][2][3][4][5][6][7][8][9] . Such methods usually yield nanostructures with size and morphology control that do not reach the standards of colloidal chemistry 1,7,[9][10][11] . Several teams have shown that incorporation of phosphorus into metal nanoparticles enables to design metal phosphides with superior control of the morphology 8,12,13 , since it is directly related to the morphology of the initial nanoparticles, obtained by colloidal chemistry in organic solvents. Such approaches have never been reported for borides. Interestingly, the structures and properties of metal-rich phosphides and borides present similarities. This suggests that the conversion of metal nanoparticles by boron incorporation may be achievable.

In this chapter, from a broader perspective, different methods for transforming nanocrystals are presented. Indeed, new crystal structures, nanostructures and properties, which are difficult or impossible to achieve through one-step syntheses may become within reach by post-synthesis methods 11,[14][15][16] . Most of the methods for nanostructure transformation described thereafter are valid for some range of compositions such as metal chalcogenides, halides, oxides and few compounds of p-block elements [14][15][16][17][18][19] . Then, this chapter has several objectives. First, to explore the possibilities enabled by post-synthesis chemical transformations and to clarify the involved mechanisms; second, to comprehend the chemistry of boride and phosphide nanomaterials in order to propose reaction pathways towards precise morphological control, inspired by postsynthetic modifications of other families of nano-objects.

As the surface-to-volume ratio increases with reducing particle size, surface reactivity becomes predominant, which explains the higher reactivity of nanoparticles compared to a bulk analog. This is the reason why most recent developments in post-synthetic modification of solids have focused on nano-objects, to incorporate new elements, achieve more complex structures and thermodynamically metastable phases; unattainable in the bulk states or by direct synthesis of the nano-objects 15,20 . Note however that nano-objects often exhibit surface ligands, possible aggregation and crystalline defects 20 , which may also modulate their reactivity.

I) The nano-Kirkendall effect during post-synthesis transformation

In most of the methods of chemical transformation of nanostructures addressed hereafter, a morphological transformation corresponding to the formation of a "void" within the particles may be observed. The nano-Kirkendall effect may arise during a reaction between a nanoparticle and an external agent or by interdiffusion of atoms/ions for core-shell structures.

These reactions imply diffusion of at least one kind of atoms/ions within a nanoparticle. If the incoming species diffuse slowly into the nanoparticle, then atoms/ions from the core diffuse to the surface to react with the incoming ones. The unbalanced atom/ion flux to the shell induces the formation of vacancies in the core. These vacancies affect the morphology by evolving into voids when there concentration is sufficient, thus yielding hollow nanoparticles 14,18,21,22 .

II) Exchange reactions

Exchange reactions include strategies of galvanic replacement and ion exchange (Figure 1) 16,20 .

Figure 1. Schemes of exchange reactions in nanomaterials: galvanic replacement, cation exchange, anion exchange. The voids are represented by white areas. Adapted from 20 .

a) Galvanic exchange

Galvanic exchange, also known as transmetalation, is based on the difference in redox potentials between two metals. The process consists in the redox reaction in a solvent between dispersed metal-containing nanoparticles and the dissolved oxidized form of another metal, with higher redox potential than the metal within the nanoparticles. Then, as in classical metallurgy, galvanic replacement occurs, where the lower redox potential metal is oxidized and transferred to the solution, while the reduction and/or incorporation of the substituting metal takes place. During the deposition of the more noble metal (higher redox potential of the oxidized form), part of the initial nanoparticles act as sacrificial template during the substitution 18,20,23,24 .

In terms of reaction pathway, two mechanisms take place simultaneously (Figure 1). Initially, an alloy shell is formed and grows on the nanoparticles. As this step proceeds, dealloying occurs and galvanic replacement becomes effective. In parallel, the dynamic process of alloying and dealloying induces the formation of pinholes responsible for the oxidation and dissolution in solution of the template metal from the center. The template is thus partially decomposed. In addition, in the final stage of dealloying, the structure may break up. To avoid this phenomenon, the galvanic exchange is usually stopped upstream. In general, noble metal salts containing Au, Pd, and Pt conduct the galvanic exchange on Ag, Cu, Al, Ni and Co used as template 18,25 .

However, other nanoscale compositions have been reported by galvanic replacement including CoCu 26 , FeCu 27 or RuM (M = Fe, Ni, Cu, Co ) supported on TiO2 28 . Recently, a group has presented the formation of two-dimensional Ni-Co-B amorphous nanolayers supported on reduced graphene oxide (rGO) by galvanic replacement of cobalt by nickel 29 . In chapter 5 of this manuscript, another strategy will be discussed 30 to form first core-shell nickel-cobalt nanoparticles and then a NiCo nanoalloy upon heating 31 . This strategy, in contrast to galvanic exchange, conserve the initial Ni: Co atomic ratio.

Galvanic exchange can be extended to metal oxides by replacing the metal ions of lower redox potential with metal ions of higher redox potential. A study 32 has demonstrated the general nature of this method by using galvanic substitution for the pairs Mn3O4 -Fe2O3 , Co3O4-SnO2 and Mn3O4-SnO2 as study cases. The galvanic substitution on these phases resulted in hollow cage nanostructures. Similar to the previous cases, these morphologies result from the reaction between the substituted oxide species and the substituent oxides, leading to a gradual precipitation on the surface of the nanocrystal while a void is formed in the center of the nanocrystal. Finally galvanic exchange is stopped before total depletion, resulting in a hollow cage-like morphology with the substituent oxide as a shell enclosing the remaining substituted oxide 20,32 .

New synthesis routes are derived from galvanic substitution as in the case of layered structures.

MAX phases, for examples, are composed of hexagonal layered structures of metal (M) carbides (X = C) or nitrides (X = N), interleaved by an A element, usually a 13-16 group element 33,34 . In these compounds, galvanic replacement was used to substitute Al atoms as the A element by Zn atoms in Ti3ZnC2, Ti2ZnC, Ti2ZnN and V2ZnC. Further galvanic exchange from Ti3ZnC2 yielded Ti3C2Cl2 34,35 . Note that in this case, the diffusion of the incoming atoms is sufficiently fast into the MAX crystals to enable exchange into the core of the objects, without formation of any internal void.

Coupling of galvanic exchange with co-reducing agents constitute another synthesis route. The modification of the kinetics of reduction can provide a control of the morphology of the nanostructure. Thus, the use of hydroquinone as reducing agent during the synthesis by galvanic replacement of AgPd, AgPt and AgAu nanostructures resulted in the formation of hollow nanodendrites and nanoflowers 24 . Indeed, during galvanic replacement, the oxidized Ag was dissolved and replaced by the reduced metal precursor while a second process of precursor reduction by hydroquinone occurs.

b) Ion exchange

A distinction is made between anion and cation exchange reactions from nanoparticles 18 .

-Cation exchange

Cation exchange corresponds to the replacement of cations within nanostructures by those in solution 14,36,37 . The anionic framework needs to be sufficiently stable to maintain the morphology rather than reconstruct the overall structure 6,13 . The reaction is generally topotactic as no deep modification of the crystal structure is observed 37 . Various cation exchange reactions have been observed in metal oxides, chalcogenides, phosphides, and arsenides using various metal cations (Cu + , Ag + , Cd 2+ , Pb 2+ , Zn 2+ , Sn 2+/4+ , Ga 3+ , In 3+ ,Mn 2+ , Au 3+ , Co 2+ , Fe 2+ and Ni 2+ among other) 15 . A reported Fe 2+ to Co 2+ cation exchange in ferrite nanocrystals (Fe II Fe III 2O4)

preserved the nanocrystals in presence of trioctylphosphine (TOP) as surface ligand; essential to avoid the depletion into small polydisperse nanoparticles 38 .

The exchange reaction is thermodynamically driven and can only occur if solvation or complexation sufficiently stabilize the outgoing cations into the solution. In all cases, the cation exchange starts by a nucleation event on a single domain on the surface, which initiates the solid-solid transformation 14,15 . In principle, the cation exchange reaction starts on sites of lower surface energy and low coverage by ligands 15 . Thereafter, the way of substitution in the nanomaterial can depend on several factors that impact the thermodynamic equilibrium of cation exchange, such as the solubility constants, the crystal structure and corresponding lattice energies, the presence of ligands on specific sites, the relative solvation energies, the localization of the surface event and the hard-soft acid-base interactions 14,36,37 .

As cation exchange occurs through a solid-solid phase transformation, adjusting its kinetics can allow metastable phases or kinetic products to be stabilized 14,37 . Stopping the reaction leads to a variety of achievable products and structures, including core-shell, patchy, doped, alloyed or phase-segregated structures (Figure 2) 37 . with Zn 2+ introduced multiple ZnS bands separated by roxbyite domains 37,39 .

-Anion exchange

As just discussed, in the case of cation exchange, the small size of the cations allows a rapid exchange and maintenance of the nanostructure, compared to the larger anions that are unable to diffuse rapidly. The high energy barrier for anion diffusion then imposes higher temperatures and longer reaction times to enable anion exchange 14,15,18 . Anion exchange is then rarely topotactic as anions diffuse badly into cationic sublattices with narrow interstitial spaces and large energy barriers for diffusion from one site to the other. Deep morphological modifications, including Kirkendall voids, are therefore inherent to these reactions, but reversely enable complex nanostructures to be achieved. Nonetheless, several factors such as lattice mismatch, exposed crystal faces or the nature of ligands, enable to tune the reactivity 15,16 . To illustrate the role of ligands, the sulfidation of Fe3O4 into hollow Fe3S4 nanocrystals was performed by conventional anion exchange using H2S to extract O 2-ions. By using a specific oxygenextracting agent (here the (Z)-N-trimethylsilyl-octadec-9-en-1-amine containing an oxophilic group and a nucleophilic amine), O 2-removal and exchange was accelerated, the Kirkendall void was avoided, thus yielding Fe3S4 nanocrystals. This method was then successfully applied for the exchange of MnO into MnS and ZnO into ZnS with conservation of the morphology 16 .

Anionic exchange has been reported for several elements of the groups of pnictogens, chalcogens and halogens (groups 15 ,16 and 17 of the periodic table). Nevertheless, the catalogue of achievable structures can be extended by controlling the anion exchange to stabilize intermediates as heterostructures and core-shell structures 15 . The controlled partial anionic exchange of hollowed cobalt oxydes (CoOx) nanocrystals was conducted to form the cobalt oxysulfide CoOxS0.18 (x unidentified) 40 . The structure described as a distorted Ssubstituted CoO phase showed significant enhancement of the electrocatalytic activity towards the hydrogen evolution reaction compared to CoOx.

III) Heteroelement incorporation

Another way of manipulating nanostructures is the incorporation of atoms/ions into the nanomaterial. This incorporation can be performed directly or after performing etching or substitution to trigger and control the reactivity.

a) Metal insertion

Alloying enables to design new compositions at the nanoscale. Metal incorporation generally induces morphological changes as a mechanism of interdiffusion occurs and follows the nano-Kirkendall effect, since it is rare that the two metals have the same diffusion coefficient (Figure 3) in the parent solid 22,41,42 . As a case study, nanoparticles of an Au-Pd alloy containing some Kirkendall voids were prepared from Pd nanocubes brought into contact with metallic Au formed by reduction of a Au (I) precursor with oleylamine 22 . As the two metals are miscible, the alloy was formed upon heating. In this case, the use of the Au(I) precursor instead of a classical Au (III) precursor was deliberately chosen to minimize the galvanic replacement.

Similarly, the mechanism of interdiffusion can arise in core-shell bimetallic structures. The shell atoms can generally modify the surface of the core metal without altering the crystal facets 22,43 . Nanoscale high entropy alloys defined as a single-phase solid solution of at least 5 elements (PdCuPtNiCo) have been synthetized by this route from core-shell nanoparticles PdCu-PtNiCo 44 . Notwithstanding the high degree of control over the composition, the metals need to be miscible to form a single-phase alloy. Thus, PdCu-PtNiCo core-shell nanoparticles were converted into PdCuPtNiCo nanoalloy without depletion during annealing. In this case, several factors facilitated the diffusion such as high interfacial strains, which lower the diffusion barrier in addition to lattice distortions and low atomic diffusivity during mixing. We will use a similar process in chapter 5, to form a NiCo alloy from core-shell Ni-Co nanoparticles 30 , for its subsequent conversion into a nickel cobalt boride. A combination of in situ XPS and TEM showed stepwise processes along a temperature ramp 31 : first, a desorption of oxide species occurs through a carbo-reduction process; then, migration of nickel atoms from the core to the shell while cobalt atoms migrate reversely yields the alloy without significant size variation .

Recently, our group reported an original approach towards the synthesis of metal silicide nanoparticles by incorporating metals (Ni and Fe) into pre-formed silicon nanoparticles 45 . The synthesis relies on two main pillars: molten salts to provide a liquid-state medium at high temperature and silicon (0) nanoparticles capable of reducing and incorporating the metal ion precursor into metal (0). Conversely, Si (0) is oxidized into volatile species of Si (IV) . The size distribution of the resulting particles is maintained and the objects exhibit a homogeneous composition while an oxide layer is formed on the surface upon exposure to air.

b) s-block elements insertion

Reports on the insertion of alkali metals or alkaline earth metals into nanostructures generally aim at a reversible uptake process for applications in batteries. Indeed, further storage capabilities can be obtained with nanomaterials as they possess a higher surface to volume ratio, different ion solubilities and a modulated interfacial strain, which drives changes in surface redox states 46,47 . In addition, shorter diffusion pathways provide rapid insertion and extraction of the alkali element 48 . The reversible incorporation process is performed electrochemically from ion-containing solutions and yields insertion of alkali or alkaline earth cations. The reduction or oxidation of the desired element is then controlled by simply modifying the applied electrochemical potential 46,[49][50][51] . Under these conditions, despite the small size of the s-block element studied, morphological changes are observed during the first insertion/extraction cycle.

In the case of lithium as reversibly inserted element, volume expansion of the lattice of the nanomaterials is generally observed 49,50 . Replacement of Li + by larger Na + cations induces larger expansion, structural and morphological changes, as well as side reactions under electrochemical conditions, such as disproportionation 47,49 . It is worth mentioning that even with the incorporation of Ca 2+ , no void formation have been reported [47][48][49][50][51] . In contrast, vacancies were observed in the structure of the reversibly inserted Li in LixFePO4 48 .

c) p-block elements insertion

Colloidal nanocrystals formed by p-block elements incorporation into existing metal nanoobjects have been reported for carbon 19 , the chalcogenides oxygen, sulfur and selenium 18,22,52 but most commonly for phosphides 1,18,22,[53][54][55][56] . A recent study has reported the insertion of boron into nickel nanoparticles for the formation of Ni2B and Ni3B nanocrystals by solid-state mechanochemistry within 1-3 days of reaction at 400°C. Despite its simplicity, this method resulted into aggregated particles with a size range much larger than that of the initial nickel particles 6 . For these incorporation reactions, the incoming elements may exhibit slower inward diffusion and the outward diffusion of metal atoms, thus resulting in a nano-Kirkendall void.

The resulting particles are enlarged and include a void in the center 1,14,18,22,52,53,57 .

For phosphide synthesis, trioctylphosphine and white phosphorus (P4) are the main sources of phosphorus for conversion of elemental Ni, Pd, Fe, Co, Cu, Zn, In, Pb nanoparticles 1,18,22,[53][54][55][56] .

No formation of Kirkendall void was observed in Ni2P nanocrystals formed by decomposition of white phosphorus (P4) on nickel nanoparticles [START_REF] Carenco | White Phosphorus as Single Source of "P" in the Synthesis of Nickel Phosphide[END_REF][START_REF] Carenco | Designing Nanoparticles and Nanoalloys with Controlled Surface and Reactivity[END_REF] unlike some other methods, based on trioctylphosphine (TOP) as source of phosphorus 1,18 , due to the high reactivity of P4 and then high flux of P atoms towards the inside of the particles.

In chapter 4, we address the incorporation of phosphorus within metal or metal boride nanoparticles. Due to safety concerns and unavailability of the highly reactive white phosphorus, a restricted-use chemical, we have used either trioctylphosphine, surface ligand used during the synthesis of phosphides [START_REF] Moreau | Defining Crystalline/Amorphous Phases of Nanoparticles through X-Ray Absorption Spectroscopy and X-Ray Diffraction: The Case of Nickel Phosphide[END_REF] , or red phosphorus, a phosphorus source less reactive than with phosphorus, but readily available user-friendly.

The mechanism of phosphidation of cobalt nanoparticles by TOP ligands was studied in details 18,53 . The conversion of ε-Co to Co2P occurs through a two-step process. First, an amorphous shell of cobalt phosphide is formed by inward diffusion of phosphorus with negligible outward diffusion of cobalt. As the shell grows and Co2P becomes the major phase, the diffusivity scale is reversed and the outward diffusion of cobalt allows the formation of a Kirkendall void. Thereafter, the subsequent conversion of Co2P to CoP involves a different mechanism by cation exchange reaction. A de-intercalation of cobalt atoms from the interstitial sites occurs, while the anion lattice is maintained but deformed to form the CoP structure. TEM studies showed an increase of the void diameter before re-annealing. The percentage of hollow nanoparticles in the final product fell from 70 % in Co2P to 30 % in CoP, suggesting that other mechanisms including either the Kirkendall process or fracturation of hollow nanoparticles and Ostwald ripening may be involved.

d) Similarities between boride and phosphide materials

Interestingly, the properties of bulk and nanoscale phosphides are often related to those of borides 1,3,[START_REF] Chunduri | A Unique Amorphous Cobalt-Phosphide-Boride Bifunctional Electrocatalyst for Enhanced Alkaline Water-Splitting[END_REF][START_REF] Masa | Role of Boron and Phosphorus in Enhanced Electrocatalytic Oxygen Evolution by Nickel Borides and Nickel Phosphides[END_REF][START_REF] Wang | Synthesis of Ni-P-B Amorphous Nanoparticles with Uniform Size as a Potential Hydrodeoxygenation Catalyst[END_REF] . These similarities can be related to the nature of bonding and to crystal structures. Indeed, crystal and electronic structures in metal borides and metal phosphides depend on several factors such as the nature of the metal, and the stoichiometry.

The electronegativities of phosphorus (χ(P)= 2.19), boron (χ(B)= 2.04) and most transition metals are similar. For the first transition series, Fe, Co, Ni and Cu have a narrow χ range [1.83-1.90]. These small differences in electronegativity tend to reinforce the covalent character of the metal-B/P bond. However, more ionicity is observed in metal phosphides compared to metal borides due to the higher electronegativity difference. The resulting M-P bonds yield a relatively positive charge on the metal and a relatively negative on P 1,[START_REF] Huang | A Review of Modulation Strategies for Improving Catalytic Performance of Transition Metal Phosphides for Oxygen Evolution Reaction[END_REF] . More specifically, the formation of a metal-p-block element bond induces an electron transfer from the metal to the p-block element in accordance with their respective electronegativities. However, for both elements, but more pronounced for boron, there is a reverse electron transfer corresponding to a back-donation to the d-band of the metal 1,7,[START_REF] Wang | Synthesis of Ni-P-B Amorphous Nanoparticles with Uniform Size as a Potential Hydrodeoxygenation Catalyst[END_REF] . The metal is thus "ennobled" due to a filling to the d-band, with a trend towards the adoption of an electron configuration closer to that of a noble metal. As result, the stability of the metal is enhanced against oxidation as well as the chemical and thermal stability and the catalytic activity become closer to those of noble metals.

Besides, the properties and structures derive from the metal nature and content. According to DFT calculations, in metal-rich borides ( usually MBx; x< 6) and metal-rich phosphides ( usually MPx; x< 1:1), the proximity of metal atoms provides strong electron delocalization in the metal sublattice, thus yielding metallic properties 1,[START_REF] Huang | A Review of Modulation Strategies for Improving Catalytic Performance of Transition Metal Phosphides for Oxygen Evolution Reaction[END_REF][START_REF] Akopov | Rediscovering the Crystal Chemistry of Borides[END_REF] .

In metal borides, strong, short and directional B-B covalent bonds form a sublattice. As the boron content in the boride phase increases, the sublattice tends to concatenate and evolve in geometry from isolated boron atoms, clusters and then framework in 2D by formation of chains of boron atoms and 3D dimensions composed of skeletons/backbones boron atoms. The decrease in the B-B bonds distances to a minimum of 175 pm, similar to that found in elemental boron, confirms the strengthening of the covalent sublattice 1,[START_REF] Akopov | Rediscovering the Crystal Chemistry of Borides[END_REF] . In metal-rich phosphides, the phosphorus atoms interact poorly. Back-donation due to overlapping of metal and phosphorus orbitals also limits the ionic character of the M-P bonds. As the phosphorus content in the phase composition increases, the P-P interaction become stronger and the electrons are more concentrated around P due to the more ionic character of the compounds. Phases with high phosphorus content are semiconductors or insulators as they hinder electron delocalization of the metal sublattice 1,[START_REF] Huang | A Review of Modulation Strategies for Improving Catalytic Performance of Transition Metal Phosphides for Oxygen Evolution Reaction[END_REF] . Unlike boron, phosphorus can only form finite chain structures including a minimum P-P distance of 215 pm. In comparison, this hinder of electron delocalization is observed in higher boron contained phases as the boron substructure is more defined and covalent 1 .

Depending on the application, metal-rich or boride/phosphide-rich phases may be more suitable. From an overall point of view, the structures and behavior of borides and phosphides diverge strongly for B/P-rich compositions. Conversely, metal-rich boride and phosphide phases exhibit close structures and properties 1,3 , as will be discussed in chapter 4.

In terms of applications, both borides and phosphide phases have been particularly studied as water splitting electrocatalysts to supplant noble metals 1,[START_REF] Chunduri | A Unique Amorphous Cobalt-Phosphide-Boride Bifunctional Electrocatalyst for Enhanced Alkaline Water-Splitting[END_REF][START_REF] Masa | Role of Boron and Phosphorus in Enhanced Electrocatalytic Oxygen Evolution by Nickel Borides and Nickel Phosphides[END_REF][START_REF] Huang | A Review of Modulation Strategies for Improving Catalytic Performance of Transition Metal Phosphides for Oxygen Evolution Reaction[END_REF][START_REF] Gupta | Metal Boride-Based Catalysts for Electrochemical Water-Splitting: A Review[END_REF][START_REF] Lee | Nonprecious Metal Borides: Emerging Electrocatalysts for Hydrogen Production[END_REF][START_REF] Menezes | Uncovering the Nature of Active Species of Nickel Phosphide Catalysts in High-Performance Electrochemical Overall Water Splitting[END_REF] , as will be described in chapters 3 and 5, where we will investigate the properties of some materials synthesized into this work.

In summary, since the properties and reactivity of phosphorus and boron are related, the work hypothesis for this PhD work was that boron incorporation similar to phosphorus into metalbased nanoparticles would be possible. Due to the higher covalence in borides, we expected the need for higher temperatures to trigger incorporation, compared to phosphides. This has driven the choice of molten salts as reaction media, which provided a large temperature range to assess this reactivity. Thus, the formation of transition metal borides and borophosphides by incorporation of the p-block element into metal containing nanoparticles corresponds to the main approach developed in chapters 2,4,5,6.

IV) Activate transformations by etching

Selective etching strategies have been developed to remove specific atoms or compounds within nanoparticles or surface ligands. This process may induce deep structural reconstruction, which then changes the properties. For example, selective stripping of CsX (X = Cl, Br, I) from Cs4PbX6 nanocrystals to form CsPbX3 induced lattice reconstruction, which then changed the properties from non-luminescent to highly luminescent nanocrystals 22 .

Besides, selective etching can enhance the reactivity and activate chemical transformation pathways difficult to reach by other methods.

As case of study, a coordination-assisted etching using K3[Fe(CN)6] as etching agent and ligand allowed to incorporate iron into Co(OH)2 porous nanoplates with a controllable composition.

The resulting nanoplates showed an enhancement of the electrocatalytic activity in oxygen evolution reaction [START_REF] Lyu | Coordination-Assisted Synthesis of Iron-Incorporated Cobalt Oxide Nanoplates for Enhanced Oxygen Evolution[END_REF] .

On another side, a facet selective etching followed by deposition or galvanic replacement was reported for several noble metals 23 . As an illustration, Pd nanocubes were selectively etched with bromide along specific facets, which then served as actives site for galvanic replacement using H2PtCl6 to form Pt atoms and attain Pd-Pt concave nanocubes 23,[START_REF] Zhang | Synthesis of Pd-Pt Bimetallic Nanocrystals with a Concave Structure through a Bromide-Induced Galvanic Replacement Reaction[END_REF] .

Conclusion

The shorter range of cohesion in nano-objects and their high surface energy provides higher reactivity and flexibility compared to bulk solids. Post-synthesis chemical transformations of nano-objects then provide paths towards a wide variety of mechanisms and resulting nanomaterials, with potentially complex structures and morphologies unreachable by classical pathways of nanoscale syntheses.

Along this chapter, we have addressed several post synthesis pathways of exchange reactions or incorporation of metal, s-block, p-block elements. We have seen that despite the great versatility of compositions and structures achievable, their control may be limited. Indeed, parameters such as the post-synthesis method, the composition, the morphology, synthesis conditions or a difference between inward and outward diffusion can influence the transformation. Then, understanding the mechanisms allows to find strategies such as the use of an etching agent or a specific ligand to drive the reaction.

A particular focus was placed on the possibility of boron incorporation in metal-containing nanostructures based on the reported phosphidation methods of metal containing nanostructures and the common features between borides/ phosphides structures. In the next chapters, we investigate this pathway and we address the electrocatalytic properties of the resulting nanomaterials.

Chapter 2: Molten salts-based conversion of nickel into nanocrystals of nickel borides I) Introduction: the chemistry of borides

Boride materials present strong covalent bonds between boron atoms and even between boron and metal atoms 1,2 . Complex charge transfers between boron and metal atoms tend to strengthen bonding. These specificities are responsible for their large fields of interest 3,4 in ceramics 5 , hard materials 6 , thermoelectrics 7,8 and catalysis [9][10][11] , in particular for electrocatalytic water splitting 12 .

One can distinguish metal-rich borides and boron-rich borides, which exhibit different properties. Metal-rich borides encompass isolated boron atoms or short B-B chains 1,13,14 .

Reversely, boron-rich borides present concatenation of covalent boron chains in 2D or 3D dimensions. Conventional synthesis routes for borides involve high temperatures, such as arc melting above 2500 °C, and/ or high pressures; which are most often not compatible with the recovery of nanostructures 1,2,15 . In contrast, the synthesis of nanoscale borides is most commonly based on chemical vapor deposition with gaseous boron sources or redox reactions using metal salts, a reducing agent and a boron source [1][2][3][15][16][17] .

In addition to the composition, tuning the morphology of the nano-objects is an effective way to improve the properties, especially in catalysis 18 . Classical methods such as the use of surface ligands or structuring agents/templates allow the tuning of boride nanostructures 18 .

Unfortunately, the removal of the structuring agent can be delicate due to the risk of the contamination, dissolution or structural modification of the nanomaterial. In addition, the surface ligand may affect the properties and be detrimental to catalytic processes.

To overcome these limitations, structural modifications of nanostructures have been developed

for several ranges of materials. Especially, the insertion of heteroelements inside pre-formed metal nanostructures has been reported for alkali group metals [19][20][21] , chalcogenides [22][23][24][25] , carbon 26 and phosphorus 27,28 , which were diffused into metal containing nanocrystals.

In this work, we develop a method for the synthesis of size-controlled nickel boride nanoparticles by incorporating boron into nickel (0) nanoparticles synthesized prior to the reaction (Figure 1). We perform these reactions on nickel nanoparticles suspended into molten salts, in order to avoid extensive crystal growth and particle coalescence. Molten salts provide media that enable performing such reactions between ~350 and 900 °C, a temperature range required to activate the reaction and to crystallize nickel borides. By combining in situ X-ray diffraction and pair distribution function (PDF) analysis of total X-ray scattering patterns, we monitor the reaction mechanism and the amorphous intermediates identified. Revealing the nature of these intermediates paves the way to the understanding of the mechanism of boron diffusion and the identification of key factors for selective boride crystallization. First insights in this reactivity for borides were performed by Tsou-Hsi Camille Chan Chang 29 during her PhD work. Herein, we focus on the synthesis of Ni3B and Ni4B3 nanocrystals and assess in detail the mechanistic pathway of the reaction. The electrocatalytic properties of these nanomaterials for overall water splitting will be discussed in chapter 3. 

II) The incorporation of boron into nickel nanoparticles a) Synthesis of Ni3B and Ni4B3 nanocrystals

The synthesis of boride nanocrystals relies on pre-formed nickel nanoparticles as reagents (Figure 1). Nickel borides nanocrystals were prepared from Ni (0) nanoparticles of ca. 30-40 nm (Figure 2A-C), obtained by colloidal synthesis according to a reported procedure 30 (Supporting information) based on the reaction between Ni(acac)2, oleylamine and trioctylphosphine as a capping agent. A strict compliance of the synthesis temperature is necessary in order to avoid appearance of a nickel phosphide by-product during the synthesis.

The Ni (0) nanoparticles are then dispersed into the salt powders that will yield the molten medium, in order to provide optimal dispersion of the particle reagent in the molten salt. NaBH4 is used as boron source with adjusted content. Its thermal decomposition catalyzed by nickel nanoparticles yields elemental boron 31 , so that the borohydride can act as efficient source of boron (0) to be incorporated into the nickel nanoparticles. A slight excess of boron source is used to circumvent uncomplete reaction of elemental boron and then obtain pure phases. The reaction is carried out in a LiI:KI eutectic mixture (Tf = 286 °C) at 475 °C for 1.5 h. The molten salts inorganic mixture is used to provide a thermally stable liquid medium over a wide temperature range, with a low viscosity, thus supporting homogeneous reactivity 5,32 For both materials, TEM highlights an amorphous shell of 1-2 nm thickness on the surface of the particles (Figure 2E,H). We have then performed X-ray photoelectron spectroscopy (XPS, Figure 3E-F) to probe the surface states. The Ni 2p region for Ni3B (Figure 3E) is similar to those previously reported 35,36,37 , where the peaks at binding energies of 853.1 and 870.5 eV are assigned to nickel atoms of the boride, with a charge state close to elemental nickel. The peak at 856.2 eV corresponds to Ni 2+ 2p3/2, which we ascribe to surface oxidation during washing.

Note that nickel phosphides would feature a peak at a bonding energy of 853.1 eV in the case of Ni2P, hence overlapping with the boride signal, so that phosphorus doping cannot be ruled out. The Ni4B3 sample shows the same features (Figure 3E). The B 1s region shows similar contributions for both samples (Figure 3F As in situ XRD suggests that crystallization of Ni3B and Ni4B3 proceeds through amorphous intermediates, we have inquired on the exact nature of these amorphous species. First, we have used the in situ XRD results to identify the conditions to form and isolate these intermediates.

Amorphous phases could then be retrieved ex situ at 390 °C after 1 h of plateau for the Ni3B synthesis, at 370-390 °C after 1.5 h for the Ni4B3 synthesis (Figure S2-V). We note that The fact that incorporation of boron towards Ni4B3 does not involve a crystalline Ni3B state suggests that the crystallization of both phases occurs through two distinct amorphous states, contrary to what could be expected from the Ostwald rule 38 , which would suggest sequential crystallization of borides from boron-poor (Ni3B) to boron-richer (Ni4B3) phases upon continuous incorporation of boron into the initial nickel nanoparticles. We have then used PDF analysis of the ex situ total X-ray scattering patterns to study the short-range order in the two amorphous intermediates. We have first fixed the coherence range of the respective crystalline structures to 10 Å and attempted to fit the PDFs. At first sight, the two amorphous phases display similar PDFs (Figure 7A). The PDFs show common features with the respective crystalline phases: two first peaks at 2 and 2.5 Å for Ni3B (Figure 3C), three peaks at 2, 2.5 and 2.95 Å for Ni4B3 (Figure 3D). Nevertheless, satisfactory fitting could not be achieved from Note also that ex situ PDF analysis provides a snapshot of the amorphous intermediates, which differ from each other whether further heat treatment would yield Ni3B or Ni4B3. In situ analysis appears essential to confirms the proposed model and observe the evolution towards the crystalline phases. This data treatment is in progress. From these observations, a mechanism of crystallization can be postulated. The initial nickel nanoparticles incorporate boron to form the amorphous phases. Then, partial coalescence and the onset of aggregation take place. The coalescence of at least two particles seems to trigger crystallization. Since no partial crystalline domains are observed within a particle, the composition of each coalesced particle should correspond to that of the crystalline phase. By maintaining heating, the diffusion of the nanocrystals allows them to react either with other amorphous nanoparticles or with nanocrystals. As both Ni3B and Ni4B3 characteristics are possibly observed at the local range of the amorphous intermediates, the coalescence could then be essential to guide the crystallization toward the pure phase.

III) Solid-state reaction reference

Recently, the mechanochemical synthesis of nickel boride nanocrystals was reported for Ni3B and Ni2B 3 , through the reduction of a nickel halide by NaBH4 or by reaction between NaBH4 and commercial nickel nanoparticles for 24 h to 72 h of reaction at 400 °C. We have then probed the reactivity of sodium borohydride with nickel nanoparticles without molten salt. The conditions for synthesis of Ni3B and Ni4B3 in molten salts were maintained as well as the washing steps to remove the sodium by-product from the decomposition of NaBH4. In these conditions, partial reactivity is observed and yields a mixture of borides including the targeted 

Conclusion and perspectives

In summary, we have performed the phase-selective conversion of nickel nanoparticles into morphology-controlled Ni3B and Ni4B3 nickel boride nanocrystals in molten salts. We have addressed the reaction mechanism with synchrotron-based in situ X-ray diffraction and pair distribution function analysis. This study enabled us to identify the crystallization pathway, which involves amorphization triggered by incorporation of boron into the metal nanoparticles and directed coalescence to trigger the crystallization. An in-depth study of these intermediates, also isolated, revealed that the amorphous intermediates to Ni3B and Ni4B3 deviate from each other in terms of local order, and can be considered, in a first approximation, as mixtures of Ni3B and Ni4B3 polyhedral building blocks in different ratios.

Extension of the method described in this chapter, for the incorporation of heteroelement into first row transition metal nanoparticles is discussed in the following chapters. In the case of the nickel borides, studies about the homogeneity at the local state of the intermediates identified would provide better understanding of the reaction pathway.

Annexes Experimental methods

Reagents. Lithium iodide (99%, Alfa Aesar), potassium iodide (99%, Sigma-Aldrich), anhydrous hexane (95%, Sigma-Aldrich), Nickel (II) acetylacetonate (95%, Ni(acac)2, Strem Chemicals), trioctylphosphine (TOP, 97%, P(C8H16)3, Strem Chemicals), NaBH4 (min 98%, Alfa Aesar) were stored and manipulated as received in an Ar-filled glovebox (H2O < 0.5 ppm, O2 < 0.5 ppm). Oleylamine (technical grade 70%, Sigma-Aldrich), tetrahydrofuran (THF, VWR Normapur grade), Acetone (VWR Normapur grade), methanol (VWR Normapur grade), sulfuric acid (98%, Sigma-Aldrich) and ethanol (absolute, VWR Normapur grade) were stored and used under air.

Synthesis of nickel nanoparticles

The synthesis is based on a reported procedure 30 for the obtention of size tunable nickel nanoparticles. First, 20.8 g (25.6 ml, 78mmol) oleylamine is introduced in a 50 ml three-necked round-bottomed flask containing a Teflon-coated stir bar and connected on a Schlenk line via a reflux condenser. Oleylamine was degassed under stirring at room temperature by applying 3 cycles of vacuum and N2 purge and maintain under vacuum for 30 minutes. Afterward, 0.7 mL (1.7 mmol) TOP and then 2 g Ni(acac)2 were added. The mixture was then heated under nitrogen flow with a heating mantle at 212 °C for 2 h with a rapid degassing step over 100 °C to remove the side products. A precise control of the temperature is necessary to avoid phosphidation of nickel and formation of a side product Ni3P. The suspension was then cooled by just removing the heating mantle. The nanoparticles were washed under nitrogen flow on the Schlenk line. A first washing step was performed by adding a mixture of ≈10 mL THF with ≈30-40 mL acetone, followed by sonication in a sonification batch and reprecipitation of the particles by placing a magnet under the flask to trash the supernatant. Eight other washing steps were performed by adding ≈10 mL of THF, followed by dispersion through sonication, addition of ≈30 mL acetone and finally placing a magnet under the flask to separate the particles from the solvent. After the last washing, the particles were placed in THF without sonication, transferred in a Schlenk tube maintained under N2 flow and recovered by separation with a magnet of the particles and the dispersion solvent and dried. The particles were then stored in an Ar-filled glovebox.

Synthesis of Ni3B and Ni4B3 nanoparticles

All steps were performed in oxygen-free atmosphere. In a typical reaction, 100 mg of nickel nanoparticles (1.7 mmol) were firstly adapted under vacuum ramp maintained under N2 flow.

The nanoparticles were impregnated by dispersion in 1.6 mL of anhydrous hexane for 30 min and rapid addition of 5 g of salts mixture composed of LiI-KI eutectic mixture (Tf =286 °C).

The salt mixture was previously prepared by mixing under inert atmosphere respectively 2.9 g LiI (21.7 mmol) with 2.1 g KI (12.7 mmol) or 6.63 g LiCl (15.6 mmol) with 8.37 g KCl (11.2 mmol) by ball milling for 2 min at 20 Hz. The mixture was then sonicated for 15 min under N2 and dried under vacuum. Respectively for Ni3B and Ni4B3, 27 mg or 64 mg of NaBH4 was added under inert atmosphere and the mixture was ball-milled for 2 min at 20 Hz. Finally, under inert atmosphere, the powder was placed inside a molybdenum crucible, itself introduced in a closed quartz tube and heated at 475 °C for 1.5 h under Ar flow. After cooling, the powder was dispersed in methanol and washed several times by centrifugation-redispersion. The nanoparticles were finally dried on a vacuum ramp and introduced in an Ar filled glovebox.

The reaction yield was 65 % and 71 % for Ni3B and Ni4B3 syntheses, respectively.

Synthesis of Ni3B and Ni4B3 nanoparticles without molten salts

The procedure was similar to the previous case except that all precursors were directly prepared in a glove box and mixed by ball milling. 

Impact of modulation of the key parameters on the reactivity

In order to assess the reactivity between nickel nanoparticles and NaBH4 in molten salts, we have investigated three kinds of modifications of the synthetic method. Firstly, we discuss the need for an excess in NaBH4, as the shell of amorphous boron demonstrates that this excess is not incorporated into the nickel nanoparticles. Secondly, as just discussed, the state of aggregation influences the reactivity. Therefore, the role of the impregnation step in maintaining a dispersion of the nanoparticles needs to be investigated. Finally, we address the role of molten salts as a high temperature liquid state medium to enhance the diffusion of boron.

In complement, Camille Chan Chang described in her PhD thesis manuscript 29 other modification of several key parameters. Thus, preliminary studies through of a large screening of the stoichiometries B:Ni, the target temperature range, the nature of the eutectic salt mixture 

I) Introduction: borides as electrocatalysts for water splitting a) The water splitting process

Dihydrogen is mainly used for the Haber Bosch process of ammonia synthesis 1,2 and for hydrocracking reactions of petroleum and complex organic molecules 1,3 . A new growing interest in dihydrogen production is correlated to the need to develop efficient energy carriers to address global warming. While numerous fields as transportation, industry or construction require the substitution of fossil fuels, dihydrogen appears among the most promising candidates as energy carrier 4,5,6 . Indeed, H2 exhibits high calorific value, thermal conductivity, energy density, natural abundance resources. It does not reject harmful products when burnt 7 .

Notwithstanding the ecological aspects of dihydrogen development, the main way to synthetize dihydrogen is based on fossil fuels, by hydrocarbon reforming 8 . As a consequence, its use is only marginally beneficial and does not provide strong environmental advantages compared to fossil fuels. Therefore, besides optimizing the processes that use dihydrogen, intensive efforts are required to provide a sustainable way of H2 production.

The water splitting process is one of the possible solutions, which requires only water and electricity to provide high purity H2. Commercial electrolyzers show efficiencies of 56-73 % 8,9,10,11 . The process is described by two half-reactions within an electrochemical cell (Figure 1). The Oxygen Evolution Reaction (OER) takes place on the anodic side while the Hydrogen Evolution Reaction (HER) occurs on the cathodic side. The corresponding reactions depend on the pH of the medium (Equation 1-6) 9,11 . Equations ( 1) and ( 2) occur in acidic media;

(3) and ( 4) in neutral media, ( 5) and ( 6) in basic electrolyte.

In acidic medium:

Cathode: 4H + + 4e -→ 2H2 (1) Anode: 2H2O → O2 + 4H + + 4e -(2)
In neutral medium:

Cathode: 4H2O + 4e -→ 2H2 + 4OH -(3) Anode: 2H2O → O2 + 4H + + 4e - (4) 
In basic medium: While the HER reaction can theoretically occur from 0 V/RHE, the OER reaction requires a theoretical voltage of 1.23 V/RHE. This value corresponds to the free energy (∆G) of the water splitting reaction, 237.2 kJ.mol -1 at 25 °C at 1 atm. The HER requires the transfer of two electrons per proton or water molecule for the formation of H2, while the OER is a four-electron process. Therefore, these reactions, especially OER, suffer from slow kinetics, hence large overpotentials, and then require catalysts 4,7,10,12 . The benchmarks electrocatalysts for HER and OER are based on platinum and iridium/ ruthenium oxides, respectively [11][12][13] . The scarcity of these materials render them inadequate for large scale applications.

Cathode: 4H2O + 4e -→ 2H2 + 4OH -(5) Anode: 4HO -→ O2 + 2H2O + 4e -(6)

b) HER/OER mechanism

To go further in detail, it is instructive to question the mechanisms of HER and OER.

The water Pourbaix diagram shows that HER is favored in acidic medium. In such conditions, the first step, called the Volmer reaction, is the formation of adsorbed hydrogen intermediate (Hads) on the cathode:

H + + e -→ Hads (7) 
Then, the second step of desorption of H2 can occur along two routes, depending of the coverage of Hads. The Heyrovsky reaction (8) corresponds to an electrochemical desorption of H2, while the Tafel reaction ( 9) is a chemical H2 desorption 9,12 :

H + + Hads +e -→ H2 (8) 
Hads +Hads → H2

In an alkaline environment, the HER occurs first by adsorption through the Volmer step (7):

H2O +e -→ Hads + OH - (

H2 formation and desorption then follows two possible routes 14,15 . The first one is the Tafel step:

Hads +Hads → H2 (11) The second path is the Heyrovsky step:

H2O + e -+ Hads → H2 + OH -

For OER, different mechanisms have been proposed, depending on the medium and the catalyst nature. They involve reaction intermediates such as M-O, M-OH and M-OOH (with M as the metal). The formation of some of these intermediates corresponds to the rate-limiting step. The overall potential to trigger OER is the result of these reactions 9,12,16 . Thermodynamically, the water Pourbaix diagram shows that the OER process is favored in alkaline medium, following equation (6). In these conditions, OER is described by the following reactions 16,17 :

M + 4OH -→ MOH + 3OH -+ e - (13) 
MOH + 3OH -→ MO +2OH -+ H2O(l) + e - ( 14)

MO + 2OH -+ H2O → MOOH + OH -+ H2O + e - (15) 
MOOH +OH -+ H2O → M+ O2(g) +2H2O(l) + e -

The catalytic activity is linked to the Sabatier principle: a catalyst having moderate binding strength towards the intermediates involved in the rate-limiting steps is desirable 9,16 . Different transition metal-based catalysts are reported to compete with platinum-group metals currently used for each half or overall water splitting reactions 11 . Among them, transition metal-based borides focus attention to provide stable and highly active electrocatalysts.

c) The role of boron to enhance the catalytic activity

Some publications and reviews have recently focused on transition metal boride materials as emerging candidates for water splitting 7,9,11,12,16,18,19 . Indeed, compared to other materials such as sulfides, nitrides, selenides, carbides or phosphides also studied for the same application 7,9,18,19 , studies on boride materials for water splitting have started more recently 9,12 .

Borides present generally ambivalent activities for HER and OER, including high performances and long-term stability 12 . In general, most catalysts are reported at the nanoscale in order to increase the surface-to-volume ratio, hence the number of actives sites per mass unit of catalyst.

Thus, the development of synthesis methods towards nanoscaled borides is one of the main targets for water splitting 11,19 . For HER, the role of boron in electrocatalysis has been investigated by density functional theory (DFT) calculations with the case study of the molybdenum boride α-MoB2 compared to surface layer (110) of elemental Mo and (111) of the benchmark Pt 19 . The Gibbs free energy (∆GH) of H adsorption was close to the optimal zero value for B-containing surfaces of the boride, particularly those presenting a graphene-like boron layer like the (001) facets of α-MoB2, which then behave similarly to the benchmark platinum (111) surface. This value corresponds to the maximum rate of H adsorption and H2 desorption as described by the Sabatier principle. Such an observation highlights the role of boron in borides to provide the catalytic sites.

It is also clear that the reverse electron transfer mechanism between boron and the metal plays a role in the enhancement of the activity and stability 9 . As seen in Chapter 1, although electron transfer from metal to boron occurs in accordance to the electronegativity scale, partial electron density is given back in the d band of the metal, thus significantly downshifting the d-band center of the metal compared to the pure metal. This enrichment protects the metal against oxidation, enhances its stability and facilitates the HER 9,19,20 .

For OER, the electrocatalytic activity is related to the in situ formation at the boride surface of metal oxides/(oxy)hydroxides species that catalyze the reaction 9,12 . Boron atoms or borates in these conditions play a key role to distort the native geometry, thus facilitating the adsorption and the oxidation of water molecules and hydroxyl groups 9,16 .

Nickel borides, as other transition metal borides, have been reported to provide stable and highly active ambivalent electrocatalysts for OER and HER 7,[9][10][11]14,18,19,21,22 . While synthesis difficulties limit the active site exposure due to a lack of morphology and size control 11 , dispersed nanoparticles could deeply increase the active site densities resulting in high surface area. Achieving crystalline nanomaterials that avoid strong coalescence induced by thermal treatment could then be highly profitable to enhance the electrocatalytic activities. Herein, the well size-controlled nickel boride nanocrystals developed in Chapter 2 are investigated to provide highly active electrocatalyst for overall water splitting.

II) Nickel boride as ambivalent catalyst for overall water splitting reactions

We have investigated the electrocatalytic properties of amorphous and crystalline Ni3B and Ni4B3 nanoparticles for HER in an argon saturated 0.5 M H2SO4 electrolyte. For OER, an O2saturated 0.1 M KOH electrolyte was used, previously purified from any iron species that could act as an active dopant 23 . Rotating glassy carbon disk electrodes were used as supports, except for chronoamperometry measurements performed on carbon paper substrates (MGL370, Fuelcell store). An ink composed by the nanocatalyst, carbon black, and Nafion® was dropcasted on the carbon electrode to reach a mass loading of 0.25 mg cm -2 . The measurements were reproduced at least two times to ensure the reproducibility of the measured activity. ) and crystalline Ni3B (0.160 V vs RHE at -10 mA cm -2 ); followed by crystalline Ni4B3 and finally Ni3B amorphous which exhibit the highest overpotential (Table S3-I).

Chronopotentiometry measurements performed at -10 mA cm -2 on a 1 cm Hence, the most active electrocatalysts in HER are the most conductive ones. The Tafel slopes (Figure 2C), used to evaluate the HER catalytic reaction kinetics show similar results for all borides studied, with values of about 90 mV dec -1 for the first cycle, while the slopes increase to about 100 mV dec -1 after 30 cycles, which is in agreement with previously reported values for boride electrocatalysts 9,11 . The rate-determining step (RDS) may be determined by the Tafel slope: the Volmer, Heyrovsky and Tafel steps as RDS yield Tafel slopes of 120, 30 and 40 mV dec -1 , respectively 26,27 . These theoretical values however assume extreme Hads coverage, while actual values depend on the surface coverage 28 , which explains the discrepancy between theoretical and experimental values. Nonetheless, after 30 cycles of activation, the slope values suggest that the Volmer reaction may be limiting. A comparison of HER electrocatalytic activity in a similar electrolyte for selected borides, carbides and phosphides is presented in To enable a more in depth comparison of the materials, the electrochemically active surface areas (ECSA) were determined by measuring the double layer capacitance CDL (Figure S3-IV, Table S3-II) and dividing the CDL values by the specific capacitance Cs, assumed at a value of 40 µF cm -2 , most commonly used for transition-metal-based electrocatalysts 29,30 . ECSA estimations vary from 3.6 cm 2 to 9.8 cm 2 for HER, which indicate relatively similar values, in agreement with close size distributions. The electrocatalytic activities have then been normalized by the ECSA values 29,31 (Figure S3-IIC). The ranking of activity between the catalysts studied herein is unchanged (Figure 2A and Figure S3-III).

Interestingly, the difference in activity for HER observed for the amorphous intermediates and their crystalline counterpart cannot be related to a difference in the number of nickel active sites. Indeed, the morphology of the particles is similar between the samples, hence the number of active sites is fixed by the nickel nanoparticles used as reagent. The large Rct value for amorphous Ni3B indicates that it is probably less stable that crystalline Ni3B and oxidizes in contact with an aqueous electrolyte, which may explain its poor activity. On the contrary, amorphous Ni4B3 shows a low Rct, which suggest higher stability than amorphous Ni3B, in agreement with the higher B content. The fact that amorphous Ni4B3 is more active than crystalline Ni4B3 is again related to lower Rct, and may originate from remaining Ni species into the boron-rich shell at the surface of the particles. Crystallization of Ni4B3 indeed is accompanied by segregation of Ni4B3 and an amorphous boron-rich shell (see chapter 2), which is insulating and then hinders electrocatalysis.

Reversely, under OER conditions (Figure 2D), the highest activity after activation is observed for the Ni4B3 amorphous intermediate (0.400 V vs RHE at 10 mA cm -2 ) followed by Ni4B3 crystalline (0.421 V vs RHE at 10 mA cm -2 ), Ni3B crystalline and Ni3B amorphous (Table S3-I). A reversible anodic wave observed from the first cycle for all samples at ca. 1.5 V, corresponding to the Ni 3+ /Ni 2+ redox couple, indicating that the material was already partially oxidized to Ni 2+ species at the open circuit voltage (OCV) 22 . An increase of the redox wave area is observed upon cycling, which correlates with a slight increase of the current density during the first cycles. This suggests that oxidized nickel species engaged in the anodic wave are active surface sites, as previously reported 9,20,22 , and that their quantity is increased during the first ~30 cycles. CP measurements were performed on impregnated carbon papers similarly to HER measurements, but at a current density of 10 mA cm -2 (Figure S3-IIB). The stability of the overall catalyst is confirmed for 8 h. The noisy curves are attributed to oxygen bubbles temporary stuck on the surface or in the porosity of the electrode.

EIS measurements were performed to investigate the charge transfer resistance (Figure 2E).

The Rct values (Table S3-I) were determined by fitting the experimental Nyquist plot with an equivalent circuit currently used for alkaline OER electrocatalysis 11 . The Rct values follow well the order of activity, ranging from 11. S3-II) 29,30 

Post-catalysis surface analysis of the electrocatalyst for HER and OER

XPS analyses were conducted on post-catalysis (PC) electrodes after at least 8 h of chronoamperometry (Figure S3-V). After both HER and OER, the contributions of nickel associated to the boride phases (Ni 2p3/2 at 853.1 eV and Ni 2p1/2 at 870.5 eV) are not observed.

While surface oxidation was expected for OER 11,18 , the same observation after HER in acidic conditions is surprising as catalysis occurs in reducing conditions. Indeed, PC analyses after HER indicate contributions of nickel borate species, including a Ni (II) 2p3/2 peak at 856.7 eV without significant shift between the samples 14,32 . It is likely that oxidation occurred after catalysis during exposure to air while the electrodes were drying. This is supported by long term stability studies of borides under air 11 , as well as in situ X-ray absorption spectroscopy (XAS) at the Ni K-edge, which show that nickel boride nanocrystals are stable under HER conditions (not shown here, see Madeleine Han's PhD thesis) 33 .

The case of OER is different as a reversible oxidation wave Ni 2+ → Ni 3+ shows that at least part of the boride material is converted to an (oxyhydr)oxide. Previous reports have shown the complete oxidation of Ni into nickel borides into NiO, Ni(OH)2 and NiOOH in OER conditions 9,22, . Our team has shown previously by in situ XAS that nickel boride nanocrystals only partially oxidize during OER (not shown here, see Madeleine Han's PhD thesis) 33 . XPS does not enable to discriminate the nickel hydroxide and the oxyhydroxide, which show binding energies of 855.6 and 855.7 eV as reference values for the Ni 2p3/2 peak , respectively 34,35 .

Nonetheless, the nature of surface sites differs between the crystalline and amorphous materials. Indeed, all initial nanomaterials exhibit a Ni 2p3/2 peak at 856.2 eV attributed to surface oxidation upon exposure of the powder to air for XPS analysis, through the formation of Ni(OH)2 or NiOOH in the surface nickel borate 14,32,35 . After OER, the crystalline materials exhibit a shift to lower binding energies, at 854.2 and 854.8 eV for Ni4B3 and Ni3B, respectively.

We ascribe this shift to the formation of NiO 34,35 . On the opposite, the amorphous nanoparticles do not exhibit such a shift of the oxo component, which indicates that the materials form (oxy)hydroxides after electrocatalysis and drying. The ordered structure of the crystalline phases compared to their amorphous counterpart may explain the difference of surface state.

III) Attempts to improve the dispersion of nanoelectrocatalysts a) Reported strategy of activity improvement by roll milling

To enhance the activity of a catalyst materials, a strategy is to optimize the number of active sites per mass unit of catalyst, hence the exposed surface area within the composite electrode film. Some authors have reported an enhancement of the dispersion, hence the mass-normalized activity, by roll milling the ink, which is a simple, economical and environmentally friendly method compared to strategies based on modified syntheses [36][37][38] . For instance, TaC particles were roll milled for several days with zirconia balls 36 . The resulting material showed a decrease of the particle size, an increase of the exposed surface area, higher activity and long-term stability during OER, with no zirconia contamination even after 14 days of roll milling. Similar beneficial effects of roll milling have been observed on SrTix-1FexO3-δ (x= 0.35, 0.5, 0.7, 0.9, and 1.0) particles of average 250 nm 38 . Nonetheless tantalum carbide and iron-substituted strontium titanate perovskites are relatively inert and hard materials. Therefore, these examples may not be representative of more reactive particles, like metal borides. According to these studies, in the following section, we have investigated the possibility to enhance the electrocatalytic activity of metal boride nanoparticles toward HER and OER, by roll milling of the catalytic ink.

b) Influence of roll milling of catalyst inks on their electrocatalytic properties

After their preparation, the inks were roll milled by 2 mm diameter zirconium beads under inert atmosphere (see details in the experimental section). We have screened different durations of roll milling. We have used Ni3B crystalline nanoparticles as case of study as these nanoparticles exhibit interesting activities in both OER and HER. We designate as sonication only the classical procedure, described in the previous section, without roll milling. 30 CVs were recorded in acidic HER conditions (Figure 4A). No significant enhancement of the properties can be observed between the sonication only and the roll milled samples. We also observe a nonmonotonous evolution, as the ink roll milled for 1 h is much less active than the sonication only and 3h roll milled samples. This shows that besides the absence of enhancement, roll milling also raises issues of reproducibility for HER. On the OER side (Figure 4B), 1 h roll milling yields an enhancement of electrocatalytic activity compared to a sonication only ink. Longer roll milling is detrimental to the activity, as the material shows an important deactivation upon cycling when the ink is roll milled for more than 3 h. We also observed, for HER and OER, partial to complete detachment of the catalyst film when the ink was roll milled, which may coincide with a better dispersion of the nanoparticles.

Additional morphological studies would be interesting to observe the state of dispersion of the nanoparticles. However, these measurements indicate that roll milling is overall detrimental to the long-term electrocatalytic activity of nickel boride nanoparticles. Different hypotheses could explain these results. First, enhanced dispersion may favor materials loss (detachment) from the film. Second, and as evidenced by OER measurements, roll milling for several hours may trigger oxidation of the metal borides, hence yielding poorer materials stability, loss of electrical conductivity of the catalyst films and activity loss.

Conclusion and perspectives

In summary, the electrocatalytic activities of nickel borides derived from the conversion of nickel nanoparticles rival with those reported for state-of-the-art materials, both in HER and OER conditions. For HER, crystalline Ni4B3 and crystalline Ni3B exhibit the highest activity and steady properties for at least 8 h of operation. For OER, crystalline Ni3B and amorphous Ni4B3 yields the higher activities. Contrary to HER, an activation process is observed, which corresponds to the formation of oxy(hydro)xydes species at the surface of the nanoparticles. These observations agree with previous studies [9][10][11][12]16,18,19 that presented the stability of the catalyst in HER conditions, while partial oxidation occurred on the surface in OER. Postcatalysis studies showed the complete oxidation of the materials after prolonged exposure to air.

In parallel, we have attempted to improve the dispersion state of the catalytic ink by a roll milling method using inert zirconia balls. While no significant enhancement was observed in HER, this method was detrimental in long-term electrocatalytic activity in OER, and is therefore not recommended for materials sensitive to oxidation before electrochemical measurements.

Annexes Experimental methods

Reagents. Ni3B, Ni4B3 powders were stored in an Ar-filled glovebox (H2O < 0.5 ppm, O2 < 0.5 ppm). Sulfuric acid (98%, Sigma-Aldrich), Ethanol (absolute, VWR Normapur grade), potassium hydroxide flakes (≥85 %, Sigma-Aldrich) were stored and used under air. For polishing, MasterPrep TM 0.05µm (Buehler), MasterMet TM 2 and Supreme Polycrystalline Diamond Suspension (1µm, MetaDi TM ) polishing suspensions were purchased from Buehler.

For ink preparation, the Nafion TM 117 solution (≈5% in a mixture of lower aliphatic alcohols and water, Aldrich), acetylene black powder (≥99.0 %, Carbon black, Super P, Alfa Aesar), nitric acid (68 % normapur, VWR), were used as received. Zirconia balls (Ø 2mm, Zirmil®) and carbon paper (MGL370, Fuelcell store) were used for electrode preparation. For KOH purification, nickel nitrate (98%, Alfa Aesar) was used. Water was purified by a MilliQ® system.

Hydrophilic carbon black preparation

The preparation is reported elsewhere 39 . The acetylene black powder was previously treated in nitric acid, by dispersing 500 mg of acetylene black in a 50 mL of HNO3 20% aqueous solution at 80 °C overnight under stirring, followed by centrifugation, washing with water and vacuum drying.

Rotating disk electrode preparation

A rotating disk electrode (RDE, Biologic BluRev RRDE/RDE) composed of a glassy carbon disk with a diameter of 5 mm was used for cyclic voltammetry (CV) and electrochemical impedance spectroscopy measurements (EIS). It was manually polished in two times by first using a Supreme Polycrystalline Diamond Suspension on dedicated plates and then by using a 50:50 mass mixture of MasterPrep TM : MasterMet TM 2 solutions similarly. The catalyst film was prepared by drop-casting an ink. The ink was prepared by the following procedure: 3.5 mg of catalyst was sonicated at least 20 min. in 480 µL absolute ethanol until homogeneous dispersion of the particle was observed. Then, 3.5 mg of hydrophilized carbon black was added and the mixture was sonicated 20 min. Thereafter, 20 µL of a Nafion solution (5 % in alcohols and water, Sigma-Aldrich) was added and the mixture was sonicated again 20 min. Finally, 7µL of the homogeneously dispersed ink was dropped on the previously polished RDE to obtain a catalyst loading of 0.25 mg.cm -2 electrode and dried under air.

Carbon paper electrode preparation

Carbon paper (CP) sheets were used as substrate for chronopotentiometry (CP) measurements.

The electrode was firstly impregnated immersed in absolute ethanol and dried under vacuum on a Schlenk line. A 1 cm 2 square electrode was prepared by drop-casting. The ink suspension is similar to the previous method except for the absence of carbon black. 35.7 µL of ink was drop-casted on one side of the electrode. The electrode was then dried under vacuum on a schlenk line before covering the not catalyst deposed face with Kapton ®.

Measurements of the electrocatalytic properties

A typical three-electrode configuration was used for electrochemical measurements including the working electrode, a reference electrode Ag/AgCl in saturated KCl and a counter electrode, which was a graphite rod for HER studies, a platinum wire for OER studies. The RDE was rotating at 1600 rpm for all measurements. A Teflon-coated stir bar was added to the electrolyte and stirred at 300 rpm to enhance homogeneity of the ionic strength within the electrolyte. All HER measurements were performed in a 0.1M KOH aqueous electrolyte with pH = 13. The hydroxide solution was beforehand purified in order to remove Fe impurities present in commercial solid KOH 23 . To do so, 2 g of Ni(NO3)2 was centrifugated 2 times (26000 rpm, 10 min) with ca. 20 mL KOH 1 M and 2 mL water, followed by 3 times centrifugation with ca.

20 mL of water and 2 mL KOH. The Ni(OH)2 powder obtained was put into 50 mL of asprepared 1 M KOH aqueous solution. 450 mL of water was then added to obtain a 0.1 M KOH solution. The suspension was sonicated 3 min. and then rested for at least 3h. Ni(OH)2 was finally removed by centrifugation.

Preparation of roll milled inks

The preparation of the inks followed the procedure described above for RDE studies except that a glass vial of 50 mL previously degassed and maintained under argon was used. A gentle flush with argon was operated between each introduction steps for the ink preparation. Then, around 20 g of ZrO2 balls (2 mm diameter) was added, the vial was again gently flushed with argon for 1 min. to evacuate air and to avoid the evaporation of ethanol. The mixture was sonicated 20 min and placed under rotation on a roll mill (60 rpm rotation speed). Finally, the roll milled inks were drop-casted as described above. [40]
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[47] both at the bulk scale and at the nanoscale, and most of them are amorphous 3,4 . More specifically, if we consider first-row transition metals, only a few ternary compositions have been reported according to the PDF-4+ database 5 . Compared to amorphous solids, targeting crystalline phases could provide better stability, making them more suitable in catalysis conditions. Specific synthesis conditions are required to stabilize ternary phases as the combination of a metal with two p-block elements can easily lead to phase depletion to more thermodynamically stable products. In addition, the composition has to be carefully selected with respect to the reported and possible structures to avoid any by-products.

Only two crystalline nickel borophosphides are known, Ni2B0.6P0.4 and Ni3P0.7B0.3, reported by Mickhalenko 6 . They are isostructural to their corresponding nickel phosphide phases, respectively Ni2P and Ni3P, by incorporating random substitution of P by B. Their syntheses were achieved under harsh conditions by a solid-state reaction of elemental powders at 1000 °C for 70 h with further homogenization at 800 °C for 250 h. These results suggest the possibility to target new ternary compositions, at least by modifying the substitution rate. To improve the reactivity, nanoscale reagents and the corresponding shorter diffusion length involved during chemical reactions could provide more homogeneous products, at a lower temperature and for a shorter dwell time compared to bulk reagents. In addition, inorganic molten salt media allow liquid phase reactions at 300-1000°C under conditions milder than the reported solid-state reaction, thus conditions prone to maintain the nanoscale of the initial objects and to yield metastable solids and nanomaterials.

Throughout this chapter, different strategies are developed to target amorphous/crystalline borophosphide compositions using nickel as a case of study and to understand the reactions mechanisms (Figure 1). In more details, we develop along this chapter four molten salts-based strategies, based respectively on hetero-element insertion in nanoparticles for three of them and on a one-pot approach from a nickel (II) precursor. and mixed with the impregnated powder by grinding. We note that incorporation of NaBH4 in the solvent used for evaporation (eg. hexane) results in its partial degradation, so that the twostep process impregnation-mixture grinding of B and P sources is preferred (see Methods for details).

The reaction mixture was then heat treated under argon flow, washed with methanol after cooling down, and then dried under vacuum. In order to obtain pure phases before searching for new compounds and solid solutions, we use Ni/B/P atomic ratios 3/0.6/0.7 and 2/1/0.4, close to the two ternary phases reported, Ni3P0.7B0.3 and Ni2B0.6P0.4, respectively. These reagents ratios correspond to slight excess of NaBH4, as the study of nickel boride synthesis in chapter 2 showed that the borohydride does not react to form the boride quantitatively, but instead a slight proportion yields a boron-rich amorphous layer on the surface of the particles.

a) Red phosphorus as P source

The first studies were conducted at 475 °C with a plateau of 1.5 h (Figure 2A-B), similar to the conditions used for the conversion of nickel to nickel borides. The phosphorus source is red phosphorus, which has already been used as non-toxic phosphorus source for the synthesis of nickel phosphide nanoparticles 7 . NaBH4 is used as the source of boron (0) by thermal decomposition at a temperature similar to the melting temperature of the salt (see chapter 2).

For both reagent ratios, we observe the formation of phase mixtures composed by unreacted nickel (0) and phosphides Ni3P and Ni2P, as predominant phases. These phases possibly coexist with the borophosphides targeted. For the composition Ni:B:P = 3:0.6:0.7 at., Ni12P5 is also detected. For the composition the richest in boron (Ni:B:P = 2:1:0.4 at.), in addition to Ni5P2, the boride Ni3B is also detected. TEM images (Figure 2C-D) show a diversity of objects, partial aggregation and an amorphous layer, which is assumed to be composed of amorphous boron partially oxidized during the washing steps (see chapter 2) 8 .

As some nickel(0) did not react, we conclude from these results that the reaction is not complete, contrary to what was observed with nickel boride syntheses (Chapter 2) with similar Ni:heteroelement initial ratio. Therefore, the incorporation of phosphorus seems to hinder the conversion of Ni(0) nanoparticles. Nonetheless, red phosphorus exhibits significant reactivity, as some phosphides are detected. On another side, the composition also plays a role in the phase selection, as indicated by the crystallization of Ni3B only for a B-rich initial ratio. 

b) Trioctylphosphine as source of P

We have studied the possibility to replace red phosphorus by less reactive trioctylphosphine (TOP), also often used as phosphorus source for the synthesis of phosphide nanoparticles 9,10,11 .

Again, we observe a predominance of unreacted nickel(0) and of nickel phosphides, although with lower phase diversity (Figure S4-I We then discard the simultaneous introduction of B and P sources as a suitable reaction pathway. More efficient pathways should enable retaining the reactivity of the boron source and bypassing the reactivity gradient between B and P sources, the latter being more reactive.

For these reasons, a substitute method is to incorporate the heteroelement from pure phase boride or phosphide nanoparticles synthesized as first step.

III) Heteroelement (B/P) insertion in nickel boride or phosphide nanoparticles a) Boron insertion into nickel phosphide nanoparticles

We use Ni2P and Ni3P nanoparticles as precursors, synthesized by adapting reported procedures 12,13 . The Ni2P sample comprises a secondary Ni12P5 phase (Figure 3A-a), in agreement with the reported procedure 12 . The Ni3P sample contains a significant fraction of unreacted Ni (0) (Figure 3B-e), due to an incomplete etching 13 . TEM shows that Ni2P Ni3P:NaBH4 atomic ratios of (f) 1:0.4 at 600 °C/3 h, (g) 1:1 at 600 °C/3 h.

The reaction of Ni2P and Ni3P samples with NaBH4 in molten LiI:KI eutectic mixtures with reagents ratios similar to the reported ternary phases (Figure 3A-b, 3B-f), and to those used in the one-pot approach discussed in the previous section, yielded only a narrowing of the diffraction peaks of the initial nanoparticles, hence further crystallization of the phosphides but no significant incorporation of boron. We have then increased the boron source content (Figure 3A-c, 3B-g) and the reaction temperature to 800 °C (Figure 3A-d), in order to trigger boron incorporation. We observe the same behavior: crystal growth of the phosphides and no crystallization of boron-containing phases, except the formation of LiBO2, which could arise from oxidation during washing of a lithium boride formed by reaction between the borohydride and the molten salt. The overall outline is a strong stability of the formed phosphide phases in the conditions studied. This also confirms the strong tendency to crystallization of phosphides during the one-pot process studied in the previous section. The reverse approach, namely phosphorus diffusion into nickel boride nanoparticles, was then investigated, with an attempt to first lock boron atoms into the solid, before reaction with phosphorus sources.

b) Phosphorus insertion into nickel boride nanoparticles

We use the nickel boride Ni3B nanoparticles obtained from the syntheses described in Chapter 2, for their narrow size distribution and for the expected higher reactivity of Ni3B versus Ni4B3, due to lower covalence. These particles are reacted with red phosphorus in the eutectic mixture LiI:KI. S4-I) results in the complete disappearance of the Ni3B diffraction peaks, which were maintained for the lowest P content, mixed with Ni3P and Ni12P5. In parallel, (re)formation of nickel (0) is observed for ratios Ni3B:Pred = 1:0.4, 1:0.5 and 1:0.6 (Figure S4-IV, Table S4-I). For Ni3B:Pred = 1:0.7, a mixture of phosphides and borophosphides is obtained. The phosphides could originate from the Ni(0) species detected at intermediate ratios 1:0.4 to 1:0.6. The "dealloying" of Ni3B does not occur during the annealing of Ni3B at similar temperatures [14][15][16] . Therefore, "dealloying" is linked to the reactivity of the Ni3B particles in Pred-containing reaction mixture.

Two origins can be proposed. First, reactivity with phosphorus could trigger boron dealloying, either by phase segregation in the course of phosphide formation or by formation of boron phosphide as a poorly structured material not detectable by XRD. Second, the partially oxidized surface of the Ni3B nanoparticles formed during their washing could trigger dealloying by formation of highly stable boron oxide. This latter behavior has already been observed for cobalt boride nanoparticles during their activation for CO2 methanation catalysis, 8 so that we consider this hypothesis as the most probable. This suggests that using pristine Ni3B nanoparticles, before washing, could circumvent the issue of boron loss by dealloying, and could at the same time avoid the formation of phosphides, possibly issued from nickel (0).

Although conversion into phosphides and ternary phases is also identified when using Ni4B3 as precursor instead of Ni3B (Figure S4-V, Table S4-I), we do not observe diffraction peaks of elemental nickel, but Ni-rich borides like Ni2B and Ni3B are detected, which indicates "dealloying" similar to Ni3B. This boron segregation leads to a wide diversity of phosphides for initial reaction mixtures rich in red phosphorus.

For limiting such boron segregation, we have attempted reactions at lower temperature, 450 °C, focused on Ni3B (Figure S4-IV, Table S4-I). We observe similar trends, with the predominance of phosphide phases and borophosphides.

Overall, the conversion of nanoparticles did not enable to reach the objective of borophosphide synthesis. However, we could identify important trends that will be used for the design of suitable reaction pathways. First, phosphides are thermodynamically favored compared to borides, when their formations are in competition (reactions of B and P sources with Ni(0) nanoparticles, or reaction of B source with nickel phosphides). That is the reason why locking boron atoms in crystal structures of nickel borides seems the most adapted approach, as it should enable to maintain reactions under kinetic control by avoiding boron segregation out of the metal compound. The suitability of this path is partially confirmed by the identification of borophosphide phases in the final product mixtures. However, we observe the concomitant formation of many phosphides, which could be traced back to the detection of intermediate Ni(0) or borides richer in nickel than the precursors. These species result from boron "dealloying". This behavior shows that boron is not fully locked in the boride structures. This is surprising as it does not correspond to the known stability of nickel borides 14 . We tentatively ascribe the "dealloying" to the presence of oxo species at the surface of the boride nanoparticles after the washing step following their synthesis, which act as boron scavengers to form highly stable boron oxide during the heat treatment of the borophosphide synthesis. A future research track could then be to react the boride particles before their washing, for instance by hot injection of the phosphorus source after formation of the boride nanoparticles, or by recovery of the boride particles trapped in the solidified salt, before washing.

IV) The one-pot approach from a metal salt

The approaches discussed above as well as in chapter 2 are based on the diffusion of heteroelements inside solid nanostructures. The results obtained show that these reactions are relatively slow and require thermal activation to trigger crystallization, above 450 °C. Using faster reactions may be a way to level the reactivities of B and P sources, hence to ensure that both elements get associated with nickel, by avoiding the faster incorporation of phosphorus, observed in the previous section. To do so, while the previous approaches did not involve redox processes of the nickel atoms (nickel was already in the elemental state at the beginning of the process), we have sought to trigger redox reactivity of nickel. Indeed, usual synthesis of boride 17,18,16 and phosphide 7,1 nanostructures consist in the reduction of metal salts to metal (0) by a reducing agent in the presence of phosphorus or boron source. In the case of borides, the reducing agent, borohydride, serves also as the source of elemental boron. Phosphorus sources commonly used are more diversified 19 . In the case of borides, such redox reactions, when used in molten salts, occur at the melting point of the salts in only few minutes 20 . They are then much faster than the approaches starting from elemental Ni nanoparticles. They also do not involve elemental metal intermediates, but instead form readily amorphous borides. As the involvement of Ni(0) reagents or intermediates has been discussed above to favor the formation of phosphides, then the redox reactions may bring highly suited methods, both for their rate and for the absence of Ni(0) species in the course of the reactions.

a) Rietveld refinement on ternary Ni-B-P/ Ni3P nanoparticles

We have investigated the formation of the two reported ternary phases of composition NixP1-yBy, with x = 2 or 3. We have used mixtures of NiCl2, NaBH4 and Pred as precursors in the molten eutectic mixture LiCl:KCl (44:56 mass.), as this medium is more compatible for potential synchrotron-based in situ X-ray studies when a strong absorbance of the beam may be expected (incident beam energy of 18 keV). The initial P:Ni molar ratio is in accordance with the targeted ternary phase (0.7:3 and 0.4:2, respectively). The B:Ni molar ratio is fixed at 2:1 in agreement with equation ( 1). The overall reaction corresponds to the sum of equations ( 1) and ( 2):

x NiCl2+ 2x NaBH4 → x Ni (0) + 4x H2(g)+ 2x B (0) + 2x NaCl (1)

x Ni (0) + (1-y) Pred (0) + y B (0) → NixP1-yBy

with x = 2 and y = 0.6, or x = 3 and y = 0.3.

Note that equation ( 1) is written as a tool to evaluate the amount of required reduced reagent to form the boride, it does describe the formation of actual Ni (0) intermediates. This ensure that the Ni (II) precursor is reduced to Ni (0) ; thus providing a large excess of boron with respect to the targeted stoichiometry. This unreacted boron excess is expected to form an amorphous shell on the surface of the nanoparticles, which may act as a growth restriction medium and as a passivation layer against oxidation, as reported for metal borides 16,20 .

A mixture NiCl2:NaBH4:Pred = 3:6:0.7 at., aiming at the composition Ni3P0.7B0.3, was reacted in molten LiCl:KCl at 600 °C with a plateau of 3 h. The associated powder XRD pattern (Figure 5A) presented the crystallization of Ni2B0.6P0.4 and Ni3P. This is confirmed by Rietveld refinement of the pattern by considering only Ni3P (Figure 5B), only Ni2B0.6P0.4 (Figure 5C) and a mixture of both (Figure 5D). The Ni3P phase is not sufficient to account for all diffraction peaks. The best fit is obtained by considering Ni2B0.6P0.4 together with Ni3P. The corresponding cell parameters are in agreement with the reported ones for Ni2B0.6P0. 5A). Thus, the crystallization of the phosphide phase can be related to the excess of phosphorus introduced into the mixture (P:Ni = 0.7 at.) compared to the observed stoichiometry of the actually obtained ternary phase (P:Ni = 0.2 at.).

The crystallite sizes for Ni2B0.6P0.4 and for Ni3P are 22 and 12 nm, respectively. The weight fraction Ni2B0.6P0.4:Ni3P is 0.54:0.46. We note that the refinement with the two phases considers a quasi-equal contribution of the ternary and the Ni3P phase with a strong difference of the crystallite size. According to TEM images (Figure 5E-F), the sample is polydisperse, made of aggregated particles with diameters ranging from 4 to 22 nm (Figure 5G), in agreement with the crystallite sizes. HRTEM and the corresponding FFT (Figure 5F) present the identification of a crystal plane belonging to Ni2B0.6P0.4.

Finally, as expected, an amorphous matrix surrounding the particles is observed and ascribed to amorphous boron, according to previous reports on nickel borides 16 . We then adapted the initial reagents ratio to the ternary phase Ni2B0.6P0.4 by applying a ratio P:Ni = 0.2 and maintaining the ratio B: Ni fixed by the reduction of Ni (II) to Ni (0) (Figure 6B, -Despite the crystallization of Ni3P isostructural with the borophosphide Ni3P0.7B0.3 and Ni:B:P ratios compatible with the formation of this borophosphide, we did not observe such a ternary phase. Only the borophosphide Ni2P1-yBy isostructural to Ni2P is observed. This suggests that Ni3P1-yBy is much less stable.

-Lowering the phosphorus content in the reagents ratio (from Figure 6A to Figure 6B) limits the crystallization of phosphides (Ni3P is not observed anymore), but it is accompanied by a larger presence of nickel (0), which suggests that phosphides, and at least Ni3P, may originate from a side reaction of phosphorus species with Ni(0). The same hypothesis was drawn from the study presented in the previous sections of this chapter.

-A large excess of boron results in the crystallization of Ni4B3 at long dwell time and/or high temperature. Again, in agreement with the other synthesis methods studied above, the phosphide crystallization precedes that of borides. However, by modifying the stoichiometry, the reactivity can be tuned, so that in most conditions the ternary phase is observed, although always mixed with phosphides, borides and even nickel (0).

-Low temperatures and/or short dwell times yield an XRD amorphous solid, with no feature of crystallized species for the stoichiometry Ni:B:P 2:4:0.4 (Figure 6B and

Figure S4-VIIB).

We have then focused on the latter product. XRD shows that the solid is amorphous (Figure 7A). TEM (Figure 7B-C) indicates partially aggregated particles of size ≈ 5-14 nm.

They are embedded into a poorly contrasted layer, ascribed to amorphous boron according to previous reports 16 . Among the particles that do not show any feature of local order according to HRTEM (Figure 7C) and the corresponding Fast Fourier Transform (FFT, Figure 7D), several particles exhibit lattice fringes (Figure 7C heterogeneities may be at the origin of interesting properties in catalysis and in magnetism 21 , they are particularly difficult to address in amorphous nano-objects, so that we did not pursue in this research direction. NaH is a strong reducing agent. Even at ambient temperature, the reduction of Ni (II) to Ni (0) occurs by mechanochemistry during mixing by ball milling. From the clues observed for the reactivity of nickel with boron and phosphorus; P should react rapidly with elemental nickel even before thermal decomposition of NaBH4. This would explain the high crystallinity of the phosphide phase Ni3P in parallel with the larger particles observed. The nature of the phosphide phase is related to the composition introduced, as Ni3P is one of the most commonly reported metal-rich phosphide phases. Residual nickel (0) observed in all conditions studied (even at higher synthesis temperatures) could be related to the phosphorus content, in default versus the stoichiometry of Ni3P. Nickel phosphide synthesis procedures a) Synthesis method of Ni2P nanoparticles 12 10 ml of dioctylether (33.2 mmol) and 9.35 g of oleylamine 98 % (34.9 mmol) were introduced in a schlenk tube degassed under vacuum ramp for 30 minutes with manual mixing. Meanwhile, 0.585g of Ni(acac)2 (2 mmol) were introduced in a schlenk tube in a glovebox and the tube was placed under argon on a vacuum ramp. The degassed solvent mixture as then introduced with a syringe in the schlenk containing the nickel precursor and finally 5 mL of TOP (11. for both half-reactions of water splitting: the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER) [1][2][3][4][5][6][7][8][9][10] . Nickel borides are highly active catalysts for acidic HER (Chapter 3). They are also pre-catalysts for alkaline OER (Chapter 3), like cobalt borides 9,11 . While bimetallic cobalt and iron borides have demonstrated the ability to operate as bifunctional electrocatalysts 12,13 with higher performances than monometallic CoB and FeB, bimetallic nickel and cobalt borides also provide highly active electrocatalyst materials for water splitting, even better than the monometallic borides 6,[14][15][16][17][18][19][20][21][22] .

As discussed in chapter 3 and in the literature 6,10,14,[23][24][25] , the active sites are different for HER and OER driven on metal boride catalysts. While acidic HER active sites seem to relate to the pristine borides 15,22 , in alkaline OER conditions the boride surface undergoes oxidation and formation of OER active oxyhydroxides, especially CoOOH and NiOOH 7,18,26,27 . DFT or by electrodeposition on a support [15][16][17][18]21,22,[29][30][31][32][33][34] . Solid-state boronization of a CoNi foam has also been attempted 19 . The resulting products are usually amorphous and yield upon annealing mixtures of phases including borides and single metals, thus indicating local inhomogeneities 15- 17,19,22,29-34 . Avoiding phase segregation in nickel cobalt borides to form a bimetallic structure is therefore challenging.

Successful approaches in this direction have been developed for metal-rich borides. Through a series of arc melting and subsequent undercooling, metastable Co-Ni-B alloys have been obtained at the bulk scale 35 . The resulting alloys have a composition of (Co1-xNix)79.3B20.7 (x = 0, 0.25, 0.5, 0.75, 1). At large undercoolings, these alloys form M23B6 (M = Co or/and Ni) metastable phases. For solids richer in boron, homogeneous nanoscale borides (Co1-xNix)2B (x ϵ [0.1-0.2]) have been prepared by co-reduction of Co II and Ni II precursors using NaBH4 in an aqueous solution 18 , followed by annealing at 500 °C. A solid solution between Co2B and Ni2B was obtained, in agreement with their Au2Cu-type structures. For compositions richer in nickel (x ϵ ]0.2-0.5]), the Ni3B by-product was obtained. The material was polydisperse in morphology, forming a nanoscale porous rod-like structure, with OER electrocatalytic performances enhanced for x ≤ 0.2 compared to Co2B obtained by a similar method.

Other nickel cobalt boride compositions should be within reach given structural similarities (Figure 1). Indeed, while Co2B and Ni2B crystallize both in the Au2Cu-type structure (S.G.

I4/mcm), Co3B and Ni3B crystallize in the same cementite structure (S.G. Pnma) 11,36 , while

CoB and NiB crystallize respectively in the β-FeB and CrB structures, which are closely related, as we have recently discussed [37][38][39] . Therefore, solid solutions (Co1-δNiδ)xB (x = 1, 2, 3), different than those reported for Co2B and Ni2B 18,40 may be reasonably within reach. Along this chapter, we extend the methodology developed for boron incorporation into nickel nanoparticles, described in chapter 2, to design bimetallic borides. To do so, we use nickelcobalt alloy nanoparticles, formed by in situ transformation of pre-synthesized core-shell nanoparticles. We then discuss how to achieve the controlled incorporation of boron and ultimately original homogeneous nickel, cobalt and boron crystalline nano-objects.

II) New route to homogeneous nickel cobalt boride

Carenco et al. have designed 43 and studied the evolution of triocylphosphine (TOP)-capped Ni-Co core-shell nanoparticles when heated under vacuum, by using in situ TEM and XPS. 44 They have shown (Figure 2) 44 that after the reduction of surface oxide species by the carbonaceous moieties of the TOP ligands (from 120 to 550 °C) and the desorption of resulting organic species, the nanoparticles were exempt of oxide and carbide species above 440 °C. The particles also encountered internal restructuration above 440 °C by interdiffusion of Co and Ni atoms and formation of a homogeneous nickel cobalt alloy at 600 °C. This temperature range is easily accessible in molten salts. Therefore, the initial Ni-Co core-shell nanoparticles are ideal candidates to form in molten salts homogeneous Ni-Co alloy nano-objects, which boron could incorporate by subsequent reaction, through a one-pot synthesis in molten salts. By using this approach, one can bypass the steps of Ni and Co reduction during reaction with the boron source, and then avoid segregation of the two metals, thus setting an ideal stage to crystallize a ternary nickel cobalt boride. Reproduced from 44 .

a) Synthesis of Ni-Co core-shell nanoparticles

The synthesis of nickel-cobalt nanoparticles is adapted from a colloidal synthesis reported by Carenco et al. 43 . This method enables to avoid oxygen-containing surface ligands, which may have in turn reacted with the oxophilic boron precursor during the boride synthesis. The method is based on a simple adaptation of the nickel nanoparticles synthesis procedure (Chapter 2). The first step consists in the formation of nickel nanoparticles, with a higher ratio of TOP ligand compared to the synthesis of sole Ni nanoparticles (see Chapter 2). Then, the temperature is lowered to avoid further homogeneous nucleation, and Co2(CO)8 is added to the reaction mixture, which is further heated to trigger heterogeneous nucleation and the formation of a Co shells on Ni cores. S5-I) shows a Co:Ni atomic ratio of 1:1 and some remaining phosphorus, with a ratio P:(Ni+Co) close to 20 at. %. TEM shows that the sample is monodisperse, with the formation of nano-spheres of about 13 nm (Figure 3A-C). High magnification TEM (Figure 3B) does not show any feature of a crystalline order, in agreement with XRD (Figure 3D). We clearly distinguish on the HRTEM image (Figure 3B) a 2-3 nm-thick shell.

SEM-EDS (Table

No crystalline phosphide was detected by XRD.

XPS analysis in the Co/Ni 3p3/2 region (Figure 3E) confirms the presence of both nickel (0) and cobalt (0) contributions. Partial oxidation during the washing step is observed, with a peak attributed to oxide species for both metals, which suggests that the shell observed by TEM is a

Ni and Co (hydr)oxide. XPS also detects some phosphorus species from the TOP ligands, as observed in the P 2p region (Figure 2F). Three contributions are observed with binding energies of 129.7 eV, 130.5 eV and 133 eV; assigned to P-Co, P-Ni and P-O species, respectively [45][46][47] . 

III) Key parameters of structural evolution a) Effect of the boron-to-metal content

A reagent ratio metal:B = 1:1.3 at., where the metal amount accounts for nickel and cobalt, was first assessed for a synthesis at 600 °C for 3 h. We use a 30 % excess of boron compared to the targeted content, as we observed in chapter 2 that the borohydride reaction is not quantitative and that boron excess was required to form XRD-pure nickel borides. We then increased the metal:boron ratio to 1:2.6 to provide a large excess of boron and then counteract crystallization of the phosphide phase. With the same temperature profile, we again observed similar results with both molten salt mixtures (not shown). We then preferentially used LiI:KI (58:42 mass.) as solvent, because its lower melting point may favor reactions at lower temperature, hence enhance crystallization while avoiding extensive particle coalescence.

b) Structural evolution with the dwell time

We fixed the synthesis conditions to 600 °C for a metal:B ratio of 1:2.6 at., by varying the dwell time from 0.5 to 3 h. In contrast to the metal:B ratio of 1:1.3 at., no crystallized phosphide could be detected by XRD. Interestingly, the XRD patterns and corresponding Rietveld refinement indicate structural evolutions by increasing the temperature plateau. At 0.5 h (Figure 5A), the reflections of CoB and NiB can be identified, along with Ni0.5Co0.5 as minor phase. Note that CoB and NiB crystallize in the β-FeB and CrB structures, respectively 37,38 . These two structures, because of their similarities, are known to coexist in single samples. Especially, in the case of FeB, we have recently demonstrated that α-FeB is a statistical intergrowth of β-FeB and CrB-type domains 39 . Hence, it would be interesting to consider a second structural model, by refining the experimental pattern of the sample obtained after 1.5 h as a stochastic assembly of β-FeB and CrB-type structural layers stacked along the [010]CoB direction, as for α-FeB. Such an in-depth work cannot be achieved by common Rietveld refinement and will require further work in the near future, for example by implementing FAULT refinement 52,53 .

A model of crystallite morphology was obtained by refinement of anisotropic parameters. It suggests elongated crystallites along the c axis of the CoB structure, corresponding to the 1D boron chains, with an average size of 22 x 5 nm (Figure 7C). This observation would be consistent with an intergrowth of layers stacked along the [010]CoB direction, hence elongated along the a and c axes. 

c) Temperature effect on structural evolutions

In order to understand the crystallization mechanism, we have performed in situ X-ray diffraction on the DIFFABS beamline at the synchrotron SOLEIL (Figure 9) in transmission mode through the reaction mixture placed into a 1 mm diameter fused silica capillary, which was heated thanks to a resistive capillary oven designed in our team.

A first study under conditions similar to those used ex situ (concentration of 2 mmol of Ni-Co nanoparticles per gram of LiCl:KCl (44:56 mass.), ramp rate of 10 °C min -1 ) was performed up to 800 °C for a dwell time of 1.5 h (Figure 10A). Before melting of the salt at around 350 °C, the diffractograms were dominated by the intense diffraction peaks of LiCl and KCl. Before the melting point, we observe the progressive formation of NaCl, which shortly dissolves after melting of the eutectic mixture, with rapid increase of its cell parameters, around 25 and 35 min after the beginning of the experiment. Sodium is supplied by either metathesis of NaBH4 with Subsequently, from around 555 °C the diffraction peaks of the CoNi alloy appear, at 3.10 and 3.58 Å -1 , in agreement with the reported thermal behavior of the core-shell nanoparticles 44 .

Slightly above this temperature, crystallization of silica from the capillary wall occurs. This crystallization event occurs usually above 800 °C. It is possible that boron in the reaction medium lowers the crystallization onset temperature. Indeed, not all diffraction peaks could be indexed, which might indicate the formation of borosilicate phases, with a complex structural diversity. We have then performed a second experiment by limiting the plateau temperature at 555 °C (Figure 10B). The crystallization sequence is the same as in the initial reaction, with the salt melting around 350 °C and then crystallization of NiB and CoB from 440 °C. The CoNi alloy then appears on the plateau at 55 min after the beginning of the experiment. No other phase is identified along the plateau except again crystalline SiO2, but the diffraction peaks of Co0.5Ni0.5 are still visible at the end of the dwell time.

The overall sequence observed in situ is consistent with the ex situ studies at 600 °C. As a first step, the core-shell nanoparticles incorporate boron and crystallize into NiB and CoB structures while progressively forming a NiCo alloy. A short dwell time, as in the case of 600 °C for 0.5 h did not allow a complete conversion of the alloy into the boride. Finally compared to the stoichiometry metal:B of 1:1.3 at., no phosphide crystallization was observed.

We note that the crystallization of the monometallic borides starts before the formation of the alloy. This suggests that once formed, the monometallic borides can undergo restructuration into the bimetallic boride, probably within a single nanoparticle. Besides, this observation suggests the possibly to design multi-compartment, if not core-shell, nanoparticles containing NiB and CoB domains. We have then addressed the reactivity at lower temperature, by using a longer dwell time (6 h) at a relatively low temperature of 450 °C was explored in ex situ conditions. These conditions may favor a kinetic control of the reaction, able to lead to a different reactivity. Surprisingly, the resulting XRD diagram (Figure S5 

IV) Bimetallic Nickel cobalt boride as water splitting catalyst

The nickel-cobalt boride nanoparticles reported in the litterature 18 presented an enhancement of the catalytic activity toward OER for the bimetallic boride (Co1-xNix)2B with (x ≤ 0.2) compared to Co2B.

The nanocrystals described herein could present different properties due to the CoB-like structure and to the elemental composition Co:Ni of 1:1. We investigated the catalytic activity towards OER of these nanocrystals obtained for initial metal:B ratio of 1:2.6 at. at 600 °C for 3 h. The cyclic voltammograms (Figure 11A) were recorded during OER on a rotative disk electrode in an Fe-free 0.1 M KOH electrolyte, in the same conditions than the studies on nickel borides, including a mass loading of 0.25 mg cm -2 . An overpotential of 0.41 V vs RHE was needed to reach 10 mA cm -2 , while a value of 0.40 V vs RHE was required for Ni4B3 amorphous nanoparticles (see chapter 3). Nevertheless, the activity at higher current densities was enhanced compared to the best nickel boride catalyst (chapter 3) and close to the benchmark IrO2. 

Conclusion and perspectives

Along this chapter, we have developed bimetallic nickel-cobalt boride crystalline nanoparticles by designing a pathway, which bypasses redox reactivity of metal cations, a probable origin of phase segregation in the previous attempts. We have demonstrated that the crystallization mechanism passes through crystallization into NiB and CoB structures in the molten salt, as a first step, before the formation of a Ni0.5Co0.5 nanoalloy, and then the formation of a bimetallic nickel cobalt boride, whose structure is related to the CoB, β-FeB-type structure. We observed in all cases a homogeneous composition in nickel, cobalt and boron suggesting a random substitution of Co in metallic sites by Ni. First electrochemical characterizations toward OER are promising and need deeper studies.

To go further, a first point is to carry out a deeper investigation of the CoB-derived structure.

We observed that a low boron content triggered the crystallization of the phosphide, so at least an optimization of the Ni:Co ratio in the core-shell precursor needs to be studied. This would affect the final bimetallic boride structure to then optimize the (catalytic) properties. In parallel, targeting amorphous nanoparticles with tunable composition could also be of great interest, particularly in catalysis. Amorphous nickel, cobalt, boron phases 32,33,55,56 and phase mixtures 41 presented an enhancement of catalytic activity compared to monometallic borides. This makes the study of the properties and activity towards water splitting catalysis of the amorphous as well as crystalline bimetallic boride nanoparticles of high interest. For the mixtures studied on a synchrotron beamline, the preparation was similar but the final mixture of reagents was introduced in a quartz capillary (1 mm-diameter) in a glovebox and adapted on a capillary oven maintained under argon. The synchrotron beamline DIFFABS at SOLEIL Synchrotron facility operated the in situ XRD studies in transmission mode. The signal was recorded by a circular 2D detector covering 140° detection 57 .

c) Preparation of the electrochemical setup for OER measurements

The preparation was similar to the procedure described in chapter 3 including the preparation of carbon black. The CV were recorded on a rotative disk electrode on which the catalytic ink was deposed by drop casting to form a film with a mass loading of 0.25 mg.cm -2 electrode, then dried under air. The ink was prepared by sonication at least 20 minutes of 3.5 mg of catalyst in 480 µL absolute ethanol until reaching a homogeneous dispersion. Then, 3.5 mg of carbon black was added and the mixture was sonicated similarly. 20 µL Nafion solution (5 % in alcohols and water, Sigma-Aldrich) was added subsequently and the mixture was re-sonicated.

Finally, 7µL of the homogeneously dispersed ink was dropped on the previously polished RDE. 

I) Introduction: Targeting iron borides as nanoscale materials a) The interest of iron borides

Iron boride-based materials have a wide variety of potential application fields, from magnetism and magnetothermal properties for cancer treatment by hyperthermia or boron neutron capture therapy 1,2 , to hard materials 3 , catalysis including water splitting 4,5 and high capacity anodes for Li-ion batteries 6 . For some applications, especially catalysis and biomedical treatments, designing nanoscale iron borides is of utmost importance to optimize the properties. Besides few scarce compounds like Fe9B or FeB49, the phases the most reported and studied as nanoscale objects are Fe2B and FeB with its α and β modifications ,7-9 . β-FeB and α-FeB are respectively the high and low temperature forms of iron boride 8 . All the synthesis methods developed to reach these phases require high temperature treatments to trigger the crystallization, in the 600-1500 °C temperature range 1,[7][8][9][10][11][12] .

b) Methods to reach nanoscaled iron borides

Several approaches have been developed to reach nanoscale iron boride. Spherical β-FeB nanoparticles of 20 nm diameter were obtained by using arc-melting at 1000 °C followed by long time ball milling in hexane with oleic acid as a surfactant 2 . α-FeB was obtained by reduction of iron chloride with a borohydride into organic solvents. The resulting amorphous nanoparticles were annealed at different temperatures. From 450 to 1050 °C α-FeB nanoparticles were obtained, while treatment at 1500 °C yielded β-FeB 1,7 . Jothi et al. 9 developed a general pathway towards metal borides including α-FeB, by the reduction of FeCl2 by liquid tin in the presence of elemental boron at 800 °C for 8 h. The process relies on the fact that tin does not form any boride. However, it lacks control over particle size and dispersion state. Some approaches have also been developed by using molten salts. FeB and Fe2B were reported from the reaction of elemental iron and boron at 1000 °C in a NaCl-KCl mixture 11 . In our group, we previously reported the synthesis of FeB, among other borides, by reduction of iron(II) chloride by a borohydride at 900 °C in a eutectic salt mixture LiCl:KCl (44:56 mass.) 12 .

More recently, we have adapted the procedure for the synthesis of pure α-or β-FeB at 600 and 1100 °C respectively. In addition to FeB, another boride phase, Fe2B, has been currently reported as nanostructures. Fe2B was synthesized by a mechanochemical method at ambient temperature using Fe2O3, amorphous B and Mg powders. Acid etching with HCl was then performed to remove the by-product MgO and to obtain XRD pure Fe2B phase with average particle sizes of 38 nm 5 . The high energy ball milling setup allowed to avoid an annealing treatment to trigger the crystallization. However, this method yielded a large size distribution from ca. 30 to 150 nm. Another method for the synthesis of XRD pure phases Fe2B and FeB is based on the reaction between elemental Fe and amorphous B powder in a NaCl/KCl molten salt mixture at 1000 °C11 . In these conditions, nanoplatelets of 20-40 nm in thickness were obtained for Fe2B while FeB was formed as nanorods of 30-40 nm diameter and 100-150 nm length. Interestingly, the authors proposed that FeB crystallization occurred through the formation of Fe2B first, which then reacted with additional boron to form FeB.

Overall, the syntheses described above suffer from poor control of the particle size, morphology and dispersion state. Enhancing this control is crucial to adjust magnetic and to improve the catalytic properties. Along this chapter, we study the incorporation of boron into Fe nanoparticles, by capitalizing on the reaction pathways discussed in the previous chapters. We use molten salts conditions for two reasons. Firstly, molten salts allow to obtain crystalline materials in a single step, unlike most of the other approaches that require post-annealing.

Secondly, this medium demonstrated a large decrease in reaction temperatures compared to other approaches, particularly those from elemental precursors. In parallel with the study of the reaction mechanism, we discuss the role of surface ligands at the surface of the iron nanoparticles on their reactivity.

II) The role of surface ligands during the conversion of iron to iron boride a) Core-shell iron-iron oxide nanoparticles and their tentative conversion into boride

We use a reported procedure 13 to form spherical body-centered cubic (bcc)-Fe nanoparticles of 10 nm (Figure S6-IA-B). As reported, the nanoparticles are amorphous according to XRD (Figure S6-IC). The reaction proceeds through a one-pot process at 180 °C by decomposition of Fe(CO)5 in octadecene in the presence of oleylamine as solvent and surfactant, respectively.

After washing, the particles showed an iron core surrounded by a shell composed of Fe3O4, which originates from passivation in contact with air. SEM-EDS detects only Fe and oxygen as significant species.

We then investigated the conversion of these Fe-Fe3O4 nanoparticles by reaction with a borohydride within the molten eutectic salt mixture LiCl:KCl (44:56 mass.). The Fe:B reagents ratio was adjusted to target α-FeB and Fe2B. These compositions were targeted as both structures can crystallize from 600 °C according to the litterature 8,14 . Secondly, the formation energy profile calculated as a function of the Fe:B compositions with the machine learning tool Matlearn 15 suggests a unique minimum for the composition Fe:B 1:1 (Figure S6-II). The phase Fe2B is at a slighter higher formation energy.

As in the previous chapters, we have used an excess of borohydride (Fe:B = 1:1.3 at. and 2:1.3 at. to target FeB and Fe2B, respectively). In order to improve the dispersion state of the nanoparticles and their reactivity, the nanoparticles were first dispersed in the eutectic salt mixture by using an initial dispersion of the nanoparticles in hexane. After drying under vacuum, NaBH4 as boron (0) source was added into the impregnated mixture. The reaction was then performed at 600 °C for 3 h, followed by natural cooling. For both compositions studied, NaCl is also detected with the crystallized salt mixture, which is attributed to metathesis between NaBH4 and the alkali chlorides. Beyond the melting point, no diffraction peak is observed until 69 min (Tmeas= 580 °C). It corresponds to the crystallization of Fe2O3, also observed after cooling. An unidentified intermediate phase is also observable between 69 and 85 min (Tmeas= 738 °C). None of the reported iron borides, borates, carbides, oxides or hydroxides can fit with this intermediate phase. We also notice that the crystallization of the Fe2O3 was unexpected according to the literature 13 , which indicates an oxygen-poorer layer of Fe3O4 on the iron nanoparticles. Still during the heating ramp, bcc-Fe crystallizes from 85 min (Tmeas= 738 °C) and is maintained during the plateau. The crystallization of SiO2 from the capillary occurs at the same temperature. No additional species were identified during the plateau at 800 °C for 1 h. These data suggest a poor reactivity of the nanoparticles in the reaction conditions, which can be explained by two origins: (1) the oxide passivation layer may hinder diffusion of boron by scavenging boron atoms in the form of boron oxide or hydroxide; (2) some carbides may have formed during the synthesis of the iron nanoparticles. These stable phases may hinder the reactivity of iron cores. Iron carbide formation has been reported 16 from iron pentacarbonyl at 150 °C under 3 bars of H2 or Ar gas. However, even at ambient pressure, the thermal decomposition of Fe(CO)5 in presence of long-chains ligands presented degraded magnetic properties attributed to the formation of side products containing carbon or oxygen 17 .

Under argon, a core-shell structure was obtained with iron remaining in the core and a crystalline shell made of iron carbides. As the reaction in molten salts is performed at 600 °C, one can hypothesize that carbide formation could occur, even at room pressure. Further investigation would be needed to characterize and understand the composition of the resulting particles and to decipher the two hypotheses.

b) Synthesis of crystalline Fe nanoparticles as precursors for boride synthesis

To enhance reactivity, we have sought to use iron nanoparticles exempt of ligands that could trigger side-reactions. To do so, we have used core-shell bcc-Fe-iron oxide nanoparticles 18 formed by a modification of the previous procedure in presence of hexadecylammonium chloride and oleic acid from a reported procedure 18 and in collaboration with the authors: Dr.

Lise-Marie Lacroix and Melik Maksem at Laboratoire de Physique et Chimie des Nano-Objets, Toulouse. As reported, the ammonium chloride facilitates the formation of the crystalline structure by slowing down the decomposition of Fe(CO)5. Contrary to the initial procedure described in the previous section, XRD (Figure 1A) shows the diffraction peaks attributed to bcc-Fe. No diffraction peak belonging to any iron oxide is observed. The Fe nanoparticles are spherical with a diameter of ~13 nm according to TEM (Figure 1B-D), in agreement with the reported procedure 18 . An amorphous shell of 2-3 nm is observed on the surface of the particles (Figure 1C), which is consistent with passivation upon exposure to air for TEM observation. 

c) Synthesis of iron boride from Fe nanoparticles

We have targeted α-FeB from the iron nanoparticles obtained with the HDA-derived protocol.

The reaction was performed at 600 °C and 700 °C for 3 h. For both temperatures, the powder XRD patterns indicate crystallization of α-FeB (Figure 2A). Two minor and narrow peaks in the 600 °C pattern remain unidentified. They may correspond to a sub-product formed with the components of the salt. α-FeB can be described as an intergrowth of nanodomains between β-FeB and CrB structural types. Further refinement should help to elucidate the fraction and size of both structure types 8 . The size distribution of the initial Fe nanoparticles is overall maintained although with a slight growth (Figure 2B-G), from initially 13 nm to 14 and 17 nm for the α-FeB nanoparticles obtained at 600 and 700 °C, respectively. Thus, we achieve a size and morphology control superior to previous reports on iron boride 1,[7][8][9][10][11][12] . We note that other plateau), new intense diffraction peaks appear, which are attributed to the crystallization of silica from the silica capillary in agreement with a reference experiment on a capillary filled with a salt mixture. The slight increase of temperature from 600 to 700 °C triggered the crystallization of FeO(OH) and Fe2O3 at 170 min in addition to the already formed α-FeB. We assume that their crystallization is due to the oxygen contained in the silica capillary walls in combination with the oxide shell initially present on the surface of iron nanoparticles. 

e) Assessment of stability under air

Unexpectedly, the first TEM study, carried out by dispersion in methanol and drying in air for several hours, showed dramatic changes in morphology (Figure S6-VA-D). The particles were highly aggregated and embedded in an amorphous matrix. Partial to complete leaching of the particles was also observed. Furthermore, the sample obtained at 700 °C also showed empty shell particles (Figure S6-VB), but with a size similar to their homogeneous counterparts (Figure S6-VA). Although further investigation of the local composition would be necessary, we suppose that the iron boride nanoparticles form boron-doped iron oxide/hydroxide or borate species. The empty nanoshells observed at 700 °C could correspond to a better crystallization of the shell than at 600°C, leading to a leaching of the core while maintaining the shell. An increase in stability under air may be achievable by additional treatments, as annealing, incorporation into a support, or addition of a surface ligand.

III) Targeting Fe2B

In parallel with the initial Fe: which indicate that FeB is the most stable iron boride. As no diffraction peak can be attributed to iron (0), this suggests the formation of amorphous nanoparticles. A higher temperature would then be needed to engage all iron atoms into the boride and then form Fe2B.

Conclusion and perspectives

In this chapter, we have successfully synthetized α-FeB nanoparticles by incorporating boron atoms into pre-formed iron nanoparticles. This conversion of nanoparticles is isomorphic, in the sense that the initial particle size is maintained. Although the nanocrystals did not present any morphological evolution up 700 °C in molten salts, they undergo a rapid degradation of the structure and the morphology under air, probably by an oxidation process. Our attempts to form Fe2B nanocrystals with the same approach were unsuccessful and the system evolves towards α-FeB, the most stable iron boride if Fe and B are not totally associated.

We postulate that a higher temperature would force both elements to react quantitatively and yield Fe2B. A forthcoming study using in situ XRD may also allow to identify the conditions of Fe2B crystallization. As other perspectives, the stability under air should be enhanced, possibly by post-treatment of the particles surface, and electrocatalytic properties for water splitting should be addressed in the near future.

Annexes Experimental methods

Reagents. Iron pentacarbonyl (Fe(CO)5,99.99 %,Acros) , sodium borohydride (NaBH4, min 98%, Alfa Aesar), anhydrous hexane (95 %, Sigma-Aldrich), lithium chloride (99.9 % Alfa Aesar), potassium chloride (99.9 % Sigma-Aldrich) were stored and manipulated as received in an Ar-filled glovebox (H2O < 0.5 ppm, O2 < 0.5 ppm). Oleylamine (98 %, SAFC), oleylamine The mixture was degassed at 120°C for 30 min under vacuum and then put under N2. The mixture was then heated up to 180°C. 0.7 mL (5 mmol) of Fe(CO)5 were quickly added with a syringe and the mixture was maintained at 20 min at the same temperature under stirring.

Finally, the suspension was cooled down to ambient temperature. The washing steps were performed under N2. For the first washing, a mixture of ≈ 5 mL of hexane and ≈ 20 mL of acetone was added to the suspension. The flask was placed in a sonication bath while maintaining the N2 flow. Thereafter, a magnet was used to separate the solvent from the nanoparticles. Four other washing cycles were performed by first using ≈ 5 mL of hexane to disperse the nanoparticles by sonication and then ≈ 20-30 mL of acetone to destabilize the suspension and alloying separation with a magnet. After the final washing, ≈20 mL of acetone was added, the particles were transferred in a tube maintained under N2 and dried by removing the supernatant. Finally, the tube was transferred in a glove box. Around 0.15 g of product was obtained.

b) Synthesis of the iron nanoparticles adapted from Lacroix et al. procedure 18 In a three-necked round bottom flask, a mixture of 20 mL (62 mmol) of 1-octadecene, 0.3 mL (1 mmol) of oleylamine 70 % and 0.278 g (1 mmol) of HDA•HCl were stirred while degassed three times by alternating vacuum and N2 flow at ambient temperature. Then, the solution was heated to 120 °C under nitrogen with a heating mantle and maintained 30 minutes under vacuum. Subsequently, the flask was flushed by N2 and heated to 180 °C. 0.7 mL (5 mmol) of Fe(CO)5 was then quickly added with a syringe and the medium was maintained 30 min at this temperature under nitrogen. The temperature was then reduced to 160 °C, 0.3 mL of oleic acid was added and mixture stirred for 30 min at. Finally, the medium was cooled down to room temperature. The washing steps were performed similarly to the previous procedure.

Preparation of HDA•HCl.

A 100 mL single-necked round bottom flask closed with a cap was filled with 100 mL of hexane under stirring and cooled by an ice bath for at least 20 min. 2.44 g (10 mmol) of hexadecylamine (HDA) and then 12 mL of a HCl solution (1.0 M in diethylether) were added successively. A white precipitate formed. The reaction medium was warmed up by removing the ice bath and stirred for 2 h. The precipitate was washed three times by centrifugation with hexane. Finally, the product was dried under a fume hood to remove hexane.

c) Synthesis of iron borides nanoparticles

In a Schlenk tube, 50 mg (0.89 mmol) of Fe nanoparticles were impregnated in 0.447 g of LiCl:KCl salt mixture (44:56 mass.) by adding the salt to a dispersion of these particles into 0.5 mL of anhydrous hexane (2 mmol of Fe per gram of eutectic salt) on a Schlenk line.

Thereafter, respectively 0.0440 g (1.16 mmol) for FeB or 0.0220 g (0.58 mmol) for Fe2B of NaBH4 was added after correction with the experimental mass recovered after impregnation.

The mixture was ball milled for 2 min at 20 Hz and re-introduced in a glove box. The powder was placed in a carbon crucible, itself inserted in a closed quartz tube. The synthesis was performed in a calibrated tubular oven under Ar flow. After cooling down to ambient temperature, washing was performed by 10 cycles of dispersion-reprecipitation in methanol by centrifugation. Finally, the product was dried in a Schlenk tube under vacuum on a Schlenk line.

d) Preparation of carbon deposited Cu grids for TEM

-Grids preparation under air conditions. The nanoparticles were dispersed by sonication in the solvent used for washing (hexane for the iron nanoparticles, methanol for iron boride nanoparticles) and a single droplet was drop-casted on the carbon-coated copper grid. The grid was then dried under air.

-Grids preparation in air-free conditions. The carbon-coated copper grid was brought in an argon-filled glovebox. Some sample powder was deposited on the grid. The grid was then transferred in an Eppendorf tube sealed with parafilm, in order to maintain the sample and the grid under inert atmosphere until TEM analysis.

e) In situ synchrotron powder XRD studies

The studies were operated at the DIFFABS beamline at the Soleil synchrotron. A capillary oven designed by our team including a quartz capillary of Ø 1 mm served as support for the reaction medium. The conditions are identical to those studied ex situ including a concentration of 2 mmol of Fe nanoparticles per gram of LiCl/KCl (44/56 mass.) and a ramp step of 10°C min -1 .

For the first study, a plateau of 1h at 800 °C was applied. A temperature shift was observed on the diagram as the melting of the eutectic salt LiCl:KCl (44:56 mass.) was observed from 46 min at a temperature of 286 °C instead of 350 °C. The ramp was then recalibrated by using the melting point as reference. For the second study, a temperature of 600 °C was maintained for 100 min to observe the crystallization. Subsequently, a second dwell time of 20 minutes at 700 °C completed the mechanistic study. 

General conclusion and perspectives

Along this thesis, we have designed new nanoparticles and nanostructures of metal and p-block elements (boron and phosphorus), by mastering the reactivity of metal nanoparticles into molten salts. This approach consisted in the incorporation of p-block elements (B and P) into metal containing nanoparticles. It has enabled to reach an unprecedented control of the morphology of boride and borophosphide nanoparticles, which is essential to tune their properties, especially as electrocatalysts for water splitting half-reactions. Already reported for a range of nanomaterials, including phosphides, this approach had never been reported for borides, which

show similarities with phosphides in terms of bonding, crystal and electronic structures, but with a higher degree of covalence that precluded reactivity in usual solvents. Therefore, we have performed the conversion of nanoparticles dispersed into molten alkali halide salts as liquid reaction media stable over a wide temperature range (≈ 300-1000 °C) to thermally activate reactions within homogeneous media, hence avoiding important particle coalescence and aggregation.

A first breakthrough of this PhD work is the successful synthesis of Ni3B and Ni4B3 nanocrystals with superior size control compared to previously reported synthesis pathways.

We have shown that the initial metal nanoparticles are converted by insertion of boron and retention of the particle size. In situ studies have provided invaluable insights into the reaction mechanisms, by enabling to identify amorphous intermediates, which show that the incorporation of boron, hence of strong covalent bonds, brings disorder into the metal nanoparticles before complete recrystallization. We have highlighted the crucial role of particle aggregation in the recrystallization process, as the amorphous intermediates seem to be stabilized within single nanoparticles. This apparently non-classical crystallization mechanism will require further demonstration, especially by using in situ transmission electron microscopy, coupled to PDF analysis of in situ X-ray scattering experiments to track structural changes into the amorphous precursors. We have then shown that the resulting nanocrystals behave as efficient catalysts for the acidic hydrogen evolution reaction and pre-catalysts for the alkaline water oxidation reaction, rivaling state-of-the-art platinum-group-metal-free materials.

The second breakthrough is the extension of the concept of nanoparticles conversion in molten salts to two systems: iron boride and nickel cobalt boride nanocrystals. With the former case, we have highlighted the importance of the surface states of the initial metal nanoparticles in driving the reaction pathway. In the latter case, we have demonstrated the possibility to convert multimetallic nanoparticles into multimetallic boride nanocrystals. Although the initial coreshell structure of the Ni-Co nanoparticles could not be retained during the conversion, we have shown that the use of pre-made metal nanoparticles enables to bypass redox processes that usually lead to metal segregation during attempts to form multimetallic borides. As a consequence, a new bimetallic boride could be obtained, probably crystallizing as a distorted

CoB-type structure. As a perspective, we note that like CoB and NiB, the structures of Co3B and Ni3B are identical, which hint at the possibility to design new solid solution bimetallic borides. These bimetallic compositions are promising for water splitting electrocatalysis.

Our attempts to design nickel borophosphides, only scarcely reported, did not reach satisfying results, leading in most cases to a segregation between borides and phosphides, whether the precursors were nickel, boride, or phosphide nanoparticles, or nickel salts. This has however made it possible to highlight a scale of reactivity and stability, showing that in molten salts, phosphides form before borides and are more stable. We have again highlighted the presumably important role of the surface of the initial nanoparticles, also mentioned in the previous paragraph, which might act as a boron scavenger when oxidized, hence destabilizing the boride and borophosphide phases. Consequently, future work will focus on using as precursors nickel boride nanoparticles exempt of any oxidized species. By using more conventional redox reactions, we could however obtain nanoparticles of an amorphous nickel borophosphide, which hints at the possibility to retrieve a range of amorphous phases with tuned compositions.

As mentioned above, a take home message of the PhD work is the importance of the surface chemistry of nanoparticles to be used as reagents within molten salts. While this is a trivial remark for conventional colloidal synthesis in usual solvents, this aspect of nanoparticle chemistry has never been considered for syntheses in molten salts, although we show that the high temperatures used trigger reactions that are not addressed in usual solvents. Therefore, we have engaged in a preliminary work presented as appendix in the next pages, to explore a route for synthesizing metal nanoparticles without organic surface ligands, which are sources of potential side reactions. To do so, we again developed colloidal synthesis in molten salts, by forcing "explosive" nucleation events through the use of fast induction heating and quenching.

Although the process will require further enhancement, initial results in the case-study of nickel nanoparticles are highly promising.

redispersion in molten salts. Synthesis of ligand-free transition metal oxides nanoparticles was also reported by a Lux-Flood reaction in molten salts LiNO3-KNO3 and LiNO3-NaNO3-KNO3-Ca(NO3)2 4 , where lithium oxide was used as a base to deliver oxygen anion to react with metal cations at around 150 °C. However, this method is not suitable for metallic nanoparticles.

II) Synthesis of nickel nanoparticles in molten salts a) Experimental conditions

To limit nickel particles growth and aggregation, we use diluted conditions compared to the approaches developed in the previous chapters, with a concentration of 0.11 mmol of Ni (II) salt per gram of eutectic molten salts LiI:KI (58:42 mass.), which corresponds to a concentration of 0.33 mol L -1 , compared to 6.06 mol L -1 generally used in the previous chapters. The choice of alkali halide salts is motivated by the previous observation of colloidal stability in such media for diverse nanocrystals (InP, FePt, Quantum dots) 3 . The other interests in this salt mixture reside first in its relatively low melting point (Tm= 286 °C) essential to perform reactions at temperatures as low as possible and avoid coalescence, second in the possibility to wash these salts with a non-aqueous solvent, methanol. Indeed, if successful, the synthesis yields metal nanostructures embedded into salts that must be washed. Transition metal nanostructures would oxidize in contact to water, so that other solvents are necessary to wash out the salts. Sodium hydride (NaH) is used as reducing agent in excess, to provide rapid nucleation. The reaction mixtures were prepared under inert atmosphere as well as the reactions. In order to trigger extensive nucleation and avoid growth and/or coalescence, we heat the reaction vessel by induction heating, which is made possible by using a molybdenum crucible as susceptor. We measure heating ramps of ca. 73 °C s -1 . We investigated particularly the induction heating conditions and the role of the nickel ion precursor (NiCl2, NiI2).

b) NiCl2 as precursor

Preliminary results were obtained in collaboration with Dr. Yang Song from our group by using a tubular oven for heating at 350 °C for 40 min. TEM pictures presented Ni particles partially coalesced and the XRD pattern showed only the diffractions peaks of the nickel. In order to trigger extensive nucleation and avoid growth and/or coalescence, we heat the reaction vessel by induction heating, which is made possible by using a molybdenum crucible as susceptor.

Induction heating (Figure 1) provides an ultrafast heating ramp up to 600 °C (or even higher) in less than 12 seconds, where the temperature is measured with a pyrometer accounting for the permissivity of molybdenum. As the oven has negligible thermal inertia, it also cools much faster than a tubular oven, which enables to quench reactions and avoid restructuration or diffusion phenomena. Celles-ci ont été obtenues par des voies solides 17 qui n'ont pas permis d'obtenir des objets nanométriques. Nous avons développé plusieurs approches basées d'une part sur l'incorporation de/des hétéroélément(s) complémentaire(s) à partir de nanoparticules de phosphures et borures de nickel ou de nickel. Si ces voies ont permis de mettre en évidence de différences importante de réactivité entre phosphures et borures, elles n'ont pas permis d'obtenir des phases pures et des phases ternaires. Au contraire, l'approche basée sur la réduction d'un sel de nickel réduit en présence de sources de phosphore et de bore a permis de former une phase borophosphure, néanmoins mélangée à un phosphure. En parallèle, nous avons montré la possibilité de stabiliser une phase amorphe de composition en nickel, bore et une autre méthode de synthèse des nanoparticules de fer avec la présence de ligands amine 25 .

Ce procédé a finalement permis de former la phase borure α-FeB recherchée. Une tendance des particules à la décomposition par ségrégation du bore lors de l'exposition à l'air a été mise en évidence, par la formation de coquilles creuses et de larges domaines ne montrant pas de cristallinité. Le mécanisme supposé est une oxydation des centres métalliques et éventuellement du bore sous forme de borate. A l'inverse, la morphologie des particules est maintenue en l'absence d'exposition à l'air, mettant ainsi en avant l'extrême sensibilité de ces nano-objets à leur environnement.

Enfin, nous avons débuté l'exploration d'une voie de synthèse de nanoparticules métalliques exemptes de ligands organiques de surface, afin d'éviter des réactions secondaires ou des mécanismes compétitifs de diffusion au sein des métaux à partir des ligands, lors des synthèses par incorporation d'éléments en sels fondus. En nous basant sur des travaux démontrant la stabilité colloïdale de nanoparticules dans des sels fondus 26 , nous décrivons une méthode rapide et simple de synthèse de nanoparticules métalliques basés sur les sels fondus avec le nickel comme cas d'étude. Le chauffage est réalisé par induction afin de favoriser une nucléation rapide et homogène tout en maintenant des temps de palier court afin de limiter la croissance.

Malgré des efforts d'optimisation des conditions de synthèse, les nanoparticules de nickel obtenues présentent une coalescence partielle et une diversité en taille importante.

Résumé:

Les borures et phosphures de métaux de transition présentent des propriétés intéressantes en électrocatalyse pour la production de dihydrogène. Dans ces matériaux, l'élément du bloc p modifie la densité électronique des atomes métalliques, ce qui rend non seulement ces matériaux résistants à l'oxydation et à la corrosion, mais modifie aussi les propriétés catalytiques. Le développement de catalyseurs requiert la conception d'objets de rapport surface/volume élevé, donc à l'échelle nanométrique. Il est alors essentiel de développer des voies de synthèse adaptées à l'obtention de ces matériaux et à la recherche de nouveaux composés. Notamment la combinaison du bore avec du phosphore et/ou un ou plusieurs métaux de transition au sein d'un même composé pourrait engendrer des modifications profondes, notamment de la densité électronique des sites métalliques et de la géométrie des sites de surface en raison de la formation de structures cristallines spécifiques, contraintes par la présence de liaisons covalentes. Au vu des propriétés des phases binaires, l'ensemble des modifications en termes de morphologie, géométrie et composition permet d'envisager un contrôle de la réactivité et des propriétés (électro)catalytiques.

Ce travail de thèse a ainsi porté sur le développement de borures et borophosphures de métaux de transition avec pour objectifs un contrôle morphologique à l'échelle nanométrique, le développement de nouveaux composés, y compris métastables, et la caractérisation de leurs propriétés électrocatalytiques. Les approches de synthèse choisies reposent sur deux piliers. D'abord les sels fondus, qui permettent de réaliser des synthèses à l'état liquide et à des températures intermédiaires entre celles de la chimie du solide et celles des voies colloïdales. Ainsi, les milieux réactionnels sont homogènes, permettent une réactivité accrue entre précurseurs solubles ou dispersés, et limitent la coalescence des particules. L'autre pilier est l'utilisation de nanoparticules métalliques comme nanoréacteurs dans lesquels le bore et/ou le phosphore sont incorporés, de façon à maintenir la morphologie des particules. Nous obtenons ainsi des nanomatériaux de phases pures dans le cas des borures de nickel et de fer, avec un contrôle de la composition et de la morphologie jamais obtenu auparavant. Ce contrôle n'a pu être atteint qu'en comprenant les mécanismes de formation des composés et nano-objets correspondant. Cette compréhension a pu être obtenue en développant le suivi in situ des synthèses grâce à la diffraction des rayons X sous rayonnement synchrotron. Nous avons ainsi pu mettre en évidence des intermédiaires réactionnels sous forme de nanoparticules amorphes, dont la nature a été élucidée grâce à la diffusion totale des rayons X couplée à la fonction de distribution de paires. Par extension, cette voie particulière de synthèse permet aussi la recherche de phases rares ou jamais reportées et pouvant présenter une importante activité électrocatalytique pour la dissociation de l'eau. Le choix des domaines de composition d'intérêt, guidé par l'apprentissage automatique pour la minimisation des énergies de formation, a ainsi permis de réaliser la synthèse de nanoparticules d'un borure bimétallique de nickel et cobalt. Nous avons aussi progressé dans l'étude de nouvelles voies de synthèse de phases ternaires borophosphures de nickel, rares et difficilement atteignables. Enfin, nous avons abordé l'exploration d'une voie de synthèse de nanoparticules métalliques exemptes de ligands organiques de surface, afin d'éviter des réactions secondaires ou des mécanismes compétitifs de diffusion au sein des métaux à partir des ligands, lors des synthèses en sels fondus. En nous basant sur des travaux démontrant la stabilité colloïdale de nanomatériaux dans des sels fondus, nous décrivons une méthode rapide et simple de synthèse de nanoparticules métalliques basés sur les sels fondus avec le nickel comme cas d'étude.

Mots clés : [nanomatériaux, borures de métaux de transition, borophosphures de métaux de transition, Sels fondus, modification post-synthèse, électrolyse de dissociation de l'eau] Abstract:

Transition metal borides and phosphides present interesting properties in electrocatalysis for the production of dihydrogen. In these materials, the p-block element modifies the electron density of the metal atoms, which not only makes these materials resistant to oxidation and corrosion, but also modifies the catalytic properties. The development of catalysts requires the design of objects with a high surface/volume ratio, i.e. at the nanoscale. It is therefore essential to develop synthesis routes adapted to obtaining these materials and to the search for new compounds. In particular, combining boron with phosphorus and/or one or more transition metals in the same compound could lead to profound changes, notably in the electron density of the metal sites and the geometry of surface sites, due to the formation of specific crystalline structures constrained by the presence of covalent bonds. In view of the properties of the binary phases, all the modifications in terms of morphology, geometry and composition make it possible to control the reactivity and (electro)catalytic properties. This thesis work focused on the development of transition metal borides and borophosphides, with the objectives of morphological control on the nanometric scale, the development of new compounds, including metastable ones, and the characterisation of their electrocatalytic properties. The synthesis approaches chosen are based on two pillars. Firstly, molten salts, which enable synthesis to be carried out in the liquid state and at temperatures intermediate between those of solid-state chemistry and those of colloidal routes. Thus, the reaction media are homogeneous, enabling greater reactivity between soluble or dispersed precursors, and limiting the coalescence of particles. The other pillar is the use of metallic nanoparticles as nanoreactors in which boron and/or phosphorus are incorporated, so as to maintain the morphology of the particles. In this way, we obtain pure-phase nanomaterials in the case of nickel and iron borides, with a degree of control over composition and morphology that has never been achieved before. This control could only be achieved by understanding the formation mechanisms of the corresponding compounds and nano-objects. This understanding was achieved by developing in situ monitoring of the syntheses using X-ray diffraction under synchrotron radiation. We were thus able to identify reaction intermediates in the form of amorphous nanoparticles, the nature of which was elucidated using total X-ray scattering coupled with the pair distribution function. By extension, this particular synthesis route also enables us to search for rare or never reported phases that may exhibit significant electrocatalytic activity for the dissociation of water. The choice of compositional domains of interest, guided by machine learning to minimise formation energies, led to the synthesis of nanoparticles of a bimetallic boride of nickel and cobalt. We have also made progress in studying new synthesis routes for nickel borophosphide ternary phases, which are rare and difficult to obtain. Finally, we explored a route for synthesising metal nanoparticles without organic surface ligands, in order to avoid secondary reactions or competitive diffusion mechanisms within the metals from the ligands during molten salt synthesis. Based on work demonstrating the colloidal stability of nanomaterials in molten salts, we describe a rapid and simple method for synthesising metal nanoparticles based on molten salts using nickel as a case study.

Keywords : [nanomaterials, transition metal borides, transition metal borophosphides, molten salts, post-synthesis modification, water spitting electrolysis]
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 2 Figure 2. Examples of diverse structures reported by cation exchange reactions. Reproduced from 37 .

Figure 3 .

 3 Figure 3. Mechanism of formation of an alloy at the nanoscale by reaction of a metal nanoparticle with atoms in solution. The void is represented by a white area. Adapted from 20 .
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 1 Figure 1. Schematic mechanisms of the syntheses of Ni3B and Ni4B3 nanocrystals, with the corresponding crystal structures.

(Figure 2 )

 2 . A 70-75 % yield is achieved for Ni3B and Ni4B3 nanocrystals. Transmission electron microscopy (TEM, shows that the size distribution (Figure 2C, F, I) is maintained during the transformation from the nickel nanoparticles to the boride nano-objects. Dispersion states and size distributions are also maintained, despite a slight coalescence of the particles (Figure 2H). High resolution transmission electron microscopy (HRTEM) images and the corresponding Fast Fourier Transforms (FFTs) are consistent with the respective Ni3B/Ni4B3 crystal structures (Figure 2E, H).

Figure 2 .

 2 Figure 2. TEM study of (A-C) Ni (0) nanoparticles, (D-F) Ni3B nanocrystals and (G-I) Ni4B3 nanoparticles: (A, D, G) TEM images; (B, E, H) HRTEM images with FFTs of the squared areas, indexed along the corresponding crystal structures of borides; (C, F, I) particle size

Figure 3 .

 3 Figure 3. XRD patterns with corresponding Rietveld refinements of (A) Ni3B and (B) Ni4B3 nanocrystals. Pair distribution functions of (C) Ni3B and (D) Ni4B3 nanocrystals fitted along the corresponding crystal structures. XPS of Ni3B and Ni4B3 in (E) Ni 2p (F) B 1s region.

Figure 4 .

 4 Figure 4. Single boron polyhedra constituting the Ni3B and Ni4B3 crystal structures. The red marks indicate the distances between nickel atoms not directly engaged in a binding.

Figure S2 -

 S2 Figure S2-IIA-B and C-D show overlays of the XRD diagrams obtained on one position for the Ni3B and Ni4B3 reaction mixtures, respectively, for a heating ramp of 10 °C min -1 followed by a plateau, hence mimicking the lab-scale conditions. The original 55 °C shift of the measured melting point coming from the distance between the thermocouple and the capillary was corrected by using the LiI:KI melting point as reference at 286 °C. Figures 5 and S2-III show focuses on the temperature range where the reaction media are liquid. The diffraction peaks of LiI, KI, NaI and Ni are observed until melting of the reaction media for the Ni3B and Ni4B3 experiments. NaI is formed either by the metathesis reaction of LiI:KI with NaBH4 or by the decomposition of NaBH4 and is molten 12 min after the start of the experiment, i.e. before the salt has completely melt. Above the melting point, a diffuse scattering, signature of the inorganic liquid, is observed at ca. 1.5 Å -1 . The absence of diffraction peak related to nickel species indicates the formation of an XRD amorphous material from 33 min/330 °C to 43 min/415 °C for Ni3B (Figure 5, Figure S2-IIA-B). A similar trend is observed for the Ni4B3 synthesis (Figure S2-IIC-D, Figure S2-III) with the absence of crystalline phase from

Figure 5 .

 5 Figure 5. In situ XRD diagrams recorded during the synthesis of Ni3B nanocrystals after melting of the eutectic salt mixture.

(Figure 6 )

 6 retrieving the Ni3B amorphous intermediate without any trace of Ni is difficult, probably due to the low content of boron in the corresponding phase, which implies close relative stabilities of both components and also the absence of stiff B-B covalent bonds, hence a relatively loose framework that enables fast restructuration of the Ni-B phase. TEM pictures of the amorphous intermediates confirm morphologies similar to the initial Ni and final Ni3B/Ni4B3 nanoparticles, further supporting the hypothesis of boron incorporation into the nickel particles as overall reaction pathway. The onset of aggregation between particles is observed but the spherical morphology and diameter are maintained. HRTEM (Figure 6) shows no local order, which is consistent with the XRD patterns. The corresponding XPS signals in the Ni 2p region (Figure S2-VI) show peaks characteristic of low valence Ni, as in the crystalline borides, thus indicating a similar electronic state of Ni. Likewise, corresponding Ni 2+ 2p3/2 contributions are also observed at 856.8 and 857.5 eV for the amorphous intermediates from the Ni3B and Ni4B3 syntheses, probably originating from exposure to air for washing and measurement.

Figure 6 .

 6 Figure 6. TEM pictures of the amorphous nanoparticles formed during the synthesis of (A, B) Ni3B and (C, D) Ni4B3 nanocrystals. (A, C) Low and (B, D) high magnification images.

  the sole crystal structures of Ni3B and Ni4B3, mostly due to inconsistent relative intensities of these peaks (Figure S2-VIIA, B). For the amorphous intermediate to Ni3B, second components like Ni, Ni(OH)2, B and B2O3, did not yield improvement of the fit, but the incorporation of NiO led to a significant enhancement of Rw from 37 to 32 % for a NiO content adjusted to 9 wt.% (Figure S2-VIIB). NiO would probably occur from exposure to air and moisture during washing to recover this elusive intermediate, as mentioned above. No NiO could be detected from the PDF of the amorphous intermediate to Ni4B3, which is consistent with the higher stability of this intermediate phase compared to the intermediate to Ni3B, as already observed from XRD (Figure S2-V).

Figure 7 .

 7 Figure 7. (A) Ex situ PDFs of the amorphous intermediates retrieved in the course of the syntheses of Ni3B and Ni4B3. (B) PDF of Ni3B refined as a mixture of Ni3B, Ni4B3 and NiO crystal structures. (C) PDF of Ni4B3 refined as a mixture of Ni4B3 and Ni3B.

Figure 8 .

 8 Figure 8. (A) Calculated PDF of the isolated polyhedra consisting of Ni3B (BNi7) and Ni4B3 (BNi7B2, BNi9). The rectangle highlights the 2.9 Å peak unobserved in the BNi7 coordination of Ni3B. Calculated PDF of the (B) Ni3B and (C) Ni4B3 structures in a range of 9 Å and assignment of the contributions of B-B, Ni-B and Ni-Ni distances.

  phases (FigureS2-IXA-B). Moreover, at 475 °C for 1.5 h, all the nickel nanoparticles are not converted. Furthermore, we observe crystallization of Ni3P from the reaction mixture forming sole Ni3B in the molten salt. This implies a competition mechanism between the insertion of boron and phosphorus. Phosphorus was introduced as TOP for the synthesis of nickel nanoparticles. This mechanism is discussed more in detail in the Chapter 4. The Ni3B mixture (FigureS2-IXC) yielded extensive aggregation, contrary to the Ni4B3 mixture (FigureS2-IXD), in agreement with the lack of particles dispersion in the solid mixture. The lower coalescence of the particles in the Ni4B3 sample can be attributed to the higher boron content, which increases the Tammann temperature and limits surface atom migration. These data confirm the necessity of using molten salts as reaction media to perform liquid-phase synthesis of boride nanocrystals with narrow distribution and high dispersion state.

Figure S2 -

 S2 Figure S2-II. In situ XRD diagrams recorded during the synthesis of (A, B) Ni3B and (C, D) Ni4B3 nanocrystals.

Figure S2 -

 S2 Figure S2-III. In situ XRD diagrams recorded during the synthesis of Ni4B3 nanocrystals after melting of the eutectic salt mixture.

Figure S2 -

 S2 Figure S2-IV. In situ powder X-ray diagrams in total X-ray scattering configuration for (A) Ni3B and (B) Ni4B3 mixtures.

Figure

  Figure S2-V. Ex situ powder XRD patterns of samples retrieved at different temperatures for 1.5 h plateaus from the (A) Ni3B and (B) Ni4B3 reaction mixtures.

Figure S2 -

 S2 Figure S2-VI. XPS of amorphous Ni3B and Ni4B3 nanoparticles: (A) Ni 2p region, (B) B 1s region.

Figure S2 -

 S2 Figure S2-VII. PDFs of the amorphous intermediate to (A) Ni3B fitted along the crystalline structure of Ni3B, (B) Ni4B3 fitted along the crystalline structure Ni4B3. PDF of the amorphous intermediate to Ni3B fitted along the crystalline structure of (C) Ni3B mixed with NiO, (D) Ni3B mixed with Ni4B3.

Figure S2 -

 S2 Figure S2-VIII. HRTEM images of Ni3B nanoparticles obtained by synthesis at 475 °C for 1.5 h: of (A) single amorphous nanoparticle, (B) coalesced amorphous nanoparticles.

Figure S2 -

 S2 Figure S2-IX. Syntheses of borides nanoparticles without molten salts. XRD pattern and corresponding TEM images of (A, C) Ni3B mixture, (B, D) Ni4B3 mixture.

(

  LiI:KI (58:42 mass.) or LiCl:KCl (44:56 mass.)) and the size of the initial nickel nanoparticles served as a basis for this study.a) The need of boron excessThe incorporation of boron is a non-stoichiometric reaction as an excess of boron is required to reach the pure phase. In the case of Ni3B, instead of Ni:B = 2.3, we considered a ratio Ni:B = 2.6 corresponding to 24.8 mg of NaBH4 (instead of 27 mg for 100 mg of nickel). This tiny modification, despite maintaining an excess to the stoichiometry, induces the incomplete conversion into boride according to the remaining diffraction peaks of nickel (FigureS2-X).

Figure

  Figure S2-X. Powder XRD pattern of the sample obtained for B: Ni of 2.6 at 475 °C/ 1.5 h in LiI-KI (58:42 mass.).

Figure S2 -

 S2 Figure S2-XI. (A) Powder XRD pattern (A) and (B) TEM image of Ni3B nanoparticles synthetized without impregnation using a hexane dispersion of nickel nanoparticles.

Figure 1 :

 1 Figure 1: Scheme of an electrochemical water splitting cell.

Figure 2

 2 Figure 2 presents the electrocatalytic properties of Ni3B and Ni4B3 crystalline phases and their respective amorphous intermediates during HER (Figure 2A-C) and OER (Figure 2D-E).

Figure 2 .

 2 Figure 2. Electrochemical properties of Ni3B and Ni4B3 nanocrystals and of their corresponding amorphous nanoparticle intermediates. HER study in aqueous Ar saturated 0.5 M H2SO4 electrolyte: (a) CV curves at the 1 st cycle (continuous lines) and 30 th cycle (dashed lines), (b) Nyquist plot (dots) and fitting curve (continuous line) recorded at -0.23 V vs RHE after activation by 30 cyclic voltammograms, (C) Tafel slopes before (continuous lines) and after (dashed line) activation. OER study in aqueous O2-saturated 0.1 M KOH Fe purified electrolyte: (D) CV curves at the 1 st cycle (continuous lines) and 30 th cycle (dashed lines), (E) Nyquist plot

  2 carbon paper electrode (Figure S3-IIA) for 8 h, with conservation of the mass loading normalized to the geometrical surface of the substrate, show a different activity ranking with crystalline Ni4B3 and Ni3B as the most active electrocatalysts, while the activity of the amorphous intermediates of Ni3B and Ni4B3 are inferior and overlap from 2 h. A lower stability of the amorphous phases in the HER conditions would explain the degradation of the activity. Electrochemical impedance spectroscopy (EIS) was used to evaluate charge transfer resistances (Rct) within the material at an electrochemical potential where HER occurs. The values were obtained by fitting the experimental impedance with an equivalent circuit currently used to extract Rct values (Figure 2B inset) 24,25 . The lowest Rct values (Figure 2B) are measured for amorphous Ni4B3 (18.9 Ω) and crystalline Ni3B (17.0 Ω), which is correlated with their higher HER activity after stabilization of the electrochemical response (Figure 2A, Figure S3-IA).

Figure S3 -

 S3 Figure S3-IIIA-B. The materials discussed herein, especially Ni3B nanocrystals and

  2 Ω for amorphous Ni4B3 to 20.5 Ω for amorphous Ni3B while the Rct of crystalline Ni3B and crystalline Ni4B3 are close, respectively 19.1 and 19.6 Ω. Tafel slopes were not determined due to the overlap of the anodic wave and the OER process, rendering the determination of each contribution challenging. A comparison of the measured catalytic properties with selected references in 0.1 M KOH (Figure S3-IIIC-D) reveals similar OER performances compared to state-of-the-art boride, phosphide and carbides materials. The ECSA values evaluated in a way similar to HER conditions (Figure S3-IV, Table

  range from 7.4 to 17.4 cm 2 in OER conditions. The ECSA-normalized OER activities (Figure S3-IID) indicate a ranking of activities similar to the geometrically normalized values.

Figure 3

 3 shows the experimental setup. A glass flask is flushed with argon before introduction of the ink, to decrease the risk of potential side oxidation reactions with air.

Figure 3 .

 3 Figure 3. Experimental setup for ink dispersion studies by roll milling with zirconia balls.

Figure 4 .

 4 Figure 4. Cyclic voltammetry recorded under (A) HER in 0.5 M H2SO4, (B) OER in Fe purified 0.1 M KOH with roll milling under argon for 1h, 3h and overnight in comparison to the case of sonication only.

  CV and EIS measurements were performed at a scan rate of 20 mV s -1 . ECSA determination was performed in a low faradic potential range ([0; -0.1] V vs. AgCl/Ag for HER, [0; 0.3] V vs. Ag/AgCl for OER) at scan rates of 20, 10, 5, 2.5 mV s -1 . The CDL values were obtained by considering the linear slope of the measured current plotted as a function of the scan rate for a selected potential in the recorded CVs. All CV measurements were corrected from the ohmic drop iR. The resistance value (R), was evaluated by recording impedance spectroscopy at 0 V vs the open circuit voltage (OCV) and is given when the imaginary part of the impedance is equal to 0 Ω in the Nyquist plot. In HER conditions, average R values of 8 Ω are observed, respectively 46 Ω in OER. The measured potentials were converted to the Reversible Hydrogen Electrode following the Nernst equation to correct for the pH value: ERHE = EWE +0.197 +0.0591×pH. HER measurements were performed in a 0.5 M H2SO4 aqueous electrolyte at measured pH 0.38. Before measurement, the electrolyte was saturated by argon bubbling for at least 20 minutes.

Figure S3 -

 S3 Figure S3-II. Chrono potentiometry (CP) for 8 h recorded at a current density of |10| mA.cm 2 on a 1 cm 2 carbon paper working electrode during (A) HER, (B) OER. Surface area normalized CV curves at the 30 th cycle during (C) HER, (D) OER. MoB2 40 , VB225, Ni2P@N-doped C 41 , Ni-4FeP 42 , Co-Mo2C 43 , Co2B/N-graphene 44 , CoFeBO 45 , NiCoP/phosphate 46 , Co-Mo2C 47

Figure S3 -

 S3 Figure S3-IV. Cyclic voltammetry curves recorded at scan rates of 2.5, 5, 10, 20 mV s -1 in a low faradic region in HER and OER to estimate the double layer capacitance (CDL). (A, B) Ni3B crystalline, (C, D) Ni3B amorphous, (E, F) Ni4B3 crystalline, (G, H) Ni4B3 amorphous.

Figure 1 .

 1 Figure 1. Strategies to achieve nanoscale ternary nickel borophosphide phases in molten salts.

Figure 2 .

 2 Figure 2. Powder XRD patterns of the samples prepared in the LiI:KI eutectic mixture at 475 °C for 1.5 h with initial Ni:B:P ratios (A) 2:1:0.4 and (B) 3:0.6:0.7. Corresponding TEM pictures in (C) and (D), respectively.

  ). c) Partial conclusion: competitive reactivity of nickel nanoparticles versus B and P sourcesIn summary, when starting from Ni(0) nanoparticles to trigger the one-pot incorporation of B and P, whether red phosphorus or trioctylphosphine is used, we observe a vast majority of phosphide phases compared to borides, despite a P initial content close to or smaller than the B initial content. This suggests that the incorporation of phosphorus is favored over boron. A second general observation is the uncomplete reaction of initial elemental nickel, which was not observed for the corresponding nickel boride synthesis with similar B:heteroelement ratio (Chapter 2). This indicates that the presence of phosphorus sources hinders the reactivity of the boron source. This could be explained by a side reaction between the borohydride and the phosphorus source, for instance through the formation of boron phosphide. Additional studies were performed at 500 °C with different Ni:TOP:NaBH4 ratios by maintaining an initial ratio Ni:(B+P) = 1:1 at., but with a slight boron excess. The stoichiometries were fixed as Ni:TOP:NaBH4 of 1:0.25:0.75; 1:0.5:0.5 and 1:0.75:0.25. In all cases, a mixture of boride and phosphide phases with the predominance of nickel (0) was observed even for the richest composition in boron (Ni:TOP:NaBH4 of 1:0.25:1). However, for this latter, Ni3B and Ni2B were observed with Ni3P, while the phosphorus-rich composition (Ni:TOP:NaBH4 of 1:0.75: 0.4) showed a predominance of phosphides over borides.

(

  Figure S4-II A-B) is obtained as a monodisperse sample of nanoparticles with a size distribution centered on ~11 nm. The Ni3P sample on the opposite presents a large aggregation of anisotropic objects (Figure S4-IIC). Nevertheless, these particles are used to get a first insight on the reactivity of Ni3P with sodium borohydride.

Figure 3 .

 3 Figure 3. Powder XRD patterns of the products obtained by reacting (A) Ni2P nanoparticles and (B) Ni3P with NaBH4 in a molten LiI:KI eutectic mixture syntheses: (a) initial Ni2P nanoparticles with minor amounts of Ni12P5, Ni2P:NaBH4 atomic ratios of (b) 1:0.4 at 500 °C/1.5 h, (c) 1:1 at 500 °C/1.5 h, (d) 1:1 at 800 °C/1.5 h; (e) initial Ni3P nanoparticles,

Figure 4 and 7 (

 47 Figure S4-III present synchrotron-based in situ XRD patterns (incident beam energy of ca. 90 keV) acquired during heating at 10 °C min -1 up to 750 °C with a 10 min plateau. A progressive intensity decrease of the Ni3B diffraction peaks from 416 °C is correlated with crystallization of Ni2P, Ni3P and/or isostructural Ni2P0.6B0.4 and Ni3P0.7B0.3, respectively, or with similar compositions Ni2P1-xBx and Ni3P1-xBx. Some Ni3B peaks remain after this conversion. The distinction between Ni3P/Ni2P and the isostructural borophosphides is challenging due to the expected small shifts of the diffraction peaks. However, a better fit is observed for Ni3P and Ni2P. Increasing the temperature above 582 °C leads to a narrowing of the phosphide XRD peaks, indicating enhanced crystallization, and to crystallization of NiP from about 650 °C.The fact that some Ni3B remains suggests that temperatures above 750 °C or dwell times longer than the 10 min investigated in situ might be necessary for complete conversion of the boride.In order to avoid crystallization of NiP detected in situ above 650 °C, we have favored long dwell times by maintain relatively low temperatures. We have thus investigated two temperature profiles: 630 °C for 1.5 h and 450 °C for 3h. Reagents ratios were chosen close to the targeted compositions (Ni:B:P = 2:0.4:0.6 and 3:0.7:0.3 at.) with initial atomic Ni:B:P ratios equivalent to those investigated in the previous sections (Ni3B:P = 1:0.7) and Ni4B3:P = 1:0.94 corresponding to Ni:B:P = 3:1:0.7 and 3:2.25:0.7, respectively, in comparison to Ni:B:P = 3:0.6:0.7 in the previous section). We have also investigated unreported ternary phase compositions by substituting P by B through the use of a phosphorus default compared to the reported ternary phases with compositions of Ni3B:P = [1:0.3-1:0.6] and Ni4B3:P = 1:0.Figure S4-IV, Figure S4-V,Table S4-I).

Figure 4 .

 4 Figure 4. Synchrotron in situ XRD diagrams recorded during heating of a reaction mixture containing Ni3B nanoparticles and red phosphorus in proportions Ni3B:Pred = 1:0.7 at. in the molten eutectic mixture LiI:KI.

Figure 5 .

 5 Figure 5. (A) Powder XRD pattern and corresponding Rietveld refinements performed by implementation of (B) Ni3P, (C) Ni2B0.6P0.4, (D) both Ni3P and Ni2B0.6P0.4. (E, F) TEM pictures including Fast Fourier Transform on selected particles, (G) Diagram of size distribution.

Figure 6 .

 6 Figure 6. Screening of experimental conditions (dwell time, temperature T) performed to target reported Ni-B-P ternary phases using Ni:B:P ratios of (A) 3:6:0.7, (B) 2:4:0.4. The red area corresponds to the conditions of the Rietveld refinement described above, the green areas

Figure S4 -

 S4 Figure S4-VIIB).Using the same synthesis conditions as in the previous section (red area in Figure6A: 600 °C/3 h), an amorphous phase is detected together with a ternary phase Ni2ByP1y, nickel (0) and Ni4B3. Phosphides, including Ni3P, are not detected. Lowering the temperature (450-500°C) by increasing the dwell time (3-72 h) leads first to an amorphous phase, then to a mixture of a ternary phase Ni2ByP1-y with nickel (0) and phosphides, and finally to the addition of Ni4B3 in this mixture, from 24 h at 450 °C. Although no condition could be found to reach pure Ni2ByP1-y, several trends are distinguished:

  and 7E) indexed along the Ni3P structure. Energy Filtered TEM (EFTEM, Figure 7F-H) shows that the amorphous layer comprises boron but is exempt of Ni, as hypothesized above. EFTEM also shows that the Ni distribution in the particles is homogeneous. The B-K filtered image seems to indicate inhomogeneous distribution of boron, especially with some domains richer in boron within the same nanoparticles. STEM-EDX (Figure 7I, J) reveals the presence of phosphorus homogenously distributed at the scale of the sample. An analysis performed on selected particles (Figure S4-VIII) reveals two equivalent populations of particles depending on the P:Ni atomic ratio: 0.15 and 0.67 to 0.95. Overall, the sample seems heterogeneous at the nanoscale, even within a single particle. This may explain the further crystallization into a variety of phases. If such local

Finally, another amorphous

  Figure S4 VIIA) at short dwell time (1-3 h) and 450 °C. It has not yet been studied, but we note that tuning the composition of an XRD amorphous ternary solid may provide new tracks to adjust properties, especially in water splitting electrocatalysis 4,1,22, .

Figure 7 . 3 )

 73 Figure 7. Nickel borophosphide obtained by reacting NiCl2, NaBH4 and Pred (2:4:0.4 at. ratio) at 450 °C/3 h in the molten eutectic mixture LiCl:KCl. (A) Powder XRD pattern, (B) TEM and (C) HRTEM images with (D-E) corresponding FFTs. (F) TEM and corresponding EFTEM images at the (G) Ni-L and (H) B-K edges. (I) STEM-EDX chemical maps of Ni and P with (J) the corresponding TEM image.

  2 mmol)were added to the mixture with a syringe. The schlenk tube was adapted on a vertical oven under argon flow and heated at 350 °C/2 h. After cooling, the product was washed once by adding a mixture of ≈ 10-20 mL THF and ≈ 40 mL acetone to the reaction medium and centrifugation. Nine other washing cycles were performed by first adding ≈ 10-20 mL THF, dispersing by sonication and then adding ≈ 40 mL acetone to reprecipitate the particles during centrifugation. The particles were then dried under vacuum ramp and stored in a glovebox.Around 167 mg (1.12 mmol) of powder was obtained, corresponding to a yield of 56 % related to pure Ni2P. b) Synthesis of porous hollow Ni3P nanosphere13 100 mL of deionized water introduced into a three-necked flask was degassed three times on a N2/ vacuum ramp and maintained under nitrogen atmosphere. 2.9 g (35.3 mmol) sodium acetate (NaAc), 5g (21.0 mmol) NiCl2.6H2O and 24.4 g (0.23 mol) NaH2PO2 were added and the pH was adjusted to 8 by adding around 3 mL KOH 10M. The pH value was checked with a pH indicator paper. The solution was heated at 90 °C for 1 h under nitrogen atmosphere. After cooling, the black precipitate was decanted for 1 h to eliminate the solvent. A mixture of ammonia solution (25-28 wt. %) was used to disperse the particles and deionized water was used to reprecipitate these particles by centrifugation. Five cycles of washing were done before drying under vacuum of the particles dispersed in the ammonia solution. The obtained amorphous nanoparticles were then introduced in a molybdenum crucible in a glovebox and annealed at 500 °C for 1 h under argon flow to form the Ni@Ni3P nanoparticles. Then, under stirring, the particles were etched for 24 h under nitrogen flow with HCl 37% aq. previously degassed three times on a vacuum ramp. The resulting particles were finally washed similarly to the previous step and dried under vacuum to obtain the porous hollow nanospheres.Ternary nickel-boron-phosphorus synthesis procedurea) Molten salts-based reaction of nickel (0) with NaBH4 and red phosphorus (Pred)/ trioctylphosphine (TOP) 100 mg of nickel nanoparticles (1.70 mmol) were weighted in a glovebox, introduced in a Schlenk tube and degassed three times N2/vacuum ramp. The tube was then maintained under nitrogen atmosphere. 1.6 mL of anhydrous hexane previously prepared in glove box is quickly added under N2 flow and the mixture was sonicated for at least 20 minutes. 5 g of LiI:KI (58:42 mass.), Pred/ TOP and NaBH4 prepared in a glove box were quickly added to the impregnation mixture. A quick purge under vacuum was performed after addition of the reagents. The mixture was then sonicated for 10-15 minutes before placing the tube under vacuum to remove the hexane. The powder as then placed in a molybdenum crucible in a quartz tube inside a glovebox.A vertical oven maintained under argon was used for the heating step with a ramp of 10°C/min and the product was naturally cooled down. 10 cycles of washing with methanol by dispersionreprecipitation by centrifugation (41415 g/ 21 000 rpm) were performed to separate the salt from the product. The final product was dried under vacuum on a schlenk line and kept in a glove box.b) Molten salts-based reaction of NaBH4 with NixP particles100 mg of Ni2P (0.67 mmol), respectively Ni3P (0.48 mmol), were weighted in a glovebox, introduced in a Schlenk tube and degassed three times on a N2/vacuum ramp. The tube was then maintained under nitrogen atmosphere. 1.6 mL of anhydrous hexane previously prepared in the glovebox was quickly added under N2 flow and the mixture was sonicated for at least 20 minutes. 5g of LiI:KI (58:42 mass.) prepared in a glovebox was quickly added to the mixture and the Schlenk tube was rapidly degassed and (re)flushed with N2 to remove all potential oxygen entrance. The tube was then placed under vacuum to remove the solvent.The recovered black powder was weighted in a glovebox. An adjusted amount of NaBH4 was added and the reagents were introduced in a milling jar. Ball milling was performed for 2 min at 20 Hz. After re-introduction in the glovebox, the powder was placed in a molybdenum crucible inside a quartz tube and adapted on a tubular oven under argon flow. The targeted heating conditions were adapted according to a calibration curve. The tube was then naturally cooled after the synthesis. The product was extracted by dissolution of the salt in methanol. 10 cycles of washing with methanol by dispersion-reprecipitation by centrifugation (41415 g/ 21 000 rpm) were performed to separate the salt from the product. The final product was dried under vacuum on a schlenk line and kept in a glove box. c) Molten salts-based reaction of red phosphorus with NixBy particles 40 mg of Ni3B (0.21 mmol)/ Ni4B3 (0.15 mmol) nanoparticles were weighted in a glovebox with LiI:KI (58:42 mass., 0.4 mmol NixBy per g of salts) and red phosphorus in a ball milling jar. Ball milling was performed for 2 min at 20 Hz. Then, the recovered powder was placed in a molybdenum crucible in a quartz tube and adapted on a tubular oven under Ar flow. The synthesis temperature was adjusted according to a calibration curve. The tube was then naturally cooled to room temperature. Thereafter, 10 cycles of washing by dispersion-reprecipitation by centrifugation with methanol were performed. Finally, the product was dried under vacuum on a Schlenk line and stored in a glove box. d) Ternary phase synthesis from NiCl2, NaBH4, red phosphorus (and NaH) in the molten eutectic mixture LiCl:KCl 50 mg of NiCl2 (0.39 mmol) as starting material was weighted with the corresponding NaBH4 and red phosphorus amounts inside a glovebox. For the case studies with NaH, an atomic ratio NaH:Ni = 5:1 was fixed. The reagents were placed in a ball milling jar and mixed for 2 min at

Figure S4 -

 S4 Figure S4-II. TEM image of (A) Ni2P nanoparticles with (B) corresponding size distribution. (C) TEM image of a Ni3P sample.

Figure S4 -

 S4 Figure S4-III. In situ XRD diagrams recorded during the reaction of Ni3B with red phosphorus with the ratio Ni3B:Pred = 1:0.7 at. in the eutectic mixture LiI:KI.

Figure S4 -

 S4 Figure S4-IV. Powder XRD patterns of the products obtained from the reaction of red phosphorus with Ni3B nanoparticles in the molten eutectic mixture LiI:KI. and (B) nanoparticles.

Figure S4 -

 S4 Figure S4-V. Powder XRD patterns of the products obtained from the reaction of red phosphorus with Ni4B3 nanoparticles in the molten eutectic mixture LiI:KI.

Figure S4 -

 S4 Figure S4-VII. Powder XRD patterns of the powders obtained from the reaction of NiCl2, NaBH4 and Pred in the molten eutectic mixture LiCl:KCl performed to target reported Ni-B-P ternary phases using Ni:B:P atomic ratio of (A) 3:6:0.7 and (B) 2:4:0.4. Some KCl and NaCl remains in some powder due to inefficient washing.

Figure S4 -

 S4 Figure S4-VIII. P:Ni atomic ratio distribution observed by STEM-EDX on 11 single particles from the sample obtained by the reaction of NiCl2, NaBH4 and Pred (2:4:0.4 at. ratio) at 600 °C for 3h in the molten eutectic mixture LiCl:KCl.

Figure S4 -

 S4 Figure S4-IX. (a-c) XRD diagrams of the powders obtained by reacting NiCl2, NaBH4 and Pred with a large excess of NaH in the molten eutectic mixture LiCl:KCl. With initial reagents ratios Ni:B:P (a) 3:0.25:0.75, (b) 3:0.39:0.7, (c) 3:0.75:0.25 at 600 °C/3 h. (d) TEM image of powder obtained with the ratio 3:0.39:0.7

  calculations on bulk Ni-Co2B showed that the formation of the Ni and Co oxyhydroxides involves a lower energy barrier than for monometallic Co2B, due to a regulation of the electronic structure on the Co-Co bridge-sites and Co site as active sites during OER. This fast surface transformation overall results readily in an electrocatalytic active material19 . The resulting bimetallic oxyhydroxide exhibits higher OER electrocatalytic activity compared to their monometallic Ni and Co counterparts28 . While bimetallic nickel cobalt borides are attractive materials as HER electrocatalysts and OER pre-catalysts, few previous works have attempted the synthesis of such ternary Co-Ni-B compounds. Preparation methods for bulk and nanoscale Co-Ni-B materials are generally based on the co-reduction of metal precursors either by a chemical reducing agent in aqueous solutions

Figure 1 .

 1 Figure 1. Schemes of the crystal structures of CoxB and NixB, for x= 1, 2 and 3.

Figure 2 .

 2 Figure 2. Evolution of the Ni-Co core-shell nanoparticles during heating under vacuum.

Figure 3 .

 3 Figure 3. Ni-Co core-shell nanoparticles. (A) TEM image, (B) high magnification TEM image showing no local order and (C) size distribution of the particles, (D) powder XRD pattern, (E) XPS in the Co/Ni 3p3/2 region, (F) XPS in the P 2p region.

Figure 4 .

 4 Figure 4. Predicted formation energy diagram of Ni-Co-B according to Matlearn 49 . White crosses indicate reported compositions in the training database. Red areas show the low formation energy zones. Red circles indicate predicted compositions on the convex hull, grey circles indicate compositions slightly above the convex hull, hence potentially metastable. The dotted line represents the targeted compositions.

  The heating conditions are chosen based on the reactivity discussed later in this chapter. Both eutectic salt mixtures LiI:KI (58:42 mass.) and LiCl:KCl (44:56 mass.) have been studied. As shown in Figure S5-I, the nature of the salt has no impact on the crystallinity and morphologies at 600 °C. The powder XRD patterns indicate the crystallization of a CoB structure along with some Ni2P. SEM-EDS indicates a composition P:(Ni+Co) of 20 at. %. The presence of phosphorus is in line with the detection of Ni2P by XRD, which arises from incorporation of phosphorus by decomposition of the TOP ligands from the colloidal synthesis. Nevertheless, the morphology of the initial nanoparticles is retained according to TEM (Figure S5-IB-C), despite partial coalescence.

Figure 5 .

 5 Figure 5. Rietveld refinements of the XRD pattern of powders obtained by reacting Ni-Co nanoparticles with NaBH4 for metal:B = 1:2.6 at. in LiI:KI at 600 °C for (A) 0.5, (B) 1.5, and (C) 3 h. The phase indexed Co0.5Ni0.5 in (A) was not accounted for in the refinement, as adding this third phase led to misinterpretation due to a large number of variables involved in the fit.

Figure 6 .

 6 Figure 6. Morphology and composition study of bimetallic boride nanoparticles obtained by reacting Ni-Co nanoparticles with NaBH4 (metal:B = 1:2.6 at.) at 600 °C for 0.5 h in molten LiI:KI. (A) TEM and (B, C) HRTEM images with corresponding FFTs. (D) Corresponding size distribution. (E) TEM and corresponding EFTEM images at the (F) B-K and (G) Co/Ni-L edges.

Figure 7 .

 7 Figure 7. (A) Powder XRD pattern and corresponding Rietveld refinement of Ni-Co-B (M:B = 1:2.6 at.) in LiI:KI (58:42 mass.) at 600 °C for 3 h. The refinement is performed by maintaining the CoB space group and the atomic positions. (B) corresponding crystal structure and (C) model of particle morphology.

Figure 8 .

 8 Figure 8. Transmission electron microscopy study of Ni-Co-B nanoparticles obtained by obtained by reacting Ni-Co nanoparticles with NaBH4 (metal:B = 1:2.6 at.) at 600 °C for 1.5 h in molten LiI:KI. (A-C) TEM and HRTEM images and (D) corresponding size distribution. (E) TEM and corresponding EFTEM images at the (F) B-K and (G) Co-L edge. (H) STEM-EDS chemical maps of Co, Ni and P with (I) the corresponding TEM image.

Figure 9 .

 9 Figure 9. XPS spectra of Ni-Co nanoparticles and the products of their reaction with NaBH4 in molten LiI:KI for a metal:B ratio of 1:2.6 at. at 600 °C for 1.5 and 3 h: (A) Ni, Co 3p region and (B) B 1s region.

  -IV) indicates an amorphous powder. By referring to in situ XRD, the target temperature is above the crystallization temperature of CoB and NiB but below the onset of the Co0.5Ni0.5 alloy crystallization, we then assume that the amorphous material retrieved ex situ corresponds to an intermediate stage, stabilized at this temperature, during the incorporation of boron towards the crystallization of NiB and CoB. Chemical mapping at the nanoscale would be of high interest to observe the local organization of Co, Ni and B in this intermediate amorphous material. More studies will be needed in the near future to address the internal structuration of nanoparticles with multiple NiB and CoB domains.

Detachment of the catalyst from the electrode after 4

 4 CVs was observed. A Tafel slope (Figure 11B) of 109 mV dec -1 close to the benchmark IrO2 at 96 mV dec -1 was determined. A CDL value of 543 µF was determined by recording CVs in a non-faradic region at various scan rate [2.5-40] mV s -1 . By considering a specific capacitance (Cs) commonly used 54 of 40 µF cm - 2 , the electrochemical surface active area (ECSA) is 13.6 cm 2 . These data are only preliminary and suggest that adjusting the electrode processing may enhance the stability and the performances of the electrode.

Figure 11 .

 11 Figure 11. Electrochemical properties of nanocrystals obtained with metal:B ratio = 1:2.6 at. after 600 °C for 3 h. OER study in aqueous O2-saturated 0.1 M KOH Fe-free electrolyte: (A) CV curves at the 1 st cycle compared to Ni4B3 amorphous nanoparticles and IrO2, (B) Tafel slope compared to IrO2.

b) Synthesis of nickel cobalt boride nanoparticles 50

 50 mg (0.42 mmol) of Ni-Co nanoparticles prepared in a glovebox were introduced into a Schlenk tube and connected to on a Schlenk line. Under nitrogen flow, 1 mL of anhydrous hexane is added with a syringe and the particles were dispersed for 30 min by sonification.Thereafter, 0.2125 g (2 mmol of Ni-Co per g of salts) of LiI:KI (58:42 mass.) or LiCl:KCl (44:56 mass.) are added to the mixture and the Schlenk tube was quickly degassed and flushed with nitrogen. The mixture was then sonicated for additional 15 min and dried under vacuum. 0.0209 g (0.55 mmol) for metal:NaBH4 of (1:1.3) resp. 0.0413 g (1.092 mmol) for (1:2.6) of NaBH4 was added to impregnated mixture. The powder was ball-milled for 2 min at 20 Hz before being introduced into a carbon crucible, which itself was introduced into a quartz tube closed for the transfer from the glovebox to the Schlenk line under Ar flow. A tubular oven was used for heating at 10 °C min -1 . After natural cooling, the product was washed by methanol with ten cycles of dispersion/ condensation by centrifugation at 21 000 rpm. Finally, the washed particles were introduced in a Schlenk tube connected to a Schlenk line for vacuum drying. The final powder was weighted and stored in a glovebox.

Figure S5 -

 S5 Figure S5-II. Powder XRD patterns and corresponding Rietveld refinements for the samples obtained by reacting Ni-Co nanoparticles with NaBH4 (metal:B = 1:2.6 at.) at 600 °C for (A) 0.5 h by considering only CoB as constituent; for 1.5 h by considering (B) only CoB and (C) only NiB as references.

Figure S5 -

 S5 Figure S5-III. TEM image and the corresponding size distribution of the sample obtained by reacting Ni-Co nanoparticles with NaBH4 (metal:B = 1:2.6 at.) at 600 °C for 1.5 h in LiI:KI.

Figure S5 -

 S5 Figure S5-IV. XRD pattern of the powder obtained by reacting Ni-Co nanoparticles with NaBH4 (metal:B = 1:2.6 at.) at 450 °C for 6 h in LiI/KI.

  XRD and TEM (Figure S6-III) indicate an amorphous material. The morphology and coreshell structure of the initial particles is retained (Figure S6-IIIC). SEM-EDS (Table S6-I) indicated only boron and iron as significant contribution if oxygen is discarded. Note that this technique is not suitable for the determination of the carbon content. The large excess of boron compared to iron is observed for both stoichiometries and confirms the retention of boron in the product. Variabilities in the Fe:B values indicate inhomogeneities in the samples. A synchrotron study at the DIFFABS beamline of synchrotron SOLEIL was performed for the stoichiometry Fe:B = 1:1.3 in conditions similar to those used at the lab-scale (Figure S6-IV).

Figure 1 .

 1 Figure 1. Crystalline bcc-Fe nanoparticles synthesized by adapting the method reported by L.-M. Lacroix et al. 18 . (A) Powder XRD pattern indexed along the bcc-Fe. (B) TEM and (C) HRTEM images showing spherical nanoparticles, with (D) the corresponding size distribution (D).

Figure 3 .

 3 Figure 3. Synchrotron radiation-based in situ XRD diagrams recorded during the reaction of bcc-Fe nanoparticles with NaBH4 (initial Fe:B = 1:1.3 at.) in the eutectic mixture LiCl:KCl.

  B 1:1.3 at. ratio for targeting the FeB composition, we have studied the initial Fe:B ratio 2:1.3 at., aiming for Fe2B. Despite the decrease in boron content, the XRD pattern (Figure S6-VI) is similar to those obtained with the initial ratio Fe:B = 1:1.3. The KCl peaks correspond to residues of the salt mixture not sufficiently washed. This observation is however in accordance with the calculated formation energies of iron borides (Figure S6-II),

(technical grade 70 %

 70 , Sigma Aldrich), 1-octadecene (technical grade 90 %, Sigma Aldrich), hexadecylamine (HDA, 90 %, Sigma Aldrich), HCl solution of 1.0 M in diethylether (Merck), Hexane (VWR Normapur grade), oleic acid (90 %, Sigma Aldrich) were stored and used in air.Acetone (VWR Normapur grade), methanol (VWR Normapur grade) were used for washing. a) Synthesis of the iron nanoparticles adapted from Peng et al. procedure13 16.3 g (60.8 mmol) of oleylamine 98 % and 0.3 g (1.1 mmol) of 1-octadecene were introduced in a 100 mL three-necked round bottom flask and adapted on a Schlenk line with a condenser.

Figure S6 -

 S6 Figure S6-IV. Synchrotron radiation-based in situ XRD diagrams recorded during the reaction of bcc-Fe nanoparticles from the Peng et al. procedure 13 with NaBH4 (initial Fe:B = 1:1.3 at.) in the eutectic mixture LiCl:KCl. The heating ramp was recalibrated based on the heating point of the salt mixture.

Figure S6 -

 S6 Figure S6-V. TEM images of α-FeB nanoparticles synthetized at (A, B) 600 °C for 3 h, (C, D) 700 °C for 3 h by dispersion of the nanoparticles into methanol before deposition on a TEM carbon-coated copper grid and drying under air.

Figure S6 -

 S6 Figure S6-VI. Powder XRD pattern of the particles synthetized with Fe:B = 2:1.3 at. ratio at 700 °C for 3 h in molten LiCl:KCl.

Figure 1 :

 1 Figure 1: Experimental setup for induction heating. The temperature is measured by infrared pyrometry.

Figure 2 .

 2 Figure 2. (A) XRD patterns and (B-E) TEM images of the powders obtained from mixtures NiCl2:NaH (1:5 at.) reacted in the molten eutectic mixture LiI:KI heated by induction.
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Investigation of the reaction mechanism by in situ X-ray diffraction

  

	), i.e. at 187.8, 188.2 and 191.4 eV, attributed to
	boron within the boride, to elemental boron, and oxidized boron respectively. We ascribe the
	second contribution to the amorphous layer observed at the surface of the particles by TEM
	(Figure 2E, H) and the third contribution to the partial oxidation of this amorphous boron layer
	during washing and exposure to air.
	b) In order to investigate the mechanism of the conversion of nickel into nickel boride
	nanoparticles, we have monitored the reaction in situ by synchrotron radiation-based XRD in
	transmission mode on the ID11 beamline of ESRF synchrotron. We have developed a capillary
	oven dedicated to this purpose. The setup enables to mimic the argon flow, oxygen-free
	conditions used in the lab-scale synthesis. A vertical fused silica capillary containing the
	reaction mixture is prepared in an Ar-filled glovebox and adapted to an airtight capillary holder
	enabling gas flow through Swagelok® valves. The ensemble is then inserted inside a capillary
	oven equipped with two resistive heating Pt0.9Ir0.1 coils. The argon flow is maintained through
	the opened top of the capillary in order to evacuate volatile species such as H2 produced by
	thermal decomposition of NaBH4. Different positions on the capillary are probed by continuous
	vertical scan of the capillary in order to assess the homogeneity of the reaction medium.

Table S3 -

 S3 II. Double layer capacitance CDL values evaluated from the data displayed in Figure S3-IV from catalyst inks deposited on a rotating disk electrode in conditions of HER and OER. ECSA values are obtained by division of CDL values by Cs= 40 µF cm -2 .

	Chapter 4:			
	Sample	CDL measured	CDL measured	ECSA in HER	ECSA in OER
		in HER (µF)	in OER (µF)	(cm 2 )	(cm 2 )
	Ni3B crystalline	350	605	8.7	15.1
	Ni3B amorphous	123	295	3.1	7.4
	Ni4B3 crystalline	200	504	5.0	12.6
	Ni4B3 amorphous	393	697	9.8	17.4

Synthesis and identification of key parameters for the synthesis of nickel borophosphides I) Introduction: The challenge of crystalline nickel borophosphide nanomaterials

  As discussed in the general introduction, ternary metal borophosphides could exhibit deep modification of the properties compared to the binary boride/phosphide counterparts. We have discussed in the previous chapter how boron impacts the electronic state of nickel into nickel borides. Incorporation of phosphorus should bring increased ionicity, hence modified charge states on the metal atoms. This can favor catalytic properties, as previously demonstrated for hydrogenation catalysis1 . Because hydrogenation catalysis involves hydrogen adsorption, one can speculate that similar enhancement could occur in electrocatalysis of the hydrogen evolution reaction 2 . To date, ternary metal borophosphides (M-B-P) are only scarcely reported,

  The strategy based on the one-pot fast redox reactivity of a Ni(II) salt showed partial success, as a ternary phase Ni2ByP1-y could be identified, although always mixed with other phases, especially Ni(0) and Ni3P, which suggests that B and P are not homogeneously incorporated into the amorphous reaction intermediate. This heterogeneity of the amorphous intermediate was confirmed by TEM, thus showing that the redox reaction at play is not fast enough to avoid B and P segregation. Future tracks on this research line may involve triggering faster reactions, for example by using high heating ramps, with microwave or induction heating. As a perspective, variation of the stoichiometries of the constituents could lead to adjustable nanoscale amorphous ternary phases, either homogenous or with local heterogeneities. These solids may be of particular interest for water splitting electrocatalysis, and their precise compositional adjustment could deeply modify their properties.

	Annexes
	Experimental methods
	Reagents. Nickel (II) acetylacetonate (Ni(acac)2, 95%, Strem Chemicals), nickel (II) chloride
	(NiCl2, 99%, Alfa Aesar), trioctylphosphine (TOP, 97%, P(C8H16)3, Strem Chemicals), sodium
	borohydride (NaBH4, min 98%, Alfa Aesar), red phosphorus (Pred, 97%, Merck), sodium
	hydride (NaH, 90%, Sigma-Aldrich), sodium hypophosphite (NaH2PO2, 98%, Sigma-Aldrich),
	anhydrous hexane (95%, Sigma-Aldrich), lithium iodide (99%, Alfa Aesar), potassium iodide
	(99%, Sigma-Aldrich), lithium chloride (99.9% Alfa Aesar), potassium chloride (99.9% Sigma-
	Aldrich) were stored and manipulated as received in an Ar-filled glovebox (H2O < 0.5 ppm, O2
	< 0.5 ppm). Oleylamine (98 %, SAFC), dioctylether (99%, Aldrich), Ammonia solution (28-
	30%, Merck), Hydrochloric acid (37 %, Carlo Erba), nickel (II) chloride hexahydrate (97 %,

Acros), Sodium acetate (NaAc, Sigma-Aldrich) Potassium hydroxide flakes (≥85 %, Sigma-Aldrich) were stored and used in air. Acetone (VWR Normapur grade), tetrahydrofuran (THF, VWR Normapur grade), methanol (VWR Normapur grade) were used for washing. All water used is purified by the Milli Q® system.

Table S5 -

 S5 II. Cell parameters according to Rietveld refinement of the XRD patterns of the powders obtained by reacting Ni-Co nanoparticles with NaBH4 (Metal:B = 1:2.6 at.) at 600 °C for 0.5 and 1.5 h by considering CoB and NiB as constituents. *The cell parameters used as reference obtained from the PDF-4+ database, with card numbers 04-003-2122 and 00-006-

	0567 for CoB and NiB, respectively.				
	cell	CoB	CoB	CoB	NiB	NiB	NiB
	parameters	Ref*	(600°C/	(600°C/	Ref*	(600°C/	(600°C/
			30min)	1h30)		30min)	1h30)
	a (Å)	3.948	3.966	3.962	2.929	2.851	2.866
	b (Å)	5.243	5.319	5.329	7.392	7.387	7.370
	c (Å)	3.037	2.997	2.989	2.961	3.043	3.018

Table S5 -

 S5 III. Elemental metal fractions according to STEM-EDS performed on individual

	particles obtained by reacting Ni-Co nanoparticles with NaBH4 (metal:B = 1:2.6 at.) at 600 °C
	for 0.5, 1.5 and 3 h.							
	0.5 h Zone	Zone	Zone	1.5 h Zone	Zone	Zone	3 h	Zone	Zone	Zone
		1	2	3		1	2	3		1	2	3
	Co	48.85 57.78 48.45 Co	52.25 44.92 44.46 Co	57.29 50.00 40.82
	at. %				at. %				at. %	
	Ni	51.15 42.22 51.55 Ni	47.76 55.08 55.54 Ni	42.71 50.00 59.18
	at. %				at. %				at. %	
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Conclusion and perspectives

In this chapter, we have studied different ways to achieve nickel borophosphide phases. By focusing on boron-substituted Ni2P and Ni3P phases, which have been already reported from conventional solid-state chemistry, we have shown that the substituted Ni2P structure is much easier to achieve than the Ni3P one in mild reaction conditions ensured by molten salts syntheses.

We have been able to rank the relative stabilities of nickel phosphide and boride phases,

showing that once phosphides are formed, they do not evolve further in the presence of a boron source, in the conditions of molten salts synthesis, hence at relatively low temperatures compared to conventional solid-state syntheses of borophosphides. This stability ranking goes along with the relatives reactivities of a boron source (borohydride) and a phosphorus source (red phosphorus) versus elemental nickel, as the latter readily reacts with the P source to form a phosphide. An excess of boron tends to limit to a certain extent the crystallization of phosphides, which shows competitive incorporation of B and P into Ni(0). Nonetheless, these considerations indicate that Ni(0) and nickel phosphide reagents or intermediates must be avoided to make possible the recovery of borophosphides at mild temperatures. For this reason, the most promising approaches are the use of nickel boride nanoparticles as reagents, or the use of a redox reaction involving Ni(II) precursors, to associate simultaneously B and P with Ni(0).

The strategy based on boride precursors showed reluctant crystallization of phosphides, and possible crystallization of borophosphide phases. The fact that Ni(0) is detected in some conditions relates to a "dealloying" of the borides. We hypothesize that this behavior may originate from (hydro)oxo species formed at the surface of the boride nanoparticles during their washing. These species may scavenge boron atoms from the boride. The resulting Ni(0) is then engaged into phosphide formation, in the main path identified above. Hence, future work on this research track will require bypassing the oxidizing boride recovery conditions, which could be performed either by harsh drying of the borides after washing, or by avoiding washing, for instance by hot injection of the phosphorus precursor in the reaction mixture once the nickel boride nanoparticles are formed. It would also be possible to wash the boride nanoparticles in contact with phosphine ligands, which could passivate the borides during washing and act as P source in a second step.

20 Hz before re-introduction in the glove box. The mixed powder was introduced in a carbon crucible inside a quartz tube for the mixtures without NaH and molybdenum crucible for the syntheses with NaH. Using NaH with a carbon crucible leads to breakage of the crucible supposedly due to the insertion of Na(s) inside glassy carbon. The quartz tube was then adapted on a tubular oven under argon for the synthesis. After natural cooling down, 10 cycles of washing by methanol similarly to the other methods were performed before drying the final product on a vacuum ramp. 
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Chapter 5: Conversion of core-shell metal nanoparticles as a path towards bimetallic borides

To target specific conditions of interest, we use MatLearn, 49 Conversely, the Ni-rich domain seems less favorable to provide stable compounds, in agreement with the homogeneous compositions of (Co1-xNix)2B reported 18,40 , and the higher formation energy of CoB (-69.52 ±6.0 kJ mol -1 ) compared to NiB (-40.2 ±3.77 kJ mol -1 ).

However, this comparison does not fit for Ni2B (-67.66 kJ mol -1 ) compared to Co2B and (-58.1 kJ mol -1 ) meaning that other factors such as kinetic, surface ligands or structural preferences drive the resulting bimetallic phase 51 . Although MatLearn does not take into consideration any structural features, it is interesting to note that both CoB and NiB (Figure 1) crystallize in the orthorhombic system (S.G. Pbmn (62) and Cmcm (63) for CoB and NiB, respectively). The two structures are relatively close, as they contain as main structural motifs 1D zig-zag covalent boron chains. Therefore, one can expect the possibility to design Ni-substituted CoB, although no corresponding compound has been reported. Along this chapter, we investigate the synthesis of a bimetallic Co1-xNixB compound by reacting Ni-Co core-shell nanoparticles with sodium borohydride in molten salts. 

Annexes Experimental methods

Reagents. Nickel (II) acetylacetonate (95%, Ni(acac)2, Strem Chemicals), trioctylphosphine (TOP, 97%, P(C8H16)3, Strem Chemicals), dicobalt octacarbonyl (Co(CO)8, 95%, Strem Chemicals), sodium borohydride (NaBH4, min 98%, Alfa Aesar), anhydrous hexane (95%, Sigma-Aldrich), lithium iodide (99%, Alfa Aesar), potassium iodide (99%, Sigma-Aldrich), lithium chloride (99.9% Alfa Aesar), potassium chloride (99.9% Sigma-Aldrich) were stored and manipulated as received in an Ar-filled glovebox (H2O < 0.5 ppm, O2 < 0.5 ppm).

Oleylamine (98 %, SAFC) was stored and used in air. Acetone (VWR Normapur grade), tetrahydrofuran (THF, VWR Normapur grade), methanol (VWR Normapur grade) were used for washing.

a) Synthesis of the core-shell nickel-cobalt core-shell nanoparticles

The synthesis was adapted from a reported procedure 43 . 27 mL (21.95 g, 82 mmol) of oleylamine 98 % and a Teflon-coated stirring bar were put in a 50 mL three necked roundbottomed flask connected to a reflux condenser and a Schlenk line. Then, with a heating mantle, oleylamine was heated at 50 °C and degassed three times by cycles of vacuum maintained 2 minutes and nitrogen flow to remove dissolved oxygen. Afterward, 958 mg (3.73 mmol) of Ni(acac)2 and 5 mL (4.15 g, 11.2 mmol) of TOP previously prepared in a glove box were added.

The mixture was again subjected to three cycles of vacuum/nitrogen for degassing. Thereafter, the mixture was heated to 220 °C with a brief degassing over 100 °C to evacuate potential water dissolved. After 2 h, the temperature was decreased to the ambient. 638 mg (1.86 mmol) of Co2(CO)8 prepared in a glove box was added to the mixture. Three degassing cycles were then done. Then, the temperature was raised again to 120 °C for 20 min and finally to 180 °C for 1 h. After cooling down to room temperature, ~ 5 mL of THF and ~ 25 mL of acetone were added before transferring of the nanoparticles into centrifuge tubes for separation. Seven cycles of centrifugation-redispersion were performed by using a THF/acetone mixture. After disposal of the supernatant on the last cycle, the particles were introduced in a Schlenk tube connected to a Schlenk line and dried under vacuum. The product was then stored in an Ar-filled glovebox. would also open new ways to address the catalytic properties of metal nanostructures.
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In this appendix, we take the case study of nickel nanoparticles to investigate a simple method to produce ligand-free metal nanoparticles in molten salts. To achieve this goal, we develop induction heating in order to trigger extensive nucleation in molten salts, followed by quenching of the medium to avoid grain growth and large particle coalescence.

I) Innovative strategies to reach ligand-free metallic nanoparticles

Ligands at the surface of metal nanoparticles can strongly modify their morphology, dispersion state, chemical reactivity, catalytic and plasmonic properties, among others 1 . These organic species are classically used in colloidal syntheses within organic solvents. When organic ligands are detrimental to electrical transport or electrocatalytic properties, for instance, they must be replaced or etched 2 ,or metal nanostructures must be designed from the beginning without organic ligands.

Nevertheless, new strategies using molten salts are emerging. Stable dispersions of nanocrystals were observed in molten salts for various nanocrystals including quantum dots, oxides (Fe3O4) or metals (Pt, Pd) 3 . The nature of the molten salts strongly influences the dispersion as stable colloids were formed only if the chemical affinity with the nanocrystals is sufficient. In more details, the stabilization in molten salts is explained by the formation of ion layers at the solid-liquid interface 3 . The resulting shell formed around the nanocrystals creates charge density oscillations in the molten medium, next to the nanoparticle surface. The interaction between nanocrystals is then dependent on the compacity of these alternating layers, which act as barriers against particle aggregation 3 . In these studies from D. Talapin's group, the nanoparticles were produced by colloidal chemistry in organic solvents, before their Compared to NiCl2, the reduction of NiI2 to nickel (0) requires higher temperature/longer dwell time. Even at 500 °C for 10 min. (Figure 3A), the main diffraction peaks are attributed to the NiI2 mixed with metallic nickel. TEM (Figure B) shows particles embedded in an amorphous matrix. The plateau duration was then increased to 30 min. According to XRD, we observe reaction of NiI2 at the benefit of Ni(0) (Figure 3 A), with only small intensity diffraction peaks of NiI2 still detected. Another diffraction peak at around 31° (2θ Cu Kα) could not be identified.

TEM (Figure 3C) show similar morphologies and size distribution compared to particles obtained by using NiCl2 as precursor at 350 °C for 20 min. As for NiCl2, the temperature was increased and the plateau shortened. Among the conditions studied, even synthesis at 900 °C for 30 s (Figure 3A) yield uncomplete reduction of NiI2, with also the formation of Ni (0) and NiO due to oxidation during the washing step. TEM (Figure 3E) highlights the same morphologies as the sample obtained at 500 °C for 10 min. The formation of nickel (0) from NiI2 is then limited by the high stability of NiI2 into the molten iodide salt and its slow reaction kinetics. Reversely, short dwell time but at a sufficiently high temperature allows the complete reduction of NiCl2 into nickel. Attaining similar morphologies of particles for both cases mean that the conditions of heating does not account as first factor, but that the chemical reactivity of the precursors in the molten salt are a powerful experimental lever which should be investigated further.

Experimental methods

Reagents. Nickel (II) chloride (NiCl2, 99%, Alfa Aesar), Nickel (II) iodide (NiI2, 99.5 %, Alfa Aesar), lithium iodide (99%, Alfa Aesar), potassium iodide (99%, Sigma-Aldrich), sodium hydride (NaH, 90%, Sigma-Aldrich) were used as received, in an argon-filled glovebox.

Induction-assisted synthesis of nickel nanoparticles

In 

Instruments

Powder X-ray diffraction (XRD) was performed on a Bruker D8 Discover or Brucker D8

Advance diffractometer operating at the Cu Kα wavelength (λ = 1.5418 Å) in reflection mode and both equipped with an X-ray source working with Cu Kα radiation at an acceleration tension of 40 kV and a current of 30 mA. A linear detector LynxEye was used to record the diffracted intensity. Due to the air sensibility of the samples, the powders were loaded in an argon-filled glovebox on an airtight sample holder then capped with a protective plastic dome.

A broad bump between 15-25° correspond to an unfiltered beam scattering on the dome. The Rietveld refinements were performed using the GSAS-II software.

In situ angular X-ray diffraction on synchrotron beamline was acquired respectively at:

The ID11 beamline at the ESRF synchrotron, in the transmission mode at a fixed energy (wavelength) of 93.3159 keV (0.1329 Å). A double crystal monochromator equipped with two Si(111) crystals was used to tune the energy, and the beam size was set to 300 μm × 300 μm.

The detector was a Frelon4M 2048 × 2048 16Bit fast CCD Camera.

The SOLEIL synchrotron on the DIFFABS beamline in transmission mode at a fixed energy (wavelength) of 18 keV. The beam size was set to 300 μm × 300 μm. A 2D circular detector (CIRPAD) was used to record the signal.

For both setups, a homemade capillary oven was used for the study of the samples. In brief, it enables performing transmission X-ray diffraction in situ during controlled heating of the reaction mixture in a 1.5 mm-diameter quartz capillary opened under argon flow to mimic the conditions of ex situ lab synthesis. 

Résumé de thèse

Les borures et phosphures de métaux de transition présentent des propriétés intéressantes en électrocatalyse pour la production de dihydrogène [1][2][3][4] Les synthèses par voie liquide de borures à l'échelle nanométrique déjà reportées impliquent la formation d'une phase amorphe puis sa cristallisation, soit par une étape séparée de recuit à haute température, 5,7,8 soit par une élévation de température du milieu réactionnel 9 . Ces approches ne permettent cependant pas un contrôle fin de la morphologie et conduisent généralement à des particules agrégées ; ce qui induit une perte d'activité en catalyse.

La modification post-synthèse de nanomatériaux par incorporation d'éléments chimiques supplémentaires a été reportée pour la formation d'alliages metalliques 10 , et pour l'incorporation de métaux alcalins, alcalino-terreux 11 , de carbone 12 , de phosphore 13 ou encore des chalcogènes oxygène, souffre et sélénium [14][15][16] . Cette approche permet en général un très bon contrôle morphologique, en utilisant les nano-objets initiaux comme des gabarits réactifs.

Elle n'a jamais été abordées pour le bore. Elle permettrait pourtant, au-delà de la formation de borures, de combiner le bore avec le phosphore et/ou un ou plusieurs métaux de transition au sein d'un même composé. Cela pourrait engendrer des modifications profondes, notamment de phosphore similaire à la composition introduite, ouvrant ainsi la voie à l'étude d'une famille de nanoparticles amorphes.

Ensuite (chapitre 5), nous avons consacré une étude sur les phases borures bimétalliques de nickel et cobalt. En effet, l'amélioration de l'activité électrocatalytique pour la dissociation de l'eau a été observée pour des borures bimétalliques notamment dans le cas de phases Co-Fe- Parmi les borures de métaux de transition développés pour l'électrocatalyse de l'eau, nous avons également étudié le cas de l'insertion de bore dans des nanoparticules de fer en milieu sels fondus (chapitre 6). La phase FeB présente deux formes structurales à l'échelle nanométrique, respectivement dénommés α-et β-FeB 23,24 . La forme α-FeB, dont notre groupe a récemment résolu la structure 23 ; cristallise à plus basse température et donc limite davantage les phénomènes de mûrissement d'Ostwald, de coalescence et d'agrégation. Cependant, un contrôle de la nature des ligands de surface a été nécessaire pour guider l'insertion du bore et conduire au borure. Nous avons notamment identifié la formation potentielle de carbures en surface des nanoparticules de fer, bloquant la formation du borure. Nous avons donc abordé