Recent energy problems and fuel cells -some up-to-date achievements

Mo compounds as a new research direction for ORR catalysis

Coming back to our case, we chose to work with molybdenum, a transition metal which is relatively more abundant, inexpensive and accessible than noble metals. Mo has the electronic configuration of [Kr]4d 5 5s 1 , which means it can have many oxidation states from 0 to +VI. In organometallic compounds with π-acceptor ligands like carbonyl, Mo can be in reduced states:

 According to Sebenik et al. in Ullmann's Encyclopedia of Industrial Chemistry, Mo can form compounds with inorganic and organic ligands and has a preference for oxygen, sulfur, fluorine and chlorine donor atoms. It can form also bi-and polynuclear compounds containing O-bridges, Cl ligand-bridges and/or Mo-Mo bonds. 38

).

 During 2019, the molybdenum oxide daily global spot price was ranging from US$18.22/kg to US$27.94/kg in the world market and dropped to US$19.80/kg in the end of April 2020 because Recent energy problems and fuel cells -some up-to-date achievements 3. Thermal decomposition of (NH4)2MoO2S2 as proposed by Spengler and Weber in 1959 68 although the thiomolybdate was already reported in 1884 by G. Krüss et al. 69 This method requires a heating up to 800 to 1000 °C.

(NH4)2MoO2S2 → MoOS2 + 2 NH3 + H2O

). Each monomer in any case contained two Mo atoms linking to each other by O-bridging, the S atoms could link to one or two Mo atoms as a bridge.

 For instance, all the works based on the thermal decomposition of thiomolybdate found are quite brief on structural analysis and principally on the application in Li-ion batteries. With the promising results in applications, they stated that the further studies on the structure and properties of molybdenum oxysulfides should be pursued.

Recent energy problems and fuel cells -some up-to-date achievements

Fire is present all along the human history as the symbol of the energy and the force of human evolution: it made our dawn of mankind. Since the first industrial revolution from mid-18 th century, fossil energy started to be widely used to fulfill the increasing need of textiles, steel and machines of the industry. At the end of the first revolution, the process of coal oil distillation was invented by Abraham Gesner (Canadian physicist, 1797 -1864) in 1849. 1 This was essential for the wide exploitation of oil during the 20 th century, 2 even for the electricity production. Based on that new resource, we have developed modern technology, industry, new geopolitical game and societies that we are now living. However, petroleum as an energy source cannot assure the future of mankind: the undesirable effects of petroleum utilization on the climate were even predicted hundreds years ago. Currently, we are encountering many kinds of pollutions due to the petroleum utilization: first, toxic and non-toxic wastes from the extraction, the production, the transportation and then from the combustion, not to mention oil spills, etc. Although, humanity still depends very much on fossil fuel, even for developed European countries. 3 In this situation, according to some new estimations, the depletion of fossil fuel could come in around one century, for oil it's even closer: in about fifty years, 4,5 taking into account advancement in technology we can achieve each year. Moreover, the fossil reserves are not distributed homogenously all over the Earth with a large variety of compositions: only about 42 countries can produce oil while all about 220 nations around the world use it 2 (Figure 1). For oil, the proved reserves are mostly found in Middle East and the Americas (more than 80 % world proved reserves in 2018) while the production and consumption are not at all proportional (Figure 1B), e.g. in 2018 the Middle East produces roughly three times more than consuming while the Europe consumes roughly five times more than producing. 6 As the need of energy is always high, the need of petroleum reserves possession can be a serious reason for a war (or price wars 7 ). Recent energy problems and fuel cells -some up-to-date achievements 6 All figures are taken from the website ourworldindata.org with the references from BP Statistical Reviews.

6 Energy problems and propositions towards solutions Figure 2 (A) Crude oil prices 1861 -2018 with key events. 6 (B) Brent crude oil prices 2004 -2015 and prices forecasts. 8 All figures are taken from the references.

Another inconvenience of using petroleum as the main energy source is that its price fluctuates in the function of political events 9 and the prediction of the price evolution trend is extremely hard 8 (Figure 2). For example, during the last 50 years, many events have resulted in dramatic and an immediate disruption of world crude oil production, hence, its price: the Iranian revolution in the fall of 1978, Iraq's invasion of Iran in September 1980, Iraq's invasion of Kuwait in August 1990, the global financial crisis in 2007-08, 6,9 the Arab spring in 2010s, and the most current one: COVID-19 pandemic in 2020. On April 20 th 2020, the price of West Recent energy problems and fuel cells -some up-to-date achievements Texas Intermediate (WTI) Crude Oil (American benchmark) was down under US$0 (-US $37) per barrel, this is never ever preceded in the history.

For all these main reasons, lately, besides reducing carbon emission by education of highcarbon power consumption attitude and by technology development, we are also developing technologies for electricity production from low-carbon power sources such as the sun, the wind, the biomass, etc. The quest to the new "fire" is still in progress and one of the promising choices is to use hydrogen in fuel cell (one type of batteries which convert the chemical energy stored in chemical bonds into electrical energy) for clean electricity production. The fuel cell concept was demonstrated for the first time in 1801 by Humphry Davy (1778 -1829, Cornish chemist and inventor) but it was only 38 years later that the first fuel cell, designed by William Grove (1811 -1896, Welsh judge and physicist), appeared in the world. From this very first fuel cell to the first application of alkaline fuel cells in the Gemini earth-orbiting mission (1962 -1966) (Figure 3), as the preparation period of the Apollo Project (1961 -1975), about 125 more years were spent. 10 Since then, the end of Apollo Project, the fast growing technology led to the first fuel cell cars for public buyers. Nowadays, the researchers have developed several types of fuel cells. Among them, those using hydrogen as a source energy are becoming an interesting choice for wide individual or collective usages. These are anion/proton exchange membranes fuel cells a.k.a AEMFCs and PEMFCs (Figure 4). In these fuel cells, in anode, there is an oxidation of hydrogen (fuel), a.k.a. Hydrogen Oxidation Reaction (HOR); and in cathode, there is a reduction of oxygen, a.k.a. Oxygen Reduction Reaction (ORR). The kinetics of both reactions are too slow that catalysts are essential to make them occurring much faster, hence, efficient enough for applications.

Between these two, ORR is a more difficult process as it involves 4 electrons (direct mechanism by Volmer) instead of 2 electrons in HOR. This is also the reason why there are more electrocatalysts available for HOR than for ORR.

Figure 4 Principles of Proton Exchange Membrane Fuel Cell (PEMFCs) and Anion Exchange

Membrane Fuel Cell (AEMFCs) with two reactions by Volmer in basic condition at anode (HOR) and at cathode (ORR). Schema reconstructed from a review by D. R. Dekel in 2018. 11 The applications of hydrogen fuel cells started in 2008 with the Honda FCX Clarity, the first commercial hydrogen fuel cell automobile on sale. However, the application of hydrogen fuel cell in stationary started already in 1990s, tested in large vehicles as submarines since late 1970s (by US Navy). The fuel cell electrical vehicles (FCEVs) in general carry a hydrogen tank supplying a fuel cell to create electricity.

An advantage of the fuel cells is that there is no stored electrical energy like in batteries, rather, the energy is stored in a chemical form, in the hydrogen fuel. Hence, this application in vehicles demands a certain development of technology to assure the security and the cell efficacy. To spread the use of FCEVs, there are two main difficulties to resolve: the "fuel" and the "cell". Recent energy problems and fuel cells -some up-to-date achievements For the fuel, as the catalysts for electrolysis became more efficient, the price of hydrogen produced by electrolysis was reduced from US$8 in 2006 to US$6 in 2011, 12 but stays quite stable until this day. 13 According to the recent report of Hydrogen Council published in January 2020, 13 the world industry targets to divide the retailing price per kg by two in 10 years and by three in 30 years, not mentioning that for industrial powering, the price can be even much lower. This aims to increase the access to greener energy sources for everyone and being more friendly to the environment. Along with developing the hydrogen production, the storage of hydrogen is also being improved to be lighter, larger and safer for all uses in FCEVs. 14 In 2019, the Guinness record for the longest multi-rotor flight time was achieved by South Korean company MetaVista (CSACSM) using Intelligent Energy's 800W fuel cell power. 15 The quadcopter drone flew for 12 hours, 7 minutes and 5 seconds using liquid hydrogen to fuel the module. The previous record stood at 2 hours, 6 minutes and 7 seconds. This country is planning to plant 86 hydrogen stations this year in addition to 28 current stations in 2019 and even reach 310 stations in 2022. 13,[START_REF] Shembel | Electrolytic Molybdenum Sulfides for Thin-Layer Lithium Power Sources[END_REF] Europe, Japan, the US, etc. are also following this trend.

In terms of the cell, i.e. the design and the functioning of the device that generate electricity from the chemical fuel, the researchers have also gone a long way since the first commercial hydrogen fuel cell cars over 10 years ago. For the moment, the price of a hydrogen fuel cell car starts from €60 000, in the same price range as a Tesla, so, not quite affordable for the public.

However, in addition to the same efficiency and the same advantages of these two types of vehicles (low engine noise and zero-emission during utilization), fuel cell vehicles require much shorter time of refueling and can be lighter than electrical vehicles as they do not contain heavy and hazardous batteries. 17 That is why the need of reducing the total price of a fuel cell car is increasing to fulfill the public demand. The main reason of the too high price is the catalyst for ORR and HOR in the cell. 18 For the moment, only noble metals are used although they are rare and expensive. The question of finding alternative non-noble metals catalysts is still a hot topic.

Commercial noble metals based hydrogen fuel cells catalysts

Currently, all catalysts used in fuel cells on sale are heterogeneous and are precious metals based (Pt, Pd, Ir, Ru, Rh), [START_REF] Shannon | Revised Effective Ionic Radii and Systematic Studies of Interatomic Distances in Halides and Chalcogenides[END_REF][20][21] the commercial devices should be also based on these catalysts even if detailed information on commercial system designs is not publicized. However, these highly efficient electrocatalysts are rare and expensive and are one of the reasons why the hydrogen transportation industry has never gained any real traction.

Considering ORR at the cathode, until this day, Pt and Pt-base (alloys, supported catalysts) are no doubt the best catalysts of the kind. 22 In 2018, A. Kulkarni et al. reviewed on Chemical Reviews that density functional theory (DFT) calculations have shown that the energetics of key reaction intermediates are linked by linear scaling relationships that have been indispensable for rationalizing trends in ORR catalytic activity across different materials. 22 These analyses often result in a "volcano relation" between catalytic activity and key adsorption energies, which, for instance, explains why Pt and Pd and their alloys are the best catalysts for ORR, 22 Figure 5 shows the ORR activity in function of Ointermediate binding energy for each metal. 23 Hence, for performing ORR at low temperature (close to ambient temperature), Pt is still considered as a benchmark, 24 not to mention its remarkable stability compared to almost other materials being tested. As it is rare and expensive, the utilization should be maximized or even avoided to preserve Pt source. 25 The only way is to reduce the size of the particles as much as possible and/or to find a way to stabilize the catalysts. Pt can be coupled with other metals (noble or non-noble) in alloys or core-shell nanoparticles, or coupled with non-metals such as graphene as a supported catalyst. [26][27][28] These researches are for finding a way to reduce the Pt loading quantity in catalysts while keeping or increasing their efficacy and stability. 23 During 15 years from 2002 to 2017, researchers found the way to reduce significantly the Pt loading per vehicle from 80 g in 2002 to 10 g in 2017 (Figure 6). 18 Based on an approximation of Bryan Pivovar on Nature Catalysis in 2019, the total cost of a FCEV is near US$45 kW -1 at large volume, it has to be targeted to near US$30 kW -1 to reach full parity with internal Recent energy problems and fuel cells -some up-to-date achievements combustion vehicles, not mentioning a strong cost of Pt components. 18 However, in this field, researchers have gone a long way to improve the commercial viability. Many research programs are ongoing on the way to increase the catalytic activity. A current work between German and Czechs researchers shows the optimal nanoparticles size is 1.1 nm. 29 They confirmed this theoretical prediction by practical tests where Pt nanoparticles were doped on MOF-template. By reducing the nanoparticles size to ca. 1 nm, the ORR activity observed was doubled compared to a commercial Pt/C. 29 According to them, this is the best performance ever reported for Pt-pure catalysts for ORR, of similar sizes. 18 This is very interesting and seems to be promising but to be honest, a FCEV's final price would not be reduced significantly when the noble metals are still in use. 18,25 This is a huge struggle for the transport company to stay with this utilization: from 2009 to 2017, the system cost and platinum group metals loading stayed mostly stable, compared to the price drop from 2002 to 2009. 18 Even a large company, Mercedes-Benz, announced late April 2020 that it stops chasing the dream of individual car with fuel cell because of costly research and lack of market interest.

The struggle of making fuel cell viable for individual utilization is inspiring researchers around the world to find new non-noble metal catalysts in parallel with other technology development.

The further advances to reach the activity level and stability level of Pt-based catalysts are still very important but going towards non-noble metal based systems may reduce the vehicle price, hence, create market interests and finally cause much less environmental impact.

Alternative non-noble metal based ORR catalysts: some current researches

Talking about ORR activity, lately there are many researches on Co showing that it may be a good candidate. For example, it can be in the metallic or oxide (Co3O4) nanoparticles (≈ 20 nm) supported on graphitic nanofiber. 30 In this article, the catalyst and commercial Pt/C show not only comparable reactivity but also comparable stability over time even in the presence of methanol. Its remarkable stability for ORR catalysis in basic medium is even higher than commercial Pt/C. Another interesting catalyst is Mn-containing perovskites such as the layered perovskite La0.5Sr1.5MnO4 (l-LSMO) and of the pseudo-cubic perovskite La0.7Sr0.3MnO3 (pc-LSMO). [START_REF] Gonell | Structure-Activity Relationship in Manganese Perovskite Oxide Nanocrystals from Molten Salts for Efficient Oxygen Reduction Reaction Electrocatalysis[END_REF] For decades, Mn-based oxides were shown to be promising for ORR in alkaline condition. These two perovskites have high ORR selectivity for 4-electron ORR and show the best stability ever reported for all perovskites in ORR.

As mentioned above, Pt can be coupled with non-metal materials to form supported catalysts.

Among the light elements currently being studied, carbon based materials are good choice as they are inexpensive and easy to mass-produce. 26 Also, as the graphene is more fashionable than ever, in some works graphene is doped with single metallic atoms, not only Pt but also non-noble metals (light elements in groups IIIA, IVA, VA, VIA and VIIA, or heavy metals like Co, Mo). [START_REF] Tavakkoli | Mesoporous Single-Atom-Doped Graphene-Carbon Nanotube Hybrid: Synthesis and Tunable Electrocatalytic Activity for Oxygen Evolution and Reduction Reactions[END_REF][START_REF] Zhang | The Mechanism and Activity of Oxygen Reduction Reaction on Single Atom Doped Graphene: A DFT Method[END_REF][START_REF] Yang | Unveiling the High-Activity Origin of Single-Atom Iron Catalysts for Oxygen Reduction Reaction[END_REF][START_REF] Liu | High Performance Platinum Single Atom Electrocatalyst for Oxygen Reduction Reaction[END_REF] The heteroatom doping on graphene makes the transportation of electrons better in the material, the metallic atoms doping creates active sites on graphene. Altogether, they make a much higher activity for the new material than initial graphene. A recent paper shows interesting results with a doping of N, Co and Mo at the same time by chemical vapor deposition (CVD). [START_REF] Tavakkoli | Mesoporous Single-Atom-Doped Graphene-Carbon Nanotube Hybrid: Synthesis and Tunable Electrocatalytic Activity for Oxygen Evolution and Reduction Reactions[END_REF] Although the measured overpotential i is higher for synthesized materials than commercial Pt/C while the maximum current ii is practically the same for both, this case is still worth a look compared to other cases as the fabrication of graphene is much simpler and much more inexpensive than Pt/C. The graphene is also a very light material which can be very interesting for wide application in vehicles to reduce the total weight. However, the doping method by CVD is only interesting for fine research aims, as it requires a CVD furnace, for instance, not available for large-scaled industrial production. of the COVID-19 pandemic. 43 In the report of the full year 2019 published on 4 th May 2020, General Moly Inc. shared their vision on the constrained molybdenum price even with the difficulties during the pandemic. 43 This is a big economical advantage for molybdenum utilization compared to rare metals: in January 2006, the London p.m. fixing was already US$1049.50/troz (27.83 €/g) for Pt and US$287/troz (7.61 €/g) for Pd. [START_REF] Hagelüken | Markets for the Catalyst Metals Platinum, Palladium and Rhodium[END_REF] In short, for the researches on new electro-catalysts for the use in fuel cell or on catalysis in general, molybdenum is an interesting choice, both in the aspect of potential activity and in the economical point of view. [START_REF]Rare Earth Elements -Critical Resources for High Technology[END_REF] Abundance (atom fraction to 10 6 atoms of Si) of the chemical elements in Earth's upper continental crust as a function of atomic number. Many of the elements are classified into (partially overlapping) categories: (1) rockforming elements (major elements in green field and minor elements in light green field); (2) rare earth elements (lanthanides, La-Lu, and Y; labeled in blue); (3) major industrial metals (global production >∼ 3×10 7 kg/year; labeled in bold); (4) precious metals (italic); and (5) the nine rarest "metals"-the six platinum group elements plus Au, Re, and Te (a metalloid).

Common molybdenum compounds

Considering the important compounds of Mo, the first one to be mentioned is MoS2, a semiconductor with the indirect band gap measured at 1.2 V. It is found on Earth in molybdenite mineral. Since its discovery in 1781 by Peter Jacob Hjlem (1746 -1813, Swedish chemist and Recent energy problems and fuel cells -some up-to-date achievements mineralogist), it is widely used in industry as a lubricant as it has a lamellar and inert structure like graphite (Figure 8A). In terms of catalysis, it is used as Hydrodesulfurization (HDS) catalyst in the Co-doped or Ni-doped forms. [START_REF] Kumar | Computational Chemistry Analysis of Hydrodesulfurization Reactions Catalyzed by Molybdenum Disulfide Nanoparticles[END_REF] For electrochemical devices, it can serve as a material for cathode of Li-ion batteries, just like graphite. [START_REF] Whittingham | Lithium Batteries and Cathode Materials[END_REF] The reason is not only that the lamellar structure facilitates the electron transport but also because Mo can change its form from trigonal prismatic to octahedral during the insertion of one Li atom per MoS2 in the lattice by applying a voltage, in this case, some new phases LixMoS2 are formed. [START_REF] Whittingham | Lithium Batteries and Cathode Materials[END_REF][START_REF] Haering | Lithium Molybdenum Disulfide Battery Cathode[END_REF] For applications in fuel cells, MoS2 can perform to a certain extent as an ORR catalyst, not only in basic conditions [START_REF] Wang | Size-Dependent Enhancement of Electrocatalytic Oxygen-Reduction and Hydrogen-Evolution Performance of MoS2 Particles[END_REF][START_REF] Huang | Incorporated Oxygen in MoS 2 Ultrathin Nanosheets for References[END_REF][51][52][START_REF] Zuo | A Facile Sonochemical Route for the Synthesis of MoS2/Pd Composites for Highly Efficient Oxygen Reduction Reaction[END_REF] but also in acid conditions. [START_REF] Rowley-Neale | 2D Molybdenum Disulphide (2D-MoS 2 ) Modified Electrodes Explored towards the Oxygen Reduction Reaction[END_REF][START_REF] Rowley-Neale | Mass-Producible 2D-MoS 2 -Impregnated Screen-Printed Electrodes That Demonstrate Efficient Electrocatalysis toward the Oxygen Reduction Reaction[END_REF] The ORR activity of MoS2 is quite low compared to Pt/C, even when the particles size was reduced to ca. 2 nm. [START_REF] Wang | Size-Dependent Enhancement of Electrocatalytic Oxygen-Reduction and Hydrogen-Evolution Performance of MoS2 Particles[END_REF] Figure 8 (A)Crystalline structure hexagonal and calculated band structure by DFT [START_REF] Yazyev | MoS2 and Semiconductors in the Flatland[END_REF] of MoS2.

(B) Crystalline structure monoclinic and calculated band structure by DFT [START_REF] Harrison | Electronic Transport in Molybdenum Dioxide Thin Films[END_REF] of MoO2.

Another interesting compound of Mo is MoO2. It is remarkably stable chemically; it is soluble in neither acid nor base. Unlike MoS2 which is a semi-conductor, MoO2 is an especially good conductor even comparable to metals. In a recently published paper, F. Kaiser et al. showed thermoelectric measurements on molybdenum oxides. They found that MoO2 has its electrical conductivity σ of 5 × 10 5 S.m -1 at 298 K. [START_REF] Kaiser | Molybdenum Oxides MoO x: Spark-Plasma Synthesis and Thermoelectric Properties at Elevated Temperature[END_REF] This value is very low compared to a good conductive metal like copper (σ = 6 × 10 7 S.m -1 ) 59 but comparable to some metallic alloys such as Nichrome (σ = 9 × 10 5 S.m -1 ). 60 The DFT calculations of Eyert et al. established that the hybridization between Mo 4d and O 2p orbitals, the interactions between Mo 4d orbitals and their contribution to the band structure. [START_REF] Harrison | Electronic Transport in Molybdenum Dioxide Thin Films[END_REF] Figure 8B shows the monoclinic structure of MoO2 and its band structure from the reference. [START_REF] Harrison | Electronic Transport in Molybdenum Dioxide Thin Films[END_REF] In this band structure, the Mo 4d orbitals (t2g states) are degenerate with the Fermi level, which make it a conductor as a semi-metal. This is also reported by C. Zhang et al. in 2018. [START_REF] Zhang | Atomic Layers of MoO 2 with Exposed High-Energy (010) Facets for Efficient Oxygen Reduction[END_REF] Grace to this conductivity, it can be used as an anode in Li-ion batteries or in a solid oxide fuel cell (SOFC). [START_REF] Ellefson | Synthesis and Applications of Molybdenum (IV) Oxide[END_REF] Also, for ORR, some researches showed that MoO2 can perform a certain activity [START_REF] Zhang | Atomic Layers of MoO 2 with Exposed High-Energy (010) Facets for Efficient Oxygen Reduction[END_REF] or be a conducting template for cobalt active sites inserted at doping concentration. [START_REF] Yang | Co-N-Doped MoO2nanowires as Efficient Electrocatalysts for the Oxygen Reduction Reaction and Hydrogen Evolution Reaction[END_REF] 

Molybdenum oxysulfides

State of the art

Now imagine that we can combine both MoS2 and MoO2 into an uncommon compound: oxysulfide MoOxSy. In these compounds, there are only Mo-O and Mo-S bonds, and no bond between O and S. Imagine that we can combine also the characteristics of both sulfides and oxides in this family of compounds: having ORR active sites like both MoS2 (edges S-50 % and S-100 %) [START_REF] Hao | Contrasting Oxygen Reduction Reactions on Zeroand One-Dimensional Defects of MoS 2 for Versatile Applications[END_REF] and MoO2 (under-coordinated Mo on surface) [START_REF] Zhang | Atomic Layers of MoO 2 with Exposed High-Energy (010) Facets for Efficient Oxygen Reduction[END_REF] with a conductivity like MoO2.

In fact, this family of compounds does not have a very long history compared to other common Mo compounds such as MoO2 and MoS2 mentioned earlier in this chapter.

The molybdenum oxysulfide was firstly known in application as an inorganic complex for lubricant: molybdenum oxysulfide dithiocarbamates. The compound and its preparation process were patented in 1967. [START_REF] Farmer | US 3356702 -Molybdenum Oxysulfide Dithiocarbamates and Processes for Their Preparation[END_REF] However, some chemical methods which could lead to isolable non-molecular phases MoOxSy were reported even earlier. [START_REF] Tsigdinos | Inorganic Sulfur Compounds of Molybdenum and Tungsten[END_REF][START_REF] Cannon | Reaction between Molybdenum Disulphide and Water[END_REF][START_REF] Spengler | Über Die Schmierfähigkeit Organischer Molybdänverbindungen[END_REF] 1. Reaction of MoO2Cl2 with Na2S in ethanol as given by ter Meulen in 1925: [START_REF] Tsigdinos | Inorganic Sulfur Compounds of Molybdenum and Tungsten[END_REF] MoO2Cl2 + Na2S → MoO2S + 2 NaCl 2. Reaction of MoS2 and H2O as described by Cannon in 1961: [START_REF] Cannon | Reaction between Molybdenum Disulphide and Water[END_REF] MoS2 + H2O(g) → MoOS2 + H2 From mid 1990s, another new method was introduced: Radio Frequency magnetron sputtering (physical vapor deposition -PVD). To our knowledge, this method was first reported by E. Schmidt et al. in 1994 [START_REF] Schmidt | New Amorphous Molybdenum Oxysulfides Obtained in the Form of Thin Films and Their Characterization by TEM[END_REF] to find a new material for solid-state Li-ion microbatteries. [START_REF] Levasseur | New Amorphous Molybdenum Oxysulfide Thin Films Their Characterization and Their Electrochemical Properties[END_REF] They also investigated the thin films' physical properties and their local structure by X-ray absorption spectroscopy (XAS), X-ray photoelectron spectroscopy (XPS) and IR analysis. [START_REF] Schmidt | Amorphous Molybdenum Oxysulfide Thin Films and Their Physical Characterization[END_REF] By PVD, the oxysulfides formed were amorphous, homogeneous and had a semi-conducting behavior similar to MoS2, this led to their assumption of crystalline structure similarity between molybdenum oxysulfide and molybdenum disulfide. [START_REF] Levasseur | New Amorphous Molybdenum Oxysulfide Thin Films Their Characterization and Their Electrochemical Properties[END_REF] In terms of local structure, the results suggested three different local environment of Mo, i.e. sulfur-like as in the 2H-MoS2, oxygenlike as in MoO2 or MoO3 and mixed environment of oxygen and sulfur (S 2-and S 2 2-). [START_REF] Schmidt | Amorphous Molybdenum Oxysulfide Thin Films and Their Physical Characterization[END_REF] However, this did not lead yet to a structural model proposition. By the same method, molybdenum oxysulfide on thin films for Li-ion batteries was fabricated and analyzed later by different groups. [START_REF] Benoist | XPS Analysis of Oxido-Reduction Mechanisms during Lithium Intercalation in Amorphous Molybdenum Oxysulfide Thin Films[END_REF][START_REF] Dupin | Amorphous Oxysulfide Thin Films MOySz (M = W, Mo, Ti) XPS Characterization: Structural and Electronic Pecularities[END_REF][START_REF] Yufit | Thin-Film Lithium and Lithium-Ion Batteries with Electrochemically Deposited Molybdenum Oxysulfide Cathodes[END_REF][START_REF] Golodnitsky | Advanced Materials for the 3D Microbattery[END_REF][START_REF] Martinez | Influence of the Cation Nature of High Sulfur Content Oxysulfide Thin Films MOySz(M = W, Ti) Studied by XPS[END_REF][START_REF] Golodnitsky | Progress in Three-Dimensional (3D) Li-Ion Microbatteries[END_REF][START_REF] Shembel | Thin Layer Electrolytic Molybdenum Oxysulfides for Lithium Secondary Batteries with Liquid and Polymer Electrolytes[END_REF] Still, no structural model was proposed after all.

In 2000s, a "softer" way was tested to synthesize molybdenum oxysulfide: in solution, without heating. P. Afanasiev et al. reported the synthesis of molybdenum oxysulfide by precipitation from water-acetone solutions for the first time in 2003. [START_REF] Afanasiev | Genesis of Vesicle-like and Tubular Morphologies in Inorganic Precipitates: Amorphous Mo Oxysulfides[END_REF] The results showed vesicle-like and tubular morphologies of the particles due to the micelle effect. This kind of morphology clearly increases the specific surface of the material, which increases also the contact with other substance around, i.e. a good characteristic for a catalyst in general. [START_REF] Afanasiev | Genesis of Vesicle-like and Tubular Morphologies in Inorganic Precipitates: Amorphous Mo Oxysulfides[END_REF] The local structure was also analyzed by XAS, XPS and IR. The results of Extended X-ray Absorption Fine Structure (EXAFS) analysis at Mo K-edge showed that in the first shell of Mo atom, there are 1 O atom and 4 S atoms. Combining with the results of other methods, they proposed a structure of oligomer for molybdenum oxysulfide, where each Mo atom linked to the O atom by a double bond and all S atoms were bridges (Figure 9B). [START_REF] Afanasiev | Genesis of Vesicle-like and Tubular Morphologies in Inorganic Precipitates: Amorphous Mo Oxysulfides[END_REF] Later, D. Genuit continued this work with the same structure proposition (Figure 9C) and proposed a way to make a hydrotreating catalyst from molybdenum oxysulfide. [START_REF] Genuit | Solution Preparation of the Amorphous Molybdenum Oxysulfide MoOS 2 and Its Use for Catalysis[END_REF] Since then, no other paper was found concerning the same or other synthesis in solution. Recent energy problems and fuel cells -some up-to-date achievements In terms of hydrotreating catalysis, as mentioned above, MoS2 was widely used in petrol industry for HDS reaction for years. One of the ways to prepare the catalyst is the reduction of MoO3 by H2S. In 1935, Gaelle and Michelitsch stated that during this process, molybdenum oxysulfides were formed, which led to a catalyst not well defined. [START_REF] Badger | The Catalytic Decomposition of Simple Heterocyclic Compounds -I. Preparation and Properties of Molybdenum Sulphide and Nickel Sulphide Catalysts[END_REF] In 1949, in a paper, E.

Badger et al. declined this statement and claimed that the final product was a mixture of MoO2 and MoS2, together in an amorphous solid. [START_REF] Badger | The Catalytic Decomposition of Simple Heterocyclic Compounds -I. Preparation and Properties of Molybdenum Sulphide and Nickel Sulphide Catalysts[END_REF] This hypothesis turned out untrue when other research groups confirmed the oxysulfide intermediates during sulfidation of MoO3 by the same or different method. [START_REF] Weber | Basic Reaction Steps in the Sulfidation of Crystalline MoO3 to MoS2, As Studied by X-Ray Photoelectron and Infrared Emission Spectroscopy[END_REF][START_REF] Muijsers | Sulfidation Study of Molybdenum Oxide Using MoO3/SiO2/Si(100) Model Catalysts and Mo-IV3-Sulfur Cluster Compounds[END_REF][START_REF] Senthilkumar | Direct Vapor Phase Growth Process and Robust Photoluminescence Properties of Large Area MoS2 Layers[END_REF] 9D). [START_REF] Weber | Basic Reaction Steps in the Sulfidation of Crystalline MoO3 to MoS2, As Studied by X-Ray Photoelectron and Infrared Emission Spectroscopy[END_REF] Although, the formation of molybdenum oxysulfide in this case was far from the thermodynamic equilibrium. The molybdenum oxysulfide layer on the surface of some catalysts during some reactions were even considered as the active sites and the reason for a better catalytic activity for different organic reactions. [START_REF] Massoth | Studies of Molybdena-Alumina Catalysts. IV. Rates and Stoichiometry of Sulfidation[END_REF][START_REF] Scholz | Methanation on Exfoliated and Supported MoS 2[END_REF][START_REF] Hao | Study on Methanethiol Synthesis from H2S-Rich Syngas over K 2MoO4 Catalyst Supported on Electrolessly Ni-Plated SiO2[END_REF] However, because of the lack of complementary information on the chemical nature of sulfur ligands forming the oxysulfide species, they could not propose any structural model yet. [START_REF] Rochet | Intermediate Species Revealed during Sulfidation of Bimetallic Hydrotreating Catalyst: A Multivariate Analysis of Combined Time-Resolved Spectroscopies[END_REF] Nevertheless, this complete work demonstrated a very powerful tool to investigate catalysts under realistic conditions, which we can apply to our own work (in collaboration with beamline scientists).

For other electrochemical reactions like Hydrogen Evolution Reaction (HER), molybdenum oxysulfide sites are also claimed to be intermediates during the reduction process of protons. [START_REF] Tran | Coordination Polymer Structure and Revisited Hydrogen Evolution Catalytic Mechanism for Amorphous Molybdenum Sulfide[END_REF] Lately, another work stated that MoxSyO -clusters formed on the surface of MoS2 during the electrochemical reaction (HER) might favor the H2 insertion. [START_REF] Gupta | Mo Insertion into the H2 Bond in MoxSy-+ H2 Reactions[END_REF] Independently, in the Handbook of Inorganic Substances edition 2017, two other molybdenum oxysulfides MoS0.12S1.88 and Mo4S0.42O10.56 were listed. 96 MoS0.12S1.88 was reported to be reddish and has the prototype of VO2/Pearson symbol mP12 (monoclinic)/Space group 14.

Mo4S0.42O10.56 was reported to be bluish dark and has the prototype of Mo4O11/ Pearson symbol oP60 (orthorhombic)/Space group 33. However, to the best of our knowledge, synthesis and structural features tend to be discussed in separated works: the literature on this topic is difficult to grasp.

Oxysulfides synthesis from our viewpoint

Though molybdenum oxysulfides are uncommon, it does not mean that other metal oxysulfides were not seen elsewhere. Synthesis of lanthanide oxysulfides nanoparticles is very well described and even already in applications in many domains. [START_REF] Larquet | Metal Oxysulfides: From Bulk Compounds to Nanomaterials[END_REF] In a recent review on metal oxysulfides, C. Larquet et S. Carenco detailed numerous synthesis methods of Ln2O2S, from solid state to molten salt and in solution (both in water and in organic solvents). To favor the nanoscaled materials, soft conditions should be considered, here, in solution. [START_REF] Larquet | Metal Oxysulfides: From Bulk Compounds to Nanomaterials[END_REF] Under soft conditions, mild temperatures and small grain size can unlock metastable structures. Also, diffusion processes are much faster over nanometric distances and lead to efficient substitution Research initiatives and practical conditions reactions with nanoscaled materials. [START_REF] Larquet | Metal Oxysulfides: From Bulk Compounds to Nanomaterials[END_REF] Hence, energy input by heating needs to be limited to prevent the excessive growth and sintering, i.e. to keep the particles at nanoscale.

In our group, we have been working on Gd2(1-y)Ce2yO2S (0 ≤ y ≤ 1) for five years. The synthesis is carried out in colloidal solution with organic solvent (1-octadecene) and organic longchained stabilizers (oleic acid). This method requires a much lower heating temperature (310 °C) than thermal decomposition (usually 600 -1300 °C) [START_REF] Larquet | Metal Oxysulfides: From Bulk Compounds to Nanomaterials[END_REF] and the organic long-chained stabilizers in the solution stabilize the surface of nanoparticles to keep them totally at nanoscale. This synthesis protocol is well-described and well-controlled to make lanthanide oxysulfide nanoparticles not only by our groups but also others, [START_REF] Ding | Sodium Doping Controlled Synthesis of Monodisperse Lanthanide Oxysulfide Ultrathin Nanoplates Guided by Density Functional Calculations[END_REF] [START_REF] Larquet | Synthesis of Ce 2 O 2 S and Gd 2(1-y ) Ce 2 y O 2 S Nanoparticles and Reactivity from in Situ X-Ray Absorption Spectroscopy and X-Ray Photoelectron Spectroscopy[END_REF][100][101][102][103][104] it is very encouraging for us to apply the same method to make molybdenum oxysulfides at nanoscale which are electrochemically active. By using molecular precursors, heating at low temperature, adding organic ligands, we expect to have nanoparticles of molybdenum oxysulfides that have never been preceded.

Research initiatives and practical conditions

Research initiatives

To our knowledge until this moment, there is no other study on molybdenum oxysulfide based on the same synthesis as Gd2O2S in organic solution, which will be detailed in the next part of this chapter. [START_REF] Larquet | Synthesis of Ce 2 O 2 S and Gd 2(1-y ) Ce 2 y O 2 S Nanoparticles and Reactivity from in Situ X-Ray Absorption Spectroscopy and X-Ray Photoelectron Spectroscopy[END_REF] Scheme 1 shows our project initiatives. To start the project, the study of synthesis and the characterizations on Mo-containing Gd2O2S-based nanoparticles was conducted. As there is no preceding work on molybdenum oxysulfide nanoparticles made in colloidal organic solution and the chemistry of d-block metals is way different from that of lanthanide, the synthesis based on Gd2O2S needed to be adapted and optimized to control the structure of Mo-containing products. Along with the practical work on the synthesis, different analysis methods were used to understand the structure of Mo-containing products and also to evaluate the modification of initial synthesis, such as Energy Dispersive Spectroscopy (EDS) for the compositions, X-ray Diffraction (XRD) for the crystalline structures and Transmission Electron Microscopy (TEM)

for the morphologies.

The introduction of Mo in the Gd2O2S system can be done by two ways in one pot: in a onestep protocol where all precursors are added at the same time (similar to (Gd1-yCey)2O2S

(0 ≤ y ≤ 1) synthesis [START_REF] Larquet | Synthesis of Ce 2 O 2 S and Gd 2(1-y ) Ce 2 y O 2 S Nanoparticles and Reactivity from in Situ X-Ray Absorption Spectroscopy and X-Ray Photoelectron Spectroscopy[END_REF] ) or in a two-step protocol where Mo precursor is added to freshly prepared and unwashed Gd2O2S nanoparticles. The products obtained by these two methods were totally different (based on EDS, XRD and TEM results), as will be exposed in the following chapters. The first question that we need to answer is whether the products are still nanoscaled as Gd2O2S nanoparticles and the structure of products made by each method. As the Mo-containing materials have not been described before, the routine characterization methods are not enough to fully understand the structure of the products of the syntheses. For this reason, further analysis (e.g. XAS, XPS) was performed through collaborations. A further study can be carried on with the same synthesis method without any Gd precursor added. This is new and would be interesting as the results are unpredictable due to the difference of chemistry between transition metals and lanthanides.

Scheme 1 Our project initiatives.

We consider the system that we understand the most and we control the best as the most valuable one. The samples with this system will be tested for Oxygen Reduction Reaction (ORR) to investigate their activity. Before measuring the performance in electrocatalysis, their stability, etc., the activity is investigated ex situ in our laboratory. Then, further analysis will Research initiatives and practical conditions be done to understand more about the structure and also the mechanism of the electrochemical reaction in presence of the materials using operando measurements. Finally, the study of ink's ageing effect on the structure and morphology of nanoparticles will be considered. At this stage, the second question to answer is whether the Mo-containing nanoparticles have activity towards O2 and what is the relation between the structure (crystalline and local) of these nanoparticles and the activity if there is any.

To answer these two questions is to propose a structural model of molybdenum oxysulfide as nanoparticles. As we start from the base of Gd2O2S, we need to understand as much as possible its structure and characteristics. Since more than five years, in our group, the nanoparticles of Gd2O2S with or without Ce were studied on all aspects: the formation, the structure, the morphology and the toxicology for applications, etc. In terms of morphology, the nanoparticles are in the shape of hexagonal nanoplatelets of about 8 nm wide and about 1.5 nm thick. They have the lamellar structure with Gd in coordination 7: each Gd links with 4 O and 3 S (Figure 10A). [START_REF] Larquet | Synthesis of Ce 2 O 2 S and Gd 2(1-y ) Ce 2 y O 2 S Nanoparticles and Reactivity from in Situ X-Ray Absorption Spectroscopy and X-Ray Photoelectron Spectroscopy[END_REF] This structure is quite common for lanthanide oxysulfides due to the similar crystal radii (ranging from rLa(+III) = 1.24 Å to rLu(+III) = 1.00 Å) and the similar oxidation states available. [START_REF] Ding | Sodium Doping Controlled Synthesis of Monodisperse Lanthanide Oxysulfide Ultrathin Nanoplates Guided by Density Functional Calculations[END_REF] Also, we understand the formation mechanism of Gd2O2S 104 which conducts to nanoparticles with a significant organic ligands amount on their surface (Figure 10B). This quantity was measured as about 30 wt% to the total mass of the sample. 103 This plays a major role on the dispersion of nanoparticles in different types of solvent, hence, in the ink making for electrochemical tests In terms of multimetallic nanoparticles where random Gd sites in Gd2O2S are substituted by another cation, the team studied in detail the substitution Gd by Ce for the magnetic characteristics of (Gd1-yCey)2O2S (0 ≤ y ≤ 1). 100 This substitution can be made easily as the difference of crystal ionic radii between Gd(+III) and Ce(+III) with the same coordination 7 is only 6 % of rGd(+III) (rGd(+III) = 1.14 Å; rCe(+III) = 1.21 Å, data in Table 2). This substitution can be detected and confirmed by XRD and interpreted with the Vegard's law. This law explains the linear relation between the lattice constant and the ratio of substitution. In the case of Gd-Ce, the peak (110) was used for this analysis, not only because it gives access to the lattice parameter a, but also because it is the thinnest peak in the diffractograms of Gd2O2S-based phases (Figure 11A). Figure 11B shows the positions of peak (110) of samples series (Gd1-yCey)2O2S (0 ≤ y ≤ 1) (converted to % in the figure), and the value of lattice constant a (Å) in function of y (%). The linear relation is only satisfied for y ≤ 40; for higher y the Vegard's law is not followed anymore. The reason was found to be the change of oxidation state of Ce from +III to +IV which leads to the change of the crystalline structure. In the case where Ce2O2S
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Gd2O2S

was kept in the glovebox, under inert atmosphere, the Vegard's law was verified. 99

Possibility of Mo insertion in Gd2O2S structure

Back to our project where we want to introduce Mo in the Gd2O2S structure in the same way as the introduction of Ce in this structure, there are several differences that complicate the situation. Firstly, molybdenum is a transition metal, logically its characteristics are far from the lanthanides because of different kinds of valence electrons. Next, the large difference of atomic number causes also a large difference of crystal radius. Considering the same oxidation state of +III for both metals, the crystal radius difference is 0.31 Å (rGd(+III) = 1.14 Å; rMo(+III) = 0.83 Å, data in Table 2). There are two possibilities: possible substitution Gd-Mo or no substitution at all. The second case is much more likely as the difference is too large, the crystal could shrink too much if some Gd sites are substituted by Mo. Considering the same coordination 7 for both metals, only Mo(+VI) is possible. The crystal radius difference is now slightly smaller (rGd(+III) = 1.14 Å; rMo(+VI) = 0.87 Å, data in Table 2) but the difference of charge is now much more difficult to overcome. It may be even harder in this case to have a Gd-Mo substitution. In any case, the utilization of Vegard's law can reveal which possibility is true. In short, a structure with Gd2O2S base where a number of random Gd sites are substituted by Mo appears to be very difficult to obtain. In the literature, we did not find any bimetallic Mo-Gd oxysulfide. As theoretically, a substitution Gd-Mo in Gd2O2S appears to be unlikely, we headed towards Mo-containing Gd2O2S-like nanoparticles by doping the surface of nanoparticles with Mo. In order to favor the formation of this kind of materials, we developed two protocols in one step or two steps, always based on the initial synthesis of Gd2O2S. In the one-step protocol (Scheme 2A), all the precursors are added at the same time before heating.

In the two-step protocol (Scheme 2B), Gd2O2S is formed in the first step, then Mo precursor is added to these freshly formed, unwashed nanoparticles and reheated for the second step.

Scheme 2 Two ways toward Mo-containing nanoparticles synthesis, based on Gd2O2S synthesis: (A) protocol in one step and (B) protocol in two steps.

To understand the products, characterizations will be done for crystalline structure, elemental compositions and morphology directly in our laboratory. In terms of local structure, we now have for the possibility to measure XRD on a wide angular range and use the Pair Distribution Function analysis (PDF) to exploit also the X-ray diffusion in plus, thanks to the expertise of Capucine Sassoye and Mohamed Selmane at Laboratoire de la Chimie de la Matière Condensée de Paris (LCMCP). Moreover, we have the possibility to measure the products by spectroscopies at SOLEIL Synchrotron: this will give us not only supplementary information on local structure but also the information of oxidation state of Mo. Regarding spectroscopy of Mo, there are many articles since 100 years on oxidation states in different compounds of Mo which can serve as reference to the actual analysis.

Even though this project is considered as very hard as we are linking two very different chemistries (d-block metals and lanthanide structure), it is still very interesting to discover new materials and maybe find a useful application with them. With our knowledge on the basic system of Gd2O2S and with all the possible collaborations, we will surely get to have sweet fruits at the end of the project. In this project, we are interested in making molybdenum oxysulfide nanoparticles but for the moment there is no report on a precise synthesis giving a well-defined crystalline compound within morphology-controlled nanoparticles. Moreover, all the existing methods are at high temperature or use physical techniques. To the best of our knowledge, almost no research is done on a colloidal synthesis of molybdenum-based oxysulfide nanoparticles in organic solvent, although it may provide better defined nanoparticles at lower energetic cost. In contrast, the colloidal synthesis of Gd2O2S nanoplatelets is well-known with the product structure well-described (Figure 1A-C). 1,2 Our idea is to put a layer of Mo on the Gd2O2S nanoparticles freshly formed to make core-shell nanoparticles (Figure 1E). As Mo has a high affinity for S, it could bind with sulfides in Gd2O2S and the rest of sulfur in the medium after the formation of Gd2O2S to form a shell of molybdenum sulfide, or even an oxysulfide with Mo-S sites similar to these of MoS2. As it is known that the Mo-S edge sites in MoS2 (Figure 1D) is the active site for reactions such as in heterogeneous catalysis for hydrodesulfurization (HDS), 3,4 and in electrocatalysis, oxygen reduction reaction (ORR), 5 by this method, we may have an interesting catalyst for ORR.

Chapter II

Synthesis and characterization of

The synthesis should contain two steps: firstly, Gd2O2S nanoplatelets are classically made without being isolated from the reaction medium. Then, a molybdenum precursor is added and the mixture is heated to form the shell. We expect to have a shell of molybdenum oxysulfide on the surface of Gd2O2S nanoplatelets in the final product.

In the following chapter, a sample will be identified by the number of molar equiv. of Mo vs.

Gd as follow, where x is molar ratio Mo/Gd. The molar quantity of Gd in each sample is constant of 0.5 mmol. The number x will be known as the name of considering sample and also the introduced ratio value between Mo and Gd. The first sample of the series with x = 0 is noted as Gd2O2S/Mo0 which was made from Gd2O2S annealed directly in the reaction medium after the reaction. All the synthesis protocols will be detailed in part 2.

Example: for a sample of 0.18: 𝑥 = n Mo introduced 0.5 = 0.18, the sample is noted Gd2O2S/Mo0.36. 

Synthesis protocol

Summary equation of the synthesis:

The detailed synthesis protocols are described in the Experimental Section. For reference, a sample with x = 0 was done (Gd2O2S/Mo0). For Mo-containing samples, there are 3 Mo molecular precursors used: Cp 2 Mo 2 (+I) (CO) 6 , Mo (+III) (acac) 3 and Mo (+VI) O 2 (acac) 2 . They were selected based on their limited toxicity, solubility in organic solvents (in oleylamine, oleic acid and 1-octadecene in this case). Our research started with the Mo(+VI) precursor because it is the safest and the most inexpensive soluble compound. Few Mo-containing samples Gd2O2S/Mo2x were made with this precursor with a gradient of Mo, x from 0.05 to 0.43. The yield of the synthesis was estimated with the formula Gd2O2S/Mo2x varying between about 70 % and 140 % (Table 1, in orange), which suggests that other phase(s) are formed, which may contain Mo. The majority of concerning elements (Gd, Mo and S) are found in final powder than lost in the washing supernatants. The quantity of organic ligand was not subtracted for yield calculation, and contributed to the uncertainty on the calculated yield. The color of obtained powder varies between brown to very dark brown (nearly black) (Figure 2). from brown to light brown then brown but it is coherent with the elemental analysis result which will be discussed later in this chapter.

Cp2Mo2(CO)6 is not as stable as MoO2(acac)2. The formal oxidation state of Mo here is +I and the precursor has a Mo-Mo bond. Because of this lower oxidation state, we expect this precursor to be more reactive than Mo(+VI) which is known to be the most thermodynamically stable oxidation state of Mo. 8 Mo(acac)3 is an uncommon precursor which is not yet commercial, but we tested it because it has similar ligands than Gd(acac)3. Only few samples with x equals to 0.05 and 0.18 were done to compare with other precursors. For both precursors Mo(+VI) and Mo(+I), the yield varies between about 50 % to about 140 % (except for sample x = 2.03) (Table 1, in white and blue). The color is much lighter for samples with Mo(+I) precursor than ones with Mo(+VI) precursor, meanwhile ones with Mo(+III) are quite darker (Figure 3 and Figure 4). For a simple synthesis, no sulfur was added in the 2 nd step and the reaction temperature was not modified for the 2 nd step, a family of powders was made with a gradient of introduced Mo molar quantity, x from 0.02 to 2.03. For these series, the color of samples changes much more than for the case of Mo(+VI) precursor: from off-white at low percentage to brown at the highest percentage. It means much lighter than in the case of Mo(+VI). It is clear that there is an effect of precursor on the final powder (Figure 3). We consider a classical synthesis with the molybdenum precursor introduced after the formation of Gd2O2S, expecting to form Gd2O2S nanoplatelets with Mo on their surface. After the formation of Gd2O2S nanoparticles, Mo molecular precursor is added. During the second step, the solution is also heated during 30 min under a nitrogen flux. The product is isolated only after the second step to obtain the final powder.

A series of samples are made with x from 0.05 to 2.03 with the Mo(+I) precursor (which will be commented in the next section) with the products' diffractograms clearly different from these of Gd2O2S. The brief optimization using Mo(+I) precursor would make any change be more visible than other precursors.

Previous researches from Ding et al. and from our research group show that Gd2O2S nanoparticles contain only 0.2 molar equiv. of S vs. Gd, instead of 0.5 as introduced. 1,2 It means that after the formation of Gd2O2S nanoparticles, there is still an excess of sulfur in the reaction medium but its form is not yet determined.

There are two points that we wanted to clarify in this part: firstly, should the temperature be set lower than 310 °C for the 2 nd step (250 °C in this test) to prevent the modification of Gd2O2S nanoparticles as they start to grow from 280 °C? 9 Secondly, is an addition of S8 necessary, on top of the 0.5 equiv. already introduced? There can be an addition at the beginning of the 1 st step (a ≠ 0) or before the 2 nd step (b ≠ 0).

Figure 5A shows a comparison between diffractograms of two samples with x = 0.11 (a = b = 0): the first one was with the 2 nd step done at 310 °C and the latter one was with the 2 nd step done at 250 °C. are similar. Compared to Gd2O2S/Mo0 reference (in black), the blue and red diffractograms show slight differences. Although all the peaks are at the same positions, their relative intensities are slightly different. As in the case of the reference, the peak (101) is split into two peaks, respectively at 28.9 ° and 31 °. This feature in the diffractograms, related to crystalline structure changes vs. the classical Gd2O2S made by the one-step protocol (see Chapter III), are not caused by Mo addition but the reheating in the 2 nd step. Also, the two Mo-containing powders show little difference with this reference sample.

Moreover, the EDS results presented on Figure 5A (with automatic data fitting from the builtin software) show that for the same introduced quantity of Mo, the 2 nd step at 310 °C seems to lead to a powder containing more Mo than the other one (observed Mo/Gd = 0.07 vs. 0.01) with the same S quantity (lower than Gd2O2S). Then, it is practically easier to stay with the method of the first synthesis than changing the temperature of the 2 nd step: both steps are heated at 310 °C.

Figure 5B shows the difference of crystalline structures of powders Gd2O2S/Mo0.22 (x = 0.11) with more sulfur added at the beginning of the synthesis (a = ). The more sulfur is added in the synthesis, the more sulfur is obtained in the final phase and the less the splitting of peak (101) is. In fact, with 20 times more sulfur than original protocol (a = 19 16 , curve d), peak (101) is no more split, the maximum is located at 29.7 °, i.e. to the left of the classical Gd2O2S for which the corresponding (101) peak is located at 29.4 °, the same position as the first maximum for Gd2O2S/Mo0 (dash line). For all cases, the concerning maxima are to the left of theoretical peak (110) of Gd2O2S which is located at 29.9 ° (JCPDS file 00-026-1422, experimental-based). Also, additional unidentified phases are obtained: a peak at 21.3 ° and a shoulder at around 32.8 ° appear in this diffractogram. This suggests that with more sulfur added at the beginning of the synthesis, more secondary phases are formed, while the global structure of nanoparticles does not change. Similar to this case, with twice the quantity of sulfur (a = 1/16, curve c), there is no clear difference compared to the diffractograms of samples with a = 0 (curve b) and x = 0 (curve a): all peaks in a) and b) are found in c) at the same positions.

EDS results show that when adding a double quantity of S8 (a = 1/16), observed S/Gd ratio is higher than in original synthesis (0.19 vs. 0.11) while observed Mo/Gd is lower (0.01 vs. 0.07).

Figure 5C shows the difference of crystalline structures of powders made with 1.00 equiv.

(x = 1.00) and 2.03 equiv. (x = 2.03) of Mo with sulfur added after the first step of the synthesis (b = 1/16 and b = 1/32). Supposing that secondary phase(s) are made from reaction(s) between Mo, Sexcess and other species in the reaction medium, and the reactions are maintained for all values of x, the introduction of more Mo may enhance these reactions and make the detection of the corresponding products easier. So, we chose to test with x = 1.00 and x = 2.03. In both cases, the additional sulfur increases significantly the quantity of both Mo and S (result by EDS, curve b vs. curve c and curve d vs. curve e). At the same time, there are more Bragg peaks appearing compared to the same synthesis without additional S (curves c and e, blue dash lines).

They are the same in both diffractograms c and e (blue dash line). Some Bragg peaks found in sample x = 2.03, with or without additional S, are also found in "MoS2" sample (curve f, red dash line, this sample is made in the same method without Gd(acac)3, 2 equiv of S to Mo, see Chapter IV). This suggests that these peaks belong to phases which contain surely Mo, S and maybe O (perhaps of MoOxSy kind). The formation of these crystalline phases (whose presence is unsure in other samples with lower x) are separated from the formation of the other Gd2O2Sbased ones. The final powders are more complicated in this case and the additional sulfur does not facilitate the analysis of final powders.

To summarize, reheating the reaction medium during the 2 nd step is the cause of diffractogram modification, this does not have any relation with the addition of Mo. The temperature of heating in the 2 nd step does not have any effect to the final structure. So, heating at 310 °C for the 2 nd step is practically better than heating it at lower temperature, it even gives more Mo in final powders. The additional sulfur, at any time of the synthesis, does not help understanding the compositions/structures of final products as it creates additional phases which cannot be identified for the moment. Therefore, the original protocol is finally the best condition we can have for now, it is maintained without any modification. From the diffractograms of the very first samples Gd2O2S/Mo0.36 (x = 0.18) made at 310 °C, we observe obvious changes compared to classical Gd2O2S nanoparticles which may come from secondary phase(s) (Figure 6B). To find out what they could be, first of all, an analysis by Scanning Transmission Electron Microscopy -Energy-dispersive X-ray spectroscopy (STEM-EDS) was done on a sample to see if the distributions of concerning elements (Gd, Mo, S) were even at nanoscale. This analysis was performed by Mounib Bahri and Ovidiu Ersen (Institut de Physique et Chimie des Matériaux de Strasbourg, IPCMS). Figure 6A shows an image of a group of nanoparticles where all Gd, Mo and S are distributed homogenously in the sample at this scale. This suggests that at nanoscale, the material is possibly a homogenous mix of different phases.

From the ICDD PLU2019 database, one phase of gadolinium molybdenum oxide sulfide GdMoO4S0.5 (JCPDS file 00-057-0084) that was claimed to be indexed but no such phase or others which contain all four elements were found in ICSD database. About the gadolinium molybdenum oxide, there are several phases found from the ICDD PLU2019 database of all quality levels but there are only six of them can be matched with the diffractograms of samples: Gd2MoO6 (monoclinic, JCPDS file 00-024-0423, indexed only), Gd4Mo4O11 (orthorhombic, JCPDS file 04-011-0366), Gd3MoO7 (orthorhombic, JCPDS file 04-017-0037), Gd2(MoO4)3 (monoclinic, JCPDS file 00-067-0152), Gd6MoO12 (cubic, JCPDS file 00-024-1085) and Gd2Mo3O9 (tetragonal, JCPDS file 00-033-0548, indexed). These seven structures have Bragg peaks possibly corresponding to a part of sample's diffractogram (Figure 6B). Among these phases, the structures of Gd2Mo3O9 and Gd6MoO12 cannot be found on ICSD. Gd2MoO6, Gd3MoO7 and Gd2(MoO4)3 are different kinds of molybdate. All found structures are redrawn in Figure 6C-F, the atomic radii are symbolic only. 14 In three structures of molybdate (Figure 6C-E), the oxidation state of Mo is +VI and all Mo centers are equivalent. In Gd2MoO6 and Gd2(MoO4)3, Mo centers are tetrahedral [11][12][13] while in Gd3MoO7 it is octahedral. 10 In contrast, the structure of Gd4Mo4O11 is much more complicated than these molybdates. There are 3 types of Mo (apixal Mo1, Mo2 and Mo3) depending on their position in the space, with the oxidation state estimated for Mo4 groups of +X (14e -per Mo4 group). 15 Each Mo1 links to 5 others Mo and 5 O and each Mo2/Mo3 links to 7 others Mo and 4 O. 15 For the moment, we keep in mind these possibilities of principal secondary phases. As they have many differences in Mo's oxidation state and Mo's geometrical environment, the local structure analysis methods will be helpful to understand the final powders. This will be discussed further this chapter.

Characterization of the powders

Trends in composition by EDS

As mentioned at the beginning of the chapter, three kinds of precursors were used for the synthesis of Gd2O2S/Mo2x. Here, we show the detailed analysis for samples with a = b = 0, with a second step at 310 °C, corresponding to our optimized protocol. Figure 7 shows the global results of analysis on their composition by EDS. For this analysis, the detector can only detect elements heavier than Fluorine. It means that the amount of oxygen in the powder is only a proposed value (based on the Gd2O2S structure, without counting organic ligands) as we cannot quantify it. The other concerned elements (Gd, Mo, S and Na) are quantified by automatic calculation by the software INCA.

The difficulty in data treatment of this method is that the peaks S K-edge and Mo L-edge which allow the elemental quantification are located mostly at the same position (Figure 7E). Hence, 52 Synthesis and characterization of samples made by the two-step protocol the reconstruction of the curve (elemental quantification) done automatically by the software INCA may cause some errors on the final amount of Mo and S. For this reason, the calculation below is only an assumption for the moment. It is also the reason why a re-calculation by deconvolution is necessary to confirm the showed results.

Figure 7A and B show the relation between observed molar ratio Mo/Gd and S/Gd and x for all samples, calculated from EDS measurements with the supposition that no Gd is lost during the second step of synthesis. Each point on the graph represents an average value of 5 zones of measurement and the error bars represent the standard deviation for these 5 zones. The samples made with Mo(+I) precursor are represented in black, the samples made with Mo(+VI) are in red and in green are the samples with Mo(+III). Figure 7A shows also the possible behaviors of observed ratio Mo/Gd when x increases: (1) very small amount of Mo is lost after 2 nd step (hard orange line) or (2) the sample can tolerate a maximum ratio Mo/Gd around only 0.05 (dash line). The hard orange line is y = 0.8956 x -0.0194. It passes on most of points corresponding to samples made with the Mo(+I) precursor. However, two out of three points corresponding to x = 1.0 and one corresponding to x = 2.03 are situated way too much lower than expected (marked with red fleshes) and for samples with x < 0.5, the points rather make a cloud than follow the bisector. The dash line corresponds to the average value of observed ratio Mo/Gd of samples with x from 0.05 to 0.18, made with Mo(+I) precursor.

Figure 7B shows the expected ratio S/Gd of 0.13 with a dash line: it is the observed value in Gd2O2S/Mo0 reference, lower than that in Gd2O2S nanoparticles (0.18 ± 0.02, calculated average from 6 samples, verified by our group and another group 1,2 ). Regardless of the trend for the observed Mo/Gd ratio, the observed S/Gd ratio does not increase above 0.2 (for average values, Figure 7D). It even decreases as soon as Mo is added in the synthesis from about 0.2 down to about 0.1 at x ≈ 0.1 then increases back up to 0.2 at x = 0.25. The lower bound for observed S/Gd ratio is similar to what is found in Gd2O2S/Mo0 reference. For x > 0.25, the observed S/Gd ratio tends not to change anymore. Even when x = 1.0, there is no additional S found in the final powder. These results suggest that the introduction of molybdenum precursor (regardless of its oxidation state and of the observed crystalline phases) does not result in the incorporation of more sulfur in the final power.

Figure 7 Composition analysis by EDS of all samples. (A) Observed molar ratio Mo/Gd vs. introduced ratio: samples made with Mo(+I) precursor (black), Mo(+VI) precursor (red) and
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Mo(+III) precursor (green). (B) Observed molar ratio S/Gd vs. introduced molar ratio Mo/Gd: samples made with Mo(+I) precursor (black), Mo(+VI) precursor (red) and Mo(+III) precursor (green). The dash line represents the ratio S/Gd in Gd2O2S/Mo0 reference. (C) Average observed molar ratio Mo/Gd vs. introduced ratio for all samples made with Mo(+I)

precursor up to x = 0.35, the dash line represents an estimation of possible trends. (D) Average observed molar ratio S/Gd vs. introduced Mo/Gd ratio for all samples made with Mo(+I) precursor up to x = 0.35, the dash line represents the average ratio S/Gd in Gd2O2S/Mo0 reference. (E) Spectrum of a zone on a sample Gd2O2S/Mo0.36 (x = 0.18). In circle: inseparable peaks S K-edge and Mo L-edge.

In order to provide a deeper analysis, we focalized on the samples prepared with up to 0.4 equiv. of the Mo(+I) precursor (Figure 7C andD). In each graph, the points are average values calculated from all samples having the same x. The error bars on these graphs represent the standard deviation between them. These reduced dataset is more consistent and easier to analyze. Two trends are observed in Figure 7C, indicated by two dash lines which are the regression in two subgroups of samples, above and below x = 0.25. Figure 7D indicates a possible decrease of S amount in the final powder when the Mo amount increases to this value.

In the first regime, the slope of 0.3 suggests that not all the introduced Mo is present in the final powder. In the second regime, a higher slop of 0.8 is observed, suggested that another reaction (or set of reactions) allows to incorporate more Mo in the final powders. Because the observed S/Gd ratio mostly stays constant, such reaction might not involve the presence of separated molybdenum sulfide species. Structural analysis was then performed to gain further insights.

Trends from structural analysis

Figure 8 shows the diffractograms of three families of samples made with three different precursors in comparison with annealed Gd2O2S nanoparticles as reference. In most of the diffractograms, there is a broad signal around 13 ° which is the position of peak (001) of Gd2O2S. In the direction [001], the thickness of the Gd2O2S nanoparticles is only about 1.5 to 2 nm, 6 hence, it is comprehensible to observe a very large peak (001). Also, around this region, there can be some contribution of the organic ligands' organization on the nanoparticles' surface. In any case, present or absent, the broad peak does not affect the rest of the diffractograms. We exclude it from data analysis from now on.

For the samples made with Mo(+I) precursor, the value of x in the synthesis varies between 0.02 to 2.03. For the two other series with the two other precursors, less samples were prepared: Characterization of the powders only three values of x for the Mo(+VI) precursor and two values for the Mo(+III) precursor.

They are displayed to provide a comparison in terms of precursor reactivity. The diffractograms of classical Gd2O2S and Gd2O2S/Mo0 references are showed in Figure 8A with the positions of Gd2O2S bulk phase's Bragg peaks (JCPDS file 00-026-1422, experiment-based). As mentioned previously, after reheating the medium to 310 °C for 30 min to make Gd2O2S/Mo0, the crystalline structure of original Gd2O2S has already evolved: there is a clear splitting of the peak (101) and a small peak shift for peak (110) distance (dash line). The small peak shift can be observed better in the zooms. The dash lines in the four zooms are all aligned to the peak (110) of the JCPDS file 00-026-1422 to better visualize the peak shifts.

With an addition of Mo(+VI) precursor (Figure 8B), the final powders tend to have less differences in the zone of peak (101) compared to classical Gd2O2S than samples with other precursors, but more differences to Gd2O2S/Mo0 reference. If we analyze specifically all the samples x = 0.18 with different Mo precursors, we observe that there is no obvious shift for peak (110) (marked with dash line) in the case of Mo(+VI) precursor while obvious for the two other ones. This is coherent with the shift on the peak (101) mentioned above.

For the series made with Mo(+I) (Figure 8C), there is clearly a splitting of peak (101) into 2 peaks with their intensities varying with x and an obvious shift of peak (110) to the left (longer distance). Also, from observation, we can initially divide these series into two subgroups:

x ≤ 0.25 where the splitting is visible and x > 0.25 where there is no more splitting. It means that the structures are similar to the reference x = 0. The value of x = 0.25 which divides the XRD data into two subgroups here is the same as the one which divided the EDS data into two subgroups. At very high introduced quantity of Mo (x = 2.03), the secondary peaks are identified as of Na2MoO4 (Figure 8C, zoom, JCPDS file 01-084-6509, calc).

For samples made with Mo(+III) precursor (Figure 8D), there exists also a splitting of peak (101), but the intensity varies more randomly than in function of x. Here, we observe an obvious shift of peak (110) to the longer distance too. precursors with x = 0.05 and 0.18 with a zoom on peaks ( 110) and ( 111). peaks marked with red star: may belong to some secondary phase(s).

At this point, the observed structural evolution could not be assigned to the apparition of new phases or structural distortions of existing phases. Regarding this latter point, we have used in a previous study the (110) peak, the thinnest of the pattern, as a direct indication of modification of the lattice parameter a (as explained in chapter I). 2 In a further section, we tried to employ the same methodology, but first, we investigated the impact of the second step on the structure and the morphology of the initial nanoparticles (without Mo).

Consequence of the second heating step on the initial nanoparticles

First, we investigated the change in morphology of Mo-containing products to classical Gd2O2S and Gd2O2S/Mo0 reference by Transmission Electron Microscopy (TEM) (Figure 9). We are able to observe these nanoparticles at high magnification (×350 000) on {001} face and {100} side (of Gd2O2S nanoparticles) with our equipment. Globally, the morphology of nanoplates is maintained in all samples made by the two-step protocol with or without Mo (Figure 9A andC). Unlike classical Gd2O2S (made by the one-step protocol), Gd2O2S/Mo0 displays an interplanar distance of 8.0 Å (Figure 9B), too large to correspond to any interreticular distance.

In fact, it is not observed by XRD even at small angles (see Annex 1), so, cannot correspond to any distance between two atomic planes. This distance is also observed in other samples with Mo, e.g. a Gd2O2S/Mo0.36 sample in Figure 9D and a Gd2O2S/Mo0.86 sample in Figure 9E. This distance is present in mostly all samples made with Mo(+I) precursor: 26/33 samples were analyzed by TEM, this distance was observed in all of them (in 4 samples, this distance was blurred). The strange thing about this distance is that it can be present or not just by changing very slightly the focus (Figure 14E,F) and totally absent on the diffractograms at small angles (Annex 1) and on the electron diffraction patterns. At the same time, another type of nanoparticles was observed (Figure 9F) for a sample with x = 1.0. They are much bigger than Gd2O2S (about 30 nm of diameter) with "holes" and the crystalline domains seem very large. This nanoparticles type is not frequently observed, perhaps the reason is that they are minority 58 Synthesis and characterization of samples made by the two-step protocol in the sample even with high value of x, which is coherent with the diffractograms (no obvious thin peaks are present). Despite that their diffraction fringes are clear in more than one direction, this crystalline phase is not yet identified. The morphology of these big nanoparticles is similar to that of "MoO(2.5+0.5a)S0.5/Naa" which will be discussed in Chapter IV. The change in local structure of Gd2O2S after the 2 nd step is investigated by Pair Function Distribution (PDF). The PDF analysis was done not only using LCMCP equipment but also in SOLEIL Synchrotron on beamline Crystal (measurements performed by Capucine Sassoye and Alex Lemarchand from our laboratory, see Experimental Section). The comparison between experimental patterns of the same sample measured by both instruments shows that the signal quality by our laboratory X-ray source and measurement setup is good enough for comparing the experimental data with the simulated ones (Annex 2). The comparison of two experimental curves (Figure 10A) shows that both samples (classical Gd2O2S in black and Gd2O2S/Mo0 in orange) measured at LCMCP have the same contribution of peaks up to 100 Å. Globally, there are only differences in intensity and FWHM (full width at half maximum) but no difference in peak positions: the peaks of Gd2O2S/Mo0 are slightly thinner and more intense than those of Gd2O2S. Knowing that the average size of nanoparticles from the synthesis in one step is about 6 nm, here we observe an attenuation of the signal (marked with dash line) around 6 nm which is coherent (Figure 10A). The high similarity between the two curves signifies that the shape and size of the nanoparticles after annealing do not change, i.e. the 2 nd step does not have any effect on the shape and size of the nanoparticles. Knowing that the yield of Gd2O2S/Mo0 is much higher than Gd2O2S (102 % vs. 80 % in average), there might be some additional surface ligands in annealed sample compared with the initial one, possibly because the ligands are better organized on the nanoparticles.

The surface ligands are analyzed by IR in ATR mode. The results and proposition of band attributions are shown in Figure 10B. For the measurements, the quantity difference between samples is neglectible, so, the difference in band intensity reflects only the structural difference between the samples. The comparison between two IR spectra shows several obvious difference between two samples without Mo. Firstly, peaks at 2921 cm -1 (asymmetric stretching νa), 2852 cm -1 (symmetric stretching νs) attributed to methyl and methylene groups (C-H) have higher intensities. Secondly, the wide bands between 1300-1600 cm -1 attributed to COO sketching are also more intense for the Gd2O2S/Mo0 sample than classical Gd2O2S. These wide COO bands will be discussed more in detail below. In general, all the peaks of Gd2O2S/Mo0 sample are not only more intense (visible peaks are principally from organic components) but also thinner, especially there are a large enhancement of the peaks at 1492 cm - 60 Synthesis and characterization of samples made by the two-step protocol 1 (medium), at 858 cm -1 (changes from weak to medium), and an apparition of a new thin peak at 1105 cm -1 (weak).

Figure 10 (A) Comparison of PDF patterns between Gd2O2S nanoparticles and Gd2O2S/Mo0, both measured at LCMCP, patterns extracted up to 100 Å with Qmax = 15. (B) Comparison of IR spectra measured in ATR mode between Gd2O2S nanoparticles and Gd2O2S/Mo0. The legend in (A) is common for both (A, B).

The changes are visible in particular in the carboxylate region, we propose here a hypothesis on band attribution and interpretation of these results. In general, thinner IR bands correspond to weaker intermolecular interaction around the concerning bond and more intense peaks correspond to more polarized bonds. [START_REF] Shembel | Electrolytic Molybdenum Sulfides for Thin-Layer Lithium Power Sources[END_REF] About the COO bands, for Gd2O2S/Mo0 nanoparticles, the peak at 1492 cm -1 (asymmetric stretching νa) is not only enhanced but also much more intense than the peak at 1399 cm -1 (symmetric stretching νs). The bump at about 1534 cm -1 in Characterization of the powders Gd2O2S becomes a separated peak at 1542 cm -1 in Gd2O2S/Mo0 (named ν* as now it is not surely attributed yet). The splitting values for these peaks are Δ1 = 93 cm -1 (νaνs) and Δ2 = 143 cm -1 (ν* -νs). Based on a molecular model of Ce19O32, 17 the splitting Δ1 could be attributed to chelating oleate chains and the splitting Δ2 can be attributed to bridging ones, νs is the same for both of them. 18 This suggests that firstly, there are more ligands on the surface of the nanoparticles and are more ordered after annealing; secondly, the bonding type of ligands to the surface is probably different. This observation is quite coherent with other works on oleate chains as surface ligands on different types of nanoparticles (CeO2, both peaks are thin, νs more intense; [START_REF] Shannon | Revised Effective Ionic Radii and Systematic Studies of Interatomic Distances in Halides and Chalcogenides[END_REF] ZrO2 film on Al, thin peak νs, large peak νa, peak νs more intense; 20 PbS quantum dots, measured in absorbance, all peaks are large, νa and ν* more intense, νa more intense than ν* 18 ).

The thin peak at 858 cm -1 is not yet attributed for the moment but it is possibly from the organic component as it follows the trend of the peaks corresponding to C-H and COO. In a work on ceria nanoparticles, a similar peak observed with the similar behavior as our case can be a point supporting to this hypothesis. 21 The apparition of the thin peak at 1105 cm -1 is not yet understood. This is the zone of S-O bonding of sulfate's vibrations, the peak might correspond to another kind of linking between sulfate and the nanoparticles.

From these results, we can state that after annealing, there is no change in the inorganic phase of Gd2O2S (by PDF analysis). There are only changes in the way the surface ligands linking to the nanoparticles, which causes the changes in the diffractograms (as the nanoparticles are very thin, it is easy to be affected by surface ligands), the morphology and the IR spectra. Although some reference articles are found for IR analysis, there are still many different points between them and our spectra on the peak width and the ratio between two stretching modes of COO, a further work is essential to understand the organization of surface ligands in the annealed sample(s) (without and with Mo). We also confirm that the change in the morphology of nanoparticles observed by TEM is totally independent with the presence of Mo in the synthesis.

The quest on Mo-containing structure continues!

Trends in local structures by XAS for samples made with Mo(+I) precursor

In order to understand the structure and also the relation between it and the electroactivity later, we performed spectroscopy analysis on the samples series made with Mo(+I): X-ray Characterization of the powders state that the local structures of all Mo-containing samples in this series are similar, there is no threshold of x value for a division in subgroups as for XRD and EDS results.

Similarly to the Mo L2-edge spectra, at Mo K-edge, we observe that all samples with x ≤ 0.25 have the same edge (20 004 eV, first derivative), pre-edge (peak at 20 006 eV) and the shape of multiple-scattering zone (Figure 11D), which suggests a high similarity of local environment, geometry and oxidation state of Mo in all samples. The presence of quite intense pre-edge confirms the majority of tetrahedral Mo centers in the powders. However, the intensity of the white line does vary in function of increasing x, the order of decreasing white line intensity is: x = 0.11 > x = 0.18 > x = 0.05 > x = 0.25, i.e. no clear tendency for this variation.

We will discuss these results in the next part for the oxidation state of Mo in the synthetic samples, to understand the geometry and the local environment of Mo centers as well as the relation structure-electrochemical activity.

The oxidation state of Mo was evaluated by XPS performed on a lab instrument and on the beamline TEMPO-B at SOLEIL, and they were treated and interpreted by Alexy Freitas in our research team. The discussion below is written by the same author. It is issued from analysis data on the sample KL151 Gd2O2S/Mo0.36 (x = 0.18).

One representative dataset of the Mo 3d -S 2s region is shown on Figure 12A. Due to spinorbit coupling, the Mo 3d orbitals are splitted into Mo 3d3/2 and Mo 3d5/2. Thus, the expected XPS signal for Mo is a doublet, exhibiting a splitting of 3.15 eV and an intensity ratio of 2:3.

In our case, an acceptable fitting of the signal for Mo 3d signal (at BE > 230 eV) can be achieved using two doublets, suggesting the presence of two redox states in the sample.

However, the attribution of these components is difficult because the positions of the doublets do not correspond to any known Mo species. According to NIST XPS database and to the literature, the binding energy of the 3d5/2 orbital for molybdenum is expected to range between 227.6 eV and 232.5 eV for Mo(0) and Mo(+VI), respectively. For the first component, the Mo 3d5/2 peak is located at 233.9 eV (and the Mo 3d3/2 is located at 237.05 eV), while the second component is located at 235.15 eV for Mo 3d5/2 (and 238.3 eV for the Mo 3d3/2), meaning that, in both components, the 3d electrons have binding energies higher than Mo(+VI). Because the 4d shell of Mo(+VI) is empty, is highly unlikely that we formed some "Mo(+VII)" or "Mo(+VIII)" compound. Instead, in collaboration with Asma Tougerti (Unité de Catalyse et Chimie du Solide, UCCS, Université de Lille I), we propose that Mo and Gd have a stabilizing interaction which would stabilize the 3d orbitals of Mo. The supposed interaction could involve Mo 3d electrons and Gd 4p electrons, since their binding energies are close (around 270 -285 eV for Gd 4p). To check this hypothesis, we are currently performing energy calculations of such exotic interaction. In the future, an XPS on the region Gd 4p would be very interesting to confirm this interaction between Mo 3d and Gd 4p. 

eV. In brown, signal attributed to S(-II), in orange, signal attributed to S(+IV), and in yellow signal attributed to S(+VI). (B) XPS signal of the Gd 4d -S 2p region of the same sample. In brown, signal attributed to S(-II), in orange, signal attributed to S(+IV), and in yellow signal attributed to S(+VI).

For the same sample, we also analyzed the Gd 4d -S 2p region, shown on Figure 12B. First, we note the presence of silicon: the peak at 155 eV is attributed to Si 2s. There are two hypotheses for the presence of Si: it can come from either the Si wafer onto the sample was deposited, or it can be residual grease from the glassware, taken during the uptake or the washing steps. Second, the Gd 4d region is also straightforward to interpret: the signal can be attributed to only Gd(+III) species (complicated multiplet). 22 Regarding the S 2p region, three Characterization of the powders doublets are necessary to correctly fit the data. These three signals are attributed to the presence of S(-II), S(+IV) and S(+VI) species. Here we observe an inversion of ratio between 2 components S(-II) and S(+VI) from the S 2s region (Figure 12A) to S 2p region (Figure 12B).

The reason is that there is a signal massive by Gd 4d in the region of S 2p of S(+VI), which means the component S(+VI) in S 2p region is its sum with Gd 4d. 22 

Surface activity evaluation on spinning Glassy Carbon Electrode (GCE) in basic medium

Electrochemical tests of Oxygen Reduction Reaction (ORR) were performed to investigate the activity of selected samples. All measurements were done in a solution of KOH 0.1 M (pH 13) as electrolyte, renewed for each working day and saturated previously with O2; in the working range 0 V to -0.6 V vs. Ag/AgCl in saturated KCl, i.e. 0.964 V to -0.364 V vs. Reverse Hydrogen Electrode (RHE) at pH 13, with a scan rate of 10 mV/s; and with a rotation rate of 1600 rpm of the working electrode during the runs.

For this work, the tests are only preliminary: the aim is to validate the working method, then to have first idea of the materials' ORR reactivity, the effect of introduced Mo on the observed reactivity and finally, the repeatability of the test. This is the reason why the further analysis on the performance and the mechanism (by calculating and commenting the Tafel plots) is not yet considered.

Figure 13 shows the measured curves normalized by the geometric surface area of electrode (0.196 cm 2 ). The tests for activity were done with inks having weight ratio C black/nanoparticles of 1:1 and 2:1 (ink type Cx1 and Cx2 respectively, see Experimental Section) and they were repeated at least once. To compare activity of different samples, we use the difference of half-wave potential (E1/2) between sample/ink and naked electrode. This value is noted ΔE1/2. The higher ΔE1/2 is, the more active the sample/ink is (the reaction occurs sooner). In our case, the difference of potential measured at -1.0 mA/cm 2 (noted ΔE) is also used as supplementary information as ΔE1/2 is small. In general, the results of electrochemical tests depend as much on external conditions than on the activity of material itself: these are delicate measurements to carry out. Moreover, the obtained current in these tests are much lower than for reference catalyst (e.g. Pt on C black, etc.) and quite close to that of naked electrode; the data treatment is then delicate.

For reference, commercial MoS2 (90 nm mesh) purchased from SIGMA was used as well as Gd2O2S/Mo0. From the literature, we know that MoS2 can be active for ORR due to the Mo-S 66 Synthesis and characterization of samples made by the two-step protocol edges, it gets more active when the nanoparticle size is reduced: 7,5 a smaller size of nanoparticles can increase the ratio of active sites on the surface, hence, makes them potentially more accessible for the reactants. If we consider the obtained nanoparticles as supported catalysts where the support is Gd2O2S/Mo0 nanoparticles, we needed to see if the support itself is active for ORR or not.

In comparing activity of Gd2O2S/Mo0 with naked electrode, we see that the 2 cyclic voltammetry (CV) curves can be mostly superposed (Figure 13A). The maximum current is the same for naked electrode and Gd2O2S/Mo0 in an ink Cx2). We can state that the Gd2O2S support is not active at all and any activity that we can observe in the next part has to come from the added Mo.

Considering a sample Gd2O2S/Mo0.36 and commercial MoS2 (90 nm), for the same kind of ink (weight ratio C black/nanoparticles 2:1), the two CV curves are close but cannot be totally superposed (Figure 13B). ΔE1/2 and ΔE are respectively 0.02 V and 0.02 V for commercial MoS2, 0.04 V and 0.13V for the Gd2O2S/Mo0.36 sample. Both values are higher for Gd2O2S/Mo0.36 than commercial MoS2 but for the reason mentioned above of the low current regime, we can only state that both solids have the same activity for ORR. The important point is that our Mo-containing sample is slightly active for ORR and this activity is linked strictly to the presence of Mo in the sample. The detailed calculation will be presented in the part 4.4 of this chapter.

To understand the stability of nanoparticles in the inks over time, we tested Gd2O2S/Mo0.36 sample twice in two inks with Cx1 and Cx2 (see Experimental Section for the full description of the ink compositions). For the ink Cx1, the tests were done just after the ink preparation and after 6 days. For the other ink, the tests were done just after the preparation and after 1 day. The comparisons of observed activity are shown in Figure 13C andD. The CV curves of fresh ink and after 1 day can be totally superposed (Figure 13C), ΔE1/2 and ΔE are both 0.01 V. After 6 days, the activity is lost, ΔE1/2 and ΔE in this case are reduced from 0 V to -0.01 V and from 0.13 V to 0.04 V respectively, the maximum current is also reduced (Figure 13D).

The reason of activity loss was investigated by electrochemical tests with two inks made with a fresh nanoparticles suspensions and with a 2-month old one. Figure 13E shows the activity comparison of Gd2O2S/Mo0.36 in these two inks with a reference of an ink Cx2. ΔE1/2 observed for the ink made with a new suspension (in blue), an old suspension (in red) and a reference (in green) are 0.04 V, 0.05 V and 0.03 V respectively. These values are very close but when we Characterization of the powders consider the maximum current in plus, it becomes clearer that the 2-week old suspension gives an ink less active than a fresh suspension or an fresh ink Cx2. This suggests that there is an ageing of nanoparticles in the ink during the time that deactivates them (this point will be revisited in the next part). Or there may be a physical evolution of the nanoparticles (e.g. aggregation) in the inks which makes the number of electroactive component lowered after a time than in the fresh inks. The same tests were done on samples with x = 0.05 and 0.11 to see if there is any trend of activity as a function of x (Figure 13F). As they are all very slightly active, it is difficult to say if there is any trend but we can say that all three samples are active. It means that even a very small amount of Mo present in final powder can make it active for ORR.

68 Synthesis and characterization of samples made by the two-step protocol We are at very beginning of the project, not everything about the structure is well described.

The electrochemical tests are considered now only as a technique of characterization of surface's activity. No optimization of ink preparation was done and we do not discuss the performance of materials.

To understand the structure of material more in detail, we chose samples x = 0.18 for further structural analysis. The electrochemical tests shown previously were also done mainly with this sample.

Figure 14 shows the main observation of morphology in a final powder (A, B), in the ink before (C) and after (D) electrochemical reaction. The reference taken in this part is Gd2O2S/Mo0 as the heating during the second step affected the final product's crystalline structure (Figure 8A), it can also effective for nanoparticles' morphology (Figure 9). Globally, obtained nanoparticles are nanoplatelets with stacking as in the case of classical Gd2O2S (Figure 14A). When the nanoparticles are observed closer, an interplanar distance of 8.0 Å is found by ImageJ analysis (Figure 14B). As mentioned previously, this distance does not correspond to any inter-reticular distance and cannot be seen by XRD at small angles, it can only be seen by adjusting the focus very slightly in TEM. This observation is typical for all samples made by the two-step protocol, with or without Mo (Figure 14E). Besides, others distances ranging between 2.9 Å and 3.3 Å are also found frequently in all samples, including the annealed sample without Mo (Figure 14B-F). These values correspond to interplanar distances in (110) and (101) directions of classical Gd2O2S. Here we cannot distinguish these two interplanar distances because the images are not from high resolution TEM (HRTEM), their quality is not good enough to have an accurate image treatment. Characterization of the powders As we have seen above, at Mo K-edge, all samples with x ≤ 0.25 have the same edge and shape of spectrum. Here we compare the spectrum of sample x = 0.18 to some available references: Na2MoO4, MoS2 and MoS 4 2-(Figure 15A). We observe that the sample's spectrum is different 70 Synthesis and characterization of samples made by the two-step protocol from MoS2 and MoS 4 2-(in purple and magenta) which do not have any pre-edge and the edges are located far to the lower energy. In contrast, its edge and pre-edge are very similar to molybdate (in orange). The only differences are the intensity of pre-edge peak and the shape of multiple-scattering zone which may be from the difference of crystal size. The perfect superposition of edge between commercial Na2MoO4 and the x = 0.18 sample suggests a similar oxidation state between the two: +VI in the synthetic samples with x ≤ 0.25. This is coherent with other results:

+ analysis by XPS formerly: the oxidation state of Mo is +VI (Figure 12).

+ the splitting energy at Mo L3-edge of 2 eV seen in Figure 11A, which, in plus, corresponds to the tetrahedral geometry of a cation nd 0 (Mo(+VI) 4d 0 ), theoretically. 23 + the existence of 2 maxima at Mo L3-edge in the same figure with a higher intensity for the 2 nd one confirms again the tetrahedral geometry. 24,25 Figure 15 (A) Comparison between the spectrum of Gd2O2S/Mo0.36 (x = 0.18) and some references: Na2MoO4, MoS2 and MoS4 This sample was used for in situ electrochemical tests, it was measured at Mo L3-edge and S K-edge. Figure 15B shows the comparison at S K-edge of this sample measured in pellet and in electrochemical cell with commercial MoS2 and another sample made without any Gd precursor (introduced S/Mo = 2, see Chapter IV). First of all, we see a total difference between the spectrum of sample in pellet and itself in a deposition in electrochemical cell (in black and red). The deposition was made from the sample freshly taken out of the glovebox then wetted with some drops of absolute ethanol. It was measured about 10 minutes after being made on the electrode. In the pellet, the sample was diluted with graphite, then pressed under a pressure of 2 tons, kept in air during about 1 day before being measured. The edge in this case is shifted largely to the right of the scale, which means sulfur in the pellet is more oxidized than in the deposition. The deposition has its spectrum quite similar to commercial MoS2 (in red and green) and different from the sample "MoS2" (see Chapter IV for more information on this sample) at the edge and also the position and intensity of peaks corresponding to oxidized sulfur around 2480 eV (in red and blue).

Figure 15C shows the comparison at Mo L3-edge of the Gd2O2S/Mo0.36 sample in pellet and in a fresh deposition with commercial MoS2, a "MoS2" sample also made with Mo(+I) precursor and a metallic Mo piece. Based on the position of the first derivative, the edges are found as 2523.8 eV, 2521.8 eV, 2521.9 eV, 2521.9 eV and 2520.3 eV, respectively.

Again, we observe a difference between the Gd2O2S/Mo0.36 sample in the pellet and in the deposition as at S K-edge (in red and black). There is a similarity between the deposition and commercial MoS2 (in red and green): same edge and shape of spectrum, they are obviously more oxidized than the Mo piece we used as reference. The sample "MoS2" made with Mo(+I)

precursor, however, has the same peak as the Gd2O2S/Mo0.36 sample in the fresh deposition and commercial MoS2 (in red, blue and green). Among these three, the Gd2O2S/Mo0.36 sample's spectrum and the commercial MoS2's spectrum are more comparable (from the edge to the multi-scattering region) than to the "MoS2" sample's one. This may suggest a similar local environment of S atoms in the considering Gd2O2S/Mo0.36 sample in the fresh deposition and in the commercial MoS2. This is very important to find out in the future which S atoms have the local environment changed in contact with ethanol, the mechanism of this process and if there is any relation with the reduction of Mo by ethanol.

From the XAS in pellets, we can see that the Mo centers in these series are tetrahedral and quite similar to the oxide (molybdate). The big question that we try to answer in the next part is that whether it is possible for Mo-O and Mo-S bonds co-exist in some sort of oxysulfide and the relation between Mo-containing species and Gd2O2S.

Discussion

There are three possibilities of product's nature made by this method:

 Formation of Mo-containing phase(s) in 2 nd step destroys completely Gd2O2S. Only other phase(s) are collected after the 2 nd step.

 Gd2O2S stays intact, and separated Mo-containing phase(s) is obtained.

 Gd2O2S partially changed and there is a formation of Mo-containing phase(s): + Some double layers [Gd2O2] 2+ are dissolved to expose S 2-layer. Mo δ+ then comes to link to this layer.

+ Some double layers [Gd2O2] 2+
+ Mo δ+ links to S 2-on the side of Gd2O2S nanoparticles.

+ All of above.

+ Mo-containing phase(s) and Gd2O2S are independent.

In each case, a typical bonding, i.e. Mo-O, Mo-S or both of them, is expected to be observed by local structure analysis including Pair Distribution Function (PDF) and/or Extended X-ray Absorption Fine Structure (EXAFS).

Mo(+I) precursor is the most interesting among the three precursors tested in this part because firstly, it is one of the two commercial precursors and it is easier to oxidize than reducing Mo(+VI) during the nanoparticles synthesis. Next, between Mo(+I) and Mo(+VI), the former makes products with visible differences to Gd2O2S (observed by XRD) while the latter does not (Figure 8). Mo(+III) precursor is kind of a homemade product, it arrived later in the project Discussion and in a small amount, only some samples are made to have the idea of the precursor's role on the final product's structure.

Therefore, the discussion below is mainly based on the study with Mo(+I) precursor.

Figure 7A shows the observed Mo/Gd ratio by EDS vs. introduced ratio Mo/Gd (x) in each sample in the whole series. There are 2 lines which may describe the variation trend of obtained Mo quantity in the products: it may increase linearly up to x = 1 (solid line) or it may stay still at about 0.05 molar equiv. Mo/Gd (dash line). Both of them does not fit to all samples.

Moreover, there is limit x at 0.25 mentioned above for crystalline structure seen by XRD, it need to be taken into account for analysis. Looking at the compositions in average of low x samples, there might be 2 trend lines possible for 2 subgroups of samples: x ≤ 0.25 and x ≥ 0.25 (Figure 7C). R 2 of both regressions are higher than 0.90, this model is clearly better than the first proposed trend lines. This suggests that more Mo is lost when small quantity is introduced (slope of 0.277, in orange) while Mo stays mostly entirely when more Mo is added (slope of 0.871, in blue). Also, it is possible that the introduction of more Mo in the synthesis favorited some secondary reaction between Mo and other compounds in the medium. It means that with higher x (2 nd subgroup), the samples may contain more impurities than with lower x (1 st subgroup), which can be considered coherent with some large well defined crystalline nanoparticles seen in a x = 1.0 sample (Figure 9F). In any case, due to the most recent result, no increase of sulfur was observed in any sample made by the two-step protocol, comparing to Gd2O2S/Mo0 reference and even slightly lower to that in classical Gd2O2S (Figure 7D). For these reasons, we focus only on samples with x ≤ 0.25 for further analysis and activity tests.

Moreover, we wanted to make a new catalyst, the aim is not to use a large quantity of metal but the minimum of it.

The distribution of concerned elements (Gd, S, Mo) is shown in Figure 6A. This method STEM-EDS helps to study a small number of nanoparticles as it has a high zooming capacity.

In our case, as on the surface of nanoparticles there is a layer of organic ligand which is easily burned under X-ray beam, we could not go on one or some nanoparticles but a small group of them. These images show an even distribution for each element at nanoscale. This suggests that Gd-containing phase and Mo-containing phase(s) (regardless separated or linked) are well mixed together at nanoscale (investigating scale).

To understand the crystalline structure of final powders, each powder is analyzed by XRD with adapted sample holders to avoid systematical errors of Bragg peaks' positions which certainly affects the precision of the analysis. For fitting curves, the diffractograms are collected between 20 ° and 60 ° with the best conditions (see Experimental Section) to have the best fit possible.

In general, a change in the crystalline structure, such as a defection, a substitution, an insertion etc. can be traced in a diffractogram via the position of peaks compared to a diffractogram reference. The reference can be the diffractogram of the bulk phase with well-defined thin peaks (experiment-based) or from calculations. Considering the case of Gd2(1-y)Ce2yO2S where Ce atoms substitute a certain number of Gd sites in the structure of Gd2O2S (analytically), this substitution can be traced as a peak shift produced in the diffractograms via the Vegard's law. 2 The average size of nanoparticles is about 6 nm large and 1.5 to 2 nm thick, which broadens the Bragg peaks as predicted by the Scherrer's relation. The best peak of the diffractogram to study the shift value is then (110), which is the sharpest of all. The value of this shift follows the Vegard's law, the shift should increase linearly with the increase of the inserted cation (here, Ce) in the structure of the initial compound (here, Gd2O2S). 2 In this case, as Mo is introduced in the synthesis of Gd2O2S before isolating the nanoparticles, at the beginning, we were expecting a substitution of Gd sites by Mo atoms but for the reason that it is technically impossible (see Chapter I), we wanted to find out which kind of relation between added Mo atoms and the initial structure Gd2O2S is. Hence, we applied the same analysis method for the Mo-containing samples. As we observed earlier in this Chapter, there is a small shift of peak (110) for all samples made by the two-step protocol, regardless the Mo quantity. Here this shift will be analyzed closer in order to understand if it is significant for a structural modification.

To analyze precisely the diffractograms, firstly, the uncertainty of the method should be known.

It is discussed below, based on the direct estimation on the Mo@Gd2O2S nanoparticles system.

To fit the diffractograms, using FULLPROF software, there are 3 methods in ascending order of precision level: peak by peak < pattern-matching < refinement Rietveld. For patternmatching method, the FWHM, the lattice parameters and the background are all included in the calculation. The Rietveld refinement contains the atom positions in addition (relative intensity of peaks). These 2 fitting methods permit a precise crystalline model but it requires a Discussion diffractogram very well defined with sharp peaks. Fitting peak by peak cannot give a crystalline model with constraints of atom positions but it can give the peak position and its FWHM quite precisely. In our case, it is clear that the diffractograms contain too few and too broad peaks, the only way is to fit them peak by peak.

The uncertainty of peak position comes from the uncertainty of instrument, from the calculation of FULLPROF and the mechanical movements of sample holders. This uncertainty in ° leads to the uncertainty in Å of interplanar distance by Bragg's law calculation.

For the instrument, its uncertainty originates the uncertainty of diffractogram via Bragg's law.

By calculation, the uncertainty on Bragg peaks is found. As a consequence, theoretically, a change in interplanar distance is significant if it is superior to 0.003 Å.

In practice, the uncertainty is set at 0.005 Å, which is already over-estimated compared to the calculation. By applying this data treatment method, the fits of peaks (110) of powders with x ≤ 0.25 were done (Figure 16A) and show an obvious mostly constant shift compared to classical Gd2O2S (Figure 16B). For 3 first Mo-containing samples, the average interplanar distance is 1.946 ± 0.004 Å, for 2 others it is 1.939 ± 0.001 Å, and for Gd2O2S/Mo0, it is 1.943 ± 0.004 Å.

The average interplanar distance for all 6 samples is 1.943 ± 0.004 Å, hence, an average peak shift of is 0.012 ± 0.003 Å. The difference in interplanar distance for the first 3 Mo-containing samples is 0.015 ± 0.004 Å, for the 2 others it is 0.008 ± 0.003 Å and for Gd2O2S/Mo0, it is 0.012 ± 0.004 Å. Despite that the shifts are not exactly the same for these 3 cases, it is always significant. This peak displacement clearly does not follow the Vegard's law. It is more like a switching on-off effect: the shift occurs at the same value regardless the introduced Mo quantity, as soon as the powder is made by the two-step protocol. Discussion

Looking at the diffractograms, it is clear that the characteristic peaks of Gd2O2S (peaks (100), (101), ( 110)) are still visible in all the diffractograms despite the change in the position and the shape of peak (101) (Figure 8). From these XRD patterns and taking into consideration the argument in 3.1, the only possibility is that Gd2O2S nanoparticles evolves after the 2 nd step but not either destroyed or modified drastically, during this time (an)other phase(s) containing Mo is made.

Taking into account the fact that the distribution of Gd, Mo and S is homogenous and that the S quantity does not increase with the Mo quantity increase despite the high affinity of Mo to S, and the shift occurs even with x = 0, we can state that: + Gd2O2S's structural evolution and morphology modification are due to the 2 nd step and independent with the addition of Mo (mentioned briefly in part 3.1.2 and in detail in this part);

+ The sulfur-containing organic species after the 1 st step of the synthesis may be not active anymore as sulfide-forming source;

+ Mo-containing phase(s) is evenly distributed amongst modified Gd2O2S nanoparticles.  In Gd2MoO6 model, the oxidation state of Mo is +VI. There is only 1 type of Mo in this structure: Mo links with 4 O in an environment of a simple kind of molybdate. 12,13 From here, Gd4Mo4O11 and Gd3MoO7 can be already excluded as it either does not contain Mo at the right oxidation state or cannot create an intense pre-edge at Mo K-edge due to the centrosymmetric geometry. There are two possibilities of molybdate are α-Gd2(MoO4)3 and Gd2MoO6 which are very similar: monoclinic, space group C2/c. To find out if the Mocontaining phases contain also Gd at the same time as one kind of molybdate as discussed, further local analyses (EXAFS, PDF) have to be done for find the possible Gd-Mo distances if there are any.

For the local environment and the center ion Mo, we will discuss the results from XAS (XANES and EXAFS) and PDF. As the nanoparticles are very thin and not very large, the analysis by PDF is very useful.

First of all, for the analysis of the oxidation state of metallic center ion, an energy shift of approximately 1.5 eV at L-edge, in general, can be considered for a formal transition of valence while it is about 2 eV for the edge and 0.6 eV for the pre-edge at K-edge. 26 It means that in all cases, even if the spectra of synthetic samples are not exactly the same, the differences are small enough to conclude the same oxidation state for all, i.e. the observation of Mo(+VI) in the previous parts is now considered as validated.

In Figure 15C, there is an energy shift of 2 eV between the edge of the Gd2O2S/Mo0.36 sample in pellet and in a fresh deposition. This corresponds to a transition of valence of Mo centers from +VI to a lower state. The reason for the edge changes after the preparation of the deposition may be due to the reduction of Mo(+VI) in the oxide by ethanol (solvent) that has Discussion been reported in other works. 27 As both the Mo L3-edge and the S K-edge and in the fresh deposition are the same as commercial MoS2 (Figure 15B-C), after the preparation of the deposition, Mo is reduced to Mo(+IV) as in MoS2. The similarity of sulfur's local environment between the deposition and commercial MoS2 gives the idea that maybe Mo is not only reduced in contact with ethanol but also is changed from oxide-like (molybdate) to sulfide-like by some mechanism. This process has to be reversible because after being in contact with air during a day, the spectrum of the dried deposition became identical to the one in pellet at Mo L3,2-edges (data not shown). Also, the peak corresponding to sulfate at 2481.2 eV (attributed to sulfate), which is absent in the fresh deposition, became present in the old one. It suggests that the ink preparation for ex situ electrochemical tests might play a role on the observed activity and storing samples in glovebox is not necessary. This latter point can be confirmed by the similarity between the XAS of a two-month old Gd2O2S/Mo0.36 sample and an one-year old Gd2O2S/Mo0.22 sample, all in pellets (Figure 17A). This is possibly because +VI is the most stable state of Mo, thermodynamically. 8 

Initiatives

To compare the activity of concerning materials and the reference, we have to normalize the measured activity to the same criterion. The easiest way is to normalize them to the geometric surface area of the electrode (0.196 cm 2 ) as shown in Figure 13. In this case, we observe that the activity of the Gd2O2S/Mo0.36 sample is quite close to the reference MoS2 90 nm (Figure 13B). However, this normalization is not precise because the size of nanoparticles in these two depositions are far different from one to the other. For this reason, other normalizations by the geometrical surface of nanoparticles or by the geometrical surface of only active sites were done. For all normalization methods, the calculations are done for one deposition of 5 μL of ink, i.e. 5 μg of material (ink concentration: 1 mg/mL). In the case of synthesized nanoparticles, the mass of organic ligands is approximately 30 % of total material mass. 6 It means that in each deposition, there is only 3.5 μg of synthesized nanoparticles instead of 5 μg as in the case of MoS2. Discussion

Calculations

Notations:  For MoS2:

m d1 = MoS2
v 1 = 4 3 πr 3 = 4 3 π45 3 nm 3 V 1 = m d1 d = 5 μg 5.06 g mL s 1 = 4πr 2 = 4π45 2 nm 2
s Mo = 4πr Mo 2 = 4π0.08 2 nm 2 s S = 4πr S 2 = 4π0.17 Assuming that on the surface of each MoS2 nanoparticle, the ratio between the number of Mo atoms and S atoms is also 0.5.

N Mo1 1 = s 1 s Mo + 2 s S = 4π45 2 nm 2 4π0
.08 2 nm 2 + 2 4π0.17 in ethanol during long time. Taking into account the XANES Mo L3-edge and S K-edge (Figure 15) which shows a clear and quick reduction of Mo from +VI-like in the powder to +IV-like in contact with ethanol (only 5 to 10 min of deposition preparation), the evolution of nanoparticles here in the two-week old inks is inevitable. Also, with this hypothesis, the ink preparation could be seen as an activation process for the nanoparticles. For the moment, we do not have yet any spectroscopic results of the evolution of deposition (with the same ink compositions or simplified) before, during and after the electrochemical test. Some preliminary works were done on SAMBA and LUCIA Beamlines for validate the working method but for technical problems, we do not obtain yet any results on concerning samples. Discussion In this part, the commercial nanoparticles MoS2 will be considered to evaluate the ORR activity of synthetics nanoparticles. There will be also a comparison between two samples with x = 0.18 (same nature, different batch number) to evaluate the repeatability of both the synthesis and the electrochemical tests.

Figure 20A shows the comparisons of normalized by geometrical surface of all nanoparticles in the deposition between the reference and 2 different samples with the same x = 0.18 (KL177 and KL166). First, we observe that for synthesized samples, the kind of Mo/Gd ratio used in the calculation does not have much impact on the value of normalized current (red and blue curves). From the Figure 13, the activities of 3 samples are considered similar. In the surface calculation, we see that the total nanoparticles surface of MoS2 deposition is mostly 8 times smaller than the surface of synthesized samples (0.67 cm 2 vs. 5.6 cm 2 ). Logically, the calculated current shown in this figure is about 8 times higher for MoS2 than synthesized samples. This 8 times difference in ORR activity is based on a surface activity underestimation of every sample since by normalizing the current by the total surface, we assume already that all the nanoparticles' surface has the same activity meanwhile it is not the case: exposing Mo sites vs. exposing S sites of MoS2 (Figure 1D), exposing Mo sites vs. exposing surface of Gd2O2S support which is totally inactive (Figure 13A, if we assume the structure of the materials as simple as the core-shell in Figure 1E). Now, going further in this direction, we take into account the difference of activity between sites on the same nanoparticles' surface. The normalization here is done with the surface occupied by exposing Mo atoms on the surface of nanoparticles only (Figure 20C). In this case, the surface of exposing Mo atoms is about 20 times smaller for MoS2 than for synthesized samples (0.004 cm 2 vs. 0.09 cm 2 ). It means that logically, the normalized current of reference is about 20 times higher than synthesized samples. The current difference of the same sample calculated with introduced Mo/Gd ratio and with EDS Mo/Gd ratio is now clearer but still not significant compared to the normalized current of MoS2. This result is confirmed by the activity normalization for each exposing Mo atom in Figure 20E. The value in this graph can also be Discussion seen as the activity unit in other graphs later in this part. The relation between the reference and synthesized samples is found again at about 20 times more active for the reference. In other words, this calculation method using the Mo/Gd ratio = x = 0.18 suggests that the active sites in MoS2 are about 20 times more active than active sites in synthesized samples with x = 0.18.

The same reasoning can be applied for Figure 20B-D-F, they are obtained after calculations using the Mo/Gd ratio from EDS analysis of 0.05. The total geometrical surface of synthesized sample now is 5.9 cm 2 , about 9 times larger than MoS2 reference and the total surface of exposing Mo atoms is 0.03 cm 2 , about 7 times larger than MoS2 reference. As a consequence, the activity of one active site in MoS2 is about 7 times higher than an active site in synthesized materials (Figure 20F).

Finally, between the red (KL177) and blue (KL166) curves in Figure 20, the difference seem to be large but in practice, this is not significant as we are analyzing very low current (comparing to naked electrode and benchmark Pt/C), any difference in the surroundings can cause a deviation of the current. For these two samples and also for other samples with different

x values, the measured ORR activity is identical. This shows that not only the synthesis is repeatable but also the electrochemical tests.

About the relation between the structure and the reactivity, we propose three hypotheses from the current results:

1. For a heteroatom-doped material, the electron conductivity can be enhanced, hence, results a more rapid kinetics of the reaction and the doped material is more active than non-doped one, considering the same electrochemical reaction. This observation is applied widely for graphenes. 29,30 In our case, there may be the same phenomenon: if the modified Gd2O2S nanoparticles is the initial non-doped material and the Mo is linked to the surface of these nanoplates as a dopant, the increase of activity from nondoped to doped material can be seen as the increase of electron conductivity enhancement from non-doped to doped one. This hypothesis can be considered coherent with the hypothesis of the existence of gadolinium molybdate discussed previously: the molybdate is present in a very thin layer on the nanoparticles as a dopant. This can satisfy the conditions of: structure mostly amorphous, local environment as molybdate, Mo seen as a dopant which increases the activity of initial

Gd2O2S. The difference between the activity of synthetic samples and commercial

MoS2 can be explained by the difference in Mo's local environment (sulfide-like vs. 3. Taking into account the latest results on PDF analysis freshly discussed, the third hypothesis can be considered as a combination of the two previous: molybdate-doped Gd2O2S. If Gd2O2S itself is active for ORR, maybe there is an effect of molybdate on the electron conduction which enhance the reactivity. If Gd2O2S is totally inactive, it can still be a support for modified molybdate (by ethanol) as active sites.

In short, all results from different normalization methods describe the activity of the synthesized materials in the same way without any contradiction between them. According to these results and the CV comparisons between samples and reference, the EDS results can be considered now as more accurate than the introduced ratio when it comes to the materials' compositions as the calculated activity is more or less identical for all samples. Compared to Conclusion

MoS2 reference, our synthesized materials are about 7 times less active (in case of taking the composition by EDS). We proposed two hypotheses on the relation structure-reactitvity of the synthetic samples. The main difference between these two is the activity of initial modified Gd2O2S. The result of electrochemical test on this sample without C black in the ink will answer which hypothesis is more appropriate.

Conclusion

In this chapter, we treated the study on the synthesis in two steps and the characterization of Mo-containing samples resulting from these syntheses. For instance, we understand many interesting things about not only the synthesis method but also the structures, both crystalline and local, of the final products. The 2 nd step of the synthesis plays probably a big role on the introduction of disorder and the rearrangement of surface ligands to the nanoparticles which causes the change in crystalline structure, interpreted by XRD and PDF patterns, and the change in morphology, observed by TEM. These modifications are independent from the addition of Mo atoms into the initial system of Gd2O2S which is confirmed by all used structural analysis techniques (XRD, TEM, EXAFS and PDF). It has been found also by XAS and PDF that the Mo-containing phases are not massive and that they are well mixed with the Gdcontaining phase. The peak at 4.6 Å in PDF patterns is a significant feature from these Mocontaining particles.

By combining the results of different spectroscopy methods and of PDF data treatment, we propose a structural model where Mo exists in isolated tetrahedrons, linking to the Gd2O2S nanoparticles by weak interaction between Gd and O. By this way, the final products can be seen as a supported catalyst as the samples with low Mo doping and they showed already an ORR activity in basic medium, even if it is still far from the activity benchmark Pt/C for the moment. Based on all the analysis results on both the structure and the ORR reactivity, we start to have some statements on the relation between the structure and the performed reactivity.

The PDF analysis plays a very big role on the identification of the final product because it is very well adapted for amorphous/dispersed materials like in our case. By continuing the PDF calculations, we will arrive to a more detailed and better described proposition of structure.

Also, the further electrochemical analysis in situ coupled with XAS will give the essential information not only on the relation structure-reactivity but also the mechanism of the ORR.

Furthermore, the DFT calculations can provide the information on the OH -adsorption on the nanoparticles (exposed surface of active Mo sites), which will help explaining the reaction mechanism along with the calculations with Tafel plots.

For sure, there are still many points to understand on these series of samples, which is complicated and also very interesting. We finish by now with a very first interesting model for Mo-containing nanoparticles made by the two-step protocol. Once a more detailed description of the series is achieved, the subject on the ORR activity and its mechanism will be back on the table. 

Chapter III

Synthesis and characterization of Gd

Why synthesis via a one-step protocol for Mo-containing Gd2O2S-based nanoparticles?

In this project, we are interested in making molybdenum oxysulfide but for the moment there is no report on a precise synthesis giving a well-defined crystalline compound. Moreover, most of the existing methods are at high temperature or using physical methods. To the best of our knowledge, mostly no research is done on a colloidal synthesis of molybdenum-based oxysulfide nanoparticles in organic solvents, although it may provide better defined nanoparticles at lower energetic cost. In contrast, the colloidal synthesis of Gd2O2S nanoplatelets is well-known with the product structure well-described. 1,2 Starting from the synthesis method of Gd2O2S, the easiest way to introduce another metallic ions into the structure is to add another metallic precursor in the synthesis at the same time as Gd precursor.

This method is identical to Gd2(1-y)Ce2yO2S (0 ≤ y ≤ 1) nanoparticles synthesis where two metallic precursors are added at the same time and the resulting phases contain a statistical number of Gd sites substituted by Ce. 2 In the structure of Gd2O2S, each Gd atom links to 4 O atoms and 3 S atoms (Figure 1B), if this site is substituted by a Mo, some Mo-S sites will be created. However, in Chapter I, we have seen already that such kind of substitution is impossible for the pair Gd -Mo cations. Hence, we might expect another kind of relation between two metals, e.g. a deposition of Mo cations on the surface of Gd2O2S nanoparticles as a shell by Mo-S bonds which may create also Mo-S sites. As it is known that the Mo-S edge sites in MoS2 (Figure 1D) are the active site for reactions such as hydrodesulfurization (HDS), 3,4 and oxygen reduction reaction (ORR), 5 by this method, we may have an interesting catalyst for ORR.

In this chapter, a sample will be identified by the number of molar equivalent of Mo which is supposed to substitute Gd in Gd2O2S, i.e. Gd2(1-x)Mo2xO2S, where x is the molar ratio between introduced Mo and the sum of both metals, which is constant at 0.5 mmol for all syntheses. expected from this initiative.

The syntheses by the one-step protocol here were realized in parallel with those by the twostep protocol (see Chapter II). The structures of samples (crystalline and local), the morphologies and surface activities from the two series were compared to help understanding both series. The correspondence in notation between these two series is showed in Table 1. In practice, the introduced quantity of Mo precursor was always calculated based on its molar ratio to the molar sum of two metals (

Mo Gd+Mo

). To facilitate the notation, different choices of x Synthesis protocol were made for each series. Two samples in the same row are comparable as the introduced molar ratio of Mo precursor is practically the same and the difference between the two notations "2x" is negligible to the compositions of samples. For the precursor Cp2Mo2(CO)6, a complete series was also made, with x ranging from 0.005 to 0.70. The yields in this case varies between about 70 % to 180 % (Table 2, in white). There are less syntheses with yields superior to 100 % than those with Mo(+VI) precursor (5 of 21 samples). The color of samples varies from very light brown (mostly grayish for sample x = 0.005) to brown (sample x = 0.70): the colors are much lighter than for samples made with Mo(+VI) precursor.

In the case of Mo(acac)3, this is an uncommon precursor which is not yet commercial, only few samples with x equals to 0.15 were done to compare with other precursors. For this precursor, the yield varies between about 60 % to about 90 % (Table 2, in blue). All these samples are black.

In order to see if it is possible to have such high yields in these syntheses, we assume that the final powders are mixtures of phases: Gd2O2S, Na2MoO4, free sulfate and about 30 wt% of organic ligands 6,8 to have as much weight of powder as possible. Table 3 shows the calculations for a sample with x = 0.15 (regardless the type of Mo precursor), for a comparison between a phases mixture we would find at 100 % yield and a mono-phase Gd1.7Mo0.3O2S0.4 at 100 % yield. From this assumption, the yield can be up to 200 %. Knowing that the powder is difficult to dry, there might be an amount of organic solvents and/or water which can make the yield even higher. Therefore, for the concerning syntheses, it is not illogical to have the yield frequently higher than 100 %. Finally, for this synthesis in one step, no modification or optimization of the protocol was done.

In all cases, the yields are at least 50 %, which suggests that most of the products are powders correctly separated from the solvent by centrifugation and washing. Characterization 

Figure 2 Composition analysis of all samples. (A) Observed molar ratio Mo/Gd vs. introduced molar ratio, raw data for each prepared sample: samples made with Mo(+I) precursor (black),

106 Synthesis and characterization of samples made by the one-step protocol Considering the three samples with x = 0.15 made with the Mo(+III) precursor, the reaction was not repeatable. Figure 2A and C show 3 raw data points with significant difference in content of Mo and S: a factor of 2 between the highest and lowest contents and a factor of 2.5 between the highest and lowest contents of S. Each point has a small error bar, which might signify an even distribution of Mo and S in each sample. Figure 2B shows the average point of these samples situated slightly higher than the trend lines of the two other samples groups.

Mo(+VI) precursor (red) and Mo(+III) precursor (green). (B) Observed molar ratio Mo/Gd vs. introduced molar ratio, calculated average of all samples prepared with the same Mo/Gd ratio: samples made with Mo(+I) precursor (black), Mo(+VI) precursor (red) and Mo(+III) precursor (green). The dash line represents an estimation of possible trends for all

Figure 2D shows that the average point reaches already S/Gd of 1.0. The effect of precursor in general and the repeatability of synthesis with Mo(+III) are not yet well understood, this investigation will need to be pursued in the future to enlighten these points.

Trends from structural analysis

In Figure 3, in some of the diffractograms, there is a large massive at small angles (marked with a star). It is probably due to the large quantity of surface ligands on the nanoparticles. In any case, the massive is present or not, there is no effect on the structure (crystalline or local) of the nanoparticles. From now, it is neglected. Characterization In these images, there are only Gd2O2S-like nanoplates were observed with the same visible interplanar distances, the very thin filaments were not seen.

Trends in local structures by XAS

To understand the local structure and local environment of Mo, the measurements of X-ray Absorption Spectroscopy were done at SOLEIL Synchrotron (SAMBA and LUCIA Beamlines). All spectra were obtained with samples diluted in pellet with graphite. curves are perfectly superposed to the CV curves of naked electrode. The maximum currents in these case are slightly higher than the naked electrode due to the conductive C black in the ink. These null activities suggest that: firstly, the quantity of Mo in the sample does not have any relation with the activity, when the structure of Mo-containing phase(s) is not appropriate.

Even if the Mo is more sulfide-like in the samples made by the one-step protocol than the others made by the two-step protocol, the Mo-S sites existence is not the necessary and sufficient condition for an ORR positive performance. Secondly, both products of syntheses with Mo(+I)

and Mo(+VI) precursors in the one-step protocol are not active, it means that the active phase(s)

is more likely to be formed during the second step of the two-step protocol.

Discussion

For practical reason, our project was focused on the use of Mo(+I) precursor for synthesis in two steps. The products from the synthesis in one step herein, for instance, were only prepared 116 Synthesis and characterization of samples made by the one-step protocol for better understand those made by the two-step protocol. Hence, all the discussion in this part is also principally on products made with Mo(+I) precursor. Before going further into the detail on the structure of Mo-containing phases, the elemental distributions in final powders need to be investigated. Figure 9 shows images from an analysis by Scanning Transmission Electron Microscopy -Energy-dispersive X-ray spectroscopy (STEM-EDS) on a Gd1.7Mo0.3O2S (x = 0.15) sample. This analysis was performed by Mounib Bahri and Ovidiu Ersen (Institut de Physique et Chimie des Matériaux de Strasbourg, IPCMS).

According to these results, all three relevant elements Gd, Mo and S are distributed homogenously in the sample at this scale. This suggests that at nanoscale, the material is possibly a homogenous mixture of different phases. The spectra of the sample at Mo K-edge can confirm this observation (discussion later with Figure 11C) as the multiple-scattering zone does not contain many oscillations following the white line, in contrast with the spectra of commercial crystalline products like MoS2 or Na2MoO4. This spectrum form indicates amorphous and very dispersive phase(s) in the sample, which means that these phases do not form large, massive particles separately in the samples but rather to be well mixed together in Discussion a homogenous manner. These results suggest that the Gd-containing phase and Mo-containing phase may either be homogeneously dispersed within one another or form a single phase.

Similar to the two-step protocol, there are three possibilities of product's nature made by this method:

 Formation of Mo-containing phase(s) disturbs completely Gd2O2S. Only other phase(s) are collected after the product isolation.

 Gd2O2S is formed normally, despite the addition of Mo precursor, and separated Mocontaining phase(s) is obtained.

 Gd2O2S is partially changed by an insertion of Mo in the structure: + Mo δ+ links to S 2-on the side of Gd2O2S nanoparticles.

+
+ Mo δ+ occupies some sites in the structure of Gd2O2S by insertion.

+ All of above

In each case, a typical bonding, i.e. Mo-O, Mo-S or both of them, is expected to be observed by local structure analysis Extended X-ray Absorption Fine Structure (EXAFS).

In order to find out which possibility is the most likely, an analysis of high resolution diffractograms was done on the peak (110), the thinnest of the diffractogram, to see if there is any structural modification in the Gd2O2S structure. In general, a change in the crystalline structure, such as a defection, a substitution, an insertion etc. can be seen in a diffractogram via the position of peaks compared to a diffractogram reference. The reference can be the diffractogram of the bulk phase with well-defined thin peaks.

Considering the case of Gd2(1-y)Ce2yO2S where Ce substitutes a certain number of Gd sites in the structure of Gd2O2S, this substitution can be seen as a peak shift produced in the diffractogram. 2 The average size of nanoparticles is about 8 nm large and 1.5 to 2 nm thick, which broadens the Bragg peaks as predicted by the Scherrer's relation. The best peak of the diffractogram to study the shift value is then (110), which is the sharpest of all. The value of 118 Synthesis and characterization of samples made by the one-step protocol this shift follows the Vegard's law, the shift should increase linearly with the increase of the inserted cation (here, Ce) in the structure of the initial compound (here, Gd2O2S). 2 In the present case, as Mo is introduced in the synthesis of Gd2O2S before isolating the nanoparticles, we suppose that if Mo takes the place of some Gd sites or inserts in the Gd2O2S structure, this will cause the Bragg peak to shift. We apply the same analysis for these series of samples as in the case of Gd2(1-y)Ce2yO2S. In order to analyze precisely the peak shift, firstly, the uncertainty of the method should be known. It is estimated directly on the system of Gd2O2S nanoparticles.

For this samples series, the peak (110) was also fitted to perform the best evaluation in the case of structural modification. The diffractograms were collected between 20 ° and 60 ° with the best conditions (cf. Experimental Section) to have the best fit possible. Then the fit was done with FULLPROF software. The error of all the process was estimated to be 0.003 Å (see Chapter II). Any shift superior than 0.005 Å is considered as significant.

As mentioned previously in part 1, for samples with x < 0.2, it is clear that the characteristic peaks of Gd2O2S (peaks (100), ( 101), ( 110)) are still visible in all the diffractograms and no visible change in the position and the shape of peak ( 101) is seen (Figure 3). Figure 10 shows the fitting curves of the peak (110) of these samples (A), the quality of the fits (B) and the d(110) (Å) corresponding (C). Figure 10A shows that there is not much difference between the peak positions of one sample to the other and compared to Gd2O2S reference. The quality of the fits is good as there is no significant difference between the diffractogram (background subtracted) (Figure 10B, black) and the calculated curve (Figure 10B, blue). The peak positions are put on a graph in Figure 10C to better analyze the difference between them. The difference of d(110)

between Mo-containing samples and Gd2O2S nanoparticles is ≤ 0.002 Å. Taking into account the error of 0.003 Å from the analysis method and the FULLPROF calculation, this difference becomes insignificant. Moreover, as mentioned above, the shift is significant only if it is higher than 0.005 Å. Here, we can state that there is no obvious shift for peak (110), for any Mocontaining sample compared to Gd2O2S reference. It signifies that there is no modification in the crystalline structure of Gd2O2S (by substitution and/or insertion of Mo cations). Hence, if there is any interaction between Mo atoms and Gd2O2S-like nanoplates in these samples, it should be only on the surface of the nanoplates which has to be low enough to not visibly change the crystalline structure. Discussion Another scenario is that at very low quantity of Mo (x ≤ 0.1), there is substitution or insertion of Mo into Gd2O2S structure which cannot occur anymore with higher x. This may explain the tendency of the average value in Figure 10C (without counting the error bar) but it is not quite probable in practice since the radii difference between Gd +3 and Mo +3 shown in Chapter I is too much in all cases. The idea of interaction between Mo-containing phases and Gd2O2S nanoparticles occurs only on the surface (in case that there is any) which does not cause visible diffractogram changes is more legitimate. Or maybe these phases are simply independent.

From the arguments from the diffractograms analysis, we can state that: (1) the formation of Gd2O2S is not disturbed by the presence of Mo precursor in all tested cases and (2) the initial 120 Synthesis and characterization of samples made by the one-step protocol crystalline structure of Gd2O2S is preserved after the synthesis with Mo precursor. However, the location of Mo in the final powders is not yet clear, whether Mo bonds to the surface of Gd2O2S nanoplates or completely in separated phases is still a question.

Compared to the case of samples made by the two-step protocol (see Chapter II), not only the tendency of Mo and S quantities in the final powders (EDS results) is different but so is the crystalline structure: no splitting of peak (101), no peak shift observed for (110). The morphologies of these two series are also found to be totally different: while the products made by the two-step protocol seem better defined with a typical interplanar distance of 8 Å, none of these was observed for the products made by the one-step protocol (Figure 5). These simple comparisons suggest that the reactions in two protocols are totally different which lead to globally different products series.

To understand what is likely to be the local environment of Mo in the products made by the one-step protocol, the PDF analysis and XAS (XANES and EXAFS) were done. The two methods PDF and EXAFS can be seen as complementary one to the other as the only difference is that EXAFS is selective for only one concerning element while PDF gives the information for all elements. The data treatment of XAS was done in collaboration with Alexy P. Freitas from our group and Asma Tougerti (Unité de Catalyse et Chimie du Solide, UCCS, Université de Lille I).

Figure 11 shows the spectra of a sample Gd1.7Mo0.3O2S (x = 0.15) at Mo L3,2-edge and S Kedge, and a comparison at the same edges to a sample Gd2O2S/Mo0.36 (x = 0.18) and selected commercial references. As we have seen earlier in this chapter, the peak corresponding to S 2- (as in MoS2) of Gd1.7Mo0.3O2S is very small while other peaks corresponding to oxidized S are more intense. In the sample Gd2O2S/Mo0.36 this peak is even mostly absent (Figure 11A). This may suggest an environment more similar to a sulfide for Mo in Gd1.7Mo0.3O2S than in Gd2O2S/Mo0.36. At Mo L2-edge, both samples have a splitting of spectrum into two components. The difference is that for Gd1.7Mo0.3O2S, the first component is more intense than the second one while for the other sample, it is the opposite (Figure 11B). Concerning the edge position, it is located more to the left (lower energy) for Gd1.7Mo0.3O2S than for the other sample (which is identical to commercial Na2MoO4, at 2629 eV) and at the same position as commercial MoS2 (both at 2627.4 eV). The same tendency is observed at Mo L3-edge (Figure 11C): the edge positions of Gd1.7Mo0.3O2S and MoS2 are identical at 2522. Unfortunately, the quality of spectrum for the references (at least for Na2MoO4, Figure 11B-C) is not enough to do this linear combination (as Mo(+VI), Na2MoO4 should give a higher intensity than Mo(+IV) in MoS2, here it is not the case). All the differences in local and crystalline structures between Gd2(1-x)Mo2xO2S samples and Gd2O2S/Mo2x have to be the reason of the difference in surface activity in ORR which was explained in section 3.2.

The comparison of spectra at Mo K-edge confirms the oxidation state similarity between commercial MoS2 and Gd1.7Mo0.3O2S (Figure 11D). These two solids have the same edge at 20 009 eV and situated more to the left (low energy) than Na2MoO4. Figure 11E shows the three spectra plotted by radial distance (in Å), corrected by +0.5 Å because of the phase shift of the photo-electron wave, caused when it passes through the potential of the absorbing and scattering atoms. 9 This graph gives the idea that maybe there are both components corresponding to Mo-O (as in Na2MoO4) and Mo-S (as in MoS2) in the synthetic sample. For the reason that there is too much noise in the oscillation of the synthetic sample, we do not consider yet the FT of its spectrum. It means that the presence of the two components needs to be confirmed in the future work before considering fitting the EXAFS with proper oxysulfide reference(s). This would be an excellent achievement if we can prove that both components belong to the same phase, i.e. oxysulfide, in the future work as it means that we are the first who succeed making molybdenum oxysulfide in colloidal solution.
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Conclusion

In this chapter, we treated the study on the synthesis in one step, with the same concept as the synthesis of Gd2(1-y)Ce2yO2S nanoparticles, and the characterization of Mo-containing samples resulting from these syntheses. For instance, we understand that the products from these syntheses are totally different from others made by the two-step protocol in Chapter II. Hence, the reactions during the synthesis have to be also different. Unlike the materials in Chapter II, these products do not have any visible differences in crystalline structure and morphology compared to Gd2O2S nanoparticles. The analyses on local environment of Mo suggest that Mo is likely to have the oxidation state of +IV in all powders with low Mo quantity (x ≤ 0.2), mainly close to a centrosymmetric geometry and can probably have bonds both with O and S.

For the samples with low Mo quantity (x ≤ 0.2), the Mo-containing phases are not yet identified for the moment. The reason is firstly that they are probably (nearly) amorphous which cannot be seen by XRD. At high Mo quantity (x ≥ 0.5), some crystalline phases were observed and briefly identified as some molybdenum-sulfide-like and Na2MoO4-like phases. The PDF measurements have been done on the samples with x ≤ 0.2. The data treatment is in progress in order to better understand the Mo-containing phases and also to see if there is any relation between them and Gd2O2S nanoplates in the powders. Another idea is to anneal some of these materials to see which phases we could obtain at the end, which is either by the growth of the (nearly) amorphous phases or by the reaction of the amorphous precursor to form new phases.

In any case, it provides the information on the Mo-containing phases at low Mo quantity.

In terms of the ORR catalytic activity, for the moment, two samples made with Mo(+I) and Mo(+VI) precursors with different quantity were tested. None of them showed a positive activity. Compared to the tests with the samples made by the two-step protocol, we learnt that a high quantity of Mo does not mean a higher activity. The catalytic activity relates directly to the structure of the Mo-containing phases, hence the reactions of their formation. Although for the quest of ORR catalytic activity, the samples made by the one-step protocol do not show any hope but pursuing the study on their structures (crystalline and local) and reactivity is still very helpful to understand the other series which is a better candidate as a new ORR catalyst that we have been searching for. 

Chapter IV

Explorative work on colloidal syntheses with molybdenum molecular precursors

Table of contents

Synthesis approaches

In Chapters II and III, I have discussed the work on Mo-containing Gd2O2S-based nanoparticles. As mentioned, this synthesis protocol is well described and well-known for lanthanide oxysulfide. 1,2 For d-block metals, as the electronic configuration is different (valence orbitals of (n -1)d instead of (n -2)f), the chemical properties are also very different.

It is the reason why applying the same synthesis method for d-block metals can give unpredictable results. In this chapter, we attempted the synthesis of nanoparticles without lanthanide. The modified syntheses were applied with molybdenum as the sole metal precursor in purely explorative purpose. The temperature and heating duration were maintained as in the original synthesis of Gd2O2S nanoparticles.

The reaction (1) gives the information about the ratio of reagents, solvents and reaction conditions. The notation of product is only symbolic, i.e. it signifies only the expecting ratio of concerning elements without any information about the exact structure: this is why we note them between quotes. The indexation of O is calculated with the assumption that the oxidation state of Mo in the final powders is +VI. This is a very simple assumption from the fact that we started this synthesis with Mo(+VI) precursor and the diffractograms of final powders displayed a crystallized content isostructural to sodium molybdate, in which Mo has also the oxidation state of +VI (it will be discussed more in detail in the next part of this chapter).

At first, the sodium cations were maintained in the protocol as we now understand that it plays a big role in the formation of Gd2O2S nanoparticles. 3 In the next part of the work, the sodium was taken out and the reagent ratio was modified to aim for a MoS2-like phase. In this case, no sodium oleate and no acid oleic were added to simplify the system. Oleylamine could be also removed to simplify the system even more (reaction 2). In both synthesis methods (with or without Na), the first tests were done with the precursor MoO2(acac)2, we were expecting that the products could be oxysulfides as the Mo-O double bonds are already present in the precursor and the strong affinity of Mo towards S could lead to the formation of Mo-S bonds in the products. In the other syntheses using Mo(+I) and Mo(+III) precursors, which do not contain Mo-O (excluding the Mo-Oligand bonds) as Mo(+VI) precursor, oxygen from air and/or water in solvents during the washing process might be oxygen source for final products which probably contains both Mo and S after the reactions.

As this is an explorative work, there are many possibilities of parameter changes, only some of them were tested (Table 1). In the table, the yields are shown in the precursor columns. In order to estimate these values, the mass of organic ligands is not taken into account. The final products are named as "MoO3.5S0.5/Na2" (MW = 214 g.mol -1 ) and "MoO3S0.5/Na" (MW = 183 g.mol -1 ). As mentioned above, both formulas are assumptions.

Table 1 Reagents and solvents/capping agents tested for "MoO(2.5+0.5a)S0.5/Naa" with a = 1 or 2 and "MoS2" with introduced S/Mo ratio = 2. The numbers in the precursor columns are estimated yields in percent, calculated by assuming formulas in the first column. In this table, we see that the yields of all syntheses with Mo(+VI) and sodium oleate (original protocol) are from 90 % while the syntheses with Mo(+I) have the yield only between 60 and Synthesis approaches 80 %. For sure, this evaluation is not exact as the nature of the powders (composition, how many phases and which ones) are not yet clear but it is likely that little material was lost during the washing step, meaning that a significant amount of products is solid collected by centrifugation. For the reason that the molybdenum's chemistry is different from that of gadolinium, it would be surprising to obtain a similar structure to that of gadolinium oxysulfide. However, we were still expecting that the capping agents might stabilize the surface of particles and keep them at nanoscale in the medium of organic solvent. Also, the obtained solids could possess Mo-S edges which are considered as ORR active sites in the same manner as in MoS2 (Figure 1A). 4 The Mo centers in MoS2 can be centrosymmetric (octahedron, 1T-MoS2) or not (trigonal prism, 2H-MoS2) (Figure 1B). 5 Mo15S19 and Mo15S20 are both of the Chevrel-like structure which contains Mo6 cluster units (Figure 1C-E). [6][7][8] Mo15S19 is resulting from the oxidation by HCl gas of In3.4Mo15S19 (a Chevrel phase which is made from H2 reduced MoS2, In and sulfur in a two-step solid-state synthesis with the temperature up to 1060 °C during several days) at 550 °C during 24 h to remove completely In. 10 According to D. Salloum et al., in order to obtain Mo15S20, starting material Mo15S19 needs to be annealed at 700 °C during 45 days. 7 These Chevrel-like phases all contain Mo6 and Mo9 units. They form the cavities surrounded by only S which can accommodate other ternary metal ions by electrochemistry (or low temperature solid-state reactions). 10 Hence, they are interesting materials for electrode in Li, Na batteries.

Assumed formulas

Reagents

Another interesting molybdenum sulfide is Mo 2 (+III) S 3 (monoclinic, P21/m) which has a linearchain-structure with two inequivalent types of zig-zag Mo chains parallel along b axis. 9,11 This quasi-one-dimensional material can be made by vapor transport of Mo and S powders in double-sealed quartz tubes at 1300 °C (duration not mentioned), 12 or at 400 °C during 2 days then at 950 °C during 10 days, 13 or in molten NaCl at 1173 °C during 20h. 14 It is found that this material can undergo low-temperature phase transitions to exist in a metastable highly conducting state (along the direction of Mo chains). 11,15 It was also tested as cathode material for thin-layer rechargeable Li-ion power source [START_REF] Shembel | Electrolytic Molybdenum Sulfides for Thin-Layer Lithium Power Sources[END_REF] and claimed to be more active and more stable for HER in acidic medium than MoS2. 14 2) and ( 3) are 2 kinds of diffractograms which can be obtained from the same synthesis protocol with a = 2.

In order to control the structure of the products (based on their diffractograms), the most dried solvents were used in the syntheses after (n-hexane or cyclohexane and absolute ethanol). In both cases, treatments inside and outside of the glovebox, the raw diffractograms show that the backgrounds are high, which suggests that there are some (mostly) amorphous phase(s) in the samples. After the background extraction of the diffractograms, these phases are not visible anymore, only crystalized phases are observed (Figure 2, Figure 4). We keep in mind the existence of some amorphous phases in all samples for the discussion in the next part. The thin peaks noted by black dots may correspond to some structure of excess sulfur, not yet identified.

With other Na + sources: acac and citrate

Two other kinds of sodium sources were tested for comparison: sodium acac (Figure 4A-1)

and monosodium citrate (Figure 4A-2). For each of them, a pair of samples were made with a = 1 and 2 to understand the influence of sodium amount and sources. In the case of a = 1, Synthesis protocol with Na+ with sodium acac, the diffractograms show a bump to the left of each peak (Figure 4A-1a, highlighted with red arrows) while with monosodium citrate, the products present a clear mixture of two phases: hydrated and dehydrated sodium molybdate-like (Figure 4A-2a). With a double quantity of sodium source (a = 2), the diffractogram appears to be cleaner than with a = 1 for sodium acac but still displays bumps at the bottom of peaks (Figure 4A-1b) and there still is a mixture of at least two phases for monosodium citrate (Figure 4A-2b). It is not sure yet if the mixture of phases is the consequence of the washings protocol or it is caused by the sodium source because the syntheses were not yet reproduced. However, for the syntheses with Mo(+VI) precursor, it is quite clear that the diffractograms of products made with sodium oleate and are now the best controlled.

Study on the synthesis with Mo(+I) precursor

Regarding the influence of the Mo precursor, some tests with Mo(+I) precursor were done to compare with samples made with Mo(+VI) precursor (Figure 4B). All samples shown in this In all cases, the major phases are isostructural to Na2MoO4 or Na2MoO4•2H2O and the powders made with Mo(+VI) precursor do not exhibit a crystalline secondary phase. This gives the idea that the Mo(+VI) precursor may be the best choice to obtain a well-defined phase.

The open questions here are the structure of obtained powders, their composition and if there is any clue that they would contain an oxysulfide. Until now, the analysis by XRD shows that the most proper powders are made with Mo(+VI) precursor and sodium oleate. In this part, only these samples will be considered. They are classified into 3 groups by their XRD patterns and a:

(1) a = 1, patterns type "Na2MoO4•2H2O" (Figure 2B-1);

(2) a = 2, patterns type "Na2MoO4•2H2O" (Figure 2B-2);

(3) a = 2, patterns type "Na2MoO4" (Figure 2B-3).

From here, the samples will be named by their group number, i.e. type (1), type (2) and type

(3), corresponding to the criteria above.

Figure 5 Composition analysis of all samples. (A) Observed molar ratio Na/Mo of each sample. (B) Observed molar ratio S/Mo of each sample. All samples were made with Mo(+VI)

precursor and sodium oleate. In red: samples with a = 1, in black: samples with a = 2. Data is divided into 3 groups as mentioned at above.

The elemental analysis shows that the observed ratio Na/Mo in each powder is always lower than 2 (it varies around 1.3) for all sample groups, i.e. not high enough to form only one stoichiometric Na2MoO4 phase in the sample (Figure 5A). The quantity of sulfur is mostly around 0.5 which is the initial introduced ratio (Figure 5B, 5/7 samples in all groups). Taking the average observed ratio Na/Mo of 1.3 in the samples, if all this Na exist in a Na2MoO4-like stoichiometric phase without vacancies, the excess of Mo is about 0.3 equiv. The presence of 138 Explorative work on colloidal syntheses with molybdenum molecular precursors 0.5 equiv. S in the powders, possibly trapped the 0.3 equiv. of Mo in an amorphous phase.

Alternatively, this sulfur is in substitution of the oxygen. Both could be the cause of the color difference between the black samples and the white commercial Na2MoO4. Also, from the precedent section, we saw that the visible Na2MoO4-like phase in the diffractograms and some other (nearly) amorphous phase(s) may coexist in each sample. It means that they can be MoSx phases (or even MoOySx) in the samples.

Figure 6 Images of STEM-EDS cartography done one a sample type (2) (a = 2, sodium oleate, XRD pattern type "Na2MoO4•2H2O"). Large image is in dark field (STEM-HAADF). The small images from left to right, top to bottom represent the cartography at Na K-edge (orange), O K-edge (red), S K-edge (yellow) and Mo L-edge (green). The measurements are realized by Mounib Bahri and Ovidiu Ersen (Institut de Physique et Chimie des Matériaux de Strasbourg, IPCMS). The scale bars are 1 μm.

The cartography by STEM-EDS was provided by Mounib Bahri and Ovidiu Ersen (Institut de Physique et Chimie des Matériaux de Strasbourg, IPCMS) on a sample type (2) (Figure 6).

According to this analysis, at large scale, the distribution of all concerning elements (Mo, O, S, Na) seems to be homogeneous. The sample is probably a mixture of phases; we may say the mixture is also homogeneous. However, for the same problem mentioned in Chapter II on the inseparable peaks at S K-edge and Mo L-edge, this observation needs to be confirmed in the future. The morphology analysis by TEM and STEM shows that the nanoparticles tend to form big aggregates (Figure 7A) with very clear "holes" on/in them (Figure 7B). There is no analysis on the nanoparticles size yet for the reason of time but from the TEM observation, the nanoparticles are often in the sphere-like form with the diameter around 40 -60 nm (observation on single nanoparticles). The calculated FFT in Figure 7B indicates that the concerning nanoparticle seems to have only one crystalline domain because there are only 1 direction of diffraction fringes in the TEM image and only 2 distances observed by FFT in the same direction. The diameter of this single nanoparticle is about 60 nm. This observation is not quite coherent with the corresponding diffractogram: Scherer's relation indicates that the average crystalline domain size is only around 15 nm large. There might be an epitaxy between the domains of the same nanoparticle which makes it looking like single-domained. Moreover, the "holes" in these images are difficult to understand as we observe also the diffraction fringes through them and their sizes are different to the size of pores observed by STEM in Figure 7C-D. Besides the unclear porous structure, the powders contain also some MoS2-like filaments (Figure 7F), which can be found among the porous structure (Figure 7E). The image analysis by ImageJ shows an interplanar distance of 5.3 Å for the large crystalline domain (coherent with the distance of 5.1 Å from the FFT in Figure 7B) and 2.5 to 2.7 Å for the filaments. Taking the hypothesis that the porous structure is made of Na2MoO4•2H2O or Na2MoO4-base, i.e. the structure is made of orthorhombic/cubic crystals with many defects ("holes"), and the filaments are made of MoS2-base, 5.3 Å can be the distance along (111) axis of Na2MoO4 and 2.5 to 2.7 Å can be the distances along (101) and (100) of MoS2, respectively.

Figure 7 (A) TEM image showing the global morphology of nanoparticles from a sample type (3). (B) TEM image of one single nanoparticle in a sample type (3) at higher zoom. A large crystalline domain of a with corresponding FFT, two visible distances at 5.1 Å and 2.6 Å. (C, D) The porous structure typically observed for a sample type (2). (E, F) Close

The local structure analysis of the samples was done by XAS on SAMBA and LUCIA Beamlines. The data treatment and interpretation were done in collaboration with Alexy P.

Freitas from our group and Asma Tougerti (Unité de Catalyse et Chimie du Solide, UCCS, Université de Lille). For all measurements, the pellets were prepared in air and stocked in a normal box (in contact with air the whole time).

is identical to the old sample in (A, B). The legend is common for (C-E). (D) spectra at Mo L2edge and (E) spectra at S K-edge. The peak marked with a black star is an instrumental glitch.

In Figure 8, the two samples named as "fresh 1" and "fresh 2" are of type (3) (only about one week between the synthesis and the analysis); while the sample considered as "old" (with the number of months between the synthesis and the analysis) is of type (2) and unique for all figure. The color code is common for all figures: black for fresh samples, red and blue for the old one, orange for MoS2 and green for Na2MoO4. This difference does not change the geometry of Mo atoms very much as in both cases, Mo centers are tetrahedral, hence, similar XAS signature are expected. At the beginning of data treatment, our idea is that the difference is only that in the hydrated phase, Mo centers are slightly deformed from the perfect tetrahedral, 17 which may cause a less intense pre-edge than the dehydrated phase where Mo centers are perfectly tetrahedral. Based on this idea, we analyzed the results as below.

From the spectra at Mo K-edge and L2,3-edges (Figure 8A, C-D), we observe that in each case, the edges of the fresh and old samples are situated mostly at the same position as commercial sodium molybdate (20 018.9 eV): +0.4 eV for the fresh sample, -0.8 eV for the 4-month old sample and -0.4 eV for the 8-month sample (a transition of valence corresponds to about 2 eV shift for the edge or 0.6 eV for the pre-edge at K-edge 18 ). The edges are taken at the position of the 2 nd maximum of the signal's first derivative (the first maximum corresponds to the preedge). This suggests that globally the Mo in all synthetic samples have the oxidation state of +VI as in Na2MoO4 with probably a modified local environment which cause the small differences of edge positions. A possible mixture of phases in these samples with slightly different oxidation states can also be the cause of the edge difference but this point is not yet clarified for the Mo K-edge. The pre-edges of synthetic samples are clear. Assuming that the oxidation state of Mo in the sample is only +VI, the intensity change of the pre-edge can signify a change from more deformed non-centrosymmetric to less deformed non-centrosymmetric geometries (we do not have enough proof at this point to conclude a perfect tetrahedral geometry). Or, it may signify an oxidation from a more reduced Mo to Mo(+VI) from the fresh sample to the 8-month old sample. A mixture of oxidation states in the fresh sample can also be the cause of the smaller pre-edge. The latter hypothesis seems to be more likely as the preedges of the fresh sample and the 4-month old sample are situated at the same position (20 004.6 eV) as the pre-edge of commercial Na2MoO4 while the pre-edge of the 8-month old sample is not, it is shifted by +0.8 eV (at 20 005.4 eV) which is significant as a transition of valence. 18 In collaboration with Asma Tougerti, an expert on XAS, we found out a similarity between the aged synthetic samples' spectra at Mo K-edge and heptamolybdate (Mo 7 O 24 6-). Figure 9A shows the similarity of spectra at Mo K-edge between aged samples type (2) and (NH4)6Mo7O24 (red, blue and magenta curves). A fresh sample type (3) (black) seems to be a transition between the two spectra of molybdate (green) and heptamolybdate (magenta). The pseudo-radial distance distribution calculated from the spectra at Mo K-edge (Figure 9B) Combining the observations on XAS and XRD, we hypothesize that the local environment of Mo atoms in synthetic samples slowly changes from isostructural to molybdate to isostructural to heptamolybdate. The presence of water molecules in the crystalline structure may accelerate this process: the sample type (3) may need to be transformed to type (2) before becoming heptamolybdate. The fact that no heptamolybdate crystals were seen by XRD while seen by XAS is probably because heptamolybdate can be formed easily in solid state and can even be amorphous. This is coherent with the first results we obtained. Further analysis will be done in the future to understand more this ageing process. This may also give the idea on the activity of molybdate tetrahedrons in samples made by the two-step protocol.

The work on this synthesis was started with Mo(+VI) precursor. Meanwhile, some tests with Mo(+I) precursor were done and showed a mixture of phases (Figure 4B-2). Hence, the next work was continued only with Mo(+VI) precursor as the products in this case are already difficult to understand. Even if only one crystalline phase was observed by XRD, in XANES it seems to be a mixture of oxidation states. As the consequence, the discussion in this part is only about the products made with Mo(+VI) precursor.

Assuming that it is an ideal case where the product is a single phase isostructural to Na2MoO4, there are two questions to answer: can it be an oxysulfide by substitution of certain O by S?

and what makes the pores in the nanoparticles? with their possible coordinations. [START_REF] Shannon | Revised Effective Ionic Radii and Systematic Studies of Interatomic Distances in Halides and Chalcogenides[END_REF] For the first question on the substitution O by S in the structure of Na2MoO4, a theoretical approach is considered. Figure 10 There might be some O of molybdate ions on the surface are replaced by Oligand and/or some defections of these O that create the pores observed on TEM images in Figure 7. This assumption would be a good explanation if there is no lack of sodium (Na/Mo found from around 1.2 to 1.5 instead of 2.0, Figure 5A) and at the same time, there is not that much sulfur in the powder (S/Mo ≥ 0.2 and most samples present a ratio ≥ 0.4, Figure 5B). Again, a Synthesis protocol without Na+ substitution O by S appears to be impossible. Another simpler hypothesis is that the sample is truly a mixture of phases, corresponding to the mixture of Mo's oxidation states. In this case, in plus of veritable Na2MoO4 there are other amorphous phase(s) which are in the form of very thin filaments as seen by TEM and STEM. The pores on the polycrystalline nanoparticles may be issued from the quick crystal growth during the washing, which leaves some holes in/on the nanoparticles.

In fact, the hypothesis of a mixture of phases is supported by all results already shown in the previous section (results of XRD, EDS, TEM, STEM and preliminary results of XAS). This mixture includes a Na2MoO4-like phase and other (nearly) amorphous phase(s), which contains at least Mo and S. In the STEM images, the large porous structure seems to be formed by Na2MoO4-like phase with very small and thin filaments/sheets evenly distributed in/on it (Figure 6, Figure 7). This can explain the diffractograms where only the large structures are visible, the thin filaments are nearly amorphous and hidden under the Bragg peaks of Na2MoO4

(Figure 3). The first analysis on the images suggests that the filaments are very thin, similar to MoS2 sheets. Also, the presence of two phases explains the oxide and sulfide components in the distribution of pseudo-radial distances (Figure 8B) of the samples.

Most of the questions on these series are not yet answered as we are only at the beginning of the study. No electrochemical test was done on these products yet. So, we do not know the activity of the material. If this is molybdenum sulfide supported on a very porous and stable structure, it may be active for ORR and/or HER. Moreover, the presence of Na2MoO4-like phase with some nanoparticles with the same kind of morphology in the sample with x = 2.03 made by the two-step protocol suggests that maybe the reaction we are considering in this part is the same which led to the active isolated molybdate tetrahedrons in Chapter II.

Then, it would be worthy a further study to understand more on both the structure and the activity of these beautiful nanoparticles.

Synthesis protocol without Na +

We recall here the reaction performed in this section:

The second explorative synthesis pathway is without any sodium cation. It was performed in order to avoid the formation of Na2MoO4-related phases. Only a Mo precursor and S8 are mixed together in the mixture of ODE and OM for the reaction. Only five tests were done with the use of three Mo precursors in this part (Table 1). Figure 11 in ICDD database match with the thin peaks. In terms of sulfides, there is only one phase that can match partially with the diffractograms: Mo15S20 (JCPDS file 04-018-5769). 7 The similarity between this reference and the synthetic samples Gd0.6Mo1.4O2S and "MoS2" both with Mo(+I) precursor is shown by blue dash lines in Figure 11. This Mo15S20 phase appears to be a possibility for the dotted unidentified phase in Figure 4B-2 (samples also made with Mo(+I) precursor). Only the peaks lower than 35 ° can be distributed and an intense peak of the reference at around 47 ° is missing but for now, this is the best matching and it does not seem impossible. Synthesis protocol without Na+ In order to better understand these results, it is useful to have a closer look at the literature about molybdenum sulfides. In terms of the formation temperature of molybdenum sulfides, as mentioned at the beginning of this Chapter, by solid-state synthesis, the required temperature is very high (higher than 1000 °C). Taking a simpler molybdenum sulfide MoS2, by solid-state synthesis, the first step is the formation of MoS3 by thermal decomposition of (NH4)2MoS4 at 250 °C, then it is treated by H2/H2S ranging from 350 to 900 °C, depending on the crystal size wanted. 20,21 The synthesis in solution can reduce the required temperature highly compared to solid-state synthesis. A colloidal synthesis in water does not seem to help reducing the required temperature very much, even if the nanoparticles size is very small: K. nanosheets, the reaction mixture was composed with oleylamine and oleic acid (and another long-chained organic agent), similar to our method, and heated at 320 °C during about 1 h 15 min. 24 Going back to our case, we heated at 310 °C, a bit lower than the mentioned colloidal synthesis This can explain the lack of Na + in the final powders (Figure 5A).

The EDS results showing the observed molar ratio S/Mo is represented in Figure 11B. We see that it can be spread from 1.3 to nearly 2.5, depending on the used Mo precursor. For the syntheses with Mo(+I) precursor (Figure 11B, green point), the S/Mo ratios can be considered as identical in all 3 samples (1.46 ± 0.16) and lower than in the other two syntheses with other precursors (2.21 ± 0.14 and 1.93 ± 0.13). However, this point needs to be confirmed later as there was only one synthesis done for each of Mo(+VI) and Mo(+III) precursors. Synthesis protocol without Na+ The morphology analysis by TEM was done on the two samples made with Mo(+I) precursor (Figure 12). In these powders, some very large amorphous (Figure 12A) or crystalline particles (Figure 12B) are observed at the same time as some much smaller crystalline nanoparticles (Figure 12C) and a mixture of them (Figure 12D). A brief analysis by ImageJ on these images shows some visible interplanar distances: 9.0 Å, 4.5 Å, 3.2 Å, 2.6 Å (Figure 12B), 6.0 Å, 3.0 Å (Figure 12C), and 4.4 Å (Figure 12D). The distance 4.5 Å in Figure 12B may represent the same crystal's facet as the distance 4.4 Å in Figure 12D. Analysis by XAS was done on a sample made with Mo(+I) precursor at Synchrotron SOLEIL, on LUCIA Beamline (Figure 13). At S K-edge, a similarity is observed between the sample and commercial MoS2. The edge appears even at a slightly lower position (2468.8 eV) than S 2- in MoS2 (2470.3 eV), suggesting a slightly more reduced sulfur (Figure 13B). This can be totally possible as the edge position depends not only on the oxidation state of the concerning element but also the local environment, the oxidation state of metallic ion and also the characteristics of the bond. 25 More visually, in Figure 13A, considering some references provided by Benedikt Lassalle-Kaiser (LUCIA Beamline, Synchrotron SOLEIL), in these sulfide structures, S atoms link principally to Mo only, the spectra at S K-edge are different from one to the other, not only the edge position (marked with dotted lines in the figure) but also the white-lines and multiple-scattering regions. At Mo L3-edge, there is also a similarity contains molybdenum sulfide with the structure close to Mo15S20. As the same Bragg peaks are found in the diffractograms of Gd2(1-x)Mo2xO2S (x ≥ 1) (Figure 11A-b), one of the secondary reaction in the one-step protocol with Mo(+I) precursor should be identical to the one that occurs in this synthesis.

What if the slight difference between the product and Mo15S20 (that we tolerate recently) is because it contains oxygen atoms somehow in its structure? For instance, we do not know it yet because of the lack of information in the database on molybdenum oxysulfides. The two phases MoS0.12O1.88 (JCPDS file 04-007-8381) and Mo4S0.42O10.56 (JCPDS file 04-007-8380) are mentioned in Chapter I that no scientific article reference found. Another phase, so-called "Mo3S3O" (JCPDS file 04-006-1208) is found in the database but the article reference claimed the opposite: this phase was supposed to obtain when some S in the Chevrel structure Mo6S8 are substituted by O but they found out that was not the case. 26 The diffractogram of this "Mo6S6O2" is identical to M6S8's while we discussed earlier in this chapter that it would be totally impossible if the substitution S-O takes place. Further work should be pursued not only to understand the product from this synthesis but also to understand the products from the onestep protocol. Meerback et al. 24 We can be sure for now that the products by three Mo precursors are different from one to the other. The phases mixture from Mo(+I) precursor displays a crystalline content possibly close to Mo15S20 while the products from two other precursors are briefly identified as nanosheets of MoS2 for instance. Even if the similarity between our samples and the reference article is now only on the diffractograms, the fact of finding some preceded work can give us some ideas how to analyze our samples and how to continue the research.

The question of the O atoms' presence in the samples "MoS2" as oxysulfides remains to be answered.

Conclusion on explorative syntheses without Gd precursor

In this chapter, a brief explorative work was presented on the modified Gd2O2S nanoparticles synthesis, applied on molybdenum. As predicted, the products in these syntheses have their structures hardly similar to Gd2O2S. Even if they are not yet well described, we already have some idea about their possible structures. This is absolutely a good start to pursue this work.

Although the total identification of the products with or without sodium cation in this part is not finished yet, the similarity of their XRD patterns to the secondary crystalline phases in the products by the one-step protocol (x ≥ 1) is undeniable. There is also peaks corresponding to Na2MoO4 phase in a sample made by the two-step protocol at very high Mo doping. It means that continuing on these two syntheses may clarify the Mo-containing products made by both the one-step and two-step protocols. Also, we might understand if the Mo-containing phase(s)

in products made by one-step protocol with x < 1 are the same with smaller size or totally different from the crystalline phases.

The samples from the syntheses with Na + are likely to be a mixture of phases with different Mo's oxidation states. The porous structure is not yet confirmed as purely Na2MoO4 or Scontaining. This structure is worth a further work on both the structure and the stability as it could be a good support for a certain catalyst in the suitable conditions. In the near future, an evaluation of specific surface (by BET method) for these samples needs to be done as the surface it provides is probably interesting for a catalyst or a support of catalyst. Also, annealing these samples or trying to heat the synthesis at a much higher temperature to favor the formations of sulfides will possibly give some more ideas about the amorphous phases. The surface activity of these samples should be considered also as the analyses suggest a mixture of porous structures and molybdenum sulfides in/on them. If this observation and the hypothesis are confirmed, it means that by this synthesis method, we are able to make a supported ORR catalyst as molybdenum sulfides are known as ORR active.

The samples from the syntheses without Na + are partially identified, for instance, as molybdenum sulfides based on the XRD patterns. The structures of these samples are barely studied for now but the similarity between the diffractograms of our products and a former work of another group encourages a lot and even gives us the idea of how to analyze our samples. The presence of very thin filaments in the samples made with Na + even gives the idea that the formation of such molybdenum sulfide could occur at the same time as the formation of Na2MoO4 and well dispersed into each other. By pursuing this direction, we might propose a new method to synthesize molybdenum sulfide at much lower temperature or during a shorter time compared to using synthesis methods of MoS2 today. 27 And we may hope for a supported catalyst based on molybdenum sulfide made by an one-pot synthesis in the future.

Amazing! In terms of the ORR catalytic activity we want to achieve, the sample series made by the twostep protocol has shown some first positive results. By comparing with the results of electrochemical tests between samples from two series, we perceived that the ORR activity links directly to the structure of Mo atoms in the materials, hence, the reactions during the synthesis, and not at all to the quantity of Mo in the powder. The relation between the structure and the ORR reactivity of samples made by the two-step protocol is still under study but we proposed already three hypotheses where the quick reduction of Mo by ethanol during the ink preparation can be seen as an activation process. The veritable active sites and the formation's mechanism in this case are still under investigation. In the first chapter, we have seen that some researches showed that oxysulfide is an active intermediate in some organic reactions, it would be very exciting if it is the case here too! For instance, the activity remains quite low but we are working to figure out the relation between the structure of Mo centers and the activity they provide as well as the way to make a better catalyst.
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In short, at the point where we are for the moment, we can say surely that besides the gracious results we achieved, there are numerous researching paths towards a supported catalyst in the future. Conclusions and Perspectives mechanism of the synthesis with both metals as the reactions are easier to analyze when they are separated from each other.

And beyond…

The end of this PhD project is not the end of the whole project as the destination of molybdenum oxysulfide as ORR catalyst is still ahead.

For the materials made with both Gd and Mo precursor, the final structures which contain both metals are now being clarified. The first model for samples made by the two-step protocol is released, a proposition of the crystalline phases at high Mo doping for samples made by the one-step protocol is made. The relation between the products' structures and the ORR activity they performed is also hypothesized. The next step will be indeed the confirmation of these hypotheses by PDF calculation and finishing the data treatments for other methods to complete the structural modelling. Once the structure is totally unveiled and the mechanism is better learnt, the ORR catalytic activity of these materials will be hopefully enhanced.

For the samples without any Gd, at the moment, no electrochemical tests were done. We do not know yet if they will be active as the samples made by the two-step protocol or inactive as the other ones. Nevertheless, continuing the study on these powders will reveal not only their structures but also will lead to more profound understanding not only on the structures of molybdate-doped Gd2O2S nanoparticles made by the two-step protocol and the mechanism of its electrocatalytic reaction, but also the structure of Mo-containing phase in powders made by the one-step protocol and its formation. From there, a new optimized protocol might be developed in order to get better defined catalyst.

We are aware that the applicable final catalyst is still far away from where we are at the moment and reaching it is surely very challenging. The good point is that we have achieved very interesting results and we have many ideas and paths to continue the research.

We have gone a long way and still keep following it. At the end of the road, there will be rainbows celebrating our success! 

Experimental section

Table of contents

Gd2O2S/Mo0

The mixture of solvents and stabilizers is made with OM (4.54 g, 17 mmol, 34 equiv.), oleic acid (0.72 g, 2.5 mmol, 5 equiv.) and 1-octadecene (8.2 g, 32.5 mmol, 65 equiv.) in a glass three-neck round-bottom flask of 100 mL. The number of equiv. is calculated as the ratio of their molar quantity divided by the molar quantity of Gd(acac)3 precursor. Then, in this mixture, the molecular precursor Gd(acac)3 (227 mg, 0.5 mmol, 1 equiv.) is added with sulfur S8 (8 mg, 0.03 mmol, 0.5 equiv. of S) and sodium oleate (152 mg, 0.5 mmol, 1 equiv.). The mixture is then agitated and put under N2 atmosphere at room temperature by three cycles N2/vacuum for 3 minutes each. At this point, the solids are not yet soluble in the liquid mixture. This is then degassed at 120 °C during at least 20 min under primary vacuum. The solids are more and more soluble with the temperature increase. When it reaches 120 °C, the reaction medium becomes a transparent orange solution which is the color of soluble sulfur. A light reflux can be observed by the condensation on the flask wall, up to about 2 cm above the liquid surface. Then, the medium is heated to 310 °C during 30 min under a N2 flux. This process lasts for about 20 min. The solution color becomes lighter to yellow as the temperature increases. From about 280 °C, the transparent solution becomes visibly turbid with white solid.

The reflux is a bit stronger by this moment: some drops are formed at the low of the refrigerant column and fall in the solution from time to time. It may cause some white smoke inside the flask but it disappears very quickly (after about 1 min). After cooling down during about 25 min to around 30 °C, the reaction medium seems to be a little less turbid than when it was at 310 °C.

After cooling down the reaction medium to about between 30 and 40 °C by N2 flux (during about 25 min), it is reheated to 310 °C during 30 min under the same N2 flux. No visible change was observed during this process. After cooling down the reaction medium a second time during about 25 min to about 30 °C, it is recuperated with THF (less than 5 mL) and then mixed with ethanol (10 mL) and centrifuged at 20 °C, 7000 rpm for 10 min. The supernatant here is yellow and transparent as it contains the excess sulfur. The obtained solid (off-white) is washed three times with THF (about 4 mL) and ethanol (to make 25 mL of solvent mixture). Finally, the solid is dried under a N2 flux during 1 h and ground with a mortar to obtain a powder for analysis.

surface. Then, the medium is heated to 310 °C during 30 min under a N2 flux. This process lasts for about 20 min. The solution color becomes lighter to yellow as the temperature increases. From about 280 °C, the transparent solution becomes visibly turbid with white solid.

The reflux is a bit stronger by this moment: some drops are formed at the low of the refrigerant column and fall in the solution from time to time. It may cause some white smoke inside the flask but it disappears very quickly (after about 1 min). After cooling down during about 25 min to around 30 °C, the reaction medium seems to be a little less turbid than when it was at 310 °C.

After cooling down the reaction medium to about between 30 and 40 °C by N2 flux (during about 25 min), the molecular precursor MoO2(acac)2 (28.8 mg, 0.09 mmol, 0.18 equiv.) is added under N2 atmosphere. The solid is not soluble in the reaction medium. The mixture is heated to 310 °C and maintained during 30 min under a N2 flux. With the increase of temperature, the solid is more and more soluble to give a homogenous orange mixture. The reaction medium at 120 °C is orange and turbid, all the solid is soluble. As the temperature increases more, the color becomes darker and darker, from about 250 °C, it is totally black.

The reflux and white smoke are also observed from 280 °C. After cooling down to room temperature, the reactional medium is recuperated with THF (less than 5 mL) and then mixed with ethanol (10 mL) and centrifuged at 20 °C, 7000 rpm for 10 min. The supernatant here is yellow-orange and see-through. The obtained solid (dark gray) is washed three times with THF (about 4 mL) and ethanol (to make 25 mL of solvent mixture). These three supernatants are colorless. Finally, the solid is dried under a N2 flux during 1 h and ground with a mortar to obtain a powder for analysis.

Synthesis with Mo(+I) precursor

The mixture of solvents and stabilizers is made with OM (4.54 g, 17 mmol, 34 equiv.), oleic acid (0.72 g, 2.5 mmol, 5 equiv.) and 1-octadecene (8.2 g, 32.5 mmol, 65 equiv.) in a glass three-neck round-bottom flask of 100 mL. The number of equiv. is calculated as the ratio of their molar quantity divided by the molar quantity of Gd(acac)3 precursor. Then, in this mixture, the molecular precursor Gd(acac)3 (227 mg, 0.5 mmol, 1 equiv.) is added with sulfur S8 (8 mg, 0.03 mmol, 0.5 equiv. of S) and sodium oleate (152 mg, 0.5 mmol, 1 equiv.). The mixture is then agitated and put under N2 atmosphere at room temperature by three cycles N2/vacuum for 3 minutes each. At this point, the solids are not yet soluble in the liquid mixture. This is then degassed at 120 °C during at least 20 min under primary vacuum. The solids are more and more soluble with the temperature increase. When it reaches 120 °C, the reaction Synthesis protocol medium becomes a transparent orange solution which is the color of soluble sulfur. A light reflux can be observed by the condensation on the flask wall, up to about 2 cm above the liquid surface. Then, the medium is heated to 310 °C during 30 min under a N2 flux. This process lasts for about 20 min. The solution color becomes lighter to yellow as the temperature increases. From about 280 °C, the transparent solution becomes visibly turbid with white solid.

The reflux is a bit stronger by this moment: some drops are formed at the low of the refrigerant column and fall in the solution from time to time. It may cause some white smoke inside the flask but it disappears very quickly (after about 1 min). After cooling down during about 25 min to around 30 °C, the reaction medium seems to be a little less turbid than when it was at 310 °C.

After cooling down the reaction medium to about between 30 and 40 °C by N2 flux (during about 25 min), the molecular precursor Cp2Mo2(CO)6 (22 mg, 0.045 mmol, 0.09 equiv.) is added under N2 atmosphere. The solid isn't soluble in the reaction medium. The mixture is heated at 310 °C during 30 min under a N2 flux. With the increase of temperature, the solid is more and more soluble. The color change from red of Mo precursor to black quickly: at 120 °C it's already changed to dark orange-red. As the temperature increases more, the color becomes darker and darker, from about 250 °C, it is totally black. The reflux and white smoke are also observed from 280 °C. After cooling down to room temperature, the reactional medium is recuperated with THF (less than 5 mL) and then mixed with ethanol (10 mL) and centrifuged at 20 °C, 7000 rpm for 10 min. The supernatant here is black, the intensity of the color increases with the increase of x. In this case x = 0.18, the supernatant in the tube is still see-through. The obtained solid (gray) is washed three times with THF (about 4 mL) and ethanol (to make 25 mL of solvent mixture). These three supernatants are colorless. Finally, the solid is dried under a N2 flux during 1 h and ground with a mortar to obtain a powder for analysis.

Synthesis with Mo(+III) precursor

The mixture of solvents and stabilizers is made with OM (4.54 g, 17 mmol, 34 equiv.), oleic acid (0.72 g, 2.5 mmol, 5 equiv.) and 1-octadecene (8.2 g, 32.5 mmol, 65 equiv.) in a glass three-neck round-bottom flask of 100 mL. The number of equiv. is calculated as the ratio of their molar quantity divided by the molar quantity of Gd(acac)3 precursor. Then, in this mixture, the molecular precursor Gd(acac)3 (227 mg, 0.5 mmol, 1 equiv.) is added with sulfur S8 (8 mg, 0.03 mmol, 0.5 equiv. of S) and sodium oleate (152 mg, 0.5 mmol, 1 equiv.). The mixture is then agitated and put under N2 atmosphere at room temperature by three cycles N2/vacuum for 3 minutes each. At this point, the solids are not yet soluble in the liquid mixture. This is then degassed at 120 °C during at least 20 min under primary vacuum. The solids are more and more soluble with the temperature increase. When it reaches 120 °C, the reaction medium becomes a transparent orange solution which is the color of soluble sulfur. A light reflux can be observed by the condensation on the flask wall, up to about 2 cm above the liquid surface. Then, the medium is heated to 310 °C during 30 min under a N2 flux. This process lasts for about 20 min. The solution color becomes lighter to yellow as the temperature increases. From about 280 °C, the transparent solution becomes visibly turbid with white solid.

The reflux is a bit stronger by this moment: some drops are formed at the low of the refrigerant column and fall in the solution from time to time. It may cause some white smoke inside the flask but it disappears very quickly (after about 1 min). After cooling down during about 25 min to around 30 °C, the reaction medium seems to be a little less turbid than when it was at 310 °C.

After cooling down the reaction medium to about between 30 and 40 °C by N2 flux (during about 25 min), the molecular precursor Mo(acac)3 (35 mg, 0.09 mmol, 0.18 equiv.) is added under N2 atmosphere. The solid isn't soluble in the reaction medium. The mixture is heated at 310 °C during 30 min under a N2 flux. With the increase of temperature, the solid is more and more soluble. The color change from brown-red of Mo precursor to black: at 120 °C the solid is totally soluble to make a brown-red solution. As the temperature increases more, the color becomes darker, from about 295 °C, it is totally black. The reflux and white smoke are also observed from 280 °C. During this part, black solid can be seen on the flask wall. After cooling down to room temperature, the reactional medium is recuperated with THF (less than 5 mL) and then mixed with ethanol (10 mL) and centrifuged at 20 °C, 7000 rpm for 10 min. The supernatant here is lightly dark and see-through. The obtained solid (black) is washed three times with THF (about 4 mL) and ethanol (to make 25 mL of solvent mixture). These three supernatants are colorless. Finally, the solid is dried under a N2 flux during 1 h and ground with a mortar to obtain a powder for analysis.

Synthesis of Mo-containing Gd2O2S nanoparticles in one step: Gd2(1-x)Mo2xO2S

In this method, all the precursors are added at the same time at the beginning of the process.

We expected to obtain Mo-containing Gd2O2S nanoparticles where Mo substitutes some Gd sites in the structure.

The overall amount of metallic precursors (Gd and Mo) is adjusted to 1 equiv. vs. Na(oleate), to keep an overall molarity of heavy metals similar to these of the Gd2O2S synthesis. In other

The mixture of solvents/stabilizers is made with OM (4.54 g, 17 mmol, 34 equiv.), oleic acid (0.72 g, 2.5 mmol, 5 equiv.), 1-octadecene (8.2 g, 32.5 mmol, 65 equiv.) in a glass three-neck round-bottom flask of 100 mL. Then, in this mixture, sulfur S8 (8 mg, 0.03 mmol, 0.5 equiv.) and sodium oleate (304 mg, 1.0 mmol, 2 equiv.) are added. The mixture is then agitated and put under N2 atmosphere at room temperature by three cycles N2/vacuum for 3 minutes each.

This mixture is degassed at 120 °C during at least 20 min under primary vacuum. The mixture's color changes from red to intense orange as the temperature rises. At 80 °C, all solids are soluble to make an orange solution. From 100 °C, a strong reflux is observed. After degassing, the mixture is cooled down to ambient temperature. Then, the molecular precursor Cp2Mo2(CO)6 (245 mg, 0.5 mmol, 1 equiv.) is added under N2 atmosphere. The red mixture is heated to 310 °C during 30 min under a nitrogen flux. The color changes quickly to nearly black at 90 °C. From 150 °C, the medium is totally black. The bubbles are observed from 90 °C to around 240 °C. The reflux is observed from 270 °C. After cooling down to room temperature, the reaction medium is recuperated with THF (less than 5 mL) and then mixed with ethanol (10 mL) and centrifuged at 20 °C, 6000 rpm for 10 min then left still during the night as no solid is seen in the tube. After that, 12.5 mL of methanol is added, centrifuged at 15 °C, 7000 rpm for 20 min. Half of the supernatant is collected by pipette to have the rest of 15 mL. 15 mL of acetone is added to the rest to centrifuge in the same conditions. The supernatant is again collected by pipette to have the rest of 10 mL. 5mL of THF and 15 mL of acetone are added and then centrifuged in the same conditions. This time, as the solid are formed in the tube, all supernatant is collected by pipette. The last washing was with about 2 mL of THF and 15 mL of acetone. Finally, the solid is dried under a nitrogen flux during 1 h.

The final solid is black, hard but knead-able.

Synthesis of "MoS2"

With Mo(+VI) precursor

Only one test was done for this protocol.

The molecular precursor MoO2(acac)2 (163 mg, 0.5 mmol, 1 equiv.) is added in a glass threeneck round-bottom flask of 100 mL with sulfur S8 (32 mg, 0.12 mmol, 2 equiv.) with OM (4.54 g, 17 mmol, 34 equiv.) and 1-octadecene (8.2 g, 32.5 mmol, 65 equiv.) as solvents. The mixture is then agitated and put under N2 atmosphere at room temperature by three cycles N2/vacuum for 3 minutes each. This mixture is degassed at 120 °C during at least 20 min under primary vacuum. The mixture's color changes from brown and opaque at the beginning to mostly black after 20 min at 120 °C. Then, the medium is heated to 310 °C during 30 min under make 25 mL of solvent mix) and centrifuged at 15 °C. After taking out the colorless supernatant, the solid is dried under a nitrogen flux during 1 h and ground with a mortar to obtain a powder for analysis.

The same synthesis was also done with a mixture of solvents: OM (4.54 g, 17 mmol, 34 equiv.) and 1-octadecene (8.2 g, 32.5 mmol, 65 equiv.). The washing process was easier. After cooling down to room temperature, the reaction medium is recuperated with THF (less than 5 mL) and then mixed with ethanol (10 mL) and centrifuged at 20 °C, 7000 rpm for 10 min. The supernatant here is yellow and see-through. The black solid is washed three more times with THF (about 4 mL) and ethanol (to make 25 mL of solvent mix). These supernatant are colorless. Finally, the solid is dried under a nitrogen flux during 1 h and ground with a mortar to obtain a powder for analysis.

With Mo(+III) precursor

Only one test was done with this protocol.

Sulfur S8 (16 mg, 0.06 mmol, 2 equiv.) is added in a glass three-neck round-bottom flask of 100 mL with OM (4.54 g, 17 mmol, 34 equiv.) and 1-octadecene (8.2 g, 32.5 mmol, 65 equiv.) as solvents. The mixture is then agitated and put under N2 atmosphere at room temperature by three cycles N2/vacuum for 3 minutes each. S8 is totally soluble to make a colorless solution.

The molecular precursor Mo(acac)3 (98.6 mg, 0.25 mmol, 1 equiv.) is added. The mixture is then agitated and put under N2 atmosphere at room temperature by three cycles N2/vacuum for 3 minutes each. This mixture is degassed at 120 °C during at least 20 min under primary vacuum. At this temperature, the medium is already black. Then, the medium is heated to 310 °C during 30 min under a nitrogen flux. At 310 °C, many big aggregates are formed on the flask wall. After cooling down to room temperature, the reaction medium is recuperated with THF (less than 5 mL) and then mixed with ethanol (10 mL) and centrifuged at 20 °C, 7000 rpm for 10 min. The supernatant is yellow and see-through; the black solid doesn't stick well on the tube wall. The supernatant is collected by pipette to have a rest of 5 mL. Ethanol is added to have a total of 25 mL. After the centrifugation, the solid still doesn't stick well on the tube, the colorless supernatant is taken out carefully. The solid is washed two more times with THF (about 4 mL) and ethanol (to make 25 mL of solvent mix). Finally, the solid is dried under a nitrogen flux during 1 h to have a final pasty product.

most frequent size is 1 mm of diameter. For some samples of too low quantity, the capillaries of 0.5 mm of diameter were used. The blank capillaries of both sizes are measured frequently to increase the accuracy of background subtraction.

Measurements were performed from Q min = 0.12 Å -1 to Q max = 17.0 Å -1 (Q = PDF calculations are from structural models by Capucine Sassoye, Alex

Lemarchand and Mohamed Selmane from laboratory. The simulated profiles were calculated using the PDFgui software with periodic boundary conditions. 4 Three-electrode setup system, which contains a working electrode, a counter-electrode and a reference electrode, was employed. The electrolyte used was KOH 0.1 M solution freshly prepared every day from solid KOH (> 85 %, Sigma Aldrich).

For ink preparation, Nafion 117 solution 5 wt% in alcohols and water (Sigma Aldrich), absolute ethanol (VWR) and hydrophilized acetylene black (C black, Alfa Aesar, 99.9 %, 75 m 2 /g) were employed. For the hydrophilization (performed by Madeleine Han), 0.5 g of C black was treated in 50 mL of HNO3 20 % at 80 ºC under stirring overnight, followed by centrifugation, washing with water and vacuum drying. 7 Molybdenum disulfide powder (90 nm) (MoS2, 99 %, Sigma-Aldrich) was used as reference.

Experiment setup

The electrochemical tests performed by this methodology represent ex situ experiments. They were performed in a three-electrode setup using a rotating disk electrode (RDE) made of glassy carbon (GC), Ag/AgCl in saturated KCl and a Pt wire as working, counter and reference electrodes, respectively (Figure 6B). The rotating speed of the working electrode was 1600 rpm (Figure 6A). Before the tests, the electrolyte was saturated with O2 by bubbling during at least 30 min. During the reaction, O2 was blown on the surface of electrolyte in order to maintain the concentration of O2 in the solution.  Nanoparticles concentration: 1 mg/mL  C black concentration: 2 mg/mL More than one deposition can be made with the same ink. To lower the aggregates of C black and/or nanoparticles in the ink, before the deposition, it was sonicated during about 30 min.

The inks Cx1 were made first to evaluate the materials' activity. The inks Cx2 and Cx3 were made later to investigate the effect of higher amount of C black on the conductivity and the behavior of the materials during the reaction. The NPS inks were prepared to understand the origin of activity loss of the materials after aging in free air. The comparison of activity between these two inks will reveal if the origin of the activity loss is from the ageing of nanoparticles in free air or from the aggregation of C black.

Working electrode preparation

The working electrode preparation procedure contains 3 parts: polishing, washing by sonication and drying. Firstly, it was polished during 8 min with a diamond suspension (1 μm, BAS Inc.) followed by 8 min polishing with a 50 nm diamond suspension (BAS Inc.). Next, it was sonicated during about 5 min to clean the electrode. Finally, it was clean with a Kimtech paper and dried under a small beaker to protect it from dust during 30 min before the naked electrode test. The procedure will be repeated until the CV of naked electrode fulfills the conditions: half-wave potential E1/2 is -0.38 ± 0.01 V and maximum current Imax is -0.21 ± 0.02 V. Once the naked electrode was validated, the electrode is rinsed thoroughly with water and absolute ethanol before deposing 5 µL of ink and drying.

After that, the film was wetted with some drops of the electrolyte to prevent the adherence of air bubbles in the electrolyte.

Measuring protocol

After saturating the electrolyte with O2 by bubbling during 30 min and wetting the film for 5 min, the electrode is connected at the electrocatalytic setup (Figure 6B) and left spinning in the electrolyte during 2 to 3 min to assure good wetting and to remove the bubbles on the surface.

During all the measurements, the O2 flux was maintained on the surface of the electrolyte to assure the maximum O2 concentration in electrolyte. After finishing a program of 10 to 15 min long, a waiting time of about 10 min of free O2 bubbling can be added to remit the concentration in the electrolyte.

The working range for cyclic voltammetry (CV) and linear sweep voltammetry (LSV) is from 0 V to -0.6 V vs. Ag/AgCl in saturated KCl at the scan rate of 10 mV/s. The raw data collected was normalized to the geometrical surface of GC disk (0.196 cm 2 ) before tracing curves with Origin for comparisons. Other normalizing methods are discussed more in detail in Chapter II. Oxygen Reduction Reaction electrochemical tests For representation of the potential in figures, the electrode reference is converted to Reversible Hydrogen Electrode (RHE) by adjusting +0.964 V to all electrochemical curves.

After finishing all the measurements, the raw data is exported to .txt files for data treatments with Origin software. The deposition is wiped down carefully with a Kimtech paper and ethanol before starting the preparation procedure as above.

The idea of in situ tests done at Synchrotron SOLEIL on two Beamlines, SAMBA and LUCIA, is to understand the nature of Mo before, during and after electrochemical reaction. On SAMBA Beamline, we studied Mo at K-edge and on LUCIA Beamline, we studied both Mo at L3,2-edge and S at K-edge. All the setups were designed and adapted for each Beamline by Benedikt LASSALLE-KAISER. 8,9 As these tests are very delicate, our work was considered as the first phase of method developing and optimization.

Electrochemical tests on SAMBA Beamline with GCE

Setup and electrode preparation

Glassy carbon plate was used as a working electrode because the X-ray source on this Beamline can go through the GCE without any problem (90 % of transmission for a 500 µm thick GCE).

The setup was close to the setup in LCMCP (Figure 7) in which the cell was bottle-like with a hole for fixing the working electrode near the bottom. Its cap had 3 holes to fix 2 other electrodes in the system and O2 entry.

Pt wire and Ag/AgCl in saturated KCl were used as counter and reference electrodes, respectively. The working electrode consisted in a glassy carbon plate (2.5 cm × 1 cm × 500 µm) affixed to the cell with an epoxy glue (LOCTITE DOUBLE BUBBLE) and changed after each deposition. Once the glue was dried, the ink was deposed on the electrode and left to dry during 30 min in free air. Oxygen Reduction Reaction electrochemical tests INK4: for a Gd1.7Mo0.3O2S sample: 4 times more concentrated and Nafion 10 times diluted: 4 mg product, 1 mg black C and 4.8 µL Nafion in 1 mL EtOH absolute. In this ink, the product is not very well dispersed, the deposition is not homogenous.

Electrochemical tests on LUCIA Beamline with a gold-coated Si3N4 membrane as electrode

Setup and electrode preparation

The X-ray source on LUCIA Beamline is considered as "tender" which means that it can be easily absorbed by GCE and a primary vacuum chamber is needed. The setup needs to be modified to adapt to measure conditions.

The electrochemical cell (Figure 8A-B) has both counter and reference electrode which consist in Pt wires, the working electrode was a gold-coated Si3N4 membrane supported on Si. The size of Si frame is 1.0 cm × 1.0 cm × 525 μm (thickness) while the size of the membrane is 2 mm × 2 mm × 200 nm (thickness) (Figure 8C). The very limited thickness of the membrane provokes the setup's high fragility and the delicacy of the experiments. The gold-coating was done in LCMCP with a metallator Q150T ES from Quorum Technologies. The Si3N4 membranes were firstly coated with 5 nm of titanium for adherence and then 10 nm of gold for electrical conduction. The current needed for Ti and Au coatings are 100 mA and 25 mA respectively. The coatings' thicknesses were controlled by a probe integrated inside the vacuum chamber of the machine.

Because of the membrane's fragility, the electrolyte was saturated with O2 before being pumped into the cell. During the spectroscopy measurement, the pumping was stopped to avoid the noise due to dynamical effect of liquid flux and too high pressure on the fragile membrane.

After each measurement, the inner electrolyte was renewed to recuperate the O2 saturation in the cell.

The real volume of the cell is only 2.5 μL approximately. The tiny volume in addition with the membrane's fragility caused an additional problem of electrolyte pumping speed: it had to be high enough to fill up the cell without leaving an air bubble while being low enough to not to break the membrane. We also tried to pre-fill the cell up before assembling all the parts. Unfortunately, this method caused a damage of electrical contact in the cell. 

Ink preparation

Because of the low penetration of X-ray source, the ink made for this electrode was simplified to prevent the signal loss by the absorption of other materials and to increase the signal/noise ratio. The nanoparticles were deposed directly on the membrane (Figure 8D). Looking strictly only on the peak intensities of the patterns, we observe that the intensities of the peaks decrease with the increase of Mo theoretically in the samples (the exact values for the moment are still under evaluation). Knowing that the wavelength used at CRYSTAL Beamline is 0.5 Å, i.e. environ 24.1 keV, while the Mo K-edge is about 20.0 keV, there might be some fluorescence parasite problems for Mo-containing samples. Meanwhile, at LCMCP, the wavelength used is 0.7 Å, i.e. about 17.4 keV, which does not cause this problem.

For this reason, the curves can only be compared within the same dataset. It is quite unfortunate not to be sure about certain peaks in the patterns acquired at SOLEIL since their signal quality is much better than in our laboratory.

The measuring conditions at Synchrotron should be optimized in the future.

Abstract:

Today, in personal vehicles, fuel cells are competing with the Li-ion batteries to provide the next technological leap. Hence, replacing noble metal by non-noble metal catalysts is essential to make them affordable. Molybdenum can be a good candidate as some compounds (e.g. MoS2, MoO2) are showing activity for the Oxygen Reduction Reaction (ORR). Uncommon molybdenum oxysulfides could be used as electrodes for Li-ion batteries or catalysts thanks to their porous structure in amorphous forms (thin films and bulk powders). Their colloidal synthesis at low temperature, favoring the nanoscaled materials and bypassing the simple energy-consuming synthesis, is barely reported. The same goes for their ORR catalytic reactivity, which was almost never studied.

Here, the well-known colloidal synthesis of lanthanide oxysulfides at low temperature (around 300 °C), producing nanoparticles such as Gd2O2S, is extended to the use of Mo molecular precursors. We studied two pathways: by a two-step protocol (adding the Mo precursor to freshly formed, unwashed Gd2O2S

nanoplates) or a one-step protocol (adding simultaneously both metallic precursors). The structural analysis showed that the first method possibly leads to a deposition of isolated molybdate tetrahedrons on Gd2O2S nanoplates without changing their shape and size, while the latter one leads to a more sulfide-like environment of Mo. As observed, only molybdate-doped samples (at low dose) showed positive results in terms of electrochemical activity, which is found related directly to the Mo's presence. Other explorative work on the syntheses without Gd is being pursued to complement the study on the structure and the formation mechanism of the interested materials. Overall, this is the first attempt to synthesize molybdenum oxysulfide by applying the synthesis method of lanthanide oxysulfide.

Résumé :

Aujourd'hui, dans les véhicules individuels, les piles à combustible concurrencent les batteries Li-ion par de nombreux avantages. Donc, remplacer les métaux nobles par des métaux plus abondants dans des catalyseurs est essentiel pour les rendre abordables. Le molybdène peut être un bon candidat puisque certains composés (ex. MoS2, MoO2) ont une activité pour la réduction de l'oxygène (ORR). Les oxysulfures de molybdène, relativement méconnus, pourraient être utilisés comme électrodes pour les batteries Li-ion ou les catalyseurs grâce à leur structure poreuse sous formes amorphes (couches minces et poudres massives).

Leur synthèse colloïdale à basse température, favorisant les matériaux nanométriques et évitant des synthèses énergivores, est très peu étudiée. Il en va de même pour leur réactivité catalytique en ORR.

Ici, la synthèse colloïdale bien connue d'oxysulfures de lanthanides à basse température (environ 300 °C), produisant par exemple Gd2O2S, est étendue à l'usage de précurseurs de molybdène. Nous avons étudié deux voies de synthèse basées sur celle des nanoplaquettes de Gd2O2S : par un protocole en deux étapes (ajout d'un précurseur de Mo à des nanoplaquettes de Gd2O2S fraîchement formées et non lavées) ou un autre en une étape (ajout simultané des deux précurseurs métalliques). L'analyse structurale a montré que la première méthode conduit possiblement à un dépôt de tétraèdres isolés de molybdate sur des nanoplaquettes de Gd2O2S sans changer leur forme et leur taille, tandis que la deuxième conduit plutôt à un environnement local de Mo plus sulfuré. En ORR, seuls les échantillons dopés au molybdate (à faible dose) ont montré des résultats positifs, qui sont directement liés à la présence de Mo. D'autres travaux exploratoires sur les synthèses sans Gd sont en cours pour compléter l'étude sur la structure et le mécanisme de formation des matériaux concernés. Dans l'ensemble, il s'agit de la première tentative d'application de la synthèse de l'oxysulfure de lanthanide pour synthétiser des oxysulfures de molybdène.
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 1 Figure 1 (A) Map of the oil proved reserves around the world. (B) Map of oil consumption around the world in 2019.6 All figures are taken from the website ourworldindata.org with the

Figure 3

 3 Figure 3 Equipment arrangement in Gemini spacecraft number 11 which successfully used an alkaline fuel cell system. Image source: nssdc.gsfc.nasa.gov
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 5 Figure 5 Volcano plot showing the ORR activity of a metal in function of the O (of an intermediate) binding energy.23 
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 6 Figure 6 Evolution of the system cost and the Platinum Group Metals (PGM) loading 2002 -2017.18 
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 7 Figure 7 Figure from a fact sheet by USGS in 2002. 45 Abundance (atom fraction to 10 6 atoms
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  and propositions towards solutions Sputtering conditions: a power density of 2.3 W.cm -2 at a frequency of 13.56 MHz, 1 Pa of argon at rt. and a target-substrate distance of approximately 70 mm. The average sputtering rate was about 130
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 9 Figure 9 (A) Mechanism of thermal decomposition and structure propositions from K. M. Abraham et al. 72 (B) Structure proposition from P. Afanasiev et al. 84 (C) Structure proposition from D. Genuit et al.[START_REF] Genuit | Solution Preparation of the Amorphous Molybdenum Oxysulfide MoOS 2 and Its Use for Catalysis[END_REF] (D) Mechanism of sulfidation of MoO3 to obtain MoS2 structurepropositions for oxysulfide intermediates from T. Weber et al.[START_REF] Weber | Basic Reaction Steps in the Sulfidation of Crystalline MoO3 to MoS2, As Studied by X-Ray Photoelectron and Infrared Emission Spectroscopy[END_REF] All reactions are exactly

  Figure 10 (A) Nanoplate morphology of Gd2O2S with the average sizes and illustrated crystalline structure, figure from C. Larquet's thesis. 101 (B) Illustration of organic ligands and

  in our own work. The proposed formation mechanism in colloidal solution can be explained simply as: (1) the formation of a mesophase from sodium oleate chains, which "shapes" the particles later, (2) the clusters are formed between 250 °C and 305 °C, (3) the nanoparticles are finished between 305 °C and 310 °C. 104 This understanding gives an advantage to understand the structure and how the nanoparticles are formed when Mo precursors are added.

Figure 11 (

 11 Figure 11 (A) Diffractograms of Gd2O2S with theoretical peak positions. (B) Fit of peaks (110) and the application of Vegard's law on the data set. 99 y is the percentage of Ce introduced as well as the percentage of Gd substituted by Ce from initial Gd2O2S phase.
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Figure 1 (

 1 Figure 1 (A-C) Structure of Gd2O2S nanoplatelets: (A) shape and average size of nanoparticles; (B) crystalline structure along the plane normal to the c axis and (C) nanoplatelets with oleate ligands on their surface, figure from Clément Larquet's thesis. 6 (D) Active site in MoS2: Mo-S edge sites, figure by Benck, J. D. et al. 7 (E) Core-shell nanoparticles Gd2O2S/Mo2x expected from this initiative.

  Cp 2 Mo 2 (+I) (CO) 6 and Mo (+VI) O 2 (acac) 2 are commercial. Mo (+III) (acac) 3 is not yet commercial: it was provided to our group by V. Mougel and colleagues from Collège de France. The Mo(+VI) precursor can be stored easily in a cabinet with a film on the cap to avoid the humidity. The others are stored in the freezer of the glovebox at -40 ℃.

Figure 2

 2 Figure 2 Samples made with Mo(+VI) precursor, from left to right: x = 0.05, 0.18, 0.25 and 0.43. Their colors go darker from left to right, from brown to very dark brown, close to black.

Figure 3

 3 Figure 3 Samples made with Mo(+I) precursor: (A) x from left to right: 0.05, 0.11, 0.18, 0.25. The sample color becomes darker when x increase from 0.05 to 0.30, from off-white to light brown. (B) x from left to right: 0.43, 1, 2.03. The color does not go darker from left to right:

Figure 4

 4 Figure 4 Samples made with Mo(+III) precursor: x from left to right: 0.05, 0.18. Their colors are much darker than powders made with 2 other precursors: very dark brown for sample x = 0.05 and black for sample x = 0.18.

Figure 5 (

 5 Figure 5 (A) Comparison of crystalline structure and of observed ratio Mo/Gd and S/Gd between 2-step sample without Mo and others with Mo, 2 nd step at 250 °C instead of 310 °C,

50

  Figure 6 (A) Images of STEM-EDS cartography done one a Gd2O2S/Mo0.36 (x = 0.18) sample, made with Mo(+I) precursor. The measurements were realized by Mounib Bahri and Ovidiu Ersen (Institut de Physique et Chimie des Matériaux de Strasbourg, IPCMS). The scale bar is the same for all images. (B) XRD pattern of Gd2O2S/Mo0.36 made at 310 °C with 7 possible secondary phases based on peak positions: GdMoO4S0.5 (JCPDS file 00-057-0084),Gd4Mo4O11 (orthorhombic, JCPDS file 04-011-0366), Gd2(MoO4)3 (monoclinic, JCPDS file 00-067-0152), Gd2MoO6 (monoclinic, JCPDS file 00-024-0423, indexed only), Gd3MoO7 (orthorhombic, JCPDS file 04-017-0037), Gd6MoO12 (cubic, JCPDS file 00-024-1085) and Gd2Mo3O9 (tetragonal, JCPDS file 00-033-0548, indexed). In bold: structures found in ICSD

Figure 8 (

 8 Figure 8 (A) XRD of classical Gd2O2S and Gd2O2S/Mo0 reference with peaks positions from JCPDS file 00-026-1422, experiment-based, and a zoom on peaks (110) and (111). Dash line:

Figure 9 (

 9 Figure 9 (A) TEM images of Gd2O2S nanoparticles showing nanoparticles by {001} face and {100} side: zoom at ×42 000. (B) TEM images of Gd2O2S/Mo0 nanoparticles zoom at ×350 000. (C) Morphology of Mo-containing samples seen by TEM, with x up to 0.25, zoom at ×42 000. (D) Nanoplatelet-like Mo-containing nanoparticles morphology, with x up to 0.25, zoom at ×265 000. (E) Nanoparticles with x much higher than 0.25 (here x = 0.43), zoom at

  On Figure12Ais also shown the XPS signal of the S 2s region. In good agreement with the signal of the S 2p region (Figure12B), we needed three components to obtain a decent fit of the signal. These three components are located at 226.1, 227.8 and 228.9 eV and are attributed to S(-II), S(+IV) and S(+VI) respectively, according to NIST XPS database.

Figure 12 (

 12 Figure 12 (A) XPS signal of the Mo 3d -S 2s region of the Gd2O2S/Mo0.36 (x = 0.18) sample (KL151). In light blue, the most "oxidized" Mo-species, with the 3d5/2 peak at 235.15 eV, in dark blue the most "reduced" Mo-species, with the 3d5/2 peak at 233.9 eV. In brown, signal

Figure 13 (

 13 Figure 13 (A) Electrochemical tests of Gd2O2S/Mo0 reference (ink Cx2). Comparison of activity between: (B) commercial MoS2 (90 nm) and Gd2O2S/Mo0.36; (C) the same ink: fresh and after 1 day; (D) the same ink: fresh and after 6 days; (E) an ink made from nanoparticles, an ink ma de from a fresh nanoparticle suspension and from an old suspension; (F) Gd2O2S/Mo0.10, Gd2O2S/Mo0.36 and Gd2O2S/Mo0.36. All the tests are done with inks having weight ratio C black/nanoparticles of 2:1; except for the case of (D), it was 1:1. All the graphs have the same scale. Measurement conditions: electrolyte KOH 0.1 M (pH 13), rotation rate 1600 rpm, scan rate 10 mV/s.

Figure 14 (

 14 Figure 14 (A) A TEM image of a Gd2O2S/Mo0.36 (x = 0.18) sample which is representative for the series' morphology. Morphology of samples with x = 0.18 (B) in the powder, (C) in a fresh ink, and (D) in the deposition after the electrochemical test. (E, F) Morphology of Gd2O2S/Mo0 reference in powder with frequently observed interplanar distances. Images are taken at ×350 000.

  Bragg's law : λ = 2d sin θ où θ en rad ⇔ ln λ = ln 2 + ln d + ln sin θ 0001 : X-ray source (notice Bruker D8) Δθ = 0.01 ° : detector (notice Bruker D8) For peak (110) at around 47 °, it is found that Δd = 0.0005 Å.The uncertainty caused by FULLPROF is given by the software after the fitting is finished. This value does not change significantly from a sample to the other. The taken value is 0. 000358 °, from a 0.11 equiv. Mo sample made in only one step. This value needs to be multiply by 4 for the raison of underestimation of software (typical for FULLPROF). Δd is found of 0.001 Å.The uncertainty caused by mechanical movements is obtained by an analysis on a series of Gd2O2S made by myself and C. Larquet, an older PhD candidate in our team. All the powders are made by the same synthesis and analyzed in the same manner. The position of peak (110) should be the same by good repeatability of the synthesis, the standard deviation of this peak should give the total uncertainty which contains the mechanical movement's uncertainty and also the manipulations between batches. With 6 samples, the average interplanar distance on 76 Synthesis and characterization of samples made by the two-step protocol (110) direction is found at 1.931 ± 0.003 Å. Hence, the total uncertainty is finally 0.003 Å (compared to 0.0015 Å uncertainty without taking into account the mechanical movements).

Figure 16 (

 16 Figure 16 (A) Fitted curves of peak (110) from diffractograms of samples with x from 0 to 0.25. This peak is fitted separately to the rest of each pattern. (B) The peak shift of 0.016 ± 0.003 Å between samples with Mo, classical Gd2O2S (black, in cadre) and Gd2O2S/Mo0 (black) reference on the graph.

10 

 10 However, the cause of morphology change and the relation between these different phases are not yet clear. We can still expect some kind of a core-shell or a composite, for instance. This may be coherent with the very first idea of this synthesis that Mo stays only on the surface of Gd2O2S nanoplatelets which allows an even distribution of Mo-containing phase(s) around Gd2O2S nanoparticles and at the same time, their unchanged structure. This may occur via links between Mo atoms and either only with the O terminated layer or several type of O to create a shell and not to increase S quantity in final product. These points will be revisited in the next part to combine with the results from other analysis methods.For now, we have seen that there are no changes in crystalline structure and morphology of initial Gd2O2S nanoparticles depending on the Mo's presence in the powders. As the Mo atoms are surely present, we have to find out where they are and how they exist in these powders. What we have known on Mo centers from the previous discussions is that Mo's geometry is principally tetrahedral with the oxidation state of +VI in the powders and may have the local environment close to molybdate type. Concerning the splitting of peak (101), as briefly described in part 2.3, there are 4 molybdate phases that can have the diffractograms matching those of synthetic samples with x = 0.18: 78 Synthesis and characterization of samples made by the two-step protocol Gd3MoO7, Gd2(MoO4)3, Gd2MoO6 and Gd4Mo4O11 (Figure 6C-F). However, the Mo sites are not exactly the same in these structures:  In Gd4Mo4O11 model, the oxidation state of Mo is +2.5 (14e -for each Mo4). There are 3 types of Mo in this structure: apical Mo1 links with 5 other Mo (1 Mo1, 2 Mo2 and 2 Mo3) and 5 O; each Mo2 or Mo3 links with 7 other Mo (4 Mo1, 2 Mo3 and 1 Mo2) and 4 O. 14 They are all not in centrosymmetric geometry but none of them is tetrahedral.  In Gd3MoO7 model, the oxidation state of Mo is +VI but Mo atoms are in octahedral geometry. In α-Gd2(MoO4)3 model, the oxidation state of Mo is +VI. There is only 1 type of Mo in this structure: Mo links with 4 O in an environment of a simple kind of molybdate. 11

Figure 17 (

 17 Figure 17 (A) (1) Comparison of XAS between a two-month old Gd2O2S/Mo0.36 sample, an oneyear old Gd2O2S/Mo0.22 sample, commercial MoS2 and commercial Na2MoO4 at Mo K-edge.

Figure 18 shows

 18 Figure 18 shows the comparison of normalized PDF patterns between samples with and without Mo in each dataset: (A, B) include data from SOLEIL, extracted with Qmax = 16 and (C, D) include data from LCMCP, extracted with Qmax = 15. For the technical reason, the annealed sample Gd2O2S/Mo0 was not measured at CRYSTAL Beamline. Hence, only the dataset fromLCMCP combines all the needed samples. However, the treatment for both dataset is necessary to solve the structure of synthesized nanoparticles.

Figure

  Figure18B, D, there are two peak evolutions between these two samples: a decrease of peak 5.8 Å and an apparition of peak 6.1 Å. The distance 5.8 Å can be attributed to the distance extraplanar Gd-Gd and Gd-O (considering [Gd2O2] 2+ as a plane, the distance is considered "extraplanar" because of the S atom between them, Figure18E, F) across the {101} plane for Gd2O2S. No intraplanar distance was found at these values. By annealing the sample to obtain Gd2O2S/Mo0, the number of distance 5.8 Å decreases obviously while the apparition of the distance 6.1 Å is obvious with the intensity even higher than that of the peak 5.8 Å in Gd2O2S (Figure18C, D, black curve vs. green curve). We can surely state that the evolutions of the structure linking to these two distances are totally independent to the presence of Mo. It means that for the model construction in the future, we need to consider one with the same planes [Gd2O2] 2+ as Gd2O2S with a probable modified interplanar local rearrangement. Coming back to Mo-containing samples, we observe also the evolutions for peaks 5.8 Å, 6.1 Å and for the peak 4.6 Å in addition. Otherwise, there is a small shift of all peaks to the longer distance not only for Mo-containing samples but also for the annealed sample without Mo. This may suggest a possible dilatation of unit cell and an introduction of disorder/surface ligands rearrangements with the presence of Mo.

Figure 19 A

 19 Figure 19 A proposition of molybdate-doped Gd2O2S structure made by the two-step protocol.

28 v 1 = 36 nanoparticles surface in 1 deposition m 2 e

 281362 mass in 1 deposition = 5 μg m d2 = Mo-containing nanoparticles mass in 1 deposition = 3.5 μg d = MoS2 density at 25 ℃ = 5.06 g/mL r = radius of 1 MoS2 nanoparticle = 45 nm r Mo = crystal radius of Mo(+IV) in coordination 6 = 0.8 Å 28 r S = crystal radius of S(-II) in coordination 6 = 1.7 Å volume of 1 MoS2 nanoparticle s 1 = geometrical surface of 1 MoS2 nanoparticle s Mo = geometrical surface occupied by 1 exposing Mo atom on the surface s S = geometrical surface occupied by 1 exposing S atom on the surface V 1 = volume of all MoS2 nanoparticles in 1 deposition N 1 = number of MoS2 nanoparticles in 1 deposition S 1 = geometrical surface of all MoS2 nanoparticles in 1 deposition S Mo 1 = geometrical surface occupied by exposing Mo atoms on all the MoS2 nanoparticles surface in 1 deposition a = diameter of 1 Gd2O2S/Mo0.36 nanoparticle = 8 nm h = thickness of 1 Gd2O2S/Mo0.36 nanoparticle = 1.5 nm m 1 = mass of 1 Gd2O2S0.60 nanoparticle according to the model of C. Larquet s 2 = geometrical surface of 1 Gd2O2S nanoparticle with or without Mo m 2 i = mass of 1 Gd2O2S0.60/Mo0.36 nanoparticle according to the model of C. Larquet if Mo/Gd = 0.18 (i for introduced Mo/Gd value) N 2 i = number of Gd2O2S/Mo0.36 nanoparticles in 1 deposition S 2 i = geometrical surface of all Gd2O2S/Mo0.36 nanoparticles in 1 deposition 86 Synthesis and characterization of samples made by the two-step protocol S Mo i = geometrical surface occupied by exposing Mo atoms on Gd2O2S/Mo0.= mass of 1 Gd2O2S0.60/Mo0.36 nanoparticle according to the model of C. Larquet if Mo/Gd = 0.05 (e for EDS Mo/Gd value) N 2 e = number of Gd2O2S/Mo0.36 nanoparticles in 1 deposition S 2 e = geometrical surface of all Gd2O2S/Mo0.36 nanoparticles in 1 deposition S Mo e = geometrical surface occupied by exposing Mo atoms on Gd2O2S/Mo0.36 nanoparticles surface in 1 deposition N A = Avogadro number = 6.022 10 23 mole -1 According to the work of R. D. Shannon, 28 the crystal radius of Mo(+IV) and Mo(+VI) in coordination 6 are not very different (0.8 Å vs. 0.7 Å). The performed calculation is an approximation so the same value of Mo radius is taken for all cases. For indexing in the figures below, all total geometrical surfaces are noted as Stot, all geometrical surfaces of exposing Mo atoms are noted as SMo, all number densities of exposing Mo atoms are noted as NMo1 and all area number densities of exposing Mo atoms are noted as NMo2. Ir in the figures stands for the measured current without calculations and NMo stands for the total number of exposing Mo atoms in each deposition.

1 . N 1 =

 11 π0.08 2 nm 2 31,542 2.6 10 9 = 𝟎. 𝟎𝟏𝟔 𝐜𝐦 𝟐  For Gd2O2S/Mo0.36: taking the model of C. Larquet, in 1 nanoparticle, there are 1800 Gd atoms, 1800 O atoms and 542 S atoms. 6 m = m Gd + m O + m S = 1800 157 .08 2 nm 2 317 5.8 10 12 = 𝟎. 𝟑𝟕 𝐜𝐦 𝟐 If Mo/Gd = 0.05 as the obtained value by EDS: 10 5 g/mole 6.022 10 23 mole -1 = 5.7 10 -19 g .08 2 nm 2 95 6.1 10 12 = 𝟎. 𝟏𝟐 𝐜𝐦 𝟐 If Mo/Gd = 0.11 as the introduced value: .08 2 nm 2 198 6.0 10 12 = 𝟎. 𝟐𝟒 𝐜𝐦 𝟐 Before going further on the results of different normalization methods, we come back to the loss of ORR reactivity after 2 weeks that was mentioned previously. For each deposition, the old inks are sonicated during about 30 min formerly, hence, we assume that the nanoparticles aggregates are broken to well disperse in the suspension, i.e. the nanoparticles quantity in each deposition is practically identical. The loss of reactivity in this case, as a consequence, has to be caused by a change in the nature of active sites (structure, oxidation states, local environment) and/or in the number of active sites (progressive deactivation, left out aggregates)

Figure 20

 20 Figure 20 Comparison of LSV curves between MoS2 reference (black) and 2 samples with the same x = 0.18 KL177 (red) and KL166 (blue): (A) current normalized by the total geometrical surface of all nanoparticles in the deposition, calculations for synthesized samples using introduced ratio Mo/Gd. The legend is common for all figures (A-F). (B) Current normalized by the total geometrical surface of all nanoparticles in the deposition, calculations for synthesized samples using ratio Mo/Gd obtained by EDS. (C) Current normalized by the total geometrical surface of only exposing Mo atoms in the deposition, calculations for synthesized
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  Synthesis and characterization of samples made by the one-step protocolExample: for a sample 0.15 : 15 and notation Gd1.7Mo0.3O2S.

Figure 1

 1 Figure 1 Schemes showing the structure of Gd2O2S nanoplatelets: (A) shape and average size of Gd2O2S nanoparticles; (B) local structure of a Gd site and (C) nanoplatelets with oleate ligands on their surface, figure from C. Larquet's thesis. 6 (D) Figure of active site in MoS2: Mo-S edge sites, figure by J. D. Benck et al. 7 (E) Figure of nanoparticles Gd2(1-x)Mo2xO2S

Figure

  Figure2Dshows two possible trend lines for two groups of samples with x < 0.25 (i.e. Mo/Gd up to 0.25): made with Mo(+I) precursor, in black, and made with Mo(+VI) precursor, in red. The values of S in both cases rise quickly with the increase of introduced Mo/Gd: the slopes are 1.38 and 2.46 respectively. Both regressions are quite accurate with R 2 of 0.91 and 0.94 respectively. Two dash lines show the ratio S/Gd in Gd2O2S reference (0.18, average value calculated from 6 samples) and possible saturation value (1.0, introduced ratio S/Gd) corresponding to a quantitative incorporation of sulfur in the powder. To reach observed S/Gd of 0.5 as in bulk Gd2O2S, only 0.18 equivalent of Mo(+I) or 0.15 equivalent of Mo(+VI) was needed (compared to the initial quantity of Gd). To reach the possible saturation value of 1.0, 0.43 equivalent of Mo(+I) or 1.0 equivalent of Mo(+VI) was needed. These results suggest that during the synthesis, as Mo has a high affinity to S, some other secondary phase(s) which contain both Mo and S were formed, which increase significantly the observed S/Gd of the powders.

Figure 3 (

 3 Figure 3 (A) XRD patterns of the samples made with the Mo(+VI) precursor with x from 0.02 to 0.5. (B) XRD patterns of the samples made with the Mo(+I) precursors with x from 0.05 to 0.7. The peaks marked with red stars are probably correspondent to a mixture of Na2MoO4 (JCPDS file 01-084-6509) and Mo15S20 (JCPDS file 04-018-5769). (C) XRD patterns of samples made with the Mo(+III) precursors with x = 0.15. (D) XRD pattern of Gd2O2S reference with peaks positions (JCPDS file 00-026-1422). Dash line: peak (110) of Gd2O2S used for structure analysis. Broad peaks marked with black star may link with impurities from organic ligands, not yet identified.

Figure 3A - 3 . 1 . 3 .Figure 4 Figure 5

 3A31345 Figure 3A-C shows the diffractograms of three groups of samples made with the three precursors. For the samples made with Mo(+I) precursor, the value of x in the synthesis varies between 0.05 to 0.7. One of the diffractograms in Figure 3C has much more noise than all others. The cause has no relation with the structure of final product but with the shorter acquisition time, i.e. the structure of this sample is probably similar to the other sample with x = 0.15 in Figure 3C. For the samples made with Mo(+VI) precursor, the value of x in the

Figure 6

 6 Figure 6 HRTEM images in dark field by Mounib Bahri and Ovidiu Ersen (Institut de Physique et Chimie des Matériaux de Strasbourg, IPCMS) of a sample Gd1.7Mo0.3O2S (x = 0.15) made with Mo(+I) precursor.

FigureFigure 7 Figure 8

 78 Figure 7A shows a comparison between a Gd1.7Mo0.3O2S (x = 0.15) sample and selected commercial references. The edge of the synthetic sample is similar to those of sulfide references (Gd1.7Mo0.3O2S: 20 009.8 eV; MoS2: 20 008.7 eV; MoS3: 20 009.0 eV; MoS4 2-: 20 009.7 eV) and different from those of MoO3 and Na2MoO4 (20 018.3 eV and 20 018.9 eV, respectively), based on the first derivative (the pre-edges are not taken into consideration). This observation suggests that the oxidation state of Mo in the synthetic sample should be +IV as in the MoS2 sulfide reference. In terms of the geometry of Mo, the clear absence of the pre-edge (compared to MoS4 2-with the same oxidation state in tetrahedral geometry) indicates that Mo in the Gd1.7Mo0.3O2S sample is likely centrosymmetric (or close to a centrosymmetric geometry).

Figure 9

 9 Figure 9 STEM-EDS cartography done one a Gd1.7Mo0.3O2S (x = 0.15) sample, made with Mo(+I) precursor. The measurements were performed by Mounib Bahri and Ovidiu Ersen (Institut de Physique et Chimie des Matériaux de Strasbourg, IPCMS). The scale bar is the same for all images.

  Mo δ+ links to O terminated of double layers [Gd2O2] 2+ on the surface of nanoplates. Mo-O bonding is expected to observed by local structure analysis (EXAFS, PDF) + Mo δ+ links to S 2-terminated on the surface of nanoplates during the formation of Gd2O2S as it has a strong affinity to S. Mo-S bonding is expected to observed by local structure analysis (EXAFS, PDF)

Figure 10 (

 10 Figure 10 (A) Fitted curves of peak (110) from diffractograms of samples with x from 0 to 0.2. This peak is fitted separately to the rest of each pattern. (B) Peaks (110) and (111) after fitting, in comparison with the measured diffractogram and the calculated curve from the fits. Top: Fits for Gd2O2S nanoparticles. Down: fit for Gd1.7Mo0.3O2S (x = 0.15) sample, made with Mo(+I) precursor. The straight lines are from the reference Gd2O2S (JCPDS file 00-026-1422). (C) No peak shift between samples with Mo and Gd2O2S reference on the graph.

Figure 11

 11 Figure 11 Comparison of XAS between samples Gd1.7Mo0.3O2S (x = 0.15), a sample Gd2O2S/MoS0.36 (x = 0.18), both made with Mo(+I) precursor, and commercial references MoS2 and Na2MoO4 at (A) S K-edge; (B) Mo L2-edge; (C) Mo L3-edge and (D) Mo K-edge with a zoom on XANES part. (E) Distribution of radial distance (Å), calculated from spectra at Mo K-edge in (D) and corrected by +0.5 Å to visualize the real bond lengths. Dash lines represent typical distances in molybdenum oxide (orange) and molybdenum sulfide (green). The legend in (A) is common for all figure.
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Figure 1

 1 Figure 1 Some structures of molybdenum sulfides in the literature: (A) Figure of active site in MoS2: Mo-S edge sites, figure by J. D. Benck et al. 4 (B) Two different geometries of Mo centers in MoS2 (centrosymmetric and none centrosymmetric), figure by Y. Fang et al. 5 (C) Mo6S8S6 and Mo9S11S6 units in Mo15S19 (Chevrel-like structure), figure by D. Salloum et al. 6 Thin lines denote the Mo-S bonds, thick lines denote the Mo-Mo bonds. (D) Mo9S27 and Mo6S8S6 units in Mo15S20 (Chevrel-like structure), figure by D. Salloum et al. 7 Thin lines denote the Mo-S bonds, thick lines denote the Mo-Mo bonds. (E) Polymorph Mo3S4 (Chevrel-like structure) depicted in a polyhedral model, figure by H. Fukuoka et al. 8 Yellow spheres show S atoms. Green

Figure 2 (

 2 Figure 2 (A) Calculated diffractograms of two references sodium molybdate (hydrated and dehydrated) from ICDD with JCPDS file numbers indicated on the figure. (B) Diffractograms of samples made with Mo(+VI) precursors and sodium oleate with a = 1 and 2. (a, b) Calculated reference shown in (A). (2) and (3) are 2 kinds of diffractograms which can be

Figure 3

 3 Figure 3 Comparison between (a, b) calculated diffractograms of two molybdate references from ICDD (Figure 2A) and raw diffractograms of a sample made with Mo(+VI) precursor, sodium oleate and a = 1: (1a) fresh paste after treatment in the glovebox, (1b) after 2 weeks in the glovebox, (1c) after 2 more weeks in free air; (2) fresh solid after the treatment of the first supernatant from (1a). The broad peak noted by a star is the signal of the sample holder's cap.

figure were made with a = 1 .

 1 figure were made with a = 1. Considering the same Na source as oleate, in the case of Mo(+I) precursor, compared to the powder obtained with Mo(+VI) precursor, there are additional peaks (marked with red dots) to the others corresponding to Na2MoO4 and Na2MoO4•2H2O (Figure 4B-1 vs. Figure 4B-2a). The sample made with Mo(+I) precursor contains a mixture of phases isostructural to both Na2MoO4 and Na2MoO4•2H2O (Figure 4B-2a) while there is only one visible phase for the sample made with Mo(+VI) precursor (Figure 4B-1). When it comes to the powder made with Mo(+I) precursor and sodium acac (Figure 4B-2b), the diffractogram becomes more complicated: the additional peaks (red dots) are different than ones in Figure 4B-2a and much more intense. The peaks corresponding to Na2MoO4 are still visible and intense but not largely major anymore. These phases, for instance, are not yet identified. All starred (i.e. reliable information) molybdenum sulfides and oxides phases in the database PLU2019 do not match. The only oxide sulfide phase Mo3S3O (JCPDS file 04-006-1208) does not match either.

Figure 4 (

 4 Figure 4 (A) Diffractograms of samples made with Mo(+VI) precursors and two other sodium sources: (1a, 1b) sodium acac and (2a, 2b) monosodium citrate. The values of a are indicated on the graph. The bumps are noted with red arrows. (a, b) Calculated reference shown in Figure 2A. (B) Diffractograms of samples with a = 1, made with (1) Mo(+VI) precursor and

  -up images for the porous structure and other coexisting filaments of the same sample as in (C, D). Images from (C) to (F) were provided by Mounib Bahri and Ovidiu Ersen (Institut de Physique et Chimie des Matériaux de Strasbourg, IPCMS).

  Synthesis protocol with Na+ by +0.5 Å to visualize the real bond lengths. The intensities of three "MoO(2.5+0.5a)S0.5/Na2" curves and of Na6Mo7O24•14H2O are multiplied by 10. Dash line in green indicates the oxide component zone. (C) Comparison of diffractograms between an aged sample type (2) (identical to the aged sample in (A) and (B)), an aged sample type (3), Na2MoO4•2H2O and Na6Mo7O24•14H2O.

between 2 and 4 Å( 2 ) and ( 3 )

 423 shows also the same trend as the spectra above. The presence of heptamolybdate phase was verified by realizing XRD on the same sample type (2) concerning after a very long time (2 years and 6 months). Without changing any physical aspects, the sample gave a diffractogram which signifies a mixture of at least two phases isostructural to heptamolybdate and molybdate (Figure9C, black curve). Meanwhile, after mostly the same time, the fresh sample type (3) concerning seems to change from type (3) to a mixture of types with a presence of amorphous phase(s) (Figure9C, orange curve). No Bragg peaks corresponding to sodium heptamolybdate were observed for this sample as in the previous one.

Figure 10 (

 10 Figure 10 (A) Unit cell of the cubic Na2MoO4. Structure drawn from JCPDS file 04-01-8839.(B) Structure around the O atom, angles and bond lengths measured on the model (A). (C)Crystal radii of all involved atoms with their coordinations in the structure, S(-II) and S(+VI)

  shows the model structure of spinel Na2MoO4 from ICDD database (JCPDS file 04-010-8839) and the information on the coordinations and crystal radii of Na, Mo, O and S according to Shannon.[START_REF] Shannon | Revised Effective Ionic Radii and Systematic Studies of Interatomic Distances in Halides and Chalcogenides[END_REF] In this structure, O 2-has a coordination of 4 and a crystal radius of 1.2 Å. Considering the same coordination 4, only S(+VI) can present it but its crystal radius is way too small (1/4 the size of initial O(-II), Figure10C) and it is charged positive. Such substitution is not possible. Considering the same oxidation state (-II), the anion S 2-is 1.5 times larger than O 2-in a crystal and the only possible coordination is 6. This very important difference in size makes the substitution of O by S in the structure of Na2MoO4 impossible. Assuming that it still happens, only some O on the surface are substituted because the number of Mo-S bonds needs to be low enough to maintain the position of all Bragg peaks.

  shows the results of all XRD and EDS analyses. First of all, the diffractograms show a similarity between products coming from Mo(+VI) (Figure 11B-c, blue) and Mo(+III) precursors (Figure 11B-d, green), and between products coming from Mo(+I) precursor (Figure 11B-e, magenta) and a sample Gd0.6Mo1.4O2S (x = 0.7) made by the one-step protocol with Mo(+I) precursor (Figure 11B-b, red). All three diffractograms of samples made with Mo(+I) precursor has the same peaks and their positions, there are only some differences in the intensity.Both samples made with Mo(+VI) (blue) and Mo(+III) (green) precursors are mostly amorphous but the one made with Mo(+VI) precursor (blue) seems to be less crystalline: it does not have neither other bumps at 18 °, 62 ° and 80 ° nor the thin peaks around 20 ° (the dotted peaks for the sample made with Mo(+III) precursor might be attributed to excess S in the final powder). For the other pair of products (samples "MoS2" and Gd0.6Mo1.4O2S both with Mo(+I) precursor), the similarity stays for the second crystalline phases with peaks lower than 15 ° (11 °, 12.5 ° and 14.8 °). The first crystalline phase observed in the Gd0.6Mo1.4O2S sample and marked with black stars corresponds to a phase isostructural to Na2MoO4, similar to the synthesis in section 2 of this chapter. The similarity is possible because in both syntheses (Gd0.6Mo1.4O2S and "MoO3.5S0.5/Na2"), Mo(+VI) precursor is in contact with S8 and Na oleate in the same conditions of reaction. However, all the other phases in Figure11A, crystalline or amorphous, are not yet identified in an exact manner: no simple oxides or oxysulfide available

Figure 11 (

 11 Figure 11 (A) Diffractograms of samples without Gd made with three Mo precursors, in comparison to a Gd0.6Mo1.4O2S (x = 0.7) sample and a molybdenum sulfide Mo15S20 with it JCPDS file number. 7 The peaks marked with black stars belong to Na2MoO4 phase. Orange dash lines signify the similarity between (b) and (d). Blue dash lines signify the similarity between (b) and (a). (B) Observed molar ratio S/Mo in all samples without Gd. In red: with Mo(+VI) precursor, in green: sample made with Mo(+I) precursor, average value from 3 syntheses, and in magenta: with Mo(+III) precursor. Dotted peaks: probably excess S.

  of C. Meerback et al., it would be quite surprising to obtain some clearly crystalline sulfides as in Figure11A. Although, it is not impossible as the precursor we used is Mo(+I) which is easier to react than MoCl5. Our syntheses using Mo(+III) or Mo(+VI) precursors result amorphous phases too. Even better: the diffractogram of "MoS2" made with Mo(+III) precursor (Figure11A-e) is similar to that of molybdenum sulfide made with MoCl5 and (NH4)2S by C. Meerback et al.; and the diffractogram of "MoS2" made with Mo(+III) precursor (Figure11A-c) is similar to that of molybdenum sulfide made with MoCl5 and CS2 by the same author. Along with the fact that the ratio S/Mo observed in these two samples is close to 2.0 (Figure11B), it suggests that the products "MoS2" we made with Mo(+VI) and Mo(+III) precursor are perhaps actually molybdenum sulfides. Hence, it is meaningful to analyze the crystalline phases in the powders made with Mo(+I) precursor with sulfides references. Another interesting point is that in the previous part on "MoO(2.5+0.5a)S0.5/Na2" samples, in the STEM images (Figure7F), we observed some very thin filaments. Taking into account the possibility of making molybdenum sulfide with the setup conditions, these filaments might be MoS2 nanosheets too. It would mean that the reaction occurring in this part without Na + can also take place in the synthesis with Na + .

Figure 12

 12 Figure 12 Morphologies of samples made without Gd and with Mo(+I) precursor: (A) amorphous component, (B) large crystalline particle with corresponding electronic diffraction, four visible distances at 9.0 Å, 4.5 Å, 3.2 Å and 2.6 Å; (C) smaller crystalline nanoparticle with corresponding electronic diffraction, two visible distances at 6.0 Å and 3.0 Å; (D) a mixture of crystalline and amorphous components. (A-B) are from sample KL042 and (C-D) are from sample KL116.

Figure 13 (

 13 Figure 13 (A) XAS at S K-edge of some references containing Mo-S bonds, provided by Benedikt Lassalle-Kaiser (LUCIA Beamline, Synchrotron SOLEIL). The edge positions are marked by dotted lines. (B) XAS of a sample "MoS2" made with Mo(+I) precursor in comparison with spectrum of commercial MoS2 (90 nm) at S K-edge. The legend is common for (B) and (C). (C) XAS of a sample "MoS2" made with Mo(+I) precursor in comparison with spectrum of commercial MoS2 (90 nm) at Mo L3-edge.

  Figure14A-Bshow a comparison between the diffractograms extracted from the reference publication's supporting information and those of 156 Explorative work on colloidal syntheses with molybdenum molecular precursors our samples, comparing to the bulk MoS2 (JCPDS 00-037-1492). It is clear that the samples' diffractograms do not match perfectly to the bulk's pattern. They explained it by the size and the thickness of the nanosheets which contains only one or some layers only. Also, the relatively low temperature (320 °C in their synthesis and 310 °C in our case) results a portion of amorphous MoS2 which is the cause of poorly defined XRD patterns. In order identify the phase, C. Meerback et al. used XPS and Raman spectroscopy (Figure14C, D). For both their samples, they found two intensive peaks in Raman spectra (Figure14C) which correspond to the vibrations E2g 1 (in the basal planes, at 372 and 373 cm -1 ) and A1g (in z-direction, at 400 and 401 cm -1 ) of hexagonal MoS2. In XPS spectra, they observed two main signals at binding energies of 230 and 233 eV, which were assigned to the 3d5/2 and 3d3/2 peaks of Mo(+IV), while a small shoulder at 235 eV might be assigned to Mo(+VI) (Figure14D). Furthermore, the small signal at 226 eV corresponds to the 2s peak of S due to the interaction between Mo and S. Finally, in the S 2p spectrum, two closely situated peaks at 162 and 163 eV correspond to the 2p3/2 and 2p1/2 of S 2-orbitals and confirm the -II oxidation state of S. The morphology of their nanosheets shown in Figure14Eis similar to what we observed in our samples Gd2(1x)Mo2xO2S with x ≤ 0.2, presented in Chapter III.

Figure 14 (

 14 Figure 14 (A) Diffractograms of nanosheets MoS2 made with MoCl5 and two different S sources as indicated, compared to the pattern of the bulk MoS2 (JPCDS 00-037-1492) in gray. (B) Diffractograms of our samples "MoS2" made with S8 and two different Mo precursors as
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 121122131 Synthesis protocol ........................................................................................................ 1.1. Information regarding all the colloidal syntheses of nanoparticles ....................... 1.2. Molybdenum-free synthesis protocol .................................................................... Classical Gd2O2S nanoparticles synthesis 1,2 ................................................ One-pot annealing of Gd2O2S nanoparticles in solution at 310 °C, as a second step: Gd2O2S/Mo0 ............................................................................................ 1.3. Molybdenum-containing synthesis protocol .......................................................... Synthesis of Mo-containing Gd2O2S-like nanoparticles in two steps: Gd2O2S/Mo2x .................................................................................................................

  rotation around its elongation axis while the detector turns around it (from 2θ i = 0.8 ° to 150 °). The counting parameters evolves in function of Q-range during the analysis to optimize the counting rate at high Q. The final pattern was thus obtained from the combination of 7 component patterns, converted in counts per second, with the following parameters 2θ i (°) -2θ f (°)step size (°)step time (s): 0.8 -31 -0.02 -2, 29 -61 -0.04 -6, 59 -91 -0.06 -15, 89 -121 -0.1 -40 (twice) and 119 -150 -0.1 -100 (twice). The total duration is 34 hours. The empty capillaries were measured in the same conditions.Raw data were treated using the PDFgetX3 program.3 Standard corrections were applied to the total scattering data. After a normalization step, they were reduced into the structure function. The experimental PDF G(r) is finally obtained by a Fourier Transform (FT).

Figure 6 (

 6 Figure 6 (A) RDE and (B) three-electrode system used for electrochemical tests in LCMCP.

1 )

 1 Classical ink (noted "Cx1"): 10 mg of sample and 10 mg of C black were dispersed in 10 mL of absolute ethanol during 2 hours by sonication. Then, 435 µL of Nafion 5 wt% solution was added and the mixture was sonicated during 30 min.  Nanoparticles concentration: 1 mg/mL  C black concentration: 1 mg/mL 2) Ink with C black doubled (noted "Cx2"): 10 mg of sample and 20 mg of C black were dispersed in 10 mL of absolute ethanol during 2 hours by sonication. Then, 870 µL of Nafion 5 wt% solution was added and the mixture was sonicated again, during 30 min.  Nanoparticles concentration: 1 mg/mL  C black concentration: 2 mg/mL 3) Ink with C black tripled (noted "Cx3"): 10 mg of sample and 30 mg of C black were dispersed in 10 mL of absolute ethanol during 2 hours by sonication. Then, 1.305 mL of Nafion 5 wt% solution was added and the mixture was sonicated during 30 min more.  Nanoparticles concentration: 1 mg/mL  C black concentration: 3 mg/mL 4) Inks from nanoparticles suspensions with double amount of C black (noted "NPS"): 10 mg of sample were dispersed in 10 mL of absolute ethanol and 870 µL of Nafion 5 wt% solution during 1 hour. The suspension was either used fresh or left ageing during 2 weeks. Then, 20 mg of C black were added and the mixture was sonicated during 2 hours more.

Figure 8 (

 8 Figure 8 (A) Three-electrode system used on LUCIA Beamline, designed by Benedikt LASSALLE-KAISER. (B) Photo of the cell already assembled, ready to be installed in vacuum chamber. (C) Illustration of working electrode. (D) Photo of a working electrode with a deposition.

Figure 3

 3 Figure 3 Comparison of raw data of G(r) extracted from the measurements done at CRYSTAL Beamline between Mo-containing samples with different x values and a sample Gd2O2S not annealed.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1

 1 Summary of molybdenum oxysulfides syntheses in literature.

	Year	Authors	Synthesis conditions	Oxysulfide confirmed?	Ref.
	1925	ter Meulen	MoO2Cl2 + Na2S → MoO2S + 2 NaCl In absolute ethanol	Rejected by G. Tsigdinos et al. in 1978	66, 68
		Spengler	(NH4)2MoO2S2 → MoOS2 + 2 NH3 + H2O	Product confirmed as	66,
	1959	and	Heating up to 800 to 1000 °C	MoOS1.93 by G.	68,
		Weber		Tsigdinos et al. in 1978	69
	1961 Cannon	MoS2 + H2O(g) → MoOS2 + H2 Heating up to 500 °C	Rejected by G. Tsigdinos et al. in 1978	66 -68
	1989	K. M.			
	to	Abraham			
	1993	et al.			

  it will be explained more in detailed in the next part of this chapter. Hence, this is a good starting point for our new research

direction, even if the chemistry of d-block metals is fairly different. Unlike for lanthanide oxysulfides, the synthesis of transition metal oxysulfides is very challenging due to the large radius difference between O(-II) (1.26 Å) and S(-II) (1.70 Å) associated with different affinities to metals. For molybdenum in particular, as mentioned above, there are not yet many researches. The synthesis methods, considering only the chemical ones, produced only unwell-identified amorphous molybdenum oxysulfide, despite interesting porous structure and promising possible applications. As we have a good background knowledge on other well-known Gd2O2S-based oxysulfides,

Table 2

 2 Radius of concerning ions with comparable coordination number.105 

	Ions	Coordination number	Ionic radius in crystal (Å)
	Gd(+III)	VII	1.14
	Ce(+III)	VII	1.21
	Mo(+VI)	VII	0.87
	Mo(+III)	VI	0.83

  Review of Cell Performance in Anion Exchange Membrane Fuel Cells. J. Power Sources 2018, 375, 158-169. https://doi.org/10.1016/j.jpowsour.2017.07.117.

	(11) Dekel, D. R. (12) 2011 Fuel Cell Technologies; 2012.						
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Table 1

 1 

		Yields of Gd2O2S/Mo2x syntheses with 3 kinds of Mo precursors: Mo(+I) (in white),
	Mo(+III) (in blue) and Mo(+VI) (in orange).
	x	0.

02 0.05 0.11 0.18 0.22 0.25 0.35 0.43 1.00 2.03

  

	97	92	89	97	86	70	68	69	162	46	35
	yield (%)	109 106 111	97 106 103 135 63 91 108 120	76 89	71 80 121	123	137	54 111	
				88							

  92 Synthesis and characterization of samples made by the two-step protocol oxide-like) which cause a difference in OH -adsorption and transportation (we are not yet sure about the activivity issued of the reduction by ethanol). However, for this hypothesis, Gd2O2S itself has to have ORR reactivity also. This point is not yet studied but can be verified in the future by an electrochemical test without C black in the ink.

	2. Unlike the first hypothesis, here, we assume that Gd2O2S nanoparticles do not perform
	any catalytic activity for ORR (which is more likely) and serve strictly a support for
	Mo-containing phases only. In this case, it is logical not to observe any ORR reactivity
	of Gd2O2S nanoparticles as shown previously. However, the same electrochemical test
	without C black in the ink is still necessary to verify their inactivity. The Mo now is
	present in separated phases which is mostly amorphous (invisible for XRD), in a local
	environment similar to molybdate. Assuming that the ethanol reduces (XANES results

on Mo L3,2-edges) and somehow sulfidizes (XANES results on S K-edge) partially these phases to activate them (electrochemical results), the measured ORR activity of the sample is comparable with that of MoS2 as they all possess Mo-S edges. The activity difference between them can be explained that in the synthetic sample, even if the initial oxide-like phase is sulfidized partially, the difference in local environment (100 % Mo-S vs. Mo-S and Mo-O coexistence) or the number of active sites 100 % Mo-S (in the case of Mo-O and Mo-S are in separated phases) can still cause the difference in OH - adsorption and transportation. The lower activity of synthetic samples compared to commercial MoS2 nanoparticles is now understandable. For this hypothesis, we need to find a way to investigate if there are any Mo-S bonds after the ink preparation, in addition to the reactivity test for Gd2O2S without C black.

Table 1

 1 Synthesis and characterization of samples made by the one-step protocol Our research started with the Mo(+VI) precursor because it is the safest and the most inexpensive soluble compound. A complete series with x ranging from very low (0.005) to high (0.50) values was made with this precursor. The apparent yield of the synthesis was estimated,

		Correspondence in notation between samples from two series: synthesis in one step
	and synthesis in two steps. Highlighted column: calculated molar quantity of Mo precursor to
	add in the synthesis. Crossed cells: inexistent samples.			
		Samples by one-step protocol	Samples by two-step protocol
			Gd2(1-x)Mo2xO2S			Gd2O2S/Mo2x	
	x =	Mo Gd+Mo	Mo Gd	index Mo (2x)	Mo Gd + Mo	x =	Mo Gd	index Mo (2x)
		0	0	0	0	0	0
	0.005	0.01	0.01				
	0.01	0.01	0.02				
	0.02	0.02	0.04	0.02	0.02	0.04
	0.05	0.05	0.10	0.05	0.05	0.11
	0.10	0.11	0.20	0.10	0.11	0.22
	0.13	0.15	0.26				
	0.15	0.18	0.30	0.15	0.18	0.36
					0.18	0.22	0.44
	0.20	0.25	0.40	0.20	0.25	0.50
	0.26	0.35	0.52	0.26	0.35	0.70
	0.30	0.43	0.60	0.30	0.43	0.86
	0.50	1.00	1.00	0.50	1.00	2.00
					0.67	2.03	4.06
	0.70	2.33	1.40				
	Synthesis protocol					

Summary equation of the synthesis: For reference, all samples Gd2O2S classically synthesized in one-step protocol are taken into account. For Mo-containing samples, like in the Chapter II, there are three Mo molecular precursors used: Cp 2 Mo 2 (+I) (CO) 6 , Mo (+III) (acac) 3 and Mo (+VI) O 2 (acac) 2 . 102

Table 3

 3 

	Yield calculation for a sample with x = 0.15, assuming that the final powder is a
	mixture of several phases: Gd2O2S, Na2MoO4, free sulfate and about 30 wt% of organic
	ligands.				
					Yield compared
	Phase	n (mmol)	M (g.mol -1 )	m (mg)	to
					Gd1.7Mo0.3O2S0.4
	Gd2O2S0.4	0.2125	359	76.3	
	Na2MoO4	0.075	206	15.4	132 + 132 × 0.3
					85
	Na2SO4	0.175	142	24.8	= 200 %
	SO4 2-	0.26	96	25	
	Gd1.7Mo0.3O2S0.4	0.25	340	85	100 %

  8 eV and to the left Discussion of the edges of Gd2O2S/Mo0.36 and Na2MoO4 (2524.5 eV and 2523.6 eV, respectively). However, at both Mo L3,2-edges, commercial MoS2 has only one component while Gd1.7Mo0.3O2S has two. It means that the oxidation state of Mo in Gd1.7Mo0.3O2S sample is likely +IV (as in MoS2) but the local environment is not exactly the same (perhaps certain S atoms are substituted by O atoms as in oxysulfide) which causes the splitting of the spectrum.

	At this point, a comparison of the sample's spectrum and a simple linear combination of two
	reference compounds MoS2 and Na2MoO4 can confirm the presence of both Mo(+IV) and
	Mo(+VI) as a mixture in the synthetic sample or this is another kind of Mo species. By doing
	this comparison, we may understand the difference between spectra at Mo K-edge (perfectly
	similar to amorphous MoS2 by calculation, data not shown) and L3,2-edges (contain two
	maxima instead of only one as MoS2).

  Chang et al. made ultra-

	during 1h to form MoS2 nanosheets mostly amorphous. To make oleylamine-capped MoS2
	small freestanding amorphous molybdenum sulfide colloidal nanodots from a solution of
	(NH4)2MoS4 in water in presence of LiCO3 at 800 °C during 8 h. 22 Besides, by changing the
	solvent to methanol and an atmosphere of 42 psi of H2/CO, B. Moreno et al. synthesized a
	colloidal dispersion of molybdenum sulfide at only 100 °C during 1h, resulting the
	nanoparticles of molybdenum sulfide of medium size about 5 nm. 23 A synthesis from molecular
	precursors as Mo and S sources can occur at low temperature too: C. Meerback et al. heated a
	mixture of MoCl5 and CS2 or (NH4)2S in formamide under Ar atmosphere at only 170 °C

Table 2

 2 

	Comparison between the phase Mo15S20 (JCPDS file 04-018-5769) from PLU2019
	ICDD database, the distances observed in TEM images and the distances calculated from the
	diffractograms of the sample "MoS2" made with Mo(+I) precursor. Cells in the same color
	represent the coherence between the two analysis results and the theoretical numbers from
	database. Texts in the same color signify a coherence between the results of only one data
	analysis method and the theoretical numbers.

  Catalyzing the Hydrogen Conclusions and Perspectives at low Mo doping as (mostly) amorphous or they are only created when the Mo quantity is high enough to obstruct the formation of Gd2O2S.By simply comparing the samples made by the two-step protocol to the annealed Gd2O2S sample, we conceived that the change in XRD patterns and the morphology are not linked to the addition of Mo in the synthesis but probably to the evolution of Gd2O2S during the 2 nd heating and to the rearrangement of organic ligands on the surface of nanoparticles. Taking into account all the conditions of local structure and the insights from the latest PDF measurements, we succeeded in proposing the very first structural model for samples made by the two-step protocol as a molybdate-doped modified Gd2O2S which does not contradict any other analysis results. The single molybdate tetrahedrons link to the surface of Gd2O2S by weak interaction Gd-O which can explain the big loss of Mo at low doping (in the case that the EDS results are all reliable) while at very high doping, sodium molybdate is formed.

		and Reactivity from in Situ X-Ray Absorption Spectroscopy and X-Ray Photoelectron Spectroscopy.
		Inorg. Chem. 2017, 56 (22), 14227-14236. https://doi.org/10.1021/acs.inorgchem.7b02336.
	(3)	Larquet, C.; Carriere, D.; Nguyen, A.-M.; Le, T. K.-C.; Frogneux-Plé, X.; Génois, I.; Le Griel, P.; Gauzzi,
		A.; Sanchez, C.; Carenco, S. Unraveling the Role of Alkali Cations in the Growth Mechanism of Gd 2 O
		2	S	Nanoparticles.	Chem.	Mater.	2020,	32	(3),	1131-1139.
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2. Synthesis of Mo-containing Gd2O2S nanoparticles in one step: Gd2(1-
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Synthesis with Mo(+I) precursor and

  

a = 1 .......................... 1.3.3.2. Synthesis of "MoS2" ............................................................................ 1.3.3.2.1. With Mo(+VI) precursor ......................................................... 1.3.3.2.2. With Mo(+I) precursor ............................................................ 1.

2.2. One-pot annealing of Gd2O2S nanoparticles in solution at 310 °C, as a second step:

  

i The overpotential is the difference between the measured half-wave potential and the theoretical one (at ideal conditions). The lower it is, the sooner the reaction occurs, hence, the more active the catalyst is.ii The higher the maximum current is, the more active sites are in function, hence, the better the catalyst's performance is.

Acknowledgements

First of all, I would like to thank Prof. Clément Sanchez and Dr. Sophie Carenco to be my thesis director and thesis directrice. Especially for all that I learnt from Dr. Carenco, I can never thank her enough. Being my main supervisor who is always very supportive during these four years, she has taught me not only science but also the working method, to be a professional researcher. I would like to thank also Prof. Florence Babonneau, former directrice, and Prof. Christian Bonhomme, director of LCMCP for their welcome in the laboratory during my project. Next, I am thankful for the advice and discussions with Dr. Christel Laberty-Robert and Dr. David Portehault on the electrochemical parts. I appreciate very much Dr. Capucine Sassoye, Dr. Alex Lemarchand et M. Mohamed Selmane for their work on PDF, not only for the data treatment but also for the measurements, especially during the confinement. I would like to thank Ms. Isabelle Genois and Mr. Patrick Le Griel for their help on microscopies and elemental analysis. Also, I am grateful to the contribution of Dr. Alexy P. Freitas on the data treatment of XAS and XPS. I am very grateful for the collaborations with other scientists, Dr. Andrea Zitolo, Dr. Benedikt Lassalle-Kaiser and Dr. Jean-Jacques Gallet, from SOLEIL Synchrotron for their work on XAS and XPS measurements; Dr. Asma Tougerti from Unité de Catalyse et Chimie du Solide, UCCS, Université de Lille I for her contributions on XAS data treatment; Dr. Mounib Bahri and Dr. Ovidiu Ersen from Institut de Physique et Chimie des Matériaux de Strasbourg, IPCMS for their work on HRTEM-EDS. Also, I would like to thank Dr. Victor Mougel and his

Absorption Spectroscopy (XAS) and X-ray Photoelectron Spectroscopy (XPS) at SOLEIL Synchrotron.

Figure 11 X-ray Absorption Spectroscopy (XAS) of samples made with Mo(+I) precursor at (A) Mo L3-edge, (B) Mo L2-edge, (C) S K-edge and (D) Mo K-edge. The legend in (A) is common for (A-C).

Figure 11 shows the spectra of these samples at K-edge, L3,2-edges of Mo and K-edge of S.

They are obtained with the samples diluted in pellets with graphite. At Mo L3-edge, the edge of all samples are the same at 2523.8 eV based on the position of the signal's first derivative (Figure 11A). The splitting energy is 2 eV, identical for all samples. At L2-edge, there are less effect of spin-orbit coupling, the similarity between samples becomes more visible (Figure 11B). The splitting energy here is 1.8 eV.

In terms of S K-edge, the spectra all contain 3 peaks at 2472.6 eV, 2476.4 eV and 2481.3 eV with their intensities varying randomly from one sample to the other (Figure 11C). The last peak at 2481.3 eV is always the most intense of the three. From our first observation, we can 

. Trends in composition by EDS

As mentioned at the beginning of the chapter, three kinds of precursors were used for the synthesis of Gd2(1-x)Mo2xO2S. Figure 2 shows the global results of analysis on their composition by EDS. For this analysis, the detector can only detect elements heavier than Fluorine. It means that the amount of oxygen in the powder is only a proposed value (based on the Gd2O2S structure without counting organic ligands) as we cannot quantify it. The other concerning elements (Gd, Mo, S and Na) are quantified by automatic calculation by the software INCA.

For the same reason of the inseparable peaks Mo L-edge and S K-edge, all the discussion below is based on the assumption that the automatic calculation by INCA is correct.

Figure 2A and C show the relation between observed molar ratio Mo/Gd and S/Gd and introduced molar ratio Mo/Gd for each sample, calculated from EDS measurements. Each point on the graph is the average value of 3 to 5 zones of measurement and the error bar is its standard deviation. The samples made from Mo(+I) precursor are represented in black, the samples made from Mo(+VI) are in red and in green are the samples from Mo(+III). Figure 2A shows also the possible trends of observed ratio Mo/Gd when x increases: no Mo lost after each synthesis (the first bisector of the graph). It passes on most of points. Only two points corresponding to two samples made with Mo(+III) precursor, x = 0.15, and 2 points corresponding to 2 samples made with Mo(+I) precursor, x = 0.43 and 2.33, are slightly out of line. Figure 2C shows expected ratio S/Gd of 0.2 with a dash line: it is the observed value in the Gd2O2S reference, verified by our group and another group. 1,2 Compared to this value, the observed ratio S/Gd increases quickly from 0.2 to 1.0 with the increase of x (i.e. Mo/Gd from 0.005 to 0.43, Figure 2D).

In order to better visualize the evolution of ratios observed Mo/Gd and S/Gd in function of introduced Mo/Gd, the averages of observed ratios are calculated for each value of x and traced in function of introduced Mo/Gd (Figure 2B-D). Figure 2B shows two possible trend lines for two groups of samples: made with Mo(+I) precursor, in black, and made with Mo(+VI) precursor, in red. The slopes are 0.85 and 0.97 respectively, even with the black point at introduced Mo/Gd = 0.43 that falls farther from the trend. From the shown data, we can state that in all cases, very small amount of Mo was lost after the isolation of solid (assuming there is no loss of Gd). synthesis varies between 0.02 to 0.5. For the samples made with Mo(+III) precursor, only three samples with x = 0.15 were made, mostly as a comparison. Figure 3D represents the diffractogram of Gd2O2S reference with the theoretical position of bulk phase's Bragg peaks.

From observation, we can initially divide these series into two subgroups: x < 0.2 (i.e. Mo/Gd up to 0.25, low quantity of Mo) where the main XRD peaks of Gd2O2S are recognizable and x ≥ 0.2 (high quantity of Mo) where they are not anymore (Figure 3A andB). While the evolutions of crystalline structures in the two groups of sample made with low introduced quantity of Mo(+I) and Mo(+VI) precursors are similar, these for high introduced quantity of precursors are different. The powders made with Mo(+VI) tend to form amorphous phase(s) while the powders made with Mo(+I) precursor tend to form crystalline phase(s). The crystalline phases appearing in the case of Mo(+I) precursor are also found in the synthesis without Gd precursor and Na source: it is probably a mixture of peaks corresponding to Na2MoO4 and Mo15S20. These peaks will be discussed more in detail in the next chapter on the samples made without Gd precursor (Chapter IV).

In order to further analyze the patterns, only the (110) peak is taken into account. In particular, we were looking for a possible shift, as in the case of Ce-Gd substitution. 2 This will be discussed in another section below.

Structure (XANES) part; (C) Mo L3-edge, 0.1 ≤ x ≤ 0.3 and (D) S K-edge, 0.1 ≤ x ≤ 0.3. The peak marked with a black star is an instrumental glitch. The legend in (D) is common for (C).

In Figure 7B, we observe that all samples (0.05 ≤ x ≤ 0.2) at Mo K-edge have the same edge position (20 009.8 eV), an absence of pre-edge, and the same shape of multiple-scattering zone.

Similarly, at Mo L3-edge and S K-edge, the edges of all the samples (with 0.1 ≤ x ≤ 0.3) are situated at the same energy (2523 eV) (Figure 7C-D). Each spectrum at Mo L3-edge has 2 peaks components with a splitting energy of about 3 eV. Each spectrum at Mo L2-edge possess also 2 components similar to that at L3-edge (data not shown). These observations confirm the similarity of the Mo's nature in all synthetic samples with different x.

In terms of S K-edge, based on the presence of the first peak at 2472.5 eV, corresponding to reduced S species (S 2-), the spectra can be divided into 2 subgroups: x < 0.2 (very low peak) and x ≥ 0.2 (intense peak) (Figure 7D). While the spectra of samples with x = 0.1 and 0.15 are mostly the same, the first peak's intensity increases with the increase of x from 0.2 to 0.3, i.e. the increase of both S quantity and Mo quantity in the samples (Figure 2D). This may suggest that the main Mo-containing phases are formed with a significant amount of reduced S.

Contrarily to this evolution of the first peak, the intensity of two others peaks around 2478.5 eV and 2483.0 eV, corresponding to oxidized S species does not change much between samples (Figure 7D).

From our first observation, we can state that the local structures of all samples in this series are globally similar, only the quantity of Mo-containing phases changes between samples. We will discuss further on the local structure of Mo atom in the next part in considering the results from others analysis methods to understand the structures of materials.

In terms of surface activity, only some tests on 2 samples made with Mo(+I) (x = 0.05) and Mo(+VI) (x = 0.15) precursors in ORR reaction were done to compare to the surface activity of the sample Gd2O2S/Mo0.36 (x = 0.18) which was made by the two-step protocol. For the same reason that mentioned in Chapter II, there is no detailed analysis (Tafel plots) for these samples in this part. The measurement conditions are identical: electrolyte KOH 0.1 M (pH 13), rotation rate 1600 rpm, scan rate 10 mV/s. The inks are of type Cx1 for Gd2O2S sample and Cx2 for the two others. Synthesis protocol with Na+

Synthesis protocol with Na +

We recall here the reaction performed in this section:

Study on the synthesis with Mo(+VI) precursor

With Na + source of oleate

The syntheses following the same method as Gd2O2S were firstly done with the Mo(+VI) precursor with sodium oleate and a = 1. The product's diffractogram (Figure 2B-1, black)

shows a phase isostructural to Na2MoO4•2H2O (reference Figure 2A) with good yield compared to the assumed formulae "MoO3S0.5/Na1" (Table 1). First of all, it is sure that there is a large difference between the obtained solid and Na2MoO4•2H2O as the synthetic powder is totally black while the commercial Na2MoO4•2H2O is made of white crystals. A closer look on the peaks did not reveal any shift, which could have been a signature of structural modification.

In the hypothesis that Na2MoO4•2H2O-like particles are indeed the major product of the reaction, the stoichiometry of Na (2 equiv. introduced instead of 1 equiv.) would allow a theoretical maximum yield of 100 % vs. Mo. Hence, we attempted reactions with a = 2 ("MoO3.5S0.5/Na2"). The final products are all isostructural to Na2MoO4 (hydrated or dehydrated) according to their diffractograms (Figure 2B). In both cases, hydrated or dehydrated Na2MoO4, Mo(+VI) centers are tetrahedral but for Na2MoO4 hydrated, the crystal structure is cubic and for the other, it is orthorhombic as there are water molecules in the structure. No peak shift was observed in any case (Figure 2B-2 and Figure 2B-3 compared to the references (B-a) and (B-b), only intensity differences. The most visible difference is that for the curve (B-2), qualitatively, the intensity ratio between the first peak and the others is lower than in the reference hydrated molybdate (B-a). This may be due to the uneven growth of nanoparticles in the medium during the reaction/washing. It can be linked to the unusual morphology of the nanoparticles which will be discussed further in the next part. Synthesis protocol with Na+

In Figure 2B, it is clear that the major phase shown in (B-2) is isostructural to hydrated sodium molybdate and in (B-3) is to dehydrated sodium molybdate. However, the protocol for both syntheses is identical. One hypothesis is that the difference comes from the reactions between the raw medium and solvents/air during the washing steps. Figure 3 shows comparison between the calculated reference diffractograms and diffractograms corresponding to different moments of a sample (made with Mo(+VI) precursor, a = 1) in the glovebox or in free air. The pattern (1a) was obtained with a so-called "raw material" (only centrifuged twice at low speed in the glovebox, first time without any solvent, 2 nd time with 10 mL of THF coming from a waterfree bottle in the glovebox): it is not a powder but rather a paste (powder mixed with a significant amount of oily organic compounds). The diffraction was done for this paste in a closed sample holder to avoid as much as possible the contact with air. In this pattern and also in the pattern (1b) which corresponds to the same paste after two weeks staying in the glovebox, there are only very small peaks corresponding to three first peaks of Na2MoO4 reference (blue curve). This paste, after two more weeks staying in free air (tube lid open), gave a diffraction pattern (1c) much more similar to the product in Figure 2B-3. Firstly, it suggests that a product isostructural to Na2MoO4 or Na2MoO4•2H2O may be formed only during the washings as the medium is in contact with air (oxygen) instead of directly during the heating. The appearance of the Bragg peaks corresponding to Na2MoO4 of a reaction medium left in contact with air during two weeks may confirm this observation (Figure 3-1). The fact the pattern (1a) (fresh reaction medium) already shows very small amount of the phase isostructural to Na2MoO4 may be due to the quality of the treatment (transport the medium into the glovebox, the sample holder was not well closed). This point needs to be confirmed in the future as this was only a one-time test. Secondly, the water in the final structure should be from the washing solvents because for the treatment in glovebox, the medium was totally sheltered from water during the first washings (when the compounds should be the most reactive). Any change of the medium is not visible after 2 weeks in the glovebox (Figure 3-1b). The same medium in contact with air during 2 weeks turns into a product isostructural to the dehydrated molybdate (Figure 3-1c). The supernatant from these washings, a suspension, was centrifuged at higher speed and rewashed outside of the glovebox and led to a product isostructural to the hydrated molybdate (Figure 3-2). The water source here should be from technical ethanol 96 % (washing solvents).

The crystalline domain size calculated via Scherrer's relation from the diffractograms in Figure 2B-3 is around 15 nm. Synthesis protocol with Na+ The pseudo-radial distance distribution calculated from the spectra at Mo K-edge shows that each sample contains Mo centers linking mainly to O (Figure 8B). These shown curves are only resulted from the pre-treatment of spectra at Mo K-edge (normalization) in Figure 8A, no fitting is done yet for any sample, hence, the observation on the peak positions here is only qualitative for instance. In this figure, the intensities of the synthetic samples (black, red and blue) are multiplied by 10 to better visualize and compare to the references. Comparing the black and red curves, the peak corresponding to oxide zone is higher for the 4-month old sample (red) than for the fresh one (black). The difference in intensity between the references and the synthetic samples is probably due to the material concentrations in the pellets. The evolution of peak intensity from the fresh sample to the old sample may be due to the difference in crystalline structure: the distance Mo-O in dehydrated molybdate is longer than in hydrated molybdate (e.g. 1.74 Å for Na2MoO4•2H2O and 1.78 Å for K2MoO4 17 ). From the red curve to the blue curve (same sample), the intensity of Mo-O peak is not only lower for the blue one but its position is also located slightly to the shorter length. However, these observations need to be confirmed later by optimizing the EXAFS extraction because in changing some parameters, the peak positions may change slightly.

The spectra at Mo L3,2-edges confirm the similarity of the edge's position between the synthetic samples and Na2MoO4 (Figure 8C,D). However, the ratio between the two peaks (2629.8 eV and 2631.6 eV, splitting energy 1.8 eV) of the black spectrum at Mo L2-edge is much more similar to those of Na2MoO4 than the corresponding two peaks of the red one (2629.9 eV and 2633.0 eV, splitting energy 3.1 eV) (Figure 8D). As mentioned previously on the Mo K-edge, the fresh sample may have a mixture of Mo's oxidation states, this makes the analysis based on the splitting energy and the area ratio harder: instead of conclude directly from the splitting energy and/or peak ratio, we now have to fit the spectra with references of different Mo's oxidation states to understand it exactly.

At S K-edge, both samples fresh and old contain sulfur more oxidized (peaks at 2476.9 eV, 2477.7 eV and 2482.0 eV) than S 2-in MoS2 (edge at 2469.8 eV) (Figure 8E). Both samples contain oxidized sulfur as sulfate (peak at 2482.0 eV). The sulfur in the fresh sample appears to be more oxidized than in the old sample. It is difficult to conclude on this point as not every phase in the mixture is identified.

Figure 9 (A) Spectra at Mo K-edge with an vertical offset. The legend is common for (A) and (B). Sample "fresh 1" is type (3), sample "4-month" and "8-month" are identical, type (2). (B) Distribution of radial distance (Å), calculated from spectra at Mo K-edge in (A), adjusted Synthesis protocol without Na+

between the sample and the reference (edges at 2522.0 eV and 2521.9 eV, respectively). This suggests that the oxidation state of Mo in the sample is +IV similar to MoS2.

For instance, for the reason of the work planning, the analysis on this material family is still brief. Further work will be pursued in the future.

The first question to answer is to identify the phases in the products for each Mo precursor.

The easiest is to identify the crystalline phases in the samples made with Mo(+I) precursor, represented by thin Bragg peaks in Figure 11A.

For these samples, compared to the MoS2 from the PLU2019 ICDD database, only two distances 6.0 Å and 3.0 Å in Figure 12C can be indexed as interplanar distances via (001) and (002) axes. On the other hand, if we consider Mo15S20 (JCPDS file 04-018-5769, a prototype material by D. Salloum et al. 7 ) from the same database, a brief comparison of diffractograms in Figure 11A shows already some certain coherence between it and the thin peaks in synthetics samples. The analysis of TEM images by ImageJ shows that more distances can be attributed for Mo15S20 than MoS2 as reference. The ratio S/Mo in this case is also more accurate, to 1.3 in Mo15S20 vs. 2.0 in MoS2 to the observed one. According to the information from the database, this phase is hexagonal and has the symmetry group P63/m (176) and contain Mo6 and Mo9 clusters. 6,7 Table 2 shows only some of interplanar distances of Mo15S20 which are coherent with those in TEM images and calculated from XRD patterns. In this table, the coherence is accepted with a quite large difference between three values. For example, the distance 5.92 Å at 14.9 ° of Mo15S20 is considered as found in TEM image as 6.0 Å and in diffractogram at 14.8 °, despite the relative intensity of this peak is not the same as in the reference (Figure 11A, curve (a) vs.

(d)). Or the distance 7.29 Å at 12.1 ° of Mo15S20 is considered as found in the diffractogram at 12.5 °, despite the fact that 0.4 ° of difference cause surely a modification of the structure. We propose three reasons for this approximation. Firstly, there are not yet enough of TEM images to make an average value. Secondly, the calculation of interplanar distance from diffractograms was done by peak picking, this method is not very precise. Moreover, Mo15S20 is a prototype from one scientific article, there is not yet enough information about the phases (defections, deformations) which may occur in our case as the synthesis method is totally different (by solid-state synthesis for the reference, mentioned in part 1). Combining with the first spectroscopy analysis, we can state that the phases mixture made with Mo(+I) precursor

To the MoO x S y star and beyond…

Synthesis of Mo-containing Gd2O2S-like nanoparticles by one-pot synthesis

On this subject, we really have gone a long way from the idea of the material four years ago to the idea of the structure now. Achieving the well-known synthesis of lanthanide oxysulfides with an addition of d-block metals (molybdenum in our case) is clearly explorative and not an easy task at all. By both protocols presented in this thesis, all products made are at nanoscale and the Mo-containing phases are dispersive amongst/onto the Gd2O2S nanoparticles, which we may see as a support, and do not form any kind of massive phase. Those are very first positive points as we are aiming to find a new nanoscaled ORR catalyst.

On the practical work, despite many difficulties in analyzing the final products, we have found much important information on the structure and the morphology. Only by comparing the products from the two series, it is found that the Mo-containing phases in the two cases have totally different structures, which signifies also the different reactions taking place in each kind of synthesis. By going further on the data treatment over all used techniques, we now can conclude on the oxidation state of Mo (+VI for samples made by the two-step protocol and +IV for samples made by the one-step protocol) that we could not do two years ago. Not only the oxidation state, the local and crystalline structures of the two series are totally different: the samples made by the two-step protocol is identified having isolated tetrahedron of molybdate while the other series seem to have a more sulfide-like environment of Mo.

By analyzing the samples made by the one-step protocol, we learnt that the reaction between the Mo precursor and sulfur under the set-up conditions is totally independent to the formation of Gd2O2S, resulting in a sulfide-like final products. By preliminary EXAFS treatment, we found that Mo in these samples have bonds with both O and S but we do not know yet if there is any O-Mo-S as an oxysulfide. Based on the diffractograms, at low Mo doping the Mocontaining phases are not visible while at high Mo doping they become visible as crystalline phases. These phases appear to be similar to molybdenum sulfide Mo15S20's diffractogram.

Since this material is a prototype, for instance, the authors provided only crystallographic information. Also, no information on XAS of Mo15S20 was found, along with its complicated structure, the prediction of Mo15S20's XAS to compare to our samples is very difficult. Another thing that we do not know yet about these crystalline phases is that if they are already formed

Explorative colloidal synthesis of Mo-containing nanoparticles without Gd precursor

The first kind of synthesis was done exactly in the same way as the formation of Gd2O2S with the Gd precursor replaced by Mo precursor. The final products made with Mo(+VI) precursor turned out isostructural to sodium molybdate (hydrated or dehydrated) with a strange morphology with holes on/in the nanoparticles. The similarity between the synthetic powders and commercial sodium heptamolybdate was observed also by XANES: the same edge position at all K-edge and L3,2-edges and the similar spectrum shape. However, the synthetic powders seem to be likely a mixture of phases with different Mo's oxidation states. Some tests were done to briefly exploring the effects of Mo precursors and sodium sources to the final structure.

Based on the XRD patterns, Mo(+VI) precursor and sodium oleate appear to be the best matching for this synthesis in order to get the most "proper" diffractograms.

The second kind of synthesis was done with only Mo precursor (tested for three types) and S8 without oleic acid. Only the synthesis with Mo(+I) precursor gave crystalline phase(s), visible in the diffractograms as thin peaks, the two other ones gave amorphous phases. These phases contain a significant amount of S (observed S/Mo varies between 1.3 and 2.2 depending on the Mo precursor). The oxidation state of Mo is close to +IV as in MoS2 with a similar local environment, which was observed by XANES at Mo L3-edge and S K-edge. The brief research in the literature showed already a good sign about this synthesis: the amorphous phases in our case could be actually nanoparticles/nanosheets of MoS2 since their diffractograms are quite similar. Also, the presence of some thin filaments in the samples made with Na gives the idea that the reaction in this synthesis can actually occur in the first one. The presence of O in these phases is still under the investigation.

When these two explorative syntheses were started, we thought they were totally irrelevant to the synthesis with Gd and Mo precursors. Interestingly, by combining the analysis results, it turned out that probably everything is connected. Our hypothesis is that the formation of molybdenum sulfides in the synthesis without Na + can possibly occur in the synthesis with Na + and without Gd; together with the formation of sodium molybdate in the synthesis with Na + and without Gd, it can occur in the synthesis with Gd in one step (XRD results), possibly with different ratio. And, the formation of molybdate occurs in the synthesis with Gd in two steps.

It means that by understanding these two explorative syntheses, we will understand the

Synthesis protocol

For all syntheses, the reaction is always done in inert atmosphere (N2) in a three-neck roundbottom flask of 100 mL. The heater is equipped with a temperature controller (PID). The temperature is controlled with a probe immersed in the reaction medium via a glass immersion sleeve. France. All products were used as received without further purification.

The initial reaction medium is firstly degassed 3 times, about 3 min each, at ambient temperature. Its composition changes in function of the synthesis. It is a mixture of OM, OA, ODE, Gd precursor, S8 and Na(oleate) for the synthesis of Gd2O2S nanoparticles (identical for the first step of the two-step protocol). For the synthesis of Mo-containing samples via the onestep protocol or for syntheses without Gd precursor, the Mo(+VI) precursor was added before the degassing, while the two other Mo precursors needed to be added after. Agitation is maintained during all the process. After finishing heating, the heater is taken out to cool down the reaction medium under a N2 flux. For product isolation at the end of synthesis, in general, the centrifugation is done four times for 10 min each, at 7000 rpm (5259 ×G) at 20 ℃ in 50 mL plastic tubes with conical bottoms and screw caps: either VWR® SuperClear® or FALCON™.

All differences in washing process for specific cases will be detailed in the next part. The obtained solid is dried under N2 flux then ground to make a fine powder before being analyzed.

All samples are stored in the glovebox to decrease as much as possible the effect of air on the nanoparticles.

There are two approaches for synthesis of Mo-containing Gd2O2S nanoparticles: in one step protocol or in two-step protocol. In the one-step protocol, we expected to have the products with a substitution Gd-Mo, similarly to the case of the Gd2(1-y)Ce2yO2S synthesis where certain Gd sites are substituted by Ce. This synthesis was performed by C. Larquet from our research group 1 and also by Y. Ding et al. 2 For the products from the one-step protocol, classical Gd2O2S nanoparticles are taken as initial point for comparison.

A two-step protocol may lead to core-shell nanoparticles. In this case, we expected a deposition of Mo on the surface of freshly formed Gd2O2S nanoparticles during the 2 nd step. For the samples made by this protocol, an initial point of classical Gd2O2S nanoparticles made by the one-step protocol is not legitimate anymore. Instead, freshly formed Gd2O2S nanoparticles were annealed directly in its reaction medium to give a material which serves as the initial point for the Mo-containing samples made by the two-step protocol. This annealed sample helps understanding the structures of the materials from the two-step protocol. Synthesis protocol

The samples made by the one-step protocol and by the two-step protocol are noted as Gd2(1-

x)Mo2xO2S and Gd2O2S/Mo2x, respectively. The corresponding references samples for comparison are the cases of x = 0. The signification of x will be clarified for each protocol in the following parts.

Classical Gd2O2S nanoparticles synthesis 1,2

The mixture of solvents and stabilizers is made with OM (4.54 g, 17 mmol, 34 equiv.), oleic acid (0.72 g, 2.5 mmol, 5 equiv.) and 1-octadecene (8.2 g, 32.5 mmol, 65 equiv.) in a glass three-neck round-bottom flask of 100 mL. The number of equiv. is calculated as the ratio of their molar quantity divided by the molar quantity of Gd(acac)3 precursor. In this mixture, the molecular precursor Gd(acac)3 (227 mg, 0.5 mmol, 1 equiv.) is added with sulfur S8 (8 mg, 0.03 mmol, 0.5 equiv. of S) and sodium oleate (152 mg, 0.5 mmol, 1 equiv.). The mixture is then agitated and put under N2 atmosphere at room temperature by three cycles N2/vacuum for 3 minutes each. At this point, the solids are not yet soluble in the liquid mixture. This is then degassed at 120 °C during at least 20 min under primary vacuum. The solids are more and more soluble with the temperature increase. When it reaches 120 °C, the reaction medium becomes a transparent orange solution which is the color of soluble sulfur. A light reflux can be observed by the condensation on the flask wall, up to about 2 cm above the liquid surface. Then, the medium is heated to 310 °C during 30 min under a N2 flux. This process lasts for about 20 min.

The solution color becomes lighter to yellow as the temperature increases. From about 280 °C, the transparent solution becomes visibly turbid with white solid. The reflux is a bit stronger by this moment: some drops are formed at the bottom of the refrigerant column and fall in the solution from time to time. It may cause some white smoke inside the flask but it disappears very quickly (after about 1 min). After cooling down during about 25 min to around 30 °C, the reaction medium seems to be a little less turbid than when it was at 310 °C. It is collected with THF (less than 5 mL) and then mixed with ethanol (10 mL) and centrifuged at 20 °C, 7000 rpm for 10 min. The supernatant here is yellow and transparent as it contains the excess sulfur. The obtained solid (off-white) is washed three times with THF (about 4 mL) and ethanol (to make 25 mL of solvent mixture). Finally, the solid is dried under a N2 flux during 1 h and ground with a mortar to obtain a powder for analysis.

Synthesis of Mo-containing Gd2O2S-like nanoparticles in two steps: Gd2O2S/Mo2x

The products from this method are all based on preformed Gd2O2S nanoparticles. These are formed during the first step in the same way as described in 4.1. In the second step, a Mo molecular precursor is added and the mixture is heated one more time at 310 °C during 30 min as in the first step. We expected to obtain Mo-containing Gd2O2S nanoparticles at the end by deposition of Mo on the surface of Gd2O2S nanoparticles. The obtained solids were expected to be core-shell nanoparticles.

The molar quantity of Gd precursor is maintained at 0.5 mmol and considered as the unit for equivalent (equiv.) calculation in each synthesis. The calculation of x is as below:

All three described protocols below are for samples with x = 0.18, i.e. the molar ratio Mo/Gd is 0.18. The generic formula for all these samples is then: Gd2O2S/Mo0.36.

Synthesis with Mo(+VI) precursor

The mixture of solvents and stabilizers is made with OM (4.54 g, 17 mmol, 34 equiv.), oleic acid (0.72 g, 2.5 mmol, 5 equiv.) and 1-octadecene (8.2 g, 32.5 mmol, 65 equiv.) in a glass three-neck round-bottom flask of 100 mL. The number of equiv. is calculated as the ratio of their molar quantity divided by the molar quantity of Gd(acac)3 precursor. Then, in this mixture, the molecular precursor Gd(acac)3 (227 mg, 0.5 mmol, 1 equiv.) is added with sulfur S8 (8 mg, 0.03 mmol, 0.5 equiv. of S) and sodium oleate (152 mg, 0.5 mmol, 1 equiv.). The mixture is then agitated and put under N2 atmosphere at room temperature by three cycles N2/vacuum for 3 minutes each. At this point, the solids are not yet soluble in the liquid mixture. This is then degassed at 120 °C during at least 20 min under primary vacuum. The solids are more and more soluble with the temperature increase. When it reaches 120 °C, the reaction medium becomes a transparent orange solution which is the color of soluble sulfur. A light reflux can be observed by the condensation on the flask wall, up to about 2 cm above the liquid words, for every mole of Gd removed, one mole of Mo is introduced and the total molarity of both metallic precursors is constant at 0.5 mmol. The calculation of x is as below:

All the three described protocols below are for samples with x = 0.15, i.e. the molar ratio Mo/Gd is 0.18. The different choice of x's calculation between this section and 1.3.1 is for an easier notation. The generic formula for all these samples is then Gd1.7Mo0.3O2S.

Synthesis with Mo(+I) precursor

The mixture of solvents and stabilizers is made with OM (4.54 g, 17 mmol, 34 equiv.), oleic acid (0.72 g, 2.5 mmol, 5 equiv.) and 1-octadecene (8.2 g, 32.5 mmol, 65 equiv.) in a glass three-neck round-bottom flask of 100 mL. Then, in this mixture, the molecular precursor Gd(acac)3 (193.2 mg, 0.425 mmol, 0.85 equiv.) is added with sulfur S8 (8 mg, 0.03 mmol, 0.5 equiv. in S) and sodium oleate (152 mg, 0.5 mmol, 1 equiv.). The mixture is then agitated and put under N2 atmosphere at room temperature by three cycles N2/vacuum for 3 minutes each. The molecular precursor Cp2Mo2(CO)6 (18.4 mg, 0.038 mmol, 0.075 equiv.) is then added under N2 atmosphere. This mixture is degassed at 120 °C during at least 20 min under primary vacuum. The mixture's color change from orange-red to dark orange-red at 120 °C.

Then, the medium is heated to 310 °C during 30 min under a N2 flux. The color changes gradually to black when the temperature increases. Some drops are formed at the low of the refrigerant column and fall in the solution from time to time. It may cause some white smoke inside the flask but it disappears very quickly (after about 1 min). After cooling down the reaction medium, it is recuperated with THF (less than 5 mL) and then mixed with ethanol (10 mL) and centrifuged at 20 °C, 7000 rpm for 10 min. The obtained solid (black) is washed three times with THF (about 4 mL) and ethanol (to make 25 mL of solvent mixture). All the supernatants are dark and get lighter with the washings. The color intensity of the first supernatant increase with the value of x. In the case of x = 0.18, it's still see-through. Finally, the solid is dried under a N2 flux during 1 h and ground with a mortar to obtain a powder for analysis.

Synthesis with Mo(+VI) precursor

The mixture of solvents and stabilizers is made with OM (4.54 g, 17 mmol, 34 equiv.), oleic acid (0.72 g, 2.5 mmol, 5 equiv.) and 1-octadecene (8.2 g, 32.5 mmol, 65 equiv.) in a glass three-neck round-bottom flask of 100 mL. Then, in this mixture, the molecular precursor Gd(acac)3 (193.2 mg, 0.425 mmol, 0.85 equiv.) and the precursor MoO2(acac)2 (24.5 mg, 0.075 mmol, 0.15 equiv.) are added with sulfur S8 (8 mg, 0.03 mmol, 0.5 equiv. in S) and sodium oleate (152 mg, 0.5 mmol, 1 équiv.). The mixture is then agitated and put under N2 atmosphere at room temperature by three cycles N2/vacuum for 3 minutes each. Next, it is degassed at 120 °C during at least 20 min under primary vacuum. The mixture's color change in function of the temperature increase: from orange at ambient temperature to dark orange-red at 120 °C. Then, the medium is heated to 310 °C during 30 min under a N2 flux. From 170 °C, the medium is black. The reflux starts around 200 °C and from 305 °C, black solid can be seen on flask wall. Some drops can be formed at the low of the refrigerant column and fall in the solution from time to time. It may cause some white smoke inside the flask but it disappears very quickly (after about 1 min). After cooling down the reactional medium, it is recuperated with THF (less than 5 mL) and then mixed with ethanol (10 mL) and centrifuged at 20 °C, 7000 rpm for 10 min. The supernatant at this stage is yellow and transparent. The obtained solid (black) is washed three times with THF (about 4 mL) and ethanol (to make 25 mL of solvent mixture). These three supernatants are colorless. Finally, the solid is dried under a N2 flux during 1 h and ground with a mortar to obtain a powder for analysis.

Synthesis with Mo(+III) precursor

The mixture of solvents and stabilizers is made with OM (4.54 g, 17 mmol, 34 equiv.), oleic acid (0.72 g, 2.5 mmol, 5 equiv.) and 1-octadecene (8.2 g, 32.5 mmol, 65 equiv.) in a glass three-neck round-bottom flask of 100 mL. Then, in this mixture, the molecular precursor Gd(acac)3 (193.2 mg, 0.425 mmol, 0.85 equiv.) is added with sulfur S8 (8 mg, 0.03 mmol, 0.5 equiv. in S) and sodium oleate (152 mg, 0.5 mmol, 1 equiv.). The mixture is then agitated and put under N2 atmosphere at room temperature by three cycles N2/vacuum for 3 minutes each. The molecular precursor Mo(acac)3 (29.5 mg, 0.075 mmol, 0.15 equiv.) is then added under N2 atmosphere. This mixture is degassed at 120 °C during at least 20 min under primary vacuum. The initial color of the mixture is brown-red, and doesn't changes when the temperature reaches 120 °C. Then, the medium is heated to 310 °C during 30 min under a N2 flux. The color is changed to black. Some drops are formed at the low of the refrigerant column and fall in the solution from time to time. It may cause some white smoke inside the flask but Synthesis protocol it disappears very quickly (after about 1 min). After cooling down the reactional medium, it is recuperated with THF (less than 5 mL) and then mixed with ethanol (10 mL) and centrifuged at 20 °C, 7000 rpm for 10 min. The supernatant at this stage is black. The obtained solid (black) is washed three times with THF (about 4 mL) and ethanol (to make 25 mL of solvent mixture).

These three supernatants are colorless. Finally, the solid is dried under a N2 flux during 1 h and ground with a mortar to obtain a powder for analysis. The mixture of solvents/stabilizers is made with OM (4.54 g, 17 mmol, 34 equiv.), oleic acid (0.72 g, 2.5 mmol, 5 equiv.), 1-octadecene (8.2 g, 32.5 mmol, 65 equiv.) in a glass three-neck round-bottom flask of 100 mL. Then, in this mixture, the molecular precursor MoO2(acac)2

(163 mg, 0.5 mmol, 1 equiv.) is added with sulfur S8 (8 mg, 0.03 mmol, 0.5 equiv.) and sodium oleate (304 mg, 1.0 mmol, 2 equiv.). The orange-brown mixture is then agitated and put under N2 atmosphere at room temperature by three cycles N2/vacuum for 3 minutes each. Then it is degassed at 120 °C during at least 20 min under primary vacuum. At this temperature, all solids are soluble to make an orange solution. A reflux is observed. Then, the medium is heated to 310 °C during 30 min under a nitrogen flux. The color is changed totally to black at 160 °C.

From 200 °C, a reflux is observed again. After cooling down to room temperature, the reaction medium is viscous, it is recuperated with n-hexane or cyclohexane (less than 5 mL) and then mixed with ethanol (10 mL) and centrifuged at 20 °C, 7000 rpm for 10 min. The supernatant here can be monophasic yellow or biphasic dark colored-colorless, and see-through in all cases.

The obtained solid (mostly black) is washed three times with n-hexane or cyclohexane (about 4 mL) and absolute ethanol (to make 25 mL of solvent mix). These three supernatants are colorless. Finally, the solid is dried under a nitrogen flux during 1 h and ground with a mortar to obtain a powder for analysis.

The same protocol was also done for a = 1.

Two testing synthesis (a = 1 and 2) with Na(acac) (e.g. a = 2, 122 mg, 1.0 mmol, 2 equiv.) and two other with Na(citrate) (e.g. for a = 2, 214 mg, 1.0 mmol, 2 equiv.) were done for comparison.

Synthesis with Mo(+I) precursor and a = 1

Only one test was done with this protocol. Synthesis protocol a nitrogen flux. From 160 °C, the medium is totally black. The reflux starts at around 230 °C.

From 280 °C, grains of solid can be seen in the flask. After cooling down to room temperature, the reaction medium is viscous, it is recuperated with n-hexane (about 10 mL) and then mixed with ethanol (10 mL) and centrifuged at 20 °C, 7000 rpm for 10 min. The supernatant here is lightly yellow, the solid doesn't stick well on the tube wall. Hence, the supernatant is collected by pipette to have a rest of 22 mL. 10 mL of n-hexane is added and the whole is divided into 2 tubes. 5 mL of methanol is added to each tube and then centrifuged for 20 min. A maximum of supernatant is collected by pipette. 15 mL of n-hexane and 5 mL ethanol are added to each tube and centrifuged for 45 min at 15 °C. A maximum of biphasic supernatant is collected by pipette. 18 mL of n-hexane and 5 mL ethanol are added to each tube then the whole is divided into 4 tubes. About 5 mL of THF is added into each tubes and left still during the night. After that, the mixture in 4 tubes is decanted to concentrate into 8 mL of all. 10 mL of THF and 5 mL of methanol are added, the whole is divided into two tubes and left still during 2 days to have the solid falling down to the bottom of the tubes. The supernatant in each tube is then collected at maximum, leaves about 3mL of mixture. 15mL of acetone and 5 mL of ethanol are added then centrifuged for 10 min at 20 °C. The supernatant is collected by pipette and the rest is dried under N2 flux to obtain the final black solid. All supernatants are transparent. At first the color was yellow but after some washing, it becomes colorless at the end.

With Mo(+I) precursor

Two tests were done with this precursor. The difference in protocol is only for one synthesis, the solvent mixture is OM and ODE and for the other, only ODE was used.

Sulfur S8 (32 mg, 0.12 mmol, 2 equiv.) is added in a glass three-neck round-bottom flask of 100 mL with 1-octadecene (9.3 mg, 37 mmol, 74 equiv.) as solvent. The mixture is then agitated and put under N2 atmosphere at room temperature by three cycles N2/vacuum for 3 minutes each. S8 is totally soluble to make a colorless solution. The molecular precursor Cp2Mo2(CO)6 (122.5 mg, 0.25 mmol, 1 equiv.) is added under N2 atmosphere. This mixture is degassed at 120 °C during at least 20 min under primary vacuum. At 100 °C, white smoke is observed in the flask. Then, the medium is heated to 310 °C during 30 min under a nitrogen flux. At 230 °C, more smoke is observed and the mixture is black. At 260 °C, big aggregates are observed in the flask. After cooling down to room temperature, the reaction medium is recuperated with THF (less than 5 mL) and then mixed with ethanol (10 mL) and centrifuged at 20 °C, 7000 rpm for 10 min. The supernatant at this point is biphasic, dark but see-through.

The obtained solid (black) is washed one more time with THF (about 4 mL) and ethanol (to 

Synchrotron-based techniques

At the SOLEIL synchrotron facility, the analyses were conducted using an electron energy of 2.7 GeV and an average ring current of 450 mA.

We had access to SAMBA and LUCIA Beamlines for X-ray Absorption (XAS) analysis and The preparation of samples is strictly similar to the PDF analysis in LCMCP as described above. Since the Qmax provided by the grand instrument at SOLEIL is higher than that of the LCMCP equipment, the signal quality obtained at SOLEIL is higher than at LCMCP: higher peak intensity with less oscillations. For a comparison of experimental curves, see Annex 2.

Both the analysis and the data treatment are done by Capucine Sassoye and Alex Lemarchand The pellets (size 6 mm) are made from a mixture of 4 mg of nanoparticles diluted in 40 mg of graphite, compressed under 2 tons' pressure. They are then fixed on a copper plate by carbon tape, maximum 9 pellets on the same plate (Figure 3). As the source is not energetic: the working range is from 2420 eV to 2660 eV, it cannot penetrate an electrode in glassy carbon.

Hence, the electrode used in electrochemical cell is made from Si3N4 of only 200 nm thick.

This facilitates the penetration of X-ray to hit the sample then going back to hit the detector (detailed description in the next part).

During the measurement, the inner pressure is maintained around 10 -2 mbar (primary vacuum).

The entering electrons are chosen with a Si(111) monochromator and the outgoing ones are collected with a Bruker Si fluorescence detector. Before all data treatments, all the spectra are calibrated to the first peak at S K-edge of thiosulfate (2470.8 eV). 5 All preparations were done in free air. On this beamline, we can measure the samples not only in pellet but also in an adapted electrochemical cell with a very small deposed amount of ink, i.e. very small amount of material available. The pellets were made in the same method as being used on LUCIA Beamline but with 2 mg of nanoparticles instead of 4 mg for LUCIA Beamline. The X-ray source here is highly energetic, it can penetrate easily a glassy carbon plates of 500 μm, hence, there is not much difference from electrochemical setup here and in LCMCP (detailed description in the next part).

All samples were measured in free air and there is no calibration needed before data treatment of spectra. In our case, on this Beamline, we collected spectra of some chosen samples and their surface state change under 2 mbar of O2/H2/CO2/H2O with or without heating. The samples were deposed on a 50-nm-gold-coated Si wafer by drop casting: deposition of 100 μL from a suspension of 0.5 mg of nanoparticles in 0.5 mL of THF (Figure 5A). For samples treated in glovebox, their initial state is pasty, a small amount of paste was taken with a spatula, diluted with some drop of THF and deposed on the support. In order to mitigate beam damage, measurements were performed on several spots on the sample surface.

The data treatment was performed by Alexy P. Freitas from our research group.

Oxygen Reduction Reaction electrochemical tests

The materials were studied in Oxygen Reduction Reaction (ORR) in basic media: 

Ink preparation

The ink ingredients were the same as the inks made in LCMCP but with different compositions for optimization of signal/noise ratio.

INK1: for a Gd2O2S/Mo0.36 sample, a "MoO3.5S0.5/Na2" sample and commercial MoS2 90 nm reference: prepared as inks Cx1.

INK2: for a "MoO3.5S0.5/Na2"sample: having the same nanoparticles concentration as inks Cx1 but without Nafion added.

INK3: for a Gd2O2S/Mo0.36 sample, a "MoO3.5S0.5/Na2" sample and commercial MoS2 (90 nm) reference: prepared in 1 mL of absolute ethanol, with 1 mg of C black and 10 times less Nafion (4.8 µL) than inks made in LCMCP. The quantity of sample for each ink was: Gd2O2S/Mo0.36 10 times more concentrated: 10 mg product. In this ink, the product is not well dispersed, there are still some aggregates.

"MoO3.5S0.5/Na2" and MoS2 5 times more concentrated: 5 mg product. No macro-structure is observed for any synthetic samples. Also, the inter-planar distance of 8.0 Å is not observed. This confirms that this is not an inter-reticular distance.

XRD at small angles of Gd2O2S/Mo0

201 Comparison of PDF patterns by laboratory equipment and by large instrument at SOLEIL Synchrotron A comparison between calculated G(r) of bulk Gd2O2S0.5 with different Qmax corresponding to the capacity of LCMCP, SOLEIL and ESRF shows very small differences between the LCMCP-like curve and the two others, although the higher Qmax usually gives thinner peaks associated with less oscillations (Figure 2A). This confirms that theoretically, the signal quality performed by LCMCP equipment is good enough for further analysis.

Comparison of PDF patterns by laboratory equipment and by large instrument at SOLEIL Synchrotron

Comparison of PDF patterns by laboratory equipment and by large instrument at SOLEIL Synchrotron In terms of the signal quality, the curve G(r) measured at SOLEIL Synchrotron has higher peak intensity compared to the measurement done at LCMCP (Figure 2B). After normalizing the data, there is a high level of coherence between the two measurements (peaks contributions, peaks positions with low difference in normalized peaks intensities). Although, in the region around 4.5 Å, there is a clear difference between them (Figure 2C, zone marked with an arrow).

The use of different Qmax for SOLEIL pattern does not affect the signal: there is no difference between these two curves (red and orange). The difference between the pattern SOLEIL and the pattern LCMCP is shown more clearly in Figure 2D with some distances labeled. Globally, the results from both instruments are comparable but when we need to analyze peak by peak to go further in the detailed local structure, the data treatment needs to be done for each dataset separately. It is quite unfortunate not to be sure about certain peaks in the patterns acquired at SOLEIL since their signal quality is much better than in our laboratory.

In general, there should be no difference between the results from the two instruments for the reason shown in Figure 2A. The cause of the observed differences is not yet clear. For now, the G(r) extraction of SOLEIL pattern is slightly better with Qmax = 16. Hence, this will be used for the future data treatment.