D Yi 
  
B Chaudret 
  
K Soulantica 
  
XX Gases

Dihydrogen and carbon monoxide have been used for many years for the reduction of metals from their ores. These are the two gaseous reducing agents of choice for the synthesis of metal nanoparticles starting from molecular precursors. Their drawbacks (flammability and/or toxicity, use of high pressures) are counterbalanced by an easy removal of the unreacted agents after reaction, and by the fact that they leave no or few residues after use. Apart from acting as reducing agents, they can act as shape directing agents and surface-active species, which influences their structural features and their physical and chemical properties. Last but not least, since during the nanoparticle formation they are present in a large excess, they can be involved in homogenous or heterogeneous catalytic reactions that take place on soluble metal compounds (precursors, intermediate species) or on the surface of the nascent nanoparticles, respectively. These catalytic reactions may influence the nanoparticle formation process and nanoparticle properties.

Introduction

Gases, and in the first-place hydrogen, have long been used for the production of reduced metals in a finely divided form. Gas reagents are characterized by an easy diffusion in solids and solutions, despite the low solubility of e.g. hydrogen in many solvents. When employed as reducing agents for the formation of nanoparticles (NPs), and depending on the precursor, they leave behind little or no residues and the excess reducing agent is easily separated by gas release. The reducing agent concentration is also easily controlled by the pressure applied, which in turn controls the kinetics of reduction of the precursors. The main drawbacks are associated to flammability and/or toxicity issues and to the use of high pressures. Nevertheless, for many metals, several routinely used non-gaseous reducing agents can also be toxic and/or flammable. In the same context, reduction by gaseous reagents can also be carried out at low, even atmospheric pressure, which reduces the risks associated to high pressure. For comparison sake, a champagne bottle is pressurized at 5-6, up to 8 bars. Although several other reducing gasses exist (NH3, PH3, …..), their use in nanoparticle synthesis is practically non-existent. The reducing gases used in the synthesis of metal nanoparticles and discussed here are dihydrogen and carbon monoxide.

The formation of even the simplest colloidal nanocrystal is a complex process in which molecular and surface chemistry operate simultaneously and it is well documented that nanocrystal morphology depends both on thermodynamic and kinetic factors that operate during nanoparticle formation processes. 1 Indeed, at the molecular level, the reducing agents control the rate at which metal atoms are produced from a precursor. Consequently, H2 or CO pressure may affect the nucleation and growth kinetics by controlling the rate at which "active monomers" are: i) liberated from the precursor, and ii) deposited on the growing nanocrystals. In this respect, H2 and CO being mild reducing agents enable a fine control of the reduction rate either by modulating the gas pressure or by playing with the temperature. Additional effects can be expected for H2 and CO since it is known that small molecules, including gaseous molecules can modify the surface free energy (thermodynamic effect), or impact metal atom diffusion (kinetic effect) on the nanocrystal facets. 2 Thus, they can act as stabilizers themselves, by selectively passivating certain facets of the nascent crystals, or they can even facilitate elimination of other passivating species during growth. The reducing agents may not only reduce the metal center but also the ligands (either native or added) and even the solvent in which the reaction takes place, which can affect the system in disparate ways. Indeed, metals either in their molecular form or as solids can behave as catalysts. The reactions under H2 or CO can result in hydrogenation or carbonylation reactions that are not desired or not anticipated in the first place.

The purpose of this chapter is not to give a comprehensive list of all the cases in which gas reductants have been employed in the synthesis of metal NPs. We will instead focus on cases where employing gas reducing agents "makes a difference", that is, examples in which H2 and CO present advantages or drawbacks and cases in which gas reducing agents have been identified as decisive for the development of interesting features or properties for the resulting metal NPs. Among them a great part is devoted to representative cases in which effects of the reducing gas on the nanoparticle morphology are reported. While the interplay among different factors does not always allow to affirm the role tentatively attributed to the reducing agent, in some cases, specific studies have demonstrated that indeed the gas reducing agent is important in determining nanoparticle morphology either through kinetic or thermodynamic control of the nanoparticle formation. In this respect, we will present some examples of formation of nanoparticles by reduction or decomposition of molecular precursors using hydrogen. Pure inorganic salts will be treated first.

Organometallic and metal-organic complexes will be treated simultaneously in this chapter since the difference is sometimes shallow between these two types of species. We will then describe the formation of NPs by interaction with CO leading either to reduction of the complex or native ligand substitution followed by metal growth.

Hydrogen

Hydrogen can be employed as a reducing agent for a large variety of metals. Indeed, it has been used for many years at an industrial scale for the production of ultrapure fine metal powders from their oxides, chlorides, sulphides, sulphates etc in high yields (>99%). 3 Nowadays, there is a renewed interest for hydrogen in the field of metallurgy where it is shown that hydrogen coming from renewable energies may be the future of this industry, given the enormous carbon footprint of the present metallurgical processes. In conventional steelmaking processes, CO2 gas is produced when iron ore is reduced with CO. H2 reduction produces H2O instead of CO2, thus, this method can be regarded as more environmentally friendly. 4 H2 is a reducing agent of intermediate strength, [START_REF] Kvitek | Silver Nanoparticles -Health and Safety, Physicochemical Aspects of Metal Nanoparticle Preparation[END_REF] i.e. stronger than polyols and milder than sodium borohydride. The reduction of a metal by H2 can be represented by equation (1).

2M n+ + nH2 ®2M 0 + 2nH + (1)
The above equation can be shown as two half cells M n + ne ®M 0 (2)

H2 ® 2H + + 2e (3)
The reduction is thermodynamically feasible when DG (DGH2 -DGM) is lower than zero. Since DG is related to the reduction potential (E), EH2 should be larger than EM for the reduction to take place (ΔG -nFEcell). EH2 depends on the pH and EM on the metal (oxidation state, coordination sphere, complex stability or lability), therefore, under appropriate conditions, it is possible to reduce even easily oxidizable metals with hydrogen. Nowadays, hydrogen constitutes an ideal reducing agent, routinely used both in industry and in academic research for the reduction of nanoparticles of heterogeneous catalysts after their immobilization on a support and calcination. This use is outside the scope of the present chapter. Here we will discuss the formation of colloidal metal nanoparticles in solution, starting from molecular precursors.

Hydrogen has been employed by the pioneers of colloidal chemistry who used it for the production of platinum metal nanocatalysts. Friedrich F. Nord has described this methodology to prepare platinum metal colloids (Pd, Pt, Rh, Ir) used as catalysts for the hydrogenation of various substrates. [START_REF] Rampino | [END_REF][7][8][9] The advantage was the direct formation of colloidal catalysts by reduction of the metal salt in the reaction mixture containing the substrates to be catalytically hydrogenated. Additionally, no residues that could contaminate the surface of metal nanoparticles were left behind after its use. Since then, a plethora of metal NPs have been prepared by using H2 to reduce all types of compounds -metal salts, metal-organic and organometallic complexes.

While many theories exist about the formation mechanism of nanoparticles, a great majority of the reports dealing with the synthesis of NPs do not focus on details regarding the reduction mechanism at the molecular level. Nevertheless, reducing a molecular metal species by hydrogen implies an interaction of the gas molecules with the metal compound under consideration. It is thus logic to assume that oxidative addition and reductive elimination, which are well-known processes in molecular chemistry, are operative during nanoparticle synthesis involving H2 reduction. The formation of classical metal hydrides is well documented 10 for almost all transition metals. It is therefore expected that hydrides are formed also in the first steps of nanoparticle formation during hydrogen reduction of metal precursors.

Subsequently, a series of reactions (reductive eliminations, proton transfers) involving removal and possible transformation of native ligands can produce zerovalent unstable metal species. According to the LaMer classical nucleation theory, 11 clustering of these species could form the first stable solid entities during the nucleation step and the resulting seeds would grow during the growth step. As soon as the solid phase is formed, the interaction of the metal surface comes also into play. [START_REF] Christmann | Encyclopedia of Interfacial Chemistry[END_REF] Many metals are efficient hydrogenation catalysts and as soon as the solid phase appears, autocatalytic reductions can proceed on the metal surface in a process involving adsorption and dissociation of H2. Indeed, Finke and Watzky have proposed a two-step mechanism for the growth of metal nanoparticles, where a slow continuous nucleation (A → B, rate constant k1) is followed by fast autocatalytic surface growth (A + B → 2B, rate constant k2). [START_REF] Lin | [END_REF]14 This mechanism was based on monitoring the kinetics of the nanoparticle formation through the cyclohexene hydrogenation as a "reporter" reaction (Scheme 1). This generalized mechanism was proposed in the mid-nineties. In the original paper Finke et al. showed that the complex [(Bu4N)5Na3[(COD)Ir.P2W15Nb3O62] associating an organometallic iridium moiety to an hetero polyanion could be reduced under mild conditions by H2 (2.7 atm) at room temperature affording polyanion decorated Ir NPs. [START_REF] Lin | [END_REF] Two sizes were obtained: 2 nm when the hydrogenation was carried out in the presence of excess cyclohexene, as part of a catalytic test, and 3 nm when the reaction was carried out in the absence of excess olefins. Interestingly, the authors claim the absence of hydrides at the surface of their catalyst. This and related systems were extensively studied by Finke over the years. The Finke-Watzky mechanism, which involves a slow nucleation and an autocatalytic growth (i.e. the decomposition of the precursor over the growing metal surface), was initially based on thorough kinetic studies on Ir, but it is proposed to be operational in a more general frame, for transition metal nanoclusters formed under H2 and related reducing agents. 14 This system was used in different hydrogenation reactions, including for example a very active system for acetone reduction. 15 It was also extended to the preparation of stable rhodium nanoparticles of ca. 4 nm and to their use for the hydrogenation of cyclohexene. 16 

Scheme (1). Generalized two-step formation mechanism and the corresponding rate

Metal salts

Metal salts have been mainly used as precursors in syntheses performed in polar media, including ionic liquids. 17 Alternatively, they have been used in mixtures of polar/nonpolar solvents in the presence of a phase transfer agents (i.e. long chain ammonium halides). In classical inorganic salts the metal centers are more electron deficient than in metal-organic and organometallic compounds. H2 has been used mainly with noble metal salts. Classical salts of low reduction potential metals are not used as precursors with H2 under the usual conditions employed in wet-chemistry NPs synthesis. It is noteworthy that H2 is not used to prepare NPs of one of the most easily reducible metals, Au. This is presumably due to the easy reduction of Au(III) salts that are the most popular salt precursors for Au NPs, using non-gaseous reductants. On the other hand, the difficult oxidative addition of H2 to produce hydride intermediates does not favor reduction of Au(I) precursors by H2. In fact, pathways to Au-H formation remain elusive, except under some extreme conditions. 18 Metal salts of Pd, Pt, 6 Rh 7,8 Ir, 9 have been extensively employed for many years for the synthesis of hydrogenation nanocatalysts. The reductions were performed in water in the presence of polyvinyl alcohol and they were efficient under atmospheric H2 pressure and room temperature, provided that NaOH was added in order to convert the salts to the easily reducible hydroxides. Based on these results and by adaptation of the same method, tetrahedral and cubic nanocrystals were obtained from K2PtCl4 and sodium polyacrylate as a stabilizing agent by El Sayed et al. 19 This was an important progress in the synthesis of shape-controlled Pt nanocrystals, despite the fact that in all the studied cases, a mixture of tetrahedral and cubic NPs was present with ratios of each morphology depending on the Pt/capping agent ratio.

Nanocrystal shape is among the characteristics that influence nanoparticle physical and chemical properties, to the point that some applications critically depend on it. 20- 23 Later, it was concluded that a competition between the reduction and the capping processes modulates the relative deposition rates on the {100} and {111} facets, and therefore the shape of the nanocrystals 24 which is pivotal for their catalytic properties in hydrogenation reactions. 22,25 Indeed, despite the fact that shape-controlled NPs are obtained in numerous syntheses with H2, 19,25 H2 is not routinely considered among the parameters that could influence nanocrystal shape. Below, we present some non-exhaustive cases in which H2 has been identified as an additional factor that could be involved in the shape control of metal nanocrystals.

Teranishi et al. reduced H2PtCl6 in the presence of various amounts of sodium polyacrylate and poly(N-vinyl-2-pyrrolidone) (PVP). The dominant shape of Pt NPs was controlled by changing the reduction rate of Pt(IV) ions through two different reducing agents: methanol and H2. 26 A slow reduction by dihydrogen was proposed to form tetrahedral nuclei initially, while a fast reduction by methanol produced truncated octahedral nuclei. The final Pt NPs preserve the shape of the Pt nuclei at a high polymer concentration, whereas at a low polymer concentration, the Pt NP shape evolves from tetrahedron to truncated octahedron and finally to cubic. 27 The slower reduction rate of K2[Pt(C2O4)2] was identified as a decisive parameter for the production of a higher shape selectivity to nanocubes (more than 90%) as compared to the other two precursors.

In another work that illustrates the possible importance of H2 even when different reducing agents are employed, Somorjai et al. have pointed out that the molecular H2 produced upon NaBH4 reaction with H2O was the real responsible for the shape control of Pt nanocrystals produced from K2PtCl4 and tetradecyltrimethylammonium bromide as a surface stabilizer. 28 Interestingly, in situ H2 gas generation from NaBH4 has been theoretically and experimentally identified by Petit et al. as an important parameter for the formation of Pt nanocubes from H2PtCl6 thanks to the preferential interaction of H with the {100} facets. 29,30 While H stabilizes selected Pt facets, only ill-shaped Pd nanoparticles were prepared by the same method from H2PdCl4. In that case, it was suggested that H2 induced the formation of the amorphous PdHx phase by dissociation of H2 on the metal surface and diffusion of atomic H in the crystal lattice. 29 Metal salts have also been reduced under H2 in non-polar solvents, albeit, in the presence of long chain organic stabilizers, mainly amines, that allowed precursor solubilization by formation of different precursor/s, even if this is not always discussed. This method has given access to more complex shapes. For example, Lacroix et al., using H2PtCl6 in pure oleylamine under an H2 atmosphere, synthesized cubic dendrites, planar tripods, and fivefold stars at 150 °C. The control of experimental parameters such as Pt concentration (Figure 1), reaction temperature, and H2 pressure, allowed manipulating the reaction kinetics, and through this, the nature of seeds which led to the different morphologies. Noticeably, oleylamine, used as solvent and as a stabilizer, was reduced to octadecylamine during the NPs synthesis due to catalytic hydrogenation by Pt. In another work, PtCl2 which can be reduced more easily than H2PtCl6, has been used in toluene in the presence of an excess of octadecylamine. 32 Pt concave cubes exposing {110} crystallographic facets have been thus synthesized at an impressively low temperature (20 °C). The formation process can be described by a subtle balance between Pt atom production and deposition on the vertices of cubic seeds and diffusion of these atoms to more stable locations on the seed. Several conditions have to be fulfilled, including the use of low temperature, of a sufficient amount of the long chain amine, the use of PtCl2 which produces easily reducible species upon reaction with the amine and the use of H2 as a mild reducing agent that can reduce the Pt reservoir at "just the right rate" to allow its diffusion along the edges, a prerequisite for the formation of the cubes enclosed by {110} facets.

Increasing the temperature increases the rate of both "monomer" production and diffusion of the Pt atoms, however, "monomer" production seems to be favored over diffusion, since at 60 °C, octopods are obtained due to the fast deposition of Pt on the vertices of the cubic seeds (Figure 2). The octadecylamine used as a stabilizer in large excess can also act as reducing agent, but in the absence of H2, no concave nanocubes were obtained. In cases where more than one species are present in the reaction medium, reduction may result from more than one source. This is true also for the exact role of other species that can be formed in solution from the starting materials (PtCl2 and octadecylamine, in the above-mentioned example). In addition, when in excess, the amine should trap the HCl formed during the reduction as ammonium chloride. In fact, halides present in many salt precursors and ammonium halide stabilizers added from the beginning or formed during the reaction, are among the species that can strongly adsorb on nanoparticle surfaces in a selective manner depending on the crystallographic orientation of the facets. 33 

Organometallic and metal-organic compounds

Organometallic compounds involve at least one ligand linked to the metal center through M-C bonds whereas metal-organic complexes contain ligands that are linked through heteroatoms (P, N, O, S, Cl, etc.). Such coordination compounds that do not contain M-C bonds like metal acetylacetonates, carboxylates etc., are the most widely used precursors for metal NPs. For colloidal metal nanoparticle synthesis, H2 is an ideal reducing agent when the reaction has to be performed in organic solvents, in which other reducing agents cannot be used due to solubility issues. This is the case for almost all organometallic compounds and a great number of coordination compounds for which solubility or chemical stability issues do not allow the use of water-soluble reducing agents.

Reduction of such compounds in the presence of a variety of stabilizing agents and under diverse reaction conditions has allowed a fine control over size, shape, chemical composition and specific configuration of multicomponent nanostructures (random alloys, intermetallics, core@shell, Janus, etc.). The ligands present on the starting precursors (native ligands) can be displaced completely or partially by the added stabilizing agents. It is therefore important to keep in mind that most of the times, the native ligands stay in solution and are part of the parameters that can affect the reaction outcome. The rich coordination chemistry and its importance in the formation and the properties of metal NPs is outside the scope of this chapter and has been reviewed elsewhere, 34,35,36 but it is worth noting that added stabilizers provide protection against coalescence and, depending on their nature and concentration, they can control nanoparticle size and shape though surface passivation during growth. Added stabilizing ligands may react with the precursors, to transform them into new molecular species acting as metal reservoir. This in turn will affect the course of the reaction (nucleation and growth steps) and its outcome. Therefore, the "real" precursors arise from reactions between the stabilizing agents and the initially introduced molecular metal complex. The different ligands (native or added) present in solution may also participate to equilibria that take place both among the molecular species involved in the reaction process and on the surface of NPs. Finally, ligands, native or added, can be transformed during the whole process of nanoparticle formation. For instance, olefinic bonds can be hydrogenated (e.g. cyclooctadiene hydrogenation to cyclooctane, oleyl amine to octadecylamine, partial or complete hydrogenation of aryl substituents of phosphine), native ligands can react with incoming stabilizing agents (e.g. incoming carboxylic acids reaction with native silylamide ligands, formation of ammonium salts from amine stabilizing agents and native halides), carboxylates can be decarboxylated, etc.

Organometallic compounds

Organometallic compounds with metal centers in various formal oxidation states have been employed as precursors for the synthesis of a large variety of mono-and bi-metallic NPs through decomposition by hydrogen that may, or not, involve reduction of the metal centre. 34,[37][38][39] The use of organometallic compounds, lacking in their coordination sphere any ligand that could stabilize efficiently the final nanoparticle surface, constitutes an important knob of controlling the chemical and physical properties by addition of appropriate ligands. This is the case of organometallic complexes containing a metal center, in zero or low formal oxidation state, coordinated exclusively to hydrocarbon ligands through metal-carbon bonds (sigma bonds, pi bonds or a combination of both). Some non-exhaustive examples of metal NPs that have been prepared by this class of organometallic precursors by reaction with H2 include: Ru from [Ru(COD)(COT)]; (COD = 1, 5 cyclooctadiene, COT = 1,3,5 cyclooctatriene), 40 Pt from [Pt(Me)2(COD)], 41 and [Pt(dba)x]; (dba = dibenzylidene-acetone), 42 Pd from [Pd2(dba)3], 43 Rh from [Rh(allyl)3], 44 Cu from [Cu(mesityl)]5, 45 Ni from [Ni(COD)2], 46 Co from [Co(COE)(COD)] (COE = h 3 -C8H13), 47 Re from [Re2(allyl)4], 48 Al from [(AlCp*)4] (Cp*: penta-methylcyclopentadienyl), 49 or Zn from [Zn(h 1 Cp*)(h 5 Cp*)]. 50 During nanoparticle formation, depending on the oxidation state of the metal and on the ligand type, hydrogen may displace the native ligands with or without reducing them (metal in zero oxidation state), or reduce both metal and native ligands. As a result of the treatment with H2, "naked" metal atoms and hydrocarbons with no or very low stabilizing ability are produced. The hydrides present on the metal surface cannot stabilize the NP which leads to aggregation of the resulting "naked" metallic atoms and finally in the formation of bulk metal. Therefore, this type of precursors cannot be employed without the presence of stabilizing agents, which are introduced in the reaction medium before the reduction starts. Thus, nanoparticle stabilization is achieved by a large variety of stabilizing agents, 37,[51][52][53][54][55][56] which are added in the reaction mixture during synthesis (amines, phosphines, acids, N-heterocyclic carbenes) and even by certain coordinating solvents (e.g. THF (tetrahydrofuran), alcohols). 51,57 The possibility that some added stabilizing ligands react with hydrogen, particularly when the reactions are performed at relatively high temperatures, 43,44,53,[58][59][60] has to be considered.

Below we present some examples that highlight the above-mentioned effects that have to be taken into account when reducing organometallic compounds with H2. Perhaps the most representative example of organometallic precursors, is the ruthenium(0) complex [Ru(COD)(COT)] that has been used for the formation of pure Ru and bimetallic Ru containing NPs. 34 As outlined in Scheme 2, upon [Ru(COD)(COT)] treatment with dihydrogen at room temperature, hydrogenation of the olefinic bonds of the COD and COT ligands produces cyclooctane and "naked" Ru atoms, which subsequently form NPs that cannot be stabilized by the produced cyclooctane.

Scheme 2. Outline of the decomposition under H2 of Ru(COD)(COT). Reproduced from Ref. 50 with permission from ACS, Copyright 2018.

Compared to other metal NPs, the surface state of Ru NPs has been extensively studied due to the fact that in addition to the classical nanoparticle characterization techniques, liquid-and solid-state NMR studies are particularly well-adapted for this metal, thanks to the absence of magnetic perturbations (Knight shift). The nature and concentration of ligand influence the size and the shape of the NPs. 51,53 It is worth mentioning that, in the presence of amine 61 or carboxylate ligands, 62 mobile surface hydrides are present on the surface of the as obtained Ru NPs. They can exchange with H2 or D2 in the gas-phase and even perform H-D exchange reactions on the aliphatic chains of the ancillary ligands.

Surface hydrides are active species involved in a number of heterogeneous catalytic reactions. Their presence on Ru NPs has been detected and quantified by titration with D2 and with olefins. 61,63 Analysis by gas chromatography has demonstrated the presence of 1.2 and 1.5 H per surface Ru atom, depending upon the system. The observation and location of these hydrides was more challenging, in particular the question of their presence inside the particles or on their surface. For this purpose, the hydrides were exchanged with deuterium and the particles were characterized by static solid state 2 D NMR. Thanks to the quadrupolar splitting, which is related to the degree of anisotropy experienced by a quadrupolar nucleus, and the use of model mononuclear compounds to determine the splitting expected for Ru-D Ru-D2 bonds and clusters containing a µ 2 -, µ 3 -or µ [START_REF] Rampino | [END_REF] -bridging deuteride, it was possible to observe the presence of surface deuterides and to attribute them a mode of coordination on the particles surface 64,65 (Figure 3). Interestingly, this technique evidences the mobility of surface deuterides and the freezing temperature of the deuterium mobility on the particles surface was found dependent upon the stabilizer used. Thus, strong ligands such as diphosphines induce freezing near 273 K whereas the freezing temperature is around 200 K for Ru NPs stabilized by hexadecylamine (HDA) 65 and 25 K for Ru NPs included in a MOF. 66 According to the quadrupolar splitting, all modes of coordination were observed on Ru/HDA, whereas hydrides were exclusively terminal for Ru/MOF. All hydride containing Ru NPs were found to be very active hydrogenation catalysts. 67 N-heterocyclic carbenes have been found to be particularly efficient ligands for ruthenium leading to very stable but reactive nanoparticles accommodating between 1 and 1.5 hydride per Ru surface. 55 Stabilizing ligands can undergo transformation due to parallel reactions. For instance, it was shown that during the decomposition of [Ru(COD)(COT)] under H2 in THF in the presence of carboxylic acid ligands, CO was found on the surface of the NPs. This CO arises both from THF decomposition and from carboxylic acid decarbonylation. 68 The latter occurred at surprisingly low temperature (room temperature). Catalytic decarbonylation of carboxylic acids in the presence of dihydrogen usually occurs at much higher temperatures and pressures, suggesting an unanticipated high reactivity of undercoordinated Ru species that are formed during the decomposition of [Ru(COD)(COT)] in the presence of H2 and carboxylic acids. Another example is the partial hydrogenation of fullerene ligands catalyzed by Ru NPs prepared from [Ru(COD)(COT)] and fullerene under H2. 59 Partial or complete catalytic hydrogenation of the aryl rings of phosphine ligands has also been demonstrated through deuteration experiments. 60 The Ru NPs prepared through the organometallic method are also very active for the selective labelling of organic molecules of interest through C-H activation. 69 This method was extended to the unprecedented simple enantiospecific C-H activation/deuteration of stereogenic centers, located in α-position of a heteroatom of amino acids and peptides through a four-membered dimetallacycle as a novel key intermediate. 70 Ru NPs are also active catalysts for the Sabatier reaction and for Fischer-Tropsch syntheses. In this context, the presence of CO leads to the elimination of surface hydrides and only CO species are adsorbed at the surface of the nanoparticle. 71 These examples illustrate the multiple role that hydrogen can play, that is, as a reducing agent and as a key surface species available both for stoichiometric as well as for catalytic reactions. This can be advantageously exploited in catalysis, when, either an easy access to the nanoparticle surface is considered as a prerequisite for increased catalyst activity, 51,52 or as shown recently, when the presence of specific ligands on the nanoparticle surface positively impacts not only selectivity but also activity. 72,73 A recent review, and references therein, presents the knowledge accumulated over the years on the formation, surface chemistry and catalytic properties of Ru NPs obtained by [Ru(COD)(COT)]. 51 Another important advantage of employing H2 as reducing agent is that it can produce impurity-and oxide-free metallic NPs of easily oxidizable metals. The excellent magnetic properties of metallic magnetic NPs prepared by reduction under hydrogen are due to a surface free from oxides and other contaminating residues that could be present if another reducing agent (CO, NaBH4) was employed. For example, magnetic properties of ultrafine Co NPs prepared by [Co(COE)(COD)] in the presence of PVP as a stabilizing agent, present the same size dependent magnetization values as the ones of NPs of similar size 74 prepared by ultrahigh vacuum techniques. Due to their small size and consequently due to the increased contribution of surface metal atoms to the magnetization value, these NPs exhibit magnetizations that exceed the bulk magnetization value of bulk Co. 75 These results prove that PVP, used as stabilizing agent, does not affect the magnetic properties of the above NPs. However, this is not the case for all stabilizers. Indeed, the electronic density of the nanoparticle surface can be modified by the presence of capping agents, thus altering several chemical and physical properties among which magnetic properties. This effect is illustrated by the work of Osuna et al., who have shown that reaction at room temperature of the above-mentioned NPs with CO gives rise to a spectacular drop of their magnetization, due to the presence of CO on their surface. 76 This ligand dependent effect on the magnetic properties has been also observed for Ni NPs prepared by reaction of [Ni(COD)2] with H2 and then exposed to CO or MeOH, or alternatively, prepared in the presence of hexadecylamine (HDA) or trioctylphosphineoxide (TOPO). 77 It was shown that among all four stabilizing agents, only HDA preserves the Ni surface magnetization.

Ligands do not affect the nanoparticle properties only through surface effects, as they play multiple roles in nanoparticle synthesis. Ni NPs prepared by reaction of [Ni(COD)2] with H2 in the presence of high amounts of HDA grow anisotropically. 77 The reduction under H2 of the [Co(COE)(COD)] precursor in the presence of both long chain amines and long chain acids as stabilizers produced for the first time cobalt nanorods of hcp (hexagonal close packed) structure. 78 The combination of high magnetocrystalline anisotropy and the anisotropic growth along the c axis of the hcp structure of Co make these nano-objects well-adapted for applications for which hard magnetic materials are necessary, such as magnetic recording. The ligands, especially the carboxylates, are beyond any doubt decisive in the anisotropic growth of these nanorods as is the presence of H2. All other parameters kept identical except the presence of H2, no Co nanorods/nanowires are obtained by the organometallic method. 78,79 It is likely that H2 displaces the long-chain amine, which transiently passivates the {0001} facets of hcp seeds, thus allowing deposition of Co atoms on these facets and anisotropic growth. 80 A similar "cleaning" effect of H2 that facilitates coalescence through temporary amine ligand removal from the surface of NPs has been invoked in the formation of Pt, 4 Ru, 53 and Pd 43 anisotropically shaped NPs.

Therefore, and despite the tedious synthesis of organometallic compounds and their low stability which often requires specific handling precautions, the combination of this class of precursors with H2 facilitates surface studies. It also offers the opportunity to adapt the NP surface chemistry to meet the prerequisites of technological domains spanning from catalysis to microelectronics, introducing the appropriate stabilizing agent for each application.

When in addition to, or instead of the non-coordinating hydrocarbons the precursor contains ligands that have considerable coordinating ability (halogens, carbonyls, amide, amidinate, carboxylate compounds) their involvement in the stabilization of the NP surface, but also in the NP formation steps has to be considered.

Metal-organic compounds

Metal alkylamides M(NR2)n and silylamides M[N(SiMe3)2]n have started to be used relatively recently for the synthesis of metal NPs. [81][82][83] They share common characteristics with organometallic compounds, containing olefinic ligands in the sense that they are easy to be reduced at low temperature. However, while in the presence of H2, the olefinic ligands are hydrogenated and cannot act as stabilizers: the amide can be converted to hexamethyldisilazane, which can stabilize small Nps as shown in the work of Margeat et al., in which {Fe[N(SiMe3)2]2}2 heated under H2 at 110 °C in toluene gave rise to purely metallic iron NPs that could be isolated. 84 In the presence of mixtures of long chain amines and acids, {Fe[N(SiMe3)2]2}2 and {Co[N(SiMe3)2]2THF} have been decomposed giving rise to oxide-free shape controlled Fe 81,85 and Co 80,86 NPs as well as Co-Fe dumbbells 87 or FeCo alloys, 88 depending on the reaction conditions. All nanoparticles display excellent magnetic properties thanks to the absence of surface oxides on their surface. When silylamide precursors are used in the presence of amine and acid stabilizers, the formation of Fe and Co carboxylates is of pivotal importance, since thanks to their stability they constitute a metal reservoir that contributes mainly to the slow growth of seeds formed by less stable amine rich species. It must be noted that care has to be taken when mixing {Fe[N(SiMe3)2]2}2 and {Co[N(SiMe3)2]2THF} with long chain acids, since the formation of metal carboxylates is in competition with the formation of a silyl ester by reaction of the acid stabilizer with the native ligand. This was demonstrated to have an impressive impact on the size and the morphology of the resulting NPs. 88 Acetates and long chain carboxylates are easily accessible starting materials, however their increased stability toward reduction by H2 requires higher reaction temperatures than organometallic compounds. Despite the fact that they are rarely used as starting precursors, 89,90 carboxylates are often formed in situ due to the use of carboxylic acids as stabilizing agents, starting from precursors of various types.

Due to their stability they mainly participate to the growth step of seeds. In this context, under reaction conditions that do not allow reduction of Co(LA)2 (LA= laurate) by H2, the addition of hexadecylamine allows the formation of cobalt multipods. This could be due to the possibility of heterolytic activation of H2 through coordination to the Lewis acidic species and deprotonation by the amine. 86 

In a recent work concerning Ni branched nanostructures obtained by [Ni(CH3COO)2]

in the presence of oleylamine, and combining theoretical and experimental results it was proposed that in the absence of H2 the growth is controlled mainly by thermodynamics. Thus, the NPs are ill-defined polyhedra enclosed by {111} and {100} facets. Under a 6 bar hydrogen pressure, the obtained octopods result from a seed exposing mainly {100} facets through a three steps growth, which is governed both by kinetics and thermodynamics. At a short time, a kinetically controlled preferential orientation along the <111> direction forms octapods. Upon consumption of the precursors with time, the synthetic process falls into the thermodynamic regime, in which the growth along the <110> direction becomes dominant. Under 14 bar of H2 pressure, and starting from a seed that exposes mainly {110} facets, the slower Ni surface diffusion rate combined to the faster deposition rate makes the synthetic process fall in the kinetically controlled regime. In this case, the high surface energy facet of Ni(111) grows more quickly (Figure 4). The influence of the adsorption of the oleylamine ligand and of the solvent (ethanol) on the synthesis process of Ni nanocrystals was found to be negligible according to the corresponding adsorption energies, but the possible influence of carboxylates coming from the precursor Ni(CH3COO)2 has not been considered. 91 In a subsequent work combining modelling and experiments from the same group, the H2-induced increase of the reduction rate of the Ni precursor has been also considered. It was proposed that this increase also favored the overgrowth on Ni nuclei toward branched nanostructures. 92 

Figure 4. Outline of the H2 pressure influence on the formation of branched Ni nanoobjects. Reproduced from ref. 91 with permission from the PCCP Owner Societies Copyright 2017

The most popular coordination compounds used as precursors for monometallic and bimetallic NPs are metal acetylacetonates. Below we present some examples where H2 has been identified as a factor that contributed to the shape-controlled synthesis.

In several cases however, its exact role as a structure directing agent remains rather unclear.

In a work of Tilley and co-workers Ni nanocube formation from [Ni(acac)2] in the presence of hexadecylamine and trioctylphosphine oxide has been tentatively attributed to the thermodynamic stabilization of Ni {100} facets favored by H2. 93 In another study by the same group, the increase in the H2 pressure from 1 bar to 3 bar results in a phase transformation of Ni from fcc (face centered cubic) to hcp, which leads to anisotropic growth of arms on a fcc Ni or Au seed, 94 or hcp Ni branches on Au fcc seeds. 95 Pt-based NPs of complex shapes are among the most desirable nanostructures especially for electrocatalysis and a great effort is devoted for developing catalysts that optimize Pt atom efficiency. 96 In this context dendritic nanocubes have been obtained when [Pt(acac)2] was heated at 90 °C in pure oleylamine, under 1 bar hydrogen atmosphere. 97 Interestingly, the oleylamine (solvent and stabilizing agent) was converted to octadecylamine during the formation of the Pt nano-objects. More precisely the whole amount of oleylamine was hydrogenated in 24h. In the absence of H2, ill-defined nano-objects are obtained. The dendritic nanocubes are similar with some of the nano-objects obtained from Lacroix et al. with H2PtCl6 in oleylamine under 3 bar H2 at 150 °C. 31 

Mao et al. using [Pt(acac)2], [Mo(CO)6], and [Ni(acac)2] in the presence of oleylamine

under 180 °C synthesized PtMoNi ultrathin nanowires. 98 The authors did not succeed in synthesizing the nanowires in the absence of H2, and they propose that Pt rich nanowires are formed in a first step thanks to hydrogen that functions both as a structure directing agent and as a mild reductant for Pt 2+ . The Pt surface assists the subsequent reduction of the harder to reduce Ni 2+ .

In situ hydrogen production resulting from other reductants (NaBH4, hydrazine, polyols) is also probably involved in determining nanocrystal shape. Interestingly, in the formation of Co nanorods by the polyol method, using 1,2 butanediol as a reducing agent, the secondary alcohol function of the polyol was shown to be selectively oxidized to a ketone with the concomitant formation of molecular hydrogen (transfer hydrogenation reaction). It is thus likely that the in situ produced H2 contributes to the Co shape control. 99 

Homoleptic metal carbonyls have been extensively used for the preparation of metal

NPs, but rarely employed with H2 since the metal centers being already reduced, no reducing agent is needed. However, in an example that illustrates the parallel catalytic reactions that can take place with H2 and CO, Ru nanostars and nanourchins have been prepared by thermolysis of [Ru3(CO)12] under H2 in the presence of hexadecylamine and palmitic acid. 58 The gas analysis at the end of the synthesis revealed the presence of methylcyclohexane resulting from the hydrogenation of the toluene solvent, as well as that of linear alkanes, which were most likely formed by the activity of the Ru NPs as a Fischer-Tropsch catalyst.

In conclusion, the examples presented in this part show that apart from reducing the precursors in which the metal center is not in the zero-oxidation state, H2 can reduce native ligands, stabilizing agents as well as organic substrates and even solvents, either when coordinated to a soluble compound or when chemisorbed on a metal nanoparticle. Last but not least, dihydrogen can be a shape directing agent through modulation of the nucleation and growth steps and facet selective passivation (Scheme 3). Scheme 3. Different roles of H2 throughout all the steps of the NPs formation process.

Carbon monoxide

The reducing strength of CO is comparable to that of H2, 100 but it can also form metal NPs without reducing the metal center, as for instance by displacing at room temperature labile ligands from organometallic precursors in which the metal center is in the zero oxidation state. CO has been used in the synthesis of metal and metal alloy NPs, either by direct gas admission, or alternatively, through the decomposition of metal carbonyl complexes. Its usual oxidation product (CO2) is inert and easily eliminated from the reaction medium. Apart from being a reducing agent, the CO molecule is one of the most important ligands in transition metal chemistry. Thanks to its ability to both donate and accept electrons from transition metals, it plays a prominent role in the design of catalysts used in many carbonylation reactions. CO reacts with metal centers in low oxidation state to form metal carbonyls, whereas interaction with metal centers in high oxidation state needs previous reduction and is weak. 101 In addition, CO can interact strongly with metal surfaces, with chemisorption behavior that differs not only from one metal to another but also from one crystallographic surface to the other for the same metal. 102 Thus, it can behave as strong shape directing agent as illustrated from the numerous examples in the literature where shape control is attributed, at least in part, to CO. 103 

Ligand displacement without reduction

CO has been extensively used in the synthesis of Pd and Pt metal NPs starting from the zero-valent organometallic precursors ([Pd2(dba)3] and [Pt(dba)x]), through displacement of these ligands. 40,106,107 Since NPs are formed at low temperature, the CO is adsorbed intact on the nanoparticle surface at the end of the reaction. Due to its surface dependent and multimodal adsorption on metal surfaces, it is a particularly useful molecule for probing the surface of metal particles. Stretching vibrations of the C≡O bond appear in the IR spectrum between 2200 and 1700 cm -1 and the CO binding mode (atop, bridging, hollow) can be identified by the position of the signals. 40,108 Solid state [START_REF] Lin | [END_REF] C NMR techniques developed for probing heterogeneous catalyst surfaces 109 have been very successfully applied to the domain of colloidal NPs in studies concerning both surface state and reactivity. 72,107,[110][111][112] On the other hand, CO can persist on the final nanoparticle surface and it may affect their physical, 75,79 and chemical properties. These latter can be severely impacted since CO acts as a poison of active sites in many catalytic reactions. 113

Mild reducing agent for reaction monitoring

There are only few examples in the literature of studies that propose reaction pathways where reduction by CO gives rise to metal NPs. The slow reduction kinetics by CO compared to NaBH4, enabled the CO induced synthesis of thiolate protected Au nanoclusters Au25(cys)18 (cys = cysteine) to be followed. The clusters were prepared from HAuCl4 and cysteine in aqueous basic solution (pH = 11) at room temperature. 114 CO interaction with the Au(III) metal center is not favored.

Despite the fact that cysteine is a milder reducing agent than CO, it can perform the first reduction from Au(III) to a Au(I)-thiolate complex. CO can then perform the second reduction step. The slow reduction by CO allowed monitoring of the Au25(cys)18 formation process by UV-Vis and mass spectrometry, and identification of several key intermediates. Increasing the pH enhances the reduction capability of CO. The authors observed that CO was not present on the surface of the nanoclusters probably due to the catalytic activity of Au nanoclusters in alkaline conditions for CO oxidation to CO3 2-. This CO mediated synthesis has been extended to other Aun(SR)m, nanoclusters 115 and a review on this method has been published. 116 

Homogeneously catalyzed ligand carbonylation

CO is not only a reducing agent that is converted to inert CO2 during nanoparticle formation. A multitude of carbonylation reactions can take place in the presence of molecular metal precursors that are acting as catalysts. This is illustrated in a work in which [Pt(CH3)2(COD)] was reduced by CO at atmospheric pressure in the presence of hexadecylamine (HDA) and oleic acid. CO, rapidly substitutes COD leading to the formation of [cis-Pt(CH3)2(CO)(HDA)] and [cis-Pt(CH3)2(CO)2] which were identified by 1 H and 13 C NMR. Upon heating at 110 °C under CO, complete decomposition of the molecular Pt compounds occurs, giving rise to Pt(0) NPs stabilized by a mixture of N,N'-bis(hexadecyl)urea and CO ligands as shown by IR and 13 C NMR studies. In addition, NMR analysis of the supernatant at the end of the reaction evidenced the formation of a secondary amide identified as N-(hexadecyl)acetamide, CH3CONHR, and a small amount of N,N'-bis(hexadecyl)urea. These results indicate that HDA carbonylation has taken place. 117 The decomposition outline that is proposed to account for the carbamide formation through [cis-Pt(CH3)2(CO)(HDA)] is shown in Scheme 4. This work evidences the complexity of the reactions taking place during nanoparticle synthesis.

Scheme 4. Outline of the proposed reactions taking place on the Pt center during the formation of Pt nanoparticles. Reproduced from ref. 117 with permission from The Royal Society of Chemistry Copyright 2010

Similar reactivity was demonstrated when Au NPs were obtained from the reduction under CO of AuCl(NH2R) complexes formed in situ from AuCl(THT) (THT = tetrahydothiophene). While H2 fails to yield size and shape controlled Au NPs under all the conditions employed, the use of long chain amines (dodecylamine or hexadecylamine) as stabilizing agent in THF at 70 °C in the presence of CO (1 bar) leads to stable and well-defined Au NPs of about 7 nm and with a narrow size distribution. Solid-state [START_REF] Lin | [END_REF] C MAS NMR and liquid state 1 H NMR studies demonstrated the presence of a carbamide (RNHCONHR) species resulting from the carbonylation of the amine on the Au NPs. The authors noted that this unexpected reaction has a positive effect on the NP stability. 118

CO as shape directing agent

As already mentioned, several physical and chemical properties depend on the nanoparticle shape. A consequence stemming from CO affinity for metal surfaces is that it can act as a shape directing agent by selectively passivating certain nanocrystal facets during growth. The interest in metal nanocrystal synthesis is largely associated to the optimization of their catalytic properties. Considering that the performances of catalysts are dependent on the type and number of exposed facets, tailoring of metal nanocrystal morphology is currently a very active area of research. 119 Since Pt-and Pd-based catalysts are among the most widely applied in thermal catalysis as well as in electrocatalysis, an intense research activity concerns the control of their shape. Furthermore, CO assisted growth of Pt and Pd shapecontrolled NPs has paved the way to the development of this method for their alloys, 2,120-122 as well as for other metals. 103,123 In most of these cases, metal and facet depending adsorption of CO during nanocrystal formation is claimed to be one of the crucial parameters for shape control.

Metal carbonyls such as Fe(CO)5, 124 Co2(CO)8, 125 and W(CO)6 126 have been demonstrated to play a decisive role in the formation of shape controlled NPs, especially in the case of cubic Pt and shape controlled Pt-based alloys. 127 In some works the possible role of CO from the decomposition of the metal carbonyls has been ignored and the morphology has been attributed to the reducing capability of the zero valent metal of the carbonyl complex, which assisted the reduction of Pt(II) and regulated the nucleation process. However, other works have demonstrated that the presence of CO alone is enough to induce the formation of specific morphologies depending on the nature of the NPs. 128 Compared to metal carbonyls, the use of CO has the advantage that it does not introduce any metal impurities, that could be finally found in the target nanocrystals. Thus, C.B. Murray et al., have reported the rapid formation of monodisperse Pt nanocubes from [Pt(acac)2] in the presence of oleylamine and oleic acid, Pd spherical nanoparticles from [Pd(acac)2] in the presence of oleylamine, oleic acid and TOP (trioctylphosphine), and ultrathin Au nanowires from AuCl in the presence of oleylamine, when CO was bubbled through their solutions in organic media. 128 The absence of CO bands in the IR spectra obtained from the Pt nanocrystals and a control experiment after having evacuated bubbled CO before heating, led the authors to the conclusion that CO was acting as reductant and not as a capping agent, and that the observed shapes were not formed due to the formation of a CO containing precursor. The authors assigned the nano-object shape to the fast reduction kinetics induced by CO.

However, Wu et al. correlated the cubic shape of Pt NPs with the preferential binding of CO on {100} facets. Pt nanoparticles prepared from [Pt(acac)2] at 180 °C in the presence of oleylamine and oleic acid under CO adopt a cubic shape. More precisely, it was shown that while both amine and CO were necessary for the formation of cubic nanostructures, the presence of oleic acid was not necessary (Figure 5 ). 129 Their results were supported by IR analyses, which confirmed the presence of CO and oleylamine on the nanocube surface, and periodic DFT calculations that showed that the Pt(100) surface can be significantly stabilized by the co-adsorption of CO and oleylamine. In that case oleic acid did not seem to be essential for obtaining the cubic NPs since even in its absence, the cubic shape was obtained by CO and oleylamine. However, very recently, oleic acid was shown to be a decisive actor allowing Pt cubes and bars to be obtained when using the same as above precursor [Pt(acac)2], which was seems that the presence of CO alone is not enough, and several conditions have to be met (temperature ramp, stabilizing agents, etc.) to guarantee stoichiometry and shape selectivity of the resulting NPs. 126,127,131 In contrast to what is observed on Pt, CO binds preferentially on Pd{111} facets. As a result, Pd NPs adopt shapes that expose {111} facets such as ultrathin nanoplates and nanosheets. Nowadays, one of the preferred methods for the synthesis of 2D ultrathin NPs of many metals is based on the so-called CO "confined growth" in solution which designates the characteristic limitation of the 2D nano-objects thickness to a few atomic layers, by selective adsorption of the CO on the highly exposed {111} basal facets of the 2D Pd based nano-objects. 132 In an early work Schlotterbeck et al. obtained, "somewhat surprisingly" as they stated, hexagonal platelets with a relatively narrow size distribution through reduction of [Pd(OAc)2] by CO at room temperature, in toluene solutions of amphiphilic polymers. In comparison, reduction with H2 or LiBEt3H afforded spherical palladium NPs. Although an interpretation of this result was not straightforward, the authors note that the reduction is much slower with CO than with the other reducing agents and that unstable Pd(II) carbonyl compounds are intermediate species. Interestingly, in a system that under CO gives rise to Pd nanosheets, and under H2 forms Pd nanoaggregates, when both CO and H2 (CO:H2 = 1:4) are introduced, tetrahedra and tetrapods, both exposing {111} facets, are produced (Figure 7). 138 The formation of tetrahedra and tetrapods is attributed to the reduced CO adsorption energy on Pd{111} facets due to the presence of H2. Based on experimental data and DFT calculations, the authors proposed a mechanism that involves the initial formation of NPs with a PdHX phase, which is converted to Pd(0) upon exposure to air. Thus, in pure CO, the high CO coverage on Pd(111) prevents freshly reduced Pd atoms to deposit on {111} facets explaining why ultrathin nanosheets are formed. On the other hand, for PdHx(111) surface, low CO coverage, allows Pd atoms to be directly deposited on PdHx(111) surfaces, producing the 3D morphology. The simultaneous presence of CO and H2 introduces additional possibilities in the panel of catalytic reactions that can take place on soluble metal species (hydroformylation) as well as on the NP surface (such as carbide formation, methanation, water gas shift, Fischer-Tropsch, etc.), the latter being possible especially with early transition metals that easily dissociate CO.

For instance, monodisperse iron carbide NPs that can be used as heating agents with high heating capacities were formed by direct reaction of CO and H2 at 150 °C on preformed iron (0) NPs. 139 When combined with an appropriate catalyst they can magnetically activate various catalytic reactions. 139,140 Considering the mild reaction conditions under which carbidization takes place, similar to the ones employed in many syntheses of metal NPs, one can wonder whether similar reactions could not take place especially with early transition metals and in the presence of chemicals that can produce CO in situ. One example is described in the work of Meffre et al., in which iron carbide NPs were produced by the reaction of Fe(CO)5 with Fe(0) NPs at 150°C either under Ar or under H2, 141 In another recent work, iron carbide nanoparticles were also produced in a continuous millifluidic system under N2 from Fe(CO)5 in the presence of oleylamine, albeit at higher temperatures (230 °C). 

Risks associated to the use of H2 and CO and safety related best practices

Hydrogen is odorless and non-toxic, however, it is very flammable, requiring a small amount of energy to ignite. In fact, if leaking from a pipe at a high pressure, H2 can self-ignite without the aid of an external energy source. It can also form an explosive mixture with the oxygen of the air. It has to be noted that gaseous hydrogen cannot be detected by the human senses, and its flame is also invisible. In fact, the range of hydrogen/air mixtures that will explode is wide: mixtures containing from as little as 4% v/v hydrogen, which is the Lower Explosive Limit (LEL), up to as much as 75% v/v, which is the Upper Explosive Limit (UEL), may propagate a flame. Hydrogen can be explosive at concentrations of 18.3%-59%. 143 However, it is important to note that an explosion cannot occur in a pure H2 reservoir, since an oxidizer, such as oxygen, must be present in a concentration of at least 10% pure oxygen (or 41% air). The main risk is associated to any leaks that could fulfil the explosion/ignition conditions upon mixing with air. Therefore, hydrogen cylinders should be placed in a dedicated place outside the laboratory, connected with copper/stainless steel piping into the laboratory and secured to prevent tampering. Pipework should be regularly leakchecked to prevent large leaks of hydrogen. Fortunately, H2 generators can very successfully replace gas cylinders. They generate gas on demand, as it is required by most of the laboratory set-ups for the synthesis of NPs. This means that they only store a minimal amount of gas, not enough to reach hydrogen's LEL (4.1% in air).

On the other hand, CO is also odorless, highly flammable, and, in contrast to H2 which is non-toxic, it is highly toxic/poisonous and lethal if inhaled in not so high doses. The OSHA personal exposure limit (PEL) for CO is 50 parts per million (ppm).

The NIOSH recommended immediately dangerous to life and health concentration (IDLH) for CO is 1,200 ppm. The IDLH is the concentration that could result in death or irreversible health effects, or prevent escape from the contaminated environment within 30 minutes. Carbon monoxide should be used in a fumehood and all valves, connections, regulators and fittings should be checked for leaks. A carbon monoxide detector should be in use while CO is flowing at the proximity of the experimental set-up and individual portable detectors should be worn by the users.

It is also important to note that the small amounts of gas reactants required and the relatively low pressures employed in the academic research for nanoparticle synthesis limit the risks of an accident, as the conditions for fire, explosion or intoxication are hardly met under adapted working conditions (appropriately installed gas cylinders and connections, fumehoods, adapted pressure vessels, pressure release devices).

To conclude, as for all chemicals, when working with H2 or CO, it is essential to learn about their physico-chemical properties in order to know their behavior and, therefore, any possible associated risks. Appropriate practices have to be adopted and adapted to the working conditions and safety regulations of each laboratory.

Prior to conducting any work with carbon monoxide, designated personnel must provide training, specific to the hazards involved in working with these substances, and detailed information on emergency procedures. Last but not least, safety equipment should always include detection systems and alarms as second line defense for possible leaks.

Conclusions

H2 and CO are convenient reducing agents of intermediate strength, allowing the reduction of a large variety of metals by modulation of their reducing ability through the proper choice of reaction conditions. Depending on the reaction conditions they let behind little or no residues. This is especially true for H2.

In some cases where H2 and CO are used for the synthesis of nanoparticles, the reaction is not a not real reduction but a simple displacement of ligands from precursors in which the metal center is already reduced. Reductants or not, they can affect the outcome of the nanoparticle formation by various ways as exposed throughout this chapter.

After some decades of intensive research, the "black box" of nanoparticle synthesis is now starting to be less black thanks to the knowledge accumulated over the years.

The recent development of cutting-edge characterization techniques combined to modeling have already significantly contributed, and they are expected to contribute even more in the near future to a better understanding of the possible reaction processes that lead to NP formation. 144 H2 and CO have been used with many metals, under different reaction conditions and in the presence of very different capping agents, some of them being able to act as reducing agents, but only very few comparative studies which describe syntheses using the same reaction conditions where only the reducing agent is varied are available. This lack of data does not allow the evaluation of the real influence of the reducing agent on the nanoparticle structural characteristics. Another point worth to be noted is that these gases are most of the times used for reducing molecular metallic species in mixtures where other potential reducing agents are also present, which raises the question of their degree of participation in the reduction process. An answer to this question requires an identification of the oxidized products, which is very rarely part of the usual investigation procedure in the domain of nanoparticle synthesis. In this respect, the use of new experimental and theoretical tools could give precious information. Thus, revisiting some of the most interesting examples is extremely important.

Last but not least, "analyzing" the inherent complexity of these reactions is a crucial step; however, "synthesizing" by combining the accumulated knowledge across several disciplines is equally essential towards a better understanding of the complex processes involved.

In this respect, when used as reducing agents for metal nanoparticle synthesis, H2 and CO, are always supplied to the reaction medium in excess, large enough to be catalytically transformed. Most of the metals, either in their molecular form or in the solid state are active catalysts for a variety of reactions involving H2 (hydrogenation), CO (carbonylation), or their mixture (water gas shift reaction, Fischer-Tropsch synthesis). From this point of view, the huge available knowledge on homogeneous and heterogeneous catalytic reactions, should be advantageously exploited in the domain of metal nanoparticle synthesis.

  constants k1 and k2. Step (1) represents the nucleation; A corresponds to the organometallic precursor. Step (2) corresponds to the growth; B is a catalytically active atom on the surface of the metal. The reaction is monitored by the fast cyclohexene "reporter reaction" (3). Reproduced from Ref. 14 with permission from ACS, Copyright 1997.
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  et al. have compared the reduction of three precursors K2PtCl4, K2PtCl6 and K2[Pt(C2O4)2].
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Figure 1 .

 1 Figure 1. Platinum nano-objects obtained by reduction of H2PtCl6 at 150 °C under H2

Figure 2 .

 2 Figure 2. Platinum nano-objects obtained by reduction of PtCl2 under H2 (3 bar) at

Figure 3 .

 3 Figure 3. Hydrogen species on Ru metal surfaces. Adapted from Ref. 64 with

  Once CO reduction or ligand displacement has formed the first solid entities, additional CO reactions on the metal surface can be operational. Numerous studies on heterogeneous catalysis have demonstrated that, depending on the nature of the metals and the temperature of the reaction, CO chemisorption can be either molecular or dissociative. Transition metals such as Fe, Co, or Ni favor CO dissociation while adsorption on noble transition elements is nondissociative. 102,104,105 Therefore, depending on the metal and the reaction conditions (temperature, presence of other gases among which H2) the metal NPs can be very different in nature (reduced metals or metal carbides) or have a very different surface state (CO passivated or not), with important consequences on their physical and chemical properties. Below, we present some non-exhaustive examples, which give an overview of the rich chemistry associated to the use of CO in nanoparticle synthesis.

Figure 5 .

 5 Figure 5. TEM images of (a) Pt nanodendrites synthesized without CO; (b) 10.3 nm

  dissolved in oleic acid and heated at 80 °C. The authors propose that this step leads to [Pt3(oleate)6]. Subsequent increase of the temperature to 120 °C leads to oleic acid catalytic decarbonylation, presumably from [Pt3(oleate)6], which was proposed as a Pt(II) intermediate. The authors claim that the CO produced by this step acted as a reducing agent to provide Pt(0) atoms, and as a capping agent stabilizing {100} type facets of the nanoparticles. 130 The authors mention the different catalytic reactions likely to take place on the Pt surface. Under the light of these recent results, one may wonder why decarbonylation of the oleic acid did not take place under the very similar (even harsher) reaction conditions employed in the work of Wu et al. 129 Indeed, in that work, there was no indication of CO production. It is therefore likely that other catalytic reactions are favored under those conditions. Several shape-controlled Pt-based alloys with a great variety of metals have been synthesized since the first Pt nanocubes formed through the CO reduction by [Pt(acac)2]. 126,127,131 Wu et al. proposed that preferential binding of CO on the {100} facets could also favor addition of metal atoms onto specific facets of Pt alloy nanocrystals, because CO can undergo preferential oxidation to CO2 on selected surfaces. 127 Nevertheless, based on several works on the synthesis of Pt3M nanoparticles (M = Fe, Ni, Co), it

  133 

Remita

  et al. synthesized ultrathin hexagonal Pd nanosheets in a water/toluene mixture purged with CO gas 134 from precursors in which Pd was in different formal oxidation states. A 2D morphology was obtained in all cases, except in the case of [Pd2(dba)3], which reacted very fast with CO. The authors have assigned the formation of the 2D Pd nano-objects to the slow kinetics of nucleation and growth when less reactive precursors were employed.Zheng et al.,135 employed the CO mediated growth of Pd ultrathin nanosheets with original optical and excellent electrocatalytic properties (Figure6).

Figure 6 .

 6 Figure 6. TEM images of (a) Pd nanosheets, inset: photograph of a dispersion of the

Figure 7 .

 7 Figure 7. (a) Pd tetrahedral nanocrystals synthesized at 140 °C from Pd(acac)2 in the
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