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Introduction

Hexagonal close-packed (hcp) cobalt nanoparticles have garnered significant scientific interest owing to their catalytic properties [START_REF] De Vrieze | Shape of Cobalt and Platinum Nanoparticles Under a CO Atmosphere: A Combined In Situ TEM and Computational Catalysis Study[END_REF]2 and high magnetocrystalline anisotropy, [START_REF] Gambardella | Giant Magnetic Anisotropy of Single Cobalt Atoms and Nanoparticles[END_REF] rendering them suitable for the fabrication of magnetic devices. In contrast to other synthesis pathways explored so far, such as the reduction of inorganic Co(II) or Co(III) complexes, [START_REF] Mourdikoudis | Oleylamine in Nanoparticle Synthesis[END_REF] or the decomposition of dicobaltoctacarbonyl molecule, [START_REF] Diana | Fabrication of Hcp-Co Nanocrystals via Rapid Pyrolysis in Inverse PS-b -PVP Micelles and Thermal Annealing[END_REF] the use of the Co(I)Cl(P(C6H5)3)3 precursor has emerged as a highly promising procedure to produce nanoparticles with very well controlled shape and size. [START_REF] Meziane | Hcp Cobalt Nanocrystals with High Magnetic Anisotropy Prepared by Easy One-Pot Synthesis[END_REF]2 However, when oleylamine (OAm) is employed as the solvent, the synthesis of Co particles from Co(I)Cl(Ph3)3 (Ph=C6H5) becomes complex due to the occurrence of two distinct time steps associated with equally distinct particle morphologies. Initially, spherical hcp cobalt nanoparticles grow within one hour at 190°C, followed by their dissolution and the subsequent recrystallization into rod-shaped nanoparticles over an extended period of ten hours. Only recently has a more profound understanding of the mechanisms underlying nanoparticle formation been achieved through a series of experimental and theoretical studies. [START_REF] Meziane | Hcp Cobalt Nanocrystals with High Magnetic Anisotropy Prepared by Easy One-Pot Synthesis[END_REF][START_REF] Vivien | Role of Oleylamine Revisited: An Original Disproportionation Route to Monodispersed Cobalt and Nickel Nanocrystals[END_REF][START_REF] Moisset | The Five Shades of Oleylamine in a Morphological Transition of Cobalt Nanospheres to Nanorods[END_REF] In the most recent article titled The five shades of oleylamine in a morphological transition of cobalt nanospheres to nanorods, 8 some of the present authors reported on the intricate multifunctional role played by OAm, which is revealed to act as a disproportionation promoter, a surfactant, a source of H2, an oxidative etching promoter, and ultimately, a templating agent.

The current understanding of the reaction paths is the following. In the first stage, it is assumed that metallic cobalt and a Co(II) complex are formed according to a global disproportionation reaction: 2Co(I)ClL3→Co(II)Cl2L2 +Co(0)L4 R1

where L is an unspecified ligand (PPh3 or OAm). Indeed, Density functional theory (DFT) calculations [START_REF] Meziane | Hcp Cobalt Nanocrystals with High Magnetic Anisotropy Prepared by Easy One-Pot Synthesis[END_REF][START_REF] Vivien | Role of Oleylamine Revisited: An Original Disproportionation Route to Monodispersed Cobalt and Nickel Nanocrystals[END_REF][START_REF] Guillaumont | Triggering Electron Transfer in Co(I) Dimers: Computational Evidences for a Reversible Disproportionation Mechanism[END_REF] support the disproportionation hypothesis. OAm and triphenylphosphine being too "big", the disproportionation reaction is modeled using the "smaller" NH3 and PH3 Lewis bases, respectively. When two reacting cobalt monomers are considered, calculations [START_REF] Meziane | Hcp Cobalt Nanocrystals with High Magnetic Anisotropy Prepared by Easy One-Pot Synthesis[END_REF][START_REF] Vivien | Role of Oleylamine Revisited: An Original Disproportionation Route to Monodispersed Cobalt and Nickel Nanocrystals[END_REF] point to the necessary phosphine/ammonia ligand exchange to avoid endothermic reactions.

Subsequent theoretical calculations [START_REF] Guillaumont | Triggering Electron Transfer in Co(I) Dimers: Computational Evidences for a Reversible Disproportionation Mechanism[END_REF] by the same theory group examined disproportionation reaction paths starting from an already constituted cobalt dimer. Interestingly the reaction is not triggered by the displacement of the chloride, but by the asymmetric grouping of phosphine and ammonia molecules (e.g. all phosphine ligands on the same cobalt atom). This can lead to the electronic transfer of one electron from one cobalt to the other one (without change of the spin), and formation of a Co(0)(phosphine)-Co(II)(ammonia) pair. The nucleation and growth of metallic cobalt nanoparticles then begin.

The "cobalt sphere growth" is also accompanied by a noticeable release of H2 (Figure 1)

suggesting that OAm decomposes on the particle surfaces. H2 is then in the capacity of reducing the Co(II) complex, the by-product of R1. In fact the Co(II) plus Co particle system is not stable.

In a second stage, the freshly produced Co metal spheres are gradually "eaten up" and then reappear in the form of elongated nanorods, whose electron diffraction pattern was interpreted as being due to a distorted form of hcp cobalt. [START_REF] Meziane | Hcp Cobalt Nanocrystals with High Magnetic Anisotropy Prepared by Easy One-Pot Synthesis[END_REF][START_REF] Vivien | Role of Oleylamine Revisited: An Original Disproportionation Route to Monodispersed Cobalt and Nickel Nanocrystals[END_REF][START_REF] Moisset | The Five Shades of Oleylamine in a Morphological Transition of Cobalt Nanospheres to Nanorods[END_REF] The micrographs in Figure 1 illustrate this spectacular transformation. A mechanism explaining the sphere-to-rod transition mechanism is proposed in Five shades of Oleylamine. [START_REF] Moisset | The Five Shades of Oleylamine in a Morphological Transition of Cobalt Nanospheres to Nanorods[END_REF] To account for the H2 yield (Figure 1), it is assumed that OAm adsorbs on the metallic Co spheres, breaks, to give adsorbed H atoms (Hads) and the aldimine: R-CH2-NH2 (on the Co surface)→ 2Hads + R-CH=NH R2

Then two Hads recombine to give a H2 molecule that goes into the solution. As mentioned earlier, H2 reduces the Co(II)Cl2L2 complex:

H2 + Co(II)Cl2L2 → Co(0) + 2H + + 2Cl -+ 2L R3

and cobalt nanorods start to grow in nanostructured areas of the TD:OAm solution.

R3 is followed by the acid-base reaction:

H + + R-CH2-NH2 → R-CH2-NH3 + R4
In turn, the cobalt spheres formed in the first stage are etched:

2 R-CH2-NH3 + + Co(spheres) → 2 R-CH2-NH2 + Co(II) + H2 R5

which produce new Co 2+ ions that will be reduced by H2 via reaction R3. Then all metallic Co spheres are eventually consumed. Co nanorods and an ammonium-chloride salt result at the end of the process. The high aspect ratio of the produced particles is attributed to the templating role of OAm. [START_REF] Moisset | The Five Shades of Oleylamine in a Morphological Transition of Cobalt Nanospheres to Nanorods[END_REF] Even though the model satisfactorily explains the observed growth phenomena, direct spectroscopic evidence of disproportionation was still lacking (i.e. determining the oxidation state of cobalt), as well as signatures of the amine decomposition products, namely aldimine (R2), and ammonium (R4). Therefore, after characterizing the precursor (in powder form), we employed X-ray Photoelectron Spectroscopy (XPS) to monitor nanoparticle growth kinetics by sampling the precursor solution at various times and temperatures. We used a 7:3 tetradecane:oleylamine mixture (denoted as 7:3 TD:OAm) to reduce the concentration of impurities in the solution (since OAm batches exhibit variability in composition), aiming to enhance the reproducibility of the reaction products. These were delicate experiments from an XPS perspective due to the dilution of the precursor. We further coupled this kinetic study with characterization of films from centrifugated, washed nanoparticles, thus coated with a few layers of OAm.

The present study corroborated several aspects of the model delineated in Five Shades of Oleylamine, [START_REF] Moisset | The Five Shades of Oleylamine in a Morphological Transition of Cobalt Nanospheres to Nanorods[END_REF] including the occurrence of a disproportionation reaction during the sphere growth phase and the detection of ammonium. However, XPS spectroscopy also unveiled a more intricate chemistry of the system. Notably, it identified the existence of oxidized triphenylphosphine in the precursor Co(I) powder, co-existing with triphenylphosphine, although the role of the former is yet to be ascertained. Of significant interest, the XPS study brought to light an entirely unforeseen phenomenon: nanorods are in fact made of cobalt phosphide with a Co/P atomic ratio of ~0.5. This information prompted a complete reassessment of the crystallographic analyses conducted in our previous studies regarding the nanorods. While oleylamine deservedly plays the lead role in "Five Shades", the organophosphorus ligands are equally important. This paper will therefore bring them to the spotlight.

Methods

Precursor synthesis

CoCl2.6H2O (Sigma-Aldrich, 98%), PPh3 (fluorochem, 95%), NaBH4 (Acros Organic, 95%)

were commercially bought and used without further purification. Absolute ethanol and diethylether were degassed by bubbling argon gas for 15 minutes. OAm (70-98%) was bought from Sigma-Aldrich and degassed under argon bubbling.

Co(I)Cl(PPh3)3 was prepared as follows. To 9.6 g of [CoCl2.6H2O], (40 mmol) and 32.0 g of triphenylphosphine (122 mmol) was added 600 ml of degassed ethanol. The resulting heterogeneous solution was stirred vigorously at 60-70°C for 30 minutes environ to form insitu the complex Co(II)Cl2(PPh3)2 as a bright blue powder. The mixture was then cooled down to 30°C, and 1.28 g of sodium borohydride was added (34 mmol) in 10 portions at a 10-minute interval. The color of the mixture changed from bright blue to dark brown. After 2 hours the brown precipitate was filtered under argon and washed sequentially with degassed ethanol, water, ethanol (until colorless solution was observed) and finally hexane (to dry it easily). The brown solid was dried under vacuum to give 25 g of the desired Co(I)Cl(PPh3)3 complex with 75% yield (the other 25 % are mainly unreacted CoCl2 and triphenylphosphine together with some loss of the final complex stick in the glassware). This batch was added to the TD:OAm solution to produce the nanoparticles, and aliquots of this solution were examined with XPS (see below). Another batch was also washed several times with degassed diethylether to examine the effect of washing on the removal of residual free triphenylphosphine or its oxide using XPS.

Nanoparticle synthesis

In a glovebox under a nitrogen atmosphere, 0.25 mmol of Co(I)Cl(PPh3)3 was added to a 10 mL mixture of TD and OAm. This mixture consisted of either 7 mL of TD and 3 mL of OAm or occasionally 9 mL of TD and 1 mL of OAm. The solution was placed in a 25 mL vial capped with a septum pierced by a pipette to provide overpressure. Stirring and heating were accomplished using a 50 mL "drysyn" filled with sand. The temperature was gradually increased from 20 to 190°C over the course of 1 hour to produce cobalt nanospheres. Aliquots were periodically withdrawn from the solution at various times and temperatures to facilitate a pseudo-kinetic study using XPS analysis during the nanosphere growth stage. For the production of nanorods, the solution was maintained at 190°C for an additional 9 hours.

To prepare films of concentrated nanoparticles suitable for analysis by XPS or TEM, the solution was cooled to room temperature, and the nanoparticles were washed by adding 20 mL of ethanol and centrifuging for 5 minutes at 2500 rpm. The resulting solid was then dispersed in toluene.

Transmission Electron Microscopy Measurements

Sample Characterization. Transmission Electron Microscopy (TEM). A 100 kV (TEM, JEOL JEM-1011 with a digital camera Gatan) was used to characterize cobalt nanocrystals and their assemblies (low magnification bright field picture, Selected Area Electron Diffraction, SAED). To observe the nanoparticles, 10 μL of the solution containing dispersed nanoparticles in toluene were deposited on a TEM grid, followed by evaporation of the solvent in order to form a nanoparticle film.

X-ray photoelectron spectroscopy (XPS)

Set-up

The L each were deposited on a (n + doped) conductive silicon wafer. To minimize the interaction with air, the solution samplings were prepared in a glove box and kept under vacuum in a sealed sample container (pressure 10 -2 mbar) for less than one hour. Then they were introduced in the XPS load-lock chamber (base pressure 10 -6 mbar) and let to degas for 12-18 hours until the pressure drops down to 10 -6 mbar. Concentrated particle films were also deposited as solution droplets on the silicon wafer, and the toluene solvent was let to evaporate in the load-lock.

After introduction into the UHV analysis chamber, the films were studied by XPS under a pressure in the 10 -10 mbar range. To obtain sufficient statistics, the total measurement duration was typically 12 hours.

Charging and flood gun operation

The substrates supporting powders and films, the metallic sample holder and the electron analyzer are all conductive, electrically connected and grounded. This means that their common BE reference is the Fermi level. However, powders, solution films, and washed nanoparticle films we are dealing with are all insulating. This means that charging is observed upon X-ray beam irradiation (photoelectrons and Auger-electrons are emitted out of the sample and the resulting positive charge is not compensated by electrons from the ground). The reference to the analyzer Fermi level is lost. [START_REF] Egelhoff | Core-Level Binding-Energy Shifts at Surfaces and in Solids[END_REF] Charging leads to a displacement of the XPS peaks to higher BE, or even to peak disappearance for the peaks with the smallest KE (e.g. Co 2p in our case).

We used a flood gun to enable the XPS measurement. We kept the sample holder grounded to avoiding discharging times commensurate with a spectrum acquisition in the swept mode.

Differential charging effects must be carefully monitored, as it distorts the peaks. The effect of the flood gun in controlling the equipotentiality of the insulator surface can be better appreciated considering the symmetry of the "single-component" core-levels (C 1s, N 1s) and the value of their full-width-at-half-maximum (FWHM) is minimized.

As the analyzer Fermi level reference is lost, the BE of C 1s is taken at 285 eV. This choice is commonly adopted as a reasonable value for alkane chains. [START_REF] Briggs | Primary and Secondary Oxygen-Induced C1s Binding Energy Shifts in x-Ray Photoelectron Spectroscopy of Polymers[END_REF] Indeed in organic systems supposed to be in thermodynamic equilibrium with a metal substrate (the film is sufficiently thin to allow electron exchange), such as self-assembled monolayers on gold, C 1s is found at 284.8 eV for dodecanethiol [START_REF] Tong | An Estimation on the Mechanical Stabilities of SAMs by Low Energy Ar+ Cluster Ion Collision[END_REF] and 285.0 eV for tridecanethiol. [START_REF] Weinhardt | Soft X-Ray and Electron Spectroscopy to Determine the Electronic Structure of Materials for Photoelectrochemical Hydrogen Production[END_REF] Therefore, C 1s at 285 eV is a valid choice for OAm and the TD:OAm mixtures. For the phenyl moiety in triphenylphosphine, we adopt the same C 1s reference energy, following a previous publication. [START_REF] Blackburn | Photoelectron Spectroscopy of Coordination Compounds. Triphenylphosphine and Its Complexes[END_REF] 

Argon sputtering

Films of concentrated nanoparticles were also submitted to Ar sputtering to diminish the organic capping layer, under the following conditions: Ar pressure of 10 -5 mbar, ion energy of 1 keV, emission current of 3 mA, sample current of 5 A, and etching time equal to 5 min.

Element quantification

The procedure leading to element quantification is defined in detail in the SI, section S1. It starts from the measurement of the XPS intensities 𝐼 𝑋 𝐶𝐿 (see Tables S1 andS2 of the SI) and considers the following parameters: the atomic core-ionization cross-section of a given corelevel (CL) of atom X 𝜎 𝑋 𝐶𝐿 , [START_REF] Yeh | Atomic Subshell Photoionization Cross Sections and Asymmetry Parameters: 1 < Z <103[END_REF] 𝑛𝑜𝑟𝑚 correspond to the "atomic ratios"

[𝑋]

[𝑌] of elements X and Y. Since the ratio

𝐼 𝐶𝑜 3𝑝 𝑛𝑜𝑟𝑚 𝐼 𝐶𝑜 2𝑝
𝑛𝑜𝑟𝑚 is 1 for a homogeneous sample (e.g. the cleaned Co foil), any departure from 1, see Figure S2, is indicative of cobalt atoms that are not evenly distributed in the depth of the material.

Indeed, the XPS probing depth is sizably different for Co 3p (KE~1436 eV) and Co 2p (KE~706 eV) photoelectrons because of their inelastic mean free path  ratio

 𝐶𝑜 3𝑝 𝑚𝑒𝑑𝑖𝑢𝑚  𝐶𝑜 2𝑝
𝑚𝑒𝑑𝑖𝑢𝑚 of ~1.7.

Results and discussion

The Co(I) and Co(II) complexes powders

Co(II)Cl2(PPh3)2 and Co(I)Cl(PPh3)3 powders were characterized by XPS. The blue Co(II)Cl2(PPh3)2 powder is the starting product for the synthesis of Co(I)Cl(PPh3)3.

Additionally, it provides a Co(II) spectroscopic standard. spectrum consists in a main peak (m) at ~781 eV, followed by a broad satellite (sat) at higher binding energy (BE), ~786 eV. Diethylether washing has no effect on the Co(I) spectral shape.

In addition, the Co 2p spectra of the Co(II) and Co(I) complexes are very similar, despite the different oxidation states of the metal. In fact, the similarity may result from their non-zero spin.

Co(II)Cl2(PPh3)2 is a paramagnetic tetrahedral complex, with S equal to 3/2. The Co(I)Cl(PPh3)3 complex is also tetrahedral with S equal to 1. [START_REF] Krzystek | High Spin Co(I): High-Frequency and -Field EPR Spectroscopy of CoX(PPh 3 ) 3 (X = Cl, Br)[END_REF][START_REF] Vivien | Role of Oleylamine Revisited: An Original Disproportionation Route to Monodispersed Cobalt and Nickel Nanocrystals[END_REF][START_REF] Guillaumont | Triggering Electron Transfer in Co(I) Dimers: Computational Evidences for a Reversible Disproportionation Mechanism[END_REF] In contrast, we show in the SI, Figure S3, that the Co 2p spectra of the low spin (S=0) complexes HCo(I)(P(OPh)3)4 and HCo(I)(PhP(OEt)2)4, that adopt a trigonal bipyramidal symmetry, present an extremely weak satellite and a considerably narrower main peak. Generally speaking, the main peak and satellite shape of transition metal 2p core level is highly dependent on the (symmetry and ligand related) molecular orbital scheme in the core-ionized state (see the paradigmatic case of Cu 2+ in ref [START_REF] Mosaferi | Interpretation of Shakeup Mechanisms in Copper L-Shell Photoelectron Spectra[END_REF] ).

The Cl 2p core-level, see Figure 3 The P 2p core-level spectrum is also a spin-orbit split doublet, with a BE difference of 0.8 eV between the 2p1/2 and 2p3/2 peaks. The P 2p spectrum of the Co(II) complex shown in Figure 3(b) can be fitted with a single doublet, featuring a P 2p3/2 BE of ~131.5 eV. This value is consistent with the BE observed in M(II)Cl2(PPh3)2 complexes (M = Ni, Cd, Pd). [START_REF] Blackburn | Photoelectron Spectroscopy of Coordination Compounds. Triphenylphosphine and Its Complexes[END_REF] Furthermore, the P 2p3/2 BE is close to that of the uncoordinated ligand, which is 131.2 eV (the average P 2p3/2 BE of PPh3 is 131.0 ± 0.4 eV considering 18 literature values in the NIST [START_REF]NIST X-ray Photoelectron Spectroscopy Database[END_REF] database). In contrast, the P 2p spectrum of the Co(I) complex is fitted by two doublets, confirming the P 2s spectra fitting with two components. Washing the sample in diethylether leads to an increase in the intensity of the low BE doublet, also consistent with the changes observed in the P 2s spectra. The lower BE component (2p3/2 at ~130.8 eV) is attributed to PPh3, whereas the higher BE component (2p3/2 at ~132.8 eV) corresponds to an oxidized form of PPh3.

Triphenylphosphine oxide (O=PPh3) has a P 2p BE of 132.9 eV. [START_REF] Blackburn | Photoelectron Spectroscopy of Coordination Compounds. Triphenylphosphine and Its Complexes[END_REF] For its part, the P 2p3/2 BE of the P(OPh)3 phosphite ligand, which coordinates the zero spin HCo(I)(P(OPh)3)4 complex, is 133.3 eV (Figure S3 of the SI). However, the BE of the phosphonite ligand in HCo(I)(PhP(OEt)2)4, which is 132 eV (Figure S3), is too small to be responsible for the redshaded component in Figure 3(b).

PPh3 can be oxidized by O2 molecules during the exposure of the Co(I) complex to air before XPS measurements. Similar to the mechanism of M(0)(PPh3)4-catalyzed oxidation of PPh3

(M=Pt or Pd), [START_REF] Halpern | Mechansim of the Tris(Triphenylphosphine)Platinum(0)-Catalyzed Oxidation of Triphenylphosphine[END_REF][START_REF] Tereniak | Are Phosphines Viable Ligands for Pd-Catalyzed Aerobic Oxidation Reactions? Contrasting Insights from a Survey of Six Reactions[END_REF] Co(I)Cl(PPh3)3 could capture an O2 molecule to form a peroxophosphine complex Co(III)Cl(PPh3)O2, increasing the formal oxidation state of Co from +I to +III. Then this intermediate peroxophosphine complex would rearrange to provide the oxidized ligand.

While the oxidation of PPh3 atom to O=PPh3 is reported in the literature, [START_REF] Halpern | Mechansim of the Tris(Triphenylphosphine)Platinum(0)-Catalyzed Oxidation of Triphenylphosphine[END_REF][START_REF] Tereniak | Are Phosphines Viable Ligands for Pd-Catalyzed Aerobic Oxidation Reactions? Contrasting Insights from a Survey of Six Reactions[END_REF] the formation of the phosphite P(OPh)3 is not. Indeed, on thermodynamic considerations only the formation of triphenylphosphine oxide should be preferred to the insertion of one O atom in the P-C bond, at least in the gas phase. Gas phase calculations show indeed that the G of the reaction PPh3 + ½O2 →O=PPh3 is -77 kcal.mol -1 , while it is only -57 kcal.mol -1 for the reaction PPh3 + ½O2 → P(OPh)Ph2. [START_REF] Gorman | Inorganic Triphenylphosphine[END_REF] It is worth noting that both the PPh3 powder itself and the PPh3 ligands of the Co(II) complex remain unoxidized (Figure 3 In contrast to the XPS analysis, a 31 P Nuclear Magnetic Resonance (NMR) of Co(I)Cl(PPh3)3 dissolved in OAm (SI of ref [START_REF] Vivien | Role of Oleylamine Revisited: An Original Disproportionation Route to Monodispersed Cobalt and Nickel Nanocrystals[END_REF] ) in which PPh3 is displaced by the amine shows that the latter ligand remains unoxidized. The expected P/Co stoichiometric ratio of 3 is also found. This discrepancy with the XPS information likely arises from the latter technique's surface sensitivity. In fact, phosphine oxidation may be limited to the surface of the powder grains.

Nonetheless the presence of an oxidized PPh3 species, even at low concentration in the powder, should be considered in the discussion of the reaction mechanisms. In the same vein, quantitative XPS analysis (section S1.3 of the SI) suggests that the Co(I) powder is deficient in phosphorus, which is not the case of the Co(II) powder. (between parentheses) and spectral weights (%) are also given. Note that "unwashed" refers to the as-produced Co(I) complex powder (without diethylether washing), while "washed" denotes the Co(I) complex powder washed several times in diethylether.

Kinetic study of Co particle synthesis

The nominal Co(I)Cl(PPh3)3 precursor was dissolved into the 7:3 TD:OAm solution and submitted to the temperature ramp shown in Figure 1. We used the Co(I) precursor batch, with no further washing in diethylether (see METHODS). Aliquots taken at various steps of the synthesis from the TD:OAm "pot" were deposited on a conductive silicon substrate. The precursor concentration in the reaction mixture is 2.5 × 10 -2 mol×L -1 . This corresponds to a number of cobalt atoms per unit volume, denoted as 𝑛 𝐶𝑜 𝑇𝐷:𝑂𝐿𝐴𝑚 , of 1.5× 10 [START_REF] Halpern | Mechansim of the Tris(Triphenylphosphine)Platinum(0)-Catalyzed Oxidation of Triphenylphosphine[END_REF] Co atoms×cm -3 , to be compared with the atomic concentration in metallic cobalt 𝑛 𝐶𝑜 𝑚𝑒𝑡𝑎𝑙 , which is 9× 10 22 Co atoms×cm -3 . XPS is commonly employed to characterize solid surfaces. However, transitioning to solutions with a low concentration of solutes presents a significant challenge. Here, the cobalt atom concentration 𝑛 𝐶𝑜 𝑇𝐷:𝑂𝐿𝐴𝑚 is nearly four orders of magnitude smaller than 𝑛 𝐶𝑜 𝑚𝑒𝑡𝑎𝑙 . The success of this approach relies on efficient detection, which is facilitated by the low noise delayline detector of our current setup. To the best of our knowledge, this study represents the first instance of a pseudo in situ kinetic investigation of metal particle synthesis monitored by XPS.

The deposited films presented a smooth aspect in the XPS chamber. Most films were continuous and sufficiently thick to completely mask the contribution of the Si core-levels of the substrate. As more than 95% of the photoelectrons are inelastically scattered when the photoelectron is emitted in TD:OAm at a depth more than three times the photoelectron inelastic mean free paths  (values are given in Figure S1), aliquot film thicknesses are significantly greater than 11 nm. Occasionally the Si 2s plasmons appeared in the P 2s BE range, see e.g. ± 0.9 nm (171°C-45 min), and 7.9 ± 1.0 nm (190°C-60 min).

The N 1s spectra and the calculated

𝐼 𝐶 1𝑠 𝑛𝑜𝑟𝑚 𝐼 𝑁 1𝑠
𝑛𝑜𝑟𝑚 ratios are shown in Figure S4 and Figure S5 of the SI, respectively. Under UHV conditions, 99% pure OAm becomes solid. The

𝐼 𝐶 1𝑠 𝑛𝑜𝑟𝑚 𝐼 𝑁 1𝑠
𝑛𝑜𝑟𝑚 ratio is ~38, far greater than the expected C/N stoichiometric ratio of 18. This means that the OAm molecules are preferentially oriented in the pure molecular film. This can be explained considering that the long carbon tail is directed outward from the surface in pure OAm films, damping the N 1s photoelectrons yield. For the 7:3 TD:OAm mixtures, we do not find stoichiometric ratios either. Figure S5 shows that

𝐼 𝐶 1𝑠 𝑛𝑜𝑟𝑚 𝐼 𝑁 1𝑠
𝑛𝑜𝑟𝑚 is 28 for the "0 min 23°C" sample, and ~242 for the aliquots taken in the 78°C to 230°C range. These values are significantly lower than the atomic C/N ratio equal to 59 for the 7:3 mixture. The nitrogen enrichment in the surface layers suggests that the aliquots solidified under UHV are vertically structured.

For all aliquots, the normalized XPS intensity ratio,

𝐼 𝐶𝑜 3𝑝 𝑛𝑜𝑟𝑚 𝐼 𝐶𝑜 2𝑝
𝑛𝑜𝑟𝑚 is given in Figure S2 of the SI.

𝐼 𝐶𝑜 3𝑝 𝑛𝑜𝑟𝑚 𝐼 𝐶𝑜 2𝑝
𝑛𝑜𝑟𝑚 depends both on the particle size and on its in-depth distribution in the TD:OAm solvent.

When the particle size is 8 nm (60 min-190°C),

𝐼 𝐶𝑜 3𝑝 𝑛𝑜𝑟𝑚 𝐼 𝐶𝑜 2𝑝
𝑛𝑜𝑟𝑚 reaches ~1.8. This value is typical of a cobalt particle covered by one monolayer of OAm (see below).

We start discussing the XPS spectra of the "0 min-23°C aliquot". The shape of the Co 2p spectrum and the Co 2p3/2 BE position, at 781.4 eV, are not much affected (Figure 2) with respect to those of the Co(I) complex powder. There is no solvent effect. The broad main peak and the strong satellite show that Co(I) remains high-spin when the precursor is diluted in TD:OAm. The other important information contained in the Co 2p spectrum is that the formation of metallic cobalt is not observed at a Co 2p3/2 BE of 778.1 eV (the Co 2p3/2 BE of the cleaned Co foil, referenced to the Fermi level of the analyzer, see Figure 2). The fact that the disproportionation of the Co(I) complex does not occur in OAm at room temperature stands in stark contrast to the case when this precursor is dissolved in tetrahydrofuran (THF). In this solvent, pure cobalt nanoparticles of approximately 10 nm in size are readily formed at 23°C, see the SI, section S5 for more details.

Solvation of the precursor in the TD:OAm mixture does not affect the BE of the Cl 2p3/2 peak (Figure 3 ). Naturally the P 2p core-level is also non-measurable. In fact, we know that phosphorus has not left the solution, as we find it again in the concentrated nanoparticle films obtained after centrifugation and washing (see next subsection). These observations have profound consequences we detail below.

First, this means that OAm fully substitutes the organophosphorus ligands around the Co + ion once the precursor is solvated. After the XPS analysis of the precursor powders, questions can legitimately be asked about the nature the organophosphorus ligands in the precursor powder, about their number around the metal, all of which having a potential impact on the electronic structure of the cobalt ion. Such concerns fade out when OAm becomes the exclusive ligand in the reaction mixture. One can consider that the Co 2p spectrum of Co + in TD:OAm is the standard of high spin Co(I). Note it is identical to that of the powder, specifically the original batch that was not washed in diethylether, as well as the diethylether-washed powder.

Second, we must consider that the solidified solution is "vertically" structured (with an OAm propensity for the surface). SAXS measurements indicate that pure OAm is indeed periodically structured. [START_REF] Moisset | The Five Shades of Oleylamine in a Morphological Transition of Cobalt Nanospheres to Nanorods[END_REF] This would create natural "sinks" well below the surface where the organophosphorus ligands accumulate (see Scheme 1). The depth at which they concentrate must be significantly larger than ~3, that is ~11 nm (the P 2s and P 2p electrons in TD:OAm are respectively ~3.5 and ~3.7 nm, see Figure S1).

When the synthesis temperature is raised above 23°C, sizeable changes are observed in the Co 2p spectra. The Co 2p3/2 spectrum of the "15 min-67°C" sampling (Figure 2) now exhibits a shoulder at ~778 eV distinctively shifted from the main peak position at 781.3 eV. This component is characteristic of metallic cobalt. However, the TEM micrograph in Figure 4 does not yet show any presence of nanoparticles at this stage, probably because they are too small to be imaged. This emphasizes the complementarity between XPS spectroscopy and TEM. The Cl 2p spectrum of the "15 min-67°C" sampling (Figure 3(a)) is broader than that of the "0 min-23°C" sampling (this is likely an effect of differential charging that is not well compensated), but the Cl 2p3/2 BE is at 198.7 eV, which shows that there is no change in the oxidation state of chlorine (Cl -). The P 2s (Figure 3 For the "30 min-120°C", "45 min-170°C" and "60 min-190°C" aliquots, the Co nanoparticles can now be imaged, see Figure 4, having reached diameters of 2.30.4 nm, 6.7 ± 0.9 nm and 7.9 ± 1.0 nm, respectively. Then the metallic peak at ~778 eV is well marked. In the context of a disproportionation reaction, [START_REF] Vivien | Role of Oleylamine Revisited: An Original Disproportionation Route to Monodispersed Cobalt and Nickel Nanocrystals[END_REF] the Co 2p3/2 peak at ~781.3 eV should be now attributed to the Co 2+ ion in the Co(II) complex, as the Co 2p spectra of Co(II) and high spin Co(I) complexes cannot be distinguished (see the powder spectra). Note that the photoemission intensity ratio between metallic cobalt and Co(II) is smaller for the "60 min" sampling than for the "30 min" and "45 min" ones. It is possible that bigger particles are on average more below the film surface than smaller ones.

The Cl 2p3/2 BE found in the 198.40.2 eV range shows that chlorine remains in the form of a chloride ion. The average N 1s BE of 399.6 0.6 eV (five measurements, see Figure S4 of the SI) is comparable to the average BE of amines (a value of 399.00.3 eV is calculated considering a total of 6 R-NH2 BE extracted from the NIST database [START_REF]NIST X-ray Photoelectron Spectroscopy Database[END_REF] ). Given the low concentration of the precursor (2.5 × 10 -2 mol.L -1 ), it is expected that OAm molecules affected by a reaction at the Co particle surface (leading to ammonium and aldimine species) will not be detectable.

To summarize, the study by aliquots clearly demonstrates the disproportionation of Co(I) into metallic cobalt and cobalt II, within the temporal range of 0 min -60 min and thermal range of 23°C -190°C. Another important finding is the complete disappearance of the phosphorus signal in the film depth probed by XPS, which implies that the spherical particles created in the 7:3 mixture are made of pure cobalt. Indeed, there is no sign of surface phosphidation of these spherical particles. This finding aligns perfectly with all the structural characterizations (HR-TEM, SAED, or XRD) conducted on Co spheres under the form of concentrated films, which consistently reveal pure metallic Co with an hcp crystalline structure (refer to refs [START_REF] Meziane | Hcp Cobalt Nanocrystals with High Magnetic Anisotropy Prepared by Easy One-Pot Synthesis[END_REF][START_REF] Vivien | Role of Oleylamine Revisited: An Original Disproportionation Route to Monodispersed Cobalt and Nickel Nanocrystals[END_REF][START_REF] Moisset | The Five Shades of Oleylamine in a Morphological Transition of Cobalt Nanospheres to Nanorods[END_REF] ). In deeper layers inaccessible to XPS (see scheme 1), where organophosphorus ligands have retreated, it is however possible that metallic phosphide particles have already formed. Their size may be very small, as they were not detected by microscopy in concentrated, centrifugated samples.

Concentrated nanoparticle films

Concentrated nanoparticles films of spheres, spheres-and-rods, and rods whose TEM micrographs are shown in Figure 5 were prepared from centrifugated TD:OAm solutions washed in ethanol and dispersed in toluene. Particles are prepared in the 7:3 TD:OAm mixture (as for the kinetic study), but a synthesis of spheres in the 9:1 TD:OAm mixture was also examined. The 9:1 mixture is considered by the authors of Five Shades of Oleylamine 8 as much less conducive to the "sphere-to-rod" transformation than the 7:3 one, due to the too limited "reservoir" of oleylamine "fuel". The XPS spectra are given in Figure 6 (Co 2p), Figure 7 (Cl 2p, P 2s and P 2p) and Figure 8 (N 1s). One major observation is the fact that phosphorus is back in the spotlight, and the decomposition of its core level spectra will show that it forms a compound with cobalt. The Co 2p3/2 spectra of the nanoparticles present two structures. The one at ~778 eV corresponds to metallic cobalt (the clean Co foil BE referenced to Fermi level is 778.1 eV, see Figure 6) or to cobalt phosphides, as previous studies [START_REF] Grosvenor | Examination of the Bonding in Binary Transition-Metal Monophosphides MP (M = Cr, Mn, Fe, Co) by X-Ray Photoelectron Spectroscopy[END_REF][START_REF] Nemoshalenko | Investigation of the Atomic Charges in Iron, Cobalt and Nickel Phosphide[END_REF] report virtually zero or small (~0.2 eV) shift in the Co 2p BE of CoP and Co2P with respect to pure Co. In this regard, useful information will be provided by the phosphorus core-levels. The component at higher BE ~781.2 eV is coincidental with that of the Co(II) complex, but it seems more reasonable to attribute it to oxidized Co. Pure cobalt nanoplatelets grown from the Co(I)Cl(PPh3)3 precursor in the hexadecylamine/lauric mixture acid under H2 pressure also appear susceptible to oxidation, as evidenced by the Co 2p spectrum presented in ref 2 . The Co 2p3/2 BE of bulk oxides reported in the literature are 780.0 eV for CoO, [START_REF] Biesinger | Resolving Surface Chemical States in XPS Analysis of First Row Transition Metals, Oxides and Hydroxides: Cr, Mn, Fe, Co and Ni[END_REF] 780.1 eV for CoOOH, [START_REF] Biesinger | Resolving Surface Chemical States in XPS Analysis of First Row Transition Metals, Oxides and Hydroxides: Cr, Mn, Fe, Co and Ni[END_REF] and 780.4 [START_REF] Biesinger | Resolving Surface Chemical States in XPS Analysis of First Row Transition Metals, Oxides and Hydroxides: Cr, Mn, Fe, Co and Ni[END_REF] -780.7 [START_REF] Yang | Synthesis and Characterization of Cobalt Hydroxide, Cobalt Oxyhydroxide, and Cobalt Oxide Nanodiscs[END_REF] eV for Co(OH)2. The O 1s spectrum of the 7:3 TD:OAm spheres (see Figure S9 of the SI) shows two components, one at 532.3 eV likely due to organic contamination [START_REF] Briggs | XPS Studies of the Oxygen 1s and 2s Levels in a Wide Range of Functional Polymers[END_REF] and one at 530.9 eV.

The latter one is close to that of OHs in Co(OH)2 (531.07 eV [START_REF] Biesinger | Resolving Surface Chemical States in XPS Analysis of First Row Transition Metals, Oxides and Hydroxides: Cr, Mn, Fe, Co and Ni[END_REF] ). Therefore, the surface oxide may be hydrated.

The

𝐼 𝐶𝑜 3𝑝 𝑛𝑜𝑟𝑚 𝐼 𝐶𝑜 2𝑝
𝑛𝑜𝑟𝑚 ratio (Figure S2 of the SI) always strongly deviates from 1, which is expected for a highly heterogeneous system consisting in nanoparticles dressed by one or more layers of OAm.

The fact that the

𝐼 𝐶𝑜 3𝑝 𝑛𝑜𝑟𝑚 𝐼 𝐶𝑜 2𝑝
𝑛𝑜𝑟𝑚 ratio of the 9:1 and 7:3 TD:OAm spheres is 20.2, means that the spheres are covered by one overlayer of OAm (the lowest KE Co 2p electrons are more inelastically scattered in OAm than the fastest Co 3p ones, see Figure S1). In the SI, section S7 we present a model of cubic-shaped particles (to ease the calculation) coated with one or two layers of OAm. When the particle is greater than 6 nm, which is the case for the 9:1 and 7:3 TD:OAm spheres, the adsorption of one OAm monolayer (2.33 nm) yields a calculated

𝐼 𝐶𝑜 3𝑝 𝑛𝑜𝑟𝑚 𝐼 𝐶𝑜 2𝑝
𝑛𝑜𝑟𝑚 ratio of 1.6

(Figure S11), in good accord with experiment. The experimental

𝐼 𝐶𝑜 3𝑝 𝑛𝑜𝑟𝑚 𝐼 𝐶𝑜 2𝑝
𝑛𝑜𝑟𝑚 ratio reaches 2.3 for the "spheres and rods" and "rods" films (Figure S2). Rods of diameter 2.70.3 nm and length 32.612 nm lie flat on the surface. Thus, only the diameter matters. Figure S11 in the SI shows that for a characteristic dimension of ~3 nm, two layers of OAm lead to a calculated

𝐼 𝐶𝑜 3𝑝 𝑛𝑜𝑟𝑚 𝐼 𝐶𝑜 2𝑝
𝑛𝑜𝑟𝑚 ratio in accord with experiment.

The intensity ratio

I C 1s norm I N 1s
norm (Figure S5 of the SI) also give information on the way OAm bonds to the nanoparticle. For the spheres

I C 1s norm I N 1s
norm is ~40, a value close to that found for a pure OAm film, ~38. Spheres are coated with one OAm layer. The amine head is in contact with the nanoparticle surface and the carbon tail outwards, as in the pure OAm film. In contrast,

I C 1s norm I N 1s
norm is only ~8 for the rods that are coated with two layers. Qualitatively, this can be explained as follows: the amine head of the first OAm layer touches the particle surface, but the second layer is oriented in the opposite direction, with the amine head pointing outward. Naturally, the relative nitrogen signal will increase with respect to the sphere case. This double-layer capping of the rods may result from their particular growth mode in a lamellar structure. [START_REF] Lu | Ultrathin Gold Nanowires Can Be Obtained by Reducing Polymeric Strands of Oleylamine-AuCl Complexes Formed via Aurophilic Interaction[END_REF] The sphere and the rod coatings are depicted in Scheme 2.

Scheme 2. Single and double OAm layer capping for the spheres and rods, respectively.

For the "9:1 TD:OAm spheres" and for the "rods", a "mild" 1 keV Ar-bombardment of 5 min leads to the elimination of the OAm overlayer, as the experimental

𝐼 𝐶𝑜 3𝑝 𝑛𝑜𝑟𝑚 𝐼 𝐶𝑜 2𝑝
𝑛𝑜𝑟𝑚 ratio is now equal to ~1 (Figure S2). Note also that the oxide(hydroxide) component in the Co 2p spectrum disappears after Ar sputtering which shows that oxidation only concerns the external part of the NPs. was used. The experimental curves are fitted with sums of Gaussians (red solid curves), whose BE positions, FWHMs (between parentheses) and spectral weights are also given.

The Cl 2p spectra of the concentrated nanoparticle films are given in Figure 7(a). The Cl 2p3/2 BE is ~198.350.15 eV, a value characteristic of the Cl -anion (see above). It can form a salt with ammonium species, or be part of a cobalt hydroxyl chloride compound (e.g. in Co2(OH)3Cl, a solid solution of CoCl2 and Co(OH)2, [START_REF] Zhang | Mn-Doped Co 2 (OH) 3 Cl Xerogels with 3D Interconnected Mesoporous Structures as Lithium Ion Battery Anodes with Improved Electrochemical Performance[END_REF] or as a counter ion within positively charged Co(OH)2-x layers [START_REF] Hu | Synthesis of α-Cobalt Hydroxides with Different Intercalated Anions and Effects of Intercalated Anions on Their Morphology, Basal Plane Spacing, and Capacitive Property[END_REF] ). The norm ratios (see Table S4) strongly decrease after Ar sputtering, which shows chloride ions are located at the particle periphery.

The P 2s and P 2p spectra shown in Figure 7 (a) and (b), respectively, give key information to understand the nanoparticle synthesis reactions. The Gaussian fitting of the P 2s spectrum features a component at 186.90.2 eV, whose BE is lower than that of pure phosphorus (~188 eV [START_REF]NIST X-ray Photoelectron Spectroscopy Database[END_REF] ). This suggests the formation of a metal phosphide (P -). It is observed for all types of washed nanoparticle films, spheres and rods alike. In the "rods" film, the energy resolution is good enough to make it necessary to insert an orange-shaded component to the left of the "phosphide" peak at ~188 eV we attribute to pure phosphorus. For its part, the peak at 189.60.2 eV can be attributed to "intact" PPh3 molecules (PPh3 free or liganded to Co(II) is found in the 189.00.2 eV range, see Figure 3(a). A sizeable (26% of the spectral weight) red-shaded peak at a BE of 191.9 eV is observed for the "9:1 TD:OAm spheres". It can result from "oxidized PPh3" (e.g. triphenylphosphine oxide) or from a POx compound resulting from the surface oxidation of a CoPx compound (see also below the discussion of the P 2p spectra). Ar-sputtering tends to increase the phosphide spectral weight, by eliminating PPh3 and "oxidized PPh3"/POx species which are therefore probably present on the surface of the particle. The examination of the narrower and more extensively documented P 2p spectra (Figure 7 [START_REF]NIST X-ray Photoelectron Spectroscopy Database[END_REF] The grey-shaded doublet at ~131.4 eV is attributed to intact PPH3. Finally, a particularly intense, red-shaded component at 132.8 eV is observed in the spectrum of the "7:3 TD:OAm spheres" film. This BE matches that of the "oxidized PPh3" species, in the Co(I) powder (triphenylphosphine oxide, triphenyl phosphite). The spectral weight of the oxidized PPh3 component is significantly reduced in the rods' spectrum compared to the spheres' one.

After Ar-sputtering of the "7:3 TD:OAm rods" film, the contribution of PPh3 and "oxidized PPh3" components diminishes, corroborating the trend already observed for the P 2s spectra (these are surface species). Finally, when comparing the P 2p (and P 2s) spectra of the "spheres" and "rods", it becomes evident that the weight of phosphide is considerably greater in the rods than in the spheres.

The kinetic study has shown that spheres grown during times of one hour (and with a diameter of ~8 nm) are pure cobalt (there is no P signal in the aliquot depth probed by XPS).

As a result, for films composed of washed and centrifuged spherical particles with the same growth time and diameter (Figure 5 (a,c)), the spheres are also composed of pure cobalt.

Consequently, the XPS phosphorus signal in the concentrated films must originate from separate cobalt phosphide particles that elude TEM detection, likely due to their small size.

These phosphide particles are necessarily formed independently from the spheres, within the "sink" of organophosphorus ligands mentioned earlier. The

𝐼 𝑃 2𝑝 𝑛𝑜𝑟𝑚 𝐼 𝐶𝑜 3𝑝
𝑛𝑜𝑟𝑚 ratio is ~0.17 for the sputtered "9:1 TD:OAm spheres" ( [𝑪𝒐] is found equal to 0.8 ±0.1. The P 2p spectrum in Figure 7 (b)

shows that the phosphide component at 129.2 eV is 63% of the whole spectrum. Therefore, the

[𝑷 𝒊𝒏 𝒑𝒉𝒐𝒔𝒑𝒉𝒊𝒅𝒆] [𝑪𝒐]
ratio is ~0.5 (±0.07). In the XPS probed layers, the stoichiometry is close to

Co2P. This means that the rods are heavily phosphidized as the s of P 2p and Co 3p photoelectrons (in CoPx and Co) compare with the diameter of the rods (2.7±0.3 nm). There is no significant pure cobalt core (a microscopy study will confirm it, see below). Finally, note that the resistance to oxidation is different for spheres and rods. Figure 6 shows that cobalt is significantly oxidized on pure cobalt spheres and much less on rods that are phosphidized. It suffices to admit that CoPx is less prone to oxidation than bare metallic Co.

The N 1s spectra of the concentrated particle films are given in Figure 8. For the three samples, the main component is at 399.20.1 eV. The formation of an aldimine species suggested by the sphere-to-rod transition model in "Five Shades" (reaction R2) should lead to a component at 398.4 eV(clearly distinguished from the amine peak in the case of PtZn nanoparticles dressed in OAm, see ref [START_REF] Zakhtser | Chemical Evolution of Pt-Zn Nanoalloys Dressed in Oleylamine[END_REF] ). Given the standard deviations, the chemical shift of the N 1s peak centroid with respect to the "amine" OAm BE at 399.6 0.3 eV in the TD:OAM mixture (see SI Figure S4) is too small to be meaningfully attributed to an aldimine contribution.

The absence of the aldimine can be rationalized considering that the amine binds more strongly to the cobalt metal surface than the aldimine. Indeed, the more stable calculated adsorption energies of CH3CH=NH and CH3CH2NH2 on the Co(0001) facet are -1.98 eV and -2.61 eV, respectively. [START_REF] Lozano-Blanco | Cobalt-Catalyzed Nitrile Hydrogenation: Insights into the Reaction Mechanism and Product Selectivity from DFT Analysis[END_REF] Thus the aldimine should be displaced by OAm at the cobalt/solution interface, and then washed out during the preparation of the concentrated particle film. For its part, the red-shaded component at 401.4 eV in the spectrum of the 9:1 and 7:3 TD:OAm sphere sample, with spectral weights of ~20% and 10%, respectively, can be attributed to the ammonium species 2 (R-CH2NH3 + ). This confirms one crucial tenet of the model depicted in The Five Shades 8 (reaction R5).

Crystallographic data revisited: nanorods are effectively made of Co2P

The information provided by XPS (CoPx formation) allowed us to take a fresh look at the crystallographic data presented in our earlier works. In Meziane et al. [START_REF] Meziane | Hcp Cobalt Nanocrystals with High Magnetic Anisotropy Prepared by Easy One-Pot Synthesis[END_REF] the electron diffraction patterns were indeed indexed considering a distorted form of hcp metallic cobalt. However, the attribution of an intense diffraction ring (with an interplanar distance of ~0.174 nm) remained elusive. Actually, all difficulties vanish if one admits, in light of the XPS results, that the composition of the nanorods is Co2P. Bulk Co2P has the orthorhombic anti-PbCl2 structure, and its parameters have been reported to be a = 0.3513 Å, b = 0.5646 Å, and c = 0.6608 Å by Rundqvist. [START_REF] Rundqvist | The Structures of Co2P, Ru2P, and Related Phases[END_REF] We show in Figure 9 (a) the TEM image of nanorods, whose electron diffraction pattern is given in Figure 9 (b). The diffraction rings are indexed with the Co2P interplanar distances reported in Table 1. In particular, the strong ring at 0.175 nm, which is difficult to interpret assuming that rods are made of pure cobalt, corresponds to the (200) reflection of Co2P. Intensities and interplanar distances are identical to those found by Murray's group [START_REF] Doan-Nguyen | Synthesis and X-Ray Characterization of Cobalt Phosphide (Co 2 P) Nanorods for the Oxygen Reduction Reaction[END_REF] who produced Co2P particles by a different method (using Co(II) acetate in a mixture of trioctylphosphine oxide and oleic acid). The Fourier transform of the HRTEM image of a nanorod shows that the growth axis is along <200>, a feature also observed in ref [START_REF] Doan-Nguyen | Synthesis and X-Ray Characterization of Cobalt Phosphide (Co 2 P) Nanorods for the Oxygen Reduction Reaction[END_REF] .

Bulk Co2P exhibits paramagnetic properties above 10 K and antiferromagnetic behavior below this temperature. [START_REF] Ohta | Antiferromagnetic Stability and Structural Trend of Transition-Metal Phosphides Containing Co[END_REF] Consequently, Co2P nanorods are not suitable for use in magnetic devices. However, their synthesis should not be viewed as a setback, since Co2P nanoparticles Table 1. Indexed reflections and corresponding interplanar distances of the Co2P nanorods.

Should we propose a new narrative?

In the final stage of the "kinetic" study (171°C -190°C) leading to the growth of spherical cobalt particles the Co 2p spectra clearly show the formation of metallic cobalt (in agreement with structural tools observation [START_REF] Moisset | The Five Shades of Oleylamine in a Morphological Transition of Cobalt Nanospheres to Nanorods[END_REF] ) and of a Co(II) complex. Therefore we see nothing fundamentally incompatible with the "simple" disproportionation reaction hypothesis. [START_REF] Meziane | Hcp Cobalt Nanocrystals with High Magnetic Anisotropy Prepared by Easy One-Pot Synthesis[END_REF][START_REF] Vivien | Role of Oleylamine Revisited: An Original Disproportionation Route to Monodispersed Cobalt and Nickel Nanocrystals[END_REF][START_REF] Moisset | The Five Shades of Oleylamine in a Morphological Transition of Cobalt Nanospheres to Nanorods[END_REF] However, the observation of a phosphide component in the P 2s and P 2p core-levels of the concentrated nanoparticle films is a major contribution of XPS to the understanding of the particle growth mechanism, as cobalt phosphidation was not considered in the previous reports. [START_REF] Meziane | Hcp Cobalt Nanocrystals with High Magnetic Anisotropy Prepared by Easy One-Pot Synthesis[END_REF][START_REF] Vivien | Role of Oleylamine Revisited: An Original Disproportionation Route to Monodispersed Cobalt and Nickel Nanocrystals[END_REF][START_REF] Moisset | The Five Shades of Oleylamine in a Morphological Transition of Cobalt Nanospheres to Nanorods[END_REF] Various mechanisms for the phosphidation of cobalt can be hypothesized. The starting point of the nanorod growth is a situation where pure ~9 nm Co metal spheres coexist with the Co(II)Cl2 complex. However, this situation is unstable, as OAm dissociates on the surface of cobalt spheres according to reactions R2, generating H2. We adhere to the crucial tenet of The Five Shades of Oleylamine: H2 reduces the Co(II) complex, yielding zero-valent Co(0) and HCl (in turn HCl etches the pure cobalt sphere, thereby regenerating the Co(II) complex). However, H2 reaction with the organophosphorus ligands also leads to formation of atomic P, as the final product is Co2P. These combined reactions (sphere etching and Co and P release) indeed prompt the replacement of Co spheres with nanorods, but these nanorods have a Co2P stoichiometry. Necessarily, Co 2+ and organophosphorus ligands should be present in the same "nanoreactor", likely resulting from a structuration of OAm.

Therefore, the primary revision to the sphere-to-rod transition model outlined in "The Five Shades of Oleylamine" involves modifying the reductive reaction R3 to produce Co2P instead of Co. When considering triphenylphosphine as the phosphorus source, the overall reaction can be represented as follows:

7H2 +4Co 2+ + 2P(C6H5)3 → 2Co2P + 8H + + 6C6H6 R'3

The detection of benzene (and possibly of biphenyl) could confirm this scheme.

Conclusions

This XPS study illuminates further insight into the growth mechanism of cobalt nanoparticles in oleylamine starting from a rather unusual precursor, a Co(I) complex. It demonstrates that a partial reevaluation of the framework presented in The five shades of oleylamine 8 is needed. Although oleylamine continues to play a pivotal role in the synthesis as source of hydrogen and a templating agent, XPS unveils the significant involvement of organophosphorus ligands, notably triphenylphosphine and, possibly its oxidized form. XPS analysis of the precursor powder suggests that the latter molecule contributes a significant part of the overall phosphorus content, at least at the surface of the grains probed by the spectroscopy, as "bulk" analysis tools point to pure triphenylphosphine.

In analyzing changes in the tetradecane:oleylamine precursor solution with time and temperature using the aliquot method, XPS supports the occurrence of the Co(I) disproportionation reaction to Co(II) and Co(0) during the "sphere growth stage". It also shows that the organophosphorus ligands expelled from the XPS probed surface layers of the aliquots are replaced by oleylamine and confirms that spheres are made of pure cobalt. Nonetheless, there remains a possibility of phosphide particle formation in deeper layers that remain beyond the probing capacity of XPS.

Subsequent XPS examination of washed, centrifugated nanoparticle films provides evidence for the presence of cobalt phosphidation across all synthesis stages. Phosphide formation increases during the "sphere-to-rod" transition, with an XPS Co/P atomic ratio reaching ~ 2 for the nanorods only films.

This unexpected revelation warrants the reevaluation of previously published data. Electron diffraction patterns, reinterpreted in light of these findings, confirm beyond doubt that rods are composed of dicobalt phosphide, contradicting earlier assumptions of pure cobalt composition made in the The Five Shades of Oleylamine. Consequently, the mechanisms describing the sphere-to-rod transition must also be reassessed. The dissociation of oleylamine (OAm)inducing the release of H2 and the subsequent reduction of Co(II) to metallic cobaltremains a central feature, similar to the preceding model. However, as the final product is a metal phosphide, not a pure metal, organophosphorus molecules must dissociate and release P atoms.

We suggest a reaction scheme where H2 is also instrumental in the decomposition of the organophosphorus ligand, incorporating it within the conceptual model outlined in The Five Shades of Oleylamine.

Lastly, the novel synthesis, which produces Co2P nanorods at a relatively low reaction temperature (~190°C), compared to the standard process (~330°C), is a notable finding, given the promising applications of this material, particularly in electrocatalytic water splitting. 

Figure 1 .

 1 Figure 1. Temperature ramp and H2 yield plotted against time. TEM investigation of the sphere to rod transition at various points of the synthesis time. The particle synthesis is made in pure OAm at 190°C under N2.
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 71 04 for the Co(II) powder, 1.07 for the Co(I) powder batch resulting directly from the synthesis (no washing in diethylether), and 0.95 after washing of the latter in diethylether, as shown in Figure S2 of the SI. A deviation of less than 10% is indicative that cobalt atoms are homogeneously distributed in the depth of the samples. The Co 2p spectra of the Co(II) complex and of the Co(I) precursor (no-diethylether washed powder, and diethylether-washed powder) are shown in Figure 2. As the Co 2p spectrum is actually a doublet with the 2p1/2 and 2p3/2 components separated by ~15 eV, the large spin-orbit splitting enables us to limit our discussion to the 2p3/2 component. In both cases, the Co 2p3/2

  (a), is actually a doublet with two components 2p1/2 and 2p3/2 separated by a spin-orbit splitting of 1.6 eV. Fitting curves with BE position and full-width at half maximum (FWHM) are also plotted. The BE of Cl 2p3/2 is found at 198.4 eV in Co(II)Cl2(PPh3)2 (Blackburn et al.[START_REF] Blackburn | Photoelectron Spectroscopy of Coordination Compounds. Triphenylphosphine and Its Complexes[END_REF] found 198.90.5 eV for Cl -coordinated to +II metals in M(II)Cl2(PPh3)2 (M=Ni, Cd, Pd)). Cl 2p3/2 is also found at 198.4 eV in the Co(I) complex.Therefore the Cl 2p BEs of the chloride ion in the Co(I) and Co(II) complexes are not sensitive to the metal ion charge.
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 3 Figure 3(a) illustrates the P 2s spectrum of the Co(II) complex, which exhibits a single

  (b)), even when transferred to the UHV chamber under the same conditions as the Co(I) complex. In fact, the oxidation of the PPh3 ligand by O2 is unique to the Co(I) complex, because the reaction scheme implying a peroxophosphine intermediate is impossible for Co(II)Cl2(PPh3)2. The Co(IV)Cl2(PPh3)2O2 intermediate cannot be formed, Co(III) being the maximum "common" oxidation state of cobalt.
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 2 Figure 2. Co 2p spectra of the Co(II)Cl2(Ph3)2 and Co(I)Cl(Ph3)3 complexes (powders), and

Figure 3 .

 3 Figure 3. (a) Cl 2p and P 2s core-levels of the Co(II) and Co(I) complexes (powders), of the PPh3 powder and of aliquots of the 7:3 TD:OAm solution (precursor concentration =2.5 × 10 -2 mol.L -1 ) taken at 0 min (23°C), 15 min (78°C), 30 min (143°C), 45 min (206°C), and 60 min
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 3 Figure 3(a), due to film discontinuities. As for powders, charging phenomena were observed,
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 4 Figure 4. TEM micrographs and particle size distribution of the solid part obtained after

  (a)) either, as it remains aligned with that of the Co(I) precursor, showing that chlorine remains Cl -. However, once the precursor is in solution (Figure3(a)), the P 2s signal disappears from the XPS probed layers (

  Scheme 1. Scheme explaining the disappearance of the phosphorus XPS signal. The

Figure 5 .

 5 Figure 5. TEM micrographs and particle size distribution of concentrated cobalt nanoparticle

Figure 6 .

 6 Figure 6. Co 2p spectra of concentrated nanoparticle films (spheres, spheres-and-rods, and

Figure 7 .

 7 Figure 7. (a) Cl 2p-P 2s spectral region and (b) P 2p spectra of concentrated nanoparticles

Figure 8 .

 8 Figure 8. N 1s spectra of concentrated nanoparticles films (spheres, spheres-and-rods, and

Figure S7 .

 S7 Figure S7. Co 2p spectra of concentrated nanoparticles (spheres) grown at room temperature in THF.

Figure S8 .

 S8 Figure S8. Cl 2p and P 2s spectra of concentrated nanoparticles grown in THF at room temperature.

Figure

  Figure S9. O 1s spectra of concentrated nanoparticles films (spheres, spheres-and-rods, and rods) prepared from centrifugated TD:OAm solutions.

Figure S10 .

 S10 Figure S10. Top view of the nanoparticle packing model.

Figure

  Figure S11. The ratio 𝐼 𝐶𝑜 3𝑝 𝑛𝑜𝑟𝑚 𝐼 𝐶𝑜 2𝑝 𝑛𝑜𝑟𝑚 as a function of nanoparticle distance and OAm dressing.

  

  

  

  

  the photoelectron mean free path X CL (Figure S1 of the SI), and the lens/analyzer transmission Tlens. 𝜎 𝑋 𝐶𝐿 depends on h (fixed at 1486.71 eV) and both X CL

	𝐼 𝑋 𝐶𝐿 𝑛𝑜𝑟𝑚 =	𝐼 𝑋 𝐶𝐿 𝑄 𝑋 𝐶𝐿	Equation 1
	Useful	𝑛𝑜𝑟𝑚 𝐼 𝑋 𝐶𝐿 𝐼 𝑌 𝐶𝐿
			𝐼 𝑋 𝐶𝐿 𝑛𝑜𝑟𝑚
			𝐼 𝑌 𝐶𝐿

and Tlens depend on the photoelectron kinetic energy (KE). We define in section S1 of the SI a sensitivity factor 𝑄 𝑋 𝐶𝐿 = 𝑓(𝜎 𝑋 𝐶𝐿 ,  𝑋 𝐶𝐿 , 𝑇 𝑙𝑒𝑛𝑠 ). Calculated 𝑄 𝑋 𝐶𝐿 values are given in Table

S3

of the SI. Then we obtain the normalized atom X core-level (CL) intensity 𝐼 𝑋 𝐶𝐿 𝑛𝑜𝑟𝑚 by dividing 𝐼 𝑋 𝐶𝐿 by 𝑄 𝑋 𝐶𝐿 :

𝑛𝑜𝑟𝑚 ratios are collected in Table

S4

of the SI. Only for samples that are homogeneous in-depth, does

  (b)) provides further insights into the chemical states of phosphorus. The P 2p spectrum of the "rods" is particularly well-resolved, considering the spin-orbit splitting of 0.8 eV. All four spectra are decomposed in the same consistent manner as the P 2s spectra. The yellow-shaded doublet at 129.10.2 eV undoubtedly originates from a phosphorus-cobalt alloy. Indeed the P 2p3/2 BE is reported at 129.1 eV for nanometer-size CoP and Co2P particles[START_REF] Pan | Cobalt Phosphide-Based Electrocatalysts: Synthesis and Phase Catalytic Activity Comparison for Hydrogen Evolution[END_REF] (129.5 eV for bulk CoP[START_REF] Grosvenor | Examination of the Bonding in Binary Transition-Metal Monophosphides MP (M = Cr, Mn, Fe, Co) by X-Ray Photoelectron Spectroscopy[END_REF] ). Another orange-shaded doublet at 130.2 ± 0.2 eV is well-visible in the most resolved spectrum, specifically that of the rods. As mentioned earlier, pure phosphorus is a possible candidate, considering the average P 2p3/2 BE of 130.09  0.34 eV based on thirteen BEs from the NIST database.

  Table S4 of the SI). A value less than 0.5 is consistent with a mixture of pure Co spheres and phosphide particles with a Co2P or CoP stoichiometry. The situation is much simpler for the nanorods, which are the end-product of a series of chemical reactions. Consider the nanorods cleaned with Ar sputtering, with an experimental ratio

	𝐼 𝐶𝑜 3𝑝 𝑛𝑜𝑟𝑚 𝐼 𝐶𝑜 2𝑝 𝑛𝑜𝑟𝑚 of ~1. In this case,	[𝑷]

  Then, as Co2P is impermeable to Co and P diffusion, once a critical thickness is reached hollow spheres (Co comes from inside) are formed. This mechanism does not apply here for two reasons: first, spheres are made of pure cobalt with no signs of any surface phosphidation, and, second, nanorods are the end-product, not hollow spheres. Therefore, to elucidate the formation of Co2P rods in conjunction with the etching of Co spheres, we need to explore other mechanisms than the direct reaction of phosphorus at the surface of the preformed pure Co particles. We shall maintain the general framework outlined in "Five Shades of Oleylamine" 8 to describe the transition from nanospheres to nanorods, but this time organophosphorus ligands play a role. Co-P nuclei should form in places (nanoreactors, see scheme 1) where both Co 2+ and organophosphorus ligands are both present.

	atoms. 38		
	Co2P Plane	Co2P	interplane
		Distances	
		(nm)	
	(312)	0.1067	
	(232)	0.1197	
	(200)	0.1756	
	(112)	0.2214	
			In one such
	mechanism, cobalt particles form first, after which they interact with organophosphorus
	molecules. In this scenario, the cobalt particles are transformed into CoPx from the external
	surface where the organophosphorus molecule decomposes, thereby releasing phosphorus

Table S1 .

 S1 Raw spectral intensities 𝐼 𝑋 𝐶𝐿 in (counts per second)eV Table S2. Acquisition time  (dwell-time  number of scans) and 1 √𝜏 × 𝐼 𝑋 𝐶𝐿 ⁄ value

Table S3 .

 S3 Sensitivity factor 𝑄 𝑋 𝐶𝐿 .

	Table S4. Useful	norm I X CL I Y CL norm ratios.
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