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Abstract:

This research offers fresh insights into the growth mechanism of cobalt nanoparticles in
oleylamine from a precursor with nominal stoichiometry CoCIl(PPhs)s, prompting a
reevaluation of the model delineated in "The five Shades of Oleylamine" by Moisset et al.
(Nanoscale 2021, 13, 11289-11297) that explicated the cobalt sphere-to-rod morphological
transition. While the crucial role of oleylamine is reconfirmed, X-ray photoelectron
spectroscopy (XPS) discloses the significant involvement of the organophosphorus ligand of
the Co(l) precursor. By scrutinizing aliquots from a tetradecane:oleylamine solution, XPS
substantiates the disproportionation of Co(l) into Co(ll) and Co° during the sphere growth stage
in line with the tenets of Five Shades. Pure Co spheres are formed, with phosphorus-containing
species disappearing from the XPS probed layers. However, further inspection of washed

nanoparticles corroborates the formation of Co-P bonds, with the Co/P atomic ratio nearing 2
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for the nanorods. In response to these findings, previously published data and electron
diffraction patterns of the nanorods structure are reassessed, conclusively demonstrating that
the nanorods are composed of Co2P, contrary to earlier assumptions of pure cobalt content. This
leads to a revised depiction of the sphere-to-rod transition, placing emphasis on the role of
organophosphorus ligands (triphenylphosphine and, possibly, its oxidation products) that were

previously overlooked.

1. Introduction

Hexagonal close-packed (hcp) cobalt nanoparticles have garnered significant scientific
interest owing to their catalytic properties'-? and high magnetocrystalline anisotropy,® 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(ll) or Co(lll) complexes,* or the
decomposition of dicobaltoctacarbonyl molecule,® the use of the Co(1)CI(P(CgsHs)s)s precursor
has emerged as a highly promising procedure to produce nanoparticles with very well

controlled shape and size.®?

However, when oleylamine (OAm) is employed as the solvent, the synthesis of Co particles
from Co(I)CI(Phs)z (Ph=Ce¢Hs) 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.®® In the most



recent article titled The five shades of oleylamine in a morphological transition of cobalt
nanospheres to nanorods,® 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 Hz, 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(ll) complex are formed according to a global

disproportionation reaction:
2Co()ClL3—>Co(I)Cl2L2 +Co(0)L4 R1

where L is an unspecified ligand (PPhs or OAm). Indeed, Density functional theory (DFT)
calculations®”® support the disproportionation hypothesis. OAm and triphenylphosphine being
too “big”, the disproportionation reaction is modeled using the “smaller” NHsz and PH3 Lewis
bases, respectively. When two reacting cobalt monomers are considered, calculations®’ point
to the necessary phosphine/ammonia ligand exchange to avoid endothermic reactions.
Subsequent theoretical calculations® 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(ll)(ammonia) pair. The nucleation and growth of

metallic cobalt nanoparticles then begin.

The “cobalt sphere growth” is also accompanied by a noticeable release of H, (Figure 1)
suggesting that OAm decomposes on the particle surfaces. H: is then in the capacity of reducing
the Co(ll) complex, the by-product of R1. In fact the Co(ll) plus Co particle system is not stable.

In a second stage, the freshly produced Co metal spheres are gradually “ecaten 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.®® The micrographs in Figure 1 illustrate this

spectacular transformation.
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Figure 1. Temperature ramp and H 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 No.

A mechanism explaining the sphere-to-rod transition mechanism is proposed in Five shades

of Oleylamine.? To account for the H. 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-NH (on the Co surface)— 2Hags + R-CH=NH

R2



Then two Hads recombine to give a H> molecule that goes into the solution. As mentioned earlier,

H> reduces the Co(Il)Cl2L complex:

Ha + Co(I1)CloL2 — Co(0) + 2H* + 2CI-+ 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-NHs* + Co(spheres) — 2 R-CH2-NH2 + Co(ll) + H2 R5

which produce new Co?* ions that will be reduced by H: 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.®

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,® 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(l) 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.

2. Methods

2.1 Precursor synthesis

CoCl2.6H20 (Sigma-Aldrich, 98%), PPhs (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()CI(PPh3)s was prepared as follows. To 9.6 g of [CoCl2.6H20], (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 in-
situ the complex Co(I1)Cl2(PPhgz)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(l)CI(PPh3)s complex with
75% yield (the other 25 % are mainly unreacted CoCl; 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.

2.2 Nanoparticle synthesis

In a glovebox under a nitrogen atmosphere, 0.25 mmol of Co(I)CI(PPhz)s 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.

2.3 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 uL 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.

2.4 X-ray photoelectron spectroscopy (XPS)

2.4.1 Set-up

The XPS setup installed at “Laboratoire de Chimie Physique, Matiére et Rayonnement”
(UMR CNRS 7614), is part of the XPS platform of the “Institut Parisien de Chimie Physique
et Théorique” (FR CNRS 2622) of Sorbonne University. The Al Ko monochromatized source
(SPECS FOCUS 500, hv=1486.71 eV) is operated at 10 kV, with an anode current of 25 mA
(250 W). The electron analyzer is a SPECS PHOIBOS 150, fitted with a delay line detector.
Measurements are made at normal electron takeoff. The X-ray spot has a dimension 0.5mmx3.5
mm. The Medium Area Mode is used. The spectrometer resolution is defined by the pass energy

of 20 V and the entrance slit width of 7 mm. To determine the overall resolution (photons and



spectrometer), the Fermi edge of a clean Co foil is measured. Its derivative is a Gaussian with
a FWHM of 495 meV. As measurements are made at T=300 K (ksT=25 meV), this value can
be considered as a good estimation of the overall experimental resolution. The inflection point

of the Fermi edge gives the Fermi level of the analyzer.

Samples examined in the UHV analysis chamber were powders (Co(l)CI(PPh3)s,
Co(INCI>(PPh3)2 and pure PPhs), aliquots of the reaction mixture and washed, centrifugated
nanoparticle films. Powders were pressed on a conductive carbon tape. To study the kinetics of
the Co nanoparticle synthesis, aliquots were taken from the reaction “pot” containing the
Co(I)CI(PPhz)s precursor dissolved in a 7:3 TD:OAm solution. Typically, three droplets of 10
uL 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 mbar) for less than one hour. Then they were introduced in the
XPS load-lock chamber (base pressure 10°° mbar) and let to degas for 12-18 hours until the
pressure drops down to 10® 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 1071° mbar range. To obtain sufficient statistics, the total measurement duration

was typically 12 hours.
2.4.2 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
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resulting positive charge is not compensated by electrons from the ground). The reference to
the analyzer Fermi level is lost.° 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.!! 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? and 285.0 eV for tridecanethiol.*® 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.4
2.4.3 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° mbar, ion energy of

1 keV, emission current of 3 mA, sample current of 5 pA, and etching time equal to 5 min.
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2.4.4 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 Iy -, (see Tables S1 and S2 of the SI) and
considers the following parameters: the atomic core-ionization cross-section of a given core-
level (CL) of atom X oy ;,*° the photoelectron mean free path Ax cL (Figure S1 of the SI), and
the lens/analyzer transmission Tiens. oy ¢, depends on hv (fixed at 1486.71 eV) and both Ax cL
and Tiens depend on the photoelectron kinetic energy (KE). We define in section S1 of the Sl a
sensitivity factor Qx ¢ = f(0x c1, M x c1» Tiens)- Calculated Qx ., values are given in Table S3

of the SI. Then we obtain the normalized atom X core-level (CL) intensity I3%,™ by dividing

Iy ¢, bY Qx c1:

; )
I}(zocim — Q);CCI; Equation 1

norm

Useful ’,‘lffm ratios are collected in Table S4 of the SI. Only for samples that are homogeneous
YCL

norm

in-depth, does ’,iffm correspond to the “atomic ratios” % of elements X and Y. Since the ratio
CL

norm
Co 3p
norm
Co2p

is 1 for ahomogeneous 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

medium

. : A
eV) photoelectrons because of their inelastic mean free path A ratio ; P of ~1.7.

medium
Co 2p
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3. Results and discussion
3.1 The Co(l) and Co(l1) complexes powders

Co(INCI2(PPh3), and Co(I)CI(PPh3)s powders were characterized by XPS. The blue
Co(INCIx(PPh3), powder is the starting product for the synthesis of Co(l)CI(PPhs)s.

Additionally, it provides a Co(ll) spectroscopic standard.’

norm
Co3p

—s=- 15 1.04 for the Co(ll) powder, 1.07 for the Co(l) powder batch resulting directly from

ICo 2p

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(Il) complex and of the Co(l) 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 2pz» components separated by ~15 eV, the large spin-orbit
splitting enables us to limit our discussion to the 2ps2 component. In both cases, the Co 2ps2
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(l) spectral shape.
In addition, the Co 2p spectra of the Co(ll) and Co(l) complexes are very similar, despite the
different oxidation states of the metal. In fact, the similarity may result from their non-zero spin.
Co(INCI2(PPh3), is a paramagnetic tetrahedral complex, with S equal to 3/2. The
Co(I)CI(PPhs)s complex is also tetrahedral with S equal to 1.1%7° In contrast, we show in the
Sl, Figure S3, that the Co 2p spectra of the low spin (S=0) complexes HCo(l)(P(OPh)3)s and
HCo(l)(PhP(OEt).)s, 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®*in ref’).
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The CI 2p core-level, see Figure 3(a), is actually a doublet with two components 2p/> and
2p32 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 ClI 2pa» is found at 198.4 eV in
Co(I1)Clz(PPhs), (Blackburn et al.** found 198.9+0.5 eV for ClI- coordinated to +I1 metals in
M(I1)Cl2(PPhs)2 (M=Ni, Cd, Pd)). Cl 2ps» is also found at 198.4 eV in the Co(l) complex.
Therefore the Cl 2p BEs of the chloride ion in the Co(l) and Co(Il) complexes are not sensitive

to the metal ion charge.

Figure 3(a) illustrates the P 2s spectrum of the Co(ll) complex, which exhibits a single
component at 189.3 eV. Similarly, the pure PPhz powder displays a single component at 188.8
eV. In contrast, the P 2s spectrum of the Co(l) powder reveals two components separated by
approximately 2 eV: one at 190.5 eV and the other at 188.4 eV. This suggests the presence of
phosphorus in two distinct chemical environments, with the low binding energy (BE)
component attributable to PPhs (see the discussion of the P 2p spectrum below). Notably,

washing the sample in diethylether increases the intensity of the low BE component.

The P 2p core-level spectrum is also a spin-orbit split doublet, with a BE difference of 0.8 eV
between the 2p12 and 2psi2 peaks. The P 2p spectrum of the Co(ll) complex shown in Figure
3(b) can be fitted with a single doublet, featuring a P 2ps» BE of ~131.5 eV. This value is
consistent with the BE observed in M(II)Cl2(PPhs), complexes (M = Ni, Cd, Pd).*
Furthermore, the P 2ps2 BE is close to that of the uncoordinated ligand, which is 131.2 eV (the
average P 2ps2 BE of PPhs is 131.0 + 0.4 eV considering 18 literature values in the NIST?8
database). In contrast, the P 2p spectrum of the Co(l) 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 (2ps2 at ~130.8 eV) is attributed to PPhs,

whereas the higher BE component (2pzr at ~132.8 eV) corresponds to an oxidized form of PPhs.
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Triphenylphosphine oxide (O=PPhs) has a P 2p BE of 132.9 eV. For its part, the P 2ps2 BE
of the P(OPh)s phosphite ligand, which coordinates the zero spin HCo(l)(P(OPh)s)4 complex,
is 133.3 eV (Figure S3 of the SI). However, the BE of the phosphonite ligand in
HCo(I)(PhP(OEt)2)s, which is 132 eV (Figure S3), is too small to be responsible for the red-

shaded component in Figure 3(b).

PPhs can be oxidized by O, molecules during the exposure of the Co(l) complex to air before
XPS measurements. Similar to the mechanism of M(0)(PPhs)s-catalyzed oxidation of PPhs
(M=Pt or Pd),’*% Co(I)CI(PPhs)s could capture an Oz molecule to form a peroxophosphine
complex Co(I1)CI(PPh3)Oz, increasing the formal oxidation state of Co from +I to +1I1. Then
this intermediate peroxophosphine complex would rearrange to provide the oxidized ligand.
While the oxidation of PPhs atom to O=PPhs is reported in the literature,!*?° the formation of
the phosphite P(OPh)s 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 AG of the reaction PPhs
+ %0, —O=PPhs is -77 kcal.mol?, while it is only -57 kcal.mol™* for the reaction PPhs + 120,

— P(OPh)Ph,.%!

It is worth noting that both the PPhz powder itself and the PPhz ligands of the Co(l1) complex
remain unoxidized (Figure 3(b)), even when transferred to the UHV chamber under the same
conditions as the Co(l) complex. In fact, the oxidation of the PPhs ligand by O- is unique to the
Co(l) complex, because the reaction scheme implying a peroxophosphine intermediate is
impossible for Co(I1)Cl2(PPhs)2. The Co(IV)CI2(PPhs)20, intermediate cannot be formed,

Co(III) being the maximum “common’ oxidation state of cobalt.

In contrast to the XPS analysis, a 3P Nuclear Magnetic Resonance (NMR) of Co(1)CI(PPhs)s

dissolved in OAm (Sl of ref 7) in which PPhs is displaced by the amine shows that the latter
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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 PPhs 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 Sl) suggests that the Co(l) powder is deficient in

phosphorus, which is not the case of the Co(ll) powder.
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Figure 2. Co 2p spectra of the Co(l11)Cl2(Phs)2 and Co(I)CI(Phs)s complexes (powders), and
of aliquots of the (7:3) TD:OAm solution taken at 0 min (23°C), 15 min (67°C), 30 min (120°C),
45 min (171°C), and 60 min (190°C), respectively. The cobalt concentration in the mixture is
2.5 102 mol.L™. The Co 2p spectrum of the clean Co foil is also given as a standard of metallic
Co. All BE are referenced to the C 1s peak positioned at 285.0 eV, except for the Co foil
spectrum, referenced to the Fermi level. Note that “unwashed” refers to the as-produced Co(l)
complex powder (without diethylether washing), while “washed” denotes the Co(l) complex

powder washed several times in diethylether.
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Figure 3. (a) Cl 2p and P 2s core-levels of the Co(ll) and Co(l) complexes (powders), of the
PPhz powder and of aliquots of the 7:3 TD:OAm solution (precursor concentration =2.5 x 102

mol.LY) 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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(230°C), respectively. (b) P 2p core-levels of the Co(ll) and Co(l) complexes and of the PPhs
powder. All BE are referenced to the C 1s peak positioned at 285 eV. A monochromatized Al
Ko source (1486.71 eV) was used. The experimental curves are fitted with sums of Gaussians
(red solid curves), whose BE positions of Cl 2ps2, P 2s and P 2ps. components, FWHMs
(between parentheses) and spectral weights (%) are also given. Note that “unwashed” refers to
the as-produced Co(l) complex powder (without diethylether washing), while “washed”

denotes the Co(l) complex powder washed several times in diethylether.

3.2 Kinetic study of Co particle synthesis

The nominal Co(l)CI(PPhs)z precursor was dissolved into the 7:3 TD:OAm solution and
submitted to the temperature ramp shown in Figure 1. We used the Co(l) 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 x 10 molxL. This corresponds to a
number of cobalt atoms per unit volume, denoted as nZ2:0L4™ of 1,5x 10'° Co atomsxcm3, to
be compared with the atomic concentration in metallic cobalt n¢t®!  which is 9x 10? Co
atomsxcm3. 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 nZ2:0L4™ is nearly four orders of magnitude smaller than n7¢t@! . The
success of this approach relies on efficient detection, which is facilitated by the low noise delay-
line 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
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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 A (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.
Figure 3(a), due to film discontinuities. As for powders, charging phenomena were observed,
and the flood gun was operated. After centrifugation and washing the solid part of aliquots was

studied by TEM to provide the size distribution of the particle shown in Figure 4.

Figure 4. TEM micrographs and particle size distribution of the solid part obtained after

centrifugation of the aliquots. Co particles are not detected in the “O min—23°C” and the “15
min”-67°C centrifugated aliquots. The sphere diameters are 2.3 + 0.4 nm (120°C-30 min), 6.7

+0.9 nm (171°C-45 min), and 7.9 £ 1.0 nm (190°C-60 min).
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The N 1s spectra and the calculated == Ic1s™ ratios are shown in Figure S4 and Figure S5 of the

norm
N 1s

Sl, respectively. Under UHV conditions, 99% pure OAm becomes solid. The %2 Lokl ratio is ~38,

jnorm
N 1s

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 ﬁ;im is 28 for the “0 min 23°C” sample, and
N 1s

~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.

norm
Co 3p
' ynorm
Co2p

For all aliquots, the normalized XPS intensity ratio is given in Figure S2 of the SI.

jrorm

Co 3p
jrorm
Co2p

depends both on the particle size and on its in-depth distribution in the TD:OAm solvent.

norm

When the particle size is 8 nm (60 min- 190°C), ==& reaches ~1.8. This value is typical of a

! norm
Co 2p

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 2ps2 BE position, at 781.4 eV, are not much affected (Figure 2) with
respect to those of the Co(l) complex powder. There is no solvent effect. The broad main peak
and the strong satellite show that Co(l) 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 2ps2 BE of 778.1 eV (the Co 2ps2 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(l) complex does not occur in OAm at room temperature stands
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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 Sl, section S5 for more details.

Solvation of the precursor in the TD:OAm mixture does not affect the BE of the Cl 2paz;.
peak (Figure 3(a)) either, as it remains aligned with that of the Co(l) precursor, showing that

chlorine remains Cl=. However, once the precursor is in solution (Figure 3(a)), the P 2s signal

norm

disappears from the XPS probed layers (IP 2— = 0), while the cobalt and chlorine XPS signals

Inorm

Co3p
. L. Inorm .
remain well visible (Ifi,zrfn = 2.8). Naturally the P 2p core-level is also non-measurable. In fact,
Co 3p

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(l). 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.® This would create natural “sinks” well below the surface where the

organophosphorus ligands accumulate (see Scheme 1). The depth at which they concentrate
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must be significantly larger than ~3A, that is ~11 nm (the P 2s and P 2p electrons in TD:OAmM

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 2pzp 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 CI
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 CI 2p32, BE is at 198.7 eV, which shows that there is no change in the oxidation state of
chlorine (CI). The P 2s (Figure 3 (a)) and P 2p signals continue to be unobservable when

synthesis time and temperature both increase.
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surface

d>>A

Scheme 1. Scheme explaining the disappearance of the phosphorus XPS signal. The
organophosphorous ligand (PPhs and/or one of its oxidized form, e.g. OPPh3) accumulates in
sinks well below the surface at a distance d significantly greater than the P 2s/P 2p photoelectron
inelastic mean free paths A (3.5-3.7 nm). OAm is represented by a red round head (NH>) and a

blue tail (carbon chain). Chloride ions are not represented.

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,’ the Co 2ps, peak at ~781.3 eV should be now
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attributed to the Co?* ion in the Co(ll) complex, as the Co 2p spectra of Co(ll) 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 CI 2ps2 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-NH, BE extracted from the NIST database!®). Given the low
concentration of the precursor (2.5 x 102 mol.L), 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(l)
into metallic cobalt and cobalt 11, 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 ®8). 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.
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3.3 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:OAmM 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® 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 (ClI
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.
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Figure 5. TEM micrographs and particle size distribution of concentrated cobalt nanoparticle
films synthesized in mixtures of 7:3 TD:OAm (a and b) and 9:1 TD/OAm (c). The reaction time
in () and (c) is 60 min (temperature ramp up to 190°C). The diameter of the spheres is 7.9 +1
nmand 8.3+ 1.2 nmin (a) and (c), respectively. In (b), the overall reaction time is 600 min (60

min for the temperature ramp plus 540 min at 190°C).
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Figure 6. Co 2p spectra of concentrated nanoparticle films (spheres, spheres-and-rods, and
rods). BE are referenced to C 1s positioned at 285.0 eV. The clean Co foil BE is referenced to
the Fermi level common to sample and analyzer. A monochromatized Al K. source (1486.71

eV) was used.

The Co 2ps 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?*? report virtually zero or small (~0.2
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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(ll) complex, but it seems more reasonable to
attribute it to oxidized Co. Pure cobalt nanoplatelets grown from the Co(I)CI(PPhs)s precursor
in the hexadecylamine/lauric mixture acid under H> pressure also appear susceptible to
oxidation, as evidenced by the Co 2p spectrum presented in ref 2. The Co 2ps2 BE of bulk oxides
reported in the literature are 780.0 eV for CoO,%* 780.1 eV for CoOOOH,?* and 780.4%4-780.7%
eV for Co(OH)z2. 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?® and one at 530.9 eV.
The latter one is close to that of OHs in Co(OH) (531.07 eV?*). Therefore, the surface oxide

may be hydrated.

norm

The <222 ratio (Figure S2 of the SI) always strongly deviates from 1, which is expected for a

jrorm
Co2p

highly heterogeneous system consisting in nanoparticles dressed by one or more layers of OAm.

The fact that the ;,ﬁ‘;ﬁ,’,’q ratio of the 9:1 and 7:3 TD:OAm spheres is 2+0.2, means that the spheres
Co2p

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 Sl, section S7 we present
a model of cubic-shaped particles (to ease the calculation) coated with one or two layers of

OAmM. When the particle is greater than 6 nm, which is the case for the 9:1 and 7:3 TD:OAmM

norm

spheres, the adsorption of one OAm monolayer (2.33 nm) yields a calculated ja °Lratio of 1.6

norm

Co2p
norm
(Figure S11), in good accord with experiment. The experimental Ifl‘;f,’; ratio reaches 2.3 for the
Co2p

“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
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i i i i Inorm B
that for a characteristic dimension of ~3 nm, two layers of OAm lead to a calculated <22 ratio
Co2p

in accord with experiment.

norm

The intensity ratio c = (Figure S5 of the SI) also give information on the way OAm bonds

no
IN 1s

to the nanoparticle. For the spheres ig;:m is ~40, a value close to that found for a pure OAm
N 1s

film, ~38. Spheres are coated with one OAm layer. The amine head is in contact with the

. . . . [gorm
nanoparticle surface and the carbon tail outwards, as in the pure OAm film. In contrast, Iﬁ;fm
N 1s

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.?” 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.
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For the “9:1 TD:OAm spheres” and for the “rods”, a “mild” 1 keV Ar-bombardment of 5

norm
min leads to the elimination of the OAm overlayer, as the experimental Iff;f}‘; ratio is now equal

Co2p

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.

LA B B B |

186.88 eV
(1.8eV)
64.22%

600 — -
7:3 TD:0Am rods

Ar sputtered

186.88 eV
(16eV)
49.1%

7:3 TD:OAm rods

189.45 eV 17.19
19155 eV (53 vy 17-1%
(23eV)  5g59
@ 26.8%

198.25 eV
(145 eV)

IS
o
S}

187.26 eV
(2.5eV)
73.6%

7:3 TD:0Am
spheres and rods

189.80 eV

(25eV)
191.76 ev 21%
(25eV)
5.2%

198316V N
(14ev) 9:1 TD:0Am sphere:
Ar sputtered
189.36 eV <% €
198.35 eV 191.95 eV @23ev)  (230V)
aen o @23%ev) 202% k4% x4
e i 9:1 TD:0Am
&. spheres
ol A  Seheres |

200 eV 195 190 185 180
Binding Energy (eV)

198.55 eV
(1.45 eV)

N
=}
S}

Photoemission Intensity (arbitrary units)




32

T T T [ T T T
400 —
b 129.10 8V
(0.9 ev) (0.8 eV)

133,150y o151 eV
(1.5 V)
P 2p (20V) 1229
5.3% =

7:3TD:OAm rods
Ar sputtered

300 — —
129.14 eV
130.22 eV, (0.8¢eV)
131.68 eV(1.0 eV) 55.3%

133.17 ev (1:56V) 17.9%

(15ev) 192%

7.6%

7:3 TD:OAm rods

200 —

132.07 eV 25.5%
(1.5eV)

13375 eV @
asev) 5L 7:3TD:0Am
aas A\ 4 spheres and rods

Photoemission Intensity (arbitrary units)

5]
3
T

138 eV 136 134 132 130 128 126 124
Binding Energy (eV)

Figure 7. (a) Cl 2p-P 2s spectral region and (b) P 2p spectra of concentrated nanoparticles
films (spheres, spheres-and-rods, and rods) prepared from centrifugated TD:OAm solutions
(the ratio is indicated). BE are referenced to C 1s positioned at 285.0 eV. A monochromatized
Al K source (1486.71 eV) was used. The experimental curves are fitted with sums of
Gaussians (red solid curves), whose BE positions of Cl 2pzp, P 2s and P 2pz;, components,

FWHMs (between parentheses) and spectral weights (%) are also given.
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whose BE positions, FWHMs (between parentheses) and spectral weights are also given.
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The CI 2p spectra of the concentrated nanoparticle films are given in Figure 7(a). The CI
2p32 BE is ~198.35+0.15 eV, a value characteristic of the CI~ anion (see above). It can form a
salt with ammonium species, or be part of a cobalt hydroxyl chloride compound (e.g. in

C02(OH)3Cl, a solid solution of CoCl2 and Co(OH)2,28 or as a counter ion within positively

Inorm Inorm .
charged Co(OH)>« layers?®). The Igi,izpm and Igi,zpm ratios (see Table S4) strongly decrease after
02p 03p

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®8). 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” PPhs molecules (PPhs free or liganded to Co(ll) 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
PPhs” (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 PPh3z and “oxidized PPh3z”/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(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
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undoubtedly originates from a phosphorus-cobalt alloy. Indeed the P 2p3;2 BE is reported at
129.1 eV for nanometer-size CoP and Co.P particles®® (129.5 eV for bulk CoP?2). 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 2pz» BE of 130.09 + 0.34 eV based on thirteen BEs from the NIST
database.’® The grey-shaded doublet at ~131.4 eV is attributed to intact PPHs. 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 PPhs” species, in the Co(l)
powder (triphenylphosphine oxide, triphenyl phosphite). The spectral weight of the oxidized
PPhs 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 PPhs and “oxidized
PPhs” 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 ,ijfm ratio is ~0.17 for the sputtered

Co 3p

“9:1 TD:OAm spheres” (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.
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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

norm
[

ratio =222 of ~1. In this case, CLJ] is found equal to 0.8 +£0.1. The P 2p spectrum in Figure 7 (b)

norm [
Co2p

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 As 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 CoPy 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 31). Given the standard deviations, the chemical shift of
the N 1s peak centroid with respect to the “amine” OAmM 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 CH3CH2NH: on the Co(0001) facet are —1.98 eV and —2.61 eV,
respectively.®? 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,
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with spectral weights of ~20% and 10%, respectively, can be attributed to the ammonium
species? (R-CH2NHs"). This confirms one crucial tenet of the model depicted in The Five

Shades® (reaction R5).

3.4 Crystallographic data revisited: nanorods are effectively made of CozP

The information provided by XPS (CoPy formation) allowed us to take a fresh look at the
crystallographic data presented in our earlier works. In Meziane et al.® 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-PbCls structure, and
its parameters have been reported to be a = 0.3513 A, b = 0.5646 A, and ¢ = 0.6608 A by
Rundqvist.>®* 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 3* who produced CozP
particles by a different method (using Co(ll) 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 ref34,

Bulk Co2P exhibits paramagnetic properties above 10 K and antiferromagnetic behavior
below this temperature.®® Consequently, CozP nanorods are not suitable for use in magnetic

devices. However, their synthesis should not be viewed as a setback, since Co2P nanoparticles
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show significant potential in the field of electrocatalytic hydrogen production through water

splitting 30:3436.37
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Figure 9. (a) TEM of the Co2P nanorods, (b) the electron diffraction pattern of the nanorods
presented in (a). Interplanar distances are indexed with the following reflections of Co2P (312),
(232), (200), and (112) (see Table 1). (c) high resolution image of a nanorod. (d) the Fourier

transform of image (c), emphasizing the (200) and (112) reflections.
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Co2P Plane Co2P interplane
Distances
(nm)

(312) 0.1067

(232) 0.1197

(200) 0.1756

(112) 0.2214

Table 1. Indexed reflections and corresponding interplanar distances of the Co2P nanorods.

3.5 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®) and of a Co(ll) complex. Therefore we see nothing
fundamentally incompatible with the “simple” disproportionation reaction hypothesis.®®
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.5-8

Various mechanisms for the phosphidation of cobalt can be hypothesized. 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
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atoms.®® Then, as CozP 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"® 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?*and organophosphorus ligands are both present.

The starting point of the nanorod growth is a situation where pure ~9 nm Co metal spheres
coexist with the Co(I1)Cl. 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: Ha reduces the Co(ll) complex, yielding zero-valent
Co(0) and HCI (in turn HCI etches the pure cobalt sphere, thereby regenerating the Co(ll)
complex). However, H» 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 CozP stoichiometry. Necessarily, Co?* 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:
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7H2 +4C0?* + 2P(CgHs)3 — 2Co2P + 8H* + 6CsHs R’3

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

4. Conclusions

This XPS study illuminates further insight into the growth mechanism of cobalt
nanoparticles in oleylamine starting from a rather unusual precursor, a Co(l) complex. It
demonstrates that a partial reevaluation of the framework presented in The five shades of
oleylamine® 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(l)
disproportionation reaction to Co(ll) 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.
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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 (OAmM) —
inducing the release of Hz and the subsequent reduction of Co(ll) to metallic cobalt — remains
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 H> 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 CozP 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.
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Figure S7. Co 2p spectra of concentrated nanoparticles (spheres) grown at room temperature
in THF.
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