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Abstract:

The formation of iron phosphide nanoparticles (FexP NPs) is a well-studied process. It usually
uses air-sensitive phosphorus precursors such as n-trioctylphosphine or white phosphorus. In
this study, we report the synthesis and characterization of a remarkably stable
tetrakis(acyl)cyclotetraphosphane, P4(MesCQO),. We demonstrate that this compound can be
used as a stoichiometric source of P(0) species in order to synthesize FeP and Fe,P
nanoparticles at only 250 °C. This tunable process provides a route to monodisperse
nanoparticles with different compositions and crystallinities. We combine X-Ray
photoelectron spectroscopy (XPS) and atomic pair distribution function (PDF) in order to
study the local order and bonding in the amorphous and crystalline materials. We show that
crystalline FeP forms via an intermediate amorphous phase (obtained at a lower temperature)
that presents local order similar to that of the crystalline sample. From the results of this work,
a better understanding of the mechanism of the formation of amorphous and crystalline FexP
NPs is provided which relies on the use of a stoichiometric and single P-source. We then
explore the electrocatalytic properties of Fe,P nanoparticles for the hydrogen evolution
reaction (HER) in acidic and neutral electrolytes. In both electrolytes, amorphous FeP is a
more efficient catalyst than crystalline FeP, itself more efficient than crystalline Fe,P. Our
study paves the way for a more systematic investigation of amorphous metal phosphide
phases in electrocatalysis. It also shows the beneficial properties of PDF on the

characterization of such nanomaterials, which is highly challenging.

Keywords: iron phosphide; nanoparticles; colloidal synthesis; atomic pair distribution

function; hydrogen evolution reaction.



1. Introduction

In the past decades, transition metal phosphides have raised huge interest as promising
nanomaterials.*?' They outperform their corresponding metal nanoparticles with respect to
physical phenomena such as magnetism® or optics,” and show superior properties in
applications relevant to energy storage,® " and catalysis,®® ** including water splitting.[6*"!
In particular, FexP nanoparticles are among the most active catalysts containing an earth-
abundant metal to mediate the Hydrogen Evolution Reaction (HER) in acidic,®® 2" neutral,®
or basic media.l#?22

At the macroscale, a wide range of phases, from the richest P-containing FeP, to the poorest
Fe4P, can be reached by traditional solid-state syntheses.l” Most of them (Fe4P, FesP, Fe,P
and FeP) correspond to stable crystallographic phases under ambient conditions with close
formation enthalpy.®® Fewer synthetic routes have been described at the nanoscale, despite
significant interest in iron phosphide nanoparticles. An elegant way to synthesize such
nanomaterials is to insert phosphorus into well-defined iron nanoparticles (NPs). Several
commercial P-sources have been investigated as a P-donor. For example, the reaction between
sodium hypophosphite (NaH,PO,) and iron oxide (Fe3O,4) or iron oxide-hydroxide (FeOOH)
at moderate temperatures (300-400 °C) leads to the formation of FeP nanoparticles.””*! In a
similar manner, Brock and coworkers showed the conversion of Fe3O4 NPs to FeP NPs using
n-trioctylphosphine (TOP) as a phosphorus precursor.®® Similarly, triphenyl phosphite
(P(OPh)3) was recently used in order to phosphidize several transition metal(0)
nanoparticles.®™™ Although this phosphorus source allows cheaper production of transition
metal phosphide nanoparticles, it still has the same drawbacks as TOP because its low
reactivity entails the use of excess reactant under elevated temperatures.

However, the formation of a single phase via a reaction in solvent is considered a

challenge.? TOP has since been shown as a versatile phosphorus precursor, allowing for the



insertion of phosphorus in well-defined iron(0) NPs to access several phases (Fe,P and
FeP).[#333 |n particular, Brock and coworkers studied the insertion of phosphorus from TOP
into suspended Fe(0) nanoparticles and noticed the difficulty in obtaining phase-pure FeP
nanoparticles from the intermediate Fe,P, potentially due to the formation of a stable shell of
FeP around the nanoparticle that would kinetically block the diffusion of phosphorus towards
the core.®* TOP could also be used as P-donor in an Ullmann-type coupling reaction in order
to form Fe,P or FeP nanoparticles.*? However, these reactions require breaking P—C bonds in
order to achieve the insertion of phosphorus in Fe(0) NPs. The P—C bond dissociation energy
is around 123 kcal/mol. This implies that fairly elevated temperatures (300-390 °C) are
required for synthesis together with the use of a considerable excess of phosphine, which not
only serves as a source of phosphorus but also as oxygen scavenger.

It can be expected that the stoichiometric use of more reactive P-sources leads to a better
control of the Fe/P ratio. The organic precursor that was first used for this purpose was
tris(trimethylsilyl)phosphine (P(TMS)3), which is also successfully used as a stoichiometric
P-donor for the synthesis of indium phosphide quantum dots.25*! The lower dissociation
energy of the P-Si bond with respect to the P-C bond (72 vs. 123 kcal/mol) enabled the
synthesis of Fe,P and FeP nanoparticles at lower temperature (ca. 260 °C).2*") In our team,
we previously showed that elemental phosphorus, P4, provides “P(0)” species and reacts in a
stoichiometric manner with metal(0) species (complexes and nanoparticles) under mild
conditions, leading to the formation of phosphide nanoparticles.*®3* Nevertheless, both
P(TMS); and P, are delicate to handle as they are pyrophoric and can release highly toxic
PHs. This highlights the need for more reactive, yet bench-stable, stoichiometric precursors
for the phase-selective synthesis of iron phosphide nanoparticles.

Another challenge of nanoparticles synthesis at moderate reaction temperature is the structural

characterization of poorly crystallized and amorphous nanoparticles.** % In this respect, the



atomic pair distribution function (PDF) is an attractive technique and can be performed using
a laboratory X-ray source.**1 This approach has been widely applied to liquids*3** or
amorphous materials®®® 2 and is proving to be a valuable and powerful tool for studying local
structure at the nanoscale,'®® both for amorphous and crystalline nanoparticles.

In this work, we report the synthesis of a cyclic tetraphosphane under mild conditions. This
molecule is stable in air for months and provides 4 equiv. of phosphorus atoms per molecule.
Our objectives were to (i) study its ability to act as a P-source in the synthesis of iron
phosphide nanoparticles under relatively mild conditions, (ii) get access to several materials
with different compositions and crystallinities from a single precursor, (iii) study the local
order and bonding in such amorphous and/or crystalline FexP materials using the atomic PDF
and (iv) perform preliminary experiments in order to test the ability of the newly synthesized

materials as electrocatalysts for the H, evolution reaction.

2. Results and discussion

2.1 A new P-source: Tetrakis(mesitoyl)cyclotetraphosphane

In order to provide chemists with an alternative to highly reactive white phosphorus (P4), we
searched for an air-stable source of phosphorus. It is known that acylphosphanes and
acylphosphanoxides, R34xP(COR’)x or R34P(=0)(COR’)4, have unusually long P-C bonds
between the phosphorus center and the acyl group® which can be easily cleaved under
photolysis, making these compounds highly efficient photoinitiators.®® We therefore
reasoned that a cyclotetraphosphane with four acyl groups like P4(COR); may serve as
precursor to P4, which thermally releases phosphorus due to the weakness of the P-P bond. To
the best of our knowledge, these compounds have never been rationally synthesized before.
Only the structure of P4(CO'Bu)s, determined by X-ray diffraction methods, has been

mentioned in a doctoral thesis without any further details.>” In order to develop a rational



synthesis, we prepared mesitoyl phosphane by reacting the double salt [NaPH, x
Na(OtBu)x][SS] with mesitoylmethylester (Figure 1). H,P-COMes was obtained as a yellow oil
in good vyield and reacted without further purification with hexachloroethane and
trimethylamine as HCI scavenger. Indeed, the desired product P,(COMes), was obtained as a
yellow powder although in rather low isolated yield (10 %). P4(COMes), is remarkably stable
in air and can be stored for months without any special precautions. Under inert atmosphere,
thermal decomposition of the compound showed an onset temperature at 244.6 °C. Mass
spectrometry and *'P NMR of the volatile thermolysis products revealed the presence of P4

(Figure S7 and Figure S8).
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Figure 1: Synthesis of P4(MesCO),.

The purity and identity of the compound was verified by NMR spectroscopy. In the *H NMR
spectrum (Figure S3), the presence of the mesitoyl groups was indicated by three resonances
at 8 = 6.63 ppm, 2.25 ppm and 1.92 ppm, integrating for 8, 12 and 24 protons, respectively. In
the *'P and *'P{1H} spectra, only one singlet at 8 = —44.7 ppm was observed suggesting four
magnetically equivalent phosphorus atoms (Figure S5). After recrystallization from a
saturated THF solution at —30 °C, single crystals of P4(COMes), were obtained which were

subjected to an X-ray diffraction analysis (Table S1). The plot of the structure is shown in



Figure 2. The P, ring is folded by 32.5(1)° and the mesitoyl substituents show an alternating
up-down-up-down position with respect to the best plane through the P4 ring. The P—P bond
lengths, between 2.21 and 2.23 A, are within the typical range of P—P single bonds. As

expected, the P-C bonds are long (P1-C1 1.887(3) A; P2-C2 1.892(3) A).

Figure 2: Structure of P4(MesCO), in the crystal (50 % thermal ellipsoids). Hydrogen atoms
on the mesitoyl substituents are omitted for clarity. Selected bond lengths [A] and angles [°]:

C(1)-P(1) 1.887(3), C(2)-P(2) 1.892(3), P(1)-P(2)-P(1) 32.5(1).

2.2 Formation of crystalline FeP and Fe,P nanoparticles
P4(MesCO), was investigated as a reagent for the preparation of iron phosphide nanoparticles,

being an air stable and user-friendly alternative to P.
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Figure 3: Proposed conversion of iron nanoparticles into iron phosphides with P4(MesCO), as

a stoichiometric P-source.



Monodisperse iron nanoparticles were prepared according to a modified procedure previously
described by Peng et al. (see Experimental Section for further details).”® This synthesis
yields monodisperse Fe(0) nanoparticles with a mean diameter of 8.4 £ 0.6 nm (Figure S9). In
a typical procedure to form iron phosphides (Figure 3), these Fe(0) NPs were directly reacted,
without being isolated from their native solution, at 250 °C for 90 min with a stoichiometric
amount of P4(MesCQO), vs. the targeted phase (i.e. 0.25/x equiv., with x =1 for FeP and
x = 2 for Fe,P). The reaction was performed under inert atmosphere. A white smoke formed
in the media at ca. 100 °C, indicating a reaction between P4(MesCO), and the pre-formed
Fe(0) nanoparticles. The product was then isolated and washed in air by centrifugation and

precipitation using a hexane/acetone (1:5) solvent mixture, and finally dried under No.

Powder X-ray diffraction (PXRD) analysis revealed the formation of crystalline FeP (PDF
card [03-065-2595]) and Fe,P (PDF card [00-051-0943]) nanoparticles, for x=1 and x = 2
respectively (Figure 4A). According to the Scherrer equation applied to the (212) reflection
(at ca. 56 °), a crystallite size of 7 nm was obtained for the FeP nanoparticles. In the case of
Fe,P, the broadness of the peaks on the diffractogram indicates smaller crystalline domains;
the high baseline of the diffraction pattern also suggests the possible presence of an additional

amorphous phase.

Transmission Electron Microscopy (TEM) carried out on FeP revealed the formation of
spherical hollow FeP nanoparticles of about 8.9 £0.9 nm in diameter. Most of them are
single-crystals, despite their hollow shape with a wall of 2.5 nm thickness. This is consistent
with the PXRD pattern (Figure 4B) because the characteristic crystalline size of these
nanoparticles is not the wall thickness but the overall object. Selected-area electronic
diffraction (SAED) performed on a few nanoparticles confirmed their crystallinity, as the d-

spacing of the diffraction rings matched well those of the FeP reference structure (see Figure



S10). This result is consistent with the work previously reported in our team®® and

others®3*371 when P4, TOP or TOPO were used as a P-donor.

Intensity (a.u.)

30 40 50 60 70 80
20 (°, Cu Ka)

Figure 4: (A) Powder X-Ray diffractograms of (a) FeP and (b) Fe,P, synthesized at 250 °C.

Reference patterns are plotted below the experimental ones: FeP in blue (PDF card 03-065-

2595) and Fe,P in red (PDF card 00-051-0943). (B) TEM of FeP (inset: SAED). (C) TEM of

Fe,P nanoparticles.

TEM of Fe,P showed an unexpected feature of the nanoparticles (Figure 4C). It revealed
another type of spherical hollow nanoparticles with two shells. The inner shell is darker than
the outside one, suggesting two different phases such as Fe,P and an oxygen-containing shell,
respectively. Moreover, the inner shell is thin (ca. 1 nm in thickness), which is in agreement
with the PXRD pattern of Fe,P, though SAED and HRTEM did not provide exploitable data

at this scale.

In order to further analyze this thin shell, XPS was performed on the nanoparticles on the P 2p

(Figure 5A), Fe 2ps;, (Figure 5B) and Fe 3p regions (Figure 5C). In the P 2p region, four



doublets were identified (see Supporting Information and Table S4 for detailed fitting
procedure). P 2p region was fitted with four doublets with a splitting of 0.86 eV, and only the
values of the P 2ps/, are discussed below. For FeP (spectrum a), components at 129.4 (gray),
130.4 (red), 132.6 (dark green) and 133.3 eV (light green) were identified as an optimized
combination to fit the spectrum. According to their binding energies (B.E.), they were
attributed to phosphide, P(0), P(111) and P(V) species respectively, based on the literature.!®
%1 The same components with B.E. within less than 1 eV shift were identified for Fe,P

(spectrum b). On both spectra, pie chart insets represent the speciation of the species, based

on the relative area of the components.

The phosphide component was naturally attributed to iron phosphide species (regardless of
the crystal structure). The P(0) species was barely detectable for Fe,P and slightly more
intense for FeP: we tentatively propose that it corresponds to phosphorus atoms in a poorly
crystallized region of the iron phosphides, as will be discussed in the next section. The P(V)
and P(I11) components were interpreted respectively as surface phosphate and phosphite. They
could have formed as a result of the exposure to air of the nanoparticles, or due to the

presence of oxygen from the mesitoyl moiety of the phosphorus precursor.

Comparison of FeP and Fe,P indicated that both surfaces exhibit iron phosphide, but that
those of Fe,P were more oxidized, as it mainly showed oxidized phosphorus species.
Consistently, the Fe 2ps, region (Figure 5B) showed mostly oxidized iron (red dotted line at
711 eV) for Fe,P, while reduced iron (gray dotted line at 707 eV) was more intense in FeP.
The Fe 3p region confirmed this trend with a higher contribution of the low B.E. component

for FeP than for Fe,P (see ESI for the fitting procedure details).
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Figure 5: X-ray photoelectron spectroscopy on the FeP (a) and Fe,P (b) nanoparticles
powders. (A) P 2p region fitted with four doublets. (B) Fe 2ps, region with dotted line as a
guide for the eye: gray line for Fe(0) and red line for iron oxide satellite. (C) Fe 3p region
fitted with two components. Pie chart insets represent the relative area of the components of
each spectrum, with the same color codes as in the spectra: in the P 2p region, phosphide
(gray), P(0) (red), P(Ill) (dark green), P(V) (light green), and in the Fe 3p region, iron

phosphide (gray), oxidized iron (dark green).

Based on XPS, TEM and XRD, we propose that the light-gray shell observed on Fe,P by
TEM is composed of oxidized iron and phosphorus species in an amorphous state. Such
species were also detected, to a much lesser extent, on the FeP nanoparticles, without forming
a shell thick enough to be observed by TEM. In terms of composition, Fe,P (slightly
pyrophoric) is between pure Fe (highly pyrophoric) and FeP (not pyrophoric): we propose that
the higher the phosphorus content, the higher the stability of the compound toward oxygen

sources, such as ambient atmosphere.
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2.3 Amorphous nanoparticles as a key intermediate for the formation of crystalline
materials

We then tried to study a possible mechanism of the iron phosphide formation. The hollow
morphology seemed to indicate an insertion of phosphorus from the outside to the inside of
the nanoparticles, occurring while iron was migrating from the inside to the outside (so-called
“nanoscale Kirkendall effect”). [64]

In order to catch reaction intermediates, reactions were performed either with less P-donor or
at a lower temperature. With a lower stoichiometry of P4(MesCO),, (x = 3 and x = 4, targeting
FesP and Fe4P phase, respectively) and the same temperature as previously (250 °C), partially
magnetic black powders were obtained. In the case of x = 3, the solid turned brownish after a
few days on the bench in air. Contrary to what was observed in the synthesis of P-richer
phases, only amorphous materials were synthesized under these conditions (Figure 6A-b and
c). Besides, the synthesis for x =1 and x = 2 (aiming at FeP and Fe,P phase, respectively) at
lower temperature (180 °C) also yielded amorphous materials, as showed by PXRD patterns

(Figure 6A-d and f).
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Figure 6: (A) Overlay of diffractograms of the starting Fe(0) and all targeted Fe.P
nanoparticles synthesized at various temperatures; (B) theoretical local order of FeP (top),
Fe,P (middle) and FesP (bottom) phase showing each independent Fe atom surrounded with

its P.

In these two cases (lower reaction temperature or lower stoichiometry of phosphorus),
because no crystalline phase with determined Fe/P ratio could be identified, PXRD did not
indicate if the reaction was quantitative vs. the P-source. Nonetheless, **P{*H} NMR analysis
of the supernatant collected after the first centrifugation for all reactions did not show any
signals, suggesting that all P4(MesCQO), (characterized by a singlet at —44.7 ppm) was
consumed during the reaction and that no other phosphorus-containing by-products were
formed in significant amounts. This is consistent with a quantitative reaction of P4(MesCQO),
with the iron(0) nanoparticles.

To confirm this result, element compositions of the powders prepared at 250 °C were

measured by X-ray fluorescence measurements (XRF) (Table S2). The molar ratios Fe/P are
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consistent with the expected stoichiometries, with lesser and lesser amount of phosphorus
detected from the sample series from FeP to the Fe,P. Absolute values are slightly larger than
expected for all the samples (eg. Fe/P = 2.1 for the Fe,P sample). We attribute this systematic
bias to the presence of a thin amorphous layer oxide especially for the iron-rich nanoparticles.
These results were further confirmed by EDS (Figure S17 and S18) for FeP and Fe,P
crystalline nanoparticles.

With the variation of composition a change in the local environment of Fe and P should arise,
not only for the crystalline samples (Figure 6A-e and g) but also for the amorphous ones. We
could expect the local environment to be close of these of the corresponding crystalline
phases (showed on Figure 6B). In particular, the asymmetric units of FeP, Fe,P and FesP
crystal structures present a different Fe—P connectivity as well as different inter-atomic

distances (Table S3 and Figure 6B).

2.4 Local structure and bonding in FeP crystalline and amorphous nanoparticles

In order to better characterize the amorphous powders, we employed atomic Pair Distribution
Function (PDF) analysis.*®®1 This analysis provides information regarding the local
structure and inter-atomic distances even for non-crystalline materials. It consists in the
analysis of the total X-Ray scattering by way of Fourier Transform (see supporting
information for details), which leads to the Geyy(r) function.® A similar function (Gsim(r)) can
be calculated from a structural model as the probability of finding a pair of atoms separated
by the distance r (in summary, this is the histogram of all the atomic distances in the
material).[*¥ Comparison of Ggim(r) and Gexp(r) leads to the validation of the structural model.
The discussions below will be focused on the lower r values, typically from 1 to 3 A: peaks in
this region correspond to correlation that emanate from single bonds (eg. Fe-P) and are thus

much easier to interpret than the peaks at higher r values. However, data are presented over
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the whole range from 0 to 20 A: for crystalline compounds, correlation peaks are still intense

at high r, while for amorphous compounds, the overall signal decreases with r.

2.4.1 Validation of the methodology using crystalline FeP nanoparticles

To validate our methodology, we first performed PDF analysis on crystalline FeP
nanoparticles synthesized with x = 1 at 250 °C (Figure S11). In this case, the extracted Geyy(r)
matched with the calculated Gsim(r) from FeP crystallographic data (PDF card [03-065-2595]),
taking into account the finite size of the crystal (hence, adding an attenuation factor to the
function). Further refinements (cell parameters, atomic positions and isotropic thermal
parameters) led to a fairly good fit (Rw = 11.4%), confirming the structure of FeP and the
absence of other amorphous impurities. This shows that the crystalline nanoparticles of FeP

contained atoms in an environment that was similar to that of the bulk FeP phase.

2.4.2 ldentification of three significant features in the G(r) curves of amorphous powders
Before analyzing the amorphous sample, we simulated the G(r) curves from known
crystallographic structures in order to identify the most significant features on the
experimental curves.

Simulations of PDF were performed from FeP, Fe,P and FesP crystallographic data (PDF card
[03-065-2595], [00-051-0943] and [04-004-2129], respectively), using the calculated
broadening and attenuation coefficients from the previous crystalline FeP refinement
(Figure S12). This allowed us to simulate G(r) of amorphous samples using a smaller coherent
size (Figure S13), rather than of extended crystals. At very short range (bellow 5A), simulated
amorphous and crystalline G(r) are similar. Comparison between the three calculated G(r) of
Figure S13 clearly attests of differences between the three structures, from local to larger

order. The analysis of the distances distribution in the structures (Table S3) led to the
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identification of the shortest distances as Fe-P bonds: 2.30 A for FeP, 2.22 A for Fe,P and
2.36 A for FesP. Concerning Fe,P, the so-called calculated “Fe-Fe peak™ at 2.53 Aisin fact a
mixed of Fe-Fe and Fe-P distances that are closer. The envelope presents a maximum slightly
out of Fe-Fe calculated range (2.58 - 2.70 A). Even if not fully deconvoluted, this peak at
2.53 A can be considered as characteristic of the Fe,P structure. As a consequence, the first
experimental peak at 2.30 A from the crystalline FeP Gexp(r) can be attributed to Fe—P bonds;
the second peak at 2.70 A to Fe—Fe bonds in FeP. As a guide to the eye, these two significant
features were plotted as dashed lines, resp. in blue and in light green, on Figure 7A.
Regarding Fe,P, the significant feature at 2.53 A is indicated by a dashed line in dark green on

Figure 7A.

2.4.3 Interpretation of experimental G(r) curves for amorphous samples prepared at 180 °C
As expected, the experimental PDF analysis of the amorphous nanoparticles synthesized for
x =1 at 180 °C provided a Gexp(r) function that was rapidly decreasing since the order in the
crystal structure is lower than for crystalline materials (Figure 7A-c and d). Moreover, PDF
calculated peak positions for amorphous materials (Figure S13) clearly show that the Fe-Fe
and Fe-P identification cited above for crystalline material still stands (Table S3), leading to
the possible identification of the local structure of amorphous materials. A broad peak was
observed at 2.30 A (blue dashed lines on Figure 7A and Figure S15), similar to that of the Fe—
P bond in the FeP phase. Overall, the calculated Gsin(r) curve from the FeP model and the
Gexp(r) looked alike, confirming the formation of an amorphous phase that has the same local

order than the crystalline FeP phase.

Like the crystalline nanoparticles prepared at 250 °C, these amorphous nanoparticles show a

hollow morphology and a mean diameter of 7.7 £ 0.6 nm (Figure 7B and Figure S15B and C).
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This indicates that the formation of crystalline FeP nanoparticles occurs first through the
formation of amorphous hollow FeP nanoparticles at 180 °C (with a local order already
similar to crystalline FeP). It is only after this step that the crystallization is completed at
250 °C. This mechanism is in line with the fact that most of the final nanoparticles are single-
crystals, despite their hollow nature. This is schematized on the top route of Figure 8: under
bracket is represented the early stage of phosphorus insertion in the Fe nanoparticles. The
route on the top of the scheme represents the two steps discussed above: first, the formation of

an amorphous hollow nanoparticle, second, its crystallization.

Regarding nanoparticles prepared with x =2 at 180 °C, TEM reveals a plain morphology
(Figure 7C). The inner shell is darker than the outer one, suggesting two different phases,
such as an iron phosphide phase and an oxidized amorphous phase, respectively. PDF analysis
revealed two distinct peaks (Figure 7A-a and b, Figure S16): the major peak at 2.57 A (green
dashed lines on both figures) is in agreement with a Fe—Fe bond from the Fe,P structure,
whereas the minor one at 2.03 A (Figure S16, purple dashed line) can be attributed to a Fe—O
bond in an unidentified phase resembling iron oxide. This attribution is consistent with the

TEM observation.

The overall mechanism for x = 2 is thus slightly different from that for x = 1. After a similar
initiation step of phosphorus insertion through the surface of Fe nanoparticles (under bracket
in Figure 8), plain amorphous nanoparticles are formed at 180 °C (bottom route of the figure),
with a local order close to these of crystalline Fe,P. The nanoparticles crystallization is
achieved at 250 °C. Fe,P being more iron-rich than FeP, its sensitivity to surface oxidation is
higher, which explains the formation of a thicker layer of oxidized species. This layer is
poorly defined, and probably a mixture of oxides and phosphates, based on PDF (simulated

PDF of phosphates are presented in Figure S14) and XPS (discussed above).
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Figure 7: (A) PDF obtained (a) theoretically for Fe,P, (b) experimentally for x = 2 at 180 °C,
(c) experimentally for x =1 at 180 °C and (d) theoretically for FeP; (B) TEM image of the
nanoparticles obtained for x =1 at 180 °C presented with enhanced contrast for better
observation of the core/shell structure; (C) TEM image of the nanoparticles obtained for x = 2

at 180 °C.
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Figure 8: Proposed mechanism for the formation of (a) FeP and (b) Fe,P NPs. The colors
correspond to composition, regardless of the crystallinity: green for metallic iron, dark blue

for Fe,P, light blue for FeP, gray for oxygen-containing phase.

As a partial conclusion, we can thus affirm that, both for x = 1 and x = 2, the formation of iron
phosphides occurs first through insertion of phosphorus in the iron nanoparticles (Figure 8,
intermediate under bracket, not observed in this study). This insertion is completed forming
an amorphous phase (Figure 8 routes (a) and (b)), then followed by the crystallization of the
phosphide phase. Interestingly, the intermediate amorphous state at 180 °C already show the
local order of the final crystalline state, whether it is Fe,P or FeP. Moreover, the concomitant
hole formation, due to the outward migration of iron, did not significantly affect this

mechanism.

2.5 Comparative electrocatalytic activity of the nanoscaled iron phosphides

At this stage, Fe,P nanoparticles of similar diameter were available to be compared in terms
of electrocatalytic activities, with two variable parameters: their stoichiometry (x =1 or 2) and
their crystallinity. We selected amorphous and crystalline FeP, as well as crystalline Fe,P as
electrocatalysts of interest for the reduction of protons in acidic and neutral electrolytes.

An ink of nanoparticles (2 mg nanoparticles in 200 pL isopropanol) was drop-casted onto a
carbonaceous gas-diffusion-layer support (GDL, 1 cm?). The as-prepared electrodes were
initially tested in benchmark acidic conditions for H, evolution (H,SO4 1.0 M)."® An
activation procedure!®® was applied to all catalysts by carrying out a controlled potential
electrolysis at —1.0 V vs. RHE for 1 hour, after which the measurement of catalytic activity
was performed.

Linear sweep voltammograms (LSV) and controlled current electrolysis at —10 mA.cm™ are

presented in Figure 9A and B, respectively. All the samples displayed catalytic activity, with a
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catalytic onset overpotential (n) for proton reduction lower than that of the bare GDL support
(Figure 9A). The LSV data highlight that the amorphous FeP is much more efficient than the
two crystalline FeP and Fe,P phases, as it presents a much lower catalytic onset overpotential
and reached higher currents densities at each potential. The controlled-current electrolysis at —
10 mA.cm 2 presented in Figure 9B confirmed this, showing that the amorphous FeP NPs
required an overpotential of 230 mV, whereas crystalline FeP and Fe,P needed 330 mV and
380 mV, respectively. Gas chromatography (GC) carried out during the electrolysis showed
that all particles produced H, at 100 % Faradaic efficiency.

A significantly different behavior was observed in neutral media (Na,SO,4 at 1.0 M, Figure 9C
and D); while the overall trend on the onset overpotential was Kkept
(MFeP amorphous < MFeP crystalline < Mre2p crystalline), the  three catalysts presented much smaller
differences in activity than in the acidic electrolyte. Catalytic H, evolution was observed
under controlled current electrolysis at —10 mA.cm™ at applied potentials of —582, 603 and —
654 mV for amorphous FeP, crystalline FeP and crystalline Fe,P, respectively. The higher
overpotential observed here likely results from the slower kinetics for proton exchange in

neutral media.
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Figure 9: (A) LSVs of Fe,P NPs loaded onto GDL electrodes in 1.0 M H,SO, at a scan rate of
50 mV.s* at room temperature; (B) Controlled-current electrolysis at —10 mA.cm 2 of the
electrodes in A; (C) and (D) show the analogous experiments performed in 1 M Na,SO,. In all
cases the electrodes were activated by application of —1.0 VV vs. RHE for 1 hour in their

respective electrolysis solutions.

As the average sizes and preparation routes were similar, the differences in activity were

ascribed to the nature of the active sites exposed on the nanoparticles surface: the availability
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of the Fe centers, the local structure and bonding around the Fe center and the Fe:P
stoichiometry are likely to influence the d-band filling of the inorganic phases. XPS
comparison of the fresh powders of nanoparticles does not explain the trend, as all surfaces
contain both phosphide and phosphates (Figure S19). Post-mortem analyses of the GDL were
also inconclusive due to the low amount of catalysts trapped in the GDL.

Experimentally, the amorphous nanoparticles show a higher activity, similar to that reported
for a FeP surface,’® than the crystalline FeP and Fe,P do. However, detailed comparison with
performances showed in the literature, in terms of activity (numbers, potentials) is tricky to
provide as each study proposes its own set of experimental conditions (cell design, catalyst
support, deposition method, pretreatment, etc.). Advanced modeling by DFT, as well as in situ
monitoring of the nanoparticles surface during electrocatalytic measurements, is being
considered to rationalize the activity measured, and will be reported in due course. In
particular, the electrochemically active surface area of all the nanoparticles should be
quantified by further investigation, in order to compare the catalysts based on a similar
number of active sites. Besides, as suggested by a recent work on phosphorus-rich
phosphides,*®) characterizing the adsorption strength of H species on the amorphous vs.
crystalline surface would be of major interest, not only for Fe-based compounds but also for
Mo-based ones, for which a strong activity of the amorphous phase was reported.!™
Moreover, in-depth study of the effect of the support as well as the influence of pretreatment

under H, might also lead to optimized efficiency of these catalysts.

3. Conclusion

In summary, we designed a unique P4(MesCO), molecule that acts as a stoichiometric
phosphorus source for the selective synthesis of crystalline FeP and Fe,P nanoparticles. In
both cases, the reactions conducted at 250 °C yielded a hollow morphology characteristic of

outward diffusion of the metal during the phosphorus insertion. XPS and PDF analyses were
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then combined to better understand the local order of the materials as well as the reaction
mechanism. At a lower temperature of 180 °C, an intermediate amorphous phase was formed
both for x =1 and x = 2, with a local structure close to the crystalline equivalent. These as-
synthesized materials were investigated as electrocatalysts for proton reduction, the most
active one being the amorphous FeP. This highlights the relevance of studying amorphous
nanoparticles that are often undervalued in catalysis due to a challenging characterization,

which was addressed here thanks to the PDF.
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4. Experimental section

4.1 Synthesis of Mesitoylphosphane

A dry and argon flushed Schlenk flask equipped with a magnetic stirrer was charged with
finely divided elemental sodium (2.359g, 102 mmol, 3.1equivalents) and 1,2-
dimethoxyethane (40 mL). Naphthalene (0.42 g, 3.3 mmol, 0.1 equivalent) was added to the
suspension. The reaction mixture was stirred until it turned deep green. Red phosphorus
(1.02 g, 33 mmol, 1 equivalent) was added in one portion and the resulting suspension was
stirred for 48 hours at room temperature. Leftover sodium was removed with tweezers and the
black suspension was cooled to 0°C with an ice bath. Tert-butanol (3.16 mL, 2.45 g, 33 mmol,
1 equivalent) was mixed with 10 mL dry 1,2-dimethoxyethane in a dropping funnel and
subsequently added dropwise to the stirred reaction mixture over 30 minutes. The ice bath
was removed and the suspension was stirred for an additional 2 hours at room temperature.
Methyl 2,4,6-trimethylbenzoate (5.88 g, 33 mmol, 1 equivalent) was added dropwise to the
suspension, which was subsequently stirred for 2 hours at room temperature. Formic acid
(3.8 mL, 4.6 g, 100 mmol, 3.1 equivalents) was added dropwise to the suspension which was
stirred for an additional 30 minutes. The reaction volume was reduced to roughly one third
and n-hexane (50 mL) was added. The solids were removed by filtration, washed with n-
hexane (20 mL) and the resulting filtrate was dried in vacuo, affording the crude
mesitoylphosphane as a yellow oil (3.85 g, 21.3 mmol, 65% yield). This crude material was
sufficiently pure for the subsequent cyclization step. See Figure S1 and Figure S2 for NMR
spectra.

$p{'H}-NMR (121 MHz, CDCls, ppm): & = -51 (s, enol form); -97.8 (s, keto form).

4.2 Synthesis of P4(MesCO),

A dry and argon flushed Schlenk flask equipped with a magnetic stirrer was charged with

THF (100mL) and mesitoylphosphane (3.6 g, 20 mmol, 1 equivalent). The mixture was stirred
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vigorously and hexachloroethane (4.73 g, 20 mmol, 1 equivalent) was added in one portion.
Triethylamine (4.04 g, 40 mmol, 2 equivalents) was added dropwise over 15 minutes. The
resulting white suspension was stirred for 16 hours at room temperature before removing all
volatiles in vacuo. Diethylether (50 mL) was added slowly to the residue and the resulting
solid was collected on a frit, washed twice with deionized water (2 x 100 mL) and once with
diethylether (50 mL). The solid was dried in vacuo at 150°C, affording P4(MesCO), as a pale
yellow powder (0.53 g, 3 mmol, 15 % yield).

Melting Point (DTA): 244.6 °C (decomp.)

"H-NMR (300 MHz, CDCls, ppm): 8 = 6.71 (s, 8H, CH); 2.33 (s, 12H, p-CH3); 2.00 (s, 24H,
0-CHs).

BC{'H}-NMR (75 MHz, CDCls, ppm): § = 224.6 (m, CO); 139.9 (s, Cpara); 136.5 (m, Cipso);
133.9 (s, Cortno); 128.9 (s, CH); 21.3 (s, p-CHs); 20.0 (quin, Jpc = 3.3 Hz, 0-CH3).
P{'H}-NMR (121 MHz, CDCl;, ppm): & = -44.7 (s).

FTIR (ATR, 298K, cm™): v=2948 (w), 2915 (w), 2094 (br), 1655 (s), 1605 (m), 1448 (m),
1418 (w), 1377 (m), 1294 (w), 1201 (m), 1139 (m), 1033 (m), 955 (w), 865 (m), 843 (s), 725

(m), 676 (m), 616 (s), 571 (W), 543 (m), 508 (W), 472 (W), 442 (w), 412 ().

4.3 Synthesis of FexP nanoparticles

A 100 mL three-necked round bottom flask was charged with oleylamine (60.8 mmol, 16.3 g)
and 1-octadecene (1.1 mmol, 0.3 g). The mixture was degassed at 120 °C under dynamic
vacuum for 30 min. It was then put back under N, and heated up to 180 °C. Fe(CO)s
(5.2 mmol, 0.7 mL) was added and the solution was stirred at this temperature for 20 min. The
black suspension was cooled down to room temperature. One may note that the P4(MesCO),
5[38'72],

stoichiometry was calculated assuming a quantitative yield of the Fe(0) NPs synthesi

leading to a slight but over-evaluation of the P-source amount in the following step.
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The desired amount of P4(MesCO), was then added (for instance, for FeP: 1.3 mmol, 0.9 g)
and the mixture was degassed by three successive vacuum/N, cycles (1 min per cycle). The
solution was heated up to 180 °C or 250 °C under N and stirred for an additional 90 min. It
was finally cooled down to room temperature by removing the heating mantle. The black
suspension was transferred in two centrifuge tubes and dispersed in n-hexane (5 mL) and
acetone was added (20 mL). The black solid was precipitated out by centrifugation process
(6000 rpm, 10 min) and washed at least two times with a n-hexane/acetone (1:5) mixture. It
was finally dried under N, flux to yield FeP nanoparticles.

The same procedure was followed when Fe,4P, FesP and Fe,P stoichiometry were targeted.

4.4 Electrode preparation

Inks of FeP/ Fe,P nanoparticles were prepared by sonication in the presence of isopropanol (1
mg per 100 pL) until a homogeneous black suspension was formed. The suspension was drop-
casted onto a 1 cm? gas diffusion layer electrode (Sigracet 29 AA, Fuel Cell Store) in aliquots
of 50 pL x 4. Each aliquot was allowed to dry before the proceeding aliquot was added.
Before use of the electrodes, activation of the particles was undertaken by application of -

1.0 V vs. RHE in the electrolyte solution for 1 hour.

4.5 Electrochemical performance testing

Electrocatalytic measurements and constant potential electrolysis were carried out using a
Bio-logic SP300 potentiostat. Ohmic drop correction at 80% was undertaken on linear sweep
voltammograms. A H-type cell was used with each compartment separated by a Nafion
membrane (Alfa Aesar, N-115) with an inter-electrode distance of 6 cm between the working
and Pt counter and an Ag/AgCI reference (saturated KCI) placed at 0.5 cm from the working.

1.0 M H,SO4 (Sigma-Aldrich, 99.9 %) or 1.0 M Na,SO, aqueous solutions was used as both
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anolyte and catholyte, the catholyte being Ar-saturated preceding the experiment. During the
electrolysis, Ar was constantly bubbled at 5 mL.min™ through a frit at the bottom of the
cathodic chamber. Generated H, and excess Ar were flowed to the gaseous inlet of a gas
chromatograph for online measurement.

Potentials are reported against the Reversible Hydrogen Electrode (RHE) according to the

relationship E vs. RHE = E vs. Ag/AgCl + 0.197 + 0.059*pH.

4.6 H, characterization

H, was analyzed by gas chromatography (GC, Multi-Gas Analyzer #5 SRI Instruments),
equipped with Haysep D and MoleSieve 5 A columns, thermal conductivity detector (TCD)
and flame ionization detector (FID) with methanizer using Ar as a carrier gas. The GC was
calibrated using a standard gas mixture containing 2500 ppm of H, in CO, (Messer). Faradaic
efficiencies (FE) were calculated according to the following formula:

2xny, * F
FEproduct = T

Where ny, (mol) is the quantity of analyzed product, F is the Faraday’s constant equal to

96485 C.mol ' and Q is the corresponding passed charge.
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Phase-controlled FeP and Fe,P nanoparticles are prepared using a cyclophosphane at 250 °C.
At 180 °C, amorphous compounds are formed yet they present the local structure of the
crystalline phases. Amorphous FeP is more active in HER than the corresponding crystalline
nanocatalysts.
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