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Abstract:

The formation of iron phosphide nanoparticles,FFEPS) is a welstudied procesdt usually
usesair-sensitivephosphorus precursors suchregioctylphosphine or white phosphorus. In
this study, we report the synthesis and characterization oferaarkably stable
tetrkis(acyl)cyclotetraphosphan P,(MesCO). We demonstrate that this compound can be
used as astoichiometric source of P(0) spees in order to synthesizEeP and F&
nanoparticlesat only 250°C. This tunable procesgrovides a route to monodisperse
nanoparticles with different compositios and crystallinities We combine XRay
photoelectron spectroscopy (XPS) and atomic pair distribution function (PDF) in order to
study the local order and bondingthre amorphous and crystalline materials. We stibat
crystallineFePformsvia an intermediate amorphous phdsbtained at a lower temperatyre
that presents locarder similar tahatof thecrystalline sample=rom the results of thisork,

a better understamdy of the mechanism of the formation of amorphous and crystallige Fe
NPsis provided which relies othe use of astoichiometric andsingle Rsource.We then
explore the electrocatalytic propertiesf FgP nanoparticledor the hydrogen evolution
reaction (HER) in acidic and neutral electrolytes. In balfttrolytes amorphoud-eP is a
more efficient catalyst than crystalline FeP, itself more efficient than crystallyie Bair
study paves the way for a more systematic investigation of amorphous metal phosphide
phases in electrocatalysidt also showsthe beneficial propertie of PDF on the

characterization of such nanomateriatich is highly challenging

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

functiory hydrogen evolution reaction



1. Introduction

In the past decadesransition metal phosphides have raised huge interest as promising
nanomaterial§-?! They outperformtheir corresponding metal nanoparticleih respect to
physical phenomenaud as magnetist or optics®” and show superior properties in
applications relevant tenergy storagé® and catalysi€ * including water splitting'®*"!

In particular,FeP nanoparticlesare among the most activeatalysts containing asarth
abundant metal to mediate the Hydrogen Evolution Rea(iti&R) in acidic®*82% neutral®

or basic medi&?*2

At the macroscale, wide range of phaseffom the richest Rontaining FePto the poorest
Fe,P, canbe reachedy traditional solid-statesynthese&® Most of them (FgP, FeP, FeP

and FeP) correspond to stable crystallograjptiases under ambient conditions with close
formation enthalpy’® Fewersynthetic routes have been described at the nanoscale, despite
significant interestin iron phosphidenanoparticles An elegant way to syntsze such
nanomaterials is to insert phosphorus into wefined iron nanoparticleNPs) Several
commercial Psourceshave beernvestigated aa P-donor. For examplehereaction between
sodium hypophosphite (NaRQ,) and iron oxide (F£,) or iron oxide-hydroxide (FeOOH)
atmoderate temperatures (3800°C) lead to the formation of FeP nanoparticlés®? In a
similar manner, Brock and coworkers shovtiee conversion oFe;O, NPs to FeP NPs using
n-trioctylphosphie (TOP) asa phosphorus precurs6” Similarly, triphenyl phosphite
(P(OPh)) was recently used in order to phosphidize several transition metal(O
nanoparticle§! Although this phosphorus source allows cheapesduction of transition
metal phosphide nanoparticlest still has the same drawbacks as TOP because its low
reactivity entails the use of excesactant under elevated temperatures.

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

challenge®? TOP has since beeshown as a versatile phosphoprecursor allowing forthe



insertion of phosphorus in wellefined iron(0) NPso access several phases fFand
FeP)®3334|n particular, Brock and coworkers studied the insertion of pmsgs from TOP
into suspended Fe(0) nanoparticles and noticed the difficulty in obtaining-phisesdé-eP
nanoparticles from the intermediate,Fepotentially due to the formation of a stable shell of
FeP around the nanoparticle that would kinetically biihe diffusion of phosphorus towards
the cord®? TOP could also be used asiBnor in an Ullmanstype couplingreaction in order
to form FeP or FeP nanoparticlé€! However these rea@ns require breaking # bondsn
order to achievéheinsertion of phosphorus in Fe(0) NA$e P £ bonddissociation energy
is around 13 kcal/mol. This implies thatfairly elevatedtemperatures (30890°C) are
requiredfor synthess together withthe use of a@onsiderableexcess ophosphinewhich not
only serves sasource ophosphorugut also as oxygn scavenger

It can be expected thaé stoichiometricuse of more reactive-sourcesleads to abetter
control of the Fe/P ratio. The organic precursor that was first deedhis purposewas
tris(trimethylsilyl)phosphine (A{MS)3), which is also sccessfullyused asa stoichiometric
P-donor for the synthesis of indium phosphide quantum '&ot¥.The lower dissociation
energy of the BSi bond with respect to the#®£ bond (72vs. 123 kcal/mol) enabled the
synthesis ofFeP and FeP nanoparticles at lower temperatcee260°C).2*" In our team,
we previously showedhat elemental phosphoru,, provides 33 ° VS HFiebcts iD® G
stoichiometric mannewith metal(0) species (complexes and nanoparticleg)er mild
conditions leading to the formation of phosphide nanopartitfes! Nevertheles, both
P(TMS) and R aredelicateto handle as they are pyrophoead can releaskighly toxic
PHs. This highlights the need for more reactive, yet bestelle, stoichiometric precursors
for thephaseselective synthesis of iron phosphide nanoparticles.

Another challengef nanopatrticles synthesis at moderate reaction tempersatinestructural

characterizatiomf poorly crystallized and amorphous nanopartié&€? In this respectthe



atomic pair distribution function (PDFRg an attractive techniquendcan be performedsing

a laboratory Xray sourcé*®*"! This approach has been wigepplied to liquid§®“% or
amorphous materid?$*? and is proving to be a valuable and powerful foolstudying local
structure athe nanoscal€® both for amorphous and crystalline nanoparti€fés.

In this work, we report the synthesis otyclic tetraphosphanender mild conditionsThis
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 -aoBrce in the synthesis of iron
phosphide nanopartideinder relatively mild conditiongii) get access to several materials
with different compositios and crystallities from a single precursofjii) study the local
order and bonding in such amorphous and/or crystallige Faterials usinghe atomicPDF

and (iv) perform preliminary experiments in order to test the ability of the newly synthesized

materials aglectraatalysts for theH, evolutionreaction

2. Results and discussion

2.1 A newP-source Tetrakis(mesitoyl)cyclotetraphosphare

In order toprovide chemists with an alternative to highly reactive white phosphogysn®
searched foran airstable source of phosphorudt is known that acylphosphanes and
acylphosphanoxides, 3R3 &2 5%r Rsx3 2 & 23 thave unusually long £ bonds
between the phosphorus center and the acyl §rbughich can be easily cleaved under
photolysis making these compounds highly efficient photoinitiaffs.We therefore
reasoned that a cyclotetraphosphawith four acyl groupslike P4(COR), may serve as
precursorto Py, which thermally releaseghosphorus due tine weakness of the# bond To
the best of our knowledge, these compounds have never been rationally synthesized before
Only the structure of ICOBU)s determined by Xay diffraction methodshas been

mentioned ina doctoral thesisvithout any further detail$” In order to develop a rational



synthesis, we prepared mesitoyl phosphane by reacting the double salt,;[NaPH
Na(OtBu)]™® with mesitoylmethylestefFigure1). H,P-COMeswasobtained as yellow oil

in good vyield andreacted without further purification with hexachloroethane and
trimethylamine as HCI scavenger. Indeed, the desired prog{f€OMes) wasobtained as
yellow powder although in rather low isolated yiéld) %). P4(COMes) is remarkably stable

in air and can betsred for months without any special precautidsisder inert atmosphere,
thermal decomposition of the compound showed an onset temperat24d.6tC. Mass
spectranetry and *'P NMR of the volatile thermolysis products revealed the presence of P

(FigureS7 and Figuré&s).

Q ONa  pcooH Q
[NaPH, x NaoBu)] + ML ——» —
Mes o — NaOMe HP Mes —Na(O,CH) H,P Mes
Xi=2-2.5 — HO®Bu
—x-2 NaOtfBu OYMGS
P
O O P
4 )k + 4 C2C|6 + 8 NEt3 - > >nn|nup Pnnm<
HP"  Mes — 8 [NEt;H|Cl Mes P/ Mes
_4C,Cl, )\
(@] Mes

Figurel: Synthesis of EMesCO).

The purity and identity of the compound was verified by NMR spectroscopy. firHthN&/R
spectrum(FigureS3), the presence of the mesitayloupswasindicated bythreeresonances
at G- 6.63ppm 2.25ppmand 1.92pm integrating for8, 12 and 24rotons respectivelyin
the 3'P and®'P{1H} specta, only onesinglet at G #4.7 ppmwasobsaved suggesting four
magnetically equivalent phosphorus atom@igureS5). After recrystallization from a
VDWXUDWHG 7+) \CRIDYatctyR&Ds &F WCFMes) were obtained which were

subjected to an Xay diffraction analysigTableS1) The plot of the structure is shown in



Figure2. The R ring is folded by 32.5(1)° and the mesitoyl substituents show an alternating
up-downup-down position with respect to the best plane through ih@ng. The P # bond
lengths between 2.21 and 2.23 are within the typical range of £ single bonds. As

expectedthe P« bonds are lon(P1-C1 1.887(3; P2-C2 1.82(3)A).

Figure2: Structure of MesCO), in the crystal (506 thermal ellipsoids). Hydrogen atoms
on the mesiyl substituents are omitted for claritgelected bond lengths [A] and angles [°]:

C(1)#P(1) 1.887(3), C(2P(2) 1.892(3), B) £(2)£ (1) 32.5(1).

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

beinganair stable and usdriendly alternativeto P,.

o =2 o 9
[\
Mes— | | ~Mes Mes— | | ~Mes
Mes _-Mes Mes \ _-Mes
\ ’, \ /
(o} o o o
s
-
90 min, 250 °C 90 min, 250 °C

Figure3: Proposed anversion of iron nanoparticlestiiron phosphides with f/MesCO), as

a stoichiometric Bsource.



Monodisperseron nanoparticles were prepared according toodified procedure previously
described byPenget al (see Experimental Section for further detdi¥) This synthesis
yields monodisperse Fe(0) nanoparticles with a mean diameter b08&%4m (Figure S In

a typicalprocedure to form iron phosphid@sgure3), theseFe(0)NPs werealirectly reacted
without being isolated from their native soluti@t,250°C for 90 min with a stoichiometric
amountof P4(MesCO), vs. the targeted phasg@.e. 0.29x equiv, with x=1for FeP and
x = 2 for FeP). Thereaction was performed undmert atmosphereA white smoke formed
in the media ata.100°C, indicating a reaction between(RlesCO) and the prdormed
Fe(0) nanoparticlesThe product was then isolateshd washedn air by centrifugation and

precipitation using aexanéacdone (15) solventmixture, and finally ded under N.

Powder Xray diffraction (PXRD) analysisrevealed the formation afrystalline FeR(PDF
card [030652595]) and FeP (PDF card [0051-0943]) nanoparticlesfor x=1 andx= 2
respectively(Figure 4A). According tothe Scherrer equatioappliedto the @12) reflection
(atca 56°), a crystallite size o nm wasobtainedfor the FeP nanoparticlel the case of
FeP, the broadness of thmeaks on thaiffractogramindicatessmalker crystalline domais;
thehigh baseline of the diffraction pattern also suggtst possiblg@resence ofraadditional

amorphous phase.

Tramsmission Electron Microscopy (TEM) carried out 6P revealed the formation of
spherical hollowFeP nanoparticles of abo8t9+ 0.9nm in diameter Most of them are
singlecrystals, despite their hollow shape with a wall of &1 thickness. This isonsgstent
with the PXRD pattern (Figure 4B) because the characteristic crystalline size of these
nanoparticles is not the wall thickness but the oveohbllect Selecteearea electronic
diffraction (SAED performed on a few nanoparticles confirmed their crysiglli as the d

spacing of the diffraction rings mawthwell those of the FeP reference structseefFigure



S10). This result isconsistentwith the work previously reported in our tedfh and

other€3*3whenP,, TOP or TOPO wreused as a{donor.

Intensity (a.u.)

30 40 50 60 70 80
20(°, Cu Ka)

Figure4: (A) Powder XRay diffractograms of (a) FeP and (b) JPe synthesized at 25T.

Reference patterns are plotted below the experimental ones: FeP in blue (PDB-@&5d

2595 and FeP in red (PDF car@0-051-0943. (B) TEM of FeP(inset: SAED) (C) TEM of

Fe,P nanoparticles

TEM of Fe,P showed an unexpectéeature of the nanoparticlegFigure 4C). It revealed
another type of spherical hollow nanoparticles with two shells.ifier shell is darkethan
the outside one, suggesting two different phases suchRsaRdan oxygercontaning shell
respectively. Moreover, thaner shell isthin (ca. 1 nmin thicknes$, which isin agreement
with the PXRD patterof FeP, though SAED and HRTEMid not provide exploitable data

at this scale.

In order to further analyze this thin sh{PSwas performed on the nanopartictesthe P2p

(Figure 5A), Fe2ps, (Figure 5B) and Fe3p regions Figure 5C). In the P2p region, four



doublets were identified (se8upporting Iformation and Tabl&4 for detailed fitting
procedure)P 2p region was fitted with four doublets with a splitting of 0e86 and aly the
values of the Rps/; are discussetlelow. For FeP (spectrua), components at 129.4 (gray),
130.4 (red), 132.@dark green) and 1336/ (light green) were identifieds an optimized
combination to fit the spectrumAccording to their binding energies R.E.), they were
attributed to phosphid€(0), P(lll) and P(V) species respectivebased on the literatuf®*

3 The ame compnents with B.E. within less thaneV shift were identified for R
(spectrunb). On both spectra, pie chart insegpresent 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 foPFand slightly more
intense for FeP: we tentatively propose that it corresptmghosphorus ams in a poorly
crystallized region of the iron phosphides will be discussed in the next sectibhe P(V)

and P(lll) components were interpreted respectively as surface phosphate and phidsphite
could haveformed as a result of the exposure to @irthe nanoparticlesor due to the

presence of oxygen from the mesitoyl moiety of the phosphorus precursor

Comparison of FeP and findicated that both surfacexhibit iron phosphide, but that
those of FgP were more oxidized, as itmainly showed oxidized phosphorus species.
Consistentlythe Fe 2ps/, region Eigure5B) showed mostly oxidized iron (red dotted line at
711eV) for FeP, while reduced iron (gy dotted line at 70@V) was more intense in FeP.
The Fe3p region confirmed this trend withhregher contribution of the low B.E. component

for FeP than for & (see ESI for the fitting procedure details).
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Figure 5: X-ray photoelectron spectroscopy on the FeP (a) ané& Fe) nanoparticles
powders. (A) P2p region fittedwith four doublets. (B) F&ps, region with dotted line as a
guide for the eyegray line for Fe(0) and red line for iron oxide satell€) Fe3p region
fitted with two components. Pie chart insets represent the relative area of the compbnents
eachspectrum with the samecolor codesas inthe spectrain the P2p region, phosphide
(gray), P(0) (red),P(lll) (dark green), P(V) (light green), and in the 3fe region iron

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

Based on XPS, TEM and XRD, we page that the lighgray shell observed on #® by

TEM is composed of oxidized iron and phosphospgciesin an amorphous state. Such
species were also detected, to a much lesser extent, on the FeP nangpeitticlesforming

a shell thick enough to bebserved by TEM.In terms of composition, B (slightly
pyrophoric)is between pur&e (highly pyrophoric) and FeP (not pyrophoric): we propose that
the higher the phosphorus content, the higher the stability of the compound toward oxygen

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

We thentried to study a possiblemechanisnmof the iron phosphidgormation The hollow
morphologyseemed to indicatan insertion ofphosphorugrom the outside to the inside of
the nanopatrticles, occurring while iron was migrating from the inside to the outsidallésib
3QDQRVFDOIHfdct) ' HQ G D

In order tocatch reaction intermediatagactions were performed either with lesdd®or or
at a lower temperatur®Vith alower stoichiometry oP4(MesCO), (x = 3 andx = 4, targeting
FesP and FgP phase, respectivelghdthe same temperatuaspreviously (25C°C), partially
magnetic black powders were obtained. In the case=c, the solid turned brownish aftex
few days on the bencim air. Contrary to what was observed in the synthesis-otHer
phases, only amorphous materials were synthesizddrthese conditionsHigure 6A-b and
c). Besides the synthesi$or x=1 andx = 2 (aiming atFeP and F£& phase, respectivelyt
lower temperatur¢180°C) also yielded amorphous materiads showedby PXRD patterns

(Figure6A-d and f).
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Figure 6: (A) Overlay of diffractograms of the starting Fe(0) and titgeted FeP
nanoparticles synthesized at various tempergtyBdstheoretical local ordeof FeP (top),
FeP (middle) and F# (bottom)phaseshowing each independent Fe atom surrounded with

its P,

In these wo cases(lower reaction temperature or lower stoichiometry of phosphorus)
becauseno crystalline phase with determined Fe/P ratald be identified,PXRD did not
indicate if the reaction was quantitative. the Rsource Nonetheless*’P{*H} NMR analysis

of the supernatantollectedafter the first centrifugatioor all reactionsdid not show awn
signals, suggesting that af,(MesCO) (characterized by a gjet at +44.7 ppm) was
consumed during the reacti@and that no other phosphorosntaining byproducs were
formedin significant amountsThis is consistenwith a quantitative reaction ¢t,(MesCO),
with the iror{0) nanoparticles.

To confirm thisresult element compositions of the powdgreepared at 250C were

measuredy X-ray fluorescence measurements (XRble ). The molar ratie Fe/Pare

13



consistentwith the expectedstoichiometries with lesser and lesser amount of phosphorus
detected from the sample series from FeP to the. Rdsolute valuesireslightly largerthan
expectedor all the samplegeg. Fe/P= 2.1 for the FgP sample) We attributethis systematic
biasto the preserecof a thin amorphous layer oxide especially for the-riom nanopatrticles
These results were further confirmed BPS (Figure S17 and S18pr FeP and F&#
crystalline nanoparticles.

With the variation of composition a change in the local environmieke and Bhould arise

not only for the crystalline sampleBigure6A-e and ¢ but also for the amorphous ones. We
could expect the local enviroremt to be close of these of the corresponding crystalline
phases (showed drigure 6B). In particular,the asymmetric units of FeP, JPeand FeP
crystal structure presenta different Fed connectivity as well as different intestomic

distancesTableS3 andFigure6B).

24 Local structure and bonding in FeP crystalline and amorphous nanoparticles

In order to better characterize the amorphous powdersmployedatomicPair Distribution
Function (PDF) analysis*®**” This analysis providesnformation regarding thdocal
structureand inter-atomic distances even for naorystalline materials It consiss in the
analysis of the total >Ray scatteringby way of Fourier Transform(see supporting
information for details)whichleads tahe Geyy(r) function®® A similar function(Gsim(r)) can
be calculatedrom a structural model abke probability of finding a pair acitoms separated
by the distancer (in summary this is thehistogram of all theatomic distances inthe
materia).®® Comparison of Gn(r) and Gx(r) leads to the validation of the structural model
The discussions below will be focused on the lower r values, typically fron8 Atpeaks in
this region correspontb correlation that emanate from single beeg. FeP) and are thus

much easier to interpret than the peaks at higher r values. However, data are presented over

14



thewhole range fron® to 20 A: for crystalline compounds, correlation peaks are still sgen

at high ¢ while for amorphous compounds, the overall sigiegreasewith r.

2.4.1 Validation of the methodologysing crystalline FeP nanoparticles

To validate our methodologywe first performed PDF analysisnocrystalline FeP
nanoparticlesynthesized withx = 1 at 250 °C(FigureS11). In this casethe extracted £(r)
matched with the calculated;&r) from FeP crystallographic data (PDF cf38-065-2595)),
taking into account the finite size of the crystaénce, adding an attenuation factor to the
function) Further refinementgcell parameters, atomic positions and isotropic thermal
parametersled to a fairly good fit (R = 11.4%), confirming the structure of FeP and the
absence obtheramorphousmpurities This showsthat thecrystalline nanoparticles of FeP

contained atoms in an environment that was similaratotithe bulk FeP phase

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

Simulations ofPDFwere performed frorfreP,Fe;P and FgP crystallogrphic data (PDFard
[03-065-2595], [00-051-0943] and [04004-2129], respectively using the calculated
broadeningand attenuation coefficients from the previous crystalline FeP refinement
(FigureS12). This allowed us to simulate G(r) of amorph@asnplesisinga smaller coherent
size(FigureS13) rather than of extended crystaid.very short range (bellow 5A), simulated
amorphous and crystalline G(r) are simil@omparison between thbreecalculated G(rpf
FigureS13 clearly attest of differencesbetween thehree structures, from local to larger

order. The analysis of the distances distribution in the structlraisleS3) led to the

15



identification of theshortestdistances a§e-P bonds 2.30A for FeP, 2.2 for FeP and
2.36 A for FesP. Concerning F&°, the soFDOOHG F DO HX®HMMNH diglrtfact a
mixed of FeFe and F&P distances that actose. The envelope presents a maximsightly
out of FeFe calculated range (2.58.70A). Even if not fully deconvoluted, thipeak at
2.53A can be considered ahaacteristic of the F£ structureAs a consequenceh first
experimental peak at 2.30from the crystalline FeP &G(r) can be attributed to FB bonds;
the second peak at D.A to Fes#Febondsin FeP As a guideto the eye,hiese two significant
features were plotted as dashed linessp. in blue and idight green, on Figure 7A.
Regarding F&P, the significant feature at53 A is indicated by a dashed line in dark green

Figure7A.

2.4 3 Interpretation of experimental @r) curvesfor amorphous sampleprepared at 180C

As expectedthe experimentaPDF analysis of the amorphousnoparticlesynthesized for

x =1 at 180°C provided a Gyr) function thatwasrapidly decreasingincethe order in the
crystal structure is lowdhan for crystalline materialg-igure 7A-c and §. Moreover,PDF
calculated peak pdsins fa amorphous materials i(fure SL3) clearly show that the Hee

and FeP identification cited above for crystalline material sthnds(Table S3), leading to

the possible identification of the local structure of amorphous matefasoad peakwas
observedat 2.30A (blue dashed lireon Figure7A and FigureS15, similar tothatof theFe+

P bondin the FeP phase Overall, the calculated G(r) curve fromthe FeP modekndthe
Gex(r) looked alike, confirming the formation oAn amorphous phase that has the same local

order tharthe crystallineFePphase

Like the crystallinenanoparticles prepared at 28D, these amorphous nanoparticles show a

hollow morphology and a mean diameter of #. 0.6 nm Figure7B and FiguréS15B and C).
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This indicate that the formation of crystalline Fefanoparticles occurs first through the
formation of amorphous hollow FeP nanoparticles at °“C83Qwith a local order already
similar to crystalline FeP)It is only after this step that therystallization is completed at
250°C. This mechanism is in lingith the fact that most of the final nanoparticles are single
crystak, despite their hollow natur&his is schematized on the top routeFadgure 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 crystathaati

Regarding nanoparticles prepared witkr 2 at 180°C, TEM reveals a plain morphology
(Figure 7C). The inner shell is darker than the outene, suggesting two different phases
such asniron phosphidgphaseand an oxidized amorphous phase, respectively. PDF analysis
revealed two digtct peaks Figure7A-a and b FigureS16: the major peak at 2.5% (green
dashed lines on o figures)is in agreement with a Fee bond from the F& structure
whereas the minor one at 2. A3Figure S16purple dashed ling)an be attributed to a F®

bond in an unidentified phagesembling iron oxideThis attribution is consistent with the

TEM observation.

The overall mechanism for= 2 is thus slightly dferent fromthat forx = 1. After a similar
initiation step of phosphorus insertion through the surface of Fe nanoparticles (under bracket
in Figure8), plain amorphous nanopatrticles are formed at°@8(bottom route of the figure),

with a local order close to these of crystallineHEeThe nanoparticles crystallization is
achieved at 250C. Fe,P being more iromich than FeP, its sensitivity surface oxidation is
higher, which explains the formation of a thicker layérogidized species. This layer is
poorly defined,and probably a mixture obxides and phosphates, basedR®F (simulated

PDF of phosphates are presented in Fi@iré¢)and XPSdiscussed above)
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Figure7: (A) PDF obtained (a) theoretically for /& (b) experimentally fox =2 at 180°C,
(c) experimentally fox=1 at 180°C and (d) theoretically for FeRB) TEM image of the
nanoparticles obtainedor x=1 at 180°C presentedwith enhancedcontrast for better
observation of the core/shell structu¢€) TEM image of the nanoparticles obtairfed x = 2

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

for FeP, light blue for FeP, gy for oxygencontaining phase.

As apartial conclusion, we can thus affirm thiadth forx =1 andx = 2, the formation ofron
phosphidesoccursfirst through insertion of phosphorus the ironnanoparticlegFigure 8,
intermediate under brackeatot obseved in this study This insertion is completed forming
an amorphous phasEigure8 routes (a) and (b)), then followed by tteystallizationof the
phosphide phasénterestingly, the intermediate amorphous state at’C88lready show the
local order of the final crystalline state, whether it isFFer FePMoreover the concomitant
hole formation, due to the outward migration of iron, did not significantly affieist

mechanism.

2.5 Comparative electrocatalytic activity of thenanoscaledron phosphides

At this stage, K& nanoparticles odimilar diameterwere available to be compared in terms
of electrocatalytic activities, with two variable parameters: their stoichiometry ¢r 2) and
their crystallinity. We selected amorphous and crystalline FeP, as well as crystajihas-e
electrocatalysts of interest for the reductiopaftorsin acidic and neutral electrolytes

An ink of nanoparticls (2 mg nanoparticles in 200L isopropanol) was drepasted onto a
carbonaceous gatiffusion-layer support (GDL, tn?). The aspremred electrodes were
initially tested in benchmark acidic conditions for ldvolution (HSO., 1.0M)."® An
activation procedufé’ was applied to all catalysts by carrying oatcontrolled potential
electrolysis atf1.0V vs RHE for 1hour, after whichthe measurement afatalytic activity
was performed

Linear sweep voltammograms (LSV) andntrolled current electrolysis a0 mA.cm? are

presented ifrigure9A and B respectivelyAll the sampleslisplayedcatalytic activity, witha
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catalyticonsetoverpotential ) for proton reductionower thanthat ofthe bare GDLsupport
(Figure9A). The LSV data highlight that the amorphous FefPnischmore efficient tharthe

two crystalline FeP and Fe phases, as it presents a much lower catalytic onset overpotential
andreache higher currentslensitiesat each potentialThecontrolledcurrent electrolysis at
10mA.cm?® presented irFigure 9B confirmed this, showing that the amorphous FeP NPs
required an overpotential of 230 mV, whereas crystalline Beg FgP needed 33tnV and
380mV, respectively Gas chromatographyGC) carried out duringhe electrolysis showed
that all particles produced,tt 100% Faradaic efficiency.

A significantly different behavior was observed in neutral med@a30, at 1.0 M, Figure9C

and D) while the overall trend on the onset overpotential was kept
(' FePamorphous<  FePerystaline< FePerystaling, the  three catalysts presented much smaller
differences in activity than in the acidic electroly@atalytic H evolution wa observed
under controlled current electrolysis A0 mA.cni? at applied potentials 0582, 603and +
654mV for amorphous FeP, crystalline FeP and crystaliag®, respectively. The higher
overpotential obsengehere likely results from the slower kinetics for proton exchange in

neutral media.
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Figure9: (A) LSVs of FgP NPs loaded onto GDL electrodes in MH,SO, at a scan rate of
50mV.s? at room temperaturgB) Controlledcurrent electrolysis atd0mA.cm? of the
electrodes in A(C) and (D) show the analogous experimgmormedn 1 M Na,SO,. In all
cases the electrodes were activated by applicatiofl &fV vs. RHE for 1hour in their

regective eleablysis solutions.

As the averagesizes and preparation routesere similar the difference in activity were

ascribedo thenature of the active sites exposed on the nanopartiakésce the availability
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of the Fe centersthe local structure and bonding around the Fe ceatad the Fe:P
stoichiometry are likely to influence the eband filling of the inorganic phaseXPS
comparison of the fresh powdewss nanoparticles does not explalhme trend, as all surfaces
contain both posphide and phosphat@sgureS19. Postmortem analyses of the GDL were
alsoinconclusive due to the loamountof catalystdrapped in the GDL

Experimentally, he amorphousanoparticleshowa higher activity, similar to thatreported

for a FePsurfacd® thanthe crystalline FeP and ffedo. However, detailedomparison 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, eAdyanced modeling by DFT, as well assitu
monitoring of the nanoparticlesurface during electrocatalytic measuremenms being
considered to rationalize the activity measured, and will be reported in due clurse.
particular, theelectrochemically acte surfacearea of all the nanoparticles should be
guantified by further investigation, in order to compare the catalysts based on a similar
number of active sitesBesides, as suggested by a recent work on phosphohus
phosphide$§¥ characterizing the adsorption strength of H species on the amorphous
crystalline surface would be of major interest, not only foab&sed compounds but also for
Mo-based ones, for whicla strong activity of the amorphous phase was rep8tied.
Moreover, indepth study of the effect of the support as well as the influence of pretreatment

under H might also lead to optimized efficieyof these catalysts.

3. Conclusion

In summary, we designed unique P,(MesCO), molecuk that acts as a stoichiometric
phosphorus source for the selective synthesis of crystalline FeP giach&moparticles. In
both cases, the reactions conducted at°25@ieldeda hollow morphology characteristic of

outward diffusion of the metal during the phosphorus inser&% and PDFRanalysesvere
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then combined tdetterunderstand the local order tife materialsas well as the reaction
mechanismAt a lower temperaturef 180°C, anintermediateamorphous phase was formed
both forx =1 andx =2, with a local structure close to the crystallieguivalent These as
synthesized material&ere investigatedas electrocatalysts for proton reduction, the most
active one being the amorphous FePPhis highlights the relevance of studying amorphous
nanoparticleghat are often undervalued in catalysis due tchallengingcharacterization,

which wasaddressed herlhanks tahe PDF.
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4. Experimental section

4.1 Synthesis of Mesitoylphosphae

A dry and argon flushed Schlenk flask equipped with a magnetic stirrer was charged with
finely divided elemental sodium (253, 1@ mmol, 3.lequivalents) and 1,2-
dimethoxyethane (40 mL). Naphtaae (0.429, 3.3mmol, 0.1 equivalentyvas added to the
suspensionThe reactionmixture was stirred until iturned deep green. Red phosphorus
(1.02 g, 33mmol, 1 equivalent) was added in one portion and the reswdtisgension was
stirred for 48hours at room temperature. Leftover sodium was removed with tweezers and the
black suspension was cooled to G#th an ice bathTertbutanol 8.16 mL,2.45 g, 33mmol,

1 equivalent) was mixed with 1@L dry 1,2-dimethoxyethae 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 stirvedr additional2 hours at room temperature.
Methyl 2,4,6trimethylbenzoat€5.88 g, 33 mmoll equivalent) was added dropwise to the
suspension, which was subsequently stirred for 2 hours at room temperature. Formic acid
(3.8mL, 4.6g9,100mmol, 31 equivalents) was added dmmise to thesuspensionvhich was
stirredfor an additional30 minutes.The reaction volume was reduced to roughly one third
and n-hexane (50nL) was addedThe solids were removed by filtratiowashed withn-
hexane (20 mL) and the resulting filtrate was drieth vacuq affording the crude
mesitoylphosphanas a yellow oil 83.85 g, 21.3 mmol65% yield). This crude material was
sufficiently pure for thesubsequentyclization stepSee Figur&s1l and Figur&2 for NMR
spectra.

3pfIH}-NMR (121MHz, CDCk S S P=-51 (s enol form); -97.8 (s keto form).

4.2 Synthesis ofP4(MesCO),

A dry and argon flushed Schlerilask equipped with a magnetic stirrer sveharged with

THF (100mL) and mesitoylphospha 3.6 g, 20mmol, 1equvalen)). The mixture was stirred
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vigorously and hexachloroethane (4¢;30mmol, lequivalent was added in onportion.
Triethylamine 4.04g, 40mmol, 2 euivalents) was added dropwise over 15 minulds
resulting white suspension was stirred for 16 hours at room temperature before removing all
volatilesin vacuo Diethylether (50 mL) was addeslowly to the residueand 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 driedvacuoat 150°C, affordind®(MesCO), as a pale
yellow powder (0.53 g, 3 mmol, 15 % yield).

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

'H-NMR (300MHz, CDCL, ppm) £ 6.71(s, 8H, GH); 2.33(s, 12H,p-CHa); 2.00(s, 24H,
0-CHy).

C{*H}-NMR (75MHz, CDCk, ppm) £ 224.6(m, CO); 139.9(s, Cpary; 136.5(M, Cipso);
133.9(s, Cortho); 128.9(s, CH); 21.3(s, p-CHa); 20.0(quin, $c=3.3Hz, 0-CHs).

3P{’H}-NMR (121MHz, CDCk, ppm) £ -44.7 (s).

FTIR (ATR, 298K, cn'): =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 (), 412 ()

4.3 Synthesis ofFeP nanoparticles

A 100mL threenecked round bottom flask wabkarged with oleylamine (60r@mol, 16.39)
and octadecene (1.hhmol,0.3g). The mixture was degassed at *@0under dynamic
vacuum for 30min. It was then put back under, Nind heatd up to180°C. Fe(CO}
(5.2mmol,0.7mL) was added and the solutiaras stirred at this temperature forraih. The
black suspensionvas cooled down to room temperatu@me may note that the,(MesCO),
stoichiometry was calculated assuming a quantitative yield of the Fe(0) NPs syiitfésis

leading to a slighibut overevaluation of thé>-sourceamount in the following step.
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The desired amount of,®1esCO), was then added (for instance, for FeP:ririol,0.99)

and the mixture wadegassed by three successive vacuymiidles (1 min per cycle)lhe
solution was heated up &B0°C or 250°C under N and stirred for an additional 90in. It

was finally cooéd down to room temperatudey removing the heating mantle. Thé&ack
suspensiorwas transferre in two centrifuge tubes andispersed im-hexane(5 mL) and
acetone was addg@0mL). The black solid was precipitated out by centrifugation process
(6000rpm, 10 min) and washeat leasttwo times with an-hexane/acetone (1:5) mixture. It
was finally dried under Nflux to yield FeP nanoparticles.

The same preedure was followed whdfe,P, FesP and FgP stoichiometry were targeted

4.4 Electrode preparation

Inks of FeP/ F&° nanoparticles were prepared by sonication in the presence of isopropanol (1
mg per 100 L) until a homogeneous black suspension was formed. The suspensidrop/as
casted onto a @nv’ gas diffusion layer electrodSigracet 29 AAFuel CellStora in aliquots

of 50 L x 4. Each aliquot was allowed to dry before the proceeding aliquot was added.
Before use of the electrodes, activation of the particles was takderby application of

1.0V vs.RHE in the electrolyte solution fdrhour.

4.5Electrochemical performance testing

Electrocatalytic measurements and constant potential electrolysis were carried out using a
Bio-logic SP300 potentiosta®@hmic drop carection at 80% was undertaken on linear sweep
voltammogramsA H-type cell was used witleach compartment separated byNafion
membrane (Alfa Aesar, 1415) with an inteelectrode distance of@n between the working

and Pt counter and an Ag/AgCI refecen(saturated KCI) placed at 0.5 cm from the working.

1.0M H,SO; (SigmaAldrich, 99.9%) or 1.0M Na,SO, aqueous solutions was used as both
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anolyte and catholyte, the catholyte beingsaturated preceding the experiment. During the
electrolysis, Ar was constantly bubbled SamL.min™ througha frit at the bttom of the
cathodic chamber. éherated Kl and excess Ar were flowed to the gaseaustiof a gas
chromatograph for online measurement.

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

relationshipE vs.RHE =E vs.Ag/AgClI + 0.197+ 0.059*pH.

4.6 H, characterization

H, was analyzed by gashromatography (GC, MuHlias Analyzer #5 SRI Instruments),
equipped with Haysep D and MoleSievé Tolumns, thermal conductivity detector (TCD)
and flame ionization detect¢FID) with methanizer using Aas a carrier gas.he GC was
calibratedusing a tandard gas mixture containing 2590m of K in CO, (Messer) Faradaic

efficiencies (FE) were calculated according to the following formula:

Where p, PRO LV WKH TXDQWLW\ RI DQDO\|HG Sé&yBaGIXFW ) L

96485C.mol”* and Q ishe corresponding passed charge.
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Phasecontrolled FeP and K nanoparticles are prepared using a cyclophosphane &€250

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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