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Abstract

Magnetic bimetallic Fe-Bi composites, synthesized by decomposition of omyztadic
precursors under amine borane and dihydrogen, formed regulasplaeres with mean diam-
eter of 150 nmt 30 nm. The nanospheres display a core-shell like chemical distribution in
which bismuth is mainly concentrated in the core, as demonstrated through &émep-
ping x-ray energy dispersive spectroscopy while the shell is formeabbyegated 3nm wide
iron nanoparticles. The close environment of the different elements malgzad through
complementary techniques such as extended x-ray absorption fine trwatle-angle x-ray
scattering,>’Fe Mdssbauer and x-ray photoelectron spectroscopies. Despite theiridron-r
shell, the Fe-Bi nanospheres present both good magnetic properdiesbanced resistance
to oxidation during air exposure. In order to uncover the growth mechanlisading to the
formation of this compound, a series of samples taken at different stepe efnthesis pro-
cess was analyzed. The role of metallic iron to promote the reduction of thethipmacursor
from the early stages of the synthesis is emphasized. Remarkably, thispmmmotes the

formation of a metastable Fe-Bi nanoalloy.

Keywords : Bimetallic nanoparticles; bismuth; iron; growth mechanisms; stejcsoft

chemistry

Introduction

Nanosciences and related technologies have recentlyddaus important research effort on the
fabrication and study of multicomponent and hybrid pagsd The presence of discrete domains
of different materials in a same particle is indeed highlgidgble for many potential applications:
on the one hand, it offers the remarkable advantage of cantgputifferent properties in a sin-
gle object, on the other hand it opens a route to new progeatiel novel functiond-*Among
multicomponent particles, the ones with core-shell geoyraae highly valuable because the core

material is effectively protected from the environment bg shell, while the shell material can



provide enhanced properties, either opttaal magnetic® to the core-shell system. A great atten-
tion has been paid to the combination of iron with a non feagnetic metal in a single patrticle.
In these materials, the use of a metal presenting a largahitycgap with iron is particularly
appealing to create core-shell chemical distribution. egsvexperimental or theoretical studies
have thus been dedicated to the Fe/Au system in which Fe eceeqgbto remain at the core of the
particle./~10

In the present paper, we focus on the iron-bismuth systemhiohwboth metals display very
different properties and present a large miscibility gap. il&Vr-Fe is ferromagnetic, bismuth
behaves as a semi-metal with unique electronic propertiegarticular, remarkable transport
and thermoelectric properties have been reported in bismartoscaled materials or nanocompos-
ites}~14Very few studies have been dedicated to the immiscible Fey&tesn and all of them
concerned thin films, either Fe/Bi multilayered filldsor Fe-Bi bimetallic films grown by co-
sputtering of elemental targets or dual electron-beamaradipn or even through ion mixing in
previously grown Fe/Bi multilayered film¥181n a preliminary study, we developped a success-
ful synthesis of FeBi bimetallic nanocomposites, althodghdssembly of particles was not fully
homogeneou$? In the present paper, we developped further the synthesieipresence of hex-
amethyldisilazane (HMDS), which allowed the formation aghbtallic nanocomposites, so as to
control the formation of an assembly of identical FeBi p&s¢c required to perform a thorough
structural and chemical analysis of the synthesized pesticTypically, we used a Fe/Bi atomic
ratio as small as 7/1 instead of 1/1 as'thwith the aim to avoid the nucleation and growth of
pure bismuth nanocrystals. Excess HMDS (namely 10 equivakrsus metal content) was used
to compensate for the high lability of this amine and enstabikzation of the colloidal solu-
tion. As our samples grow in mild conditions of temperaturd pressure, and are surrounded by
ligands, their structure and morphology can be very diffefiem those expected from thermody-
namics. On the contrary, kinetics can play a rather imponart, as we observed in the Fe-Rh
system? Thorough examination of the structural and chemical festuirom the core to the sur-

face of the particles, is thus mandatory if one aims at erpigithe properties of such complex



compounds. For these reasons, we combined in this studyamgke x-ray scattering (WAXS),
transmission electron microscopy (TEM) with related ated#y} techniques such as energy disper-
sive spectroscopy (EDS), extended x-ray absorption finetstre (EXAFS), x-ray photoelectron
spectroscopy (XPS) and transmissitiffe Mdssbauer spectrometry. The magnetic properties of
the Fe-Bi nanospheres were also measured using a supertogdycantum interference device

(SQUID).

Experimental section

Synthesis
General methods

All operations (material preparation, sampling and pasi@gwere carried out using standard
Fischer-Porter bottle techniques and glove-box underrarg@(N(SiMe;)2)2 (>99%) was pur-
chased from Nanomeps and anhydrous anisole from SigmaeBldinisole was purified by dis-
tillation under argon (over sodium) and further degassethbyfreeze-pump-thaw technique and
finally dried over molecular sieve (0.4 nm) before ug(N(SiMe)»)3! andiProNH — BHz??
were prepared and purified according to published procediéydrogen was purchased from
Air Liquide and contained less than 3 ppmt§O and 2 ppm 0f0,. To determine the Fe and Bi
contents in the materials, elemental analyses were pesfbanAntelli$® by ICP-MS (Inductively

Coupled Plasma-Mass Spectrometer), after digestion ofaitmpkes in concentratédN Os.

Sample preparation

Fe(N(SiM&3)2)2(80 mg, 0.21 mmol)Bi(N(SiMe;)2)3 (20mg, 0.03 mmol)HMDS (343 mg, 2.1
mmol) were dissolved in anisole (18 mHpO < 3ppm) in a Fischer-Porter bottle in a glove box.
The homogeneous yellow-green solution was freezed ungi@dlnitrogen and 1.1 equivalent of

diisopropylamine-borane with respect to iron (27 mg, 0.24at) in anisole (4 mL) were canula-



transferred in the Fischer-Porter bottle. Slow warm-ughefreaction medium up to room temper-
ature afforded a dark brown solution. This homogeneougisalwas then pressurized under 3 bar
H, and heated 4h at 131G and 19h at 150C without any stirring. A black magnetic solid was re-
covered by filtration, washed with anisole (5 mL) and driedemvacuum (recovered mass: 16mg;
Fe: 11.18% ; Bi: 5.52 % i.e. atomic compositibr; gBi1). The same procedure was repeated and
the reaction stopped at different reaction times to inges#i the evolution of the material: before

pressurization undé,, after 4h at 110C, after 4 and 72h hours at 150.

WAXS and EXAFS experiments

The samples for WAXS experiments consisted in small amooithe pure powders sealed in
1 mm Lindemann glass capillaries. Measurements were peedrusing a dedicated two-axis
diffractometer equipped with a graphite flat monochromatarder to select the molybdenunyK
wavelength (0.07107 nm). A solid-state detector was uselistziminate scattering from Fe and
Bi intense fluorescence radiations. Data sets typicallyuoedl 457 measurements in the range
0° < 6 < 65° for equidistans valuess= 471(sinf /A )]. Measurement time was typically 15 hours
for each sample.

X-ray absorption (XANES and EXAFS) experiments were perfed on beamlines C and
X1 of Hasylab synchrotron facility at HASYLAB in Hamburg. Feach composition, two sam-
ples were prepared by compacting a pellet of the powder mm#dthe appropriate amount of
poly(2,6-dimethyl-p-phenylene) oxide (PPO) in order twdh@ptimal absorption at Fi€-edge
(7112eV) or BiLz-edge (13419eV). The measurements were done in transmisgide at room
temperature using a Si(111) double monochromator. Metialicere measured simultaneously in
the monitor position for accurate energy calibration. TRAES signal was extracted using the

Athena program and structural parameters were refined tisngrtemis progrant?



TEM and EDS experiments

Samples for TEM experiments were dispersed in toluene @o@niprevious to deposition on
ultrathin carbon films supported by a lacey carbon film on a #@8h copper grid. They were
exposed to air just before their introduction in the micapge The samples were analyzed using
a Cs-corrected Tecnai F20 and a CM20 FEI microscopes. Both seiopes are fitted with a field
emission gun. Elemental mapping of isolated particles waatopmed by energy dispersive x-
ray spectroscopy (EDS) to address compositional varigtioom the core to the surface of the
particles. The EDS spectra were recorded in STEM mode on th20CMhich is fitted with a
Bruker QUANTAX EDS system.

XPS experiments

Samples for XPS experiments were prepared in an ultra-goresphere (within the argon glove-
box directly connected to the spectrometer) and mountedstaialess sample holder using con-
ductive copper tape. Surface elemental and chemical stetlyses were performed onkaa
x-ray photoelectron spectrometer (Thermo Scientific).sThstrument is equipped with a micro-
focusing monochromator (At-a x-ray source at 1486.6 eV), which was operated at a spot size
of 400 um diameter, and a pass energy of 20 eV. The spectrometer Vilastzad using the pho-
toemission lines of Au (Au#,, = 83.9 eV, with reference to the Fermi level) and Cu (P2

= 932.5 eV); for the Au4; , line, the full width at half maximum (FWHM) was 0.86 eV in the
recording conditions. Charge effects were compensateddydbk of a dual-beam charge neu-
tralisation system (low energy electrons [typically 1.8§ and Ar" ions) which had the unique
ability to provide consistent charge compensation. All leeitraliser parameters remained con-
stant during analysis. For the study, charge referencirgydeae against adventitious carbon $C1
binding energy = 284.6 eV). Spectra were analyzed and matieatly described using CasaxXPS
software. The XPS signals were analysed by using a leastesjakgorithm and a non-linear base-
line. The fitting peaks of the experimental curves were ddflmea combination of gaussian (70

%) and lorentzian (30 %) distributior?s.



M Gssbauer experiments

The samples for Mssbauer analyses consist of a thin layer containing aboug Bfrife percn?

of FeBi powders dispersed in PPO that was sealed in glove btiximert atmosphere to avoid
oxidation. °’Fe Mdssbauer spectra were recorded usirtf@o/Rh y-ray source mounted on a
conventional electromagnetic drive using a triangulaoe®y form. They were obtained at 77K,
300 K without external magnetic field and at 10 K in an 8 T fieletioted parallel to thg-beam.

The Mdssbauer spectra were analysed using the '"MOSEITThe hyperfine structure was mod-
elled by a least-square fitting procedure involving Zeenextets composed of either lorentzian

or gaussian lines. The isomer shift values (IS) were refeimdhat of thea-Fe at 300 K.

SQUID experiments

Hysteresis loops were recorded at 2 K, between -5 T and +5MgwsMPMS Quantum Design
SQUID. The as-prepared powder was sealed in a gelatin @apsprevent any oxidation during
the transfer of the sample into the magnetometer. Elemangdysis was carried out directly on the

capsule to enable normalisation of the magnetization veigipect to the Fe content in the sample.

Results and discussion

A core-shell chemical distribution
Structure and morphology

TEM observations give evidence for the presence of only gpe of particles: nanospheres with
a mean diameter 158 30nm, as determined from the analysis of about one hundmtidlpa. A
typical TEM image is displayed in Figure 1. The enlarged vava nanosphere shows that it is
composed of numerous small grains about 2 to 3 nm large,sitdéthe surface region thin enough
to present electron transparency. The core-shell cordbsgrved in such large particles cannot be

readily attributed to a difference in chemical compositaanit is also the expected contrast for a



spherical object, the thicker region of the core being muohenabsorbent for the incident electron

beam than the surface region.

Figure 1: TEM image of the Fe-Bi nanopatrticles. An enlargeswof one particle, revealing the
presence of numerous nanograins, is displayed in inset.

In order to check the compositional variation across theospheres and in particular from
core to surface, several nanospheres were examined usitiglispresolved STEM-EDS with an
electron probe size of 2 nm. Spectrum images were recorded asdrift correction and fur-
ther processed for quantitative analysis of the differéements. Figure 2 presents the elemental
mapping data for an ensemble of three particles, which gesvclear evidence for a composi-
tional variation from shell to core: the shell seems to benflgatomposed by iron while most
of the bismuth content seems concentrated in the particke cbhe quantitative analysis of the
displayed group of particles gives a Fe/Bi ratior&: Bi = 0.875/0.125= 7, remarkably close to
the nominal ratio introduced at the beginning of the synghe&nalyses performed on spectrum
images of different particles gave very close results, #i® remaining in the range # 0.25.
The compositional gradient from surface to core of the npheres is better evidenced when the
atomic composition is plotted along a line profile taken asra nanosphere diameter. Such a plot
is displayed as supporting information (figure Si1). Cleatttye ratio of the different elements
strongly differ in the surface and in the core of the nanosph®f course, while the displayed
surface region is effectively representative of the shie##, spectra recorded in the central part of

the nanospheres include both the contribution from thegb@stcore and the contribution from top
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and bottom regions of the shell. The shell composition,yaea from small regions taken in the
surface region, is thus estimatedie/Bi = 93.6/6.4 = 14.625. The composition of the core was
then deduced from the two known compositions, i.e. mean ositipn and shell composition, us-
ing a simple model of a spherical particle fully occupied leyead Bi atoms with different atomic
volumes. Such estimation gives=a/Bi ratio slightly less than 1. One can conclude from these
analyses that the observed nanospheres are fully repatiserdf the whole sample as they seem
to gather all the metallic atoms introduced in the syntheslse core of the nanospheres, with a
volume about 5 times smaller than the shell, has a compositase the=e/Bi = 1/1 (i.e; around
50% of Bi) while the shell includes only 6.4% of Bi. However, hioig can be said at this step
about the distribution of the different metals in theseaagi and in particuler about the possible

formation of metastable Fe-Bi alloys at this nanometer scale

Figure 2: Local elemental mapping of Fe-Bi nanospheres giewidence for an iron-rich shell
and a concentration of Bi atoms in the core region (intengityasponds to counts).

The observed core-shell distribution is not the one expliteen both thermodynamic and ki-
netic considerations. Bismuth has a much lower surface grleag iron (0537J.m~2 for Bi com-
pared to 2222).m2 for Fe)?” as well as a much larger atomic size. These two parametentdsho
promote a segregation of bismuth at the surface of the n&ieosp owing to energy minimization
considerations. Moreover, the synthesis procedure igedfdesigned to ensure the sequential de-
composition of the two different precursors. Indeed, cargkperiments (detailed in Sl) revealed
that the bismuth precursor is very stable and requires adeatyre as high as 190 to be decom-
posed under dihydrogen, while the reduction of the ironymsar in the presence of amine-borane

is quasi-instantaneous at the very beginning of the prazasied out close te-40°C. In order to
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shed some light on this unexpected chemical distributloactose atomic environment of the two
metals was investigated by different complementary tepres.

A chemical overview of the Fe-Bi compound was first given tigloiXPS analyses. In addi-
tion to iron and bismuth, which were both found in a metalt&ts, the XPS analysis highlights
the presence of some traces of light elements coming frormalroeganic precursors/HMDS de-
composition as well as boron coming from the amine-boramel @s reducing agent and easily
dehydrogenated. The presence of B-Fe bonds was clearlyledvatithe B-$ core peak (pre-
sented in supporting information, figure SI2). Indeed theakpdisplayed a small component at
188.2 eV associated with a low atomic percentage of bor@¥%§)L. This component corresponds
to a specific fingerprint of Fe-B bonds recorded from a refezdfeB alloy in agreement with a
previous work?® In light of these results, one can conclude that boron, cgrfiom the amine-
borane reducing agent, is present in the iron close envieonAl

X-ray absorption experiments were also carried out at the F&L12eV) and BL3 (13419¢eV)
edges. Figure 3 presents the uncorrected Fourier transf@i) of the EXAFS functions at both
edges together with the references from pure Fe and Bi foile.HT at Fe edge is consistent with
metallic iron, however it significantly differs from the bpattern observed for the reference foil:
the peak including bonding distances is broad and shiftegshtoter distances. Its amplitude is
reduced tenfold compared to bulk iron. This points towarlgm@vironment for Fe atoms charac-
terized by a strong dispersion, both in bond lengths and wa&species (i.e. including Fe atoms
but also lighter elements like C, N, O and B), however alreadseoled for small iron particles
also synthesized by a soft chemical ro8fSuch a disorder is not observed at the Bi edge, but the
pattern clearly evidences a mixed environment for Bi atoma&nBf FTs of heavy elements like
Bi must be considered carefully (e.g., the broad asymetpieak for the Bi foil is actually related
to a single well defined bonding distance), there is no redliguaity : the longer distance (0.3
nm, uncorrected) is related to a metallic Bi environment,thatshorter one (0.22 nm) points to
a different backscattering atom. Considering both atomaizephase shift, this indicates that in

the whole sample, a large part of Bi atoms have Fe neighbdusere also, very light elements
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like C, N, O and B cannot be excluded but should only marginatligtribute to the left side of
the main peak. Metallic bonding between Bi and Fe atoms shalstulbe observed at Fe edge,
and actually the right side of the main peak may include sucbrdribution, however quite low
for two reasons: the low percentage of Bi in the material, t&a ¢he high static disorder in Fe
neighbouring already reported. Since the relatively shefFe bond is already largely suppressed,
an even more dramatic effect is expected in these conditwrke longer Fe-Bi one. The EXAFS
results thus agree with a mixed Bi and Fe environment for Bi atohs most of the iron atoms are
located in the bismuth poor shell region of the nanosphéesshell volume is 5 times larger than
the core volume and contains nearly 94% of iron), the obseR&Bi bonds at the Bi edge most
probably originate from the core region whose compositias mreviously estimated close tpll
The fact that both Fe-Bi and Bi-Bi bonds exist gives a strongoiaiton for the presence of pure Bi

nanograins in the core region together with Fe-Bi alloy anssfmy also pure Fe grains.
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Figure 3: Magnitudes of uncorrected Fourier transformsed{ Edge (left) and BL3 edge (right).
For easier comparison, the reference foils were adjusted asscaling factor (0.10 and 0.80 for
Fe and Bi, respectively).

The local environment of Fe was further analyzed throughsdhhauer spectroscopy experi-
ments. The zero fielél’Fe Mdssbauer spectrum collected at 77K displays a pure magreatiets
composed of asymmetrical broadened lines (figure SI3 in &tipg Information). The broaden-
ing of the lines probably results from the chemical inhomegty. Different fitting models were
attempted to describe the hyperfine structure, assumihgreine or two magnetic components

with distribution of hyperfine fields and lorentzian or gaaedines. The best agreement, in par-
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ticular for the fit of the inner lines, was obtained when cdesing 2 magnetic components with
gaussian lines and independent linewidths. However theisalinvolving two discrete distribu-
tions of hyperfine fields was preferred as the gaussian prisfite®t physically appropriate.The
mean hyperfine field and isomer shift values are estimatebait€26 and 33T, 0.23 and 0.18
mm/s, respectively, while the quadrupolar shift valuesaenclose to zero (see table 1). The re-
sults agree with the occurrence of two different environtsdar iron (consistently with XPS).
The low and broadened hyperfine field component can be dt#dlto Fe atoms surrounded by
B atoms: indeed, investigation of crystalline and amorghiea borides reveals that the hyperfine
field at>’Fe sites highly depends on the presence of boron atoms asdigétbours, with values
ranging from 20 to 25T at 77R? In addition, the increase of the isomer shift up to about0.25
0.30 mm/s at 77K is also nicely consistent with the preseml@&: species in the close vicinity of
Fe 32 On the other hand, the high hyperfine field component is magigily due to rather pure
Fe disordered phase taking account of the observed linelenirag (let us recall that the hyperfine
field value in the well-ordered-Fe phase is 33.7 T at 77K). The present situation appears to b
rather consistent with that observed in grain boundariagabcrystalline Fe materials resulting
from in situ consolidated Fe clusters generated by inertgadensatior?* Consequently, the hy-
perfine structure of present Fe-Bi nanospheres should fesmitcombined effects including the
presence of boron, the disordered topological structudetiae surface or interface effects which
contribute also to disturb the local environmenP&fe probes. Such a complexity prevents from
an estimation of the boron content diffused into the irorstdts. The lack of reference on the

Fe-Bi immiscible system prevents further analysis on thegmee of Bi in the Fe environment.

Table 1. - Comparison between refined values at 77K of hyperfia parameters (mean iso-
mer shift < 6 > and mean hyperfine field< Bnyp >) obtained by means of different fitting
procedures involving gaussian and lorentzian profiles, G athL respectively.

Sub-spectrum < & > (mms™1) | <2e> (mms™t) | <Byyp> (T) | Area(1)/(2)
+0.01 +0.01 +0.01
G/L 0.19/0.18 -0.02/-0.00 32.2/33.0 67 /57
(2)G/L 0.32/0.23 -0.01/0.1 25.5/26.0 33/43
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Properties

Despite the presence of iron in the shell, the nanosphespkagtigood magnetic properties and re-
sistance to oxidation during air exposure. Figure 4 shoe$itsteresis loops recorded by SQUID
experiments on both fresh (directly after synthesis) aretiggfter 1 day of air exposure) Fe-Bi
samples, the magnetization being normalized with resjettte iron content. The fresh sample
displays an enhanced magnetization compared to bulk i®42r? /kgto be compared with 218
A.n?/kg). Such an enhancement was already observed in 2nm-widenBpaudicles stabilized in

a polymer displaying a poorly ordered polytetrahedral atcemrangement, and was attributed to
strong surface effects in so small particR8sAfter air exposure, the magnetization remains high,
typically at 92.2% of its value in bulk iron, which represeiat decrease of 14% compared to the

fresh specimen.

0,54

-0,5 1

HpH (T

Figure 4: Hysteresis loops of the Fe-Bi nanospheres recqudedfter the synthesis (black solid
line) and after 24 hours of air exposure (red dotted line).

The comparison of Mssbauer spectra obtained at 77 K on the as-prepared powdi@&ftan
about 4 months ageing however revealed significant chamgesh can be attributed to an evo-
lution of the Fe-Bi nanospheres. The difference essentaipes from the narrowing of lines
which can be assigneapriori to some local atomic reordering. Furtheo$sbauer spectra were
performed at 300K (without external field) and at 10K (und&re&ternal field) on aged samples

to better understand the atomic scale Fe surroundings @ohéignetic orientation of magnetic
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Fe moments (figure 5). The in-fieldddsbauer spectrum consists of only 4 broadened and asym-
metrical lines: the disappearance of the intermediates lindicates unambiguously that the Fe
magnetic moments are aligned parallel to yHeeam, making thus easier the hyperfine structure.
As the applied field is parallel to thebeam, in the cryomagnetic device, one should conclude to a
ferromagnetic structure; in addition, the reduction ofregnetic splitting compared to that of the
zero-field spectrum suggests that the hyperfine field is ofgoimsthe magnetic moment. The same
fitting model involving distribution of magnetic componemnas applied at both 300K and 77K,
and at 10K under external magnetic field, in order to ensuretalde determination of the mean
value of the canting angle. The effective field (equivalerthe vectorial sum of both applied field
and hyperfine field) distribution, established from the eiefispectrum, allows us to estimate the
hyperfine field distribution taking into account both the toagangle and the applied field values.
The hyperfine field distributions are compared in figure 5hiig one observes clearly a refine-
ment of both components, particularly the low field one, wigltreasing temperature. A summary
of the values of hyperfine parameters is given in table 2. Efieed values of isomer shift are
consistent with the presence of metallic Fe species. Irtiaddithe in-field Mossbauer spectrum
fairly agrees with the presence of a ferromagnetic strectth reference to both the early ob-
servations by Hannat al.2® and the low canting angle. All these results suggest an toolof

the sample with time. As we cannot exclude some air exposuniagithe samples transfer and
residual oxygen exposure during the long stay in the glove thee observed evolution (atomic
reordering, ferromagnetic metallic iron) could be atttémito the migration of some interstitial
(or substitutional) boron atoms from the volume of the ir@amograins to their surface so as to
form a protective boron oxide. This scenario is also sugaboly the observation of boron oxide in
XPS analyses of aged specimens. The role of bismuth in therada$ properties remains unclear.
However, enhanced resistance to oxidation and good magoreperties were reported in Fe-Bi
alloys examined by Forester and co-workérand our EXAFS experiments strongly suggest the
formation of an Fe-Bi amorphous alloy, at least in the corehefrtanospheres. Further analyses

will be necessary to gain full understanding of the différparts played by these elements but
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the good resistance to oxidation of these bi-metallic casleé compounds together with the low

biological toxicity of bismuth made these compounds paléidy valuable for further applications

i -
\ f 300K o~

in biology.3’

o
1

Figure 5: °’Fe Mdssbauer spectra obtained at 300 K, 77 K (without externalneisg field)
and 10 K in 8 T magnetic field applied parallel to tideam on powder after 4 months (left side).
Spectrum and sub-spectra result from distribution of magsextets based Lorentzian lines which
are represented on right side.

Origin of the formation of Bi@Fe nanospheres

In order to understand the origin of the unexpected core@dils&ribution, and thus to provide a
better control of the synthesized samples, we analyzediffieeemht stages of the formation of the
Fe-Bi nanospheres by collecting samples at the main step® @ynthesis sequence, as sketched
in Figure 6. The different samples are numbered from S1 tat&5previously observed Fe-Bi
nanospheres corresponding to sample S4 in the sequence.

The XPS analysis of the two precursdfg(N(SiMes)2)» andBi(N(SiMe3)2)3 was undertaken

in order to precise the binding energy (BE) of Fe-@nhd Bi-4f core peaks in these compounds.
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Table 2: - Summary of refined values of hyperfine parameters ofained at 300 K, 77 K and
10 K (mean isomer shift< & >, mean quadrupolar shift < 2 >, mean canting angle< 6 >

and mean hyperfine field< Bpyp >).

<d>(mms )| <2e>(mms ) [ <O> [ <Bup>(T) | Area(1)/(2)
+0.01 +0.01 (°+10 +2 +0.02
300K (1) 0.04 -0.03 - 32.0 0.41
2) 0.10 -0.04 - 25.0 0.59
77 K (1) 0.13 -0.01 - 34.0 0.43
(2) 0.22 -0.02 - 28.0 0.57
10K (1) 0.14 0.04 15 35.6 0.44
2) 0.29 0.00 20 31.0 0.56
AB Haz N
s r i . 1#h ™
150 |- e oL ST,
e .. ; an |
O RT Ti 15 min
— 0 * ¥ L7 ¥ ¥
| 51 52 53 54 55 Samples
100}~
486 |

Figure 6: Sketch of the synthesis sequence and samplestedliat the different steps, numbered
from S1 to S5.
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For bismuth, besides a Bif4oublet characteristic of an oxygenated environment ahbth (BE
Bi —4f7/, 1590eV) a smallBi — 4f7,, component appears at 158.0 eV. This BE is in line with
the value reported in a recent paper for Bi-N bonds in Bi-Fe@ygi 3 This result shows that the
signature of Bi in the precursor is clearly different from BitalgBE Bi — 4f7,, at 159.0 eV). For
Fe(N(SiMe&s)2)2 it was not possible to precise the signature of Fe accordirthe well known
reactivity of this precursor with traces of water favorimg toccurrence of FeO nanoparticis.
Figure 7 presents high resolution spectra of Biadhd Fe-2 ionization peaks at different steps of
the synthesis (samplé&i, 2 and$4). The Bi-4f peak displays, on all the spectra, a well-defined
4f7/5_5/, doublet at 157.0eV-162.2eV, significant of the decompasitf the Bi(N(SiMe;)2)3
precursor. The decomposition of the bismuth precursor etvédry beginning of the synthesis
(sampleSl) while Bi was expected to be reduced by dihydrogen at°XS@nly, is certainly an
important information. In parallel, the iron ionizationgdeshows a slow evolution frof&l to 4.
Iron is essentially in an oxidized state at room temperatdmiée a strong metallic iron component
arises only during step 2, i.e. after 4 hours under dihydraagel10C. SampleS3 (not shown
here) still contains an important proportion of iron in andized state. Finally, the Feg2peak
displays a §3/>_1/»> doublet at 707.1eV-720.3eV, clearly assigned to a nonipaitenvironment,
after 19h at high temperature in 84 sample. The oxidized state of iron observed in the previous
steps of the synthesis is probably related the adventitigdeolysis of the Fe amido-complex, still
present inS1 to S3 samples during sample preparation for XPS. Finally, XP&yaes of thesb
specimen (not shown) are similar to t6& ones.
These results allow to conclude that the simultaneous peesaf the two precursors in the solution
definitely favors the bismuth precursor decomposition. theowords, the zero-valent Fe atoms
resulting from the fast reduction of the iron precursor ie firesence of amine-borane, induce
the subsequent reduction of the bismuth precursor acaptdira redox process which can be
summarized as follows,

3F€ + 2Bi(N(SiMe3)2)3 — 3Fe(N(SiMe),)2 4 2Bi°

clearly regenerating the Fe precursor in the reacting nmedis long as there is still some
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bismuth precursor to reduce. In this first step of the reactibe Fe amido complex acts as a
catalyst for the reduction of the bismuth amido one. The bibnprecursor is soon completely
decomposed (the Fe/Biratio is equal to 7.6) and the iron mtdespecies released in the solution

become stable and can grow to form nanoparticles.
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Figure 7. Evolution of the XPS spectra in the Bi-d4nd Fe-2 regions through the different steps
of the synthesis. Top: sampfl in the presence of amine-borane, middle: sanflafter 4h

at 110C under dihydrogen, bottom: sam@é after 19h at 150C under dihydrogen- underlined
symbols were chosen for Band Fé to include Bi-Fe, respectively Fe-Bi, bonds in the pure metals
peaks.

The same sequence of samples was analyzed using WAXS and EXK4XS could be ap-
plied to all steps of the synthesis and provides insight eoaterage structure. On the left of
Figure 8 (reciprocal space), the prominent feature is adamaorphous pattern froll to 4. S5
is dominated by the rhombohedral Bi pattern, which givesawe of the formation of extended
Bi crystals (several nanometers) in this last step. The R&idsitibution Function (RDF) on the
right of Figure 8 provides more information: fro8i to S3, well defined distances point to a phase
quite different from both iron and bismuth. Since amplitsidie the RDF are strongly related to

the atomic numbers of atoms engaged in the pair, we can egisances related to Bi atoms to
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retain a large amplitude even for a relatively low concdidraof the metal. Actually, the main
peak located at 0.27 nm points to a distance (indicated bytecakbar) quite consistent with a
Bi-Fe bond. At the next stef$4, the peak at this distance strongly decreases a8 ate can
mostly observe the single Bi-Bi bonding distance at 0.31 nenfallowing distances being also in
agreement with the structure of bulk bismuth. This cleanlyi¢ates that an amorphous material
including Bi appears very early in the synthesis and that theyxction of pure metallic bismuth

crystals is a long process.
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Figure 8: Evolution from bottom to tofl to S5; left: in reciprocal space - bottom axis, bcc Fe
pattern, reverse top axis Bi pattern; right: in real spacetopnsimulation from bulk Bi.

EXAFS was also performed on all samples exce@&das it provides the unique ability to
investigate short range order for both metals. Figure 9gmtssthe evolution of the uncorrected
Fourier Transforms (FT) of the EXAFS functions at both edg8sudy at FeK edge provides
limited information: at all steps, only one broad peak carobserved. One major change can
however be observed: f&l, the broad peak points to still shorter distances, whidfcates that it
includes a higher amount of bonding distances between Féginicelements, in agreement with
the fact that iron could be mostly in a molecular state, aeetqul if a transmetalation process
occurs in the first stages of the reaction. Study at the Bi etigelg evidences the process: the
peak at 0.22 nm (uncorrected), already noticed in the pusvéection, can be observed fr@h
and already points to Fe in Bi environment. At this step, thenmeo evidence of pure Bi. The
minor peak at 0.17 nm (uncorrected) points to a distanced®iviBi and a light element, which

could correspond to some remaining bismuth precursor adhahis is not supported by the XPS
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analyses. AB2, we observe the growth of the Bi alloy and a strong decreasieegbeak at 0.17
nm. At S3, this Fe-Bi material is the only phase including bismuthhi@ sample. A least-square
refinement was performed on this spectrum and very good mgraewas obtained with a single
Bi-Fe distance at 0.274 nm (figure Sl4 in supporting inforomati At $4, we can see that the
Bi-Fe peak decreases and the Bi-Bi one finally appears, in agigemith WAXS investigations.
This evolution clearly indicates that the mixed environinepserved for Bi atoms in the initial
sample4 is actually related to a mixture of pure metallic Bi with anaphous Fe-Bi alloy. The
precise composition of this Fe-Bi alloy cannot be estimatethfour analyses, despite the large
range of techniques implemented in this study. Howeverhédir tstudy of Fe-Bi films grown at
room temperature by electron-beam deposition, Forestr® showed that the most stable alloys
formed for a Bi concentration around 20%. Besides, the magn&iment per iron atom in this
alloy was found to reach at least 95 % of its value in bcc ironlidSsolutions with higher or
lower Bi content were seen to undergo phase separation vettotation of pure iron or bismuth
nanocrystals. It seems therefore reasonable to assume &8R0&htent in the observed Fe-Bi
alloy. According to the STEM-EDS analyses, the nanosphsses contains 50% bismuth, which
strongly suggests that all the pure Bi nanograins are coratedtin this region together with the
iron rich amorphous alloy. The weak Bi content (around 6%jlenced in the shell region could
remain in between Fe particles which were found to includeesboron interstitial or substitutional

atoms, at least in fresh specimens.
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Figure 9: Evolution of the magnitudes of uncorrected Four@nsforms fronSl to $4 at FeK
edge (left) and BL3 edge (right) - for each edge, all curves are plotted at theesale.
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Conclusion

We have developped the synthesis of bimetallic Fe-Bi padiot the non-miscible Fe-Bi system.
A clear description of these particles and their propenias obtained through the use of com-
plementary techniques as STEM-EDS, WAXS, EXAFS, XPS armdddauer spectrometry. The
particles, 150 nm of mean diameter, present a core@shetlicakorder with a bismuth rich core

and a shell formed by an assembly of 3 nm large iron nanopesti€uch a chemical order, which
was fully unexpected from both thermodynamic and kinetiosiderations, has been explained
through the analyses of the compound by XPS, WAXS and EXAp8rxents at different stages
of the synthesis. Evidence has thus been given for the aauterof a transmetalation process in
these compounds, which occurs at the very first stages oftithesis and favours the formation
of an Fe-Bi amorphous alloy. When the Fe-Bi particles are forrieslalloy remains concentrated
at their core together with pure bismuth grains. To our krealgk this is the first evidence for the
formation of a Fe-Bi alloy in nanomaterials and using a soéralstry route. Finally, we demon-

strated the enhanced resistance to oxidation in theseleartdespite their shell mainly formed
by Fe nanopatrticles. Good magnetic properties and resestanair exposure as well as a relative
innocuity of bismuth in biology give to these particles aywgood potential for multifunctional

technological applications .
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