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ABSTRACT

Magnetic nanoparticles (NPs) are attractive both for their fundamental properties and for
their potential in a variety of applications spanning from nano-medicine and biology to
micro/nano-electronics and catalysis. While these fields are dominated by the use of iron
oxides, reduced metal NPs are of interest since they display high magnetization and
adjustable anisotropy according to their size, shape and composition. The use of
organometallic precursors allows adjusting the size, shape (sphere, cube, rod, wire,
urchin, ...) and composition (alloys, core-shell, composition gradient, dumbbell, ...) of
the resulting NPs and hence their magnetic properties. We discuss here the synthesis of
magnetic metal NPs from organometallic precursors carried out in Toulouse, as well as
their associated properties and their potential in applications.

1. INTRODUCTION

Magnetic Metal Nanoparticles (MMNPs) have been largely studied during the last
decades as they are expected to boost the technology of a variety of applications ranging
from micro-electronics and magnetic recording media, to biomedicine or catalysis.[]
Most of these applications, albeit not all, are based on the intrinsic ferromagnetism (FM)
of MMNPs. Below a certain size, which depends on each metal or alloy, all the spins of
a NP are aligned creating a “macrospin”. These NPs are called single-domain (SD). This
“macrospin” can be blocked in one direction (FM NPs) or can fluctuate to give
superparamagnetic (SP) NPs. This depends upon the blocking temperature, (78) of the
NPs which, in turn, depends upon their size and their magnetic anisotropy. These
parameters are of importance for the applications, since a blocked state is required for e.g.
magnetic recording applications, whereas a fluctuating macrospin will enable magnetic
heating when exposed to an alternating magnetic field. For these two types of
applications, hard magnetic materials such as Co or its alloys or FePt will be preferred
for the former, whereas soft materials such as Fe, N1, FeCo and FeNi will be preferred for
the latter.

Historically, MMNPs in solution have been prepared by metal evaporation by resisting
heating and condensation into an organic solvent at very low temperature. Upon warming
the resulting solution containing the metal, the atoms condense and are transformed into
clusters and NPs. G. Ozin and K. Klabunde were the precursors of this field.[>*) However,
more productive techniques needed to be developed in order to use these NPs in selected
applications. Reduction methods for gold which date back to Faraday had to be adapted
to produce zerovalent magnetic metal NPs. Without listing all the studies accrued out in
this field, one has again to emphasize the pioneering role of K. Klabunde for the
production of Co NPs upon reduction of cobalt salts with hydride or borohydride
derivatives.I*] Milder reducing agents such as polyols were proved to be very efficient to
produce Co NPs and nanorods (NRs).[’) Following the success in the preparation of
quantum dots, similar techniques, namely high temperature decomposition of inorganic
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or organometallic precursors, were also explored. This allowed, for example, the
preparation of hard FePt or Co NPs.[67]

In this short review we focus on the synthesis of MMNPs by an organometallic approach.
Besides carbonyl complexes which will not be discussed here, the decomposition of
organometallic precursors is in general easy and allows a size and shape control together
with a control of the surface and, importantly, the absence of surface oxidation. In the
following, we will unfold efforts carried out in our group to produce MMNPs with
tailored sizes, shapes and, concomitantly, magnetic properties (Scheme 1).

2. ORGANOMETALLIC APPROACH FOR THE SYNTHESIS OF MAGNETIC
NPS

/ ORGANOMETALLIC SYNTHESIS APPROACH \

Organometallic precursors

Co(n®-CgHy3)(n*-CgHyy) (1)
Co{N(SiMe thf)] (3)
[CofN( ] shla(thfl Carboxylic acids: OA, PA, LA, stearic acid
[Fe{N[Si(Me);],},] (4) Amines: OAM, HDA, DDA, HDAC,
Ni(COD), (2) Polymers: PVP

L >
Ni[PrNC(CH;)N'Pr]; (8) Organic solvents: Mesitylene, Toluene, Anisole i
Rh(n3-C3Hs); (5) 100-150 ©C, 24-96h, 1-3 bars H,/CO e
Ru(n®-CgH,0)(n*-CgH,,) (6) ‘r-v"“"i‘- B
Pt,(dba);

Al04(0001) 200 nm

Scheme I: Overview of the main features of the organometallic synthesis approach to
synthesize MMNPs.

2.1 SINGLE METAL MAGNETIC NANO-OBJECTS: Co, Fe, Ni AND FeC

Following encouraging results obtained on Ru, Pd and Pt NPs,®! our group started in the
mid-nineties the synthesis of MMNPs via decomposition of organometallic precursors in
the presence of a reactive gas (Hz or CO).°! Importantly, the hydrogenation of olefinic
ligands into the corresponding, coordinatively inert alkanes, yields NPs of non-
contaminated surface, in comparison to the carbonyl route where carbonaceous species
may remain on NP surfaces or even transform metal NPs into carbides.

Co NPs with mean sizes of either 1.0 or 1.6 nm can be prepared through the
decomposition of Co(n*-CsHi3)(n*-CsHi2) (1) under H, (3 bar) at 0, 20 or 60°C in
tetrahydrofuran (THF) in the presence of polyvinylpyrrolidone (PVP).[! In this case, only
cyclooctane is produced as a by-product which does not interact with the NPs surface.
The magnetic moment per atom of 1.5 nm MMNPs (uCo =1.94 +0.04 uB) is significantly
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higher than the one of the bulk cobalt and similar to that observed in Ultra High Vacuum
(UHV) using time-of-flight experiments for Co NPs of the same size. This constitutes a
clear demonstration of the “clean” surface state of the NPs prepared under H> by
decomposition of organometallic precursors.['%!!] It has to be noted that “clean” does not
mean that the surface is naked but that the possibly interacting molecules (H2, THF,
cyclooctane,) have no effect on the magnetic moment of the NPs in contrast to oxygen,
water, CO or pyridine which transform the outer cobalt layer either into an oxide or into

a diamagnetic layer.

The reaction proceeds similarly with Ni(COD), (2) in the presence of PVP.!'?] Different
sizes of Ni NPs may be obtained when changing either the chain length or the nature of
the polymer used, which, in turn, influences their magnetic properties.!'>~'4] For instance,
using PVP K 30, stable agglomerates of 30 nm composed of 3-4 nm Ni NPs were obtained
which displayed a FM behaviour, whereas the use of PVP K 90 gave rise to well dispersed
SP 4 nm Ni NPs.['?] Addition of coordinating ligands was shown to drastically affect the
magnetic properties of the MMNPs, leading to a decrease of the Ms in the case of n-
acceptor ligands, such as CO [®3] whereas o-donor ligands, such as amines, were

proposed to be magnetically inert.['®]

Co NPs of 2.5-3 nm could also be produced through the reaction of two different
precursors, 1 and [Co{N(SiMe3)2}2(thf)] (3), in the presence of di-isobutyl aluminum
hydride (DiBAH),.['”) NPs obtained from (3) had an electronically enriched shell via the
coordination of amines or amido aluminum species that led to bulk magnetization
whereas the use of 1 produced NPs with a decrease in magnetization, likely arising from
the presence of an electron-withdrawing shell formed by alkyl aluminum species.

The next challenge was to design synthesis routes able to control size, shape, and,
concomitantly, the magnetic properties of MMNPs. Larger shape-controlled Fe, Co and
Ni nano-objects could be synthesized at higher temperature,!'*2% thanks to a selective
coordination of the ligands on non-compact faces of the starting nuclei, a process which
allows the selective growth of anisotropic NPs along a direction perpendicular to the
passivated faces.[>!2?]

This research started with Ni NPs of anisotropic shape obtained through hydrogenation
of 2 at 70°C in the presence of hexadecylamine (HDA) or trioctylphosphineoxide
(TOPO).['8] While TOPO led to a mixture of spherical NPs and tear-shaped NRs, the use
of HDA led either to spherical NPs or of NRs depending on the ligand concentration.
Upon using 10eq HDA with respect to Ni, 4x15 nm NRs of homogeneous size were
obtained. The nature of the ligands influences not only the shape of the NPs but also their
magnetic properties, since HDA stabilized NRs display a magnetization at saturation (Ms)
comparable to that of bulk Ni, whereas TOPO stabilized NPs display a reduced Ms (0.37
pug per Ni atom). This result confirms that o-donor ligands do not reduce surface
magnetism in contrast to m-accepting ligands.
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In the case of cobalt, hydrogenation of 1 in the presence of oleic acid (OA) produced
monodisperse 5 nm NPs, whereas in the presence of long-chain amines smaller NPs were
obtained.l'"”) However, the combination of oleic amine with OA led at 150°C to hcp-Co
NRs of 9x40 nm, the c-axis of the Acp structure being the nanowire long axis. The
formation of these rods was attributed to the coordination of the carboxylic acid to the
lateral facets of the growing NRs. Notably, the same experiment under argon led to 4 nm
NPs. By modifying the alkylamine chain length, NRs with an aspect ratio found between
1.7 and 22 were produced. All these NRs displayed a Ms per cobalt atom very close to
that of bulk cobalt, and were FM at room temperature, hence demonstrating the
importance of the shape anisotropy. The replacement of OA by either lauric (LA) or
stearic acid led to the formation of monodisperse NRs which assembled into 2D or 3D
super-lattices (Figure 1).[2%

o

Figure 1: (A) and (B) TEM images of self-organized scp-Co NRs (s

cale bars: 10 nm).
(C) High Resolution TEM (HRTEM) image and electron-diffraction pattern of some
aligned rods. Reprinted with permission from Ref.!?3! Copyright 2003, Wiley-VCH.

Upon changing the cobalt precursor to 3 and controlling several reaction parameters (i.e.,
HDA/LA ligand ratio, reaction time, addition rate of the Co precursor, etc)?*23! Co NPs
of different morphologies were selectively produced, among which, spheres, urchins and
hcp-Co NRs of 5 nm of diameter and of a mean length controllable between 40 and 100
nm. These NRs are organized into 3D superstructures leading to very large FM
superlattices displaying both a magnetization close to the bulk value and high Hc as a
consequence of their large magnetocrystalline and shape anisotropies. Tandem X-ray
absorption spectroscopy—small-angle X-ray scattering (XAS-SAXS) experiments have
shown that 3D organization in superlattices occurs during the NRs growth in solution
(Figure 2). Interestingly the NRs growth takes place first by atom-by-atom addition
followed by oriented attachment.[>’] Application of a magnetic field on isolated NR
powders, improves the 3D organization, which is maintained after field removal. This
makes these NRs good candidates for high density magnetic recording.?”]
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Figure 2: Ordered arrays of Co NRs. (A) Scanning Electron Microscopy (SEM) image
of 3D NR superlattices composed of superimposed 2D arrays. (B) In situ SAXS time-
dependent spectra of tandem for the formation of Co NRs. Reprinted and adapted with
permission from Ref.[?%] Copyright 2016, American Chemical Society.

The propensity of cobalt NRs to self-assemble and hence to be used for applications in
which each NR could be a bit of information raised the question of the integration of these
nano-objects. An original solution was to use oriented metal surfaces as 2D seeds for Co
nucleation and epitaxial growth (Figure 3).[2%2°1 Thus Co nanowires (NWs) with their
long axis perpendicular to the film plane were directly grown on non-patterned films of
Pt(111), Au(111), and Co(0001) immersed in solutions containing 3 and HDA and LA.
The resulting materials present an exceptional combination of high-density arrays and
perpendicular magnetic anisotropy, in contrast to most arrays of FM NWs prepared by
other chemical methods. Importantly, this material, when compared to isotropic NPs or
patterned thin films, satisfies most of the criteria for future hard disk drives based on
regular arrays of individual bits, reaching a density of up to 10 Tbits/in?.[?8] Recently, this
epitaxial growth approach has been extended to the growth of Co NWs on metallic foams.
The resulting material was found to be an excellent catalyst for Fischer-Tropsch Synthesis
(FTS).1301
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Figure 3: (A) Cross-sectional TEM micrograph of Co NW arrays grown on
Pt(111)/A1203(0001). (B) HRTEM of (A). Inset: fast Fourier transforms illustrating the
single-crystalline structure of the nanowires with a Co[0001] growth axis. (C) Schematic
representation of Co NWs and Fe nanostructures directly grown on metallic films with
different crystallographic orientations. Reprinted and adapted with permission from
Ref.?) Copyright 2015, American Chemical Society.

MMNPs, inserted into liquid crystals, can be oriented with a magnetic field, giving rise
to a magneto-orientational response. The anchoring of liquid crystal molecules on the
NRs can be efficient®!) due to the high surface per NR exposed, whereas the high coercive
field of the NRs guarantees a large torque compared to smaller isotropic NPs. In this line,
the aforementioned Co NRs (5.5x83 nm) were anchored to a polysiloxane-based polymer
dissolved in toluene. The final hybrid magnetic liquid crystal polymer maintained its
liquid crystalline character while preserving the magnetic properties of the NRs, hence,
displaying ferromagnetism with high coercive field (6.4 kOe). Furthermore, owing to the
coupling between the NRs and the polymer, the final product exhibited a more
homogeneous magnetic response than similar systems dispersed in an inert organic
matrix.[3233]

This research could be extended to iron through hydrogenation of the iron analogue of 3,
Fe{N[Si(Me)3]2}2 (4) in the presence of either long-chain carboxylic acids (OA, palmitic
acid (PA)) or hexadecylamonium chloride (HDAC) and long-chain amines
(dodecylamine (DDA) and HDA). In this case, the structure of iron being bcc, highly
monodisperse Fe nanocubes were produced. The nanocubes arranged in close proximity
and with their crystallographic axes aligned, forming extended 3D crystalline
superlattices (Figure 4). The cubes were SP with Ms (212 emu/g) very close to the bulk
value (223 emu/g).1?%! The discovery of room temperature magnetoresistance in networks

8
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composed of these cubes evidenced that the organic ligands were efficient spin-
conservative tunnel barriers and that these metal-organic hybrid systems were good
candidates to study spin-dependent transport.34

Figure 4: (A) TEM micrograph of a 3D superlattice of Fe nanocubes (scale bar: 10 nm).
(B) Inset: diffraction pattern from the superlattice presented in (A). (C) SEM micrograph
of a 3D superlattice (scale bar: 500 nm). Reproduced from Ref.l?°! with permission from
AAAS.

Similarly to Co NRs synthesis, it was found that the cubes were grown from small NPs
created at the early stages of the reaction. Hence, a few years later, larger Fe nanocubes
(~ 30 nm) were prepared by adapting the aforementioned synthesis to a seeded growth
process (Figure 5).13% The mechanism of their formation was thoroughly studied.[*¢] It
was established that the nucleation and growth can occur either outside of early preformed
organic superstructures composed of PA and HDA (i.e., in an isotropic environment) or
inside them (i.e., in an anisotropic environment). Spherical polycrystalline NPs (1.5 to
9.4 nm) and nanocubes (side length from 13 to 27 nm) were obtained, respectively. The
size control resulted from the relative concentrations of carboxylic acid and iron which
controlled the nucleation and growth steps. Thus Fe(0) nuclei were formed together with
a reservoir of bis(carboxylate) iron species which could only decompose onto preformed
nuclei. It was later demonstrated that the cubes adopt a magnetic vortex configuration
which could be stabilized, even for interacting cubes if voids are present inside them.
These cubes are therefore possible building blocks for several applications, for instance
magnetic recording or microelectronics.*’]
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Figure 5: Electron holography and micromagnetic simulations for a single isolated Fe
nanocube. (a) TEM image. (b) Phase image. (c) Vector map of the in-plane components
of the magnetic induction. (d) Micromagnetic simulation Reprinted with permission from
Ref.33] Copyright 2008 American Chemical Society.

Magnetic hyperthermia is of great importance in oncology as it allows raising the
temperature in tumours, thereby improving the efficiency of chemotherapy and
radiotherapy through cancerous tissues damaging . The heating power of magnetic NPs
in the presence of an alternating magnetic field (AMF) is quantified by the specific
absorption rate (SAR, expressed in W/g), that is proportional to the specific area of the
hysteresis loop (i.e., specific losses), and the excitation frequency. In this line, the
magnetic hyperthermia properties of the aforementioned Fe NPs were studied as a
function of their different sizes and shapes and consequently of their magnetic
configuration.384% It was shown that SD FM Fe NPs were optimal as they combine high
Ms values and magnetic hysteresis but low magnetic anisotropy. Hence in this case, a
highest SAR of 290 W/g was found for ca. 20 nm nanocubes when applying an AMF of
73 mT.141

The heating power exhibited by the magnetic NPs can be used as heating source to
perform catalytic reactions, the NPs acting both as heating material and as catalysts
(Figure 6).142]
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Figure 6: Schematic representation of the magnetic induced -catalysis concept.
Reproduced with permission from Ref.[*?] Copyright 2016, Wiley-VCH.

Given the air sensitivity of Fe(0) NPs, we considered iron carbide (Fe»»C) as an attractive
material since it combines a much better air-stability and a high magnetization, thus
exhibiting higher SAR values at lower AMFs, and is an active catalyst for the Fischer-
Tropsch synthesis. Fe;2C NPs were synthesized from preformed Fe NPs through two
chemical routes®®: i) addition of Fe(CO)s to Fe NPs, since the carbonyl precursor can
provide both Fe and carbon (Figure 7)I43! and ii) carbidization of Fe NPs by exposure to
a mixture of CO and H: (syngas), which is known to transform iron into iron carbide
during the Fischer-Tropsch process (Figure 8).[*?1 Importantly, the two approaches,
allowed tuning the final composition of the iron carbide and thus, its SAR, reaching
values up to 2100 W/g using only 47 mT at 93 kHz.
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Figure 7: (A) Synthesis of iron carbide (MM1) and iron(0)/iron carbides core@shell
(MM2) NPs from preformed iron(0) NPs. (B) SAR measurements. (C) TEM image of
MM2 NPs. Reprinted and adapted with permission from Ref.[*] Copyright 2012
American Chemical Society.
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Figure 8: (A) Carbidization procedure. TEM images of (B) starting FeO NPs, (C) after
15 h carbidization and (D) after 140 h carbidization (scale bar: 100 nm). Reprinted and
adapted with permission from Ref.[*?! Copyright 2016, Wiley-VCH.

Recently, the carbidization reaction has been optimized by controlling the concentration
of the ligands at the beginning of the reaction. In addition, the origin of the heating
properties of Fe>»C NPs has been addressed in detail. It has been found that a minimum
quantity of surface ligands is required to allow the NPs to align into chains when applying
a magnetic field, which provides an uniaxial anisotropy responsible for the heating power
enhancement.!**! Hybrid platforms composed of Fe22C NPs supported onto SiRAIOx,
impregnated by small NPs, either Ru or Ni, are excellent catalysts for the CO>
hydrogenation reaction.[*?] Furthermore, the Fe,»C/Ni/ SIRAIOx system has been mixed
with magnetically hard hcp-Co NRs.[*] In this combination, by application of a low
intensity field the soft magnetic material (Fe,2C) allows the system to reach the
temperature necessary to trigger the heating action of the hard magnetic material (hcp-
Co). Since Co exhibits FM behavior until roughly 1000 °C, this combined platform is a
promising catalyst for high temperature catalytic reactions such as methane reforming.

2.2 ORGANOMETALLIC SYNTHESIS OF BIMETALLIC NANO-OBJECTS
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The organometallic approach is fully adapted to produce bimetallic nano-objects. By
playing on the nature of the precursors and the reaction conditions, and depending on the
desired properties, alloys, core-shell structures or hetero-structures could be prepared. Of
special importance is the relative rate of decomposition of the two precursors which can
orientate the synthesis towards alloys or core-shell NPs, whereas successive
decomposition of different precursors can lead to core-shell NPs or hetero-structures.
Thus, it was possible to prepare in this way: i) hard magnetic materials with possible
applications in data storage, MEMS/NEMS, etc (CoRh, CoPt, FeRh); ii) soft magnetic
materials for applications in micro-electronics or magnetically induced catalysis (FeCo,
FeNi3, Fe@Ru, Fe2.2C@Ru, ...) and iii) hetero-structures such as magneto-optical
systems for biosensing applications (Co-Au, Co@SnPtAu).

Small (1-2 nm) SP CoRh, CoRu and CoPt NPs were obtained by hydrogenation at room
temperature in solution of a mixture of 1 and the organometallic precursors Rh(n*-C3Hs)s
(5), Ru(n’-CsHio)(n*-CsHi2) (6) and Ptx(dba); (dba= bis(dibenzylideneacetone)),
respectively in the presence of PVP, 144641 a5 for Co NPs.°! Whereas the presence of Rh
enhances the coercivity of Co NPs, the presence of Ru leads to soft magnetic NPs.[47:48]
Similarly, 2 nm FeRh NPs of different compositions (RhxFeso and RhsoFeso) were
synthesized by simultaneous decomposition of stoichiometric quantities of 4 and 5 but
using two different routes for the reduction process: the standard hydrogenation
procedure or an amino-borane reducing agent.!’*-32] Interestingly, reaction of the mixture
of the two precursors with hydrogen produces Rh@Fe NPs whereas the use of
aminoborane leads to Fe@Rh NPs.[* This demonstrates the fine tuning organometallic
chemistry can bring to materials synthesis. All NPs are SP, showing magnetic polarization
at the Rh atoms.

The FeCo alloy (FesoCoso) exhibits the highest Ms value (bulk = 235 emu/g) along with
a low anisotropy constant (1.5 x 104 J -m_z) and a Curie Temperature above 1000°C
which confers to this material the required properties for boosting the performances of
inductors in microelectronic applications as well as performing high temperature
reactions. FeCo nanocrystals of ca. 15 nm mean size and adopting the stoichiometry
Feo.61C00.39 or Feo.5sCo0.42 were synthesized by using the precursors Fe(CO)s (7) and 1 as
well as 7 and (3) respectively.l’*>3] The Ms of all NPs prepared in this way was rather
low (160 emu/g) which was attributed to the formation of amorphous carbides resulting
from the presence of CO in 7. Interestingly, the 15 nm spherical FeCo NPs are arranged
into 3D super-lattices reaching multi-millimeter sizes and the magnetic measurements
showed an increase of Ms from 160 to 183 emu/g for the sample when 3 was used (Figure
9). The internal structure of FeCo NPs was found to lack long-range atomic order,
showing an onion-like composition consisting of a Co core surrounded by an Fe shell,
hence accounting for the low Ms of the NPs as compared to the bulk value. Annealing
these FeCo NPs leads to an increase of the Ms, which was attributed to a disordered-
ordered phase transition and the excretion of carbon. Importantly, due to the presence of
dipolar interactions, the millimetre supercrystals adopted an antiferromagnetic
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configuration which complies with the requirements for a high permeability in the
gigahertz range that could be applied in low-consumption microelectronic devices.[’*

Figure 9: Global views of FeCo supercrystals from a macroscopic to a nanometric scale.
(A) Photograph of one 4-mm-long supercrystal. (B) SEM micrographs of a supercrystal
(scale bar: 10 nm; inset scale bar: 1 um). (C) and (D) TEM micrographs after
ultramicrotomy a supercrystal(inset in D: Fourier transform of the image). (E) SEM
micrograph of a broken supercrystal. Image reprinted with permission from Ref.>%
Copyright 2005, Springer Nature.

In 2019, a new synthesis protocol for the production of FeCo NPs has avoided the
formation of carbides by using only Fe and Co amide precursors (4 and 3).5¢) Depending
on the ligands employed, different sizes and internal structures were produced. Thus,
when using PA and HDA, 8 nm FeCo NPs were obtained,, characterized by a gradient of
the relative concentration of both metals across the NP, the shell being Fe-rich. In
contrast, upon replacing PA by HDAC, FeCo NPs of 11 nm were obtained. For these
NPs, a short-range ordered B2 FeCo phase (CsCl structure) was observed (Figure 10).
This was the first time that this order was directly formed through a liquid-phase
synthesis. Interestingly the presence of this phase could be assessed by using zero field
Co nuclear magnetic resonance. Furthermore, these bcc B2 FeCo NPs exhibited magnetic
properties very close to those of bulk cobalt (Ms = 226 emu/g). After mixing them with
epoxy monomers, they could be integrated on inductor-based filters, leading to a 27%
enhancement of the inductance value at 100 MHz.
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Figure 10: (A) and (D) TEM images of FeCo NPs prepared with PA (FeCo-PA) and
HDAC (FeCo-HDAC), respectively. Insets: HRTEM images of a NP from (A) and (D).
(B, E) 5 K 57Fe Mossbauer spectrum and (C, F) 3Co FNR spectrum of the (B, C) FeCo-
PA and (E, F) FeCo-HDAC NPs. Inset: schematic view of the gradient profile determined
for PA NPs and B2 order for the HDAC NPs (Fe, blue; Co, red). Reprinted and adapted
with permission from Ref.’®) Copyright 2019, American Chemical Society.

In another approach, preformed Fe NPs were also used as seeds to form Fe@FeCo
core@shell NPs, after reaction with Co2(CO)s.5”! The Fe@FeCo NPs of roughly 12 nm,
exhibited Ms values (206 emu/g) similar to the starting Fe NPs seeds (198 emu/g), thus,
quite close to Fe bulk values. Importantly, this system under an alternating magnetic field
exhibited SAR values of 284 W/g in solution. This heating power was used to prove the
concept of magnetically induced catalysis in the CO hydrogenation reaction.

Similarly, the FeCo NPs prepared from 3 and 4 were used for different catalytic reactions
occurring at temperatures between 300 and 700°C, which could be addressed thanks to
their high Curie temperature.[>8 However, at these reaction temperatures, namely propane
dry reforming (ca 500°C), methane dry reforming (ca 600°C) and propane
dehydrogenation (ca 700°C) an extensive sintering of the catalytic NPs was observed. In
order to circumvent this problem, the NPs were embedded into a carbon layer and Ni NPs
were deposited on the surface of the carbon.*”! This led to excellent results for dry
reforming reactions in terms of conversion and selectivity thanks to the limitation or
complete suppression of sintering. This system even enabled dehydrogenation of propane,
hence demonstrating the high temperature reached by the NPs.

The synthesis of FeNi NPs was also studied in search of soft magnetic nanoalloys for
their use in various magnetism-based applications (inductors, magnetic shielding,
magnetic refrigeration and magnetically induced catalysis). The first attempt to produce
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FeNi NPs led to small sizes (2.8 nm) when hydrogenating 2 and 4 in the presence of
stearic acid and HDA.[%%l The NPs featured a gradient composition where the iron-rich
shell did not allow obtaining the desired soft magnetic material. Searching for larger FeNi
NPs with controlled composition, the recent method reported to produce FeCo NPs was
adapted.’®]  Fe3Nizg NPs were synthesized by co-decomposition of 4 and
Ni['PrNC(CH3)NPr]> (8) under H» and using PA. By varying the Ni/Fe ratio, the reaction
temperature and the time, a range of sizes (14.4 to 22.3 nm) and SAR values from 200 to
820 W/g were attained (Figure 11A).11] Since Ni is a catalyst of choice for many
reactions, these FeNi NPs were tested both as heating agent and as catalyst for the CO»
hydrogenation reaction. The low CHjy selectivity observed was attributed to a Fe-rich
shell. This drawback was overcome by enriching the NP surface in nickel through
additional decomposition of 4 under H> onto preformed FeNi; NPs (Figure 11B).
Importantly, FesoNizo@Ni NPs displayed excellent heating power and catalytic activity
(100% CO2 conversion and 100% CHjs selectivity).

(A)  megsi, sives o P PA (1.8 €q.)
Megsi, N SiMes N_ N H, (3 bar) Fe
NFE ol o v 5 M N( yme —2Bb) ®
| MesSi N SiMe N N Mesitylene O

Me3Si” “SiMe, ipr ipr 150°C, 24 h
FesoNizo (1)

A Nicontent at NP surface

(B)

IL"’ KI:P r PA (0.4 eq.)
; X H; (3 bar)
+ 04 Me—<\ N7 I>—Me
NT N Mesitylene
[ [ 0
iPr iPr 50°C,24 h
Fe3oNi70 (1) FegoNim@Ni (2)

Figure 11: (A) and (B) Schematic representation of the synthesis procedure of Fe3oNizo
and Fe3oNizo@Ni NPs, respectively. Reprinted and adapted with permission from Ref.[6!]
Copyright 2016, Wiley-VCH.

Water electrolysis is the process of choice for the production of green hydrogen but
generally uses high-cost noble-metal-based electrocatalysts. A noble-metal-free catalyst,
namely Fe>,C@Ni, has been recently developed through the organometallic approach. It
takes advantage of its magnetic heating properties to improve the oxygen and hydrogen
evolution processes of the water electrolysis reaction, hence demonstrating the interest of
magnetic activation.[®”) The Fe,,C@Ni NPs were obtained by depositing a Ni shell
through the decomposition of Ni(acac): on the surface of preformed Fe»,C NPs*?l in the
presence of PA.

Fe@RuP"! and Fe,,C@Rul® core@shell NPs of mean sizes between 10 and 20 nm were
designed to fulfil the two requirements needed for having a single object displaying both
heating and high catalytic properties. In this respect, a discontinuous shell of Ru was
deposited onto preformed Fe and Fe;>C NPs by decomposition of Ru3(CO);2 or 6 in the
presence of Ha. The presence of Ru on the surface led to a decrease of Ms (170 and 160
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emu/g for Fe@Ru and Fe2,C@Ru, respectively).[®¥] In these NPs, the discontinuous Ru
shell was grown through two decomposition steps of the Ru3(CO)i2 precursor (Figure
12A). These systems were used to carry out reactions in solution. It was demonstrated
that the surface of the NPs can be heated in solution well above the boiling point of the
solvent, e.g. at 236°C, in toluene, the mean temperature of which remains 110°C. This
overheating of the NP surface allows to carry out difficult reactions such as the
hydrodeoxygenation (HDO) of aromatic and aliphatic ketones, a reaction that in
conventional thermal catalysis requires very high temperatures and pressures. Thus, using
Fe22C@Ru NPs in mesitylene under 3 bars H», the complete conversion of acetophenone
into ethylbenzenel®! and of biomass platform molecules, such as hydroxymethylfurfural
into dimethyl furane, was observed!®! (Figure 12B).

The same approach was employed with FeNi@Ni NPs. They display a higher activity in
HDO, but also allow the hydrogenolysis of diaryl ethers which are models of lignin
constituents. %3]

(A) 0.033 eq. Ru3(CO);,  0.033eq.Rus(CO)y, (g Q
(0.1 eq. Ru) (0.1 eq. Ru) OO Q
H, (1 bar) H, (1 bar)
Mesitylene Mesitylene
150 °C, 24 h 150 °C, 24 h o O
FeC@Ru (1)
Platform molecules Bio-fuel candidates
(8) o

@)LH \\
\_0 Magnetic -

Fe, ,C@Ru
NPs

Figure 12: (A) Synthesis procedure of FeC@Ru NPs. (B) Representation of the
magnetically induced catalysis of platform molecules to biofuel candidate molecules.
Reprinted and adapted with permission from Ref.[%] Copyright 2019, Wiley-VCH.

Hybrid Co-based nanostructures, in the form of core/shell nano-objects, have been
pursued with the aim of developing a new concept for detecting biomolecules. Briefly,
the increase of the hydrodynamic radii of the magneto(Co)-plasmonic(Au) nanostructures
formed by the capture of biomolecules at their surface can be accurately measured by
exploiting the highly sensitive opto-magnetic detection of the relaxation dynamics of
magnetically rotating magnetoplasmonic NPs.[] The aim of this combined opto-
magnetic sensing approach, is to reach detection limits down to the picomolar range and
is, thus, technologically appealing for rapid point-of-care assays. Co@SnPtAu NRs of,
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roughly, 5x70 nm were synthesized to test this new concept of in-vitro biosensing
technology. Co NRs, were used as seeds to grow different metal layers. A buffer layer of
[Sn(NMe;).]» allows the growth of a quite homogeneous Pt layer completed by a
deposition of Au (Figure 13).[67] After 1) transferring the resulting NRs in water through
the coating with an amphiphilic polymer and 1ii) functionalization with specified
antibodies by linking the latter to the polymer backbone, Co@SnPtAu NRs were
successfully tested in the detection of breast cancer biomarker sHER?2 in serum and saliva
samples.[68:6%]

Figure 13: (A) TEM image of a Co@SnPtAu NR (scale bar: 100 nm). (B) HRTEM image
on an isolated NR, revealing the polycrystalline nature of the shell (scale bar: 10 nm). (C-
F) STEM- EDX maps showing the location of the elements on a fully covered NR (C:
Co, D: Au and Pt, E: Sn, fF Co, Au and Pt). (Co: green, Sn: blue, Au: red Pt: yellow).
Scale bar for all EDX maps is 20 nm. Reprinted with permission from Ref.[°”! Copyright
2015, American Chemical Society.

3. CONCLUSIONS

The organometallic chemistry approach developed in Toulouse for over 20 years allows
the preparation of small magnetic NPs of clean surface and of magnetic properties similar
to those prepared in UHV.

This methodology, associated to the judicious choice of precursors and ligands and to the
right reaction conditions in terms of temperature and pressure, can further allow the
growth and the shaping of the NPs as well as the formation of bimetallic species which
can be alloys, core-shell or NPs displaying a gradient of concentration. Growth of a new
metal layer or of discrete NPs onto an existing NP is also possible leading to complex
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nano-objects comprising for example a magnetic core, which can be heated by magnetic
induction, and a catalytic surface or an external noble metal layer which can be useful for
biodetection. Such magnetic NPs also find applications in the fields of micro-electronics
or permanent magnets.

Overall, the precise design of chemical procedures derived from organometallic
chemistry allows now the synthesis of complex nano-objects and nanomaterials,
generally monodisperse, associated to a size, shape, composition and chemical order
adapted to a desired property or application. Many of the nanostructures presented here
cannot be produced by alternative methods, which renders the organometallic approach
extremely useful, despite the fact that organometallic precursors have in general a higher
cost than classical precursors and have to be handled with care. Since the NP syntheses
employing these precursors can be scaled-up, this approach can allow the development
of new materials of importance in the fields of catalysis and energy.
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Text for Table of Contents: Magnetic metal nanoparticles (MMNPs) hold an important
potential in a multitude of applications such as catalysis, biomedicine or environmental
remediation. This Minireview highlights the advances over the last two decades of the
organometallic synthesis of MMNPs. This synthesis approach has led to tailor-made
sizes, shapes, compositions and magnetic properties of MMNPs leading to their
application in magnetically induced catalysis and biosensing.
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