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1 paper, joint phD student
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Introduction

The fabrication and integration of sub-millimeter magnetic materials into predefined circuits is of
major importance for portable magnetic devices for the telecommunications, automotive, biomedical
and space applications, but remains highly challenging. The present state-of the-art is not satisfactory
given either the poor magnetic properties of the components (e.g. low magnetization of ferrites) or
their societal drawbacks (e.g. rarity, toxicity, environmental costs or geopolitical dependence of the
rare-earth based magnets).

There is therefore a need and an opportunity for a process to prepare magnets in the sub-millimeter
range for new developments in microelectronics, nanobiotechnology, energy conversion... Top-down
approaches using sputtering deposition could lead to relatively thick magnetic films, patterned through
microelectronics processes,' or laser induced thermopatterning.>® The bottom-up approach, which
consists in assembling single-domain nanoparticles into dense materials,*“™ is the other alternative of
primary choice for integrated permanent magnets providing that the nanoparticles (NPs) building
blocks exhibit a sufficient coercivity.” Recently, patterning of magnetic polymers by inkjet,’
imprinting’ or photolithography,® or electroplating through masks”'® have been investigated to design
integrated magnets compatible with microelectronic processes.'' These approaches suffer from a low
magnetic fraction, which drastically reduce the magnetization (Ms), as well as fairly soft magnetic

constituents, with a low anisotropy (K).

Thus, one approach to solve the problem of performant integrated PM consists in synthetizing
optimized building blocks, assembling them into dense metamaterials through a generic
deposition technique.

I aim at overpassing this challenge in the coming years, taking benefit from my previous experience at
the interface between chemistry and physics. Since 2005, my researches have been based on three
main axes:

- The liquid phase synthesis of nano-objects exhibiting controlled size and shape. This objective
requires a fundamental study of the reaction mechanisms involved in order to optimize the
experimental parameters in a predictive way.

- The study of their physical properties (in particular their magnetic and electronic transport
properties) going from isolated nanoparticles to interacting ones. In this aim, efforts have been devoted
to the local deposition of particles.

- Finally, the controlled assembly of the particles to form new materials, which exhibit unique
properties due to their nanostructuration, and the further integration of these nanostructured materials
as active elements in microelectronic components.

In this manuscript, I will review my research activities following these three main themes, overlooking
most of my publications. Having used several characterization techniques, such as electron
microscopy, magnetic measurements and Mdossbauer spectroscopy, I did perform occasionally analysis
for collaborators. My scientific contribution being limited, the resulting publications on Co complexes
and Al, FeC and FeS NPs will not be developed here.

I will finally present my research project on integrated magnets for portable magnetic devices and the
main strategies I plan to follow.
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I Synthesis of nano-objects exhibiting controlled sizes and shapes

Among the multiple approaches developed for the synthesis of NPs in the past decades, chemical
synthesis in liquid phase yielded nano-crystals with tuneable sizes and shapes.'” The general strategy
followed relies on the decomposition/reduction of a precursor, typically a salt or an organometallic
compound to yield free atoms. These atoms tend to aggregate to form small seeds during the
nucleation step. Once formed, these seeds then grow yielding the final NPs by successive addition of
atoms or by coalescence, according to the classical models (Figure 1)."'* To prevent NPs from
aggregation and sintering, organic molecules (surfactants) or polymers are added to ensure steric
hindrance or electrostatic repulsion.
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Figure 1. Schematic view of the synthesis of nanoparﬁ'cles through a liquid-phase approach.

Since physical properties depend on the size, size distribution and shape of NPs, the challenge of any
chemical synthesis thus consists in controlling the nucleation and growth steps to yield NPs with
optimized properties. Monodisperse NPs (with a narrow size distribution 0 < 10%) could be prepared
via a burst nucleation, fast and limited in time, followed by a homogeneous growth."> Nucleation and
growth steps extent depends of experimental parameters such as reaction time, temperature, nature of
the precursors and surfactants, thus careful optimization of these parameters are usually required.'®
Eventually, the nanoparticles can self-assemble, thanks to a delicate balance between attractive and
repulsive forces,'”'® yielding macroscopic supercrystals.'’

Since 2005, I have been interested in understanding the growth mechanism hidden behind the
nanoparticle synthesis, in order to reach a predictive and fine tuning of their properties. During my
phD and post-doc I studied mostly Fe nanoparticles. Since 2009, I kept on working on Fe-based NPs
(Fe, FePt, FeCo, FeS...) and started to study nanoparticles with original physical properties (ultrafine
gold nanowires, Pt stars or Co nanorods).

1. Synthesis of metallic Fe nanoparticles

Iron nanoparticles (NPs) are promising candidates for a wide range of applications, ranging from
magnetic data storage to chemical or biomedical uses, such as contrast agents for sensitive magnetic
resonance imaging (MRI)**' or efficient heater media for magnetic fluid hyperthermia (MFH).*'" Iron
indeed combines a high saturation magnetization (Ms) at room temperature (212 A.m>kg™")* and a
presumably low toxicity. Nevertheless, to achieve optimum operation conditions, these NPs should
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have well-controlled magnetic properties and biological functionalities, which are strongly dependent
of the surface states, sizes and shapes of NPs. Thus, a strict control of the NPs synthesis is required.

A widely used approach to synthesize Fe NPs consists in thermal decomposition of Fe(CO)s in the
presence of long-chain surfactants.”’ The NP size can be tuned from 4 to 20 nm by controlling reaction
parameters.”>*® However, the magnetic properties of these NPs are usually degraded compared to bulk
values due to CO contamination and partial carburation, i.e. introduction of C atoms within the Fe
crystals. To prevent such carburation, Fe(CO)s can be replaced by iron salts or organometallic
compounds whose decomposition did not yield any carbon source. Due to their high stability, the
reduction of iron salts required harsh conditions. For instance, FeCl, could be reduced in water by
sodium borohydride, but boron contamination has been found to decrease the NP moment.**

In order to avoid such surface contaminations and their drastic effects on magnetic properties, an
organometallic approach could be advantageous since controlled decomposition under mild conditions
can be achieved.

a) Organometallic approach using {Fe[N(SiMes),],}»
PhD performed under the supervision of Sébastien Lachaize, Marc Respaud and Bruno Chaudret, in
collaboration with Andrea Falqui. These results were reported in 3 papers (ACI, A6, A19) and 1 book chapter
(Chl), 2 papers are currently in preparation.

Through intensive prospective work, our team determined that amido precursors such as
Fe[N(SiMe;),](THF) (Me = CH;, THF = tetrahydrofurane)25 or the dimer {Fe[N(SiMe3)2]2}226 can
yield unoxidized iron magnetic NPs under mild conditions. These precursors exhibit a good
compromise between stability, to be stored once prepared, and reactivity, to be decomposed under
mild and reductive conditions.

To demonstrate the pertinence of the precursor choice, ultra-small Fe NPs (< 2nm) have been prepared
by solely decomposing the dimer in mesitylene solvent under 3 bars of H, at 150°C (Figure 2a).*“’
This demonstrates that HN[Si(CH3);], or some derivatives of it released during the synthesis are able
to stabilize the NPs surface. Futhermore, these NPs exhibit a magnetization closed to the bulk value.
The magnetic properties of ultra-small NPs being drastically affected by pollutants, one can conclude
that by-products of the precursor reduction do not alter the surface states. Moreover, these
nanoparticles can be used as catalysts for alkene hydrogenation, evidencing a clean surface state.”’

e Surfactant addition : the role of the acid concentration

In order to grow larger NPs, displaying a higher potential for further applications, we have developed
a rational approach for the synthesis of Fe(0) NPs by reducing the {Fe[N(SiMes).],}» complex, under
mild conditions (150°C, H, pressure) in the presence of a mixture of acid/amine ligands with 16
carbons, namely hexadecylamine (HDA) and palmitic acid (PA).A6

The effect of several experimental parameters, including the reaction time, the temperature, and the
surfactant concentrations, has been investigated. By coupling different characterization techniques
(magnetic measurements, Mossbauer spectroscopy, Transmission Electron Microscopy - TEM) we
highlighted the key role played by the acid concentration. This ligand was not only involved in the
stabilization of the NPs formed but also in the modification of the reactive Fe precursor. We indeed
evidenced the in-situ formation of carboxylate complex, which are highly stable species (Equation 1).

(Me);Si Si(Me) 0 0
N\ / 3 ,
N—Fe—N +nRCOOH = Zr—c{ e Jc—r + 20 HN(SMes), (Eq. 1)
7 N 2 0 0
(Me);Si Si(Me);
Reactive species Stable species

By tuning the acid concentration, we could therefore control the relative amount of reactive species,
the {Fe[N(SiMes),],}, initially introduced, which is decomposed during the nucleation step, as well as
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the stable carboxylate species formed, which is delivered all along the growth step. Therefore, we
could tune the number of seeds created during the nucleation and thus, control the final NP size in the
range 1.5 nm - 21 nm (Figure 2a). This size increase is concomitant with the modification of the NPs
shapes (Figure 2b-c): spherical below 1.4 equiv. acid per mol of iron atoms (eq.), and cubic above.

s
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Figure 2. Transmission Electron Microscopy (TEM) images of Fe NPs. a) Size evolution as a function of the
acid concentration between 0 and 1.5 eq. b) 5.5nm nanospheres and c) 13.3nm nanocubes obtained with
respectively 1 eq. and 1.4 eq. of acid. Nanocubes self-organized into micrometric wires.*°

* A complex nucleation/growth mechanism

Such shape control could be understood in the framework of an environmentaly dependent growth
process. Above 1.4 eq. of acid, the presence of organic super-structures filled with iron(II) carboxylate
species could be observed at the very beginning of the reaction. These structures are fairly similar to
the final super-structure of cubes finally obtained (Figure 3a-d).

Nucleation

C

Growth-Coalescence
oy

- 0 @
) |
‘
- Growth - Ripening

Figure 3. TEM images of a) organic super structure before decompositon and b) self assemblies obtained after
48h; they are filled with c) nanocubes while d) nanospheres are found outside of these micrometric
organizations. e) Schematic view of the environment-dependent growth mechanism proposed.

50 nm e.
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Based on a combined morphologic, magnetic and spectroscopic study of the reaction advancement, we
proposed that the nucleation and growth can occur either outside these organic soft templates, i.e. in an
isotropic environment, or inside them, i.e. in an anisotropic environment (Figure 3¢). In the first case,
we obtain spherical polycrystalline NPs of mean sizes increasing with the carboxylic acid
concentration, as expected. In the second case, the reaction monitoring reveals several steps: (i)
nucleation, (ii) growth and coalescence favoured by an amine-rich environment, followed by (iii)
growth and repair mechanisms in a carboxylate-rich environment. These 3 main steps lead to cubic
NPs organized into super-structures. The evolution of the environment from amine- to carboxylate-
rich is directly correlated to the decomposition of the iron(II) carboxylate species.

* Extension towards a broader size and shape control
Work in collaboration with Bénédicte Warot-Fonrose (CEMES, Toulouse) and Florian Hiie (Cambridge)

Providing that our hypothesis of a complex growth mechanism in 3-steps was correct, one should be
able to change the morphology of the nanoparticles obtained by changing the kinetic of iron(Il)
carboxylate decomposition. By decreasing the reaction temperature (down to 120°C) or by changing
the mixture of surfactant used (dodecylamine / lauric acid), we could slow down the carboxylate
release and thus extent the coalescence step. Nanoparticles with unique features such as anisotropic
stars (Figure 4a) or porous nanocubes, as revealed by electron tomography (Figure 4b-d), could be
obtained.

TEM image of porous nanocubes, obtained with dodecylamine/lauric acid surfactants. c-d) 3D reconstruction of
the nanocubes obtained from electron tomography study, the defects embedded within the objects are
represented in blue, the outer surface of the cubes in light violet.*"*

To go beyond these results, gaining control on the nucleation step was mandatory. In the literature, the
use of preformed seeds, in the so-called seeded-growth process,™* has been widely used to strictly
separate the nucleation and growth process. Pt seeds have been used for instance to promote the
heterogeneous growth of Fe NPs by thermodecomposition of Fe(CO)s.*>*° Recently, we reported the
overgrowth of Fe cubes onto preformed Co nanorods using {Fe[N (SiM€3)2]2}2.A25

We developed a simple approach where ultrasmall iron(0) NPs of 1.5 nm,*“" were used both as seeds
and as Fe source (Figure 5), the idea behind consisting in taking advantage of the ripening step
observed in the synthesis.

o
o~ ~

+amine(£- acid TZ’
150°C

-’

-

1.5nm, 0=0.5 nm 10.0nm, 0=0.7 nm

Figure 5. Schematic view of the ripening based synthesis using ultrasmall Fe NPs as Fe source.
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The key role played by the hydrogen in this ripening process could be evidenced by a combined
transmission electron microscopy (TEM) and Mossbauer spectroscopy study.

Finally, replacing carboxylic acid (R-COOH) by ammonium chloride salt (R-NH;", CI') changed the
iron intermediates formed and thus fastened the reaction kinetic both in the direct synthesis or in the
ripening-based approach, yielding larger spheres and cubes.***'

Thanks to these different approaches, a unique size control ranging from 1.5 to 11 nm for spheres and
from 7 to 90 nm for cubes was for the first time reached for metallic Fe nanoparticles (Figure 6).
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c=14 c=1.0 =27 c=29 c=7.2 c=8.9 c=24.8 c=99

Figure 6. Size and shape control of Fe(0) nanoparticles.

The application of these model NPs for magnetic field hyperthermia and fundamental magnetic and
magnetotransport measurements will be further described in section I1.

b) Using Fe(CO)s precursor
Post-doc performed under the supervision of Pr. Shouheng Sun, in collaboration with Don Ho, Natalie Frey and
Kai Cheng. These results were reported in 1 paper and 2 review articles (A10, Al13, Al7).

Though highly toxic, Fe(CO)s is still commonly used. Contrarily to the Fe silylamide precursor used
during my phD, it is less reactive and thus do not require to be stored and manipulated in glove box.
Futhermore, Fe atoms are already reduced (oxidation degree 0), therefore no reducing agent (such as
H, or NaBH,) are needed. After joining Pr. Shouheng Sun team in Brown University (Providence,
USA), I was therefore in charge of developing a new synthesis approach to yield air-stable Fe
nanoparticles starting from Fe(CO)s for future biomedical application.

However, making monodisperse Fe NPs stable in ambient and biological environments remained an
extremely challenging task. A promising way to stabilize the high moment metallic NPs is via
core/shell structures. Although noble metals such as gold or silver are considered as good candidates,
their controlled growth on the preformed metallic NPs is not simple.”” Alternative solutions for the
formation of this protective shell include carbon™ or oxide coating.”

We developed a facile synthesis of crystalline Fe/Fe;O,4 nanoparticles from the thermal decomposition
of Fe(CO)s. Different from all previous Fe(CO)s-based syntheses, where amorphous and partly
carburized Fe nanoparticles (amor-Fe) are obtained, we could for the first time modify the
decomposition pathway of Fe(CO)s precursor to prevent the CO dissociation. The key point consisted
in adding halides ions, in the form of an alkyl ammonium chloride salt (the hexadecylammonium
chloride salt I previously studied), leading single crystalline Fe particles of 15 nm.*"* The exact
growth mechanism was however not elucidated due to the limited period of my post-doc (9 months)
and the absence of spectroscopy techniques.

Once exposed to air, these particles were only partially oxidized and the resultant 15 nm core/shell

bee-Fe/Fe;O, particles (Figure 7a) were stable in air over months while keeping a high magnetization
value (164 A.m*kgg. ).
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These core/shell nanoparticles could be further functionalized by classical ligand-interlock procedure
(using amphiphilic oleylamine-polyethylene glycol) and dispersed in water or phosphate buffered
saline without showing any sign of deep oxidation in the testing periods up to a month.

These Fe/Fe;O; NPs exhibit enhanced magnetic imaging contrast (r, = 220 s'.mM', Figure 4b) and
heating effects compared to the iron oxide NPs commonly used or even to the amorphous Fe/Fe;O4
NPs generally prepared using Fe(CO)s. Thus, the crystalline Fe/Fe;O4 NPs could serve as robust
probes for simultaneous magnetic resonance imaging (MRI) and magnetic fluid hyperthermia (MFH)
applications.

0.05 0.025

)

Figure 7. a) High Resolution (HR) TEM images of the Fe NPs, b) T,-weigthed images of the bcc-Fe/Fe;O4 NPs
(1), amorphous-Fe/Fe;0, NPs (2) and 16 nm Fe;0, NPs (3).

The use of halide ions has further been generalized to other metallic NPs by Pr. Sun’s group.

2. FeCo NPs : towards a composition control

While controlling the size and the shape of monometallic nanoparticles is already challenging, it is
even more complicated for bimetallic alloys. Different mixing patterns such as core-shell, onion-like
or dumbells have so far been mostly obtained (Figure 8).**

Figure 8. Schematic view of the different bimetallic structure obtained a-b) janus-type; c) core-shell, d) onion-
like, e) disordered alloy, f) ordered alloy. Reprinted from **

Among the different magnetic material, the FeCo alloy exhibit the highest saturation magnetization
Mg = 245 A.mz.kg'lFeCO) combined with a low anisotropy constant (K FesyCosy = 1,5.10* J .m'3).20
Therefore, this alloy is a material of primary choice for numerous products ranging from RF filters to
biomedical applications.”® Despite important efforts to develop liquid phase synthesis, including
thermal decomposition®, polyol process®’, hydrothermal synthesis®* and sonochemical method*"*,
crystalline FeCo nanoparticles (NPs) could never been achieved directly. Indeed, the difference of
reactivity of the precursors and the mild temperature of reaction used lead to poorly crystallized
nanoparticles with inhomogeneous chemical structure, which therefore exhibit a reduced saturation
magnetization. A high temperature annealing process is then mandatory to achieve the desired bulk
magnetic properties, but at the expense of the size and shape control of the nanoparticles due to
sintering.

I worked on two different approaches, that I will briefly overview, to reach an accurate chemical
control of this alloy.
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a) Sequential approach : interfacial diffusion in Co/Fe core/shell NPs.
Work performed during my post-doc, in collaboration with Shen Peng, Chao Wang and under the supervision of
Pr. Shouheng Sun. These results were reported A9.

Pr. Shouheng Sun pioneered the work on FePt
alloy. His group reported that interfacial
diffusion between the core and the shell in
core/shell structured particles is a successful
approach to various alloy NPs. For example,
ferromagnetic FePt NPs were made by high-
temperature reductive annealing of FePt/Fe;0,
NPs,* and AuAg alloy NPs were synthesized
from Ag/Au core/shell NPs.*

Therefore, we studied the possibility to make
g 2 - on core/shell structured Co/Fe NPs from Co seeds
b) !EEE s 5 s © - e and further convert them into CoFe NPs by
Figure 9. a) Schematic view of the interfacial diffusion- ~ high temperature aging.Ag
based synthesis protocol. TEM images of b) 8nm Co Co NPs were first prepared by
seeds and d) 11 nm FeCo NPs. thermodecomposition of Co(CO)s precursor at
210°C in presence of oleic acid and
dioctylamine. After removing the excess of surfactants, a Fe shell was further grown by the
thermodecomposition of Fe(CO)s at 180°C. The interfacial diffusion was then promoted in liquid-
phase by heating the colloidal solution of Co/Fe core/shell NPs at 250°C for 15 min. An excess of
oleylamine was added to prevent any coalescence of the particles. Polycrystalline NPs exhibiting the
expected bec structure were obtained, but with reduced magnetization.
The key point of this approach was the promotion of the interfacial diffusion thanks to thermal
heating. However, we have latter shown on Co nanorods that the organic solvent and the surfactants
can be partially decomposed at such a high temperature leading to the carbidization of the NPs, and
thus to the reduction of the magnetic properties.**

b) Direct synthesis : co-reduction of organometallic complexes

*  Fe(CO)s and Co(COD)(COT)
Work initiated during my phD, in collaboration with Céline Desvaux, under the supervision of Bruno Chaudret
and continued after 2009, in collaboration with Pier-Francesco Fazzini

During her phD under the supervision of Bruno Chaudret, Céline Desvaux reported the synthesis of 15
nm FeCo NPs, which self-organize into millimeter supercrystals, by the co-decomposition of Fe(CO)s
and Co(m*-CsHi3)(n*-CsHy,) under dihydrogen at 150°C in toluene.**™ The particles exhibited
however a magnetization limited to 160 A.m2.kg 'r.c, due to a chemically inhomogeneous structure
and a partial carburation due to CO byproducts.

I slightly adapted the procedure to use mesitylene as solvent (Equation 2) in order to reduce the
overpressure risk. In presence of 1 equivalent of oleic acid (an unsaturated acid with 16 carbons),
monodispersed nanoparticles of 13 nm with a FegCos composition were obtained. However, in
presence of 1 eq. of both oleic and stearic acids, two populations of 16 and 27 nm were obtained
(Figure 10). These particles are Co-rich (Fey(Cog), the iron being stabilized in stable molecular
species as evidenced by Mossbauer spectroscopy.

co Mesitylene
: | co +1HDA —
/('c?/._}/ +2 0C—F|e"\co +Acid H, (3 bar), (Eq. 2)
co 150°C
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FeCo NPs prepared in presence of a-c) 1 eq. of oleic acid and b-d) 1 eq. of oleic and stearic acids.

These particles have been further used for magnetic field hyperthermia and magnetotransport
measurements as described in the next sections.

° {FC[N(SIMCQ)Q]Q}Q and CO[N(SIMC})Q]Q,THF
Work performed with Cyril Garnero, Katarina Soulantika and Bruno Chaudret, in collaboration with Raul
Arenal (INA, Saragosse), Bénédicte Warot-Fonrose and Cécile Garcia (CEMES, Toulouse), Yoleemin Shin and
Christian Meny (IPCMS, Strasbourg). 1 manuscript is in preparation

Despite important efforts, the control of the FeCo alloy could not be reached with the previous
precursors, annealing being mandatory to reach the bulk magnetic properties. Thus, since 2010 1
started to work on extending the synthesis of Fe NPs to FeCo NPs using silylamides precursors. After
obtaining promising preliminary results, a phD thesis was funded in the framework of an industrial
project (Tours 2015).

FeCo nanoparticles (NPs) were obtained by decomposing {Fe[N(SiMe;),]»}» (with Me = CH;) and
{Co[N(SiMe3),],, THF} at 150°C under H, (Equation 3). As previously observed in the synthesis of
Fe NPs, the acid reactant governs the final NP size and shape through its concentration and its nature.

0.5 (Fe[N(SiMe;),],), + Co[N(SiMe;),],, THF + acid + HDA —p (Eq. 3)
150 °C
3 bars H,

In presence of hexadecylammonium chloride salt, large particles of 11,4 + 0,7 nm NPs, which exhibit
a truncated octahedral shape are obtained after only few hours of reaction (Figure 11a-b). However,
the reaction is much slower in presence of palmitic acid, leading after 48 h of reaction to nanocubes
with a mean size of 8,3* 0,9 nm (Figure 11c-d). Both type of particles were highly crystalline and
exhibited the expected bcce structure as revealed by high resolution transmission electron microscopy
and X-Ray Diffraction (Figure 1le). The crystallite sizes could be extracted using the Scherrer
formula and are respectively of 9,9 nm and 7,4 nm, in good agreement with the TEM mean size. While
a thin oxide shell is clearly observed on the HRTEM images, XRD patterns do not exhibit any extra
peaks due to oxide phases.

Page 18



AL

(110)

e NPs-HDAHCI
e NPs-PA

| FeCo(c.c.
* Ligands

(211)

| (200)

~—~/ N A
: A A

: . : e T [ e

30 40 50 60 70 80 90 100

20 (degrés), Ka (Co)

Figure 11. a-c) TEM and b-d) HRTEM images of FeCo NPs synthesized in presence of HDAHCI (a-b) or
palmitic acid (PA, c-d) and e) the corresponding XRD patterns in black and red respectively.
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The determination of the chemical structure of the obtained NPs was fairly challenging. Indeed,
oxidation was encountered during the introduction of the NPs into the aberration-corrected
microscope. Local chemical anaylsis with atomic resolution were done in collaboration with Raul
Arenal, Bénédicte Warot-Fonrose and Cécile Marcelot. For both type of particles a demixion between
Fe and Co was observed, leading mostly to a Co-rich core surrounded by a Fe;O4 shell (Figure 12). In
the case of the NPs prepared in presence of HDAHCI, a statistical study based on Energy Electron
Loss Spectroscopy (EELS) revealed the presence of three main types of particles : Co pure core, a Co-
rich FeCo core or a janus-type structure.

Figure 12. High Angle Annular Dark Field (HAADF) and the corresponding O, Fe and Co mapping determined
by EELS.

The chemical environment of Fe atoms and Co atoms were probed using Mdossbauer spectroscopy and
0-field Nuclear Magnetic Resonance (0-field *Co NMR), in collaboration with Christian Meny and
Yooleemin Shin (ICPMS, Strasbourg). Fe-based molecular species are still detected after 48h of
reaction in presence of palmitic acid, confirming the slow kinetic of decomposition of the carboxylate-
based species (Figure 13). The broad peak observed by NMR can be fitted by a continuous
composition gradient varying from a pure Co environment in the core of the particle to a Fe
environment at the NP surface.

The particles prepared in presence of HDAHCI exhibit a very different feature. The decomposition
reaction is over after 24h of reaction, molecular species being no longer detected in that case. The
three peaks in the NMR spectrum corresponds respectively to a bce-Co (~200 MHz), a Co-rich FeCo
alloy (~220 MHz) and the chemically ordered B, alloy with a stoichiometric composition (290 MHz)
and slightly Fe-rich composition (310 MHz knee). These three environments may correspond to the
three types of particles detected by EELS.
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Figure 13. a-b) Mossbauer spectroscopy and c-d) O-field **Co NMR of FeCo NPs prepared with a-c) PA and b-

d) HDAHCI surfactant.
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In conclusion, the control of the precursor-surfactant interaction was once more crucial to govern the
reactivity of the species formed in-situ. In presence of carboxylates, the Fe and Co species decompose
at a slightly different rate, leading to a concentration profile within the particles. In presence of
halides, the reactivity of the Fe and Co species become very similar, allowing for the partial
stabilization of the chemically ordered FeCo alloy.

The obtained particles have been further used for RF-filters application (section Ill) and are currently

investigated for magnetically-activated catalysis. Preliminar experiments of EXAFS and anomal XRD
will be pursued to confirm the partial B2 ordering.
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3. Noble metal nanoparticles with complex shapes

In 2009, our colleagues from the LNCMI-Toulouse, Bertrand Raquet and Walter Escoffier, were
interested in studying the electronic transport in metallic analogous of carbon nanotubes. The
requirements seemed fairly complex to achieve by a liquid-phase synthesis approach:

- A diameter of few nanometers to reach a quasi one-dimensional confinement

- A micrometric length to allow their connection by conventional microelectronic processes

We obtained a phD funding from the University of Toulouse in 2010 to work at the interface between
physics and chemistry on the synthesis and the electronic transport properties of gold nanowires.
Anais Loubat shared her time between our laboratory and the LNCMI.

a) Ultrathin Au Nanowires : a unique anisotropic growth
Work performed with Anais Loubat and Guillaume Viau, in collaboration with Romuald Poteau, Raul Arenal
(INA, Saragosse), Marianne Imperor-Cler and Brigitte Pansu (LPS, Orsay). These results have been published
in 4 papers (A26, A28, A30, A43).

Ultrathin gold nanowires (Au NWs), exhibiting sub-2 nm diameter and micrometric length, were
firstly reported by Halder and Ravishankar.™® An expanding interest immediately appeared for these
objects due to their unique properties, among which one can cite high surface to volume ratio,
mechanical flexibility and remarkable conductivity properties.”’ These features open the perspective
towards various applications such as analyse sensors,”>” fuel cell anodes,’ elastic coiled springs,”*°
or transparent electrodes.””® To be competitive with the existing technologies, the developed
alternatives should rely on cost-effective synthesis of Au NWs, i.e. with high yield and limited post-
treatment requirements. Since the pioneer work in 2007, two main routes have been followed to
synthesize Au NWs: the first one involves the precipitation of an intermediate solid phase assuming
that it acts as a soft-template for the wire growth, "% while the second one is a direct reaction in
an isotropic solution (Figure 15).%*%*% These two approaches lead to ultrathin Au NWs along with
other nanoparticles such as spheres or rods. The quantitative analysis of the different populations, and
therefore the Au NWs yield estimation, though crucial, cannot be easily addressed. Moreover, the
growth mechanism remained unclear.

Step 1 Step 2

a) HAUCI -+ OY Zo >  [OY-Au'CI]+ OY > AuNPs+AuNWSs

Au nanoparticles + Ultrathin Au nanowires
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Figure 15. Schematic view of the two approaches for the synthesis of ultrathin Au nanowires using a) a soft-
template or b) a direct reaction in a isotropic solution. The proposed growth mechanism by soft-templating,
oriented attachment and micellar growth are reprinted from the references ®° and @ respectively. OY =
oleylamine, TIPS = Triisopropylsilane
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Thus, we studied quantitatively the two approaches to determine which one was the most promising
for large scale synthesis and investigated the driving force responsible for such an anisotropic growth.

e In-situ study : coupled TEM-SAXS investigations

While TEM is the technique of choice to characterize the particles morphologies, we could not obtain
reliable estimation of the relative yield of Au NWs and spheres due to sampling issues. On the
contrary, Small Angle X-Ray Scattering (SAXS) is a state-of-art in situ technique which can shed light
on the growth mechanism,® %7 and the synthesis yield of metallic nanoparticles.***”' The quantitative
analysis of SAXS data on an absolute scale enables to determine the number of particles and their size
and shape. Indeed, spheres are characterized by a plateau, known as the Guinier region, followed by a
knee whose position is inversely proportional to their diameter (q=21vd). In the case of wires, the
scattering profile is mainly characterized by a q' slope as evidenced in Figure 16.
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Figure 16. Simulated profile for a) spheres of 1.5 nm (in blue) and 8 nm (in pink) of diameters and b) 100 nm
long wires of 1.7 (blue) or 5.1 nm (red) of diameters.

In the case of monodisperse nanoparticles, SAXS analysis is therefore fairly straightforward,” but for
more complex populations, the interpretation becomes non univocal due to the averaging of several
scattering profiles.”™ Coupled TEM and SAXS characterizations enable to obtain unambiguously
quantitative analysis even on polymorphic nanoparticles.”>’®

- Soft-template approach
The lamellar phase formed after the first reaction step was carefully analysed by structural,

spectroscopic and computational techniques, confirming the formation of linear Au' complexes
(Figure 17).4%

(002) — oY ob
——OVY-Au'Cl | 2 S
2x10°1 o 5 " «
= Z Sy ¥o
= ¢ -d
T 1x10°] b5 b . !
l ¢ - Ca
& ¢« <
0 :
0 c

a) b)

Figure 17. a) SAXS pattern of the free oleylamine (black) and the lamellar phase obtained after the first reaction
step (red). b) Schematic view of the lamellar phase with an interlamellar distance of 48A. As inset, DFT
calculation of the stable configuration of Cl-Au'-RNH, complexes. 3 carbons alkyl chain amines were considered
due to computational time limitation. In green : C, blue : N, Grey : C, White : H, Black : Au'.
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o 25oc] However, its prevalence as driving force towards
unidimensional growth is questioned. Indeed, the in-situ
SAXS study did not evidence its consumption during the
Au NWs growth, the characteristic peak, corresponding
to the interlamellar distance, remaining constant over the
whole 64h. Moreover, the reaction yield of Au NWs is
limited to 4%, neither the reaction time, nor the
temperature allowing any significant increase of it.

I cm™)

0.14

0.02 q (&) 0.1 0.2 Figure 18. Time evolution of the SAXS pattern at 45°C.

- Direct reaction in isotropic environment

This synthesis approach relies on a one step liquid phase reaction, where the gold chloride salt is
solubilised in hexane in presence of oleylamine (OY) and reduced by triisopropylsilane (TIPS).
An optimization of the experimental parameters allowed us to obtain wires after only few hours at
40°C (Equation 4).
Hexane
10 mM HAuCl,+ 400 mM QY + 1000 MM TIPS~ ———3 Au NWs + Au NPs (Eq. 4)
40°C, 1h30

We followed the growth of Au NWs by ex-situ TEM and in-situ SAXS.**® After 15 min of reaction at
40°C, small spheres are formed and short wires with a mean length of ~100nm are observed (Figure
19a). After 45 min, the wires length increases to ~500 nm to reach a micrometric length after 3h of
reaction (Figure 19b-c). The SAXS study performed at the beam line SWING at the synchrotron Soleil
evidenced a fast reaction kinetic. At t=0, i.e. just after the addition of the reducing agent, a Guinier
region characteristic of small spheres is already observed. With time, the SAXS profile evolved
revealing a ' slope characteristic of the wire growth (Figure 19d). By fitting the experimental profile,
Marianne Imperor-Cler could determine the volume fraction of spheres, whose diameter was
determined to be 1.7 nm, and of wires, which exhibit the exact same diameter (Figure 19e).
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Figure 19. TEM images of Au nano-objects obtained after a) 15 min, b) 45 min and c) 3h of reaction at 40°C. d)
Time evolution of the SAXS profile and e) the corresponding volume fraction evolution.
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The reduction Au™ — Au’ is total after only 90 min of reaction at 40°C, the yield of Au NWs being of

75%, far above the 4% obtained with the soft-template route.

(@) o The fairly constant spheres’ volume

/ fraction evidenced by SAXS allows

ces600 ® discarding  the  proposed  oriented

Q@OO@OO ® attachment of preformed particles in favour

Seseseseee 5’ of an homogeneous growth, spherical NPs
a) esees b) ® @] playing the role of seeds. (Figure 20).

Figure 20. Schematic view of a) the oriented attachment and b) the atom by atom growth

After few additional hours at 40°C, ultrathin Au NWs self-organize into a hexagonal super-lattice, as
revealed by additional Bragg peaks in the SAXS profile. This super-lattice exhibits a very large lattice
parameter corresponding to an interwire distance of 8 nm (Figure 21). Such large value can be
explained by the presence of a bilayer at the surface of each nanowires. NMR and XPS studies
revealed that the bilayer is composed of oleylamine and oleylammonium chloride.

100 4 Pt e r
Experimental 5h n £ !
Fit €
10 -
(1|0)
(11)
7 P | (20)
£ /
\9/ 10
— o1
1
——5h &
0.1 6h N e ', §
0014, 1] ——10h TSN N
0,01 0.1 -
0.01 0.1 \J
a) q (A»1) M‘//m:‘i
~J
.ﬂ 8nm (%4

Figure 21. a) Experimental and fitted SAXS profiles after 5h at 40°C, as inset, the time evolution up to 10h. The
peaks indicative of a long-range positional order are labelled. b) the corresponding schematic view of the
hexagonal phase observed. Each Au NW being surrounded by a bilayer of surfactants.

* Driving force towards the anisotropic growth

To understand the growth mechanism responsible for such a unique growth we studied further the
reaction, in particular through the effect of the oleylamine concentration (Figure 22). In presence of
only 20 mM of oleylamine, corresponding to 2 equivalents per mole of gold, only small spheres were
obtained. When the oleylamine concentration was increased to 50 mM, small rods were observed after
3h but tend to dissociate with time. Stable wires were only observed for a minimal concentration of
100 mM.

a)y™ T
Figure 22. TEM images of Au nano-o
mM and c) 100 mM of oleylamine.
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Such concentration effect on the shape evolution of the Au nanoparticles, combined with the presence
of ligands bilayer at the surface of the wires, reminds the phase diagram of surfactants like CTAB in
aqueous media and the critical micellar concentration associated with the transition from spherical to
cylindrical micelles. All these observations suggest that a micellar growth mechanism drives the one-
dimensional growth.”’

* A cooperative absorption and organisation of ligands at the Au NWs surface?

Catherine Murphy evoked a cooperative effect between
surfactants organisation and Au reduction, previously described
as a “zip” mechanism for the growth of Au nanorods in water.”
Though our reaction occurs in apolar solvent, DFT calculations
of the energetic stabilisation by polar heads (oleylamine vs.
oleylammonium chloride) were performed by Romuald Poteau to
investigate this hypothesis. Due to computational limitation, the
alkyl chain was limited to one carbon. Methylammonium
chloride ion pair adsorption was found to be energetically
favoured compared to methylamine absorption, providing a
simultaneous adsorption of both NH;" and CI ion pairs on the
surface (Figure 23).

Figure 23. DFT geometry of a gold nanowire stabilized by methylammonium chloride (the unitcell is
highlighted, as well as the faceting of the NW resulting from the low-index surface cleavage). In green : Cl, blue
: N, Grey : C, White : H, Yellow : Au.

- The absorption being strongly dependant on the
;:.f-';:;..,':; crystallographic surface exposed, intensive structural
'ci . .
characterizations have been performed. Authors have
mostly concluded on a fcc structure of the Au NW with a
growth direction along the <111> direction. However, the
Au NWs evolved under the electron beam leading first to
a recrystallization and then to their fragmentation into
chain of spheres, which tend to diminish their
surface/volume ratio (Figure 24).A28 Thus, the
determination of the crystalline structure of the wire is
still unclear.

Figure 24. HAADF image of a single Au nanowire undergoing
a) an irreversible recrystallization and b) a fragmentation with
a single-atom thick chain as transient state. As inset, schematic
view of the breaking junction. White arrows indicate twin
planes in the fcc structure.

X-Rays are a promising alternative to electron beam to determine the structure of the wires without
inducing any artefacts. We recently obtained a 3-day beamtime at the Argonne synchrotron to perform
an in-situ study using Wide Angle X-Ray Scattering (WAXS) and X-ray Atomic Pair Distribution
Function (PDF) techniques to determine the structural evolution of the objects. Preliminary results
evidenced a non-compact structure of the Au NWs, thus in contradiction with the fcc structure usually
reported in the literature. The further data analysis is however still on-going, in collaboration with
Romuald Potean, Pierre Lecante (CEMES, Toulouse) and Valeri Petkof (Central Michigan University,
USA), to conclude on the exact structure of the wires.

Fundamental studies on the stabilization of the wires are currently pursued using in-house SAXS, in

collaboration with Pierre Roblin and Sébastien Teychenné (LGC, Toulouse). Moreover, a proposal for
combined EXAFS-SAXS measurements at synchrotron Soleil has been submitted.
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b) Extension towards other metals : the case of Pt
Work performed with Guillaume Viau and reported in 3 papers (A18, A44 and NA2).

We studied the possibility to transpose this unique anisotropic growth observed on ultrathin Au NWs
to other metals. Having in mind the possible importance of the bilayer micelles and the ions pairs we
studied the reduction of different chloride salt (AgCl, RuCl;, FeCl,, H,PtCls) in presence of
oleylamine. However none of them led to anisotropic objects whatever the experimental conditions
used. If we keep on investigating the reason of such a failure, the reduction of the platinum salt
(H,PtCls) under a dihydrogen atmosphere in pure oleylamine led to quasi single-crystalline Pt
nanoparticles with peculiar morphologies —cubic dendrites, planar tripods and 5-fold stars - (Figure
25).*'% Such Pt objects exhibit a large surface/volume ratio and controlled crystallographic faces.
These features are of primary importance for developing various applications such as ultra-sensitive
sensors”” or highly active catalysts.” Indeed, surface atoms with pending bounds are highly active
sites for specific adsoption and consequently for selective catalytic reactions.”

220 020
’ -

200

Figure 25. a,e) TEM, b,f) HRTEM, c,g) Selective Area Electron Diffraction — SAED, and d,h) 3D models
reconstructed from electron tomography of a-d) cubic dendrites and e-h) Pt stars.

If intensive empirical optimizations had been devoted to the shape control of noble-metal
nanocrystals,>*" we reported a simple strategy, whose reaction kinetics could be easily controlled by
experimental parameters such as Pt concentration, reaction temperature and dihydrogen pressure.
A fast reaction, occurring in few
_ 3 minutes, leads to cubic seeds and thus
v — to a dendritic growth (Figure 26). The
L

peculiarity of these objects is their

w’ ‘ - / high crystallinity, their outer cubic
H,PtCl, + Oleylamine A\ shape and the .unprecedented size
3 bars H,, 150°C \ control of their envelope. Such
[Pt] > 5mM - —* —+ dendritic cubes display a high surface-

to-volume ratio (estimated by electron

tomography to 2.4 x 10* m?/kg), while
Figure 26. Schematic view of the shape control obtained their cubic shape enables their self-
assembly on surfaces.
On the contrary, a slow reaction leads to twinned seeds which evolve into highly crystalline planar
tripods (3-fold stars) and 5-fold stars. Such multiply twinned NPs are unique for Pt and result from a
multi-step process, a second nucleation and growth occurring at the reactive sites of the preformed
twinned seeds.

The exact growth mechanism is still under investigation, we suppose that the autocatalytic reduction
of HyPtCls on <100> facets plays a major role in the fast dendritic growth.
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IL. Physical study of model objects

Having a dual physics and chemistry educational background, my major motivation arises from
multidisciplinary studies. Once the synthesis of nanoparticles is well mastered, I like taking part in the
characterization of their physical properties. Of course, these studies are always made in collaboration
with physic experts that I would like to specifically acknowledge.

Among the different properties encountered in particles of reduced sizes, I mostly worked on
magnetism and electronic transport properties, as summarized below.

1. Magnetic configuration in nano-objects : experimental and theoretical study
Work initiated during my phD and pursued since 2009 with Thomas Blon, Francisco Bonilla, Anca Meffre and
Marc Respaud, in collaboration with Etienne Snoeck and Christophe Gatel (CEMES, Toulouse). These results
have been reported in 4 papers (A4, A19, A33, A4l).

The magnetic configuration in a magnet of a given volume, i.e. the orientation of the magnetic
moment (or spin) of each atoms, results from the minimization of its total energy. This total energy is
the sum of three different contributions : the magneto-crystalline anisotropy,E,,., which tends to align
the spins along a specific crystallographic direction (referred to as the easy-axis), the exchange
energy,E,x, which tends to align adjacent spin parallel to each other, and the magneto-static energy,
Eipor, Which tends to close the magnetic flux within the material to prevent the appearance of magnetic
poles. As a result, three typical magnetic configurations can be encountered in a magnetic material at
the remnant state: (i) a uniform
arrangement of magnetic
moments, i.e. a single-domain
(SD) configuration; (ii) a vortex
(V) state in which external spins
rotate to achieve a flux closure,
while in the vortex core, spins tilt
out-of-plane; and  (iii) a
multidomain state dealing with
adjacent domains in large
volumes (Figure 27).

e}
I e

Single-domain Vortex Multidomain

Figure 27. Schematic view of the magnetic configurations expected as a function of the particle size.

These different magnetic configurations are currently pursued for technological applications such as
magnetic racetrack memories,* magnetic hyperthermia®'® or microwave signal-processing.®’
Therefore, detailed knowledge of the magnetic behavior of magnets becomes of primary importance.

a) Determination of the single-domain/vortex transition in isolated magnets

Though largely investigated numerically, the experimental determination of the single-domain/vortex
limit in a nanoparticle had never been experimentally reported, even for nano-objects with the simplest
geometries. Single crystalline Fe nanocubes (NCs) we synthesized (see section I.1) represent model
systems for such a study. These defect-free objects exhibit indeed controlled and reproducible
magnetic properties over the whole size range available between 7 and 90 nm.

During my phD, we could evidence for the first time the presence of a vortex-state in a 30 nm cube
combining Electron Holography (EH) and micromagnetic simulations, using OOMF.** Off-axis EH is
an interferometric technique that measures the phase shift of a high-energy electron wave (typically
200 keV) that has passed through a material. The phase shift being sensitive to electric and magnetic
fields in the sample, local magnetic properties can be mapped and quantitatively compared with
micromagnetic simulations.
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Thanks to the recent acquisition of a holography-dedicated transmission electron microscope by the
CEMES, in the framework of the Equipex project “Mimetis”, a better sensitivity combined with a
nanometric lateral resolution allowed us to report the first “magnetic configuration vs size” phase
diagram of Fe single-crystalline NCs (Figure 28).**

<111> vortex
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Figure 28. a) Magnetic induction flux lines determined by Electron Holography and the corresponding
micromagnetic simulations of isolated iron nanocubes of 25, 26 and 27 nm exhibiting a single domain, <I111>
and <001> vortex states respectively, b) the magnetic phase diagram of a perfect Fe nanocube. The
superparamagnetic regime is highlighted in grey.

High sensitivity imaging at room temperature reveals unambiguously how three different spin
arrangements can be stabilized within a 3 nm window (between 25 and 27 nm), evidencing the key
importance of nanometric size control of magnetic nanoparticles. Moreover, it gives a deeper
understanding of the single domain limit, which is more complex than expected. An intermediate spin
configuration consisting of an <111> vortex, i.e. of a vortex whose core is oriented along a diagonal of
the cube, was for the first time evidenced. The condition of appearance of this <111> vortex was
further studied theoretically. Such vortex are only stable in nanocuboids of a given size (around 25
nm) exhibiting a nearly perfect cubic shape (size distorsion < 12%) made of Fe or FeCo.**' These
limited conditions explain why such a configuration was rarely described.

We are currently working on the characterization of the superparamagnetic/ferromagnetic transition
on isolated Fe cubes of 15 nm deposited by simple drop-casting. Electrospray deposition is being
studied to promote their dispersion on the TEM grid surface.*”
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b) Effect of the magnetic interactions

Though optimized sizes for stabilizing single-domain or vortex configuration can be theoretically
predicted, inter-particle interactions, mostly dipole-dipole interactions, modify drastically the magnetic
configurations within assemblies of NPs.*® Vortices were no longer stable in interacting 30nm Fe
cubes, leading to flux-closure state configurations (Figure 29a-c) or single-domain magnets with the
magnetization parallel to the direction of the cube alignment.**

The presence of internal defects in the Fe porous nanocubes synthesized in presence of shorter
surfactants, allow anchoring the vortex configuration despite magnetic interactions (Figure 29d-f).
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interacting a-c) defect free and d-f) porous Fe nanocubes.

To go behind these observations, we are currently working on the controlled deposition of
nanoparticles towards large-scale 2D assemblies in order to probe the coupling and the collective
behaviour of NPs, for instance the appearance of magnetic domains. Among the different techniques
tried, Julien Dugay showed that dip-coating could be successfully used to induce micrometer-size
assemblies of FeCo nanoparticles on silica surface. Dip coating technique is based on an evaporation-
driven assembly process. We could show that the physico-chemistry of the colloidal solution, i.e. the
concentration and the nature of surfactants in excess, was of primary importance to tune the self-
assembly (Figure 30).

- | I

Figure 30. a) Schematic view of the dip-coating system developed at LPCNO and b) SEM image of a FeCo
assembly obtained on SiO, substrate (Reprinted from A27).

Transferring the dip-coatig parameters on the porous carbon TEM grids used for electron holography
has not yet being convincingly achieved due to their important roughness. Flat Si;N, grids patterned
by Focused-lon Beam (FIB) are currently investigated by Suhail Usmani.
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¢) Magnetic configuration in complex 3D objects
Work performed with Cyril Garnero, Alexandre Pierrot and Thomas Blon, in collaboration with Christophe
Gatel (CEMES)

In the last ten years we focused our investigations on model systems such as defect-free Fe nanocubes.
We recently started to investigate complex 3D-objects among which FeCo octapods (Figure 31).
These single-crystalline objects have been prepared by adapting the synthesis based on the co-
decomposition of silylamide precursors. These objects exhibit high-index {311} facets, conferring
them a potential interest for catalytic applications (Figure 31d). Due to the recent development of
magnetically-activated catalysis in the laboratory,*” *7 it was a particular interest and an interesting
challenge to further investigate the magnetic configurations of these octapods, which exhibit the bulk
magnetization of FeCo alloy (Figure 31e).

Figure 31. a) TEM image, b) HAADF-STEM image obtained during the electron tomography serie, at a tilting
angle of +71.5° and c) the corresponding 3D reconstructed model of the FeCo octapod. d) HRTEM image of an
octapod branch observed along the <111> zone axis. Inset : SAED pattern. e) Hysteresis cycle measured at
300K of FeCo octapods in random powder state, evidencing a coercivity of 40mT. Magnetic induction flux lines
determined by Electron Holography of a single FeCo octapod observed along f) the <110> and g) the <I111>
zone axis. The inset color wheel indicates the direction of the magnetic induction.

Isolated octapods exhibit complex magnetic configurations at the remanent state as evidenced by the

experimental induction map determined by electron holography (figure 31 f-g), micromagnetic
simulations are currently performed to unravel them.
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2. Magnetic hyperthermia : on the advantage of ferromagnetic losses
phD performed under the supervision of Julian Carrey, in collaboration with Marc Respaud and Gerardo Goya
(INA, Saragosse). The work was pursued by Boubkher Mehdaoui and Anca Meffre during their post-doc. These
results were reported in 6 papers (AC2, A5, A7, All, Al4 and NAI).

As previously mentioned, one of the potential application of nanomagnets concerns the
nanobiomedicine, for both diagnosis, using the nanomagnets as contrast agents for MRIL*" or
magnetic tag for biosensors,”'” and for cancer treatment.*'* Indeed, the sensitivity of cancer cells to
heat has spurred the great interest of using magnetic NPs as local heater for cancer therapy. Magnetic
field hyperthermia (MFH) is a promising therapeutic method based on the excitation of magnetic NPs,
pre-injected in the tumor, under an alternative magnetic field (frequency f, amplitude poH.x), leading
to a local heating. The temperature increase improves the efficiency of chemotherapy (T~42-45°C) or
can even directly kill the tumor cells by necrosis (T>50°C).

A qD The power generated by the magnetic NPs is directly
linked with the area of their magnetic hysteresis loop
A and is evaluated by their specific absorption rate
(SAR), the two parameters being linked by the
equation SAR = Af.

........... Figure 32. Schematic view of the hysteresis cycle of
SAR = A /‘ single-domain nanoparticles and the corresponding area

A (in pink).

Exploiting this effect in oncology requires biocompatible NPs with large heating power, thus one of
the challenges in this topic is to maximize SAR values. The SAR being an increasing function of f and
HoH ., one could think of increasing these parameters. However, human body cannot be exposed to
alternating magnetic field of large uoHmaf product, due to medical limitation. Thus, progress in the
prediction and optimization of the heating of magnetic nanoparticles in a compatible alternating
magnetic field (100 kHz and 20 mT) is highly desirable for their application in magnetic hyperthermia.
It was already well established that SAR values could be increased by choosing optimal materials
(with high Ms and moderate anisotropy K) and by adjusting the NPs size.® Experimental studies were
however scarce and quantitative analysis were limited to the linear response theory (LRT), based on
the Néel-Brown relaxation, which suffers from a restricted domain of Validity.89 Small NPs exhibiting
a superparamagnetic behaviour were considered up to 2008 as optimized for the MFH application.

Thanks to the large panel of NPs obtained by the
organometallic approach and the frequency adjustable
electromagnet we developed during my phD (Figure 33)*,
we could evidence for the first time that ferromagnetic FeCo
NPs were exhibiting higher heating properties than their
superparamagnetic counterparts.

Figure 33. Frequency adjustable electromagnet developed at
LPCNO

Extensive MFH measurements have been further performed by Boubkher Mehdaoui on iron NPs in a
size range going from 5.5 to 27.5 nm (Figure 34a) under alternative applied magnetic field of
frequency 54-274 kHz and of amplitude ranging from 8 to 73 mT.*"* MFH properties measured on our
system strongly depend on the NPs size, the optimal size corresponding to the largest specific area (A,
Figure 34b-c). Ferromagnetic single-domain nanoparticles are the best candidates and display the
highest specific losses reported in the literature so far (11.2 =1 mJ.g™).
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Figure 34. a) TEM images of the Fe NPs studied, b) specific absorption rate (SAR) evolution as a function of

applied field and c) specific losses (A) as a function of the NP mean size.

Measurements were analyzed using analytical formulas and numerical simulations of the hysteresis
loops. Several features expected theoretically were observed for the first time experimentally: 1) the
correlation between the nanoparticle diameter and their coercive field, ii) the correlation between the
amplitude of the coercive field and the losses, and iii) the variation of the optimal size with the
magnetic field strength. None of these features are predicted by the LRT but are a natural consequence
of theories derived from the Stoner—Wohlfarth model. These results opened the path to a more
accurate description, prediction, and analysis of magnetic hyperthermia.

This research activity was actively pursued in the laboratory. A great effort was devoted to the
modulation of the magnetic anisotropy of the particle used. Metallic Fe NPs were progressively
replaced by FeC, NPs for biomedical and catalysis application.>****" The highly crystalline FeCo
NPs we developed recently combine a moderate magnetic anisotropy with a high Curie temperature,
leading to promising perspectives for high-temperature catalysis reaction. This work is presently
undertaken by Julien Marbaix (phD) and Sumeet Kale (engineer).

3. Electronic transport measurements

The control of metallic NPs synthesis opens new routes regarding the bottom-up approach of
electronic device fabrication. Indeed, individual NP can be foreseen as active or as interconnecting
parts of the next generation of complex logic circuits while arrays of NPs can serve as highly sensitive
sensors’ or for future spintronic-based devices.”' In both cases, electronic transport studies require the
local deposition and the precise addressing of NPs. I will describe the different strategies we have
been studying to control the NP deposition and will briefly overview the electronic properties
measured in collaboration with the Nanomagnetism group at LPCNO and our colleagues from
LNCMI.

a) Magnetotransport properties : modulation of the interparticle barrier
Work initiated during my phD and pursued after 2009 with Cécile Marcelot, Guillaume Viau, Julian Carrey,
Reasmey Tan, Julien Dugay and Marc Respaud. These results were reported in (A8, Al15, A24).

Transport in arrays of metallic NPs is expected to be strongly dependent on the nature of the organic
ligands surrounding the nanoparticles (Figure 35). Indeed these ligands act as a tunneling barrier for
the electron, therefore their length, their nature and the presence of impurities, such as molecular
compounds or paramagnetic species, can drastically affect the conduction property of the assembly
through the modification of the barrier resistance Rr. For instance, a conduction driven by sequential
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tunneling event is observed in presence of high barrier resistance while an efficient co-tunneling
transport can be encountered for lower barriers, allowing the partial delocalization over a large number
of particles.

)N b) NN TN NN Y

\ | Ry
Figure 35. a) Schematic view of the chemically grown metallic NPs surrounded by organic surfactants. b-c)
Simplified circuit diagrams of a 2D array of NPs (grey dots), having a charging energy Ec (related to the
capacitance C), separated by organic surfactants of resistance Ry The conduction can occur through b)
sequential or ¢) cooperative tunneling. Derived from reference **

The challenges from a chemical point of view consist in controlling the nature of the barrier and the
charging energy of the metallic NPs, in order to optimize the conduction properties. The main issue
concerns the controlled tailoring of these two parameters which are often intimately coupled.

e Self-assembled supercrystals of FeCo NPs : 3D assemblies

As previously described in section 1.2, millimetric supercrystals of amorphous FeCo NPs can be
prepared following the synthesis developed by Desvaux et al."” The self-assembly occurring at the
mean time than the NP growth, the organic barrier can not be easily tuned. Two types of supercrystals
can be obtained :

- A dense assembly of 13 nm NPs stabilized by a mixture of hexadecylamine and oleic acid

- A binary assembly of 16 and 27 nm NPs stabilized by a mixture of hexadecylamine, oleic and

stearic acid.

In both cases, the supercrystals exhibit complex behaviors at low temperature (<10K). A sharp
transition between two conduction regimes (Coulomb blockade and conductive) was observed at 1.8K
(Figure 36).*® The presence of paramagnetic species in the barrier was suspected to be responsible for
such results. Theoretical calculations evidenced the possible presence of Co®* ions. Therefore, we tried
to characterize these species using advanced techniques (UV-visible and XPS spectroscopies,
magnetic measurements at ultra low temperature). Despite intensive efforts, we could not conclude on
the nature of these impurities.

% MR
P

Figure 36. a) SEM image of self assembly of 13nm NPs, b) Thermal evolution of the magnetoresistance value
and c) Schematic view of the complex tunnel barrier with paramagnetic species present either in the barrier or
at the NP surface. Reprinted from reference *

To gain a better control of the nature and the length of the organic barrier present within the NP

assembly, we progressively moved from the self-assembled supercrystals to controlled assemblies of
model objects we could specifically triggered.
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e 3D assemblies driven by dielectrophoresis

Dielectrophoresis technique consists in applying a non uniform alternating electric field onto a
colloidal solution. Nanoparticles will be attracted by a driving force, the so-called dielectrophoretic
force, towards the field gradient (Figure 37). Julien Dugay designed interdigitated Au electrodes with
5 pm spacing. Controlled assembly of nanoparticles into dense arrays could be obtained after a careful
optimization of the applied field frequency and strength, and after controlling the physicochemistry of
the colloidal solution, by adapting the solvent (viscosity, melting point, evaporation rate) and the NPs
concentration. These parameters are dependent of each type of NPs used, requiring a dedicated study.

Figure 37. a) Schematic view of the dielectrophoresis process, b) dimensions of the Au electrode used and c)
examples of dense assembly obtained with 10 nm Co NPs.

*  Magnetotransport measurements in Fe and Co assemblies

The effect of the chemical nature of the organic barrier was investigated using Fe NPs as model
systems. Fe NPs were carefully purified using classical washing procedure prior to their deposition by
dielectrophoresis. For the first time, Tunnel MagnetoResistance (TMR) of few percent was detected at
room temperature on these clean assemblies.*" Interestingly, similar properties were observed for NPs
stabilized by ammonium chloride/amine or carboxylic acid/amine surfactants.

The complex low temperature effects observed on FeCo superlattices were no longer observed. The
controlled incorporation of paramagnetic species, suspected to be responsible for such effect, was
studied but did not lead to conclusive results so far.

Another key parameter of the organic barrier is its lateral extension. We studied the influence of the
interparticle distance on the magnetotransport properties. Ligand exchange could not be satisfactorily
made on Fe NPs, due to the strong anchoring of the carboxylate groups. In the framework of our
fundamental study on NPs synthesis in pure oleylamine, we could prepare monodisperse Co NPs of 10
nm stabilized solely by amine groups. Thanks to the lability of these ligands we could proceed to a
T T RARL Y ligand-exchange process to control

= the alkyl-chain length of the
10+ ~ 18 1 stabilizing amine, going from
—~ 5] e C12 | oleylamine (C18) to dodecylamine
< (C12) and butylamine (C4), without
£ o0 : affecting the Co NP size. By this
= 5l - 2—8—C4 1 mean, the interparticle distance could
2 be tuned from 4 to 2.4 and 0.5 nm,

-101 - 1 respectively (Figure 37).4%*
-15- fq Y A smaller tunnel barrier length leads
_30_2‘5_2‘0_1'5_1‘0 _'5 0 5 1‘0 1'5 2‘0 2'5 30 to e.m 1pcreased coopergtlve coupl%ng
which is reflected by (i) a spreading
a) V(v) of the delocalization length and thus
Figure 37. a) I(V) characteristics measured at T=2K, b) TEM by (ii) a higher conductivity of the

images of Co NPs surrounded by the different amines. assembly.

Magnetotransport studies on the chemically ordered FeCo NPs are currently made by Suhail Usmani
(phD).
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b) Electronic properties of single nano-object

e Pt tripod
Work performed with Bruno Camargo and Benjamin Lassagne, in collaboration with Walter Escoffier (LNCMI
Toulouse). These results have been recently published in A44.

Among the different Pt particles we could obtained, planar tripods, whose 3D shape was partly
revealed by electron tomography (Figure 38a-c), were of particular interest for electronic transport
measurements. Indeed these objects combine a flat surface, allowing the deposition of contact
electrodes, and a highly crystalline structure (Figure 38d-e), which is mandatory for a good electronic
conduction.

Figure 38. a) HAA
electron tomography. HRTEM image of thick Pt tripod arm from d) a top-view and e) a lateral view. The
twinning plane is clearly visible. Inset : corresponding FFT images. TEM images of f) thin and g) thick Pt stars

The dimension of the tripods (thickness, arm length and width) could be tuned by adjusting the
precursor reactivity. The direct decomposition of the platinum salt (H,PtClg) let to thin nanostars,
exhibiting arms of typical dimensions of 100 nm x 7 nm x 7 nm (length x width x height, Figure 38f).
On the contrary, starting from an intermediate Pt-oleylamine complex, thick nanostars were obtained
(250 nm x 60 nm x 16 nm, Figure 38g). In both cases the nanostars were composed by two perfect
crystals grown symmetrically aside a twinning boundary (Figure 38e).

The chemical synthesis allowed a fine control of the size and the shape of the stars but comes along
with the use of organic ligands. In the case of Pt stars, their surface is decorated with oleylamine, and
the derived oleylamonium chloride. As previously shown on Co nanoparticles, oleylamine can act as
an efficient tunnel barrier. In the case of single object connection we aim at measuring the intrinsic
electronic properties of the object without suffering from any important contact resistance. Therefore,
an important effort was devoted to the removal of the surfactant prior to the connection.

We first used standard liquid-phase cleaning procedure, consisting in successive precipitation and
redispersion steps. The stars were then drop-casted on the SiO,-Si substrate of interest and further
exposed to an oxygen plasma treatment. The evolution of the organic content at the star surface was
followed using IR spectroscopy in Attenuated Total Reflectance (ATR) configuration, guiding the
optimization of the plasma conditions.

Isolated stars were then electrically contacted using standard electron nanolithography techniques
(Figure 39a). The contacts exhibit classical ohmic behavior, confirming the removal of the organic
barrier. The electrical resistivity of the stars was only one order of magnitude larger than in bulk Pt,
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revealing the high purity and high crystallinity of these chemically-grown objects. Interestingly, these
objects can withstand very high current densities (200 MA/cm®) opening potentiality for power
electronics. Moreover, thanks to their reduced sizes, the stars thermalized very efficiently allowing the
observation of non-linear effects such as frequency multiplication (Figure 39b).
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Figure 39. a) SEM image of a connected thin Pt nanostar. As inset, the same star before the connection. b)

HAADF-STEM image of planar tripods and b-c) the corresponding 3D reconstruction obtained by electron

tomography. HRTEM image of thick Pt tripod arm from d) a top-view and e) a lateral view. The twinning plane

is clearly visible. Inset : corresponding FFT images. TEM images of f) thin and g) thick Pt stars
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e Towards individual Au NW
Work performed with Anais Loubat, Said El Nouh, Pierre Moutet, Laurianne Teulon, Laurence Ressier, Etienne
Palleau and Guillaume Viau,in collaboration with Bertrand Raquet and Walter Escoffier (LNCMI Toulouse).
Results published in A20 and A3 1.

Our work on the synthesis of ultrathin Au nanowires was motivated by their unique electronic
transport properties. Indeed, thanks to their sub-nanometric radius, such wires are likely to display
quasi one-dimensional (1D) confinement effects such as non Fermi liquid behavior.”**

A first study was performed on Au nanowires deposited by drop-casted. Solely bundles of few tens of
wires could be localized by extensive Atomic Force Microscopy characterizations. Scanning Electron
Microscopy, which would have been a much faster mapping technique, was discarded due to the
extreme fragility of the wires which tend to brake under the electron beam. The micrometric length of
the wires allowed us to use conventional nanolithography technique to connect the bundles (Figure
40a). However, despite the optimization of the process parameters, the wires suffered from the
Rayleigh instability and tend to break into shorter rods of ~100 nm. A co-tunnelling regime,
characteristic of collective effect, was unravelled by low temperature and high magnetic field
measurements (Figure 40b).A20
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Figure 40. a) AFM image of a 20-nm height bundle of Au nanowires after the deposition of Ti/Au electrodes and
the corresponding b) Current-Voltage characteristics measured for selected temperatures
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To go beyond these measurements and demonstrate experimentally the expected correlations between
the high aspect ratio of the nanowires and their conduction properties, the addressing of undamaged
individual NW is mandatory. In this aim, highly challenging technological steps must be overcome
namely on

1) the deposition and localisation of individual NWs on pre-defined areas of surface and

i) their electrical addressing using stencil as an alternative soft nanopatterning approach.

Our efforts have mainly focused on the first step of
deposition and localization. At LPCNO the Nanotech group
developed a nanoscale adaptation of the industrial
xerography process used in laser printing. It uses the strong
electric fields generated by charge patterns written by
atomic force microscopy (AFM) into electret thin films to
trap charged and/or polarizable colloidal nano-objects via
electrostatic  interactions (Coulomb  forces and
dielectrophoretic forces) at known locations on a substrate
(Figure 41).%%

Figure 41. Schematic view of the
nanoxerography process

The challenge consisted in adapting the surface chemistry of the nanowires to the nanoxerography
requirements. Any surfactant present in excess could be trapped on the charged patterns, resulting in
the fading of the electrostatic interactions. Moreover, the use of a highly concentrated solution leads to
unspecific deposition onto the substrate and the potential pre-aggregation of the particles in solution.
Therefore, important efforts were dedicated to the optimization of the colloidal solution used for
nanoxerography experiments.

The wires, initially coated by a bilayer of oleylamine and oleylamonium chloride, were precipitated
out from the reaction solution by centrifugation in presence of absolute ethanol. After redispersion in
pure hexane, the wires tend to self-assemble into an hexagonal phase exhibiting a much smaller lattice
parameter, thus evidencing the presence of a single layer of surfactant at the nanowire surface (Figure
42). XPS analysis confirmed the presence of oleylamonium chloride at the surface of the nanowire.
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Figure 42. Schematic view of the surfactant at the Au nanowire surface a) after synthesis and b) after
purification. c) SAXS data of the hexagonal phase formed in solution of as-grown (black) and purified (red) gold
nanowires. The peak positions in the reciprocal space relative to the position of the first peak are 1:N3:N4:N7 for
the as-grown and 1:N3 for the purified nanowires.

To prevent the formation of these hexagonal self-assemblies, which are detrimental to the deposition

of single nanowires, a drastic dilution of the purified solution was applied, going from a gold
concentration of 10 mM down to 20uM.
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Interestingly, the diluted solution which contains two nanoparticle populations (the Au wires of
interest along with the Au nanospheres that are concomitantly grown, as described in section 1.3)
shows an impressive shape sorting by nanoxerography. Indeed, Au nanospheres tend to mostly
assemble onto negatively charged patterns while the Au nanowires only assembled onto the positively
charged patterns (Figure 43a).™"
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Figure 43. a) AFM topographical images of the directed assembly of gold nanowires and nanospheres by AFM
nanoxerography on charge patterns of opposite polarities (+/-5V). As inset : Kelvin Force Microscopy image of
the two 3um charged squares of opposite polarities written on a PMMA film. b) Schematic view of the surface
stabilization of gold nanowires and nanospheres, far from the charge patterns and near them.

These unexpected results revealed that the Au objects exhibit:

- a negative effective charge for the wires, leading to a specific absorption onto the positive
pattern due to electrostatic forces,

- a slightly positive effective charge for the spheres, leading to a preferential but not selective
adsorption on the negative pattern.

Hexane being an apolar solvent, the presence of charged particles is fairly unlikely. The observed
effective charges may result from the strong electric field induced by the charged patterns. We believe
that the repartitions of chloride anions and oleylammonium are drastically modified by the presence of
charge patterns, resulting in effective charges (Figure 43b).

By optimizing the positive pattern design, the controlled deposition of Au nanowires could be tuned
from coiling structures to straight alignments down to the controlled deposition of single nanowire
deposition (Figure 44).

Onm

Figure 44. a) KFM images of positive patterns and b) the corresponding AFM image after directed assembly.

Connection experiments couldn’t be tried so far due the breaking of the wires ~48h after directed
assembly. Surface modification is currently studied to expand the wire stability up to a week. This time
scale is mandatory to allow the connection by stencil approach and the electronic transport
measurements.
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III.  Controlled assembly and integration of nanostructured materials : towards
applications

In the past 3 years I started to work on the preparation of nanostructured materials starting from the
colloidal solution we synthesized. This final step is indeed mandatory for several applications, among
which the integration of nanoparticles onto microelectronic devices and the preparation of rare-earth
free magnets. Important efforts were devoted to the optimization of the physico-chemical properties of
the starting solution to keep the integrity of the nanoparticles in the metamaterial while promoting a
high volume fraction, and thus optimized properties.

1. FeCo NPs for RF filters
Work performed with Cyril Garnero, Mathieu Lepesant and Bruno Chaudret, in collaboration with Pierre Fau
(LCC, Toulouse), Benjamin Bardet and Gael Gautier (GREMAN, Tours) and Patrick Poveda (ST, Tours). Two
manuscripts are in preparation.

The needs in telecommunications have considerably increased in the past decade, requiring high
performance, low power consumption and low cost radiofrequency circuits to support the huge
expansion of local exchanges such as video on demand, interconnections with mobile phone
applications or shared storage. Among the different passive components present in these circuits,
integrated planar inductors plays a key role to properly filter the signal of interest while rejecting the
surrounding electromagnetic noise up to the GHz, which is the range of frequency commonly used for
cellular phone networks worldwide.

The efficiency of these inductors, evaluated by the value of their inductance, should be constantly
increased. However, geometrical features, such as number of spires and diameter of the wires, can no
longer be improved without leading to larger inductors. Thus, alternatives are actively sought, the
most promising one consisting in improving the environment permeability by embedding the inductors
in a soft ferromagnetic material.”®

An alternative to the thin films commonly used consisted in preparing composite materials composed
of optimized magnetic nanoparticles embedded in an insulating matrix. Working with an industrial
partner on commercial inductors, we developed two complementary strategies to improve the
environment permeability (Figure 45) :
- the filling of porous Si located underneath the inductor, in collaboration with the Greman
laboratory.
- The preparation of a composite material further reported on-top of the inductor

integration strategy chosen. As insets : SEM images of filled porous Si (bottom) and composite epoxy resin (top).

FeCo nanoparticles have been chosen for preparing the two metamaterials due to their high saturation
magnetization and their low magnetic anisotropy, which are key parameters for radio frequency (RF)-
applications. However, the as-prepared particles are highly sensitive to air and prone to oxidize,
decreasing drastically their magnetic properties.
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a) Impregnation into porous Si

Porous silicon has recently opened great perspectives for biomedical applications, thanks to its large
surface area and biodegradability, and for the microelectronic industry thanks to its excellent isolating
properties. Mesoporous Si was prepared by the Greman laboratory and exhibit pores of mean
dimension 25 nm x 18 pm (diameter x thickness).

Direct synthesis of FeCo nanoparticles within the pores let to relatively small NPs with poor magnetic
properties, therefore an impregnation technique was preferred, using preformed 9nm FeCo nanocubes.

These nanocubes are highly dispersible in organic solvent, allowing the preparation of stable colloidal
solution. Moreover, they exhibit an hydrodynamic diameter of 15 nm, smaller than the mean pore size.

The impregnation technique could be optimized to reach a filling of ~15% vol. of FeCo NPs.

Remarkably, the filling was effective along the whole pore thickness, FeCo NPs being detected at the
extreme bottom of the 18um thick mesoporous Si (Figure 46).
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Figure 46. a) SEM image of the filled mesoporous Si. b) Evolution of the FeCo atomic content, determined by
EDX, as a function of the depth. The position of each EDX spectrum is highlighted on the yellow arrow in a). c)
SEM (left column) and TEM (right column) images of the filled pores at the extreme surface (upper raw), at a
10um depth (middle raw) and at the pores’bottom (bottom raw). FeCo NPs can be seen as bright dots on SEM
images and dark dots on TEM ones.

b) Immersion into an epoxy resin

Magnetic composite was prepared by dispersing FeCo nanoparticles into an epoxy resin, already used
by our industrial partner. To maximize the magnetic properties of the composite a high metallic
loading was mandatory, therefore we focused our investigation on the 12 nm FeCo NPs, which exhibit
a high metal content (>80% in weight).

Self-supported pellets could be prepared following a simple protocol (Figure 47a-b) with a metal

loading varying from 10 to 70% (Figure 47c-f). The nanoparticles are well dispersed along the whole
thickness of the pellet and only few aggregates, already observed in the FeCo solution, are observed.
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30 %w.t NPs

60 %w.t NPs

Figure 47. a) Schematic view of the pellet preparation and b) the corresponding image. c,e) SEM cross-view
image on the pellet thickness and the corresponding d.f) TEM images on pellet’slices prepared by microtomy for
c-d)30% and e-f) 60% loaded nanocomposite.

Submillimetric FeCo/epoxy composites have been prepared using a dicing saw and were further
reported onto commercial inductors thanks to a pick-and-place approach. Improvements of 18% and
27% were obtained for nanocomposites exhibiting a 30% and a 60% loading respectively (Figure 48).
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Figure 48. a) Image of 30% loaded FeCo/epoxy nanocomposites deposited on commercial inductors by the pick
and place approach (upper chip) and by a direct integration using drop casting technique (lower chip). b)
evolution of the inductance as a function of the applied current frequency for the commercial inductor as-
received (black) and after integration of 30% (red) and 60%-loaded (blue) nanocomposite.

Motivated by the promising results obtained through the pick-and-place approach, preliminary
attempts of direct integration of the nanocomposite onto commercial inductor were conducted.
Submillimeter deposit of FeCo NPs could be made by simple drop casting of a suspension through a
400umx400um pitch in a thick PDMS stamp prepared by laser cutting. Some conformity issues were
encountered at the edges of the deposit due to the PDMS swelling in presence of the organic solvent
used (tetrahydrofurane) and capillary effects.

Alternative molds are under consideration for local deposition. Functionalization of the mesoporous
Si will be tested.
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2. Dense assemblies of Co NRs as rare-earth free permanent magnets
Work performed with Evangelia Anagonostopoulou, Marc Pousthomis and Guillaume Viau, in collaboration
with Frederic Ott (LLB, Saclay), Semih Ener and Oliver Gutfleisch (TU Darmstadt) in the framework of the
European FP7 project Refreepermag. These results have been reported in 5 publications (A29, A32, A34, A42,
NA3), 1 book chapter (Ch2), 1 manuscript on consolidation has been submitted.

The increasing demand of permanent magnets and the dependence towards China for the rare earths
(RE) supply incite important efforts worldwide to develop next generation magnets requiring either
fewer quantities of RE or even to imagine new technologies based on RE free magnets. These new
magnets should exhibit an energy product,'® the so-called (BH),,, ranging from 100 kJ/m’ to 200
kJ/m’,'"" intermediate between ferrites (< 38 kJ/m3) and rare-earth based magnets (>250 kJ/m3)
properties.'”

Single-crystalline Co nanorods (NRs) have been suggested as promising candidates for such
alternative RE-free magnets. The great advantage of Co NRs in the field of hard magnetic material is
the possibility to add magnetocrystalline and shape anisotropy, providing that the c-axis of their hcp
structure is parallel to their long axis (Figure 49), leading to a theoretical intrinsic coercivity uoHc =
1.6 T for isolated NR, while experimental values higher than 1T were recently obtained.'”

—

¢ axis mean axis

q‘ - S
HCP Co
Magnetocrystalline Shape
a) anisotropy anisotropy

aligned. The vector m represents the particle magnetization. b) Transmission Electron Microscopy (TEM) image
of Co NRs prepared by the polyol process and c) the corresponding High-Resolution TEM (HRTEM) image. The
white arrow indicates the c axis of the hcp structure (reprinted from ['**]).

Such single-crystalline Co nanorods with high coercivity can be synthesized by the polyol
process'®'® and organometallic chemistry.''% The controlled alignment and compaction of such Co
nanorods could theoretically leads to impressive (BH)n,, (above 200 kJ .m'3), far above the AINiCo
magnets, at the conditions that'""'% :

- the constitutive Co NRs exhibit high intrisic coercivity (Hc),

- a highly parallel orientation of the rods (misalignment angle <5°),

- a high magnetic volume fraction, i.e. packing fraction (Vy>50%).

We recently demonstrated experimentally the feasibility to elaborate rare-earth free permanent
magnets based on cobalt nanorods assemblies with high strength (Figure 50).*** Highly crystalline Co
NRs exhibiting the hexagonal close pack structure were prepared using the polyol process.'®'%4%% A
cobalt precursor (Co(laurate),) is reduced in a basic solution of 1,2-butanediol in presence of a
nucleating agent (Ru' salt) (Eq. 9).
1,2-butanediol
Co'(laurate), + NaOH + Ru' CoNRs (Eq.5)
(80 mM) 75mm)  (2mm)  179°C, 8°C/min

We recently succeeded in up-scaling, at the laboratory level, this polyol process, obtaining 5g of well-
defined Co NRs in one batch (Figure 50a).** The Co NR aspect ratio (AR), defined as the ratio
between the diameter (d=8-40 nm) and the length (I= 50-400nm), could be tuned from 6 to 18 by
adjusting the experimental parameters. The intrinsic coercivity being dependent on the exact shape of
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the rods,""* values ranging between poHc = 0.3 and 0.5 T could be obtained. Their saturation

magnetization were evaluated at 110-120 emu/gyowder-

Co NRs could be aligned under external magnetic field, forming centimeter wafers (Figure 50b). Even
though no polymer was added to the Co NRs, the wafers obtained exhibit impressive robustness and
flexibility, due to strong Van der Waals interaction between the Co NRs. Indeed, dense assemblies
were obtained, characterized by important magnetic volume fraction (Vy = 0.4 — 0.55) and very small
inter-rod distance as confirmed by Scanning electron microscopy (SEM, Figure 50e). Microscopic
needles, with submillimeter dimensions (thickness and width ~ 100um), can be separated from these
wafers (Figure 50c). They exhibit smooth surfaces without any cracks (Figure 50d) and consist in
dense alignments of parallel nanorods along the field direction (Figure 50e).
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Figure 50. a) TEM image of the Co NRs prepared by polyol. Image of b) the nanocomposite magnet aligned in
an Al mold by controlled evaporation of a Co suspension under a 1T external magnetic field. Inset shows the
4cm aligned wafer obtained, which exhibits robustness and flexibility. c) Magnetic needles separated from b. d-
e) SEM images of the micrometric needle evidencing the Co NRs alignment. f) Small angle neutron intensity
profile scattered by Co assemblies, perpendicular (black square) and parallel (open square) to the rod
alignment. Inset: corresponding 2D SANS pattern; g) Magnetization loop recorded at 300K, exhibiting a
squareness (SQ) of 0.86. h) Second quadrant of an optimized induction loop and the corresponding energy
product (BH). Blue point represents the optimized working point, corresponding to a (BH)ax of 160 kJ.m>.
White arrow in b), d) and e) represent the direction of the external magnetic field applied.
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The assessment of the magnetic volume fraction allowed extrapolating the induction loop from
vibrating sample magnetometry measurements (VSM, Figure 50g) and thus, determining the energy
product of these nanostructured alignments (Figure 50h).
(BH) .0 ranging from 120 to 165 kJ.m™ have been obtained thanks to :

- an impressive alignment of the constitutive Co NRs, as revealed by the very anisotropic
Small Angle Neutron Scattering pattern (SANS, Figure 50f) and by the squared hysteresis loops
(Figure 50g), characterized by a high squareness (SQ).**

- a high magnetic volume fraction (Vy = 0.4 — 0.55)

To go further and prepare macroscopic RE-free magnets, consolidation techniques were used in
collaboration with S. Ener and O. Gutfleisch (Technical University of Darmstadt). The densification of
the cobalt NRs assemblies into a cohesive structure were carried out in absence of any polymer matrix
to prevent from a dilution of the active magnetic volume. Images of consolidated Co nanorods with
different shapes and obtained by different compaction methods are shown in Figure 51a. As it can
clearly be seen from the images, the compacted materials maintain their integrity even after shaping.
The ligand layers remaining at the nanorods surface are responsible for the good cohesion of the
consolidated materials. Moreover, these surfactants prevent from the rod coalescence during the
consolidation steps.

The magnetic volume fraction and the density of the consolidated materials are consistent with a
compact microstructure without internal porosity. Magnetic measurement, small angle neutron
scattering (SANS) and X-ray diffraction allowed characterizing the rod alignment within the
consolidated materials. The best condition to reach a high volume fraction and to preserve the quality
of the alignment was the cold compaction under 1 GPa, hot compaction and Spark-plasma sintering
(SPS) leading to the rod coalescence.

The magnetic measurement of the resulting bulk consolidated material, shows energy products of 65
kJ.m” (Figure 51b) which can fill the “gap” between the hexaferrites and rare-earth-transition-metal
based magnets.
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Figure 51. a) Images of consolidated Co nanowires in different shapes. Thin nanorods exhibiting a mean
diameter of 10.9 nm were compacted at 300 MPa, 180°C (I) ; 450 MPa, 180°C (1) and 1GPa, RT (Ill). Larger
rods (mean diameter of 28.3 nm) were compacted at 450 MPa, 180°C (IV). b) The corresponding
demagnetization curves measured at room temperature. HC = hot compaction, CC = cold compaction

Further energy product improvements are expected by reducing the native CoO oxide shell and the

surfactant layer present at the Co NRs surface, while maintaining a high coercivity. Therefore we are
currently working on the synthesis of non-oxidized thin rods and their further controlled assemblies.
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IV. Research Project: Submillimetric magnets made of nanoparticles for portable
magnetic devices

The expanding market of integrated sensors/actuators in sectors as diverse as the automotive,
aerospace or biomedical sectors, requires miniaturized power supplies. The magnetic flux density
available being independent from the size, permanent magnets (PM) represent the most attractive
choice for such integrated power sources,''' and would benefit to numerous applications'' based on
Micro-ElectroMechanical Systems (MEMS), such as actuators,“z’113 relays,114 magnetic sensors,”s’116
micromachines,'"” viscosity sensors'"®'"® or biosensors.””'*' In addition, the unprecedented increase
of telecommunications needs leads to very high-speed optical communications on long distance
networks as well as within urban infrastructures. All these networks require cheap, efficient and highly
integrated systems. In the millions of packages yearly installed, optical isolators, which prevent
backward signals from propagating and thus affecting the laser source operation, are discrete magneto-
optical materials, which require expensive alignment techniques as well as the application of an
external magnetic field, generally provided by external macroscopic rare-earth (RE) based PM.

A major technological challenge therefore consists in providing submillimeter PM with high remanent
induction and controlled orientation to address the massive demand for MEMS and optoelectronic
components. All these integrated systems share multistep technological processes mastered by
semiconducting manufacturers such as implantation, annealing, metallization and reactive etching. To
be fully implementable, the PM integration should take place at the very end of the process without
altering the complex architecture of the device. This is why high temperature annealing and harsh
chemicals must be avoided. Having in mind these technological constraints, we will first present the
basics of the physics involved in PM to propose a viable integration solution.

1. State of the art

M, B = po(H+M) An efficient permanent magnet consists in a material which
L/ returns its stored energy, the so-called energy product (BH) .,

Br = p Mr Ms . . .
A1 under the form of stray fields. This energy product can be, in a
/‘T P A first approximation, extrapolated from magnetometry
(B / measurements as the maximum area enclosed in the second

A

2Ho? L~ Hc® Hc" y quadrant of the induction (B(H)) loop (gray square in Figure

% 52) which directly depends on the remanent induction (B,) and
the coercivity. Its value is however often reduced compared to
the theoretical limit (BH)yax = poMs/4 (Eq.6),”° where Mj

-Ms

-Br=- pr represent the saturation magnetization. Though not directly
appearing in Eq.6, Hc is indeed crucial to fully benefit from the

Figure 52. Magnetization (in blue) and magnetization and prevent any irreversible demagnetization.

induction (in red) hysteresis cycle. Grey
square : (BH),ux

Coercivity is an extrinsic parameter which depends on the
material’s size, shape and anisotropy (K).*

Size reduction stabilizes the single domain configuration in

which all spins align along magnetic easy axis direction, c0® @ (
imposed by K. Coercivity raises from 0, for small
superparamagnetic NPs, to the maximum value of Hc =
2K/Ms (Eq. 7) for ferromagnetic NPs close to the single-
domain limit (Figure 53).122’123 This critical size varies
between a few tens to a few hundreds of nanometers,
depending on the material.* P
Anisotropy, which should be as large as possible for PM,
arises from several contributions, among which the
magnetocrystalline anisotropy (Ki,), inherent to the material  Figure 53. Hc evolution with particle size.
structure, and the shape contribution (Kj;), which can be D,, and Dy, : superparamagnetism and
increased by favouring rod like particles. single-domain diameter.
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Commercially available processed magnets are inherently nanostructured materials, benefiting from
the size reduction effect, and are usually prepared following classical metallurgy processes. The sub-
micron powders obtained by milling are compacted and magnetically aligned through a high
temperature annealing process.

Difficulties are encountered when one wants to reduce the size of the final magnet, due to process
incompatibilities. Fully compatible alternative approaches have already been intensively sought. Top-
down approaches using sputtering deposition could lead to relatively thick magnetic films, patterned
through microelectronics processes', or laser induced thermopatterning,>® but cannot generate a
sufficient magnetic flux outside their volume due to their limited thickness.

The bottom-up approach, which consists in assembling single-domain nanoparticles into dense
materials,*™ is an alternative of primary choice for integrated PM providing that the nanoparticles
(NPs) building blocks exhibit a sufficient coercivity.” Recently, patterning of magnetic polymers by
inkjet,® imprinting’ or photolithography,® or electroplating through masks”'* have been investigated to
design integrated magnets compatible with microelectronic processes.'' These approaches suffer from
a low magnetic fraction, which drastically reduce M, as well as fairly soft magnetic constituents, with
low K.

Thus, one approach to solve the problem of performant integrated PM consists in synthetizing
optimized building blocks, assembling them into dense metamaterials through a generic deposition
technique. In this respect several fundamental questions must be answered :

- What are the materials of choice for the building blocks?

- How can NPs be chemically synthesized and exhibit the targeted crystallographic phase?

- How can magnetic properties be enhanced by cooperative effects?

- Can the self-assembly of ferromagnetic NPs be controlled?

a) Hard magnetic phases

In table 1 are given all the candidates exhibiting
a hard magnetic phase. From a magnetic point of [[AELEIEIEERE A EETS &) T (7 M

-3 -1
view, RE-based alloys are by far the best phase UL o) (L)
materials thanks to their high Mg and K. Nd;Fe, B P4, tefragonal o0 |22
However, they suffer from geopolitical, SmCos D2, hexagonal 17.2 0.85
environmental and processing issues, prohibiting L L Lo iBiiroiel 40 0L
their use for integrated PM. Platinum’s cost and Co hep v.41 141
rarity, combined with the necessary annealing MnAl LL L 5ol Lol s
required for reaching the targeted L1, phase, MnBi g&(&)l-Hexagon;ill 831 838
discarded Pt-based alloys despite intensive Mn3-Ge 2 tetragon : 07
. . . FeNi L1, tetragonal 1.3 1.26
researches. Ferrites, which are widely used, "FeN. b 1 Lo2
exhibit fairly poor performances. Fe-'" and Mn- |-%->€16X2 ct :
BaFelelg th 0.33 0.38

based alloys'™ have grown as promising 7 able 1. Intrinsic magnetocrystalline anisotropy (K,.) and
phases thanks to their intermediates properties  saruration magnetization (Ms) of different materials. Hep :
between RE and ferrites. However, a real hexagonal close pack, bct : bodycentered tetragonal
challenge consists in stabilizing the proper

phase, any deviation leading to a drastic a) fcc structure  b) L1g-structure  ¢) DO,,-Mn,Ge d) B8,-MnBi
decrease of the properties (Figure 54).

For instance, the martensitic o”’-Fe¢N, phase is
metastable and can only be partially stabilized
at low temperature under strain, yielding limited
coercivity.'” Regarding Mn-based alloys, the
bulk phase diagrams are very complex, with up
to 11 different phases being observed for MnGe
alloys.126 The DO0,, structure of the Mn;Ge
Heusler, intensively sought for its ferromagnetic

Figure 54. Crystallographic structure of a) face-centered
cubic, b) L1,-tetragonal, c) DO, tetragonal and d)BS,;
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and half-metallic character, is the thermodynamic phase expected in a narrow composition window
(%Mn = 0.72-0.76). The B8;-MnBi phase, which exhibits an unusual increase of coercivity with
temperature, is also the thermodynamic phase. However any deviation from the proper stoichiometry
leads to antiferromagnetic coupling with the Mn atoms in excess, thus decreasing the magnetization of
the whole compound. MnBi and Mn;Ge have been obtained by multi-step metallurgy processes (melt-
spinning, cryomilling and annealing),'”’ or by sputtering on hot surfaces and further annealing,'*® but
could never been successfully prepared using a liquid phase approach.

The generic tetragonal L1, structure shared by the MnAl, FeNi and PtFe alloys, is also the low
temperature phase expected close to the stoichiometry. This structure consists in the regular stacking
of chemically pure A (ex: Mn, Fe) and B (ex: Al, Ni, Pt) planes along the c¢ axis, leading to a
tetragonal distortion. For MnAl, the ferromagnetic L1,-phase is however only metastable and requires
the addition of C atoms and/or successive thermally-driven phase transitions."**'*” For FeNi, the
difficulty of obtaining synthetic FeNi with the L1, structure in comparison with the well mastered L1,-
FePt phase lays in the reduced temperature of the phase transition (320°C)"' from the ordered L1, to
the disordered fcc phase. The phases resulting either from metallurgical processes or from chemical
syntheses are generally quenched in a disordered fcc structure, and below 320°C the recrystallization
by diffusion is extremely slow, prohibiting the formation of L1,-FeNi in a reasonable time.

In conclusion, in addition to optimized Co NRs we will focus on the synthesis of L1y-FeNi, which,
despite the complexity of the chemical ordering, appears as the most promising candidates for a liquid-
phase synthesis approach.

b) Controlling the size, shape and crystallographic structure of L1,-FeNi NPs

As described in section I.1 and 1.2, I have developed a rational approach for the synthesis of Fe(0) NPs
by reducing a bis(bis-trimethylsilylamide) Fe complex (referred from now on as Fe(N(TMS);),) under
mild conditions (150°C, H, pressure).*® By tuning precursor-surfactant interactions I could control the
relative amount of reactive species, the Fe(N(TMS);), initially introduced, as well as the stable species
formed in-situ, and thus finely tailor the nucleation and growth steps through which NPs are formed.
Extending this approach to the synthesis of bce-FeCo NPs by codecomposing Fe and Co silylamide
precursors, we could stabilize for the first time the thermodynamic phase B,, which can be seen as an
analogous to the ordered L1, phase in fcc materials.

I propose to tackle the stabilization of the promising magnetic phases of L.1,-FeNi within nanoparticles
using the same organometallic approaches to benefit from a unique control of precursor reactivity,
thus addressing the challenges of 1) chemical and ii) structural homogeneity.

c¢) Magnetically driven self-assembly

The self-assembly of plasmonic and luminescent NPs has been intensively studied to improve the
intrinsic properties of the building blocks thanks to the cooperative effect."**'** Often driven by solvent
evaporation, the examples of self-assembly on magnetic NPs have been limited to superparamagnetic
NPs."**!* Indeed, ferromagnetic NPs tend to preform columnar structures in liquid phase due to strong
magnetic interactions,””"* leading to aggregation phenomena within a short period of time."’ An
alternative consists in promoting the assembly using an external magnetic field, as we have recently
reported.

In summary : The candidate of choice for the constituting building blocks has been identified as the
L1, phase of FeNi but the stabilization of this tetragonal phase remains highly challenging.” A back-
up, less sustainable option would be non oxidized Co NRs. The assembly of ferromagnetic NPs into a
dense metamaterial can be magnetically driven providing adequate rheological properties in the
solution. In this respect, I propose to tackle the scientific challenges in chemistry, physical-chemistry
and physics to render the bottom-up approach for integrated PM a viable reality.
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2. Methodology

Below I outline our approach summarized in Figure 55 to answer the key questions:

- Are the thermodynamic phases of L1,-FeNi achievable by chemical means?

- How can dense magnetic metamaterials be prepared from suspensions of magnetically anisotropic
though morphologically spherical NPs?

- How can the intrinsic magnetic properties of hard NP be studied? Can the magnetic interactions
present in dense metamaterials be tailored?

- Can the metamaterials prepared with this bottom-up-approach be transferred to real devices?

~ N i~ a0 , T _
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. S o o %
/ FeNiC L1,-FeNi i1 . il Optical isolators
-
Pick-&-Place
From codecomposition 10 nm | Ink-formulation —2> i Idi O.2mm
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\ pPM 100um
Polyol synthesis / .
\ Unoxidized
Co NRs Co NRs miRNA sensor

Figure 55. Schematic view of the project. Light orange : intermediates studied by structural, chemical and
magnetic means.

a) From molecules to hard nanoparticles
*  Synthesis and characterization of L1y-FeNi NPs

Natural L1y-FeNi crystals were only discovered in meteorites, generally mixed with disordered fcc
FeNi alloys but sometimes as main FeNi compounds.™ Mineralogists generally consider that the
ordering occurred over billions of years under mild conditions. While the phase conversion fcc — L1,
by thermal annealing is not a reasonable option, two strategies have been followed to synthesize
artificial L1,-FeNi:
- The first approach consists in the successive deposition of Ni and Fe monatomic layers on single
crystal substrates. AuCu; and Au—Cu—Ni layers with a flat surface can exhibit a good lattice
matching with L1,-FeNi.'"*'*® Very high magnetocrystalline anisotropy has been measured on
L1,-FeNi thin films but because of a lack of nanostructuration coercivity is limited.
- The second consists in preparing an amorphous FeNi phase. Thanks to the higher atomic
diffusivity observed when crystallizing an amorphous phase, L1o-FeNi crystallites have been
successfully obtained from amorphous FeNi-X (X=Si, B, P, Cu).""' Interestingly the L1,-FeNi
phase was obtained after thermal annealing at temperatures varying from 400 to 540°C'*, thus
much higher than the 320°C predicted by the bulk phase diagram. Nevertheless, the L1y-FeNi
phase has never been obtained in pure form but mixed with Fe- and Ni-rich crystallites. The boron
and phosphorous additives actually favor the demixing of Fe and Ni during annealing, thus
altering the magnetic properties of the final material.

I therefore propose two different approaches, relying on organometallic chemistry to reach L1y-FeNi
NPs :

- Direct synthesis of Lly-FeNi NPs by co-decomposition of the silylamide and amidinate
precursors.
Benefiting from our previous expertise on the synthesis of B,-FeCo NPs we propose to co-decompose
Fe silylamide with an amidinate precursor as the Ni source. Homoleptic N,N’-dialkylacetamidinato
metal compounds,'*’ could produce thin films using H, as the reducing agent through the Atomic

Page 48



Layer Deposition process.'* We have recently produced Ni NPs by reducing Ni amidinate under H, at
150°C, i.e. in experimental conditions similar to Fe synthesis. The full panel of coordinating
surfactants (halides, carboxylates, amines...) and reducing agents (H, or alkylamine) will be explored
to optimize the relative reactivity of Fe and Ni precursors.

- Synthesis of amorphous FeNiC, NPs and further mild annealing

The second alternative I propose is inspired from Makino’s group idea of benefiting from the higher
mobility in amorphous alloys,'*" but limiting the additives to carbon. Demixing issues should be
avoided in that case while maintaining a sufficient mobility of Fe and Ni atoms to recrystallize.

We have previously reported that amorphous FeCoCy can be obtained by co-decomposition of
Fe(CO)s and Co(COD)(COT) precursors under mild conditions (150°C, Toluene, 3 bars of Hz).lg’A8
Wide Angle X-Ray Scattering (WAXS) and High Resolution Transmission Electron Microscopy
(HRTEM) have evidenced the amorphous structure of the NPs. Due to interstitial C atoms, the
amorphization of the structure is induced by the CO dissociation.*’ A 30 min annealing phase at 500°C
under Ar yielded bcc FeCo NPs coated with a 2 nm thick graphitic shell. Even though the B, structure
was not clearly evidenced at that time, the magnetic properties obtained were in favour of it. I could
successfully reproduce these particles while replacing Toluene by Mesitylene, thus diminishing the
potential overpressure hazard of the synthesis.*”**’

Benefiting from this experience, I propose to prepare amorphous FeNiC, NPs by co-decomposition of
Fe(CO)s and Ni(COD)z,145 previously used in our group, under mild conditions (Mesitylene, 150°C,
H,). The reaction of FeNiCx — FeNi decarburization will be controlled by playing upon temperature,
time and reactive atmosphere (H,/CO ratio). We expect that a slow decarburization at a temperature
well below the disorder transformation could favour the crystallization of the L1y phase. The phase
transformation will be followed by in-situ XRD equipped with a high temperature chamber under
reactive atmosphere.

In both cases, the crystallographic structure of the obtained NPs will be characterized by XRD. The
long range chemical order of the L.1,-FeNi structure is evidenced by the existence of (100) and (110)
superstructure lines in the XRD pattern, while these lines vanish in the pattern of the disordered phase
with fcc structure. Therefore, the order parameter S can be calculated as follows'* :

§ = (1o / Iu1)esp./(T100 / I111)cale , where (I,00/1;1;) represents the ratio between the superstructure
(100) and the fundamental (111) line intensities, the hardest magnetic properties being expected for S
=1.

The difficulty to characterize S comes from the very low intensity of the superstructure lines, which is
proportional to the difference between the Fe and Ni scattering factors. The difference is generally low
except in anomalous diffraction experiments, where the scattering factor contrast can be enhanced
using a Co Ka radiation whose energy is very close to the Fe absorption edge. We have recently
shown that the order in B, FeCo phases can be routinely studied using our laboratory diffractometer
equipped with Co X-ray source even though the difference of Fe and Co in terms of scattering factors
of is even lower than the one between Fe and Ni. In addition, synchrotron experiments will also be
helpful to characterize the order thanks to the possibility to select an X-ray energy even closer to the
Fe edge, thus further increasing the scattering contrast between Fe and Ni.'*

Additionally, Mossbauer spectroscopy can be used. Since this technique is highly sensitive to the
chemical environment of the °’Fe nuclei, it can discriminate between the disordered fcc and the L1,
phase, as the hyperfine field is slightly reduced in the latter compounds (uoHpy, of 32T and 30T
respectivelﬁ%,ligld the presence of an electric field gradient in the L1y-structure leads to non-symmetric
signatures.

Page 49



Surfactants

e  Synthesis of optimized Co NRs

To further improve the magnetic energy stored in the assemblies of Co NRs,
we expect to obtain Co NRs which exhibit an intrinsic coercive field poH¢ >
0.7T at 300K and with Vy = 0.6. The Co NRs consisting of a metallic Cobalt
core surrounded by a cobalt oxide shell (CoO) and a surfactant corona (Figure
56), we propose to optimize each component to reach our goal. Alternatively

the addition of a hard magnetic material will also be tried. 41L
Figure 56. Schematic

view of a Co NR.

- Improvement of the coercivity in the Co NRs assemblies

Micromagnetic simulations have shown that high coercivities are mandatory to fully benefit from the
high remanent induction of dense Co assemblies. A targeted value of poHc = 0.7T would allow us to
search for metallic volume fraction as high as 65%. While we can prepare routinely assemblies
exhibiting coercivity of 0.4-0.5T, two different approaches will be followed to improve the assembly
hardness.

1) The refinement of the Co NR shape control.
The exact shape of the Co NRs having a crucial importance
7 / 1 //fﬁ on the coercive fields,110 we will further refine the
experimental parameters used. Gandha et al. reported
4 // / §° / / coercivity of 1T on Co NRs with low dipolar interactions
Y/ / / thanks to a solvothermal adaptation of the polyol
al L7 process.'” The reaction was performed under a reducing
oo B) 2t 8m "% atmosphere at 250°C, i.e. above the boiling point of the 1,2
butanediol. By modifying the reaction kinetics, through the
reactivity of the nucleating agent and the temperature
slope, we have recently obtained rods with rounded tips but
various lengths (Figure 57).** Thanks to their ellipsoidal
shape, a coercivity of 0.72 T at 300 K was measured on aligned rods. These promising results will be
reproduced and optimized, by adjusting the stirring and temperature conditions (slope, reaction

temperature), to obtained monodispersed NRs.

=
3

Figure 57. a) TEM image of Co NR with
rounded tips and the corresponding b)
magnetization loop recorded at 300K

i1) The hardening of the Co NRs by addition of L1(-FePt
An alternative approach consists in grafting a hard magnetic material at the Co NR tips to prevent the
magnetization reversal and thus, boost the coercivity. A first proof of concept has been already
obtained (Figure 58). L1,-FePt nanoparticles, prepared in LPCNO," were mixed with Co NRs.
Binary self-assembly were favored by the addition of 4-mercapto benzoic acid (MBA). The biphasic

T —25%m material was annealed at 400°C to promote intermetallic

[ aen bt coupling between the two phases. Magnetization loop

0,5 recorded at 300K evidenced an enhancement of the

° coercivity compared to naked Co NRs (up to 2.2T, Figure
€ 00 58). For a limited Pt content of 25%, a coercivity of 1T
= could be obtained. Since Pt is a critical material, its content
051 should be further decreased. Moreover the addition of
spherical particles onto our Co NRs will lead to a decrease

10 of Vym. Thus, improvement of the binary assembly is
"6 4 2 0 2 4 6 required. We will use an external magnetic field during the

M, H (T) MBA addition, to align the easy axis of the particles to

Figure 58. Magnetization loop at 300K of  promote high squareness and coercivity. Moreover, we will
FePt-Co composites containing 25 (red), 40 optimize the annealing step, with higher annealing
(green) and 45% (blue) of Pt. temperature and a reducing atmosphere, to promote Vy.
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- Improvement of the magnetic fraction in the Co NRs assemblies

The improvement of the magnetic volume fraction V), in the final nanocomposite magnet, essential for
the (BH)..x optimization, can only be obtained if one decreases the two other components of the Co
NRs, namely the CoO shell and the surfactants (Figure 56). The Co NRs presently produced exhibit a
CoO shell and a surfactant corona with a thickness of approximatively e=1.2 and L=3.5 nm,
corresponding to twice the carboxylate length, leading to V= 0.4-0.55.** Reducing these thicknesses
to e=0 and L=2nm will allow reaching V;>0.6 (Figure 59).
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Figure 59. a) Model of perfect hexagonal packing of Co NRs with mean diameter Dm, CoO shell thickness e and
center-to-center distance D. b) Magnetic volume fraction as a function of Dm for various CoO and ligand shells.
Yellow region : optimum diameter range

1) Reduction of the oxidation
Preliminary results show that by performing the polyol
synthesis followed by a magnetic alignment under
controlled atmosphere (Ar and vacuum respectively),
the rod oxidation could be limited : no sign of
exchange bias, characteristic of a CoO shell, was
observed at low temperature (10K) after a 3T field
cooling; the hysteresis cycle remained centered
(Figure 60). A magnetic volume fraction of 0.6 was
for the first time measured on such aligned sample.
We will use a reducing atmosphere (Ar + 5% H,)
during the synthesis to totally reduce the CoO shell.
HH (T) The optimization of the washing procedure under
Figure 60. Magnetization loop at 300 (black) and  .qnirolled atmosphere, to remove undesired spheres

é(l)"ljiz!;c?i)o Z‘le;lord[;‘;’:trf 7(":1?1\;\7 ff;aaf;’?f}geéjjj%\fzsa and unreacted species, will lead to squarer hysteresis
& ' & ’ cycle and thus larger (BH)pax.
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i1) Reduction of the surfactant shell
Two approaches will be followed to maximize our chance of success:

- the modification of the Co precursor directly during the synthesis. G. Viau et al.'™ have
previously shown, at small scale, that Co NRs can be obtained by reduction of Co(octanoate), (having
8 carbons, C8) instead of the Co(laurate), precursor (C12) classically used. Since the carboxylate
stabilizes the lateral facets of the Co NRs,'"” the reduction of their alkyl chain length will reduce the
organic matter. We will try to further reduce the alkyl chain of the carboxylate without altering the Co
rods morphology.

- ligand-exchange protocol performed post-synthesis. An alternative to direct synthesis
consists in exchanging, after synthesis, the fatty ligands by shorter molecules. Short bi-functional
molecule, the 4-mercaptobenzoic acid (MBA), already used for Co/FePt assembly, will be tried.
Preliminary results show that MBA could replace the long carboxylate species at the Co NRs surface,
leading to a fast and irreversible self-assembly of the rods. This strategy should be optimized.

Using both approaches, the inter-rod distance will be precisely inferred from the position of
the correlation peak observed by Small Angle Neutron Scattering (SANS)*** and Small Angle X-Ray
Scattering (SAXS).**
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b) From hard nanoparticles to optimized metamaterials

The assembly process, essential to go from a colloidal solution up to a real nanostructure material,
should be optimized to yield dense metamaterials by combining :

- a high magnetic volume fraction (Vy~50%), to ensure a high Ms,

- a perfect alignment of the magnetic easy-axis of the constituting nanoparticles, to yield high

Hc

- sufficient thickness to yield large stray fields.
These requirements can only be met using colloidal solutions with optimized rheology to allow
sufficient mobility of the NPs and yield a good alignment of the magnetic easy-axis.

Magnetic alignment takes place thanks to the torque exerted by the external magnetic field on the
permanent magnetic moment of the individual cobalt rods. Nearly perfect alignments of the easy axis
were obtained. The same phenomenon is expected with L1,-FeNi particles even though they have an
isotropic shape, on the condition that they exhibit a single domain configuration. In that case, the
alignment of the easy axis could even be easier compared to the NRs since the object will encounter
fewer frictional forces from the surrounding media.

The optimization of the solution rheology will result from a compromise between NPs stability up to
large concentration and evaporation rate. Ferromagnetic NPs tend to preform columnar structures in
liquid phase due to strong magnetic interactions,”*"® leading to aggregation phenomena within a
short period of time."”” Such aggregations drastically decrease the targeted easy axis alignment. Thus,
fine tuning the steric hindrance and the solvent/ligand interaction will be needed to prevent
aggregation while keeping a high packing fraction in the dried assembly. The metal NPs prepared by
organometallic chemistry are generally stabilized with mixtures of long chain surfactants which should
be replaced by shorter ones.

c) Investigations of the magnetic properties: from NPs to the dense assembly

The magnetic behavior of a magnet both depends on the intrinsic properties of its individual
constituents and on the interactions (dipolar/exchange) that they experience in the total volume.
Following a bottom-up approach, we will thoroughly investigate the magnetic properties from the
individual building blocks to the resulting magnet.

* Intrinsic magnetic behaviour of L1,-FeNi NPs
The characterization of the intrinsic properties (size, shape, anisotropy, coercivity, thermal stability) of
the synthesized L1,-FeNi NPs is of prime importance since they have never been previously
synthesized. Thus, their expected magnetic properties are only postulated from bulk values, but size
reduction effects are known to potentially affect them."””*“' The determination of these intrinsic
properties requires studying individual NPs that do not experience any magnetic interactions.

- Magnetometry on assemblies of non-interacting NPs
Well mastered in my group, magnetometry performed on diluted assemblies of NPs allows
measurements of hysteresis loops (M(H)) with negligible magnetic interactions.*“"** ** We will
extract averaged intrinsic values of Ms, Hc, K, and their temperature dependence (2-300K). Intrinsic
switching field (CHc) distribution,® which is of high importance for the thermal stability of the
targeted magnet, will be investigated thanks to first derivatives of M(H) loops.

- Direct measurement on isolated NP : Electron Holography (EH)
The hardest magnetic behaviour is linked to the uniform (single-domain like) magnetic configuration
of the isolated particle. Here we will benefit from our previous experience using EH to investigate (i)
the magnetic configuration vs structural properties in individual L1o-FeNi particles, and (ii) the
potential exchange coupling between Co NRs and LI1-FePt. Quantitative comparisons between
electron holograms and ad-hoc micromagnetic simulations (OOMMEF code) will allow quantifying
intrinsic Ms and K at the NP scale.
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e Magnetic behaviour of metamaterials

The fundamental objectives consist here in (i) quantifying the respective contribution of exchange vs
dipolar interactions and (ii) probing the collective magnetic reversal process at the assembly scale in
order to optimize BH,,x values in metamaterials.

- Macroscopic magnetic behaviour
The modification of the fundamental macroscopic parameters (Ms, Hc, K) will be determined on
powders of randomly oriented NPs and on the final metamaterials obtained from aligned NPs using
hysteresis cycle M(H) at different temperatures. DC Demagnetization (DCD) measurements will be
performed to quantify the potential exchange coupling in annealed Co/FePt samples.

- Microscopic magnetic behaviour

For PM sake, the switching field distribution, which corresponds in first approximation to the Hc
distribution of the constituting NPs, should exhibit a large mean value (corresponding to a high K)
with a small standard deviation. It is indeed expected that the magnetic reversal of a NP based PM
operates by nucleation and propagation of reversed domains. The weakest NP will behave as low
anisotropy centres, thus initiating the reversal process. Thanks to well established collaborations, we
propose to use polarized small angle neutron scattering (LLB-CEA Saclay, France)”' and Kerr
microscopy (IPCMS-CNRS, Strasbourg, France) to probe the local magnetic correlations between NPs
during the reversal process. The expected result is the description of the correlation lengths
(nucleation, domain size, neighbor interactions).

- Advanced magnetic simulations
The experimental results obtained on NPs assemblies will be corroborated by dynamic Monte-Carlo
simulations, in collaboration with the nanomagnetism group at LPCNO. Each NP is modelled as a
single-domain particle considering thermal relaxation and dipolar interactions. Effects of interparticle
distance, packing fraction, easy-axis alignment, anisotropy distributions, thermal effects, matrix
environment, etc, on BH,,,x values will be investigated and will help to drive the synthesis/post-
synthesis steps (targeted sizes, shapes, dilutions, etc).

d) From the metamaterials to the integration

The two biosensing and optoelectronic devices envisaged in the project are highly demanding in terms
of magnetic properties, (BH).x values of 150 kJ.m> and remanent induction of 0.5T are indeed
mandatory.

e Preparation of submillimetre magnets

The optimized rheology of the NPs solution will be used to fill submillimeter molds using generic
deposition techniques (ink jet or doctor blade techniques). Since diluted solutions may be used to
prevent strong magnetic interactions and aggregation phenomenon, successive steps of
deposition/alignment/evaporation may be necessary to yield thick PM. The assemblies being highly
insoluble once deposited, their redispersion may not be a drawback. To prevent the constituting NPs
from oxidation a passivation layer of epoxy resin will be deposited. We have already demonstrated its
efficiency on FeCo NPs.

The induction stray field produced by the PM will be quantitatively mapped using a Hall microprobe
(lateral resolution of ~10um), obtained thanks to a collaboration with Nora Dempsey, Roman Kramer
and Klaus Hasselbach (Neel Institute, Grenoble). The sample will be mounted on a translator stage
actuated with piezoelectric motors. Such system is already available in LPCNO; the 3D mapping
obtained will be compared with Finite element simulations using COMSOL software. This could give
important feedbacks for the chemistry and physical-chemistry part of the project. Moreover, these
macroscopic measurements will be compared with the local magnetic characterizations performed.
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* Integration onto demo-units : the pick and place approach

The approach, successfully used with FeCo/epoxy metamaterial, will consist in reporting the
submillimeter size magnets using micromanipulators.””” In case of difficulties encountered in the
direct preparation of submillimeter PM, larger metamaterials, such as the Co NRs assemblies already
mastered,** could be cut using a dicing saw.

- Test of the demo-units : biosensor
The electromagnetic actuation of the MEMS resonator will be tested in air and in liquid using
integrated piezoresistor and an associated read-out electronic card already developed at LAAS. In the
case of encouraging results (acceptable response in liquid with high-enough Q factor), this proof-of-
concept device will be functionalized with probe molecules and detection of synthetized miRNAs
spiked in diluted serum will be finally carried out.

- Test of the demo-units : optical isolator

Optical isolators are generally made of ferrimagnetic garnets (YIG) which exhibit both high
transparency in the optical telecommunication wavelength range (1.3 and 1.55um) and efficient
Faraday rotation. However these components require the use of an external magnetic field, generally
provided by a bulk PM, to saturate magnetic ions magnetization. In order to provide these garnets in
more compact and manipulable configuration, NP PM will be deposited on a test YIG waveguide,
with magnetization axis parallel to light propagation. The magnetization magnitude induced by the PM
layer will be measured by polarized transmission experiments. The polarization rotation of the
transmitted beam will be a direct probe of the PM efficiency. Another promising configuration
consists in depositing the PM layer on a semiconductor waveguide capped with a magneto-optical
medium, which would make the isolator compatible with photonic integrated circuits (PICs). When
the PM magnetization axis is perpendicular to the light propagation, this latter experiences a transverse
magneto-optical Kerr effect, which results in non-reciprocal absorption and phase-shift.'”*"** Both
effects may result in high isolation ratio, opening up new possibilities for a full integration of
semiconductor PICs.

This project will be made in close collaboration with experts in electron microscopy (B. Warot-
Fonrose, C. Gatel, CEMES, Toulouse), in nanomagnetism (Thomas Blon, Julian Carrey, Marc
Respaud, LPCNO), in Neutron (F. Ott, LLB, Saclay), in biosensors (T. Leichlé, LAAS, Toulouse) and
optical applications (A. Monmayrant, LAAS, Toulouse and H. Carrére, LPCNO).
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“Synthesis of Pt nanoparticles exhibiting complex shapes : new “toys” for electronic transport
measurement”
L.-M. Lacroix, G. Viau, B. Lassagne, B. Camargo, W. Escoffier, C. Gatel, R. Arenal

14) Euromat (Warsow, Poland, 21-24 Sept. 15);
“Ultrathin Au nanowires : growth and self assembly in liquid-phase”
L.-M. Lacroix, G. Viau, L. Ressier, M. Imperor-Clerc, R. Arenal.

15) TNT2015 (Toulouse, 7-11 Sept. 15);
“Ultrathin Au nanowires : towards 1D electronic properties”
L.-M. Lacroix, M. Imperor-Clerc, R. Arenal, B. Pansu, L. Ressier, P. Moutet, G. Viau

16) AMN?7 (Nelson, New Zealand, 8-12 Fev. 15),
“Fe nanocubes : synthesis and applications”
L.-M. Lacroix, F. Bonilla, T. Blon, J. Carrey, A. Meffre, S. Lachaize, M. Respaud, B.
Chaudret, C. Gatel, E. Snoeck.

17) NanoSEA (Marseille, France, 7-11 Jul. 14), Metallic nanoparticles
“Synthesis of metallic nanoparticles exhibiting complex shapes : the versatility of liquid phase
synthesis”
L.-M. Lacroix, M. Impéror-Clerc, C. Gatel, A. Arenal, S. Lachaize, M. Respaud, J. Carrey, T.
Blon, B. Raquet, B. Chaudret, G. Viau

18) EMRS (Lille, France, 26-31 Mai 14), Established and emerging nanocolloids
“Ultrathin gold nanowires: growth mechanism and assembly by nanoxerography”
L.-M. Lacroix, P. Moutet, A. Loubat, M. Imperor-Clerc, L. Ressier, G. Viau

19) 12" Joint MMM/ Intermag Conference (Chicago, USA, Jan. 13), Magnetic nanoparticles
“Stabilizing vortices in interacting nano-objects: a chemical approach”,
L.-M. Lacroix, C. Gatel, T. Blon, S. Lachaize, R. P. Tan, J. Carrey, F. Hue, B. Chaudret.

20) ACS Meeting, (Washington DC, USA, Aout. 09),
"Synthesis of air-stable superparamagnetic nanoparticle for highly sensitive bio-detection"
L.-M. Lacroix, D. Ho, S. Peng, K. Chen, S. Sun

21) 12¢éme Colloque Louis Néel, (La Grande-Motte, Sept. 08), Nanoparticules, Nanofils,
nanostructures

"Nanoparticules de fer pour I’hyperthermie : synthése, propriétés magnétiques, holographie"
L.-M. Lacroix, S. Lachaize, J. Carrey, B. Chaudret, T. Blon, C. Gatel, E. Snoeck, M. Respaud.

22) 52" Magnetism and Magnetic Materials (Tampa, USA, Nov. 07), Nanoparticles and Self-
Assembly
“Iron nanoparticles : size and shape control, self assembly and magnetic studies”,
L.-M. Lacroix, S. Lachaize, A. Falqui, J. Carrey, M. Respaud, E. Snoeck, B. Chaudret.

Student Travel Support

23) Journée Chimie-Biologie (Toulouse, Mai 07)
"Synthése de nanoparticules de fer : effet des ligands sur le contrdle de la taille et de la forme"
L.-M. Lacroix, S. Lachaize, A. Falqui, M. Respaud, B. Chaudret
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24) Matériaux 2006, (Dijon, Nov. 06) : Matériaux magnétiques et leurs applications.
"Syntheése et caractérisation de nanoparticules de fer pour I’hyperthermie."
L.-M. Lacroix, S. Lachaize, J. Carrey, B. Chaudret.

25) 10°* Journées de la Matiére Condensée, (Toulouse, aotit 06) : Physique des systémes vivants.
"Nano-oncologie : des nanoparticules pour I’hyperthermie."
L.-M. Lacroix, N. El-Hawi, F. Delpech, S. Lachaize, C. Nayral, J. Carrey, B. Chaudret

26) Journée SFC Jeunes chercheurs (Toulouse, Avril 06)
« L’hyperthermie magnétique ou comment des nanoparticules de fer pourraient étre utilisées
pour le traitement de tumeurs »
L.-M. Lacroix, N. El-Hawi, F. Delpech, C. Nayral, S. Lachaize, J. Carrey, B. Chaudret

Best presentation award

¢ Poster presentation

1) AMN?7 (Nelson, New Zealand, 8-12 Fev. 15),
“Fe nanocubes : synthesis and applications”
L.-M. Lacroix, F. Bonilla, T. Blon, J. Carrey, A. Meffre, S. Lachaize, M. Respaud, B.
Chaudret, C. Gatel, E. Snoeck.

2) JSI 2015 (Toulouse, 25-27 Janv. 15)
« Nanofils d’or ultrafins : mécanisme de croissance et étude de stabilité »
G. Viau, L. Ressier, M. Impéror-Clerc, L.-M. Lacroix.

3) 13éme Colloque Louis Néel, (Albé, Avril 09), Biotechnologie
" Synthése de nanoparticles de fer stables a I’air : premiers tests pour applications
biomédicales."
L.-M. Lacroix, D. Ho, S. Sun

4) 12éme Colloque Louis Néel, (La Grande-Motte, Sept. 08), Dynamique
" Etude de nanoparticules de FeCo en hyperthermie magnétique"
L.-M. Lacroix, R. Bel-Malaki, J. Carrey, S. Benderbous, S. Lachaize, M. Respaud, B.
Chaudret.

Best poster award
5) NANAX 03 (Lecce, Italie, Mai. 08),
“Iron nanoparticles synthesis: control of the growth environment anisotropy”
L.-M. Lacroix, S. Lachaize, J. Carrey, T. Blon, A. Falqui, M. Respaud, E. Snoeck, B.
Chaudret.

6) WOMEN in NANO (Kranjska Gora, SLOVENIE, Fév. 08)
“Growth mechanism of iron nanoparticles : size and shape control”
L.-M. Lacroix, S. Lachaize, J. Carrey, A. Falqui, M. Respaud, B. Chaudret.
Student Travel Support
7) 11éme Colloque Louis Néel, (Lyon, Mars. 07), Nanoparticules et Nanofils
" Optimisation de particules magnétiques de fer pour I’hyperthermie"
L.-M. Lacroix, J. Carrey, S. Lachaize, A. Falqui, M. Respaud, B. Chaudret.
Prix du meilleur poster

8) GALERNE 06 (Bollwiller, Sept. 06)
“Role de la concentration d’acide sur le contrdle de la taille de nanoparticules monodisperses
de fer"
L.-M. Lacroix, N. El-Hawi, J. Carrey, B. Chaudret, S. Lachaize.

9) Journée 2006 de la Division de Chimie de Coordination SFC, (Toulouse, Avril 06)
"Synthése de nanoparticules de fer a forte aimantation : approche organométallique”
L.-M. Lacroix, N. El-Hawi, S. Lachaize, B. Chaudret.
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10) 17" International Symposium on Plasma Chemistry (ISPC), (Toronto, Canada, Aot 05)

“Plasma-Based Processes for Surface Wettability Modification”,
L.-M. Lacroix, M. Lejeune, A. Valsesia, P. Colpo, T. Meziani, G. Ceccone, F. Rossi

11) 53" AVS International Symposium, (San Francisco, USA, Nov. 05)
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4)
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"Tuneable rough surfaces : A new approach for elaboration of superhydrophobic films”,
L.-M. Lacroix, M. Lejeune, L. Ceriotti, P. Colpo, F. Rossi
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Institut Charles Gerhardt : Annual meeting INMO (Montpellier, 7 Juil. 17)
« Metallic nanoparticles : study of the growth mechanism for size, shape and composition
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Cork University : Departement of Chemistry (Cork, 22 Fev. 17)
« Metallic nanoparticles synthesized by wet-chemistry : new building blocks for nanostructured
materials”

Institut de Chimie de Toulouse ; Prix Young Investigator Award (Toulouse, 1 Jui. 16)
« Nanoparticules métalliques de formes complexes : étude des mécanismes de croissance».

Laboratoire d’Analyse et d’Architecture des Systemes — équipe NanoBioSystémes
(Toulouse, 20 Janv. 16)

« Synthese de nanoparticules métalliques de formes complexes».

L.-M. Lacroix, T. Blon, B. Lassagne, L. Ressier, K. Soulantika, B. Chaudret, G. Viau, C. Gatel,
B. Warot-Fonrose, E. Snoeck, R. Arenal, M. Imperor-Clerc, B. Pansu, W. Escoffier,

Institut de Sciences et d’Ingénierie Supramoléculaires - Luisa de Cola (Strasbourg, 17 Avril
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“Synthesis of metallic nanoparticles exhibiting complex shapes”

L.-M. Lacroix, T. Blon, C. Gatel, R. Arenal, C. Garnero, P. Moutet, A. Loubat, M. Imperor-
Clerc, L. Ressier, B. Chaudret, G. Viau

Victoria University (Wellington, New Zealand, 19 Fev. 15)

“Synthesis of metallic nanoparticles with controlled properties”

L.-M. Lacroix, T. Blon, C. Gatel, R. Arenal, C. Garnero, P. Moutet, A. Loubat, M. Imperor-
Clerc, L. Ressier, B. Chaudret, G. Viau

LMA User’s day (Saragossa, Juin 13)
“Complexity at the nanoscale : control of nanoparticle shape and composition”
L.-M. Lacroix, K. Soulantika, C. Gatel, R. Arenal, S. Lachaize, B. Chaudret, G. Viau

TALEM Workshop (Toulouse, Mars 13)
“Synthesis of nanoparticles with controlled composition and shape”
L.-M. Lacroix, K. Soulantika, C. Gatel, R. Arenal, S. Lachaize, B. Chaudret, G. Viau

Nanocat Workshop (Toulouse, Dec. 11)
“Synthesis of Pt nanoparticles : From 5 fold-stars to monodisperse cubic dendrites”
L.-M. Lacroix, C. Gatel, R. Arenal, S. Lachaize, B. Chaudret, G. Viau

10) TEM UCA, Universidad de Cadiz (Cadiz, Spain, Juill. 10)

“Chemical synthesis of magnetic nanoparticles*
L.-M. Lacroix, S. Lachaize, J. Carrey, T. Blon, M. Respaud, E. Snoeck, C. Gatel, B. Chaudret
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“From magnetic studies to optimized chemical synthesis”
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Invited Professor
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EREMIP forum CithEtique (Toulouse, 9 Sept 17)
Table ronde : Les nanoparticules — vers une démarche éthique

Radio France Bleu (Toulouse, 4 Sept 17)
Chronique dans le cadre de la nuit européenne des chercheurs

Radio Campus FM (Toulouse, 10 Décembre 16)
Emission 20 mg de science : « Nano et Société »

Chambre de Commerce et d’Industrie du Jura (Lons-le-Saunier, 17 Mars 17)
« Les nanoparticules : briques de base pour les technologies du futur ? »

Asso Science (Toulouse, 24 Mars 16)
« Les nanoparticules dans tous leurs états ! »

Ouverture de ’UPS (Toulouse, 13 Mars 14)
« Les nanoparticules métalliques dans tous leurs états »

50 ans INSA Toulouse (Toulouse, 21 Mars 13)
"Nanoparticules : de la synthése aux applications"
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Abstract: A tunable synthesis of iron nanoparticles (NPs) based on the decomposition of {Fe[N(SiMe3),]o}»
in the presence of organic superstructures composed of palmitic acid and hexadecylamine is reported.
Control of the size (from 1.5 to 27 nm) and shape (spheres, cubes, or stars) of the NPs has been achieved.
An environment-dependent growth model is proposed on the basis of results obtained for the NP morphology
under various conditions and a complete Méssbauer study of the colloid composition at different reacting
stages. It involves (i) an anisotropic growth process inside organic superstructures, leading to monocrystalline
cubic NPs, and (ii) isotropic growth outside these superstructures, yielding polycrystalline spherical NPs.

Introduction

Many methods that are presently available for the synthesis
of metal nanoparticles (NPs) lead to the formation of mono-
disperse objects.! These nano-objects can further self-organize
when deposited on a surface or, in certain cases, directly form
large superlattices in solution.” However, the processes leading
to strict monodispersity of nanoparticles or to the formation of
supercrystals in solution are not fully understood. Our group
has obtained several metal nanoparticle superlattices composed
of either tin, iron, or iron/cobalt.* We concentrate in this paper
on the process of iron nanoparticle growth, given the present
need for highly magnetic nanoparticles.

Magnetic nanoparticles are attractive for various applications
provided that strong control of their physical properties can be
achieved.*> Metallic iron has a high magnetization at room
temperature [Ms(bulk) = 212 emu g~ '] and a superparamagnetic
behavior (for sizes ranging from 1 to 12 nm) that, from a
physical point of view, makes it a material of choice for
biomedical applications such as magnetic fluid hyperthermia
(MFH) and magnetic resonance imaging (MRI).® However, its

high reactivity, especially with dioxygen, makes it unusable
under these conditions if unprotected. Our research aims at
producing magnetic core/shell nanoparticles that take advantage
of an iron core whose magnetic properties are preserved from
degradation by means of a protective layer.” Before taking up
this challenge, we first worked on the adjustment of the magnetic
properties of the iron core for the above-mentioned applications,
that is to say, the adjustment of its size and shape and the nature
of surface ligands. Therefore, a good understanding of iron NP
formation is a crucial point.'*® Several research groups have
already prepared iron NPs of very good quality, but usually
with magnetizations lower than that of the bulk, especially at
small sizes.”*° In addition, some knowledge has already been
reported on size control in different studies: in particular, it has
been pointed out that the acid concentration is a key parameter.”"'°
Our group has previously reported that the reduction of
{Fe[N(SiMes),]» }» under H, leads to unoxidized, small iron NPs
of homogeneous size near 1.5 nm that exhibit bulk magnetiza-
tion."" The same method leads to larger and well-defined NPs
with bulk magnetization when a mixture of long-chain acid and

T Université de Toulouse and LPCNO.

* Laboratoire de Chimie de Coordination du CNRS.

¥ Present address: Fondazione Istituto Italiano di Tecnologia (IIT), Via
Morego 30, 16163 Genova, Italy.
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amine is added. Using the amido precursor Fe[N(SiMes),],(THF)
(Me = CHj;, THF = tetrahydrofuran) in the presence of oleic
acid and hexadecylamine (HDA), Dumestre et al.** have
prepared 7 nm iron nanocubes organized into superlattices. The
growth process and control of size (in this case limited to 7
nm) and shape (spherical, cubic or anisotropic) were not
achieved on this system, however. We have therefore extended
the study in order to understand and possibly propose a model
for the size and shape control of iron NPs prepared in the
presence of such surfactant mixtures. The route we have chosen
is the decomposition of {Fe[N(SiMes),],}, in the presence of
HDA and palmitic acid (PA) under mild conditions. Several
experimental parameters have been examined and tuned with
the aim of understanding their influence on the mean size and
shape of the final NPs in order to produce high-quality colloidal
samples that could cover the superparamagnetic range of interest.
Supported by a complete Mossbauer study of the colloid
composition at different reacting stages, this work has lead to
the proposition of an environment-dependent growth mechanism.

Materials and Methods

General Procedures. Mesitylene (Fluka, >99%) was distilled
over sodium according to standard procedures. PA (Sigma, >99%)
and HDA (Fluka, 299%) were used without any additional
purification. Reactants and products were stored and manipulated
in an argon glovebox exclusively. The reactants were mixed together
at room temperature, and all of the syntheses were performed in
Fischer—Porter bottles.

NPs were obtained by decomposition of the iron dimer {Fe[N-
(SiMes)s]2}2.'% Both kinds of reactions were performed in the
presence of HDA and PA in mesitylene under a reductive
atmosphere of dihydrogen (3 bar). The general conditions were
adjusted to study the reaction kinetics (reaction time varying from
30 min to 48 h), the influence of temperature (from 100 to 150
°C), and surfactant concentration effects.
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Figure 1. TEM pictures of micrometric superstructures observed (a) prior
to reaction under H, and (b) after 48 h of reaction.

Synthesis of Nanocube Superlattices. A colorless solution of
PA (384 mg, 1.5 mmol, 1.5 equiv per mol of iron) in mesitylene
(10 mL) was added to a green solution of {Fe[N(SiMes),]»}, (376
mg, 0.5 mmol) in mesitylene (5 mL). The mixture was manually
stirred, and its color immediately changed to yellow. After 1 min,
a solution of HDA (482 mg, 2.0 mmol, 2.0 equiv) in mesitylene (5
mL) was added to it. The mixture started to darken and became
black after 10 min of magnetic stirring at room temperature. The
solution was then put under 3 bar of H, and allowed to react in an
oil bath at 150 °C for 48 h.

The monitoring of this reaction was performed on the same
sample equally distributed into five Fisher—Porter bottles, each of
which was placed in the same oil bath (150 °C) for a specified
time (0.5, 2, 6, 12, or 25 h).

Characterization of the NPs. Microscopy samples were pre-
pared by deposition of a drop of diluted colloidal solution onto a
carbon-coated copper grid and observed on a JEOL 6700F
microscope for scanning electronic microscopy (SEM), a JEOL
1011 microscope for bright-field transmission electronic microscopy
(TEM), or a JEOL-2100F field-emission microscope for high-
resolution TEM (HRTEM), the latter two working at 100 and 200
kV, respectively. In the majority of cases, size histograms were
obtained by an automatic counting process over 500 particles;'?
on particular samples (stars and large cubes), counting was done
manually for at least 100 nanoparticles. Size distributions were fitted
by the Gaussian law; the results are expressed in terms of the
calculated mean size and the standard deviation (o). Magnetic
studies were carried out on powder samples by SQuID (Quantum
Design MPMS 5.5), and the iron state and environment were
analyzed by Mossbauer spectroscopy (WISSEL, 3’Co source).
Samples were prepared in the glovebox, and extreme care was taken
to avoid oxidation during transfer to the apparatus. Flame-sealed
glass tubes of powder were prepared under argon to determine the
iron composition from microanalysis measurements performed by
inductively coupled plasma (ICP).

Results

On the basis of the results obtained by Dumestre et al.,** we
used a combination of PA and HDA to grow well-defined NPs.
We successively monitored the kinetics of the reaction, the
influence of the temperature, and finally the influence of the
acid/amine ratio, as presented hereafter. The first observation
that actually started this study was made before any NPs were
formed: a mixture of PA/HDA in a 1.5:2 ratio mixed with
{Fe[N(SiMe;),]»}» at room temperature led immediately to the
formation of organic superstructures in mesitylene, as revealed
by TEM (see Figure 1a). Size measurements by dynamic light
scattering from the starting solution (after heating at only 50
°C for 10 min) also confirmed the formation of micrometric

(13) Rasband, W. S. ImageJ; National Institutes of Health: Bethesda, MD,
1997—2007; http://rsb.info.nih.gov/ij/ (accessed Dec 4, 2008).
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Figure 2. TEM pictures of nanoparticles stabilized by a 1.5:2 PA/HDA
mixture after (a) 0.5, (b) 2, (c) 6, (d) 12, (e) 25, and (f) 48 h of reaction.

objects (see Figure S1 in the Supporting Information). The
nature of the surfactants and the observed shape of these
micrometric stable objects are in good agreement with the
formation of a mesophase with a lamellar structure.'*'s
Moreover, the TEM picture’s contrast on these structures
indicates the presence of iron, which is certainly involved in
molecular species and/or clusters. The formation of these iron-
filled organic superstructures is correlated with the appearance
of similar superstructures containing nanocubes observed after
heating of the same solution under dihydrogen for 48 h (see
Figure 1b), as shown in this article.

Kinetics of NP Growth. In order to understand the correlation
between the superstructures observed at t = 0 and ¢t = 48 h, the
kinetics of the iron dimer decomposition in the presence of 1.5:2
PA/HDA has been monitored. We particularly focused on what
happened inside the organic superstructures, and therefore, the
TEM pictures in Figure 2 show only these regions (a larger
view of each region of interest is available in Figures S2, S3,
and S4 in the Supporting Information). After 30 min at 150 °C
under dihydrogen, very small (<2 nm) NPs that we will call

(14) Dubois, M.; Lizunov, V.; Meister, A.; Gulik-Krzywicki, T.; Verbavatz,
J. M.; Perez, E.; Zimmerberg, J.; Zemb, T. Proc. Natl. Acad. Sci. U.S.A.
2004, /01, 15082-15087.

(15) (a) Karlsson, S.; Friman, R.; Lindstrom, B.; Backlund, S. J. Colloid
Interface Sci. 2001, 243, 241-247. (b) Abécassis, B.; Testard, F.;
Arleth, L.; Hansen, S.; Grillo, I.; Zemb, T. Langmuir 2006, 22, 8017—
8028.

Figure 3. HRTEM pictures of monocrystalline octapods and cubic NPs.
The {110} planes of the iron bec crystal structure are highlighted. The scale
bar represents 5 nm.

“nuclei” are formed (see Figure 2a). After 2 h, we observed
~5 nm spherical NPs and anisotropic NPs displaying a width
of ~5 nm and a length of ~10 nm (see Figure 2b). A majority
of the nuclei were still detected around these misshapen NPs.
Some were still present even after 6 h, but by this time the
sample was predominantly composed of larger NPs (see Figure
2c and Figures S2¢ and S3 in the Supporting Information). Most
of these anisotropic NPs had at least one dimension between
25 and 50 nm (32.6 nm, 0 = 7.4 nm), and some well-defined
facets became apparent. A few cubic NPs displaying round
edges (11.0 nm, 0 = 1.0 nm) were also observed. The
anisotropic particles observed at this stage of the reaction result
from coalescence. They disappeared with time while particles
of cubic shape were formed. As a matter of fact, after 12 h, the
cubic NPs became predominant (17.0 nm, ¢ = 1.7 nm; see
Figure 2d). After 25 h, large superlattices with lengths of several
microns, containing mainly cubic NPs (20.7 nm, o0 = 0.9 nm)
but also some not completely filled octapods, were observed.
These objects were on their way to form cubes, indicating that
the reaction, though at a very advanced stage, was not yet
complete (see Figure 2e and Figures S2e and S4 in the
Supporting Information). The spherical NPs observed around
the nanocube superlattice (NCS) at this point look well-defined,
with a mean diameter of 13.2 nm (0 = 1.2 nm). Finally, after
48 h of reaction, NCSs composed of cubic NPs (20.9 nm, 0 =
2.7 nm; see Figures 2f and 1b) were obtained, together with a
few spherical NPs outside them (12.0 nm, o = 1.0 nm; see the
inset of Figure S2f in the Supporting Information). The system
did not change much after 7 days at 150 °C. Consequently, 48 h
of reaction was kept as a reference for the other experiments
performed at 150 °C.

The crystal structures of the different iron NPs obtained above
were investigated by HRTEM (see Figure 3). The octapods and
cubic NPs are monocrystalline and exhibit a bee structure; the
cubic NPs expose only {100} planes at their surface, while the
octapods also expose {110} planes. Because of air exposure
during the transfer of the carbon grid to the microscope chamber,
the observed NPs are partially oxidized. The spherical NPs
observed outside the organic superstructures are polycrystalline
(see Figure S5 in the Supporting Information).

To gain some information on the rate law of this growth
process, and especially to shed light on the evolution of the
balance between Fe(Il) and Fe(0) species, systematic Mossbauer
spectroscopy and magnetization measurements were carried out
on the raw material at different reaction stages. Figure 4 displays
the Mossbauer spectra at ¢ = 0, 2, 6, 12, and 48 h, and Table
1 summarizes the fit parameters (also see Table S1 and Figures
S6, S7, and S8 in the Supporting Information for additional
details about the Mossbauer and SQuID experiments). As a
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Figure 4. (a) Mossbauer spectra of the PA/HDA/iron system at different
stages of the reaction. (b) Evolution of the species concentrations as a
function of the reaction time, as deduced from fits of the Mossbauer spectra.

Table 1. Contribution Parameters Used to Fit the Mossbauer
Spectra?

contribution at time t
species parameter(s) 0 2h 6h 12h  48h
PM Fe’t 6=1.16,0=25 187% 3.7% 25% 09% —

0=120=315 161% 129% 145% 09% 7.7%
0=1.16,0=365 87% 53% 37% 57% 49%
<Q> 297 316 316 345 334

[Fel., o 114 121 116 114 -
0 -095 —095 —075 —07 -
Hiy - 249 245 202 —

[Fel.. o - 0.45 -
Q - 0 -
Higp - 400—450 -

[Fely o - 015 01 01 0.1
Q - 0 0 0 0
Hiyp - 330—340

“ Units: 0 and Q are given in mm s7!, and Hyyp is given in kG. > The
mean value is given in this case.
general feature, one can notice the gradual change of the
absorption up to a sextet consisting of ferromagnetic o-Fe after
48 h of reaction. Even prior to reaction with H, (¢ = 0), the
single doublet of the {Fe[N(SiMe;),],}, precursor does not
contribute to the spectrum; thus, the precursor quantitatively
reacts with the PA/HDA mixture. Adding either PA or HDA to
{Fe[N(SiMes),],}» in a 2:1 ligand-to-iron ratio leads to new
species of a different nature (Figures S9 and S10 in the
Supporting Information display the corresponding spectra and
the magnetization curves, respectively). In the case of only
HDA, the Mossbauer spectrum evidences a well-defined sextet
and the hysteresis curve displays a characteristic weak magne-
tization with high-field irreversibility. This material behaves as
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a well-compensated antiferromagnet. On the contrary, the
Mossbauer spectrum evidences a wide doublet in the case of
PA: the main contribution is characteristic of molecular iron(II)
species, while the small one arises from coupled iron(I) cations.
This material has a rather high magnetization and a weak
hysteresis curve.

Eventually, reaction of the {Fe[N(SiMe;),],}, precursor with
a 1.5:2 PA/HDA mixture leads to a material with an intermediate
spectrum. A wide doublet similar to the one measured in the
case of PA again indicates the presence of a paramagnetic
iron(I) carboxylate material, denoted as PM Fe*". A second
and much more complex contribution, denoted [Fe], j, is
characterized by a broad distribution of hyperfine fields (Hyy;),
a large isomer shift (0) in the same range as for the PM Fe*"
species, and a quite large negative quadrupolar effect (Q). The
measured magnetic moment per Fe atom is weak but still higher
than in the case of pure amine system. Although the identifica-
tion of this material deserves much more work, Mdssbauer
spectroscopy reveals iron(Il) cations in a complex chemical
environment that combines carboxylate and amine ligands. We
assume this material to mainly compose the large organic
superstructures observed by TEM (see Figure 1a), and we will
now call it the iron(Il) reservoir.

The consumption of the iron(Il) reservoir is quite slow; its
fingerprint is indeed still observed after 12 h of reaction. Its
decrease is accompanied by an increase of an Fe(0) contribution
(denoted [Fe]p). An intermediate phase (denoted [Fe], ») with
large hyperfine contributions of up to 45 T grows in during the
first hours of reaction before being totally consumed at the end.
After 2 h, the Fe(0) nuclei clearly observed by TEM (see Figure
2b) contribute only 13% of the total spectrum. After 6 h, their
contribution increases slightly to 22%, with the iron(II) reservoir
still being the majority. After 12 h, the balance is modified in
favor of [Fe],, which at this time represents 53%. It increases
to 85.9% after 48 h, while the iron(Il) reservoir remains only
as a small part of the carboxylate iron(Il) contribution (14.1%)
which is probably due to the equilibrium between Fe® and Fe**
under these particular conditions (the presence of H, and acid)
and to the surface coordination of carboxylate groups oxidatively
added on the surface of the particles. We also report the
evolution of the spontaneous magnetization deduced from the
low-temperature magnetic measurements by SQuID (labeled
“[Fel]p (Mag.)” in Figure 4b). It agrees well with the one deduced
from the Mdossbauer spectra.

The kinetic study of the reaction, followed by TEM and
Mossbauer spectroscopy, evidence a series of complex reaction
steps leading to the formation of the iron NCSs. The Mossbauer
study shows that the iron(0) NPs are obtained through numerous
intermediate phases that slowly feed the growth; their exact
identification will require some more work to be done. We
assume that at least one of them concerns Fe(Il) cations
entrapped in the organic superstructures observed by TEM.
Thus, in regard to these results, it is possible to decompose the
growth inside these organic superstructures into three main steps:
(1) nucleation, (ii) isotropic growth and coalescence, which first
lead to some anisotropic NPs, and finally (iii) oriented growth
and repair mechanisms to form in the end mainly cubic NPs
organized into superlattices. Each of these processes is char-
acterized by a different energy barrier. In order to gain some
knowledge about these activation energies, various syntheses
were performed with the 1.5:2 PA/HDA system at different
temperatures.
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(a) (b)
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Figure 5. TEM pictures of nanoparticles obtained with a 1.5:2 ratio of
PA/HDA (a) at 135 °C after 7 days and (b) at 120 °C after 21 days. (c)
HRTEM picture of a starlike-shaped NP formed at 120 °C. (d) SEM picture
of an aggregate of starlike-shaped NPs.

Influence of Temperature on NP Growth. We followed the
reactions for 2, 7, 21, and 28 days at three different temperatures:
135, 120, and 100 °C. Since the temperature decrease leads to
slower reactions, we adjusted the reaction times to reach the
same reaction advancement. At 135 °C, after 7 days we ended
up with large objects (46 nm, 0 = 4 nm) clearly composed of
several coalesced but faceted NPs (18.6 nm, 0 = 3.1 nm) (see
Figure 5a). They were stable over 21 days of reaction. Cubic
NPs were not observed under these conditions. This result was
not just a consequence of the longer reaction time, since as
already mentioned above, the NCSs heated to 150 °C for 7 days
did not change at all. At 120 °C, we observed the formation of
anisotropic particles with starlike shapes after 21 days (see
Figure 5b—d). Most of these stars expose six legs, but NPs with
fewer branches were also observed (see Figures S11, S12, and
S13 in the Supporting Information). Foot-type defects are present
at the extremities of some legs (see Figure 5c). These “feet”
are triangular and expose both {100} and {110} planes on their
surfaces. A mean leg length of 30 nm was estimated from
isolated stars. At 100 °C, comparable NPs were produced after
21 days of reaction, but the colloidal solution obtained in this
case appeared to be very inhomogeneous, with either small NPs
or stars (with leg lengths of ~60 nm). These anisotropic
particles may result from the growth of coalesced NPs similar
to those formed after 6 h at 150 °C. Since the temperature
decrease may affect each reaction step differently, one can
consider that the coalescence step (ii) is maintained but the
rate of the repair mechanism step (iii) is drastically reduced.
As a consequence, anisotropic NPs are stabilized at temper-
atures lower than 150 °C.

Influence of Acid Concentration on Size and Shape. To verify
the idea of a strong correlation between the initially formed
organic superstructures and the NCS, we have looked at a
reaction in which the former should not be formed: no organic
superstructure was detected in the absence of carboxylic acid,
for example. In this case, a 48 h reaction yielded wormlike NPs

Figure 6. TEM pictures of NPs obtained by decomposition at 150 °C for
48 h in the presence of 2 equiv of HDA but different acid concentrations:
(@) 0, (b) 1, (c) 1.2, (d) 1.4, (e) 1.6, and (f) 1.8 equiv.

only (see Figure 6a). In order to gain some understanding of
the role of the acid, we investigated different acid concentrations.
For this purpose, we kept the amine concentration constant at
2 equiv with respect to the iron molarity and varied the acid
concentration from 1 to 1.8 equiv (the temperature and reaction
time were again 150 °C and 48 h, respectively). Table 2 and
Figure 6 sum up the experimental conditions and the results
for each reaction (see also Figures S14 and S17 in the
Supporting Information). At 1 equiv of PA (reaction A), we
detected only spherical NPs with a narrow size distribution
centered at 5.4 nm (0 = 0.5 nm). These NPs tended to self-
organize on the TEM grid because of their narrow size
distribution, but no traces of any 3D superstructures were found.
Although the NPs were mostly spherical at 1.2 equiv of PA
(reaction B), some cubic NPs appeared, generally surrounded
by other faceted or spherical NPs inside quite large organiza-
tions. At 1.4 equiv of PA (reaction C), most of the NPs were
cubic (13.3 nm, 0 = 1.0 nm) and self-organized into micrometric
superlattices. A few spherical NPs were present outside these
structures. Furthermore, two size populations were found for
them: the minor one was centered at 2.2 nm (0 = 0.5 nm) and
the major one at 7.6 nm (o = 0.7 nm). At 1.6 equiv of PA
(reaction D), a colloidal solution composed of nuclei, octapods,
and polydispersed cubic NPs (27.9 nm, 0 = 7.0 nm) was
obtained. The contrast on the TEM picture indicates that they
were all entrapped in an amorphous medium, probably an
organic shell containing some molecular iron. Finally, at 1.8
equiv (reaction E), the solution was composed of nuclei and
large coalesced, faceted NPs (>50 nm). These coalesced NPs
were very similar to the ones obtained at 135 °C for a PA/
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Table 2. Reaction Summary
A B C reference D E ref 3a
amine/acid ratio 2:1 2:1.2 2:1.4 2:1.5 2:1.6 2:1.8 2.38:1.19
NP type (average size”) spheres (5.4) spheres (6.9) cubes (13.0) cubes (20.9) cubes (27.0) coalesced faceted cubes (7.0)

cubes (13.3)

spheres (8.9)

spheres (12.0) filled octapods

spheres

“The major type, as estimated on the basis of TEM pictures, is cited first. * Average sizes are given in nm.

200 nm

Figure 7. Micrometric iron nanocube superlattices formed in reaction C and observed by (a, b) TEM and (c) SEM. The 13.3 nm nanocubes are monodispersed

(o = 1.0 nm).

HDA ratio of 1.5:2 (see Figure 5a). Though they were quite
large, both of them seemed to be grown under conditions similar
to those for the NPs detected after 6 h in the reference reaction
(see Figure 2c). Again, these NPs were located inside an
amorphous medium.

From 1.4 to 1.8 equiv of PA, the NPs were enclosed in an
organic superstructure constituted of HDA and PA. However,
it was only for 1.4 and 1.5 equiv of PA (at 150 °C) that
micrometric superlattices were detected. They were composed
of closely packed monodispersed cubic NPs (13.3 and 20.3 nm,
respectively), as revealed by TEM and SEM (see Figure 7).
Upon comparison of these two cases, it seems that the smaller
the nanocubes are, the larger are the superlattices. This might
be correlated to the size distribution getting larger when the
mean size increases, indicating that the long-range organization
is less favored. The NCSs correspond to extended 3D super-
structures formed in solution and not to self-assemblies driven
by solvent evaporation. As previously explained by Dumestre
et al.*® they can be seen as the result of the concomitant
crystallization of the nanoparticles and their ligand shells. This
study actually has uncovered new evidence to aid in understand-
ing the mechanism of their formation in solution. In fact, it is

(16) Chen, M.; Pica, T.; Jiang, Y.-B.; Li, P.; Yano, K.; Liu, J. P.; Datye,
A. K.; Fan, H. J. Am. Chem. Soc. 2007, 129, 6348-6349.
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more correct to speak about the growth and shaping of cubic
NPs inside a preformed organic superstructure, as discussed
below.

Discussion

The results described above regarding the formation of iron
NPs in the presence of PA and HDA suggest that the formation
of spherical or cubic NPs depends on the growth environment.
Formation of cubes for an acid/amine ratio of 1.4:2 or 1.5:2 is
indeed associated with the presence of micrometric superlattices.
It can be then inferred that growth of cubic NPs is strongly
correlated with the organic superstructures preformed in solution
while growth of spherical NPs occurs independently.

On the basis of this observation, the environment-dependent
growth mechanism schematically represented in Figure 8 is
proposed. This model takes into account the influence of the
local acid concentration on every step of the NP synthesis and
especially on their faceting. In particular, the model stems from
the observations made during the kinetic study of our reference
reaction (PA/HDA ratio of 1.5:2), which evidenced the presence
of (i) nucleation, (ii) isotropic growth and coalescence, and (iii)
oriented growth and repair mechanisms inside organic super-
structures.

Nucleation and Organic Superstructures. Before decomposi-
tion, the solution is composed of several species arising from
the reaction of the highly reactive {Fe[N(SiMes),],}, with PA,
HDA, or both. Since the reaction is carried out with less than
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Figure 8. Schematic view of the two environment-dependent growth routes
(nucleation in two different environments). The blue color indicates an
amine-rich environment, and the violet color is used to represent an organic
shell composition that preferentially stabilizes the {100} facets of the iron
NPs.

2 equiv of PA, we cannot expect that the iron precursor
transforms selectively into one species, such as bis(carboxy-
late)iron(IT). This means that the kinetics of the decomposition
is likely governed by at least two reactions: the fast decomposi-
tion of presumably an amido iron(II) complex/cluster, which
feeds the nucleation step, and the slow decomposition of
presumably a carboxylate iron(II) complex, which feeds the
growth step, in agreement with the difference in stability of
amido and carboxylate Fe(Il) derivatives. This hypothesis is
confirmed by the Mdossbauer study: there is still a small
contribution of iron(Il) complexes after 48 h. Thus, we can
consider that nucleation and growth are strictly separated in this
reaction as a result of the difference in stability of the two iron
sources, at any decomposition temperature from 100 to 150 °C.

Besides acting as stabilizing agents, the PA/HDA surfactant
pair has the ability to self-organize into long-range lamellar
structures or bilayers. As far as we know, the phase diagram
for such a system in an apolar solvent has never been reported
in the literature. However, such a phase has previously been
observed in water for a surfactant mixture of the same kind.'*
Lamellar self-organization in water, which is typical of salt-
free catanionic systems, has been deeply investigated by Zemb
et al.'"* They evidenced the formation of stable micrometric
objects made up of surfactant bilayers; the objects’ shape and
stability were dependent upon the acid/amine ratio. By means
of calculations, these authors also showed that the bilayers
preferentially adopt a close-packed conformation when the acid/
amine ratio is 1:2. These observations can also be applied to
the acid-concentration dependence in our system, especially in
the concentration range of interest where we detect superstruc-
tures. A similar oleic acid/oleylamine mixture was shown by
Chen et al.'® to drive the formation of FePt nanorods through
the formation of a hexagonal reverse-liquid-crystal mesophase
in the organic reaction solution. They assumed that water traces
produced by acid—amine condensation were playing a major

role in the stabilization of such a mesophase.'” This last point
highlights the importance of knowing and understanding exactly
what composes and strengthens such an organized system. In
our case, we have not investigated the presence of water, since
we think it would react with the excess hexamethyldisilazane
coming from the iron dimer decomposition. We are currently
working on the possible role of these light silicon derivatives.
However, the organic superstructures’ contrast seen in the TEM
images suggests an iron upload. Carboxylate iron(Il) species
here could play the role of a structuring agent. Previous results
show that it is possible to take advantage of such a coordination
system to grow stable 1D iron(I) structures held together by
dicarboxylate ligands.'® The PA/HDA lamellar phase together
with this structuring agent dictate the formation of the iron(II)
reservoir and ensure its stability, as shown by the Mossbauer
spectra. Evidence that such organic superstructures guide the
growth of NPs has been reported very recently in regard to the
synthesis of ultrathin Au nanowires.'® Yang and co-workers'**
and Xia and co-workers'®® have explained that an
Aut—oleylamine complex self-assembles into mesostructures
that serve as a template for the anisotropic growth. In our case,
after a fast nucleation step, the growth would then take place
in an inhomogeneous solution in which two systems have to
be considered: the one “inside” the organic superstructures (i.e.,
in an anisotropic medium) and the one “outside” them (i.e., in
an isotropic medium). The iron(II) reservoir would then influ-
ence both the kinetics of the growth and its environment.
Growth inside Organic Superstructures. The growth mech-
anism is a complex combination of simultaneous reactions, but
we have identified two main successive parts: (a) the coalescence
of nuclei when the medium is amine-rich and (b) the growth of
the {100} iron facets when the medium becomes acid-rich. In
part (a), the ligand shell around the NPs is amine-rich, since
most of the acid is stored inside the iron(Il) reservoir. These
conditions favor the coalescence of nanoparticles, as observed
during the initial 6 h of reaction. Coalescence in an amine-rich
medium was previously reported in the case of Pt NPs: wormlike
NPs stabilized by HDA were formed.?° In the present case, the
decomposition of {Fe[N(SiMes),]»}, in the presence of HDA
alone also yields wormlike iron NPs because of the relatively
low binding energy of HDA (see Figure 6a). Therefore, the
reaction would produce anisotropic NPs at first, as a result of
coalescence in the anisotropic environment provided by the
organic superstructures (see the schematic drawing in Figure
8). Some of these NPs display one dimension larger than the
size of the final NPs (48 h). The transition between the two
growth regimes seems to be effective when the acid concentra-
tion around the growing NPs is high enough to significantly
stabilize the {100} iron facets. After 12 h of reaction, about
half of the acid has been released, since about half of the iron(II)
reservoir has been consumed, as shown by the Mossbauer
spectra and confirmed by the SQuID measurements. This
corroborates the increased number of well-defined facets
observed on the TEM pictures (see Figure 2d). The lamellar
structure of the ligand self-organization reinforces this effect
by preferentially stabilizing the parallel {100} facets. The
presence of organic superstructures in this system is therefore

(17) Wu, H.; Yang, Y.; Cao, Y. C. J. Am. Chem. Soc. 2006, 128, 16522—
16523.

(18) Sanselme, M.; Grenéche, J. M.; Riou-Cavellec, M.; Férey, G. Chem.
Commun. 2002, 2172-2173.

(19) (a) Huo, Z.; Tsung, C.; Zhang, X.; Yang, P. Nano Lett. 2008, 8, 2041—
2044. (b) Lu, X.; Yavuz, M. S.; Tuan, H.-Y.; Korgel, B. A.; Xia, Y.
J. Am. Chem. Soc. 2008, 130, 8900-8901.
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the key point for ensuring the formation of monocrystalline cubic
NPs of bee iron. At the transition between part (a) of the reaction
and part (b), we can observe both the formation of cubic
nanoparticles resulting from the filling of octapods and the
corrosion of large anisotropic particles into cubes. This is in
agreement with the concomitant action of oriented growth and
repair steps. The first of these processes is evidenced by the
presence of monocrystalline filled octapods after 25 h of reaction
(see Figures 2e and 3a and Figure S2e in the Supporting
Information). Similar objects have been observed in the Pt
system studied by Tilley et al.>' Their presence was assigned
to a change in the growth regime from the kinetically controlled
growth of the Pt {111} planes to the growth of the more stable
{100} planes through a diffusion regime of the adatoms. This
change was correlated with a decrease in the Pt atom concentra-
tion during the reaction. At the end of the reaction, these
particles were then assumed to be nanocubes on their way to
completion. This is in quite good agreement with our observa-
tions for this Fe system, especially because of the slow
consumption of the iron(Il) reservoir and the transition from
an amine-rich to an acid-rich growth environment. Since we
only get nanocubes at the end of the reaction, we can assume
that the growth at this stage is governed by the minimization
of the total energy of the nanoparticle/ligand system. Since the
particles grow in a mesophase that tends to form a stable long-
range lamellar structure because of the nature of the aliphatic
long-chain ligands, the best energetic compromise is indeed
given by the formation of bcc iron particles exposing parallel
{100} facets. Moreover, for the same volume, a cubic shape
would be preferred over an anisotropic plane-parallel one in
order to keep the surface/volume ratio minimal. This means that
ripening necessarily occurs to preserve the cubic shape of the
growing NPs, which was not obvious a priori in such an
anisotropic environment. A digestive ripening process, i.e., the
repair step, is evidenced by the corrosion of the large anisotropic
NPs, which are not detected anymore at the end of the reaction
(see Figures 2f and 3b).

The previous section has emphasized the importance of the
variation of the acid/amine ratio during the growth and ripening
reactions. However, this ratio can vary even as a function of
the organic-shell curvature in the anisotropic reaction medium.
Thus, it has been reported by Zemb et al.'® that the acid/amine
ratio inside micrometric objects composed of surfactant bilayers
varies as a function of the position in the object (facets, edges,
or corners). This difference of acid/amine ratios is governed by
the curvature of the objects, the planes/facets being the reference.
According to this, we suggest that the curvature around the
{110} and {111} facets could be responsible for local fluctua-
tions in the acid concentration. Thus, the ligand shell would
present an excess of amine around the edges and the corners of
the nanocubes, causing curvature of one sign, but present an
excess of acid around two {100} facets, forming an opposite
curvature (see Figure 9). Finally, excess amine would favor local
growth while excess acid would favor local corrosion, the
reference composition being the one stabilizing the {100} facets.
These proposed ripening and repair mechanisms are both
responsible for the formation of cubic nanoparticles.

Growth outside the Organic Superstructures. Outside the
organic superstructures, the growth is isotropic. According to
the assumption that the organic superstructures must be com-
posed of most of the acid initially introduced into the solution
(which was confirmed by the acid-concentration influence; see
the Results and also below), we presume that the medium
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(a) Amine-rich edge (b) Acid-rich edge

Figure 9. Schematic view of the ligand-shell organization along the facets
and two kinds of edges of the NPs.

outside these organizations is amine-rich, in agreement with the
isotropic shape of the NPs observed in this medium. However,
one has to notice that the spherical NPs are polycrystalline (see
Figure S5 in the Supporting Information), likely with preferential
exposure of only the {100} facets to the solution, which still
contains some acid. Finally, there is no further stabilization of
only parallel facets, since there is no organic superstructure
around.

In summary, the local acid concentration is the key factor
that orientates the growth of the nanoparticles, whether we
consider it inside or outside the organic superstructures. Thus,
since the long-chain acid is incorporated by complexation in
the iron(II) reservoir and participates in the organic superstruc-
ture, any concentration change has a drastic effect on the
environment-dependent growth. At low concentrations of PA
(between 1.0 and 1.3 equiv), the stabilization of long-range
ligand self-organization is not favored. The nucleation and
growth occur in an isotropic environment, yielding small,
spherical NPs. These NPs are polycrystalline and expose at their
surface {100} facets stabilized by the introduced acid. The
narrow size dispersion suggests that nucleation and growth are
strictly separated, as we supposed previously. At PA concentra-
tions equal to or higher than 1.4 equiv, a long-range organic
lamellar phase, i.e., a significant iron(II) reservoir, is formed.
An increase of the PA concentration clearly slows down some
of the reaction Kkinetics (reservoir decomposition, oriented
growth, repair mechanism) because of the molecular species
stabilization. In addition, the acid concentration changes from
the beginning to the end of the reaction because of the slow
consumption of the iron(Il) reservoir. As the acid rules the
stability of the NP surface, this change in concentration
modulates the growth of the NPs, which proceeds first by
coalescence and then by oriented growth, ripening, and the repair
mechanism inside the ligand self-organization.

The influence of the temperature correlates well with the
proposed model. As a matter of fact, the ripening and repair
processes in particular are slowed when the reaction is performed
at lower temperature. After 7 days at 135 °C, the NPs are large
(~46 nm) and clearly result from coalescence of smaller ones.
They seem to be on their way to completion to become cubic.
Because the consumption of the iron(II) reservoir has been
slowed, the growth environment remains amine-rich for a long
time, and the coalescence is therefore prolonged. The result is
a decrease in the number of nuclei, leading then to few but large
NPs after 7 days. The SQuID and Mdssbauer experiments
confirm the reaction is, after 7 days, at a similar stage as the
reaction performed at 150 °C after 6 h and 12 h (see Figures
S15—S16 and Table S2 in the Supporting Information). After
21 days at 120 °C, we obtain monocrystalline stars that expose
{100} facets, as revealed by HRTEM pictures (see Figure
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5b—d). The transition from isotropic particles to stars has
previously been reported for several systems, such as Rh,*
CdS,> PbS, and Pt systems.’** Interpretations of these
temperature-dependent or reduction-kinetics-dependent growths
usually invoke a seeded-growth mechanism®* or a delicate
balance between kinetic and thermodynamic regimes.?' In our
case, at 120 °C, nucleation is very slow, growth proceeds
through coalescence and preferential {100} facet growth, and
the repair mechanism is also presumably very slow. The result
is seeded growth, i.e., an oriented growth along the initial
directions given by the nuclei, leading to the observed stars for
which no effective repair mechanism is available.

Conclusion

In this paper, we have reported a complete study aimed at
understanding the growth of iron NPs by an organometallic
route. The effect of several key parameters, including the
reaction time, the temperature, and the surfactant concentrations,
has been investigated, leading to the development of a model
involving an environment-dependent growth mechanism. The
presence of organic superstructures filled with iron(Il) species
at the very beginning of the reaction is a key point in
understanding the shape control of the final product. Indeed,
the nucleation and growth can occur either outside these

(20) Ramirez, E.; Erades, L.; Philippot, K.; Lecante, P.; Chaudret, B. Adv.
Funct. Mater. 2007, 17, 2219-2228.

(21) Ren, J.; Tilley, R. D. J. Am. Chem. Soc. 2007, 129, 3287-3291.

(22) Hoefelmeyer, J. D.; Niesz, K.; Somorjai, G. A.; Tilley, T. D. Nano
Lett. 2005, 5, 435-438.

(23) Lee, S.-M.; Cho, S.-N.; Cheon, J. Adv. Mater. 2003, 15, 441-444.

(24) Lee, S.-M.; Jun, Y.-W.; Cho, S.-N.; Cheon, J. J. Am. Chem. Soc. 2002,
124, 11244-11245.

(25) Chen, J.; Herricks, T.; Xia, Y. Angew. Chem., Int. Ed. 2005, 44, 2589—
2592.

templates (i.e., in an isotropic environment) or inside them (i.e.,
in an anisotropic environment). In the first case, we obtain
spherical polycrystalline NPs having mean sizes that increase
with the carboxylic acid concentration, as expected. In the
second case, the reaction monitoring reveals several steps: (i)
nucleation, (ii) coalescence favored by an amine-rich environ-
ment, and (iii) growth and repair mechanisms in an acid-rich
environment. These three main steps lead to cubic NPs
organized into superstructures: the nanocube superlattices. The
evolution of the environment from amine-rich to acid-rich is
directly correlated with the decomposition of the iron(II)
reservoir, which releases carboxylic acid into the medium. Iron
nanocubes are formed inside these templates and then directly
assembled into close-packed micrometric superlattices. The
growth of anisotropic objects such as stars is obtained by
decreasing the reaction temperature, which modifies the relative
kinetics of the nucleation, growth, and repair steps. As a whole,
this study sheds light on a versatile, complex system, allowing
control of the formation of cubic (side length from 13 to 27
nm) and spherical (diameter from 1.5 to 9.4 nm) iron
nanoparticles.
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ABSTRACT: We report a chemical method to prepare metallic Fe porous nanocubes.
The presence of pores embedded inside the cubes was attested by electron
tomography. Thanks to electronic holography and micromagnetic simulations, we
show that the presence of these defects stabilizes the vortices in assembly of interacting
cubes. These results open new perspectives toward magnetic vortex stabilization at
relatively low cost for various applications (microelectronics, magnetic recording, or

biological applications).
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agnetic nanoparticles (NPs) are objects of choice for

multiple purposes such as magnetic recording,"* which
requires high storage density,** and biomedical applications,’
such as MRI contrast agents’ or therapeutic hyperthermia
media.”® Although single-domain magnetic materials are usual
targets for these applications,g’10 vortex configurations, which
arise at the transition between multidomain and single-domain
materials, could be of particular interest for dedicated
purposes.'’ Indeed, vortices are characterized by their polarity,
that is, the direction of magnetization in the core (up/down),
and their chirality, that is, the direction of rotation around the
vortex core (clockwise or counterclockwise).’* As the vortex
polarity and chirality are independent, four magnetic states
could be obtained (Supporting Information Scheme 1), thus
opening the perspective of two-bit-per-dot media for magnetic
storage, providing that they can be manipulated.13_15 Addi-
tionally, the excitation of vortices by a spin-polarized current
leads to high-quality radio frequency oscillators, even in the
absence of external ma§netic field, which is very promising for
potential applications.'®~"® Finally, vortices have recently been
reported as presenting high potentiality for biomedical
applications since they combine high saturation magnetization,
required for bioapplications, with negligible remanence magnet-
ization, which is a key feature for stabilizing ferrofluids against
aggregation phenomena.'’

However, in all of these applications, the stabilization of
vortices in presence of magnetic dipolar interactions (for
closely packed nanostructures or highly contentrated ferro-
fluids) is crucial. We have previously reported that an isolated
30 nm Fe nanocube exhibits a vortex state.’® However,

ferromagnetic coupling appeared between self-assembled nano-

i i © 2012 American Chemical Society
7 ACS Publications
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cubes, leading to the disappearance of individual vortex in favor
of more stable flux closure configurations across several cubes.*
For dipoles of Fe;O, nanorings, theoretical works have also
shown a magnetic coupling leading to the disappearance of
vortices."” In order to overpass this limitation, one should
improve the stability of the vortex within a single object. Two
options may be considered: an increase of the object size, which
will be a drawback for applications, or the introduction of
internal vacancies and defects within small object which could
pin the vortex core.””* Up to now, the experimental
preparation of such artificial pinning sites (defects, holes)
requires costly multistep patterning processes.””*> An alter-
native method for the preparation of magnetic objects with
embedded defects could be liquid-phase chemical reactions.
Though synthesis of magnetic nanoparticles with high
magnetization values has been a long-sought goal, researches
were mainly focused on defect-free particles.” Except from
hollow Fe;O, spheres or rods,'”** synthesis of metallic
nanoparticles with pores embedded has never been reported.
On the basis of our know-how in the size and shape control of
iron nanoparticles,”> we have succeeded in the growth of
porous particles. Our method is based on a mediated-growth
that proceeds through three distinct steps: (i) nucleation; (ii)
growth/coalescence, (iii) growth/ripening. The control of the
growth/coalescence step has recently received lots of interest
yielding nanoparticles with unique features.>®*” Here, its
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control allows us to force the presence of holes within
nanocubes.

Method. Synthesis of Porous Cubes. A colorless solution of
lauric acid (300 mg, 1.5 mmol, 1.5 equivalent per mole of iron)
in mesitylene (10 mL) was added to a green solution of
{Pe[N(SiMe;),],}, (376 mg, 0.5 mmol) in mesitylene (S mL)
under Ar atmosphere. The mixture was manually stirred and its
color immediately turned to yellow. One minute later, a
solution of dodecylamine (370 mg, 2.0 mmol, 2.0 equiv) in
mesitylene (S mL) was added to it. The mixture started to
darken and it became black after 10 min of magnetic stirring at
room temperature. The solution was then put under 3 bar of
H, and let to react in an oil bath at 150 °C for 48 h. See
Supporting Information for further details.

Characterization of the NPs. Microscopy samples were
prepared by deposition of a diluted colloidal solution drop on a
carbon-coated copper grid and observed on a JEOL-1011 for
bright-field transmission electronic microscopy (TEM) and
JEOL-2100F field emission microscope for high-resolution
TEM (HRTEM) working with 100 and 200 kV respectively. In
the majority of cases, size histograms were obtained by manual
counting 8process over at least 100 particles, using Image]
software.”® Size distributions have been fitted by Gaussian law;
the results are expressed by the calculated mean size and
standard deviation ¢. Magnetic studies were carried out on
powder samples by SQuID (MPMS Quantum Design $.5) and
the iron state and environment were analyzed by Mdssbauer
spectroscopy (WISSEL, *’Co source). Samples were prepared
into the glovebox and extreme care was taken to avoid
oxidation during transfer to the apparatus. Flame-sealed glass
tubes of powder were prepared under argon to determine the
iron composition from microanalysis measurements performed
by ICP (inductively coupled plasma).

Electron Tomography. To study the morphology of these
Fe cubes, we use electron tomography in scanning transmission
electron microscopy (STEM) mode using high-angle annular
dark-field (HAADF) detector. This technique is well suited to
obtain size and morphology information of crystalline materials
without suffering from Fresnel fringes and diffraction contrast.
A full three-dimensional (3D) analysis is then possible. We
acquire HAADF-STEM tilt series on a FEI Tecnai F20
microscope fitted with a Fischione high-tilt tomography holder.
The holder is designed to allow a +80° tilt without being
limited by the pole piece gap of the microscope. The only
restriction comes from the specimen itself and its support (400
mesh grid, in our case). We acquired two tilt series with two
different camera lengths. The first tilt series was taken between
—66 and +70° with an angular step of 2° between each
acquisition. The tilt maximum leads to a missing wedge of
information that induces an artifact of elongation in the z
direction. In our case, the global missing wedge is 44° and
induces an elongation with a ratio of 1.1 in z.*” The second tilt
series was acquire with a —45 + 56 tilt range that leads to a
strong elongation in z (ratio of 1.35) but the camera length was
more appropriate and the contrast of the projections as well as
the quality of the 3D object were improved. In both cases, the
projections were sorted out under inspect3D software and
aligned by cross-correlations, using an appropriate spatial filter.

Electron Holography. The structures of the different layers
and interfaces were investigated by transmission electron
microscopy (TEM) both in conventional and in high-resolution
mode using a FEI Tecnai-F20 microscope fitted with a spherical
aberration (Cs) corrector (CEOS) whose point resolution is
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0.12 nm. We use off-axis EH in the same microscope to study
the remnant magnetic state of the Fe porous nanocubes at
room temperature. Holograms were digitally acquired with
switching off the conventional objective lens and using the first
transfer lens of the Cs corrector and the projectors to reach a
maximum magnification of about X300 000. The phase images
were obtained by reconstruction the hologram using Fourier
transformation and removing any additional phase shift using a
reference hologram obtained in vacuum. The spatial resolution
of the phase images is determined by the fringe spacing, which
depends on the voltage applied to the biprism (2,3 nm at 135
V) and the diameter of the spatial-frequency filter (6 nm)
applied in the Fourier space when reconstructing the
holograms. The magnetic contribution to the phase shift was
extracted by recording holograms in two opposite directions
(sample up/down).

Micromagnetic Calculations. We used the three-dimen-
sional version of the micromagnetic code OOMME to
determine the magnetic configuration in the samples.*® The
3D nanocube shapes and sizes introduced for the calculations
are deduced from the 2D TEM images with the assumption
that the Fe cubes are perfectly cubic. Each iron nanocube is
discretized in 3D cells with 4 nm side length. We used bulk
magnetic parameters for iron: saturation magnetization Mg =
1.72 X 10° A/m, exchange stiffness A = 2.1 X 107"! J/m, and
cubic anisotropy constant K; = 4.8 X 10* _]/m“”. A damping
parameter of @ = 0.5 was used to reach equilibrium remnant
state rapidly. To fit the simulations with the experimental
procedure, we applied magnetic fields of the same amplitude
and direction as were applied experimentally. The nanoparticles
have been deposited onto the TEM grid in presence of a
250mT magnet, generating a field along [001] direction. Then,
the objective lens, though switched off, induces a residual
magnetic field of ca. 20 mT parallel to the optic axis due to the
remanence of polar pieces. Thus, we included in the
simulations this small magnetic field parallel to [001]. Electron
holography provides a 2D induction map of the magnetic
nanocubes. In order to compare our simulations with
experimental results, we add the magnetization and total field
vector coordinates in each cell to obtain a 3D induction map.
Then, the calculated induction vectors are averaged along the z
direction to obtain a 2D map of the simulated induction
integrated along the sample thickness.

Results and Discussion. The reduction of (Fe{N[Si-
(CH;)3)1},), in mesitylene under a dihydrogen atmosphere at
150 °C leads to nanoparticles of 1.5 nm of diameter.*" Adding
surfactants with a long alkyl chain and a polar head (—NH,,
—COOH) to the initial mixture has the following effects: (i)
they stabilize the nanoparticles formed, (ii) they react with the
precursor to form more stable species such as iron(II)
carboxylate complexes, and (jii) at large concentration, they
tend to self-organize leading to a mediated-growth.”® For acid/
amine ratio below 1.4:2 equivalents (equiv) per mole of iron,
nano-objects grow in an isotropic environment, leading after 2
days of reaction to spherical nanoparticles with mean diameters
ranging from 1.5 to 9 nm (Supporting Information Figure S1).

For acid/amine ratio of 1.5:2 eq., self-assemblies of
surfactants are observed concomitant with the growth of
cubic nanoparticles (Supporting Information Figure S2). These
self-assemblies seem a prerequisite for the synthesis of cubes
through a mediated-growth. By modifying the alkyl chain
length of surfactants from 16 to 12 carbons, we could tune this
mediated-growth. Polydisperse cubes (42 nm, ¢ = 16 nm) were

dx.doi.org/10.1021/n13012616 | Nano Lett. 2012, 12, 3245-3250
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obtained after 2 days of reaction with C12 surfactants (Figure
la, Supporting Information Figure S3). Within these objects,
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Figure 1. TEM images of (a) porous nanocubes obtained at 150 °C
under 3 bar of H, with an acid/amine ratio of 1.5:2 with alkyl chain
C12, and the intermediate nanoparticles observed after (b) 2, (c) 6,
(d) 24, and (e) 48 h of reaction.

regions with brighter contrast are observed in transmission
electron microscopy (TEM, Figure la) and in high-resolution
TEM (HRTEM, Supporting Information Figure S4). Such
contrast could be due to local variations of thickness or of
material. However, metallic Fe was the only material detected
by HRTEM, thus, the thickness variation could more likely
arise from local defects at the surface or embedded within the
cubes.

Since TEM only provide a 2D projection of the objects,
electron tomography has been performed in order to determine
more precisely the localization of these defects. Tomography
leads to a complete 3D reconstruction of the objects based on a
series of 2D TEM images acquired by HAADF scannlng TEM
(HAADF-STEM) from different tilting angles. 2 An xy-
orthoslice of the 3D view of packed nanocubes is presented
in Figure 2a. The presence of darker regions, corresponding to
the voids, is clearly visible. Such inversion of contrast compared
to previous TEM images (Figure la) is due to the HAADF
signal, which is directly related to the sample thickness. In order
to extract quantitative 1nformat10n on pores, an additional
manual segmentation is performed.*® Gray levels are segmented
all along the reconstruction volume in order to reveal the edges
of the cubes and pores. After such treatment, 3D visualization is
obtained with pores being represented in light blue and surfaces
of cubes by a violet envelope (Figure 2b,c, Supporting
Information Video 1). The presence of internal pores is clearly
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Figure 2. Three-dimensional reconstruction of porous nanocubes
obtained by electron tomography (a) xy-orthoslice through the 3D
reconstruction; (b) top view and (c) lateral view of the 3D
reconstruction, pores are represented in blue while external envelope
of the cubes are in transparent violet.

attested with the defects being in a large majority (>90%)
embedded within the cube.

The presence of internal defects within cubes rises the
question of their formation and nature. Below a critical size of
30 nm, no defects are observed while above, more than 90% of
cubes exhibit holes. A strong correlation between the lateral size
of cubes and the number of defects could be seen: the bigger
the cubes, the more defects are embedded (Supporting
Information Figure SS). A kinetic study was performed by
monitoring the reaction, combining iron precursor with 1.5:2
equiv of acid/amine. This reaction was equally distributed into
four Fisher-Porter bottles, allowed to react at 150 °C for 2, 6,
24, and 48 h, respectively (Figure 1). Anisotropic nanoparticles
with mean lateral sizes of 10 X 6 nm are observed after 2 h of
reaction. After 6 h, this anisotropic shape is retained but facets
start to appear. Coalescence of cubes through edges leads to the
presence of large octapods (18 nm, 6 = 5 nm) and embedded
pores. Finally, after 48 h large and polydisperse porous cubes
(42 nm, 6 = 25 nm) are obtained. This monitoring, based on
TEM images, seems fairly similar to the one previously
reported with C16 surfactants.”® Thus a similar growth
mechanism, based on successive nucleation, growth-coales-
cence and growth-ripening steps, seems to control the synthesis
of these cubes. Ripening appears after 6 h, as revealed by the
faceting of anisotropic objects, whlch is in agreement with the
observation for C16 surfactants.”> However, coalescence does
not end at the appearance of ripening but lasts at least 24 h.
Such variation in the coalescence step duration could explain
the difference in cube sizes (21 nm for C16, up to 80 nm for

dx.doi.org/10.1021/n13012616 | Nano Lett. 2012, 12, 3245-3250
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Figure 3. Electron holography and micromagnetic simulations for a compact assembly of § Fe nanocubes. (a) TEM image reveals the cubic structure
and the internal defects within larger cubes. (b) Cosinus of the magnetic phase image corresponding to the magnetic contribution to the phase shift
with 7/4 rad isophase contours. Note the cylindrical symmetry of the magnetic induction flux line in the three larger cubes. Micromagnetic
simulation (with bulk Ms) of the in-plane induction (the location and the number of arrows are not related with the discretization points) for (c)
defect-free objects (visualized in gray) and (d) porous cubes. Dashed white boxes are a guide to the eye to indicate the lateral extent and the in-plane

position of the defects.

C12) and the presence of defects embedded within the cubes.
The reason for that extent is not known yet, but it could be
linked to the difference in the stability of cube edges due to a
lower steric hindrance for C12 compared to C16 alkyl chains.
Though it will be difficult to conclude on the chemical species
trapped within pores, their size distribution, extracted from the
projected lateral size observed by TEM, give some clues
(Supporting Information Figure S6). Indeed, the minimum
pore size is above 4 nm, that is, twice the surfactant alkyl chain
length. Since the defects are formed during a coalescence
process, we propose that the cavities are filled with surfactants,
which would explain this minimum size and the facets observed,
{100} faces being stabilized by acid.?®

Magnetic characterization performed on raw powders at 2
and 300 K reveals that these porous nanocubes exhibit a
magnetization of respectively 220 and 216 Am?*/kgg, close to
the bulk value of bcc-Fe and are ferromagnetic at room
temperature (yoHc = 1SmT, Supporting Information Figure
S7). The local study of the magnetic behavior of these cubes
has been performed by electron holography (EH).>* Off-axis
EH allows measuring the phase shift of the high-energy electron
wave that has passed through a material.>* Since the phase shift
is sensitive to electric and magnetic fields in the sample, local
magnetic properties in nanoscale materials can be mapped after
having isolated the magnetic part. The nanocubes observed
have been deposited onto the TEM grid in presence of a
250mT magnet, generating a field along [001] direction. As
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expected from the size of the object above the single-domain/
vortex transition (~28 nm),'"* isolated nanocubes exhibit a
vortex state (Supporting Information Figure S8). Perturbations
of the vortex core are observed at the vicinity of pores, but the
out-of-plane component of the magnetization is still clearly
observed. The induction state in interacting nanocubes could
also be determined (Figure 3). Contrarily to the observation
previously performed on interacting 30 nm nanocubes,?’
vortices are retained within each cube presenting defects.
Such a peculiar magnetic configuration could be reproduced by
micromagnetic calculations (OOMMF code).*® In order to
address the stability question of the vortices, we have compared
the numerical simulation obtained for defect-free (Figure 3c)
and porous (Figure 3d) interacting cubes. Porous objects have
been simulated by introducing voids within the cubes. The
lateral sizes and in-plane position of the defects were extracted
from TEM images. Their height was extrapolated from a cubic
shape since mainly isotropic defects are observed by
tomography. Finally the out-of-plane position of the defects
was arbitrary taken within the cubes, equally distributed apart
from the median position. Since the position of isotropic
defects was reported as not affecting the vortex nucleation
field,*> we did not explore the effect of the z position on the
stability of the vortices. While a flux closure state is observed for
arrangements of defect-free objects (Figure 3c), vortices are
observed for porous cube as evidenced in the integrated
induction map (Figure 3d) and in the 3D magnetic moment

dx.doi.org/10.1021/n13012616 | Nano Lett. 2012, 12, 3245-3250
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Figure 4. Three-dimensional visualization of the magnetic moment within an assembly of 5 Fe nanocubes. The presence of defects within the three
larger cubes is represented with blue boxes. The red surface displays the surface of spins with M, = 0.6 (we reduced the number of arrows for a better

visualization).

cartography (Figure 4). Thus, in the presence of internal
defects vortices become the configuration of minimum energy
due to the overall reduction of the exchange energy.’**°
However, most of the results previously reported have been
handled on permalloy nanodisks with single litho§raphy-
defined defect of same thickness than the object.*"**** In
such cases, the vortex core is stabilized within the void,
resulting in the total disappearance of the out-of-plane
singularity, and thus to an onion configuration rather than a
vortex configuration. In our case, where multiple voids are
smaller and randomly distributed within the materials, the
vortex core is still observed within the cubes. Thus, the detailed
mechanism of vortex stabilization could be more complicated
and would benefit from deeper investigations with cross-
correlated electronic tomography—holography measurements
and micromagnetic simulations.

In conclusion, a fine-tuning of the growth environment and
the use of appropriate aliphatic surfactants allowed us to
synthesize quantitatively Fe nanocubes above 30 nm and
incorporating voids. The presence of internal defects embedded
within cubes has been characterized by electron tomography.
These defects have been for the first time evidenced as
stabilizing vortex magnetic states within nanoparticle interact-
ing assemblies. In this respect, we provided experimental proof
for the potential interest of metallic porous cubes as stable
vortices structures. These vortices are particularly important for
advanced fundamental studies and might eventually become
new building blocks for dedicated applications (spintronics,
magnetic recording, and nanomedecine). Subsequent optimi-
zations need however to be undertaken, such as stabilizing
defects within smaller objects, reducing the overall size
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dispersity of the Fe cubes, and controlling their self-assembly
on large 2D areas.

Bl ASSOCIATED CONTENT
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(1-2) Schematic view of the four states of the magnetic vortex
(3—4) and the corresponding size distribution of the cubes and
the defects. TEM images of nanoparticles obtained under
various experimental conditions (ligands, temperature, and
concentration). Characterization of porous cubes by (5)
HRTEM, and (6) TEM. (7) Magnetic characterization of
bee-Fe porous NPs (M(H) at 2 and 300 K). (8) Electron
holography on a single porous nanocube. A video of the
electron tomography reconstruction is also available. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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Tuning Complex Shapes in Platinum Nanoparticles: From Cubic

Dendrites to Fivefold Stars**

Lise-Marie Lacroix,* Christophe Gatel, Raul Arenal, Cécile Garcia, Sébastien Lachaize,
Thomas Blon, Bénédicte Warot-Fonrose, Etienne Snoeck, Bruno Chaudret, and Guillaume Viau

The synthesis of nanoparticles (NPs) exhibiting large surface-
area-to-volume ratios has been a long-sought goal in devel-
oping various applications such as ultrasensitive sensors!!! or
highly active catalysts.”! In addition to a large specific area,
crystallographic planes exposed on the surface of the NPs are
key parameters for the reactivity and selectivity of NPs in
catalytic processes.”! Thus, intense research has been devoted
to the shape control of noble-metal nanocrystals.!! For
example, for Pt-based nanoparticles, dendritic nanostruc-
tures,”! branched-NPs®l or multipods!” exhibit enhanced
catalytic activities relative to their spherical counterparts.”®!
Such shape control could be obtained by manipulating the
reduction kinetics'® through temperature,*° pH,!
ligands,"! or the addition of small amounts of nucleating
agents.! Interestingly, in this variety of shapes, only few
groups reported multiply twinned Pt nanoparticles,"”
whereas decahedrons are fairly common for most of the
noble metals (e.g. Au, Ag, Rh).l"! However, these twinned
NPs could offer significant benefits toward catalysis because
they have mainly their {111} faces exposed.['*]

Herein, we report complex platinum nanoobjects of
unprecedented shapes (monodisperse cubic dendrites and
fivefold stars) and the fine-tuning between two growth
mechanisms. The platinum concentration is finely tuned in
a fairly simple reaction of H,PtCly in oleylamine under
dihydrogen pressure. Amine plays the role of solvent and
stabilizer and can assist the reduction process. Previous work
has shown that the room-temperature reduction of HAuCl,
by neat oleylamine yielded unique Au nanowires.'”) However,
in the same conditions, Pt required higher temperature to be
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reduced (250°C).”) In the present study, addition of dihydro-
gen, a well-known reducing agent,'®! lowered the reduction
temperature and, at the same time, played an important role
in the shape control of NPs. Indeed, H, can “clean” the NP
surface by temporarily removing weak coordinating ligands,
such as amines, leading to coalescence or ripening.'” H, can
also generate surface hydrides, which stabilize the NP and
perform hydrogenation reactions.!'

An exsitu kinetic study, followed by high-resolution
transmission electron microscopy (HRTEM), has evidenced
two growth mechanisms based respectively on cubic or
decahedric seeds (see Scheme 1) leading to monodisperse

cubic dendrites or fivefold stars.
\ﬁ/

[Pt] < 5mM
L E —
H,PtClg + Oleylamine :
3bar H,, 150°C \
Py > smid -—**

Scheme 1. General overview of the versatile synthesis of Pt° NPs.
Shape could be controlled by the platinum concentration and the
nature of the seeds formed.

Pt NPs were produced by reduction of H,PtCl; in oleyl-
amine under an H, atmosphere (3 bar) at 150°C (see the
Experimental Section and Scheme 1). The shape of the Pt
NPs could be easily tuned by varying the experimental
parameters, in particular the Pt concentration from low
(2 mm) to high (10 mm) values. For example, dendritic growth
was observed at high Pt concentration ([Pt] >5 mwMm) (Fig-
ure 1a,b and Figures S1 and S2 in the Supporting Informa-
tion). The resulting objects were obtained quantitatively with
a Pt yield over 95%. The most striking feature, relative to
previously reported dendrites,” was their cubic contour.

Figure 2a shows a high-magnification transmission elec-
tron microscopy (TEM) image of a single dendrite exhibiting
dense organization of branches with defined orientations. The
outer faces of the cubes coincided with the {100} planes of the
crystallographic structure of fcc-Pt. The selective-area elec-
tron diffraction (SAED) pattern on a single cube (Figure 2b)
shows fourfold symmetry, which is characteristic of a single-
crystalline fcc crystal observed along the (100) zone axis. The
elongation of the diffraction spots {200} and {220} indicates
a slight misorientation between the branches (ca. 10°). These

Angew. Chem. Int. Ed. 2012, 51, 4690 -4694
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Figure 1. TEM images of Pt nanocrystals prepared at various concen-
trations of platinum: a,b) dendritic cubes obtained at [Pt]=10 mwm;
c,d) Pt stars obtained at [Pt]=2 mwm.

Figure 2. a) HREM image of a single Pt dendritic cube obtained after
reaction for 1 h. b) SAED pattern along the [001] axis on a 60-nm-cube
obtained after reaction for 2 h, as shown in the inset.

results demonstrate that cubic dendrites adopt a slightly
distorted single-crystalline structure.

The growth mechanism of such peculiar dendrites was
investigated by stopping the reaction at various stages
(Figure 3 and Figure S3). The reaction is very fast, as shown
by the octapods already observed after 1 min of reaction at
150°C. These octapods result from a growth on the (111)
directions on cubic seeds. The {100} facets are observed,
concomitant with closing {110} facets. After 3 min of reaction,
the selected growth on {100} facets leads to the appearance of
bifurcations, and new branches start to grow along three
different (111) growth directions. Such selected growth is
repeated until the platinum precursor is completely con-
sumed. Although the diameter of the branches was rather
constant at approximately 5.5 nm, the mean size of the cubic
dendrites could be tuned from 30 to 100 nm by varying the
reaction time between 10min and 2h (Figure S4). The
dendrites finally obtained exhibit a high proportion of {100}

Angew. Chem. Int. Ed. 2012, 51, 4690—4694
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Figure 3. Nanoparticles obtained after reaction for a—c) 1 min and
d—f) 3 min. a,d) TEM micrograph and the corresponding c,f) HREM
micrographs. The {100} facets are highlighted along the (111) growth
directions. b,e) Schematic view of the objects at this growth stage.

and {110} facets, as in the earlier growth stage (Figure S5).
Such dendritic structures, which have no precedent, were
stable at 150°C for days; the complex branches architecture
did not collapse into denser crystals.

Star-shaped NPs were obtained at low Pt concentration
([Pt]=2 mm; Figure 1c,d and Figure S6). Samples were
composed of nanocrystals exhibiting a well-defined morphol-
ogy with around 20% fivefold stars, 70 % threefold stars
(planar tripods), and 10% multipods or undefined shapes.
This ratio could vary: the proportion of multipods increased
with the [Pt] concentration. Threefold stars were obtained
previously by using a different approach (reduction of
Pt(acac), by a diol at 160°C).I""l However, the present fivefold
Pt stars are unique. Their arm length could be tuned from
30 nm to 120 nm by varying the reaction time between 6 and
48 h (Figure S7).

Figure 4 shows a high magnification image of a single
fivefold star and the corresponding SAED pattern along the
(110) zone axis. The complex pattern displays fivefold
symmetry of the fcc structure spots, which is similar to the
SAED pattern obtained on Au decahedra.'”’ The HRTEM
image of the core clearly shows the noncrystallographic
fivefold axis and the five resulting twinning boundaries.
Periodic lattice fringes could be clearly resolved for three
families of planes.
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4691



Angewandte

Communications

4692

[011] zone axis

Figure 4. a) TEM micrograph of a single Pt fivefold star and b) its
corresponding ED pattern. HRTEM images of c) the core and d) a
branch tip as shown in (a) by white and black boxes, respectively.

Lattice spacings of 2.26 A and 1.96 A correspond to the
{111} and {100} planes of fcc-Pt, respectively. The rotation of
these planes along the fivefold axis is evidenced in Figure 4c:
single-crystalline tetrahedra were observed between two
successive twin boundaries.

Figure 4d shows a HRTEM image of the branch tip. The
branches are highly crystalline, exposing mainly {111} facets
(Figures S8-10). These branches grow symmetrically along
the twinning plane from each corner of the central decahedra,
as revealed by TEM images taken after different growth
stages (Figure 5). Such growth on decahedra corners was

Figure 5. High-angle annular dark field and TEM images of Pt NPs
obtained for [Pt]=2 mm after reaction for a) 2 h and b) 4 h.

recently reported by Zhang et al. on Rh starfishlike NPs, but
the crystallinity of the branches was not clearly evidenced.*
If Pt decahedra are fairly rare objects, highly crystalline
fivefold Pt stars represent a unique result to the best of our
knowledge.

X-ray photoelectron spectroscopy (XPS) and energy-
dispersive X-ray spectroscopy (EDS) analyses were per-
formed on cubic dendrites and stars. As expected, the Pt NPs

www.angewandte.org
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resulting from the different syntheses consisted of pure Pt’
(Figures S11-12). The surface of the particles was stabilized
mostly by amine groups, although chloride anions and
ammonium groups could be detected as traces.

It is noteworthy that reaction times were considerably
longer at low [Pt] concentration compared with the few
minutes required for high [Pt] concentration synthesis. At
2 mwM, the yellow color, which is characteristic of the Pt
precursor, vanished after at least 24 h of reaction. The shape
control in this versatile synthesis then looked strongly
correlated with the reaction rates. Three experimental
parameters can be adjusted to increase the reaction rate:
[Pt] concentration, temperature (7), and dihydrogen pressure
(pu,)- Increasing the temperature and pressure yield cubic
dendrites after only 1hour (Figure S13), even at low [Pt]
concentration (2 mm). Thus, we could induce a dendritic
growth by increasing the reaction rate. An illustration of this
difference of kinetic between cubic dendrites and stars is
given by the variation of dihydrogen pressure profile with
time (Figure S14). Fast consumption of dihydrogen was
observed for dendritic growth, while no abrupt drop was
detected in the case of star-shaped growth. These two
hydrogenation profiles combine multiple reactions (reduction
of platinum, corresponding to ca. 0.3 bar of H,, and hydro-
genation catalyzed by Pt NPs or molecular species) in various
experimental conditions. Thus, the catalytic activities of
dendrites vs. stars cannot be directly compared. However,
we can conclude that very catalytically active species were
quickly formed at high temperature and pressure, whereas
this was not the case under conditions of lower temperature
and pressure.

The shape control reported herein for Pt NPs (planar
tripods, fivefold stars, and cubic dendrites) was achieved by
varying the reaction conditions in a relatively narrow range of
concentration or temperature. The nature of the seeds—cubic
(exposing noncompact faces) or triangular and decahedric
(exposing {111} faces)—is determinant in the final morphol-
ogy reached (Scheme 1).

At fast reaction rates, cubic seeds, exhibiting fcc structure,
are quickly formed as shown by ex situ HREM study and the
evolution of H, pressure as a function of time. The very fast
consumption of H, is due to fast reduction of Pt precursor and
to the hydrogenation of oleylamine by reactive seeds. Non-
compact faces ({100} and {110}) are known to be active
towards the reduction of internal olefins for Pd.” These
cubic seeds, although very reactive, are relatively limited in
number. The stability of the H,PtClg precursor is indeed
a determinant factor in this dendritic growth. The reduction of
Pt(acac), under similar conditions yielded multiple seeds and
thus multiarmed NPs (Figure S15). Few seeds and fast
reduction is characteristic of an autocatalytic process, pre-
viously reported for Pt.’! Such autocatalytic processes com-
bines a surface reaction between the precursor and prefer-
ential faces, leading here to a growth direction along (111)
directions. The outer cubic shape of these nearly single-
crystalline cubic dendrites, so peculiar, results from the strong
crystallographic driving force combined with the tendency of
dihydrogen to repair surfaces. The large cubic dendrites
obtained at the end of the reaction expose noncompact faces,

Angew. Chem. Int. Ed. 2012, 51, 4690 -4694



which are not energetically favored. Such structures represent
kinetic products and result from a growth limited by the
diffusion of adatoms at the surface. Such diffusion-limited
process is also known to be responsible for the size mono-
dispersity of the final objects.”!

When the reaction rates were decreased, by lowing either
the platinum concentration or the reaction temperature, the
reduction of the platinum precursor occurred over a longer
period of time and yielded seeds exhibiting compact {111}
faces. The profile of dihydrogen consumption is drastically
modified compared to dendritic growth, as a result of the
formation of a very limited number of seeds and of their
nature. Indeed, under these conditions, stable twinned
decahedra or triangular seeds could grow, resulting from the
minimization of surface energy. These objects expose only
{111} compact crystallographic planes. The successive growth
of decahedra seeds into fivefold stars could be explained
through multiple nucleation events. Decahedra are composed
of five tetrahedra. However, these tetrahedra cannot fill the
entire space and leave an empty angle of 7.3°, unless they
adopt a highly strained structure, as reported for Au
decahedra.'’! Since strain increases with the particle size,
above a critical size, corresponding to the highest strain in Pt
decahedron, the structure relaxes. In our case, this relaxation
corresponds to the nucleation and growth of the arms at each
corner of the decahedra core (Figure 5). Further crystallo-
graphic studies will be performed on these fivefold stars to
determine the structural strain contained in the vicinity of the
core and of the arms to confirm our growth model hypothesis.
Such a multistep process has already been proposed by
Maksimuk et al."? for the growth of planar tripods. Accord-
ing to their model, branches grow at the corner of triangular
twinned seeds, which act as preferential nucleation sites for
a second growth process. In our reaction, fivefold stars and
planar tripods coexist, giving strength to our growth hypoth-
esis.

In summary, we have demonstrated that quasi-single-
crystalline Pt nanoparticles with peculiar morphologies—
cubic dendrites, planar tripods, and fivefold stars—can be
obtained selectively and in high yield from a very simple
procedure by tuning the reduction kinetics of a platinum salt
under a dihydrogen atmosphere in the presence of an amine.
The control of experimental parameters such as Pt concen-
tration, reaction temperature, and dihydrogen pressure, leads
to fine-tuning of the kinetics of the reaction and of the nature
of seeds formed during the nucleation step. Although the
reason for such an abrupt transition between cubic or twinned
seeds is still unknown, numerical simulations of the energy of
the seeds could give some important insights.

A slow reaction leads to twinned seeds, which evolve into
planar tripods (threefold stars) and fivefold stars. Such
multiply twinned NPs are unique for Pt and could open new
perspectives for fundamental research on strained materials.
In addition to this fundamental interest, catalytic activities
could benefit from the presence of almost exclusively
crystallographic surface orientation {111} for selectivity
purposes.

A fast reaction leads to cubic seeds and thus to a dendritic
growth. The peculiarity of these objects is their outer cubic
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shape and an unprecedented size control of their envelope.
Such dendritic cubes display a high surface-to-volume ratio,
while their cubic shape enables their self-assembly on
surfaces, which should be of high interest in catalysis.
Structural characterization of the exposed surfaces, the
reactivity, and the catalytic activity of these novel species
will be evaluated to attest the potential of these unique cubic
dendrites.

Experimental Section

Typical synthesis of dendritic NPs : H,PtClg (Alfa Aesar, 51 mg,
0.1 mmole) and oleylamine (Aldrich, 10 mL) were mixed in a vial and
placed for 15 min in an ultrasonic bath to dissolve the Pt precursor.
The 10 mm solution was transferred in a Fisher—Porter bottle and
pressurized up to 3 bar with H,. The bottle was then allowed to react
at 150°C in a preheated oil bath for 1 h. At the end of the reaction,
a black precipitate was obtained while the supernatant is transparent.
Typical yellow Pt precursor traces were no longer observed. The
bottle was then cooled to room temperature, resulting in solidification
of the supernatant. Hexanes (40 mL, Aldrich) was added to solubilize
the NPs. The suspension, after the addition of 40 mL of absolute
ethanol (VWR), was then centrifuged (4000 rpm, 6 min) to separate
the NPs. The process is repeated three times to remove the excess of
surfactants. The final product (ca. 25 mg) was kept in powder form or
diluted in 5 mL toluene (Carlo Erba) for further use.

Multiply twinned NPs were synthesized by a similar procedure
except that the Pt concentration was decreased below 5 mm. The
reaction time was extended to 48 h, because the reaction rate is
drastically reduced.

Characterization: Samples for TEM analysis were prepared by
depositing few drops of diluted solution on an amorphous carbon-
coated cupper grid. Low-resolution images were obtained with
a JEOL-1400 microscope, operating at 120 kV. HRTEM images
were obtained with a Tecnai F20 (200 kV) instrument equipped with
a spherical aberration corrector. X-ray photoelectron spectra were
recorded using a Kratos Analytical Limited Axis ultralimited system
fitted with a microfocused monochromatic Alg, X-ray source
(1486.6 eV, 12 kV x 120 W). The pass energy was set at 160 eV and
20 eV for the survey and the regions spectra, respectively.
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ABSTRACT: We report the self-assembly of gold nanowires into hexagonal superlattices in liquid phase followed by in situ
small-angle X-ray scattering and give new insights into their growth mechanism. The unprecedented large interwire distance of 8
nm strongly suggests the stabilization of the ultrathin gold nanowires by a ligand’s double layer composed of oleylamine and
oleylammonium chloride. The one-dimensional growth is discussed, opening perspectives toward the control growth and self-

assemblies of metallic nanowires.

1. INTRODUCTION

In the past 20 years, improvement in liquid-phase synthesis
opened the way toward controlled nanoparticles with adjustable
size and very narrow size dispersion (¢ < 10%).' Though
leading to a fine-tuning of the physical properties, the shape
control of the nanoparticles is still under investigation.
Anisotropic metallic nanoparticles, which exhibit modified
plasmonic resonance or stable magnetization compared to
their spherical counterparts,”* arisen from nonisotropic growth
processes.* Au nanorods, prepared in aqueous media, were one
of the most studied systems due to the inertness of the
materials and the multiple potential applications ranging from
catalysis to biomedical applications.> However, several hypoth-
eses are often invoked for such anisotropic growth: the nature
of the seeds’ the preferential adsorption of surfactant on
peculiar crystallographic faces,”® or the existence of templates
such as anisotropic micelles in which the growth occurred.”
Recently, ultrathin gold nanowires which exhibit a mean
diameter in the range 1.5-2 nm and a micrometer length
attracted lots of interest due to their size homogeneity and their

i i © 2014 American Chemical Society
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potential application as SERS probes,10 lightweight foldable
optoelectronics membranes,""'> or elastic coiled springs.'®
Their unique 1D feature confers them remarkable conductivity
properties, such as quantum phenomena at room temperature,
opening innovative routes in nanoelectronic.'*™'¢ Several
strategies have been followed to synthesize these ultrathin
nanowires. A gold salt (HAuCl, or AuCl) is reduced in pure
oleylamine (OY)"”™" or in a solution containing OY and an
additional reducing agent.'®***" Self-assembly of these ultra-
thin nanowires into very nice parallel arrays was observed on
the TEM carbon grids,'”"” or at the water interface,'” opening
perspectives for artificially designed metamaterials.”>

Though exiting, the reported synthesis did not univocally
address the question of the growth mechanism, which is of
prime interest to tune the size of the wires and thus their
physical properties. If the presence of OY was reported
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Figure 1. TEM image of Au NPs obtained after 24 h at 40 °C for TIPS/Au = 100 and [OY] = (a) 20, (b) S0, (c) 100, and (d) 2000 mM.

consensually as crucial for the 1D growth, Hadler et al.
proposed an oriented attachment and ripening process of small
seeds,”" while Pazos-Pérez et al. invoked a micellar growth.19
Moreover, the driving force of the self-assembly, which could
be tuned to control the final metamaterial obtained, was not
clearly evidenced. The potential preassembly in solution, prior
to solvent evaporation which is known as a strong driving force
toward crystallization,*** requires in situ characterizations
based on dynamic light scattering with conventional DLS***¢
or small-angle X-ray scattering (SAXS).

Real-time SAXS enables to address both the study of the
growth mechanism of nanoparticles in liquid phase,”” thanks to
their specific scattering profile, and the in situ crystallization,*®
through additional Bragg peaks, similarly to conventional X-ray
diffraction (XRD). On the basis of SAXS, we report here for the
first time the formation of hexagonal superlattices of ultrathin
gold nanowires in the liquid phase. The present in situ study
gives new information about the driving force that originates
the self-assembly in solution. The unprecedented interwire
distance of 8 nm suggests a bilayer stabilization of Au
nanowires leading to new perspective on their growth
mechanism.

2. EXPERIMENTAL SECTION

2.1. Au NWs Synthesis. The ultrathin gold nanowires (NWs)
were pregared following a synthesis adapted from Xing and co-
workers.'® Typically, a 10 mM solution of gold was prepared: 40 mg of
HAuCl,-3H,0 was dissolved in a solution containing 1.32 mL of
oleylamine (OY, 400 mM, OY/Au = 40) in 6.60 mL of hexane. 2.05
mL of triisopropylsilane (TIPS, 1 M, TIPS/Au = 100) was added to
initiate the gold reduction. Though the exact mechanism is still
unclear, TIPS acts as a strong reducing agent, fastening the reaction
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from several days to few hours. The solution was then kept
undisturbed at 40 °C for few hours. Magnetic stirring did not
drastically change the morphology of the final nanowires as shown in
Figure S1.

The effect of OY concentration on the growth of Au NWs was
studied following the same procedure. OY was varied from 20 to 2000
mM, corresponding to 66 yL and 6.60 mL respectively. The volume of
hexane was adjusted from 7.85 to 0 mL in order to keep a gold
concentration of 10 mM.

2.2. Characterization. A kinetic study of the growth mechanism
of ultrathin gold nanowires coupling ex situ (TEM) and in situ
(SAXS) was performed. The 10 mL solution was splitted into a 15 mL
glass vial and a sealed glass capillary tube for the SAXS analysis. Both
conditioners were placed at 40 °C for 30 h. Aliquots were taken
regularly with time to perform an ex situ TEM study of the evolution
of the nanoparticles. To limit artifacts, aliquots were directly deposited,
without any dilution or purification, on copper grids. TEM images
were obtained with a JEOL-1011F microscope, operating at 100 kV.

In situ SAXS measurements were performed on the same solution
at 40 °C every S min for the first 3 h and every 30 min from 3 to 30 h.
The experiments were performed at the SWING beamline at the
SOLEIL synchrotron using a monochromatic X-ray beam (10 keV).
The reaction solution was introduced inside a glass capillary (1.5 mm
in diameter), and the SAXS intensity was recorded on a CCD
bidimensional detector placed inside a vacuum tube. The accessible g-
range was between 6 X 107> and 0.6 A™". For background subtraction,
the capillary was measured first filled with the pure solvent (hexane)
before introducing the reaction solution (inside the same capillary) to
perform the in situ experiment. The SAXS intensities were
experimentally normalized in absolute units (cm™) using water as a
standard. This allowed quantifying the volume fractions in solution of
the spheres and the nanowires from the modeling results (Supporting
Information for details), assuming a known value for the scattering
contrast between gold and the solvent of 4420 + 20 e/ nm?>,
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Figure 2. TEM images of Au nanoparticles obtained after (a) 15 min, (b) 45 min, (c) 3 h, and (d) 27 h of reaction at 40 °C with [Au] = 10 mM and

[OY] = 400 mM.

The final Au NWs were characterized by X-ray photoelectron
spectroscopy (XPS) and solid state nuclear magnetic resonance
(NMR) after a purification process. Briefly, 20 mL of absolute ethanol
was added (Technical grade, VWR). Centrifugation at 4000 rpm for §
min was performed. Au NWs were then redispersed in 5 mL of hexane,
and the precipitation was repeated twice. X-ray photoelectron spectra
were recorded using a Kratos Analytical Limited Axis ultra limited
system fitted with a microfocused monochromatic Al Kar X-ray source
(1486.6 eV, 12 kV, 120 W). The pass energy was set at 160 and 20 eV
for the survey and the regions spectra, respectively. The solid state
NMR experiment of 'H at magic angle spinning (MAS) was recorded
on a Bruker Advance 400 spectrometer. The sample was packed into a
2.5 mm zirconia rotor and was spun at 24 kHz at room temperature.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Au NWs. We
first tried to optimize the experimental condition for the
synthesis of ultrathin Au NWs adapted from Xing et al.'® We
evidenced the strong influence of the OY concentration over
the shape and size of the gold NPs. Solutions with [Au] = 10
mM, TIPS/Au = 100 and OY concentration varying from 20 to
2000 mM (OY/Au = 2 to 200) were prepared following the
protocol previously described and placed at 40 °C for 24 h.
Aliquots were taken after S h (Figure S2) and 24 h (Figure 1)
directly deposited, without any dilution or purification, on
copper grids for TEM characterization. For [OY] = 20 mM,
only small spheres exhibiting a diameter ~1.5 nm were
observed. These spheres self-organize on TEM grids, exhibiting
an interparticle distance of ~2 nm. For [OY] = 50 mM, very
short rods were observed after 5 h but evolved toward spheres
after 24 h (Figure 1b). Long wires were obtained and remained
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stable for oleylamine concentration in the range 100—1000
mM. At 2000 mM, the reaction was drastically slowed down,
and after 12 h a white precipitate was observed. This precipitate
could be identified as a lamellar phase composed of Au—Cl—
oleylamine complexes, as previously described by Yang and co-
workers.'” After 24 h, Au nanowires were finally obtained
concomitantly with ~8 nm spheres. Since the increase of
oleylamine concentration favors the stabilization of Au NWs
but decreases the reaction kinetics, a compromise should be
found. In the following experiments, the oleylamine concen-
tratiolr(l) was kept constant at 400 mM, in agreement with Xing
et al.

We then follow the evolution of ultrathin gold nanowires
with time for [OY] = 400 mM. After 15 min, the TEM images
showed two populations of spheres with mean diameter of 1.5
and S nm, respectively. Short wires exhibiting a mean diameter
of ~1.5 nm and a length of ~100 nm were also observed in a
smaller proportion (Figure 2a). After 45 min, the proportion of
nanowires increased and their diameter remained constant at
~1.5 nm while their length increased to ~500 nm (Figure 2b).
No sign of size evolution could be detected for the spheres.
After 3 h of reaction, parallel assemblies of micrometric-long (!
> 2 um) nanowires were mostly observed (Figure 2c). After 27
h of reaction (Figure 2d and Figure S3), micrometric wires
were still observed in coexistence with a reduced amount of the
two populations of spheres (1.5 and S nm).

Final gold nanowires, precipitated from the hexane solution
by addition of absolute ethanol, were characterized by XPS and
solid state NMR. The main peaks observed in the XPS survey
scan were Au 4f, C 1s, N 1s, and Cl 2p peaks centered at ca. 84,
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285, 400, and 198 eV, respectively (Figure S4). The Au 4f,/,
and 4f;;, high-resolution spectra were fitted with only one
component corresponding to Au(0) peaks (Figure SSa). The N
1s high-resolution spectrum revealed two peaks centered at 399
and 401 eV (Figure SSb), corresponding to the binding energy
of N 1s of nitrogen atom in the oleylamine (OY) and in the
oleylammonium cation (referred to as OY"), respectively.29
The molar ratio N(OY*)/Cl, determined from the integrated
peak areas, was found very close to 1 as expected for an
ammonium chloride. The molar ratio N(OY)/N(OY") was also
close to 1, indicating that the stabilization of purified Au
nanowires was ensured fairly equally by long chain amine and
ammonium. The important presence of ammonium at the
surface of Au NWs was confirmed by 'H MAS NMR spectra of
pure Au NWs (Figure S6). A signal at 7.7 ppm typical of NH;*
group of OY" could be observed. Thus, the ammonium
chloride, resulting from the protonation of oleylamine by the
gold precursor HAuCl,, is strongly attached to the gold NWs.

3.3. SAXS Growth Study. We performed a kinetic study of
the Au NWs growth obtained at 40 °C from a 10 mM gold
solution with [OY] = 400 mM thanks to in situ SAXS. The
variation of the SAXS intensity during the first 150 min is
reported in Figure 2a. The successive scattering curves were
analyzed using the form factors of a mixture of polydisperse
spheres and nanowires, in agreement with the simultaneous ex-
situ TEM study (Figure 2). The SAXS profiles were nicely
fitted (inset Figure 3a) with the following adjustable
parameters: diameter, polydispersity, and volume fraction of
gold spheres, diameter, polydispersity on the diameter and
volume fraction of gold nanowires, and a small constant
background contribution (details in Supporting Information).

At t = 0, the scattering profile fitting indicates only the
presence of spheres, with a diameter of 1.7 nm and a large
polydispersity (>30%). The larger spheres (5—10 nm) that
appeared on the TEM grid (Figure 2a) were not detected with
SAXS, revealing that their volume fraction in solution is very
low compared to the ones of the small spheres. During the
reaction, an additional scattering profile is observed; its
intensity increased up to 80 min, following a g~' law in the
low-q region (Figure 3a), indicating the presence of more and
more nanowires in solution. The diameter of the wires was
found constant at 1.7 nm with a polydispersity on the diameter
distribution of only 2%, in good agreement with the TEM
observations. The length of the gold nanowires was always too
large to be estimated from the SAXS signals during the kinetics
and was fixed to an effective value of 100 nm for all fits,
corresponding to the size resolution of the SAXS experimental
setup.

The variation of the volume fraction of the 1.7 nm spheres
and of the nanowires with time is plotted in Figure 3b. While
only few variation of the sphere volume fraction was observed
with time, the nanowires were actually detected by SAXS after
20 min, in good agreement with the TEM observations. At 30
min, the sphere volume fraction reached a maximum, and
concomitantly, the rate of growth of the nanowires was the
highest. Between 80 and 150 min the SAXS intensity hardly
varied and was still fitted by a mixture of small spheres and
ultrathin nanowires with nearly constant volume fractions. At
150 min these fractions were 5.3 X 107° and 1.8 X 107 for the
wires and the spheres, respectively. The total volume fraction of
7.1 X 107° derived from SAXS at 150 min is in good agreement
with the 10™* value expected from a 10 mmol L™ solution,
taking into account the overall precision of the calibration
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Figure 3. (a) Small-angle X-ray scattering results measured at 40 °C
every S min. Inset: comparison with the experimental data at 150 min
and the fitting curve as a sum of nanowires and spheres contributions.
The g slope in the dashed line is a guide to the eyes. (b) Volume
fraction calculated from the SAXS modeling at different times.

procedure of the SAXS intensity. Thus, we can conclude that
after only 80 min of reaction (i) essentially all Au atoms were
contained either in the small spheres or in the nanowires and
(ii) the proportion of the wires was large, corresponding to
73% of the initial Au introduced.

A similar kinetic study, coupling TEM (Figure S7) and SAXS
(Figure S8), was performed at 25 °C. A growth following the
same trend as at 40 °C was observed. Spheres were already
present at t = 0, and their volume fraction remained fairly
constant with time. The wires growth was slow down compared
to the reaction at 40 °C. After S h, the reaction was just
completed as evidenced by the evolution of their respective
volume fraction (Figure S9). Thus, as expected, reaction
temperature has a drastic effect on the kinetic of the nanowires
growth.

3.4. Self-Assembly of Au NWs in Liquid Phase.
Whereas no significant difference was detected on the TEM
images between 3 and 28 h (Figure 2c,d), the SAXS profiles
revealed four well-resolved Bragg peaks, showing the presence
of a long-range positional order between the nanowires after a
few hours (Figure 4). The peak positions in the reciprocal
space relative to the position of the first peak were
1:\/3:\/4: 7, characterizing a bidimensional hexagonal
positional order in the plane normal to the wires. The lattice
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Figure 4. SAXS data of the hexagonal phase of nanowires at 5 h; the
fitting curve is a sum of the signal of the hexagonal phase (Bragg
peaks) and of free nanowires remaining in solution. Inset: SAXS
profile at different times.

parameter of this hexagonal phase inferred from the peak
positions was a = 9.7 + 0.1 nm. The estimated domain size for
the hexagonal phase derived from the width of the Bragg peaks
was of 64 nm after 5 h and 73 nm after 10 h. Along with the
increase in the intensity at small angles (characterized by a
small oscillation near g = 0.015 A™'), this indicated that the
hexagonal phase could grow in a morphology of elongated
fibers, with a typical diameter of 70 nm. The isotropic SAXS
signal on the 2D detector shows that these NW hexagonal
organizations are randomly oriented in the capillary, evidencing
an homogeneous nucleation of the self-assembly in liquid phase
and not at the surface of the capillary glass tube. The
experimental SAXS spectra could be completely fitted (for g
values greater than 0.02 A™') by a model curve including the
hexagonal phase of nanowires (Bragg peaks) in coexistence
with free nanowires in solution (details in Supporting
Information). Interestingly, the form factor of the nanowires
was equal for both contributions, with a diameter of d = 1.7 +
0.05 nm, constant with time, indicating that the same type of
nanowires was present in solution and inside the hexagonal
phase. Quantitatively, the volume fraction of the free nanowires
is found equal to 3.0 X 107> after 10 h, corresponding to a
proportion of 60% of nanowires, the other 40% being
embedded within the hexagonal phase. Since the diameter d
of the nanowires in the hexagonal phase was characterized, the
interwire distance in the plane normal to the wires could be
calculated as a — d = 8 nm (Figure S). The oleylamine chain
length being 2.1 nm,*® the interwire distance is then
approximately 4 times the oleylamine length. The hexagonal
phase could thus be described as a parallel assembly of 1.7 nm
gold NWs coated with an oleylamine/oleylammonium bilayer
(Figure S). The hypothesis of an hexagonal phase composed of
Au NWs coated with a monolayer of ligands, and the vacancies
filled with solvent, was at the present time discarded due to the
large interwire distance inferred from TEM (from 5.2 to 6.1
nm, Figure S10); of course, this assumption would only be
validated by further characterizations, such as small-angle
neutron scattering (SANS).31 After solvent evaporation, Au
NWs coated by a monolayer would indeed lead to interwire
distance in the range 2—4 nm due to the 2partial interdigitation
of alkyl chain upon solvent evaporation.?
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Figure S. Scheme of the hexagonal phase unit cell (arrows); we
considered a 1.7 nm AuNW with an hexagonal cross section, as
suggested by Roy et al.** The double layer around each nanowire is
represented with a dashed circle, and a possible arrangement of the
four OY and/or OY* molecules is shown in the enlarged view. For
simplification, only one type of isomer, corresponding to the fully
extended molecules, is shown.

The same kinetic study was performed by SAXS at 25 °C
(Figure S8). The hexagonal phase appeared after 6 h with a
very similar lattice parameter, 9.9 + 0.1 nm, taken into account
the modification of the alkyl chain configuration with
temperature.

Hexagonal phases of elongated obg'ects in solution like
DNA,* carbon nanotubes®® or viruses,® and self-assemblies of
inorganic rods and wires were already characterized by SAXS®
or on by TEM,*® but to our knowledge, this is the first report of
a well-organized hexagonal phase in solution of metallic
nanowires. Interestingly, our in situ study reveals that the
nucleation of the hexagonal phase required an incubation time
of nearly 3 h after the formation of the NWs. In contrast, only a
few seconds was needed for the self-assembly into superlattices
of 11.6 nm spherical Au nanoparticles at a similar volume
fraction.”” Such discrepancy can be explained by diffusion and
orientation requirements prior to the nanowire organization
and thus a slower dynamics of the nucleation/growth in
solution. The formation of nanoparticle superlattices results
from the delicate balance of attractive and repulsive forces.*”*
In most cases, the driving force toward self-assembly is a strong
van der Waals attraction between the particles, which increases
with nanoparticle polarizability and diameter. In such super-
lattices, interdigited ligands leading to short interparticle
distances are generally found.*** In the case of water
suspensions of charged anisotropic nanoparticles with strong
electrostatic repulsion, entropic effects are inducing parallel
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organizations with crystal liquid behavior (Onsager theory).*'
Depletion attraction through excess of surfactants can also be at
the origin of nanoparticles organizations.>”

In the present case, the small diameter and the very large
interwire distance ensured by the ligand bilayer around each
nanowire raise the question of the driving force of such self-
assembly. Considering that the wire radius (R = 0.85 nm) is
much smaller than the interaxial distance (¢ = 9.7 nm) and
negligible compared to the wire length (L = 1000 nm), the van
der Waals energy between two parallel Au nanowires can be
estimated according to eq 1 (approximate expression valid for R

<a<L)P®®
A (7R)*
Eaw = Al s) L
87 a (1)

Because of comparable Hamaker constants of hexane and
oleylamine,**** the classical value of 75 kT usually considered
for the Hamaker constant of gold nanoparticules in hexane***’
is certainly a good approximation in our system, leading to E, g
= —5.3 kgT. This value has the same order of magnitude as in
the case of spherical gold particle superlattices already
reported.”® The steric repulsion appears with ligands
interdigitation and thus for interwire distances lower than the
full extend of two oleylamine bilayers, i.e. below 4 X 2.1 nm =
8.4 nm. This steric repulsion ensured by the bilayer at the
surface of Au NWs could be responsible for the stabilization of
the hexagonal superlattices with an interwire distance as large as
8 nm.

3.5. Nanowire Growth Mechanism. Regarding the
growth mechanism, we observed that the wire growth, at 40
or 25 °C, did not induce a diminution of the number of
spheres, as revealed by the time evolution of the volume
fraction of each type of particle (Figure 3b and Figure S9). Such
observation is in contradiction with a growth mechanism based
on oriented attachment of small spheres, where the wire growth
would consume the initial 1.7 nm spheres. These small spheres
appear mainly as side product, but the slight decrease of their
volume fraction after 30 min at 40 °C, concomitant with the
highest nanowire growth rate, may stress their role as seeds.*®
The unprecedented large interwire distance in the hexagonal
superlattice suggests a bilayer stabilization of the Au nanowires.
One can infer that this bilayer stabilization may be also present
at the surface of the free NWs and not only inside the
hexagonal superlattice. The XPS and NMR analysis showed
that the stabilization of purified Au nanowires is ensured fairly
equally by oleylamine and oleylammonium chloride. Such
charged stabilization reminds the CTAB bilayer, recently
characterized by SANS,*' at the surface of Au nanorods in
water. We have also observed that the shape of the Au
nanoparticles was strongly dependent on the oleylamine
concentration initially introduced. This concentration effect
reminds the phase diagram of surfactants like CTAB in aqueous
media** and the critical micellar concentration associated with
the transition from spherical to cylindrical micelles. All these
observations suggest that a micellar growth mechanism drives
the one-dimensional growth.

4. CONCLUSION

Owing to an in situ SAXS study, we were able to describe
precisely for the first time the self-assembly of ultrathin Au
NWs into a hexagonal superlattice in apolar solvent. This
superlattice exhibits a very large lattice parameter correspond-
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ing to an interwire distance of 8 nm. Such a large value can be
explained by the presence of a bilayer at the surface of each
nanowire, composed of oleylamine and oleylammonium, as
revealed by NMR and XPS. Along with the strong influence of
the oleylamine concentration on the final shape of the Au
nanoparticles, all these results suggest a micellar growth
mechanism for the NWs. To have a deeper understanding of
the supramolecular organization of OY and OY*/CI, both at
the surface of the nanowires and in the second layer, and their
impact on the growth of Au nanoparticles, coupled SANS and
SAXS studies will be performed, while NMR, periodic-DFT,
and Monte Carlo theoretical studies should give new insight
into the chemical organization of these micelles. The
unprecedented hexagonal self-assembly of micrometer long
Au nanowires opens new perspectives for dedicated applica-
tions such as catalysis or electronic nanocontact.
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Model for the SAXS intensity, XPS survey and high-resolution
scans and "H MAS NMR spectrum of purified Au NWs; TEM
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We demonstrate in this paper the feasibility to elaborate rare-earth free permanent magnets based on
cobalt nanorods assemblies with energy product (BH)max exceeding 150 kJ m~>. The cobalt rods were
prepared by the polyol process and assembled from wet suspensions under a magnetic field. Magnetization
loops of dense assemblies with remanence to a saturation of 0.99 and squareness of 0.96 were measured.
The almost perfect M(H) loop squareness together with electron microscopy and small angle neutron scat-
tering demonstrate the excellent alignment of the rods within the assemblies. The magnetic volume fraction
was carefully measured by coupling magnetic and thermogravimetric analysis and found in the range from
45 to 55%, depending on the rod diameter and the alignment procedure. This allowed a quantitative assess-
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ment of the (BH)max values. The highest (BH)max Of 165 kJ m~ was obtained for a sample combining a high
magnetic volume fraction and a very large M(H) loop squareness. This study shows that this bottom-up
approach is very promising to get new hard magnetic materials that can compete in the permanent magnet

www.rsc.org/nanoscale panorama and fill the gap between the ferrites and the NdFeB magnets.
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Introduction

Permanent magnets have become essential to daily-life pro-
ducts. Ranging from electronic power generation to energy
conversion and transportation, the domain of the application
of magnets is growing exponentially. This huge market is
mostly supplied by rare earth-based magnets, which exhibit
the best performances, and the ferrite based-magnets, which
are by far the cheapest.! The fear of a rare-earth supply limit-
ation has recently motivated numerous efforts on rare-earth
free permanent magnets.>*> A reasonable objective is to find
new hard magnetic materials that could fill the gap between
the Ba(Sr) hexaferrites and the powerful NdFeB magnets. The
first approach consists of playing with crystal structures in
order to find new highly magneto-crystalline compounds such
as manganese compounds,’ iron-nickel,”> and iron-cobalt
borides with tetragonal structures,® or cobalt carbide Co,C/
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Co;C nanocomposites.””® An alternative approach consists of
assembling single domain nanoparticles with a high an-
isotropy into dense materials and to exploit nano-structura-
tion.”*® This bottom-up approach has the advantage over the
classic metallurgy processes as it is scalable down to submilli-
meter sizes and could address the demand for microscale per-
manent magnets with high added value."*

Recently, several processes were developed to synthesize
hard magnetic particles with a very good size control in the
nanometer range. One feature of nanoparticles is that meta-
stable and/or new structures can appear for sub 10 nm sizes.
For example, Balasubramanian et al. showed that intermetallic
Zr,Co,00—, Nanoparticles prepared by cluster deposition crys-
tallized in the high-anisotropy rhombohedral Zr,Co,, structure
for a broad composition range.'> Moreover, the size control
allows a fine control of the magnetic properties and enables
these particles to be suitable for spring magnet elabo-
ration."*'* Finally, nanoparticles with a great variety of shapes
can be obtained by chemical processes, offering the possibility
to get nanoparticles with anisotropic shapes. This is the case
of magnetic nanorods (NRs) and nanowires (NWs) the syn-
thesis of which has been developed both by electrochemistry
and wet-chemistry." Liquid phase syntheses of FeCo,"® Ni,"
and CoNi'® high aspect ratio particles were developed. Never-
theless, the coercivity of these compositions was limited com-
pared to those measured on cobalt high aspect ratio particles.
The great advantage of Co NWs and NRs in the field of hard
magnetic material is the possibility to add magnetocrystalline

This journal is © The Royal Society of Chemistry 2016
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and shape anisotropy. For cobalt wires with the hcp structure
and the ¢ axis parallel to the wire long axis, a theoretical coer-
civity poH, = poMs/2 + K1/2Ms = 0.89 + 0.58 = 1.47 T is expected,
provided that the Stoner-Wohlfarth model applies.

Co NWs and NRs with high coercivity were first synthesized
by the polyol process’® and organometallic chemistry.>**
These last few years several experimental works were devoted
to Co NWs and NRs for permanent magnet applications with
main objectives a better shape control and an improvement of
their magnetic properties. Co NRs with enhanced coercivity,
HoHc higher than 1 T, were obtained by Gandha et al. thanks
to a modified polyol synthesis in solvothermal conditions.** A
detailed study of the polyol synthesis mechanism -clearly
identified the role of the laurate ion concentration on the
growth of hep cobalt, parallel or perpendicular to the ¢ axis.*?
A scale-up of high aspect ratio nanoparticle synthesis by the
polyol process was developed.”* Parallel alignments of cobalt
nanorods prepared by organometallic chemistry and character-
ized by magnetization loops with remanence to a saturation
ratio close to 1 were obtained by grafting liquid crystals at
their surface.”® High temperature stability of cobalt nanorods
was improved by a thin carbon coating.>®?”

Furthermore, several theoretical works were recently
devoted to the magnetic properties of isolated or assembled
Co NWs and NRs. The effects of the particle shape on the coer-
civity and on the magnetization reversal were described by
micromagnetic modelling.?® The role of the dipolar inter-
actions in rod assemblies on the coercivity”® and the calcu-
lation of the energy product as a function of the wire packing
fraction®*?" allowed an assessment of the performance of per-
manent magnets based on Co NR assemblies.

The last issue, which has not yet been addressed experi-
mentally, is the elaboration of dense arrays of parallel nano-
rods. An easy axis alignment is of paramount importance in
order to obtain a high energy product.**** Nevertheless, high
energy products require also high magnetic induction, namely,
for rods assemblies, a high packing fraction.

In this paper we describe the elaboration of dense assem-
blies of Co NRs with different diameters and morphologies
prepared by the polyol process. The rod alignment and the
magnetic volume fraction were characterized by electron
microscopy, neutrons scattering, thermal analysis and mag-
netic measurements. This is the first time that energy products
of nanorods assemblies have been assessed. We show that the
performance of these new magnetic materials makes them
very good candidates to compete in the new rare-earth free per-
manent magnet panorama.

Experimental
Synthesis and characterization of Co NRs

Cobalt nanowires were produced by the polyol process follow-
ing a procedure described previously.'® Cobalt acetate was pur-
chased from Alfa Aesar, sodium hydroxide, lauric acid and 1,2-
butanediol from Acros, and hydrated ruthenium chloride from

This journal is © The Royal Society of Chemistry 2016
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Sigma-Aldrich (ref. Sigma Aldrich 84050). All the raw chemi-
cals were used without additional purification.

Cobalt laurate was prepared by mixing equimolar aqueous
solutions of cobalt acetate and sodium laurate. The pink pre-
cipitate was washed with de-ionized water and was dried at
50 °C in order to remove the water excess. The cobalt laurate
was characterized by thermogravimetric analysis (TGA) in air
from room temperature to 600 °C. The TGA showed a first
mass loss of about 6% at 100 °C followed by a second mass
loss of 76-77 in the temperature range from 200 to 450 °C. The
total mass loss was between 82 and 83%. These mass losses
are in a good agreement with a di-hydrated cobalt laurate
(calculated mass losses: 7.3% for the loss of the two water
molecules at 100 °C and 83.7% for the total mass loss corres-
ponding to the transformation of the di-hydrated cobalt
laurate to Co;0,.

The cobalt laurate was dispersed in a sodium hydroxide
solution of 1,2-butanediol. The concentration of cobalt was 8 x
107> mol L™ in all experiments. The NaOH concentration was
7.5 x 107> mol L™". Ruthenium chloride was added in the
medium to control the nucleation step. The ratio [Ru]/[Co] =
2.5% was fixed in all experiments. The suspension of cobalt
laurate in the basic solution of butanediol containing the ruthe-
nium chloride was heated up to 175 °C for 30 min under
mechanical stirring in the range of 80 to 240 rpm. The solution
turned black, indicating the cobalt reduction. A classic heating
mantle was used as the heating system. The temperature slope
was fixed at 8 K min~". Small and large scale experiments were
performed in 100 mL and 1 L of 1,2 butanediol leading to the
formation of 0.47 g and 4.7 g of cobalt respectively.

The cobalt particles were characterized by transmission
electron microscopy (TEM), using a 100 kV Jeol JEM 1011. The
cobalt particles were recovered by centrifugation, washed twice
with absolute ethanol and once with chloroform. A drop of the
colloidal solution of Co nanorods in chloroform was deposited
on a carbon coated copper grid. Their mean diameter (d,,) and
mean length (L.,) were measured from the image analysis on
ca. 200 rods using the Image] software®® (image magnification
250k). X-ray diffraction (XRD) patterns were recorded on a PANa-
lytical Empyrean diffractometer using the Co K, radiation.

Assembly of Co NRs into dense anisotropic nanomaterials

Co NRs were washed in chloroform or in toluene prior to their
alignment and after washing they were dispersed under soni-
cation in chloroform. Dispersions containing approximately
1 g of powder in 10 mL of solvent were allowed to dry under
air at room temperature in a homogenous magnetic field of
1 T generated by an electro-magnet. The different assemblies
are noted as RyAj for rods, exhibiting the mean diameter d,
aligned following the procedure Aj. The alignments A1 and A3
correspond to rods washed in chloroform, A2 and A4 to rods
washed in toluene. For A1 and A2 (standard procedures) three
successive washings were realized, for A3 an extended washing
was carried out. A4 corresponds to alignment of large scale
samples for which the washing was limited in comparison to
the standard samples.

Nanoscale, 2016, 8, 4020-4029 | 4021
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The rod assemblies R;Aj were characterized by scanning
electron microscopy (FEG-SEM) using a JEOL JSM 6700F.
Thermogravimetric Analysis (TGA) was performed on a
Mettler-Toledo balance in air and under H,/Ar atmosphere.

The Small-Angle Neutron Scattering (SANS) experiments
were carried out on the spectrometer PAXY at the Laboratoire
Léon Brillouin.>® The neutron wavelength was set at 5 A. The
amount of magnetic material put in the beam was on the
order of 10-20 mg (5 x 5 x 0.1 mm?®).

The magnetic properties of the assemblies were character-
ized using a Quantum Design Physical Property Measurement
System (PPMS) with the Vibrating Sample Magnetometer
(VSM) configuration.

Magnetic measurements

The saturation magnetization values were measured on
sample mass larger than 10 mg. M(H) loops were measured on
small needles of dimensions ca. 5 x 0.5 x 0.1 mm with the
applied field parallel to the needle long axis.

Volume fraction measurements

The assessment of the magnetic volume fraction, Vy;, in the
dense assemblies is necessary for the calculation of the energy
product (BH)max- Assuming the absence of internal porosity in
the assemblies, it is arguable that they consist of three com-
ponents: the Co metal cores, a cobalt oxide shell around each
core, since the drying and alignment of the Co nanorods were
carried out under air, and an outer ligand shell, ie. the
organic molecules remaining at the rod surface and occupying
the inter-rod spacing. These organic molecules include the
ligands and remaining solvent.

The volume fraction of the three components noted, Vy,
Veoo and Vi, respectively were calculated from the mass frac-
tion inferred from the VSM and TGA measurements.

The magnetic mass fraction was deduced from the saturation
magnetization, Mg, of the samples measured by magnetometry:
Ms

— @)

% w(Co
Ms cobalt

metal)
with Mg expressed in emu g~' and Mg copaie = 160 emu g~

In order to determine the mass fraction of the Co oxide and
the ligands in the NR assemblies, a sample of mass m, was
heated in air at 700 °C for 2 hours, in order to remove all the
organics and to fully oxidize the cobalt core, resulting in a
mass gain Am; > 0. After cooling at room temperature in the
thermo-balance, the sample was then heated at 700 °C under a
mixture of H,/Ar for 2 hours in order to reduce the cobalt
oxide in metal cobalt, resulting in a mass loss Am, < 0. The
final mass of the sample is m; and consists purely of metal Co.

The mass fraction of the total Co, %w(COoal), cOrrTes-
ponding to the cobalt involved both in the metal core and in
the oxide shell, was calculated from eqn (2) (see an example in
Fig. S2 of the ESI¥).
ms Amy + Am,

% W(COeq) = me ST e (2)
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This allows us to deduce the mass fraction of the cobalt
involved in the oxide shell:

% w(Co™) = % W(Co, ) — % W(CO, era) (3)

total

Assuming that the cobalt oxide at the surface of the cobalt
rods is cobalt monoxide, CoO, as previously reported,®® its
mass fraction can be calculated from the mass fraction of Co™
according to:

Mco + Mo

% w(Co0) = % w(Co") x o
Co

(4)
with the molar weight M, = 58.9 g mol™" and My = 16 g mol .
Finally, the mass fraction of the ligands can be obtained by:
%w(L) =1 — %w(COmetal) — %W (C0O) (5)

Then, assuming that the density of Co, CoO and the ligands
are similar to their bulk values, namely pc, = 8.9, pcoo = 6.4
and p; = 0.9 ¢ cm™>, respectively, their volume fraction could
be deduced as follows:

% W(Cometal)/pCo

Yo = [0 w(Comam)/roa] & 1% W(C00) poso] & 1% WL 1]
(6a)
Voo — % w(C00)/pcoo
0 [% W(COpeqa) /Poo] + % W(C00) /pcoo] + % w(L) /py]

(6b)

_ % w(L)/py
[0/0 W(Cometal)/pCo] + [% W(COO)//)COO} + [0/0 W(L)/pL]
(6¢)

In this paper V¢, is noted as Vy, for the magnetic volume
fraction.

Assuming an ideal core-shell structure for the cobalt nano-
rods consisting of a metal cobalt cylinder core and a CoO
shell, the thickness, e, of the CoO shell was calculated using:

d, Ve
e ="« |:1 _ $:| (7)
2 Veo + Veoo

with d,, the external mean diameter of the rods determined by
TEM.

Results and discussion
Nanorod alignment characterization

The cobalt nanorods prepared by the polyol process exhibited
a mean diameter in the range 17-31 nm and a mean length in
the range from 120 to 200 nm as observed on the transmission
electron microscopy (TEM) images. Fig. 1a shows a TEM image
of representative rods exhibiting a mean diameter d,, = 22 nm.
The TEM images of the different rods used in this study are
given in the ESI (Fig. S11). The thinner rods (d,, below 24 nm)
have a regular diameter except at the tips while the larger ones
exhibit irregularities along their length. The irregular rods

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (a) TEM image of cobalt nanorods prepared by the polyol
process prior to their alignment; (b) and (c) wafer of cobalt nanorods
obtained by drying a suspension in chloroform under an external mag-
netic field of 1 T; (d) SEM image of a millimeter size parallelepiped made
of aligned cobalt nanorods; (e) SEM image of the surface of a parallele-
piped. Scale bars denote (a) 200 nm, (d) 100 pm and (e) 200 nm.

with the larger mean diameters were obtained with a higher
stirring rate (>160 rpm). Decreasing the stirring rate to 80 rpm
improved the rod morphology and decreased the mean dia-
meter. X-ray diffraction shows that the cobalt rods crystallize
with the hep structure with the ¢ axis parallel to the long axis
as previously reported.”® After being washed in organic sol-
vents (chloroform or toluene) the nanorods were dispersed in
chloroform. Large wafers of parallel assemblies of rods were
obtained by drying the rod dispersions in a uniform magnetic
field of 1 T (Fig. 1b). Although no additional polymer was used
for the rod consolidation, the dried assemblies exhibited
robustness along the axis parallel to the applied field during
the solidification and flexibility perpendicular to it (Fig. 1c).

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper

Individual millimeter long needles with a parallelepiped shape
could be separated from these wafers for further characteriz-
ations (Fig. 1d). Scanning electron microscopy (SEM) of the
needles showed smooth surfaces without any cracks (Fig. 1d)
and dense alignments of parallel nanorods with their rod long
axis parallel to the needle long axis (Fig. 1e).

Small angle neutron scattering (SANS) patterns were
recorded on different rod assemblies. The patterns of assem-
blies R;7A1 and R;7A2 are shown in Fig. 2 as examples. The
alignment procedures of these two samples were different. In
procedure A1, the rods were washed with chloroform, while in
the procedure A2 they were washed with toluene (see Experi-
mental section). Very anisotropic scattering patterns are
observed. The intensity scattered perpendicular to the rod
direction measures the correlations between the rods: the
better aligned, the higher the intensity. In the direction paral-
lel to the rods the scattering is very low. From the 2D scattering
patterns, it is possible to extract the scattered intensity paral-
lel, I}, and perpendicular, I}, to the rods. These two intensities
are plotted in Fig. 2a and b. On the I, curves, a well-defined
peak can be observed. It corresponds to the rod-rod distance
in the correlation function. The intensity of this correlation
peak is a measure of the quality of the alignment. It can be
observed that, depending on the alignment procedure (A1 or
A2), the quality of the alignment varies significantly. The
q position of the correlation peak provides a measure of the
mean center to center distance between rods, Dy,, according to
G1max = 27t/Dy,. For the assembly R;,A1 (Fig. 2a), the mean dis-
tance deduced from the correlation peaks at the wave vector
g, = 0.295 nm™" is Dy, = 21.3 nm. Considering the rod mean
diameter d,, = 17.5 nm inferred from TEM images, the mean
inter-rod distance is approximately & = Dy,, — dy, = 3.8 nm. This
value is in agreement with an inter-rod spacing occupied by
organic molecules like the laurate ions remaining at the surface
of the Co NRs and solvent molecules trapped by capillary forces.
The strong van der Waals forces that apply at very small inter-
rod distances explain the robustness of the assemblies. The van
der Waals energy between two parallel nanorods of radius R,
length L and separated by a distance % can be estimated accord-
ing to eqn (8) (approximate expression valid for % < R).*’

Ay X L x RY?
Bygw = — 222252 8
vaw 24 x 13/ ®)
with Ay the Hamaker constant. Assuming Ay = —50kgT for

metallic cobalt dispersed in organic medium,’” the van der
Waals energy between two rods in the assembly R;,A1 is esti-
mated to Eyqw = —100kgT.

The better alignment in the assembly R;;A1 compared to
R;,A2 observed on the SANS patterns is corroborated by the
hysteresis cycle measurement, which shows a squarer hyste-
resis loop for R;;A1 than for R;,A2 (Fig. 2c). The squareness
SQ of the magnetization curve, measured with the field paral-
lel to the rod long axis, was calculated as follows:

A

SQ=—"—
Q Hc X Mg

(©)
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Fig. 2 (a) and (b) Small angle neutron intensity profile scattered by two
cobalt nanorod assemblies (R;7Al and R37A2), perpendicular (black
squares) and parallel (open squares) to the rod alignment. Inset: corres-
ponding 2D SANS pattern; (c) magnetization curves in the parallel
configuration of the assemblies R;;Al (black squares) and R;,A2 (open
triangles).

with A the area below the M(H) loops in the second quadrant
area, L.e. from H =0 to H = —Hc, and H¢ X Ms corresponding to
the area of the ideal rectangle loop obtained for a fully parallel
configuration. The SQ values of the M(H) loops of samples
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R;7A1 and R;;A2 were found equal to 0.86 and 0.75, in agree-
ment with a sharper SANS peak recorded for sample R;,A1.
The squareness appears to be a more sensitive criterion than
the remanence to saturation ratio, usually used, to describe
the rod ordering. Indeed, despite the difference of alignment
quality, fairly close values of Mr/Ms = 0.96 and 0.93 were found
for samples R;7A1 and R;,A2, respectively.

Magnetic measurement being more accessible than SANS,
the squareness parameter can be routinely used to characterize
the different assemblies, noted R,Aj, obtained with rods R,
exhibiting the mean diameter d aligned following the pro-
cedure Aj (see Experimental section). The squareness of
several R;Aj samples is given in Table S1 of the ESL.f The best
rod alignments in the dried assemblies were obtained with
rods washed with chloroform (SQ > 0.86) rather than toluene
(SQ < 0.81) (Table S1t). We could observe experimentally that
the rods R,, exhibited the best shape homogeneity (low dia-
meter dispersion, smooth surface) and led to the best orien-
tations. Successive chloroform washings also improved the
quality of the alignment (Table S17).

Considering the absence of cracks in the needles and
assuming no void inside, as suggested by the SEM images, the
volume fractions of the magnetic core (Vy), the oxide shell
(Veoo), and the remaining organic molecules (V) were calcu-
lated using the saturation magnetization values and thermal
analysis (see Experimental section). The results for different
rod assemblies are gathered in Table 1. The magnetic volume
fraction Vy values were found in the range from 45 to 56%,
the ligand volume fraction V;, in the range from 25 to 40% and
the cobalt oxide volume fraction Vg,o was found in the range
from 11 to 19% (Table 1). The thickness of the cobalt oxide
shell, calculated using eqn (7) (see Experimental section), was
found in the range from 1.1 to 1.4 nm for three samples
(Table 1). The oxidation, which results from the air exposure of
the Co NRs during the post-treatment process, remained
rather limited, in good agreement with previous electron
microscope observations on similar cobalt and cobalt-nickel
nanorods.’®?® However, one sample, R,z suffered an
additional undesired oxidation with an oxide shell thickness
of about 1.8 nm. The thin oxide shell around the Co rods pro-
tects them from any further oxidation. When the rods were
handled at room temperature in dry air, the CoO shell thick-
ness was found constant.

Magnetic properties and (BH),ax assessment

The magnetization curves M(H) of the different assemblies
were measured at room temperature. In Table 1 are given the
main magnetic properties, remanence to saturation ratio
(My/Ms), squareness (SQ), coercivity (Hc) and induction rema-
nence (Bg), of several assemblies. The H¢ values were found in
the range from 270 to 360 kA m™" (uoHc from 0.34 to 0.47 T).
All the rods of this study exhibited an aspect ratio between
6 and 8. As expected, the highest H¢ values were obtained with
the thinnest nanorods, in agreement with previous experi-
mental studies and micro-magnetic modelling.*®

This journal is © The Royal Society of Chemistry 2016
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Table 1 Summary of the morphological, chemical and magnetic properties of densely packed assemblies of cobalt nanorods: d,,,, mean diameter
and L,,, mean length of the rods; Vyy is the magnetic volume fraction, Voo the cobalt oxide volume fraction and V| the ligand volume fraction; e is
the cobalt oxide shell thickness around the rods calculated from eqn (7); Mr/Ms is the remanence to saturation ratio and poHc the coercivity; Bg =
Vm X Bco bulk is the remanence of the B(H) loops and (BH)max the energy product; SQ is the squareness of the M(H) loops, « is the slope of the model
curve calculated from eqn (11) and Bg/2(1 + a) is the critical magnetic field of eqn (13). The sample noted Ry Aj corresponds to the washing protocol

and alignment Aj of the rods R of mean diameter d,,,

Br
sample  dp/Liy (0mM)  Var (%) Veoo (%) Vi (%) ¢ (CoO) (nm) Mu/Ms fioHo (T) Bx(T) (BH)mae (m™) $Q @ 201 +a) (D
Ry,A1 22/166 48.7 14.0 37.3 1.3 0.98 0.436 0.85 125 0.93 0.27 0.334
Ry,A2 22/166 47.9 15.2 36.9 1.4 0.92 0.451 0.79 92 0.79 0.74 0.228
R,,A3 22/166 54.4 12.0 33.6 1.1 0.99 0.465 0.96 165 0.96 0.165 0.412
Ry,A1 24/190 48.7 11.0 40.3 1.2 0.92 0.410 0.80 82 0.74 1.02 0.198
R,gA2 28/190 55.1 19.3 25.6 1.9 0.96 0.345 0.95 106 0.81 1.05 0.232
Ry3A4 28/190 48.8 15.6 35.6 1.8 0.89 0.363 0.78 51 0.57 1.85 0.137
R3.A4 31/190 56.8 11.6 31.6 1.4 0.94 0.339 0.95 81.5 0.69 1.735 0.174

The remanence to saturation ratio was between Mgx/Mg =
0.89 and 0.99; a value above 0.9 is generally considered a cri-
terion of a good alignment. Nevertheless, the squareness was
observed to vary in a broader range with values between 0.57
and 0.96 (Table 1). It is noteworthy that the highest value SQ =
0.96, obtained for sample R,,A4, corresponds to a nearly
perfect alignment and is, as far as we know, the best value for
an anisotropic particle assembly.

The energy product (BH)max is the figure of merit of a
magnet performance. The working point is the value of the
B(H) loop corresponding to the maximum of the B x H
product. The determination of the magnetic volume fraction
(VM) within the assemblies allowed us to plot the B(H) loops and
to assess the (BH)max In Fig. 3 are plotted the second quadrant
of the B(H) loop and the B x H product over the second quadrant
of a representative sample (R,,Al). An energy product of
125 k] m™ was determined for this assembly that exhibited a
magnetic volume fraction Vy; = 48.7% and a M(H) loop square-
ness SQ = 0.93. The (BH)max values, calculated following the
same method for the different assemblies, were found in the
range from 50 to 165 k] m™ (Table 1) depending on the mag-
netic volume fraction and on the quality of the alignment.

]DD
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Fig. 3 Second quadrant of the B—H loop and energy product (BH)nax =
125 kJ m~ of the Co NR assembly R,,Al.
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In Fig. 4 are plotted the B(H) curves of three assemblies
exhibiting the same magnetic volume fraction (~48.8%) but
prepared with different rod batches. The squareness of the
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Fig. 4 Normalized M(H) loops (a) and second quadrant of the corres-
ponding B(H) loops (b) of three rod alignments exhibiting the same mag-
netic volume fraction: sample R,Al (blue triangles): Vy = 48.7%, SQ =
0.93, (BH)max = 125 kI m~3; sample R,4A2 (black circles): Vi = 48.7%,
SQ = 0.74, (BH)max = 82.5 kJ m~3; sample R,gA4 (red diamonds): Vi =
48.8%, SQ = 0.57, (BH)max = 51 kI m ™.
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Fig. 5 Second quadrant of the B(H) loops and working points of the
assemblies R,,A1 and R,,A3 prepared with cobalt nanorods of mean dia-
meter d,, = 22 nm. Sample R,Al (blue triangles): Vy = 48.7%, SQ =
0.93, (BH)max = 125 kJ m~3; sample R»,A3 (magenta squares): Vy =
54.4%, SQ = 0.96, (BH)max = 165 kJ m~.

M(H) loops of these samples varied from 0.57 to 0.93, showing
strong differences in the quality of the rod alignment. The
opening of the hysteresis loop has, as a consequence,
increased the energy product from 51 to 125 k] m™ (Fig. 5b).

The other parameter that has a strong influence on the
value of the energy product is the magnetic volume fraction
within the assembly. In Fig. 5 are plotted the B(H) curves of
two samples prepared with the same rods and exhibiting
similar squareness (0.93 and 0.96). Increasing the magnetic
volume fraction from 48.7% to 54.4% increases the (BH)max
from 125 to 165 k] m™>.

Discussion

The results gathered in Table 1 show that the highest (BH)max
was obtained for the sample that combined a high magnetic
volume fraction and a squared M(H) loop with a very large SQ,
which indicates a very good alignment of the nanorods.

The energy product of a sample exhibiting a perfectly
square magnetization curve is:*'

(BH), .. = Br*/4u, if uyHc > Bg/2 (10a)

max

max

In order to describe the effect of partial order in the rod
assembly we consider schematically a linear variation of the mag-
netization in the second quadrant of the M(H) loop as follows:

M = Mg + aH

with a the slope of the M(H) loop at remanence (Fig. 6). The para-
meter a can be deduced from the squareness defined above by:

. 2Mg(1 - SQ)

i (11)
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Fig. 6 Second quadrant of model M(H) loops with M = Mg + a X H for
different values of the slope a. The squareness of the four loops is 1,
0.9375, 0.875 and 0.75.

a is between 0 and Mg/Hc, a = 0 for a perfect parallel orien-
tation and a > 0 characterizes a degree of disorder in the
assembly.

For such M(H) loops the energy product can be written as:

2

Bgr . Br
BH =———— if yHg > —— 12
( )max 4/40(1 ¥ 6{) I potic = 2(1 I (l) ( a)
. Br
(BH) a5 = He[Br — (1 + a)Hc] if poHe < (12b)

2(1+a)

For a magnetic volume fraction Vy;, in the assembly the
remanence is Bg = Vi X Bco bulk (With Bgo puic = 1.79 T). So, in

B
the case of a coercivity higher than the critical field R
2(1+a)
the energy product becomes:
Bobulk” Vm®
BH = 13
(B =20 [ (13)

The magnetic field and induction of the working point are:

H:—BiR andB:B—R (14)
240 (1 + @) 2

In Table 1 are given the a values calculated from the square-
ness following eqn (11). All the samples studied exhibited coer-
civity higher than the critical field Bg/2(1 + «) (Table 1)
showing that the experimental data have to be compared with
the formula of eqn (13) and (14).

According to eqn (13) the energy product varies as a quadra-
tic function of the magnetic volume fraction. It describes well
the important improvement of (BH).x observed in Fig. 5 when
the volume fraction was increased from 48.7% in sample
R,,A1 to 54.4% in sample R,,A3 (Table 1). Such a dependence
on the magnetic volume fraction also explains why, despite a
poor squareness, the assemblies prepared with the thicker
rods (R3;A4 and R,gA2 in Table 1) exhibit a rather good
(BH)max-

Eqn (13) predicts also that the energy product varies as an
inverse function of the slope of the M(H) loop. In Fig. 4 are

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Experimental energy product vs. Vy,?/(1 + a) with Vjy the mag-
netic volume fraction and a the slope of the model M(H) curve at rema-
nence (dashed line: linear fit).

compared samples R,,Al, R,;A2 and R,gA4 that contained
almost the same magnetic volume fraction (Table 1) and that
exhibited M(H) loops with different squareness, 0.93, 0.74 and
0.57, respectively (Table 1). For these three samples the B value
of the working point are found almost constant (Fig. 4b) and
close to Bg/2 as predicted by eqn (14). The decreasing of the
(BH)max value is only due to the decreasing of the H value of
the working point (Fig. 4b) as predicted by eqn (14). The
a values corresponding to the model M(H) curves calculated
according to eqn (11) were found equal to 0.27, 1 and 1.85 for
samples Ry,A1, Ry,A2 and R,gA4, respectively (Table 1). The
energy products calculated with these values according to
eqn (13) were found equal to 53, 75 and 119 k] m™, very close
to the experimental energy products (51, 82 and 125 k] m™>).
(BH)max increases linearly with the ratio Vy,*/(1+) (Fig. 7). The
slope of the linear fit is 670 k] m™>, very close to Beopunc /4o =
638 k] m ™ as expected from eqn (13), showing that our simple
model applies quite well.

Magnet performance optimization

The (BH)max value of 165 k] m™ obtained with a dense assem-
bly of parallel cobalt nanorods is higher than the (BH)pax of
classical ferrites and AINiCo magnets and comes close to the
energy product of bonded NdFeB magnets.® This is the first
proof of concept that such dense arrays can compete in the
magnet panorama. The best assembly described in this paper
exhibited a squareness SQ = 0.96 showing that there is quasi
no more room to improve the alignment quality. So, in order
to increase the (BH)max, the next goal is to increase the mag-
netic volume fraction. In Fig. 8 are plotted the magnetic
volume fraction and the energy product of perfect hexagonal
arrays of nanorods as a function of the rod diameter for an
inter-rod distance fixed at 3.5 nm. Non-oxidized and oxidized
rods with a CoO shell thickness of 1.2 nm were considered.
For a given ligand amount in the assemblies, the magnetic
volume fraction increases when the rod diameter increases,

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 Magnetic volume fraction (a) and energy product (b) of perfectly
aligned hexagonal arrays of cobalt nanorods of mean diameter d separ-
ated by a ligand shell of 3.5 nm, of oxidized rods with a CoO shell thick-
ness of 1.2 nm (full squares) and of non-oxidized rods (open circles);
non oxidized rods separated by a ligand shell of 2 nm (full triangles).

explaining why it is easier to reach a higher volume fraction
with thicker rods. Nevertheless, even if a significant increase
of (BH)max is expected, an increase of the rod diameter must be
discarded for permanent magnet applications due to the
decrease of coercivity, which may potentially drop below the
critical field (eqn (12)). Another way to increase the magnetic
volume fraction would be to avoid the rod oxidation. For a rod
diameter in the range from 10 to 20 nm the oxidation dramati-
cally decreases the magnetic volume fraction (Fig. 8a). Mag-
netic volume fractions of 60% and 65% are expected for non-
oxidized rods of diameter 15 and 20 nm, respectively, while
only 42 and 51% are expected for oxidized ones (Fig. 8a).
Finally, a significant increase of volume fraction could also be
reached by lowering the organic amount. With non-oxidized
rods separated by only a ligand shell of only 2 nm, the mag-
netic volume fraction could reach 70 and 75% for 15 and
20 nm rods (Fig. 8a).f The effect of oxidation and inter-rod

i Note that spacing between the rods is necessary to avoid a magnetic exchange
and the loss of the shape anisotropy.
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spacing on the energy product is even more important since it
varies as the square of the magnetic volume fraction (Fig. 8b).
According to eqn (13), the magnetic volume fraction in the
range from 60 to 75% could lead to (BH)yax values from 230 to
360 k] m™*, providing a perfectly square hysteresis loop, and
from 180 to 280 k] m™ for a more realistic squareness, SQ =
0.93 (@ = 0.27). Such an energy product would require a coerciv-
ity uoHc higher than Bg/2, i.e. above 0.54 T and 0.67 T for a
magnetic volume fraction of 60% and 75%, respectively. Such
values of coercivity have already been obtained with thin
cobalt nanorods,”>*° showing that there is still room to
improve the (BH)mnax of Co NRs assemblies.

Conclusions

This is the first time that the energy products of nanorod
assemblies have been assessed experimentally. Good align-
ment and high magnetic volume fraction are the two require-
ments to obtain important (BH),., values. We have shown that
cobalt nanorods synthesized by the polyol process, washed
and re-dispersed in chloroform are very well suited to get
highly packed assemblies with a nearly perfect rod alignment.
Very homogeneous Co NRs (low standard deviation on the dia-
meter, no roughness) lead to M(H) loop squareness in the
range from 0.93 to 0.96, indicative of a very good parallel
order, while magnetic volume fractions were found in the
range from 45 to 55%. The highest volume fraction combined
with a nearly perfect alignment (SQ = 0.96) allowed us to reach
a (BH)max Of 165 k] m™, a value much higher than the energy
product of barium ferrite and AINiCo magnets. The road map
for a (BH)max improvement is now clear. The next goal will be
to increase the magnetic volume fraction by avoiding the rod
oxidation and by decreasing the ligand amount in the final
material, while maintaining a rod mean diameter below
15-20 nm in order to keep a high coercivity. A (BH)ax increase
of a factor 1.5 is a reasonable goal for the near future, opening
up perspectives for rare earth free permanent magnets of
250 k] m™ competing with bounded SmCo and NdFeB
magnets. Furthermore, the bottom-up approach should allow
us to down-size magnets to the millimeter and submillimeter
scale and open up perspectives for an integration into micro-
devices.
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