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ABSTRACT

An easy, low-cost, repeatable seed-mediated growth approach in solvothermal condition has been
proposed to synthesize bimagnetic spinel ferrite core-shell heterostructures in the 10-20 nm
particle size range. Cobalt ferrite and manganese ferrite nanoparticles (CoFe;O4 and MnFe>O4)
have been coated with isostructural spinel ferrites like maghemite/magnetite, MnFe;O4 and
CoFe>04 with similar cell parameters to create different heterostructures. The conventional study

of the structure, morphology and composition has been combined with advanced techniques in



order to achieve details on the interface at the nanoscale level. Clear evidences of the
heterostructure formation have been obtained (i) indirectly by comparing the >’Fe Mdssbauer
spectra of the core-shell samples and an ad-hoc mechanical mixture and (ii) directly by mapping
the nanoparticles’ chemical composition by electron energy loss spectroscopy (EELS) and energy-
dispersive X-ray spectroscopy (EDX) in the scanning transmission electron microscopy mode
(STEM). In addition, chemical-sensitive electron tomography in STEM-EDX mode has been

applied in order to get detailed 3D images with an unprecedented sub-nanometer spatial resolution.
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TEXT

In recent years, magnetic nanoparticles with a core-shell heterostructure have been studied
increasingly to combine the physical and chemical properties of different components to obtain
multifunctional materials with a wide range of applications or to improve their performances.'™
In this framework, bi-magnetic core-shell nanoparticles play a fundamental role because of the
interactions arising from the contact of antiferromagnetic (AF), ferromagnetic (FM) and
ferrimagnetic (FiM) phases. Since the discovery of the exchange bias phenomena by Meiklejohn
and Bean,® who prepared Co/CoO core-shell nanoparticles by surface treatment, FM(or FiM)/AFM
and AFM/FM(or FiM) couplings have been extensively studied.®® On the contrary, although the
combination of magnetically hard and soft FM and FiM phases is of great interest for different
applications (magnetic recording, permanent magnets, microwave absorption, biomedicine), these
systems have been less explored.' In this context, ideal crystalline phases to study this type of

magnetic interaction are spinel ferrites (M"FexOs, M"'=Fe?*, Co**, Mn**, Ni**, etc.) which may



have hard or soft magnetic nature depending on the type of divalent ion'!1%-1

and can be easily
prepared by a great variety of methods.!®!*"!7 For instance, cobalt ferrite, with a high
magnetocrystalline anisotropy, shows a hard magnetic behaviour, while the isostructural
manganese ferrite and spinel iron oxides (magnetite and maghemite) are magnetically soft phases.
The main advantage of the use of isostructural phases is the possibility of an epitaxial growth of
the shell around pre-existing seeds, with the so-called seed-mediated growth method.!®?! This
two-step synthetic strategy represents a versatile approach to achieve well-defined heterostructures
with controllable interfaces by changing size, shape, composition, and structure of the core and the

182228 with a low

precursors of the shell. In the literature, spinel ferrite core—shell nanoparticles
dispersity and high crystallinity have been mainly synthetized by the powerful high-temperature
decomposition of acetylacetonates in the presence of surfactants.!'> The necessity of more and more
eco-friendly strategies, that use less amount of toxic organic solvents, less expensive precursors
and lower temperatures, has moved the interest towards alternative synthetic approaches.
Inexpensive and easy methods as coprecipitation®® and metal complex polymerization**3! have
been proposed in some specific cases but they do not allow a good control of the shell growth.
Hydrothermal/solvothermal methods®? have in principle several advantages as the use of low-
boiling and inexpensive solvents, the ease of the synthesis and the possibility to monitor pressure
and temperature and a good repeatability’> 3. To the best of our knowledge, only a few examples
are present in the literature for the synthesis of spinel ferrite core-shell heterostructures by these
methods (NiFe,O4@CoFe;04°° and CoFe;Os@NiFe,047), but with results, in terms of products
quality, far from those obtained in thermal decomposition conditions.

In this work, a seed-mediated growth approach in solvothermal conditions has been developed

to synthesize core-shell nanoparticles made up of a hard magnetic phase (CoFe>O4) and a soft one



(Fe304/y-Fe203, MnFe O4) with the same spinel structure, similar cell parameter and phase-
contrast imaging. Clear evidences of the effective production of the core-shell structure have been
obtained combining conventional techniques such as powder X-ray diffraction (XRD),
transmission electron microscopy (TEM), induced coupled-plasma (ICP) and advanced ones
(STEM-EELS, STEM-EDX, and STEM-EDX tomography) to map the chemical composition at
the nanoscale. An indirect approach based on >’Fe Mossbauer spectroscopy has been also used,
allowing to demonstrate the potentiality of this technique for the study of coupled bimagnetic
phases in heterostructures.

RESULTS AND DISCUSSION

Two samples of CoFe,O4 nanoparticles of different sizes, labelled as Col and Co2, and one
sample of MnFe,Oys, labelled as Mnl, were prepared by solvothermal hydrolysis of mixed cobalt-
iron or manganese-iron oleates in a mixture of organic solvents with different polarities and water
contents. The Col, Co2 and Mnl nanoparticles were used as seeds to produce core-shell
nanostructures by means of a second solvothermal treatment (seed-mediated growth). In particular,
for both Col and Co2, two core-shell samples were prepared with a shell of spinel iron oxide
(maghemite/magnetite) and manganese ferrite, indicated as Cox@Fe and Cox@Mn (where x=1,
2), respectively. Moreover, two core-shell samples with a shell of cobalt ferrite and spinel iron
oxide were prepared for sample Mnl, labelled as Mn1@Co and Mnl @Fe, respectively. The details

about the synthesis are reported in the METHODS section.

Composition, structure and morphology. XRD patterns of the cores as well as the core-shell
systems (Figure 1) show the typical reflections of a spinel phase. The cell parameters, a, for the
samples Col, Co2 and Mnl are in good agreement with the value for the CoFe2O4 and MnFe>O4

reported in the literature (8.3919 A, PDF Card: 022-1086 and 8.4990 A, PDF Card: 010-0319,



respectively). From the profile analysis, the average crystallite sizes have been estimated and are

reported in Table 1.

(311)

<D,pp> = 5.6 NM

Col (511) (440)

(220)
111
o) (620)(533) (444)

<D,.,>=8.1nm
Col@Mn

<D,.,>=10.9 nm

Intensity (normalized)

10 20 30 40 50 60 70 80
26(°)

(311)
<D,xp>=8.0nm

(440)
Co2 (400) (511)

(620)(533) (444)

<Dp> = 11.1nm

Intensity (normalized)

<D,pp>=12.1nm

10 20 30 40 50 60 70 80
26(°)

(311)

<D, ,>=10.0 nm

(511) (440)
(400)

(620)(533) (444)

<D,pp> =142 nm
Mn1l@Co

Intensity (normalized)

<D,.,>=10.0 nm

Mnl@Fe

10 20 30 40 50 60 70 80
26(°)

Figure 1. XRD Pattern of the samples.




Sample a (A) <Dxgrp> <Drem> Inorganic

(nm) (am) phase (%)
Col 8.39+0.01 5.6+0.2 5.4+0.9 73
Col@Mn 8.40+0.02 8.1+£0.2 9.4+1.0 84
Col@Fe 8.36+0.01 10.9+0.4 10.5+€1.2 88
Co2 8.38+0.01 8.0+0.2 8.5+1.2 80
Co2@Mn 8.43+0.01 11.1+0.7 14.4+1.6 92
Co2@Fe 8.38+0.01 12.2+0.8 12.1+1.6 90
Mnl 8.47+0.01 10.0£0.2 10.8+1.4 85
Mnl@Co 8.40+0.01 14.24+0.8 17.9+2.1 92
Mnl@Fe 8.42+0.01 10.0£0.8 11.1+1.4 91

Table 1. Cell parameter (a), Crystallite size (<Dxrp>), Particle size (<Dtem>) and amount of
Inorganic phase calculated from TGA of the samples.

A slight variation of the lattice parameter has been observed for some core-shell systems. An
increase of the lattice parameter is observed in the case of Col@Mn and Co2@Mn, in agreement
with the higher value of cell parameter for manganese ferrite than that of cobalt ferrite. Inversely,
a decrease of the lattice parameter is detected when the shell is made of spinel iron oxide. The
core-shell samples Mnl(@Co and Mnl@Fe are subjected to a decrease of the lattice parameter due
to the presence of cobalt ferrite or spinel iron oxide, respectively. Concerning the crystallite size
obtained from the experimental profile, all the core-shell samples are characterised by higher
values than the cores (Table 1), suggesting that a growth process took place, except for the sample
Mnl@Fe, where the crystallite size is the same as the core. This can be explained by the formation
of'an amorphous shell of spinel iron oxide around the pre-formed core or partial dissolution of the

core surface.



The TEM Bright Field images of the cores (Figure 2) show well-separated spheroidal
nanoparticles with particle size similar to crystallite size, suggesting a high crystallinity of the
particles (Table 1). Moreover, all the samples are characterised by narrow unimodal particles size
distributions, with a dispersity in a 13-17 % range. TEM images of the core-shell samples, reported
in Figure 2, show spherical particles with the presence of a unimodal size distribution and mean
particle size higher than the core, suggesting that there has not been nucleation of new particles
but the growing of the new phase around the pre-existing seeds, forming a core-shell
heterostructure. This is also supported by the significant decrease of the dispersity with respect to

the original core.
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Figure 2. TEM Bright Field images and particle size distribution of the samples.



A careful study by means of high resolution microscopy (HRTEM and HRSTEM) has been
conducted on all the samples, showing highly crystalline particles with no evidences of any
amorphous part or heterojunctions. Here, as an example, the images of Col@Mn and Co2@Fe
samples are shown in Figure 3. The interlayer distances confirm the presence of the spinel oxide
phase in agreement with the XRD data. The core-shell samples show no lattice mismatch,
suggesting an epitaxial coating on the respective cores. Unfortunately, due to the very similar
phase-contrast imaging, even high resolution microscopy cannot distinguish the core from the

shell.

Figure 3. HRSTEM images of the Col@Mn and Co2@Fe samples.

ICP analyses have been carried out on both core and core-shell systems. The M™:Fe!'! (M!! =
Co?" or Mn**) molar ratio for Col, Co2 and Mnl samples have been found equal to 0.49, 0.55 and
0.50, respectively, suggesting the formation of almost stoichiometric spinel ferrites. Taking into
account the M":Fe! molar ratio found in the cores, it has been possible to roughly estimate the
M":Fe" molar ratio in the shell, in the case of cobalt or manganese ferrite coating. Indeed,
Col@Mn, Co2@Mn and Mnl@Co samples present a M":Fe'" molar ratio in the shell equal to
0.48, 0.45 and 0.64, which indicates the formation of an almost stoichiometric spinel ferrite shell.

The capping by oleate molecules has been demonstrated by FTIR (Figure 1S) and TGA (Figure

2S). FTIR spectra show the main vibrational modes associated with the oleate molecules linked at



the surface of the nanoparticles, as the COO" vibrational modes (vas (COO"), vs (COO")) and those
ones related to the hydrocarbon chain.!>!? The complete assignment for all the samples is reported
in Table 48S.

TGA curves, recorded under an oxygen atmosphere are shown in Figure 2S. The weight losses
percentages obtained for the samples are reported in Table 1. These weight percentages
correspond to a monolayer of oleate molecules surrounding the nanoparticle surface, as reported
in the supporting information Table 5S. These values are also really close to those reported by
other authors for oleic acid-coated spinel iron oxides nanoparticles and suggest the presence of a
close-packed monolayer of the capping agent.*4

Evidence of heterostructure by RT Mossbauer spectroscopy. As it has been said so far, the
understanding of the core-shell heterostructure is not trivial, due to the same spinel
crystallographic structure, similar cell parameter and phase-contrast imaging of the two
counterparts. In this work, room temperature °'Fe Mossbauer spectroscopy is proposed as an
alternative tool to study bimagnetic core-shell heterostructures. In detail, room temperature (RT)
S’Fe Mossbauer measurements have been carried out for all the samples (Figure 4) and the
hyperfine parameters are shown in Table 2.

The sample Col (<Dxrp> = 5.2 nm) shows a broad singlet associated with particles having a
relaxation time near the Mossbauer measurement time window (tm) accompanied with a sharper
one related to the particles in the superparamagnetic state. The spectrum of the sample Co2
(<Dxrp> = 8.0 nm) is fitted by one sextet deriving from the overlapping at room temperature

accounting for Fe'!

in the octahedral and tetrahedral sites of cobalt ferrite. The sample Mnl
(<Dxrp> = 10.0 nm) shows a sharp singlet, which indicates the presence of nanoparticles in

superparamagnetic state.



Clear differences can be evidenced by the comparison of the cores with the correspondent core-
shell systems: the appearance of two sextets in place of singlets, indicating the formation of
nanoparticles in the blocked state (Col@Mn, Col@Fe, Mnl@Co) and a separation of the two
sextets (Co2@Mn, Co2@Fe). The two sextets can be due to two different spinel phases (CoFe>04
and MnFe;0O4 or maghemite/magnetite) or to two different sublattices (octahedral and tetrahedral)
in a spinel phase due to the formation of a unique coherent structural domain, as observed by
HRSTEM (Figure 3). The sample Mnl@Fe shows a collapsed sextet, due to the presence of
nanoparticles in the edge between the superparamagnetic and the blocked state.

The isomer shift values for all the samples but Co2@Fe are in the range of Fe" (0.28-0.39 mm/s),
whereas Co2@Fe presents a higher isomer shift for one sextet (IS=0.50 mm/s), due to the presence

of Fe'l, suggesting its not complete oxidation to Fe'!

. The different behaviour with respect to the
Col@Fe, in which only Fe'" is present, is probably due to the reduced nanoparticle size that leads
to a complete oxidation of magnetite to maghemite.

The hyperfine field values can be affected by the nature of the coating (manganese ferrite or
spinel iron oxide) and the thickness of the shell (and consequently the final crystallite size).
Specifically, Col@Fe (<Dxrp> = 10.9 nm) shows hyperfine fields for both sextets higher than
Col@Mn (<Dxrp> = 8.1 nm), as manganese ferrite and maghemite are expected to have
anisotropy constants of the same magnitude (for bulk materials: 3-10° J/m* and 5-10° J/m’,
respectively), the bigger crystallite size of the particles of Col@Fe (10.9 nm) seems to be primarily
responsible for the higher hyperfine field values. On the contrary, Co2@Mn (<Dxrp> = 11.1 nm)
and Co2@Fe (<Dxrp>=12.2 nm) have similar crystallite sizes and the increase in the hyperfine

field values for the sample Co2@Fe can be due principally to the higher anisotropy constant of

magnetite, that for bulk material is 1.3-10* J/m*.*! The sample Mn1@Co (<Dxrp> = 14.2 nm)

10



shows the highest hyperfine field values for both octahedral and tetrahedral sites, due to the big
crystallite size and the presence of cobalt ferrite in the shell, which forms the 78% of the total
nanoparticle volume. The sample Mnl@Fe shows lower hyperfine field values for both sites in
comparison with Mnl@Co, being manganese ferrite and maghemite/magnetite two magnetically
soft phases with respect to cobalt ferrite (which magnetocrystalline anisotropy in the bulk is
2.9-10° J/m®). It is known that the Op-Tq exchange interactions (J4z) are stronger than T4-Tq ones
(J44) or On-On ones (Jpa). Therefore, the hyperfine field of the tetrahedral sublattice will be more
affected by the cations located in the octahedral sublattice.** In particular, for the Co2@Fe sample,
the highest difference in the hyperfine field, with respect to the Co2@Mn sample, has been

detected for Tq sites, probably due to the presence of Fe!' only in the Oy, sites.

11
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Figure 4. Room Temperature °’Fe Mdssbauer spectra of the samples.
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Type Size Signal ISO QUA BHF | FWHM
(nm) (mm/s) | (mm/s) (T)

(mm/s)

Col CoFe204 5.620.2 | Singlet | 0.2(1) - - 12(1)

Singlet | 0.44(6) - - 1.1(2)

Col@Mn | CoFe;0s@MnFe;04 | 8.1+0.2 | Sextet | 0.34(2) - 39.7(2) | 1.56(5)
0.10(2)

Sextet | 0.32(1) | 0.00(1) | 45.8(1) | 0.67(2)

Col@Fe CoFe204@y- 10.9+0.4 | Sextet | 0.35(1) - 42.4(2) | 0.64(1)
Fe;03/Fes04 0.02(1)

Sextet | 0.32(1) - 47.3(1) | 0.47(1)
0.01(2)

Co2 CoFe204 8.0+0.2 | Sextet | 0.32(1) - 46.9(1) | 0.87(2)
0.02(1)

Co2@Mn | CoFe,0s@MnFe204 | 11.140.7 | Sextet | 0.39(1) - 43.4(1) | 0.55(1)
0.02(1)

Sextet | 0.28(1) | 0.01(1) | 46.9(1) | 0.28(1)

Co2@Fe CoFe204@y- 12.2+0.8 | Sextet | 0.50(1) | 0.00(1) | 43.9(1) | 0.64(1)

Fe20s3/Fes0q

Sextet | 0.29(1) - 47.8(1) | 0.34(1)
0.02(1)

Mnl MnFe204 10.0+0.2 | Singlet | 0.37(1) - - 2.8(1)

Mn1l@Co | MnFe20s@CoFe204 | 14.2+0.8 | Sextet | 0.37(2) - 47.1(1) | 0.41(2)
0.01(2)

Sextet | 0.26(1) | 0.01(1) | 48.3(1) | 0.29(1)

Mnl@Fe MnFe20s@y- 10.0+0.8 | Sextet | 0.39(1) | 0.03(1) | 24.8(1) | 1.00(1)

Fe20s/FesOq
Sextet | 0.35(2) | 0.01(2) | 37.5(2) | 1.04(2)

Table 2. Room Temperature °’Fe Mdssbauer parameters of the samples.

In order to verify if a core-shell structure was obtained, a reference sample (CoMn_R) made

from a physical mixture of cobalt ferrite (Co_R) and manganese ferrite (Mn_R) nanoparticles in a

13



mass ratio 1:1 was prepared and analysed. The nanoparticles were synthesised by the same
procedure reported in the METHODS section, resulting in a crystallite size of about 8.7 nm for
both Co R and Mn_R samples, similar to the Col@Mn (8.1 nm) sample. In the physical mixture,
the oleate molecules that surround the particles should hinder the direct contact of the two magnetic
phases. Figure 5 shows RT Mdssbauer spectra of two different cores (Co R, Mn_R), the physical
mixture (CoMn _R) and the core-shell nanoparticles (Col@Mn). Table 3 shows Mdssbauer
parameters for all these samples. The spectrum of the mixture (CoMn_R) is the sum of the two
subspectra (one singlet and one sextet) having the same parameters as the pure phases. On the
contrary, the spectrum of core-shell nanoparticles shows two sextets with values of hyperfine fields
equal to 39.7 T and 45.8 T, which differ from the values found for cobalt ferrite or the physical
mixture (47.3 T). This comparison permits to exclude the independent formation of two phases
(CoFe204 and MnFe,04) with similar size and can be considered as an indirect proof that the two
magnetic phases in the sample Col@Mn are in a close contact. This is in agreement with TEM
data that evidence the formation of a monomodal distribution of the particles and HRSTEM that

evidence a single crystal structure (Figure 3).
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Figure 5. Room Temperature °>’Fe Mossbauer spectraof Co R, Mn_R, CoMn_R and Col@Mn.

Sample Type Size (nm) | Signal | ISO (mm/s) | QUA (mm/s) | BHF (T) | FWHM
(mm/s)
Co R CoFe;04 8.7+0.3 Sextet 0.32(1) -0.02(1) 47.3(1) | 0.65(2)
Mn R MnFe,04 8.7£0.5 | Singlet 0.32(6) - - 8(1)
Singlet 0.38(2) - - 2.1(1)
CoMn R | CoFe;O4 + MnFe;O4 | 8.0+£0.5 | Singlet 0.31(3) - - 8.1(1)
Sextet 0.30(1) -0.04(2) 47.3(1) | 0.80(2)
Col@Mn | CoFe;Os@MnFe,04 8.1£0.2 Sextet 0.34(2) -0.10(1) 39.7(2) 1.56(5)
Sextet 0.32(1) 0.00(1) 45.8(1) | 0.67(2)

Table 3. Room Temperature °’Fe Mdssbauer parameters of Co_R, Mn_R, CoMn_R and

Col@Mn.
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Chemical mapping at the nanoscale. It is worth noting that in order to have a direct and
unambiguous prove of the formation of core-shell heterostructures, chemical mapping at the
nanoscale is mandatory.***° Consequently, STEM-EDX, STEM-EDX tomography, STEM-EELS
(for the Cox@Me samples) mapping of Fe, Co and Mn elements have been carried out. In the
literature, only EELS!825:2428.36 i5 generally adopted to make chemical mapping at the nanoscale
and there are no examples of the combined use of the two techniques. Thanks to the recent
substantial technological progresses of energy-dispersive X-ray spectroscopy, in particular the
development of ultrasensitive detectors (Super-X™ detector with multiple silicon drift
detectors),***® high-quality EDX maps*® and a detailed comparison between EDX and EELS is
here presented in order to strength our findings about the creation of a core-shell heterostructure.

Figure 6 shows STEM-EDX and STEM-EELS chemical mapping, the corresponding line
profiles of the samples and, as an example, an EDX and EELS spectrum for the Co2@Mn sample.
All the cores (Col, Co2 and Mn1) show homogenous distribution of Co (or Mn) and Fe throughout
the particles, with a M":Fe'! (M!' = Co?" or Mn?") ratio, calculated from EDX data, equal to 0.56,
0.59 and 0.48, respectively. These values are in good agreement with the ICP data, suggesting the
formation of almost stoichiometric ferrites and highlighting the reliability of the quantitative
elemental mapping by STEM-EDX at the nanoscale.>* STEM-EDX chemical mapping of the core-
shell samples unambiguously indicates the formation of a core-shell heterostructure. The single
particle line profile calculated from EDX data reveals that the amount of Co (in case of Col@Fe,
Col@Mn, Co2@Fe and Co2@Mn) or Mn (in case of Mnl@Fe and Mnl@Co) decreases
gradually up to the surface. This behaviour suggests that there had been a slight dissolution of the
core surface during the seed-mediated growth treatment. This is consistent with the literature data

that the high temperature induces a partial dissolution of the core surface, leading to a mixed

16



chemical composition at the interface.!®?°2%25! To validate the EDX results, STEM-EELS
analyses have been carried out on the cobalt ferrite-based core-shell samples (Col@Fe, Col@Mn,
Co2@Fe and Co2@Mn). The chemical mapping and the single particle line profile show the same
tendency and demonstrate how STEM-EDX can be successfully employed to study core-shell
heterostructures with a sub-nanometer spatial resolution.*’

STEM-EDX tomography has been performed on the Co2@Fe sample and the three-dimensional
reconstruction of the Co and Fe distributions are shown in Figure 7 and Movie 1. In agreement
with the above-findings, these results have permitted to visualize the core-shell heterostructure,
pointing out the 3D details: spheroidal shape of the particle and homogenous coating of the shell
around the well-centred core, i.e. with a uniform shell thickness. To the best of our knowledge,
this is the first example of chemical tomography performed on this type of systems at this length

scale, allowing to demonstrate the power of this technique.

On the basis of above findings, thanks to the direct (chemical mapping at the nanoscale) and
indirect approach (multitechnique analyses by the comparison with a mechanical mixture), the

achievement of core-shell heterostructures has been proven.
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Figure 6. STEM-EDX and STEM-EELS mapping of the particles. EDX and EELS images are
shown on top of the line profile across the samples. Cobalt is represented in blue, manganese in
green, iron in red. Bottom right, two examples of EDX and EELS spectra collected for the

Co2@Mn sample.
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Figure 7. STEM-EDX tomography of the Co2@Fe sample. Top two rows show the projected
distribution of Co and Fe mapped by STEM-EDX and the third row shows the isosurface
rendition of the 3D distributions of Co and Fe in two touching Co2@Fe particles.

CONCLUSIONS

A simple, low-cost seed-mediated growth strategy in solvothermal condition is proposed to
synthesize hydrophobic bimagnetic spinel ferrite core-shell nanoparticles. Conventional
techniques (XRD, TEM, HRTEM/HRSTEM, TGA, FTIR, ICP) show for all the samples a unique
crystal domain, spherical shape, low dispersity and a monolayer of oleate molecules as the
nanoparticles’ capping. The higher particle size and lower dispersity than the core are indirect
clues of the homogeneous growing of the shell around the pre-formed seeds. A further indication
supporting this idea is given by >’Fe Mossbauer spectroscopy, suitably applied to coupled core-
shell nanoparticles and not-coupled ad-hoc mechanical mixtures. Direct proof of the core-shell
structure formation is successfully provided by chemical mapping at the nanoscale, by the
combination of STEM-EELS, STEM-EDX and STEM-EDX tomography. In particular, STEM-

EDX is revealed to be a powerful technique to obtain high-quality compositional maps and 3D
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reconstructions of the core-shell heterostructure with sub-nanometer spatial resolution. All the
above-findings suggest that the solvothermal seed-mediated growth can be proposed as a powerful
and versatile approach to create other classes of heterostructures properly combining magnetic and

not-magnetic materials with diverse chemical-physical properties and diverse architectures.

METHODS

Chemicals. Oleic acid (>99.99%), 1-pentanol (99.89%), hexane (84.67%) and toluene (99.26%)
were purchased from Lach-Ner; 1-octanol (>99.99%) and Mn(NO3)2:-4H20 (>97.0%) from Sigma-
Aldrich; absolute ethanol and Co(NO3)2:6H>0 (99.0%) from Penta; NaOH (>98.0%) from Fluka;
Fe(NO3)3-9H>0 (98.0%) from Lachema; FeCl,-4H>0 (99%) from Merck.

Synthesis of M''-Fe'"! oleate in 1-pentanol. The mixed M!-Fe!!! oleates (M= Co**, Mn?**) and
the Fe'l-oleate were used as metal precursors for the synthesis of CoFe2O4 or MnFe>O4 and vy-
Fe»Os, respectively. They were synthetized and collected following the procedure set up by A.

Repko et al**

The molar ratios among the reactants are given in Table 1S for the different metal
oleates. First, a pale-yellow sodium oleate solution was prepared in a 250 mL round-bottom flask
dissolving the sodium hydroxide in 10 mL of distilled water and adding 20 mL of ethanol together
with the oleic acid. Secondly, the iron(III) nitrate and Me(II) nitrate (M= Co**, Mn?") or only
iron(II) chloride were dissolved in 10 mL of distilled water producing an orange solution. This
was then added to the sodium oleate one and mechanically stirred in order to obtain the M"-Fe'!
oleate or the Fe'l-oleate. After the addition, the formation of the metals oleate complexes made the
solution black and viscous. The successive addition of 20 mL of hexane led to a liquid biphasic

system, the upper one is the metals oleate containing organic phase while the lower is the water

phase. This mixture was boiled under reflux for 60 min to complete the formation of metals oleate.
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The as-described procedure was carried out under an inert atmosphere in the case of the Fe'' oleate
synthesis. Then, the system was left to cool down to room temperature. The water phase was
removed by Pasteur pipette, while 20 mL of water, 5 mL of ethanol and 5 mL of hexane were
added to the organic phase and stirred in order to wash it from the inorganic residuals. The mixture
was boiled under reflux for 30 min. This washing step was done twice. Finally, the water phase
was completely removed and 15 mL of 1-pentanol were added to the flask. The mixture was heated
for about 30 min to induce the complete evaporation of hexane. The obtained product as a viscous
black liquid (M"-Fe'! oleate or Fe! oleate in pentanol) was moved into a 40 mL glass vial with
Teflon cup with the help of 5 mL of 1-pentanol. The composition of the product, i.e. the final
amount of pentanol and consequently the concentration of metals oleate was estimated from its
weight, assuming quantitative yield from metals salts.

Core: solvothermal preparation of colloidal CoFe>O4 and MnFe;O4 nanoparticles. Two
samples of CoFe,04 nanoparticles of different sizes, labelled as Col and Co2, and one sample of
MnFe;0s4, labelled as Mnl, were prepared by solvothermal hydrolysis of mixed cobalt-iron or
manganese-iron oleates in a mixture of organic solvents with different polarities and water
contents. The metal oleate was prepared separately, in order to avoid the formation of by-
products.*® The formation mechanism of the nanoparticles has been already described by Repko
et al.>*23 In solvothermal condition, water causes the hydrolysis of the oleate and the formation
of nanoparticles takes place after nucleation and growth in the organic phase until they reach a
critical diameter, which bring them to precipitate. At the end of the treatment, in fact, a black
precipitate is found at the bottom of the teflon liner, while two liquid phases are present above, an
aqueous and an organic one. The water phase is always colourless indicating, as expected, that no

particles are present in it. On the contrary, the colour of the organic phase becomes darker with
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decreasing solvent polarity due to the presence of hydrophobic oleate-capped nanoparticles with a
size below the critical diameter necessary to precipitate. The appropriate amount of M'-Fe oleates
(M= Co?" or Mn*", in a 1:2 M™":Fe"! ratio to produce M""Fe>04) in 1-pentanol was moved into a
50 mL teflon liner and a further amount of a mixture of other solvents was added to reach a total
volume of 20 mL, as described in Table 2S. Then, 10 or 5 mL of water, depending on the reaction
temperature, was added. The solvents and their relative ratios have been chosen according to the
study by Repko et al.** in order to prepare particles of different sizes. The liner free space was
flushed with nitrogen and was enclosed in a stainless-steel autoclave (Berghof DAB-2), briefly
shaken and put vertically into a pre-heated (180° or 220 °C) oven. The reaction time was 10 hours.
After the heat treatment, the autoclave was left to cool down to room temperature, and the as-
prepared magnetic nanoparticles were magnetically separated from the supernatant that was
discarded. A purification process was conducted twice as follows. First, the particles were
dispersed in 10 mL of hexane (with the help of sonication), then 10 mL of ethanol were used in
order to wash and precipitate the nanoparticles that were finally separated by a magnet. At the end
of this step, the nanoparticles were dispersed in 5 mL of hexane and centrifuged at 3000 rpm for 5
min. In this case the supernatant, which is the desired product, was saved and the precipitate was
discarded. The nanoparticles concentration was estimated by sampling an aliquot of the colloidal
dispersion, drying it and weighing it. A summary of the synthesis conditions for each sample is
reported in Table 2S. It is worthy of note that both the solvent polarity (by using 1-octanol or
toluene together with 1-pentanol) and the reaction temperature (180 °C or 220 °C) play the main
role in the nanoparticles growth and their final size.

Core-shell: solvothermal preparation by seed-mediated growth. The Col, Co2 and Mnl

nanoparticles were used as seeds to produce core-shell nanostructures by means of a second
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solvothermal treatment (seed-mediated growth). In particular, for both Col and Co2, two core-
shell samples were prepared with a shell of spinel iron oxide and manganese ferrite, indicated as
Cox@Fe and Cox@Mn (where x=1, 2), respectively. Moreover, two core-shell samples with a
shell of cobalt ferrite and spinel iron oxide were prepared for sample Mnl, labelled as Mnl@Co
and Mnl@Fe respectively. Different attempts have been carried out in order to achieve the best
experimental conditions, in terms of ratio seeds/shell precursor, solvent, concentration of the
precursors, allowing the production of bigger nanoparticles with a narrow size distribution. For
example, we found out that 1-octanol is not a suitable solvent because it leads to a high dispersity
of the product. This can be probably ascribed to the low colloidal stability of the seed nanoparticles
dispersion. Being toluene a good solvent to disperse nanoparticles, it has been chosen instead of
1-octanol. We used a mixture of M'-Fe oleates (M"'=Co?*or Mn?, in ratio M'::Fe!''=1:2) in order
to create a shell of cobalt or manganese ferrite, or Fe''-oleate in order to create a shell of spinel

T or a mixture of Fe'' and Fe''-

iron oxide. Indeed, in these experimental conditions, the use of Fe
oleates lead to hematite. The amount of hexane dispersion containing the appropriate quantity of
particles (seeds) was added in a teflon liner. The particles were precipitated by adding ethanol in
a 1:1 volume ratio with respect to the hexane dispersion, held by a magnet and the liquid was
discharged. Then, the particles were dissolved in 10 mL of toluene (with the help of sonication)
and 10 mL of a 1-pentanol solution of metals oleate was added. Finally, after the addition of 5 mL
of distilled water, the liner was enclosed into the autoclave and treated at 220°C for 10 hours. After
the heat treatment, the purification steps were the same as for the seeds. Table 3S summarises the
synthesis conditions for the core-shell nanostructures.

Reference sample: the physical mixture. A reference sample made up of CoFe>O4-MnFe;O4

physical mixture (weight ratio 1:1) was prepared. Both the phases were synthesised as described
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in the previous paragraph about the cores and the synthesis conditions are shown in Table 2S.
Specifically, a proper amount of a hexane dispersion of CoFe,04 nanoparticles (Co_mix) was
added to the MnFe;O4 one (Mn_mix), dried and characterized.

Characterization techniques. The chemical composition was studied by Inductively Coupled
Plasma - Atomic Emission Spectrometry (ICP-AES). The dried samples were digested by using
HNO:s. The digested sample solutions were stirred at room temperature for 1 h, then heated up to
~50 °C for 2 h. The solutions were left to cool down, filtered and diluted by using 1% v/v HNO3
solution. The ICP measurements were made by means of a Liberty 200 ICP Varian spectrometer
under the following conditions: Fe line: 259.940 nm, Co line: 238.892 nm, Mn line: 257.610 nm,;
Fe, Co and Mn concentration range: (0.1+1.5) ppm; Fe detection range: (0.015+750) ppm, Co
detection range: (0.050-2500) ppm, Mn detection range: (0.003+150) ppm. The analyses have
been repeated two times on different portions of the samples. The chemical formulas were
calculated by assuming the absence of anions vacancies.

The samples were characterized by X-ray Diffraction (XRD), using a PANalytical X’Pert PRO
with Cu Ka radiation (1.5418A), secondary monochromator and PIXcel position sensitive
detector. Calibration of peak position and instrumental width was done using powder LaBs from
NIST. The hexane dispersions were dried on a glass plate and measured in the angular range 10°-
90° with step 0.039°. The analyses of the XRD patterns (identification of the crystalline phase,
background subtraction) were done by the PANalytical X’Pert HighScore software. The most
intense X-ray peaks ((220), (311), (400), (422), (511), (440)) were fitted with Origin Software by

PseudoVoigt function, using a 1:1 gaussian:lorentzian ratio (m,, = 0.5):

ra|m 2 v £ (1= Y2 A o
— _ — w
Y=o T aG—x)? + w? N~

In reciprocal space
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The crystallite size (diameter) was obtained from full width at half maximum of q (denoted as

Iq) by

d — 1.1034
Iq

Room temperature °’Fe Mdossbauer spectroscopy was done on Wissel spectrometer using
transmission arrangement and proportional detector LND-45431. A a-Fe foil was used as a
standard, and fitting procedure was done by NORMOS program.

TEM images were obtained by using a JEOL 200CX operating at 200 kV. The particle size
distribution was obtained by measuring in the automatic mode over 1000 particles by means of the
software Pebbles and adopting a spherical shape.’® The mean particle diameter was calculated as
the average value and the dispersity as the percent ratio between the standard deviation and the
average value.

HRTEM images were carried out using JEOL JEM 2010 UHR equipped with a Gatan imaging
filter (GIF) and a 794-slow scan CCD camera.

EDX measurements were carried out in the STEM mode using a FEI Talos F200X with a field-
emission gun operating at 200 kV equipped with a four-quadrant 0.9-sr energy dispersive X-ray
spectrometer. 3D tomography was acquired in STEM-EDX mode with tilt series from —70° to 70°
and 10° intervals.

EELS and HRSTEM measurements were carried out using an aberration-corrected scanning
transmission electron microscope (Hitachi HD2700C) with a cold field emission gun operating at

200 kV equipped with a parallel EELS spectrometer (high resolution Enfina).

25



Transform Infrared Spectroscopy (FT-IR) spectra were recorded in the region from 350 to 4000
cm! by using a Bruker Vertex 70 spectrophotometer on the colloidal dispersions by means of a
Platinum ATR Unit A 225, (standard ATR crystal material: diamond).

TGA curves were obtained on powders by using a Mettler-Toledo TGA/SDTA 851 in the 25-

1000°C range, with a heating rate of 10°C/min under 50 mL/min O> flow.
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