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Unraveling the mechanism of the one-pot
synthesis of exchange coupled Co-based nano-
heterostructures with a high energy productfy
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The development of reproducible protocols to synthesize hard/soft nano-heterostructures (NHSs) with
tailored magnetic properties is a crucial step to define their potential application in a variety of techno-
logical areas. Thermal decomposition has proved to be an effective tool to prepare such systems, but it
has been scarcely used so far for the synthesis of Co-based metal/ferrite NHSs, despite their intriguing
physical properties. We found a new approach to prepare this kind of nanomaterial based on a simple
one-pot thermal decomposition reaction of metal-oleate precursors in the high boiling solvent docosane.
The obtained NHSs are characterized by the coexistence of Co metal and Co doped magnetite and are
highly stable in an air atmosphere, thanks to the passivation of the metal with a very thin oxide layer. The
investigation of the influence of the metal precursor composition (a mixed iron—cobalt oleate), of the
ligands (oleic acid and sodium oleate) and of the reaction time on the chemical and structural character-
istics of the final product, allowed us to rationalize the reaction pathway and to determine the role of
each parameter. In particular, the use of sodium oleate is crucial to obtain a metal phase in the NHSs. In
such a way, the one-pot approach proposed here allows the fine control of the synthesis, leading to the
formation of stable, high performant, metal/ferrite NHSs with tailored magnetic properties. For instance,
the room temperature maximum energy product was increased up to 19 kJ m~ by tuning the Co
content in the metal precursor.

1. Introduction

The capability of shaping matter to create complex hybrid
nanoarchitectures has represented a major step forwards in
nanoscience to develop innovative and multifunctional
materials. Combining components at the nanoscale endowed
with different physical properties, either strongly interacting or
not, can indeed largely expand and enhance the material func-
tionalities, and, in some cases, enable the emergence of new
properties. The resulting multifunctional nanomaterials are
then promising candidates to address many of the challenges
of the next future in a wealth of research areas, ranging from
biomedicine to electronics. In this regard, magnetic hybrid
nanostructures are particularly promising. Coupling at the
nanoscale materials with intrinsically different magnetic pro-
perties, indeed, allows the observation of novel magnetic
phenomena, the most prominent being exchange bias and

tElectronic supplementary information (ESI) available: TEM images; XPS
spectra; EELS elemental and quantification analysis; magnetic measurements;
all experimental details about the synthesis performed to study the synthetic
protocol; XRD patterns. See DOI: 10.1039/d0nr01361g
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exchange spring coupling. The former originates from the
exchange interactions between differently ordered magnetic
phases, usually an antiferromagnet and a ferro- or ferrimag-
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netic one," while the second is obtained by combining at the
nanoscale a high anisotropy hard magnetic phase with a high
magnetization soft magnetic phase.’

These phenomena have been proposed in the recent past as
efficient strategies to enhance the performances of permanent
magnets (PM).>”® PMs are key elements of many technological
devices used in everyday life,® such as hard disks, automotive
devices, wind turbines, electronic components, and hybrid
electric vehicles. Their performance is quantified by the so-
called maximum energy product, BHy,,x, Which describes the
maximum amount of magnetic energy storable in a magnet.”
By far, the most powerful magnets comprise rare earth (RE)
elements. However, the criticality about the sustainability of
the RE chain supply that emerged in the last decade® has
brought about renewed interest towards novel RE-free
materials which can provide a viable alternative to RE, at least
in all those applications where large performances are not
strictly required.’

Among the various strategies investigated to date, consider-
able interest has been directed towards exchange coupled
hard/soft nano-heterostructures (NHSs). The M/Co,Fe;_,O,
nanosystem, where M is Fe, Co or a Co-Fe alloy, is indeed one
of the best materials to investigate the feasibility of this
approach, as it comprises a soft metal with the highest satur-
ation magnetization, Ms, (CoFe, has Mg = 245 A m* kg™"),"°
and a hard ferrite (Co,Fe;_,O, has magnetic anisotropy up to
10° ] m ™ and a magnetization of 88 A m”> kg™" for x = 0.6);*'*
moreover, it offers the opportunity to convert one phase into
the other by a simple oxidation/reduction process.
Nevertheless, although simple in principle, the practical realiz-
ation of high quality Co-based NHSs is a rather complex task.
On the one hand, in fact, the synthesis of stable metal cobalt
or cobalt-iron cores by microemulsion'* or thermal decompo-
sition of Co,(CO)s "> and metal acetylacetonate is already well
established.'® However, on the other hand, the following
reduction/oxidation step required to obtain exchange coupled
NHSs often leads to low crystallinity materials with not well-
defined and partially disordered interfaces. Consequently, the
resulting products are characterized by low saturation magneti-
zation, small remanence and/or weak magnetic coupling.'’>°
On the other hand, thermal decomposition of metal-organic
precursors has proved to be effective for producing Fe/Fe;0,
core-shell NPs with well-defined architectures, high quality
interfaces and good magnetic properties.>’ However, to our
knowledge, the technique has been scarcely extended to the
synthesis of Co-analogous heterostructures, Co/Co,Fe;_4O,.
This is rather surprising since Co-based NHSs are extremely
appealing for several applications, particularly when materials
combining large hysteresis loops and high magnetization are
required."’ The replacement of Fe™ ions in octahedral sites
with the high anisotropy Co™ ones, indeed, largely increases
the magnetic anisotropy of the spinel ferrites without compro-
mising the Mg."> For this reason, cobalt ferrite has been pro-
posed for application in electronics, biomedicine, catalysis
and as building blocks for the realization of rare earth free per-
manent magnets.''>>7°
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Despite the large experimental work carried out in the last
20 years, the synthesis of magnetic NPs by thermal decompo-
sition is still far from being fully rationalized. Indeed, a very
large number of parameters concur to determine the nature of
the final product,>””*® making the unambiguous identification
of their role a complex task. As a result, the synthesis by this
technique of Co-based NHSs with pre-determined architecture
and composition is still challenging.

Here, we report an experimental investigation on the use of
one pot thermal decomposition of mixed iron-cobalt oleate in
a high boiling organic solvent, (docosane) to prepare Co/spinel
ferrite NHSs with high crystallinity and a controlled compo-
sition. In particular, the influence of ligands, metal precursors
and reaction time was carefully investigated. The study allowed
us to propose a reaction mechanism where sodium oleate
plays a crucial role in the formation of a metal cobalt phase. In
this way, we were able to identify the key parameters control-
ling the reaction pathway, paving the way towards the rational
design of Co-based NHSs with controlled magnetic properties.

2. Experimental

2.1 Chemicals and materials

Iron(m) chloride hexahydrate (FeCl;-6H,0, 98% from Sigma-
Aldrich), cobalt(u) chloride hexahydrate (CoCl,-6H,0, 98%
from Honeywell), sodium oleate (NaOL, >97%, TCI
Chemicals), oleic acid (OA, 90%, Aldrich), docosane (97%,
Aldrich), ethanol (99.8%, Fluka), hexane (99%, Honeywell) and
2-propanol (98%, Honeywell) were used without any further
purification.

2.2 Synthesis of the iron-cobalt oleate (x-FeCo(OL))
precursor

Bimetal oleate precursors, x-FeCo(OL), with a Fe:Co molar
ratio of 2:1 (1-FeCo(OL)), 1:1 (2-FeCo(OL)) and 1:2 (3-FeCo
(OL)) were synthesized by dissolving the desired stoichiometric
amount of FeCl;-6H,0O and CoCl,-6H,O in 20 mL of hexane,
10 mL of ethanol and 10 mL of distilled water. At room temp-
erature, a stoichiometric amount of NaOL was added and the
mixture was heated at 75 °C, under vigorous stirring, for
5 hours. The brown colored organic phase was separated from
the aqueous phase and a brown-dark waxy product was
obtained after solvent evaporation. The stoichiometry of the
final product was confirmed by Inductively Coupled Plasma
analysis. The thermal stability of the ligand was studied by
thermogravimetric analysis, (TGA) using Q-600 (DTA-TG)
apparatus with open aluminum pans under a nitrogen
atmosphere.

2.3 Synthesis of Co/Co,Fe;_,0, NPs

The Co/Co,Fe;_, 04 NPs were synthesized by thermal decompo-
sition of the bimetallic precursor. 1.5 g (ca. 2 mmol of metal
ions) of x-FeCo(OL), 0.57 g (2 mmol) of OA and 0.57 g
(1.8 mmol) of NaOL were dissolved in 10 mL of docosane at
80 °C. The mixture was heated from 80 to 370 °C, at 2.9 °C

Nanoscale, 2020, 12, 14076-14086 | 14077
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min~"', under vigorous stirring and nitrogen flux. The suspen-
sion was kept at 370 °C for 40 minutes and then allowed to
cool to room temperature. The resulting black powder was sep-
arated by application of an external magnet, washed with
2-propanol, hexane and ethanol and finally dried under nitro-
gen flux.

2.4 Characterization techniques

Transmission electron microscopy (TEM, CM12 Philips
equipped with a LaBs filament operating at 100 kV) was
employed to determine morphology and size distribution of
the NPs. The mean diameter and the NP size distribution for
each sample were obtained by statistical analysis over more
than 100 NPs, using Image Pro-Plus software. Powder X-Ray
diffraction (XRD) data were recorded using a Bruker New D8
ADVANCE ECO diffractometer equipped with a Cu Ka
(1.5406 A) radiation source and operating in 6-¢ Bragg-
Brentano geometry at 40 kV and 40 mA. The measurements
were carried out in the range of 25-70°, with a step size of
0.03° and a collection time of 1 s. Elemental analysis was per-
formed in triplicate using a PerkinElmer Optima 2000
PerkinElmer Inductively Coupled Plasma Optical Emission
Spectrophotometer (ICP-OES) Dual Vision. The amount of
organic ligand on the surface of NHSs was determined by
CHN analysis with an Elemental Analyzer CHN-S Flash E1112
Thermofinnigan. X-ray Photoelectron Spectroscopy (XPS) inves-
tigation was carried out using a non-monochromatic X-ray
source (V.S.W. Scientific Instrument Limited model TA10, Mg
Ko radiation, 1253.6 eV), operating at 12 kV and 12 maA,
equipped with a hemispherical analyser (V.S.W. Scientific
Instrument Limited, model HA100). Powders were deposited
on a KBr disk and pressed to obtain a single pellet. XPS
spectra were analyzed with CasaXPS software: the inelastic
background was subtracted by means of the Shirley method>®
and the deconvolution of the XPS spectra was carried out
using the product of Gaussian and Lorentzian line shapes for
each component in the spectra. Calibration was performed
using the O 1s peak at 530.0 eV. Scanning transmission elec-
tron microscopy (STEM) images were acquired on a probe-cor-
rected Titan (Thermo Fischer Scientific), with a working
voltage of 300 kV. The microscope was equipped with a high
annular dark field (HAADF) detector for imaging (Fischione)
and an energy filter Gatan Tridiem 866 ERS (Gatan, Inc.) for
Electron Energy Loss Spectroscopy (EELS) mapping. The EELS
elemental maps were obtained by fitting the (x, y, E) spectrum
images by the model based technique,®’ to extract the intensity
of the O-K edge (at ~532 eV), the Fe-L, ; edge (at ~710 eV) and
Co-L, ; edge (at ~780 eV). The spectrum images were acquired
with probe convergence semi-angle a = 24.8 mrad and spectro-
meter collection angle semi-angle f = 51.3 mrad. See the ESI{
for details on the quantification procedure. In order to obtain
the crystalline structure of the different phases present in the
system, an image-corrected Titan3 (Thermo Fischer Scientific)
ultra-high resolution electron transmission microscope
(UHRTEM) was operated at 300 kV. Magnetic properties were
investigated using a Quantum Design MPMS SQUID magnet-
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ometer on randomly oriented pressed powder pellets. The field
was always applied parallel to the pellet plane. The Zero Field
Cooled/Field Cooled (ZFC/FC) procedure was performed apply-
ing a 5 mT probe field.

3. Results and discussion

Metal/ferrite NHSs were prepared by thermal decomposition of
2:1 mixed iron-cobalt oleate (1-FeCo(OL)) in the high boiling
solvent docosane (T, = 368.7 °C) in the presence of sodium
oleate and oleic acid. Fig. 1, left panel, shows a STEM image of
sample NHS-1 and the corresponding size distribution. The
sample consists of polydisperse NPs coated with ca. 4% w/w of
oleate surfactant, as evaluated by CHN Analysis, with an irre-
gular shape and an average diameter, estimated from the
largest dimension measured on each NP, of ca. 90 + 12 nm.

The XRD pattern (Fig. 1, right panel) indicates that
different crystallographic phases occur in the nanopowder.
Indeed, the peaks characteristic of the partially inverse spinel
structure of cobalt doped ferrite (black reference), hexagonal
and face-centered-cubic metal cobalt (red and blue references)
can be recognized. The peak at 26 = 45.1 degrees can be
indexed as arising from the diffraction plane (110) of the
cobalt-iron alloy (green reference). The Rietveld analysis of the
experimental pattern, detailed in Table 1, showed for the Fd3m
structure of CoyFe;_,O4 NPs an average crystal size of 41(1)
nm, with a lattice parameter a = 0.8397(1) nm. The metal
cobalt crystallized in the cubic (space group Fm3m) and hexag-
onal (space group P63/mmc) structures, with an average crystal-
lite size of 17(1) nm and 5(1) nm, respectively, while the
Co,_,Fe, alloy grains (cubic structure, Im3m) have an average
size of 12(1) nm and a = 0.2847(1) nm, which is consistent
with a Co:Fe ratio of ca. 1:1. The weight percentages of the
three crystallographic structures are 77(2)% for the ferrite,
13(2)% for the metal Co (mostly fcc with traces of hcp) and
10(2)% for the alloy.

Further information about the chemical composition of the
magnetic phases was obtained by XPS measurements. Since
the technique is surface sensitive, the NHS-1 powder was
pressed on top of a pre-consolidated KBr pellet and then sub-

|
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Fig. 1 (Left) A representative STEM image of NHS-1 NPs and the corres-
ponding size distribution as evaluated from TEM analysis (see also Fig. S1
in the ESI}); (right) experimental XRD pattern (red line) and reference
patterns of: EEEE CoFe,O, (JCPDS PDF #22-1086); mmmm hcp Co'®
(JCPDS PDF #89-7373); mmmm fcc Co'®, (JCPDS PDF #15-0806), and
I Co—Fe alloy, (JCPDS PDF #65-4131).

This journal is © The Royal Society of Chemistry 2020
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Table 1 Lattice parameters (a and c), average crystallite size (D) and
phase percentage obtained from Rietveld refinement of XRD patterns
and from the deconvolution of Co and Fe XPS peaks of NHS-1

XRD
XPS
Lattice Crystal Phase Phase
parameters size (D) percentage percentage
NHS-1 (nm) (nm) (%) (%)
Co (fcc) a=0.3546(1) 17(1) 11(2) 19(5)
Co (hep) a=0.2507(1)  5(1) 2(1)
¢ =0.4085(1)
Co-Fe a=0.2847(1) 12(1) 10(2)
alloy
Co,Fe; ,0, a=0.8397(1) 41(1) 77(2) 81(5)

jected to a series of ion beam etching and spectrum acqui-
sition cycles (removal of ca. 5 nm thickness per cycle) until a
constant spectrum profile was obtained (see Fig. S2, ESIT).
Once this condition is reached, the collected signal becomes
representative of the whole sample, independent of the
element distance from the NP surface. Fig. 2 reports the XPS
spectra in the Co and Fe threshold energy regions. The decon-
volution of the Co 2p;, peak (Fig. 2, left panel) revealed the
presence of three components, which can be attributed to
Co® metal (red peak at 778.2 eV)*" and to Co™ in octahedral
(Oh) and tetrahedral (Td) sites of the non-stoichiometric
CoyFe;_, O, (blue and green peaks at 780 and 782.4 eV, respect-
ively)®* and, at higher binding energy, a satellite peak (light
blue one at 784.7 eV). The Fe 2p;,, peak (Fig. 2, right panel)
was successfully deconvoluted by five components: the lowest
binding energy component at 706.7 eV (purple peak) was
attributed to Fe®*! while the three components at 708.9 eV
(green), 710.7 eV (blue) and 712.7 eV (red) were ascribed to
octahedral Fe™/Fe™ and tetrahedral Fe™, respectively.>* The
satellite peaks related to Fe™ and Fe™ were resolved as a
single peak at 715.3 eV (light blue).>***

The quantitative analysis of these signals, summarized in
Table 1, indicated the formation of 19(5)% of metal phase
(11% of Co® and 8% of Fe®) and 81(5)% of a spinel ferrite

Fell)(Th)

& Fel(Oh)

Co(Oh) Fe(sat)

CoW(Th) \
Co (sat)
L\

Fe("(Oh)

Intensity (arb. units)
Intensity (arb. units)

720 715 710 705 700
Binding Energy (eV)

795 790 785 780 775 770 735 730 725
Binding Energy (eV)

805 800

Fig. 2 XPS spectra of NHS-1 in the region of cobalt (left) and iron
(right). Spectra were recorded after four Ar ion beam etching cycles
(removing ca. 5 nm thickness per cycle). The Co 2ps,, peak was fitted
with four components: Co” metal (red peak), Co™ in octahedral (Oh)
and tetrahedral (Td) sites of the Co,Fes_,O4 (blue and green, respect-
ively) and a satellite peak (cyan). The Fe 2p3/, peak was deconvoluted by
five components: Fe'” metal (purple), octahedral Fe!'" (green) and Fe!",
(blue), tetrahedral Fe""” (red), and a satellite peak (cyan).

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (Left) STEM image of NHS-1 NPs; (right) EELS mapping of NHS-1
and distributions inside one NP of oxygen (O-K edge, red), iron (Fe-L; 3
edge, green) and cobalt (Co-L, 3 edge, blue).

doped with a very low content of cobalt, according to the
results obtained by Rietveld analysis of the XRD pattern.

With the aim to understand the structure of the synthesized
sample, the element distribution was examined through the
STEM-EELS technique. The STEM image of a single NP (Fig. 3,
left panel) showed the presence of well-defined areas with
higher brightness, probably corresponding to Co® and the
Co-Fe alloy, and regions with lower brightness, corresponding
to the metal oxide. The STEM-EELS mapping confirmed this
hypothesis, depicting an overlapped distribution of oxygen
and iron (Fig. 3, right panel) in the darker areas, while cobalt
was inhomogeneously distributed, with a much higher percen-
tage in the bright areas of the STEM image. From EELS
measurements, it was harder to discriminate the presence of
metallic Fe® due to the high amount of Fe from both the
spinel ferrite phase and the oxide shell.

STEM images and EELS data therefore indicated that the
NPs can be described as heterodimers comprising iron and
cobalt in the metal state and a Co-poor spinel ferrite.
Moreover, they suggested that the metal is covered by a very
thin metal oxide layer (ca. 3 nm), whose presence justifies the
long-time stability of the NPs. This was confirmed by an in-
depth STEM-EELS analysis of the metal Co surface (Fig. 4 and
Fig. S4 in the ESIY).

The sub-nm resolved EELS mapping performed on a 5 nm
thick layer of the NHS-1 NP surface highlighted the chemical
composition of the shell. In the most external part of the shell
(region 1), ca. 1 nm of thickness, the percentage of iron and
cobalt was 60(6)% and 40(4)%, respectively. Moving deeper
inside the NP, the amount of iron decreased progressively
until it was no more detected close to the metal core (region
6). Thus, we can conclude that the oxide surrounding the
metal is a quasi-stoichiometric cobalt ferrite. The other phase
has a composition close to that of magnetite, with a very low
amount (y < of 0.04) of cobalt.

In order to better understand the crystalline structure of
the NHS, HRTEM images were acquired and their local Fast
Fourier Transformation (FFT) was analyzed. In Fig. 5I, the
image of a NP of NHS-1 is shown as representative of the
whole powder sample. Two parts with spherical and cubic
morphology can be distinguished. The corresponding magnifi-

Nanoscale, 2020, 12,14076-14086 | 14079
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Fig. 4 (a) STEM image of NHS-1 NP and (b) magnification of the shell region (5 nm thickness) from the red square in (a). (c) EELS color mapping of

the selected green region (ca. 3 x 6 nm) in b panel; this area was chosen as representative of the shell at the metal surface, where the blue and
green spots refer to cobalt and iron, respectively. (d) Normalized EELS spectra related to the regions in the EELS color map. The peaks at 708 eV and
779 eV correspond to the L, 3 edge of iron and of cobalt, respectively. In the outer surface (region 1 in c), it is possible to distinguish both iron and
cobalt edges (intensity 60(6)% and 40(4)%, respectively). Moving towards the inner side (regions 2—6), the iron signal decreases until it disappears
(region 6).

[-112], ¢

Fig. 5 (I) HRTEM image of a NHS-1 NP, where 3 regions (a—c) are selected: a and b correspond to metal and ferrite cores, respectively, while the
region c to the shell around the metal core; (Il) enlargement of the selected regions in [; (lll) FFT analysis of the regions a, b, and d (yellow square in
c) showing the presence of different crystallographic structures: the labelled spots are related to crystallographic planes that can be indexed as: (a’)
fcc metal phase (Fm3m), in zone axis [011]lco.-rcc (b") cubic spinel structure (Fd3m), [011]spinet and (d) metal (white) and cubic spinel oxide (green)
phases, [01-1]spine and [-112]co-rcc; the presence of both phases confirms a sharp interface.

cations (a and b, respectively), together with the one related to
the outer shell of the spherical part (c), are shown in Fig. 5II.
The FFT analysis, performed on a and b, revealed the presence
of the fec-structure of metal cobalt (Fig. 5III-a’) and of the
cubic spinel structure of CoyFe;_,0, (Fig. 51II-b’). The FFT per-
formed on the selected region of the outer metal shell (d in

14080 | Nanoscale, 2020, 12,14076-14086

Fig. 51I-c) showed the coexistence of spots related to both the
fec cobalt and the spinel ferrite (Fig. 511I-d’), confirming the
presence of an interface between the two phases. Altogether
this information indicated that NHS-1 comprises two com-
ponents, a faceted spinel ferrite and a metal core, the latter
being surrounded by a highly crystalline, thin ferrite layer.

This journal is © The Royal Society of Chemistry 2020
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The magnetic properties of NHS-1 were first investigated by
the measurement of the hysteresis loops at 5 K and 300 K
(Fig. 6, left panel). In both loops, a single step magnetization
reversal process was observed, as generally expected for
strongly exchange coupled magnetic phases. The Mg values at
300 K and 5 K, extrapolated from the high field data, were 114
A m® kg™' and 116 A m”> kg™', respectively. The remanence,
My, increased from 43 A m”> kg™" up to 66 A m”> kg™ " and the
coercive field from 0.04 T to 0.16 T when decreasing tempera-
ture from 300 K to 5 K.

The temperature dependence of the magnetization (Fig. 6,
right panel) measured after ZFC and FC procedures displayed
magnetic irreversibility up to the largest investigated tempera-
ture (340 K). Interestingly, no traces of any magnetic ordering
transition appear in the ZFC and FC magnetization curves,
confirming the absence of antiferromagnetic species such as
iron or cobalt monoxides. A kink is however observed at ca.
120 K, which can be attributed to the Verwey transition.*® This
observation confirmed that the oxide phase is mainly magne-
tite with a very low percentage of Co™ in the lattice. Indeed, as
reported by Abellan et al., the Verwey transition in CoyFe;_,0,
disappears when y is larger than 0.04.>° In our NHSs, the pres-
ence of metal phases strongly increases Mg (30% more at room
temperature) and the coercive field (90% more) with respect to
those of magnetite NPs (for example, 42 nm magnetite NPs
exhibit Mg = 89 A m* kg™" and poHc = 0.021 T, at room temp-
erature).”” It is interesting to note that when the hysteresis
loop was measured at low temperature (5 K) after a 5 T FC pro-
cedure, no evidence of exchange bias occurred. Such obser-
vation allows us to exclude the presence of any surface spin
coupling effect arising from ferro-(ferri-)/antiferro-magnetic
interfaces or magnetically disordered shells in our NPs.

Despite the relatively large remanence value, the NPs in
NHS-1 are still too soft to be used as building blocks for PM.
In fact, the BH,,y, evaluated after rescaling the magnetization
for the volume estimated from the phase densities obtained
from XPS and using the demagnetization factor (N = 0.1)*® to
take into account the internal field of the pellet, was 8 k] m™>.
Although the proposed synthesis method proved to be an
efficient route to obtain a metal/ferrite exchange coupled
nanostructure, designing a system with enhanced BH,ay,
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Fig. 6 (Left) Hysteresis loops of NHS-1 measured at 300 K (black) and

5 K (red); the magnification of the low field region is shown in the inset;
(right) temperature dependence of the magnetization recorded after
ZFC and FC procedures, applying a constant field of 5 mT.
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Fig. 7 STEM images and particle size distributions of NHS-2 (left) and
NHS-3 (right). The size distributions are evaluated from TEM images (see
Fig. S1, ESI}) considering the length of the elongation axis.

exploitable for practical applications, requires the increase of
the magnetic anisotropy of the spinel ferrite component. This
can be accomplished by increasing the amount of Co™ ions in
the O sites of the spinel lattice. To this aim, the synthesis was
repeated starting from two Co-richer mixed metal oleate com-
plexes, 2-FeCo(OL) and 3-FeCo(OL), with a Fe: Co ratio of 1:1
and 1:2, respectively. The two precursors were prepared fol-
lowing the same synthetic strategy reported in the
Experimental section for 1-FeCo(OL).

In Fig. 7 the STEM images and size distributions of the two
obtained samples, NHS-2 (left) and NHS-3 (right), are shown.
For both samples, it is possible to distinguish heterodimeric
NPs with a mean size of about 40 + 6 nm and 70 + 10 nm for
NHS-2 and NHS-3, respectively, and narrower size distribution
compared to NHS-1 (+12 nm).

STEM images suggested that increasing the amount of
cobalt in the bimetallic precursor leads to an evolution of the
NPs’ shape to a more elongated heterodimeric architecture.
XRD patterns of both samples are shown in Fig. 8, and, simi-
larly to that of NHS-1, they exhibit diffraction peaks corres-
ponding to the inverse spinel structure of cobalt ferrite, and to
metal cobalt and the cobalt-iron alloy.

The data obtained from the Rietveld refinement of the
experimental XRD patterns are reported in Table 2. It is
observed that increasing the concentration of Co in the mixed
metal precursor leads to a decrease of the amount of spinel

A (" A | NHS-1
NHS-2

\ A
SRS, TS V" NSO Y...o0

Intensity (arb. units)

| ‘I|I|‘| L 1.
40 50 60

30 70

Scattering angle (26)

Fig. 8 XRD patterns of NHS-2 (black line) and NHS-3 (red line) NPs
compared with NHS-1 (blue line). Reference bars are related to: I
CoFe,0,, (JCPDS PDF #22-1086); mmmm hcp Co® (JCPDS PDF #89-
7373); mmmm fcc Co'®, (JCPDS PDF #15-0806), and mmmm Co-Fe alloy,
(JCPDS PDF #65-4131).
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Table 2 Lattice parameters (a and c), average crystallite size (D) and phase percentage obtained from Rietveld refinement of XRD patterns and from

the deconvolution of Co and Fe XPS peaks for NHS-2 and NHS-3

XRD

Lattice parameters (nm)

Crystal size (D) (nm)

XPS

Phase percentage % (w/w) Phase percentage % (w/w)

NHS-2

Co (fec) a=0.3541(1) 16(1)

Co (hep) a=0.2510(1) 15(1)
¢=0.4079(1)

Co-Fe alloy a=0.2846(1) 13(1)

CoyFe;_,04 a=0.8389(1) 22(1)

NHS-3

Co (fec) a=0.3541(1) 21(1)

Co (hep) a=0.2506(1) 19(1)
¢=0.4104(1)

Co-Fe alloy a=0.2850(1) 16(1)

CoyFe;_,04 a=0.8389(1) 22(1)

ferrite with respect to the metal phases. The weight percen-
tages (% w/w) of the oxide and metal species were also esti-
mated by fitting the XPS data (see Fig. S3, ESI{), obtained for
both samples, following the procedure described for NHS-1.
The results (Table 2) indicate the formation of 61% and 56%
of Co-doped ferrite of average composition CoyzFeqsFe; 00,
and Cog 4Feg ¢Fe, 00,4, for NHS-2 and NHS-3, respectively. The
remarkable agreement between XRD and XPS data underlines
the validity of the approach used to extract quantitative infor-
mation of the overall composition of the NPs from a surface
sensitive technique as XPS.

Therefore, increasing the amount of cobalt in the bimetallic
precursor FeCo(OL) leads to a larger amount of metal species
and to a Co-richer spinel ferrite. This, in turn, is expected to
modify the magnetic properties of the resulting NHSs, such as
the disappearance of the Verwey transition in the ZFCFC
measurements due to the larger amount of Co in the spinel
lattice (Fig. S5, ESIf). In Table 3, the magnetic parameters
extracted from the hysteresis loops recorded at low and room
temperature (Fig. S6, ESIt) are reported. The data obtained at
room temperature showed an increase with respect to NHS-1
both in M (9% for NHS-2 and 14% for NHS-3) and in Mg (23%
and 39%, respectively). Considering the bulk magnetization
values of the Co-Fe alloy (Mg = 245 A m* kg™),"® fcc and hcp
Co, (160 A m* kg™),* magnetite (92 A m*> kg™")” and cobalt
ferrite (80 A m” kg™'),"* and the weight percentage obtained
from XRD measurements, average Mg = 114, 136, and 122 A m>
kg™ are estimated for NHS-1, NHS-2 and NHS-3, respectively.

10(2) 39(5)
4(2)

28(3)

58(2) 61(5)
19(2) 44(5)
13(2)

10(3)

58(2) 56(5)

These values are in good agreement with the experimental
ones (Table 3). The difference observed for NHS-2 and NHS-3
(ca. 7%) can be ascribed to variation in the alloy composition.
The increase of coercivity of NHS-2 and NHS-3 with respect
to that of NHS-1 is related to the magnetic anisotropy enhance-
ment due to the larger amount of Co™ in the CoyFe;_,0,
lattice and of hcp Co'®. The effective magnetic anisotropy of
the hybrid NPs, indeed, is proportional to the HcMs product
and increases along the series, doubling for NHS-3 the value
of NHS-1, the one with the lowest Co™ amount. The hysteresis
loops display a single step magnetization reversal process, in
the same way as NHS-1. This result is unexpected when theore-
tical predictions for spring magnets are considerded.® The
latter suggest that in a bilayer 2D system, when the size of the
soft component exceeds 2-3 times the exchange length of the
hard phase, the magnetic phases are decoupled.*®*" However,
the application of this theory to NHSs has not been validated
yet. Quesada et al.*® investigated the magnetic properties of
CoFe,0,~CoFe composites of NPs with core@shell mor-
phology, where the size of both phases is above the exchange
length and below the single domain size. The authors demon-
strated that even a weak coupling between the soft and hard
phases can give rise to single step loops with reduced coerciv-
ity with respect to that of the hard phase. Similarly, in the
present systems, the size of all the components is below their
respective single domain critical values (110 nm for Acp Co,
120 nm for cobalt ferrite, 70 nm for fcc Co, and ca. 50 nm for
Co-Fe alloy),”** and above the exchange coupling length

Table 3 Saturation magnetization, Ms, remanence, My (reduced remanence R% in brackets) and coercivity, uoHc, at 5 and 300 K for NHS-1, NHS-2
and NHS-3. Maximum energy product, BH .« evaluated at room temperature. The magnetic values are normalized to the weight of the inorganic

component
5K 300 K
Sample ~ Ms(Am’kg™)  Mp(R%)(Am’kg™)  woHc(T)  Ms(Am’kg™)  Mp(R%)(Am?kg™)  uoHc(T)  BHma (m™)
NHS-1 115 66 (57%) 0.16 114 43 (38%) 0.04 8
NHS-2 131 80 (61%) 0.20 127 53 (42%) 0.05 14
NHS-3 132 79 (60%) 0.20 130 60 (46%) 0.07 19
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(3-5 nm). Therefore, we can hypothesize that the exchange
coupling between metal phases in the core is strong, while the
coupling between the core and its oxide shell is weak, giving
rise anyway to a collective reversal process.

Changing the cobalt concentration in FeCo(OL) precursors,
we were thus able to tune the percentage of the metal phase
and the hardness of the ferrite. Accordingly, BH,,,x increased
from 8 (NHS-1) up to 19 (NHS-3) k] m™>, demonstrating the
effectiveness of the proposed approach in increasing the
energy product. It is worth noting that this BHy,.x value is
almost two times larger than those previously found for other
CoFe,04/CoFe, nanosystems*®*® and among the highest
reported for non-oriented rare-earth free nanostructures.'™**
Moreover, it is comparable to the energy product of some
strontium ferrite-based commercial magnets.

It is also important to stress that thanks to the passivation
of the metal phase with the highly crystalline spinel oxide,
which allows metal preservations, these heterodimeric systems
are highly stable in the air atmosphere over a long time. After
one year of exposure to air, no variation of the structural and
magnetic properties was indeed observed (Fig. S8 and S9,
ESIT). This feature, which is important from the point of view
of application, is not trivial as Co and FeCo based nano-
structures are commonly reported to be unstable upon oxi-
dation when exposed to air for a long time.'**¢2643

The chemical and structural characterization unambigu-
ously demonstrated that the one step synthesis presented here
produces NHSs comprising exchange coupled metal and
spinel ferrite phases, resulting in a high remanence nano-
system. The system was obtained starting from a mixed iron
cobalt precursor decomposed at high temperature in doco-
sane, in the presence of oleic acid and sodium oleate. This
points out an important difference with respect to standard
synthetic approaches based on thermal decomposition of
mixed iron cobalt oleate, which lead to monoxides species, or
less commonly, to ferrite or complex hybrids.**™° Here, we
succeeded in the reduction of part of the metal precursor to
the metal state, and we did not observe the presence of the
antiferromagnetic monoxide. We attributed these to the high
amount of NaOL used in the synthesis. It is indeed well docu-
mented that NaOL plays a key role in the thermal decompo-
sition reaction. For example, it has been reported that the pres-
ence of NaOL can induce preferential crystal growth along pre-
determined directions and allow the morphology control of
iron oxide NPs.>'™* The latter was justified by the influence of
the cation on the interaction between the carboxylic group and
the various crystallographic faces of the oxide, resulting in the
control of the surface energy of the NPs. In our case, we
believe that the high amount of NaOL used (the NaOL : FeCo
(OL) ratio is 1:1) can determine, under the synthetic con-
ditions adopted (temperature and reactant molar ratio), an
increase of the reducing strength of the reaction medium,
allowing the reduction of transition metal cations Fe™ and
Co"™ down to the metal state.

The fundamental role of NaOL as a reducing agent was
highlighted by performing four syntheses using a variable

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

ratio between OA and NaOL, while keeping the precursor to
surfactant ratio constant (see ESI, Table S1,} for details of the
synthesis). XRD patterns of the obtained samples are reported
in Fig. 9 and clearly show how the formation of the metal
phase critically depends on the NaOL concentration. Indeed,
as expected from the literature data, the synthesis with 1-FeCo
(OL) and oleic acid alone led to the formation of mixed iron-
cobalt monoxide (red line). Interestingly, a pure monoxide
phase was also observed when the synthesis was carried out
without any kind of surfactant, ie. using 1-FeCo(OL) alone
(Fig. 9, black line). Increasing the NaOL to OA molar ratio to
1:9, it was possible to observe the growth of the spinel ferrite
phase (blue line) and, for larger values (1:1, green line), the
full disappearance of the rock salt oxide with the formation of
metal phases. The synthesis carried out with only the precur-
sor and NaOL (purple line) led to the crystallization of the
ferrite and metal phases. These results showed how the pres-
ence of NaOL is fundamental for obtaining a metal phase and
providing, at the same time, a simple and effective method to
control the spinel ferrite to metal ratio.

It is worth noting that also the use of a mixed metal oleate
precursor has an influence on the composition of the final
product. Indeed, repeating the synthesis using only one mono-
metallic precursor (Fe(OL) or Co(OL)) in the presence of OA
and NaOL (molar ratio 1:1), the XRD pattern of the obtained
NPs displayed the presence of a pure wiistite phase (FeO) when
starting from Fe(OL); conversely, when pure Co(OL) was used,
a mixed system comprising CoO and metal cobalt Co® was
obtained (Fig. S7, ESIf). Therefore, we can conclude that both
the presence of cobalt in the precursor and that of NaOL in
the synthetic medium are essential for obtaining the metal
species.

To better understand the formation mechanism of the
metal/ferrite NHSs, we investigated the evolution of the crystal-
lographic phases with the reaction time. To this aim, four

| 1-FeCo(OL) + 100% NaOL
1-FeCo(OL) + 50% OA + 50% NaOL

‘h‘ 1-FeCo(OL) + 90% OA + 10% NaOL
TR P | S v DU (S, P

1-FeCo(OL) + 100% OA

Normalized
Intensity (arb. units)

A 1-FeCo(OL)
/ A

30 40 50 60 70
Scattering angle (20)

Fig. 9 XRD patterns of samples obtained using a different NaOL : OA
ratio in the synthetic process: 100% OA (red line), 90% OA and 10%
NaOL (blue line), 50% OA and 50% NaOL (green line) and 100% NaOL
(purple line). The black bottom pattern corresponds to the powder
obtained by using 1-FeCo(OL) only. Reference bars are related to:
CoFe;04, (JCPDS PDF #22-1086); mmmm CoO (JCPDS PDF #71-1178);
mmm hcp Co'® (JCPDS PDF #89-7373); mmmm fcc Co'®, (JCPDS PDF
#15-0806), and mmmm Co-Fe alloy, (JCPDS PDF #65-4131).
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Fig. 10 XRD pattern of nanopowders prepared by increasing the reac-
tion time: 10’ (black), 25’ (blue), 45" (red) and 300" (green). Reference
bars are related to: Il CoFe,O,, (JCPDS PDF #22-1086); mmmm CoO
(JCPDS PDF #71-1178); mmmm hcp Co'® (JCPDS PDF #89-7373); mmmm
fcc Co'®, (JCPDS PDF #15-0806), and mmmm Co-Fe alloy, (JCPDS PDF
#65-4131). The black asterisks (*) indicate the peaks attributed to the
cubic spinel structure, the magenta dollars ($) those of the monoxide
phase, the blue pounds (#) of fcc Co, the red crosses (+) of hcp Co and
the orange circles (o) of the cobalt—iron alloy.

different syntheses were carried out following the procedure
described in the Experimental method section, changing only
the dwelling time at reflux. The XRD patterns (Fig. 10) showed
the formation, after 10 minutes at 370 °C, of three species: a
ferrite (denoted as * in the figure) with lattice parameter a =
0.840 nm, cobalt-iron monoxide ($, Co;_,Fe,O) with a very low
content of iron (¢ = 0.427(1) nm) and fcc Co® (#). The
Co,_,Fe,O disappeared after 25 minutes of reaction, the only
phase observed being metal fcc cobalt and a spinel ferrite. On
increasing the time at 370 °C up to 45 minutes a decrease of
the lattice parameter value of ferrite (a = 0.837 nm) suggested
the increase of cobalt content in the spinel lattice, while the
crystal structure of Co® evolved from cubic to hexagonal (hcp,
+) and a small amount of cobalt-iron alloy formed (©). When
the reaction time was further increased up to 300 minutes,
only reduced species appeared, according to the XRD pattern,
the predominant one being the Co-Fe alloy, with a minor
amount of Zzcp Co.

The obtained results can be explained by considering the
extreme conditions of the reaction media in terms of tempera-
ture and redox strength, which allow the total transformation
of the monoxide species in metals and spinel ferrite during the
first 25 minutes. We can in fact hypothesize a mechanism of
reaction as that reported in Scheme 1. The first two reactions
that occur in the media are the release of Co™ and Fe™ by the
oleate (black arrows). The decomposition of oleic acid and
sodium oleate, in large amount and under an inert atmo-
sphere, leads to a high concentration of reducing species as
hydrogen (H,) and carbon monoxide (CO), which allow the
partial reduction of Fe™ to Fe! and the combination of
cobalt and iron divalent cations to form a mixed rock-salt mon-
oxide (Co,;_,Fe,0) and, with other Fe!" ions still available in
solution, the ferrites (Fe;0, or Co,Fe;_,0,4) (red arrows). The
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Scheme 1 Evolution of the composition of the final NHSs as a function
of the dwelling time: the decomposition of the mixed Co—Fe precursor
and the resulting reducing conditions lead to the simultaneous presence
of metal atoms at different oxidation states, whose relative amount
depends on the reaction time. Colored arrows indicate the phases found
at different reaction times (green, red, blue and yellow correspond to 10,
25, 45 and 300 minutes, respectively).

*

further step is the reduction of Co™ down to the metal state.
This process can be activated by the mixed mono-oxide. It is
indeed well known and largely reported in the literature®°
that cobalt monoxide plays a role as a activator in the oxidation
of CO to carbon dioxide (CO,). According to this scheme, after
10 minutes of reaction Co-rich Co,_,Fe,O, CO§11>Fe§IE)yFe(21H>04
and fec Co® NPs are found in the reaction medium (for TEM
images and magnetic measurements see Fig. S11a in the ESIf).
After 25 minutes (Fig. S11b, ESIt) the reduction of the cobalt in
the monoxide is complete and fcc Co® starts to transform in
hcp, which is the most thermodynamically stable Co phase at
the reaction temperature (green arrows). The reduction process
of Fe™ to Fe(® is slower than the one involving the cobalt, and
the formation of the cobalt-iron alloy was observed only after
45 minutes (blue arrows). This is probably due to the lower
reduction potential of Fe™ under the experimental conditions
adopted, which makes its reduction possible only when the
initial Co™ concentration has significantly reduced. The
reduction process goes further on, until, after 300 minutes
most of the metal precursors have transformed in the cobalt-
iron alloy, with a minor amount of 4cp Co (orange arrows).

Our experimental results unambiguously demonstrate that
the presence of NaOL is essential to make the proposed reaction
scheme effective. In the literature, it is reported that the partial
substitution of OA with NaOL is an effective route to reduce the
amount of H,0 and CO, in the reaction medium, released
during the condensation via heterocyclic cleavage of OA
(ketonic decarboxylation).””*® In our synthesis, OA and NaOL
are present in the same molar ratio; thus, we cannot exclude
that the ketonic decarboxylation reaction partially occurred and
then water was released. The water in the mixture can interact
with the Na® cation of NaOL and increase the amount of OL™
available in the reaction medium. Moreover, the carboxylate
group of this oleate has a stronger affinity for the surface of the
metal monoxide®® than OA. In the thermal decomposition syn-
thesis, metal ions from smaller NPs are usually re-dissolved to
reprecipitate forming bigger particles.’®®' In our case, the large
amount of OL™ available can modify the dissolution/precipi-

This journal is © The Royal Society of Chemistry 2020
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tation process of the metal ions from the initial Co-Fe monox-
ide NPs, stabilizing the re-dissolved metal ions as organo-metal-
lic complexes. These complexes in solution are Co(OL), and Fe
(OL),, which partially undergo the decarboxylation reaction
leading to the formation of H,, CO,, radical alkenes and “free”
metal ions.>® The latter are more prone to reduction by the
reducing species occurring in the reaction medium than metal
ions enclosed in the oxide. The proposed mechanism supports
the presence of NaOL as stabilizing and reducing agents, as
essential for obtaining metal/ferrite NHSs by this one-pot
thermal decomposition synthesis. Finally, we would like to note
that the heterodimeric morphology of the final product sup-
ports the proposed mechanism.

4. Conclusions

Summarizing, we reported here a one-pot thermal decompo-
sition synthesis for obtaining metal/ferrite NHSs with very
high saturation magnetization and large remanence and coer-
civity. The thorough investigation of the mechanism of the
proposed synthesis approach as a function of the amount of
stabilizing agents, of the nature of the metal precursors and of
the decomposition time, allowed us to identify the key role
played by NaOL at different steps of the reaction, down to the
formation of the metal/ferrite NHSs. NaOL, indeed, does not
enter the reaction pathway as a stabilizing agent only, but it is
fundamental for the reduction of the mixed metal precursor
down to the metal state, too. Moreover, the increase of the
cobalt content in the Co-Fe oleate precursor caused the evol-
ution of the NP shape, leading to a more elongated heterodi-
meric architecture, and to a modification of the relative
amount of metal and spinel ferrite phases. Overall, these
results suggest that the control of the relative amount of metal
oleates (FeCoOL and NaOL) is a simple and efficient tool for
tuning the hardness of the final NHSs. As an example, here we
showed how, playing with these parameters, it is possible to
more than double the BH,,,, at room temperature, from 8
(NHS-1) up to 19 (NHS-3) k] m™>. This value, which is compar-
able to that of some commercial Strontium ferrite based
magnets, can be further and consistently improved by increas-
ing the amount of Co™ ions in the spinel lattice. Finally, it is
worth stressing that unlike most of the metal/spinel ferrite
NHSs prepared so far, the presence of a very thin, highly crys-
talline, quasi-stoichiometric cobalt ferrite shell surrounding
the metal makes the NHSs highly stable in the air atmosphere
for a very long time, which is crucial for further technological
applications. No modification of the magnetic properties of
our NHSs was in fact observed over more than one year.
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