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ABSTRACT: Magnetic nanoparticles (MNPs) have received great attention during the last two decades thanks to their
potential uses in various application fields such as high-density recording media, magnetic separation and biomedical
domains. In this work we focus on the exploratory synthesis of cobalt ferrite and iron-cobalt nanoparticles through thermal
decomposition wet-chemical pathways. Several parameters were examined in order to elucidate their impact on the
composition, morphology and magnetic behavior of the produced nanomaterials. A range of metallic precursor types is first
investigated, with a subsequent focus on the case of acetylacetonate salts. In addition, the reduction of CoFe,0, to FeCo by
employing a salt-matrix annealing stage is explored. Polyol and H,-mediated methods are utilized to prepare FeCo alloy NPs
in a direct manner. Multi-core nanostructures were also synthesized, which are very promising for magnetic resonance
imaging and magnetic hyperthermia (MH) applications. The post-synthesis thermal treatment helped to convert ferrites to
iron-cobalt alloy, with the expense of significant particle size increase and aggregation. Alloy particles formed in one-pot way
by polyol routes had > 100 nm size and hexagonal shape, while hydrogen-assisted reduction led to monodisperse ~ 30 nm
NPs with remarkable MH activity.

1. Introduction nm. However, the critical size of CoFe,0, for
superparamagnetic behavior is below 10 nm (around 5
nm), due to its large magnetocrystalline anisotropy.'® In
addition, the superparamagnetic behavior of such NPs is
compositionally dependent. Fantechi et al studied the
influence of cobalt doping on Fe30,. When x = 0.4-0.6, the
as-prepared 8 nm NPs are superparamagnetic at
temperatures higher than room temperature.'® FeCo alloys
are soft magnetic materials demonstrating a body-centered
cubic (bcc) structure. They exhibit the highest My among
any other magnetic material (bulk Mg: 240-245 A.m?/kg,
while bulk M; of Fe, Co, Fe;0,, y-Fe,;03 and CoFe,0,are 218,
161, 92, 80 and 80-85 A.m?/kg respectively). Moreover, Co

The unique characteristics of magnetic nanoparticles
(MNPs) arise from the fact that these magnets demonstrate
in the nanoscale different properties compared to their bulk
counterparts, due to the higher surface-to-volume ratio.
MNPs are suitable for environmental and theranostic
applications, among other fields. For instance, they can
combine diagnosis (magnetic resonance imaging, MRI) and
therapy (magnetic hyperthermia for cancer treatment, MH).
Among various nanoparticle types, magnetite (Fe;0,) and
maghemite (y-Fe,03) have been extensively studied during
the last few decades. Research in the field is ongoing with

other promising materials gaining increasing attention,
such ;ﬁs dopedgferrites M ie Og M: coba%t 12 zinc34 is the only element that increases the M when alloyed with
- xI'€3.xYy4, . ) y

manganese,56 magnesium’?), zerovalent iron® and Fe (55-65% Fe). Qf course, Variati(')ns. in the. composition
alloys!12 (Fe-Co, 131 Fe-Pt,1516 Ni-Col” and others). and particularly in the Fe/Co raFlo in ferrlt.e and allqy
nanostructures cause an alteration of their magnetic
properties, like in the bulk.2? These remarkable properties
of FeCo NPs in superparamagnetic regime (typically below
10 nm), in conjunction with their high heating rate?! ensure
high potential for biomedical applications, such as MRI and

Cobalt ferrite (general formula: Co,Fes;,0,) exhibits an
inverse spinel structure in which all Co?* ions are located in
octahedral sites (B sites) and Fe® ions are equally
distributed between tetrahedral (A sites) and B sites.
Typically, ferrites have a superparamagnetic size limit of 10
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especially MH. The synthesis of FeCo NPs though is quite
tricky due to their poor chemical stability.

There is a vast number of methods used for the production
of MNPs,2223122426 A comparison of the main synthetic
approaches is presented in Table 1. Among these, co-
precipitation and thermal decomposition are the most
common synthetic routes, while polyol method is
frequently reported in the literature. Co-precipitation
concerns the synthesis of MNPs from inorganic salts in
alkaline conditions. It is a simple, fast and efficient chemical
method and leads to one-step generation of water
dispersible particles. By adjusting the pH, the particle size
can be controlled relatively easily. However, the particles
synthesized by this method suffer from poor crystallinity,
which worsens the magnetic properties of the crystals. They
also show a partial tendency for agglomeration. Thermal
decomposition route has to do with the synthesis of MNPs
via decomposition of organometallic precursors in the
presence of surfactants (e.g. oleic acid, oleylamine and other
usually hydrophobic molecules), in high boiling point
organic solvents. This method results in the formation of

View Article Online
) . ) DOI: 10.1039/D5NRO1089F
highly crystalline and monodisperse NPs with very good

control over size and shape. In the case of ferrite
nanoparticles, Rinaldi and co-workers studied the role of
different inert gases such as Ar and N, as well as molecular
oxygen during thermal decomposition synthesis aiming to
produce NPs with controlled oxidation, dimensions and
magnetic properties.?’ Actually the particles produced by
thermal decomposition are often hydrophobic and hence
further surface modification is needed to render the
particles hydrophilic and then suitable for biomedical
applications. Other drawbacks include the use of high
temperatures and organic solvents, which are not always
easy to wash out and fully remove from the particle surface.
Polyol method utilizes glycols (molecules with more than
one hydroxyl group), such as ethylene, di-, tri-, tetra-
ethylene glycol, which serve as solvents, surfactants and
mild reducing agents at the same time. The resulting
nanocrystals are hydrophilic, but polyol pathways are
considered less effective when aiming to fine-tune the size
and shape of NPs compared to thermal decomposition.

Table 1. Comparison of the main synthetic methods used to produce MNPs?

Page 2 of 21

Method Reaction and conditions Reactu:n temp. Reac.t lon . S_1ze . Shape Yield
[°C] period distribution control
Co-precipitation Very simple, air/water 20-150 Minutes Rs;it;;,\?\}y Not good High/scalable
Thermal decomposition Complicated, inert atmosphere 100-350 Hours-days Very narrow Very good High/scalable
Hydro- or solvc?thermal Simple, high pl_“essure/not 150-220 Hours-days Very narrow Very good High/scalable
synthesis always inert
Sol-gel and polyol method Complicated, RT to higher T 25-200 Hours Narrow Good Medium
Microemulsion Complicated, not always inert 20-80 Hours Narrow Good Low
Sonolysis or sonochemical Very simple, not always inert 20-50 Minutes Narrow Bad Medium
method
Microwave-assisted synthesis  Very simple, not always inert 100-200 Minutes Medium Good Medium
Biosynthesis Complicated, not always inert Room temp. Hours-days Broad Bad Low
Electrochemical methods Complicated, often in air Room temp. Hours-days Medium Medium Medium
Aerosol/vapor methods Complicated, inert atmosphere >100 Minutes-hours ng:;’a}y Medium High/s

In the case of the synthesis of metal (Fe, Co, Ni, Pd) or
bimetallic particles (FeCo, FePt, FeNi) some alternative
synthetic approaches can be adopted. Fe and FeCo NPs were
produced by thermolytic reduction of metal salts in high
boiling point solvent, using strong reducing agents (such as
lithium triethylborohydride?® or hydrazine??). Desvaux et al.
have reported the synthesis of FeCo NPs in sealed
pressurized vessels (Fischer Porter bottles) in the presence
of hydrogen gas,'33%31 while Robinson et al studied the
synthesis of magnetic alloys by thermal decomposition of
bimetallic precursors, instead of using two individual
precursors.3? Finally, Wang et al have published the
synthesis of FeCo alloys by interfacial diffusion of Co/Fe
core/shell NPs.33 In this manuscript we study the synthesis
of cobalt ferrite and iron-cobalt alloy NPs through thermal
decomposition, polyol and hydrogen-assisted routes.
Following a well-designed variation of parameters such as

precursors, surfactants and annealing conditions, useful
insights on how the employed pathways affect the resulting
nanoparticle features, such as composition, morphology
and magnetic properties were gathered. Even though we
used colloidal chemistry for our synthetic approach, which
is not an uncommon method for magnetic nanoparticles,
the combination of the specific chemical protocols and
pathways that we report here have not been published
elsewhere. This study allowed us to produce nanoparticles
of interest for the biomedical field. The heating efficiency of
selected alloy particles is then presented as a first step
towards their use in MH applications.

2. Materials and methods

Unless otherwise stated, all reagents and solvents, apart
from iron(Ill) oleate (Fe(ol);) and cobalt(Il) oleate
(Co(ol);), are commercially available and were used

2
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without further purification. Iron(III) acetylacetonate
[Fe(acac)s, 99+%], cobalt (II) acetylacetonate [Co(acac),,
99%], iron (II) chloride tetrahydrate [FeCl,.4H,0, 99+%)],
ethylene glycol (EG, 99+%), mesitylene (99+%) and
oleylamine (OAm, 80-90%) were obtained from Acros
Organics. Iron pentacarbonyl [Fe(CO)s, 99.99%], ferrocene
(98%), iron(IIl) chloride hexahydrate [FeCl;.6H,0, 99%],
cobalt (II) acetate tetrahydrate [Co(CH5C00),.4H,0,
99.999%], 1,2-hexadecanediol (HDD, 90%), dioctyl ether
(99%), oleic acid (OAc, 90%), sodium hydroxide (NaOH,
pellets) and sodium chloride (anhydrous, 99+%, free
flowing), hexadecylamine (98%) and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[amino(polyethylene
glycol)-2000] (ammonium salt) were purchased from
Sigma-Aldrich. Co(N(Si(CHz)3)2)2, ie. di-
bis(trimethylsilyl)amido cobalt (II) was purchased from
NanoMeps. Sodium oleate (97%), cobaltocene, hexane and
absolute ethanol were bought from TCI, Alfa Aesar, Fluka,
and Haymankimia respectively. Tetrahydrofuran (THF,
99+%) was purchased from Carlo Erba. Methanol (2 99.8%)
was bought from VWR, UK. The synthesis of Fe(ol)s) and
Co(ol), was performed according to a common procedure
reported in the literature.3435

Synthesis by thermal decomposition

The synthesis of NPs was carried out using standard
airless conditions (Schlenk line). A typical synthesis is
based on the reductive thermal decomposition of 3 mmol
Fe-based precursor and 2 mmol Co-based precursor in a
mixture of surfactants (OAc and OAm, 20 mmol each) and 6
mmol HDD in 40 ml dioctyl ether, under a gas mixture of
95% N; + 5%H; (1200 ml/min) at 300 °C. The above
mixture was degassed for 1.5 h at 75 °C. To ensure complete
removal of oxygen and water, the mixture was then purged
with N,/H, gas for 45 min at 110 °C. Thereafter, the
temperature was raised stepwise (5-7 °C/min) to 300 °C
and the reaction mixture was refluxed for 1 h at that
temperature (heat-up process). Then, the product was let to
cool down to room temperature under gas flow. The as-
prepared NPs were handled in air and washed 3-4 times
with hexane/ethanol mixture (1:2-1:3). The nanocrystals
were isolated by magnetic separation each time. Finally, the
product was dried by evaporating any residual solvents
using gas flow (N,/H,).

Salt-matrix annealing procedure

A salt-matrix annealing procedure was adopted to reduce
CoFe,0, to FeCo NPs. NaCl powder was first ground with a
mortar for 5 min to reduce powder grain size. The as-
prepared CoFe,04 NPs, after being washed and dried, were
dispersed in hexane and mixed with NaCl powder, with a
weight ratio of NPs to salt of 1:1000. The mixture was
mechanically stirred and heated up to 65 °C until getting
completely dry. Afterwards the mixture was annealed at
350-500 °C at a rate of ~ 10-15 °C/min in a mildly reducing
gas (95% N, + 5% H,) atmosphere (1200 ml/min) for 1-
12h. After annealing, the product was let to cool down to
room temperature under gas flow, and washed 3 times with
Milli-Q water and then 2 times with ethanol, followed by

Nanoscale
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magnetic separation. The recovered NPs were dried by

using a gas flow of N,/H,.
Polyol synthesis

2.24 mmol FeCl;.4H,0 and 0.56 mmol Co(CH;C00),.4H,0
were mixed with NaOH (10-40 mmol) and 40 ml EG. The
mixture was then degassed with N,/H, for 1.5 h at 110 °C.
Afterwards, the temperature was raised stepwise (5-7
°C/min) to 200 °C and the reaction mixture was refluxed for
10 min-1 h at this temperature. The product was let to cool
down to room temperature under gas flow, and washed 5
times with methanol prior to magnetic separation.

Synthesis under H, atmosphere

In the glovebox, 0.362 g (1.5 mmol) HDA and 0.19 g (0.25
mmol) Co(N(Si(CHs)s);), were introduced in a Fisher-
Porter bottle (FPB) followed by the addition of 0.424 g (1.5
mmol) OAc with the help of 10 ml mesitylene. Then, another
15 ml of mesitylene were added (25 ml in total), resulting
in a clear purple solution. The FPB was removed from the
glovebox and 0.13 ml (1 mmol) Fe(CO)s was added under
airless conditions. The mixture was conditioned at 3 bar H,
for 20 min and then heated at 150 °C by being placed at a
preheated oil bath for 72 h under stirring (500 rpm).
Mesitylene was dried by distillation over sodium before use
(< 5 ppm H,0) and degassed with three freeze-pump-thaw
cycles. After 3 days of reaction, the FPB was allowed to cool
at room temperature and H, was evacuated. The magnetic
NPs were isolated by magnetic separation, washed three
times with dry (MBraun SPS-800 purification machine) and
degassed THF in the glovebox, and dried under vacuum for
2h.

Surface functionalization with a hydrophilic agent

FeCo alloys were functionalized with a hydrophilic
phospholipid (DSPE-PEG): 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-
2000], rendering them water dispersible. 10 mg of magnetic
NPs were mixed with 4 ml THF in a vial and sonicated for
30 min. In a second vial, 20 mg of DSPE-PEG were also
mixed with 4 ml THF in a vial and sonicated for 30 min.
Then, the NP dispersion was added to the phospholipid
solution by 0.2 ml aliquots under sonication. The resulting
dispersion was further sonicated for 1.5-2 h and then
agitated for 40-45 h. Afterwards, FeCo@DSPE-PEG NPs
were precipitated with 30 ml hexane followed by
centrifugation at 5000 rpm for 3 min. They were then
dispersed in 6-7 ml THF with the help of sonication and
vortex and then precipitated again with 30 ml hexane and
centrifugation.

The NPs were dried in nitrogen flow and then dispersed in
15 ml distilled water, followed by 1h sonication and
agitation for 40-45 h. The excess of phospholipid was
removed through a centrifugal filter (Vivaspin 100 kDa
MW(CO). The mixture was centrifuged (4000 rpm, 2810 g,
swinging bucket rotor) until obtaining a concentrated (1-2
ml) dispersion (~ 30 min centrifugation for 10 ml), and the


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr01089f

Open Access Article. Published on 27 May 2025. Downloaded on 6/1/2025 4:38:37 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

filtrate was discarded. Afterwards, the product was diluted
with distilled water and centrifuged again. The
concentration/dilution procedure was repeated 4-5 times
to ensure complete removal of the unreacted ligand. The
FeCo@DSPE-PEG NPs were collected from the filter with
few ml of water, sonicated for 30 min and filtered (0.45 pm).
An aliquot was taken for dynamic light scattering (DLS)
measurement and the rest was freeze-dried.

Characterisation techniques

The size and morphology of the particles were examined by
Transmission Electron Microscopy (TEM) by depositing 20-
30 pl of sample onto amorphous carbon coated copper
grids. The TEM images were recorded on a JEOL 1200-EX
electron microscope at 120 kV accelerating voltage. We
used Image-Pro plus software to determine the size of the
particles (n = 200). HRTEM and high angle annular dark
field imaging (HAADF) scanning transmission electron
microscopy (STEM) with EDX mapping were acquired with
a Titan G2 6300 equipped with a spherical aberration image
corrector operating at 300 kV. Elemental mapping was
carried out using STEM with a condenser aperture of 70 mm
and a windowless silicon drift detector. The sample was
tilted 15° towards the EDX detector for data acquisition. X-
ray powder diffraction (XRD) patterns were obtained using
a X'Pert Pro (PANalytical) diffractometer with Co Ka X-ray
source (A = 1.7903 A; 40kV/40mA), from 20 to 110°. The
magnetic properties were investigated by a Quantum
Design MPMS Superconducting Quantum Interference
Device (SQUID) magnetometer with magnetic fields up to 7
T (70 kOe) at 300 K. Magnetization values are given at 7T,
and per kg of inorganic content in the sample as determined
from thermogravimetric analysis (TGA). TGA was used to
identify the inorganic percentage of the samples up to 600
°C (balance flow: 10 ml/min, sample flow (N,): 25 ml/min,
heating rate: 10 °C/min). Dysprosium oxide calibration
curves were employed to correct the SQUID data (R
software). A Varian 720 Inductively Coupled Plasma Atomic
Emission (ICP-AES) spectrometer was utilized to determine
the Fe/Co ratio of several samples. For this purpose,
powder samples were dissolved in concentrated HNO3 at 60
°C. After that, the solutions were diluted with deionized
water to obtain a 2% nitric acid solution for elements
quantification. X’Pert High Score plus software was utilized
to analyze the XRD patterns. The heating abilities of the
particles in an alternating magnetic field were assessed
with a calorimetric analyzer (G2 driver D5 series, nB
nanoScale Biomagnetics) at frequency (f) of 488 kHz and a
field strength (H) of 308 Oe (= 25 kAm!). The temperature
was recorded using a GaAs-based fiber optic probe inserted
in a vial containing approximately 1 ml of the IONP
dispersion. A sealed glass (Dewar flask at <0.1 Pa) ensured
the thermal insulation of the vial with the sample, helping it
become a pseudoadiabatic system. The SAR of the particles,
the AT/At and the intrinsic loss power (ILP) values were
determined as reported in our previous work.3®

2. Results and discussion

View Article Online
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Our initial objective was to perform the synthesis of NPs

using various precursor types while keeping all other
parameters constant, in order to investigate how different
precursors affect the composition, morphology, size and
magnetic properties of the nanocrystals. Afterwards we
focused on Fe(acac); and Co(acac), precursors and
explored how the surfactants, solvent and reaction time
influence the NP characteristics described above.
Furthermore, we examined the reduction of CoFe,0, to
FeCo via a salt-matrix annealing procedure. Apart from the
thermal decomposition route, the synthesis of FeCo NPs via
polyol or H,-assisted methods was also investigated.

3.1. Thermal decomposition - Different precursor pairs

The decomposition of iron and cobalt acetylacetonate
occurs at similar temperatures (170 - 190 °C).3” The
decomposition of the precursors initiates the nucleation
process, followed by the growth of nanocrystals. In fact, we
have used a relative excess (2/1) of iron in respect to cobalt
precursors in our synthetic conditions, and this occurred
for two reasons: i) the different electronegativity between
the two metals implies a distinct reactivies, notably distinct
abilities to be reduced, with iron(III) ions being somewhat
harder to be reduced than Co(II) ions and ii) as mentioned
in the Introduction, iron-cobalt alloys which are slightly Fe-
rich are the ones with the highest magnetization.?%3° The
sample code names that follow denote the precursor pairs
explored in this work, and the results obtained are
summarised in Table 2.

Table 2. Synthesis of NPs using different precursor pairs

Synthesi  Precursor Phases Diameter Ms
s s formed (nm) (A.m?/kg)

Fe(acac)s, CoFe,0,

FeCo_A Co(acac), and CoO 5.1+0.9 28+1
Fe(ol)s, CoFe,0,

FeCo_B Co(ol), and CoO 59+1.6 63+3

FeCo_C LSS Co0 94+16 3242

cobaltocene

The NPs prepared using acetylacetonates (FeCo_A) mainly
led to the formation of CoO and CoFe;0,, although a weak
peak of FeCo is present in the XRD diffractogram at 52.5°
(Fig. 1a). Spherical NPs were produced with average
diameter of 5.1 + 0.9 nm (Fig. 2A). Due to simultaneous
presence of the antiferromagnetic CoO, the saturation
magnetization (M) is lower than that expected for pure
cobalt ferrites, having a value of 28 A.m?/kg (Fig. 1b). XRD
diffractogram reveals that mixed-phase NPs were
generated consisting of FeCo, CoFe,0, and CoO (Fig. 1C),
when iron and cobalt oleate were used as precursors
(FeCo_B). However, in that case, by comparing the relative
intensities of CoFe,;0, and CoO peaks, one can notice that
CoFe,0, phase is favoured over CoO. This is also
corroborated by the higher M; value (63 A.m?/kg and 28
A.m?/kg for FeCo_B and FeCo_A, respectively). Fig. 2B

4
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depicts the spherical morphology of these NPs, with a mean
diameter of 5.9 + 1.6 nm. The third set of precursors used
was ferrocene and cobaltocene (FeCo_C). In that system,
CoO is the NP main phase which has a direct impact on the
M; value (32 A.m?/kg), as demonstrated in Fig. 1e, 1f. The
TEM micrograph displays the spherical shape of the
nanocrystals with an average diameter of 9.4 + 1.6 nm (Fig.
2C). It is noted that in all syntheses reported above, and by
observing the insets at the Fig. 1, a soft ferromagnetic
behaviour is indicated rather than a superparamagnetic
one. Still, the resulting NPs are quite stable in their colloidal
dispersions and no aggregation takes place.

In the literature, several precursor pairs have been studied
also in a variety of different research endeavours involving
the synthesis of cobalt ferrite nanoparticles. Ramanavicius
et al. produced hydrophilic 7.2 nm CoFe,0, NPs stabilized
by L-lysine using FeCl;z and CoCl, salts as precursors. The
thermal decomposition of Co(acac), and Fe(acac); metal
sources in the presence of oleic acid and trimethylamine-N-
oxide resulted in the formation of 7.5 nm hydrophobic
particles. The latter NPs had a higher saturation
magnetization value (52 A.m?/kg ) compared to the similar
in size particles which were coated by L-lysine (46
A.m?/kg).3® Combustion method employing Co(NO3),.6H,0
and Fe(NO3)3.9H,0 led to the generation of 69.5 nm cobalt
ferrite NPs with an M; of 56.7 A.m?/kg.3° Malinowska et al.
explored the influence of several precursor Kkinds
(sulphates, chlorides and nitrates) employed to fabricate
CoFe,0, NPs. It was observed that larger particles (up to 20
nm in crystalline grain size) were isolated when utilizing
nitrates as metal sources in comparison to the case of
chlorides and sulphates. The authors suggested that
structural properties, lattice strain and particle clustering
may be related to the observed variations of the mean
particle size upon using distinct precursors. The produced
particles were soft magnetic materials with typical
ferrimagnetic features at room temperature. Metal
sulphates provided CoFe,0, NPs with the highest M (60
A.m?/kg) among the three samples.*® Guerioune and co-
workers reported the synthesis of CoFe,0, NPs by
hydrothermal and co-precipitation methods employing
nitrate, chloride and acetate precursors. Particles with
platelet morphology were generated with a mean size
between 11 and 26 nm as a function of the synthetic
parameters utilized. Hydrothermal synthesis in the
presence of iron- and cobalt- nitrates provided NPs with a
mean size of ~ 17 nm and a saturation magnetization of 63
A.m?/kg. The authors discuss that the lower M; than the
bulk CoFe,0, (75.2 A.m?/kg) is assigned to the small
particle surface effect (spin canting) that becomes more
significant as the particles become smaller in size.*! In a
work by Peterlik and co-workers, the smallest cobalt there
NPs were obtained by a simple and rapid sol-gel approach
starting from nitrate salts (40-41 nm, SEM) and by co-
precipitation with carbonate in the presence of a small
quantity of polydimethylsiloxane.*? On the other hand, it has
to be noted that Christensen and co-workers used three
different cobalt sources, ie. CoCl,, Co(NOs), and
Co(CH3COOH); in combination with Fe(NO3)3.9H,0 as a
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common iron precursor: the produced cobalt ferrite NP

samples displayed practically identical crystal and magnetic
structures; only unit-cell parameters, thermal vibrations
and magnetic moments exhibited slight variations.** Thanh
and co-workers reported the synthesis of CoFe,0, NPs by
thermal decomposition of iron(lll) and Co(Il)
acetylacetonates in organic solvents using oleic acid (OAc)
and oleylamine (OAm) as surfactants while HDD or
octadecanol played the role of accelerating agent.
Nanostructures  with  varying morphologies and
monodisperse sizes in the range 7-30 nm were isolated by
that approach. Saturation magnetization values were in the
range 51-64 A.m?/kg for the different samples.! Baaziz et al.
demonstrated that using metal oleates and stearates in the
presence of OAc favored the creation of core-shell CosFe;.
x0@CoyFe;, 0, NPs, which was attributed to the reducing
action offered by oleate groups from the OAc and
precursors. These researchers observed the formation of 15
nm CoFe,0, nanocubes upon using mixed oleate generated
in situ from metal iron chloride and cobalt chloride in the
presence of Na-oleate. The M; of the nanocube sample at 5
K was 68 A.m?/kg.4*

As it can be seen from our current results shown above,
regardless the choice of the precursor, the synthesis of
single phase NPs did not flourish under the tested
conditions. FeCo NPs are chemically unstable and prone to
oxidation. Therefore, a reductive annealing procedure was
adopted to ensure phase transformation and produce single
phase FeCo nanocrystals.*® The salt-matrix annealing
procedure was first applied to the as-synthesised FeCo_C
NPs and then we tried to improve it in subsequent
syntheses. The NPs were mixed with NaCl with NPs to salt
weight ratio of 1:1000 and then annealed at 500 °C for 1 h
(FeCo@C_C) under a reducing gas flow. XRD measurements
confirm that the annealed NPs are composed of single phase
FeCo, whereas the M; is dramatically increased from 32 to
182 A.m?/kg. They further rule out the presence of residual
NaCl, as no sodium chloride peaks are spotted on the XRD
diagram (Fig. 3b), and evidence the effectiveness of the
washing procedure. However, there is a significant
enhancement of the particle size as well. The NPs are now
polydisperse and sintering effect has taken place (Fig. 3c
and 3d). The hysteresis loop is also modified indicating a
ferromagnetic behaviour (coercivity: 61 mT, remanent
magnetization: 45 A.m?/kg). It seems reasonable to assume
that the presence of amorphous Fe or Fe-rich FeCo entities
in the CoO-rich sample before annealing remained
undetected by XRD, while during annealing this amount of
iron could blend well with cobalt to yield the crystalline and
strongly magnetic FeCo alloy. In any case, STEM-EDX
analysis confirms that the atomic % of Fe is comparable to
that of Co in the as-prepared FeCo_C sample, as presented
in the Fig. S1 of the Supporting Information. ICP-AES
measurements are in agreement with STEM-EDX results
within uncertainty, revealing a nearly stoichiometric 50.7
at. Fe%/49.3 at. Co% ratio.
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Fig. 1 XRD and SQUID measurements of FeCo_A (A, B), FeCo_B (C, D) and FeCo_C (E, F). Insets: zoom inthe hysteresis loop between

-60 and +60 mT.
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The increase of the M; value can be mainly attributed to the
formation of large FeCo nanocrystals (bulk FeCo M;: 240-
245 A.m?/kg) and to the fact that the annealing process may
lead to a homogeneous atomic distribution of iron and
cobalt within individual NPs, endowing an increased
crystallinity. This procedure results in the formation of
carbon shell around the surface of the particles, which could
potentially prevent them from sintering, at least to some
extent.3%4¢ As shown in Fig. 3d, indeed there is a shell
around the NPs but the sintering has not been avoided. Itis
worthy to note that apart from reductive annealing,
oxidative annealing in the presence of air instead of N,/H,
mixture has also been reported elsewhere as a tool to adjust
the oxidation state of magnetic nanoparticles.*’

Fig. 2 TEM images of samples FeCo_A (A), FeCo_B (B) and
FeCo_C (C).

3.2. Synthesis of CoFe,0, NPs fromacetylacetonate precursors
- the role of ligands and additives

In order to investigate how the existence of
ligands/reagents (OAm, HDD) affects the morphology and
composition of the particles, we performed two syntheses
changing one parameter per experiment, while keeping the
rest conditions constant. In this set of experiments, we used
the acetylacetonate precursors, considering FeCo_A
(section 3.1) as the control synthesis. The results are
summarised in Table 3.

As XRD patterns reveal (Fig. 4a), the synthesis without
oleylamine (FeCo_E) led mainly to the formation of CoFe,0,
and CoO. ICP measurements revealed a Co-rich composition
(23.3 at. Fe% vs 76.7 at. Co%), which is accordance with the
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presence of an additional CoO phase. Still, comparing the

relative intensities of the main peaks of CoFe,0, (at 41°) and
CoO (at 49°) of FeCo_A (where both OAc and OAm were
used, Fig. 1a) and FeCo_E, one can observe that by omitting
the OAm, the acquisition of the CoFe,0, phase was
promoted while CoO amount was somewhat decreased.
Moreover, the size of NPs was also increased from 5.1 + 0.9
to 7.2 £ 1 nm (Fig. 5A). Due to the presence of CoO, the M;
value is low but higher than that of the control synthesis (43
A.m?/kg and 28 A.m?/kg respectively), since in the former
case the particles are larger with enhanced CoFe;0, phase
content (Fig. 4b).

The next step was to explore how the reaction time could
affect the formation of NPs. Extending the reaction time
from 1 to 3 h (sample FeCo_G) implies that the NPs are
exposed for longer time in high temperature and reducing
atmosphere (N,/H; gas). As shown in Fig. 4a, XRD analysis
denotes the formation of CoFe,04 nanocrystals. In terms of
morphology, monodisperse spherical particles were
produced (Fig. 5B), with an average diameter of 5.9 + 0.8
nm. By prolonging the reaction time to 3 h, the NPs
produced were slightly larger with lower size distribution
(12.6 % and 17.6 % for FeCo_G and FeCo_A, respectively).
The sample FeCo_G demonstrated an M; values of 88
A.m?/kg, which is similar within uncertainty to the reported
M; value of bulk CoFe,0, (80-85 A.m?/kg ).118

Table 3. Parametric study of the synthesis of CoFe,04 NPs from
metal acetylacetonate precursors pair

Synthesis Parameter Phase Diameter
Y changed content (nm)
None-
FeCo_A Control  COFe0¢ 54,09 28+1
. and CoO
synthesis

No CoFe,0,
FeCo_E oleylamine  and CoO 721 432
FeCoG N0 oo, 59:08 88+ 4

acid
FeCo_l NoHDD  CoFe,0, 0252 g5,y

(clusters)
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Hexadecanediol acts as an accelerating agent for the
thermal decomposition of acetylacetonate precursors. Lu et
al. suggests that the presence of HDD improves the
monodispersity and yield of the reaction.! The synthesis in
the absence of HDD (FeCo_l) led to the production of
multicore (cluster) NPs (Fig. 5¢,d). Multicore nanocrystals
are particularly attractive structures for biomedical
applications. Due to their internal collective organisation,
they increase the heating efficiency in magnetic fluid
hyperthermia and provide better contrast enhancement in
MRI, compared to single-core particles.*5° The as-
synthesised particles are mainly composed of CoFe,0,
while a weak peak of FeCo is also present (Fig. 4a). The
latter finding seems to be in reasonable agreement with ICP
results, which yielded a 53.3 at. Fe%/46.7 at. Co% ratio.
These nanostructures have a size of 46.5 + 5.2 nm (10-15
nm single particle size) and a M, value of 85 A.m?/kg (Fig.
4b). Fig. 4b,c shows the hysteresis loop for the syntheses
reported above. Hysteresis loop is almost absent for the
sample FeCo_E indicating superparamagnetic behavior,
while it is more prominent for the sample FeCo_l.

Table 4. Annealing of sample FeCo_G at different temperatures
and reaction times

Reaction M,
time (Am?/kg)

Synthesis Temperature

FeCo_G@450_1h 450 °C 1h 1005

FeCo_G@450_2h 450 °C 2h 121+6
FeCo_G@350_2h 350°C 2h 94 +5
FeCo_G@350_12h 350°C 12h 108 +5

3.3. Study of the annealing procedure

As described previously, a salt-matrix annealing
procedure was adopted to achieve phase transformation
from cobalt ferrite-cobalt oxide to FeCo. FeCo_C NPs were
reduced to FeCo when annealed at 500 °C. Their magnetic
properties have been significantly increased but
agglomeration was observed (section 3.1). In the next set of
the experiments, we examine the annealing procedure at
different temperatures and reaction times, as described in
Table 4. For this study we used the FeCo_G particles (section
3.2).

When annealing the particles at 450 °C for 1 h
(FeCo_G@450_1h), the phase transformation is incomplete
as witnessed by the XRD pattern (Fig. 6). The weak peaks at
41°and 74°indicate a residual CoFe,0, phase. The NPs were
almost completely reduced to FeCo when the reaction time
was increased to 2 h (FeCo_G@450_2h). However, the Mg
value (121 A.m?/kg) is lower than that of bulk FeCo (240-
245 A.m?/kg). In both cases the samples are polydisperse
and agglomeration occurs (Fig. 7A, B). The annealing
treatment was then applied at 350 °C to examine whether
by using lower temperature the aggregation or severe
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coalescence can be prevented. As XRD diffractogram shows

(FeCo_G@350_2h), the formation of the FeCo phase was
significantly boosted after annealing but still the CoFe,0,
phase is the dominant one, which is in agreement with the
measured M; value (94 A.m?/kg). To ensure phase
transformation, we extended the reaction time to 12 h
(FeCo_G@350_12h). Nevertheless, Fig. 7C and 7D illustrate
that even at lower temperature the NPs tend to agglomerate
and the samples are polydisperse. Cannas et al. have also
reported that the heating treatment at very high
temperatures can lead to the progressive increase of the
particle size and to the structural ordering of the samples. If
the samples are diluted, then the matrix (e.g. a silica matrix)
can even prevent particle aggregation. However, the
particles can be still composed of CoFe,0, after calcination,
and not of FeCo.>! Probably in our case the use of slightly
reducing atmosphere (presence of a small portion of Hj)
was responsible for the partial reduction to FeCo. Still, even
if cobalt ferrite remains the prevalent phase in the
nanoparticles after annealing, it is common to increase the
magnetization of the samples as a function of the annealing
temperature, as reported by Garcia Cerda and
Montemayor.>?

3.4. Synthesis of FeCo NPs using polyol method

Polyol method is a commonly employed synthetic approach
which can be utilized to produce hydrophilic NPs. This
strategy involves the use of a polyhydric alcohol (polyol) as
a solvent, which also serves as surfactant>** Sodium
hydroxide (NaOH), when added in sufficient concentration,
generates glycolate anions by deprotonation of the glycol,
which act as reducing agent of the metallic precursors.?’
Zamanpour et al. reported size-controlled synthesis of FeCo
nanocrystals (20-30 nm) of high magnetization (ca 220
A.m?/kg) by adjusting the molar ratio of NaOH to
precursors, and the reaction time.>> Based on that protocol,
we performed four syntheses aiming to produce small FeCo
NPs in the presence of iron chloride, cobalt acetate and
ethylene glycol at 200 °C (Table 5).

Table 5. Synthesis of FeCo NPs with polyol method

NaOH : .
Synthesis recursor Reaction Ms
yn P . time (A.m?/kg)
ratio
FeCo_p1 27 25 min 182+9
FeCo_p2 10 10 min 190 £ 10
FeCo_p3 10 1h 156+ 8
FeCo_p4 40 25 min 196 £ 10
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Fig. 5 TEM images of samples FeCo_E (A), FeCo_G (B) and FeCo_I (C, D).
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Fig. 6 XRD measurements of the annealed FeCo_G NPs at different temperatures and reaction times.

Fig. 7 TEM images of the samples FeCo_G@450_1h (A), FeCo_G@450_2h (B), FeCo_G@350_2h (C) and FeCo_G@350_12h (D).

Although our experimental findings do not corroborate the
previously reported results in terms of size of the particles
formed (only particles larger than 100 nm were obtained,
Fig. 8b, S2b), the polyol synthesis indeed led to the
formation of FeCo nanocrystals with high magnetization
(up to 200 A.m?/kg). Indicative results are shown in Fig. 8
and Fig. S2. The XRD patterns reveal the formation of
cobalt-rich FeCo particles (Co;Fes, ICDD: 050-0795) for the
sample FeCo_p2 (Fig. 8a). ICP measurements demonstrated
a 25 at. Fe%/75 at. Co% ratio, corroborating the presence
of a Co-rich alloy phase. During the FeCo_p4 synthesis, a Co
phase is also present in a much lower degree, together with
a Fe-rich alloy phase (Fe;Cos, ICDD: 048-4816, Fig. S2a).
This composition is supported by ICP results, which
provided a 63.2 at. Fe%/36.8 at. Co% ratio. In our
experiments, large >100 nm NPs were produced with the
polyol method for both of the above samples,
demonstrating hexagonal morphology (Fig. 8b, S2b). Even
though the remanent magnetization and coercivity are not
high, the particles cannot be deemed as superparamagnetic
but their magnetic behavior can be better classified as soft
ferromagnetic, with coercivity values below 8mT (Fig. 8d

and Fig. S2d). It is well established that producing large
FeCo particles is more feasible than the formation of smaller
particles (less than 20 nm). In the former case, an oxide
shell is formed on the surface of the bigger nanocrystals,
which protects them from further oxidation, acting in a
passivating way. In the latter case, due to the larger surface
area, oxidation occurs quickly, spreading through the entire
volume of the particle and affording cobalt ferrite.

For example, Tomar and Jeevanandam prepared Co-Fe
glycolates by refluxing cobalt acetate tetrahydrate and
Fe(acac)s in EG, in the absence of NaOH. CoFe,0, particles
formed in these conditions, with size below 21 nm, while
some samples consisted of larger octahedral and hexagonal
particles which however were made up of smaller cobalt
ferrite NPs.> The same researchers have studied also the
role of different cobalt precursors (cobalt acetate, cobalt
acetylacetonate, cobalt chloride and cobalt nitrate) upon
the synthesis of Co-Fe glycolates and produced < 20 nm
CoFe;04 NPs. Cobalt ferrite NPs were also generated when
both metallic precursors were chloride ones, i.e. FeCl;.6H,0
and CoCl,.4H,0, after refluxing the reaction mixture in EG,
diethylene glycol (DEG) or triethylene glycol (TEG).%°
Synthesis in TEG for 3 h led to the acquisition of impurity-

12

Page 12 of 21


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr01089f

Page 13 of 21

Open Access Article. Published on 27 May 2025. Downloaded on 6/1/2025 4:38:37 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

free 6-11 nm large NPs.®! Interestingly, Ardisson and co-
workers reported the synthesis of very small (< 5 nm)
citrate-capped cobalt ferrite NPs with superior colloidal
stability via a one-step route in the presence of iron(III)
chloride nonahydrate, cobalt(Il) chloride hexahydrate,
trisodium citrate, NaOH and DEG at 245 °C.°% In all cases, the
magnetization values reported were in the 37-52 A.m?/kg
range, as expected for cobalt ferrite. It seems that in our
case, the hydroxyl ions supplied by NaOH provided
nucleation sites for FeCo NPs during the polyol process.>>63
The big size (>100 nm) of our particles appears to be crucial
for their lack of severe oxidation, and thus for their much
higher magnetization, in comparison to the above-
mentioned literature works; for example, Ardisson and
colleagues® also used NaOH, but the small size of their
particles was probably responsible for the cobalt ferrite
composition that they observed, rather than a bimetallic
FeCo alloy. It seems that the reducing ability of polyols
cannot fully prevent nanoparticle oxidation if the particle
size is relatively small.

The FeCo NPs produced as described herein are not ideal
for in vivo applications owing to their large size, but high
magnetization particles can be extremely useful for other
applications such as magnetic separation®® and high-
density recording media.>”58

3.4. Synthesis of FeCo NPs under H, atmosphere and
application in hyperthermia

Aiming to synthesize bimetallic FeCo NPs with minimum
degree of surface oxidation, while keeping the particle size
at a controlled level, a hydrogen atmosphere was applied
during synthesis. Gases like H, can have an easy diffusion in
solids and solutions, despite their low solubility in many
solvents. Hydrogen gas serves as reducing agent to produce
NPs with the advantage of leaving behind little or no
residues on the particle surface. H,, being a mild reductant,
permits a fine tailoring of the reduction rate, and by
adjusting the reaction temperature at ‘moderate’ levels, the
particle growth can be tuned in a satisfactory extent,* often
avoiding the occurrence of uncontrolled growth to huge or
very polydisperse particle sizes. Under the employed
synthetic conditions, in the presence of oleic acid and
hexadecylamine surfactants, the resulting mean particle
size was measured at 30.3 + 4 nm (Fig. 9). Monodisperse
NPs with a hexagonal-like shape can be observed, with
STEM-EDX elemental mapping demonstrating a
homogeneous distribution of Fe and Co elements
throughout the particle volume. HRTEM and STEM imaging
denotes the presence of a surface layer of a brigher contrast
surrounding the particles, presumably consisting of
(amorphous) cobalt ferrite or iron oxide. The XRD
diffractogram shown at Fig. 10b illustrates that the particles
are mostly composed of a Fe,Coy alloy (not excluding the
presence of oxides), considering the main peak at
approximately 50.8 deg. The aforementioned value for the
saturation magnetization is somewhat lower than those
reported for the polyol-prepared samples presented in
Table 5. This can be attributed to the smaller particle size in
the sample under discussion (produced with H, reductant)
as well as to its largely amorphous composition, implied by
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the XRD and SAED (Fig. 9B inset) measurements; in

particular, a crystalline grain size of less than 2 nm is
derived by applying Scherrer’s equation at the dominant
XRD peak, whereas the TEM particle size reaches 30 nm, as
mentioned above. At the same time, diffuse rings in the
SAED pattern are assigned to the significant
polycrystalline/amorphous portions of the sample. From
the M-H loops presented at Fig. 10a, a normalized
saturation magnetization M; of ~ 145 A.m?/kg at room
temperature is derived, with a coercivity of ca. 2.5 mT. Such
magnetic characteristics indicate a soft ferromagnetic
behaviour, with nearly superparamagnetic features.

The heating ability of the H,-produced FeCo NPs, which
present the highest magnetization and a size compatible
with biomedical applications, was evaluated by testing
particle dispersions. Magnetic field hyperthermia was
employed to assess the efficiency of the particles to
generate heat. Evaluating the heating ability in particle
dispersions, rather than in the solid state, is the most
common way of hyperthermia measurement, followed by
the majority of research groups studying the heating
properties of magnetic nanoparticles. To achieve water
dispersibility, the particles were functionalized with DSPE-
PEG. The functionalized NPs showed high colloidal stability
with a hydrodynamic diameter (Dh) of 118.2 + 23.1 nm and
a (-potential of -25.9 £ 5.5 mV at pH 6.5 (Fig. 11a). In fact,
the ability of DSPE-PEG to provide hydrophilicity to iron
oxide magnetic nanoparticles had already been reported by
Bao and co-workers already in 2004.°> The DSPE-PEG
micelle coating method entails the interaction between the
residual hydrophobic capping ligands on the surface of the
NPs and the amphiphilic PEG-phospholipids. The surface-
exposed hydrophilic PEG chains offer good solubility of the
coated iron oxide NPs.% The end groups of DSPE-PEG can be
easily grafted to different targeting moieties such as
peptides, antibodies and non-antibody ligand-targeting
moieties.®>%® Such further modifications with relevant
biomolecules can be interesting for applications such as
hyperthermia, drug delivery and specific recognition of
tumoral cells. For schematic representations of the
development of DSPE-PEG surface-treated magnetic NPs
and their posterior functionalizations see also Ref 65.

The results regarding the SAR of our FeCo NPs are
illustrated in Fig. 11b, revealing that the NPs possess an
outstanding heating efficiency. More specifically, the SAR
exceeds 1600 W/g, which is a comparable or even higher
value compared to SAR values reported in the literature for
other H,-mediated FeCo nanoparticles.” To better
understand the origin of this remarkable heating
performance, the previously discussed magnetic and
structural characteristics of the FeCo nanoparticles can be
examined in light of known magnetic regimes. The particle
size places them within the single-domain range expected
for FeCo alloys -between the critical diameters for the
superparamagnetic-to-ferromagnetic transition (~16 nm)
and multi-domain formation (~51 nm).%® This, combined
with their soft ferromagnetic character and near-
equiatomic FeCo composition (50.2 wt% Fe, 49.8 wt% Co,
as confirmed by ICP-AES), strongly supports a single-
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domain ferromagnetic state. Such a regime is known to
favor efficient heat generation via hysteresis losses under
alternating magnetic fields. Similar conclusions were drawn
in a study by Lacroix et al®®, where smaller FeCo
nanoparticles (~14 nm) exhibited ferromagnetic behavior
and significant energy losses, even with similarly reduced
(below the bulk) magnetization values (~144 A-m?/kg). In
systems like these, the assumptions of linear response
theory no longer apply, and the Stoner-Wohlfarth (SW)
model becomes a more suitable framework, as it accounts
for coherent magnetization reversal in single-domain
particles. Thus, although dynamic magnetic measurements
were not performed, the combination of structural,
compositional and static magnetic data clearly supports the
conclusion that the observed high SAR arises from
hysteresis-driven heating in blocked, single-domain FeCo
NPs consistent with SW-type behavior.

It should be emphasized that this work does not involve in
vivo or in vitro experimentation. The primary objective in
this section was to investigate the magnetic heating
performance of the synthesized FeCo nanoparticles and
evaluate their potential suitability for future hyperthermia
applications. In this context, the applied magnetic field and
frequency were selected to effectively characterize the heat

View Article Online
. o DOI: 10.1039/D5NRO1089F
generation capabilities of the particles. To enable

comparison with other nanoparticle systems tested under
different experimental conditions, we report the intrinsic
loss power (ILP), calculated as 5.33 nH-m?*-kg™™. The ILP is
a frequency-independent parameter that provides a
standardized measure of the nanoparticle heating
efficiency, independent of the applied alternating magnetic
field amplitude and frequency. This allows a more objective
assessment of the heating potential of the FeCo MNPs and
supports their consideration for further development in
magnetic hyperthermia contexts.

The calculated ILP for the FeCo NPs (5.33 nH-m?-kg™) is
notably higher than values typically reported for iron oxide
or ferrite-based systems, which often range between 0.5
and 3 nH-m?kg *7° This confirms their superior intrinsic
heating efficiency and highlights the advantages of FeCo
alloys in magnetic hyperthermia. The elevated ILP reflects
the combination of high magnetic moment, optimal particle
size within the single-domain regime, and favorable soft
ferromagnetic properties. These characteristics position
the synthesized FeCo nanoparticles as strong candidates for
high-performance magnetic hyperthermia applications.
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Fig. 9 Electron microscopy characterization for the H,-produced FeCo NPs: TEM image and size histogram as inset (A); HRTEM
image with FFT pattern as inset (B); HAADF-STEM image (C); HAADF-STEM-EDX elemental mapping for the different elements (D-
F); maps overlapping (G).
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Fig. 10 a) SQUID measurement recorded at room temperature and b) XRD diffractogram for the H,-mediated FeCo NPs. The inset at
a) represents a closer look for low values of magnetic field.
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4. Conclusions

Various reaction parameters have been studied in detail
concerning the synthesis of CoFe,0,-based and FeCo NPs.
Monodisperse spherical nanocrystals with a size of 5-8 nm
were produced (o < 15%), demonstrating higher M; values
than those commonly reported in the literature. Multicore
NPs were also prepared, which are promising for
biomedical applications, such as MH and MRI. The study of
the post-synthetic thermal treatment reveals complete
phase transformation (from CoFe,0, to FeCo) at 500 °C.
However, the size of the annealed particles increases
dramatically and aggregation takes place. The polyol
method led to the formation of large FeCo NPs (> 100 nm)
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