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and magnetic properties with the water and air exposure
during the Fe,  O/Fe;O, core—shell nanoparticles synthesis
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Abstract The thermal decomposition of organome-
tallic precursors in the presence of surfactants and a
long-chain alcohol is a valuable method to synthesize
magnetic nanoparticles (MNPs) because it provides
good control of the final morphology and crystallin-
ity of the magnetic material. These parameters, and
consequently the magnetic properties, depend on sev-
eral details of the experimental procedure of chemi-
cal synthesis. We have studied the role of the pre-
decomposition step, heating the system to 373-393 K
in inert gas flux, on the final composition and mor-
phology of the system. By adding this intermediate
step, we were able to produce MNPs with a Fe, O/
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Fe;O, core-shell structure and sizes of 20-25 nm.
When the same synthesis protocol was used skip-
ping the pre-decomposition stage, monophasic MNPs
of 11 nm with ferrite structure were obtained. These
differences in the composition have a major effect on
the resulting magnetic properties of MNPs, and are
related to some by-reactions in the synthesis solution
during the preparation procedure.
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Introduction

In the early 2000s, the groups of Sun (Sun and Zeng
2002; Sun et al. 2004) and Hyeon (Park et al. 2004;
Hyeon et al. 2001) reported the synthesis of mag-
netic ferrite nanoparticles by thermal decomposition
of organometallic precursors in the presence of sur-
factants and a long-chain alcohol (hereafter referred
as “the thermal decomposition method” for simplic-
ity). Their method produced narrow size distributions
and high crystallinity which in turn improved some
magnetic properties of the magnetic nanoparticles
(MNPs). Despite the seemingly apparent simplicity
of this chemical route, the resulting materials have a
final composition, morphology and magnetic prop-
erties that depend rather strongly on several subtle-
ties along the chemical synthesis procedure, making
difficult to attain good reproducibility. It has been
reported that minor differences in the choice of the
solvent (Park et al. 2004; Quiao et al. 2017), the pre-
cursor/surfactant ratio (Vargas and Zysler 2005), the
heating rate (Lavorato et al. 2014) and other experi-
mental parameters have strong impact on the obtained
colloids. While aiming to produce magnetite Fe;O,
or maghemite y-Fe,O; nanoparticles, the reducing
synthesis atmosphere can yield in the formation of
wiistite phase (Fe;,O) with very different morphol-
ogy and general properties (Hou et al. 2007). Wiistite
is a Fe?*-rich iron oxide phase that is paramagnetic
(PM) at room temperature and develops antiferro-
magnetic (AFM) order below the Néel temperature
Ty=198 K (McCammon 1992). During the synthe-
sis of iron oxide nanoparticles by thermal decompo-
sition in octadecene under inert atmosphere, it is not
unusual to obtain wiistite nanoparticle cores with
ferrite shell due to an immediate oxidation (Khurs-
hid et al. 2013; Lohr et al. 2019); therefore, the com-
plete oxidation to ferrite has to be achieved through
post-synthesis thermal treatment (Hufschmid et al.
2015). As it is well known, bimagnetic nanoparticles
with a core—shell structure have different magnetic
properties from those expected in single-phase ferri-
magnetic (FiM) or antiferromagnetic (AFM) single-
domain nanoparticles (Kavich et al. 2008; Sun et al.
2012). Several after-synthesis treatments are used to
fully oxidize the particles to eliminate wiistite unde-
sired phase. For instance, the addition of 1% oxygen
in the reaction environment after the formation of
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wiistite nanoparticles was studied by Kempt et al.
in 2016 (Kemp et al. 2016), showing almost com-
plete oxidation of the system. Also, the addition of
molecular oxygen during the synthesis was proposed
by Unni et al. (Unni et al. 2017). Chen et al. (Chen
et al. 2016) showed that a mixture of octadecene and
di-benzyl ether as solvents gives some control on the
final composition (regarding the Fe oxidation state) of
the resulting material. In addition, the concentration
and type of reagent also takes an important role on
the reduction of iron (III) to iron (II) in 1-octadecene
(Escoda-Torroella et al. 2021; Mourdikoudis and Liz-
Marzan 2013). Bronstein et al. (Bronstein et al. 2011)
found that the incorporation of a low (i.e. less than
1% wt) amount of water into the solvent resulted in
an increased particle size dispersion. In fact, the size
and shape of the core—shell wiistite-ferrite system
depends on the nucleation/crystallization stages and
oxidation process (Hou et al. 2007) and hydration of
the organometallic precursors is known to affect this
process (Cotin et al. 2018).

The effects of the initial step in which the solu-
tion is heated up to 373-393 K under inert gas flux
or atmosphere, hereafter called as “pre-decompo-
sition step” because it takes place previously to the
complete decomposition of the oleates and nuclea-
tion, have not been studied so far in detail. Due to
the complex chemistry behind the nanoparticle syn-
thesis method based on the thermal decomposition
of acetylacetonates precursors with by-reactions and
by-products, its effects on the morphology, compo-
sition and consequently the magnetic properties and
potential uses in technological applications of the
particle are still not clear. The knowledge on the role
of the “pre-decomposition step” in the synthesis and
in the resulting material may allow the capability of a
deeper control on the architecture and composition of
synthesized nanoparticles in an atomic level, allowing
the design of systems with different properties and
multifunctional systems for several potential appli-
cations. In this work, we studied the influence of the
so-called pre-decomposition step and of the in situ
post-synthesis oxidation by the air entrance on the
resulting phases of the process. Complete morpho-
logical, compositional and magnetic characterization
on the synthesized magnetic nanoparticles has been
performed to provide a deeper understanding of the
chemical mechanisms involved.



J Nanopart Res (2021) 23:140

Page3of 16 140

Experimental
Synthesis

Four samples were prepared in a similar way by
the thermal decomposition of the Fe’* acety-
lacetonate (Fe(CsH;0,);-Fe(acac);, Aldrich
97%), all of them with using the same con-
centration of 11.3 mM dispersed in 40 mL of
octadecene (CH;(CH,)sCH=CH,, Aldrich
90%) containing 24.6 mM of oleic acid
(CH;(CH,),CH=CH(CH,),COOH, Pan-
Reac, PharmaGrade), 25.1 mM of oleylamine
(CH;(CH,),CH=CH(CH2),CH,NH,, Aldrich 70%)
and 1.3 mM of 1,2-octanediol (CH;(CH,);CH(OH)
CH,OH, Aldrich 98%). A 3-neck flask was used
with a sided neck for the N, (White Martins, 5.0)
flux together with a sealed tube for the thermocou-
ple, other vertical sided neck for a condenser and the
central neck for mechanical stirring (~100 rpm) of
the synthesis solution during all process for all sam-
ples. Supplemental Material S1 gives a representa-
tive schema of the apparatus used in the syntheses of
the samples characterized. In order to study the by-
products formed during the pre-decomposition step, a
modified apparatus was used in a new synthesis (with
a representative schema also given in Supplemen-
tal Material S1), recovering the evaporated material
at 393 K and 473 K to be analysed. Three samples
labelled DH200, DH150 and DHO30 were synthetized
with a similar process: first, the solution was heated to
373-393 K during 30 min with a N, flux of 0.5 mL/
min and without the condenser in the pre-decom-
position step. Then the system was closed with the
condenser keeping the N, flux, and the solution was
heated up to 473 K with a temperature rate of about
3 K/min and kept at this temperature for~5 min.
After that, the solution was heated up to the reflux
condition (610-615 K) with a heating ramp of ~20 K/
min and it was kept in this temperature for 60 min.
After this period, the heating source was removed to
get a fast cooling of the solution. The condenser and
the N, flux were removed at different temperatures
for each sample: 473 K for DH200, 423 K for DH150
and 303 K for DH030. A fourth sample, called HO30,
was synthesized without the pre-decomposition step
and without N, flux. For this sample, similar amounts
of all reactants were used, but the condenser was kept

during the whole synthesis, starting from room tem-
perature, and the heating process was continued up
to 473 K with a controlled increment of temperature
(about 3 K/min) and without N, flux. After that, the
procedure was similar to that used for sample DHO030,
with the reaction system kept isolated, and the N,
flux was used during the whole cooling until 303 K.
In order to obtain the recovered material from the
evaporation, a synthesis with the same amounts of
chemicals in a modified apparatus described in Sup-
plemental Material S1 was performed, following the
temperature ramp and N, flux condition of sample
DHO030. This last synthesis was used only to study the
material evaporated between 393 and 473 K and the
nanoparticles obtained were not characterized.

After synthesis, samples DH200 and DH150 were
washed by adding 400 mL of ethanol (96%, Porta) to
the synthesis solution in order to precipitate the par-
ticles by centrifugation (30 min with 14,000 rpm).
After that, the precipitate was washed with a solu-
tion containing ethanol and acetone (99.9%, Sigma-
Aldrich) in a ratio of 10:1, which was followed
by centrifugation (30 min at 14,000 rpm) in 2-mL
Eppendorf’s tubes containing also 0.5 mL of chloro-
form and 1 mL of deionized water (0.5 mL of solu-
tion containing nanoparticles in each Eppendorf).
After this procedure, the nanoparticles were kept in
chloroform. Sample DH030 was stored in the synthe-
sis solution at low temperature (246 K) to avoid sub-
sequent oxidation process. Finally, sample HO30 was
magnetically extracted from the synthesis solution,
which was made after adding 400 mL of ethanol, and
stored in chloroform.

Characterization

Thermogravimetric (TGA) and differential thermal
analysis (DTA) were performed simultaneously in
a Shimadzu DTG-60H analyser to determine the
organic mass percentage in the as-made nanoparti-
cles. To establish this mass composition accurately is
relevant for a precise measure of the mass magneti-
zation of the nanoparticles. Therefore, each as-made
powder sample was heated up to 1173 K with a heat-
ing rate of 3 K/min in Ar flux (100 mL/min), while
the weight loss was measured, which corresponds to
the amount of the organic compound in nanoparticles.
TGA and DTA measurements were also used in order
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to determine the amount of water and volatiles in the
initial solution. For this, a drop of the solution was
measured with a temperature ramp of 2 K/min from
room temperature to 383 K and held for 45 min in Ar
flux.

Fourier transformed infrared (FTIR) spectra of the
systems were measured in a uUATR PerkinElmer Spec-
trum Two equipment in the range of 450-4000 cm™!
with resolution of 4 cm™!. To perform these measure-
ments, a drop of solution was placed over the crys-
tal of the uATR and dried with N, flow, resulting in
a film of nanoparticles covering the entire crystal.
For the measurements of the synthesis solution, a
liquid recipient over the crystal was used. Baseline
and uATR corrections were performed with software
Spectrum from PerkinElmer.

Structural characterization was carried out using
a PANalytical Empyrean powder X-ray diffractom-
eter (Cu Ka, A=0.15418 nm). Samples were cleaned
with hot acetone (313 K) during 24 h to remove the
organic material and a zero diffraction sample holder
was used in the measurement.

Transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) images were
obtained with a Tecnai F20 G2 (Thermo Fisher Sci-
entific) microscope operating at 200 kV at room
temperature. TEM grids with DH200, DH150 and
H030 MNPs were prepared by dispersing dried pow-
der samples in isopropanol and dropping the solution
onto a carbon-covered grid. DHO30 was prepared for
TEM measurements by dropping the synthesis solu-
tion onto a grid and washing it by the immersion
in ethanol at 323 K. For this, the oxygen diluted in
ethanol was removed by heating to evaporation point
(343 K) and cooling to 323 K with N, bubbling in
the solution. The mean particle size ((D)) was deter-
mined after measuring the diameter of ~300 particles
with using the software Digital Micrograph Analysis
Tool® from Gatan and fitting the corresponding his-
togram with a lognormal distribution. This software
was also used for processing HRTEM images, includ-
ing fast Fourier transform (FFT) and interplanar dis-
tance determination.

Magnetization measurements as a function of tem-
perature (M(T)) and isothermal curves at T=5 K as
a function of the applied field (Msx(H)) were meas-
ured in a commercial Quantum Design MPMS-5S
SQUID magnetometer. M(T) curves were measured
with an applied field of 50 Oe in zero-field cooling
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and field cooling (FC) protocols. M5k (H) curves were
measured in both conditions: after ZFC protocol and
after a FC protocol. For the FC protocol, the sample
was cooled from T=300 K to 5 K (starting above
the Ty ~200 K of the Fel_yO AFM phase) with an
applied field of Hg-=50 kOe. Isothermal curves at
T=300 K (M3y,x(H)) were measured in a LakeShore
7300 vibrating sample magnetometer. In order to
avoid agglomeration and to immobilize the MNPs for
the magnetic measurements, the samples were condi-
tioned by dispersing the nanoparticles in toluene and
this solution was mixed with an epoxy resin, followed
by the toluene evaporation. Saturation magnetization
(Mg) at 300 K of all samples were determined by the
M;x(H) measurement of a known mass of the pow-
der samples, which was corrected by discounting the
mass of the organic component as determined by the
DTA-TGA measurements. The measured normaliza-
tion is corrected by comparing the M;,,x(H) curves
of both samples: powder and dispersed ones.

Results

Figure 1 presents the X-ray diffraction patterns of
the four samples, where the symbols+and * corre-
spond to the diffraction peaks of Fe, O wiistite struc-
ture (JCPDS card number 00-006-0615) and Fe;O,
cubic spinel (JCPDS card number 00-019-0629),
respectively. According to the XRD patterns, samples
DH200, DH150 and DHO30 (which included the pre-
decomposition step in the synthesis procedure) are
mainly composed of the Fe; O phase, with a minor
presence of Fe;O, (magnetite) phase, as indicated by
the peak corresponding to the plane (311). Two peaks
between 32° <20 <39° were fitted with two pseudo-
Voigt functions (with using 0.8 as the profile shape
factor for both) corresponding to the two phases in
the samples: peak (111) at~36° for Fe,;_,O phase and
the (311) at~35° for Fe;O, phase. The area obtained
by the fitting for each peak (Ay ;) and Aysp)
was normalized by its intensity given in the respec-
tive JCPDS cards. The ratio Ay;;1/Ay 1) were 2.0,
2.6 and 0.9 for samples DH200, DH150 and DHO030,
respectively.

Figure 2 shows representative TEM images for all
the nanoparticles systems (left panel), with the corre-
sponding diameter histogram (right panel). The histo-
grams were fitted with a lognormal distribution, and
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Fig. 1 XRD patterns of samples DH200, DH150, DH030 and
HO030. Symbols+and * in the lowest panel correspond to the
indexed peaks of Fe; O phase (JCPDS card number 00-006-
0615, red bars) and Fe;0, phase (JCPDS card number 00-019-
0629, blue bars), respectively

the obtained mean diameters are 27.5 nm, 26.7 nm,
23.8 nm and 11.2 nm for samples DH200, DH150,
DHO030 and HO30, respectively. The size dispersion
obtained from the lognormal fitting is w =~ 0.2 for all
samples, indicating that the nanoparticles size disper-
sion is not affected by water presence at the initial
solution. This result is different to that observed by
Bronstein et al. in synthesis from iron oleate (Bron-
stein et al. 2011).

Figure 3 shows representative HRTEM images of
all samples. According to the images presented in the
left panel of Fig. 3a, b and c, the core—shell structure
is clearly observed in the nanoparticles of samples
synthesized with using the pre-decomposition step:
DH200 (a), DH150 (b) and DHO030 (c). HRTEM
image of sample HO30 (left panel of Fig. 3d), pre-
pared without the pre-decomposition step, shows
a monophasic nanoparticle. The central panel of all
samples gives the fast Fourier transform (FFT) of
the nanoparticles. For samples DH200, DH150 and
DHO030, the reflections observed in the FFT can be

addressed to ferrite structure and also to wiistite
structure. For sample HO030, the monophasic sam-
ple, the same interplanar distance associated to the
plane (220) of ferrite structure is observed in both
core and shell regions. In order to determine the spa-
tial distribution of each phase present in images a—c,
we obtained the inverse FFT by selecting reflections
(311) or (222) of magnetite and reflection (111) of
wiistite, corresponding to the spacing distances of
0.253 nm, 0.242 nm and 0.249 nm, respectively. The
right panel of all figures presents a colour overlay
of these inverse FFT (IFFT) obtained from selected
spots indicated in the corresponding FFT. Red colour
corresponds to the wiistite phase and green to mag-
netite one.

This structural analysis indicates that the core of
the samples prepared with the pre-decomposition
step corresponds to the reduced phase Fe; O while
the shell is the oxidized ferrite phase. The relation
between the volumetric fractions of the core with the
whole nanoparticles volume of these samples calcu-
lated from the mean diameter obtained by HRTEM
is consistent with the fraction phases estimated from
XRD. Sample DHO030 presents a core volume fraction
(as estimated from TEM measurements) of~42%,
which implies a thinner shell compared to the other
two samples exposed to air entrance to the flask at
higher temperature during the synthesis. Although
smaller than that one for samples DH200 and DH150,
this value is larger than the expected from the XRD
profile, which is probably related with some oxida-
tion during the preparation of the TEM specimen.
The grid with the DHO30 NPs was kept exposed to
air at room temperature for 6 months and, after that,
new HRTEM images were acquired; a representative
image is presented in Supplemental Material S2. It
is visible that the thickness of the shell is larger than
the observed in the as-prepared sample. In fact, the
volumetric fraction of the core is reduced to 29% in
the aged sample, indicating that a progressive oxida-
tion process of the wiistite core takes place at room
temperature, continuously increasing the fraction of
Fe;0, phase in the nanoparticles.

Comparing the images of the DH200 and DH150
samples, a clear difference in their morphology
is noticed, where DH200 nanoparticles present
larger surface roughness and a less sharp interface
between the core and shell than the DH150 nano-
particles. These characteristics probably result from
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Fig. 3 Left panels show
representative HRTEM
images of nanoparticles in
all samples: DH200 (a),
DH150 (b), DHO30 (c) and
HO030 (d). The central panel
gives the FFT obtained
from the corresponding
nanoparticles. The right
panel gives a colour overlay
of the inverse FFT (IFFT)
obtained from the selected
points indicated in the cor-
responding FFT: red corre-
sponds to the wiistite phase
and green to magnetite one

a more drastic oxidation process in the DH200 sam-
ple, as consequence of the air exposure at higher
temperature. However, sample DH200 was opened
at a higher temperature and it presents a lower
amount of oxidized phase than sample DH150. A
possible reason for this is that the fast oxidation sur-
face process lead to a crystalline ferrite phase which
passivates and reduces the oxygen diffusion to the
core of nanoparticles. On the contrary, the sample
exposed to air at lower temperature 303 K presents
lower oxidation degree, as expected.

In opposition to the samples synthesized with the
pre-decomposition step, the HRTEM image of sam-
ple HO30 shows mostly monophasic nanoparticles
whose structure can be associated to the oxygen-
rich ferrite phase, despite some nanoparticles with
core—shell morphology could be also observed in
this sample. Moreover, the size of the HO30 sample
is 11 nm, much smaller than the size of the nano-
particles fabricated removing the water in the syn-
thesis, i.e. 24-27 nm. The synthesis without the
pre-decomposition water removing step is turbulent,
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probably due to the abruptly vaporization of water
condensed that drops into the hot solution (593 K)
which produces pressure changes and air entrance
from the condenser column. On the contrary, the
synthesis removing water and in N, flux is quiet and
without turbulence or explosions.

It is known for bulk materials that the wiistite
(Fe,.,O) decomposes into metallic iron and magnet-
ite (Fe;0,) (Cornell and Schwertmann 2003). The
metastable magnetite contains Fe?*, which further
oxidizes even under ambient conditions to Fe3*,
resulting in maghemite (y-Fe,05). Maghemite trans-
forms ultimately at temperatures higher than 673 K
to the hematite phase (Cornell and Schwertmann
2003; Medilli et al. 2012). Similar stability is found
for nanomaterials with nanocrystalline maghemite
being stable even for temperatures up to 670 K
(Krispin et al. 2012). In this way, it is expected that
the iron oxide phases present in the sample prepared
by thermal decomposition are the wiistite and the
ferrites, magnetite or maghemite. In the HO30 XRD
pattern, only the peaks corresponding to the fer-
rite (magnetite or maghemite) phase are observed.
Therefore, the synthesis performed without the pre-
decomposition step results in the oxidation of the
whole nanoparticle with respect to the wiistite.

Magnetic properties of nanoparticles strongly
depend on the morphology, crystallinity and com-
position of the system. In this way, they are strongly
related to the synthesis procedure and thermal his-
tory of the sample. In particular, we found that
the morphology and composition of our samples
depend on the pre-decomposition step, and the air
exposure at different temperatures, of the initial
and the final cooling step of the synthesis, respec-
tively. M(H) curves at 300 K of as-made DH200,
DH150 and HO30 powders were measured to obtain
the magnetic saturation Mg. The mass fraction of
organic was determinate by TGA of the nanopar-
ticles to normalize magnetic results, and there is
7%, 13% and 25% for samples DH200, DH150
and HO30, respectively. In this way, the Mg values
obtained are 20.4, 27.2 and 80.5 emu/g for DH200,
DH150 and HO30, respectively. The low magnetiza-
tion value of DH200 and DH150, compared with
the H30 sample, is compatible with a larger frac-
tion of wiistite phase with respect to maghemite, in
agreement with the results of XRD. The estimation
of Mg for sample DHO30 was not presented, since
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this sample was preserved in the synthesis solution
to minimize the oxidation.

Figure 4 presents the M(H) curves measured at
300 K for DH200, DH150 and HO30 nanoparticles
dispersed in epoxy resin to avoid the mechanical rota-
tion of the nanoparticles and to reduce the effects
of magnetic interparticle interactions. These curves
exhibit a reversible behaviour and they were fitted
with a Langevin function expected for superpara-
magnetic ferrite nanoparticles together with a linear
component ascribed to the paramagnetic response
of wiistite phase or disordered surface magnetic
moments:

M(H, T) = A coth(KH) — é] +BH )

where A, B and K are constants related to the mag-
netization saturation, the paramagnetic susceptibil-
ity and the Langevin argument, respectively, being
directly related with the Langevin function for a
superparamagnetic domain added to a paramagnetic
contribution:

_ uH kT
M H, T) —MS[COth </€B_T> - <,M_H>] +BH (2)

80 N T T
DH200

601 | —»—DH150
404 | —0—HO030

20 8

M (emu/g)
o

-204 4
-40-
-60
-80 1

T=300K ]

Fig. 4 Magnetization curves M(H) at T=300 K for samples
DH200, DH150 and HO30 dispersed in epoxy resin to avoid
the mechanical rotation of the nanoparticles and to reduce the
effects of magnetic interparticle interactions. The solid red
lines correspond to the fits with a Langevin function together
with a linear component (Eq. 1) and the parameters obtained
are given in Table 1
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where kgT is the thermal energy and p is the
magnetic moment of the domain. The coefficients
obtained from the fits with Eq. 1 are presented in
Table 1 and the uncertainty obtained from the fits is
the last digit. The linear component (B) of samples
DH200 and DH150 is considerably larger than the
corresponding one of HO30, supporting the presence
of larger paramagnetic phase fraction in DH samples,
as expected.

M(T) curves of all samples measured in ZFC
and FC protocols with a cooling field H=50 Oe
are presented in Fig. 5. A notable decrease in the
187 K< T<235 K temperature range is observed in
the DH200, DH150 and DHO30 samples, which is
associated to the AFM transition of wiistite phase.
This signal overlaps with an irreversible behaviour
associated to the blocked temperature of the ferrite
phase at the shell, at larger temperature than the Néel
transition. From this figure, a sharper AFM transition
can be noticed for the DHO30 system in agreement
with the majority of wiistite. At T~115 K, the M(T)
curves of these three samples with the pre-decom-
position step present a decrease of the magnetiza-
tion, probably related to the Verwey transition of the
Fe;O,. This is more evident in the insest of Fig. 5,
where the dMygc/dT plots of the ZFC curves are
shown. In the M(T) curves of sample HO30, the AFM
transition could not be resolved (Fig. 5), in agreement
with the ferrite single phase found for this system.

M(H) curves measured at 5 K after a field cool-
ing procedure from 300 K with an applied field of
Hpc=50 kOe (Mg-(H)) and after cooling without
magnetic field (Mzp-(H)) are presented in Fig. 6.
Mgc(H) curves of samples DH200, DH150 and
DHO030 show asymmetric loops characterized by
high exchange bias field (Hy;,,) of 2580 Oe, 4090 Oe
and 2700 Oe, respectively. This high bias indicates
a strong magnetic coupling between the AFM and

Table 1 Parameters obtained from the fitting of the M(H)
curves at 300 K of samples DH200, DH150 and HO030 dis-
persed in epoxy resin (Fig. 4) with a Langevin function
together with a linear component (Eq. 1 and Eq. 2)

Sample A (emu/g) B(x10*emu?” K (Oe™)
erg.g)

DH200 12.9 8.6 0.0019

DH150 18.1 11.0 0.002

HO030 80.5 1.9 0.011

Sy,

2y
»»),))»»»
1

M (arb. unit)

D)) )
)»»»)m)»»)

0 50 100 150 200 250 300
T (K)

Fig. 5 M(T) curves of samples DH200, DH150, DHO30 and
HO030 dispersed in epoxy resin measured in ZFC and FC proto-
cols with H=50 Oe. The insets present the respective dM g/
dT curves in the temperature range of 0 and 175 K, with a
maximum (black solid line) in the indicated temperature
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40 20 0 20 40
H (kOe)

Fig. 6 Magnetization M(H) curves measured at 5 K after field
cooling from 300 K with a H=50 kOe (Mgc(H)) and after
cooling without magnetic field (Mzrc(H)). Hy;,, indicates the
bias field observed in the Mp.(H) curve, while H € indicates
the coercive field for the M p-(H) curve
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FiM phase at the core/shell interface (Salazar-Alva-
rez et al. 2007). In addition, these samples present a
larger coercive field (HCZFC=3720 Oe, 3513 Oe and
3200 Oe, respectively) than the expected for the fer-
rite, also indicating the magnetic coupling between
the core and shell phases (Lavorato et al. 2017).
Mgc(H) curve of the sample HO30 does not present
exchange bias and the coercive field is H,=235 Oe,
confirming its monophasic ferrite composition.

In order to explore the effects of pre-decomposi-
tion step on the final composition and morphology
of the nanoparticles, Fig. 7a and b presents TGA
and DTA measurements, respectively, for an aliquot
(about 15 mg) of the as-prepared synthesis solution.
The measurement was performed by heating the sam-
ple with an Ar flux of 100 mL/min to 383 K, with a
heating rate of 3 K/min. After that, the sample was
kept about 45 min at this temperature. This temper-
ature variation emulates the ramp used in the pre-
decomposition step for samples DH200, DH150 and

100 - ——— 1

& 95¢ 1

90 + 1

85+ - |

| a

0.0 \ 1

\

= 0.5+ 1
)
<

g -1.0} ]

154 b

300 325 350 375
T (K)

Fig.7 a TGA and b DTA measurements for an aliquot (about
15 mg) of the as-prepared synthesis solution performed by
heating the sample to 383 K with a heating rate of 3 K/min and
kept about 45 min at this temperature maintaining an Ar flux
of 100 mL/min. Arrows indicate the direction of temperature
variation
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DHO030. A strong reduction of the mass of about 15.5
wt% is observed in an endothermic process measured
in the TGA/DTA curves.

Figure 8a gives the FTIR spectra of the prepara-
tion synthesis solution common for all samples, pre-
vious to the synthesis, together with the FTIR spectra
of the solution obtained after the synthesis of samples
DHO030 and H30, i.e. with and without the pre-decom-
position step, respectively. Differences in the spectra
due to the presence of by-products are expected to be
more evident comparing these solutions before and
after the synthesis. In fact, the 3400-3100 cm™' range

as-made solution

l,30,=0.03

3400 3300 3200 (a)

3500 3000 2500 2000 150(1) 1000 500
wavenumber (cm’ )

Transmission (arb. units)

'DH200

9
AN

Fe-O_

)]

Transmission (arb. units)

.
4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cm’)

Fig. 8 FTIR spectra: a as-made H030-like and DHO030-like
synthesis solutions, where symbols +, |, X, * and # indicate the
peaks observed only in the spectrum of DHO030-like solution,
the peaks with higher and lower intensities in the spectrum
of the as-made solution and the peaks with different intensity
ratios among the samples, respectively (inset: detail of the
wavenumber range around 3300 cm™'); b nanoparticles precip-
itated by centrifugation or with magnetic assistance of samples
DH200, HO30 and DH030
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for the three solutions exhibits a broad peak centred
around 3300 cm™! in the spectra of the thermally
treated solutions, which is not observed in the spec-
trum of the preparation synthesis solution, present-
ing only a narrow peak at 3335 cm™! related to the
oleylamine and the low-energy part of a very broad
one related to the oleic acid (see the inset of Fig. 8a).
This peak at 3300 cm™! observed in the solutions
after the synthesis could not be addressed to the OH
groups of the 1,2-octanediol, since it is not observed
for the preparation solution due to the small amounts
of this chemical used. Thus, it is probably related to
O-H groups present mainly in water, originated in
part from by-reactions during the synthesis and to
some humidity inserted in the synthesis environment,
and also to O-H groups formed in the oxidation of
organic compounds. The intensity of this peak at
3300 cm™" (I53), defined as its height with respect
to the baseline (dotted line in Fig. 8a) normalized by
the height of the alkene peak at 2960 cm™!, was rela-
tively small: I53,,=0.05 and 0.03 for the solutions of
samples HO30 and DHO030, respectively. The C=0
peak is observed for all solutions around 1720 cm™!
and it is associated to free oleic acid. The intensity of
this peak presents a reduced intensity in the thermally
treated solutions, which indicates that part of the oleic
acid is attached to the surface of the iron oxide parti-
cles with COO group, as expected, with a monoden-
tate or bidentate coordination. Consequently, a broad
peak around 1650-1450 cm™" related to the Veymmetric
and Vg mmenic modes of the COO bonded to the iron
oxide surface (indicated by the symbol X) is observed
only in the thermally treated solutions. Thermally
treated solutions also presented peaks at~600 cm™!
associated to the vibration mode of the Fe—O bond
in the nanoparticles. Finally, the FTIR spectrum of
the solution obtained after the synthesis of sample
DHO30 presented four peaks localized at 1500 cm™!,
1087 cm™!, 1037 cm™! and 700 cm™! (indicated by
the symbol +) that are not observed in the spectra of
as-made solution and the one obtained after the syn-
thesis of sample HO30.

Figure 8b gives the FTIR spectra of the nano-
particles of samples HO30 (magnetically precipi-
tated), DH200 and DHO030, where the first one was
magnetically precipitated and the last two by cen-
trifugation. These spectra present small differences
in comparison to those of the synthesis solution.

However, some of the following differences among
them are observed:

(1) The relative intensity of the peak around
600 cm™' associated to Fe—O bond (indicated
by the dashed square in Fig. 8b) with respect
to the alkene peaks around 2900 cm™' (also
indicated in Fig. 8b) is higher for sample H030,
magnetically separated, than to the other ones,
indicating a bigger nanoparticle/organic com-
pounds ratio in this sample.

(i) The peak at around 1720 cm™! (indicated by
empty square in Fig. 8b) observed for samples
DHO030 and DH200 indicates the presence of
free oleic acid in them, with a small increment
of 30 cm™' in this peak position for sample
DHO030.

(iii) The spectrum of sample DHO030 presents other
peaks associated to different organic com-
pounds also observed in the spectrum of the
solutions after the synthesis.

(iv) The distance in the peaks associated to the
COO groups bounded to the nanoparticles’ sur-
face (indicated by the grey square in Fig. 8b) is
bigger for sample DHO030, indicating different
coordination of oleic acid to the Fe ions at the
surface of the nanoparticles in this case, more
related to a monodentate coordination in this
sample in comparison to the others.

Figure 9a and b presents the FTIR of the recov-
ered material from evaporation and a fraction of the
solution, both collected during a replication of the
synthesis of sample DH030 in the modified appara-
tus described in Supplementary Material S1 at dif-
ferent temperatures and times below the reflux con-
dition. The main contribution to all spectra was from
octadecene, the solvent used for the synthesis. How-
ever, in the FTIR spectrum of the material recovered
after 30 min at 393 K, a relatively intense peak cor-
responding to the O-H stretching is observed. This
peak is also observed in a lower relative intensity in
the solution collected at the same temperature and
time, while is not present in the as-prepared solu-
tion (Fig. 8a) previous to the heating. The relative
intensity of this peak presents a strong reduction in
the recovered material held at 473 K for 2 min, and
it reduces even more in the recovered material at
473 K/30 min. In addition to the octadecene and O-H
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stretching band, other differences are observed in the
low-energy range of the spectra of collected mate-
rials. Specifically, the samples collected at 473 K
present two peaks at 1040 cm~! and 1085 cm™ that
are not observed in the material recovered at 393 K.
These peaks can be associated to a small amount of
acetylacetone or some organic derived in it. In addi-
tion, some peaks related to a small amount of acet-
ylacetone (boiling point around 403 K) in the octa-
decene are also observed in the spectra of all samples.
The presence of this compound in recovered mate-
rial is observed in the absorbance spectra of the
recovered material at 373 K/30 min, octadecene and
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wavenumber (cm™)

acetylacetone (obtained from reference (Wallace and
(direc.), 2020)) are also presented in Fig. 9c.

Discussion

As pointed above, the pre-decomposition step at
383 K changes the size, composition and morphol-
ogy of the iron oxide nanoparticles, and specifically,
a core—shell structure is formed where oxidized fer-
rite phase at the shell can be modulated by the air
exposure of the solution at different temperatures; on
the contrary, without this step, fully oxidized Fe;O,
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nanoparticles are formed. Consequently, the magnetic
response of the nanoparticles is strongly sensitive to
this step in the synthesis procedure, presenting sam-
ples with distinct magnetic ordering (AFM and FiM),
anisotropies and magnetic moments, as well as differ-
ent magnetic internal interactions within the particle.

According to the results presented above, the pre-
decomposition allows to eliminate some solvents
with lower boiling point formed in the temperature
range below 473 K, mainly compounds containing
O-H groups. There are two possible sources of com-
pounds with O—H groups in the amounts detected: (i)
from water formed in by-reactions in this tempera-
ture interval and from some humidity present in the
synthesis environment, since it is not observed in the
FTIR spectrum of as-prepared synthesis solution; (ii)
from the oxidation of some organic compound in the
synthesis solution.

In a recent work, Scopel et al. (Scopel et al. 2019)
synthesized Fe;O, nanoparticles from Fe’* acety-
lacetonate in the presence of only oleic acid, which
acts as solvent and surfactant in the synthesis. These
authors proposed that similar dynamics in the nano-
particles formation is expected in this synthesis with
the previous formation of the Fe oleate from the acet-
ylacetonate by ligand exchange at low temperatures in
a reversible process and the equilibrium is shifted to
the acetylacetonate with increasing the pressure in the
synthesis environment.

The reduction of Fe*™ of the acetylacetonate to
Fe?*, to form either wiistite or ferrite phases, is a
consequence of the reductive environment of the syn-
thesis: the long-chain alcohol, 1,2-octanediol in our
syntheses, the excess oleylamine added to the reac-
tion and the acetylacetonate decomposition (Song
et al. 2016). In addition, the reduction of Fe** to Fe>*
is also observed in synthesis performed only in the
presence of 1-octadecene and oleic acid, which can
be addressed to the 1-octadecene oxidation (Kemp
et al. 2016) and the oxidative decarboxylation of iron
oleate (Kemp et al. 2016; Kwon et al. 2007). Accord-
ing to Soon Gu Kwon et al. (Kwon et al. 2007), the
decomposition of the Fe oleate, used to synthesize
the iron oxide nanoparticle in the presence of 1-octa-
decene, starts around 473 K (with the formation of Fe
and Fe—O free radicals with other by-products such
as CO, CO,, H,, water, ketones, esters and hydrocar-
bons) and evolves towards its complete decomposi-
tion at temperatures around 573 K. These authors

also show that the Fe oleate decomposition is fol-
lowed by the nucleation and the growing of small iron
oxide clusters, which starts around 523 K and con-
solidates above 583 K. Additionally, it was shown by
Kemp et al. (Kemp et al. 2016) that 1-octadecene and
its degradation products participated in the forma-
tion of the nanoparticles, resulting in larger particles
(24.7 nm) in comparison to the synthesis using octa-
decane (14.4 nm). However, the authors indicate that
the main mechanism for the Fe** formation is due to
oxidative decarboxylation of oleic acid and Fe oleate.
In fact, the oleate decomposition can be directly asso-
ciated to the formation of CO, during the synthesis
(Kwon et al. 2007) due to the ketonic decarboxylation
reaction where the oleic acid forms a ketone liberat-
ing CO, (Hufschmid et al. 2015; Palchoudhury et al.
2011). Nevertheless, the reduction process is associ-
ated to the presence of reducing gases such as CO
(Hai et al. 2010) (forming CO, as by-product), and
the presence of oxygen in the synthesis environment
may limit the reduction process by the transformation
of CO to CO,. Also, CO and CO, could be produced
by the partial combustion of organic compounds
(Hufschmid et al. 2015).

The effect of the pre-decomposition step may be
addressed to the removal of water present in the solu-
tion, adsorbed in the glass wall and/or the humid-
ity in the air contained in the flask, which could be
addressed to the mass loss observed in the TGA
(Fig. 7a). However, the FTIR analysis of the as-
prepared solution does not indicate the presence of
water, which is observed for the thermally treated
solutions. In fact, the FTIR analysis of the water con-
tent in the reagents used in the synthesis solution,
presented in the Supplemental Material S3 (very sim-
ilar to the FTIR of the standard compounds (Wallace
and (direc.) 2020)), indicates that the amount of water
is really small, excepting for the 1,2-octanediol. How-
ever, the amount of 1,2-octanediol used in our syn-
thesis solution was very small; thus, the significant
amounts of water are likely to be the result of by-reac-
tions during heating at the early stages of the synthe-
sis. These amounts of water could be removed during
the pre-decomposition step, which is consistent with
the higher intensity of the water peak observed in
the FTIR spectrum of the thermally treated solution
without using this step. Therefore, the weight loss
observed in TGA could not be addressed entirely to
the removal of water in the reagents, being probably
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related to the possible processes occurring in the pre-
decomposition step mentioned above: decomposition
of the organic reagents (Kemp et al. 2016), esterifica-
tion of oleic acid with the long-chain alcohol (Lucena
et al. 2011) and the formation of the oleylamine and
oleic acid complex (Harris et al. 2015).

According to Kemp et al. (Kemp et al. 2016),
water is released from the ligand exchange of iron
oleate in the presence of excess oleic acid during the
heating up procedure, and this released water affects
the nanoparticle formation and the final morphol-
ogy. As pointed out by these authors, the inert gas
flux plays an important role to reduce the amount of
water formed. The presence of this released water or
the humidity remaining is easily observed during the
synthesis, by the production of white vapour in the
first stages of the condenser and by explosions in the
synthesis solution during the reflux step. Also accord-
ing to Kemp et al. (Kemp et al. 2016), the presence
of water in the synthesis plays a major role in the
nucleation of the nanoparticles, and its control in the
first stage of the synthesis influences the nanoparti-
cle size and the reproducibility of the results. In fact,
the water can produce the thermal cracking of oleic
acid (Harris et al. 2015). Another possible by-reaction
that can release water and affect the free acid in the
solution is the esterification of oleic acid with the
long-chain alcohol (Lucena et al. 2011). This process
depends on the oxidant media and could happen at
lower temperatures, around 373-393 K. The presence
of ester increases with removing the water, conditions
observed in the pre-decomposition step. In addition,
during this pre-decomposition step, the oleylamine
and oleic acid can form base:acid complex in the con-
centrations range used in our synthesis (Omidghane
et al. 2017; Gao et al. 2015), affecting the nucleation
and the stability of the final nanoparticles. The FTIR
spectrum of the DH030-like solution presents the fol-
lowing peaks: C—C-O and O-C—C groups in an ester
present peaks in the 1090 cm™ and 1030 cm™ range
(Smith 2018), while C-N and N-H groups of amides
present peaks at 1550-1500 cm™' (Parker 1971)
and a peak related to N-H group is expected around
710 cm™L.

Finally, Fig. 9 clearly indicates the formation of
compounds containing O—H groups, suggesting the
formation of water from the possible by-reactions dis-
cussed previously. The presence of water and other
organic compounds with low boiling point during
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synthesis without the pre-decomposition step (e.g.
acetylacetone with b.p.~403 K) produces explosions
in the solution at high temperatures, especially dur-
ing the nucleation and reflux stages. This unsteadi-
ness in the liquid medium promoted by explosions
also includes pressure instabilities that allow external
moisture to enter the flask, yielding a less reducing
synthesis’ atmosphere that could affect the Fe oxida-
tion state during the nucleation process. As a result,
the formation of wiistite is favoured with the pre-
decomposition step, while oxidized ferrite phase is
the result without this step.

Conclusions

The thermal decomposition method is largely used
to synthesize magnetic nanoparticles; however, the
impact of several aspects of the synthesis procedure
in the composition and morphology is not completely
clear, impacting directly on the magnetic properties
of the synthesized nanoparticles. In this way, the pre-
decomposition step in the synthesis of iron oxide nan-
oparticles by the thermal decomposition method of
Fe(acac), in the presence of oleic acid and oleylamine
presents a strong effect on the final composition and
morphology of the nanoparticles systems. The main
effect of this step, which consists in heating the syn-
thesis solution to 373—393 K with an inert gas flux
in open flask, is the removing of water. Using this step
results in 20- to 25-nm core—shell nanoparticles, with
a Fe, O core phase and a ferrite oxidized shell. The
thickness of the ferrite can also be modulated by the
temperature of the air exposure in the final cooling
step. The air exposure at lower temperature results is
lower proportion of the oxidized phase. In opposition,
monophasic ferrite nanoparticles with 11 nm were
produced when the synthesis is performed without
this pre-decomposition step. These differences in the
size, morphology and composition of the nanoparti-
cles are probably related to the competition between
the reducing agents formed during the synthesis and
residual or/and released water, as well as to possible
reactions involving oleic acid in the pre-decomposi-
tion step.

The magnetic properties are strongly influenced
by the differences in the composition and morphol-
ogy of the synthesized systems. We have shown that
a pre-decomposition step prevents sample oxidation
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and produces the Fe, O wiistite phase, yielding
nanoparticles of smaller size and, more important,
lowering the magnetization since this phase orders
antiferromagnetically at~200 K. Air exposition dur-
ing the synthesis and further aging of the samples at
room temperature produced increasing oxidation of
the nanoparticles yielding wiistite/ferrite core—shell
structure with increasing amounts of ferrite phase for
longer oxidation times. The AFM phase in the core
was found to be strongly coupled with the FiM shell
through an exchange bias mechanism, resulting in a
larger coercivity field than the expected for the FiM
single-phase nanoparticles. Alternatively, when the
synthesis is performed without the pre-decomposition
step, monophasic ferrite nanoparticles that behave
superparamagnetically at room temperature are
produced.
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