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FesO4/BaTiOz; COMPOSITES WITH CORE-SHELL
STRUCTURE

Eugenia TANASA?, Ecaterina ANDRONESCU?", Marin CERNEA?,
Ovidiu Cristian OPREA!

This paper demonstrates the possibility of the preparation of Fe;04/BaTiOs
core-shell composites. BaTiOs-coated Fe;Os (Fes04/BaTiO3) with 5-15 nm FesO4
nanoparticles as cores and 2.5-4 nm BaTiOz shell thickness, was successfully
prepared through coprecipitation method and sol-gel deposition technique. High-
Resolution Transmission Electron Microscopy (HRTEM), Energy Dispersive X-ray
Spectrometry (EDXS) and Selected-Area Electron Diffraction (SAED) showed the
formation of the core—shell structure with face centered cubic Fe3O4 and tetragonal
BaTiO; phases.
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1. Introduction

In the last years, the core—shell nanomaterials have become a research
field of great interest due to their potential applications in various fields, like:
catalysts, sensors, electronics, optoelectronics and biomedical applications [1,2].
The composite materials consisting of components with distinct properties have
also attracted attention due of their potential multifunctional applications [3,4].
Magnetite (Fe3Os) is the oldest magnetic material known. Magnetite nanoparticles
have applications in magnetic bio-separation [5-7], drug delivery [8,9], magnetic
resonance imaging contrast enhancement [10] and targeted drug [11-14], due to its
excellent properties of superparamagnetism, biocompatibility, and low toxicity.
However, pure magnetite nanoparticles may not be very useful in practical
applications, since they are likely to form a large aggregation, alter magnetic
properties, and undergo rapid biodegradation when they are directly exposed to
the biological system. Therefore, for preventing such limitations from occurring,
it is essential to coat the magnetite nanoparticles suitably [15]. Silica, polymer,
BaTiOs and other are types of materials widely used in coating/modification of
magnetite nanoparticles [16-18]. Barium titanate (BaTiOg) is a typical dielectric
material and is used extensively because of its high permittivity and unique
ferroelectric, piezoelectric, and thermoelectric properties [19]. The core—shell
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magnetic composites have shown great potential in bioseparation and functional
immobilization [20,21]. In the Fe3O4/BaTiOz composite nanoparticle, FesOs will
act as an internal electrode for BaTiO3 and, the composite nanoparticle will have
high electromagnetic compatibility [22]. However, it is difficult to prepare the
Fe304/BaTiOz heterostructure as a magnetic composite, due to partial oxidation of
FesO4 to Fe2Os3 in the calcination process for the preparation of Fes04/BaTiOs
composite core-shell. In this paper, the co-precipitation method was used for the
synthesis of FesO4 nanopowder and the sol-gel technique in order to cover the
Fe304 particles with a BaTiO3z layer/shell.

2. Materials and methods

2.1. Synthesis of FesO4/BaTiOs core-shell

Magnetite (FesO4) was prepared by co-precipitation method starting from
iron(111) chloride (FeCls, 98%), heptahydrate iron sulfate (FeSOs-7H20, >99.0%)
and ammonium hydroxide (NH4OH). All reagents are provided by Sigma-
Aldrich. The ferric chloride was dissolved in water at room temperature to give a
clear solution. Iron sulfate is added to the solution as-obtained (Fe®*/Fe3*=1:2
molar ratio), at room temperature, under magnetic stirring and then, this solution
is added to ammonium hydroxide and finally, Fe3Oas precipitates. The precipitate
is separated from the solution using a strong magnet and washed several times
with ethanol and distilled water until pH = 7. After washing, the FesO4 precipitate
is dried in oven, at 60 ° C for 12 hours (Fig.1).
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Fig.1. Schematic route for the synthesis of Fe304/BaTiO3 core-shell

Barium titanate (BaTiO3) was prepared by the sol-gel method using as
starting reagents: barium acetate (Ba (CHs3COO),), titanium butoxide
(C16H3604Ti), butyl alcohol, acetic acid and acetylacetone. All reagents of high
purity are provided by Sigma—Aldrich. The barium acetate is dissolved in acetic
acid. Titanium butoxide is added to butyl alcohol in order to obtain the optimal



Fe304/BaTiO3; composites with core-shell structure 173

concentration of the precursor sol that will cover the magnetite grains. By adding
the acetic barium acetate solution to the titanium butoxide alcohol solution, the
complex solution of Ba and Ti (BaTiOs precursor sol) is obtained. To stabilize the
as-obtained sol, acetylacetone is added. The FesO4/BaTiOs core-shell composite
results from the addition of BaTiOs sol to the magnetite powder of FesOs. For the
sol surrounding the magnetite particles to turn into gel, the magnetite particles are
kept in the sol suspension by mechanical agitation for several hours. Then, the
magnetite granules coated with BaTiOs precursor gel are separated from the sol
by centrifugation. Core-shell grains are washed several times with distilled water,
dried at 70 °C and calcined at 700 °C for 1 hour, in argon with 10% hydrogen in
order to crystallize BaTiOs.

2.2. Characterization

The Fes04 and Fe304/BaTiOz core-shell dried precipitate and gel powders
were analyzed by thermogravimetric (TG) and differential scanning calorimetry
(DSC) methods using a Netzsch STA 449C Jupiter Instrument, at temperatures
from 25 to 900 °C with a heating rate of 20 °C/min, in air atmosphere. The
crystallographic structure of the core-shell composites was examined using a
Panalytical X’Pert PRO MPD diffractometer. CuK, radiation (wavelength 1.5406
A) and Bragg-Brentano diffraction geometry were employed. X-ray diffraction
data were acquired at room temperature with a step-scan interval of 0.02° and a
step time of 40s. The microstructure of the core-shell heterostructures was
assessed using a FEI QUANTA INSPECT F scanning electron microscope with
field emission gun and a Tecnai™ F30 G2 S-TWIN transmission electron
microscope with a line—resolution of 1.2 A. The crystalline structure of the
samples was investigated by selected area electron diffraction (SAED) and high
resolution transmission electron microscopy (HRTEM). The local symmetry of
the compounds was determined by Raman spectroscopy. Raman spectra were
obtained at room temperature using a Horiba Jobin Yvon LabRAM HR800
spectrometer, equipped with nitrogen cooled detector. For excitation, the 632.8
nm He-Ne laser was employed for the characterization of the FesO4 nanoparticles
and the 514 nm Argon lon laser for the characterization of the BaTiOsz and
Fe304/BaTiO3 compounds.

3. Results and discussion

3.1. Thermal analyses

Several thermal analyses (TG and DSC) were used for better distinction of
the steps and the species that participate in the thermal transformations of the
precipitate precursor of Fe3Os and gel precursor of BaTiOs shell. The
thermogravimetry curve recorded under air atmosphere, with 10 °C/min heating
velocity, showed a gradual weight loss in the temperature range 25-900 °C for the
precipitate.
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According to major changes suggested by the shape of the TG and DSC
(Fig.2) diagrams, the decomposition process can be divided into three steps: 25-
180 °C, 180-400 °C and 400-900 °C. The first stage (below 180 °C) can be
ascribed to the evaporation of absorbed water and ethanol on the grains surface,
while the second stage beginning at about 180 °C is due to the removed of CO;
absorbed on the grains surface. These processes correspond to the endothermic
peaks at 160 °C and 220 °C on the DSC curve (Fig.2).
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Fig.2. Thermal analyses (TG and DSC) results of FesO4 precipitate and FesO4/BaTiOzdried
composite core-shell

The peak at 550 °C is probably due to the crystallization of the FesO4 phase.
According to TG curve of BaTiOs shell gel in the temperature range of 25-900
°C, there are two steps (25-400 °C and 400-750 °C) of the thermal behavior of
BaTiOs precursor gel. In the first range, butyl alcohol, acetic acid and
acetylacetone evaporate. The loss of mass in the 400-750 °C range is due to the
pyrolysis of the butoxide, acetate and acetylacetonate groups bonded to Ti and
crystallization of BaTiOz phase.

3.2. XRD analyses

Fig. 3 shows the XRD patterns of the FesOs powder used as core in the
composite core-shell, Fe304/BaTiOz core-shell powder where the BaTiOs shell is
a dried gel and, Fe3O4/BaTiOs calcined core-shell powder.

The diffraction peaks at 18.39°, 30.07°, 35.50°, 43.13°, 53.71°, 57.19°,

and 62.69° were indexed as crystalline planes of (111), (220), (311), (400), (422),
(511), and (440), respectively, for cubic spinel-like structural FesO4 (ICDD file
no. 04-008-8147, space group: Fd-3m) [23]. As can be seen in Fig.3(b), the
diffraction peaks were attributed to the face centered cubic Fe3Os phase of the
core particles and, some non-indexed peaks are assigned to the precursor gel of
BaTiOs. Fig. 3(c) shows peaks corresponding to face centered cubic FesOa,
tetragonal BaTiOs (ICDD file no. 04-007-9921, space group: P4mm) [24] and,
monoclinic BaTisO11 phases (ICDD file no. 00-035-0805, space group: P21/n)
[25] present as traces.
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Fig.3. X-ray diffractograms: (a) magnetite powder obtained by coprecipitation; (b) Fe3s04/BaTiO3
core-shell powder as-prepared; (c) FesO4/BaTiOs calcined core-shell powder

3.3. Raman analyses

The characteristic peaks positions of magnetite (FezOs) and BaTiOs
determined in the Raman region of 100-900 cm™ are presented in Fig.4.

The room-temperature Raman spectra of Fes0s, BaTiOs and
Fez04/BaTiO3 composite (Fig.4), show a good comparative phonon assignment
with other reports [26-29]. Thus, the bands at 193, 312, 545 and 671 cm™ are
attributed to Fe3Og4, in good agreement with those previously reported [26-28].
For example, J. Dunnwald, A. Otto [27] reported bands at 298, 319, 418, 550, 676
cm™ while, D.L.A. de Faria et al. [26], reported bands at 193 (week), 306 (week),
538 (week), 668 cm™ (strong). The Raman spectrum for the BaTiOs powder
sample obtained by us is presented in Fig.4(b). This spectrum shows peaks at:
261, 307, 516 and 718 cm™, that are close to those reported by others researchers
[29]. The Raman mode around 303 cm™ is characteristic of the tetragonal BaTiOs;
the other peaks can be attributed to both the cubic and tetragonal structure of
BaTiOs. Fig.4(c) shows the Raman spectrum of the Fes04/BaTiOs particles of
core-shell biphasic composition. The Raman spectrum of the composite follows
the spectrum of BaTiOs shell and the peaks of the core-shell are shifted vs. Fe3O4
peaks.
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Fig.4. Raman spectra of (a) magnetite (FesO4) powder, (b) BaTiO3; powder and (c) Fes04/BaTiO3
calcined core-shell powder

3.4. SEM analysis
SEM micrographs of the Fe3Os and Fes04/BaTiOs powders are shown in

Fig.5.

Fig.5. SEM micrographs of (a) FesO4 powder prepared by coprecipitation method,
(b) Fes04/BaTiOs powder, after drying the BaTiOs shell gel, and
(c) Fes04/BaTiO3 powder, calcined at 700°C

Both powders present nano-sized grains. The Fe3Os powder exhibit
particles of 7 nm average size and agglomerates (Fig.5(a)). FesO4/BaTiOs powder,
after drying the BaTiOs shell gel shows also agglomerates consisting of primary
nanosized particles (~12 nm) (Fig.5(b)). The Fes04/BaTiOs core-shell powder,
calcined at 700 °C show a structure composite with 0-3 connectivity (Fig. 5(c)).

3.5. TEM analysis

The size of nanoparticles and microstructure of the FezOs powder are also
studied using TEM and the results are shown in Fig.6.

The bright field transmission electron microscopy (BF-TEM) (Fig.6(a,b))
and high-resolution transmission electron microscopy (HR-TEM) images
(Fig.6(c)) reveal that the average size of Fe3O4 are of about 6 nm. The inset of
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indexed selected area electron diffraction (SAED) pattern (Fig.6(a)) shows that
the powder is nanocrystalline (ring patterns). The measured interplanar distances
are attributed to the face centered Fe3O4 compound (ICDD file no. 04-008-8147).
This crystalline structure is validated by the HRTEM image (Fig.6(c)), where is
highlighted the 2.53 A interplanar distance of crystalline family planes with (311)
Miller indices of face centered cubic Fe3O4. Fig.7 and Fig.8 demonstrate the core-
shell architecture of the composite Fe304/BaTiOs.
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Fig.7. (a-c) TEM micrographs of Fe3z0./BaTiOs core-shell not calcined powder

As can be seen in Fig.7, the size of the BaTiOs shell is 2.5-4 nm. HR-TEM
investigation indicated that the core is face centered cubic phase Fe3Os. The
fringes spacing of 2.94 A correspond to the interplanar spacing of crystalline
family planes with (220) Miller indices of Fe3Oa4 phase (Fig.6(c)) [23].
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Fig.8. (a,b) TEM bright-field (BF) and (c,d) HR-TEM micrographs of Fe304/BaTiOj3 core-shell
calcined powder at 700 °C for 1 hour, in argon with 10% hydrogen; (e, f) Energy Dispersive X-ray
spectra (EDX) for BaTiOs and FesO4 acquired on highlighted area 1 and area 2, respectively

In Fig.8(c,d), two areas (area 1 and area 2) are highlighted, where BaTiO3
and Fe304 phases are identified, respectively. EDX spectrum from Fig.8(e) shows
the presence of major elements Ba and Ti in area 1, where the BaTiOs phase is
predominant. In area 2, the major phase is FesOs, Fe being the major element
(EDX spectrum from Fig.8(f)). The inset in Fig.8(d) is the Fast Fourier Transform
(FFT) of the highlighted square area. The measurements of interplanar distances
on the FFT shows the presence of the FesO4 phase.

4. Conclusions

In summary, the composite Fes04/BaTiO3z core-shell was successfully
prepared, using coprecipitation technique and sol-gel chemistry. XRD, Raman,
SEM, TEM, HRTEM and SAED investigation demonstrated the core—shell
structure of this composite. These methods indicated also that our composite core-
shell show two main crystallographic phases (cubic Fe3O4 and tetragonal BaTiOs3)
and traces of BaTisO11 phase. SEM and TEM analyses shown both nano-sized
particles of FezO4 and nanocomposite Fe304/BaTiO3z powder.
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From the references presented below, the research can be directed towards
the possibility of the preparation of Fe304/BaTiOz core-shell material for
biomedical applications.
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