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ABSTRACT: Composite materials made of epoxy resin and
barium titanate (BT) electrospun nanostructured fibers were
prepared. BT fibers were synthesized from a sol based on barium
acetate, titanium isopropoxide, and poly(vinyl pyrrolidone). The
fibers were heat-treated at different temperatures and characterized
by X-ray diffraction, scanning electron microscopy (SEM), and
Raman spectroscopy. Mats of BT fibers heat-treated at 800 °C
were embedded in epoxy resin into suitable molds. The com-
posites were characterized by SEM, and dielectric measure-
ments were performed by means of dielectric spectroscopy.
The dielectric permittivity and dielectric modulus of epoxy resin/BT-fiber composites were measured for two types of samples:
with the electrodes parallel and perpendicular to the BT fiber layers. Interestingly, composite samples with electrodes perpendicular to
the fiber layers and a BT content as low as 2 vol % led to dielectric permittivities three times higher than that of pure epoxy resin.
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■ INTRODUCTION

With the ongoing drive towards device miniaturization, it is
crucial to gain control of the synthesis and processability of
materials in the nanoscale. In the past few years, one-dimensional
(1D) materials such as nanofibers, nanowires, and nanorods have
attracted attention because they can be used as building blocks for
devices with a wide range of applications. In particular, nanofibers
can be produced by simple methods like electrospinning.1−5 For
instance, some polymer nanofibers have been synthesized by this
technique, from cellulose and its derivatives,6−8 poly(vinyl alcohol)
(PVA), poly(vinyl pyrrollidone) (PVP), poly(ethyleneoxide) (PEO),
polyamides, and many other polymers.4 Recently, research has
focused on the production of metal oxide/polymer and metal
oxide fibers for diverse applications. In the case of metal oxide
nanofibers, attention should be given to the necessary calcination
steps to achieve burning of the polymer and of the organic
additives as well as to the crystallization of the desired ceramic
phase.9 Among ceramic materials, photoluminescent CdTe/PVP
fibers,10 TiO2,

11 porous TiO2 and BaMnO3 fibers,
12,13 SnO2 and

TiO2 fiber gas sensors,14−16 bicomponent SnO2−TiO2 photo-
catalytic fibers,17 and Ce−Y2O3

18 and BaTiO3 hollow fibers19 have
been all synthesized by electrospinning techniques.
Specifically, barium titanate fibers have been synthesized

by electrospinning with promising results by many research
groups.19−28 However, the application of these fibers to elec-
tronic devices and assessment of the resulting properties beyond
microstructural characterization have been rarely reported. To
date, BaTiO3 fibers have been used in humidity sensors25 and
ferroelectric measurements have been carried out on BaTiO3/
PVDF composite fibers.29

Composite materials consist of two or more phases mixed in
determined proportions in order to obtain enhanced performances
with respect to the isolated components. The increasing demand
for low-cost and small size electronic devices has promoted the
development of new ceramic−polymer composites.30,31 Polymers
filled with certain ceramic powders are promising materials for em-
bedded capacitors, which combine the high dielectric constant of
the ceramic with the easy processability of polymers.32−34 Thus,
BaTiO3/epoxy composites used for embedded capacitor films
(ECFs) have been extensively studied because of the simple and
convenient fabrication process, low cost, and excellent properties
such as low dielectric loss, low conductivity and leakage current,
and compatibility with printed wiring boards (PWBs).32,35−38

In this work, barium titanate nanofibers were synthesized via
sol−gel and electrospinning. Composite materials for elec-
tronic applications, with low ceramic content, were prepared by
alternating layers of fibers in an epoxy resin matrix. So far, the
dielectric properties of BT electrospun fibers or composites
consisting of epoxy resin/BT-fibers have not been reported in
the literature. The influence of the electrode configuration with
respect to the barium titanate fiber layers on the dielectric
response of the composites is discussed in this work.

■ EXPERIMENTAL PROCEDURE
BaTiO3 (BT) nanofibers were prepared as follows: barium acetate
(Mallinckrodt) was dissolved in glacial acetic acid (Merk) and mixed
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under vigorous stirring inside a glovebox with titanium isopropoxide
(Aldrich, 97%) stabilized by a solution of acetylacetone (Aldrich,
99.9%) in absolute ethanol (Cicarelli). The obtained sol was mixed
with a solution of 0.16 g of poly(vinyl pyrrolidone) (PVP, 1.3 MDa,
Aldrich) in 3 mL of absolute ethanol. For electrospinning, the sol was
loaded into a plastic syringe. A DC voltage of 13 kV was applied to
the needle by a power supply unit (Gamma High Voltage Research,
0-30 kV), while a syringe pump (AcTIVA Prestige-equipment) fed the
sol at a constant rate of 0.5 mL/h. The fibers were collected 10 cm below
the needle tip over aluminum foil. The as-spun fibers were calcined in air
for 1 h at different temperatures to obtain crystalline BaTiO3 fibers
(BT-fibers).
X-ray diffraction (XRD) was performed on fiber samples using a

PANalytical, X’pert diffractometer with Cu Kα radiation and step size
of 0.02°/min, from 10° to 80° 2θ. Raman spectra were collected with a
Renishaw inVia Raman Spectrometer by means of a 514 nm Ar-ion
laser (50 mW nominal power). The microstructure and morphology of
fibers was also characterized by field emission scanning electron micro-
scopy (FE-SEM, Zeiss Supra 35).
A polymer−ceramic composite was prepared from bisphenol A type

epoxy resin (D.E.R. 331) and D.E.H. 24 (12.5% w/w) curing agent,
both from Dow Chemical, with Epodil 747 (10% w/w) as reactive
diluent and tetrahydrofuran (THF, Dorwil Chemical) (10% w/w) as
solvent. Heat-treated fiber mats were embedded into epoxy resin using
silicone molds, and then composites were cured in an oven at 100 °C

for 2 h for solvent removing and resin polymerization. Cured samples
were cut into 1 × 1 × 10 mm pieces.

For dielectric analysis, 1.0 × 10 mm opposite faces were coated with
silver paint in order to obtain electrodes in two different configura-
tions, perpendicular and parallel to the fiber layers as shown in Figure 1.
A 1.0 × 1.0 × 10.0 mm epoxy piece was used as the reference sample.
Thermogravimetric analyses were carried out in order to determine the
ceramic fiber content of the composites using a Shimadzu TGA-50.
Microphotographs were taken by scanning electron microscopy (SEM,
Jeol JSM-6460LV) to reveal the composite microstructure, particularly
in the polymer/fiber interphase. Dielectric measurements were carried
out at room temperature in the 0.1−107 Hz frequency range by means
of HIOKI 3522-50 (10 mHz−100 kHz) and HIOKI 3535 (100 kHz−
120 MHz) LCR HiTester units. Dielectric constant (ε) values were
determined from capacitance (Cp), and loss tangent (tan δ) was also
measured. In order to evaluate the influence of temperature, dielectric
measurements were also performed on a Hewlett Packard 4284A LCR
meter. Isothermal runs were carried out in the frequency domain 20 Hz−1
MHz from room temperature up to 100 °C, near the epoxy resin glass
transition temperature (Tg).

■ RESULTS AND DISCUSSION
Figure 2 shows the XRD patterns of BaTiO3 (BT) fibers heat-
treated at different temperatures. Both as-synthesized and low
temperature treated fibers showed amorphous structures. Samples
treated at 650 °C and higher temperatures crystallized into

Figure 1. Schematic drawings of epoxy/BaTiO3-fiber composites showing different electrode configurations.

Figure 2. XRD patterns of PVP/BT fibers heat-treated at different
temperatures. Inset shows a magnification of the 43.0−47.5° 2θ region
for crystalline samples.

Figure 3. Raman spectra of barium titanate fibers heat-treated at
different temperatures: (a) amorphous and (b) crystalline fibers.
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perovskite BaTiO3 in agreement with the JCPDS 74-1956 file.
It can be observed that the characteristic splitting of the peaks
corresponding to the (002) and (200) planes (43−47° 2θ) of
the tetragonal phase did not occur.26 On the other hand, a mag-
nification of the 43−47.5° 2θ range (inset image in Figure 2)
clearly shows differences in peak breadth of the sample heat-
treated at 650°C with respect to those treated at 800 and
1000°C. The increase in peak breadth with increasing tempera-
ture is associated with a polar crystal structure and indicates an
increasing degree of tetragonality. Moreover, the tetragonal
structure was identified by Raman spectroscopy as shown in
Figure. 3. According to Figure 3a, the as-electrospun fibers
exhibited different vibration modes corresponding to amor-
phous BT.39 The electrospun BT fibers annealed at 500 °C re-
sulted in amorphous BT fibers, which did not have active
vibrational modes as shown also in Figure 3a. Samples annealed
at temperatures above 650 °C showed bands associated with
the vibration modes of the BT tetragonal phase, as can be seen

in Figure 3b.40 However, it is worthwile noting that the band at
639 cm‑1 does not belong to the tetragonal phase of BaTiO3 but
is associated with high-temperature phases of the BaO−TiO2
system.41 The vibration modes associated with these signals
have been discussed in a previous work.42

Figure 4 shows the FE-SEM images of as-electrospun and
heat-treated fibers. The as-electrospun fibers are uniform in
diameter as well as samples heat-treated at 500 °C. The average
diameter of as-electrospun fibers is 360 nm (Figure 4a), where-
as that of fibers annealed at 500 °C is 290 nm (Figure 4b).
These fibers have quite smooth surfaces due to the amorphous
nature of BaTiO3. After heat-treatments above 650 °C, the
fibers consisted of sintered particles which maintained their
fibrous structures as shown in Figure 4c−e. At higher tem-
peratures, the crystallinity of the fibers was improved and the
grain size grew along the fibers. Figure 4c,d shows fibers heat-
treated at 650 and 800 °C with average diameters of 246 and
210 nm, respectively. Interestingly, the nanofibers heat-treated

Figure 4. FE-SEM images of (a) PVP/BT as-spun fibers and fibers heat-treated at various temperatures: (b) 500 °C, (c) 650 °C, (d) 800 °C, and (e)
1000 °C.
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at 1000 °C (Figure 4e) clearly consist of linked particles of
almost the same size as the fiber diameter (167 nm).
Figure 5 shows a cross-section image of epoxy/BT-fiber com-

posite made up with fibers heat treated at 800 °C. The micro-
graph shows dark and bright regions that belong to the epoxy
resin matrix and BT fiber layers, respectively. Ceramic fibers,
which are entirely embedded in epoxy resin, can be observed in
the inset of Figure 5. It is clear that the epoxy resin fully covers
the fibers mats and that the presence of voids or porosity in
epoxy/BT-fibers interphase is negligible. By means of thermo-
gravimetric analysis, it was determined that the samples are
composed of 2 vol % BaTiO3.

The relative (real part) and imaginary permittivity of epoxy
resin and epoxy/BT-fibers composites with perpendicular and
parallel electrode configurations were measured at room tem-
perature. These results are shown in Figure 6 and summarized
in Table 1. The perpendicular epoxy/BT-fibers composite showed
higher relative permittivity values than the parallel epoxy/BT-fibers
composite and epoxy resin (Figure 6a). The relative permittivity of
the perpendicular composite is almost three times higher than that
of the pure epoxy sample. This is a significant improvement,
considering the low content of ceramic fibers.
The higher permittivity of samples with electrodes perpen-

dicular to the BT-fiber layers is attributed to the orientation of
layers in the polymer matrix. The electric field flows through
the ceramic fibers following the easier path provided by them
and subsequently a higher dielectric permittivity is attained.36

On the other hand, the epoxy/BT-fibers parallel composite
showed low permittivity values, which is however higher than
those measured for the epoxy resin sample due to the presence
of the ceramic phase. As shown in Figure 6b, the perpendicular
epoxy/BT-fibers composite showed higher imaginary permittiv-
ity than the other samples. However, losses are quite low in
the whole frequency range for both composites and epoxy
resin.
Figure 7 shows the relative and imaginary permittivity as a

function of temperature measured at 100 kHz. Figure 7a shows
that relative permittivity for composite increases with temper-
ature up to 80 °C, approximately. According to Hammami et al., at
temperatures close to the epoxy glass transition (Tg ∼ 94 °C) the
dipoles gain enough mobility to contribute to the permittivity.36

The imaginary permittivity for epoxy/BT-fiber composites
reaches a maximum value at 80 °C as a result of ceramic content
and high mobility of polymeric chains near the Tg (α-relaxation),

37

whereas the permittivity of the epoxy resin sample only depends
on the polymer segmental mobility.
Figure 8 shows the real (M′) and the imaginary (M″) parts of

the electric modulus (M*) for epoxy resin and epoxy/BT-fiber
composites measured at 80 and 100 °C in the 20 Hz−1 MHz
frequency range. This figure shows that M′ values increase
quickly with frequency until they reach an almost constant
value. In the same frequency range, M″ curves show peaks that
indicate a relaxation process which is also evident in the curves
of the imaginary part of permittivity (Figure 7b). This peak cor-
responds to the α relaxation and takes place at high tempera-
ture, near the epoxy resin Tg, as the mobility of polymer mole-
cules is enhanced.36,38

In general, the three systems present similar behaviors. Nev-
ertheless, perpendicular epoxy/BT-fiber composites showed
smaller M′ and M″ values than the other samples. The orienta-
tion of the fiber layers with respect to the electrodes and
temperature shift the frequency of the α relaxation. Considering
that interfacial or Maxwell-Wagner-Sillars (MWS) relaxations
are commonly observed in these kinds of composites,43 com-

Figure 5. Cross-sectional SEM image of an epoxy/BT-fiber composite
showing fiber layers (vertical bright regions) embedded in epoxy resin
(dark regions). The inset corresponds to a magnification of the framed
region.

Figure 6. Relative (a) and imaginary (b) permittivity of epoxy resin
and epoxy resin/BT-fiber composites.

Table 1. Permittivity Values Measured at Room
Temperature and 100 kHz of Epoxy Resin and of Epoxy/BT-
Fiber Composites with Electrodes Parallel and
Perpendicular to the Fiber Layers

sample
relative permittivity

(ε′)
imaginary permittivity

(ε″)
epoxy resin 3.86 ± 0.30 0.12 ± 0.05
epoxy/BT fibersparallel 4.97 ± 0.6 0.18 ± 0.06
epoxy/BT fibers
perpendicular

11.41 ± 0.75 0.24 ± 0.13
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plex modulus plots in Figure 8 show a slight interfacial
polarization due to the low ceramic content in the composites
under study.
In this work a straightforward method for the synthesis of

BaTiO3 nanostructured fibers and their use in epoxy-based
composite materials for electronic applications was presented.
In order to put the results in a comparative frame, Table 2
shows relative permittivity and loss tangent values reported by
different authors for epoxy resin/BaTiO3 composites. In the
cited works, the permittivity was seen to increase with BT
particle content and size, attaining maximum permittivity values
for composites with BT volume fractions of 50−60% with
particle size in the micrometer scale. In contrast, in this work
almost the same permittivity was measured for composites with
a 2% ceramic volume fraction, using nanostructured electro-
spun fibers of submicrometric grain size (0.2 μm) and fiber
mats arranged perpendicularly to the electrodes. It is worth-
while to note that, with respect to the cited works, the amount
of ceramic filler was reduced 5−10 times and a composite
material with permittivity three times higher than that of pure
epoxy resin was achieved.

■ CONCLUSIONS
BaTiO3 nanostructured fibers have been synthesized by sol−gel
and electrospinning. XRD revealed that completely crystalline
BaTiO3 fibers are obtained with thermal treatments above
650 °C, and Raman spectroscopy confirmed the presence of the
BaTiO3 tetragonal phase. FE-SEM images showed that the fiber
structure was maintained when the annealing temperature was
increased from 650° to 1000 °C. At high temperatures the fiber
diameter decreased and fibers exhibited rougher surfaces due to
grain formation. The low porosity observed in epoxy/BT-fiber
composites confirmed the compatibility between epoxy resin
and BT-fibers. The relative and imaginary permittivity values
were influenced significantly by the electrode configuration
with respect to the fiber layers. Samples with perpendicular
electrodes showed permittivities 3 times higher than pure resin
samples and almost twice that of the sample with electrodes
parallel to the BT layers in the whole frequency range. Epoxy
resin and parallel BT-fiber composites showed similar dielectric
properties. Using the electric modulus formalism, the α-relaxa-
tion process of epoxy/BT-fiber composites and epoxy resin
could be verified. The Maxwell-Wagner-Sillars (MWS) relaxa-
tion due to the presence of ceramic/polymer interface was not
clearly observed because of the low ceramic content in epoxy/
BT-fibers composites.

Figure 7. Relative (a) and imaginary (b) permittivity vs temperature
curves measured at 100 kHz.

Figure 8. (a) Real (M′) and (b) imaginary (M″) components of the
dielectric modulus vs frequency curves for epoxy resin and epoxy/BT-
fiber composites. Empty and filled symbols correspond to 80 and
100 °C, respectively.

Table 2. Electrical Parameters of Epoxy/BT Composites
with Different Ceramic Content As Reported in the
Literature

vol % BT relative permittivity loss tangent frequency reference

10 13 0.021 100 kHz 44
20 14 0.028 100 kHz 44
25 11.8 N/A 100 kHz 45
20 11 N/A 100 kHz 32
20 11 N/A 100 kHz 46
30 14 0.010 2.5 kHz 38
45 13.1 0.025 1 GHz 31
30 12 0.020 1 MHz 35
40 13.9 0.020 1 MHz 47
2 11.4 0.012 100 kHz this work
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(42) Ávila, H. A.; Ramajo, L. A.; Reboredo, M. M.; Castro, M. S.;
Parra, R. Ceram. Int. 2011, 37, 2383−2390.
(43) Hammami, H.; Arous, M.; Lagache, M.; Kallel, A. Composites,
Part A 2006, 37, 1−8.
(44) Kuo, D.-H.; Chang, C.-C.; Su, T.-Y. J. Eur. Ceram. Soc. 2001, 21,
1171−1177.
(45) Orlowska, S.; Beroual, A.; Fleszynski, J. J. Phys. D: Appl. Phys.
2002, 35, 2656−2660.
(46) Cho, S.-D.; Lee, S.-Y.; Hyun, J.-G.; Paik, K.-W. J. Mater. Sci:
Mater. Electron. 2005, 16, 77−84.
(47) Das, R. N.; Lauffer, J. M.; Markovich, V. R. J. Mater. Chem.
2008, 18, 537−544.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am302646z | ACS Appl. Mater. Interfaces 2013, 5, 505−510510


