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Abstract

BaTiO;—Ni nanopowders have been synthesized via an alkoxide-mediated synthesis route through the hydrolysis and condensation of barium
hydroxide octahydrate and titanium (IV) isopropoxide in the presence of submicron sized, spherical Ni particles originating from a commercial Ni
paste, that was introduced during the preparation procedure. X-ray diffraction (XRD) patterns indicate that nanocomposite powders of the phases
BaTiO; and Ni could be successfully prepared and tailor-made composition control was confirmed. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) show that the synthesized BaTiO3; nanoparticles were aggregates of nanosized primary particles as small
as 40 nm in diameter. The average Ni particle size was estimated to be about 200 nm. Dilatometric measurements on green compacts of these
powders revealed that the shrinkage of BaTiO3;—Ni composites is retarded compared to both, pure BaTiO3 and Ni. Thermogravimetric analysis
(TGA) shows weight losses due to the decomposition of organic binder from Ni paste, the release of water from the surface and of hydroxyl ions
from inside the lattice of the BaTiO; nanoparticles. With the addition of nickel, the dielectric constant increased slightly due to the percolation

effect.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Nanocomposites are composite materials in which one of the
phases has dimensions in the nanometer range.! Nanocomposite
materials have been extensively explored for many technolog-
ical applications due to specific combinations of mechanical,
optical, catalytic, electrical or magnetic properties with funda-
mentally different properties that cannot be achieved for single
phase, pure materials.>* Ceramic—metal nanocomposites are
promising candidate materials for fabricating multifunctional
nanodevices due to sometimes outstanding electrical properties
with very particular features.>° In order to realize an optimized
microstructure for ceramic—metal nanocomposites, much effort
has been undertaken concerning the control of the size and dis-
tribution of the metal nanoparticles.
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From the theoretical point of view the dielectric behavior
of ferroelectric—metal composites has attracted much attention
for many years due to the extraordinary dielectric constant
enhancement, that can be anticipated when metal inclusions are
distributed in an insulating ceramic matrix.”'% According to
theory, only in the vicinity just below the percolation threshold
the enhancement of the dielectric constant is abnormally large.
Up to the present it was very difficult to experimentally observe
the phenomena occurring directly at the percolation threshold
and only a few groups have reported the effect of a strongly
enhanced dielectric constant for ceramic—metal composites
in the neighborhood of the percolation threshold.!!=1® Only
microcomposites, however, have been reported in the literature
up to now. A more efficient approach to the percolative
threshold, for which the highest performance is anticipated,
can be achieved for much more intimate and homogeneous
mixtures of the dielectric and conductive phases. In order to
understand the microscopic origin of the dielectric properties
and to further enhance the dielectric constant, the feasibility of
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the preparation of homogeneous mixtures of ceramic and metal
nanoparticles should be investigated. This is the objective of
the present study, which focuses on the system BaTiO3—Ni.

A number of publications have appeared in the literature
on the alkoxide-hydroxide process, since Flaschen first pro-
posed the synthesis of crystalline barium titanate and there are
several modifications of the experimental procedures.!’! The
alkoxide—hydroxide route has the merit that crystalline BaTiO3
nanoparticles can be easily synthesized at a low temperature
below 100 °C without any further calcinations. By means of
the proper control of experimental parameters, pure BaTiO3
nanopowders have been successfully prepared applying the
alkoxide—hydroxide synthesis.?>? It is believed that a rationally
modified synthetic route can also be adapted for the preparation
of BaTiO3-Ni composite nanopowders. Up to date, no publi-
cation has reported about an alkoxide-mediated route for the
synthesis of BaTiOz—metal composite nanopowders.

In this study, a new class of BaTiO3—Ni composite nanopow-
ders has therefore been synthesized via alkoxide-mediated
synthesis. This modified synthetic route has been developed in
order to prepare homogeneously dispersed Ni metal nanopar-
ticles in a matrix of BaTiO3 and to clarify the correlation
between the composite microstructure and electrical properties.
The microstructure evolution, sintering behavior and electrical
properties are investigated.

2. Experimental procedures

BaTiO3-Ni composite nanopowders were synthesized under
N, atmosphere through an alkoxide-hydroxide sol-precipitation
method. During the hydrolysis and condensation of bar-
ium hydroxide octahydrate (Ba(OH);-8H,O; 98+%, Alfa
Aesar, Karlsruhe, Germany) and titanium (IV) isopropoxide
(Ti[OCH(CH3)2]4, 97+%, Alfa Aesar, Karlsruhe, Germany),
an alcoholic dilution of a commercial Ni paste (X6428U-1,
NAMICS, Japan) was introduced. Because the alkoxides and
hydroxides are extremely sensitive to CO, and moisture, the
entire preparation of the reactants for the synthesis was per-
formed in a glove box filled under purified argon gas (H,O
content: <1ppm, O> content: <2ppm, M. Braun Inertgas-
Systeme GmbH, Garching, Germany).

Different amounts of Ni paste were dissolved in respectively
6 mol of dried isopropanol (C3H70H, 99.8%, Merck KGaA,
Darmstadt, Germany) at room temperature. An ultrasonic
homogenizer (SONOPULS, BANDELIN, Berlin, Germany)
was used for 10 min in order to disperse the metal particles. Tita-
nium (IV) isopropoxide (0.03 mol) was added in this solution
followed by dispersion for 10 min by ultrasonic homogeniza-
tion. In the meantime, barium hydroxide octahydrate (0.03 mol)
was added to deionized degassed water (18 mol) at room temper-
ature while stirring vigorously. Then the water mixture solution
of barium hydroxide octahydrate was heated to 80 °C at the rate
of 2°C/min. As soon as the solution temperature reached at
80°C, the as-prepared isopropanolic solution of Ni paste and
titanium (IV) isopropoxide was slowly added. Seven different
BaTiO3-Ni composite nanopowders with different volume frac-
tions of Ni were prepared: 0, 5, 10, 15, 20, 23, 25, and 27%.
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Fig. 1. Flow chart for the synthesis of BaTiO3—Ni composite nanopowders using
an alkoxide-mediated method.

After 15 min of refluxing at 80 °C, the solutions were decanted
and dried at 80°C for 12h. Fig. 1 represents the flow chart
of the applied alkoxide-mediated method for the synthesis of
BaTiO3—Ni composite nanopowders.

With the synthesized composite powders, phase identifica-
tion was performed by powder X-ray diffraction (XRD, Philips
X PERT, Koninklijke Philips Electronics N.V., Eindhoven, the
Netherlands) using Cu-Ka radiation with a wavelength of
A =1.5418 A. The respective diffraction patterns were recorded
in scans from 20 to 100 (26) using an angular step interval
of 0.01°. The X-ray diffraction patterns obtained were ana-
lyzed by the Rietveld refinement program, Fullprof,?* in order
to determine the lattice parameter and crystallite size of the
as synthesized BaTiO3—Ni powder. Thompson-Cox-Hastings
pseudo-Voigt functions were chosen as profile function among
all the profiles in the Fullprof program.

The particle size and distribution of the synthesized com-
posite nanopowders were also characterized by field emission
scanning electron microscopy (FE-SEM, LEO1530, Carl Zeiss
AG, Jena, Germany) operating at 20kV and transmission
electron microscopy (TEM, CM-200, Koninklijke Philips Elec-
tronics N.V.) operating at 200kV. Samples for SEM and TEM
were prepared by dropping the synthetic mixture solution
obtained after 15min at 80°C on the carbon-coated copper
grids.

The sintering behavior of the raw powders was investigated
using dilatometry (DIL 402 C, Netzsch Geritebau GmbH,
Germany) under Ar atmosphere in the temperature range
from 25 to 1050 °C. For this purpose pellets were compacted
by uniaxial pressing applying SkN to a cylindrical steel
die (10 mm diameter) followed by cold isostatic pressing at
425kN (Weber Pressen KIP 40ES, Paul-Otto Weber GmbH,
Remshalden, Germany). The heating and cooling rate of the
dilatometer was 20 °C/min, respectively. Thermogravimetric
analysis (TGA, STA 429, Netzsch Geridtebau GmbH, Selb,
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Fig. 2. XRD patterns of the synthesized BaTiO3—Ni composite nanopowders. (a) Full pattern of BaTiO3-Ni (20 vol.% of nickel), (b) with nickel volume fraction

f=5,10, 20, 25 and 27 vol.%.

Germany) experiments were carried out under Ar atmosphere
in a temperature range from 25 to 1050 °C with a heating and
cooling rate of 20 °C/min, respectively.

For the electrical measurements Au was deposited onto the
sintered pellets as electrodes by thermal evaporation method
and silver was painted on for wire bonding. The wires of
the samples were connected via the “Test Fixture” HP16047A
to the impedance analyzer (Hewlett Packard, type 4284A).
Dielectric properties of the samples were measured at room
temperature at a frequency of 100kHz with a 10V AC small
signal.

3. Results and discussion

Fig. 2(a) shows the X-ray diffraction patterns of the
BaTiO3—Ni composite nanopowders with 20 vol.% of nickel.
All peaks were attributed to either the phase BaTiO3 or Ni with-
out any other reflections due to impurity phases being observed,
suggesting that no reaction took place between BaTiO3 and Ni
during the synthesis. The relative diffraction intensity of the Ni
reflections increased with the increase of Ni content as shown in
Fig. 2(b) for the case of (2 0 0). This evolution of the XRD-peaks
confirms the tailor-controlled composition during the synthesis

Fig. 3. SEM micrographs of synthesized BaTiO3—Ni composite nanopowders: (a) Ni paste, (b) BaTiOs3, (c) 10, and (d) 20 vol.% of nickel fraction.
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Table 1

Refined crystal size, lattice parameters and reliability factors of all XRD patterns of the BaTiO3-Ni composite nanopowders.

Ni content (%) Crystal size (nm)

Lattice parameter A)

Reliability factor

BaTiO3 Ni BaTiO3 Ni Rwp X2

5 34.63 199.88 4.0347 3.5234 8.77 2.41
10 37.13 175.26 4.0307 3.5233 9.73 278
15 35.27 206.29 4.0343 3.5226 9.41 2.23
20 33.23 193.80 4.0313 3.5248 8.46 2.27
23 35.72 192.58 4.0333 3.5220 9.09 2.11
25 3831 171.56 4.0342 3.5249 10.7 2.83
27 33.40 203.47 4.0373 3.5250 8.65 2.02

Rwp: final weighted reliability factor, x2: reduced chi-square.

of the prepared BaTiO3-Ni composite nanopowders. The
structural refinements were done using Rietveld analysis (least-
square method). The refined crystal size, lattice parameters
and reliability factors of all XRD patterns are summarized in
Table 1. Almost no variation in lattice parameters and crystal
size was found for the different material compositions.

The phase morphology and size of as-synthesized BaTiO3—Ni
composite powders are shown in Fig. 3. The average Ni parti-
cle size was estimated to be about 200 nm (Fig. 3(a)) and that
of BaTiO3 was about 40nm (Fig. 3(b)), which is consistent
with the Rietveld analysis of XRD patterns. With the increase
of Ni content of the composite powders, we observed that a
large number of Ni clusters are homogeneously dispersed in the
BaTiO3 matrix forming however significant aggregates of about
1 wmin size, illustrating the difficulty of breaking Ni-aggregates
into particles smaller than 1 pwm with ultrasonic homogenizing
alone during the synthesis. Ni particles covered by the aggre-
gated BaTiO3 nanoparticles can be seen in some area but cannot
explicitly identified in SEM as shown in Fig. 3(c) and (d).

Bright-field TEM images of some of the as-synthesized
BaTiO3—Ni composite powders are shown in Fig. 4. Individ-
ual BaTiO3 nanocrystals can be clearly observed by TEM
(Fig. 4(a)), and many microaggregates of Ni nanoparticles with
an approximate diameter of about 1 wm appear. These micropar-
ticles are composed of nanoparticles about 200 nm in diameter
as shown in Fig. 4(b). TEM-observation under high magnifica-
tions reveals that thin layers were formed on the surface of Ni
particles, representing a clear evidence for a successful coating
of the finer BaTiO3 onto Ni (Fig. 4(c)).

Fig. 5 shows the TGA curves of the as-synthesized
BaTiO3-Ni composite nanopowders. All weight losses were
accomplished below 400 °C for the pure Ni paste due to the
decomposition of organic binders. In the BaTiO3—Ni composite
powders, the TGA results show several successive steps of mass
losses. The first one occurs between room temperature up to
approximately 400 °C and is attributed to the burnout of organics
and the release of physisorbed water on the surface of the BaTiO3
nanopowders.?>?0 The second weight loss is observed for a wide
range of temperatures up to 1000 °C and mainly results from the
release of chemisorbed water and/or incorporated hydroxyl ions
in the lattice of BaTiO3. Itis apparent that with the increase of Ni
addition, as-prepared BaTiO3—Ni nanopowders show increased
weight losses due to the higher concentrations of organics, water,
and hydroxyl ions.

Fig. 4. TEM micrographs of synthesized BaTiO3—Ni composite nanopowders:
(a) pure BaTiOs, (b) 10 vol.% of Ni, and (c) 25 vol.% of Ni.
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Fig. 5. Thermogravimetric analysis (TGA) of BaTiO3—Ni composite nanopow-
ders with nickel addition: (a) 0, (b) 5, (c) 10, (d) 20, (e) 25 vol.%, and (f) Ni
paste (Ar atmosphere with 10 ppm O3).

Dilatometric measurements were carried out in order to study
the sinterability of the synthesized composite nanopowders. The
linear shrinkage curves of the samples are presented in Fig. 6.
The BaTiO3—Ni composites show a retarded shrinkage behavior
compared to both, pure BaTiO3 and Ni. However, the higher the
Ni content, the earlier the shrinkage started within the composite.
The shrinkage starts at about 900 °C and becomes significant
for temperatures above 1000 °C. Above 1200 °C, however, all
composites start to expand, probably due to the abnormal grain
growth of BaTiO3 and thermal oxidation of the nickel phase.
Even though all dilatometric measurements were carried in Ar
atmosphere, the obtained nickel nanoparticles in the composite
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Fig. 6. Dilatometric study of BaTiO3—Ni composite nanopowders with nickel
addition: (a) 0, (b) 5, (c) 10, (d) 20, (e) 25 vol.%, and (f) Ni paste (Ar atmosphere
with 10 ppm O3).

powders were possibly easily oxidized due to the remanant O,
(10 ppm) in flowing gas.

Fig. 7 shows optical micrographs of sintered BaTiO3—Ni sam-
ples with different nickel volume fractions after dilatometry.
Strong grain growth of BaTiO3 and Ni is observed and the aver-
age grain size of BaTiO3 is about 10 wm. With the addition of
Ni, it is apparent that nickel particles agglomerate to form par-
ticles of a few micron in size (bright) upon sintering and grain
growth.

Fig. 8 shows the dielectric constant of the BaTiO3—Ni com-
posites (dilatometer samples) as a function of the volume

Fig. 7. Optical micrographs of BaTiO3—Ni composites sintered in the dilatometer with different nickel additions: (a) 0, (b) 10, (c) 20, and (d) 25 vol.%.
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Fig. 8. Plot of the dielectric constant of BaTiO3—Ni composites as a function of
the volume fraction of nickel. The data for 20 vol.% of Ni is missing due to a
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fraction of nickel. In contrast to the previous reports about the
enhancement of dielectric constant in the vicinity of the percola-
tion threshold,!!~'© only a moderate increase was observed upon
nickel addition in BaTiO3—-Ni composites (error bars in Fig. 8
are within 10% of standard deviation). This can be explained by
the poor density of the composites. All composite pellets only
show values between 73 and 85% of the theoretical full density.
Moreover, nickel particles are slightly oxidized during the dilato-
metric measurements. It is noted that the effective dielectric field
developed around the conducting particles causes an increase in
the dielectric constant of ceramic—metal composites.16 Thus, it
is apparent that effective dielectric field was not well formu-
lated in BaTiO3—Ni composite due to the formation of nickel
oxide on the surface of nickel particles. It is expected, how-
ever, that advanced sintering techniques such as spark plasma
sintering will enable the preparation of fully densified percola-
tive BaTiO3—Ni nanocomposite without oxidation of nickel and
enhanced dielectric performance. Further studies are underway
and will be reported in a separate publication.

4. Summary

BaTiO3—Ni composite nanoparticles were successfully pre-
pared with alkoxide-mediated synthesis. The synthesized
BaTiO3z nanoparticles were aggregates of nanosized primary
particles as small as 40nm and the size of Ni nanoparticles
was about 200 nm. BaTiO3; nanoparticles were deposited on
Ni particles and a rather homogeneous distribution of slightly
aggregated Ni particles could be confirmed. Dilatometric anal-
ysis of BaTiO3—Ni composite nanopowders revealed that the
shrinkage was delayed compared to pure BaTiO3 and Ni.
Though enhanced dielectric constant in BaTiO3—Ni composite
was not fully achieved due to the poor density and oxidation of
nickel, alkoxide-mediated synthetic route show the possibility
to be adapted for the preparation of various novel BaTiO3—metal
nanocomposite powders for new concepts of electroceramic
materials and their potential applications.
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