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Abstract

In this study, boron doped calcium stabilized bismuth cobalt oxide nanocrystalline ceramic powders were successfully prepared from
aqueous boric acid containing calcium—bismuth—cobalt acetate/poly(vinyl alcohol) hybrid precursor polymer solutions. Then, obtained
ceramic powders were characterized via FT-IR, XRD, and SEM techniques. According to X-ray results, fcc and bcc phases coexist in
the samples of the nanocrystalline ceramic powders. fcc peaks became sharper and bec peak decreased with increasing boron content.
Structural parameters for face centered cubic structure were calculated using the Scherrer equation. Moreover, dislocation densities and
microstrain values were calculated for the nanocrystalline powder samples.

© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Calcium—cobalt oxide composite materials through the
control of carrier density and mobility were reported to
have high thermoelectric properties [1-7]. The substitution
of some amount of Bi for Ca causes an increase in both the
electrical conductivity and the thermoelectric power simul-
tancously [7]. Both the electrical conductivity and the
Seebeck coefficients increased in line with the increase of
the Bi content in the composite material, which is attrib-
uted to the increase of carrier mobility due to the larger
size (0.117 nm) of Bi ions [5]. Bi,Os exhibits a number of
polymorphs [8,9], but cubic 8-Bi,O; phase attracts parti-
cular attention. Unfortunately, the 6-Bi»Os is only stable in
a temperature range varying between 730 and 825 °C.
When cooler, the 8-Bi,O3 phase transforms to metastable
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forms and the conductivity drops over three orders of
magnitude [10,11]. When hotter, the 6-Bi,O3; phase can be
retained at lower temperatures by doping Bi>,O; with the
rare earth or alkali earth’s oxides such as Ca oxides.
Therefore, using Ca gives us the opportunity to kill two
birds with one stone, by ensuring cubic J-Bi,O; phase
stability, and providing an increase in the Seebeck coeffi-
cient and optimizing the electrical conductivity.

In this study, d-phase boron doped bismuth—calcium—
cobalt oxide nanocrystalline powders are synthesized by
calcination and the organic phase of the precursor hybrid
polymer solution containing boric acid and Bi/Ca/Co
acetate/poly(vinyl alcohol) (PVA) is removed.

The addition of boron oxide to the composite materials is
very beneficial. It reduced the processing temperature with
its low melting point and as such could help during the
calcination stage, resulting in smaller grain sizes and strength-
ening the grain boundary. Smaller grains have greater ratios
of surface area to volume, which means a greater ratio of
grain boundary to dislocations. The more grain boundaries
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that exist, the higher the strength becomes. Thus, an easy
way to improve the strength of a material is to make the
grains as small as possible, increasing the amount of grain
boundary. In this study, boric acid was chosen as the
cheapest and nontoxic source of boric oxide [12—-15].

2. Experimental section
2.1. Materials and method

In the experiments, PVA (Mw 85,000-124,000 g/mol),
bismuth(III) acetate and calcium acetate were obtained
from Sigma Aldrich, cobalt(II) acetate and boric acid were
obtained from Merck, and ultrapure deionized water was
used as a solvent.

Multicomponent oxide ceramic powders can be produced
via solid state reaction technique. The conventional synth-
esis of multicomponent composite powders consists of
repeated cycles of milling and calcination processes carried
out to achieve the solid-state reaction of multicomponent
oxide ceramic powders. The difficulty of repeated mixing
and milling of the powders and poor chemical homogeneity
are main disadvantages of this technique.

The polymer precursor technique has been proven to be
one of the suitable methods for the preparation of multi-
component composite oxide in low temperature under
850 °C [16]. The main advantages of polymeric precursor
techniques are the homogeneity of the precursors on a
molecular level and the low processing temperatures [17-20].

2.2. Sol preparation

An aqueous PVA solution (10%) was first prepared by
dissolving the PVA powder in distilled water and heating it
at 80 °C while stirring for 3 h, then cooling it down
to room temperature. In the experiments, three hybrid
polymer solutions were prepared. For each composition,
proper proportions of metal acetate solutions were added

Table 1
Value of the polymer solution components.

drop by drop to the 20 g aqueous PVA (10% w/w) at 60 °C
(see Table 1 for details) and each hybrid polymer solutions
were stirred vigorously using a magnetic stirring bar for
3 h at this temperature. As a final product, viscous gels of
both boron doped and undoped PVA/Bi-Ca—Co acetate
hybrid polymer solutions were prepared. The prepared
solutions and values of solution components are given in
Table 1. The hybrid polymer solutions were dried at room
temperature and finally were transferred into a ceramic
crucible, and then, calcined in air atmosphere at 850 °C for
2 h at a heating and cooling rate of 8 °C/min. The resulting
oxide ceramic composites obtained from solutions 1-3,
named as PPT 1-3, were ground into powder using a
mortar.

2.3. Measurement and characterization

The pH and conductivity of the solutions were measured
by using a Wissenschaftlich-Technische-Werkstitten WTW
and 315i/SET apparatus. The viscosity of the hybrid
polymer solutions was measured with AND SV-10 visc-
ometer. The surface tension of the complex hybrid polymer
solutions was measured by using the KRUSS model
manual measuring system. Fourier Transformations Infra-
red Spectroscopy (FT-IR) with ATR module results was
obtained using a Thermo Nicolette 6700 spectrophot-
ometer. The crystal structures of the calcined powders were
investigated by means of X-ray diffraction (XRD) (Bruker
AXS D8 Advance diffractometer with Variol Johansson
focusing monochromator Cu Kul radiation).

3. Results and discussion

The pH, the viscosity, the conductivity and the surface
tension of the PVA/Bi—-Ca—Co acetate solution were mea-
sured and are given in Table 2. The addition of boric acid as
the boron source increased the viscosity, the surface tension

Solution # Value of Components (g)
Bismuth acetate Calcium acetate Cobalt acetate Boric acid PVA solution
PPT-1 2 1.3688 1.2902 - 20
PPT-2 2 1.3688 1.2902 0.0160 20
PPT-3 2 1.3688 1.2902 0.0800 20
Table 2
Physical properties of the polymer solutions.
Solution # pH Conductivity (mS cm) Viscosity (mPa s) Surface Tension (mN/m)
PPT-1 3.49 10.11 20.4 46
PPT-2 3.55 10.03 28.2 47
PPT-3 3.69 10.93 52.7 49
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and the pH of the hybrid polymer solution as expected,
since boron was used as a cross-linking agent in this study.
FTIR spectroscopy was performed to gain information
about the structures of calcined powders. Fig. 1 is the
FT-IR spectra of the nanocrystalline powder samples. The
bands, which were observed at 1407, 871, 711 and
665 cm ™!, are thought to arise due to the bismuth oxide,
cobalt oxide or calcia. The bands observed at 1276 cm !
and 1224 cm ™! are attributed to the asymmetric stretching
vibrations of B-O bonds from ortho—borate groups [21].
XRD data of the nanocrystalline composite samples
given in Fig. 2 show that a partial decomposition of fcc
phase to bce phase takes place for all samples, however, fcc
peaks became sharper and bee (110) peak decreased with
increasing boron content. Boron doping resulted into a
progressive increase of the fcc crystallite size indicating
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Fig. 1. FT-IR spectra of nanocrystalline: (a) PPT-1, (b) PPT-2, and (c) PPT-3
ceramic powder samples.
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Fig. 2. X-ray diffraction patterns of the crystalline structure of sintered
boron doped and undoped Bi—Ca—Co nanocrystalline composite powders
obtained from solutions: (a) PPT-1, (b) PPT-2, and (c) PPT-3.

that the crystallinity and stability of the Bi,O;—CaO—-Co0O,
system is accelerated by the increase of the boron content.
This trend is in accordance with the SEM results given
below. The crystal structure directly affects the mechanical
and electrical properties of the composite material. As an
example, the hardness and strength increase with the
increasing amount of bce phases, but the composite ceramic
material gets brittle. It is certainly important to be able to
control the formation of the bcc phases in the composite
material [22-25].

The crystallite size (D) was calculated based upon the
main diffraction peaks’ broadening in the XRD pattern
using the Scherrer formula [26-30].

kA
Dy B cos0 (1)
where Dy, is the average dimension of the crystallites, k=0.9,
A is the wavelength of the X-ray radiation (0.15405 nm), 0 is
the Bragg angle for the crystal planes {/hk/}, and [ is
the broadening (full-width at half-maximum (FWHM)) of
the peak.

The lattice parameters of the composite samples were
determined by comparing the peak positions (26) of the
XRD patterns using the below relations [31]:

1 P+i24-
2= & @

The calculated structural parameters of the composite
samples for the fcc phase are given in Table 3. According
to the calculation results, average structural lattice parameters
of the fcc phase, a, were given as 5.486 nm, 5.484 nm, and
5.484 nm for the PPT-1, PPT-2, PPT-3 samples, respectively.
Crystallite size (D) was calculated, for the main reflection
(111) peak using Eq. (1), as 46.48 nm (4.648 x 10~ % m),
50.49 nm (5.049 x 10~ % m), and 44.22 nm (4.422 x 10~ % m)
for the PPT-1, PPT-2, and PPT-3, respectively. As given in
Table 4, the fcc and bec phases coexist in the samples and
their calculated structural parameters were given in the same
table for comparison purposes. As expected the bee structural

Table 3
Calculated structural parameters of the composite samples for fcc phase.

Sample (hkl) 20 (deg.) FWHM (deg.) d( A) al A)
PPT-1 (111) 28.10 0.1767 3.1729 5.4956
(200) 32.83 0.2725 2.7258 5.4515
(220) 46.43 0.2863 1.9541 5.5271
(311) 55.69 0.3043 1.6491 5.4696
PPT-2 (111) 28.10 0.1622 3.1729 5.4956
(200) 32.83 0.2446 2.7258 5.4515
(220) 46.50 0.3137 1.9513 5.5192
(311) 55.70 0.3000 1.6489 5.4686
PPT-3 (111) 28.10 0.1852 3.1729 5.4956
(200) 32.83 0.2426 2.7258 5.4515
(220) 46.49 0.3806 1.9517 5.5203
(311) 55.69 0.2256 1.6491 5.4696
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lattice parameters are lower than the fcc phase and all the Given that the radius of B> " (0.023 nm) is much smaller
results of the samples are in agreement with the JCPDS than that of Bi*" (0.117 nm), it is difficult for B** to
files 040-0317 and 040-0314 for the fcc and bcc phases, replace the Bi® ' site. Thus it is estimated that most boron

respectively. ions are doped in the interstitial of Bi,O3 matrix. Boron

Table 4

Calculated structural parameters of the bee and fce structures of the samples.

Sample Crystal (hkl) 20 FWHM d( f;) a( 1;)
lattice (deg.) (deg.)

PPT-1 bee (110) 29.50 0.1806 3.0254 4.2786
fec (111) 28.10 0.1767 3.1729 5.4956

PPT-2 bee (110) 29.52 0.1691 3.0234 4.2758
fee 11 28.10 0.1622 3.1729 5.4956

PPT-3 bee (110) 29.52 0.1434 3.0234 4.2757
fee (111) 28.10 0.1852 3.1729 5.4956
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Fig. 5. SEM micrographs of PPT-3 sample. SEM micrographs show that the grain size tend to become small and uniform when the boron doping
decreased the agglomeration and grain sizes considerably.
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ions may enter the interstitial site of Bi>O; crystal structure
and lead to the swell of the crystallite size. Further increase
of the boron may cause a decrease in crystallite size and
transition to the amorphous glassy structure which is
consistent with literature [32].

In addition, the crystallite size (D) is related to the
dislocation density (6) of the undoped calcia stabilized
bismuth oxide nanoceramic powder as given by

n
o= 15 3
where 7 is a factor (n=1 for minimum dislocation density)
[31]. The microstrain values (¢) in the Bi;O3-CaO-CoO,
nanocrystalline powders can be calculated by using the
following relation [26]:

1 A
*~ tand [D cosf _B} @

The calculated microstrain values are 1.369 x 1073,
1.257 x 1073, and 1.435 x 10~ for the PPT-1, PPT-2, and
PPT-3 samples, respectively. The calculated dislocation
density values are 4.656 x 10 em™2, 3.923x 10'%cm 2,
and 5.115x 10" cm ™ for the PPT-1, PPT-2, and PPT-3
samples, respectively.

The morphology and structure of the nanostructured
powders obtained were determined by the SEM given in
Figs. 3-5. Observations in Fig. 3(a, b) show that boron
undoped (PPT-1) structure consists of large agglomerates
(ranging from 621 to 843 nm in diameter with an average of
727 nm) composed of spherical grains. Boron addition to
the PPT-2 sample decreased the diameter of the agglomer-
ates as shown in Fig. 3(a, b). According to SEM micro-
graphs, the best crystalline structure was obtained for the
PPT-3 sample (see Fig. 4). We have obtained homogeneous
nanograin structure (nanograins ranging from 51 to 83 nm
in diameter with an average of 65 nm) when we increased
the boron doping. The XRD analysis and the XRD results
calculated from Debye Scherrer’s formula also confirms
these results given above.

4. Conclusions

Boron doped Bi,O3;-CaO-CoO, nanocrystalline powders
were produced via polymeric precursor method. Obtained
nanocrystalline powders were characterized by FT-IR, XRD,
and SEM techniques. The XRD data of the nanocrystalline
composite samples show that a partial decomposition of the
fcc phase to the bec phase takes place for all samples,
however, the fcc peaks became sharper and the bec (110)
peak decreased with increasing boron content. Composites
doped with B,O5 exhibited smaller grain sizes and therefore
had higher flexural strengths as compared to composites
without B,Os. Crystallite size (D) was calculated as 46.48 nm
(4.648 x 10~% m), 50.49 nm (5.049 x 10~® m), and 44.22 nm
(4.422 x 10~® m) for the undoped, 0.8% boron doped and
4% boron doped samples, respectively. SEM results show
that boron undoped structure consists of large agglomerates

composed of spherical grains, and boron addition to the
samples decreased the diameter of the agglomerates.
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