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Abstract

Bi>Sr,.xBaxCo20, polycrystalline samples (0.00<x<0.15) were prepared through
the classical solid-state reaction method. It has been found that Ba-doped
Bi>Sr,Co,0y was obtained as major phase in all samples, based on XRD
results. On the other hand, SEM studies have shown the presence of small
amounts of secondary phases. The electrical resistivity values of all Ba doped
samples decreased when compared to the undoped one, being minimum for the
0.075Ba doped ones. Seebeck coefficient increase with the increasing
temperature in all samples, reaching the highest values in the 0.025 Ba doped
sample. Finally, power factor has been calculated using the Seebeck coefficient
and electrical resistivity values to determine the thermoelectric performances of
samples. The maximum PF value of 0.14 mW/K? m at 650 °C was obtained for
0.075Ba doped sample, which is around 25% higher than the undoped sample
at the same temperature. All these results clearly show that the thermoelectric
properties of the Bi,Sr,Co,0, system can be improved by Ba doping at optimal
values.

Keywords: Bi,Sr.Co,0y; XRD; SEM; Electrical resistivity; Seebeck coefficient;

Power factor



* Corresponding author. Tel.: +90 324 600 0033/2611; fax: +90 324 627 4805

E-mail address: berdanozkurt@tarsus.edu.tr




1. Introduction

Thermoelectric (TE) materials are attracting a lot of interest as they ensure the
direct energy conversion between heat and electricity [1-2]. Since the use of
thermoelectric materials will reduce the problems of climate change caused by
the use of excessive fossil fuels on our planet in recent years, studies in this
field continue to be very interesting. Especially for energy generation by using
waste heat in thermoelectric materials and for the use of these materials in
commercial devices, their efficiency should be increased and their high stability
should be maintained over a wide temperature range. Among the different TE
materials, oxides are characterized by a relatively high conversion efficiency,
thermoelectric power factor, and working temperatures. Moreover, they are
composed of cheap (when compared to the classical TE materials [3]),
environmentally friendly, and abundant elements in the earth crust [4, 5].

In the way to improve the TE oxides performances, it has been shown that the
methods used in their preparation are very important for providing high electrical
conductivity, without significantly modifying Seebeck coefficient. It is well known
that the performance of such materials is characterized by the dimensionless
figure of merit (ZT), which is defined as TS%pK where S is the Seebeck
coefficient, p the electrical resistivity, K the thermal conductivity, and T is the
absolute temperature [6]. It is obvious from this formula that improving ZT
values, increasing the energy transformation efficiency, electrical resistivity and
thermal conductivity values should be low, while Seebeck coefficient and
working temperatures should be as high as possible. One of the best ways to
reduce the electrical resistance, without modifying S, is producing well-oriented

grains, which can be easily achieved with texturing techniques such as the laser



floating zone (LFZ) technique [7,8], hot uniaxial pressing [9,10], or spark plasma
sintering [11,12]. On the other hand, these characteristics can be also modified
by isovalent doping in bulk materials with randomly oriented grains, as shown in
previous works [13], without changing the charge carrier concentration.
Furthermore, the charge carrier concentration can be also modified by
aliovalent doping [14, 15], leading to important improvements of electrical
conductivity in these materials.

Other important consideration is related to the crystal structure of the CoO-
based TE compounds, which is formed by two alternately stacked layers, a
CoO; conductive one with Cdl,-type structure, and a block one with rock salt
structure. Both layers have the same a- and c-axis lattice parameters and S
angles but different b-axis length, causing a misfit along the b-direction [16]. It is
well known that doping can also modify the lattice parameters of the block layer,
directly influencing the Seebeck coefficient values [17].

The aim of this work is studying the modification of thermoelectric performances
of Bi,Sr.Co,0y by isovalent Ba doping at the Sr sites (Bi>Sr>.xBaxCo20y, with
x=0.00, 0.025, 0.05, 0.075, 0.1, 0.125 and 0.15). The structural and
microstructural modifications induced by Ba doping will be evaluated and

related to the modifications of the thermoelectric properties.

2. Experimental Procedure

Bi;Sro.xBaxCo,0O, (x=0.00, 0.025, 0.05, 0.075, 0.1, 0.125 and 0.15)
polycrystalline samples were prepared through the conventional solid state
reaction method from Bi,O3; (Panreac, 98+%), SrCO3; (Panreac, 98+%), BaCO3

(Panreac, 98+%), and Co304 (Panreac, 98+%) powders. They were weighed in



the appropriate proportions, mixed using an agate mortar and ball milled at 300
rom for 30 minutes in water media. After drying the wet powders, they were
subjected to a thermal treatment consisting in two different steps: 750 °C for 12
h and at 800 °C for 12 h, with an intermediate milling in a ball mill for 2 hours at
300 rpm, in order to produce the total carbonates decomposition before the
sintering process. The obtained homogeneous mixture was then pressed into
13 mm diameter pellets under 375 MPa applied pressure, followed by a
sintering process at 810 °C for 24 h, under air, with a final furnace cooling to
room temperature, to produce the thermoelectric phase.

X-ray powder diffraction analyses were performed in a Rigaku Ultima IV X-Ray
Diffractometer in the range 26 = 3-60° to determine the phases present in the
samples. The surface morphologies were performed on representative samples
in a Field Emission Scanning Electron Microscopy (FESEM, Zeiss Merlin).
Electrical resistivity and Seebeck coefficient were simultaneously determined by
the standart dc four-probe technique in a LSR-3 measurement system (Linseis
GmbH), in the steady state mode between 50 and 800 °C under He
atmosphere. Moreover, with the electrical resistivity and Seebeck coefficient
data, the power factor has been calculated in order to determine the samples

performances.

3. Results and discussion

Fig.1 shows the XRD patterns for all Bi,Sr..xBaxC0,0, samples. The diffraction
peaks of all samples fit well with previously reported data for this material
[18,19], indicating the presence of Ba doped Bi,Sr,C0,0, phase as the major
one, together with minor peaks (identified with *) associated to Big.75Sr0.250y

secondary phase with (R3mH’) space group [20], and to SrsCo50143 (indicated
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by ¥) [21]. On the other hand, no Ba based secondary phases have been
detected, clearly showing that Ba is entering into the crystal structure of the
thermoelectric phase. On the other hand, in spite of the larger diameter of Ba,
when compared to Sr, no shift has been detected in the Bi>Sr,Co,0, peaks,
independently of the Ba content.

In Fig. 2, representative SEM micrographs performed on longitudinal surfaces
of samples, are presented. As it can be observed in the micrographs, three
different contrasts can be identified in the samples (shown by numbers for
clarity). EDS analysis of these contrasts have shown that they correspond to
different phases, and #1 (grey contrast) is the thermoelectric Bi>Sr,.xBaxCo,0,
phase appearing as the major one. Moreover, minor secondary phases have
been identified as #2, and #3 (white and dark grey contrasts, respectively),
corresponding to Bi-Sr-O, and Sr-Co-O compositions, respectively.
Consequently, it can be deduced that all Ba is found in the thermoelectric
phase, as it has not been detected in any secondary phase. Other interesting
features which can be seen in these micrographs is the low amount of porosity
in the samples, together with a randomly grain orientation in the bulk materials.
Fig. 3 illustrates electrical resistivity evolution with temperature for all samples.
In the graph, it can be observed that electrical resistivity is decreased by Ba
doping in the whole measured temperature range. This result is in agreement
with previous works, in this kind of compounds, for isovalent substitutions when
the substituting cation is larger than the substituted one [13,22]. Furthermore, all
samples display metallic-like behavior (dp/dT > 0) with temperature. On the
other hand, electrical resistivity values are decreased with Ba addition up to

0.075, increasing for larger doping. This evolution is due to two competing



effects, the first one is that Ba doping decreases the misfit factor in the crystal
structure leading to an enhancement of electrical conductivity [17]; while the
second one is associated to the presence of a higher atomic weight cation in
the structure, which can act as defects decreasing electrical conductivity by
scattering charge carriers. However, He et al. reported that replacing Bi with Ba
in BioxBaxSr.Co,0y the electrical properties of the system were improved by
increasing the Co**/Co®" ratio [23] and, consequently, the charge carrier
concentration. Thus, a similar effect could also contribute in the BiySro.
xBaxCo2,0y compound if some Bi would be replaced by Ba in the structure. The
lowest electrical resistivity value at 650 °C has been determined in 0.075Ba
doped samples (19.5 mQ cm), which is about 20 % lower than the obtained in
undoped ones. As it can be observed in Table 1, these values are around the
best reported for textured materials, sintered under oxygen, or by aliovalent
substitutions with alkaline metals.

Fig. 4 shows the Seebeck coefficient variation with temperature for all samples.
In all samples, the sign of the Seebeck coefficient is positive, indicating a
predominant conduction through holes, which means a p-type conduction
[29,33]. Moreover, all samples display the same behavior and very close
values, within the measurement errors, in the whole measured temperature
range. The very close S values at nearly room temperature suggest similar
concentration of charge carrier concentration for undoped and Ba-doped
materials, in agreement with Koshibae’s expression [34], and contradicting He
et al. work [23]. Furthermore, the values are increased when the temperature
rises, which is the typical behavior of metallic or degenerated semiconducting

materials when the variation of carrier concentration, effective mass, and Fermi



level, with temperature, is negligible [35]. It is well known that the Seebeck
coefficient in inorganic thermoelectric materials can be described as a function

of the scattering factor () and carrier concentration (n) [36-38], indicating that

one of the reasons for the raise of Seebeck coefficient with temperature is due
to the increase in the scattering factor [39]. In any case, the highest values at
650 °C have been measured in 0.025Ba doped samples (170 uV/K), which are
slightly higher than those of the other samples. Moreover, when compared to
the data shown in Table 1, it is clear that these values are in the order of the
best reported ones in this family.

Finally, thermoelectric performances were evaluated through the power factor,
PF (= S%p), which has been calculated using the electrical resistivity and
Seebeck coefficient data. Fig. 5 shows the variation of PF with temperature for
all samples. As it can be easily observed, all Ba doped samples display higher
PF values than the undoped one in the whole measured temperature range.
This improvement is due to the lower electrical resistivity of those samples, as
the Seebeck coefficient is practically the same for all of them, as previously
discussed. Consequently, the highest PF values have been obtained for the
0.075Ba doped samples, which reach their maximum values at 650 °C (~ 0.14
mW/K?m), which is about 25% higher than the measured in undoped samples.
Moreover, as shown in Table 1, these values are among the best reported for
this kind of materials, even if considering textured materials, which usually have
larger grain sizes and better grain orientation.

All these results clearly show the possibility to improve thermoelectric properties
of Bi2Sr,Co,0, materials via Ba doping to reach values in the order of the

obtained by texturing. This is an important result from the point of view of their



practical applications by avoiding the use of complex, long, and expensive

procedures as those associated to the different texturing processes.

4. Conclusions

Bio.xBaxSr.Co,0y samples, with 0.00<x<0.15, have been successfully prepared
through the classical solid state method. XRD analysis has shown that only the
thermoelectric phase was present in the samples. However, microstructural
studies have detected some minor secondary phases in the samples, together
with the typical randomly oriented grains microstructure. Electrical resistivity has
been decreased with Ba doping when compared to that measured in the
undoped samples. However, due to the associated charge carrier scattering
effect, the electrical resistivity decreased for Ba content up to 0.075, increasing
for further doping. On the other hand, Seebeck coefficient was not significantly
affected by doping. Consequently, the highest power factor values were
determined in 0.075Ba doped samples at 650 °C (~ 0.14 mW/K?m), which is
around 25% higher than that calculated for undoped samples and in the order of
the reported for textured materials. These results can help to approach the
practical applications of these materials prepared by economical routes and

avoiding the long, and expensive processes necessary for texturing them.

Note: The data that support the findings of this study are available from the

corresponding author [Berdan Ozkurt], upon reasonable request.
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Figure captions

Fig. 1 Powder XRD patterns for all samples.

Fig. 2. Representative SEM micrographs obtained on surfaces of Bi,Sry.
xBaxCo20, samples for x = a) 0; b) 0.025; c) 0.075; and d) 0.125. The numbers
indicate the different phases: #1 thermoelectric; #2 Bi-Sr-O; and #3 Co-Sr-O.
Fig. 3. Resistivity evolution with temperature as a function of Ba content in
Bi>Sr>.xBaxCo,0y samples.

Fig. 4. Temperature dependence of Seebeck coefficient as a function of Ba
content in Bi>Sr>.xBayCo,0, samples.

Fig. 5. Temperature dependence of the power factor as a function of Ba content

in BioSro.xBa,Co,0y samples.
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