Improvement of Bi,Sr,Co,0y thermoelectric performances by Na doping
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Abstract

Bi>Sr>.x<NaxCo,0, thermoelectric materials with x = 0, 0.025, 0.05, 0.075, 0.10,
0.125, and 0.15 have been prepared by solid state reaction. Microstructure has
shown an important grain growth when Na is added, leading to very high bulk
densities confirmed through density measurements. These modifications have
produced a drastic decrease of electrical resistivity without significant
modification of Seebeck coefficient. As a consequence, Power Factor has been
increased in all Na-doped samples, reaching the maximum value (0.21
mW/K?.m at 650 °C) for 0.075 Na samples, which is fairly close to the reported

for single crystals.
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1. Introduction

In the fight against global warming, thermoelectric (TE) materials are very
promising due to their ability to directly transforming a thermal gradient into
useful electrical energy. In addition, they show very important advantages to
harvest wasted heat from many different sources. Moreover, they can also
transform solar energy into electricity at lower cost than photovoltaics [1]. As a
consequence, the search for materials with high conversion efficiency has been
boosted up in the last years. This efficiency is usually quantified through the
dimensionless Figure-of-Merit (ZT = TS?/pk, where S, p, k, and T, are Seebeck
coefficient, electrical resistivity, thermal conductivity and absolute temperature,
respectively [2]).

Nowadays, many different semiconducting and intermetallic materials with high
performances are used to produce TE modules. On the other hand, many of
these materials are composed of heavy and/or toxic elements which can melt or
oxidize at high temperatures under air (such as Te, Sb, As, ..) [3]. All these
drawbacks, together with their low abundance in earth’s crust and high prices,
limit the type of applications. In 1997, with the discovery of large Seebeck
coefficient and ZT values of 0.26 at 300K in Na,CoO; [4], intensive studies have
been performed on new ceramic families with high thermoelectric properties.
These works have led to the discovery of different families, as the misfit
cobaltites, with promising properties. Their crystal structure is composed of two
different layers, with an alternate stacking of a common conductive Cdl,-type
CoO; layer with a two-dimensional triangular lattice, and a block one, composed
of insulating rock-salt-type (RS) layers. Both sublattices (RS block and Cdl,-
type CoO; layers) possess common a- and c-axis lattice parameters and g
angles but different b-axis length, causing a misfit along this direction [5,6].
Some of the most studied cobaltites can be described as
[Ca2C003]*°[C002]1.62, and [BizAE204]°[CoO.]n12 (Where AE: alkaline earth)
[7-14], where b4/b, (or brs/bcoo?) is the misfit factor. In the last family, it is well
known that cationic substitution in the rock salt layer using isovalent [15] or
aliovalent elements [16,17] can modify the its crystallographic parameters
and/or the charge carrier concentration. As a consequence, when adequately
performed, it can be applied for tunning up the materials thermoelectric

performances.



Taking into account the modification of charge carriers concentration using
aliovalent cation doping, in agreement with Koshibae’s expression [18], the aim
of this study is producing high performances Bi>Sr.Co,0, sintered materials by
substituting Sr** by Na*. The structural and microstructural modifications

promoted by Na doping will be related with the final thermoelectric properties.

2. Experimental

The initial Bi>Sr,.xNaxCo,0y polycrystalline ceramics, with x = 0.025, 0.05,
0.075, 0.10, 0.125 and 0.15, were prepared from commercial Bi,O3; (Panreac,
98 + %), SrCO3 (98.5 %, Panreac), Na,CO3; (Panreac, 98 + %), and Co20;
(Aldrich, 98 + %) powders by the classical solid state route. They were weighed
in the appropriate proportions, mixed, and ball milled at 300 rpm for 30 minutes
in acetone media. The obtained suspension has been dried under infrared
radiation and manually milled to break the agglomerates. The remaining powder
was then calcined twice, at 750 and 800 °C for 12 h, with an intermediate milling
to decompose the Sr and Na carbonates. The resulting material was uniaxially
pressed in form of pellets (~3 x 3 mm? section and 15 mm length) at 400 Mpa
for 1 minute, and sintered at 810 °C for 24h with a final furnace cooling [19].
The structural identification of all samples was performed through powder XRD
utilizing a Rigaku Miniflex system with Cu Ka radiation (A = 1.54059 A) and 26
between 10 and 70 degrees. Microstructural observations were performed on
the samples surface using a Field Emission Scanning Electron Microscope
(FESEM, Carl Zeiss Merlin) fitted with energy dispersive spectrometry (EDS)
analysis. Moreover, apparent density has been determined in, at least, four
samples for each composition and the measurements have been made three
times in order to minimize the errors.

Steady-state simultaneous measurements of electrical resistivity and Seebeck
coefficient were performed by the standard dc four-probe technique in a LSR-3
apparatus (Linseis GmbH) between 50 and 650 °C. From these data, Power
Factor (PF= S%/p) as a function of temperature was calculated to evaluate the

samples performances.



3. Results and discussion

Powder XRD patterns for all samples are displayed (from 10 to 40° for clarity) in
Fig. 1. As it can be clearly observed, all samples show very similar patterns and
most of the peaks (identified with the diffraction planes) correspond to the
Bi>Sr>.xNayCo,0, phase, in agreement with previously reported data [17,20]. On
the other hand, only small amounts of the Co-free Bij 75Srp.2501.375 secondary
phase [21], can be identified with the peak appearing at about 28 degrees
(indicated by *). Moreover, no shift in the thermoelectric phase peaks can be
observed, independently of Na content.

The microstructural evolution of samples, as a function of Na content, can be
easily observed in Fig. 2, where representative micrographs of their surfaces,
are presented. These images show that all samples are formed by two
contrasts associated, through EDS, to different phases (numbered in Fig. 2a).
Grey contrast (#1) corresponds to the thermoelectric Bi,Sro..x\NayCo,0, phase,
and white one (#2), to the Bi» 5SrO, secondary phase, in agreement with XRD
data. Moreover, the secondary phase amount is very low in all cases, being
nearly unchanged by the Na content. In spite of the negligible effect of Na
doping on the secondary phases content, it decreases porosity and leads to
larger grain sizes. This fact clearly agrees with previous works in similar
ceramic systems, probably due to a liquid phase formation during the sintering
process [22,23].

In order to verify this beneficial effect of Na, apparent density has been
determined and presented, together with its standard error, in Fig. 3. As it can
be seen in the graph, the samples density is raised when increasing Na content,
especially for x > 0.075. This effect is probably due to their higher amount of
liquid phase which raises grain growth rate and decreases porosity. The
apparent density values are between 88 and 97 % pw (pi = 6.15 g/cm® [24]).
Fig. 4 displays electrical resistivity variation with temperature, as a function of
Na content. The electrical behaviour of samples is clearly modified by Na
doping, being semiconducting-like (dp/dT < 0) for x < 0.075, and metallic-like
one (dp/dT > 0) for higher x values. Moreover, the electrical resistivity is
decreased until 0.125 Na, slightly increasing for higher Na content. This

evolution is in agreement with their higher density, the raise in the charge



carriers concentration, and the larger grain sizes which decreases the number
of grain boundaries. As it is well known, Sr** substitution by Na* in the rock salt
layer promotes the oxidation of Co® to Co** in the conducting one, leading to
higher holes concentration. On the other hand, the raise of electrical resistivity
in the 0.15 Na samples is probably due to a higher influence on the charge
carrier mobility. In any case, the minimum electrical resistivity values at room
temperature (12 mQ.cm) are lower than the best reported in sintered (around 20
mQ.cm [25,26]), hot pressed (15 mQ.cm [6,25]), or laser textured materials (20
mQ.cm [27]). Moreover, they are fairly close to the ones determined in single
crystals (11 mQ.cm [15]). Furthermore, the minimum values at high temperature
(15 mQ.cm) are still lower than the measured in sintered materials (20-25
mQ.cm [25,26]), around the obtained in hot pressed materials (16 mQ.cm
[6,25]), and higher than the measured in single crystals (11 mQ.cm [15]).

Fig. 5 displays the variation of Seebeck coefficient with temperature for all
samples. In the figure, it is clear that the Seebeck coefficient is positive in the
whole measured temperature range, confirming a conduction mechanism
predominantly governed by holes. All the doped samples possess lower
Seebeck coefficient than the undoped ones, except in 0.075 Na doped samples,
in agreement with the electrical resistivity measurements. The maximum room
temperature values are found in the 0 and 0.075 Na samples (120 uV/K), which
are in the same order of sintered (105-130 pV/K [25,26]), hot pressed (125 uV/K
[6,25]), or laser textured materials (130 uV/K [27]), as well as, single crystals
(120 uV/K [15]). On the other hand, at high temperatures, the maximum values
are measured in 0.075 Na doped samples (210 uV/K), only comparable to the
obtained in sintered materials prepared by solution techniques (210 puV/K [25]).
Moreover, they are higher than the measured in sintered (175 uV/K [26]), or hot
pressed materials (165 uV/K [6,25]), and single crystals (160 uV/K [15]).

PF variation with temperature is displayed, as a function of Na content, in Fig. 6.
In the graph, it can be observed that Na doped samples possess higher PF
values than the undoped ones. The maximum PF at room temperature, has
been obtained in 0.075, 0.10, and 0.125 Na doped samples (0.08 mW/K?m).
This value is higher than the measured in the undoped samples (0.003
mW/K?m), laser textured (0.07 mW/K?m [27]) and sintered materials (0.08-0.06



mW/K?m [25,26]). On the other hand, they are lower than the reported for hot
pressed materials (0.10 mW/K?m [6,25]), and single crystals (0.13 mW/K*m
[15]). Nevertheless, the raise of PF with temperature in these Na doped
samples is higher than the observed in the bibliography, leading to very high PF
values (0.21 mW/K?m at 650 °C for 0.075 Na samples). This PF is higher than
the obtained in sintered (0.12-0.21 mW/K?m [25,26]) or hot pressed materials
(0.16 mW/K?m [6,25]), and very close to the reported in single crystals (0.23
mW/K?m [15]).

These results clearly point out to the usefulness of Na doping to enhance grains
growth rate and samples density, leading to a drastic decrease of electrical
resistivity without significantly modifying Seebeck coefficient. As a
consequence, the thermoelectric performances can be improved in a very

important manner, approaching their practical applications.
4. Conclusions

In this work, Bi>Sr..xNayCo,0, thermoelectric materials (x = 0, 0.025, 0.05,
0.075, 0.10, 0.125, and 0.15) have been successfully prepared through the
classical solid state method. Na doping has promoted an important grain growth
and decreased samples porosity. Moreover, densities higher than 85 % of the
theoretical one have been reached. The raise in density, together with Na
substitution, drastically decreases electrical resistivity without significant
modifications of Seebeck coefficient. As a consequence, Na doped samples
possess higher PF than the undoped ones. The maximum power factor values
have reached 0.21 mW/K?.m at 650 °C, which is very close to the reported in
the literature for single crystals, clearly indicating that Na doping is a feasible

method to produce high performances thermoelectric ceramics.
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Figure captions

Figure 1. Powder XRD diagrams for the Bi>Sr,.xNaxCo0.0y sintered samples for
x = 0 (a); 0.025 (b), 0.05 (c); 0.075 (d); 0.10 (e); 0.125 (f); and 0.15 (g).
Crystallographic planes have been indicated on the peaks corresponding to the
thermoelectric phase. * indicates the peak corresponding to the Co-free
Bio.75Sr0.2501 375 secondary phase.

Figure 2. SEM micrographs of surfaces from representative Bi>Sra.\NaxCo,0y
samples with x = 0 (a); 0.05 (b); 0.10 (c); and 0.15 (d). The different phases are
indicated by arrows, 1) Bi>Sro.xNaxCo1.g0y; and 2) Biy 5SrO..

Figure 3. Apparent density of Bi,SroxNayCo,O, samples, together with their
standard error, as a function of Na content.

Figure 4. Temperature dependence of electrical resistivity for BioSro.x\NayCo,0,
samples with x = 0 (A); 0.025 (¥); 0.05 (®); 0.075 (A); 0.10 (®); 0.125 (d);
and 0.15 ().

Figure 5. Temperature dependence of the Seebeck coefficient for Bi,Sro-
xNaxCo,0, samples with x = 0 (A); 0.025 (¥); 0.05 (#); 0.075 (A); 0.10 (®);
0.125 (4); and 0.15 ().

Figure 6. Temperature dependence of the power factor for Bi,Sro.\NaxCo.0y
samples with x = 0 (A); 0.025 (¥); 0.05 (®); 0.075 (A); 0.10 (®); 0.125 (4);
and 0.15 ().
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