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ARTICLE INFO ABSTRACT

Keywords: CaMnOs-based materials are very attractive among n-type thermoelectric oxides for high-temperature applica-
Ceramics tions when they are appropriately doped. The main drawback of these materials is the cost associated to the
Microstructure

necessary rare earth cations. This work aims decreasing the amount of these materials through a partial sub-
stitution of Ca>* by an equimolar mixture of K™ and Yb®", Ca;_(Ko5Ybg.5)xMnOs, with x = 0.05, 0.10, 0.15,
and 0.20. XRD studies have confirmed that the thermoelectric phase is the major one in all samples.
Microstructure has shown the formation of large crystals, and an increasing porosity when the substitution is
raised. This evolution has been confirmed through density measurements. Electrical resistivity has been dras-
tically decreased for the 0.10 substituted samples, compared with the 0.05 ones, slightly increasing for higher
substitution. On the other hand, absolute Seebeck coefficient and thermal conductivity are lower when the
substitution is raised. The best ZT values have been achieved for the 0.10 substituted samples, which are around
the typical reported in the literature for higher doping level. These results clearly point out to a decrease of the
necessary rare earth dopant content to achieve similar performances in CaMnOs3 ceramics, which is of the main

Electrical properties
Thermal properties

economic significance for their industrial production.

1. Introduction

Sustainability has to be based in energy economy, in which ther-
moelectric (TE) harvesting of wasted heat can play an important role
due to its inherent operational simplicity, excellent scalability, and
selfsustainability in remote or mobile applications [1]. As a con-
sequence, they can raise the efficiency of classical energy transforming
systems, decreasing their greenhouse gases emissions. In the last dec-
ades, most of the practical applications have been limited to classical
semiconducting or intermetallic thermoelectric compounds due to their
high performances [2], usually quantified through the dimensionless
figure of merit, ZT (=TS?/px, where T, S, p, and «, are absolute tem-
perature, Seebeck coefficient, electrical resistivity, and thermal con-
ductivity, respectively) [3]. On the other hand, they possess some in-
conveniences, as they are composed of heavy and harmful elements
with low abundance in the earth's crust, and their maximum working
temperatures are relatively low.

These issues were avoided after the discovery of unexpected high
thermoelectric properties in Na,CoO, [4], composed of more abundant
and environmentally friendly elements, together with its higher
working temperature under air atmosphere, due to its ceramic nature.
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These advantages impelled the research in this field, finding new ma-
terials with both p- and n-type conduction. Among all these materials, it
is possible to highlight the CoO- and MnO-based ones, respectively
[5-8]. On the other hand, the main problem associated to these TE
ceramics is their relative low performance, even at high temperatures.
As a consequence, the main objective in the works related with these
materials is centered in raising their performances through different
routes. One of the most important is cation doping, which can be used
to modify the charge carrier concentration, as well as provide defects to
decrease thermal conductivity [7,9]. On the other hand, it is also pos-
sible to introduce defects in the structure without modification of
charge carrier concentration through isovalent subtitutions. Moreover,
the amount of defects can be raised, without modifying the charge
carrier concentration, through aliovalent substitutions (as Dy3+ /Na*
for Ca®*) [9].

The objective of this work is producing high performance CaMnO3;
thermoelectric materials with simultaneous substitution of Ca by Yb,
and K. They were added in the same atomic ratio in order to maintain
constant the charge carrier concentration. Moreover, as K may be lost
during the thermal treatment [10], the experimental conditions de-
scribed in previous works [9] have been partially followed in order to
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minimize K losses. The thermoelectric properties of the sintered bodies
will be determined and related with their structural and microstructural
features.

2. Experimental

The initial Ca, (K 5Yb 5),MnO5; mixtures (x = 0.05, 0.10, 0.15, and
0.20) used in this work were prepared from commercial CaCO5; (=
99%, Aldrich), Mn,03 (99%, Aldrich), K,CO3 (PA, Panreac), and Yb,03
(99.9%, Aldrich) powders. They were weighed in the appropriate pro-
portions, mixed and milled 1h at 300 rpm in a ball mill in distilled
water media. After milling, the suspensions were dried using infrared
radiation until all water has been evaporated. The powders were then
cold uniaxially pressed at 400 MPa and subjected to a thermal treat-
ment at 900 °C for 12 h in order to decompose the Ca, and K carbonates.
The thermally treated bodies were subsequently manually milled,
pressed at 400 MPa in form of pellets with the suitable dimensions for
their characterization, and sintered in a closed alumina boat at 1300 °C
for 12h, with a final furnace cooling.

Phase identification in the sintered materials has been performed
using powder X-ray diffraction (XRD) utilizing a Rigaku D/max-B X-ray
powder diffractometer (CuKa radiation) with 26 ranging between 10
and 70 degrees. Microstructural observations were performed on the
samples surfaces using a Field Emission Scanning Electron Microscope
(FESEM, Zeiss Merlin) fitted with an energy dispersive spectrometry
(EDS) device. Apparent density was measured using Archimedes' prin-
ciple in, at least, four samples for each composition, taking 4.705 g/cm®
as the theoretical one [11].

Electrical resistivity and Seebeck coefficient were simultaneously
determined in all samples using the steady state mode, by the standard
dc four-probe technique in a LSR-3 apparatus (Linseis GmbH) between
50 and 800 °C. Thermal conductivity has been determined through the
photothermal radiometry technique (PTR) at room temperature (RT).
Here, a modulated laser beam (at 532 nm wavelength generated by a
Ventus DPSS laser source internally modulated) is absorbed by the
studied material standing on a thermally semi-infinite substrate. The
light beam is beforehand enlarged by a telescopic arrangement to en-
sure a one-dimensional heat propagation inside the investigated system.
Modulation frequency dependence of the temperature distribution is
then a function of the thermal parameters of the material. In opaque
samples and for small temperature variations, infrared total emittance
radiated by the material is then directly proportional to its surface
temperature [12]. This infrared radiation is then collected as a function
of the modulation frequency with a Mercury Cadmium Tellurium
(MCT) detector cooled at liquid nitrogen temperature (Teledyne Judson
Technologies J15D12-M204-S01M-60). Output electric signal is then
pre-amplified (Teledyne Judson Technologies PA 300) to be sent into a
lock-in amplifier (EG&G 7260) for processing. Thermal parameters are
extracted from the signal by the knowledge of the relationship linking
the surface temperature with the thermal parameters using EG&G 7260
for processing [13].

ZT values were calculated at RT, using the power factor and thermal
conductivity data. Moreover, as it is well known, CaMnOs-based ma-
terials thermal conductivity decreases when temperature is raised [7],
the ZT values have been estimated up to 800 °C, considering k un-
changed in the worst-case situation, and compared to the best up-to-
date literature data.

3. Results and discussion

Powder XRD patterns of all samples are presented in Fig. 1. At a first
sight it is clear that the highest peaks (identified by their diffraction
planes) correspond to the thermoelectric phase [8,14]. Moreover, the
CaMn,0, phase can be also identified through the small intensity peaks
(shown by *) [15]. When observing these small reflections, it is clear
that their intensity is slightly raised when the substitution is increased.
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Fig. 1. Powder XRD patterns of Ca;_ (Ko 5Ybg 5),MnO3 samples for the different
x values. Diffraction peaks indicate the thermoelectric phase, while * indicates
the ones for CaMn,0y,.

This behaviour indicates that Mn proportion in the sintered samples
should be higher when the Yb, and K addition is raised. This result
clearly points out to a possible total Ko,CO3 volatilization [10] and/or
sublimation [16] in spite of the controlled conditions during the
thermal treatments. This is an unexpected result when taking into ac-
count previous works which led to Dy, and Na co-doped CaMnO3 with
only partial Na losses [9].

FESEM observations on the surfaces of all samples are displayed in
Fig. 2. As it can be observed in the micrographs, samples are composed
of larger grains when the substitution is lower. Moreover, the raise in
the Yb, and K content strongly increases the samples porosity. This
effect could be due to the already mentioned K,COj3 losses during the
sintering procedure, in agreement with the XRD data. EDS analysis
performed in all samples has obtained only one phase, Ca; yYb,MnOs,
with Yb content very close to the nominal one. On the other hand, no
CaMn,0, phase has been identified in these samples, probably due to
its low amount. Furthermore, no potassium has been found in any of the
EDS analysis performed in the different samples, corroborating the
previous considerations.

In order to confirm the porosity evolution previously observed in
the samples, density values have been determined, and the results are
summarized in Table 1. In spite of the large shrinkage observed in the
samples after the sintering procedure, these data show a decrease of
relative density when the substitution is raised, from around 89% for
the lowest substitution, to about 72% for the highest one. Moreover,
they are in agreement with the FESEM observations; and they are very
repetitive, as can be deduced from the very low standard errors ob-
tained in the measurements.

The microstructural evolution with the substitution is reflected in
the electrical resistivity displayed in Fig. 3. As it can be observed in this
graph, electrical resistivity decreases up to 0.10(Yb,K) added samples,
slightly increasing for higher content. This behaviour can be explained
taking into account several factors, as porosity, secondary phases con-
tent, and charge carrier concentration. As it is well known, electrical
resistivity is increased when the porosity and secondary phases content
is raised. On the other hand, due to the fact that K seems to be eva-
porated from the samples after sintering, electrical resistivity should be
lower when the Yb content grows as it increases the charge carrier
concentration (substitution of Ca?* by Yb®*). Consequently, the
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Fig. 2. FESEM micrographs performed in representative surfaces of Ca; (K 5Yb 5),MnOj sintered samples, with different x values.

Table 1

Mean density of Ca; 4(YbsK 5),MnO3 samples, as a function of the Yb, and K
addition, together with their standard errors, and the relative density taking the
theoretical one as 4.705 g/cm?® [11].

X Density (g/cm?) Standard error Relative density (%)
0.05 4.18 0.03 89
0.10 3.95 0.03 84
0.15 3.41 0.03 73
0.20 3.38 0.08 72

Fig. 3. Electrical resistivity evolution with temperature for Ca;.
x(Ko.5Ybo 5)xMnO3 sintered samples for the different x values.

decrease from the 0.05 to the 0.10 added samples can be associated to
the higher influence of the raise of charge carrier concentration, with
respect to the other factors. When the addition grows, the porosity and
secondary phases have larger effect, leading to the slight increase in

resistivity. Moreover, the general behaviour of resistivity is also mod-
ified by the substitution, with a drastic change in the 0.05 samples from
metallic-like (dp/dT > 0) to semiconducting-like (dp/dT < 0) at around
650 °C, being softer for the 0.10 ones, and disappearing for higher
substitution. The lowest values at room temperature have been de-
termined in 0.10 samples (5.5 mQ cm), which are much lower than the
reported in undoped samples through sintering (125 mQ cm) [17], or
spark plasma sintering (SPS, 10 m2 cm) [18]. Moreover, they are in the
order of sintered Yb-doped CaMnO3 (2.2-7 mQ cm) [8,19-21].

When evaluating the samples at 800 °C, the minimum resistivity
values measured in this work (11.5mQ cm) are much lower than the
pristine CaMnO3 (35 mQ cm) [17]. On the other hand, they are higher
than the obtained in undoped samples prepared through SPS (8 mQ cm)
[18], or in Yb-doped sintered materials (4-9 mQ cm) [8,19-21]. These
data clearly show that the K,COj3 loss during the sintering procedure is
only affecting the high temperature electrical resistivity values, when
compared to the Yb single doped materials.

Fig. 4 displays the variation of the Seebeck coefficient as a function
of temperature for the different samples. All of them exhibit negative
values in the whole measured temperature range, confirming an elec-
tron dominated conduction mechanism. Moreover, S behaviour is the
same observed in the electrical resistivity, the absolute values are in-
creased when the temperature is raised, except in the high temperature
region (> 700 °C) where S decreases in the 0.05, and 0.10 samples. The
highest absolute S values are measured in the 0.05 ones, in agreement
with their higher electrical resistivity. At room temperature, the max-
imum values (—175puV/K) are much lower than the reported in un-
doped materials (— 350 uV/K) [17] which clearly reflects the typically
low carrier concentration in CaMnOj3. The electron doping promoted by
Yb substitution, due to the loss of K, enhances the carrier concentration
and decreases Seebeck coefficient. On the other hand, these values are
higher to the obtained in Yb-doped sintered samples (—90 to —100 uv/
K) [8,19-21], prepared through SPS (—90 uV/K) [18], or in codoped
materials (=70 to —120puV/K) [22-24]. However, at 800 °C, the
maximum values obtained in this work (—230 uV/K) are in the order of
undoped samples (—225uV/K) [17]. Moreover, they are much higher
than the measured in Yb-doped (—140 to —160 uV/K) [8,19-21], or
codoped CaMnOs; sintered materials (—95 to —160 uV/K) [22-24].
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Fig. 4. Seebeck coefficient evolution with temperature for Ca; 4(KsYb 5),MnO3
sintered samples for the different x values.

Fig. 5. ZT evolution with temperature for Ca;.x(KosYbgs)xMnOs3 sintered
samples for the different x values. Vertical dotted line divide the graph into
calculated (low temperatures), and estimated (high temperatures) values con-
sidering x unchanged with temperature.

Furthermore, they are still higher than the obtained in samples pro-
cessed through SPS (—145 uVv/K) [18].

Thermal conductivity at room temperature has been determined as
6.04, 3.93, 2.97, and 2.32W/Km, for the 0.05, 0.10, 0.15, and 0.20
samples, respectively. The highest value is much higher than the
measured in doped and codoped manganites (4.1-1.5W/Km)
[21,25,26] due to the high density of samples and the low dopant
content. On the other hand, when the doping content is increased,
density of samples decreased, lowering the thermal conductivities to be
in the range of these reported values.

The evaluation of the samples thermoelectric performances has
been performed through their ZT values. They have been calculated at
room temperature using the electrical resistivity, Seebeck coefficient,
and thermal conductivity. Moreover, they were estimated at higher
temperatures using the room temperature thermal conductivity values.
This assumption gives only underestimated values, as thermal con-
ductivity typically decreases when the temperature is raised [21,25,26].
Consequently, the real high temperature ZT values should be higher
than the presented in Fig. 5. As it can be observed in the graph, the
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maximum ZT values in the whole measured temperature range have
been obtained in the 0.10 samples, corresponding to 0.05 rare earth
doping, which is a lower amount than the reported for optimally doped
CaMnO; materials [8,21,25]. Furthermore, the maximum values esti-
mated in these samples at 800 °C (0.081) are around the obtained in
more heavily doped ceramics (0.11-0.28) [21,25,26], taking into ac-
count their underestimation. Even if the thermoelectric performances
obtained in this work are comparable to the reported in the literature, it
is really important to highlight the lower content of rare earth cations in
the samples produced in this work. This factor could be of the main
economic significance when considering industrial production, due to
the high costs, and low abundance in earth crust, of rare earth com-
pounds.

4. Conclusions

Ca;x(KosYbo.s)xMnO; (x = 0.05, 0.10, 0.15, and 0.20) poly-
crystalline samples have been successfully prepared through the clas-
sical solid state route. After sintering procedure, the samples have
shown an important shrinkage, larger when the substitution was lower.
Density measurements have demonstrated this evolution, with relative
densities from 89% of the theoretical one for the 0.05 samples, to 72%
for the 0.20 ones. XRD patterns showed that samples are mainly com-
posed of the thermoelectric phase, while microstructure displays higher
porosity content when the substitution is increased. All these features
are reflected in the thermoelectric performances, reaching the
minimum electrical resistivity for the 0.10 samples, which possess the
best combination of density and dopant concentration. On the other
hand, Seebeck coefficient and thermal conductivity are decreased when
the substitution is raised, due to the higher Yb content and lower
density, respectively. The maximum ZT at 800 °C has been estimated for
the 0.10 samples, with similar values than the reported in the literature,
but using much lower rare earth content. This is an important
achievement, from an economic point of view and the relatively low
abundance in the earth crust of rare earth raw materials, for their in-
dustrial production.
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