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A-, and B-site multiple-doped Cag.97Y0.01L20.01Ybo.01Mn;_2xNbyMo,O3 was studied for improving its thermo-
electric thermoelectric performance. Samples were prepared from planetary milled precursors and sintered at
1310°C for 12 h. XRD showed that sintered samples are nearly single phase, with small amounts of CaMnyO4.
SEM analysis revealed that grain size decreases with Nb and Mo content, leading to lowered electrical resistivity,
reaching 6.1 mQ cm at 800°C in x = 0.03 samples, 60% lower than that of pristine samples. The highest Seebeck

coefficient for doped samples has been obtained for x = 0.005, 210pV/K at 800°C. A high power factor (0.46
mW/K2 m at 800°C) has been reached for x = 0.01 samples. However, thermal conductivity did not significantly
vary with composition, leading to ZT~0.27 at 800°C for x = 0.005 samples, among the best reported in the
literature. These results suggest that multi-doping approach opens new paths for integrating calcium manganite-
based materials in thermoelectric modules for power generation at high temperatures.

1. Introduction

Nowadays, one of the world’s most important problems is the need to
reduce the use of fossil fuels to fight against global warming due to the
massive emission of greenhouse gases when using these fuels. This re-
quires the massive use renewable energy sources, such as photovoltaic,
wind power, etc. However, the renewable energy production today is
not sufficient to satisfy the world’s energetic requirements. Another
notable limitation for using renewable energies is their daily and sea-
sonal intermittency. As a consequence, even if their need should
decrease, fossil fuels still have to be used to achieve the required energy
production. On the other hand, it is well known that the classical energy
conversion systems possess relatively low efficiency, wasting about 60%
of the initial energy in the form of heat. In this regard, the thermoelectric
(TE) power generation is one of the promising ways to harvest waste
heat produced in the processes associated with fossil fuels, or from
renewable sources, and converting it into usable electrical energy [1,2].
Thermoelectric technology is very reliable and has a long service life, as
it has been used in many fields, e.g., NASA’s space missions Voyager 1 &
2 launched in 1977 which are still working. Nevertheless, to make
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thermoelectric technology feasible, it is necessary to develop materials
with high conversion efficiency to supply competitive devices. The ef-
ficiency is usually evaluated through the so-called figure of merit ZT,
defined as TS?/px (T is absolute temperature, S Seebeck coefficient, p
electrical resistivity, and k thermal conductivity) [3].

At present, it is possible to find commercial TE modules, which are
built using semiconducting or intermetallic TE legs. However, these
materials usually comprise heavy and toxic elements, and can only
operate at relatively low temperatures to avoid their degradation.
Moreover, they often contain elements that are scarce in the earth crust
and expensive [4,5]. Nevertheless, the discovery of promising TE
properties in ceramic oxides has allowed finding materials able to work
at high temperatures, and also composed of cheaper and more abundant
elements [6]. Among these compounds, the most promising families to
be used in TE modules are CazCo4O9 as p-type component [7], and
CaMnOj3 as n-type component [8]. It should be mentioned that these
materials still possess relatively low TE performances, being typically
higher for the p-type compounds. The pristine CaMnO3 shows very low
performances due to its very low charge carrier concentration, leading
to high electrical resistivity. Consequently, it has to be electronically
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doped to enhance the charge carrier concentration towards reasonable
TE performance. This family of materials presents an orthorhombic
perovskite structure [9], and the charge carriers can be generated by
substituting Ca with rare earth elements [10,11], Mn by transition
metals [12,13], or both substitutions at the same time [14,15], to obtain
a significant increase in TE performance. Another factor having a drastic
influence on the final properties of the bulk sintered materials is the
starting particle sizes, which can modify their reactivity and, therefore,
the final density of thermoelectric ceramics [16-18].

When evaluating the results reported in the literature, it can be found
that using more than one substituting cation allows a notable increase of
the thermoelectric performances [19]. Moreover, recent work has
shown that triple doping in the Ca site leads to an enhancement of ZT by
improving the phonon scattering [20]. It is important to notice that the
approach of simultaneous doping/substitution in ceramics shares a
conceptual parallel with high-entropy ceramics, as both strategies
involve the compositional complexity to design the material properties
[21]. While simultaneous doping/substitution strives to tailor the lattice
and electronic structure, high-entropy ceramics rely on the entropy
stabilisation mechanism, but both explore a compositional space to
derive novel and enhanced properties. This work focuses on increasing
the TE performance of CaMnOg by using various dopants in the A and B
sites of the crystal structure and relying on the distortion of the crystal
structure. The structural and microstructural evolution produced by
these involved substitutions has been studied and related to the varia-
tion of thermoelectric properties.

2. Experimental

All the Cao_97Y0'01LaODleo.olMnl_szbeOxO;; (0 < x < 003)
compounds were obtained through their initial precursors, CaCO3 (>
99%, Aldrich), Y203 (99.99%, Aldrich), LayO3 (> 99.9%, Aldrich),
Yby03 (99.9%, Aldrich), MnyO3 (99.9%, Aldrich), NbyOs (99.5%, Alfa
Aesar), and MoOs3 (99 + %, Aldrich). They were weighed and mixed in
stoichiometric proportions, and then they were milled in a planetary ball
mill at 400 rpm for 4 h in water medium. The slurry was then subjected
to IR radiation until total water evaporation; the dry mixture was
manually milled to obtain a fine and homogeneous powder, which was
subsequently calcined at 950 °C for 12 h, and 1050 °C for 12 h under air
atmosphere, with an intermediate manual milling. For these treatments,
5 °C/min, and 10 °C/min heating and cooling rates, respectively, were
used. Finally, the powders were cold uniaxially pressed in the form of
pellets (3 x3x15 mm?) under 400 MPa, and sintered at 1310 °C for 12 h
under air, with 3 °C/min heating rate, and cooled to room temperature
at 5 °C/min.

Powder X-ray diffraction (XRD) was performed in a Rigaku Ru300 in
the range 10-80 ° working at 40 KV and 80 mA, with 0.03 ° step and 3 s/
step, to determine the phases present in the samples. The absolute
density has been measured by Archimedes’ method using at least three
samples for each composition, and relative density has been calculated
for all samples taking 4.705 g/cm?> as the theoretical density [17]. The
microstructural evolution was studied on the samples surfaces with a
Field Emission Scanning Electron Microscope (FESEM, Zeiss Merlin)
equipment; their elemental composition was determined by energy
dispersive spectrometry (EDS). The grain sizes were estimated for sin-
tered materials using the line intercept method [22].

Both Seebeck coefficient and electrical resistivity of samples were
simultaneously measured using the standard DC four-probe technique in
steady state mode, in a LSR-3 system (Linseis GmbH) under Helium at-
mosphere, between 50 and 800 °C, using 10 °C/min heating rate. Total
thermal conductivity (k) was determined using the expression k = o« C; d,
where « is thermal diffusivity, Cp specific heat, and d density of the
sample. a has been determined using a laser-flash system (Linseis LFA
1000) between 50 and 800 °C, with 10 °C/min heating rate, in the same
direction as in the case of electrical characterization, while C, has been
calculated using Dulong-Petit law. Finally, with the electrical and

2983

Journal of the European Ceramic Society 44 (2024) 2982-2988

g _
= § a
fge </ & g§ §
< oy a
1 4 A A
e
A A A
d
) | A
(o]
A l A
b
1 | A
a
| — ‘- —— 1 O ——— ﬁrl1*ﬁr1ﬁ—rA‘l—l—l—l—l
20 30 40 50 60 70

20 (Degrees)

33.6 33.7 338 339 34 341

20 (Degrees)

Fig. 1. a) Powder XRD patterns recorded after sintering at 1310 °C for 12 h;
and b) Representative XRD peak at 34 degrees showing the shift of this peak for
Cag.97Y0.01L20.01 Ybo.01Mn;_,Nb,Mo,03 samples, with x = a) 0.0; b) 0.005; c)
0.010; d) 0.015; e) 0.020; and f) 0.030.

thermal data, the ZT evolution with temperature was calculated and
compared with the results reported in the literature for this family of
compounds.

3. Results and discussion

The powder XRD patterns are presented (from 20 to 70 degrees for
the sake of clarity) in Fig. 1a for all samples. As it can be easily observed
in the graph, the most intense peaks correspond to the CaMnO3 phase
with a Pnma space group (indicated in the plot through their diffraction
planes), in agreement with previously reported data [23,24]. Moreover,
the peaks of the main phase shift to lower angles when the amount of Nb,
and Mo is increased, as reflected in Fig. 1b, where an enlarged view of
the 34 ° peak for all samples is displayed. In order to evaluate the
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Table 1

Lattice parameters as a function of the dopant content, as well as the wt% of
CaMn,0,4 secondary phase, obtained from the XRD data.

Composition a(A) b (A) c(A) wt%

Ca.97Y0.01L20.01Ybo.01Mn;- CaMn,04

2:NbxMo0,03

x=0 5.2890 7.4639 5.2727 6.9
® (4 @)

x = 0.005 5.2942 7.4706 5.2786 4.1
5) (4) (5)

x =0.010 5.2994 7.4765 5.2829 4.5
(©)] [©)] 5)

x = 0.015 5.3044 7.4815 5.2863 4.4
5) (4) (5)

x = 0.020 5.3106 7.4870 5.2903 4.4
(©)] 0 3

x = 0.030 5.3222 7.4989 5.2988 5.7
3 (2) 3)

Fig. 2. Representative SEM micrographs performed on the surfaces of sintered
Cap.97Y0.01Lag.01Ybo.01Mn;_»,Nb,Mo,O3 samples, for x = a) 0.0; and b) 0.030.

Table 2

Mean grain sizes of samples, together with their standard error, mean densities
with their standard error, and their relative density.

Composition Mean Std. Density Std. Relative

Cap.97Y0.01L20.01 Ybo.01Mn;. grain error (g/cm®) error density

2:NbxM0,03 size (%)
(pm)

x=0 8.07 0.37 4.29 0.04 91

x = 0.005 8.10 0.20 4.27 0.09 91

x = 0.010 7.52 0.11 4.33 0.04 92

x = 0.015 7.22 0.11 4.33 0.02 92

x = 0.020 7.03 0.13 4.33 0.06 92

x = 0.030 6.76 0.17 4.41 0.02 94

changes in the lattice parameters, and the amount and type of secondary
phases, the data were refined using Fullprof Suite software distributed
by Roisnel et al. [25].

The obtained results are summarized in Table 1, where the variation
of lattice parameters, and the wt% of CaMny04 secondary phase, as a
function of Nb, and Mo content, are shown. The lattice parameters
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Fig. 3. Evolution with temperature of a) electrical resistivity; and b) Seebeck
coefficient, together with their errors, for all samples.

monotonically increase with the amount of dopants, due to the higher
ionic radii and the increase of oxygen content in the structure provided
by the higher oxidation state of Mo, and Nb, when compared to that of
Mn. Moreover, the doped samples present slightly lower content of
CaMn;04 phase, when they are compared to the pristine sample. On the
other hand, the amount of secondary phase in the doped samples is close
to each other, being slightly higher for the highest doped one.

In Fig. 2, representative SEM micrographs obtained for the surfaces
of all samples after sintering, are shown. When observing these micro-
graphs, grain sizes appear to decrease when the amount of dopant in-
creases. In order to evaluate the variation of grain size as a function of
the Nb, and Mo content, the line-intercept method has been applied to
several micrographs of each sample, and the mean values are presented
in Table 2. As it can be easily seen in these data, grain sizes are essen-
tially not modified for the lowest doping (x = 0.005) and decrease
monotonically for higher doping, confirming the conclusions drawn
from visual observations of the micrographs. In fact, the microstructural
refinement is often observed for doped ceramic materials and it is
attributed to the combined effect of the thermodynamically reduced
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Table 3

Thermoelectric parameters, electrical resistivity, Seebeck coefficient, power factor, thermal conductivity, and ZT, at around 800 °C for the CaMnOj3 family reported in

literature.
Composition p (mQ cm) [S| (nV/K) PF (mW/K?m) k (W/K m) ZT Reference
Cag.oDyo1MnO; 7.0 105 0.18 1.8 0.075 [9]
Cag gsLag osMnO3 13.9 265 0.50 2.6 0.19 [13]
CaMng 9sMo0g 0503 16.3 263 0.42 3.1 0.14 [13]
Cag.96Bio.04Mng.96V0.0403 8.3 150 0.27 1.5 0.21 [14]
Cag.96Gdo.04MnO3 9.1 180 0.36 2.7 0.13 [17]
Cag.96DY0.02Ybo.02MnO3 9.0 175 0.36 1.5 0.27 [19]
CaMnO3 26 320 0.39 - [35]
Cag.9Ybp, ;MnO3 10 140 0.17 [36]
Cag 9Dyo.0sNag,osMnO3 22 220 0.22 - - [37]
Cay.gsPr.08S10.04Mn0O3 6.3 150 0.37 1.7 0.20 [38]
Cag.9Bip, ;MnO3 5.6 120 0.28 3.5 0.09 [39]
Cag 96Bip,04MnO3 11.5 177 0.27 3.1 0.09 [40]
Cap.96DY0.02Ybo.02MnO3 19 195 0.20 1.1 0.18 [41]
Cag.9Dyp,;MnO3 7.0 150 0.35 1.8 0.20 [42]
Cag.98Dy0.02MnO3 30 250 0.22 1.75 0.07 [43]
CaMnO3/10% CaMn,04 13.3 150 0.20 2.6 0.08 [44]
Cag 7Srp.3Mny,96Ybg.0403 7.5 120 0.18 2.0 0.09 [45]
Cag_ gsgLag,02MnO3 111 215 0.18 2.9 0.06 [46]
CaMnO3 100 225 0.50 16.6 0.03 [47]
CaMng ggNbyg 0203 31.8 247 0.19 0.8 0.32 [48]
Cag.97Prp,0sMnCuy 0403 8.3 214 0.55 1.5 0.44 [49]

grain-boundary energy and kinetically reduced grain boundary mobility
[26].

Another feature that can be observed in Fig. 2 is the different amount
of porosity found in these samples, which seems to increase with the
doping content. However, when observing all samples, it is increased up
to x = 0.015, slightly decreasing for higher doping. In order to confirm
this evolution, Archimedes’ method was applied for several samples for
each composition, and the results are also compared in Table 2. These
data clearly point out a negligible modification of density with the
composition, except for the highest doped samples (x = 0.030). This
evolution can be explained by the existence of two opposite trends: On
one hand, the porosity due to the dopants content increases, which
indeed reduces density; on the other hand, the effect of the higher
atomic weight of dopants, which increases density even though the
slight increase of the lattice parameters also takes place. In any case, the
values presented in Table 2 point out to very good densification during
the sintering, obtaining relative densities between 91-94% of the
theoretical density of CaMnOs [17]. Moreover, these values are higher
than the typically reported for materials prepared through solid-state
sintering (66-86%) [27-29]. It should be noted that, although the
CaMn,0O4 secondary phase was identified by XRD, EDS analysis per-
formed for the different samples did not reveal grains with manganese
excess, which can be assigned to CaMny04 composition. This observa-
tion is aligned with previously published results, which showed that this
phase appears inside the CaMnOj grains [20], while only producing very
small compositional modifications hardly detectable by EDS analysis.

Fig. 3a presents the temperature dependence of the electrical re-
sistivity (p), as well as its error bars, for all Cagg7Y001-
Lag.01Ybg.01Mn;_2xNbyMoyO3 samples. The estimation of the electrical
resistivity error was 4% considering the sensitivity of the measuring
system, and the inexactitude in the samples dimensions and the contacts
distance, in agreement with previously published data [30]. As it can be
observed in the graph, Nb, and Mo-free samples present the same
metallic-like behaviour (dp/dT > 0) up to around 600 °C, and
semiconducting-like one (dp/dT < 0) at higher temperatures. On the
other hand, Nb, and Mo-doped samples display metallic-like behaviour
(dp/dT > 0) in the whole measured temperature range. Furthermore, the
electrical resistivity decreases on increasing the dopants content due to
the enhancement of charge carrier concentration, in agreement with the
results previously published results for B-site substituted manganites
[31,32]. The substitution of Mn** with cations possessing a higher
oxidation state, as Nb>", and Mo®", will introduce more electrons to the
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system and promote the formation of Mn3" [32]. These modifications
facilitate the electron hopping between Mn*" and Mn®*, which is the
main mechanism for charge transport in manganites [33,34]. The lowest
electrical resistivity at 800 °C (6.1 mQ cm) was achieved in the highest
doped materials, which is 60% lower than the obtained for Nd, and
Mo-free samples. Moreover, as it can be observed from the data pre-
sented in Table 3, they are among the lowest values reported in the
literature for materials prepared through longer processes.

The evolution of Seebeck coefficient and its errors with temperature,
as a function of the sample composition, is plotted in Fig. 3b. About 4%
error has been estimated for these measurements, which are influenced
by the thermocouples error when measuring the temperature differences
between the hot and cold sides of samples, as previously reported [30].
As it can be observed in the graph, the values are negative for all samples
in the whole measured temperature range, confirming the n-type elec-
tronic conduction in these materials. Moreover, |S| values of all samples
increase when the temperature is raised. This evolution with tempera-
ture can be associated with that of a metal or a degenerate semi-
conductor when the carrier concentration, effective mass, and Fermi
level are nearly constant with respect to temperature [50]. The highest |
S| value at 800 °C among the Nb, and Mo-doped samples has been
achieved for x = 0.005 (210 pV/K). Even if this value is about 15%
lower than the measured in Nb, and Mo-free samples, it is among the
best reported in the literature, as shown in Table 3.

With the previous data of electrical resistivity and Seebeck coeffi-
cient, power factor variation with temperature, defined as PF = s%/, PR
has been calculated for all samples (graph not presented). The highest PF
value at 800 °C has been reached in x = 0.01 Nb, and Mo-substituted
samples (~ 0.46 mW/K?m) due to their better combination of both
factors. This value is around 15% higher than the measured in Nb, and
Mo-free samples. Furthermore, as illustrated in Table 3, it is among the
highest reported in the literature.

Fig. 4a illustrates the evolution of total thermal conductivity with
temperature determined for all samples, together with a 5% error, as it is
the equipment accuracy stated by the manufacturer. As it can be
observed in the graph, most of the samples present similar k values in the
whole measured temperature range, while it is higher for those with
x =0.01, and 0.03. On the other hand, all samples display similar
behaviour with temperature, k decreases up to around 600 °C, slightly
increasing for higher temperatures. This evolution is due to the complex
links between the different contributions to the total thermal conduc-
tivity. General decrease in the thermal conductivity with temperature is
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Fig. 4. Evolution with temperature of a) total thermal conductivity; and b)
electronic thermal conductivity, together with their errors, for all samples.

a common behaviour for ceramic materials and is associated with the
Umklapp phonon-phonon scattering (T™!) [51]. The variation in ther-
mal conductivity values for different compositions is particularly pro-
nounced at lower temperatures. This is likely due to the effects of
phonon scattering arising from microstructural differences and, to a
lesser extent, from mass contrasts resulting from the substitution
[51-53]. The increase in k at elevated temperatures may be attributed to
more intricate factors, such as a relaxation towards a more symmetrical
crystal lattice, alterations in defect chemistry that do not substantially
affect the charge transport, etc. The lowest thermal conductivity values
at 800 °C have been obtained in samples with x = 0.005, and 0.015 (~
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Fig. 5. Evolution of ZT and its errors with temperature for all samples.

1.78 W/K m), which are only about 15% lower than the measured in Nb,
and Mo-free samples. Moreover, as shown in Table 3, they are among the
lowest ones typically reported for this family of materials. On the other
hand, in spite of the increased contribution of the electronic thermal
conductivity to the total one when the doping content, as shown in
Fig. 4b, together with its 5% error, lattice thermal conductivity displays
the same evolution observed for the total one in all cases.

In order to determine and compare the thermoelectric performances
of the different materials, ZT evolution with temperature has been
calculated using the Seebeck coefficient, electrical resistivity, and
thermal conductivity data. These data are presented in Fig. 5, together
with their errors, showing that the highest values have been achieved for
x = 0.005 samples in the whole measured temperature range. This error
has been calculated using the uncertainties of the physical parameters
contributing to the dimensionless ZT. Taking these errors as 4% for the
electrical resistivity and Seebeck coefficient, and 5% for the thermal
conductivity, the error propagation principle leads to a maximum un-
certainty of 16% for ZT values. Moreover, this error is in agreement with
that previously reported (about 15%) [54]. The highest ZT value at 800
°C reached ~ 0.27, which is about 30% higher than that obtained for Nb,
and Mo-free samples prepared in this work, and it is one of the best
reported in the literature in this family of materials, as it can be seen in
Table 3.

All these characteristics, combined with an easily scalable prepara-
tion procedure make these materials promising candidates for their
integration in high-temperature thermoelectric modules for power
generation.

4. Conclusions

In this work, the use of multiple doping in the A-, and B-sites of
CaMnOj3 has been studied. XRD patterns showed the formation of the
thermoelectric phase as the major one in all cases, with very small
amounts of CaMny04 secondary phase. Microstructural studies pointed
out a slight decrease of grain sizes when the dopant content was
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increased. On the other hand, density measurements showed a slight
increase with the dopant content. These modifications led to a signifi-
cant drop in electrical resistivity with doping, reaching 6 mQ cm at 800
°C for x = 0.03 samples due to the increase in charge carrier concen-
tration. As a consequence, the absolute Seebeck coefficient was
decreased at the same time. The best power factor at 800 °C has been
found for x = 0.01 samples (~ 0.46 mW/! sz), which is higher than the
typically reported in the literature for this family of materials. The
highest ZT value at 800 °C has been achieved in x = 0.005 doped ma-
terials (~ 0.27), which is one of the best reported values for this family
of materials, even taking into account the estimated error in the mea-
surements. These properties, the high thermal stability of these
manganite compounds, and the scalability of the preparation procedure
make these materials very promising for large-scale production, tar-
geting their use in thermoelectric modules for clean power generation.
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