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A classical ceramic route has been used in this work to prepare Y and La co-doped CaMnOg3 thermoelectric
compound seeking to improve its thermoelectric properties. The study highlights significant improvements in
electrical and thermal transport properties achieved with minimal doping levels and a cost-effective synthesis
process. The co-doping strategy effectively reduced electrical resistivity (reaching 10.8 mQ cm at 800 °C for 0.03
(Y, La)-doped samples) while maintaining a relatively high Seebeck coefficient (300 pV/K at 800 °C for 0.01 (Y,
La)-doped samples). Moreover, the thermal conductivity was minimized (1.65 W/(K m) at 800 °C for 0.03 (Y,
La)-doped samples), leading to outstanding thermoelectric performance, with 0.47 mW/(K?m) power factor, and

0.25 ZT values at 800 °C (for 0.01 (Y, La)-doped samples. These results are among the best values reported so far
for this family of compounds, underscoring the potential of this material for high-temperature thermoelectric
applications and the efficiency of the classical ceramic approach with reduced dopant usage.

1. Introduction

The impressive growth of the world’s population and increase of
energy demand associated with it led to a vital search for sustainable
alternatives. Traditional energy sources not only contribute to envi-
ronmental problems, but also exhibit low efficiency and cause the loss of
a significant portion of energy as heat. Considering these issues, the
exploration of green energy sources has become necessary to replace
traditional sources [1-3].

Thermoelectric materials, which are able to convert waste heat
directly into electricity, have emerged as a promising way to recover
energy. The efficiency of this conversion is normally defined using the
dimensionless figure of merit ZT, equal to ZT = S26T/x where S2¢ is
known as the power factor, PF, and represents the capability of electrical
energy production; in these expressions, S, o, x and T are the Seebeck
coefficient (or thermopower), electrical conductivity, total thermal
conductivity and absolute temperature, respectively [4]. For example,
Bismuth Telluride (Bi;Te3) is a well-known thermoelectric material that
exhibits a high ZT value at room temperature, making it suitable for

applications in power generation and refrigeration [5,6]. Another
example is Lead Telluride (PbTe), which has been extensively studied for
the mid-temperature range applications due to its favorable thermo-
electric properties [7,8]. While important steps have been taken in this
area since the 1960s, some challenges still remain, such as optimizing
material properties for specific temperature ranges and improving the
overall efficiency of thermoelectric devices [9]. Classical thermoelectric
materials, which are currently commercialized, possess two major is-
sues: they are composed of heavy, toxic, and rare elements, which make
them expensive and environmentally incompatible. Moreover, their
application at high temperatures is limited due to evaporation, degra-
dation, and oxidation, etc. [10].

In the search for environmentally friendly alternatives, ceramic ox-
ides have gained attention since the discovery of promising thermo-
electric properties in NaCoy04 [11], due to their high-temperature
stability, relative abundance, and affordability. Among ceramic ox-
ides, CaMnOs, a perovskite-type oxide, has attracted the attention of
researchers due to its remarkable thermoelectric properties, particularly
high Seebeck coefficient and relatively low thermal conductivity.
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Fig. 1. a) Powder XRD patterns of all sintered samples. The diffraction planes
identify the peaks associated with the CaMnOj3 phase; b) enlarged view of the

34° peak showing the shift towards a lower angle when the amount of dopant
is higher.

Table 1
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Moreover, this material can be prepared directly in air, avoiding the
necessity to use a vacuum, inert or reducing atmospheres, as it is
required for many other families of thermoelectric materials. However,
achieving a high figure of merit (ZT) remains a challenge. To overcome
this barrier, researchers have explored various strategies, including
doping with different elements to optimize electrical conductivity and
charge carrier concentration [12-17].

This work focuses on improving the thermoelectric performance of
CaMnOs by introducing Y and La elements as dopants in the Ca-site, due
to their lower cost compared to other rare earths typically used for
CaMnOj3 doping. The chosen composition, Caj.oxYxLayMnOs (x = O,
0.01, 0.03, and 0.05), building upon our previous research with single
doping of these elements, aims to further optimize the material’s elec-
trical conductivity and its ability to scatter phonons of different wave-
lengths, which are crucial for improved thermoelectric performance.
The success of this approach will be evaluated by closely examining the
thermoelectric properties of the final sintered materials and linking
them to the structural and microstructural characteristics. Through
proposed dual-doping strategy and addressing the challenges associated
with CaMnOg, this research aims to contribute to the ongoing efforts in
advancing sustainable and efficient thermoelectric materials.

2. Experimental procedure

The initial Caj_oxYxLayMnO3 compositions (x = 0, 0.01, 0.03, and
0.05) used in this research were prepared from CaCOs (>98 %, Pan-
Reac), Y203 (99.99 %, Sigma), LagO3 (99 %, Panreac), and MnzO3 (99
%, Aldrich) commercial powders. The precursor powders were weighed
in the appropriate proportions and ball-milled in water media for 30 min
at 300 rpm. The homogeneous ball-milled compositions were then dried
under infrared radiation until total water evaporation and manually
milled before being placed into a furnace for two-steps calcination, at
950 °C and 1050 °C for 12 h under air atmosphere, with an intermediate
manual milling to promote solid-state reaction and decompose the car-
bonates. All resulting powders were cold uniaxially pressed in the form
of pellets (3x 3 x 15 mm?) under 400 MPa while using PVA as binder.
To remove the PVA, the pellets were placed into a furnace at 450 °C for
2 h, followed by sintering at 1310 °C for 12 h at 3 °C/min heating rate,
and cooled to room temperature at 5 °C/min.

Phase identification in the sintered materials has been performed by
powder X-Ray Diffraction (XRD) analysis at room temperature, using a
PHILIPS X’PERT system with CuK, radiation (A = 1.5406 10\), with 20
ranging between 20 and 75°. Unit cell parameters were calculated using
FullProf software (Rietveld refinement) from the XRD recorded data.
Morphological and microstructural characterization of samples surface
was performed using field emission scanning electron microscopy
(FESEM, Zeiss Merlin) complemented by energy-dispersive spectrom-
etry (EDS) for elemental analysis. The density of samples was measured
through the well-known Archimedes’ method for several sintered sam-
ples of each composition to minimize measurement errors. X-ray
photoelectron spectroscopy (XPS) measurements on selected samples
were collected using a Flexps Specs photoelectron spectrometer with Al
Ko (1486.7 eV) radiation. The binding energies were calibrated by uti-
lizing the C 1s peak (284.4 eV) as reference. Powdered samples were
placed on carbon tape and measurement is done at UV. Deconvolution of
the Mn 2p was done by fitting voigt functions within the SpecsLab

Lattice parameters as a function of the dopant content, as well as the vol. % of CaMn,04 secondary phase, obtained from the XRD data along with reliability factors.

Composition a(A) B (A) c(A) Vol. % Reliability factors

Caj.oxYxLayMnOg3 CaMn;04 Rp Rwp Rexp Chi2
x = 0.00 5.28262 (0.00015) 7.45673 (0.00020) 5.26758 (0.00014) 10.21 5.71 7.74 3.79 4.17
x =0.01 5.28560 (0.00024) 7.46009 (0.00033) 5.27168 (0.00022) 8.76 5.00 6.42 3.78 2.88
x =0.03 5.29484 (0.00028) 7.47103 (0.00038) 5.27959 (0.00026) 7.21 4.01 513 3.62 2.01
x = 0.05 5.30402 (0.00031) 7.48199 (0.00042) 5.28706 (0.00028) 8.34 4.03 5.05 3.51 2.07
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Fig. 2. Representative SEM images taken with backscattered electrons on the surfaces of Caj.oxY4LayMnO3 samples, for x = a) 0.0; b) 0.01; ¢) 0.03; and d) 0.05.

Table 2
Absolute density values, with their standard error, determined by the Archi-
medes’” method, and mean grain size, together with their standard error.

Composition Density (g/ Std. Error (§/  Mean grain Std. Error
—  m® cm®) size (um) (um)

Cay.

2xYxLayMnO3

X =0.00 4.03 0.08 12.81 0.26

X =0.01 4.00 0.05 8.05 0.20

X =0.03 4.31 0.07 6.85 0.28

X =0.05 4.39 0.10 4.78 0.15

Prodigy software to the experimental data using the Shirley baseline
model.

Both electrical resistivity and Seebeck coefficient values of all sam-
ples were simultaneously measured, utilizing the standard DC four-
probe technique, in an LSR-3 apparatus (Linseis GmbH) between 50
and 800 °C (in He atmosphere) under steady-state conditions. From the
measured S and p values, the PF (=Sz/p) values were calculated to
determine the electrical performances of samples. The total thermal
conductivity (k) was calculated using the formula k = « C,, d, where o
represents thermal diffusivity, Cp, specific heat, and d density of the
sample. Thermal diffusivity (o) was determined using a laser-flash sys-
tem (Linseis LFA 1000) operating between 50 and 800 °C. Specific heat
(Cp) was calculated employing the Dulong-Petit law. Subsequently, the
ZT (figure of merit) evolution with temperature was determined using
both electrical and thermal data and compared with the data docu-
mented in the literature for this group of compounds.

3. Results and discussion

The powder XRD patterns are depicted for all samples in Fig. la
covering the range from 20 to 70° for clarity. The graph clearly indicates
that the most prominent peaks, denoted by their diffraction planes, are
associated with Pnma space group CaMnOj3 phase, which is consistent
with previous reported data [18,19]. Furthermore, the sharp peaks

indicate a well-crystallized polycrystalline structure. Moreover, the
nearly single-phase nature of all samples is evident, attributed to the
high reactivity of precursors resulting from small particle sizes. On the
other hand, it is also clear that Y and La are incorporated into the crystal
structure, as no (Y,La)-based secondary phases have been identified.
This result is further confirmed in Fig. 1b, which provides an enlarged
view of the 34° peak for all samples, where a noticeable peak shift to-
wards lower angles is observed when Y and La content is increased,
indicating the incorporation of the dopants into the crystal structure of
CaMnOs.

To assess the effect of doping on the evolution of cell parameters,
Rietveld refinement was conducted for each sample, using Pnma space
group (62) as undoped CaMnOs. The results obtained for the cell pa-
rameters for all samples, along with their respective errors and reli-
ability factors with all non-excluded points for pattern, are summarized
in Table 1. As it is shown in the table, cell parameters gradually increase
with higher Y and La content, due to the increase of oxygen content in
the structure provided by the higher oxidation state of Y, and La, when
compared to that of Ca. Furthermore, the doped samples exhibit slightly
lower content of the CaMn,04 secondary phase than the undoped one.

Fig. 2 shows typical SEM micrographs of the samples surfaces after
sintering, using backscattered electrons. In these images a very small
amount of porosity can be found, independently of the dopant content.
To verify these observations, sample density was measured using
Archimedes’ method, and the results are listed in Table 2. These data
clearly confirm the SEM observations. Notably, these values correspond
to relative densities between 86 % and 89 % of the theoretical density for
the CaMnOs; compound, which is comparable to the typical reported
ones for this compound family [20-24]. Additionally, in the micro-
graphs it is observed that the grain sizes decrease as the dopant level
increases, suggesting that dopants inhibit grain growth and prevent the
coarsening phenomenon. This trend was confirmed by measuring the
mean grain size and their standard errors across several micrographs
using the line intercept method [25], presenting these data in Table 2. In
spite of the regular variation of mean grain size, another notable aspect
observed in the micrographs is the large grain size variability due to
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Fig. 3. Mn 2p XPS spectra for the CaMnO3 (a) and Cag 9Y¢.0s5Lag.osMnO3 (b)
samples. Solid lines correspond to the analyses described in the text whereas
points correspond to the experimental data.

uneven grain growth in these samples. These morphological changes are
generally attributed to high calcination temperatures and extended
sintering durations. Moreover, although the CaMn;04 phase was iden-
tified in the XRD refinement, these images only show the presence of one
phase (only one contrast can be identified). This fact can be explained
based on prior studies indicating that this secondary phase could be
found as intergrowths within the thermoelectric grains [26].

In order to evaluate the oxygen content in samples with different
composition we preformed XPS analysis to measure the Mn oxidation
state. Fig. 3 shows the XPS spectra of the Mn 2p levels in CaMnO3 and
Cap.9Y0.05Lag.0sMnOs. Both characteristics peaks, 2p; /2 and 2p3,», splits
into two peaks related to the binding energies of Mn*" and Mn>". In
both samples, the 2p; /5 peak splits into two peaks at 651.0 + 0.1 and
650.0 + 0.1 eV corresponding to the Mn** and Mn®*, respectively. In
the case of the 2p3; this peak splits into 639.8 + 0.1 and 638.8 + 0.1 eV
which also correspond to the Mn** and Mn®' binding energies,
respectively. This confirms a mixed chemical state and allows estimation
of the Mn**/Mn>" ratio in the two analysed samples. For CaMnOjg the
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Fig. 4. Electrical resistivity variation with temperature as a function of the
dopant content.
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Fig. 5. Seebeck coefficient variation with temperature as a function of the
dopant content.

Mn**/Mn>* ratio is 0.98, whereas for Cag oYo.o5Lag.osMnOs it is 0.92,
indicating a slightly lower presence of Mn** in the doped sample. Since
a higher oxidation state of Mn implies more oxygen atoms in the atomic
structure, the presence of Mn>" indicates an oxygen deficiency, which is
usually present in CaMnOj3 [27,28]. On the other hand, the lower
Mn**/Mn>* ratio obtained in the doped sample (x = 0.05) is related to
the higher oxidation state of dopants (La®t and Y®") and rules out the
incorporation of oxygen defects due to chemical substitution.
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Fig. 6. Power factor variation with temperature as a function of the
dopant content.

Consequently, the oxygen content in the samples is, approximately, the
same independently of the dopant proportion, around 2.75.

Fig. 4 illustrates the evolution of electrical resistivity with temper-
ature as a function of the dopant content. As it can be observed, all
doped samples display lower electrical resistivity than the undoped one
in the whole measured temperature range. This difference is due to the
increase of charge carrier concentration resulted from partial substitu-
tion of Ca" cation by Y3* and La®*. Moreover, the values decrease with
the dopant content up to 0.03, slightly increasing for higher substitution.
This evolution clearly reflects the effect of other factors on the electrical
resistivity, such as the decrease in grain size which can lead to increased
grain boundary scattering and the increase in the number of defects in
the samples such as vacancies and interstitials, which can scatter charge
carriers and hinder their movement. These factors tend to increase the
electrical resistivity and, consequently, the measured values reflect a
compromise between those factors and the increase in the charge carrier
concentration. These facts clearly explain that electrical resistivity is
firstly drastically decreased for low dopant content when compared to
the undoped samples, while increasing the Ca-substitution, the decrease
is much lower, and increases for the highest dopant content. Another
important effect induced by doping in these samples is the drastic
change of behavior, being semiconducting-like (dp/dT < 0) for the
undoped sample, in agreement with previously published data [29,30],
while it is metallic-like (dp/dT > 0) for all doped ones. The lowest re-
sistivity at 800 °C has been measured in samples with x = 0.03 (10.8 mQ
cm), which is in the order of the typically reported in this family of
materials (8-12 mQ cm) [13,16,31-35]. On the other hand, it is still
higher than the best found in the literature for co-doped compounds
(3.6-6.5 mQ cm) [36-38].

Fig. 5 displays the evolution of the Seebeck coefficient with tem-
perature for all samples. As it can be seen in the plot, all values are
negative in the whole measured temperature range, indicating n-type
behavior and that major charge carriers are electrons. Moreover, |S|
increases with temperature in all doped samples, which is in agreement
with the behavior of metals or degenerate semiconductor materials
when their carrier concentration, effective mass, and Fermi level vari-
ation with temperature is negligible [39]. Additionally, the values of |S|
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are monotonically decreasing when the amount of dopant is raised,
reflecting the higher charge carrier concentration, as it is much less
sensitive to the other factors affecting the electrical resistivity previously
discussed. The highest |S| values obtained within the doped samples
(~300 pV/K) at 800 °C have been measured in 0.01(Y,La)-doped sam-
ples, which is about 50 % higher than those determined in 0.03(Y,
La)-doped ones prepared in this work. Furthermore, they are much
higher than the typically reported for doped CaMnOgs (95-160 pV/K)
[13,16,31-38].

Fig. 6 presents the evolution of PF with temperature for all samples,
calculated from the electrical resistivity and Seebeck coefficient data. As
it can be observed in the graph, all doped samples display higher PF
values than the undoped one, except for the 0.05(Y,La)-doped samples
at T > 500 °C due to their very low |S| values. Despite the fact that the
0.01(Y,La)-doped samples do not present the lowest electrical resistivity
values, they reach the highest PF value at 800 °C (~0.47 mW/K*m)
provided by their very high |S| values. This value is around 30 % higher
than that determined in 0.03(Y,La)-doped samples, and higher than
those reported in the literature (0.1-0.4 mW/K?m) [13,16,31-38,40,
41].

Fig. 7 illustrates the electronic, phononic and the total thermal
conductivity (ke1, kph and k, respectively) variation with temperature for
all samples. As it can be observed in Fig. 7c, k decreases with temper-
ature in all cases, in agreement with previously published results [36,38,
39]. Moreover, in spite of the increased charge carrier concentration,
which leads to a rise in electronic thermal conductivity (Fig. 7a), it is
reduced when the amount of dopant is increased. This evolution is due
to the phonon scattering associated to the decrease of the grain sizes
(increase in the number of grain boundaries), and the substitution of Ca
with much higher atomic weight cations. Consequently, the lowest « at
800 °C has been found in 0.05(Y,La)-doped samples (1.65 W/K m),
which is about 50 % lower than that of the undoped sample. Addition-
ally, it is among the best ones reported in the literature for
electron-doped CaMnO3 compounds (1.4-3.6 W/K m) [33,40-44]. In
addition, the phononic thermal conductivity displays the same behavior
found for the total one in all samples. This fact can be associated with a
more important effect of the dopants and the grain boundaries on the
phonon scattering, than that produced by the increase of charge carrier
concentration.

Fig. 8 presents the ZT evolution with temperature for all samples,
calculated from the electrical resistivity, Seebeck coefficient and ther-
mal conductivity data. It can be clearly observed the higher ZT values of
all doped samples when compared to the undoped one in the whole
measured temperature range. Moreover, the highest values are achieved
for 0.01(Y,La)-doped samples due to their very high Seebeck coefficient
and moderate electrical resistivity and thermal conductivity. The high-
est ZT value determined in these samples at 800 °C (~0.25) is around
177 % higher than that of the sample without any dopants. It is worth
mentioning that the obtained ZT is among the best results reported in the
literature in which more complex and longer processes, together with
larger amounts of more expensive rare earths (0.08-0.29), were used
[26,33,41,42,44-48].

It should be highlighted the fact that the high ZT values obtained in
this work have been obtained through the classical ceramic method,
much shorter and simpler than most of the methods used in the litera-
ture. Moreover, the best values have been achieved with a very small
amount of dopants, and much cheaper than those used in the relevant
bibliography.

4. Conclusions

In this work, the use of small amounts and relatively low-cost dop-
ants on CaMnOs thermoelectric compound prepared through the clas-
sical solid-state method was studied, seeking the improvement of its
thermoelectric properties. Powder XRD patterns showed the formation
of doped-CaMnOs3 phase as the major one in all cases, with an increase of
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Fig. 7. a) Electronic; b) lattice and c) Total thermal conductivity variation with temperature as a function of the dopant content.

the crystalline cell parameters when the amount of dopant was raised.
SEM studies denoted a decreasing trend of grain sizes when increasing
dopant content. Moreover, very low amount of porosity is observed,
leading to relative densities higher than 85 % of the theoretical ones of
CaMnO3; compound. Electrical resistivity significantly decreased with
doping, when compared to the pristine sample, reflecting the increase in
charge carrier concentration. The minimum values at 800 °C were
measured in 0.03(Y, La)-doped samples (10.8 mQ cm), which is within
the typical values for this compound. Furthermore, the Seebeck coeffi-
cient followed the same trend, decreasing for higher dopant content,
reaching the highest |S| value at 800 °C (300 pV/K) in 0.01(Y, La)-doped
samples, which is much higher than the reported in the literature. The
highest power factor at 800 °C (0.47 mW,/K?m) has been calculated in
0.01-doped samples provided by their very high S values and are among
the best reported in the literature. On the other hand, despite their very
large charge carrier concentration, the minimum thermal conductivity
at 800 °C (1.65 W/K m) has been determined in 0.05-doped samples,
being around the best reported in the literature, due to their smaller
grain sizes, and the higher amount of high atomic weight cations.
Finally, ZT values at 800 °C (0.25) are among the best values reported so
far in this family of compounds. These results have been reached

through the classical ceramic processing method and using lower
amount of relatively cheap dopants than those typically reported in
literature.
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