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Nb-doped Cag.97Y0.01L20.01Ybo.01Mn; xNbyO3 materials were prepared to assess their thermoelectric properties.
Samples were obtained by sintering at 1583 K for 12 h involving planetary milled precursors. XRD analysis
indicated primarily thermoelectric phase with minor CaMn304. Microstructural observations revealed decreasing
grain size with increasing Nb content. However, electrical resistivity decreases for the samples with Nb-content
up to 0.03, which can be associated with the increase of the charge carrier concentration. The lowest value at

1073 K (9.2mQcm) is among the best reported in the literature. Seebeck coefficient decreased with Nb-doping,
and the best PF value at 1073 K has been determined for 0.01Nb samples (~0.48mW/K?m). Assuming the
thermal conductivity at 1073 K similar to that at 473 K, the calculated ZT values are among the typically reported
in this family. These results highlight the promise of CaMnOs-based materials for integration in thermoelectric
modules working under steady-state mode, where the high PF values are of great importance.

1. Introduction

The rapid growth of the world population has led to an increasing
demand for energy at an alarming rate. However, traditional energy
sources are limited and contribute to global warming through CO,
emissions. This fact, together with their low efficiency, where about 65
% of energy used is wasted in the form of heat, drastically increases their
consumption. Therefore, the search for alternative green energy sources,
or increasing the efficiency of these traditional sources, has become
crucial [1-3]. One promising solution for harvesting this wasted heat is
the utilization of thermoelectric materials, which have the unique
ability to transform heat directly into electricity. Nowadays, the field of
thermoelectric materials has gained significant attention as a potential
avenue for sustainable energy solutions. Although initial successes
proving the viability of this technology were achieved around 1960 for
tellurium bismuth alloys, only in the 21st century a substantial
enhancement in thermoelectric properties of these alloys have been
accomplished, provided by the advancements in technology and novel
approaches [3,4]. However, the currently employed classical thermo-
electric materials face two primary drawbacks. Firstly, they consist of
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heavy, toxic, and scarce elements, making them expensive and envi-
ronmentally unfriendly. Secondly, their application at high tempera-
tures is limited due to issues such as evaporation, oxidation, and
degradation. Therefore, the search for environmentally friendly mate-
rials which are abundant, cost-effective, and capable of withstanding
long periods of operation at relatively high temperatures without
degradation or oxidation, has become a crucial goal.

Among the different types of thermoelectric materials, ceramic
compounds have attracted considerable attention due to their high
temperature stability as well as their relatively high abundance and
reasonable cost [5]. In this regard, CaMnOs, a perovskite-type oxide, has
emerged as a highly promising material due to its unique combination of
properties, including a high Seebeck coefficient and relatively low
thermal conductivity. While CaMnOj5 exhibits interesting thermoelectric
properties, still they should be enhanced to achieving a high figure of
merit (ZT), which quantifies the overall efficiency of a thermoelectric
material, and it is defined as ZT = TS2/px (T: absolute temperature; S:
Seebeck coefficient; p: electric resistivity; and «: thermal conductivity).
Despite its high Seebeck coefficient and low thermal conductivity, the
ZT value of CaMnOs is low due to its high electrical resistivity.
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Consequently, researchers have explored various strategies to further
enhance the thermoelectric properties of CaMnOs. Among the different
approaches, electron doping using different elements has been investi-
gated to enhance electrical conductivity through optimising charge
carrier concentration. Once elements are introduced in adequate pro-
portions into the structure as dopants, CaMnOg3 displays low electrical
resistivity and moderate Seebeck coefficient. Considering the sites
where these dopants are introduced, these studies can be categorized
into single or dual doping at A- and/ or B-site, which allow reaching ZT
values between 0.2 and 0.32 [5-9].

On the other hand, previous studies have also indicated that the final
properties of bulk materials are significantly influenced by preparation
techniques such as coprecipitation [10-12], sol-gel [12-14],
spray-drying [12,15], planetary milling [16,17], or attrition milling
[18], which lead to the enhancement of thermoelectric performances
due to the decrease of the precursors particle sizes, increasing their
reactivity. The main goal of this work is to improve the thermoelectric
performances of CaMnOg3 by Nb doping at the Mn-site while also using a
promising co-doping approach at the Ca-site, as previously reported
[19]. Taking into account the previous results, Cagg7Y0.01-
Lag.01Ybg.01Mnj xNbyO3 (x = 0, 0.01, 0.03, and 0.05) has been selected
for this study. It is expected that Nb-doping further decreases the lattice
thermal conductivity already achieved with the triple substitution in the
Ca site and decreases the electrical resistivity by increasing carrier
concentration due to the higher oxidation state of the substituting cat-
ions. Additionally, planetary milling has been employed to reduce the
initial particle size of the precursors to enhance their reactivity. This
combined approach is assessed by evaluating the thermoelectric prop-
erties of the sintered materials and related structural and microstruc-
tural characteristics.

2. Experimental

For this work the Cag 97Y¢.01Lag.01Ybg.01Mn; xNbyO3 (x = 0, 0.01,
0.03, and 0.05) precursors were prepared from CaCOs (> 98 %, Pan-
Reac), Y203 (99.99 %, Sigma), Las03 (99 %, Panreac), YbyO3 (99.9 %,
Aldrich), Mny03 (99 %, Aldrich) and Nby,Os (99.5 %, Alfa Aesar) com-
mercial powders. They were weighed in the appropriate proportions and
then subjected to planetary milling with the weight ratio of ball-to-
powder of 2.5:1 in 20 ml of distilled water media for 4 h at 400 rpm.
The milled powders were then dried at 493 K, hand-milled using a
mortar and pestle (for 15 min across all samples to maintain the con-
sistency between different samples) to break agglomerates and ho-
mogenize the particle distribution, and subjected to a two-step
calcination procedure at 1223 and 1323 K for 12 h with an intermediate
manual milling. All prepared powders were cold uniaxially pressed in
the form of pellets (3 x 3 x 15 mm®) under 400 MPa using polyvinyl
alcohol (PVA) as binder. To remove the PVA, the pellets were placed into
a furnace at 723 K for 2 h, followed by sintering at 1583 K for 12 h.

Phase identification has been performed by powder X-Ray Diffrac-
tion (XRD) analysis at room temperature, using a PHILIPS X'PERT sys-
tem with CuK, radiation (A = 1.5406 ;\), with 20 between 20 and 75
degrees. Morphological and microstructural characterization of samples
surfaces was performed in a field emission scanning electron microscope
(FESEM Zeiss Merlin), equipped with an energy-dispersive X-ray spec-
trometer (EDX) used to determine the chemical composition of grains.

The density of the samples has been measured using the Archimedes’
method, for several samples of each composition. Relative density has
been calculated using 4.705 g/cm? as the theoretical density of CaMnOs
[12]. Electrical resistivity and Seebeck coefficient values of all samples
were simultaneously measured, using the standard DC four-probe
technique, in an LSR-3 apparatus (Linseis GmbH) between 323 and
1073 K under steady-state conditions at Helium atmosphere. From the
measured S and p values, the power factor (PF = s%/ p) values have been
calculated to determine the electrical performances. Thermal conduc-
tivity has been determined using the infrared photothermal radiometry
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(PTR), which measures thermal diffusivity (o) and effusivity (e),
obtaining k fromk = e \/ o [20,21] between room temperature and 473
K. For higher temperatures, a rough estimation of the thermal conduc-
tivity was assumed. Samples were cut in slices of 300 pm thickness. The
thermal parameters were obtained from a data fitting of the normalized
phase of the signal. For temperatures lower than 373 K, glycerol was
used as a substrate and a brass substrate for temperatures beyond.
Glycerol and brass substrates were used at the same operating temper-
ature of 373 K assuring that similar thermal conductivity values were
obtained with both substrates. When brass substrate is used, air gap
thickness between the sample and the substrate is also a fitted parameter
in addition to thermal parameters, as already suggested by Salazar et al.
in a similar procedure developed for the photopyroelectric technique
[22]. Hall effect measurements were performed at room temperature
using an L79/HCS system (Linseis GmbH) in an air atmosphere to
determine the charge carrier concentration and mobility of all samples.
Finally, with the power factor and thermal conductivity, the thermo-
electrical performances of samples were determined by calculating their
ZT values up to 473 K, and estimated for higher temperatures.

3. Results and discussion

The results of powder XRD analysis of samples after sintering are
presented in Fig. 1, for all samples (using 26 from 20 to 50°, for clarity).
These patterns reveal that the major peaks are associated with the
CaMnOs; phase (indicated by their diffraction planes) in all cases, with a
perovskite structure (Pnma space group), as previously reported [23].
Moreover, the sharp peaks observed at different angles indicate well
crystallized polycrystalline structure. Furthermore, it is clear that all
samples are nearly single-phase provided by the high reactivity of pre-
cursors due to their small sizes, as a result of planetary milling. On the
other hand, it is also clear that Nb is incorporated into the crystal
structure, as no Nb-based secondary phases have been identified.
However, very small amount of CaMn,0O4 (Marokite phase) can be
identified through its main peak at around 32.9°.

This result is further confirmed when the manganite peaks are
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Fig. 1. Powder XRD patterns of all samples. Diffraction planes identify the
peaks associated with the manganite phase.
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closely observed, as shown in Fig. 2, where an enlarged view of the (121)
peak of all samples is displayed. The peak shifts to lower angles when the
amount of dopant is increased due to the expansion of the unit cell
provided by the larger ionic size of Nb> (0.64 A), when compared to
that of Mn*" (0.53 A).

In order to evaluate the doping effects and their influence on the
evolution of cell parameters, Rietveld refinement has been performed
for each sample. For this purpose, perovskite structure with the space
group of Pnma (62) for the pristine CaMnO3 has been considered. The
results for the cell parameters for all samples are summarised in Table 1,
together with their respective errors. As it can be observed in the table,
the cell parameters gradually increase on increasing the Nb amount, as
qualitatively observed in Fig. 2. This expansion of the unit cell with the
amount of Nb confirms its integration in the structure due to its higher
ionic radius (0.64 A for Nb°*) compared to the Mn** one (0.53 A).
Furthermore, the presence of Nb®>" promotes the partial reduction of
Mn** to Mn®*, with higher ionic radius (0.645 A), to maintain electrical
neutrality, contributing to the unit cell expansion. Other interesting data
obtained from the analysis is the amount and nature of the secondary
phase in the samples, which is quantitatively very small in all cases,
confirming the observations of Fig. 1.

Fig. 3 displays representative SEM micrographs taken on the sintered
surfaces of all samples. These images show that the amount of porosity
decreases for low doping content (< 0.03) when compared to the
undoped one, and increases for higher content (x = 0.05). The presence
of pores in the sintered samples results from multiple mechanisms,
including incomplete packing of powders, gas release from binder
decomposition, competition between grain growth and pore shrinkage,
and the influence of dopants and secondary phases. Pores tend to
become stabilized at grain boundaries if grain coarsening outpaces
densification. Additionally, Nb doping appears to influence the sintering
kinetics as a grain growth inhibitor, leading to higher porosity at
elevated doping levels, as seen in SEM micrograph (Fig. 3d). In order to
confirm these observations, the density of samples was determined
through Archimedes’ method, and the results are displayed in Table 2.
As can be observed, these data are aligned with the SEM observations.
Furthermore, it is worth mentioning that these values correspond to
relative densities between 91 and 93 % of the theoretical one for the
CaMnO3 compound. These values are higher than the typical reported
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Fig. 2. Enlarged view of the XRD peak located at 20 ~ 34°, illustrating the
peaks shift when the amount of dopant is increased.
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for this family of compounds (68-89 %) [25-27], and in the order of the
best published values (90-99 %) [12]. On the other hand, these mi-
crographs indicate that grain sizes decrease when the amount of dopant
is increased. This phenomenon points out to the effect of dopants on the
grain size, acting as grain growth inhibitors and avoiding coarsening
phenomena. This inhibition arises from the segregation of Nb>* ions at
the grain boundaries, which creates a pinning effect and prevents
extensive grain growth. Additionally, the partial reduction of Mn** to
Mn®* due to charge compensation mechanisms, introduces lattice strain
and potential defect formation. These defects further contribute to
limiting the mobility of grain boundaries, thereby affecting the final
microstructure. Another contributing factor is the presence of small
amounts of CaMny0O4 secondary phases, which may form at the grain
boundaries and act as barriers to grain growth. These evolutions have
been confirmed by determining the mean grain sizes, together with their
standard error, in several micrographs by the line intercept method
[24]; the results are presented in Table 2. To provide a comparative
perspective on grain size evaluation, crystallite size estimations were
also performed using the Scherrer equation based on the four most
intense peak. These values were obtained by fitting the peak profile with
a Gaussian function to determine the full width at half maximum
(FWHM), Table 2. The results show that the crystallite sizes range from
~42 to 58 nm, which are significantly smaller than the grain sizes
observed by SEM. This difference confirms that the grains in these sin-
tered ceramics are composed of multiple coherently diffracting domains.

To complement the SEM microstructural analysis and confirm the
uniform distribution of elements in the samples, EDS elemental mapping
was performed, and the results are shown in Fig. 4. The elemental maps
clearly show that Ca, Mn, and all dopants (Y, La, Yb, and Nb) are uni-
formly distributed throughout the scanned area. These findings rein-
force the XRD and SEM results and support the conclusion that the
synthesis method enabled successful incorporation of all dopants into
the perovskite matrix, ensuring local compositional homogeneity crit-
ical for reliable thermoelectric performance. Another interesting feature
observed is an increase of the grain size dispersion due to the uneven
grain growth in these samples. These morphological modifications are
typically caused by high calcination temperatures and long sintering
times. Finally, despite the identification of CaMny0O4 phase in the XRD
refinement, it could not be observed in these micrographs. Previously
reported data showed that the secondary phase can be produced by an
intergrowth inside the thermoelectric grains [19].

To better understand the influence of Nb doping on the electronic
transport properties, Hall effect measurements were performed to
determine charge carrier concentration and mobility. These parameters
provide further insight into the electronic transport behavior observed
in the electrical resistivity and Seebeck coefficient trends. The results
confirm that Nb doping significantly increases the charge carrier con-
centration, which directly influences the reduction in electrical re-
sistivity and the corresponding decrease in the Seebeck coefficient. As
shown in Table 3, the charge carrier concentration increases from 7.233
10" em™ (x = 0) to 4.055 10'° em™ (x = 0.05), following the expected
trend due to the Nb>* substitution at the Mn-site. This substitution leads
to the formation of a higher amount of Mn>" facilitating the electronic
hopping between Mn** and Mn3*, which is the main mechanism for
electronic transport in manganites [30,31].

The results of electrical resistivity measurements vs temperature for
all samples are shown in Fig. 5, which align well with these findings. As
it is illustrated in the graph, the Nb-free sample displays metallic-like
behavior up to around 873 K, followed by a semiconducting-like
behavior at higher temperatures. On the other hand, Nb-doping gradu-
ally reduces the semiconducting behavior disappearing for Nb content >
0.03, when samples show a metallic-like behavior in the whole
measured temperature range. Moreover, the electrical resistivity is
much lower in these samples than in the Nb-free one, due to increased
charge carrier concentration, same as previously reported [28,29].
Moreover, the lowest electrical resistivity in the whole measured
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Table 1
Calculated cell parameters of the different samples with their error, and the amount of CaMn,04 secondary phase.
Nb a Error b Error c Error Wt%(CaMn,04)
0.00 5.28924 0.00019 7.46421 0.00026 5.27289 0.00019 2.16
0.01 5.29408 0.00012 7.46736 0.00015 5.27712 0.00012 3.75
0.03 5.30149 0.00017 7.47499 0.00019 5.28186 0.00015 4.36
0.05 5.31412 0.00013 7.48753 0.00019 5.28937 0.00014 4.53

Fig. 3. Representative SEM micrographs obtained for the surface of the Cag.97Y0.01L20.01Ybo.01NbxMn; O3 samples, for x = a) 0.0; b) 0.01; ¢) 0.03; and d) 0.05.

Table 2

Mean grain sizes (from SEM), together with their standard error, Scherrer-based crystallite size estimations from XRD, and absolute density values, with their standard

error, determined by the Archimedes’ method.

Composition Cag 97Y0.01L20.01Ybo.01Mn; xNbxO3 Mean grain size (um)

Std. Error (um)

Crystallite size (nm) Density (g/cm®) std. Error (g/cm®)

X =0.00 8.76 0.41
X =0.01 8.54 0.34
X =0.03 8.25 0.49
X =0.05 7.29 0.31

58 4.29 0.04
46 4.35 0.04
44 4.31 0.05
42 4.27 0.03

temperature range has been measured in the 0.03 Nb-substituted sam-
ples. The lowest value measured in 0.03 Nb-doped samples at 1073 K
(9.2 mQ cm), is about 40 % lower than that determined in the Nb-free
sample. Furthermore, it is among the best-reported values in the liter-
ature for sintered manganite compounds (7.5-12 mQ cm) [32-35]. This
significant reduction is primarily attributed to the increased charge
carrier concentration, as confirmed by the Hall measurements. Howev-
er, at x = 0.05, a slight increase in resistivity suggests that factors such as
grain boundary scattering and defect accumulation counteract the
benefits of increased carrier concentration. This effect is reflected in the
Hall mobility values, which decrease from 104.644 cm?/V-s (x = 0) to
45.657 cm?/V-s (x = 0.05), indicating stronger charge carrier scattering
at high Nb doping levels.

Fig. 6 depicts the behavior of the Seebeck coefficient with temper-
ature, as a function of the sample composition, which further support
these findings. As it can be seen in the graph, all the samples show a

negative Seebeck coefficient in the whole measured temperature range,
meaning that charge carriers conduction mechanism is governed by
electrons (n-type behavior). Furthermore, as the temperature increases,
the absolute Seebeck (|S|) values are raised, as shown in metals or
degenerate semiconductors in which charge carrier concentration,
effective mass, and Fermi level are constant with temperature [36]. This
is mainly due to the position of the Fermi level inside or very close to the
conduction band, which prevents significant thermal excitation of car-
riers. Similarly, the effective mass of charge carriers is a
material-dependent property that remains stable across the temperature
range studied. As a result, the Fermi level exhibits only a minimal shift
with increasing temperature, leading to a Seebeck coefficient behavior
similar to that observed in metals or degenerate semiconductors, where |
S| increases linearly with temperature. Moreover, |S| values are
decreasing when the amount of dopant is raised due to the increase of
charge carrier concentration [37], as Seebeck coefficient is much less
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Fig. 4. Representative EDS elemental maps for the Cag.97Y0.01La0.01 Ybo.01NbxMn; O3 samples, (a) x = 0.0, (b) x = 0.01, and EDS maps for Ca, Mn, Y, La, Yb, and Nb.

Table 3
Charge carrier concentration and mobility of Cag 97Y0.01La0.01Ybo.01NbxMn; O3
samples at room temperature, measured by Hall effect.

Nb content X Charge concentration (cm™) Mobility (cm?/V s)

0.00 7.23310'® 104.644
0.01 1.875 10° 97.806
0.03 2.969 10'° 70.170
0.05 4.055 10" 45.657

sensitive to the previously described microstructural modifications than
the electrical resistivity [38], in agreement with obtained results for
resistivity. Consequently, besides the Nb-free sample, the highest |S|
value at 1073 K has been attained for 0.01 Nb-doped samples (224
pV/K). This value is only about 7 % lower than the obtained in the
undoped samples, but it is much larger than those typically reported in
this manganite family (between 64 and 160 pV/K) [32,33,39,40].

The electric performances of samples, represented by their PF, have
been calculated using the previous p and S data and presented, vs tem-
perature, in Fig. 7. In the graph, it is evident and expected, that
increasing the temperature leads to a higher power factor, provided by
the large increase of S. The highest power factor value at 1073 K has
been achieved in the 0.01 Nb-doped sample due to the optimal combi-
nation of S and p (~ 0.48 mW/K?m). This value is approximately 20 %
higher than that determined in the Nb-free sample. Moreover, it is also
higher than the typical values reported in the literature for the manga-
nites family (0.10-0.40 mW/K?m) [32,35,39,41,42].

Fig. 8 illustrates the evolution of total thermal conductivity with
temperature determined for all samples between room temperature and
473 K, and the estimation at 1073 K. As it is well known, « typically
decreases with temperature in this family [7,12,29,43-46], even though
some studies showed that the value at 1073 K is, approximately, the
same in the whole measured temperature range [39,47-49].
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Consequently, for the estimation of thermal conductivity at 1073 K, the
same value determined at 473 K has been used as a rough estimation. It
must be noticed that most of the samples show a clear decrease of
thermal conductivity with temperature. The decrease in thermal
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conductivity with increasing temperature is primarily attributed to
reducing the phonon mean free path and enhanced phonon-phonon
Umklapp scattering, which dominates at high temperatures and fol-
lows an inverse relationship with temperature. Additional contributions
from grain boundary scattering and defect-induced phonon disruptions
also contribute to lowering thermal conductivity. In doped samples, the
presence of Nb further disrupts phonon transport through mass fluctu-
ation scattering, while electron-phonon interactions become more sig-
nificant at higher temperatures. These combined effects lead to the
observed reduction in thermal conductivity across the measured tem-
perature range. However, the unique thermal conductivity behaviour of
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Fig. 8. Evolution of the thermal conductivity with temperature for all
Cao.97Y0.01La0.01YDo.01MnxNb,O3 samples.

the x = 0.05 sample, starting with lower values at low temperatures and
then increasing with temperature, can be attributed to the interplay
between charge carrier concentration and phonon scattering mecha-
nisms. As shown by the Hall effect results, the charge carrier concen-
tration in the x = 0.05 sample is significantly higher (4.055 x 10'°
cm™3) compared to the lower Nb-doped samples. This higher carrier
concentration leads to defect clustering and local strain in the crystal
lattice, as evidenced by the reduced charge carrier mobility (45.657
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cm?/V-s). These defects act as strong phonon scatterers at low temper-
atures, where phonon transport is dominant, thereby lowering the lat-
tice thermal conductivity. Additionally, the smaller grain size and
higher porosity further enhance phonon scattering at grain boundaries,
further reducing the thermal conductivity at low temperatures. How-
ever, as the temperature increases, the efficiency of phonon scattering
may decrease due to saturation effects, allowing for a more significant
electronic contribution to the overall thermal conductivity. According to
the Wiedemann-Franz law (kexoT), the electronic thermal conductivity
increases with both temperature and charge carrier concentration,
leading to the observed rise in total thermal conductivity in the x = 0.05
sample at elevated temperature. Taking into account these consider-
ations, the minimum estimated thermal conductivity for the doped
samples at 1073 K has been found in the 0.03 Nb-doped samples (3.15
W/K m), which is slightly higher than that of the undoped ones. On the
other hand, it is similar to the reported for classically prepared samples
(3.1 W/K/m) [29,43], but much higher than the typically reported for
this family of materials (1.1-2.9 W/K m) [7,12,39,44-49] probably due
to the overestimation of thermal conductivity at 1073 K.

The observed variations in electrical conductivity, Seebeck coeffi-
cient, and thermal conductivity with Nb doping could be understood
through charge transport models for degenerate semiconductors. The
electrical resistivity decrease is attributed to increased charge carrier
concentration from Nb°" substitution, while the Seebeck coefficient
reduction follows the expected inverse relationship with carrier con-
centration. The decrease in thermal conductivity is primarily due to
enhanced phonon scattering mechanisms, including Umklapp processes
and defect-induced scattering. These findings highlight the potential of
Nb-doped CaMnOs as an efficient n-type thermoelectric material, with
an optimal doping level at x = 0.03 to balance electrical and thermal
transport properties.

The overall thermoelectric performances of samples were calculated
from the power factor and thermal conductivity data and is presented, as
a function of temperature, in Fig. 9. As it can be observed in the graph,
ZT shows an increasing trend with temperature, much less marked for
the 0.05 Nb-substituted samples provided by their very high thermal
conductivity. Moreover, the highest calculated and estimated values at
473 and 1073 K, 0.06 and 0.14, respectively, correspond to the 0.03 Nb-
doped samples. These values are only slightly higher than the ones
determined in Nb-free samples, probably due to the overestimation of
thermal conductivity previously discussed. However, they are in the
order of the typical values reported in these compounds (0.03-0.19) [12,
29,43-47,49-52], but much lower than the best compounds presented
in the literature (0.20-0.44) [7,25,39,48,53,54].

In spite of the relatively low ZT values obtained in these materials,
they can be considered for integration in thermoelectric modules for
power generation in applications, allowing steady-state conditions,
provided by their high power factor, representing the electrical pro-
duction capability. In fact, the highest efficiency expressed by ZT and
highest power output are usually observed at different charge carrier
concentrations, leaving space for possible optimization of the desired
performance, taking into account the specific conditions of the appli-
cation. Thus, especially for applications at high temperatures, as in the
case of the discussed materials, the power factor could be a better quality
criterion as compared to ZT [55].

4. Conclusions

In this work, Cag.97Y.01La0.01Ybo.01MnyNb,O3 materials, with x = 0,
0.01, 0.03, and 0.05, have been successfully prepared by the solid-state
route involving the planetary milled precursors. XRD patterns showed
that the main peaks correspond to the desired thermoelectric phase, and
a very small amount of CaMn,04 secondary phase has been identified
calculated by refining the data. SEM studies demonstrate a decreasing
trend for the grain sizes when the amount of dopant was increased. The
microstructural evolution has affected the electrical resistivity, which is
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Fig. 9. Evolution of ZT with
Lag,01Ybg.01Mn,Nb,O3 samples.

temperature for all Cag.o97Y0.01-

decreased with Nb-doping up to 0.03, increasing for higher content. The
lowest resistivity at 1073 K determined in the studied samples (9.2 mQ
cm) is 40 % lower than the measured in Nb-free samples, and it is among
the best reported in the literature. On the other hand, the Seebeck co-
efficient decreases when the amount of Nb is increased, due to the higher
charge carrier concentration, in agreement with combined electrical
resistivity and Seebeck observation. The highest power factor at 1073 K
has been obtained in 0.01 Nb-doped samples (~ 0.48 mW/sz), which
is also higher than the typical values reported in the literature for these
materials. Thermal conductivity was determined up to 473 K and esti-
mated at 1073 K considering the value obtained at 473 K. This
assumption resulted in overestimation of the thermal conductivity
values, which still led to ZT values within the typically reported for these
materials, but far from the best ones. However, these materials appear to
be promising candidates for integration in high-temperature thermo-
electric modules working under steady-state mode.
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