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Abstract: Aliovalent substitutions in CazCo4Og often result in complex effects on the electrical
properties and the solubility, and impact of the substituting cation also depends largely on the
preparation and processing method. It is also well-known that the monoclinic symmetry of this
material’s composite crystal structure allows for a significant hole transfer from the rock salt-type
CayCoOs buffer layers to the hexagonal CoO, ones, increasing the concentration of holes and
breaking the electron-hole symmetry from the latter layers. This work explored the relevant effects
of relatively low La-for-Ca substitutions, for samples prepared and processed through a conventional
ceramic route, chosen for its simplicity. The obtained results show that the actual substitution level
does not exceed 0.03 (x < 0.03) in Caz_yLaxCo40O9 samples with x = 0.01, 0.03, 0.05 and 0.07 and
that further introduction of lanthanum results in simultaneous Ca3Co,09 phase decomposition and
secondary CazCo,0Og4 and (La,Ca)CoOj3 phase formation. The microstructural effects promoted by this
phase evolution have a moderate influence on the electronic transport. The electrical measurements
and determined average oxidation state of cobalt at room temperature suggest that the present La
substitutions might only have a minor effect on the concentration of charge carriers and/or their
mobility. The electrical resistivity values of the Caz_yLaxCo04O9 samples with x = 0.01, 0.03 and 0.05
were found to be ~1.3 times (or 24%) lower (considering mean values) than those measured for the
pristine CazCo4Og samples, while the changes in Seebeck coefficient values were only moderate. The
highest power factor value calculated for Cay.g9Lag.01C04Og (~0.28 mW/ K?m at 800 °C) is among
the best found in the literature for similar materials. The obtained results suggest that low rare-earth
substitutions in the rock salt-type layers can be a promising pathway in designing and improving
these p-type thermoelectric oxides, provided by the strong interplay between the mobility of charge
carriers and their concentration, capable of breaking the electron-hole symmetry from the conductive
layers.

Keywords: thermoelectric calcium cobaltite; rock salt-type layers; rare-earth substitutions; ceramic
route; electrical performance

1. Introduction

Thermoelectric (TE) materials have the ability to directly transform temperature
gradients into electrical power, thanks to the Seebeck effect. The efficiency of this conversion
is normally quantified using the dimensionless figure of merit ZT, equal to S?’T/ox (in
which S?/¢ is also called the power factor, PF, representing the electrical performance),
where S, ¢, k and T are the Seebeck coefficient (or thermopower), electrical resistivity,
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total thermal conductivity and absolute temperature, respectively [1]. The focus on TE
materials capable of direct solid-state energy conversion using high-temperature waste heat
is increasingly rising due to some environmental challenges imposed by global warming
effects [2—4]. These renewable energy materials can be used in various high-temperature
power generation applications, such as waste heat recovery devices [5] and solar TE
generators [6]. They can also be used in heating/refrigeration devices [7], owing to the
inverse Peltier effect.

Considering the expression for ZT, high-performance TE materials must simultane-
ously possess large Seebeck coefficients and low electrical resistivity and thermal conduc-
tivity values. Large temperature gradients also result in a higher TE conversion efficiency.
Generally, a low electrical resistivity is also necessary to minimize the Joule heating ef-
fect, while a low thermal conductivity can lead to different temperature gradients being
maintained between the involved hot and cold sides.

Modern commercial TE modules/devices constructed from intermetallic compounds
such as BipTes [8] or CoSbs [9], with ZT values around one, are industrially used in some
niche applications (such as remote probing/sensing) at relatively low temperatures. These
materials are incapable of working at high temperatures in air because of the degradation
and/or evaporation of the heavy constitutive elements, which are also expensive, scarce
and/or toxic and can pose a real threat to the environment and human health. The stability
and working temperature limitations, characteristic for “classical” TE materials, were left
behind with the discovery of promising TE properties in NaCo,O4 ceramics [10] in 1997.
From this point onwards, substantial work has been performed on other cobaltite species
with promising TE performance, especially at high temperatures and in oxygen-rich envi-
ronments. The p-type Bi-AE-Co-O-based (AE: alkaline earth metals) materials [11-13] and
the so-called Ca3zCo409 compound [14,15] are regarded as the most promising candidates
from this particular class of functional electroceramics.

Crystallographic studies of these layered cobaltites have revealed an intrinsically
nanostructured nature. These materials possess a complex monoclinic crystal structure
(unit cell), made from two distinct layers, alternatively stacked in the direction of the c-axis,
having all the crystal parameters equal, except the b-axis lengths [16,17]. A triple distorted
rock salt (RS)-type [Ca;CoO3] insulating layer (regarded as the first subsystem) is sand-
wiched between two hexagonal Cdl,-type [CoO;] common conductive layers (regarded as
the second subsystem), and a “misfit” or incommensurability ratio results from the two
different b-axis lengths. These layered structures exhibit high electrical conductivity and
low thermal conductivity, resulting in figures of merit comparable to those of traditional
intermetallic TEs, while exhibiting superior thermal and chemical stability, especially at
higher temperatures.

The incommensurability ratio and/or the electrical charge from the RS-type layers
situated between the [CoO;] ones have been found to govern the Seebeck coefficient values
from these materials [16]. It was also reported that the two distinct Co sites from CazCo4O9
play two completely different roles in its TE behavior, which are to provide charge carriers
to the CoO; layers and to conduct holes along the CoO, layers [18]. This has allowed the
TE properties of this class of compounds to be tailored via chemical substitutions, such as
Sb3* for Ca?* in CazCo409 [19] or Pb?* for Bi®* in BiySr,Coy.50y [20] or Bi;CayCo;.70x [21].
Other significant improvements in the TE properties of these materials can be achieved
by additions of metallic Ag, where an increase in the material’s electrical performance is
produced by improving the electrical contacts between the grains [22-25].

The high crystallographic/structural anisotropy from these materials leads to the
formation of plate-like grains during sintering processes, which opens the possibility to
preferentially align them using different methods that take advantage of their intrinsic
properties. Such processing/texturing processes performed on bulk, polycrystalline materi-
als would allow for the alignment of the conducting ab planes, which in turn would lead to
electrical properties comparable to those obtained in single crystals. Various methods have
been reported to be successful in producing well-aligned materials with high density and
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improved electrical properties in these cobaltites or in similar anisotropic ceramic systems,
such as uniaxial hot-pressing (HP) [26], spark plasma sintering (SPS) [27], microwave
sintering (MS) [28], (electrically assisted) laser floating zone melting ((EA)LFZ) [29,30] and
reactive templated grain growth (TGG) [31]. These techniques have the main advantage of
producing dense materials with very low electrical resistivity values, owing to the prefer-
ential alignment of the conducting planes with the direction of current flow. Unfortunately,
they possess some important drawbacks, such as the high prices associated with the spark
plasma sintering systems/processes and the relatively long processing times involved in
the uniaxial hot-pressing and the reactive templated grain growth methods.

The calcium substitution with lanthanum in CazCo40O9 materials has been studied
in several works aimed at TE [32,33] and solid oxide fuel cell (SOFC) [34] applications.
Good prospects for tailoring TE performance were demonstrated for the materials pre-
pared by wet chemistry methods and for those consolidated using SPS. The implemented
substitution levels were remarkably large (up to x = 0.3 in Casz_xLaxCo040y), while little
or no attention was given to low and moderate values of x. The attained substitution
level is also significantly affected by the preparation/processing route. This work explores
the relevant effects of relatively low substitutions of La for Ca on the microstructure and
high-temperature electrical properties of Caz_yLaxCo4O9 (x = 0.00, 0.01, 0.03, 0.05 and
0.07) ceramics, prepared through a classical solid-state (ceramic) route. This conventional
synthetic method was chosen for its simplicity, reduced pollution, low costs, industrial
importance and scalability, despite its known major disadvantage of producing low surface
area products that can possibly exhibit low reactivity in the sintering stage. The electron—
hole symmetry from the conductive CoO; layers was expected to change as a result of a
mobile hole concentration and/or mobility increase, produced by the incorporation of the
trivalent lanthanum ions into the RS-type sublattices, to a certain extent. The compositional
and morpho-structural modifications produced by the partial substitutions are related to
the changes in TE performance.

2. Materials and Methods

Caz_yLaxCo409 bulk polycrystalline ceramics, with x = 0.00, 0.01, 0.03, 0.05 and 0.07,
were prepared through a conventional solid-state synthesis route using stoichiometric
amounts of CaCO3 (Sigma-Aldrich (Darmstadt, Germany), >99%), La;O3 (Sigma-Aldrich,
>99.9%) and CoO (Panreac (Barcelona, Spain), 99.5%) commercial powders as precursors.
Appropriate quantities of starting powders were carefully mixed and ball-milled for 30 min
at 8 relative centrifugal force (RCF) in acetone using an agate ball mill. The resulting ceramic
slurries were dried until full evaporation of the acetone. The dry mixtures were then
manually ground in an agate mortar for a final homogenization, followed by 2 annealing
cycles performed in air, at 750 and 800 °C for 12 h each, with an intermediate manual
grinding in order to assure the complete decomposition of any remaining carbonates [35]
and improve the reactivity of the ceramic powders in the following sintering stage. After the
two thermal treatments, rectangular, bar-shaped samples (3 x 2.5 x 14 mm?) were obtained
by uniaxial pressing (400 MPa, one minute) of appropriate amounts of corresponding green
powders. The consolidated green bars were subsequently sintered in air, at 910 °C for 24 h,
with a final, free cooling [35].

X-ray diffraction (XRD) analyses (at room temperature, with 20 angles between 5
and 70 degrees and a step of 0.03 °20) were performed on powdered, sintered samples
to identify the phase composition in each case, using Rigaku D/max-B powder XRD
equipment working with CuK« radiation (A = 1.54 A). The corresponding lattice parameters
(including B angles and unit cell volumes) were calculated using a profile matching method
through Rietveld refinement, with the FullProf program [36].

Morphological and microstructural studies were performed on longitudinal polished
surfaces of selected samples from each composition, with the help of a field emission scan-
ning electron microscope (FESEM, Carl Zeiss Merlin) equipped with an energy dispersive
spectrometry (EDS) analyzer. Several micrographs (taken using both backscattered and
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secondary electrons, using an acceleration voltage of 20 kV) from each composition were
taken to analyze the different phases present and their distribution in the bulk materials.

Apparent density calculations (using the samples’ masses and volumes) were per-
formed for several sintered samples from each composition (to minimize measurement
errors) using the theoretical density value of 4.677 g/cm? for the CazCo,Og phase [37].

The oxygen content from all compositions was determined through room-temperature
cerimetry in order to calculate the mean cobalt valence (Co®* + Co**) from the conductive
layers using a procedure described in previous works [38].

The electrical resistivity (¢0) and Seebeck coefficient (S) values were simultaneously
measured using the standard four-point probe DC technique in a commercial LSR-3 mea-
surement system (Linseis, GmbH (Selb, Germany)) in a steady-state mode and at tempera-
tures (T) between 50 and 800 °C, under inert He atmosphere. The estimated experimental
error of the measured electrical resistivity and Seebeck coefficient values did not exceed
3-5% and 5-7%, respectively.

From the measured resistivity values, the activation energies (from the semiconducting
regime) for each composition were calculated and compared with the reference, undoped
samples, based on the relationship cTxexp(-Ea/kpT), where o, T, Ea and kg are the electrical
conductivity, absolute temperature, activation energy and Boltzmann constant, respectively.
The activation energies were obtained from the Ln(oT) vs. 1000/ T plots, from the fitting
slopes below T*, which represents the semiconducting-to-metallic transition temperature
and which is clearly marked in all the corresponding modified Arrhenius plots. The fitting
slopes from the metallic conductivity regime are also shown in these plots (linear fits are
just visual guides) to clearly indicate T*.

The PF values were calculated from the determined electrical resistivity and Seebeck
coefficient values (using the S?/¢ formula, mentioned earlier) and compared with the
relevant results from the literature.

All plots were constructed using the KaleidaGraph (Synergy Software, Reading, PA,
USA) software. The profile refinement graph was constructed with the WinPLOTR tool [39]
from the FullProf suite (ILL.EU).

3. Results and Discussion

The powder XRD patterns of the different Caz_xLaxCo0409 samples are displayed in
Figure 1, between 5 and 40 degrees for clarity. All samples show very similar diffraction
patterns, and the highest peaks (indexed in Figure 1A(a)) in all cases belong to the CazCo04Oq
TE phase, with monoclinic symmetry [37], in agreement with the PDF cards #00-058-
0661 [37] and #00-062-0692 and with previously reported results [40—42]. In the same figure,
the peak marked with a * and situated at ~31 °20 corresponds to the secondary CazCo,0¢
phase [41,43,44], in agreement with the PDF cards #00-051-0311 [45] and #04-010-0812.
Upon the substitution with La, new peaks attributed to the secondary CazCo,O¢ phase
start to appear and increase in intensity (Figure 1A(b—e)), proportional to the nominal
substitution level. A similar phase evolution was observed previously for Nd-substituted
CazCo409 samples [35] for similar substitution levels. However, this tendency is not seen
for the Cajy.g3Lag.07C0409 samples, probably due to the formation of other secondary
phases not detected by the XRD technique. When the XRD peaks corresponding to the
Ca3C0409 and Ca3Coy0¢ phases are analyzed in more detail, a small shift (visible in
Figure 1B) to higher 26 angles is seen, indicating a slight decrease in the corresponding
lattice parameters and unit cell volumes. The corresponding results (and their standard
errors) are presented in Table 1, together with the Rietveld refinement agreement factors,
calculated apparent (geometrical) density and activation energy (corresponding to the
semiconducting regime of the electrical resistivity) values.
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Figure 1. (A) Powder XRD patterns obtained for the different Caz_yLaxCo;409 samples, with
x =0.00 (a), 0.01 (b), 0.03 (c), 0.05 (d) and 0.07 (e). The peaks from (a) identify the main CazCo4Oq
phase and those with an asterisk (*) correspond to the secondary CazCo,Og phase (a and b). The
o(111) plane from (a) belongs to silicon, used as internal reference. (B) Example of a FullProf XRD
profile refinement graph (LeBail fitting) for the Cay.g5Lag.0sC0o4O9 samples, showing the crystallo-
graphic planes for the CazCosOg phase (the other corresponding planes from (A) are also shown, i.e.,
for Si and for the CazCo,Og phase).




Symmetry 2021, 13, 782

6 of 15

Table 1. Lattice parameters (4, b, ¢, B, V), agreement factors (Ry, Ruwp and Rpage(casco409)), apparent density (gzp) and

activation energy (Ea) values of the various Caz_yLaxCo409 samples.

x Value in Ca;_,La,Co409 a, nm b, nm ¢, nm B, deg V, nm? R, Rup Reragg Qap, glem® Ea, meV
(CazCoq09)

0.00 04839(3) 04563(1) 1.0852(3)  98.10(5)  0.2373(2) 922 8.63 7.58 3.39(1) 36.52(7)

0.01 0.4837(3) 0.4548(2) 1.0851(5) 98.12(6) 0.2362(2) 6.42 6.99 5.3 3.35(2) 35.40(1)

0.03 04820(2)  04543(1) 10845@)  9813()  0.2353(1) 6.78 7.17 458 3.33(1) 3421(3)

0.05 04835(2)  0.4546(1) 10847(3)  98.14(3)  0.2359(1) 6.02 6.67 415 3.36(1) 3436(7)

0.07 04836(2)  04561(1) 1.0849(3)  98.14(5)  0.2371(2) 6.24 738 433 2.55(3) 36.62(1)

The profile matching technique from the Rietveld refinement allowed for the identi-
fication of the C12/m1 (base-centered) space group for the CazCo40Oy phase in all cases.
Furthermore, a supercell approximation was used for the calculation of the lattice parame-
ters of the CazgCo40O9 phase, for simplicity. The “goodness of fit” is reflected in Figure 1B
and the agreement factors from Table 1, where it is easy to see that the best fit was achieved
for the 0.05 La-substituted CazCosO9 samples, having the smallest agreement factors from
this work. The variation of the unit cell volumes seen in Table 1 is rather minor, being
partially provided by the relatively small difference in the ionic radii of Ca?* and La%* [46]
and, presumably, by the low substitution levels attained in the corresponding samples.
The calculated unit cell volumes for the Caz_,LaxCo4O9 samples prepared in this work
are very close to those found in the literature (~0.24 nm?3) [32], for similar compositions. A
minor variation of the unit cell size is also in accordance with that stated in Reference [35]
for the Caz_xNdxCo4O9 samples. However, in contrast, it has also been reported that the
unit cell volume for some Cajy.7Lag.3C0409 samples (with higher nominal amounts of La)
prepared via a nitrate self-combustion synthesis method increases slightly [34]. Still, the
tendency observed in the present work is weak and comparable to the experimental error,
being possibly affected by the formation of other phases, as discussed below.

General FESEM-EDS analyses revealed that all samples possess very similar grain
morphology and microstructure (Figure 2). A relatively high degree of porosity, which
is nonuniformly distributed in the bulk, is indicated by the black contrast. The poros-
ity can be explained by the relatively low thermal and compositional stability of the
Ca3Co0409 phase (which is stable up to ~926 °C in air), when compared to the minimum
temperature necessary to produce the liquid phase (~1350 °C) [41,42] to attain a good
densification by conventional sintering. The highest degree of porosity can be seen for
the Caj.93Lag.g7Co409 samples (Figure 2d). The complementary EDS analysis suggests
that all Cas_yLayxCo4O9 samples are mainly composed of the CazCo4Oy phase, with some
small inclusions of the CazCo,0Og one, in agreement with the previously discussed XRD
results. In Figure 2, both phases can be seen as having very similar contrasts and only
present slightly different grain shapes and sizes, being hard to distinguish one phase
from another with this technique. The major Ca3Co4O9 phase can be easily identified in
Figure 2 as the plate-like grains with different orientation and of different shapes and sizes
(a typical trait of the solid-state synthesis method). Lanthanum was detected by point EDS
analyses in small (~0.02 wt. %) and large (~0.1 wt. %) amounts in Caz_xLaxC04O9 and
Caz_yLaxCoyOg, respectively, similarly to the case of the substitution with Nd [35]. Some
scattered white-contrast areas (in Figure 2¢,d) correspond to La-rich phases, which appear
at the highest substitution levels.

More detailed point EDS analysis of the white-contrast areas from Figure 2c,d shows
that they correspond to a (La,Ca)CoO3; secondary phase, with a (La + Ca):Co ratio of
1:1. In the ternary equilibrium-phase diagram of the CaO-La;O3-CoO system [47], a
LaCoOj3 solid solution phase having a rhombohedral-distorted perovskite structure can
be found. It can therefore be assumed that the secondary (La,Ca)CoO3 phase identified
by the EDS analysis corresponds to a LaCoOs-based solid solution, which, however, was
not detected by the XRD technique. The formation of these secondary phases can also
be found in other experimental works from the literature [34] and are attributed to the
higher stability of the perovskite-type LaCoO3 phase, as compared to Cas_yLaxCosO9 and
Caz_yxLaxCo,0g. For a closer view of the perovskite-type LaCoOj3 phase, Figure 3 shows
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the morphology and microstructure of the additional secondary (La + Ca)CoOj3 phase in
more detail for the Cay.93Lag.07C0409 samples. These La-rich secondary phases discovered
by the EDS analyses possess a very bright contrast and completely different morphology
and microstructure, being easily distinguished as irregular grain shapes, with much smaller
grain size (<1.5 um). It should be noted that, in the case of Nd-substituted CazCo4Oq
samples [35], the corresponding white-contrast inclusions were mainly attributed to the
Nd-rich Ca3Co,0O¢ phase (for x < 0.05). A different phase evolution for the Cas_yLaxCo4O9
samples can be at least partially related to the higher thermodynamic stability of LaCoO3
as compared to NdCoOj3 [48].
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Figure 2. Representative FESEM micrographs (taken using back-scattered electrons) of selected longitudinal polished
surface sections from Caz_,LaxCo4O9 samples, with x = 0.01 (a), 0.03 (b), 0.05 (c) and 0.07 (d).

10pm

Figure 3. Representative high-magnification FESEM micrograph (taken using back-scattered elec-
trons) of a selected longitudinal polished surface section of Ca;.93Lag.g7C0409 sample, showing the
lanthanum-rich phase.
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The substitution with lanthanum does not seem to modify the morphology of the
grains corresponding to the Caz_xLaxCo4Og or Caz_yLaxCoyOg phases, their mean sizes
in all cases being estimated between 1 and 5 um in the planar dimension, equivalent to the
a-b crystallographic plane, and ~0.5 pm in thickness, along the direction of the c-axis, as in
other, similar works found in the literature [49-51]. The approximate thickness of 0.5 pm
along the c-axis direction results from the pile up of very-thin plate-like grains of CazCo4Oo,
each one measuring an individual thickness of ~35 nm and exhibiting a preferential growth
along the a-b plane, as was estimated for similar polycrystalline layered cobaltites using
Scherrer’s formula [52].

The pristine and substituted samples show comparable apparent density values
(Table 1) of ~72% (for the x = 0.01, 0.03 and 0.05 samples) of the theoretical value chosen for
this work. The x = 0.07 sample possesses a notably lower density (54% of the theoretical
density). All other calculated densities are very close to other values found in the literature
for similar compositions [35,50,51]. This indicates that the small substitutions with lan-
thanum do not improve the densification process during normal sintering. The relatively
high porosity can be mostly attributed to the inefficient packing of the plate-like grains
(low grain-packing density) during grain growth. The calculated density values support
the previously discussed FESEM results, where the porosity was detected in all La-doped
samples and especially in the Cay.g3Lag.g7C0409 ones. The calculated decrease in density
for the Cay.g5sLag.05C0409 and Cay.93Lag.07C0409 samples can also be attributed to the
formation of the secondary (La,Ca)CoOs3 phase (detected by the EDS analysis), which was
most prevalent in the samples with the largest porosity (Cap.93Lag.07C04O9).

The variation of the Seebeck coefficient values with temperature for all Caz_4LaxC040Oq
samples is shown in Figure 4. The sign of the thermopower is positive for all samples
at all measured temperatures, confirming a conduction mechanism governed by p-type
charge carriers, typical for the CazCosOy compound. The Seebeck coefficient values for all
samples are very close and increase proportionally with temperature, following similar
behavior and being almost independent of the La content. Similar trends were previously
observed for Nd-substituted CazCo4O9 samples [35] for the same substitution levels.

S

200 .

< 180 | . .
(/3]

160 ? -

1 1 1 1 1 1 1 1

0 100 200 300 400 500 600 700 800
T(°C)
Figure 4. Temperature (T) dependence of the Seebeck coefficient (S) values for Caz_yLaxCo409
samples, with x = 0.00 (black circles), 0.01 (red squares), 0.03 (green diamonds), 0.05 (blue triangles)
and 0.07 (orange inverse triangles).

These results indicate that the small substitutions with La performed in this study do
not seem to significantly alter the charge carrier concentration from the conductive layers
of the Ca3Co409 compound, which is to be expected, considering the higher oxidation
state of the lanthanum (La3") ions with respect to the calcium (Ca?*) ones. The comparable
charge carrier concentrations in all samples were confirmed by the room-temperature
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cerimetric titrations, with which a mean cobalt valence of ~3.11 was calculated in all cases.
The highest S values measured at 800 °C (~210 uV/K) are, however, higher than some
of the best-reported values in the literature, obtained for various high-density La-doped
CazCo409 samples [33,53,54].

The electrical resistivity versus temperature graphs for the various Cas_xLaxC0409 sam-
ples are shown in Figure 5. Between 50 and around 440 °C, all samples express a semiconducting-
type behavior (do/dT < 0), followed by a metallic-type dependence (do/dT > 0) at higher tem-
peratures. This transition temperature varies only slightly (~20-40 °C), for each composition.
The ¢ values measured for the x = 0.01, 0.03 and 0.05 substituted samples are approximately
the same, being lower than for the pristine composition. On the other hand, the ¢ values of the
Cay.g93Lag.g7Co40y samples (around 25 m()-cm) are notably higher than the reference in the
entire measured temperature range. In these misfit layered cobaltites, a thermally activated hole-
hopping (from Co** to Co®*) conduction mechanism is known to be behind the charge carrier
transport from the semiconducting regime [55,56], while a more-simple valence or conduction
band transport is attributed to the metallic conduction regime [35,57].

TR
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Figure 5. Temperature (T) dependence of the electrical resistivity (¢) values for Caz_yLaxCo4O9
samples, with x = 0.00 (black circles), 0.01 (red squares), 0.03 (green diamonds), 0.05 (blue triangles)
and 0.07 (orange inverse triangles).

The electrical resistivity trends seen in Figure 5 can be easily explained on the basis
of the highly anisotropic properties of the CazCo4O9 phase, which is widely known to
present a metallic-like behavior in the direction of the a-b plane and a semiconducting-like
one in the direction of the c-axis [37]. Furthermore, when substituting Ca?* with La%*
in the RS-type layers (which are regarded as an electrical charge reservoir for supplying
charge carriers into the [CoO;] layers), the resistivity values of all La-doped samples are
expected to increase proportionally with lanthanum contents due to a consecutive, pro-
portional decrease in the concentration of holes from the conductive layers along the a—b
planes. In particular, such a tendency was reported in Reference [32] for Caz_4LnxCo4Oq
(Ln = La, Pr, Dy and Yb) samples when studying the compositions with x =0, 0.1, 0.2, 0.3,
the behavior being attributed to the simultaneous decrease in the charge carrier concen-
tration and mobility. This does not seem to be the case in this study, where the electrical
resistivity values measured for the samples with x = 0.01, 0.03 and 0.05 (considered rel-
atively similar, with a mean of around 16 m()-cm) are around 1.3 times (21/16 mQ)-cm)
or 24% ([(21 — 16)/21]*100) lower than the ¢ values measured for the pristine, reference
sample (having a mean of around 21 m()-cm). The latter indicates that the relevant effects
may be different at relatively low substitution levels. Similar behavior was observed for low
terbium contents in Tb-substituted CazCo4Oy samples [58]. In the case of Caz_BixCo409
thin films, the resistivity was also found to decrease from x = 0 to x = 0.4 [59]. Finally, a
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significant decrease in resistivity was observed while incorporating a minor amount of
Nd (x = 0.01) into Caz_xNdxCo4O9 samples [35]. This opposite effect can probably be
explained by an increase in the charge carrier mobility, which, at low substitution levels,
may dominate over the suppression of the charge carrier concentration. While comparing
the relevant effects in Cas_yLaxCo409 and Casz_xNdxCo4O9 samples [35] for a similar
substitution level, cation size effects could be considered. The ionic radius of six-fold
coordinated Ca®* (1.0 A) is slightly larger than for Nd>* (0.983 A) and slightly smaller than
for La®* (1.032 A) [46]. This implies that opposite lattice stresses will be induced when Nd
is replaced by La. Correspondingly, this might affect the charge compensation mechanism,
facilitating the cobalt reduction and the corresponding increase in cobalt cation size in the
case of smaller Nd>*, with an opposite effect for larger La®>*. Interestingly, these assump-
tions correlate well with the resistivity behaviour seen in both systems: Further increase in
Nd concentration to x = 0.03 and x = 0.05 impairs the charge carrier transport, presumably
due to a decrease in the average oxidation state of cobalt and corresponding decrease in
the charge carrier concentration, while Caz_yLaxCo0409 samples with x = 0.01, 0.03 and
0.05 maintain similar and notably lower resistivity as compared to the pristine, reference
CazCo409 samples. Additional factors including local changes in the crystal structure and
modifications of the misfit relationship between [CoO;] and [Cay;CoO3] may also contribute
to this complex behavior, as evidenced by Reference [60]. The highest resistivity values
measured for the Cay.g3Lag.07C040O9 samples (which also showed the lowest density value)
can be attributed to a higher porosity and partial decomposition of the CazCo,4Oy matrix,
facilitated by the formation of the more stable (La,Ca)CoO3 perovskite phase. In any case,
the lowest resistivity values of the 0.01, 0.03 and 0.05 La-doped samples, measured at room
temperature and 800 °C (~16 m(2-cm), are notably lower than some of the best values
found in the literature (~30 mQ)-cm at room temperature and ~20 mQ)-cm at around 730 °C)
for Cay.yLag.3C0409 samples prepared by a conventional solid-state reaction method [32].

Finally, if the basic equation 1/¢ = nep [61] is applied using the module, with n, e
(=—1.602-1071? C) and p (=1 cm?V~1s~! [62]) standing for the concentration of holes,
charge of the electron and the mobility of the holes, respectively, the concentration of
holes n (=1/gep) comes out in the range 37-42-10"%cm 3 for the Cas_4LayCo409 samples
with x = 0.01, 0.03 and 0.05, and in the range 28-31-10'? cm 3 for the reference Ca3Co40q
samples. These values are slightly higher than the typical n values found in the literature
(20-40-10'° cm—3 [62]), for transition-metal-doped Ca3Co4Oy samples, and the n values for
the Caz_yLaxCo409 samples with x = 0.01, 0.03 and 0.05 are indeed slightly higher than
those for the reference CazCo4Og samples (in contrast with the n values for the low density
Capg3Lag 07C0409 samples, which are found in the range 23-26-10'% cm 3, being slightly
lower than those for the reference), thus quantitatively explaining the minor effects of the
small La substitutions on the charge carrier concentrations at higher temperatures.

The semiconducting-to-metallic transition temperature T* can be clearly seen in
Figure 6, where the modified Arrhenius plots for the various Cas_4LayCo04O9 samples
are shown. The T* values do not appear to vary significantly, in agreement with the previ-
ous resistivity results (a variation of ~20—40 °C). The calculated activation energy (relative
to the semiconducting regime) values Ea were found to be around 34 meV for the 0.03
and 0.05 La-doped samples, ~35 meV for the 0.01 La-doped samples and ~37 meV for the
undoped, reference samples and 0.07 La-doped ones (also in Table 1), confirming that small
substitutions of La do not have a great influence on the thermally activated hole-hopping
process from the relevant temperature range, being partially responsible for the electrical
conduction from these materials. The same trends can also be found elsewhere in the
literature for similar cases and compositions [35,53,63-65].

The TE performance of the various Caz_yxLaxCo4O9 materials was finally evaluated
using the PF values, plotted in Figure 7. The PF values of the samples with x = 0.01, 0.03
and 0.05 are almost identical, while being higher than those measured for the reference,
pristine composition. This improvement is mainly provided by the decrease in electrical
resistivity, apparently stemming from the faster charge carrier transport outweighing the
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hole consumption effect on substitution with small amounts of La. The highest PF values,
obtained for the 0.01 La-doped samples, are between ~22% (at room temperature) and
~40% (at 800 °C) higher than the ones obtained for the reference, non-substituted samples.

Ln {(cT) (SK/m)

1.0 15 2.0 25 3.0
1000/T (1/K)

Figure 6. Modified Ln (0T) versus 1000/ T Arrhenius plots for Caz_yLaxCo40O9 samples, with x =
0.00 (black circles), 0.01 (red squares), 0.03 (green diamonds), 0.05 (blue triangles) and 0.07 (orange
inverse triangles). T* indicates the semiconducting-to-metallic transition temperature.
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Figure 7. Temperature (T) dependence of the power factor (PF) values for Caz_yLaxCo4O9 samples,
with x = 0.00 (black circles), 0.01 (red squares), 0.03 (green diamonds), 0.05 (blue triangles) and 0.07

(orange inverse triangles).

4. Conclusions

In this study, Cas_yLaxCo4O9 samples with x = 0.00, 0.01, 0.03, 0.05 and 0.07 were
successfully synthesized and processed through a classical solid-state route, chosen for its
simplicity, and their high-temperature electrical properties were analyzed and related to
their composition, morphology and microstructural features.

e The La%* ions were found to substitute the Ca?* ones in the Ca3Co4Oq phase, only in
small amounts (x < 0.03), disturbing the electron-hole symmetry from the conductive
Co0;, layers and improving the mobile hole conduction in the corresponding samples.

e  The microstructural characterizations showed that the ceramic morphology is mostly
unaffected by the substitutions with lanthanum, except for the Cajy.93Lag.q7C04Oq
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samples, which showed an additional secondary phase with very distinct morphology
of its grains.

e Higher levels of La substitutions (x > 0.03) were found to promote the secondary
Ca3C0y0¢ phase formation and, further on, of the (La,Ca)CoOs phase in the
Caj.93Lag.07C0409 samples with the largest substitutions from this work.

e  The PF values calculated for the 0.01, 0.03 and 0.05 La-doped samples are almost
identical and higher than for the pristine CazCo4Og samples, provided by their lower
electrical resistivity and caused by a possible increase in charge carrier concentration
and/or mobility.

e  Higher substitution levels (x > 0.05) resulted in the appearance of additional porosity
and a noticeable decrease in electrical performance in the Cajy.g93Lag.97C0409 samples.

e  The highest PF values at 50 and 800 °C, calculated for the 0.01 La-doped samples
(~0.11 and ~0.28 mW /K?m respectively), are around 31% higher than for the pristine
CazCos09 materials used as reference.

These conclusions suggest that small substitutions with rare-earth metals in the RS-
type layers are a promising pathway for boosting the high-temperature electrical perfor-
mance of the strongly correlated CazCosO9 compound, known to be highly susceptible
to even the slightest breaks in the electron—hole symmetry of the conductive layers of its
structure.
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