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Effects of Lattice Defects and Niobium Doping
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We have investigated the thermoelectric (TE) properties of Ruddlesden—Pop-
per (RP) CaO(CaMnOs;),, n-type compounds, to be applied for TE waste heat
recovery at elevated temperatures. We prepared several Nb-doped and un-
doped CaO(CaMnOg3),, compounds having different CaO planar densities by
controlling the Ca content via solid-state reaction, and characterized the
resulting microstructures by x-ray diffraction analysis and high-resolution
scanning electron microscopy. The thermal conductivity, electrical conduc-
tivity, and TE thermopower of the different compounds were measured in the
range from 300 K through 1000 K. We observed a remarkable reduction in
thermal conductivity as a result of increasing the CaO planar density for the
Nb- doped RP compounds from a value of 29 Wm ! K ! for m = oo down to

1.3 Wm ' K ! for m = 1 at 1000 K. This trend was, however, accompamed
a correspondlng reduction in electrical conduct1v1ty from 76 Q
1 which is associated with electron scattering. Finally, we propose
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to

an approach that enables optimization of the TE performance of these RP

compounds.
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INTRODUCTION

One of the directions in the search for alternative
energy sources is to capture waste heat and convert
it into electricity using thermoelectric (TE) genera-
tors. Such generators are based on the Seebeck ef-
fect, in which a temperature (T) gradient prevailing
within a material initiates diffusion of charge car-
riers along this gradient, thus creating an open-
circuit voltage (V) between the hot and cold poles.”
The temperature-dependent Seebeck coefficient,
S(T'), which is commonly referred to as the ther.
mopower, is accordingly defined as follows:

S(T) = ‘3—‘;. (1)
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A TE generator commonly consists of an array of
TE couples comprising n- and p-type legs, which are
connected electrically in series and thermally in
parallel. Such generators are solid-state devices
having no moving parts, being noiseless, vibra-
tionless, environmentally friendly, and extremely
durable.>* An efficient TE material is characterized
by a high TE figure of merit, ZT, which is defined as

S2qT
K

ZT = , (2)
where ¢ and k are the material’s electrical and
thermal conductivities, respectively. High heat-to-
electrical power conversion efficiency requires high
ZT values, which can be obtained by either large
Seebeck coefficient, high electrical conductivity, or
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low thermal conductivity.! The latter is, essentially,
a sum of two contributions: k = kp, + ke, Where x, is
related to phonon vibrations and . is related to
charge carrier conduction.® Since all three of the
physical magnitudes embodied in ZT' depend on the
carrier concentration, improving ZT by minimizing
the thermal conductivity without significantly
affecting the electrical conductivity remains one of
the great challenges in the study of TE materials.

One of today’s attractive classes of TE materials
are oxides. They offer several key advantages,
including structural and chemical stability at high
temperatures, nontoxicity, and low cost.® The
major shortcoming of TE oxides is, however, their
relatively low ZT values. Whereas the ﬁgfures of
merit of both Na,Co05'° and CazCo40,'" p-type
cobaltates approach unity at 1000 K, the ZT values
of other n-type oxides are significantly lower (~0.3
at 1000 K) and should thus be improved.®*'? Since
TE properties are highly sensitive to the finest fea-
tures of the microstructure, one of the most
promising approaches to enhance TE performance is
to reduce «, with little or no effect on ¢. This can be
achieved by designing layered materials or super-
lattices, > !¢ where the key feature in reducing « is
the large number of interfaces per unit volume,
thereby initiating phonon scattering.

The present study focuses on CaO(CaMnOg3),, n-
type compounds consisting of modulated m per-
ovskite CaMnOs layers separated by single rock-salt
CaO layers, which belong to the Ruddlesden—Pop-
per (RP) class of compounds; the latter exhibit
intriguing physical properties, such as optical, fer-
roelectric, piezoelectric, magnetic, catalytic, and
thermoelectric effects.'”? We previously reported
on significant reduction of thermal conductivity in
these compounds due to additions of extra CaO
planar defects.?® Herein, we aim to draw a correla-
tion between the overall TE properties, namely the
Seebeck coefficient and the electrical and thermal
conductivities, of pure and niobium-doped CaO
(CaMnO3),, compounds and the periodicity of the
planar CaO defects, denoted by the m value. We are,
additionally, interested in studying the effects of Nb
doping on the TE properties, and how they vary
with the m value.

EXPERIMENTAL PROCEDURES

Two groups of compounds, namely CaO
(CaMnOs),, with m =1, 2, 3, and oo and CaO
(CaMn;_,Nb,O3),, with x = 0.04 and m =1, 2, 3, 4,
5, and oo, were synthesized from pure oxide powders
mixed in the appropriate stoichiometric ratios. The
two main raw oxide powders used for preparation of
the undoped compounds were calcium carbonate
(CaCO3) powder with ca. 14 um average particle
size (Merck) and manganese dioxide (MnQOs) with
ca. 50 um average particle size (Baker Co.). The
major impurities present in the raw powders, as
declared by the manufacturers, were SO4 (<0.03%),

Mg (<0.02%), Na (<0.2%), and Sr (<0.1%) for
CaCO3; and Cl (<0.01%), NO3 (<0.05%), SO,
(<0.05%), and Fe (<0.03%) for MnO,. The Nb-doped
compounds were prepared by mixing Nb,Os pure
powder with the above CaCO3; and MnO, raw pow-
ders in the appropriate ratios to obtain a doping
level of x = 4 at.%. This doping level is conventional
for CaMnOs-based compounds;?**~2® moreover, it lies
within the concentration range of 2 at.% to 5 at.%
Nb, reported to yield improved ZT values for specific
Nb-doped systems.?® Both classes of compounds
were prepared using a standard solid-state reaction
protocol,“> which includes mixing of the powders
and ball-milling for 24 h, resulting in ca. 2 ym grain
size, followed by room-temperature uniaxial press-
ing under pressure of 900 MPa to form both pellet-
(12.5 mm diameter x ca. 2 mm thick) and bar-
shaped (2mm x 2 mm x 12.5 mm) specimens.
Then, the specimens were sintered in air in several
stages with increasing temperature ranging from
1223 K up to 1673 K, which are optimized for each
compound, for 24 h in each step. The process was
determined by sintering at a given temperature and
regrinding to fine powder, followed by x-ray
diffraction (XRD) analysis using a Siemens D5000
powder diffractometer with angular resolution of
0.02°, to ensure that the desirable single-phase RP
compounds were obtained. This process was re-
peated at the following temperatures with inter-
mediate grinding steps: 1223 K, 1373 K, 1473 K,
1573 K, 1623 K, and 1673 K until the desired
material was obtained. Finally, all sintered pellet-
or bar-shaped specimens were air-cooled.??

Microstructure characterization of the samples
was carried out using a Zeiss Ultra Plus high-reso-
lution scanning electron microscope (HRSEM),
equipped with a Schottky field-emission electron
gun. The images presented were taken using a
secondary-electron detector operated at 4 keV.

The temperature-dependent electrical conductiv-
ity, o(T), and thermopower, S (T'), were measured in
the temperature range from 300 K through 1000 K
using a Nemesis SBA-458 apparatus (Netzsch
GmbH, Selb, Germany), which is designed for
simultaneous measurements of electrical conduc-
tivity and thermopower for planar geometry.??:3°

We determined the materials’ thermal conduc-
tivity, k, by measuring their temperature-depen-
dent thermal diffusivity, «(T), and specific heat,
Co(T), as well as the density, p; x was then calcu-
lated as’

K(T) = «(T) - p- Cy(T). 3)

We employed a Microprobe LFA-457 laser flash
analyzer (LFA; Netzsch GmbH, Selb, Germany) to
directly measure the thermal diffusivity of pellet-
shaped specimens for the temperature range from
300 K through 1000 K, with instrumental accuracy
of 2%. The material densities were measured at
room temperature (Table I), and the dependence on
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temperature was neglected. The temperature-de-
pendent heat capacity was measured simultane-
ously in the LFA using a comparative method with a
pure Al,O3 reference sample of similar geometry.
The resulting accuracy of the evaluation of thermal
conductivity values is 10%.

RESULTS

Figure 1 displays HRSEM micrographs of the (a)
undoped and (b) Nb-doped m = co specimens. The
XRD patterns acquired from these specimens are
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shown in Fig. 1c and d, respectively. The XRD data
confirm that all compounds exhibit the expected
single-phase states. The periodicities of m =1
through 3 possess a tetragonal crystal structure with
I4/mmm space group symmetry, and the m = oo
specimen possesses an orthorhombic crystal struc-
ture with Pnma space group symmetry. We note that
the m = 1 structure is commonly reported to possess
I41/acd space group symmetry, in several experi-
mental and computational studies.®’~3® This, how-
ever, has no practical meaning for the interpretation
of the results of this study in terms of the TE perfor-

Table I. Room-temperature values of specimen bulk density (g *cm_s) a*nd relative density (%), as measured
for undoped (m = o, 1, 2, and 3) and Nb-doped (m = o0, 1, 2, 3,4, and 5 ) compounds

m-Value Undoped (g cm™3) Undoped (%) Nb-Doped (g cm™3) Nb-Doped (%)
m = oo 3.53 + 0.04 79.0 £ 0.9 3.94 £ 0.04 88.2 £ 0.9
m=1 3.08 + 0.01 75.8 + 0.3 3.13 £ 0.04 77.0 + 1.0
m=2 3.47 + 0.02 81.7+ 0.5 3.27 + 0.05 77.0 + 1.2
m=3 3.14 + 0.01 73.0 + 2.1 3.13 £ 0.09 72.7 + 2.1
m=4 - - 3.59 £ 0.01 -
m=5 - - 3.62 + 0.01 -
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Fig. 1. High-resolution scanning electron microscope (HRSEM) images acquired from the undoped (a) and the Nb-doped (b) compounds with
m = oo periodicity, and their corresponding XRD patterns (c) and (d), respectively.
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mance, since both the I4/mmm and I41/acd space
group symmetries differ by only distortions and
rotations of the oxide polyhedra, which is not
detectable by XRD; the same CaO layering exists for
both symmetries. Further details of the analyzed
crystal structure appear elsewhere.? The XRD pat-
terns collected from the m = 4 and m = 5 compounds
do not fit any of the above I4/mmm space groups; they
rather correspond with a combination ofthe following
two phases: m = co and m = 3; therefore, they are
marked as m =4 and m =5 hereinafter. Compar-
ison between both the HRSEM micrographs and XRD
patterns in Fig. 1 indicates that doping does not lead
to any change in the microstructure in terms of either
grain size (Fig. 1la and b) or formation of new phases

(Fig. 1c and d). The former conclusion is based on
grain size measurements applying the intersecting
line method, yielding average values of 17.40 +
0.40 ym and 17.60 + 0.45 yum for the undoped and
Nb-doped m = co compounds, respectively. In addi-
tion, no presence of sub-micrometer-size second-
phase precipitates is detectable in either the XRD or
HRSEM data.

Since we are interested in the effects of both lat-
tice periodicity (m value) and Nb doping on the TE
properties, we plot the temperature dependence of
each of the TE properties for different m values,
with and without doping. Figure 2 shows the tem-
perature dependence of the thermal conductivity for
different m values, with and without doping. These
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Fig. 2. (Color online) Temperature-dependent thermal conductivity measured for the (a) Nb-doped and (b) undoped compounds with different
periodicities of m = oo (inf., cross markers), m = 1 (black squares), m = 2 (red circles), m = 3 (blue left-triangles), m = 4 (green diamonds), and

m=5 (purple right-triangles).
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values were evaluated based on Eq. 3, employing
the thermal diffusivity values that were measured
directly, and the measured bulk density values
appearing in Table 1.

For the Nb-doped samples, a remarkable reduc-
tion of thermal conductivity due to introduction of
CaO planes can be observed, e.g., from a value of
29Wm 'K for m =00 down to .3 Wm 'K
for m =1 at 1000 K. It is noteworthy that the
thermal conductivity decreases systematically with
increasing CaO planar density (decreasing m
value). We highlight that these differences in ther-
mal conductivity values cannot be attributed to the
differences in the specimens’ bulk densities, as ap-
pear in Table I, but to the m values only. Addition-
ally, the differences in thermal conductivity of all RP
variants do not change significantly with tempera-
ture, and do not converge at high temperatures.
Interestingly, the Nb-doped samples (Fig. 2a) ex-
hibit thermal conductivity values that are larger by
ca.0.5 Wm ' K 'to1l Wm ! K !than those of the
undoped samples (Fig. 2b), probably due to the
electronic contribution to the thermal conductivity.
It is also noteworthy that the systematic behavior of
the thermal conductivity dependence on the m value
distinguished for the Nb-doped compounds (Fig. 2a)
is not observed for the undoped compounds (Fig. 2b).
This might be associated to possible effects of the Nb
dopant on the stacking or ordering of the CaO layers,
e.g., lowering their interfacial free energies. Such a
tendency for formation of disordered stacking faults
or twin boundaries, which might be attributed to
local variation of oxygen concentration, has been
reported elsewhere.?® We believe that Nb doping
induces similar effects.

The temperature-dependent electrical conductiv-
ity values measured for the doped and undoped
compounds with different m values are displayed in
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Fig. 3a and b, respectively. Generally, it is indicated
that the electrical conductivity values of all the Nb-
doped RP phases (m = 1 through 5) are lower than
those of the m = oo specimen; e.g., the electrical
conductivity decreases from a value of 76 Q' cm ™!
form = 00t02.9 Q' em ! for m = 1 at 1000 K. This
behavior can be associated to the planar density of
the insulating rock-salt CaO layers in the poly-
crystalline RP samples, reducing the electron mean
free path. Interestingly, the electrical conductivity
for the different m values spans several orders of
magnitude, whereas the corresponding variation of
thermal conductivity (Fig. 2a) is tens of percent.
Moreover, it can be seen that the electrical conduc-
tivity values decrease systematically with increas-
ing CaO planar density (decreasing m value). In
addition, one can observe that the differences be-
tween the electrical conductivity values of the RP
phases diminish with increasing temperature, in
contrast to the behavior observed for the thermal
conductivity values (Fig. 2). It is also indicated that
the Nb-doped samples exhibit significantly higher
electrical conductivity values than those of the un-
doped samples, by ca. 2 to 4 orders of magnitude at
room temperature, as expected. Among the undoped
samples, the electrical conductivity values mea-
sured for the m = oo sample deviate from the ex-
pected trend, i.e., s(m = oc0)>0(m =3)>0 (m = 2) >
a(m = 1), being clearly observed for the Nb-doped
samples (Fig. 3a). This might be elucidated in view
of the different crystal symmetry of the m = oo
phase with respect to the other RP variants.?
Alternatively, this trend can be considered as an
unexpectedly high conductivity of the m = 3 com-
pound, originating from an uncontrolled level of
impurities. The latter are mostly pronounced for the
undoped compounds, being negligible for their Nb-
doped counterparts.
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Fig. 4. (Color online) Temperature-dependent Seebeck coefficient (thermopower) measured for the (a) Nb-doped and (b) undoped compounds
with different periodicities of m = co (inf., cross markers), m = 1 (black squares), m = 2 (red circles), m = 3 (blue left-triangles), m = 4 (green

diamonds), and m = 5" (purple right-triangles).
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The temperature dependence of the thermopower
for different m values with and without doping is
presented in Fig. 4a and b, respectively. It can be ob-
served that the |.S| values of the Nb-doped RP phases
(m = 1 through 5) are lower than that of the m = co
specimen. Additionally, the Nb-doped samples’ ther-
mopower values correspond with the CaO planar
density as follows: |S|(m = o00) >|S|(m = 5)>|S| (m =
4) >|S|(m = 3)>|S|(m = 2) >|S|(m = 1); this trend is
similar to that shown by the electrical conductivity
(Fig. 3a). It can be inferred from comparison between
Fig. 4aandb that Nb doping reduces the thermopower
absolute values, as expected. The nonsystematic
behavior shown for the undoped compounds (Fig. 4b)
again implies high sensitivity of the thermopower to
impurities.

DISCUSSION

Electrical Behavior and Power
Factor Calculation

The positive effects of the lattice periodicity, as
manifested by the m value, in reducing the thermal
conductivity are evident. This behavior has been
thoroughly discussed and modeled elsewhere.??
Notwithstanding these effects, the electrical con-
ductivity is also reduced by these extra CaO planes.
There is also an influence of m on the thermopower,
as shown in Fig. 4. Whereas the effects of the extra
CaO planes on the electrical conductivity can be
reasonably elucidated in terms of a reduction of the
electron mean free path or electron scattering, their
effects on the thermopower may not be elucidated in
a straightforward manner. This is because, on the
one hand, the average concentration of Nb atoms is
identical for all the Nb-doped compounds with dif-
ferent m values in Fig. 4a; on the other hand, the
thermopower is mostly determined by the dopant

concentrations rather than the defect distribution.®
In particular, the absolute value of the thermopower
decreases with increasing doping levels.! To address
this behavior, we note that the CaO layers are
insulating while the perovskite interlayers are
semiconducting. Also, Nb atoms 3ereferentially sub-
stitute at Mn sublattice sites,”’ residing in the
perovskite substructure. It turns out that the effec-
tive concentration of Nb dopants, which is defined as
their concentration in the semiconducting medium
only, becomes larger for decreasing m value, for
constant nominal concentration of Nb. This explains
the following systematic trend shown in Fig. 4a: |S|
(m = o0)>|S|(m = 5)>|S|(m = 4)>|S|(m = 3)> |3|
(m=2)>|S|(m=1).

Interestingly, this mechanism may also be rele-
vant for the trend shown for the electrical conduc-
tivity values in Fig. 3a, in which the temperature
dependence of ¢(7T) is dictated by the m value. It is
shown that o(7") decreases with temperature for
m = oo, that is, 92 <0 for the entire temperature

range, which is typical for metal-like behavior.?®
Conversely, o(T) increases with temperature for
m =1, that is, % >0 for the entire temperature

range, which represents a semiconducting behavior
originating from thermal activation of charge car-
riers.>®® The m = 2 through m =5 states exhibit
intermediate trends. Following the above-suggested
mechanism, we postulate that Nb doping of the
m = 1 structure results in an effective concentration
of Nb dopants that is greater than when doping the
m = oo structure, for a constant value of nominal Nb
concentration. In other words, the m = 1 structure
is, effectively, more heavily doped than its m = co
counterpart. This is the reason for the semicon-
ducting versus metallic behavior observed for the
two structures, respectively. This trend might be
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corroborated by the results reported by Bocher et al.
in their thorough study of Nb-doped CaMnOj;
(m = x).2® They measured the temperature-depen-
dent electrical resistivity values for 2 at.%, 5 at.%,
and 8 at.% Nb-doped compounds in the range from
300 K through 1070 K. They showed that the elec-
trical resistivity values increase with temperature
for all three compositions, but the rate of increase is
the largest for 2 at.% Nb and smallest for 8 at.% Nb.
This implies that Nb addition enhances the semi-
conducting nature of the compound, which corre-
sponds with the above-suggested mechanism.

We note that the electrical conductivity values
obtained in this study for the m = co structure, ca.
1Sem! and 100 Sem™! on average, for the
undoped and Nb-doped compounds, respectively, are
in the same order of magnitude and sli§htly larger
than those reported by Melo Jorge et al.*” The latter
reported resistivity values of 5 Q cm and 0.2 Q cm on
average for undoped and 5 at.% Ce-doped CaMnOs,
respectively. The above-average values obtained in
this study are similar to those reported by Bocher
et al., as well.?® The differences can be associated to
the different relative densities obtained by us
(Table I) and by those authors. It is also noteworthy
that the dependence of the electrical conductivity on
temperature exhibits a change of slope for both the
undoped and Nb-doped m = 3 compounds (Fig. 3).
This trend is most pronounced for the Nb-doped
compound, where o(m = 3) < a(m = 2) below 500 K
and o(m =3)>ag(m =2) above 500 K. This phe-
nomenon was observed and elucidated by Melo Jorge
et al. in terms of a semiconducting to metallic tran-
sition, induced by the doping level, defect distribu-
tion, and Mn valence state.>®

To represent the total effects of the m value on the
electrical behavior, we calculated the TE power
factor (PF), which is defined as PF = S?¢, for the

different m values, with and without doping. The
resulting PF values for the Nb-doped and undoped
samples are displayed in Fig. 5a and b, respectively.

Itis observed that the PF increases with increasing
temperature for all samples. Moreover, the PF values
of the Nb-doped RP phases systematically decrease
with increasing CaO density, attaining the greatest
values for m = co. We infer from this behavior that
the property that mostly dominates the TE perfor-
mance is the electrical conductivity. For the undoped
samples, due to the relatively high intrinsic electrical
conductivity of the m = 3 samples, the m = 3 and
m = oo specimens exhibit a compensation effect with
similar PF values.

There are only a few studies dealing with man-
ganate-based RP phases in the TE context, however
many deal with the role of substituent elements in the
m = co CaMnO; perovskite phase 2+ 28364942 Op
the other hand, studies which deal with the TE
properties of layered perovskite-type RP phases focus
on SrTiO3; (STO)-based oxides, that is, the SrO(Sr
TiOs), (n = integer) system.'®1943

Wang et al.’® and Lee et al.'®*? found that the
5 at.% La- and Nb-doped m =1 STO RP phase
possesses lower PF than that of the m = 2 Nb-doped
STO RP phase, by tens of tWK 2m1, in accor-
dance with our results. Furthermore, we note that
the PFs reported by them for the STO RP phases are
larger than those of our CaMnOs; RP phases by
approximately one order of magnitude.

Thermoelectric Figure of Merit

We calculated the ZT values for all the materials
based on the measured electrical conductivity, See-
beck coefficient, and thermal conductivity, applying
Eq. 2. The resulting ZT values of the Nb-doped and
undoped samples are presented in Fig. 6a and b,
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respectively. It can be seen that the ZT values of all
the Nb-doped and undoped samples increase with
increasing temperature up to 1000 K. This is a
technologically important finding, indicating that
improvement of the conversion efficiency of these
materials is a question of thermal stability, in con-
trast to common TE compounds, for which the ZT
values peak at lower temperatures. Furthermore, it
is evident that, for Nb doping, the highest ZT value
is obtained for the m = oo structure, with no CaO
atomic layers, reaching ca. 0.1 at 1000 K. The low-
est ZT value is obtained for m = 1 for both the Nb-
doped and undoped materials, whereas for the other
RP phases the ZT values range between those for
m = oo and m = 1. An exception occurs for the un-
doped samples, as in the PF results, where m = 3
displays ZT values similar to those of m = oo, which
is related to its high intrinsic electrical conductivity
values.

Comparison between the resulting ZT values of
our manganate-based RP phases and those of the
STO RP phases reveals that the latter possess higher
ZT values,'®'?*% by approximately one order of
magnitude, for both m = 1 and 2 with Nb doping.
Interestingly, for the STO RP system, the ZT value of
the m = 1 structure is lower than that of the m = 2
one, in agreement with our results. We emphasize
the important effects of the synthesis method on the
resulting functional properties, including the TE
figure of merit ZT; For instance, Bocher et al.?®
investigated the TE properties of CaMnOs; with
several Nb doping levels of 2 at.%, 5 at.%, and 8 at.%
(m = o0), synthesized using two different methods,
namely “chimie douce” (SC) and the classical solid-
state reaction (SSR). The SSR method reported by
them is the most closely related to our processing
method. Indeed, they report ZT = 0.075 at 1000 K
for 5 at.% Nb doping, which is slightly lower than
that achieved by us for similar conditions (4 at.%
Nb), 0.095. The highest ZT values for both methods
are obtained for 2 at.% doping, with a clear prefer-
ence for the SC method (for all compositions),
reaching the highest ZT value of 0.32.

CONCLUSIONS

Our study focuses on CaO(CaMnQOs),, n-type
perovskites (m = oco; 1 through 5), which are mod-
ulated structures formed of m perovskite CaMnO;
layers separated by rock-salt CaO layers. We aim to
draw a correlation between the TE properties of
thermal conductivity, electrical conductivity, and
thermopower and the periodicity of the planar de-
fects, denoted by m, in these CaO(CaMnO3),,,-based
compounds. We prepared several pure and Nb-
doped CaO(CaMnOsj),, compounds with different
periodicities (m values) by mixing elemental pow-
ders and sintering at temperatures up to 1673 K.
We performed basic materials characterization by
XRD and HRSEM in combination with laser flash
analysis for thermal conductivity measurements as

well as electrical conductivity and thermopower
measurements in the range from 300 K through
1000 K. Our main findings can be summarized as
follows:

1. We managed to synthesize RP phases of the
CaO(CaMnOz3),, form, either undoped or doped
with 4 at.% Nb, having periodicities of m = oo,
1, 2, and 3 for Nb doping. The rest (m = 4" and
5 Nb-doped) were classified by us as mixtures
of lower-m RP phases.

2. The CaO/(CaMnOg),, multilayering configura-
tions significantly reduce the thermal conduc-
tivity values compared with the m = oo base
material; this was accompanied, however, by a
reduction in the electrical conductivity and
power factor, as well.

3. Nb substitution at Mn sublattice sites increased
the electrical conductivity. In turn, the absolute
values of the Seebeck coefficient decreased.

4. The differences in the electrical conductivity
values of the RP phases decreased with increas-
ing temperature, whereas the differences in the
thermal conductivity values were retained up to
1000 K, having technological implications for
high-temperature applications.

5. The greatest ZT values were obtained by us for
m = oo at 1000 K, reaching 0.1 for Nb doping,
which is typical for calcium manganate com-
pounds. In spite of the desirable reduction of the
thermal conductivity, the ZT values obtained
for the RP phases are still low compared with
those of the m = co phases, possibly due to
charge carrier scattering from the CaO layers.

In view of the above, there are several questions
that remain open, involving issues such as dopant
chemistry and concentration optimization, synthe-
sis methods, and phase mixtures. Addressing these
directions is expected to result in enhancement of
the TE performance of calcium manganate com-
pounds.
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