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Microstructural Influence on Thermoelectric Properties of CaMnO, Ceramics
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Thermoelectric properties of pure polycrystalline CaMnO, ceramics were significantly enhanced by
increasing sintering holding time from 1 to 24 h. The Seebeck coefficient values were reduced while the
sintering holding time was increased, and the DC electrical conductivity was enhanced from 255 S/m
to 1.748 S/m. This same effect was observed in electronic thermal conductivity, increasing from 5x10-3
to 3.5x102 W/m K, whereas the lattice thermal conductivity decreased from 5.0 to 4.0 W/m K at 873K.
Overall, CaMnO, ceramic sintered for 24 h demonstrated the best performance, which presented a
Figure-of-Merit value of about 0.03. The grain size of the samples ranged from 2.79 um to 6.45 um,
due to the sintering holding time, directly influencing the high-temperature thermoelectric properties

of CaMnO, ceramics.
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1. Introduction

The environmental impacts caused by fossil fuels
are quite significant and, also, one of the main sources of
residual heat comes from cars, as approximately 60% of the
fuel energy is lost as heat'. Some of this wasted energy can
be harvested and converted directly into electrical energy,
enhancing the efficiency of electrical devices, like hybrid
vehicles. Thermoelectric materials appear as an alternative
to convert thermal energy directly into electrical energy
from a temperature gradient, which induces a flux of charge
carriers from the hottest to the coldest region in the material.
The efficiency of the thermoelectric conversion is evaluated
using the Figure of Merit (Z7) values, which is calculated
from the Equation 1, as follows?:

ZT =(S*c / k)T (1)

High ZT values are obtained if thermoelectric materials
exhibit low thermal conductivity () and high values of
Seebeck coefficient (S) and electrical conductivity (o).
Intermetallic materials, such as alloys based on tellurides
and silicon-germanium, have Z7 values higher than unity'?,
but these materials have limitations because they do not
support oxidative environments. On the other hand, although
thermoelectric oxides do not present satisfactory values of
ZT, they are a viable option for acting as thermoelectric
materials due to their stability at high temperatures and
oxidant environments*. The most promising p-type oxides
are compounds based on cobaltites of alkaline or alkaline
earth metals, such as Ca,Co,0,* and Na CoO, having values
of ZT up to 0.27° and 0.727 at 600 °C, respectively.

Perovskite oxides like CaMnO, (CMO) and StTiO, ceramics
are well-advised as most promising n-type thermoelectric
ceramics, due to the flexibility respect to doping at both sites®,
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Aand B.- Also, these oxides exhibit high thermal conductivity
that causes a drop in the ZT values®. Its advantages are due to
the values of'its thermoelectric properties, that is, high values
of Seebeck coefficient (|S|, > 400 pVK-1)’ and reasonable
values of electrical conductivity (,,, >700 S/m)'*"". Studies
carried out on this oxide, involve the modification of several
parameters, which include doping, differentiated methods
of synthesis, calcination and sintering atmospheres, seeking
to understand how these parameters alter the thermoelectric
properties of the material®!>!4. Studies about CMO presented
in literature get Z7 values in the range 0.018-0.075"1516 and
SrTiO3 presented values of 0.01 at 500 °C'”. Furthermore, to
obtain a good thermoelectric device, the ZT values must be
close between the type-n and type-p materials'®. The n-type
oxides still need to be further studied because they do not
have ZT values as good as p-types materials.

Calcium Manganite, or CMO, is a perovskite ceramic
with an orthorhombic crystalline structure, and n-type
semiconductor characteristics, which has been the object of
several studies'*? to improve its thermoelectric parameters.
The synthesis process can improve the thermoelectric properties
of the material. Bocher et al.® and Lan et al.”® studied the
synthesis of CMO based ceramics using two different routes.
They reported that Z7 values obtained by chemical route
were higher than the ones achieved by solid-state reaction,
mainly due to the difference in grain size obtained for each
route. Some studies demonstrate that large grain sizes provide
improvements in the values of electrical conductivity>*2¢.
Thus, one of the ways not widely explored by research would
be to produce ceramics with larger grains by increasing the
sintering time, intending to increase the ZT values.

This study aims to reports the effects of sintering holding
time on the grain size, structure, microstructure, and the
thermoelectric properties of CaMnO, ceramics prepared by
solid-state reaction method.
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2. Experimental Procedure

Raw precursors CaCO, (Impex, 99.0%) and MnO
(Sigma-Aldrich, 99.0%) were mixed in ball mill for 3.5 h
into polypropylene jar containing deionized water (DIW)
obtained by process of reverse osmosis (RO), presenting
electrical conductivity of 0.05 S/m, and zirconia grinding
media. The dried powder was calcined at 1273 K, as suggested
by thermogravimetric (TG) and differential thermogravimetric
(DTG) analyses (Netzsch STA-449). The structural analysis
of the calcined powders was performed by X-Ray Diffraction
(XRD)(Bruker D8 ADVANCE) using CuKa radiation.
Microstructural observations were evaluated by a Scanning
Electron Microscopy (SEM) with a PHENOM Pro-X,
aided by the Energy Dispersive Spectroscopy (EDS) for
semiquantitative analysis of chemical elements.

After calcination, the samples were uniaxially pressed
at 160 MPa into discs and presented a thickness and diameter
of 1.5 mm and 12 mm, respectively. After, dilatometric
analysis (Netzsch DIL 402PC) was performed to determine
the ideal sintering temperature. The samples were sintered
at 1498 K in a tubular resistive furnace with different
sintering times of 1, 3, 6, 12 and 24 h with airflow by natural
convection. After sintering, XRD analyses were performed
to assess crystalline phases present in the ceramics. SEM was
conducted to observe the morphology and aided to measure
the particles and the grain size of the samples.

The lattice parameters were obtained from the structural
refinement using the Rietveld method, thus, the theoretical
density for each sample was obtained. The apparent densities
of the ceramics were determined by the Archimedes method.
The average particle and grain size were measured using
the ImageJ software?’.

The electrical conductivity values were obtained using
the 4-probe DC method. The measurement of the Seebeck
coefficient was performed using a AT of 10 K. These
two measurements (WT Industria-SB01) were conducted
from room temperature up to 873 K in the air atmosphere.
The thermal diffusivity (o) measurements (Netzsch LFA-427)
were carried out from room temperature up to 873 K in the
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N, atmosphere at 50 mL/min, using the pulsed laser technique.
From o values, the thermal conductivity was calculated
using the equation k(T) = Cp(T).8(T).o(T), where, Cp is
the specific heat and § is the theoretical density. Following
the ZT equation (Equation 1), the Figure of Merit values
were calculated using the data obtained from the previous
measurements, referring to the thermoelectric parameters.

3. Results and Discussions

Figure 1 presents the TG and DTG curves for the
mixture of the precursors for CMO composition, as well
as the curves of each precursor. TG curve to CaCO, shows
mass loss regarding the thermal decomposition of CaCO; to
CaO0, as follows?®:

CaCO; <> CaO +CO,

At the TG/DTG MnO curves there is a mass gain of
approximately 12% (expected value = 11.3%)) in the interval
0f 300K to 1173 K due to oxidation of MnO to Mn, O, in air
atmosphere. Close to 1173 K, beholds a mass loss related
to the manganese oxide reduction from Mn,O, to Mn,O,,
and at 1203 K, without mass variation, it is noticed a phase
transition. These events occur following the reactions below?:

2MnO + O, = Mn,0; + 20,

3Mn,0; — 2Mn;0, + 40,

From the TG curves, it is possible to observe that the
chemical reactions to form the CMO phase are completed
around 1273 K, so, this temperature was adopted for the
calcination of the powder. Mouyane et al.’! also observed
that after 1273 K there is no more occurrence of any reaction
in CMO powder.

Based on dilatometric analysis for green CMO ceramic,
the sintering temperature was set at 1498 K. Some studies
have announced sintering temperature at 1423 K32, 1473 K2,
1573 K*, 1623 K'?, indicating that this adopted sintering
temperature is in accordance with the literature.
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Figure 1. TG/DTG curves for raw precursors and CMO mixture.



Microstructural Influence on Thermoelectric Properties of CaMnO, Ceramics 3

The XRD patterns for calcined powder and sintered
ceramics are presented in Figure 2. From XRD characterization,
theoretical density about 4.58 g/cm® was obtained for CMO
powder. The CMO phase major peaks have been indexed in
the orthorhombic system, as shown in Figure 2a, but also, it
can be perceived the presence of a small amount of marokite
(CaMn,0,) as a secondary phase. From the XRD pattern of
the sintered ceramics (Figure 2b, c, d, e, and f), it can be
observed the exclusive presence of CaMnO; single-phase.
Some studies*** attribute the appearance of this secondary
phase to the low calcination temperature. The higher sintering
temperature can be responsible for avoiding the permanence
of the CaMn,O, phase, favoring the consolidation of the
exclusive CaMnO, phase in the ceramics. Due to CMO be
one of the stoichiometric phases in the CaO-MnO phase
diagram, a small deviation in the Ca/Mn concentration
ratio can promote the formation of marokite, which can
induce mechanical stress inside of the material and produce
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= CaMnO,
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Figure 2. XRD patterns of the samples: a) powder, b) CMO-1h, c)
CMO-3h, d) CMO-6h, ¢) CMO-12h and f) CMO-24h.

microcracks. However, this effect can be avoided when the
reaction of the precursors occurs at higher temperatures®¢-%.

Table 1 presents the values of lattice parameters and unit
cell volume (V) for ceramics sintered at different holding
times. It can be noted the value of 207.96 + 0.10 A® as the
largest cell volume calculated to CMO ceramic sintered
for 1 h (CMO-1h), 207.65 +0.12A3 was obtained to CMO-12h
while 207.44 + 0.06 was computed to CMO-24h. It has been
reported that CMO ceramics with high concentration of Mn**
cation in the lattice is due to oxygen loss*, which depends on
the processing method used to produce the ceramics, since
the oxygen vacancy content affects the Mn*/Mn** ratio®.
However, no significant variation was observed in cell
volume for CMO-1h, CMO-3h, CMO-6h, CMO-12h. A very
slightly decrease in cell volume is noted for CMO-24h,
suggesting that the Mn**/Mn*" ratio content was affected
by long sintering holding time. Fu et al.*! reported in their
work that the variation in the sintering time causes changes
in the lattice parameters and decreases the concentration
of Mn*". Wang et al.*, attributed the decrease in unit cell
volume to Mn-O-Mn (d,,  ,.) linkage distance reduction,
which may enhance the Mn—O bond. Structural distortions
are associated with this behavior and suggest the correlation
between crystal structure and electrical transport properties.
Thus, CMO-24h ceramic should present the shortest d,,
bond. So, the overlap between Mn3d and O2p orbitals of the
system is expected. Thus, the electron hopping between Mn**
and Mn** is facilitated by interactions between these orbitals,
which will influence strongly the electrical conductivity. This
argument will be considered in posterior discussion about
thermoelectric discussion.

The relative densities, apparent porosity and grain size
of the ceramics are listed in Table 2. It is noted the increase
in the densification and the decreasing of apparent porosity
with sintering time, so, the ceramic with the highest relative
density value is the CMO-24h. According to Mazur?®, rising
the sintering temperature, the CMO ceramics undergo
the increasing of densification and porosity stabilization.
Nevertheless, the evaluation of the sintering time is not
usually studied due to huge different synthesis and sintering
conditions. The increase of the sintering time rises the
densification of the samples and of the grain size, thus,
decreasing the porosity. This occurs due to the enhancement
of'the diffusion process, which leads to an increase the grain
size, and consequently, decreasing the surface energy in the
grain boundary*#,

Figure 3 shows the SEM images for the powder
(Figure 3a) and for the sintered ceramics (Figure 3b to 3f).
It is clear that the average grain size of the CMO
ceramics increases with the increase of the holding time.

Table 1. Lattice parameters and cell volume for CMO ceramics sintered at different holding times.

Sample a : v
A) @A) @A)
CMO-1h 5.280 +0.001 7.473 +0.002 5.271 +£0.002 207.96 + 0.10
CMO-3h 5.280+0.001 7.468 £ 0.002 5.266 +0.001 207.63 £ 0.08
CMO-6h 5.272+£0.001 7.451 +0.002 5.286+0.001 207.67 +0.08
CMO-12h 5.268 £ 0.002 7.461 +0.003 5.283 +£0.001 207.65+0.12
CMO-24h 5.275+0.001 7.468 +0.001 5.265+0.001 207.44 £ 0.06
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Table 2. Relative density, apparent porosity and grain size for CMO ceramics sintered with different holding time.

Sample CMO-1h CMO-3h CMO-6h CMO-12h CMO-24h
Relative Density (%) 83.3 88.2 96.9 97.5 99.4
Apparent Porosity (%) 15.5 1.7 2.9 0.7 0.8

Grain Size (nm) 2.79+0.79 3.03+1.04 3.78+1.40 5.41+£2.43 6.45+3.06

e vev
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Figure 3. SEM images of the a) powder, b) CMO-1h, ¢) CMO-3h, d) CMO-6h, ¢) CMO-12h and f) CMO-24h ceramics.

The average grain size measured from SEM images is
listed in Table 2. Also, it is possible to note the increase
of the grain size dispersion due to the uneven grain
growth. These changes in morphology are mainly caused
by high calcination temperatures and long sintering
times****. SEM images for ceramics with 6, 12 and 24 h
of sintering time, Figure 3d, 3e and 3f, respectively,
shows that the microstructures are in good agreement
with the dense materials and consequently small porosity.

The grain size obtained for CMO ceramics in other studies
ranged between 3 and 5 pm for sintering temperature
of 1473 K for 10 hours'’, 1573 K for 24 hours and 1623 K
for 36 hours*. In the present study, the densities of the
ceramics were between 83.3% and 99.4%, while in others
studies these values were between 76% for sintering
temperature of 1473 K for 10 hours®’ and 97.8% for
sintering temperature of 1573 K for 12 hours*.
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In the conductive or semiconductor materials, the contribution
of electronic charge carriers in the thermal conductivity
(k) is described by Wiedemann-Franz Law*® (Equation 2):

K, =oLT ()

Where ¢ is the electrical conductivity, L is the Lorenz
constant and 7 is the absolute temperature. The curves in
Figure 4 indicate that i, values increase with temperature.
Furthermore, the contribution of «, for thermal conductivity
does not exceed 0.50% of total «, indicating that the most
significant contribution is related to the lattice (i) thermal
conductivity. In agreement with other studies, the contribution
of an electronic component (k,) in comparison to the lattice
component (k,) could be negligible'**4%, behavior expected
for materials with low electrical conductivity, as insulator
and semiconductor materials. It is noted the decrease of k,
values as temperature increases, which is characteristic of
the insulating ceramics. Moreover, longer sintering time
promoted an increase in the thermal conductivity values

of the ceramics®. The presence of pores can decrease the
thermal conductivity values because air has lower values than
all the ceramics (0.026 W/m K)?*!. Thermal conduction by
phonons is the main heat mechanism transport in ceramics.
Thus, the process of phonon spreading caused by the presence
of pores and grain boundary is responsible for the decrease
in the mean free path of phonons, which causes a decrease
in the thermal conductivity values®2. The decreasing in
lattice thermal conductivity with increasing temperature
can be explained by the increase in the number of phonons
that participate in the phenomenon of heat transport and,
consequently, the increase of the probability of these collide
and/or interact which results in an “Umklapp process ", that
reduces the heat transfer efficiency of phonons and therefore
reduces the thermal conductivity as the temperature rises. The
thermal conductivity is strongly influenced by the density of
the ceramics, so the densest samples have the highest values
of thermal conductivity and vice-versa®.

The electrical conductivity values (o) of the CMO
ceramics are shown in Figure 5. As noticed in Figure Sa,
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Figure 4. Electronic and lattice components of the thermal conductivity for the CMO ceramics.
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o values increases with temperature for all ceramics, and
the highest value (1748 S/m) was obtained for CMO-24h
at 873 K. Also, the o-T curves for all the specimens are
similar up to 650 K. Yang et al.*’ reports that manganese
perovskites based ceramics present the mechanism of
electrical conduction of small polaron, explained by Mott-
Davis equation®, given by the Equation 3.

c E,
U_?exP[_KBTJ )

Where C is a pre-exponential factor referring to intrinsic
characteristics of the crystalline lattice of material and provide
information related to the carrier scattering mechanism®,
T'is the absolute temperature, £ is the activation energy for
hopping conduction mechanism and K, is the Boltzmann
constant. The increase of the temperature is responsible
for assist the electron hopping through the small polaron
mechanism***’, The electrical conductivity values diverge
in literature, due to different synthesis methods and sintering
conditions of the ceramics'®’#’. These different synthesis
and sintering methods strongly affects the number of
defects, such as grain boundaries®, which directly influence
the mobility of carriers. The relation between grain size
and electrical conductivity of the ceramics at 873K is
presented in Figure 5b. As the grain size increases, due to
effect of sintering time, the electrical conductivity values
rise. High grain size values imply into the reduction of
grain boundaries, thus the scattering centers are reduced,
consequently, the electrical conductivity increases?**%. The
electrical conductivity values obtained in the literature range
between 500 S/m* and 700 S/m'?, for ceramics produced by
solid-state reaction or chemical method’, calcined at 1373
K, and sintering temperature between 1473K and 1523K.
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Based on Equation 3, the activation energy calculated for
CMO ceramics are presented in Table 3.

The activation energy values obtained by other authors
for CMO ceramics varied between 0.08°' and 0.38 eV, thus,
the values obtained in the present study are in agreement
with other studies. The difference perceived to other values
achieved in literature, based on Equation 3, occurred due
to the impurities and the crystallinity of the sample'**.
However, in the present study, it is noticed about the same
E_ values for CMO-3h to CMO-24h ceramics, indicating
in this case, the sintering time does not significantly affect
the £ values®. The slight difference in band gap energy for
CMO-1h compared to other ceramics can be induced by
structural distortions, gives rise to the different resistivities
of the samples, even though they have almost equal electron
carrier concentration*’. These distortions could be related to
higher amount of grain boundary in this ceramic, presenting
higher electrical resistivity, as previous discussed.

Figure 6 shows the temperature dependence of the
Seebeck coefficient (S) values. The values of the Seebeck
coefficient depends strictly on the electronic structure of the
material***. The negative value of S is characteristic of n-type
material, in which the electrons are the major charge carriers.
When the material is submitted to a gradient temperature, it
presents a higher concentration of electrons on the hot side,
creating an opposite electrical voltage with temperature
gradient?#%, The modulus of Seebeck coefficient values
decreases with the increasing temperature, which may explain
the behavior of the semiconductor material due to an increase
in the concentration of the carriers with the temperature!>*,
For the temperatures above 600 K occurs the stabilization
effect, in which the Seebeck coefficient is not dependent
on the temperature. The Seebeck coefficient can be given

Table 3. Activation energy for CMO ceramics sintered at different holding times.

Activation energy (eV)

Sample 1h 3h 6h 12h 24h
CMO 0.13 0.20 0.19 0.19 0.22
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Figure 6. Seebeck coefficient values for the CMO ceramics.
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Figure 7. ZT values of the CMO ceramics.

by the model proposed for degenerate semiconductors®, as
expressed in Equation 4.

p)
5= [8”2’25 mT][”jA @
3eh 3n

where £, is the Boltzmann constant and n and m* refer to the
carrier concentration and the effective mass of the carrier,
respectively. Snyder and Toberer' and Li et al.® concluded
that materials with low charge carrier concentration present
as consequence high Seebeck coefficients values and low
electrical conductivities, as also observed in this study.
Srivastava et al.”, observed in SrTiO, ceramics the reduction
of the Seebeck coefficient and the increase in electrical
conductivity with the increase of the sintering time. In
the present study, this same behavior can be observed and
attributed to the increase of the charge carriers, occasioned
by the manganese valence change. The S values found in
the literature for CMO ceramics are between -180 pV/K and
-350 pV/K 3326870 for temperature range between 300 K and
900 K, which are in agreement with this study. CMO-1h
ceramic presents higher Seebeck values at low temperatures
and exceptionally low electrical conductivity, compared to
the other ceramics. As discussed before, the low electrical
conductivity indicates low charge carrier concentration in
the ceramic, improving significantly Seebeck effect and
increasing its values.

The Figure of Merit (Z7) values for the ceramics,
calculated from Equation 1, are shown in Figure 7.
The enhancement of ZT values is related to the increase of
the sintering time. Z7 values for CMO ceramics at 873 K
are between 0.005 and 0.028 for CMO-1h and CMO-24h,
respectively. In general, the increase in sintering time led to
an improvement in Z7 values in CMO ceramics. Increasing
sintering time, the Seebeck coefficient value was changed
by 38.5%, the electrical conductivity increased by 583.5%
and the thermal conductivity was increased by 21.4%.
Since the calculation of the ZT values depends directly

on these three parameters, the values were affected more
significantly by the electrical conductivity in relation to
the thermal conductivity and Seebeck coefficient values.

As discussed before, the ceramics produced with higher
sintering time, own higher grain size and lower porosity than
the other ceramics. In this case, these two effects increase both
electrical and thermal conductivities. But the contribution
to enhancing electrical conductivity was more pronounced
than to enhance thermal conductivity, which leads to an
increase of 5.6 times the ZT values of the ceramics sintered
from 1 to 24 h.

4. Conclusions

From the production of polycrystalline ceramics
of CaMnO, by solid-state reaction, the microstructural
characteristics and thermoelectric properties were evaluated
about different sintering times. In the process of obtaining
the calcined powders the presence of a secondary phase,
CaMn,0,, was detected, but for the sintered samples this
secondary phase was no longer present. The increase of the
sintering time in the ceramics promoted the increase in the
average grain sizes, reaching values between 2.8 to 6.5 um.
Also, the increase of the sintering time directly increased
the densification of the samples, as, the apparent densities
directly varied between 83% and 99%. The thermal
conductivity increased with the sintering time, reaching
values between 4.0 and 5.0 W/mK at 873 K. The Seebeck
coefficient values do not undergo significant changes in
sintering times at higher temperatures, with values between
-350 and -200 uwV/K. The differentiation of the sintering
times allows to conclude that long sintering times can
enhance the thermoelectric properties of CMO ceramics, due
to the reduction in electrical resistivity presented by these
samples, which causes increases in the values of electrical
conductivity, presenting values of 1748 S/m at 873 K for
CMO ceramic sintered for 24 hours. The factor that most
contributed to enhance the ZTs values of the samples is the



8 Torres et al.

electrical conductivity. At last, increasing time sintering
drove to increase the grain size and reduce the porosity of the
CaMnO, ceramics, features which were more clearly seen in the
ceramic sintered for 24 hours. Based on these issues, thermal
and electrical conductivity increased by 21.4% and 583.5%,
respectively, but the Seebeck coefficient changed by 38.5%.
Somehow, the conjunction of these parameters was favorable
to obtain growing values of ZT, from 0.005 to 0.028 at 873 K,
between 1 and 24 hours of sintering, which leads to an
increase in the ZT values in 5.6 times.
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