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ARTICLE INFO ABSTRACT

Keywords: Perovskite calcium manganate CaMnOs. is representative of an essential group of semiconductors with unique
Thermoelectric physical phenomena including colossal magnetoresistance and thermoelectric properties. For the large-scale
Perovskite applications that require the utilization of oxide ceramics, the polycrystalline materials’ physical properties
;)i:'iiing such as conductivity can be controlled and ultimately optimized through tuning the ceramics sintering conditions.

In the present study, the impact of the sintering temperature on the structure and thermoelectric performance of
CaMnOs 5 is systematically studied. For the ceramics pellets made of precursors powders synthesized using the
chemical sol-gel reaction, the increase in the sintering temperature dramatically increases the electrical con-
ductivity by order of magnitude and simultaneously increases the Seebeck coefficient. Meanwhile, the thermal
conductivity increases with the rise of the sintering temperature. Among the samples sintered at different tem-
peratures, the peaking thermoelectric Figure of Merit ZT of pristine CaMnOs._s reached 0.28, which is a factor of
2.5 higher than the highest reported ZT for pristine CaMnOs3.s and approached that of the doped single-phase
CaMnOs3.s5. The electrical and thermal properties changes were interpreted based on the oxide ceramics hierar-
chical structure evolutions, from unit cell level to micron scales, induced by changes of sintering temperatures.

Thermal conductivity

1. Introduction

Perovskite calcium manganate [1,2] CaMnOs s has been firstly syn-
thesized in the 1960’s and studied since then due to their unique mag-
netic properties such as colossal magnetoresistance, for which the
electrical resistivity decrease after applying a magnetic field near the
magnetic ordering Curie temperature [3,4]. In 1995, the research interest
of the CaMnOs3 s further merged due to the discovery of its thermoelectric
[2] properties or its ability to convert the temperature difference into
electricity or vice versa. As the n-type semiconductor, CaMnOj3_s could be
paired with a p-type thermoelectric oxide such as Ca3Co4Og9 [5,6] and
form thermoelectric unicouple and modules. Such thermoelectric devices
are without moving parts and free maintenance for solid-state power
generation or cooling [7-13]. Due to its high thermal and chemical sta-
bility in an oxidizing atmosphere [14-17], natural abundancy and
non-toxicity, CaMnOs3.5 represent enormous promise for large scale
thermoelectric applications for recovering waste heat from various in-
dustry sources such as cement manufacturing, steel making [18] or the
combined heat and power applications in fuel cells [19-22].
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Nevertheless, the compelling need for TE device is currently hindered
by the low energy conversion efficiency of oxide thermoelectric mate-
rials. The thermoelectric materials for practical applications need to
possess high conversion efficiency that is characterized by the dimen-
sionless figure-of-merit [23], ZT. ZT is defined as SzﬁT/K, where S is the
Seebeck coefficient, ¢ is the electrical conductivity, S% is the electrical
power factor, « is the thermal conductivity, and T is the absolute tem-
perature. The efficiency reaches about 10% when ZT = 1, and hence ZT
> 1 is generally accepted as a criterion for practical applications. In order
to realize an efficient TE energy conversion, the following three physical
properties are simultaneously required for TE materials. (1). Low thermal
conductivity x, which is necessary to introduce a large temperature dif-
ference between two ends of the materials (2). High electrical conduc-
tivity o, which is required to reduce the internal resistance of the
materials for carrier flow and (3). Large electromotive force (Seebeck
Coefficient S), which is the driving force for the current flow to obtain a
high voltage. CaMnOs.5 possesses a substantial Seebeck coefficient
around ~ -600 pV/K at room temperature regime. For the
single-crystalline [24] CaMnOs.5, the theoretical calculation predicts the
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ZT as high as 1.15 at 1000 K. The thermal conductivity of polycrystalline
CaMnOs 5 is very low, around 3.5 W/mK at room temperature regime.
However, the electrical resistivity of polycrystalline CaMnOs_g is very
high. A substantial amount of effort has been made to improve the
thermoelectric properties of CaMnOs 5 using the doping modification on
either the Ca or Mn site, or both [25-33]. However, as for other TE
materials, the Seebeck coefficient and the electrical conductivity are both
functions of carrier concentration, the electrical conductivity increases as
the carrier concentration and carrier mobility increase. At the same time,
the Seebeck coefficient decreases as the carrier concentration increases.
As a consequence, conventional doping for increasing the carrier con-
centration generally results in the simultaneous increase of electrical
conductivity and a decrease of the Seebeck coefficient and eventually
leads to a minimal increase in the overall power factor [34-37]. Some
special fabricating methods, such as spark plasma sintering and spray
drying, have been applied to further improve the thermoelectric perfor-
mance [35]. Among the single-phase CaMnQO3.5 ceramics synthesized
using different methods including spark plasma sintering [35], solid-state
reaction [38], gas-phase reaction synthesis [39], chemical coprecipita-
tion method [40], glycine-nitrate synthesis [41], electrostatic spray
deposition [42], and soft chemistry synthesis (sol-gel) [43], the highest
reported ZT of pristine [44] CaMnOs is 0.11, while the doped [45]
CaMnOs s possess the peaking ZT of 0.32.

Accordingly, despite the very high Seebeck coefficient and low
thermal conductivity, the figure of merit ZT for ceramics CaMnOs3.g
remained to be very low. As such, there is a strong need to improve the
thermoelectric performance of CaMnOs 5 ceramics, especially to increase
electrical conductivity. The polycrystalline ceramics materials have their
physical properties strictly depending on the hierarchical structure. The
hierarchical structure that has a dramatic impact on the transport prop-
erties of perovskite ceramics rang from the cation valence state, oxygen
stoichiometry to the porosity, and the grain boundary nanostructures of
the sintered ceramics. As such, the present work focus on investigating
the impact of sintering temperature changes on the hierarchical structure
and thermoelectric performance of pristine CaMnQOj3_s. Upon the tuning of
sintering temperatures for sintering of the CaMnOs.s ceramics with the
powders precursor synthesized using the chemical sol-gel route, a ZT of
0.28 is obtained for the pristine CaMnOs_s. This ZT of 0.28 is a factor of
2.5 higher than the highest reported ZT for pristine CaMnOs.5 and ap-
proaches the one obtained for the doped CaMnOss. Such high-
performance pristine CaMnOs_s will be ideal for further performance
enhancement using the doping. The atomic and nanoscale structure
origin of the performance enhancement was systematically investigated.

2. Experimental procedure

The precursor powders for CaMnOs 5 pellets were prepared by sol-gel
reaction of Ca(NOs3)>—4H,O (Calcium nitrate) and Mn(NO3),-4H,0
(Manganese nitrate) in stoichiometric ratios, mixed with citric acid and
polyethylene glycol, and dissolved in a mix of deionized water, ethylene
glycol and nitric acid. The mix was put on a hot stage, heated and stirred,
in order to remove the water from the solution and to form the gel. The
gel was ashed at 773 K in a Lindberg/Blue Thermo Scientific box furnace.
The resulted ash was put in a planetary ball milling machine (Retsch PM
100) to obtain a fine powder. Then, the powder was calcined at 1173 K
for 2 h in a tube furnace with oxygen flow. The calcined powder was
mixed with 5 Polyvinyl butyral (PVB) and ethyl alcohol, heated on a hot
stage, and stirred until dried. The resulted powder was manually ground
again to obtain a fine powder. This powder was uniaxially pressed into
pellets at 0.75 GPa at 423 K. The pellets were sintered at four different
temperatures, 1273 K, 1373 K, 1473 K, and 1573 K, for 2 h, in a tube
furnace with oxygen flow. The Seebeck coefficient and the electrical
resistivity of the material were measured using Linseis LSR-1100 in a low
pressure He environment, at a temperature range from 298 to 1073 K.
The thermal conductivity of the samples was measured by a Laser Flash
Analyzer (LFA) Linseis-1200 within a temperature range from 298 to
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1073 K. The phase identification and crystal structure were characterized
by X-ray diffraction using a Panalytical X'PertPro XRD with Cu Ka ra-
diation at room temperature. The lattice parameters were determined by
Rietveld refinement using the FullProf [46] software. The morphology
and microstructure of the sintered samples were examined by scanning
electron microscopy (SEM; Hitachi S-4700). TEM samples were prepared
by mechanical polishing and ion milling in a liquid-nitrogen-cooled
holder. Electron diffraction, diffraction contrast, and HRTEM imaging
were performed using a JEM-2100 operated at 200 kV.

3. Results
3.1. Electrical properties

Fig. la displays the electrical resistivity (p) pQm of the sintered
samples of CaMnOs s at different temperatures. For the samples sintered
at 1273 K and 1373 K, the electrical resistivity at 380 K is very high, with
values of 59240 pQm and 53998 pQm, respectively. On the other hand,
sintering at 1473 K and 1573 K resulted in the decrease of magnitude of
the electrical resistivity to 5329.29 pQm and 6859.48 pQm at 380 K.
There is a continuous decrease in the electrical resistivity with the in-
crease of measurement temperature for all samples. The lowest p were
321.28 pQm, 188.44 pQm, 262.35 pQm, 209.95 pQm at 1078 K for the
samples sintered at 1273 K, 1373 K, 1473 K, and 1573 K. Seebeck co-
efficient (Fig. 1b) of all samples depict a negative value, indicating that
the predominant charge carriers are electrons. For the samples sintered at
different temperatures, the absolute value of the Seebeck Coefficient
exhibits a different trend towards the increase of the measuring tem-
perature. For the samples sintered at 1273 K and 1373 K, the Seebeck
coefficient continued to increase with the increasing measuring tem-
perature and peaked at 650-700 K. Further increase of the measurement
temperature resulted in a decrease of the Seebeck coefficient. The
maximum Seebeck coefficient value of the sample sintered at 1373 K was
—593.42 yVK ! at 564 K. The maximum Seebeck coefficient value of the
sample sintered at 1273 K was —554.47 uVK ! at 660 K. By contrast, for
the samples sintered at 1473 K and 1573 K, there is a continuous decrease
of the absolute value of the Seebeck coefficient while increasing the
measuring temperature from 380 K to 1100 K. The highest value was
—655.87 pVK ! at 380 K for the sample sintered at 1573 K.

The power factor was calculated using P=S2/p (Fig. 1c). Due to the
dramatically decreased electrical resistivity with the increase of the
measurement temperature, the power factor of all samples increased with
temperature. The increase in the sintering temperature has apparently
increased the electrical power factor measured at different temperatures.
The sample sintered at 1573 K exhibits the highest power factor that peaks
at 1078 K with a value of 0.375 mWm 'K 2, and the maximum power
factor of the sample sintered at 1373 K was 0.288 mWm 'K 2 at 1078 K.

3.2. Thermal conductivity and ZT

Thermal conductivity is calculated using the equation k = Cphp,
where Cj, is the specific heat, ) is the thermal diffusivity, and p is the
density. Thermal conductivity as a function of temperature is shown in
Fig. 2a. The electronic thermal conductivity k] and the phonon (lattice)
thermal conductivity kp, contribute to the total thermal conductivity of
the materials, k = ke + Kpn, thus each component of the thermal con-
ductivity can be analyzed independently. By considering the
Wiedemann-Franz law «x,; = LoT/p, where Ly is the Lorenz number (2.44
x 1078 WQK’Z), and p is the electrical resistivity, the electronic thermal
conductivity (Fig. 2b) can be calculated, and thus the phonon thermal
conductivity (Fig. 2¢). The phonon thermal conductivity appears to be
dominant for all samples. The value of ZT increases with temperature for
all samples, as shown in Fig. 3. The highest ZT was 0.282 at 1073 K for
the sample sintered at 1373 K. The peaking ZT at 1073 K of the samples
sintered at 1273 K, 1473 K, and 1573 K are 0.245, 0.185, 0.204,
respectively.
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Fig. 1. Temperature dependence of electrical transport properties of CaMnO3_5 (a). Electrical resistivity (b). Absolute Seebeck coefficient (c). Power Factor.

3.3. XRD lattice parameters and Mn-O distance

The X-ray diffraction patterns taken at room temperatures for
CaMnOs 5 sintered at different temperatures are shown in Fig. 4a. All
diffraction peaks for the samples can be indexed as those CaMnOs 5 [47],
with an orthorhombic structure belonging to the Pnma (62) space group.
All samples appear to be single-phase without the presence of the im-
purities. The lattice parameters obtained through Rietveld refinement are
given in Table 1.

The lattice parameters systematically increase with increasing sin-
tering temperature. The evolution of the lattice parameters and cell
volume for samples sintered at different temperatures are shown in
Fig. 4b. For the CaMnOs s with the orthorhombic crystal structure, the
unit cell orthorhombicity (Or) has been defined by the equation Or(%) =
[(a—c) /(a+c)] x 100 with respect to the c-axis. This orthorhombicity
can be used as a measure of the orthorhombic distortion [48]. Table 2
displays that there is a decrease in orthorhombicity with increasing the
sintering temperature. As a result of Rietveld refinement, interatomic
distances and angles are also obtained. Mn-O distances and angles were
studied in order to analyze the influence of sintering temperature on
octahedral tilting magnitude. A distorted orthorhombic structure is given
in Fig. 4c. Table 2 comprises characteristics of distances and angles be-
tween Mn, Oa, and Op atoms. Average values of interatomic distances
Mn-O present a small but continuous increase with an increase of sin-
tering temperatures from 1273 K to 1373 K. Nevertheless, further in-
crease of sintering temperature to 1473 K and 1573 K has largely
changed the bond-lengths and bond angles.

3.4. Theoretical and apparent density of the pellets

Based on Rietveld refinement, the theoretical density was calculated
using equation (1).

_NA
P=VN,

@

where N, is the number of atoms in the unit cell, A is the atomic weight,
V. is the volume of the unit cell, and Ny is the Avogadro’s number (6.022
x 10%% mol™). The calculated density for the pellets sintered at different
temperatures is shown in Table 3. Those are comparable with the theo-
retical density of 4.59 g/cm® reported by Kennedy et al. [49]. Table 3
summarizes the density information of the CaMnOs s sintered pellets,
where apparent density is the density measured by the Archimedes
method; the relative density is the ratio between apparent density and
the theoretical density.

3.5. Grain morphology and grain sizes

The SEM images (Fig. 5) from all samples display the equiaxed grains.
While the samples sintered at 1273 K and 1373 K present the uniform
structure with a small grain size of ~895 nm and 1833 nm on average,
respectively, the sample sintered at 1473 K depicts the bimodal distri-
bution of the grain size with the bigger grain size of 5 pm and the small
grain size of 1 pm. There is a significant increase in the grain size when
the sintering temperature is increased to 1473 K and 1573 K. As plotted
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in Fig. 5e, both the lattice parameters and the density of the pellets in-
crease with the sintering temperature.

3.6. Crystal defects

TEM nanostructure examination was performed on the samples sin-

tered at 1273 K, 1373 K, and 1573 K. Consistent with XRD analysis, there
is no intergranular or intragranular secondary formation even at the
nanoscale, as shown in Fig. 6. Samples sintered at 1273 K and 1373 K
presents none or very few twinning. By contrast, there is a large amount
of twinning for the samples sintered at 1473 K and, especially at 1573 K.
The increased amount of twinning can be directly related to the increase
of the lattice parameter difference between a/c or the increased ortho-
rhombicity (Or) that is defined by the equation
Or(%) = [(a—c) /(a+c)] x 100 with respect to the c-axis. The twinning is
typical for perovskite materials. Including Lag.eSro.4MnOs [50] and
YBayCuz0y [51], for which the twinning is formed to accommodate the
lattice parameter differences between a and c directions. The presence of
the large-scale twinning can be directly correlated to the decrease in
orthorhombicity while increasing the sintering temperature. Those nano
twining are having the width ranging from a single atomic layer to
several nanometers, as shown in Fig. 6, that could affect the electrical and
thermal conductivity.

4. Discussion

4.1. The large value of ZT from pristine CaMnO3._s ceramics and the
hierarchical structure changes induced by controlling the sintering
temperature

Table 4 shows a comparison between the figure of merit and power
factor from this work with other reported values for different doped
CaMnOs_5 samples. It can be appreciated that the performance for this
pristine CaMnOs5 is very close or even higher than other published
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Table 1 Table 2
Refined lattice parameters of CaMnOs.s. Interatomic distances and bond angles for CaMnOgj;s sintered at different
temperatures.
Sintered at Sintered at Sintered at Sintered at
1273 K 1373 K 1473 K 1573 K 1273K 1373K 1473K 1573K
TS 5.2805 (1) 5.2806 (1) 5.2811 (1) 5.2815 (1) Mn-Ola (2% (&) 1.8821 (3) 1.8818 (3) 1.8823 (3) 1.8821 (3)
b &) 7.4546 (2) 7.4549 (2) 7.4553 (2) 7.4565 (2) Mn-O1p (2x) (A) 1.9416 (2) 1.9225 (2) 1.9196 (1) 1.9186 (2)
c ) 5.2668 (1) 5.2670 (1) 5.2675 (1) 5.2698 (1) Mn-02p (2x) (A) 1.8941 (2) 1.9153 (1) 1.9194 (1) 1.9205 (2)
Volume 207.32 (1) 207.35 (1) 207.39 (1) 207.53 (1) <Mn-Op> () 1.9179 1.9189 1.9195 1.9196
A% <Mn-0> (&) 1.9059 1.9065 1.9071 1.9071
Sa 0.0270 0.0258 0.0269 0.0241 Mn-Oa-Mn (°) 163.93 (2) 164.11 (2) 163.91 (2) 164.15 (2)
y 0.2500 0.2500 0.2500 0.2500 Mn-Op-Mn (°) 152.90 (2) 152.66 (2) 152.56 (2) 152.67 (2)
’ 0.0091 10,0108 10,0082 —0.0089 <Mn-O-Mn> (°) 158.42 158.39 158.26 158.41
i\:[n 0.0000 0.0000 0.0000 0.0000 Or (%) 0.129749 0.128805 0.127475 0.111057
y 0.0000 0.0000 0.0000 0.0000
z 0.5000 0.5000 0.5000 0.5000
(o}
x 0.4935 0.4945 0.4940 0.4948 Table 3 N
y 0.2500 0.2500 0.2500 0.2500 Apparent densities of CaMnO3-5.
z 0.0495 0.0491 0.0496 0.0490 Sample Apparent density Calculated density Relative density
02 (g/em®) (g/em®) (%)
x 0.2927 0.2952 0.2992 0.2991
y 0.0387 0.0400 0.0359 0.0359 Sintered at 3.0359 4.5820 66
z 0.7005 0.7036 0.7005 0.7009 1273 K
Rup 17.7 17.9 18.2 21.6 Sintered at 3.6209 4.5814 79
Rexp 12.00 12.37 12.24 12.70 1373 K
e 217 2.09 2,90 2.90 Sintered at 4.2114 4.5803 92
1473 K
Sintered at 4.4254 4.5773 97
1573 K
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results from samples with different dopants. For the single-phase
CaMnOs s, this is the highest electrical power factor and highest ZT.

Besides the large increase in the thermoelectric performance, there
are also systematic changes in the structure from nano to micron scales.
The simultaneous increase of the grain size and crystal density with the
increase of the sintering temperature is intergraded into the 3D sche-
matic shown in Fig. 7. The present results show that, except for the lattice
parameter changes, the variation in the structure of oxide ceramics
induced by simply controlling the sintering temperature is hierarchical.
The different crystal structure changes from the unit cell level to the
microns will simultaneously impact the Seebeck coefficient, electrical
conductivity, and thermal conductivity.

4.2. Large variation of the seebeck coefficient

One of the biggest changes due to the sintering temperature is the
Seebeck coefficient. For the samples sintered at 1273 K and 1373 K, the
Seebeck coefficient is —415.95 pV/K, and —466.51 pV/K measured at
380 K. By contrast, the samples sintered at 1473 K and 1573 K, the
Seebeck coefficient are —621.94 pV/K and —655.87 pV/K measured at
380 K. For oxide ceramics, the Seebeck coefficient is irrelevant to the
grain boundary [55] and porosity for the pristine single phase without
dopants segregation at the grain boundaries. Indeed, the Seebeck coef-
ficient is intrinsic to the carrier concentration and the lattice distortion.
The cell parameters obtained by Rietveld refinement of the XRD spectra
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Fig. 6. TEM images of samples sintered at 1273 K (a), 1373 K (b), and 1573 K(c). (d) nano-twinning and related Fourier transformation (e) and (f). (g) There is also a

twinning boundary with a thickness of ~ 5 nm.

Table 4

The figure of merit and power factor of CaMnO3 with different dopants.
Dopant Temperature Power factor T

) (mWm™'K?)

Nb [52] 1073 0.19 0.325
Dy, Ho, Er, Yb [53] 1000 0.2-0.35 0.15-0.2
W [31] 1073 0.32 0.16
Y, Dy codopants [38] 800 0.31 0.18
Pr, Yb codopants [54] 973 0.33 0.24
Pristine sample sintered at 1073 0.29 0.28

1373 K (this study)

for each sintering temperature are shown in Fig. 4. The lattice parameters
are observed to increases with increasing sintering temperature. Since
Ca®* has a fixed valence and radii of 1.34 A, the lattice parameters in-
crease could be attributed to the ionic radius change or the increased
ratio of Mn®**/Mn**, which the radius of ions are Mn** (0.53 A) and
Mn3+ (0.645 i\) [56]. The lower sintering temperature resulted in the
formation of a more oxidized manganese ion because this is stable
preferentially as Mn** at lower temperatures. When the sintering tem-
perature increases, the amount of Mn*" decreases by liberating oxygen,
which leads to a decrease in the Mn oxidation state. Such changes in the
Mn valence state could also be related to the two distinct trends in the
variation of the Seebeck Coefficient with temperature. As depicted in
Fig. 1b, for the samples sintered at 1273 K, and 1373 K that is presumably
with Mn**, at temperature region of 380 K-680 K, the absolute Seebeck
coefficient decrease with the increasing temperature. By contrast, the
samples sintered at 1473 K, and 1573 K, which are with an increased
amount of Mn3+, the absolute Seebeck Coefficient decrease with the
increase of temperature. The present experimental results are fully
consistent with the First Principle Calculation revealing the impact of
reduced oxygen content on the Mn valence state, the electrical, struc-
tural, and thermoelectric properties [57]. The results from the current
work further confirm that the presence of the mixed-valence state is
likely to influence the gradient of the density of the states at the bottom of

the conduction band, the number of carriers, and the Seebeck coefficients
[58].

The ionic valence state changes are also accompanied by the lattice
distortion. There is a decrease in orthorhombicity with increasing the
sintering temperature. This decrease in orthorhombicity is also accom-
panied by changes in bond angles. Changes in angle values represent
structural changes as a result of octahedral tilting. In an ideal cubic
structure, Mn-Ola-Mn and Mn-O1p-Mn angles are 180°. Mn-Ola-Mn
represents tilting around axis b. Mn—O1p-Mn angle represents octahedral
tilting around axes a and c [59]. There is a sharp change in both the
bonding angle and orthorhombicity, as shown in Table 2. It is worthwhile
to point out that such large changes in the Seebeck coefficient and
changes in the unit cell distortion is also consistently reflected in the
large crystal grain growth, as summarized in Fig. 7, that further affects
the electrical conductivity of the samples.

4.3. Electrical and thermal conductivity origin of the increased ZT

Apparently, sintering at higher temperatures of 1473 K and 1573 K
has largely increased the carrier concentration, especially at room tem-
perature regimes, in comparison with that from the samples sintered at
1273 K and 1373 K. The electrical conductivity [25,28] of CaMnOs_g is
governed by polaron hopping in the Mn*" matrix. By increasing the
Mn3+ concentration, there is increased carrier concentration for
decreasing the Seebeck coefficient and increasing the intragranular
electrical conductivity. Meanwhile, there is a sharp increase in the grain
size or a decrease in the grain boundary density. Transport properties in
the manganite perovskite system are very sensitive to Mn—O bond length
and Mn-O-Mn bond angle [60]. Like those from samples sintered at
1273 Kand 1373 K, Smaller grains have more broken Mn—O-Mn bonds at
the grain boundaries that block the electron conduction and increase the
resistivity. When the grain boundary density decreases, the scattering of
electrons is reduced by the grain boundaries. This reduction of the grain
boundary density improves the connections between the grains in the
material, leading to a decrease in the carrier scattering at the grain
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Fig. 7. Evolution of the grain morphology in CaMnOs3 s sintered at (a) 1273 K, (b) 1373 K, (c) 1473 K, and (d) 1573 K.

boundaries, increasing the carrier mobility. In other words, the reduction
of electrical resistivity could be, in part, attributed to the decreasing grain
boundary density when sintering temperature increases.

4.4. Impact of the nanostructure on the thermal properties

The increase of electrical conductivity has primarily increased the
power factor and the ZT at lower temperature regimes. However, in
comparison with the samples sintered at 1573 K that present the highest
power factor, the peaking ZT of 0.28 achieved in the sample sintered at
1373 K is attributed to the large decrease of the thermal conductivity. In
general, the thermal conductivity is insensitive to carrier concentration
as the largest contribution is from the lattice vibrations. Therefore, the
conductivity is normally sensitive to both distortions in the lattice and
weight differences of atoms. To lower the conductivity, the dopant
should be larger than the doped element and heavier, where the mass
difference is the dominating factor. In the present study, since all samples
are pristine single phase, the large change in the thermal conductivity is
mostly affected by the nanostructure, including both the grain bound-
aries and the porosity.

4.4.1. Impact of grain boundaries on the thermal conductivity

The thermal boundary resistance between two grains of the same
material is sometimes referred to as the Kapitza resistance [61], although
this term is also used to describe the thermal resistance between sol-
id/solid interfaces of different materials or solid/liquid interfaces. The

Kapitza resistance can commonly exist in polycrystals, and its overall
effect is to reduce the thermal conductivity of polycrystals. This resis-
tance could be calculated theoretically using the approximation adopted
by Nan and Birringer [62]:

1 1 2R
L @

K K, D

where k is the thermal conductivity, k, the bulk thermal conductivity (the
Maxwell-Eucken equation was used to predict the bulk thermal con-
ductivity k, [62]). Since the measured thermal conductivity shown in
Fig. 2 presents the convolution of both the grain boundary and porosity
in the actual samples, in order to make equation (2) feasible, the k values
need to be taken from the fully dense sample without porosity. Since the
sample sintered at 1573 K has a 97% density, as shown in Table 3, the
measured thermal conductivity of 3.943 W/mK was assumed as that from
the 100% dense sample. Taking the actual grain size and the «,, Ry, the
Kapitza resistance for the sample sintered at 1573 K was calculated using
equation (2) and listed in Table 5. Taking Rk from the sample sintered at
1573 K and factoring the Kapitza resistance to the remaining samples
using the grain size difference, the Rk of the samples are deduced and
shown in Table 5.

As we mentioned before, the overall effect of the Kapitza resistance is
to reduce the thermal conductivity of polycrystals. Also, from equation
(2) it can be deduced that x could be further decreased if even smaller
grain sizes could be achieved. Based on the deduced Ry, the thermal
conductivity k was calculated using the equation for the samples sintered
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Table 5
Kapitza resistance at 373 K calculated for CaMnOs; sintered at different
temperatures.

Sample k (W/mK) &, (W/mK) D (um) Rg (m’K/W)

Sintered at 1273 K 2.465 2.616 0.895 1.0486 x 10~
Sintered at 1373 K 2.622 2.660 1.833 5.1200 x 10~°
Sintered at 1473 K 4.150 4.165 4.683 2.0041 x 107°
Sintered at 1573 K 3.943 3.950 6.666 1.4079 x 10~°

at 1273 K, 1373 K, and 1473 K, respectively, as shown in Table 5. Once
again, the k value in Table 5 is the estimated values for the 100% dense
sample with different grain sizes. Those calculated « values indicate that,
for the 100% dense sample, when the grain size is reduced from 6.6 pm to
0.9 pm, the thermal conductivity is actually reduced from 3.9 W/mK to
2.5 W/mK, which represent the 36% reduction. Apparently, the Kapitza
resistance and the thermal conductivity can be further decreased if the
samples with smaller grains such as 100 nm could be further achieved.

4.4.2. Impact of porosity on the thermal conductivity

Table 3 shows that there is a significant change in the porosity of the
samples sintered at different temperatures. To further investigate the
effect of porosity on the phonon thermal conductivity, the Maxwell-
Eucken equation was used to predict the bulk thermal conductivity «,
[63], which was derived in a similar analysis by Mi et al. [64]. The effect
of porosity on the total thermal conductivity can be estimated by solving
the equation x = x,v/(1 + B(1 — v)), where v is the volume fraction
(relative density) of the material, « is the measured total thermal con-
ductivity with porosity, k, is the bulk thermal conductivity and § is the
pore shape factor, which was selected as p = 2/3 indicating randomly
dispersed cylindrical pores [65]. The bulk thermal conductivity k, of the
assumed 100% density with the grain boundaries of all samples is taken
for the estimated thermal conductivity in Table 5 and registered in
Table 6. Based on the Maxwell-Eucken equation [63], the k values for
different samples were estimated, as shown in Table 6. These values were
estimated at 373 K and are significantly lower than the theoretical
thermal conductivity values, indicating that the porosity has resulted in
the reduction of thermal conductivity.

As such, the thermal conductivity of the samples is lowered by 46%,
31%, 13%, and 5% due to the porosity for the samples sintered at 1273 K,
1373 K, 1473 K, and 1573 K, respectively. Fig. 8 displays the integration
of the calculated thermal conductivity with the consideration of the grain
boundary density and porosity. Fig. 8 shows the theoretical calculation of
the polycrystalline sample with 100% density (solid line) and with the
actual porosity (dash line). To verify the accuracy of the theoretical
calculations, the measured thermal conductivity data point (from Fig. 2)
for the samples with different grain sizes is also displayed as an overlay
with the theoretical calculation. Tables 5 and 6, and Fig. 8 clearly
elucidate that both the grain boundary and the porosity have signifi-
cantly reduced the thermal conductivity. Furthermore, the twin bound-
ary shown in Fig. 6 could also play a significant role in scattering phonons
and lowering the thermal conductivity. In the present study, due to the

Table 6
Estimated and theoretical thermal conductivity of samples with different relative
density.

Sample i v (%) k (W/mK) Ko (W/mK) K/Ko
Measured Estimated Theoretical (%)
value Value value
Sintered at 2/ 66 1.326 2.465 53.80
1273 K 3

Sintered at 2/ 79 1.817 2.622 69.30
1373 K 3

Sintered at 2/ 92 3.625 4.150 87.34
1473 K 3

Sintered at 2/ 97 3.750 3.943 95.10
1573 K 3
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Fig. 8. Grain size dependence of thermal conductivity with contribution from
porosity for CaMnO3_5 (373 K, 573 K, 773 K, and 973 K). Solid lines represent
the thermal conductivity of polycrystalline samples with 100% density. The
dashed line shows the calculated value of thermal conductivity of poly-
crystalline samples with actual density. Marks represents experimental data.

facts that twins are largely absent for the samples sintered at 1273 K and
1373 K, the impact of the twins on the thermal conductivity are not
considered.

4.5. Significance of tuning and controlling the sintering conditions of oxide
perovskite

Perovskite compounds are usually synthesized with a wide variety of
combinations of chemical elements in the cation sites, and electro-
neutrality is further facilitated by the vacancy formation. As a result of
various dopants, the Perovskite present insulating, semiconducting, ionic
conducting and superconducting, and viable for applications in different
technology such as sensing devices, catalysts, and fuel cells. As such, the
perovskite oxide offers tunability in terms of dopants. However, it is also
critical to tune the performance of the pristine materials by controlling
the materials synthesis conditions. For perovskite CaMnOs.s, it is well
recognized that the oxygen stoichiometry [66] has a large impact on the
crystal structure and the conductivity. The orthorhombic phase is stable
at 700-950 °C when 8 < 0.04. The phase transition from the ortho-
rhombic to tetragonal structure occurs in the narrow range of 0.02 < § <
0.04. For the present study, all samples are sintered under the same ox-
ygen flow. Accordingly, the large variations in the Seebeck coefficient
and the magnitude change of the electrical conductivity and thermal
conductivity signify the importance of carefully tuning the pristine ce-
ramics that could be further employed as the baseline of further dopants.
Based on the optimized baseline performance, incorporating dopants into
the lattice and composite at the grain boundaries has enhanced the ZT to
0.67 [67]. Due to the significant impact of the grain boundaries and
porosity on the thermal conductivity as revealed by the present study,
further ZT improvement could be further made by tuning the dopants or
the ceramics processing conditions.

5. Conclusion

The present work demonstrated that even for pristine perovskite
CaMnOs. 5, the thermoelectric ZT had been increased to 0.28, which is a
factor of 2.5 higher than the ZT of 0.11 of pristine CaMnOj3_s synthesized
using other methods. The sintering temperature has a significant impact
on the hierarchical structure that was ranging from unit lattice distortion,
nano twinning to the grain size and porosity. Those hierarchical structure
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changes subsequently affect the electrical and thermal conductivities.
The present work is instrumental in providing the processing principle
for perovskite thermoelectric ceramics and in facilitating the design
guidance of the perovskite family oxides that share many common
physical properties.
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