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Abstract

The thermoelectric properties of ceramics with composition A0.98La0.02MnO3-δ are anticipated to vary with
the basicity and atomic portion of the alkaline earth metal, A. In the present investigation ceramic powder
precursors with composition A0.98La0.02MnO3-δ (A = Ca, Ba) were synthesized by the solid-state method and
sintered in air at 1400 °C. Seebeck coefficient, electrical and thermal conductivities were characterized for
both materials from 100 to 900 °C in air. The highest zT of 0.10 at 900 °C was reached for Ca0.98La0.02MnO3-δ.
The high zT is attributed to the enhanced electronic conductivity (∼90 S/cm at 900 °C) due to La doping. zT for
Ba0.98La0.02MnO3-δ reached its highest value (0.02) at 800 °C corresponding to a low electronic conductivity
(∼2 S/cm), while the thermal conductivity was significantly reduced compared to Ca0.98La0.02MnO3-δ reaching
∼1 W/(m·K) combined with a high Seebeck coefficient, −290 µV/K. The present data represent a valuable basis
for further development of these materials with respect to applications in thermoelectric devices.
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I. Introduction

Thermoelectric generators (TEGs) are a combination

of n- and p-type materials and possess the ability to con-

vert heat directly into electrical energy by the Seebeck

effect [1]. Integration of TEGs in high-temperature in-

dustrial processes will enhance the energy efficiency by

waste heat harvesting and reduce the greenhouse gas

emissions. The state-of-the-art n- and p-type thermo-

electric materials (metals and alloys) are ruled out due

to oxidation and melting at high temperatures in ambi-

ent air [2]. Thus, oxides become a relevant choice due

to the stability in oxidizing atmosphere at high tempera-

tures. However, oxides usually demonstrate low thermo-

electric performance mainly due to the low electronic

conductivity.

Whereas some p-type oxides possess good TE-

performance [3], the n-type oxides demonstrate signifi-

cantly lower performance [4–7]. The efficiency of ther-

moelectric materials is generally described by the di-

mensionless figure-of-merit [8]:
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z · T =
σ · S 2 · T

κ
(1)

where σ, S and κ are electronic conductivity, Seebeck

coefficient and thermal conductivity, respectively. Ac-

cording to Eq. 1, the figure-of-merit is enhanced by low

thermal conductivity, high electronic conductivity and

large Seebeck coefficient at high temperature.

Oxides with perovskite structure (ABO3) are versatile

in terms of A- and B-site doping, which enables tailor-

ing of properties in a wide-range. CaMnO3 (CMO) has

perovskite structure and shows n-type electronic con-

ductivity due to a polaron hopping mechanism. So far,

the highest reported zT for CMO is 0.25 at 950 °C [9]

and 0.32 at 800 °C [7] obtained by Nb and W dop-

ing, respectively. The electronic properties of CMO are

governed by the electronic structure of Mn combined

with the ratio between the oxidation states. The pur-

pose of this study was to investigate the effect on TE-

properties by replacing Ca with the larger alkaline earth

element Ba. The ionic radii of 12-coordinated Ca2+

and Ba2+ are 0.134 and 0.161 nm, respectively [10].
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Since the basicity of Ba is higher than for Ca, it is

anticipated that the oxidation state of the acidic Mn

on B-site will increase with increasing basicity of the

A-site element corresponding to an enhanced amount

of oxygen (reduced δ) per formula unit [11]. In or-

der to enhance the electronic conductivity, the materi-

als were donor doped with La, and Ca0.98La0.02MnO3-δ

(2LCMO) and Ba0.98La0.02MnO3-δ (2LBMO) were sys-

tematically characterized with respect to their TE prop-

erties. The effect of A-site substitution on the TE prop-

erties is discussed. To the best of our knowledge, a study

of the effect of alkaline earth elements on TE-properties

of A0.98La0.02MnO3-δ (A = Ca, Ba) has not yet been re-

ported.

II. Experimental procedure

The samples were synthesized by the solid-state re-

action method (SSR) using CaCO3, (99.99%, Merck),

BaCO3 (99.99%, Sigma Aldrich), La2O3 (99.99%,

Sigma Aldrich ) and MnO2 (99.9%, Sigma Aldrich).

Stoichiometric amounts of the dried precursors were

mixed and planetary ball-milled (PM 100, Retsch) in

isopropanol using YSZ-balls for 2 h followed by dry-

ing in a rotavapor (Butch Rotavapor) and pressing

(100 MPa) to form pellets. All samples were heat-

treated at 1200 °C for 6 h in reducing atmosphere (5%

H2/Ar), with heating and cooling rate of 200 °C/h. The

obtained products were crushed in an agate mortar fol-

lowed by wet planetary milling and drying. The green

pellets (for thermal conductivity: 12.7 × 1.5 mm) and

bars (for electrical conductivity and Seebeck measure-

ments: 4 × 4 × 15 mm) were cold isostatically pressed

(CIP) at 200 MPa followed by sintering at 1400 °C for

10 h in air. Heating rate of 200 and cooling rate of

60 °C/h were applied. The details and motivation for the

two-step processing route are described elsewhere [12].

Bulk densities were determined by the Archimedes

method in isopropanol. The bulk samples were finely

ground and analysed by X-ray diffraction (XRD)

(Bruker AXS D8-Advance X-ray diffractometer) using

Cu Kα radiation and a LYNXEYE XE detector, with

counting time 0.2 s in the range 10–75° (2θ angles) and

0.92 °/min scan rate.

DC-electrical conductivity measurements were per-

formed by the four-probe method (In-house built setup

[13,14]) using Pt electrodes. The distance between the

Pt-voltage probes in the set up was 5.0 mm while the

current Pt-probes were positioned at each end of the

sample. Seebeck coefficient measurements were done

by a Probostat™ (NORecS) in a vertical furnace where

a temperature gradient in the range between 4 and 7 K

was generated along the sample. The generated Seebeck

voltage was measured via Pt-electrodes. The thermal

conductivity was measured by the laser flash method

(Netzsch LFA 457 MicroFlash) on disc shaped samples

(D = 12.2 mm). All the TE measurements were per-

formed in synthetic air up to 900 °C with increments of

100 °C.

III. Results and discussion

3.1. Characteristics of bulk ceramics

XRD patterns presented in Fig. 1 show that the bulk

2LCMO and 2LBMO samples are single-phase materi-

als, with orthorhombic and hexagonal structure, respec-

tively. According to the calculated tolerance factor val-

ues (Table S1, Supplementary data§) there is a good

agreement between the predicted and observed struc-

tures.

The relative densities of 2LCMO and 2LBMO sam-

ples were 87 and 76 %TD, respectively (Table S2). The

bulk densities indicate that the densification of hexag-

onal perovskite like structures (face sharing octahedral

units) is more challenging compared to perovskite like

structures with corner-sharing octahedral units.

Figure 1. XRD patterns of 2LCMO (PDF 01-014-8192) and
2LBMO (PDF 04-014-7311) bulk ceramics

3.2. Thermoelectric properties

The effect of donor doping in AMnO3-δ is illustrated

by Eq. 2 (using the Kroeger-Vink notation):

0.5 La2O3

AMnO3−δ

−−−−−−−→ La•A + e′ + 1.5 Ox
O (2)

where A is Ca or Ba, La•A is trivalent La on divalent

A-site, e′ is electron and Ox
O is oxygen on oxygen site.

According to Eq. 2 the concentration of electrons will

increase with increasing substitution level, correspond-

ing to enhanced electronic conductivity.

The electrical conductivities of both ceramics are

presented in Fig. 2a as a function of temperature.

The electronic conductivity of 2LCMO ceramics in-

creases exponentially with temperature reaching about

90 S/cm, whereas 2LBMO sample demonstrates sig-

nificantly lower and relatively constant values in the

same temperature range. The variations in electronic

conductivity with temperature for undoped CMO and

BMO, based on the literature data [9,15,16], are given
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Figure 2. Electrical conductivity as a function of temperature for: a) 2LCMO and 2LBMO, b) un-doped CMO [9,15] and
BMO ceramics [16] and c) thermal conductivity as a function of temperature for 2LCMO and 2LBMO ceramics

in Fig. 2b. Comparing the electronic conductivity data

of 2LBMO with the pure BMO, it is obvious that La

enhances the conductivity with many orders of mag-

nitude. At T < 800 °C, 2LCMO ceramics also shows

enhanced electronic conductivity compared with the

undoped CMO. However, at even higher temperatures

2LCMO ceramics shows similar conductivities as re-

ported by Thiel et al. [9] and Schrade et al. [15] as

well as the undoped compositions. This is in correspon-

dence with a polaron hopping conductivity mechanism

at high temperatures and was thoroughly discussed by

Franchini et al. [17].

The reduction in electronic conductivity by replacing

Ca with Ba is significant (Fig. 2a) and could not be ex-

plained by the lower bulk density of 2LBMO compared

to 2LCMO sample. At conditions where polaron hop-

ping is not dominant (medium and low temperatures)

it is anticipated that the reduced electronic conductiv-

ity of 2LBMO sample is due to the large Ba-ion giving

less overlap between the atomic orbitals of the Mn–O–

Mn bridge which represents the pathway for electrons

[16]. At higher temperatures it is expected that polaron

hopping will be activated followed by a significant in-

crease in electronic conductivity as it is observed for

2LCMO sample. However, the polaron mechanism de-

pends on the ratio between [Mn3+] and [Mn4+] and elec-

trons hopping between these sites [15]. Due to the high

basicity of Ba compared to Ca it is reasonable to assume

that the acidic Mn-ion is oxidized to Mn4+ [11] and the

remaining low concentration of Mn3+ will reduce the

electronic conductivity due to polaron hopping signifi-

cantly in accordance with the observations reported in

Fig. 2a. It also acknowledged that there is some varia-

tion in both density and grain size between 2LCMO and

2LBMO ceramics (Table S2), and that high density and

large grains in general are beneficial for the electrical

conductivity.

The importance of a low thermal conductivity to

reach a high figure-of-merit is obvious from Eq. 1. The

total thermal conductivity, κt, can be written as κt =

κl + κe where κl is lattice contribution, due to phonons,

and κe is the electronic contribution. The decrease in

the κl with increasing temperature is due to the dom-

inance of phonon-phonon scattering and at high elec-

tronic conductivities the contribution from κe will be-

come significant (e.g. metals). Phonon scattering will

increase both with decreasing grain size (scattering at

grain boundaries) and increasing atomic number. At

low and medium temperatures, the thermal conductiv-

ity will also decrease with increasing porosity. The ther-

mal conductivity of the two materials is presented in

Fig. 2c and it is evident that 2LCMO shows signifi-

cantly higher thermal conductivity than 2LBMO sam-

ple. The enhanced κ is due to the higher density (low

porosity) and the lower atomic mass of Ca compared to

Ba as well as the large grains in 2LCMO sample (Table

S2). Although the electronic conductivity of 2LCMO

is much higher than for 2LBMO ceramics, the con-

tribution from electrons is rather modest correspond-

ing to 7% of κt at 900 °C, calculated according to the

Wiedemann-Franz Law [19]. Significantly lower ther-

mal conductivity is observed for 2LBMO, reaching val-

ues below 1 W/(m·K) at T > 400 °C. It is assumed that

this is due to a high concentration of Ba combined with

a high porosity and enhanced phonon scattering at grain

boundaries due to small grains (Table S2).

Seebeck coefficients, S, for 2LCMO and 2LBMO ce-

ramics are given in Fig. 3a and confirm the n-type na-

ture of both materials. The simplest approach to assess S

is given by the classical relationship between S and the

concentration of charge carriers, n [18]:

S =
8π2 · κB2

3e · h2
m∗ · T

(

π

3n

)
2
3

(3)
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Figure 3. Temperature dependence of a) Seebeck coefficient, b) power factor and c) zT of 2LCMO and 2LBMO in air

where κB is the Boltzmann constant, e is the elementary

charge, h is Plank’s constant, m∗ is the effective mass

of charge carrier and T is the absolute temperature. Ac-

cording to Eq. 3, |S | will be proportional to the carrier

concentration, n−2/3, at a given temperature T. Compar-

ing the individual materials, the lower |S | of 2LCMO

sample is attributed to the higher electronic conductiv-

ity. The significant reduction in Seebeck coefficient for

2LCMO ceramics from 800 to 900 °C also supports the

explanation that the charge carrier concentration and po-

laron hopping mechanism is dominant at high tempera-

tures. The highest |S | of 290µV/K at 800 °C is obtained

with 2LBMO in accordance with the low electronic con-

ductivity. It should also be noted that there is a minor

reduction in S also for LBMO ceramics at T > 800 °C,

which is not correlated with σ in Fig. 2a. The reason for

the discrepancy is left unexplained but may be related to

deviation from the simplified assumption that there is a

direct proportionality between σ and n, since variation

in the mobility of charged species also plays a role. The

power factor, P, is the product between electrical con-

ductivity and Seebeck coefficient squared (P = S · σ2)

and is presented in Fig. 3b. Comparing S (Fig. 3a) and

σ (Fig. 2a) it is seen that P is governed by the electri-

cal conductivity. 2LCMO shows a significantly higher

P than 2LBMO ceramics at all temperatures, reaching

about 210µW/m·K2 at 900 °C, which is higher than pre-

viously reported by Singh et al. [12] and comparable to

Bocher et al. [7]. In applications such as electric power

generation by thermoelectric devices, P is one of the

most important parameters [20,21].

The figure-of-merit (zT) as a function of tempera-

ture is given in Fig. 3c. At T < 600 °C both materi-

als show rather moderate zT values, however somewhat

higher values are observed for 2LBMO ceramics due to

its low thermal conductivity (Fig. 2c). At T > 600 °C

there is a notable enhancement in zT for 2LCMO ce-

ramics, showing the significance of electrical conductiv-

ity which shows a substantial increase at temperatures

above 600 °C (Fig. 2a).
Hence, among the two materials investigated,

2LCMO shows promising properties with respect to

high temperature applications in TE-devices.
However, a further optimization of the TE properties

is needed, and a viable route is to enhance the elec-

tronic conductivity by further optimized doping (and

co-doping) combined with “grain-engineering” at the

nanoscale to reduce the thermal conductivity. It is also

interesting to notice the low thermal conductivity of

2LBMO ceramics (Fig. 2c) and given that electronic

conductivity may be enhanced by proper doping, this

material system would also be worth a further study.

IV. Conclusions

Bulk A0.98La0.02MnO3-δ (A = Ca, Ba) ceramics were

successfully fabricated by the solid-state method in re-

ducing atmosphere, followed by sintering in synthetic

air. The best performance at high temperatures in terms

of zT was obtained for Ca0.98La0.02MnO3-δ, reaching a

maximum of about 0.10 at 900 °C attributed to high

electronic conductivity. A further study of donor doped

Ca0.98La0.02MnO3-δ is proposed aiming at both a fur-

ther increase in the electronic conductivity by appro-

priate doping/co-doping and a reduction in the ther-

mal conductivity by grain boundary engineering at the

nano-range. Ba0.98La0.02MnO3-δ ceramics reached a zT

of less than 0.02 at high temperatures due to a low elec-

tronic conductivity. The low electronic conductivity is

explained by the enhanced basicity of Ba compared with

Ca, shifting the oxidation state of manganese to Mn4+.

The thermal conductivity of Ba0.98La0.02MnO3-δ sam-

ple was encouragingly low (~1 W/(m·K) at T > 400 °C)

combined with a high Seebeck coefficient (−290 µV/K

at 800 °C), and a further study aimed at enhancing

the electronic conductivity by appropriate doping/co-

doping is recommended.
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