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Preface

The represented results of my thesis were achieved from August 2014 to August
2018 during my time as a scientific assistant at the Institute of Physical Chemistry
and Electrochemistry at the Gottfried Wilhelm Leibniz University Hannover under
the supervision of Prof. Dr. Armin Feldhoff. My work was funded by the Deutsche
Forschungsgesellschaft (DFG, German Research Foundation) - FE928/17-1.

Chapter 1 describes the fundamentals of thermoelectricity, synthesis, processing
routes and concepts to improve materials, as well as their application in thermo-
electric generators. Chapters 2 and 3 consist of six research articles, which are
subsequently presented.
The article in section 2.2, Porous Ca3Co4O9 with enhanced thermoelectric proper-
ties derived from Sol-Gel synthesis, was written by myself. The article exhibits the
synthesis and growth mechanism of Ca3Co4O9 (CCO) particles, which were derived
from the sol-gel synthesis. A highly porous CCO ceramic showed a significantly re-
duced heat conductivity and subsequently enhanced thermoelectric figure-of-merit
zT . All oxide powders and ceramics were synthesized and processed by myself.
The measurements of electrical conductivity and Seebeck coefficient as well as data
evaluation were done by myself. Density, porosity and X-ray diffraction (XRD)
measurements as well as investigations of the microstructures by scanning electron
microscopy (SEM) were carried out and evaluated by myself. Analyzes of interme-
diates and calcined CCO powders via transmission electron microscopy (TEM) were
done by Lailah Helmich, and data evaluation was carried out by myself. Measure-
ments of heat conductivity and capacity were done by Frederik Nietschke and Marc
Krey, respectively, and data evaluation was carried out by myself. All co-authors
participated in discussion and improvement of the publication.
The article in section 2.3, Triple-phase ceramic 2D nanocomposite with enhanced
thermoelectric properties, was written by myself. The article reports a newly de-
veloped Ca3Co4O9-NaxCoO2-Bi2Ca2Co2O9 (CCO-NCO-BCCO) nanocomposite ce-
ramic with increased electrical conductivity σ and thermoelectric power factor σ ·α2.
The three misfit layered thermoelectric oxides CCO, BCCO and NCO grew semi-
coherently on each other, forming an all-scale hierarchical architecture. All oxide
powders and ceramics were synthesized and processed by myself. The measurements
of electrical conductivity and Seebeck coefficient as well as data evaluation were done
by myself. Density, porosity and XRD measurements as well as investigations of the
microstructures by SEM were carried out and evaluated by myself. Investigations
of the nanostructure of the CCO-NCO-BCCO nanocomposite via TEM were done
by Frank Steinbach, and data evaluation was carried out by myself. Measurements
of heat conductivity were done by myself and Nikola Kanas, and data evaluation
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was carried out by myself. Measurements of the heat capacity were done by Marc
Krey, and data evaluation was carried out by myself. All co-authors participated in
discussion and improvement of the publication.
Chapter 3 is about manufacturing and characterizing new thermoelectric genera-
tors, which involve the materials discussed in chapter 2 and others. Thermoelectric
generators of different designs were developed, fabricated and power generation was
improved.
The article in section 3.2, Oxide-based thermoelectric generator for high-temperature
application using p-type Ca3Co4O9 and n-type In1.95Sn0.05O3 legs, was written by
myself. The article reveals the enhancement of electrical power output and power
density if an electrically highly conductive indium oxide phase is used as n-type ma-
terial instead of low conducting ZnO or CaMnO3. All oxide powders and ceramics
were synthesized and processed by myself. The measurements of electrical conductiv-
ity and Seebeck coefficient as well as data evaluation were done by myself. Density,
porosity and XRD measurements as well as investigations of the microstructures by
SEM were carried out and evaluated by myself. Mesurements of the thermal expan-
sion coefficient was done and evaluated by myself. Construction and measurement
of power characteristics of the thermoelectric generator as well as data evaluation
were done by myself. All co-authors participated in discussion and improvement of
the publication.
I was participating in improving the simulation tool, as well as in discussion and
review of the article in section 3.3, Experimental characterisation and finite-element
simulations of a thermoelectric generator with ceramic p-type Ca3Co4O9 and metal-
lic n-type Cu0.57Ni0.42 Mn0.01 legs. The article describes a finite-element simulation
tool, which is experimentally verified by use of a thermoelectric generator prototype.
The tool enables the possibility to predict the performance of a thermoelectric ge-
nerator from materials properties.
I was involved in discussion and review of the article in section 3.4, All-oxide ther-
moelectric module with in-situ formed non-rectifying complex p-p-n junction and
transverse thermoelectric effect. The article presents the first manufactured all-oxide
thermoelectric generator made by spark plasma sintering of CCO and CaMnO3. A
complex p-p-n junction is in-situ formed at high temperatures and delivers beneficial
properties for thermoelectric power generation. I carried out SEM investigations of
the CCO, CaMnO3 and LaAlO3 powder samples. Furthermore, I executed Seebeck
coefficient measurements of CCO and CaMnO3 and was participating in data eval-
uation. In addition, I was involved in preparation and measurement of the power
characteristics of the all-oxide generator as well as in data evaluation.
The article in section 3.5, A comprehensive study on improved power materials for
high-temperature thermoelectric generators, was written by myself. The article illus-
trates an extensive investigation of the development and impact of improved thermo-
electric materials on the electrical power output and power density of thermoelectric
generators. The used p- and n-type materials were specifically developed to discuss
the impact of high-power materials and high-zT materials on the thermoelectric
power generation. All oxide powders and ceramics were synthesized and processed
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by myself, except spark plasma sintering (SPS) and hot-pressing of powders, which
were carried out by Nikola Kanas and Jan Räthel, respectively. The measurements
of electrical conductivity and Seebeck coefficient as well as data evaluation were
done by myself. Hall-effect measurements were done by Matthias Schrade, and data
evaluation was carried out by Matthias Schrade and myself. Density, porosity and
XRD measurements as well as investigations of the microstructures by SEM were
carried out and evaluated by myself. Measurements of the heat conductivity and ca-
pacity were done by Nikola Kanas and Marc Krey, respectively, and data evaluation
was carried out by myself. Thermogravimetric measurements were done by Marc
Krey, and data evaluation was carried out by myself. Investigations of the nanos-
tructures of the O2-sintered and the SPS-processed samples via TEM were done
by Frank Steinbach, and data evaluation was carried out by myself. Construction
and measurement of power characteristics of the thermoelectric generators as well
as data evaluation were done by myself. All co-authors participated in discussion
and improvement of the publication.
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Abstract

Keywords: Thermoelectricity; energy harvesting; power generation; oxides

Thermoelectric materials can, reversibly and without any moving parts, convert
thermal energy into electrical energy by coupling an entropic and an electrical flux
with each other. This ability is becoming increasingly important in concerns of a
growing energy demand of the world, sustainability and climate change. The mate-
rial class of thermoelectric oxides can play an important role in waste heat harvesting
from industrial processes and power plants. On the basis of advantageous properties
of oxides in the high-temperature range under oxidizing atmosphere, an applica-
tion in electrical power generation from infinite heat sources seems promising. The
thermoelectric research is a highly interdisciplinary field of study, which consists of
solid state chemistry and solid state physics, when synthesizing new materials and
measuring their properties. In addition, thermoelectric research is also a matter of
process and electrical engineering, when p- and n-type materials are assembled to a
thermoelectric generator and its power characteristic is estimated.
Material classes like alloys, tellurides, half-Heusler or Zintl phases such as Bi2Te3,
PbTe-PbS, SiGe, SnSe, FeNbSb and Yb14MnSb11, possess significantly improved
thermoelectric properties, especially in the low- to mid-temperature range under in-
ert or reducing atmosphere. But these material classes show inferior stability in the
high-temperature range under oxidizing conditions, are toxic, or consist of expensive
and rare elements. Concerning the thermoelectric figure-of-merit zT , oxides can not
compete with other material classes. For this reason, research on oxides should fo-
cus on improving the thermoelectric power factor in the high-temperature range in
air. Furthermore, the field of application of materials and conditions under which
these are applied should be critically discussed. For the scenario of application of
a limited heat source and if a maximized conversion efficiency should be obtained,
a high-zT material is desirable. However, for the case of an infinite heat source
and under the assumption of waste heat recovery at high-temperatures, a stable
high-power factor material is superior for power generation. For this reason, on the
one hand an unusual approach of manufacturing porous ceramics was carried out to
decrease the heat conductivity and therefore, to improve the zT value. On the other
hand, co-doping and compositionally alloyed nanostructures were used to develop
high-power materials. The applicability of materials for power generation can be ev-
idently estimated in a so-called Ioffe plot, which displays the thermoelectric power
factor as a function of the electrical conductivity. The influence and possibility to
maximize the electrical power output at high temperatures from infinite heat sources
were recently theoretically described. A maximized power factor and a moderate
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heat conductivity are the most important parameters to improve power generation
under these conditions.
In the present work, different oxides were synthesized and investigated in terms of
their thermoelectric properties. Furthermore, synthesis, growing mechanism and
structure were investigated using X-ray diffraction (XRD) methods, scanning elec-
tron microscopy (SEM) and transmission electron microscopy (TEM). The influence
of different processing techniques on micro-, nanostructure and thermoelectric prop-
erties were investigated using SEM, TEM, energy dispersive X-ray spectroscopy
(EDXS) and thermoelectric property measurements. The stability in air of different
materials were analyzed by thermogravimetry, XRD and cycle testing of thermo-
electric properties. The behavior of different materials in terms of their coefficient
of thermal expansion was investigated using dilatometry.
The primarily investigated phases are p-type Ca3Co4O9 (CCO) and n-type In2O3

semiconducting oxides. The crystal structure and phase formation of CCO is very
complex and subsequent ceramic processing is intricate. However, highly porous
CCO ceramics possess significantly reduced values of the heat conductivity and a
subsequently enhanced figure-of-merit zT of 0.4, which is the highest reported for
pure CCO ceramics. A new thermoelectric triple-phase Ca3Co4O9-NaxCoO2-Bi2Ca2Co2O9

(CCO-NCO-BCCO) nanocomposite with enhanced thermoelectric properties was
developed and characterized. The anisotropic thermoelectric properties were es-
timated. The highest power factor, electrical conductivity of 6.5 µW · cm-1 · K-2,
116 S·cm-1 (Ioffe plot) and figure-of-merit zT of 0.35 for CCO-NCO-BCCO nanocom-
posites, respectively, were obtained perpendicular to the pressing direction at 1073 K
in air. This zT value is the highest obtained for a p-type thermoelectric oxide in
a study, which reports anisotropic transport properties perpendicular and paral-
lel to the pressing direction of the ceramic. The thermoelectric properties could
be simultaneously enhanced in a co-doped nanocomposite with all-scale hierarchi-
cal architecture of three misfit layered oxides, which grew semi-coherently on each
other. By interdiffusion and incorporation in a CCO matrix, the thermally less sta-
ble phases NCO and BCCO could be stabilized and utilized at high temperatures.
The different synthesized, investigated and developed p- and n-type materials were
used and assembled in different designs of thermoelectric generators, which were
characterized in terms of proof of principle and maximizing the electrical power out-
put and power density. The first generator was constructed using a conventional
chess-board design and showed an enhanced electrical power output and power den-
sity at high temperatures, when electrically highly conducting indium oxide phases
were used. A finite-element simulation tool was developed to predict power char-
acteristics of thermoelectric generators and to exhibit different fluxes within the
devices. In addition, the importance of minimizing contact resistances to improve
the electrical power output of a thermoelectric generator was illustrated. By spark
plasma sintering of Ca3Co4O9 and CaMnO3 powders an all-oxide thermoelectric
generator was developed. A complex p-p-n junction formed in-situ at high tem-
peratures, which reduces the contact resistance (ohmic behavior) and boosts the
electrical voltage and thereby the electrical power output of the generator by uti-
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lizing a transversal thermoelectric effect at the interfaces of the p-p-n junction.
This all-oxide generator could be reported for the first time and is comparable in
terms of electrical power output and electrical power density to most conventional
oxide-based generators. The p-p-n junction at the interface between p- and n-type
materials abstain from metallic connectors and is hence applicable to even higher
temperatures compared to conventional thermoelectric generators.
The impact of high-power and high-zT materials on the electrical power output and
electrical power density of thermoelectric generators was comprehensively studied.
A p-type triple-phase CCO-NCO-BCCO nanocomposite was processed using dif-
ferent sintering techniques and the power factor and electrical conductivity (Ioffe
plot) were improved to reach 8.2 µW · cm-1 · K-2 and 143 S·cm-1, respectively, at
1073 K in air. The developed p- and n-type materials were used to build three
different prototypes of thermoelectric generators. The characterization of the pro-
totypes confirmed the theoretical postulations, a high thermoelectric power factor
and a moderate heat conductivity is much more important than a high zT value, to
harvest waste heat at high temperatures from infinite heat sources. The best gene-
rator provided an electrical power output and electrical power density of 22.7 mW
and 113.5 mW·cm-2, respectively, when a hot-side temperature of 1073 K and a
temperature difference of 251 K were applied. Even though a comparable low tem-
perature difference was applied, the obtained power density is the highest reported
from oxide-based generators.
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Zusammenfassung

Stichwörter: Thermoelektrizität; Energie ernten; Leistungserzeugung; Oxide

Thermoelektrische Materialien können reversibel und ohne Verwendung beweglicher
Teile durch Kopplung eines entropischen und eines elektrischen Flusses thermische
Energie in elektrische Energie umwandeln. Diese Fähigkeit wird angesichts des
wachsenden Energiebedarfs der Welt, einer geforderten Nachhaltigkeit und des Kli-
mawandels immer wichtiger. Die Materialklasse der thermoelektrischen Oxide kann
eine wichtige Rolle bei der Energiegewinnung aus Abwärme aus Industrieprozessen
und Kraftwerken spielen. Oxide besitzen, verglichen mit anderen Materialklassen,
vorteilhafte Eigenschaften im Hochtemperaturbereich und unter oxidierender Atmo-
sphäre, wenn unendliche Wärmequellen vorliegen. Das Forschungsgebiet der Ther-
moelektrik ist stark interdisziplinär. Es besteht einerseits aus der Synthese neuer
Materialien und Messung ihrer Eigenschaften, die der Festkörperchemie und Fes-
tkörperphysik zuzuordnen sind. Und andererseits besteht das Forschungsgebiet der
Thermoelektrik auch aus Prozess-und Elektrotechnik, beispeilsweise dem Bau und
der Vermessung von elektrischen Bauelementen.
Materialklassen wie Legierungen, Telluride, Halb-Heusler- oder Zintl-Phasen wie
beispielsweise Bi2Te3, PbTe-PbS, Yb14MnSb11, SiGe, SnSe und FeNbSb, besitzen
deutlich attraktivere thermoelektrische Eigenschaften, insbesondere im niedrigen
bis mittleren Temperaturbereich, solange eine inerte oder reduzierende Atmosphäre
vorliegt. Diese Materialklassen zeigen jedoch im Hochtemperaturbereich unter ox-
idierenden Bedingungen im Vergleich zu Oxiden eine schlechtere Stabilität, sind
toxisch oder bestehen aus teuren und seltenen Elementen. Thermoelektrische Oxide
können nicht mit den Werten des thermoelektrischen Gütefaktors zT von Material-
klassen wie Halb-Heusler-Phasen oder Telluriden konkurrieren. Daher sollte sich die
Forschung an Oxiden auf die Verbesserung des Leistungsfaktors im Hochtemperatur-
bereich unter Luft konzentrieren. Darüber hinaus sollte der Anwendungsbereich
von Materialien und Bedingungen, unter denen diese angewendet werden, kritisch
diskutiert werden. Für das Szenario der Anwendung einer begrenzten Wärmequelle
und wenn eine maximierte Umwandlungseffizienz erhalten werden sollte, ist ein
hoch-zT Material wünschenswert. Für den Fall einer unendlichen Wärmequelle
und unter der Annahme einer Abwärmerückgewinnung bei hohen Temperaturen
ist jedoch ein stabiles Material mit hohem Leistungsfaktor für die elektrische Leis-
tungserzeugung erstrebenswert. Aus diesem Grund wurde zum einen, ein ungewöhn-
licher Ansatz, in der Herstellung von porösen Keramiken durchgeführt, um die
Wärmeleitfähigkeit zu verringern und somit den Wert von zT zu verbessern. Zum
anderen wurde eine Co-Dotierung und kompositionell legierte Nanostrukturen ver-
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wendet, um Hochleistungsmaterialien zu entwickeln. Die Anwendbarkeit von Ma-
terialien zur Leistungserzeugung kann anschaulich anhand eines sogenannten Ioffe-
Diagramms eingeschätzt werden, welches den thermoelektrischen Leistungsfaktor
in Abhängigkeit von der elektrischen Leitfähigkeit darstellt. Der Einfluss und die
Möglichkeit, die elektrische Leistungserzeugung bei hohen Temperaturen aus un-
endlichen Wärmequellen zu maximieren, wurden kürzlich theoretisch beschrieben.
Ein maximierter Leistungsfaktor und eine moderate Wärmeleitfähigkeit sind die
wichtigsten Parameter zur Verbesserung der Leistungserzeugung unter diesen Be-
dingungen.
In der vorliegenden Arbeit wurden verschiedene Oxide synthetisiert und hinsichtlich
ihrer thermoelektrischen Eigenschaften untersucht. Darüber hinaus wurden Syn-
these, Wachstumsmechanismus und Struktur mittels Röntgenbeugung (XRD), Raster-
elektronenmikroskopie (REM) und Transmissionselektronenmikroskopie (TEM) un-
tersucht. Der Einfluss verschiedener Verarbeitungstechniken auf Mikro-, Nano-
struktur und thermoelektrische Eigenschaften wurde mittels SEM, TEM, EDXS
(energiedispersive Röntgenspektroskopie) und thermoelektrischen Messungen un-
tersucht. Die Stabilität verschiedener Materialien an Luft wurde mittels Ther-
mogravimetrie, XRD und Zyklustests der thermoelektrischen Eigenschaften unter-
sucht. Das Verhalten verschiedener Materialien hinsichtlich ihres thermischen Aus-
dehnungskoeffizienten wurde mittels Dilatometrie untersucht. Die primär unter-
suchten Phasen sind halbleitende Oxide wie p-leitendes Ca3Co4O9 (CCO) und n-
leitendes In2O3. Die Kristallstruktur und Phasenbildung von CCO ist sehr komplex
und die anschliessende keramische Verarbeitung ist ebenfalls kompliziert. Hoch-
poröse CCO-Keramiken besitzen jedoch deutlich reduzierte Wärmeleitfähigkeiten
und eine verbesserte Gütezahl zT von 0,4, gemessen parallel zur Pressrichtung der
Keramik. Dieser Wert stellt den höchsten Wert (parallel zur Pressrichtung) für eine
reine CCO-Keramik dar. Ein neues, thermoelektrisches drei-phasiges Ca3Co4O9-
NaxCoO2-Bi2Ca2Co2O9 (CCO-NCO-BCCO) Nanokomposit mit verbesserten ther-
moelektrischen Eigenschaften wurde entwickelt und charakterisiert. Die anisotropen
thermoelektrischen Eigenschaften wurden untersucht und zeigten den höchsten Leis-
tungsfaktor von 6,5 µ W · cm-1 · K-2, elektrische Leitfähigkeit von 116 S·cm-1 (Ioffe-
Diagramm) und zT Wert von 0,35 für ein CCO-NCO-BCCO-Nanokomposit bei 1073
K in Luft, gemessen senkrecht zur Pressrichtung der Keramik. Dieser zT -Wert ist
der höchste, der in einer Studie, welche die anisotropen Transporteigenschaften eines
thermoelektrischen p-artigen Oxids senkrecht und parallel zur Pressrichtung der
Keramik angibt, gemessen wurde. Die thermoelektrischen Eigenschaften konnten
gleichzeitig mit Hilfe einer co-dotierten Nanokomposit-Bildung aus drei komplex
geschichteten thermoelektrischen Oxiden verbessert werden. Das Komposit besteht
aus Strukturen, die Ausdehnungen aller Grössenskalen (mikroskopische, nanoskopi-
sche, atomare Skala) aufweisen. Die drei komplex geschichteten thermoelektrischen
Oxide wuchsen semi-kohärent aufeinander. Die thermisch weniger stabilen Phasen
NCO und BCCO konnten durch Interdiffusion und Einbau in eine CCO-Matrix bei
hohen Temperaturen stabilisiert und dadurch an Luft erstmals genutzt werden.
Die verschiedenen synthetisierten, untersuchten und entwickelten p- und n-leitenden
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Materialien wurden für thermoelektrische Generatoren unterschiedlicher Bauweisen
verwendet. Diese Generatoren wurden im Hinblick auf einen prinzipiellen Nach-
weis der Machbarkeit und Maximierung der elektrischen Leistung und Leistungs-
dichte charakterisiert. Der erste Generator wurde mit einem herkömmlichen Schach-
brettmuster konstruiert und zeigte eine erhöhte elektrische Leistungsabgabe und
Leistungsdichte bei hohen Temperaturen, wenn elektrisch hochleitende Indiumoxid-
phasen verwendet werden. Ein Finite-Elemente-Simulationstool wurde entwickelt,
um die Leistungseigenschaften von thermoelektrischen Generatoren vorherzusagen
und die unterschiedlichen Flüsse in den Bauteilen zu zeigen. Darüber hinaus wurde
die Wichtigkeit der Minimierung von Übergangswiderständen zur Verbesserung der
elektrischen Ausgangsleistung eines thermoelektrischen Generators herausgestellt.
Ein vollständig oxidischer thermoelektrischer Generator wurde entwickelt und charak-
terisiert, welcher mit Hilfe von Funkenplasmasintern von CCO- und CaMnO3-Pulvern
hergestellt wurde. Ein in-situ bei hohen Temperaturen gebildeter, komplexer p-p-
n-Übergang verringert den Kontaktwiderstand und erhöht die elektrische Spannung
durch Auftreten eines transversalen thermoelektrischen Effekts an den Grenzflächen
des p-p-n-Übergangs. Dieser Effekt wiederum erhöht die elektrische Ausgangsleis-
tung des Generators. Dieser vollständig oxidische, thermoelektrische Generator kon-
nte zum ersten Mal gefertigt und ist hinsichtlich der elektrischen Ausgangsleistung
und der elektrischen Leistungsdichte vermessen worden. Er ist mit den meisten
herkömmlichen, oxid-basierten Generatoren vergleichbar. Der p-p-n-Übergang an
der Grenzfläche zwischen p- und n-leitenden Materialien nutzt keine metallischen
Leiter und ist daher im Vergleich zu konventionellen Generatoren auch bei noch
höheren Temperaturen in Luft verwendbar.
Die Auswirkungen von Hochleistungsmaterialien und hoch-zT Materialien auf die
elektrische Ausgangsleistung und Leistungsdichte von thermoelektrischen Genera-
toren wurden umfassend untersucht. Ein p-leitendes CCO-NCO-BCCO-Nanokomposit
wurde unter Verwendung verschiedener Sintertechniken verarbeitet, wodurch der
Leistungsfaktor und die elektrische Leitfähigkeit (Ioffe-Diagramm) verbessert wur-
den und 8,2 µ W · cm -1 · K-2, beziehungsweise 143 S·cm-1 bei 1073 K in Luft
erreichten. Die entwickelten p- und n-leitenden Materialien wurden verwendet, um
drei verschiedene Prototypen von thermoelektrischen Generatoren zu bauen. Die
Charakterisierung der Prototypen bestätigte die theoretischen Überlegungen, ein ho-
her thermoelektrischer Leistungsfaktor und eine moderate Wärmeleitfähigkeit seien
viel wichtiger als ein hoher Wert von zT , um Energie aus Abwärme bei hohen Tem-
peraturen aus unendlichen Wärmequellen zu gewinnen. Der beste Generator lieferte
eine elektrische Ausgangsleistung und eine Leistungsdichte von 22,7 mW bzw. 113,5
mW · cm-2, wenn eine Heissseitentemperatur von 1073 K und eine Temperaturdif-
ferenz von 251 K vorliegt. Obwohl eine vergleichweise geringe Temperaturdifferenz
verwendet wurde, ist die erhaltene Leistungsdichte die höchste, die für Oxid-basierte
Generatoren berichtet wird.
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Abbreviations

BCCO Bi2Ca2Co2O9

CCO Ca3Co4O9

CCO-30-35-6 CCO-NCO-BCCO nanocomposite (derived from Ca2.35-zNa0.3Bi0.35TbzCo4O9)

CCO-30-35-8 CCO-NCO-BCCO nanocomposite

CCO-30-35-10(-air) CCO-NCO-BCCO nanocomposite
air - pressureless sintered in air

CCO-30-35-10-HP hot-pressed CCO-30-35-10

CCO-30-35-10-SPS spark plasma sintered CCO-30-35-10

CCO-30-35-10-O2 O2-sintered CCO-30-35-10
O2 - pressureless sintered in O2

CMO CaMnO3

DOS electronic Density of states

EDTA Ethylenediaminetetraacetic acid

EDXS Energy dispersive X-ray spectroscopy

EELS Electron energy-loss spectroscopy
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EF Fermi energy

FEM Finite-element simulation method

HRTEM High-resolution transmission electron microscopy

Ge,Mn,Zn:In2O3 Germanium, manganese, zink co-doped indium oxide

ITO Indium tin oxide, In2-xSnxO3

NCO NaxCoO2

n-type electron conducting semiconductor

PF Thermoelectric power factor

p-type hole conducting semiconductor

rFFT Reduced fast Fourier transformation

SAED Selected area electron diffraction

Sn,Al:In2O3 Tin, aluminum co-doped indium oxide

SEM Scanning electron microscopy

TE Thermoelectric

TEG Thermoelectric generator

TEM Transmission electron microscopy

XRD X-ray diffraction

zT Thermoelectric figure-of-merit of a material

ZT Thermoelectric figure-of-merit of a generator
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1 Introduction

1.1 Thermoelectricity

The phenomenon of thermoelectricity can be described by the reversible coupling of
entropic IS and electrical Iq currents in a way that heat is transferred to electrical
energy and vice versa. When a thermoelectric solid state material is exposed to a
temperature gradient, an electrical potential gradient is coupled and generated due
to the thermal diffusion of charge carriers. The phenomenon of coupling entropy
IS and electrical Iq currents (fluxes) with each other (Figure 1) can be well de-
scribed with a material-specific tensor, shown in Equation 1. This tensor consists of
material-specific parameters like the isothermal electrical conductivity σ, the See-
beck coefficient α, the electric open-circuited entropy conductivity Λ and geometrical
parameters like area A and length L, which are linked by differences of temperature
and electrical potential to the generated entropy and electrical currents [1–3].(

IS
Iq

)
=

Aleg

Lleg

·
(

σ · α2 + Λ σ · α
σ · α σ

)
·
(

∆T
∆ϕ

)
(1)

The first entry of the material tensor is the so called thermoelectric power factor
σ · α2, which describes the charge carrier related entropy conductivity. The electric
open-circuited entropy conductivity Λ is added to the thermoelectric power factor.
The entry σ · α is the coupling parameter. The last entry is the isothermal specific
electrical conductivity σ, which results directly from Equation 1 for a disappearing
temperature difference in the isothermal description of Ohm’s law, as described in
section 1.1.2. The entropy conductivity consists of an electronic part and a lattice
part. The electronic part is ruled by the thermoelectric power factor σ · α2, since
charge carrier also carry entropy, as described in section 1.1.3. The lattice part is
determined by lattice vibrations and is described by the electric open-circuited en-
tropy conductivity Λ. The material-specific parameters like the Seebeck coefficient α
and the isothermal electrical conductivity σ are measured under vanishing electrical
(∆ϕ =0) or thermal differences (∆T =0), respectively. The entropy conductivity Λ
is measured under vanishing electrical (∆ϕ =0) and thermal differences (∆T =0).
The dependance of the entropy conductivity Λ and heat conductivity λ is shown in
Equation 2 and is related by the absolute temperature T [1–3].

λ = T · Λ (2)
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Figure 1: Principle of a thermoelectric generator: Coupling an entropy (jS) and an
electric (jq) flux with each other, in same direction for a p-type (α> 0) and in opposite
direction for a n-type (α< 0) material. Copyright De Gruyter [3].

The thermoelectric phenomenon of coupling entropy and electrical currents with
each other in a thermoelectric generator to convert thermal energy into electrical
energy is schematically illustrated in Figure 1. The entropy and electrical currents
(fluxes) are coupled with each other in the same and opposite direction for p- and
n-type materials.

The thermoelectric effect was first observed by Thomas Johann Seebeck in the 19th

century as he noticed the deflection of a compass needle, when he exposed two dif-
ferent metals to a temperature difference [4]. A thermal induction of an electrical
current led to a magnetic field, which deflected the needle. But Seebeck came to a
false interpretation. In his opinion, thermomagnetism was the reason for his obser-
vations. Hans Christian Ørsted was inspired by Seebeck’s findings and carried out
his own experiments and observed deflections of compass needles in current-carrying
electric circuits. He made the correct conclusions of induced electrical currents and
reported his results in 1820 in a publication about thermoelectricity [5]. The un-
derlying material-specific quantity has been called later the Seebeck coefficient α or
thermopower, shown in Equation 3 and is determined by the entropy S* per unit
transported charge q [1].

α =
S∗

q
(3)

In the field of thermoelectric research, the ability of a material to convert heat into
electrical energy can be evaluated by the so called figure-of-merit zT , shown in
Equation 4, which was first derived by Ioffe [6].

zT :=
σ · α2

Λ
=

σ · α2

λ
· T (4)
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In this way a figure-of-merit zT , which solely depends on material-specific parame-
ters can be obtained, which is given in Equation 4. The involved material-specific
parameters are the Seebeck coefficient α, the isothermal electrical conductivity σ and
the entropy conductivity Λ. Only when the entropy conductivity Λ is not accepted
as basic material parameter, the heat conductivity λ and the absolute temperature
T according to Equation 2 are used, as shown in Equation 4. The figure-of-merit zT
composed of the heat conductivity λ and the absolute temperature is generally more
often used in the thermoelectric society. The isothermal electrical conductivity σ
and the electric open-circuited heat conductivity λ were explored by Georg Simon
Ohm [7] and Jean Baptiste Joseph Fourier, respectively [8]. The ability to convert
energy can be improved by an enhancement of σ and α or reduction of Λ.

1.1.1 Seebeck coefficient α

The principle of a Seebeck coefficient α measurement is shown in Figure 2. A ther-
moelectric material between two contacts will show an electrical voltage U (potential
difference ∆ϕ), which is equal to the temperature difference ∆T multiplied with the
Seebeck coefficient α, as shown in Equation 5.

U = ∆ϕth = −α ·∆T (5)

This equation can be easily derived from Equation 1 under the assumption of elec-
trical open-circuited conditions (Iq=0). In this way, the Seebeck coefficient α can be
calculated from the measured temperature difference ∆T and the electrical voltage
U .

Figure 2: Schematic representation of the appearance of a electrical voltage (potential
gradient) when a temperature difference ∆T is applied to p- or n-type conductor.
Measurement assume a vanishing Thomson coefficient (τ≈0). Black spheres represent
major charge carrier, which migrate through the material from hot to cold-side.

If one side of the material is heated, charge carrier will be activated and migrate
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from hot to cold-side since hot charge carriers have a higher velocity. As a result,
the quantity of charge carriers will be higher at the cold-side of the material than at
the hot-side, leading to different electrical potentials at these two sides and finally
in a potential gradient across the material, see Figure 2. The Seebeck coefficient α
is mostly given in µV/K (equal to J

s·C = V ·A·s
K·A·s , entropy S* per transported charge

carrier q, see section 1.1) and can be positive or negative, depending on the major
charge carriers in the material, since generated potential gradients have reverse signs.
The Seebeck coefficient is a material-specific value and is defined by the entropy S*

per transported charge carrier q according to Equation 3 in section 1.1. The Seebeck
coefficient α is thereby depending on the electronic band structure and electronic
density of states (DOS), as shown in Figure 3, of the material. For degenerated
(kBT � EF ) semiconductors, this correlation can be described by Equation 6 [9, 10].

Figure 3: Electronic density of states near the Fermi level EF of a) Ca3Co4O9 (CCO)
and b) In1.95Sn0.05O3 (ITO). Areas of occupied states are hatched. Copyright De
Gruyter [11].

α ∼ −(δlnA(E)/δE)E=EF
(6)

A(E) is proportional to the area of the electronic density of states at the Fermi level
EF . The Seebeck coefficient α is also described by Equation 7.

α =
2

3

(π
3

) 2
3

(
γ +

2

3

)
k2
Bm

∗

e~2n 2
3

(7)

An enhancement of the effective mass m* or a decrease in the carrier concentration
n would have immediate impact on the Seebeck coefficient α. The other parameters
are the Boltzmann constant kB, Planck’s quantum ~, the elementary charge e and
a scattering factor γ, which depend on the scattering mechanism (-0.5 for acoustic
phonons, 0 for neutral impurities and 1.5 for ionized impurities). These two equa-
tions show the possibilities to enhance the Seebeck coefficient α, both correlate to
the electronic band structure of the material. A general challenge in thermoelec-
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tricity is the interrelation of the effective mass m* and the carrier concentration n,
since changes in one of them also affects the other. For this reason, new approaches
to improve the Seebeck coefficient α have been conducted, which are discussed in
sections 1.2.2 and 1.2.3.

1.1.2 Isothermal electrical conductivity σ

The electronic band structure of the material, determines not only the Seebeck
coefficient α but also the electrical conductivity σ. The most frequently used models
to explain the electronic band structure are the tight-binding model and the Bloch
theorem (plane wave expansion model) [12, 13]. The first model is assuming a
superposition of atomic orbitals of a periodic solid-state matter, which form, by
interaction of discrete atomic energy levels, energy bands. The second model treats
an electron as a wave which is propagating and interacting with a periodic potential.
The interaction of the electron waves with the crystal potential leads to an altered
electronic dispersion and the formation of energy bands and band gaps. Both models
provide the conception of energy bands, namely conduction and valence bands, in
dependence of the electronic wave vectors. For metals, the conduction and valence
bands are overlapping and the Fermi energy EF is located within the conduction
band. For intrinsic semiconductors, the conduction and valence bands are separated
by a band gap and the Fermi energy EF is located in the middle of the gap [14]. The
band structure of semiconductors can be modified by doping and other approaches,
which are discussed in sections 1.2.1, 1.2.2 and 1.2.3. The introduction of lower
valent dopants into the semiconductor will introduce holes and shifts the Fermi
energy EF towards the valence band. Higher valent dopants introduce electrons
and shift the Fermi energy EF towards the conduction band. The semiconductor is
called p- and n-type, respectively, according to the major charge carrier. The specific
isothermal electrical conductivity σ in solid-state matter can thereby be described
as the product of carrier concentration n, charge carrier mobility µ and elemental
charge e, as shown in Equation 8 [15].

σ = n · µ · z · e (8)

The charge carrier concentration n is directly connected to the electronic band struc-
ture of the material. It is defined by the electronic DOS in the conduction band NC

and in the valence band NV, the energies of the conduction band edge EC, valence
band edge EV, the Fermi energy EF and temperature T , shown in Equations 9 and
10 for p (np) and n-type (nn) semiconductors.

np = NV · exp
(
−EF − EV

kB · T

)
(9)

nn = NC · exp
(
−EC − EF

kB · T

)
(10)

If the semiconductor is p- or n-type doped, the charge carrier concentration for a
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non-degenerated semiconductor can be described by Equations 11 and 12.

np = 2NA · exp

(
1 +

√
1 + 4 · NA

NV

· expEA − EV

kB · T

)−1

(11)

nn = 2NC · exp

(
1 +

√
1 + 4 · ND

NC

· expEC − ED

kB · T

)−1

(12)

Both Equations (11, 12) describe the charge carrier concentration of a non-degenerated
semiconductor at different temperatures T , thereby NA and ND are the electronic
densities of states (DOS) of the acceptor and donator, respectively, and EA and ED

are the corresponding energies.
The charge carrier mobility is determined by the curvature of the conduction band,
valence band for electrons and holes, respectively, and can be also described, as
shown in Equation 13, as a function of the median flight time τ between collisions,
the elementary charge e and the effective mass m* [12, 13].

µ =
e · τ
m∗ (13)

According to Equation 13, the isothermal electrical conductivity σ can be enhanced
by a reduced effective mass m*, but at the same time, the Seebeck coefficient α
will be decreased, as shown by Equation 7. The isothermal electrical conductivity
σ, shown in Equation 14, can be easily derived from Equation 1 under vanishing
temperature difference (∆T =0).

σ =
−Iq · L
U · A

(14)

The electrical current Iq is linked by the electrical current density Jq and the cross-
sectional area A by Equation 15 and follows, under isothermal conditions (∆T = 0),
Ohm’s law [7] (derived from Equation 1) according to Equations 14.

Iq =

∫ A

0

Jq · dA (15)

1.1.3 Heat conductivity λ

The thermal conductivity of solid-state matter can be described by Fourier’s law at
electric open-circuit conditions, and evanescent electric current (derived from Equa-
tion 1) [8]. The heat conductivity consists of three parameters, the heat capacity
CP the density ρ and the thermal diffusivity Dth, and can be calculated according
to Equation 16.

λ = CP · ρ ·Dth (16)

Besides, the heat conductivity is composed of two terms, as shown in Equation
17. The first term describes the heat conductivity, which is associated to lattice
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vibrations λph (phonons) and the second correlates to the heat transport by charge
carriers λel, since electrons or holes carry both, charge and entropy, according to
Equation 3 [16, 17].

λ = λph + λel (17)

The density ρ can be obtained by the Archimedes method, measured from dry
mass, mass in solvent (buoyancy), mass with incorporated solvent, density of the
solvent and temperature after ISO 5018:1983 (the International Organization for
Standardization). The heat capacity CP is either measured by the sapphire method
[18] or estimated by Dulong-Petit, assuming the molar heat capacity Cm is three
times the gas constant R. The heat conductivity λ can be influenced by several
approaches, which are described in section 1.2.3.

1.2 Energy conversion efficiency

According to Ioffe [6], the energy conversion efficiency η of a thermoelectric generator
(TEG) can be calculated by Equation 18 and depends on the Carnot efficiency
(∆T/TH), that is reduced by a factor, which consists of the figure-of-merit ZT , the
hot TH, cold-side TC and the mean temperature T .

η(%) = 100 ·
(
TH − TC

TH

)
·

√
1 + ZT − 1√

1 + ZT + (TH/TC)
(18)

Note, for this figure-of-merit ZT , the mean temperature T across the TEG is used,
and is calculated according to Equation 4. The enumerator in Equation 4 is called
the thermoelectric power factor (σ·α2), which defines the amount of electrical power
which is converted from heat. Equation 18 is based on the assumption, heat would
flow back in direction of the hot-side [6]. However, a heat flow against its own
driving force, the thermal gradient ∇T , seems unlikely. Furthermore, Equation 18
is based on the assumption that Z is temperature independent. Most thermoelec-
tric materials have highly temperature dependent properties (σ, α and Λ) and the
zT value is thereby, not constant or of linear trend. As a consequence, the effi-
ciency after Equation 4 seems inadequate and is not reliable, when Z is temperature
dependent [19]. Altenkirch also discussed the efficiency and figure-of-merit of a
thermoelectric material in 1909 [20]. However, he neglected the heat (entropy) con-
ductivity in his calculations. Fuchs [1] postulated another Equation to estimate the
second law efficiency of thermoelectric generators, which abstain from temperatures.
This Equation is only determined by a single external parameter, the external re-
sistance, and by the parameters of the generator [1]. As a result, this Equation is
more suitable to calculate the efficiency of a thermoelectric generator compared to
the Equation, which is derived according to Ioffe [6].
A thermoelectric generator, as shown in Figure 1, should consist of materials, which
are optimized for the area of application of the TEG. Two scenarios of application
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are possible: Energy harvesting from infinite or limited heat sources. For the case of
infinite heat sources, thermoelectric materials with maximized power factors should
be used in order to enhance the electrical power output of the generator, see Figure 9.
When a limited heat source is present, for example in space employments, materials
with maximized zT value are beneficial to decrease the heat loss and subsequently
enhance the efficiency, see Figure 9. In order to enhance the power conversion ef-
ficiency of a thermoelectric material and generator, the figure-of-merit zT must be
improved.
Ideally, the thermoelectric power factor is enhanced and at the same time, the heat
conductivity λ is reduced. With respect to zT values, thermoelectric oxides can
not compete with other materials like alloys [21–23], tellurides [24] or half-Heusler
[25], Zintl phases [26]. A generator made of oxides should therefore be used at high
temperatures under oxidizing conditions and maximized power factor. Narducci [27]
showed that a high zT value is not necessary for a high electrical power generation,
if an infinite heat source is present. A moderate heat conductivity λ is necessary for
both, introducing enough heat into the system to sustain a temperature difference
∆T , and enough heat to be converted into electrical energy, as shown in Figure 4 [27].

Figure 4: Narducci plot showing the increase of the electric power output Pel for
different power factors (solid lines) and the conversion efficiency η (dashed lines) as a
function of the heat conductivity λ. Copyright American Institute of Physics [27].

When an infinite heat source is assumed, the conversion efficiency η in Equation 18
can be modified to Equation 19. Remember, the Equation 18 according to Ioffe [6]
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seems inadequate to calculate the efficiency, when Z is temperature dependent. How-
ever, the conclusion of maximized electrical power outputs by maximizing the power
factor of applied materials remains.

η =
1

2
· TH − TC

TH

·
(
1 +

2

Z · TH

− ∆T

4 · TH

)−1

(19)

The maximum electrical power outputs of a thermoelectric material P el,max,mat and
generator P el,max,TEG can be calculated according to Equations 20 and 21, respec-
tively [28–30].

Pel,max,mat =
1

4
· A
L

· σα2 · (∆T )2 (20)

Pel,max,TEG =
U2
OC

4 ·RTEG

(21)

The involved parameters are the open-circuited voltage UOC and the resistance RTEG

of the generator. These values only depend on electrical properties like α for gener-
ated electrical voltage U (U = ∆ϕth = −α · ∆T ) and σ (σ = −Iq ·L

U ·A ) for resistance
RTEG. According to Figure 4, the heat conductivity is indirectly connected with the
electrical power output. Figure 4 illustrates the correlation between the electrical
power output P el,max,TEG, energy conversion efficiency η as a function of the heat
conductivity λ for different power factors [27]. With increasing the power factor
of applied materials, the electrical power output and energy conversion efficiency
are subsequently improved. The importance to increase the power factor of p- and
n-type materials is also illustrated in Equations 20 and 21. In consequence of a
maximized power factor, the electrical power output and electrical power density of
a generator are simultaneously increased.

1.2.1 Carrier concentration engineering and synergistic
alloying

One approach to improve thermoelectric materials is carrier concentration engineer-
ing, shown in Figure 5, which is used to maximize the thermoelectric power factor
by balancing σ and α, according to Equations 7 and 8 [24]. Figure 5a shows, in-
troduced dopants can be used in synergistic alloying (co-doping) to decrease the
heat conductivity λ. The impact of dopants on the heat conductivity λ can be esti-
mated by the scattering factor Γ, represented in Equation 22. The scattering factor
Γ consist of, the doping fraction x, mass difference ∆M/M and lattice mismatch
adisorder/apureand the adjusting parameter ε. The adjusting parameter ε is related to
the elastic properties.
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Figure 5: a) Co-doping (cross-substitution) with different valent elements. b)
Schematic representation of different doping techniques. c) carrier concentration n
as a function of temperature and different doping techniques to tune it. d) Figure of
merit zT as a function of temperature and impact of doping techniques. Copyright
American Chemical Society [31].

Γ = x(1− x)

[(
∆M

M

)2

+ ε

(
adisorder − apure

apure

2
)]

(22)

Figure 5b shows different doping techniques, which were developed over the years.
Depending on desired properties, the material is homogeneously doped or graded
doped, when different charge carrier concentrations are favored, for example to
decrease contact resistances. The temperature-dependent doping can be used to
ensure a constant charge charier concentration across a certain temperature range
[32, 33]. Since the carrier concentration in most semiconducting materials increases
with temperature in the order of T 3/2, as illustrated in Figure 5c, the aforemen-
tioned temperature-dependent doping is of interest [34]. In the case of an increasing
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charge carrier concentration, the Seebeck coefficient α can be decreased and the heat
conductivity λ increased, according to Equations 7 and 17. For this reason, carrier
concentration engineering showed beneficial effects on various materials [21, 35], ver-
ifying its impact on enhancing the thermoelectric properties [31, 36, 37]. As a result
of these doping techniques, a decreased heat conductivity λ leads to enhanced values
of the figure-of-merit zT , as shown in Figure 5d [38].

1.2.2 Electronic band-structure engineering and resonant
impurities

Another important and most promising approach to enhance the thermoelectric
power factor in an almost temperature-independent manner is band-structure engi-
neering [39, 40]. The objective of this effort is to distort and increase the electronic
DOS in the vicinity of the Fermi level as much as possible, to increase σ and α
simultaneously. The introduction of a second electronic band as shown in Figure 6a,
is achieved by doping the material. Resonant level or states, as indicated in Fig-
ure 6b,e also increase the density of states and introduce additional available energy
levels in the conduction or valence band. As a result, these approaches improve the
Seebeck coefficient α [39, 40]. The success of electronic band-structure engineering
was verified by rare-earth doping, due to the hybridization (Figure 6c) of electronic
bands with sp character [41–44] and the introduction of resonant impurities (Fig-
ure 6e) [39, 41]. The dilute Kondo approach, shown in Figure 6d, is attributed to a
change of the electron spin state when scattering on magnetic impurities and there-
fore, increasing the electronic DOS. Also compositionally-alloyed nanostructures can
increase σ and α at the same time [31, 45].

Figure 6: a-d) Band structure engineering to distort the electronic density of states
(DOS) in order to enhance the Seebeck coefficient α. e) Introduction of resonant
impurities creating additional available energy levels in the conduction or valence
band. Dilute Kondo is attributed to a change of the electron spin state when scattering
on magnetic impurities. Copyright Royal Society of Chemistry [41].
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1.2.3 Compositionally-alloyed nano-structures and
multiscale structuring

A reduction of the heat conductivity λ can be achieved by tuning the micro-, nano-
and atomic structure to scatter phonons on all length scales [46, 47]. This approach
of an all-scale hierarchical architecture, which is shown in Figure 7a-e, introduces
structures in the mesoscale, nanoscale and atomic scale into the material [31, 48].
Hicks and Dresselhaus forecasted nanostructures such as 2-dimensional (2D) quan-
tum wells and 1D quantum wires to be suitable to tune the electronic DOS in the
vicinity of the Fermi level [49]. A combination of both techniques, an all-scale hi-
erarchical architecture of compositionally alloyed structures, which possess energy
matched electronic bands, could scatter solely phonons on all length scales, and at
the same time electronic properties could be improved [31, 50].

Figure 7: Influence of an all-scale hierarchical architecture via microstructuring
(mesoscale), nanostructuring (nanoscale) and introduction of point defects (atomic
scale) on the heat conductivity λ. a) Atomic scale, b) nanoscale, c) mesoscale, d) per-
centage of reduction to λ from different structures and e) reduction of λ in dependence
of temperature and structures. f) Alignment of electronic bands by compositionally-
alloyed nanostructuring. Copyright American Chemical Society [31].

Introducing porosity into the material represents another appraoch to decrease the
heat conductivity. A change of the the degree of porosity leads to increased or
decreased thermal contact resistances [51], as given in Equation 23 [52].

λ =
1− P

1 + nP 2
· λ0 (23)

Thereby λ is the calculated heat conductivity, in dependency of the porosity, λ0

is the reference value of a dense ceramic, P is the volume fraction of the pores
(or porosity) and n is a constant between 1 and 14. Since the electronic part λel

(Equation 17) also contributes to the total heat conductivity λ, the challenge in
thermoelectricity, regarding the interdependency of the three parameters σ, α and
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λ, which is illustrated in Figure 9, may become clearer. An increased density may
enhance σ but also λ, due to reduced electrical and thermal intergrain contact resis-
tance. Doping could improve either α or σ but at the same time reducing the other
and vice versa (sections 1.1 and 1.1.2) [6, 53].

1.3 Thermoelectric materials

1.3.1 Overview of state of the art materials

Several classes of materials like tellurides [24, 54], alloys [21–23, 55], skutterudites
[56], Zintl-phases [26], Half-Heusler phases [25] and oxides [30, 57–60] are known and
were investigated in the field of thermoelectricity over the years.

Figure 8: Thermoelectric properties of different n- and p-type material classes like
tellurides [24, 54], alloys [21–23, 55], skutterudites [56], Zintl-phases [26], Half-Heusler
phases [25] and oxides [30, 57–60]: a,b) figure-of-merit zT as a function of temperature.
c,d) Ioffe plots: power factor σα2 as a function of the electrical conductivity σ. Start
and endpoints of temperature ranges are indicated.

These materials can be used in different temperature regimes, tellurides like Bi2Te3
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for example show limited thermal stability. Alloys, Zintl- and Half-Heusler-phases
show enhanced thermal stability, but suffer from chemical stability under oxidizing
conditions. Oxides possess a good thermal and chemical stability at high temper-
atures in air and have, therefore, benefits under these conditions, compared to the
other material classes. However, compared to the other materials, oxides show poor
thermoelectric properties like figure-of-merit zT or power factor. In general a ther-
moelectric material is evaluated by its figure-of-merit zT , shown in Figure 8a,b for
different n- and p-type materials. However, as discussed in section 1.2, the zT value
on its own is insufficient to evaluate a thermoelectric material, that is designed to
maximize the electrical power output of a thermoelectric generator from infinite heat
sources [27]. A so-called Ioffe plot [6, 61] is much more suitable to evaluate the ma-
terial in terms of maximizing the electrical power output of a generator. Examples
are shown in Figure 8c,d, for different n- and p-type materials.

1.3.2 Developed oxide materials

Thermoelectric materials have to be evaluated, as discussed in section 1.2, in consid-
eration of their area of application. Furthermore, the materials should be specifically
designed, as shown in Figure 9, for their area of application by reasons of high power
factor or zT values.

Figure 9: Thermoelectric parameters: Seebeck coefficient α, electrical conductivity
σ, phononic and electrical part of the heat conductivity λph, λel, calculated power
factor σ · α2 (PF) and figure-of-merit zT (according to Equation 4) as a function of
charge carrier concentration n. A and B indicate charge carrier concentrations n of
materials, which should be used for high power generation (infinite heat sources), or
high energy conversion efficiency (limited heat sources), respectively. Modified from
Ioffe [6].
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If a limited heat source is present, materials with a high figure-of-merit zT (B in
Figure 9) are needed. On the other hand, if an infinite heat source is present, a high
electrical conductivity and thermoelectric power factor (A in Figure 9) are needed.
The case of SnSe with its record figure-of-merit zT (Figure 8b) and its quite low
thermoelectric power factor of SnSe (Figure 8d), confirms this argument. Even
though SnSe has a very high zT value, it is a bad material for energy harvesting
and power generation, since it shows a limited temperature range and electrical
conductivity σ. For this reason, the p-type CCO and n-type In2O3 materials have
been improved, as shown in Figure 10, by different approaches, as discussed in
sections 1.2.1, 1.2.2 and 1.2.3.

Figure 10: Thermoelectric properties of synthesized and character-
ized p- and n-type oxides of Ca3Co4O9 (CCO) (rectangle, green),
Ca2.25Na0.3Bi0.35Tb0.1Co4O9 (CCO-30-35-10-air) (stars, black), hot-pressed
Ca2.25Na0.3Bi0.35Tb0.1Co4O9 (CCO-30-35-10-HP) (circle, yellow), spark plasma
sintered Ca2.25Na0.3Bi0.35Tb0.1Co4O9 (CCO-30-35-10-SPS) (square, dark
blue), O2-sintered Ca2.25Na0.3Bi0.35Tb0.1Co4O9 (CCO-30-35-10-O2) (reverse
rectangle, red), In1.9Sn0.05Al0.05O3 (Sn,Al:In2O3) (diamond, dark yellow),
In1.95Ge0.01Mn0.01Zn0.03O3 (Ge,Mn,Zn:In2O3) (pentagon, dark green) and
CaMnO3 (CMO) (rotated rectangles, orange) [30, 60, 62, 63]: a) figure-of-merit zT
as a function of temperature. b) Ioffe plot: power factor σα2 as a function of the
electrical conductivity σ. Values are increasing with indicated temperature.

The interrelation of σ, α and λ (here in dependence of the carrier concentration
n), as shown in Figure 9, is the fundamental challenge in thermoelectric research.
The isothermal electrical conductivity σ is increasing with n, according to equa-
tion 8, while α is decreasing in accordance to Equation 7, at the same time, λ is
also increasing due to the increased electrical part (Equation 17). However, the
aforementioned techniques were proved to be suitable to enhance the thermoelectric
properties σ, α and λ simultaneously [24, 31, 39, 40, 50]. The degree of porosity
(section 1.2.3) in CCO ceramics was changed and a high figure-of-merit zT (B in
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Figure 9), as shown in Figure 10a, was obtained. This approach to increase the zT
value was also used for co-doped Ge,Mn,Zn:In2O3, as illustrated in Figure 10a. Car-
rier concentration engineering (section 1.2.1) was carried out to obtain Sn,Al:In2O3,
which shows both, high electrical conductivity and thermoelectric power factor (A
in Figure 9), as shown in Figure 10b. The three different approaches of carrier
concentration engineering, electronic band structure engineering (section 1.2.2) and
compositionally alloyed nanostructures (section 1.2.3) were combined to develop the
CCO-NCO-BCCO nanocomposite. This material shows a high electrical conductiv-
ity and thermoelectric power factor (A in Figure 9), as revealed in Figure 10b. The
application of alternative processing techniques improved the nanocomposite. As a
consequence, the electrical conductivity and thermoelectric power factor, as shown
in Figure 10b, were further increased O2 -sintering. The developed high power factor
(A in Figure 9) materials are suitable for high temperature power generation from
infinite heat sources.

1.3.3 Indium oxide (In2O3)

Indium oxide crystallizes in the calcium fluorite CaF2 structure type of the cubic
space group Ia3̄ and is an indirect semiconductor with a band gap of 1.16 eV. This
structure, and its properties as a semiconductor, are easy to tune by introducing
dopants on In positions, as shown in Figure 11, and described in section 1.1.2.

a) b)

Figure 11: Crystal structure of indium oxide In2O3 (IO) along the a-axis, spacegroup
Ia3̄ (ICSD-50847). Different compositions of doped indium oxides: a) Sn,Al:In2O3 and
b) Ge,Mn,Zn:In2O3 are shown and indicated by spheres of different size and colour. In-
olive-green, O-red, Sn-green, Al-blue, Ge-black, Mn-brown and Zn-turquoise. Figure
was drafted using Diamond - Crystal and Molecular Structure Visualization software.

In2O3 is a promising thermoelectric n-type oxide for energy harvesting at high tem-
peratures and under oxidizing conditions, due to its good thermal, chemical stabil-
ity and convenient electronic properties like high electrical conductivity and power
factor (Figure 10b). Thereby, the electrical conductivity is mostly enhanced via
carrier concentration engineering by doping with higher valent elements like Sn or
Ge [64–66]. The introduction of Sn and Ge leads to strong hybridization of 5s (In,
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Sn, Ge) and 2p (O) atomic orbitals, which maintains a small band gap [11, 67].
To enhance the thermoelectric properties of indium oxide, several approaches like
band gap engineering [68–70], point defect engineering [71, 72] and nanostructur-
ing via spark plasma sintering (SPS) [73, 74], were done. All these studies started
with a doped nanograined powder, derived from a wet-chemical bottom-up synthesis
like the sol-gel synthesis, followed by a fast and kinetically-controlled spark plasma
sintering, to densify the ceramic body and introduce small grains to decrease the
thermal conductivity [66, 69, 71–75]. In this way thermoelectric power factors be-
tween 9 and 8.5 µ W · cm-1 · K-2 and zT values of 0.35 and 0.4 at 973, 1273 K,
respectively, are possible [66, 69]. Also composites of ZnO and In2O3 layers are
feasible to enhance the Seebeck coefficient by introducing different amounts of ZnO
layers [76, 77].

1.3.4 Calcium manganese oxide (CaMnO3)

The Calcium manganese oxide (CaMnO3, CMO, t>1) is another n-type semicon-
ducting material, which possess a perovskite structure type of a orthorhombic crystal
system in the space group Pbnm. The structure consists of corner-sharing MnO6

octahedra and Ca atoms in the cavities. This material is feasible to dope on both, A
and B-site, and subsequently the thermoelectric properties can be adjusted. The lat-
tice of the perovskite ABO3 structure can be distorted by implementing differently
sized cations.

Figure 12: Crystal structure of calcium manganese oxide CaMnO3 (CMO) along the
a-axis, space group Pbnm (ICSD-92083). Different elements are shown and indicated
by spheres of different size and colour. Ca-grey, O-red, Mn-olive-green. Figure was
drafted using Diamond - Crystal and Molecular Structure Visualization software.

This distortion can be evaluated by the Goldschmidt’s tolerance factor t [78]. As
long as the factor shown in Equation 24 is between 0.89 and 1.02, the material
remains in the cubic perovskite structure type, which is shown in Figure 12. The
involved parameters are the ionic radii of the A-site cation rA, B-site cation rB and
the anion rO (in general oxygen).



18 1 Introduction

t =
rA + r0√
2(rB + r0)

(24)

The structure of CMO is also influenced by temperature, leading to different formed
phases from orthorhombic (until 1169 K) to tetragonal (from 1169 to 1186 K, t<1)
and cubic nature (above 1186 K), reported by Taguchi et al. [79]. The conduction
mechanism of electrons in CMO is based on a polaron hopping mechanism, in which
the mobility of the localized electrons is dependent on their thermal activation en-
ergy [80, 81]. The thermoelectric properties of CMO can be modified by doping,
but also by control of the lattice distortion of the material. Several publications
reported a beneficial influence of adjusting the charge carrier as well as the oxygen
vacancy concentration of the material [82, 83]. These approaches also changed the
lattice parameters, when dopants are introduced into the structure, which causes
distortions and can also improve the thermoelectric properties of CMO [84–86]. Dif-
ferent doping, vacancy concentrations and compositions of CMO led to good zT
values of around 0.32 at high temperatures [87–89]. The electrical conductivity can
also be increased by introducing Nb dopants, which lead to a strong hybridization
of Nb:d-O:p orbitals of Nb-O bonds [90, 91]. The lattice distortions, caused by dop-
ing or Ca vacancies, can also reduce the thermal conductivity [92, 93]. The spark
plasma sintering technique is suitable to manufacture an all-oxide generator, shown
in sections 1.5 and 3.4, since it does not reduce or change the structure of CMO [94].

1.3.5 Sodium cobalt oxide (NaxCoO2)

The layer-structured sodium cobalt oxide (NaxCoO2, NCO) has already been investi-
gated in some publications and can be used in the moderate-temperature range [95–
97]. NCO has a monoclinic crystal structure, as shown in Figure 13, which is formed
by layers of CdI2-type CoO2 (subsystem 1) with a triangular lattice and of a layered
rock-salt type (subsystem 2), formed by a Na.

Figure 13: Crystal structure of sodium cobalt oxide NaxCoO2 (NCO) along the a-
axis after [95]. Different elements are shown and indicated by spheres of different size
and colour. Co-blue, O-red, Na-orange. Figure was drafted using Diamond - Crystal
and Molecular Structure Visualization software. Copyright [60]
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These layers alternate along the c-axis (Figure 13). This structure constitutes the
basis for the Ca3Co4O9 (CCO) and Bi2Ca2Co2O9 (BCCO) structure, in which the
rocksalt layer is exchanged by other building blocks. As a single crystal, but also as
polycrystalline ceramics, the NCO phase shows a very high electrical conductivity
and provide, therefore, excellent properties [96–98]. The properties of the NCO
phase can be further modified by its sodium content, leading to a very high Seebeck
coefficient at low temperatures, reported by Lee et al. [99]. However the NCO phase
suffer from inferior mechanical, thermal and chemical stability at high temperatures
under oxidizing atmospheres [96].

1.3.6 Calcium cobalt oxide (Ca3Co4O9)

The layer-structured calcium cobalt oxide (Ca3Co4O9, CCO), based on the structure
of NCO, see section 1.3.5, has already been investigated in several publications and
can be used in the high-temperature range in air [36, 62, 100]. Figure 14 reveals the
crystal structure of CCO. CCO has a monoclinic crystal structure built by a misfit-
layered structure of a CdI2-type CoO2 subsystem with a triangular lattice and a
layered rock-salt subsystem of Ca2CoO3 units, which are alternating arranged along
the c-axis. As shown in Figure 14, the b-axis parameters within the two subsystems of
the monoclinic structure of CCO are different and compose a non-rational ratio. As a
consequence, the CCO structure is described as an incommensurate structure [101].

Figure 14: Crystal structure of calcium cobalt oxide Ca3Co4O9 (CCO) along the a-
axis after [101]. Different elements are shown and indicated by spheres of different size
and colour. Co-blue (4+), Co-turquoise (2+), O-red, Ca-grey. Figure was drafted us-
ing Diamond - Crystal and Molecular Structure Visualization software. Copyright [60]

CCO is the most promising candidate for energy harvesting at high temperatures in
air, plenty of research activities has been carried out. Wang et al. [102] investigated
the influence of different dopants like Fe, Mn and Cu on the effective mass of holes
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in CCO, due to the impact of the effective mass on both Seebeck coefficient and
electrical conductivity, see sections 1.1.1 and 1.1.2. Also engineering approaches
like different synthesis or processing techniques, which result in different densities
or porosities of the obtained CCO ceramics, were done [62, 103, 104]. The CCO
structure was also doped with different elements in order to increase either the
electrical conductivity or the Seebeck coefficient by adjusting the charge carrier
concentration or by the introduction of additional electronic bands, see section 1.2.1
and 1.2.2 [37, 43, 44, 105, 106]. Based on the crystal structure, CCO tends to
form plate-like particles during synthesis. These particles are difficult to process
in order to obtain a CCO ceramic of high density [62, 103]. The spark plasma
sintering technique can solve this problem, since the pressure during compaction
can be enhanced as well as the sintering temperature can be adjusted [107, 108].
The thermoelectric properties σ and α of CCO can be improved simultaneously by
tuning the charge carrier concentration and introducing additional electronic bands.
The processing via spark plasma sintering forms nano-sized grains, which scatter
more efficiently phonons [42]. But the processing via spark plasma sintering leads to
a concurrent high texture and orientation of grains, which lead to an enhancement
of the already existing anisotropy in CCO ceramics [109–112]. This anisotropy of
thermoelectric properties in different directions (perpendicular or parallel to the
pressing direction) result in the necessity of characterizing a highly textured CCO
ceramic in each direction and to determine their power factor or zT value just from
values measured from the same direction [30, 60, 62, 111, 112].

1.3.7 Bismuth calcium cobalt oxide (Bi2Ca2Co2O9)

The layer-structured bismuth calcium cobalt oxide (Bi2Ca2Co2O9, BCCO) is also
based on the structure of NCO, see section 1.3.5. Its structure, shown in Figure 15,
has been investigated by Leligny et al. and Muguerra et al. [113–115].

Figure 15: Crystal structure of bismuth calcium cobalt oxide Bi2Ca2Co2O9 (BCCO)
along the a-axis after [115]. Different elements are shown and indicated by spheres of
different size and colour. Co-blue, O-red, Ca-grey, Bi-green. Figure was drafted using
Diamond - Crystal and Molecular Structure Visualization software. Copyright [60]
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BCCO has a monoclinic crystal structure built by a misfit-layered structure of a
CdI2-type CoO2 subsystem with a triangular lattice and a layered rock-salt subsys-
tem of BiCaO2 instead of Na or Ca2CoO3 units, which are alternatingly arranged
along the c-axis. Within the two subsystems of the monoclinic structure, shown in
Figure 14, the b-axis parameters are varying, forming an incommensurate structure.
The two BiCaO2 units of the BCCO phase lead to both, a much lower electrical
conductivity, but at the same time, the Seebeck coefficient is significantly enhanced,
compared to the values of σ, α of NCO or CCO [116, 117]. The BCCO phase can be
used in the moderate-temperature range, but it suffers from low mechanical, thermal
and chemical stability in the high-temperature range in air [117].

1.3.8 Material synthesis: Sol-gel process

The sol-gel synthesis was used to synthesize all oxide powders. Powders of CCO and
CMO for the manufacturing of the all-oxide generator were obtained by spray py-
rolysis from CerPoTech AS company. In the sol-gel synthesis, schematically shown
in Figure 16, different nitrates of the respective metal cations are stoichiometrically
dissolved in water and an ammonia solution is added, which also contains deproto-
nated citric acid (1.5 M) and EDTA (1.0 M) for complexing the dissolved metal ions
in the solution (pH = 9) [62, 118].

Figure 16: Scheme of the sol-gel synthesis, STEM micrographs and EDXS mappings
of intermediate and final product powder of Ca3Co4O9. Copyright Elsevier [62].
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This technique provides fine-grained powders of homogeneous composition, see Fig-
ure 16, and is, therefore, appropriate to improve thermoelectric properties of various
materials by doping and use of different sintering techniques. The water was eva-
porated and the gel aged over night at approximately 378 K. The aged gel was
pre-calcined at around 673-723 K until smouldering was completed. For the syn-
thesis of CCO-based p-type materials, an intermediate powder, which consists of
CaCO3 and Co3O4 nanoparticles, is obtained after pre-calcination, shown in Fig-
ure 16. The obtained intermediate powder was ground and calcined for 10 h at
1023 K with heating and cooling rates of 3 min · K-1. For the calcined powder of
CCO, shown in Figure 16, plates of 500 nm width and length but just of a few
nm thickness can be obtained. But also after calcination, the formed intermediate
Co3O4 nanoparticles are present [62]. All steps of the sol-gel route like synthesis,
pre-calcination and calcination were conducted under ambient air conditions.

1.4 Sintering techniques

The synthesized powders are further processed to ceramics either by pressureless
sintering in air or another atmosphere or by more complex techniques like hot-
pressing (HP) and spark plasma sintering (SPS). If pressureless sintering is used,
the powders are compressed by uniaxial pressing and a subsequent heat treatment
of the ceramic green body [60, 62]. The difference between pressureless and hot-
pressing or spark plasma sintering lies in the simultaneous one-step pressing and
heating, shown in Figure 17.

Figure 17: Schematic representation of the spark plasma sintering technique. σSPS

indicate the current, which flows through the powder and leads to a subsequently fast
heating rate. Copyright Elsevier [119].

In general, graphite dies and vacuum is used for both hot-pressing and spark plasma
sintering, which are thus providing partly reducing conditions [94]. The advantages
of the hot-pressing and spark plasma sintering techniques are short processing times,
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small grains sizes and high achievable bulk densities. The main disadvantages are
partly reducing conditions and thereby limited applicability, especially for oxides.
Hence pressureless sintering under different atmospheres like O2 could be an alter-
native for oxide-based ceramics [30, 120].

1.5 Thermoelectric generators

1.5.1 Principle of energy conversion

In principle, a thermoelectric generator (TEG) consists of p- and n-type materials
(legs), which are electrically connected in series and thermally in parallel. Thermo-
electric generators, which are solely made of p- or n-type legs were also prepared in
literature [121, 122]. The legs are electrically cross connected (the bottom of leg one
to top of leg two) with a metallic connector, which acts as the counterpart. Entropic
and electrical fluxes in p- (same direction) and n-type (opposite direction) materials
are coupled in a way, that heat is directly converted into electrical energy, as shown
in Figure 18 [1–3].

Figure 18: Principle of a thermoelectric generator: Coupling entropy and electric
fluxes with each other. Energy conversion in operation, energy is transferred from
entropy current to electric current. The width of the arrows indicate the magnitude
of the thermal energy flux density (jE,th) and of the electric energy flux density (jE,el).
Copyright De Gruyter [3].

As shown in Figure 18, entropy flows from hot-side to cold-side through the TEG and
pumps charge from one side to the other. The phenomenon of pumping is enabled
by a difference in thermal energy flux density (jE,th), as revealed in Figure 18. As
a consequence, energy is transferred from heat to electrical energy and the electric
energy flux density jE,el subsequently increases from one side to the other [3].
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1.5.2 Characterization of thermoelectric generators

The p- and n-type legs are commonly connected in series using a metallic connec-
tor like copper, silver or gold. When the thermoelectric generator is exposed to
a temperature gradient ∆T , an electrical voltage U (potential difference ∆ϕ, see
sections 1.1 and 1.1.1) within the p- and n-type materials will be build, which can
be measured at the contacts of the generator. Figure 19 shows a load-dependent
U − I and P − I measurement of a TEG. The electrical voltage U and the elec-
trical current Iq changes in dependence of different applied load resistances. Under
electric open-circuit conditions (Iq = 0), the measured electrical voltage is called
open-circuit voltage UOC. If the setup is under electric short-circuited conditions
(U = 0), the short-circuit current Iq,SC is obtained.

Figure 19: Schematic representation of the load-dependent characterization of a
thermoelectric generator. Both, the electrical voltage U and the electrical current Iq
were measured in dependence of different applied load resistances. The open-circuit
voltage UOC and the short-circuit current Iq,SC were measured under open-circuit
or closed-circuit conditions, respectively. The maximum electrical power output is
obtained at Rload=RTEG, at half of the U − I curve.

The maximum electrical power output (Figure 19) of a thermoelectric generator is
defined by the Seebeck coefficient of p- and n-type materials, number of legs, the
applied temperature difference ∆T and the resistance (high σ needed) of legs, see
Equation 25.

Pel,max =
(Σ αp−leg − Σ αn−leg)

2

4 · (Σ Rp−leg + Σ Rn−leg)
· (∆T 2)2 =

U2
OC

4 ·RTEG

(25)

The electrical power output will be at the maximum, as shown in Figure 19, if the
load resistance is equal to the TEG resistance Rload=RTEG [28]. To increase the
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electrical power output of a thermoelectric generator, two approaches are possible.
Either improve the specific material properties, like increase the Seebeck coefficient
and the electrical conductivity or to build a bigger series connection of p- and n-
type legs. The resistance of the generator will subsequently increase according to
Equation 26, when contact resistances are neglected.

RTEG = Rleg1 +Rleg2 +Rleg3 +Rleg4 + ... (26)

The heat conductivity of p- and n-type materials also play an important role in ther-
moelectric power generation, since when heat conductivity is too low, not enough
thermal energy is transferred into the system to be converted into electrical energy,
see sections 1.1 and 1.2. The direct conversion of thermal into electrical energy un-
der electric closed-circuited conditions without any moving mechanical parts, makes
a thermoelectric generator autonomous, since maintenance is in principle unneces-
sary, when it is once mounted and operating. Thermoelectric generators are hence
applicable as sensors for space applications or for recovering waste heat in a various
number of processes.

1.5.3 Designs of thermoelectric generators

Over the years, different designs for thermoelectric generators were developed, like
the conventional with chess-board pattern, the uni-leg, the flexible with different
bendable substrates, or the all-oxide without metallic connectors. The conventional
design has the advantage of high-temperature application, up to 1173 K and also
higher temperatures are possible, depending on used p-, n-type materials and metal-
lic connectors. The conventional design, schematically shown in Figure 20, also pos-
sesses good mechanical, thermal and chemical stability at high-temperatures in air,
since most generators are assembled on Al2O3 plates.

Figure 20: Conventional design and characterization setup of a thermoelectric gene-
rator with indicated entropy JS and electric Jq flux. Copyright De Gruyter [11].
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Table 1.1: Characteristics of selected oxide-based thermoelectric generators with
conventional design: number of p/n couples, hot-side temperature T hot, temperature
difference ∆T , open-circuit voltage UOC, maximum electrical power output P el,max,
electrical power density ωel and temperature difference dependent electrical power
density ωel/(∆T )2. Uni-leg generators are indicated by their missing counter part
(-/).
generator p/n Thot ∆T UOC P el,max ωel ωel/(∆T )2 Ref.

p/n couples / K / K / mV / mW / mW ·cm−3 / µW ·cm−2 ·K−2

Ca2.75Gd0.25Co4O9/ 8 773 390 988 63.5 44.1 0.29 [123]
Ca0.92La0.08MnO3

Ca3Co4O9/ 2 1000 925 400 31.5 49.2 0.06 [124]
Ca0.95Sm0.05MnO3

Ca3Co4O9/ 8 1273 975 700 170 85 0.09 [121]
CaMnO3

-/ 2 760 360 260 16 21.82 0.17 [125]
Ca0.95Sm0.05MnO3

Ca3Co4O9/ 2 990 630 400 31.5 49.2 0.12 [126]
Ca0.95Sm0.05MnO3
GdCo0.95Ni0.05O3/ 4 800 500 340 40 62.5 0.25 [127]
CaMn0.98Nb0.02O3

Ca3Co4O9/ 1 1175 727 194 95 93.2 0.18 [128]
Ca0.9Nd0.1MnO3
Ca3Co4-xAgxO9/ 2 873 523 328 36.8 49.1 0.18 [129]
Ca1-ySmyMnO3

Ca3Co4O9/ 44 1100 673 1800 423 2.1 0.01 [130]
(ZnO)7In2O3

Nd0.995Ca0.005CoO3/ 10 704 399 1000 44 9.56 0.06 [131]
LaCo0.99Mn0.01O3

Ca3Co4O9/ 8 906 496 700 65.3 45.3 0.18 [132]
Zn0.98Al0.02O
Ca3Co4O9/ 4 713 346 282 8.42 1.67 0.01 [133]
CaMnO3

Ca3Co4O9/ 12 473 200 800 1.98 3.3 0.08 [134]
CaMnO3

CCO-30-35-10-air/ 10 1173 250 782 25 125 2 [30]
Sn,Al:In2O3 section 3.5

CCO-30-35-10-air/ 10 1173 280 939.7 22.9 114.5 1.46 [30]
Ge,Mn,Zn:In2O3 section 3.5

CCO-30-35-10-O2/ 10 1073 258 671.8 22.7 113.5 1.7 [30]
Sn,Al:In2O3 section 3.5

The major drawback of thermoelectric generators with conventional design is the en-
hancement of the fill factor, which is limited by processing issues, because metallic
connectors are difficult to mount without introducing electrical shortcuts when the
top plate is attached. Characteristics of reported conventional, oxide-based thermo-
electric generators of different material combinations [30, 121, 123–134] are shown
in Table 1.1.
The different generators are difficult to compare, because the number of p/n cou-
ples, leg dimensions, as well as hot-side temperature and temperature difference
varies. The calculated electrical power density ωel is suitable to compare the dif-
ferent generators, but hot-side temperature and temperature difference should be
in the same range, since ∆T has a major impact on the electrical power output of
the generators, see Equation 25 and section 1.2. A more standardized form of the
electrical power density ωel by dividing it with the applied temperature difference
to the square ωel/(∆T 2) is more suitable. However, values of the highest electrical
power output and electrical power density were obtained from generators, operated
under high temperature difference or from generators with improved thermoelectric
materials [30, 121, 128, 130].
The flexible design exhibits the advantage of a bendable nature and use of lightweight
materials. Furthermore, the flexible design is much easier to assemble and to scale
up, according to its open layout. In this way, a high fill factor can be obtained
and electric short-circuits can be avoided. The flexible thermoelectric generator
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can be coiled up and be placed around a pipe or other difficult accessible hot
places [122, 135–137]. Figure 21 shows the schematic setup of a flexible thermoelec-
tric generator, made of solid state bulk materials, which are placed on a bendable
substrate.

Figure 21: Flexible design and characterization setup of a thermoelectric generator
with indicated entropy IS and electric Iq flux. Copyright De Gruyter [137].

Different material classes like metals [138], alloys [122, 139], polymers [135, 140] and
oxides [136, 137] has been used to assemble a p/n or uni-leg generator, see Table 1.2.

Table 1.2: Characteristics of selected flexible thermoelectric generators: number
of p/n couples, hot-side temperature T hot, temperature difference ∆T , open-circuit
voltage UOC, maximum electrical power output P el,max, electrical power density ωel

and temperature difference dependent electrical power density ωel/(∆T )2. Uni-leg
generators are indicated by their missing counter part (/ -). Not available information
(n.a.) is also indicated.

generator p/n Thot ∆T UOC P el,max ωel ωel/(∆T )2 Ref.

p/n couples / K / K / mV / µW / µW ·cm−3 / nW ·cm−2 ·K−2

Cu/ 12 n.a. 0.12 n.a. n.a. 0.012 830 [138]
Ni

Bi2Te3/ 100 n.a. 40 160 n.a. 94.81 60 [122]
Sb2Te3

Bi2Te3-Bi0.5Sb1.5Te3/ 10 330 30 51 0.013 0.118 0.13 [139]
Bi2Se3

CNT-polystyrene/ n.a. 373 70 n.a. n.a. 5.5 1.12 [135]
-

Ca3Co4O9/ 4 420 31 16.52 0.082 0.897 0.93 [136]
Cu-Ni alloy

KOH-PEDOT:PSS/ 61 n.a. 90 25 0.1 4.098 0.5 [140]
-

Ca3Co4O9:Cu,Ag/ 10 473 30.8 68.9 59.88 262.05 276 [137]
Cu-Ni alloy

The major drawbacks are the use of quite expensive or complex thin film, sputter-
ing, printing or growing techniques. These techniques also limit the dimensions of
produced p- and n-type legs of the thermoelectric generator in order to keep the
device bendable and flexible. Another disadvantage is the small temperature range
of materials like polymers, alloys or the used substrates. Application at moderate
temperatures often leads to decomposition or loss of flexibility. Therefore, values of
achieved electrical power output and power density are in the range of nW to µW
and nW to µW ·cm−2, respectively, see Table 1.2. The use of bulk materials placed
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on a flexible substrate can combine the good thermoelectric properties of macro-
scopic p- and n-type legs with the advantage of flexibility of a bendable substrate,
resulting in quite high values of electrical power output and power density [137].
The all-oxide design compared to the conventional design, has the advantage of even
higher-temperature application. Metallic connectors can be avoided, the generator
is hence just limited by the thermal stability of the p- and n-type materials and the
characteristics of the p-n junction. Furthermore, the absence of metallic connectors
could lower the contact resistances between the p- and n-type materials. For the
manufacturing of a thermoelectric generator with an all-oxide design, schematically
shown in Figure 22, the choice of materials is very important. The coefficient of ther-
mal expansion should be in the same range for p-, n-type and used insulator, since
difference in thermal expansion during sintering or application at high temperatures
could lead to cracks and malfunction of the generator [63].

Figure 22: All-oxide design of a thermoelectric generator with indicated thermal and
electric flux. Copyright American Society of Chemistry [63].

The used materials should also possess energy-matched electronic bands in order to
avoid Schottky contacts and enable ohmic contact behaviour to minimize contact
resistances. The p- and n-type materials commonly show no matched electronic
bands, an thermoelectrically active interlayer can play an important role to decrease
contact resistances, see section 1.2.2. The interlayer also add additional interfaces,
which can introduce a transversal thermoelectric effect, which can further improve
the electrical power output [63, 141, 142]. The transversal thermoelectric effect takes
place if different interfaces of thermoelectric materials are in contact to each other, as
shown in Figure 22, and heat is flowing through them. In this case, these interfaces
behave like additional p- and n-type materials and participate, depending on the
applied temperature difference, to the electrical power output of the thermoelectric
generator by boosting the supplied electrical voltage.
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Table 1.3: Characteristics of selected all-oxide thermoelectric generators: number
of p/n couples, hot-side temperature T hot, temperature difference ∆T , open-circuit
voltage UOC, maximum electrical power output P el,max, electrical power density ωel

and temperature difference dependent electrical power density ωel/(∆T )2.
generator p/n Thot ∆T UOC P el,max ωel ωel/(∆T )2 Ref.

p/n couples / K / K / mV / mW / mW ·cm−3 / µW ·cm−2 ·K−2

NiO:Li/ 4 1164 552 380 34.4 71.66 0.24 [143]
Ba0.2Sr0.8PbO3

Si:B/ 4 873 573 100 11 22.92 0.07 [144]
Si:P

Ca3Co4O9/ 1 1173 160 213 5.72 22.8 0.89 [63]
CaMnO3 section 3.4

The manufacturing and up-scaling of an all-oxide thermoelectric generator remains
difficult, since thermal expansion and subsequent crack formation is a critical point,
but also ceramic up-scaling at all is a difficult topic. Some studies of all-oxide
thermoelectric generators are shown in Table 1.3. The obtained values of electrical
power output and electrical power density are already in the range of generators
following the conventional design.
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2.1 Summary

Material research of high-power and high-zT p-type thermoelectric (TE) oxides
is presented. The most promising p-type TE oxide Ca3Co4O9 (CCO) for energy
harvesting from infinite heat sources at high-temperatures in air is investigated
in detail. The synthesis, processing and TE properties of pure CCO and triple-
phase Ca3Co4O9-NaxCoO2-Bi2Ca2Co2O9 (CCO-NCO-BCCO) nanocomposite pow-
ders and ceramics are explored and presented. Once the pure CCO was character-
ized, a co-doping approach was used to tune the charge carrier concentration and to
introduce compositionally alloyed nano-structures in order to improve the thermo-
electric properties of CCO via exceeding the solubility limit of dopants on the A-site
of the CCO structure.
In section 2.2, sol-gel synthesis, growth mechanism and consequential TE transport
properties of misfit-layered CCO are presented. Nano-sized intermediates during
sol-gel synthesis of CCO were identified as a monoclinic Ca1+xCo1+yO4-δ and an
orthorhombic CaCO3 phase. The sol-gel route formed nano-sized particles in the
calcined CCO product powder. A subsequent processing of these nano-sized parti-
cles facilitated a ceramic of designed properties. The influence of porosity on the
anisotropic TE properties of CCO was evaluated. A high porosity of CCO ceramics
led to a low degree of grain orientation and thereby a subsequently low anisotropy.
Moreover, the heat conductivity was significantly reduced due to the high porosity,
which led to a high figure-of-merit zT .
In section 2.3, a triple-phase p-type CCO-NCO-BCCO nanocomposite was devel-
oped that exhibited a high TE power factor and figure-of-merit zT in the high-
temperature range in air. The anisotropy (parallel and perpendicular to the pressing
direction of the ceramic) of the TE properties was investigated. The nanocomposite
ceramics were comprised of an all-scale hierarchical architecture of three misfit lay-
ered TE oxides, which were grown semi-coherently on each other. These nanocom-
posite ceramics had simultaneously enhanced values of the electrical conductivity
and Seebeck coefficient. Furthermore, the thermally less stable TE phases NCO and
BCCO could be stabilized at high temperatures in air. The synergistic influence of
these phases was thereby utilized to increase the TE power factor of the nanocom-
posites at high temperatures in air. The high electrical conductivity and TE power
factor (Ioffe plot) enabled an application for power generation at high temperature
from infinite heat sources in air.
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Highly  porous  Ca3Co4O9 thermoelectric  oxide  ceramics  for  high-temperature  application  were  fabri-
cated  by sol–gel  synthesis  and  subsequent  conventional  sintering.  Growth  mechanism  of  misfit-layered
Ca3Co4O9 phase,  from  sol–gel  synthesis  educts  and  upcoming  intermediates,  was  characterized  by in-situ
X-ray  diffraction,  scanning  electron  microscopy  and  transmission  electron  microscopy  investigations.
The  Ca3Co4O9 ceramic  exhibits  a  relative  density  of 67.7%.  Thermoelectric  properties  were measured
from  373  K  to 1073  K. At 1073  K a power  factor  of 2.46  �W  cm−1 K−2, a very  low  heat  conductivity  of
0.63 W  m−1 K−1 and entropy  conductivity  of  0.61  mW  m−1 K−2 were  achieved.  The  maintained  figure of
merit  ZT  of  0.4  from  sol–gel  synthesized  Ca3Co4O9 is  the  highest  obtained  from  conventional,  non-doped
Ca3Co4O9. The high  porosity  and  consequently  reduced  thermal  conductivity  leads  to a  high  ZT value.

© 2017  Elsevier  Ltd. All rights  reserved.

1. Introduction

The ability to directly convert heat into electrical energy is an
interesting field, from which thermoelectric materials got more
and more attention. Thermoelectric power generation is a promis-
ing technology to exploit waste heat from power plants, industrial
processes and combustion engines in automotive applications and
thus to manage the challenge of climate change, sustained yield
and reducing power consumption. To enhance the efficiency in
power generation of a thermoelectric generator (TEG), thermoelec-
tric research has focused on increasing the figure of merit ZT of the
materials, which was originally derived in [1] and is shown in Eq.
(1).

ZT := � · ˛2

�
(1)

The relevant material specific parameters are the isothermal
electrical conductivity �, the Seebeck coefficient  ̨ and the electric
open-circuit entropy conductivity �.  The thermal energy (“heat”)
conductivity � is related to the entropy conductivity � by Eq. (2);
see [2,3]:

� = T · � (2)

� Electronic Supplementary Information (ESI) available.
∗ Corresponding author.

Common materials used for thermoelectric purpose are alloys
or intermetallic phases such as Bi2Te3, PbTe and SiGe [4–6]. These
possess an iniquitous stability at high temperature (above 900 K),
are toxic, consist of rare or expensive elements. To overcome these
problems, thermoelectric oxides are supposed to be promising
materials, due to their advantages, such as non-toxicity, thermal
and mechanical stability at high temperature and moreover high
chemical stability under oxidizing conditions [7]. Several publica-
tions focus on the layer-structured cobalt oxide Ca3Co4O9 due to
its high power factor � · ˛2 and thus the efficiency of TEGs made of
it [8,9]. Ca3Co4O9 is composed of a misfit-layered structure which
crystallizes in the monoclinic system. It can be described as a CdI2-
type CoO2 subsystem 1 with a triangular lattice and a layered
rock-salt type section of three Ca2CoO3 units in the subsystem 2,
which are stacked alternatingly along [001]. The two subsystems
exhibit a different lattice parameter b [10]. The majority of pub-
lications dealing with synthesis and characterization of pure and
doped Ca3Co4O9 utilize the solid state reaction as a “top down”
technique [11–14]. The synthesis of Ca3Co4O9 via the solid state
reaction has several disadvantages as complex proceedings, intro-
duction of impurities due to incorporation of material from the ball
mill during the milling process [15]. In this work, the sol-gel synthe-
sis as a “bottom up” technique is investigated to synthesize porous
p-type Ca3Co4O9 for use in thermoelectric generators to overcome
these challenges. The sol–gel synthesis thereby provides the possi-
bility to intersperse the utilized cations on a molecular level as well

http://dx.doi.org/10.1016/j.jeurceramsoc.2017.04.059
0955-2219/© 2017 Elsevier Ltd. All rights reserved.

44 2 Thermoelectric materials



3910 M.  Bittner et al. / Journal of the European Ceramic Society 37 (2017) 3909–3915

Fig. 1. Rietveld refined structure data†: in-situ X-ray diffraction patterns of a
Ca3Co4O9 pre-calcined powder (a)–(g) measured during stepwise heating from 303
to  1173 and after cooling to 303 K; measurements at (a) 303 K, (b) 733 K, (c) 773 K, (d)
873 K, (e) 1023 K, (f) 1173 K and (g) 303 K. A sintered ceramic sample was  measured
at  (h) 293 K, texture is visible and indicated (reflections 0050 and 0060). For clar-
ity  diffractograms are vertically shifted. The progress of in-situ XRD investigation
is  displayed with arrows for heating (red) and cooling (blue). Reflection positions
and corresponding lattice planes of obtained phases (i)–(m) during in-situ mea-
surement are shown: (i) CaCO3 (trigonal structure); (j) Co3O4 (spinel structure);
(k)  Ca1+xCo1+yO4−ı (monoclinic structure); (l) Ca3Co4O9 (monoclinic structure); (m)
CaCO3 (orthorhombic structure); Reflections of Ca3Co4O9 (l) correspond to super-
space group Cm (0 1 - p 0), equivalent to Bm (0 0 �), no. 8.3; [31]). Results of the
quantitative analysis of different phases are shown in Table 1. (For interpretation of
the  references to color in this figure legend, the reader is referred to the web  version
of  this article.)

as to introduce dopants into this composition [16]. Modifying the
doping level enables various options to improve properties of ther-
moelectric materials [17]. Former work focused on dense Ca3Co4O9
ceramics derived by the sol–gel synthesis and subsequent Spark
Plasma Sintering (SPS) treatment [18,19]. More cost-efficient pro-
cedures are post-calcination or pressure-less sintering methods, in
which Ca3Co4O9 is heated above it’s decomposition temperature
followed by a re-oxidizing step (at 1173 K) [20,21]. Engineering the
nano- and microstructure of a thermoelectric material by introduc-
tion of nanoparticles or by formation of a hierarchical architectures,
can substantially improve the thermoelectric properties [22–24].
The implementation of scattering centers by nanoscale precipi-
tates, interfaces or pores to decrease the fraction of lattice phonons
to the heat conductivity �, can contribute to enhance the figure of
merit ZT of thermoelectric materials by significantly lowering the
heat conductivity � [25–27].

2. Materials and methods

Ca3Co4O9 was synthesized via a sol–gel route, which allows
obtaining fine-grained powders of homogeneous composition as
previously described for perovskites [28]. The nitrates of accord-
ing metal cations were stoichiometrically solved and added to an
aqueous ammonia solution of pH 9 which also contained citric
acid and EDTA for complexing the metal ions in the solution. Cal-
cium(II) nitrate tetrahydrate 99.98% from Alfa Aesar and cobalt(II)
nitrate hexahydrate ACS 98-102.00% from Alfa Aesar were used as
sources. The gel was aged over night at 378 K. The aged gel was  pre-
calcined at 673 K until it stopped glowing combustion. To produce

a Ca3Co4O9 ceramic, the obtained powder was ground and calcined
for 10 h at 1023 K with a heating and cooling rate of 3 min  K−1,
respectively. The calcined powder samples were ground again, cold
pressed and sintered for 10 h at 1173 K with the same heating and
cooling parameters. For in-situ X-ray diffraction (XRD) experiment,
a pre-calcined sample was selected. All steps, i.e. synthesis, calcina-
tion and sintering, were performed under ambient air conditions.

The phase compositions of synthesized powders and sintered
ceramics were characterized by XRD using a Bruker D8 Advance
with Cu-K˛ radiation. A time per step of 1.1 s, a step size of
0.003942◦ (2�),  a voltage of 40 kV and a current of 40 mA were
applied for XRD measurement. A XRD measurement of a pre-
calcined powder sample was  performed by an in-situ XRD setup
for analysis of the calcination process and investigation of the
growth mechanism of Ca3Co4O9 from sol–gel synthesis. The in-
situ setup consisted of a Anton Paar HTK 1200 N in-situ cell with an
applied temperature range from 303 K to 1173 K, using synthetic air
100 ml  min−1, a time per step of 1.8 s, a step size of 0.009199◦ (2�),
a voltage of 40 kV and a current of 40 mA.  Rietveld refinements of
the in-situ XRD investigations utilizing Topas 4.2 software were
performed. Nano- and microstructural characterization was car-
ried out by field-emission scanning electron microscope (FE-SEM)
of the type JEOL JSM-6700F and by field-emission transmission
electron microscope (FE-TEM) of the type JEOL JEM-2100F-UHR,
which were equipped with an energy-dispersive X-ray spectrome-
ter (EDXS) of the type Oxford Instruments INCA 300 for elemental
analysis. For SEM investigations of the thermoelectric materials,
the powders were dispersed on a carbon glue mount, the sintered
ceramic was treated with a multistep polishing program followed
by vibration polishing with a 50 nm Al2O3 polishing suspension. For
TEM investigations, powders were dispersed on TEM-grids. Exper-
imental data was  used to sustain simulated Debye-Scherrer rings
(rotational average) via Digital Micrograph software from Gatan.
Density measurements were performed by an Archimedes setup
using ISO 5018:1983 (the International Organization for Standard-
ization) in which the dry mass, mass in solvent and wet  mass of
the sample, were estimated. The heat capacity Cp was measured
by Differential Scanning Calorimetry (DSC) with a Netzsch STA 409
PC/PG in synthetic air atmosphere with 30 ml  min−1 and 5 K min−1

heating rate within the range of 313 K to 1173 K. The system was
calibrated with pure metal standards, and the sensitivity as a func-
tion of temperature of the apparatus was obtained by measuring
sapphire standard from Netzsch under the same experimental con-
ditions as for Ca3Co4O9 sample. A ceramic DSC  sample was cut
out by an ultrasound cutter with a diameter of 5.2 mm for stan-
dard Al2O3 crucibles. The sensitivity � and heat capacity Cp were
estimated, using DSC measurements [29].

To determine the thermoelectric properties of the chosen mate-
rials, bar samples were cut from pellets regarding uniaxial pressing
direction (parallel and perpendicular to pressing direction) using
a precision vertical diamond wire saw from O’Well model 3242.
Measurements of isothermal electrical conductivity �, Seebeck
coefficient  ̨ (on bar samples) and entropy conductivity � (on pellet
samples) were carried out as a function of temperature. Thereby the
power factor � · ˛2 and figure of merit ZT were estimated, respec-
tively. The isothermal electrical conductivity � was measured in
a horizontal three-heating-zone tube furnace from Carbolite Gero
EVZ 12/450B using a home-made measurement cell. The Seebeck
coefficient  ̨ was  measured with a ProboStat A setup from NorECs,
the used furnace was  an ELITE thermal system. The electronic
parameters were logged by KEITHLEY 2100 6 1

2 Digit Multimeters.
Measurement data were acquired and converted using LAB VIEW
software. The heat conductivity � and entropy conductivity � were
calculated from thermal diffusivity, obtained by a Linseis LFA 1000
setup equipped with an InSb detector and carbon-coated samples
under helium atmosphere, heat capacity Cp and density, measure-
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ments. Simultaneous heat loss and finite pulse corrections were
corrected using Dusza’s model [30]. Values were averaged from
five measurement points at each temperature.

3. Results and discussion

To verify the crystal structure and phase purity of powders
and ceramics, XRD analysis were carried out. The Ca3Co4O9 pow-
der obtained after pre-calcination from glowing combustion at
673 K consists of a mixture of calcite CaCO3 and Co3O4, shown
in Fig. 1a (black pattern). An in-situ XRD measurement was  car-
ried out beginning with the pre-calcined powder at 303 K. Table 1
shows the compositions obtained from Rietveld refinements† of
the powder at different temperatures within the applied tempera-
ture range from 303 K (Fig. 1a) to 1173 K (Fig. 1f). The percentage of
Ca3Co4O9 phase in the obtained powder increased in the range from
773 K (Fig. 1c) to 1173 K (Fig. 1f). A monoclinic Ca1 + xCo1 + yO4 − ı

phase starts to form at about 733 K (Fig. 1b, blue pattern). The
Ca3Co4O9 phase principally starts to form between 733 (Fig. 1b)
and 773 K (Fig. 1c) due to the decomposition of CaCO3 and its coa-
lescence with Co3O4 forming the monoclinic Ca1+xCo1+yO4−ı phase
and Ca3Co4O9 sheets, shown in Fig. 2 (blue and green pattern). In
the temperature range from 733 K (Fig. 1b) to 873 K (Fig. 1d) there
is an intermediate phase composition consisting of Ca1+xCo1+yO4−ı,
Co3O4, calcite (trigonal) CaCO3, vaterite (orthorhombic) CaCO3 and
Ca3Co4O9 present, shown in Fig. 1d (dark yellow pattern). During
heating from 303 K (Fig. 1a) to 873 K (Fig. 1d), the calcite CaCO3
phase is incorporated and partly transformed to the less dense
vaterite CaCO3 phase until it is completely embedded at 1023 K
(Fig. 1e). From 1023 K (Fig. 1e) on, the intermediates decompose
and coalesce with Co3O4 until an almost phase pure Ca3Co4O9
sample is preserved for the 303 K (Fig. 1g, dark blue pattern) mea-
surement after conducted in-situ investigation. After cold pressing
and sintering at 1173 K for 10 h, a nearly pure Ca3Co4O9 ceramic
is obtained, which however shows texture. Texture is visible by
changes in relative intensities of reflections 0050 and 0060 in Fig. 1h
(black pattern, ceramic).

Based on [10], a Rietveld refinement was performed to ana-
lyze the Ca3Co4O9 ceramic. The best results were accomplished for
superspace group Cm (0 1 - p 0), equivalent to Bm (0 0 �) [31],
the metrics is monoclinic base-centered with a = 4.84 Å, c = 10.84 Å,

 ̌ = 96.11◦. The lattice parameter was refined to be b1 = 2.82 Å for the
CoO2 subsystem and b2 = 4.55 Å for the Ca2CoO3 subsystem [10].

The SEM investigations shown in Fig. 2a and b of the Ca3Co4O9
powder samples reveal the growth mechanism of synthesized
powders by sol–gel synthesis. An adsorption mechanism and incor-
poration of small spherical particles into already existing Ca3Co4O9
sheets is observed. The small Co3O4 particles are attached to the
sheet. The SEM investigations of the Ca3Co4O9 polished sample
shown in Fig. 2c–e exhibit no visible grain distribution of the p-type
material. The sintered Ca3Co4O9 ceramic shows a high porosity
with a connected pore network. The network consists of two alter-
nating areas, the first region shown in Fig. 2c of coalesced Ca3Co4O9
sheets and of the second region, consisting of separated Ca3Co4O9
sheets which are disconnected by Co3O4 grains, shown in Fig. 2d
and e. Fig. 2f shows an EDXS element distribution mapping of the
Ca3Co4O9 sheets (red and green) and the Co3O4 grains (green),
compare with Fig. 2e.

TEM investigations were conducted to examine growth mecha-
nism of Ca3Co4O9 from sol–gel synthesis as well as composition of
grown phases after pre-calcination at 673 K and after calcination at
1023 K for 10 h, shown in Fig. 3a–i. SEM analysis suggest the pres-
ence of a Co-rich phase, but XRD measurements could not certainly
verify the composition of this phase, due to the overlap of reflec-
tions of cobalt oxides and Ca3Co4O9. For this reason, TEM analysis

was necessary to confirm phase composition of pre- and calcined
powders. Fig. 3a and b shows a STEM image and EDXS element
distribution of Ca (red) and Co (green) of a pre-calcined powder
sample, compare also with Fig. 2a. A selected area electron diffrac-
tion (SAED) measurement of the area shown in Fig. 3a is revealed
in Fig. 3c and d. A corresponding radial intensity distribution is
indicated in Fig. 3e with marked indices and lattice spacings. The
pre-calcined powder consists of as identified nano-grained CaCO3
and Co3O4, see Fig. 3a and b, thereby the Co3O4 crystallites are big-
ger than the CaCO3 particles. The CaCO3 particles thereby possess
no distinct shape. Electron diffraction measurements in Fig. 3c and
d confirm the results from in-situ XRD investigations in Fig. 1a, the
pre-calcined Ca3Co4O9 powder consists of nanocrystalline CaCO3
and Co3O4.

Fig. 3f and g show a STEM image and EDXS element distribu-
tion of Ca (red) and Co (green) of a calcined powder sample, 10 h at
1023 K; cobalt-rich and calcium-rich regions are visible, maybe this
can be attributed to an island growth mechanism, compare with
Fig. 2b. Position 1 (green) and 2 (red) indicate a cobalt-rich region
and a grown Ca3Co4O9 sheet, electron energy-loss spectroscopy
(EELS) measurements were carried out for these positions, shown
in Fig. 3h and i. To verify the composition of the cobalt-rich mate-
rial, EELS measurements of the oxygen and cobalt fine structure
at position 1 and possible cobalt oxides, as references, were con-
ducted, indicated in Fig. 3i. The oxygen fine structures of region
1 and Co3O4 (ref.) match, illustrating there is still Co3O4 present
after calcination, this can be also confirmed by XRD investigations,
see Fig. 1 and Table 1. Full range EELS measurements are shown
in Fig. 3h and exhibit the Ca-L edge (348 eV), O-K edge (532 eV)
and Co-L edge (787 eV) of Ca3Co4O9 at position 2 (red) and O-K
edge, Co-L edge but no Ca-peak at position 1 (green). In compari-
son to CaCO3, relatively large Co3O4 particles derail the growth of
Ca3Co4O9 sheets, due to a slow inter diffusion, Co3O4 crystals are
accumulated at the end of the sheet, compare Fig. 3a and f.

The calcined powder, shown in Fig. 2b and Fig. 3f, was pressed
into pellets and subsequently sintered. The sintered Ca3Co4O9 sam-
ple achieved a relative density (compared to theoretical density) of
67.7%. Table 2 shows the estimated values for the density of the
bulk ceramic as well as calculated values for open porosity, true
porosity and closed porosity for a Ca3Co4O9 ceramic.

These investigations confirm the SEM analysis. Ca3Co4O9 pos-
sesses a low theoretical density, a high open porosity and almost
no closed porosity. This reveals that there is a connected network
existing between the pores.

Fig. 4c illustrates the measured heat capacities as a function of
temperature in the range from 313 K to 1173 K. The heat capac-
ity reaches 0.863 J g−1 K−1 at 1073 K. The trend and values of the
heat capacity as a function of temperature is similar to the values
reported in [29] and is corresponding to Debye-Einstein behavior.

Fig. 4a shows the measured values for � and  ̨ of a Ca3Co4O9
ceramic as a function of temperature and direction, parallel to
pressing direction open symbols and perpendicular closed sym-
bols, due to an obtained texture, see Figs. 1 and 2. The isothermal
electrical conductivity � of a Ca3Co4O9 ceramic is almost constant
over the whole temperature range and reaches 48.4 (open square)
and 58.3 (closed square) S cm−1 at 1073 K. The Seebeck coefficient

 ̨ of a Ca3Co4O9 ceramic increases from 373 to 1073 K and reaches
225.3 (open circle) and 210.1 (closed circle) �V K−1 at the highest
temperature. The isothermal electrical conductivity � of Ca3Co4O9
deviates in absolute values, due to a lower density of the ceramic,
compared to other articles [32,33]. The trend of the Seebeck coef-
ficient  ̨ proceeds similarly and ends also at comparable values
[34,32]. The values for the power factor of a Ca3Co4O9 ceramic, cal-
culated from � and  ̨ are shown in Fig. 4d. The course of � and ˛
on the basis of direction and texture (parallel and perpendicular to
pressing direction) is similar but shifted to lower and higher values,
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Table  1
XRD investigations of a powder (in-situ) and ceramic (ex-situ) sample: calculated fractions of existing phases, obtained by quantitative analysis from Rietveld refinements† ,
see  Fig. 1. ICSD: Co3O4 – 69374, calcite CaCO3 – 16710, Ca1+xCo1+yO4−ı – 55459, vaterite CaCO3 – 157302, Ca3Co4O9 – [10].

Temperature/K Co3O4/wt% calcite CaCO3/wt% Ca1+xCo1+yO4−ı/wt% vaterite CaCO3/wt% Ca3Co4O9/wt%

in-situ XRD of powder 303 53.0 46.9 / / /
733  55.2 43.1 1.6 / /
773  31.8 34.8 13.5 / 19.8
873  13.0 / 21.1 4.6 61.2
1023  5.35 / / / 94.6
1173  5.4 / / / 94.5
303  4.0 / / / 95.9

Ceramic  293 3.5 / / / 96.5

Fig. 2. SEM micrographs of Ca3Co4O9 powder and ceramic samples: (a) pre-calcined powder. (b) calcined powder, 10 h at 1023 K. (c–f) different areas of a polished ceramic,
10  h at 1173 K and EDXS element distribution mapping of the shown scope (Ca-red and Co-green). (For interpretation of the references to color in this figure legend, the
reader  is referred to the web version of this article.)

Table 2
Measured values of density Ca3Co4O9 ceramic (10 h at 1173 K), using ISO 5018:1983 (the International Organization for Standardization). Uncertainties are indicated.

Material Bulk density/g cm−3 Theoretical density/g cm−3 Open porosity/% Closed porosity/% True porosity/%

Ca3Co4O9 3.17 ± 0.05 4.68 33.3 ± 0.36 0.2 ± 1.07 33.5 ± 0.7
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Fig. 3. TEM analysis of Ca3Co4O9 growth mechanism: (a and b) STEM dark-field micrograph and EDXS elemental distribution of Ca (red) and Co (green) of the shown scope of
a  pre-calcined powder. (c and d) selected area electron diffraction (SAED) with a diameter of selected area of 550 nm, experimental and simulated Debye-Scherrer rings. (e)
Radial  intensity distribution with indicated Laue indices of calcite CaCO3 and Co3O4 of the pre-calcined powder. (f and g) STEM micrograph, EDXS elemental distribution of
Ca  (red) and Co (green) of the shown scope of a calcined powder, position 1 indicates a cobalt-rich region and position 2 a Ca3Co4O9 sheet. (h and i) EELS spectra of indicated
regions  1 (green), 2 (red) of a calcined powder sample and reference samples of Co3O4 and CoO (black). Diagram (h) reveals the full range spectra at position 1 and 2, diagram
(i)  the oxygen and cobalt fine structures of region 1 and reference samples. (For interpretation of the references to color in this figure legend, the reader is referred to the
web  version of this article.)

respectively. The trend of the power factors � · ˛2 is thereby also
similar and achieved 2.46 (open symbols) and 2.57 (closed symbols)
�W cm−1 K−2, respectively. The figure of merit ZT of a Ca3Co4O9
ceramic was determined from the calculated power factors � · ˛2

of 2.46 (open diamond) �W cm−1 K−2 and the entropy conductivity
� of 0.61 mW m−1 K−2 at 1073 K, which was measured via a laser
flash setup.

Fig. 4b shows the entropy conductivity � of a Ca3Co4O9 ceramic
as a function of temperature. Fig. 4d shows the calculated figure
of merit of a Ca3Co4O9 ceramic after Eq. (1) as a function of tem-
perature. The figure of merit of a Ca3Co4O9 ceramic achieves 0.4 at
1073 K. The course of the heat conductivity � and the measured val-
ues of 0.63 W m−1 K−1 at 1073 K for a porous Ca3Co4O9 ceramic also
vary compared to the trend and value of 1.7 W m−1 K−1 at 1073 K
for a dense sample [14]. This can be attributed to a lower absolute
density and high open porosity of the measured Ca3Co4O9 ceramic
sample, which was obtained by the sol–gel synthesis and pursuant
production [35].

The heat conductivity as a function of porosity of a ceramic
material is described by Eq. (3) [36]:

� = 1 − P

1 + nP2
· �0 (3)

Thereby � and �0 are the measured heat conductivities for the
porous (this work) and a dense sample (taken from [37]), P is the
volume fraction of the pores and n is a constant between 1 and 14.

Fig. 5a displays the heat conductivity � of a dense Ca3Co4O9
sample as a function of the fractional porosity, calculated after Eq.
(3). From top down, different values for the heat conductivity � of
a dense sample are shown as a function of fractional porosity and
temperature (373 K black and 1073 K blue function). The values of

the heat conductivity � of the measured porous Ca3Co4O9 sample
with a fractional porosity of 0.335 are also plotted in Fig. 5a and
match with the values, calculated from a dense sample. The heat
conductivity � of a sample with a certain porosity can be extracted
at vertical lines as a function of temperature, shown in red ellipse
and red rectangle in Fig. 5a and b for reference values. An increasing
fractional porosity leads to a very low and narrow distribution of the
heat conductivity as a function of temperature. Eq. (3) is satisfactory
for samples up to 74% porosity and 773 K [36]. But for the measured
porous Ca3Co4O9 sample, the course of the two functions match
also for temperatures up to 1073 K, if a n-value of 7 is applied for
the calculation, see Fig. 5b. Sole exception of the good conformity
of calculated and measured values for a porous Ca3Co4O9 sample
is at 373 K.

A dense Ca3Co4O9 ceramic sample possesses a higher isother-
mal  electrical conductivity � and thereby also a higher power factor
� · ˛2 of about 3.5–3.6 � W cm−1 K−2, but also a higher heat con-
ductivity � of 1.8–2.1 W m−1 K−1 and thereby a lower ZT value
[37,18]. The achieved Seebeck coefficient  ̨ of porous Ca3Co4O9
remains almost constant with porosity but differs with direc-
tion due to obtained texture during compression. A highly porous
Ca3Co4O9 ceramic, synthesized by sol–gel technique, possess a
sufficient power factor � · ˛2 and simultaneously a significantly
reduced entropy conductivity �.  This behavior can be referred to
the microstructure shown in Figs. 2 and 3. As p-type material in
a thermoelectric generator, porous Ca3Co4O9 has to be investi-
gated in matters of a higher contact resistance. The porosity could
enhance the contact resistance but the achieved temperature dif-
ference could also be increased, due to the decreased thermal
conductivity �, and therefore maintain a higher voltage.
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Fig. 4. Thermoelectric parameters as a function of temperature and uniaxial pressing direction, sample cut parallel to pressing direction (open symbols) and perpendicular
(closed  symbols), from 373 K to 1073 K of a Ca3Co4O9 ceramic: (a) isothermal electrical conductivity � (square) and Seebeck coefficient  ̨ (circle). (b) Heat conductivity �
(triangle) and entropy conductivity � (square) (Eq. (2)). (c) Heat capacity Cp (star). (d) Power factor � · ˛2 (diamond) and figure of merit ZT (hexagon), calculated according
to  Eq. (1). Uncertainties are indicated.

Fig. 5. Heat conductivity �: (a) as a function of the fractional porosity of a ceramic Ca3Co4O9 sample after Eq. (3), different temperatures are indicated with colors, from
top  (373 K, black) to bottom (1073 K, blue). Measured porous Ca3Co4O9 ceramic sample (this work) with a fractional porosity of 0.335 is marked (green, triangle). Heat
conductivity � as a function of temperature can be extracted at vertical lines (red ellipse). (b) as a function of temperature for a dense, taken from [37] (corresponding colors
to  (a)), porous (green, triangle) Ca3Co4O9 ceramic sample and calculated values (orange), after Eq. (3) [36]. Reference values are indicated with a red rectangle, compare with
red  ellipse in (a). Uncertainties are indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the web  version of this article.)

4. Conclusions

The sol–gel technique is more suitable than the most commonly
used solid state reaction to obtain Ca3Co4O9 ceramics for ther-
moelectric application. The sol–gel synthesis, as a “bottom up”
technique, is much faster, simpler and avoids inadvertent con-
tamination. We  examined the growth mechanisms of Ca3Co4O9
via intermediate stages of a layered Ca1+xCo1+yO4−ı and CaCO3.
Two areas with different porosity and composition (incorporated
nano-scaled particles) could be identified within the microstruc-
ture of the obtained ceramic. The isothermal electrical conductivity

� and the Seebeck coefficient  ̨ were measured regarding press-
ing direction and texture. They differ in absolute values due to
direction but differences are almost compensated concerning the
power factor. Thereby the power factor � · ˛2 of a porous Ca3Co4O9
ceramic remains similar and beneficial by reason of the obtained
microstructure. The heat conductivity � is reduced due to the
high porosity and hence the ZT value of 0.4, which results from
this low merit, is the highest value for conventional, non-doped
Ca3Co4O9. An accurate consideration between a high power factor
� · ˛2 (dense sample) and a low heat conductivity � (porous sample)
can be advantageous, to discover an ideal proportion. The proper-
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ties of the thermoelectric materials can be designed by adjusting
the porosity of the materials. Porous materials and for this reason
materials with a low heat conductivity � can also enhance the tem-
perature difference for application in a thermoelectric generator
and thereby the absolute voltage provided by the generator.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.jeurceramsoc.
2017.04.059.
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Figure 1: a) X-ray diffraction pattern, b) Rietveld refined structure data and c) difference 

curve of a pre-calcined powder sample at 303 K. 
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Figure 2: a) X-ray diffraction pattern, b) Rietveld refined structure data and c) difference 

curve of a powder sample at 733 K. 

 

 

Figure 3: a) X-ray diffraction pattern, b) Rietveld refined structure data and c) difference 

curve of a powder sample at 773 K. 
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Figure 4: a) X-ray diffraction pattern, b) Rietveld refined structure data and c) difference 

curve of a powder sample at 873 K. 

 

 

Figure 5: a) X-ray diffraction pattern, b) Rietveld refined structure data and c) difference 

curve of a powder sample at 1023 K. 
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Figure 6: a) X-ray diffraction pattern, b) Rietveld refined structure data and c) difference 

curve of a powder sample at 1173 K. 

 

Figure 7: a) X-ray diffraction pattern, b) Rietveld refined structure data and c) difference 

curve of a powder sample at 303 K. 
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Figure 8: a) X-ray diffraction pattern, b) Rietveld refined structure data and c) difference 

curve of a ceramic sample at 293 K. 
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Abstract

A thermoelectric triple-phase p-type Ca3Co4O9-NaxCoO2-Bi2Ca2Co2O9 (CCO-NCO-BCCO) 2D nanocomposite was
obtained from pressureless sintering in air. The anisotropic thermoelectric properties of the nanocomposite exhibit a
high electrical conductivity of 116 S · cm-1 and a power factor of 6.5 µW · cm-1 · K-2 perpendicular to the pressing
direction at 1073 K in air. A corresponding zT value of 0.35 was obtained. Three co-doped, thermoelectrically
active misfit-layered materials were stacked to form a triple-phase nanocomposite, which combines the advantages
of all three materials. The resulting nanocomposite enables simultaneous increases of the isothermal electrical
conductivity σ and the Seebeck coefficient α by charge carrier concentration engineering and synergistic effects.
The Bi2Ca2Co2O9 and NaxCoO2 phases were stabilized in a Ca3Co4O9 matrix at high temperatures. To evaluate the
application of the nanocomposite in high-temperature thermoelectric generators, the representation of the electrical
conductivity and power factor in a Ioffe plot was more appropriate than the zT value.

† Electronic Supplementary Information (ESI) available.

Keywords: Thermoelectricity; All-scale hierarchical architecture; 2D nanostructures; Nanocomposite; Ca3Co4O9

1. Introduction

1.1. Thermoelectric power conversion

Interest in thermoelectric materials (TE) for energy
harvesting arises from their ability to convert thermal
power directly into electrical power without moving
parts. This is mediated by the coupling of currents of
entropy IS and electrical charge Iq in the solid, which
can cause a thermally-induced electrical current (See-
beck effect). Under steady state conditions and the as-
sumption of weak temperature dependence of the elec-
tron chemical potential as well as of the Seebeck co-
efficient α, the basic transport equation [1, 2] can be
expressed by the difference in temperature ∆T and the
electrical voltage U over the thermoelectric material of
cross-sectional area A and length L as follows:(

Iq

IS

)
=

A
L
·
(
σ σ · α
σ · α σ · α2 + Λ

)
·
(

U
∆T

)
(1)

The thermoelectric material tensor in Equation 1 is
composed of three quantities, which are the isothermal
electrical conductivity σ, the Seebeck coefficient α and
the entropy conductivity at electrical open circuitΛ (i.e.,
at vanishing electrical current). Note that each quantity
σ, α and Λ itself is a tensor. The entropy conductivity
Λ is related to the traditional heat conductivity λ by the
absolute temperature T , as given in Equation 2.

λ = T · Λ (2)

The maximum of the second-law power conversion
efficiency ηII,max is determined solely by the thermoelec-
tric figure-of-merit zT , as given by Equation 3, which
results from tensor element 22 in the thermoelectric ma-
terial tensor in Equation 1 [1].

zT =
σ · α2

Λ
=
σ · α2

λ
· T (3)

Maximum electrical power output of a thermoelec-
tric material Pel,max,mat, as shown in Equation 4, is deter-
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mined by the geometry (A, L), the power factor σ · α2

and the temperature difference to the square (∆T )2.

Pel,max,mat =
1
4
· A

L
· σα2 · (∆T )2 (4)

The laws of classical physics restrict the scope for
enhancing the power factor σ · α2 and figure-of-merit
zT due to the interrelation of the parameters σ, α and λ.
These values depend on the carrier concentration n and
the mobility of the carriers µ, which correlate with each
other [3].

To overcome these limits, several approaches have
been postulated and tested during recent years. Pre-
viously, the thermoelectric community was focused on
reducing λ and thereby optimizing zT . This was per-
formed by tuning the micro- and nanostructure to scat-
ter phonons on all length scales [7, 8]. The best ma-
terial would possess an all-scale hierarchical architec-
ture that scatters phonons on the mesoscale by it’s mi-
crostructure, on the nanoscale by nanoprecipitates or
nanostructures and on the atomic scale by point defects
(co-doping, cross substitution) [9, 10]. The structures
should be coherent (endotaxy) and possess electronic
band energies matching those of the host material to
avoid electron scattering, which would result in reduced
electron mobility [11, 12, 13].
Recently, more attention has been paid to enhancing the
power factor σ · α2 [14, 15, 16, 17]. Carrier concentra-
tion engineering and co-doping can be used to increase
the electrical conductivity σ [10]. The approaches
of compositionally alloyed nanostructures and band-
structure engineering are able to increase the Seebeck
coefficient α [11, 13]. The most promising approach
to enhance the power factor in an almost temperature-
independent manner is band-structure engineering with
resonant levels or resonant impurities and the introduc-
tion of additional electronic bands [14, 18]. The goals
of this effort are the distortion and increase of the elec-
tronic density of states (DOS) in the vicinity of the
Fermi level as much as possible. Hicks and Dresselhaus
forecasted nanostructures such as 2-dimensional (2D)
quantum wells and 1D quantum wires to be suitable for
tuning the DOS in the vicinity of the Fermi level by the
aforementioned techniques [19].

1.2. Oxides

State-of-the-art commercially available bulk thermo-
electric materials include alloys, tellurides and half-
Heusler or Zintl phases, such as Bi2Te3 [20], PbTe-
PbS [16], SiGe [21], SnSe [22], FeNbSb [17] and
Yb14MnSb11 [23]. These materials exhibit inferior

stability at high temperature and in oxidizing atmo-
spheres, are toxic, or include expensive and rare ele-
ments. However, thermoelectric oxides are expected
to be viable materials for addressing these problems
due to their benefits, such as non-toxicity, mechanical,
thermal and chemical stability at high temperatures in
air [24, 25, 26].
Recently, a new thermoelectric oxide material was
discovered: BiCuSeO oxyselenides possess excellent
thermoelectric properties in the moderate-temperature
range (up to 650 ◦C), being comparable to alloys, Half-
Heusler and Zintl phase materials [27, 28, 29]. How-
ever, BiCuSeO oxyselenides are not stable at high tem-
peratures under oxidizing conditions [30]. In terms of
the figure-of-merit zT , oxides which are stable in air
can not compete with other material classes. For this
reason, the development of oxides should focus on high
power factors and electrical conductivity, to enhance the
electrical power output of thermoelectric generators at
high temperatures. Narducci postulated that if an infi-
nite heat source is available for thermoelectric energy
conversion, a high power factor and a moderate heat
conductivity are beneficial for high electrical power out-
puts [31].
The layer-structured cobalt oxide Ca3Co4O9 (CCO),
based on CaO, has already been investigated and sus-
tains high temperatures up to 1198 K [32, 33, 34]. CCO
possesses a monoclinic crystal structure formed by a
misfit-layered structure of a CdI2-type CoO2 subsystem
with a triangular lattice and a layered rock-salt subsys-
tem of three Ca2CoO3 units, which alternate along the
c-axis. The two subsystems of the monoclinic system
have different b-axis parameters and form an incom-
mensurate structure, as shown in Figure 1a [4]. The syn-
thesis of doped CCO via the well known sol-gel tech-
nique, reveals several advantages such as homogene-
ity, grain size and stoichiometric control [33]. The lay-
ered crystal structure affects also grain shape and has
significant impact on anisotropy, degree of compacting
and thereby on thermoelectric properties, especially on
isothermal electrical conductivity and heat conductivity.
In this work, sol-gel synthesis is used as a ”bottom-
up” technique to co-dope Na, Bi and Tb to the Ca-site
of the Ca2CoO3 subsystem, which is visualized in Fig-
ure 1a. Table S 1† in the supplementary information
shows the ionic radii of the substituted elements and
dopants. According to the similarity of the ionic radii,
doping should be possible. Co-doping can adjust car-
rier concentrations and introduce resonant impurities to
enhance the thermoelectric properties σ and α. Accord-
ing to Equation 4, this directly improves the electrical
power outputs of the obtained materials. Thus, σ can
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Figure 1: Crystal structures of a) Ca3Co4O9 (CCO), b) NaxCoO2 (NCO) and c) Bi2Ca2Co2O9 (BCCO) along the
a-axis. The ions involved are indicated by spheres of different size and colour: cobalt (small) in blue and turquoise,
oxygen (large) in red, calcium (medium) in grey, bismuth (large) in green and sodium (large) in orange. Note b1 and
b2 in a), b) form an irrational ratio, and the aperiodic crystal structure is described by superspace groups. Crystal
structure data were taken from [4, 5, 6].

be enhanced by Na and Bi doping [10, 35, 36], while
α can be improved by rare-earth doping (Tb) due to
the hybridization of electronic bands with sp charac-
ter [13, 26, 37, 38].
Increasing the doping level of Na and Bi leads to the
formation of a triple-phase nanocomposite of co-doped
CCO, NaxCoO2 (NCO) and Bi2Ca2Co2O9 (BCCO).
NCO and BCCO also have monoclinic misfit-layered
crystal structures, revealed in Figure 1b,c, which are
comparable to that of CCO [4, 6, 39, 40]. The three
structures simply differ in stacking and composition of
the rock salt layer. Compared to CCO, BCCO possesses
a higher α but a lower σ and NCO vice versa [6, 41, 42].
Overall, a nanocomposite (CCO-NCO-BCCO) of a co-
doped CCO phase and ”compositionally alloyed nanos-
tructures” [10] of NCO and BCCO with partially co-
herent layered structures promise enhanced thermoelec-
tric properties compared to those of the single materials.
The formation of a high power triple-phase nanocom-
posite stabilizes the NCO and BCCO phases at elevated
temperatures and hence enables application in thermo-
electric generators for energy conversion.

2. Materials and Methods

2.1. Synthesis

Na, Bi and Tb co-doped CCO powders were synthe-
sized via a sol-gel route, which provides fine-grained
particles of homogenous composition as described
by [43] for perovskites and by [33] for pure CCO. Cal-
cium(II) nitrate tetrahydrate 99.98 %, cobalt(II) nitrate
hexahydrate ACS 98-102.00 %, bismuth(III) nitrate
hydrate 99.999 %, terbium(III) nitrate hydrate 99.9 %
and sodium nitrate ≥ 99.5 % from Alfa Aesar were
used as sources. The calcined powder samples were

uniaxially cold pressed at 200 MPa and pressurelessly
sintered in air for 20 h at 1173 K. Reference samples
of CCO, BCCO and NCO phases were cold pressed
at 200 MPa and sintered for 10 h at 1173, 1123 and
1073 K, respectively. Table 1 shows the stoichiometry
and abbreviation of synthesized samples. All steps,
synthesis, calcination and sintering, were conducted
under ambient air conditions.

Table 1: Stoichiometry and abbreviation of synthesized nanocom-
posites (CCO-30-35-6, CCO-30-35-8, CCO-30-35-10) and reference
samples (CCO, BCCO, NCO).

stoichiometry abbreviation
Ca3Co4O9 CCO
NaxCoO2 NCO

Bi2Ca2Co2O9 BCCO
Ca2.29Na0.3Bi0.35Tb0.06Co4O9 CCO-30-35-6
Ca2.27Na0.3Bi0.35Tb0.08Co4O9 CCO-30-35-8
Ca2.25Na0.3Bi0.35Tb0.1Co4O9 CCO-30-35-10

2.2. Microstructure analysis
The phase compositions of the synthesized powders

and sintered ceramics were characterized via X-ray
diffraction (XRD) using a Bruker D8 Advance with Cu-
Kα radiation. Microstructural characterization and ele-
mental analysis of polished ceramic samples were per-
formed using a JEOL JSM-6700F field-emission scan-
ning electron microscope (FE-SEM) equipped with an
Oxford Instruments INCA 300 (energy-dispersive X-
ray spectroscopy, EDXS). Transmission electron mi-
croscopy (TEM) was performed at 200 kV using a JEOL
JEM-2100F-UHR equipped with an Oxford Instruments
INCA 300 (EDXS) for elemental analysis. Elemen-
tal distribution information of analyzed materials were
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obtained from Na-Kα, Ca-Kα, Bi-Lα, Co-Kα, Tb-Lα
and O-Kα transitions. Density and porosity were mea-
sured by Archimedes method (ISO 5018:1983) using
isopropanol. Density values were averaged from 3 mea-
surements with less than 2 % deviation. The heat capac-
ity CP, was estimated by differential scanning calorime-
try (DSC) with a Netzsch STA 409 PC/PG in a synthetic
air atmosphere with a flow of 30 mL · min-1 and a heat-
ing rate of 5 K · min-1 within the range of 313 K to
1173 K.

2.3. Measurement of thermoelectric properties

To investigate the thermoelectric properties of the
manufactured oxide materials, σ, α and λ were mea-
sured as functions of temperature and pressing direc-
tion. To obtain a large ceramic sample (CCO-30-35-6,
30-35-8 and 30-35-10), the green body was pressed at
200 MPa using a 16 mm die and reground and pressed
again, followed by a sintering process of 20 h at 1173 K.
Samples were cut from large ceramic pellets (cylindri-
cal, 16 mm · 16 mm) in bar shape (10 mm · 1.2 mm ·
1.2 mm and 10 mm · 2.5 mm · 2.5 mm) parallel and per-
pendicular to the pressing direction. The σ values were
estimated by a pseudo 4-point measurement at equi-
librium conditions, utilizing a horizontal three-heating-
zone tube furnace from Carbolite Gero EVZ 12/450B
and a home-made measurement cell. The α values were
measured using a ProboStat A setup from NorECs at
equilibrium conditions in a furnace from Elite Thermal
Systems Ltd. The values were logged using KEITH-
LEY 2100 6 1

2 Digital Multimeters. Data were acquired
and converted using Lab VIEW software. The mea-
surements of σ and α (heated to 1073 K and measured
down with equilibrium at every temperature) were re-
peated from samples cut perpendicular and parallel to
the pressing direction with less than 5 % deviation. The
uncertainties of 5 and 2 % for α and of 10 and 4 %
for the power factor (the latter obtained from samples
cut parallel to the pressing direction), were averaged
from 5 values. The values of λ were estimated using
λ = D·CP ·ρ and a LFA 457 MicroFlash laser flash setup
from Netzsch under synthetic air atmosphere. Measure-
ments of the thermal diffusivity D, averaged from 3 val-
ues, showed less than 5 % deviation. Accordingly, the
uncertainties for the zT value were calculated to be 10
and 5 % (the latter obtained from samples cut parallel
to the pressing direction). More details are given in the
supporting information†.

3. Results and Discussion

3.1. Composition of triple-phase nanocomposites

The XRD patterns of all three phases (CCO, NCO,
BCCO) within the triple-phase nanocomposite are
shown as individual references in Figure 2a-c. With in-
creasing doping level above the solubility limit of the
CCO matrix, the formation of a composite material con-
sisting of CCO, NCO and BCCO phases during sinter-
ing at 1173 K was enabled, as shown in Figure 2d-g.

Figure 2: X-ray diffraction patterns of ceramic sam-
ples: a) CCO (taken from [33]), b) NCO, c) BCCO,
d) CCO-30-35-6, e) CCO-30-35-8, f) CCO-30-35-10
(perpendicular to pressing direction), g) CCO-30-35-10
(parallel to pressing direction). CCO (green) and BCCO
(blue) reflections were indexed in superspace group Cm
(0 1 - p 0, equivalent to Bm (0 0 γ), no. 8.3 [44, 40]).
NCO (red) reflections were indexed in superspace group
C2/m [6]. The main NCO reflections (001-1 and 22-1-
1, 200-1, 110-1) overlap with CCO (green) reflections.
Difference in texture was obtained from samples, which
were cut perpendicular (d-f) and parallel to the press-
ing direction (g). Additional XRD patterns of NCO and
BCCO are given in S1†.

As the Tb content was increased, the ceramics be-
came slightly more textured and oriented compared
with the CCO reference in Figure 2a (weaker 0020,
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Table 2: Density and porosity of reference ceramics (CCO, NCO, BCCO) and nanocomposite ceramics. References were sintered for 10 h at
1173, 1123, 1073 K and nanocomposites for 20 h at 1173 K. Values of the density were measured using ISO (International Organization for
Standardization) 5018:1983. Reference values for CCO are taken from [33]. True density of composite ceramics is unknown.

material bulk density true density open porosity true porosity closed porosity theoretical density
abbreviation / g ·cm−3 / g ·cm−3 / % /% / % / %

CCO 3.2 ± 0.1 4.68 33.3 ± 0.7 33.5 ± 1.1 0.2 ± 0.7 67.7 ± 1.5
NCO 3.2 ± 0.0 4.65 15.7 ± 2.6 30.6 ± 0.2 14.9 ± 2.8 69.4 ± 0.0

BCCO 5.5 ± 0.0 6.82 1.6 ± 0.9 19.8 ± 0.6 18.1 ± 0.4 80.2 ± 0.0
CCO-30-35-6 3.9 ± 0.0 21.5 ± 0.3
CCO-30-35-8 3.9 ± 0.0 22.1 ± 0.9
CCO-30-35-10 3.9 ± 0.0 19.2 ± 0.7

2010 and stronger 0040, 0050 CCO reflections). Fur-
thermore, the reflections were less shifted to lower an-
gles with increasing Tb-content. Hence, Tb was as-
sumed to facilitate the formation of the CCO-NCO-
BCCO nanocomposite, and smaller amounts of Bi were
integrated into the CCO structure. Structural similarity
of the three phases, as shown in Figure 2a-c, and large
overlap of the involved reflections did not allow obser-
vation of NCO in the nanocomposites. Depending on
the direction of cold pressing and cutting of the ceramic
green body, different texture was obtained, as displayed
in Figure 2d-f (perpendicular) and Figure 2g (parallel).
Parallel to the direction of cold pressing of the green
body, the ceramic showed a more variegated mixture
of reflections from different planes, although the reflec-
tions 00l0 (0020, 0030, 0040, etc.) remained the most
intense.

Supplementing the XRD patterns, microstructural
characterization by SEM revealed the NCO phase and
confirmed the CCO and BCCO phases within the
composite material. The microstructure of NCO and
BCCO phases are displayed in Figure S 2†, while
SEM micrographs and elemental distributions of pol-
ished cross-sections of CCO-NCO-BCCO nanocom-
posites are shown in Figure 3. Values of the density
of NCO and BCCO are given in Table 2. Co-doping
with Na, Bi and Tb resulted in a nanocomposite ma-
terial of CCO, BCCO and NCO grains with pores in
between. Increasing the doping level of Tb led to the
formation of a denser nanocomposite, as shown in Fig-
ure 3a-f, and subsequently decreased porosity, given in
Table 2. This porosity has a strong impact on thermal
and electrical conductivity, because both values are de-
creasing with increased thermal and electrical contact
resistances [33, 34]. The values of both, thermal and
electrical conductivity, are also influenced by the degree
of grain orientation, since the grains have anisotropic
transport characteristics. Moreover, the higher the grain
orientation, the lower is the porosity.

The CCO-30-35-10 nanocomposite was further ex-

Figure 3: Cross-sectional SEM micrographs and EDXS
elemental distributions of CCO-NCO-BCCO nanocom-
posite ceramics: a, b) CCO-30-35-6; c, d) CCO-30-
35-8; e, f) CCO-30-35-10. The CCO phase is domi-
nated by Ca (green), the NCO phase by Na (red) and
the BCCO phase by Bi (blue). The direction of uniaxial
cold pressing is indicated by black arrows. Additional
SEM sites of NCO and BCCO are shown in Figures S
2†.

amined by TEM. Figure 4a-f identifies semi-coherently
aligned 2D nanostructures. The material was pervaded
by NCO, BCCO and CCO 2D layers, revealed in Fig-
ure 4a,b. These layers were homogeneously distributed
throughout the material, alternating in thickness and se-
quence. As shown in Figure 4b,c, the different layers
were co-doped with Na, Bi and Tb in the CCO phase,
Ca, Bi and Tb in the NCO phase, and Na and Tb in
the BCCO phase, respectively. The Tb content was en-
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Figure 4: TEM analysis of a CCO-30-35-10 nanocomposite ceramic: a, b) Scanning transmission electron microscopy
(STEM) dark-field micrograph and EDXS elemental distribution (more detail in Figure S 3†). The CCO phase is
dominated by Ca, the NCO phase by Na and the BCCO phase by Bi. c) Linescan of 5.7 nm point-to-point distance
of the elemental distribution of Na (red), Ca (green), Bi (blue), Tb (black) and Co (turquoise) in the area shown in b)
and along the indicated dotted line. d-f) High-resolution transmission electron microscopy (HRTEM) micrographs
of the heteromaterial interfaces BCCO-CCO, CCO-NCO and BCCO-NCO. Insets show the reduced fast Fourier
transformation (rFFT), which are shown in more detail in Figure S 4†. Additional TEM sites are shown in Figures S
5-7†.

riched in the CCO, while decreased in the NCO and
BCCO phases.

Table 3: Lattice parameters (in Å) of the CCO, NCO and BCCO
phases at the interfaces BCCO-CCO, BCCO-NCO and CCO-NCO
within a CCO-30-35-10 nanocomposite, as analyzed by HRTEM (Fig-
ure 4). Values were measured from reduced fast Fourier transforma-
tions (rFFT). Semi-coherent lattice parameters are in bold.

Interfaces
1) BCCO-CCO 3) BCCO-NCO 2) CCO-NCO

BCCO c=15.02 b1=3.13, c=14.81

CCO a=5.11, b2=4.55 c=10.67
c=10.96

NCO a=5.26, c=5.47 a=5.07, b1=2.82
c=5.74

These co-doped layers of NCO and BCCO seemed to
be stabilized at high temperatures by the interdiffusion
of the doped elements and surrounding phases, repre-
sented in the linescan of Figure 4c. The NCO phase, not
implemented in the nanocomposite, exhibited the low-
est chemical and thermal stability at high temperatures.
As illustrated in Figure 5a, the NCO reference phase

began decomposing in air at approximately 963 K. Al-
though, the interdiffusion of Ca, Bi and Tb, as shown
in Figure 4c, could stabilize this phase (Bi and Tb may
occupy Na positions). The effect of the interdiffusion
of Ca into the NCO phase also seemed to depend on
the its thickness and surroundings. Figure 4d-f reveals
the three feasible heterophase interfaces, BCCO-CCO,
CCO-NCO and BCCO-NCO within the nanocompos-
ite. The different phases grew semi-coherently on each
other, facilitated by their similar, layered structure. The
lattice parameters, given in Table 3, show similar val-
ues for the a-axis, while the c-parameter within the dif-
ferent phases was slightly lower than a multiple of the
c-parameter in NCO. The NCO phase also exhibited ar-
eas of amorphous-like character with many defects, as
displayed in Figure 4f. This phase was naturally less
stable, but the amorphous-like phase formation could
be either attributed to very thin layers, a cation-deficient
metastable phase or damage from Ar-ion polishing dur-
ing specimen preparation. Analyzes from SEM and
TEM, as shown in Figures 3 and 4, revealed structures
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on the micro- and nanoscale. Figure 4c confirmed point
defects on the atomic scale, which were introduced by
interdiffusion and co-doping. Overall, structural investi-
gations verified an all-scale hierarchical structure of the
nanocomposites. Hence, phonons could be scattered on
the microscale, nanoscale and atomic scale, while at the
same time, semi-coherently aligned, misfit-layered ma-
terials were present as shown.

3.2. Thermoelectric properties
The thermoelectric properties of reference NCO and

BCCO materials are shown in Figure 5. The NCO mate-
rial shows a high electrical conductivity of 142 S · cm-1

at 963 K, but low Seebeck coefficient of 175 µV · K-1 at
873 K. The NCO material decomposes at about 963 K
in air, leading to a decreased conductivity. In contrast to
this, the BCCO material has a high Seebeck coefficient
of 274 µV · K-1 at 973 K, but a low electrical conduc-
tivity of 18 S · cm-1 at 1023 K. The BCCO material is
stable up to 1023 K in air.

The thermoelectric properties of CCO and nanocom-
posites are based on an anisotropic character, as shown
in Figure 6. This anisotropy is caused by the crystal
structures of the three basic materials CCO, NCO and
BCCO, as illustrated in Figure 1a-c, and by compres-
sion and sintering, which led to grain orientation, as
shown in Figures 2, 3 and 4. The thermoelectric prop-
erties σ, α and power factor of CCO and the nanocom-
posite ceramics, are illustrated in Figure 6a,b as a func-
tion of temperature and depend on the pressing direc-
tion. The trend for σ for all samples, displayed in Fig-
ure 6b, was almost constant throughout the temperature
range and reached 116 S · cm-1 at 1073 K for CCO-30-
35-10 perpendicular to the pressing direction. The σ
values of CCO and of CCO-30-35-10 were also mea-
sured parallel to the pressing direction and reached 48 S
· cm-1 and 51 S · cm-1, respectively, at 1073 K. These
materials showed similar behavior because of the en-
hanced orientation and nanocomposite composition in
CCO-30-35-10. As shown in Figure 3, the nanocom-
posite ceramics contained not only a Na, Bi and Tb co-
doped CCO phase, but also NCO phase [6, 45], which is
electrically highly conductive, as indicated in Figure 5a.
It is concluded, that the incorporated and stabilized,
co-doped NCO phase further increased the σ value of
the nanocomposite material. Both, the formation of a
BCCO phase, which has a high α value [41, 42], as
illustrated in Figure 5b, and the integration of Bi and
Tb [38] at Ca-site positions, increased the α value of the
nanocomposite. The NCO and BCCO materials show
inferior stability at temperatures above 963 and 1023 K
in air, respectively, as shown in Figure 5. However, the

Figure 5: Thermoelectric parameters of NCO (pen-
tagon, red) and BCCO (circle, blue) as a function of
temperature in air: a) Isothermal electrical conductivity
σ, direction of heating, cooling, start of NCO decompo-
sition and highest value of NCO before decomposition
are indicated. b) Seebeck coefficient α. Samples were
cut and measured perpendicular to the pressing direc-
tion.

incorporation of NCO and BCCO into a stable matrix
like CCO stabilized these materials at high temperatures
(above 963 K, 1023 K) in air. The behavior of α for all
nanocomposites, shown in Figure 6a, was likewise sim-
ilar, starting from different values and increased with
temperature, reaching 236 and 250 µV · K-1 at 1073 K
for a CCO-30-35-10 nanocomposite ceramic perpendic-
ular and parallel to the pressing direction, respectively.
The absolute values of σ for the different materials in-
creased with doping content of Tb. The simultaneous
increases in σ and α indicate an increased charge carrier
density n and carrier mobility µ in the nanocomposite
ceramics. The impact of Bi on the thermoelectric prop-
erties of c-axis-oriented CCO thin films was reported
by Sun et al. [46], and Saini et al. [38] showed that Tb-
doping increased the value of µ.
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Figure 6: Thermoelectric parameters of CCO (square, green, taken from [33]), CCO-30-35-6 (diamond, turquoise),
CCO-30-35-8 (hexagon, orange) and CCO-30-35-10 (reverse rectangle, black) as a function of temperature: a) See-
beck coefficient α, b) Ioffe plot, power factor σ·α2 as a function of σ [47], c) heat conductivity λ and d) figure-of-merit
zT . Closed and open symbols represent values measured from samples perpendicular and parallel to the pressing di-
rection, respectively. Uncertainties are indicated by error bars.

3.3. Challenges in manufacturing
The manufacturing of a large, crack-free and homo-

geneous ceramic sample from uniaxially pressing and
pressureless sintering in air, in order to measure the
transport properties parallel to the pressing direction, is
challenging. For this reason, thermoelectric properties
parallel to the pressing direction were solely reported
for the CCO-30-35-10 sample, which showed best val-
ues perpendicular to the pressing direction. In previous
reports about the anisotropic properties of CCO, large
and dense materials were obtained from cold isostati-
cally pressing (CIP) [48], spark plasma sintering (SPS)
[49] and hot-pressing (HP) [50, 51].

3.4. Figure-of-merit zT vs. Ioffe plot
The zT values of CCO and CCO-30-35-10 nanocom-

posite, shown in Figure 6d, were determined according

to Equation 3, from the calculated power factor and the
corresponding values of the heat conductivity λ perpen-
dicular and parallel to the pressing direction, respec-
tively. The λ values of the CCO-30-35-10 nanocompos-
ite, as shown in Figure 6c, reached 1.96 and 1.1 W ·m-1

· K-1, respectively, at 1073 K perpendicular and parallel
to the pressing direction. The anisotropy in the ther-
mal transport properties is illustrated by the difference
of the heat conductivity perpendicular and parallel to the
pressing direction. Figure S 8† illustrates the measured
values of the heat capacity CP as a function of temper-
ature in the range from 313 K to 1173 K. The heat ca-
pacity CP reached approximately 0.83 J · K-1 · g-1 at
1073 K for a CCO-30-35-10 nanocomposite. The trend
and values of CP as a function of temperature were sim-
ilar to the values for pure CCO reported by Jankovsky
et al. [52] and were consistent with phononic Debye-
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Einstein behavior. Values of the figure-of-merit zT at
1073 K, as shown in Figure 6d, were as follows: 0.4
(parallel to the pressing direction, CCO), 0.35 (perpen-
dicular, CCO-30-35-10) and 0.31 (parallel, CCO-30-35-
10). A very low heat conductivity λ, which is given in
Figure 6c, led to a high zT value of CCO in the direction
parallel to the pressing direction. However, CCO shows
low values in the Ioffe plot of Figure 6b of both thermo-
electric power factor σ · α2 and electrical conductivity
σ [33], which is detrimental for power generation.
The thermoelectric power factor of nanocomposites,
calculated from σ and α perpendicular and parallel to
the pressing direction, is shown in a Ioffe plot in Fig-
ure 6b as a function of the electrical conductivity. The
Ioffe plot is suitable to estimate the capability of a ther-
moelectric material in power generation applications,
due to the combined presentation of electrical conduc-
tivity σ and the power factor σ · α2 [47]. A large im-
provement was observed due to the simultaneous en-
hancement of σ and α by Na, Bi and Tb co-doping and
the formation of a nanocomposite material, which is, ac-
cording to Equation 4, beneficial for power generation.
The thermoelectric power factor of the CCO-30-35-10
nanocomposite, represented in Figure 6b, reached 6.5
and 3.2 µW · cm-1 · K-2 at 1073 K, perpendicular and
parallel to the pressing direction, respectively. The con-
sideration of all parameters within the figure-of-merit
zT , according to Equation 3, conceals the specific prop-
erties of the materials, a thermal isolator with low elec-
trical conductivity can provide a high zT value. How-
ever, a thermal isolator, which has a high figure-of-merit
zT , but poor electrical properties, is not useful for high
electrical power generation. The Ioffe plot, illustrated
in Figure 6b, which considers the thermoelectric power
factor and the electrical conductivity, is more appropri-
ate according to Equation 4, to evaluate the applicability
of a material for high-temperature power generation.

3.5. Comparison and evaluation
Nanocomposites from pressureless sintering in air ex-

hibited similar trends of the heat conductivity λ, but
absolute values of 1.83, 1.79 and 1.96 W · m-1 · K-1

at 1073 K differed, as shown in Figure 6c. In con-
trast to this, dense CCO materials from SPS [49] and
HP [50] showed λ values of 3.0 and 2.8 W · m-1 · K-1

perpendicular to the pressing direction. As shown in
Figure 6c, the nanocomposite revealed a λ value of
1.1 W · m-1 · K-1 at 1073 K parallel to the pressing
direction. Previous reports about anisotropic transport
properties in highly oriented CCO revealed a heat con-
ductivity of 1.5 and 1.2 W · m-1 · K-1 parallel to the
pressing direction [49, 50]. Concerning the electrical

conductivity σ and the Seebeck coefficient α, Nong et
al. were able to enhance σ to about 130 S · cm-1 and α
to approximately 235 µV · K-1 at 1073 K perpendicular
to the pressing direction by co-doping with Ag, Lu and
spark plasma sintering of a dense material [26]. Saini
et al. showed a significant increase in α by Tb-doping
up to 325 µV · K-1 at 800 K for a Ca3-xTbxCo4O9,
x= 0.5 ceramic, perpendicular to the pressing direction
[38]. By comparing the thermoelectric properties of the
stacked 2D nanocomposite with the aforementioned re-
ports, further improvements could be achieved with en-
hanced density, for example by utilization of alternative
processing techniques. However, the comparison of the
anisotropic thermoelectric properties of manufactured
nanocomposites with CCO-based materials from liter-
ature is difficult. According to the used synthesis route
and processing technique, the obtained properties like
density, microstructure and degree of orientation of the
materials are different. As a consequence, the obtained
thermoelectric properties of these materials can not be
easily compared to each other.
The pure phases of CCO [49], NCO [53] and
BCCO [41] show a thermoelectric power factor of about
5, 3 and 1 µW · cm-1 · K-2 at 1073 K, 900 K and
1000 K, respectively. These lower values of the ther-
moelectric power factors, compared to the triple-phase
CCO-NCO-BCCO nanocomposite, were obtained from
much higher polycrystalline bulk densities of 96-99 %.
Strong anisotropy was also observed for σ and α, how-
ever, the values perpendicular and parallel to the press-
ing direction were enhanced due to co-doping and com-
posite formation. The highest power factor and zT
value were obtained perpendicular to the pressing direc-
tion for the CCO-30-35-10 nanocomposite. The high
thermoelectric power factor σ · α2, electrical conduc-
tivity σ, shown in the Ioffe plot in Figure 6b, and
the moderate heat conductivity λ are beneficial for
power generation at high temperatures from infinite heat
sources [31]. Thermoelectric materials should be de-
signed and utilized in consideration of their application
area, for example high energy conversion efficiency or
high power generation. In this work, a high power mate-
rial of semi-coherent 2D nanostructures was developed.
This triple-phase nanocomposite has simultaneously en-
hanced thermoelectric properties and is applicable in the
high-temperature range in air for thermoelectric power
generation.

4. Conclusions

A material design of semi-coherently layered 2D
nanostructures appears promising. Co-doping with suit-
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able dopants can enhance the thermoelectric properties,
but a triple-phase nanocomposite of co-doped phases
provides synergistic effects and increases the thermo-
electric properties. The formation of semi-coherent 2D
nanostructures enabled the simultaneous enhancement
of the thermoelectric properties σ and α. The BCCO
and NCO phases are stabilized at elevated temperatures
within a co-doped CCO-NCO-BCCO nanocomposite
and beneficial properties were extended to the high-
temperature range. The integration of materials that are
unstable at high temperatures into a stable matrix could
utilize synergistic effects and presents new alternatives
in material development. The high electrical conduc-
tivity and power factor, revealed by the Ioffe plot, offer
the application in a thermoelectric generator for waste
heat recovery at high temperatures in air. The evalua-
tion of thermoelectric materials for power generation at
high temperatures should be discussed critically, since
the figure-of-merit zT is misleading to determine the ap-
plicability. The Ioffe plot, which shows the thermoelec-
tric power factor as a function of the electrical conduc-
tivity, is more suitable to evaluate the ability for high-
temperature power generation.
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1 Supplementary
Schemes, diagrams both SEM and TEM micrographs were created using Orig-
inPro 9.1G, ImageJ, Diamond and Digital Micrograph. Figures were arranged,
merged and saved using PowerPoint 2010 and Photoshop CS5. Table S 1 shows
the ionic radii of the substituted elements and inserted dopants. According to the
similarity of the ionic radii of the elements used, doping should be possible. The
XRD patterns of the NaxCoO2 (NCO) and Bi2Ca2Co2O9 (BCCO) phases, shown
in Figure S 1 refer to Figure 2 in the main text. A step size of 0.003942, a time
per step of 1.1 seconds, a voltage of 40 kV and a current of 40 mA were used in
the XRD experiments. Pure NCO and nearly pure BCCO phases were subjected
to SEM and elemental distribution analyses of polished cross-sections, as shown
in Figure S 2a-d. Vibration-polished cross-section specimens were prepared by a
multistep (30 µm, 15 µm, 6 µm, 3 µm and 1 µm diamond lapping films) polish-
ing program using a Techprep from Allied - High Tech Products, Inc., followed
by vibration polishing using a Buehler Vibromet-2 and a 50 nm colloidal alumina
suspension. TEM specimens were prepared similar to SEM specimens and put
on a TEM grid. The specimens were pinched out using a precision ion polishing
system (Ar-ion) Model 691 from Gatan. The BCCO phase decomposes at approx-
imately 1023 K, and Ca-containing phases are formed; see Figure S 1 [1]. Figure
S 3 gives detailed elemental distribution information referring to Figure 4a-c in
the main document. The interdiffusion of Ca into the NCO phase is clearer, and
the very thin layers of NCO and BCCO are clearly visible in the Na, Ca and Bi
signals shown in Figure S 3d-f. The insets of Figure 4d-f in the main document are
enlarged for a better readability in Figure S 4a-f. Additional TEM micrographs
of other sites of the CCO-30-35-10 nanocomposite ceramic are shown in Figures
S 5, 6 and 7. These other sites clarify the composition and thickness of differ-
ent layers within the material. These sequences continue throughout the ceramic.
Comparing Figure S 5 and Figure S 6 shows that the amount of interdiffusion of
Ca into the NCO phase is not constant, suggesting that the degree of interdiffusion
might also depends on thickness and surroundings (e.g., being embedded between
BCCO phases). Figure S 8 illustrates the measured heat capacities CP of CCO and
nanocomposite ceramics as a function of temperature in the range from 313 K to
1173 K. The CP values reached approximately 0.83 J · g-1 · K-1 at 1073 K for
a CCO-30-35-10 nanocomposite ceramic. The nanocomposite ceramics showed
only small differences in CP from those of undoped CCO. The system was cali-
brated and the sapphire method was used. The sensitivity S and heat capacity CP
were calculated as described by Jankovsky et al. [2]. Samples of bar geometry were
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cut from a ceramic pellet using an O’Well model 3242 precision vertical diamond
wire saw.

1.1 Figures
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Figure S 1: XRD patterns of NCO and BCCO with indexed reflections according
to superspace group C2/m [3] and P2/m [4]. NCO and BCCO were obtained after
sintering at 1073 and 1123 K for 10 hours, respectively.
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Figure S 2: SEM cross-sectional micrographs and EDXS elemental distributions
of a, b) BCCO ceramic (Ca-green, Bi-blue and Co-red) and c, d) NCO ceramic
(Na-green and Co-red).
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Figure S 3: TEM analysis of a CCO-30-35-10 nanocomposite ceramic, supple-
menting Figure 4a-c) of the main document. a, b) STEM dark-field micrograph
and EDXS elemental distribution of the region shown. c) Linescan of the elemen-
tal distribution of Na (red), Ca (green), Bi (blue), Tb (black) and Co (turquoise)
shown in b). Along the indicated direction (dotted line), different phases and their
compositions along the linescan are indicated. d-i) Detailed elemental distribution
information for Na, Ca, Bi, Co, Tb and O.
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Figure S 4: Enlarged presentation of reduced fast Fourier transformations in insets
of Figure 4d-f) showing the TEM analysis of a CCO-30-35-10 nanocomposite
ceramic: a, b) BCCO-CCO-interface; c, d) CCO-NCO-interface; and e, f) BCCO-
NCO-interface with indicated lattice parameters of a (green), b (blue) and c (red).
BCCO-CCO: BCCO - c= 15.02 Å, CCO - a= 5.11 Å, b2= 4.55 Å, c= 10.96 Å
CCO-NCO: CCO - c= 10.67 Å, NCO - a= 5.07 Å, b1= 2.82 Å, c= 5.74 Å
BCCO-NCO: BCCO - b1= 3.13 Å, c= 14.81 Å, NCO - a= 5.26 Å, c= 5.47 Å
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Figure S 5: TEM analysis of a second site of a CCO-30-35-10 nanocomposite
ceramic, a, b) STEM dark-field micrograph and EDXS elemental distribution of
the area shown. c) Linescan of the elemental distribution of Na (red), Ca (green),
Bi (blue), Tb (black) and Co (turquoise) shown in b). Along the indicated direc-
tion (dotted line), different phases and their compositions along the linescan are
indicated. d-i) Detailed elemental distribution information for Na, Ca, Bi, Co, Tb
and O.
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Figure S 6: TEM analysis of a third site of a CCO-30-35-10 nanocomposite ce-
ramic, a, b) STEM dark-field micrograph and EDXS elemental distribution of the
area shown. c) Linescan of the elemental distribution of Na (red), Ca (green), Bi
(blue), Tb (black) and Co (turquoise) shown in b). Along the indicated direction
(dotted line), different phases and their compositions along the linescan are indi-
cated. d-i) Detailed elemental distribution information for Na, Ca, Bi, Co, Tb and
O.
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Figure S 7: TEM analysis of a fourth site of a CCO-30-35-10 nanocomposite ce-
ramic, a, b) STEM dark-field micrograph and EDXS elemental distribution of the
area shown. c) Linescan of the elemental distribution of Na (red), Ca (green), Bi
(blue), Tb (black) and Co (turquoise) shown in b). Along the indicated direction
(dotted line), different phases and their compositions along the linescan are indi-
cated. d-i) Detailed elemental distribution information for Na, Ca, Bi, Co, Tb and
O.
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Figure S 8: Heat capacity CP as a function of temperature of CCO (squares, green,
taken from [5]), CCO-30-35-6 (diamonds, turquoise), CCO-30-35-8 (hexagons,
orange) and CCO-30-35-10 (inverted triangles, black) ceramics.
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1.2 Tables

Table S 1: Ionic radii of cations and dopants in Ca3-x-y-zNaxBiyTbzCo4O9
[6].

Element Ca Na Bi Tb Co
coordination number 6 6 6 6 8

ionic charge +2 +1 +3 +3 +4 +3 +4
ionic radii / Å 1.12 1.18 1.17 1.04 0.88 0.61 0.53
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3 Thermoelectric generators

3.1 Summary

Thermoelectric (TE) generators (TEGs) were constructed by a series connection of
p- and n-type materials in the conventional chess-board and the all-oxide design.
These different possibilities to assemble a TEG offer variable advantages and disad-
vantages, depending on the desired application.
In section 3.2, an oxide-based TEG for high-temperature application in air is pre-
sented, which was made in conventional chess-board design using p-type Ca3Co4O9

(CCO) and n-type In1.95Sn0.05O3 legs. The use of an electrically highly conducting
indium oxide phase improved both the electrical power output and power density,
compared to TEGs with other n-type materials like ZnO or CaMnO3 (CMO).
In section 3.3, a finite element simulation tool was applied to a TEG prototype with
conventional chess-board design. The simulation tool was used to predict and es-
timate power characteristics of a TEG. Input parameters were TE properties of p-
and n-type materials and their contact resistances. The importance of minimizing
the contact resistance between the p-, n-type materials and the metallic connectors,
to enhance the electrical power output and electrical power density, is discussed.
In section 3.4, a novel all-oxide TEG based on p-type CCO and n-type CMO was
manufactured via spark plasma sintering and was characterized in terms of its power
characteristics. The single materials were chosen based on their thermal expansion
coefficients and TE properties, which were investigated and represented in detail.
The complex p-p-n junction, which was formed at high-temperatures showed ben-
eficial impact on the electrical power output of the TEG by decreasing its contact
resistance and boosting electrical voltage by a transversal thermoelectric effect. Due
to its oxide-based p-p-n-junction, the all-oxide generator design is usable at higher
temperatures compared to a conventional generator with metallic connectors.
In section 3.5, a comprehensive study on the influence of the TE properties on the
electrical power output and power density of conventional TEGs is presented. The
electrical conductivity and TE power factor (Ioffe plot) of the p-type Ca3Co4O9-
NaxCoO2-Bi2Ca2Co2O9 (CCO-NCO-BCCO) nanocomposite was improved by diffe-
rent applied processing techniques. New n-type indium oxides with high TE power
factor or zT value were developed by co-doping. These specifically developed p-
and n-type materials were used in three TEG prototypes to evaluate the impact of
high-power or high-zT materials on the TE power generation at high temperatures
from infinite heat sources in air. The highest electrical power density of oxide-based
TEGs was obtained from high-power materials.



80 3 Thermoelectric generators

3.2 Oxide-based thermoelectric generator for

high-temperature application using p-type

Ca3Co4O9 and n-type In1.95Sn0.05O3 legs

Michael Bittner, Benjamin Geppert, Nikola Kanas,

Sathya Prakash Singh, Kjell Wiik and Armin Feldhoff

Energy Harvesting and Systems 2016; 3(3): 213-222

DOI 10.1515/ehs-2016-0002



Michael Bittner*, Benjamin Geppert, Nikola Kanas, Sathya Prakash Singh, Kjell Wiik
and Armin Feldhoff

Oxide-Based Thermoelectric Generator for
High-Temperature Application Using p-Type
Ca3Co4O9 and n-Type In1.95Sn0.05O3 Legs

DOI 10.1515/ehs-2016-0002

Abstract: A thermoelectric generator couples an entropy
current with an electrical current in a way, that thermal
energy is transformed to electrical energy. Hereby the
thermoelectric energy conversion can be described in
terms of fluxes of entropy and electric charge at locally
different temperature and electric potential. Crucial for
the function of a thermoelectric generator is the sign and
strength of the coupling between the entropy current
and the electrical current in the thermoelectric materials.
For high-temperature application, tin-doped indium
oxide (In1.95Sn0.05O3) and misfit-layered calcium cobalt
oxide (Ca3Co4O9) ceramics were used as n- and p-type
legs. The n-type material reaches a power factor of
6.8 μW � cm− 1 � K− 2 at 1,073 K and a figure of merit ZT of
0.07. The p-type material reaches 1.23 μW � cm − 1 � K− 2

and a figure of merit ZT of 0.21 at 1,073 K. A thermo-
electric generator consisting of ten legs was characterized
for different invested temperatures. It delivers 4.8 mW
maximum power output and a electrical power density
of 2.13mW× cm − 2 when the hot side is at 1,073 K and a
temperature difference of 113 K is applied.

Keywords: Thermoelectric power generation, Module,
Oxide materials, Ca3Co4O9, In2-xSnxO3

Introduction

Thermoelectric (TE) materials got lately more and more
attention due to climate change and thereby their ability
to utilize waste heat from power plants and combustion

engines. A thermoelectric generator, which is made of
those materials can convert thermal energy into electrical
energy. Research in the field of thermoelectric materials
focuses on improving the figure of merit ZT, which was
originally derived by Ioffe (1957) and is shown in eq. [1].
Improving the figure of merit ZT is one approach to
enhance the efficiency of the energy conversion system.

ZT :=
σ � α2
Λ

[1]

The involved material parameters are the isothermal elec-
trical conductivity σ, the Seebeck coefficient α and the
electric open-circuit entropy conductivity Λ. For clarity
the latter is preferred over the thermal energy (“heat”)
conductivity λ, which is related to it by eq. [2]; see Fuchs
(2010) and Feldhoff (2015):

λ=Λ � T [2]

For high-temperature electric power generation in air,
n- and p-type semi-conducting thermoelectric oxides are
supposed to be promising materials, due to their advan-
tages, such as non-toxicity, thermal and mechanical sta-
bility at high temperatures and moreover high chemical
stability under oxidizing conditions; see Rowe (1995).
Several publications focus on the layer-structured cobalt
oxide Ca3Co4O9, based on CaO, and Sn-doped indium
oxide ðIn2− xSnxO3Þ due to their high power factor σ � α2
and thus the efficiency of TEGs made of it, see Xu et al.
(2002), Miyazaki (2004), Bérardan et al. (2008) and
Guilmeau et al. (2009).

Ca3Co4O9 exhibits a misfit-layered structure, which
consists of CdI2-type CoO2 triangular lattice and a layered
rock-salt part of three Ca2CoO3 units which are stacked
alternatingly along the c-axis. The electronic structure of
Ca3Co4O9 is beneficial for thermoelectric applications due
to it’s density of states (DOS), which consists of two non-
bonding, degenerated e′ g levels and thus a broad delo-
calized e′ g band and a bonding, non-degenerated a1g
level and thereby a localized a1g band. The density of
states near the Fermi energy EF is schematically shown in
Figure 1(a). The height of the Fermi energy EF can be
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controlled by the valence state of cobalt cations. It can be
adjusted with the aid of hole-doping, or with implement-
ing dopants into the structure. When EF crosses the bor-
der where the a1g and e′ g orbitals are hybridized,
according to Miyazaki (2004), a high electrical conductiv-
ity is expected due to a high density of unoccupied states
in the electronic bands above the highest occupied state.
The thermoelectric properties like electrical conductivity
σ, Seebeck coefficient α and entropy conductivity Λ of
Ca3Co4O9 can be further enhanced by controlling the
micro- and nano-structure. Liu et al. (2005) and Kenfaui
et al. (2010) used spark plasma sintering (SPS) and
Nagahama et al. (2002) a templated grain growth method
to modify the structure of Ca3Co4O9.

The Seebeck coefficient α can be expressed after
eq. [3] for the degenerate case ðkBT � EFÞ and depends
on the ratio of the oxidation states of cobalt ðCo3+ =4+ Þ;
see Singh (2000) and Miyazaki (2004). Thereby A(E) is
proportional to the area of the DOS at the Fermi level EF.

α⁓− ðδlnAðEÞ=δEÞE =EF [3]

A prospective n-type oxide is In2O3, which is an indirect
semiconductor with a band gap of 1.16 eV. The top of the
valence band of In2O3 shows a small dispersion (localized
states), made of hybridized O:2p and In:5d states. The
bottom of the conduction band possesses a large disper-
sion (delocalized states; see Figure 1(b)), which mainly
comes from the hybridized O:2p and In:5s orbitals. For
heavily doped In2O3 or by use of Sn as dopant, the EF is
situated inside the conduction band; see Figure 1(b). The
electrical conductivity is strongly affected by the electro-
nic configuration near the Fermi level EF. When Sn is
used as a dopant for In2O3, a strong hybridization of the

Sn:5s, In:5s and O:2p orbitals forms antibonding states
and thereby affects the states near the bottom of the
conduction band, shown in Figure 1(b), which leads to
a small band gap after Yan and Wang (2012).

The properties of tin-doped In2O3 (ITO) depend on the
amount of Sn within the structure; see Guilmeau et al.
(2009). For a low Sn fraction, In2− xSnxO3 possesses a
medium effective mass m* and a low carrier concentra-
tion n, which are both beneficial to the Seebeck coeffi-
cient α. For a highly degenerated semiconductor, the
Seebeck coefficient α is defined after eq. [4], γ depends
on the dominating scattering process (−0.5 for acoustic
phonons, 0 for neutral impurities and 1.5 for ionized
impurities); see Seeger (1991) and Guilmeau et al. (2009):

α=
2
3

π
3

� �2
3

γ+
2
3

� �
k2Bm

*

e�h2n
2
3

[4]

Guilmeau et al. (2009) already carried out investigations
about tin-doped In2O3, and it is assumed to be a promising
thermoelectric n-type material. To our knowledge, no ther-
moelectric generator (TEG) has been constructed and char-
acterized made of Ca3Co4O9 as p-type and In1.95Sn0.05O3 as
n-type semiconductor.

Experimental

The thermoelectric materials, n-type In1.95Sn0.05O3 (ITO)
and p-type Ca3Co4O9 (CCO), were synthesized via a sol-
gel route, which allows obtaining fine-grained powders of
homogenous composition as described by Feldhoff et al.
(2008). The nitrates of accordant metal cations were stoi-
chiometrically solved and added to an aqueous ammonia

Figure 1: Schematic representation of the density of states (DOS) near the Fermi level EF, occupied states (hatched) below EF in: a) Co:3d
energy levels of the rhombohedrally distorted CoO6 octahedron ða1g and e′gÞ of Ca3Co4O9 after Miyazaki (2004) and b) In:5s, Sn:5s and O:2p
energy levels of In1.95Sn0.05O3 after Yan and Wang (2012).
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solution of pH= 9 which also contained citric acid and
ethylenediaminetetraacetic acid (EDTA) for complexing
the soluted metal ions in the solution. Indium(III) nitrate
hydrate from Alfa Aesar, 99.9% trace metal basis was
used as indium source and tin(II) acetate 95.0% from
Alfa Aesar as tin source. For Ca3Co4O9, calcium(II) nitrate
tetrahydrate ≥ 99.0% from Sigma Aldrich and cobalt(II)
nitrate hexahydrate ACS 98–102.00% from Alfa Aesar
were used as sources. The obtained powders were cal-
cined for 10 h at 973 K, in case of In1.95Sn0.05O3 and for 5
h at 1,073 K in case of Ca3Co4O9 with a heating and
cooling rate of 3 min �K− 1, respectively. The calcined
powders were cold pressed and sintered. The n-type
material In1.95Sn0.05O3 was sintered for 15 h at 1,873 K
with a heating and cooling rate of 3 min �K− 1. The p-type
material Ca3Co4O9 was sintered for 10 h at 1,173 K with
the same heating and cooling parameters. All steps,
synthesis, calcination and sintering, were performed
under ambient air conditions.

The phase compositions of synthesized powders and
sintered ceramics for both materials were characterized by
X-ray diffraction (XRD) using a Bruker D8 Advance with
Cu−Kα radiation. A time per step of 0.3 s, a step size of
0.0105 °, a voltage of 40 kV and a current of 40 mA were
applied for XRDmeasurement. Microstructural characteriza-
tion was carried out by field-emission scanning electron
microscope (FE-SEM) of the type JEOL JSM-6700F, which
was equipped with an energy-dispersive X-ray spectrometer
(EDXS) of the type Oxford Instruments INCA 300 for ele-
mental analysis. N-type specimen were vibration-polished
on a Buehler Vibromet-2 using 50 nm colloidal alumina
suspension. P-type specimen were polished with a Struers
Tegramin-20 using a multistep polishing program with col-
loidal diamond suspensions with grain sizes from 9 to 1 μm.
Density measurements were performed by an Archimedes
setup using ISO 5018:1983 (the International Organization
for Standardization) in which the dry mass, mass in solvent
and wet mass of the sample, was measured. The coefficient
of thermal expansion (CTE) was estimated in synthetic air
using a dilatometer DIL 402 C from Netzsch.

To determine the thermoelectric properties of the cho-
sen materials, electrical conductivity σ, Seebeck coefficient
α and entropy conductivitymeasurementsΛweremeasured
as a function of temperature. Thereby the power factor σ � α2
and the figure of merit ZT of Ca3Co4O9 as well as for
In1.95Sn0.05O3 were estimated. Thermoelectric properties
were measured with a home-made measurement cell after
Indris (2001). The used furnace is an ELITE thermal system.
The electronic parameters were measured with KEITHLEY
2100 612 Digit Multimeters. Data were acquired and con-
verted using LAB VIEW software. The measurements of

the heat conductivity λ and entropy conductivity Λ, respec-
tively were carried out by a laser flash setup LFA 457
MicroFlash from Netzsch.

Characterization of the thermoelectric generator and
estimation of ZT of the module were realized with a load-
resistance dependent measurement under steady-state
conditions, as shown schematically in Figure 2.

Materials Properties

To verify the crystal structure and phase purity of n- and
p-type powders and ceramics, XRD analyses were carried
out. The Ca3Co4O9 powder obtained after calcination at
1,073 K for 5 h is phase pure. After cold pressing and
sintering at 1,173 K for 10 h a pure Ca3Co4O9 ceramic was
obtained. Comparing the powder pattern with the pattern of
the Ca3Co4O9 ceramic, a texture is visible (reflection 2010
(overbar on 2)); see Figure 3(a). Based on the results of

Figure 2: Sketch of the measurement setup to characterize the
oxide-based thermoelectric generator in ambient air. Remind the
alternating directions of coupling an entropy current JS with an
electrical current Jq in p- ðα > 0Þ and n-type ðα < 0Þ semiconducting
legs. If a closed electrical circuit is present (closed switch),
a circular electrical current (drawn in dotted lines) is driven
by the entropy currents (red arrows), which expresses the power
conversion. When the switch is open, the open circuit voltage is
measured. Electrical current Jq and voltage U are measured with
multimeters as a function of the load resistance Rload, which are
adjusted by a variable resistor. The temperatures T1 and T2 and
thereby the temperature difference ΔT between hot and cold side
are measured with Pt-Rh thermocouples, which are operated in
electrical open-circuit conditions. Here, entropy fluxes are present
but small as compared to the ones running the generator.

M. Bittner et al.: Oxide-Based Thermoelectric Generator 215

Bereitgestellt von | Technische Informationsbibliothek (TIB)
Angemeldet

Heruntergeladen am | 27.10.16 15:03

3.2 Oxide-based generator for high-temperature application 83



Miyazaki et al. (2002), a Rietveld refinement, utilizing Topas
4.2 software, was performed to analyze the Ca3Co4O9 cera-
mic. The best results were accomplished for superspace
group Cm (0 1-p0), equivalent to Bm ð00 γÞ, no. 8.3; see
Prince (2004), the crystal system was monoclinic base-cen-
tered with a=4.84Å, c= 10.84Å, β= 96.11� and α= γ= 90�.
The b-axis was refined to be b1 = 2.82Å for the CoO2 sub-
system and b2 = 4.55Å for the Ca2CoO3 subsystem;
see Miyazaki et al. (2002). For the n-type material
In1.95Sn0.05O3, a pure nanopowder is obtained after calcina-
tion at 973 K for 10 h. The powder got pressed and sintered
at 1,873 K for 15 h and a pure In1.95Sn0.05O3 ceramic was

obtained; see Figure 3(b). It crystallized in space group Ia-3
(no. 206) in a cubic body-centered unit cell with a = 10.12Å,
taken from PDF-2 database (01-089-4596).

For microstructural characterization of the thermoelec-
tric materials by SEM, the sintered ceramics were prepared
by polishing steps. The n-type ceramic was treated with a
multistep polishing program followed by vibration polish-
ing. The p-type material was also prepared with a multi-
step polishing program finished with a fine polishing step
with a diamond grains solution. Figure 4 reveals the
results of microstructural investigation of the n-type
In1.95Sn0.05O3 and p-type Ca3Co4O9 materials.

Figure 3: X-ray diffraction patterns of: a) CCO calcined powder and sintered ceramic, indexed reflections of superspace group Cm (0 1-p 0),
equivalent to Bm (0 0 γ), no. 8.3; see Prince (2004) and b) ITO calcined powder and sintered ceramic, indexed reflections of space group Ia-3
(no. 206), taken from PDF-2 database (01-089-4596).

Figure 4: a,b) Sintered ceramics prepared by a single polishing program for Ca3Co4O9 sample, and polishing and vibration-polishing
program for In1.95Sn0.05O3 sample, analyzed cross-section in SEM, c,d) EDX spectra of Ca3Co4O9 and In1.95Sn0.05O3 ceramic.
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The SEM investigations of the Ca3Co4O9 polished
sample shown in Figure 4(a) exhibits no visible grain
distribution of the p-type material. The sintered
Ca3Co4O9 ceramic shows a high porosity with a con-
nected pore network. Figure 4(c) shows the EDX spectra
of the Ca3Co4O9 sample, a C peak due to the polishing
steps is obtained in the spectrum but no other impuri-
ties. The SEM investigations in Figure 4(b, d), of the
vibration-polished In1.95Sn0.05O3 sample, show grain
sizes which are varying from 10 to 40 μm. The sample
possesses a closed porosity. The pores are isolated and
do not form a network. An Al peak was detected in
the EDX spectrum, shown in Figure 4(d). This can be
explained by the insertion of Al2O3 nanoparticles into
the pores during the vibration-polishing step. In the
elemental distribution analysis made by EDX no impu-
rities are visible except those of the polishing steps, i. e.
Al and Si.

Density measurements of the n-type In1.95Sn0.05O3

and p-type Ca3Co4O9 materials were performed with an
Archimedes setup. For the n-type material, 92.12% of the
theoretical density could be achieved. The sintered
Ca3Co4O9 sample achieved a theoretical density of
54.0% only. Table 1 shows the measured values for the

density of the bulk ceramic as well as calculated values
for open porosity, true porosity and closed porosity for
both materials.

These measurements confirm the SEM investigations.
In1.95Sn0.05O3 possesses a low open porosity and a
slightly higher closed porosity. Ca3Co4O9 exhibits a high
open porosity and almost no closed porosity. This indi-
cates that there is a connected network present between
the pores. The coefficient of thermal expansion was mea-
sured with a dilatometer from Netzsch 402C as a function
of temperature for In1.95Sn0.05O3 and Ca3Co4O9 ceramics.
Starting from powder samples, two dilatometer measure-
ments were performed. First cycles represent the sintering
curves for In1.95Sn0.05O3 and Ca3Co4O9 samples, respec-
tively. The second cycles depict the dilatometer measure-
ments, shown in Figure 5(a, b). Figure 5(a, b) shows
the quotient of the variation in length and initial length
dL/L0 in percent as a function of temperature, the value
of the CTE during heating and cooling was estimated
from the measured values (dashed lines). The CTE
between 400 °C and 900 °C during heating and cooling
exhibits almost the same value of 14.7 � 10− 6K− 1 for
In1.95Sn0.05O3. The CTE of Ca3Co4O9 between 673 K and
1073 K represents 15.0 � 10− 6K− 1 during heating and
18.1 � 10− 6K− 1 during cooling, respectively.

Figure 6(a, b) shows the measured values for σ and α
of In1.95Sn0.05O3 and Ca3Co4O9 as a function of tempera-
ture. The electrical conductivity σ of Ca3Co4O9 is almost
constant over the whole temperature range and reaches
32.5 S � cm− 1 at 1,073 K. The electrical conductivity of
In1.95Sn0.05O3 increases exponentially at about 900 K and
achieves 608 S � cm at 1,073 K. The Seebeck coefficient α
of Ca3Co4O9 is almost constant from 500 to 1,100 K and
decreases to lower temperatures. The α value of
In1.95Sn0.05O3 increases slightly with temperature. The

Table 1: Measured values of density and porosity of In1.95Sn0.05O3

(15 h at 1,873 K) and Ca3Co4O9 (10 h at 1,173 K) ceramic, using
ISO 5018:1983 (the International Organization for Standardization).

Material Bulk
density/
g·cm–

True
density/
g·cm–

Open
porosity/%

Closed
porosity/%

True
porosity/%

In.Sn.O . . . . .
CaCoO . . . . .

Figure 5: Coefficient of thermal expansion (CTE): thermal expansion and shrinkage during heating and cooling as a function of temperature
of a) Ca3Co4O9 and b) In1.95Sn0.05O3 ceramic. Dashed lines indicate the temperature ranges for which the CTE was estimated, respectively.
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Seebeck values for both materials reach 203.8μV � K− 1 and
− 100.8 μV � K− 1 at 1,073 K, respectively. The values for
tin-doped indium oxide are in the same order as those
reported by Guilmeau et al. (2009). The electrical
conductivity σ of Ca3Co4O9 differs in absolute values, and
the course of the Seebeck coefficient α turns slightly dif-
ferent, due to a lower density of the ceramic, compared to
other studies, see Rasekh et al. (2013) and Xu et al. (2002).
The values for the power factor in Figure 6(c) of Ca3Co4O9

and In1.95Sn0.05O3, calculated from σ and α differ between
300 and 900 K. The power factor of In1.95Sn0.05O3 exceeds
that of Ca3Co4O9 after 1,000 K due to an exponential
increase in the electrical conductivity. The figure of merit
ZT of In1.95Sn0.05O3 and Ca3Co4O9 were estimated from the
ciphered power factors σ � α2, of 6.8 μW � cm − 1 � K− 2 (ITO),
and 1.23 μW � cm− 1 � K− 2 (CCO) and the entropy conduc-
tivity Λ respectively, which was measured via a laser flash
setup.

Figure 6(d) shows the entropy conductivity Λ of
In1.95Sn0.05O3 and Ca3Co4O9 as a function of the tempera-
ture. And Figure 6(f) shows the calculated figure of merit
of In1.95Sn0:05O3 and Ca3Co4O9 after eq. [1] as a function
of temperature. The entropy conductivity Λ reaches
10mW �m− 1 � K− 2 at 1,073 K for In1.95Sn0.05O3 and
0.59mW �m− 1 � K− 2 for Ca3Co4O9. The estimated figure
of merit for In1.95Sn0.05O3 and Ca3Co4O9 as a function of
temperature achieve 0.07 and 0.21 at 1,073 K, respec-
tively. The measured values for the heat conductivity λ
of 10.6W �m− 1 � K− 1 at 1,073 K for a In1.95Sn0.05O3 sample
vary slightly, compared to 8.5W �m− 1 � K− 1 at 1,000 K for
an indium oxide sample, which is doped with the same
tin fraction, reported by Guilmeau et al. (2009). Because
of a slightly lower heat conductivity λ reported in litera-
ture, the ZT value in this study also differs a little from
literature, maybe because of a different density of the
measured samples. The trend for the heat conductivity λ

Figure 6: Thermoelectric properties as a function of temperature of n-type In1.95Sn0.05O3 (squares, ITO) and p-type Ca3Co4O9 (circles, CCO).
a) Electrical conductivity σ and b) Seebeck coefficient α. c) power factor σ � α2, d) entropy conductivity Λ, e) heat conductivity λ (eq. [2]) and
f) figure of merit ZT, estimated according to eq. [1].
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and the measured values of 0.63W �m− 1 � K− 1 at 1,073 K
for Ca3Co4O9 also differ compared to the trend and value
of 1.7W �m− 1 � K− 1 at 1,073 K, reported by Nong, Liu, and
Ohtaki (2010). According to this trend, the value of
0.63 W �m− 1 � K− 1 at 1,073 K seems to be undersized.
This can be attributed to a lower density and high open
porosity of the measured Ca3Co4O9 sample, allowing gas
to permeate and thus contributing to the heat conductiv-
ity. The figure of merit ZT matches with the reported
values in literature.

Thermoelectric Generator

To assemble a thermoelectric generator, legs of n- and
p-type semiconductor materials were cut out of disk-
shaped ceramics, utilizing a wire saw. The n-type
In1.95Sn0.05O3 legs have an area of 1.1mm2 and a length
of 2 mm. The p-type Ca3Co4O9 legs possess an area of
1.5mm2 and a length of 2 mm. The constructed oxide-
based thermoelectric generator consists of 5 n-type
In1.95Sn0.05O3 and 5 p-type Ca3Co4O9 legs. The legs were
connected to each other on the top and bottom plate via a
gold connector. The gold connector was placed on the
electrical insulating Al2O3 plates via coating of an
Au-paste from HERAEUS. The legs were placed on a
Al2O3 plate in electrical serial connection. The Al2O3

plates are rectangles with 15 mm lateral lengths.
Platinum wires were attached for electrical contacting to
an external electrical circuit. The manufactured module

was baked at 1,173 K for 2 hours to obtain a mechanically
stable device with metallic gold contacts.

Figure 7 shows a sketch of the thermoelectric gen-
erator and a side view of the constructed TEG with n- and
p-type legs, contacts, Al2O3-plates and Pt-wires. The
oxide-based thermoelectric generator was characterized
at high-temperature conditions in air. Figure 2 shows the
utilized measurement setup schematically. The upper
side of the generator was heated by a furnace up to
Thot = 1, 073 K while the bottom side was cooled by a
passive cooler (Tcold) to establish a temperature gradient
over the device obtaining a temperature drop of
ΔT = 113K. Two Pt=Rh thermocouples measure the tem-
perature at the hot and cold side, respectively and
thereby ΔT. The generator is connected with a voltmeter
and an amperemeter in parallel connection. The electrical
power output of the generator can be measured if a
variable resistor is prior to the amperemeter. The electri-
cal power output is maximum if the resistivity of the
module is equal to the load resistivity. The thermoelectric
generator couples an entropy current JS and an electric
current Jq in a way that energy is transferred from thermal
to electric process; see Figure 2. An oxide-based genera-
tor possesses a good thermal, chemical stability in oxidiz-
ing atmosphere and a conventional TEG setup provides
also good mechanical stability. Oxides own still inferior
thermoelectric properties, so improvement is needed for
Seebeck coefficient α and entropy conductivity Λ of
In1.95Sn0.05O3 and electrical conductivity σ and entropy
conductivity Λ of Ca3Co4O9. After a period of time of 1
hour, the device was in equilibrium and the variable

Figure 7: a) Dimensions of n- and p-type legs, b) sketch of TEG setup, c) side-view photograph of the TEG.
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resistor in the external circuit was switched and thereby
different load resistances Rload were applied. The electri-
cal parameters electrical current Jq and voltage U were
measured in dependence of Rload and different Thot. Every
measuring step last 5 min. The first measurement was
always under quasi closed-circuited conditions, this
means without any load resistance Rload other than the
internal resistance by cables etc. The electrical power
output Pel of the device is related to the current and the
voltage, while the area-specific electrical power density
ωel depends on the quotient of the power output Pel and
the area of the device. The electrical power output Pel was
estimated by multiplying the measured values of U and
Jq. The area-specific electrical power density was calcu-
lated by dividing Pel with the area of 2.25 cm2. Figure 8
shows the measured data points and continuously fitted
plots of U and Pel as a function of Jq. The maximum
electrical power output Pel,max, the associated electrical
current Jq(Pmax) and voltage U(Pmax) can be estimated
and read from the fitted data plots. The short-circuit
current Jq,SC and open-circuit voltage UOC can also be

determined from the fitted plots in Figure 8. The
calculated values of the electrical power density of
ωel = 2.13mW � cm − 2 at Thot = 1, 073 K,ωel = 1.6mW � cm − 2

at Thot = 1, 023 K and ωel = 1.36mW � cm− 2 at Thot = 973K
are also plotted in Figure 8. The TEG possesses a fill
factor of 5.78% when an area of the p,n couples of
0.13 cm2 and an area of the top and bottom plates of
2.25 cm2 are assumed. The measured thermoelectric para-
meters of the device at different applied steady-state
temperature conditions are listed in Table 2. The electri-
cal power output Pel depends on the load-resistance Rload

in the external circuit, which can be expressed by eq. [5].
The maximum electrical power output is a load-resis-

tance dependent parameter. It becomes becomes maxi-
mal if the load resistance Rload is equal to Rmodule after eq.
[6]; see Möschwitzer and Lunze (1998).

Pel =
U2
OC

4 � Rload � UOC −Uload
Uload

[5]

Rload =Rmodule =
X

Rn +
X

Rp

� �
[6]

Jq/mA

Jq (Pmax)

U(Pmax)

Pmax

U
/m

V

P
el

 /m
V

Figure 8: Fitted electrical power output Pel (rectangular dots) and voltage (spherical dots) as a function of the electrical current Jq at different
applied Thot temperatures (1,073 K in black, 1,023 K in red and 973 K in green). U(Pmax) and Jq(Pmax) of the respective Pel,max at different
temperature conditions are indicated (dashed lines).

Table 2: Measured and calculated values of the thermoelectric generator at different applied temperature conditions.

Thot=K ΔT=K Rmodule=Ω UOC=mV Jq,SC
�
mA U Pmaxð Þ=mV Jq Pmaxð Þ�mA Pmax=mW

,  . . . . . .
,  . . . . . .
  . . . . . .
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At the maximum power output, when Rload is equal to
Rmodule (eq. [6]) and Uload = 1

2UOC, eq. [5] becomes eq. [7].

Pmax =
U2
OC

4 � Rmodule
[7]

The measured and calculated parameters of the TEG
are listed in Table 2. The maximum electrical power
output Pel,max of the thermoelectric generator for three
different applied temperatures, when a temperature
difference of 113 K is established, can be read from
the extrapolated curves. At a hot-side temperature of
Thot = 1073K, the TEG provides and electrical power out-
put of Pel = 4.8mW, at Thot = 1, 023 K, Pel = 3.62mW and at
Thot = 973 K, Pel = 3.06mW. The U(Pmax) and Jq(Pmax) of the
respective Pel,max at different temperatures can be read
from the linearly extrapolated U − Jq plot. The values for
UOC were measured and Jq,SC values were extrapolated
from the measured U − Jq curves.

The figure of merit ZT of the generator can be calcu-
lated from these measured values by eq. [8] after Min and
Rowe (2001). At a hot-side temperature of Thot = 1, 073 K
and an applied temperature drop of ΔT = 113 K, a figure of
merit of 0.02 can be reached. This value for the whole
generator is similar to the value for the material
In1.95Sn0.05O3, see Figure 6f, which is the efficiency-limit-
ing part of the generator.

ZT =
UOC

Jq, SC � Rmodule
− 1 [8]

An oxide-based TEG made of In1.95Sn0.05O3 and Ca3Co4O9

provides a better balance of voltage U and current
JqðUðPmaxÞ= 108.25mV, JqðPmaxÞ= 44.32mAÞ and thus a
high electrical power output, compared with a generator
made of ZnO and Ca3Co4O9 see Feldhoff and Geppert
(2014), which offers not more than 0.55 mW at an almost
doubled temperature difference. Nevertheless it is diffi-
cult to compare thermoelectric generators with each other
due to the different dimensions of the n- and p-type legs,
different applied temperatures and temperature differ-
ences, see Choi et al. (2011) and Matsubara et al. (2001).
But if we consider that the electrical power output
depends on the product of U and Jq, the combination of
In1.95Sn0.05O3 and Ca3Co4O9 possess beneficial properties
for power generation at high-temperature conditions in
ambient atmosphere.

Conclusions

An oxide-based thermoelectric generator consisting of n-
type In1.95Sn0.05O3 and p-type Ca3Co4O9 semiconductor

legs was successfully constructed and characterized.
The maximum electric power output depends and
increases with increasing hot-side temperature. A high
voltage and electric current is advantageous and could
be accomplished by the use of a highly electrically con-
ductive In1.95Sn0.05O3 n-type material. The efficiency of
the whole system is limited by the figure of merit ZT of
the In1.95Sn0.05O3 n-type legs. A ZT value of 0.02 for the
device was achieved and a maximum electric power out-
put of 4.8 mW was obtained at 1,073 K hot-side tempera-
ture and a temperature difference of ΔT = 113 K. To
improve the power output of the thermoelectric genera-
tor, the cross sections of the electric conductors can be
adapted to each other in terms of the specific resistance.
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Abstract: This study presents the characterisation of a pro-
totype thermoelectric generator including ceramic
Ca3Co4O9 p-type and metallic Cu0.57Ni0.42Mn0.01 n-type
legs. The generator was constructed applying the conven-
tional rigid chessboard design, which provides an electrical
series connection of the thermoelectrically active materials
in between of two electrical isolating cover plates made of
alumina. Ag-epoxy resin was used for electric connectors
which were directly bond to the thermoelectrically active
materials. The generator was rebuild in the framework of a
finite-element model to simulate the generator’s transport
characteristics using the physical data of the single materi-
als as input parameters for the simulation tool. The simula-
tion results give a view to the distributions of temperature
and electric potential as well as vector plots showing the
generated current density of charge inside the regarded
materials. The finite-element simulation tool was used to
consider the electrical contact resistivities between the ther-
moelectric legs and the connector material. The input para-
meter for the specific isothermal electric resistivity of the
Ag-epoxy connectors were varied by including the electrical
contact resistances to match the simulated to the measured
data in order to receive the correct electric current densities
in the modeled device.

Keywords: thermoelectric generator, finite-element simu-
lation, electrical power

Introduction

The development and application of thermoelectric mate-
rials, for example, for harvesting electrical power from

waste heat sources, is a current field of study that requires
interdisciplinary investigations. The implementation of
newly developed thermoelectric materials into thermoelec-
tric generators (TEGs) benefits from modeling the thermo-
electric properties of the generators with respect to the
individual properties of the employed materials. A TEG is
a device that transfers energy from thermal (entropy) cur-
rent to electric current; see Fuchs (2010, 2014) and Feldhoff
(2015). The concept of energy carriers as outlined by Falk,
Herrmann, and Schmid (1983) enables an elegant descrip-
tion of a thermoelectric device, which relies on considering
the flux densities of the aforementioned fluid-like quanti-
ties entropy S and electric charge q and their linkage to the
conjugated potentials, which are the absolute temperature
T and the electric potential ’, respectively. The currents of
thermal energy (heat) and electric energy are then
obtained as shown by Fuchs (2014), Feldhoff and Geppert
(2014a, 2014b) and Feldhoff (2015). Taking the cross-
sectional areas Aleg and the length Lleg of the thermoelec-
tric material samples into account, the currents of entropy
IS and electric charge Iq in a thermoelectric material, that
is subjected to differences of thermal potential ΔT and
electric potential Δ’, can be easily obtained if a thermo-
electric material tensor is considered; see Feldhoff (2015):

IS
Iq

� �
= −

Aleg

Lleg
� σ � α2 +Λ σ � α

σ � α σ

� �
� ΔT

Δ’

� �
(1)

The thermoelectric tensor consists of three tensorial
quantities, the specific electrical conductivity σ under
isothermal conditions (i. e., ∇T =0), the specific entropy
conductivity Λ under electric open-circuited conditions
(i. e., Iq =0) and the Seebeck coefficient α. Special cases
that can be received under certain conditions of eq. (1)
were elucidated by Fuchs (2014), Feldhoff and Geppert
(2014a, 2014b) and Feldhoff (2015).

The basic unit of a thermoelectric generator can be
constructed by connecting two materials with different
algebraic signs for the Seebeck coefficient α thermally in
parallel and electrically in series. For α < 0, the motions of
thermal and electrical fluxes are directed in the same
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way. In contrast, for α > 0, the thermal and electrical
fluxes are directed in opposite directions; see Feldhoff
and Geppert (2014b). By additively connecting several of
these basic units thermally in parallel and electrically in
series, the electric potential ’ can be increased over the
device; see Feldhoff (2015) for illustration. The choice of
the thermoelectric materials that comprise the TEG
depends on the conditions under which the energy con-
version is to be performed.

Among the various thermoelectric materials, semi-
conductors exhibit the best thermoelectric conversion
efficiency because of their moderate charge carrier con-
centration, and they provide a good balance between
specific electric conductivity σ, the Seebeck coefficient α
and the thermal conductivity; see Ioffe (1957). Alloys
provide high values of the so-called power factor σ � α2,
which is the charge-coupled entropy conductivity and
occurs as part of the thermoelectric tensor in eq. (1).
Consequently, alloys and semiconductors are chosen as
thermoelectrically active materials. To obtain a good TEG
performance, the combination of n- and p-type materials
and a low-resistance electrical connection between them
realized by metals or alloys is preferred. In case of the
present study, a composite connector material, Ag-epoxy
resin, was used.

Additionally, the geometric properties of the materials
that are combined to form the complete device have to be
optimized for every system. Finite-element method (FEM)
simulations are useful for calculating the thermoelectric
performance in terms of the used materials and their geo-
metric properties without constructing a real TEG. The ther-
moelectric properties can be measured for each individual
material. Afterwards, the materials can be combined in a
simulated TEG system with a specific geometry. The abso-
lute currents I are correlated to the current densities j con-
sidering the cross-sectional areas of the thermoelectric
material legs Aleg, as shown in eqs (2) and (3).

IS =Aleg � jS (2)

Iq =Aleg � jq (3)

Under electric open-circuit conditions, eq. (1) yields the
entropy current IS through the thermoelectric material by
Fourier’s law:

IS = −
Aleg

Lleg
� Λ � ΔT (4)

The specific entropy conductivity Λ is related to the spe-
cific heat conductivity λ by the absolute working tem-
perature T, see Fuchs (2010, 2014) and Feldhoff (2015).

λ=T � Λ (5)

Under isothermal conditions, eq. (1) yields the
electric current Iq through the thermoelectric material by
Ohm’s law:

Iq = −
Aleg

Lleg
� σ � Δ’ (6)

Experimental

Thermoelectric Measurement Setup

To characterize the thermoelectric properties of the materi-
als, the temperature-dependent isothermal specific electric
resistivity and the Seebeck coefficient, as estimated from the
thermovoltage,weremeasured. A precision vertical diamond
wire-saw model 3242 from O’WELL was used for sample
preparation. Thermoelectric properties were measured
using a measurement cell constructed in-house. The sample
was clamped between two platinum electrodes to close the
electric circuit in a pseudo-four-point measurement. The
applied furnace was an ELITE thermal system. The Seebeck
coefficient was measured using a NORECS Probostat mea-
surement system. The electronic parameters were measured
with KEITHLEY 2100 612 digitmultimeters. Themeasured data
were converted using LAB VIEW software.

To estimate the thermoelectric characteristics of the
constructed TEG, it was placed between a heat source
(ceramic hot-plate) and a heat sink (passive cooler).
A photomicrograph of the measurement setup is shown
in Figure 1.

The temperature data were collected using thermo-
couples. The voltage Δ’ was measured as the drop of the
electric potential on the external load Rload. The electric
output power Pel was estimated according to:

Pel = Iq � Δ’ (7)

The resistivity of the thermoelectric generator was esti-
mated by analysing the electric current-voltage character-
istics using Ohm’s law for the entire device (see eq. (6) for
the corresponding relation for single materials).

Δ’= −RTEG � Iq (8)

The geometric parameters of applied materials, that are
input parameters for the FEM tool, are listed in Table 1.

Microstructure Analysis

The phase composition of the metallic n-type and ceramic
p-type materials was analyzed by X-ray diffraction (XRD)

78 B. Geppert et al.: Experimental Characterisation and Finite-element Simulations

Bereitgestellt von | Technische Informationsbibliothek (TIB)
Angemeldet

Heruntergeladen am | 12.05.17 09:07

3.3 Finite-element simulations of a thermoelectric generator 93



using a Bruker D8 Advance with Cu-Kα radiation. The
thermoelectric bulk materials were polished using
diamond-lapping films (Allied High Tech Multiprep) for
field-emission scanning electron microscopy (FE-SEM)
investigations using a JEOL JSM-6700F, which was
equipped with an Oxford Instruments INCA 300 energy-
dispersive X-ray spectrometer (EDXS) for elemental
analysis.

Materials Choice

The p-type leg material was realized by applying ceramic
Ca3Co4O9. This layered cobaltite phase exhibits an incom-
mensurate structure and provides attractive thermoelectric
properties, see Lambert, Leligny, and Gebrille (2001).
Measured thermoelectric parameters for polycrystalline
samples from various laboratories were assembled by
Fergus (2011). Single crystals of Ca3Co4O9 exhibit a figure

of merit ZT =0.83 at 973 K, see Shikano and Funahashi
(2003). The high charge carrier density around room tem-
perature makes the Ca3Co4O9 ceramic also usable as ther-
moelectric material for low- and intermediate-temperature
devices. As n-type material a Cu-Ni based alloy was used.
For energy conversion in the intermediate temperature
range such metallic compounds show useful properties.
The electric resistance is very low and the value for the
Seebeck coefficent is acceptable. That makes such alloys
the material class reaching highest values of the power
factor. We already used this material combination for the
construction of flexible thermoelectric generators, see
Geppert and Feldhoff (2015). Measured thermoelectric prop-
erties were summarized in round-robin measurements and
reported by Lu et al. (2009) and Lowhorn et al. (2009).

The series connection of n- and p-type legs of the
generator was realized using Ag-epoxy resin as electrical
conductive glue. The bulk resistivity was reported with a
value of 0.9 mΩcm− 1.

For the cover plates, commonly used Al2O3 was
applied.

Finite-element Simulations

In this work, a prototype thermoelectric generator was
constructed and rebuild in the FEM tool using ANSYS
Mechanical APDL version 15.0 academic. The specific
resistivity of the Ag-epoxy resin was adapted in the simu-
lation to match the measured transport properties and to
obtain the correct electric currents in the modeled device.
The model consists of 14,268 elements. Each thermoelec-
tric p-type leg is build up by 48 elements (total number of
p-type material elements for the thermoelectric legs is

Table 1: Measured geometric properties of the TEG’s components:
length L and cross-sectional area A of applied material. The fill-
factor of the TEG exhibits a value of 7.5%.

Component Material L/mm A/mm2 Description

p-type leg Ca3Co4O9 . . House-made
ceramic

n-type leg Cu0.57Ni0.42Mn0.01 . . Commercial
alloy

el. connector Ag-epoxy resin . . Commercial
composite

Cover plates Al2O3 .  Commercial
ceramic

Figure 1: Photomicrograph of the measurement setup for
determination of the thermoelectric characteristics
of the constructed TEG. Note that the p-type ceramic
material is integrated as rectangular bars while the
n-type wire material exhibits the form of a cylinder.
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192) while the total number of elements for the electrical
Ag-epoxy connectors is 2964. Each alumina cover plate
consists of 1482 elements. The simulation procedure was
performed using the 3-D steady-state thermoelectric ana-
lyser. The residual method was done using the thermal
power Pth and electric current Iq as convergence para-
meters. The convergence values were set to 1 � 10− 3 for
both parameters. The entire fit function is presented in
eq. (9).

Pth = αTEG � Th � Iq − 1
2
� I2q � RTEG + λ � ΔT (9)

The non-linear solution converged after 5 equilibrium
iterations. The constructed and modeled device is pre-
sented in Figure 2.

Results and Discussion

Microstructure of Materials

The crystallographic phases of the sintered p-type
Ca3Co4O9 ceramic and the n-type Cu0.57Ni0.42Mn0.01 were
confirmed by Rietveld refinement of measured X-ray

diffractograms. The diffractograms (blue curves) of the
thermoelectric materials are presented in Figure 3 together
with the Rietveld fits (red curves). Ca3Co4O9 crystallizes in
the monoclinic system and exhibits the Cm symmetry for
both subsystems (b1, b2). Cu0.57Ni0.42Mn0.01 crystallizes in
the cubic system exhibiting the spacegroup Fm�3m.

The p-type Ca3Co4O9 ceramic was vibration-polished
to estimate the arrangement of plate-like grains inside the
bulk material. In Figure 4, a secondary electron micro-
graph of the ceramic material is presented. The black
areas are internal pores.

Thermoelectric Investigations

Table 2 lists measured or reported values for the transport
properties of each material that was applied in the gen-
erator. The electronic and thermal quantities for the Al2O3

plates and for the Ag-epoxy resin were taken from manu-
facturers data.

To estimate the thermoelectric properties of the TEG,
the device was characterized in the setup shown in
Figure 1. The temperature-dependent resistivity of the
entire device RTEG was estimated by applying Ohm’s law
(eq. (8)) to the TEG’s measurement data. In Table 3, the

Figure 2: View on the constructed and modeled thermoelectric device. (a) Side-view of constructed TEG, (b) Side-view of modeled device,
(c) Perspective view of modeled device, (d) Top-view on modeled device.
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values for the determined contact resistances are listed
together with the maximum electric current Iq, SC under
electric short-circuit conditions (i. e. Δ’=0), the open-
circuit voltage Δ’OC (i. e. Iq =0) and the maximum elec-
tric output power Pel,max. All quantities are related to the
established temperature drops ΔT and the median tem-
perature of the device Tmedian.

The FEM simulation resulted in accurate values for
the open-circuit voltage Δ’OC (device Seebeck-voltage)
but in too high values for the short-circuit electric
current Iq, SC. This makes the calculated values for
the resistivity of the generator too low and the electric

output power too high. The reason for the FEM
solutions to be inaccurate is seen in contact resistivities
between the Ag-epoxy resin and the thermoelectrically
active materials. In order to match the characteristics of
the real constructed TEG to the modeled device in
the FEM tool, the specific electric resistivity of the
Ag-epoxy resin was refined by the implementation of
the magnitude of the contact resistances into the values
of the specific resistivity of the connector material. The
values of the resistivity of the electric connector mate-
rial was varied until the Ohm-lines of the FEM simula-
tion fitted the measurement data points. In the
framework of thermoelectric generator fabrication the
formation of contact resistances is a major concern and
affects the thermoelectric properties of a certain device
on a large scale. The modification of interfaces in
thermoelectric generators is an extensive field of
study. LeBlanc (2014) compared material and generator
efficiency and he showed that the efficiency can
decrease up to 59% comparing the single thermoelec-
tric materials and the entire assembled systems. The
Ca3Co4O9-related oxide-metal interfaces were studied
by Holgate et al. (2014).

Figure 5(a) shows Δ’− Iq curves with bad agreement
of the FEM Simulation A, that does not consider the
electrical contact resistances (dotted lines), and good
agreement of the FEM Simulation B, that does consider
the electrical contact resistances (solid lines), with the
measurement (data points) for all temperature condi-
tions. Note, that the absolute value of the slope of the
lines refers to the internal resistance RTEG, as indicated in

Figure 4: Secondary electron micrograph of the vibration-polished
p-type Ca3Co4O9 ceramic material.

Figure 3: Measured X-ray diffractograms (blue curves) with Rietveld fits (red curves) and differential curve (grey curves). (a) p-type Ca3Co4O9

ceramic, (b) n-type Cu0.57Ni0.42Mn0.01 alloy. The counts are presented as square-root values.
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Tables 3 and 4. The electric output power Pel was
estimated in terms of different load resistivities Rload.
The electrical contact resistances limit the magnitude of
the electric current inside the device and therefore the
electric power output. Deviations of simualtion B and the
measurement data are probably caused by the applied
approximations. The electrical contact resistances were
assumed to be identical at each junction. Due to the
usage of different material classes such an approach is
very rude and causes slightly inaccurate values for the
internal load RTEG. The power characteristics of measured
data and FEM results are displayed in Figure 5(b).
The results of simulation A are highly overestimated.
For simulation B and the measurement data, the charac-
teristic power-plots show a comparable curvature. For
decreasing temperature, the measured electric current
deviates more and more from the values of simulation
B. This simulation concerns the electric contact resis-
tances but thermal contact resistances were neglected.
Therefore, the thermal current densities inside the simu-
lated materials are not absolutely correct. Such a lack of
accuracy for the values of the thermal power Pth can
cause deviations in the solutions for the electric power

output Pel because these quantities depend on each other
at constant thermoelectric conversion efficieny ηTE. The
relation is given in eq. (10).

Pel = ηTE � Pth (10)

For absolutely correct solutions of FEM simulations in the
framework of thermoelecric generator performance, both,
the electric and the thermal contact resistances have to
be considered, see Högblom and Andersson (2014).
Implementation of contact resistances (electrical and
thermal) into FEM simulations is not straight forward
(see Annapragada et al. (2012)).

The simulation results are presented as contour-
plots for the potential distributions and as vectorial
plots that refer to the density of electric current jq
in simulation A and simulation B. The colors of the
vectors refer to the local value of the flux density of
the transported quantity, which is indicated in the
legend. Figure 6(a) shows the distribution of the
entropy potential T, obtained from the FEM simulation
and a perspective view of the TEG at maximum electric
power output for a potential drop of ΔT = 120K. The
situation of temperature distribution is equal for

Table 2: Determined or reported thermoelectrical parameters of applied materials. Simulation A assumes
vanishing contact resistances and Simulation B accounts for non-vanishing contact resistances
by considering them by varying the effective resistance ρ of the connector material.

Material T/K ρ/mΩ � cm α/μV � K− 1 λ/W �m− 1 � K− 1 Λ/W �m− 1 � K−2

Ca3Co4O9  . . . 1.7 � 10−3

 . . . 1.5 � 10−3

 . . . 1.3 � 10−3

 . . . 1.2 � 10−3

Cu0.57Ni0.42Mn0.01 – 4.7 � 10− 2 -  7.7 � 10−2

Al2O3 plates  1 � 1017 n.a.  1 � 10− 1

Ag-epoxy resin  . n.a.  3.3 � 10−3

(Simulation A)
Ag-epoxy resin  2.55 � 103 n.a.  2.8 � 10−3

(Simulation B)  1.65 � 103 n.a.  2.5 � 10−3

 5.10 � 102 n.a.  2.3 � 10−3

 4.30 � 102 n.a.  2.1 � 10−3

Table 3: Estimated thermoelectric parameters of the constructed TEG for different temperature
conditions.

Thot/K ΔT/K Tmedian/K RTEG/Ω Pel,max/μW Δ’OC/mV Iq,SC/mA Rcontact/Ω per contact

   . . . . .
   . . . . .
   . . . . .
   . . . . .
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simulations A and B. Figure 6(b) shows the respective
distribution of the electric potential Δ’ along the elec-
trical serial connection of the assembled thermoelectric
legs and electric connectors (Ag-epoxy resin) inside the

thermoelectric generator. The displayed simulation
results of the TEG are related to the conditions of elec-
tric power maximum (from Figure 5(b)) for a tempera-
ture drop of 120 K.

Figure 5: Measured (dots) and simulated (lines) results for the thermoelectric characteristics of the constructed TEG. (a) Electric voltage-
current Δ’-Iq characteristics of the measured data and the FEM simulation A (dashed lines) and simulation B (solid lines), (b) Electric
power-current Pel-Iq characteristics for measured data and the FEM simulation A and B. For better comparison, the values are plotted
logarithmically.

Table 4: Thermoelectric parameters of the modeled TEG for Simulation A and Simulation B.

Simulation A Simulation B

Thot/K ΔT/K Tmedian/K RTEG/Ω Pel,max/μW Δ’OC/mV Iq,SC/mA RTEG/Ω Pel,max/μW Δ’OC/mV Iq,SC/mA

   . . . . . . . .
   . . . . . . . .
   . . . . . . . .
   . . . . . . . .
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The flux density of electric charge jq depends on the
material of the TEG’s components and on the local poten-
tial gradients according to the potential distributions
shown in Figure 6(a) and (b). The modeling of TEGs
using the FEM method has the advantage of providing
deep insight into the distribution of all relevant quantities
throughout the entire device. From Figure 6(c) and (d), it is
obvious that the electric current density jq inside the entire
arrangement of materials is much smaller than predicted
by simulation A. Therefore, the electric power output
predicted by simulation A is more than 10 times higher
compared to the electric power received by simulation B
and the experiment. In the metallic Cu0.57Ni0.42Mn0.01 legs
the electric current density is more than 3 times lower in
simulation B compared to the results of simulation A.
Varying the specific electric resistivity of the electric con-
nector Ag-epoxy resin, by taking the contact resistances
into account, results in almost correct densities of electric
current inside each material. The contact region of the
Ag-epoxy resin and the thermoelectric materials limits
the electric current density inside the entire generator
because electric contact resistances between the connector
material and the thermoelectric legs are formed. The

results from the finite-element simulation illustrate the
relation between the entropy potential T and electric
potential ’, which is given algebraically in eq. (1) by the
respective distribution of potentials, and the obtained elec-
tric current Iq.

Summary and Conclusions

The model thermoelectric system created from the finite-
element simulation provides results with acceptable
accuracy in terms of the values for the open-circuit
voltages. The simulation for the current densities and
therefore for the electric power output of the generator
was predicted with too high values. The overestimation of
the electric current density is based on the formation of
contact resistivities that were formed at the material
boundaries of the Ag-epoxy resin as electric connector
and the thermoelectrically active materials. Those con-
tacts in TEG devices can be realized by different materi-
als. The Ag-epoxy resin exhibits good properties in terms
of processibility and mechanical fixation. The adhesive is
more heat proved than Sn-Pb based solders. However, the

Figure 6: Simulated results for the thermoelectric characteristics of the constructed TEG. (a) Temperature distribution for ΔT = 120K for
simulation A and B, (b) distribution of electric potential along the electric series connection of TE legs for electric open-circuit conditions
(nearly equal values for simulation A and B), (c) electric current density jq for simulation A, (d) electric current density jq for simulation B.
Note that the current densities for simulation A and simulation B are correlated to the same color-related legend and refer to electric
maximum power condition. For comparison of temperature related quantities see Table 4.
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contact resistances in thermoelectric generators are an
important concern. Using the finite-element simulation
tool, the quantitative electrical contact resistances could
be determined.

After including the contact resistances into the elec-
tric resistivities of the connector material a good match of
measured and simulated data were obtained. The
Ag-epoxy resin was used as an alternative to soldering
that can also exhibit high contact resistivities when
ceramic materials are applied. The used thermoelectric
materials are p-type Ca3Co4O9 ceramic and n-type
Cu0.57Ni0.42Mn0.01 alloy. The FEM simulation was used to
estimate the limiting factor in terms of electric power
output. The theoretical maximum power was calculated
to almost 500 μW with a temperature difference of
ΔT = 120 K, while the measured maximum electric power
output for the same temperature conditions was only
32.5 μW. The FEM results show that a minimization of
the contact resistances in TEG devices can dramatically
increase the electric output power. At lower temperatures
the Ca3Co4O9 ceramic provides a charge carrier density
that is usable also in devices for low-temperature appli-
cations. Deep insights into the local variations of the
relevant thermoelectric parameters can be obtained
from this type of FEM modeling. Overall, the developed
model system can predict the thermoelectric properties of
a certain TEG quite well if the proper parameters for
feeding the simulation tool are selected. Work on thermo-
electric materials and systems benefits from the use of
FEM simulations to compare the properties of the mod-
eled and the measured device to gain knowledge on the
factors that limit the electric power output of a certain
thermoelectric generator.
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ABSTRACT: All-oxide thermoelectric modules for energy harvesting are attractive due to high temperature stability, low 
cost, and the potential to use non-scarce and non-toxic elements. Thermoelectric modules are mostly fabricated in the 
conventional π-design, associated with the challenge of unstable metallic interconnects at high temperature. Here, we 
report on a novel approach to fabrication of a thermoelectric module with an in-situ formed p-p-n junction made of state-
of-the-art oxides Ca3Co4-xO9+δ (p-type) and CaMnO3-CaMn2O4 composite (n-type). The module was fabricated by spark 
plasma co-sintering of p- and n-type powders partly separated by insulating LaAlO3. Where the n- and p-type materials 
originally were in contact, a layer of p-type Ca3CoMnO6 was formed in-situ. The hence formed p-p-n junction exhibited 
ohmic behavior and a transverse thermoelectric effect, boosting the open circuit voltage of the module. The performance 
of the module was characterized at 700 - 900 °C, with the highest power output of 5.7 mW (around 23 mW/cm2) at 900 °C 
and a temperature difference of 160 K. The thermoelectric properties of the p- and n-type materials were measured in the 
temperature range 100 - 900 °C, where the highest zT of 0.39 and 0.05 were obtained at 700 and 800 °C, respectively, for 
Ca3Co4-xO9+δ and the CaMnO3-CaMn2O4 composite.  

 

1. Introduction 

Energy harvesting from waste heat from e.g. combustion 
engines or metallurgical processes or other industry has 
great potential for energy savings and emission reduc-
tions. Thermoelectric (TE) generators present a promising 
technology for such energy recovery [1]. A thermoelectric 
generator (TEG) is based on two dissimilar materials (p- 
and n-type) connected together and when exposed to a 
temperature gradient, converts thermal energy into elec-
trical energy [1]. Power density (Pdensity) and the figure of 
merit (zT) are used to evaluate TE modules and their 
consisting p- and n-type materials, respectively. Figure of 
merit for any p- or n-type material can be calculate using 

                                   

2S T
zT




                                        (1)                                                                   

where S, σ, and κ represent Seebeck coefficient, electrical 
conductivity, and thermal conductivity, respectively [2]. 
In a conventional module (π-design), p- and n-type mate-
rials are connected electrically in series and thermally in 
parallel, with conductive metallic interconnects between 
legs (mostly Ag or Au) [3-4]. Conventional modules nor-
mally suffer from limited temperature, which obstructs 
the high-temperature advantage of oxides. Furthermore, 
conventional modules demonstrate short lifetimes due to 
the instability of the metallic interconnects, and even at 
low temperature resulting in a decrease in power output 
as a function of time [5]. All-oxide TE modules with direct 
oxide-oxide p-n junction would therefore be beneficial. 
However, such direct p-n junction will normally have 
high resistance due to charge carrier depletion in the 
space charge regions [6].  

Shin et al. demonstrated for the first time the prototype 
of a direct p-n oxide module using Li-doped NiO and (Ba, 
Sr)PbO3, and 14 mW at ΔT = 552 K was achieved [7]. Later, 
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Hayashi et al. reported a stacked module with direct p-n 
oxide junctions based on p-type (La1.97Sr0.03)CuO4 and n-
type (Nd1.97Ce0.03)CuO4, where the maximum power densi-
ty obtained from 25 pairs was 40 mW/cm2 at 400 °C and 
ΔT = 360 K [8]. Moreover, Funahashi et al. demonstrated 
a module using a non-oxide p-type Ni0.9Mo0.1 and n-type 
La0.035Sr0.965TiO3 [9] where the maximum obtained power 
density from 50 pairs was 450 mW/cm2 at ΔT = 360 K. 
Furthermore, Chavez et al. showed another concept of 
using large area p-n junctions (containing no insulator) as 
a TE module where 1.3 mW was generated from one pair 
at ΔT = 300 K [10]. The chemical compatibility, long-term 
stability, and electrical performance of the p-n junc-
tions/modules were not considered in these studies.  

Ca3Co4-xO9+δ (CCO) has a misfit-layered complex crystal 
structure containing triangular CoO2 and rock-salt 
Ca2CoO3 layers [11]. CCO shows p-type conductivity and 
exhibits excellent thermoelectric power at elevated tem-
peratures in ambient air [12]. CaMnO3-δ (CMO) has a per-
ovskite structure and exhibits n-type conductivity result-
ing from an intrinsic oxygen deficiency. By introducing a 
secondary CaMn2O4 spinel phase, the TE properties of the 
CaMnO3-δ-CaMn2O4 composite are improved compared to 
single phase CaMnO3-δ, as shown by Singh et al. [13]. TE 
properties of these oxides can further be improved by 
doping or co-doping [14]. So far, only a few reports on 
conventional modules based on the CCO-CMO based 
system are available [15-22]. 

Here we report on high-temperature thermoelectric 
performance for an all-oxide TE module based on the 
system p-type Ca3Co4-xO9+δ (CCO) and n-type CaMnO3-
CaMn2O4 (CMO-composite). LaAlO3 (LAO) was selected 
as the electrical insulating component, due to its ferroe-
lastic properties [23] and high thermal expansion coeffi-
cient (TEC) compared to other potential insulating oxide 
candidates. Undoped CCO and a CMO-composite were 
selected as model materials in this work focusing on de-
veloping processing methods of the layered module and 
thereby analyzing the effect of a direct oxide-oxide p-n 
junction at high-temperature on TE performance of the 
module. The performance of the module critically de-
pends on the properties of an in-situ formed complex p-p-
n-junction, which was studied with respect to stability, 
interdiffusion, compatibility and electrical conductivity. 
Finally, we report on an environment friendly processing 
method for all oxide TE-devices based on aqueous tape 
casting and co-sintering of the three materials using spark 
plasma sintering. 

 

2. Experimental 

2.1 Materials and ceramic processing 

The ceramic powders used in this work were prepared by 
spray pyrolysis (CerPoTech AS, Norway). Slurry for aque-
ous tape casting of the LAO insulator was prepared ac-
cording to the schematics shown in Fig. S1 (Supplemen-
tary data). The slurry was casted on polyester (Mylar) film 

using a height of the doctor blade of 30 μm. After drying 
at ambient temperature, lamination of 8 layers was con-
ducted by hot-pressing at 150 MPa and 80 °C for 3 min. 
The laminated tape was cut into 12 mm discs with one 
segment cut off (around 3 mm) in order to make the di-
rect p-n junction. Binder burnout was done at 440 °C for 
4 h in air, placing the tape between two alumina plates to 
avoid bending. The TE module was fabricated by spark 
plasma sintering (SPS, Dr Sinter 825) in a 12 mm graphite 
die at 880 °C and 75 MPa for 5 min using heating and 
cooling rates of 120 °C/min. Initially, the graphite die was 
filled with the CMO-composite powder (1.5 g), then the 
cut LAO tape was placed on CMO-composite powder, 
followed by filling of CCO powder (0.5 g) onto the LAO 
tape.  

 
In addition, CMO-composite and CCO materials were 

separately sintered by SPS using the same conditions as 
used for the TE module. These pellets were cut into bar-
shape (20×5×2.5 mm) for electrical conductivity and See-
beck coefficient measurements and discs (12.7 mm diame-
ter) for thermal conductivity measurements. Densities of 
pellets and bars were determined by Archimedes meas-
urement in isopropanol. In order to do a separate analysis 
of the direct CCO – CMO-composite junction, two sam-
ples were prepared by SPS co-sintering at 820 °C and 50 
MPa for 10 min. One of these samples was further an-
nealed at 900 °C for 100 h in air. 

2.2 Characterization 

Phase composition and particle size/morphology were 
characterized by powder X-ray diffraction (Bruker D8 
DaVinci) and scanning electron microscope (SEM, Hita-
chi S-3400N), respectively. Sinterability and TEC were 
determined by dilatometer (Netzsch DIL 402) in ambient 
air. TEC was measured both parallel and perpendicular to 
the pressing direction for CCO made by SPS. Thermoelec-
tric performance of CCO and CMO materials were ana-
lyzed by measuring Seebeck coefficient (ProboStatTM, 
NORECS AS), electrical conductivity (home-made setup) 
and thermal conductivity (Netzsch LFA 457 MicroFlash) 
at 100 - 900 °C in ambient air as described elsewhere [24-
25].  
 
     For the power-current-voltage characterization, the 
layered disc-shaped TE module was placed horizontally 
on an alumina plate with the direct p-n junction at the 
top (hot temperature side). 
     To ensure better physical stability of the free-standing 
module, a small area of about 0.25 cm2 was removed on 
the cold side. Both semiconductors were contacted by Pt-
wires at the lower, colder end, using gold paste (Heraeus). 
The alumina plate with the TE module connected to Pt-
wires was heated at 700 °C for 4 h in ambient air, in order 
to establish good electrical contact between the metal 
electrodes and semiconducting oxides.  
      The power output test in ambient air was performed 
via load-resistance dependent measurement, in a vertical 
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furnace at 700, 800 and 900 °C, and ΔT = 160 K. The 
temperature gradient was established by heating the hot 
side of the module in the furnace, while the cold side was 
cooled by an active cooler. The temperature difference ΔT 
was measured by two Pt-Pt10Rh (type S) thermocouples. 
During the power output measurement, the voltmeter 
was connected in parallel to the amperemeter, variable 
resistor (in series to each other) and to the TE module. 
When thermal equilibria were established at each tem-
perature, electrical current and voltage were measured 
with increasing load resistance. More details could be 
found in reference number 4.  
 

Finally, annealed and as-sintered p-n junctions were 
characterized by current-voltage measurements at 300, 
500 and 700 °C in a vertical furnace, using a ProboStatTM 
cell (NORECS, Norway). A two-electrode set-up was used, 
where a DC voltage was applied to the junction followed 
by measuring current output using Multimeter-Agilent 
E3642A. After the measurements, the samples were em-
bedded in “EpoFix” resin, polished by diamond paste 
(DiaPro NapB1) to 1 μm and coated with carbon (Cressing-
ton Carbon Coater 208) for microstructural characteriza-
tion. Interface reaction and inter-diffusion at the p-n 
junction were investigated using SEM and energy disper-
sive spectrometry (EDS) (Hitachi S-3400N). 

 

1. Results  

3.1 Powder characteristics  

X-ray diffraction patterns of CCO, CMO-composite and 
LAO powders are presented in Fig. 1a, confirming the 
phase purity of CCO and LAO as well as the composite 
nature of the CMO-composite (CaMnO3 with minor 
amount of CaMn2O4 secondary phase).  Included in Fig. 1a 
are also XRD patterns of polycrystalline CCO prepared by 
SPS, both parallel and perpendicular to the pressing di-
rection. A high degree of texture is observed (c oriented 
parallel to the pressing direction) as well as small 
amounts of Ca3Co2O6 and Co3O4 secondary phases.  

Fine-grained powders of the three starting oxides are 
confirmed from the SEM images in Fig. 1b. Sintering 
curves for the CCO, CMO-composite and LAO powders 
shown in Fig. 1c demonstrate the onset of sintering at 
around 650, 900 and 1000 °C for CCO, CMO-composite 
and LAO, respectively. 

TECs of CCO (perpendicular and parallel to pressing 
direction during SPS), CMO-composite and LAO are 
summarized in Table 1. CCO and CMO-composite show 
similar TECs while LAO has a significantly lower value. 
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Fig. 1. a) XRD patterns of CCO, CMO-composite and LAO 
powders as well as a sample of CCO made by SPS in the 
directions parallel and perpendicular to the pressing di-
rection, b) SEM micrographs and c) sintering curves of 
CCO, CMO-composite and LAO powders produced by 
spray pyrolysis. Diffraction lines from articles CCO [26], 
LAO [23] and CMO [13] are indicated in a). 
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Table 1. Thermal expansion coefficients (TEC) of CCO (perpendicular and parallel to the pressing direction during SPS), 
CMO and LAO. 

 CCO  

parallel to the press-
ing direction 

CCO  

perpendicular to the 
press. direction 

LAO CMO-composite 

400-800 °C (heating) 17.0 14.4 9.7 18.0 

700-400 °C (cooling) 17.8 14.5 9.7 18.2 

 

3.2 TE performance of the materials 

 Electrical conductivity, thermal conductivity, Seebeck 
coefficient, power factor and zT as a function of tempera-
ture, for the p- and n-type oxides are presented in Fig. 2. 
CCO shows a maximum electrical conductivity in the 
range of 500 - 600 °C, reaching approximately 100 S/cm 
(Fig. 2a). On the other hand, the electrical conductivity of 
the CMO-composite has a constant value of 7 S/cm up to 
600 °C from where it increases to 28 S/cm at 900 °C. The 
thermal conductivity of both materials decreases with 
temperature, reaching minima of 0.85 Wm-1K-1 at 700 °C 
for CCO and 1.42 Wm-1K-1 at 800 °C for the CMO-
composite (Fig. 2b). A maximum Seebeck coefficient of 
186 μVK-1 at 500 °C for CCO and -325 μVK-1 at 400 °C for 
the CMO-composite (Fig. 2c) was achieved. A maximum 
power factor for CCO (3.6 μWcm-1K-2) was obtained at ~ 
500 °C. The figure-of-merit, zT, presented in Fig. 2d in-
creased with temperature, reaching 0.39 at 700 °C for 
CCO and 0.05 at 800 °C for the CMO-composite. The 
electrical conductivity and Seebeck coefficients were 
measured in the direction perpendicular to the pressing 
direction, while the thermal conductivity was recorded 
parallel to the pressing direction of the sample. The 
measurements in the two different orientations resulted 
in a higher zT than the real one since the reported ther-
mal conductivity of CCO is strongly anisotropic [27].  

3.3 TE module 

Schematic of the cross-section of the TE module design is 
shown in Fig. 3a. The thickness of the CMO-composite 
after co-sintering is approximately four times larger than 
the thickness of the CCO layer. Resistance, R, of both 
conductors was calculated by the formula R = ρ· l/A where 
ρ is electrical resistivity (cm·S-1), l height/length (cm) and 
A is area (cm2). The electrical resistance of CMO-
composite at e.g. 800 °C is about 1.6 more than one of 
CCO, and therefore the CMO-composite represents more 
electrically resistive part in spite of larger thickness com-
pared to CCO and limits the charge carrier flow. Due to 
significant increase in electrical conductivity of CMO-
composite above 800 °C, and slight decrease of CCO, the 
electrical resistance of CMO-composite at 900 °C is 
about0.7 times less than one of CCO, hence the CCO 
represents more electrically resistive part. 
  

 

 

Fig. 2. a) Electrical conductivity, b) thermal conductivity, 
c) Seebeck coefficient, and d) zT (full symbols) and power 
factor (open symbols) as a function of temperature for 
CCO and CMO-composite ceramics. Error bars represent 
standard deviation based on five (Seebeck coefficient) and 
three (thermal conductivity) measured values. The uncer-
tainty in electrical conductivity is within ± 1 %. 
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Table 2. Open-circuit voltage UOC, short-circuit current Jq,sc, electrical resistance R, electrical power output Pmax and power 
density of CCO-CMO TE module at 700, 800 and 900 °C at 160 K temperature difference between the hot and cold side. 

Th (°C) Uoc (mV) Jq,sc (mA) Rcouple (Ω) Pmax (mW) Pmax (mW/cm2) 

700 181 82 2.2 4.0 16 

800 208 101 2.1 5.2 21 

900 213 108 2.0 5.7 23 

 
Voltage (polynomial fitting) and power output of the TE 
module as a function of measured current output are 
shown in Fig. 3b. Dashed lines represent current and 
voltage at maximum power at 700, 800 and 900 °C at the 
hot side of the module. Power output increases with 
temperature, reaching a maximum of about 5.7 mW at 
900 °C. The effective power density of about 23 mW/cm2 

at this temperature was calculated from the effective area 
of TE module (approximately 0.25 cm2). Open-circuit 
voltage UOC and short-circuit current Jq,SC were deter-
mined by extrapolation from the measured Jq–U line and 
reached 213 mV and 108 mA at 900 °C, respectively. Data 
from the characterization of the TE module performance 
is summarized in Table 2. 

 

Fig. 3. a) Schematic of the cross-section of the TE module 
with illustrated top part and bottom part as well as flow 
direction of heat at top part b) polynomial fitting of elec-
trical power output (Pel) and linear fitting of voltage (U) 
as a function of the electrical current (Jq) at different Thot 
temperatures (700, 800 and 900 °C) and constant ΔT = 
160 K. Voltage and current at maximum power U(Pmax) 
and Jq(Pmax) at different temperatures are also indicated 
by dotted lines. 

 

Since the power output is dependent on load-resistance, 
the maximum power output could be measured when the 
set-up-load from an external circuit of 5.7 Ω became equal 
to the TE module’s resistance of about 2.1 Ω (at 800 °C) 
[28]. The calculated ZT of the module is 0.01, using  

 

                                 

OC

q,SC module

U
ZT 1

J R
= -                           (2)                   

                                      
where UOC, Jq,SC  and Rmodule represents open-circuit voltage, 
short-circuit current and resistance of the module, re-
spectively [29]. 

3.4 p-p-n junction 

The microstructure of the CCO-CCMO-CMO p-p-n junc-
tion before and after annealing at 900 °C for 100 h are 
shown in Fig. 4a. Elongated grain growth parallel to the 
interface is evident in CCO. A thin Ca3CoMnO6 (CCMO) 
layer, confirmed by EDS, is formed in-situ between CCO 
and CMO during the co-sintering. The CCMO layer has 
grown to approximately 5 μm after annealing at 900 °C for 
100 h. In addition, a layer of approximately 35 μm thick-
ness close to the interface displayed a higher density than 
the rest of the CCO. From the EDS profiles of the CCO-
CMO interface presented in Fig. 4b the Ca content in this 
dense layer is lower than in CCO showing a Co-rich and a 
Ca-deficient region at the interface. The Ca:Co ratio 
equals the initial Ca:Co ratio corresponding to pure CCO 
approximately 40 μm from the interface. A Co-oxide 
phase seen as grains with higher Co-content in Fig. 4a is 
present both in the dense interface layer as well as in the 
CCO far from the interface. 

     Current-voltage curves across the CCO-CCMO-CMO 
complex junction before and after annealing at 900 °C for 
100 h, measured at 300, 500 and 700 °C are presented in 
Fig. 5a. Ohmic behavior is observed in the whole temper-
ature range for both the as-sintered and annealed junc-
tions, and the resistance decreases with increasing tem-
perature. The difference in the resistance for the as-
sintered and annealed samples is less pronounced as the 
temperature increases, and at 700 °C almost no difference 
is observed. 
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Fig. 4. a) SEM micrographs of CCO-CCMO-CMO junction 
before and after annealing at 900 °C for 100 h and EDS 
maps of the magnified section of the annealed junction 
given by the dashed lines and b) EDS line profiles across 
the CCO-CCMO-CMO junction after annealing. 

    The resistance of the as-sintered and the annealed 
samples is presented in Fig. 5b. The inset presents the 
activation energy for conduction of the as-sintered and 
annealed samples according to the Arrhenius equation, 
where the annealed sample demonstrates twice the acti-
vation energy of the as-sintered. 

4. Discussion 

4.1 Ceramic processing 

A new co-sintering route to an all-oxide TE module was 
developed. The maximum sintering temperature was 
limited by the decomposition temperature of CCO. More-
over, CMO possesses a phase transition at 896-913 °C [30] 
from orthorhombic to tetragonal phase associated with a 
volume change, which also could introduce stresses in the 
device. Therefore, 880 °C was selected as the maximum 
co-sintering temperature. Since this temperature is low 
for efficient densification of CMO-composite and LAO 
(Fig. 1c), a maximum pressure of 75 MPa was applied in 
the SPS with optimal 5 min hold, which resulted in 70 and 
46 % relative density for CMO-composite and LAO, re-

spectively. CCO was completely densified after 2 min at 
880 °C, but due to grain growth and micro-delamination 
the final density after 5 min was 91 % of theoretical. The 
CMO-composite possesses the highest TEC of the three 
materials (Table 1) and tensional stress is induced during 
cooling, hence the CMO-composite represents the most 
sensitive part of the module during processing being 
prone to crack formation. The crack formation could be 
controlled by designing a thin CCO (   0.8 mm) and thick 
CMO (   3.6 mm) layer reducing the tensile stresses in the 
CMO-composite. The calculated tensile stresses in the 
CMO-composite (Supplementary data, Fig. S2) developed 
during the cooling from 880 °C decreases both with in-
creasing CMO-composite thickness and decreasing CCO 
thickness [31]. 

Fig. 5. a) Current-voltage curves of CCO-CMO-CMO p-p-
n junctions before and after annealing at 900 °C for 100 h 
and b). The activation energies for electrical conduction 
for the as-sintered and annealed sample. The inset shows 
resistance of p-p-n junctions before and after annealing as 
a function of temperature. 

4.2 Origins of high power output and open circuit voltage 

As evident from Table 3, there are large differences in the 
output power of conventionally designed CCO-CMO TE 
modules dependent on whether CCO and CMO are doped  
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Table 3. Thermoelectric performance of conventional modules based on p-type CCO and n-type CMO reported in the 
literature. 

System N-

pairs 

Thot 

(K°) 

ΔT 

(K°) 

Pmax  

(mW) 

Pdensity  

(mW/cm2) 

P/one pair 

(mW) 

Reference 

Ca3Co4O9 

CaMnO3 

12 473 200 1.98 3.3* 

 

0.165* 

 

Seetawan  

et al. [15] 

Ca3Co4O9 

CaMno3 

31  200 1.47·10-3 23.7·10-3* 

 

4.74·10-5* 

 

Phaga 

et al. [16] 

Ca2.7Bi0.3Co4O9 

CaMn0.98Mo0.02O3 

8 897 565 170 42.5 21.2* 

 

Urata  

et al. [17] 

Ca2.75Gd0.25Co4O9 

Ca0.92La0.08MnO3 

8 773 390 63.5 44.1 7.9* 

 

Matsubara  

et al. [18] 

Ca3Co4O9 

Ca0.95Sm0.05MnO3 

2 1000 925 31.5 49.2* 

 

15.7* 

 

Reddy  

et al. [19] 

Ca3Co4O9 

Ca0.9Nd0.1MnO3 

1 1175 727 95 93.2 

 

95 

 

Lim  

et al. [20] 

Ca0.76Cu0.24Co4O9 

Ca0.8Dy0.2MnO3 

4  346 8.42  2.1* 

 

Park  

et al. [21] 

Ca3Co4O9 

Ca0.95Sm0.05MnO3 

2 990 630 31.5 49.2 15.7* 

 

Noudem 

 et al. [22] 

The values marked with * are calculated, based on the data available in the given references 

or (like in our case) undoped, as well as on the applied 
temperatures and gradients.  

     Urata et al. [17] reported as much as 42.5 mW/cm2 for a 
doped system with a Thot of about 900 °C and a gradient 
as high as 565 K, while undoped CCO-CMO systems at 
lower temperature and gradients of 200 K yielded merely 
3.3 mW/cm2 (Phaga et al. [16]) and 23.7·10-3 mW/cm2 
(Seetawan et al. [16]). 

     Our prototype TE module with undoped CCO/CMO 
and a complex p-p-n junction could not be exposed to a 

larger ΔT than 160 K due to limitations of the set-up. Yet, 
a maximum power density of about 23 mW/cm2 was gen-
erated at 900 °C. This we attribute to the remarkably high 
open circuit voltage and low interface resistance of the 
complex p-p-n-junction, as will be discussed next.  

     According to Kanas et al., electrical conductivity of the 
CCMO phase formed at the interface increases sharply 
with increasing temperature from 800 to 900 °C and 
reaches around 0.1 S/cm at 900 °C, where the positive 
Seebeck coefficient furthermore reaches as high as 668 
μV/K [32]. The three-layered CCO-CCMO-CMO junction 
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exhibits ohmic behavior with relatively modest interfacial 
resistance above 700 °C as evidenced in Fig. 5a. We tenta-
tively interpret this as an effect of the electron energy 
levels of CCMO as laying intermediate of those of CCO 
and CMO, hence decreasing the depletion of charge carri-
ers at the CCO-CCMO and CCMO-CMO interfaces as 
compared to a hypothetical pristine CCO-CMO p-n inter-
face. This facilitates an electrical current flow through the 
p-p-n interface as illustrated in Fig. 3a. 

    The CCMO reaction layer is thicker in the annealed 
sample compared to the as-sintered one (Fig. 4 a), and in 
the temperature range 300 to 500 °C resistivity is higher 
for the annealed sample (Fig. 5). At 700 °C, the resistivity 
of both samples are almost equal (Fig. 5), showing that 
the same concentration of charges will be excited to con-
duction level due to thermal activation, demonstrating no 
effect of CCMO thickness on the current density above 
700 °C.  The CCMO layer is therefore contributing equally 
to the electrical conduction process at this high tempera-
ture. 
    When two materials A and B dissimilar in thermal con-
ductivity and Seebeck coefficient are contacted over an 
area exposed to a parallel thermal gradient, a voltage is 
generated in the transversal direction, and an effective 
transversal Seebeck coefficient of the couple can be ex-
pressed according to Goldsmid [33];  
 

                     Syo = (SA/KA+SB/KB)/(1/KA+1/KB)                   (3)  
                                         

where SA, SB, KA and KB represent the Seebeck coefficients 
and thermal resistances of the two materials. In our case, 
the thermal conductivity of CCO at 900 °C is 0.94 Wm-1K-1 
while that for CCMO is 1.3 Wm-1K-1 [32] and the CMO-
composite is 2.0 Wm-1K-1. This will give rise to different 
heat flows down the n- and p-type materials, resulting in 
an increasing transversal temperature gradient down the 
CCMO interface layer corresponding to the transversal 
heat flow illustrated in Fig. 3a. 
    For the following discussion, the module may be divid-
ed into a top hot part above the LAO insulator and a bot-
tom conventional part. The top part contains three mate-
rial layers and two sub-junctions which contribute to a 
transversal thermoelectric voltage according to Equation 
(5), while the bottom part contribute to standard longitu-
dinal thermoelectric voltages. Based on the dimensions of 
the module we may estimate a temperature difference of 
40 K over the top part and the remaining 120 K cover the 
bottom part. Since the Seebeck coefficient of CMO is 
strongly influenced by temperature (Fig. 2 c), average 
values are used for summing up all possible contributions 
from materials and interfaces in the transversal and longi-
tudinal parts. We arrive at an estimated open circuit po-
tential of 125 mV, as compared with the estimate of 64 mV 
from a regular CCO and CMO couple with a total gradient 
of 160 K, based on their Seebeck coefficients of +177 μV/K 
and -171 μV/K (at 900 °C), and about +179 μV/K and -270 
μV/K (at approximately 740 °C), respectively. Average 
absolute values of the Seebeck coefficient and thermal 
conductivity of CCO and CMO for the top and bottom 

parts of the module used for the calculations are: 178 μVK-

1 (CCObottom), 177 μV/K (CCOtop), 0.89 Wm-1K-1 (CCOtop), 
229 μVK-1 (CMObottom), 189 μVK-1 (CMOtop) and 1.88 Wm-1K-

1 (CMOtop). A transversal thermoelectric effect occurs 
when anisotropy in the electrical and thermal transport 
occurs [34], as in our top part of the module. This phe-
nomenon is beneficially used for enhancing the voltage in 
transversal thermoelectric modules and related applica-
tions [34-38]. For instance, the transversal thermoelectric 
voltage in CaxCoO2 textured thin films can be significantly 
higher than the ones generated by regular thermoelectric 
effect [34-36]. The transversal voltage significantly affect-
ed the open-circuit voltage UOC and the maximum electri-
cal power output Pel. The presence of a transverse ther-
moelectric effect can also be observed by comparison of 
UOC of the TE module (Fig. 3b) and Seebeck coefficient 
together with the power factor of individual materials 
from 700 to 900 °C. The Seebeck coefficients (Fig. 2c) of 
the two individual materials decrease as temperature 
increases, as well as power factor of CCO (Fig. 2d), while 
UOC of TE module increases with temperature (Fig. 3b). 
The experimentally measured UOC of 213 mV is hence 
remarkably larger than both theoretical estimates. Fur-
ther experimental and theoretical studies (e.g. FEM simu-
lations) will be necessary to fully understand the effect of 
thin layers of materials with high Seebeck coefficients in 
the interface of p-n thermoelectric junctions. However, 
the in-situ formed complex p-p-n junctions evidently 
improved the performance of the all-oxide TE module, 
hence representing a significant step forward towards the 
possible application of oxide TE-modules in high-
temperature energy recovery. 
 

5. Conclusions 

A novel all-oxide TE module was successfully developed 
and fabricated by careful processing of materials in the 
CCO-CMO system using LAO as an electrical insulator. 
Fabrication of this all-oxide TE module is simpler and 
faster than assembling conventional modules. The CCO-
CMO module demonstrated a power of about 5.7 mW 
corresponding to a power density of 23 mW/cm2 at Thot = 
900 °C and ΔT = 160 K, a TE performance comparable and 
better than some conventional CCO-CMO modules. The 
all-oxide layered TE module produces a large open circuit 
voltage, which was attributed to the presence of a thin 
CCMO reaction layer and transversal thermoelectric ef-
fect across the top p-p-n part of the TE module. The effect 
of the CCMO reaction layer is due to the large Seebeck 
coefficient, working transversally and reducing the charge 
carrier depletion and resistance at the high temperature 
p-n junction. The present investigation demonstrates an 
example of novel engineering of oxide thermoelectric 
modules without metallic interconnects. 

 

ACKNOWLEDGMENT  

Financial support from The Research Council of Norway 
under the program Nano2021 to the project (Number 228854) 

3.4 All-oxide thermoelectric generator 109



 

"Thermoelectric materials: Nanostructuring for improving 
the energy efficiency of thermoelectric generators and heat-
pumps" (THELMA) conducted by NTNU, UiO, SINTEF, FFI, 
UiS and UiA, is gratefully acknowledged. We also thank for 
the financial support from the Deutsche Forschungsgesell-
schaft (DFG, German Research Foundation) – FE928/17-1. Dr 
Mohsin Saleemi and Dr Julian Tolchard are acknowledged 
for fruitful discussions.   

 

REFERENCES 

 

[1] S. Walia; S. Balendhranet; H. Nili; S. Zhuiykov; G. 
Rosengarten; Q.H. Wang; M. Bhaskaran; S. Sriram; M.S. Strano; 
K. Kalantar-Zadehal, Transition metal oxides – Thermoelectric 
properties. Prog. Mater. Sci. 2013, 58, 1443-1489. 

[2] A.F. Ioffe, Semiconductor thermoelements and thermoelectric 
cooling, 1st ed.; Info-search Ltd.: London, 1957. 

[3] M. Bittner; B. Geppert; N. Kanas; S.P. Singh; K. Wiik; A. Feld-
hoff, Oxide-based thermoelectric generator for high-
temperature application using p-type Ca3Co4O9 and n-type 
In1.95Sn0.05O3 legs. EHS, 2016, 3, 213-222. 

[4] P. Tomeš; R. Robert; M. Trottmann; L. Bocher; M.N. Aguirre; 
A. Bitschi; J. Hejtmanek; A. Weidenkaff, Synthesis and character-
ization of new ceramic thermoelectrics implemented in a ther-
moelectric oxide module. J. Electron. Mater. 2010, 39, 1696-1703. 

[5] M.T. Barako; W. Park; A.M. Marconnet; M. Asheghi; K.E. 
Goodson, Thermal cycling, mechanical degradation, and the 
effective figure of merit of a thermoelectric module. J. Electron. 
Mater. 2013, 42, 372-381. 

[6] B.G. Streetman; S.K. Banerjee, Solid state electronic devices, 
6th edition, PHI Learning Private Limited, New Delhi, 2009. 

[7] W. Shin; N. Murayama; K. Ikeda; S. Sago, Thermoelectric 
power generation using Li-doped NiO and (Ba, Sr)PbO3 module. 
J. Power Sources. 2001, 103, 80-85. 

[8] S.F. Hayashi; T. Nakamura; K. Kageyama; H. Takagi, Mono-
lithic thermoelectric devices prepared with multilayer cofired 
ceramics technology. Jpn. J. Appl. Phys. 2010, 49, 096505-1-4. 

[9] S. Funahashi; T. Nakamura; K. Kageyama; H. Ieki, Monolithic 
oxide–metal composite thermoelectric generators for energy 
harvesting. J. Appl. Phys. 2011, 109, 124509-1-4. 

[10] R. Chavez; S. Angst; J. Hall; J. Stoetzel; V. Kessler; L. Bitzer; 
F. Maculewicz; N. Benson; H. Wiggers; D. Wolf; G. Schierning; R. 
Schmechel, High temperature thermoelectric device concept 
using large area p-n junctions, J. Electron. Mater. 2014, 43, 2376-
2383. 
[11] A.C. Masset; C. Michel; A. Maignan; M. Hervieu; O. 
Toulemonde; F. Studer; B. Raveau, Misfit-layered cobaltite with 
an anisotropic giant magnetoresistance: Ca3Co4O9. Phys. Rev. B. 
2000, 62, 166-175. 

[12] T. Takeuchi; T. Kondo; K. Sonda; U. Mizutani; R. Funahashi; 
M. Shicano; S. Tsuda; T. Yokoya; S. Shin; T. Muro, Electronic 
structure and large thermoelectric power in Ca3Co4O9. J. Elec-
tron. Spectrosc. 2004, 137-140, 595-599. 

[13] S.P. Singh; N. Kanas; M.-A. Einarsrud; T. Norby; K. Wiik, 

Thermoelectric properties of CaxMnO3-  composites (0.934 x

 1.028) in air at temperatures between 100 and 900 °C. To be 
submitted. 

[14] J.W. Ferguson, Oxide materials for high temperature ther-
moelectric energy conversion. J. Eur. Ceram. Soc. 2012, 32, 525–
540. 

[15] T. Seetawan; K. Singsoog; S. Srichai; C. Thanachayanont; V. 
Amornkitbamrung; P. Chindaprasirt, Thermoelctric energy 
conversion of p-Ca3Co4O9/n-CaMnO3 module. Energy. Proceed. 
2014, 61, 1067-1070. 

[16] P. Phaga; A. Vora-Ud; T. Seetawan, Invention of low cost 
thermoelectric generators. Procedia Engineer. 2012, 32, 1050-1053. 

[17] S. Urata; R. Funahashi; T. Mihara, Proc. Int. Conf. on Ther-
moelectrics 2006, Vienna, Austria (6-10 Aug 2006), p 501. 

[18] I. Matsubara; R. Funahashi; T. Takeuchi; S. Sodeoka, Fabri-
cation of all-oxide thermoelectric power generator. Appl. Phys. 
Lett. 2001, 78, 3627-3629. 

[19] E.S. Reddy; J.G. Noudem; S. Hebert; C. Goupil, Fabrication 
and properties of four-leg oxide thermoelectric modules. J Phys 
D: Appl. Phys. 2005, 38, 3751-3755. 

[20] C.-H. Lim; S.-M. Choi; W.-S. Seo; H.-H. Park, A power-
generation test for oxide-based thermoelectric modules using p-
type Ca3Co4O9 and n-type Ca0.9Nd0.1MnO3 legs. J. Electron. Ma-
ter. 2012, 41, 1247-1255. 

[21] K. Park; G.W. Lee, Fabrication and thermoelectric power of 
π-shaped Ca3Co4O9/CaMnO3 modules for renewable energy 
conversion. Energ. Syst. 2013, 60, 87-93. 

[22] J.G. Naudem; S. Lemonnier; M. Prevel; E.S. Reddy; E. Guil-
meau; C. Goupil, Thermoelectric ceramic for generators. J. Eur. 
Ceram. Soc. 2008, 28, 41-48.  

[23] M.N. Islam; W. Arakib; Y. Araib, Mechanical behavior of 
ferroelastic LaAlO3. J. Eur. Ceram. Soc. 2017, 37, 1665-1671. 

[24] V. Øygarden; T. Grande, Crystal structure, electrical con-
ductivity and thermal expansion of Ni and Nb co-doped LaCoO3. 
Dalton Trans. 2013, 42, 2704-2715. 

[25] I. Wærnhus; P.E. Wullum; R. Holmestad; T. Grande; K. 
Wiik, Electronic properties of polycrystalline LaFeO3. Part 1: 
Experimental results and the quantitative role of Schottky de-
fects. Solid State Ionics. 2005, 176, 2783-2790. 

[26] M.-G. Kang; K.-H. Cho; J.-S. Kim; S. Nahm; S.-J. Yoon; C.-Y. 
Kang, Post-calcination, a novel method to synthesize cobalt 
oxide-based thermoelectric materials. Acta Mater. 2014, 73, 251-
258. 

[27] M. Bittner; L. Helmich; F. Nietschke; B. Geppert; O. Oeckler; 
A. Feldhoff, Porous Ca3Co4O9 with enhanced thermoelectric 
properties derived from sol–gel synthesis. J. Eur. Ceram. Soc. 
2017, 37, 3909 - 3915. 

[28] S. Priya; D.J. Inman, Energy harvesting technologies. Spring-
er, New York, 2009. 

110 3 Thermoelectric generators



 

[29] J.G. Snyder, Thermoelectrics handbook: macro to nano. ed. 
D.M. Rowe, Boca Raton, CRC Taylor and Francis, p. 9, 2006. 

[30] H. Taguchi; M. Nagao; T. Sato; M. Shimada, High-
temperature phase transition of CaMnO3. J. Solid State Chem. 
1989, 78, 312–315. 

[31] S. Faaland, Heterogeneous ceramic interfaces in solid oxide 
fuel cells and dense oxygen permeable membranes. PhD thesis, 
Norwegian University of Science and Technology NTNU, Trond-
heim, Norway, 2000. 

[32] N. Kanas; S.P. Singh; T.D. Desissa; T. Norby; K. Wiik; T. 
Grande; M.-A. Einarsrud, Thermoelectric properties of Ca3Co2-

xMnxO6, x = 0.05, 0.2, 0.5, 0.75 and 1. To be submitted. 

[33] H.J. Goldsmid, Application of the transverse thermoelectric 
effects. J. Electron. Mater. 2011, 40, 1254-125. 

[34] S. Teichert; A. Bochmann; T. Reimann; T. Schulz; C. 
Dreßler; J. Töpfer, An oxide-based thermoelectric generator: 
Transversal thermoelectric strip-device. AIP Adv. 2015, 5, 077105-
1-6. 

[35] T. Kanno; K. Takahashi; A. Sakai; H. Tamaki; H. Kusada; Y. 
Yamada, Detection of thermal radiation, sensing of heat flux and 
recovery of waste heat by the transverse thermoelectric effect. J. 
Electron. Mater. 2014, 43, 2072-2079 

[36] K. Takahashi; T. Kanno; A. Sakai; H. Tamaki; H. Kusada; Y. 
Yamada, Bifunctional thermoelectric tube made of tilted multi-
layer material as an alternative to standard heat exchangers. 
Nature Sci. Rep. 2013, 3, 1501-1-5. 

[37] K. Takahashi; T. Kanno; A. Sakai; H. Adachi; Y. Yamada, 
Light-induced off-diagonal thermoelectric effect via indirect 
optical heating of incline-oriented CaxCoO2 thin films. Appl. 
Phys. Lett. 2012, 100, 181907-1-4. 

[38] G. Yan; S. Wang; S. Chen; F. Liu; Z. Bai; J. Wang; W. Yu; G. 
Fu, The effect of microstructure on the on the laser-induced 
transverse voltage in Pb-doped Bi2Sr2Co2Oy thin films on tilted 
substrates. Appl. Phys. A. 2013, 111, 1203-1206. 

 

 

3.4 All-oxide thermoelectric generator 111



 

 

11 

Insert Table of Contents artwork here 

 

112 3 Thermoelectric generators



All-oxide thermoelectric module with in-situ formed non-rectifying 

complex p-p-n junction and transverse thermoelectric effect 

 

Nikola Kanas
1, 2

, Michael Bittner
2
, Temesgen Debelo Desissa

3
, Sathya Prakash Singh

1
, Truls 

Norby
3
, Armin Feldhoff

2
, Tor Grande

1
, Kjell Wiik

1
 and Mari-Ann Einarsrud

1#
 

1 Department of Material Science and Engineering, NTNU Norwegian University of Science and     

   Technology, Trondheim, Norway 

2 Institute of Physical Chemistry and Electrochemistry, Leibniz University, Hannover, Germany 

3 Department of Chemistry, SMN, University of Oslo, Oslo, Norway  

 

Slurry for the aqueous tape casting of the LaAlO3 insulator was prepared by mixing 

dispersant (Darvan) with water and thereafter mixing this solution with the ceramic powder. 

After mixing for 6 h on a ball mill with zirconia balls, binder (43 g, 15 weight % solution of 

poly vinyl alcohol), plasticizer (1.5 g, poly ethylene glycol) and defoamer (0.7 g, poly 

propylene glycol) were added before further mixing for 24 h. Additional defoamer was added 

after 20 h of mixing. 
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Fig. S1. Schematic illustration of tape casting of LaAlO3 tapes. 

 

The cross-sectional profile of the module is given in Fig. 3a. Based on the thickness of CCO 

and CMO composite, tensile stress developed in the CMO composite will vary. Developed 

stress can be calculated using equations for σ1, σ2 and σ3, where α present coefficient of 

thermal expansion, E = Young’s modulus, ν = Poison ratio, t = thickness of each layer at a 

constant temperature difference (ΔT) [33].   
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Fig. S2. Developed tensile stress (during cooling after SPS co-sintering) in CMO-composite 

as a function of CMO-composite and CCO thicknesses in the staking system. 
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A comprehensive study on improved power materials for high-temperature
thermoelectric generators†
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Abstract

Dense Ca3Co4O9-NaxCoO2-Bi2Ca2Co2O9 (CCO-NCO-BCCO) nanocomposites were produced from sol-gel derived
Ca2.25Na0.3Bi0.35Tb0.1Co4O9 powder by four methods: Hot-pressing (HP), spark plasma sintering (SPS) and
pressureless sintering in air or O2 atmosphere. Nanocomposites from HP and SPS revealed nanosized grains and
showed a thermoelectric power factor of 4.8 and 6.6 µW · cm-1 · K-2, respectively, at 1073 K in air. A dense 2D
nanocomposite with structures on multiple length scales and enhanced thermoelectric properties was obtained from
pressureless sintering in O2 atmosphere. The resulting 2D nanocomposite enabled the simultaneous increase in
isothermal electrical conductivity σ and Seebeck coefficient α, and showed a thermoelectric power factor of 8.2
µW · cm-1 · K-2 at 1073 K in air. The impact of materials with enhanced electrical conductivity and power factor on
the electrical power output of thermoelectric generators was verified in prototypes. A high electrical power output
and power density of 22.7 mW and 113.5 mW·cm-2, respectively, were obtained, when a hot-side temperature of
1073 K and a temperature difference of 251 K were applied. Different p- and n-type materials were used to verify the
effect of the thermoelectric figure-of-merit zT and power factor on the performance of thermoelectric generators.

† Electronic Supplementary Information (ESI) available.

Keywords: Thermoelectricity; Power factor; Power generation; Thermoelectric generator; Ca3Co4O9

1. Introduction

1.1. Energy conversion - limited or infinite heat source
Thermoelectric materials and their ability to directly

convert heat into electrical energy can play a key role
to solve challenges with respect to energy. Thermoelec-
tric oxides are applicable at high temperatures and under
oxidizing conditions, allowing recovery of waste heat
from power plants and industrial processes [1]. Ther-
moelectricity relies on the coupling of currents of en-
tropy IS and electrical charge Iq in a material with each
other, as shown in Equation 1 for steady-state conditions
and the assumption of weak temperature dependence of
both, the electrochemical potential of the electrons and
the Seebeck coefficient α [2, 3].(

Iq

IS

)
=

A
L
·
(
σ σ · α
σ · α σ · α2 + Λ

)
·
(

U
∆T

)
(1)

Across the thermoelectric material of cross-sectional
area A and length L, a temperature difference ∆T and
an electrical voltage U exist. In Equation 1, the ther-
moelectric material appears as a tensor, which consists
of the Seebeck coefficient α, isothermal electrical con-
ductivity σ and the entropy conductivity at electrical
open-circuit Λ. The entropy conductivity is related to
the traditionally considered heat conductivity λ by the
absolute temperature T , as given by Equation 2 [2, 3].

λ = T · Λ (2)

The maximum electrical power output Pel,max,mat of
p- and n-type materials is primarily determined by the
power factor σ · α2 (PF) and the temperature difference
to the square (∆T )2 according to Equation 3 [4].

Pel,max,mat =
1
4
· A

L
· σα2 · (∆T )2 (3)
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The maximum electrical power output Pel,max,TEG of a
combination of p- (α>0) and n-type (α<0) materials in
a thermoelectric generator (TEG) [5], can be described
as the sum of contributions of the p- and n-type legs or
by the open-circuit voltage UOC to the square and the
generator resistance RTEG, given in Equation 4 [4].

Pel,max,T EG =
1
4 ·

A
L ·

(Σ αp−leg−Σ αn−leg)2

(Σ 1
σp−leg

+Σ 1
σn−leg

)
· (∆T )2

=
U2

OC
4·RT EG

(4)

Narducci [6] postulated that, in case of infinite heat
soruces, the electrical power output of a thermoelectric
generator can be maximized by enhancing the power
factor σ · α2 of the materials and keeping a moderate
heat conductivity λ, which is present for configuration
A in Figure 1.

Figure 1: Thermoelectric parameters: Seebeck coefficient α, isother-
mal electrical conductivity σ, phononic and electrical part of the heat
conductivity λph, λel, power factor σ · α2 (PF) and figure-of-merit zT
as a function of the charge carrier density n. Modified from [7]. A
and B indicate materials charge carrier concentrations, which should
be used for high power generation (infinite heat sources), or high en-
ergy conversion efficiency (limited heat sources), respectively.

Thermoelectric materials should be designed in terms
of their application areas, for example power generation
from infinite or limited heat sources. To improve the
electrical power output of thermoelectric materials and
generators, according to Equations 3-5, it is important to
enhance the electrical conductivity σ and the Seebeck
coefficient α. If a limited heat source is present, ther-
moelectric generators made of high zT materials like

tellurides with configuration B in Figure 1, should be
used.

zT =
σ · α2

Λ
=
σ · α2

λ
· T (5)

The figure-of-merit zT consists of the isothermal
electrical conductivity σ, the Seebeck coefficient α and
the open-circuited entropy conductivity Λ. A material,
which shows a high charge carrier density n and subse-
quently high electrical conductivity and thermoelectric
power factor, as shown in Figure 1 (A), is superior for
maximum electrical power generation, compared to a
material with high figure-of-merit zT (B). Accordingly,
thermoelectric materials should be either optimized for
maximum conversion efficiency (B in Figure 1) or max-
imum electrical power generation (A in Figure 1). Oth-
erwise, working conditions for one or the other task will
be suboptimal.

1.2. Concepts to improve the thermoelectric properties
The improvement of all three thermoelectric param-

eters σ, α and λ is the general challenge in thermo-
electrics, since these quantities are interrelated to each
other by the charge carrier concentration n, as shown
in Figure 1. The band structures of the materials de-
fine the charge carrier concentration n and the charge
carrier mobility µ, and changes in one of them also
influence the other and thereby also σ and α [8, 9].
Nanostructuring has been used to decrease the heat con-
ductivity λ, because a material with an all-scale hier-
archical architecture (mesoscale, nanoscale and atomic
scale) would scatter phonons on each length scale [8,
9, 10, 11]. Approaches like coherent structures with
energy-matched electronic bands, carrier concentration
engineering, compositionally alloyed nanostructures or
band-structure engineering seem promising to increase
the thermoelectric power factor by optimizing σ and α
simultaneously [12, 13, 14, 15, 16, 17]. Possible pro-
cessing techniques to obtain a nanostructured material
are hot-pressing (HP) or spark plasma sintering (SPS)
[18, 19, 20, 21]. These techniques provide dense mate-
rials, but reducing conditions might reduce the materials
[16, 22, 23].

1.3. Oxides
The BiCuSeO oxyselenide shows competitive prop-

erties in the moderate-temperature range compared to
alloys, Half-Heusler or Zintl phase materials. However,
BiCuSeO is not stable at high temperatures and under
oxidizing conditions [24, 25]. Ca3Co4O9 (CCO) is a
viable candidate for energy conversion at high temper-
atures and under oxidizing conditions from infinite heat

2
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sources, in agreement with configuration A of Figure 1.
Regarding the figure-of-merit zT , CCO can not compete
with other materials, but it is non-toxic, mechanically,
thermally (stable up to about 1173 K) and chemically
stable in the high-temperature range in air [11, 26, 27,
28, 29]. CCO is a cobalt oxide and belongs to the mono-
clinic crystal class forming an incommensurate, misfit-
layered structure [30, 31, 32]. CCO has a CdI2-type
CoO2 subsystem 1 with triangular lattice and a layered
rock-salt part of three Ca2CoO3 units in the subsystem
2, which are stacked alternatingly along the c-axis. The
b-axis parameters of the two subsystems are diverse,
forming an incommensurate structure [33]. The synthe-
sis, processing and characterization of pure CCO and
triple-phase Ca3Co4O9-NaxCoO2-Bi2Ca2Co2O9 (CCO-
NCO-BCCO) 2D nanocomposites, derived by the sol-
gel technique, reveal several advantages, such as
small grain size, homogeneity and stoichiometry [4,
32]. The CCO-NCO-BCCO nanocomposite shows im-
proved thermoelectric properties of σ and α [4].
In this work, several processing techniques like HP, SPS
and pressureless O2-sintering were used to obtain dense
triple-phase nanocomposite ceramics. Both, the ther-
moelectric power factor and subsequently power gen-
eration from O2-sintering in comparison to air-sintered
materials were improved [34, 23, 29, 35, 36]. The in-
fluence of these different processing techniques on the
thermoelectric properties were compared. These dense
nanocomposite ceramics were combined with recently
developed, co-doped n-type indium oxides [37, 38, 39]
in thermoelectric generators. The impact of materials
with a high electrical conductivity and thermoelectric
power factor on the electrical power output at high tem-
peratures in air from infinite heat sources, as postulated
by Narducci [6], was verified. The application of de-
veloped high power materials in thermoelectric genera-
tors improved the power generation performance signif-
icantly.

2. Materials and Methods

2.1. Synthesis

The p-type Na, Bi, Tb co-doped CCO and n-type
In2O3-based powders were synthesized via a sol-gel
route, as described elsewhere [4, 32, 40]. Indium(III)
nitrate 99.999 %, tin(II) acetate 95 %, aluminium(III)
nitrate 99.0-102 %, germanium(IV) ethoxide 99.995 %,
manganese(II) nitrat 99.98 % and zinc nitrate 99.998 %
were used as precursors. The stoichiometry, applied sin-
tering techniques and abbreviations of synthesized sam-
ples are shown in Table 1.

Table 1: Stoichiometry, applied sintering techniques, pressure-
less sintering (p.l.) in air and O2, hot-pressing (HP), spark
plasma sintering (SPS) and abbreviations of synthesized nanocompos-
ites (CCO-30-35-10-air, CCO-30-35-10-SPS, CCO-30-35-10-HP,
CCO-30-35-10-O2), reference (CCO-air) and co-doped indium ox-
ide (Sn,Al:In2O3, Ge,Mn,Zn:In2O3) samples.

stoichiometry sintering abbreviation
Ca3Co4O9 p.l. air CCO-air

Ca2.25Na0.3Bi0.35Tb0.1Co4O9 p.l. air CCO-30-35-10-air
Ca2.25Na0.3Bi0.35Tb0.1Co4O9 HP CCO-30-35-10-HP
Ca2.25Na0.3Bi0.35Tb0.1Co4O9 SPS CCO-30-35-10-SPS
Ca2.25Na0.3Bi0.35Tb0.1Co4O9 p.l. O2 CCO-30-35-10-O2

In1.9Sn0.05Al0.05O3 p.l. air Sn,Al:In2O3
In1.95Ge0.01Mn0.01Zn0.03O3 p.l. air Ge,Mn,Zn:In2O3

2.2. p-type ceramics

The calcined p-type CCO-30-35-10 powder (10 h,
1023 K) was precompressed at 200 MPa for 60 s, subse-
quently ground and sieved with a 100 µm sieve before
hot-pressing. The compacted powder was hot-pressed
in vacuum in a graphite die between two Al2O3 plates
at 1148 K for 1 h, using a pressure of 50 MPa (applied
from 1023 to 1148 K) with applied heating and cool-
ing rates of 5 K · min-1. The CCO-30-35-10 powder
was processed by spark plasma sintering at 1023 K for
4 min with an applied pressure of 75 MPa. Spark plasma
sintering was done using a graphite die (20 mm) in vac-
uum (Dr Sinter 825). The CCO-30-35-10 powder was
pressed into a green body at 200 MPa using a 16 mm die
and subsequently sintered in air (conventional furnace,
as described in [4]) or O2 (6.0 purity from Linde) atmo-
sphere in a tube furnace (STF 15/180 220-240V 1PH
from Carbolite Gero) for 20 h at 1248 K with a flow
rate of 40 mL · min-1 with heating and cooling rates of
3 K · min-1.

2.3. n-type ceramics

The n-type, co-doped Sn,Al:In2O3 and
Ge,Mn,Zn:In2O3 powders were pressed into a green
body at 200 MPa using a 16 mm die, followed by
conventional pressureless sintering at 1873 K and
1573 K for 15 h in air, respectively. The green body
was placed on a twisted platinum wire (Sn,Al:In2O3)
[37, 39] and Sn-solder (Ge,Mn,Zn:In2O3).

2.4. Analysis of composition and properties

Phase compositions of sintered and annealed ce-
ramics were characterized by X-ray diffraction (XRD)
using a Bruker D8 Advance with Cu-Kα radiation.
Microstructural characterization and elemental analy-
sis of ceramic samples were done by a field-emission
scanning electron microscope (FE-SEM) of the type

3
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JEOL JSM-6700F, which was equipped with an energy-
dispersive X-ray spectrometer (energy-dispersive X-
ray spectroscopy, EDXS) of the type Oxford Instru-
ments INCA 300 and a backscattered electron detec-
tor. Nanostructures were investigated by transmission
electron microscopy (TEM) and high-resolution TEM
(HRTEM) using a JEOL JEM-2100F-UHR, which was
equipped with an EDXS of the type Oxford Instruments
INCA 300 for elemental analysis. Elemental distribu-
tion information of analyzed materials were obtained
from Na-Kα, Ca-Kα, Bi-Lα, Co-Kα, Tb-Lα and O-Kα
transitions.
Density and porosity were measured by Archimedes
method (ISO 5018:1983) using isopropanol. The den-
sity and porosity were averaged over 3 measurements
with less than 5 % deviation. Thermogravimetric mea-
surements were done in O2 and subsequently in syn-
thetic air atmosphere with a gas flow of 30 mL · min-1

and a heating rate of 5 K · min-1, within the range of
313 K to 1248 K for O2 and 313 K to 1173 K for air, us-
ing a Netzsch STA 409 PC/PG. Ceramic samples were
prepared for Hall effect measurements by painting four
Au electrodes on the surfaces using a Metalor M-0034
ink, followed by an annealing step at 1123 K in air to en-
sure ohmic contacts. The electric properties were mea-
sured on a single sample from different treatments (HP,
SPS, air, O2). The charge carrier mobility µ and charge
carrier concentration n were evaluated as described in
[41].
The thermoelectric properties, such as isothermal elec-
trical conductivity σ and Seebeck coefficient α of the
ceramic samples were carried out as a function of tem-
perature (heated to 1073 K and measured down with
equilibrium at every temperature). Samples were cut
into bar shape from discs (10 mm · 1.0 mm · 1.0 mm
and 10 mm · 2.5 mm · 1.5 mm). The isothermal elec-
trical conductivity σ was measured by a pseudo 4-point
measurement, utilizing a horizontal tube furnace from
Carbolite Gero EVZ 12/450B with three heating zones
and a home-made measurement cell. The Seebeck co-
efficient α was estimated with a ProboStat A setup from
NorECs, using an ELITE thermal system. The val-
ues were logged by KEITHLEY 2100 6 1

2 Digit Mul-
timeters. Electrical measurements (p-type) of σ and
α were repeated with less than 5 % deviation. Calcu-
lated uncertainties of 0.1 for σ, 10 % for α and 20 %
for the power factor, were averaged from 5 values at
the maximum examined temperature of 1073 K. Lower
temperatures led to significantly diminishing uncertain-
ties. Calculated uncertainties of σ, α, power factor
and zT of n-type materials were as follows: 0.1, 2.6,
5.1, 5.1 % for Sn,Al:In2O3 and 0.1, 5.1, 10, 10 % for

Ge,Mn,Zn:In2O3, averaged from 5 values at 1073 K.

2.5. Assembling of thermoelectric generators

Thermoelectric generators were assembled using 10
couples of p and n-type legs (3 mm x 1 mm x 1 mm)
in a conventional generator design, shown in Figure
S 10†. An Au-paste from Heraeus was used as a
metallic connector. To obtain ohmic contacts, the
generators CCO-30-35-10-air/Sn,Al:In2O3 and CCO-
30-35-10-air/Ge,Mn,Zn:In2O3 were annealed twice at
1073 K for 4 h, whereas the generators CCO-30-35-10-
SPS/Sn,Al:In2O3 and CCO-30-35-10-O2/Sn,Al:In2O3
twice at 1023 K for 4 h in air. The thermoelectric gen-
erators were characterized using a load resistance de-
pendent measurement under steady-state conditions at
different hot-side temperatures [40].

3. Results and Discussion

3.1. Influence of sintering on p-type materials

The triple-phase CCO-NCO-BCCO nanocomposite
ceramics were obtained by processing a co-doped
CCO powder [4], via HP (CCO-30-35-10-HP), SPS
(CCO-30-35-10-SPS) and pressureless sintering in air
and (CCO-30-35-10-air) O2-atmosphere (CCO-30-35-
10-O2). The microstructure of the materials prepared
by HP and SPS are shown in Figure 2a-d.

Figure 2: SEM micrographs of backscattered electrons and EDXS el-
emental distributions of cross sections: a, b) CCO-30-35-10-HP, c,
d) CCO-30-35-10-SPS, e, f) CCO-30-35-10-air (taken from [4]), g,
h) CCO-30-35-10-O2. The direction of pressing is indicated by black
arrows. Phase compositions are shown in Figures S 1, 2†. SEM mi-
crographs and elemental distributions of O2-sintered nanocomposites
are shown in Figure S 3†. CCO phase is dominated by Ca (green),
NCO phase by Na (red) and BCCO phase by Bi (blue).
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Table 2: Density and porosity of CCO and nanocomposite ceramics, processed with different techniques: pressureless sintering in air (10 h: 1173 K
CCO-air, 20 h: 1173 K CCO-30-35-10-air), O2-sintering (20 h: 1248 K CCO-30-35-10-O2),HP (50 MPa, 1 h: 1148 K CCO-30-35-10-HP),
SPS (50 MPa, 4 min: 1048 K CCO-30-35-10-SPS), and of n-type Sn,Al:In2O3, Ge,Mn,Zn:In2O3 (15 h: 1873 K and 15 h: 1573 K) using ISO
5018:1983 (the International Organization for Standardization). Values for CCO-air and CCO-30-35-10-air taken from [32, 4]. Additional values
of O2-sintered nanocomposites are shown in Table S 1†. True density of composite ceramics is unknown.

type material bulk density true density open porosity true porosity closed porosity theoretical density
abbreviation / g ·cm−3 / g ·cm−3 / % / % / % / %

p CCO-air 3.2 ± 0.1 4.68 33.3 ± 0.4 33.5 ± 1.1 0.2 ± 0.7 67.7 ± 1.5
p CCO-30-35-10-air 3.9 ± 0.0 19.2 ± 0.7
p CCO-30-35-10-HP 4.9 ± 0.0 0.8 ± 0.2
p CCO-30-35-10-SPS 4.9 ± 0.0 0.8 ± 0.4
p CCO-30-35-10-O2 4.9 ± 0.0 3.6 ± 2.6
n Sn,Al:In2O3 6.6 ± 0.0 7.116 3.2 ± 2.8 7.8 ± 0.6 4.6 ± 2.2 92.2 ± 0.6
n Ge,Mn,Zn:In2O3 5.5 ± 0.2 7.116 19.4 ± 7.8 22.3 ± 2.9 2.9 ± 6.5 77.7 ± 2.9

Nanocomposites from SPS and HP showed a very
narrow grain size distribution, in the range of 500 nm
to 900 nm of all three phases CCO, NCO and BCCO
(Figure 2a-d). The materials prepared by pressureless
sintering in air [4] and O2 atmosphere showed an mul-
tiscale structure (Figure 2e-h) of µm-sized grains of all
three phases. The phase composition of powders and ce-
ramics processed via HP, SPS, and pressureless sinter-
ing in air, O2 atmosphere are shown in Figure S 1†. The
CCO-30-35-10-HP and CCO-30-35-10-SPS materials
show less pronounced texture compared to the CCO-
30-35-10-O2 material. Both, texture and composition
can be controlled by the applied temperature during O2-
sintering, as displayed in Figure S 2†. The phase com-
position, revealed in Figure 2, and porosity of triple-
phase ceramics, given in Table 2, differ due to compos-
ite formation during sintering.

Table 3: Lattice parameters (Å) of the CCO and BCCO phases of
the HRTEM sites of CCO-30-35-10-O2 and CCO-30-35-10-SPS
nanocomposites, shown in Figure 3. Values were measured from re-
duced fast Fourier transformations (rFFT). Semi-coherent lattice pa-
rameters are highlighted.

HRTEM sites
CCO-30-35-10-O2 CCO-30-35-10-SPS

CCO a=5.35, b1=2.47, b2=3.93 c=10.98 (c=10.95)
BCCO a=4.96, b1=2.48, c=13.27 c=16.39

The density of CCO-30-35-10-HP, CCO-30-35-10-
SPS and CCO-30-35-10-O2 are comparable, but their
micro- and nanostructure are different, shown in Fig-
ures 2a-h and 3a-f. CCO-30-35-10-HP and CCO-30-35-
10-SPS show no µm-sized grains (Figures 2a-d and 3d-
f), according to the fast processing techniques. The
CCO-30-35-10-O2 ceramic forms an aligned multiscale
structure of µm-sized grains (Figure 2g,h) and nanos-
tructures (Figure 3a-c). Table 3 shows the lattice param-
eters of CCO and BCCO, calculated from reduced fast
Fourier transformations of Figure 3c,f. The processing

via O2-sintering facilitates a dense ceramic with highly
aligned and semi-coherent CCO, NCO and BCCO 2D
nanostructures. Detailed information on elemental dis-
tribution mappings of the HRTEM micrographs are
shown in Figures S 5-8†.

Figure 3: TEM analysis of CCO-30-35-10-O2 in a-c) and of CCO-
30-35-10-SPS in d-f): a, d) STEM dark-field micrograph. b, e) EDXS
elemental distribution of the shown scopes, more detailed elemental
distribution information is given in S 4, 6†. c, f) HRTEM micrographs,
more detailed information is given in S 5, 7†. Insets show the reduced
fast Fourier transformation (rFFT). CCO phase is dominated by Ca
(green), NCO phase by Na (red) and BCCO phase by Bi (blue).

3.2. Composition and microstructure of n-type materi-
als

The phase composition, shown in Figure S 1h,i†,
and microstructure, represented in Figure S 4a-d†,
of manufactured n-type materials Sn,Al:In2O3 and
Ge,Mn,Zn:In2O3 reveal homogeneously doped indium
phases. The n-type Sn,Al:In2O3 is dense, as shown
in Table 2. The Ge,Mn,Zn:In2O3 n-type has a certain
porosity, given in Table 2. This porosity was generated
while sintering on Sn-solder, which evaporated at high
temperatures, causing porosity within the ceramic body.
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Figure 4: Thermoelectric properties of CCO-air (rectangle, green, taken from [32]), CCO-30-35-10-air (stars, turquoise, taken from [4]), CCO-
30-35-10-HP (circle, yellow), CCO-30-35-10-SPS (square, dark blue) and CCO-30-35-10-O2 (reverse rectangle, black) as a function of tempera-
ture: a) Seebeck coefficient α, b) Ioffe plot: power factor σ·α2 as a function of the isothermal electrical conductivity σ. c) Hall effect measurements:
charge carrier mobility µ (closed bars) and charge carrier concentration n (open bars) at room temperature. Uncertainties are indicated with error
bars. Note, all samples were cut and measured perpendicular to the pressing direction.

3.3. Thermoelectric properties

3.3.1. p-type ceramics
The thermoelectric transport properties of p-type ma-

terials are presented in Figure 4. The Seebeck coef-
ficient α of CCO-30-35-10-air and CCO-30-35-10-O2
nanocomposites, shown in Figure 4a, reaches 236 and
240 µV · K-1 at 1073 K. The α values of CCO-30-35-
10-SPS and CCO-30-35-10-HP nanocomposites, repre-
sented in Figure 4a, differ in trend and absolute values.
Reference values of samples, which were O2-sintered at
different temperatures, are given in Figure S 9a†.

3.3.2. n-type ceramics
The Seebeck coefficient α of the n-type materials

Sn,Al:In2O3 and Ge,Mn,Zn:In2O3 is revealed in Fig-
ure 5a. It differs in absolute values and reaches 82 and
174 µV · K-1 at 1073 K, respectively. The Seebeck co-
efficient α of the Ge,Mn,Zn:In2O3 material could be in-
creased by Mn and Zn co-doping. This influence was
previously reported for single element doping by Kosir
et al., Kumar et al. and Ohtaki et al. [42, 43, 44].

3.3.3. Ioffe plot
Figures 4b and 5b show the thermoelectric power fac-

tor σ · α2 of p- and n-type materials in Ioffe plots as a
function of the electrical conductivity σ [45]. The Ioffe
plot can be used to estimate the applicability of thermo-
electric materials for power generation. The p-type ma-
terials CCO-30-35-10-air and CCO-30-35-10-O2 have
the best combination of a high electrical conductivity σ
of 116, 143 S · cm-1 and a high thermoelectric power

factor σ · α2 of 6.5, 8.2 µW · cm-1 · K-2 at 1073 K in air.
The best properties of a fast processed material, shown
in Figure 4b, are obtained from the CCO-30-35-10-SPS
sample of 123 S · cm-1 and 6.6 µW · cm-1 ·K-2 at 1073 K
in air. Hall effect measurements of CCO-30-35-10-HP,
CCO-30-35-10-SPS, CCO-30-35-10-air and CCO-30-
35-10-O2, shown in Figure 4c, reveal simultaneously
enhanced carrier mobility µ of 0.133 cm-2 · V-1· s-1

and carrier concentrations n of 5 and 4.38 1021 · cm-3

for the CCO-30-35-10-air, CCO-30-35-10-O2 materi-
als. These measurements could explain the simultane-
ous increase of the electrical conductivityσ and the See-
beck coefficient α in CCO-NCO-BCCO nanocompos-
ites. Thermoelectric power factors of O2-sintered refer-
ence samples are given in Figure S 9b†. The behavior
of the n-type materials is different, which is shown in
the Ioffe plot of Figure 5b [37, 46]. Ge,Mn,Zn:In2O3
and Sn,Al:In2O3 show an electrical conductivity of 98,
867 S · cm-1 and a thermoelectric power factor of 2.9
and 5.9 µW · cm-1 · K-2 at 1073 K in air, respectively.
Sn,Al:In2O3 shows a high thermoelectric power factor
and similar behavior to p-type materials, shown in Fig-
ures 5b and 4b [37, 46], while Ge,Mn,Zn:In2O3 reveals
a lower thermoelectric power factor and intrinsic semi-
conducting behavior.

3.3.4. Figure-of-merit zT of n-type materials
The heat conductivity λ, represented in Figure 5c, of

2.9 W · m-1 · K-1 for Ge,Mn,Zn:In2O3 is significantly
reduced compared to the highly electrically conductive
Sn,Al:In2O3 of 11.3 W · m-1 · K-1 at 1073 K. The zT
value of 0.1 in comparison to 0.056 at 1073 K, shown
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Figure 5: Thermoelectric properties of Sn,Al:In2O3 (diamond, dark
yellow) and Ge,Mn,Zn:In2O3) (pentagon, dark green) as a function
of temperature: a) Seebeck coefficient α, b) Ioffe-plot: power factor
σ · α2 as a function of the isothermal electrical conductivity σ and c)
heat conductivity λ and figure-of-merit zT . Uncertainties are indicated
with error bars.

in Figure 5c, of the Ge,Mn,Zn:In2O3 and Sn,Al:In2O3,
respectively, is subsequently enhanced. However, the
course of the thermoelectric power factor, shown in Fig-
ure 5b, of Sn,Al:In2O3 as a function of the electrical
conductivity in the Ioffe plot is more similar to the p-
type materials. The behavior, as displayed in Figure 5b,
of the Ge,Mn,Zn:In2O3 material differs to Sn,Al:In2O3
substantially. For this reason, the influence on the per-
formance of thermoelectric generators was estimated
for both n-type materials.

3.4. Cycle and high-temperature stability

The material CCO-30-35-10-O2, having the highest
electrical conductivity and thermoelectric power factor,

was sintered under oxidizing conditions. For this rea-
son, the stability was investigated by cycle testing, ther-
mogravimetry and XRD, shown in Figure 6, to evaluate
their applicability in a thermoelectric generator in air.
Figure 6a shows a good cycle stability of the material
from 373 to 1073 K in air. However, Figure 6b,c shows
that a thermal treatment for 20 h at 1173 K in air leads
to a change of the phase composition of the CCO-30-
35-10-O2 material. The mass change of a CCO-30-35-
10-O2 sample is shown in Figure 6b. The sample was
annealed in O2 up to 1248 K and subsequently cooled
down to room temperature and annealed again in air up
to 1173 K, showing a small mass change of 0.8 %. This
can be explained either by a change of the phase compo-
sition or by differences in the oxygen content [49, 50].
The initial high mass change of 13 % of the calcined
CCO-30-35-10 powder (10 h, 1023 K) in Figure 6b
(solid green line), is attributed to reactions during sin-
tering. Possible reactions are decompositions of resid-
ual precursors or a change in the oxygen content. In
addition, the phase compositions of the CCO-30-35-10-
O2 material before and after exposure at 1173 K in air,
were analyzed with XRD. The change of phase com-
position of the CCO-30-35-10-O2 material is indicated
by vertical red lines, as shown in Figure 6c, indicating
an increased NCO phase content. Changes in texture of
the CCO-30-35-10-O2 material are highlighted by green
stars, as displayed in Figure 6c. As a result of a changed
phase composition, the Seebeck coefficient is decreased
while the electrical conductivity increased. The thermo-
electric power factor of the CCO-30-35-10-O2 material
at 1073 K, after exposure for 20 h at 1173 K in air, was
decreased by a factor of about 1.75 and is revealed in
the Ioffe plot of Figure 6a.

3.5. Thermoelectric generators - power characteristics
The p-type CCO-30-35-10-air, CCO-30-35-10-

O2 and the n-type materials Sn,Al:In2O3 and
Ge,Mn,Zn:In2O3 were used to build three proto-
types of thermoelectric generators. The results
from CCO-30-35-10-air/Sn,Al:In2O3 and CCO-
30-35-10-air/Ge,Mn,Zn:In2O3 generators showed
increased electrical power outputs when the high power
Sn,Al:In2O3 material was used. For this reason, the
p-type material CCO-30-35-10-O2 was combined with
the n-type material Sn,Al:In2O3 to further improve
power generation in thermoelectric generators. The
impact of high thermoelectric power factor and zT
materials on the electrical power output from infinite
heat sources was estimated. A conventional design,
shown in Figure S 10†, for thermoelectric generators of
10 p/n couples was used [51, 52, 53, 54]. Figure 7a-c
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Figure 6: a) Cycle stability testing in air of the power factor σ · α2 as a function of the isothermal electrical conductivity σ of CCO-30-35-10-O2.
Closed, open and crossed symbols represent different cycles (closed - first, open - second, crossed - third cycle) before (black, reverse rectangle)
and after (orange, rotated rectangle) annealing for 20 h at 1173 K in air. b) Thermogravimetry measurements of a CCO-30-35-10 powder sample,
20 h in O2 (solid lines), followed by 20 h in air (dotted lines). c) X-ray diffraction patterns of CCO-30-35-10-O2 before and after annealing for
20 h at 1173 K in air. Reflections of CCO (green stars) [47] and NCO (red vertical lines) [48] indicate changes in relative intensity and phase
composition, respectively.

shows the U-Iq and P-Iq curves of the three generators
at different hot-side temperatures T hot. Measured
parameters of the TEGs are listed in Table 4.

3.5.1. Influence of high power materials
The highest electrical power output and electri-

cal power density, shown in Figure 7c and Table 4,
of 22.7 mW and 113.5 mW·cm-2, respectively, were
obtained from CCO-30-35-10-O2/Sn,Al:In2O3 TEG,
when a hot-side temperature of 1073 K and a tem-
perature difference of 251 K was applied. Due to
the change of phase composition at higher tempera-
ture, shown in Figure 6b,c, and a subsequently reduced
thermoelectric power factor, shown Figure 6a, the gen-
erator CCO-30-35-10-O2/Sn,Al:In2O3 was only mea-
sured until 1073 K hot-side temperature. The gener-
ators CCO-30-35-10-air/Sn,Al:In2O3 and CCO-30-35-
10-air/Ge,Mn,Zn:In2O3 were measured up to 1173 K
hot-side temperature and delivered a maximum electri-
cal power output and electrical power density of 25 mW,
125 mW·cm-2 and 22.8 mW, 114.5 mW·cm-2, from 250
and 280 K temperature difference, given in Table 4,
respectively. The enhancement of the power genera-
tion performance of the CCO-30-35-10-O2/Sn,Al:In2O3
TEG, shown in Figure 7c, in comparison to the CCO-
30-35-10-air/Sn,Al:In2O3 TEG, shown in Figure 7a, can
be attributed to the improved electrical conductivity and
slightly enhanced Seebeck coefficient of the O2-sintered
nanocomposite in Figure 4a,b. This improvement can be
directly connected to the course of the p- and n-type ma-
terials in the Ioffe plots of Figures 4b and 5b. The influ-
ence of the improved nanocomposite from O2-sintering
is also proven by the reduced resistances and open-

circuit voltages of the CCO-30-35-10-O2/Sn,Al:In2O3
TEG, shown in Table 4. Furthermore, the performance
of the CCO-30-35-10-air/Ge,Mn,Zn:In2O3 TEG can be
directly derived from its values in the Ioffe plot of Fig-
ure 5b. As shown in Table 4, the TEG resistances are
rapidly decreasing with temperature and accordingly the
slope of the U-Iq curve is reduced. This course can
be referred to the intrinsic semiconducting behavior of
the Ge,Mn,Zn:In2O3, illustrated in the Ioffe plot of Fig-
ure 5b. The zT value of the Ge,Mn,Zn:In2O3 is doubled,
as shown in Figure 5c, compared to the Sn,Al:In2O3 ma-
terial. However, the TEG, shown in Figure 7b, shows
inferior power generation performance. Hence, com-
binations of CCO-30-35-10-air and CCO-30-35-10-O2
with the high power Sn,Al:In2O3 material have much
higher values of electrical power output and electrical
power density and seem to be more appropriate for ther-
moelectric energy conversion at high temperatures in air
from infinite heat sources.

3.6. Comparison and evaluation

In this work, the values of the electrical power den-
sity of 97 and 113.5 (1073 K hot-side) are higher than
previously reported results of 2.1 (1100 K hot-side),
85 (1273 K hot-side) and 45.3 mW·cm-2 (906 K hot-
side) [54, 55, 56], which applied even higher temper-
ature differences. This improvement is attributed to
the enhanced electrical conductivity and thermoelec-
tric power factor of CCO-NCO-BCCO nanocomposites,
which were sintered in air and O2-atmosphere, revealed
in the Ioffe plot of Figure 4b. Thereby, the combina-
tion of high power materials delivered the highest values
of electrical power output and electrical power density.
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Figure 7: Characteristics of TEGs as a function of the electrical current Iq. Electrical voltage U (linear curves) and electrical power output Pel
(parabolic curves) at different hot-side temperatures T hot and as a function of the electrical current Iq of: a) CCO-30-35-10-air/Sn,Al:In2O3, b)
CCO-30-35-10-air/Ge,Mn,Zn:In2O3, c) CCO-30-35-10-O2/Sn,Al:In2O3. Electrical power densities ω el were calculated from the active area of
10 p/n couples. Generator in c was measured until 1073 K due to limited thermal stability, shown in Figure 6.

Table 4: Measured parameters of the three thermoelectric generators (10 p/n couples) CCO-30-35-10-air/Sn,Al:In2O3, CCO-30-35-10-
air/Ge,Mn,Zn:In2O3 and CCO-30-35-10-O2/Sn,Al:In2O3: hot-side temperature T hot, temperature difference ∆T , TEG resistance RTEG, open-
circuit voltage UOC, electrical short-circuit current Iq,SC, voltage at maximum power output U (Pel,TEG,max), electrical current at maximum power
output Iq (Pel,TEG,max), maximum electrical power output Pel,TEG,max, electrical power density ωel and temperature difference dependent electrical
power density ωel/(∆T )2, both calculated from the active area of 0.2 cm2†.

generator T hot ∆T RTEG UOC Iq,SC U (Pel,max) Iq (Pel,max) Pel,max ωel ωel/(∆T )2

p/n /K /K /Ω /mV /mA /mV /mA /mW /mW ·cm−2 /µW ·cm−2 ·K−2

1173 250 6.13 782 127.5 387.7 54.2 25.0 125.0 2.00
1123 255 6.17 735 119.0 364.0 60.0 21.8 109.0 1.68

p-CCO-30-35-10-air/ 1073 254 6.12 688 112.5 341.6 57.1 19.4 97.0 1.50
n-Sn,Al:In2O3 1023 249 6.14 648 105.6 317.4 53.8 17.1 85.5 1.38

973 243 6.12 591 96.5 280.5 51.0 14.4 72.0 1.22
1173 280 9.69 940 97.0 468.2 48.8 22.9 114.5 1.46
1123 278 11.7 938 80.2 467.1 40.6 18.9 94.5 1.22

p-CCO-30-35-10-air/ 1073 277 13.8 902 65.3 450.6 32.9 14.7 73.5 0.96
n-Ge,Mn,Zn:In2O3 1023 271 16.03 853 53.2 420.9 27.2 11.4 57.0 0.78

973 269 18.76 801 42.7 397.4 21.5 8.6 43.0 0.59
1073 258 4.97 672 135.2 331.9 68.1 22.7 113.5 1.70

p-CCO-30-35-10-O2/ 1023 257 4.94 610 123.4 304.0 61.8 18.8 94.0 1.42
n-Sn,Al:In2O3 973 252 4.94 557 112.7 277.1 56.8 15.7 78.5 1.19

The main area of application of thermoelectric oxides is
energy conversion at high temperatures in air from infi-
nite heat sources. For this application scenario, a maxi-
mized thermoelectric power factor of p- and n-type ma-

terials is much more important than tuning the zT value
[6]. A comparison with other generators published in
literature is difficult because of different applied hot-
side temperatures, temperature differences ∆T and di-
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mensions of p- and n-type legs. However, the calculated
electrical power density ωel of different generators can
be compared. If the electrical power density is further
standardized by dividing it with the applied temperature
difference to the square (∆T )2, a generator specific value
of ωel/(∆T )2 of 1.7 (this work), as shown in Table 4, can
be obtained. This value can be used to compare differ-
ent generators by considering all variables and results in
0.005 [54], 0.09 [55] and 0.18 [56] µW · cm-2 · K-2 for
the aforementioned previous reports.

4. Conclusions

Processing via O2-sintering appears more promising
for densifying a p-type composite material than using
fast, expensive and partially reducing techniques like
HP or SPS. The thermoelectric power factor of the
CCO-NCO-BCCO nanocomposite was significantly en-
hanced by pressureless sintering in O2 atmosphere. The
benefits of oxides are thermal and chemical stability at
high temperatures. For this reason, long-term annealing
is advantageous for the stability of oxides in air. Fur-
thermore, the power factor as a function of the electri-
cal conductivity in the Ioffe plot is more suitable than
the zT value, to estimate the applicability of thermo-
electric materials for energy conversion at high temper-
atures from infinite heat sources. The power genera-
tion of oxide-based thermoelectric generators at high-
temperatures from infinite heat sources was greatly en-
hanced by use of high power materials. The power gen-
eration could be probably further improved, if contact
resistances would be decreased, for example by use of
more appropriate solders.
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1 Supplementary
Schemes and diagrams were created using OriginPro 9.1G. Both, SEM and TEM
micrographs were created using ImageJ and Digital Micrograph. Figures were ar-
ranged, merged and saved using PowerPoint 2010 and Photoshop CS5. The XRD
patterns of the single-phase references of Ca3Co4O9 (CCO-Air), Bi2Ca2Co2O9
(BCCO) and NaxCoO2 (NCO) and different triple-phase nanocomposites CCO-
30-35-10-powder, CCO-30-35-10-SPS, CCO-30-35-10-HP, CCO-30-35-10-O2 and
n-type materials In1.9Sn0.05Al0.05O3 (Sn,Al:In2O3), In1.95Ge0.01 Mn0.01Zn0.03O3
(Ge,Mn,Zn:In2O3) are shown in Figure S 1a-h. The XRD patterns of O2-sintered
reference samples are shown in Figure S 2f-h. A step size of 0.003942, a time
per step of 1.1 seconds, a voltage of 40 kV and a current of 40 mA were used for
diffraction experiments.
For SEM investigations, the powder specimen was prepared by spreading the pow-
der on a graphite mount. The ceramic specimen of vibration-polished cross sec-
tions were prepared by cutting cross-sections from discs, using a precision vertical
diamond wire saw from O’Well model 3242, followed by a multistep (30 µm, 15
µm, 6 µm, 3 µm, 1 µm diamond lapping films) polishing program using Tech-
prep from Allied - High Tech Products, Inc. The primed samples were afterwards
polished by a vibration polishing step using a Buehler Vibromet-2 and a 50 nm
colloidal alumina suspension. The O2-sintered reference samples were investi-
gated by SEM and elemental distribution analyzes, as shown in Figure S 3a-d.
The n-type materials Sn,Al:In2O3 and Ge,Mn,Zn:In2O3 were also analyzed by
SEM and elemental distribution spectroscopy, shown in Figure S 4a-d.
The density and porosity of O2-sintered samples were analyzed using the Archimedes
measurements shown in Table S 1. The bulk density of O2-sintered composite
phases increased with applied temperatures of 1198 K (CCO-30-35-10-1198-O2)
and 1223 K (CCO-30-35-10-1223-O2) to 3.58 and 4.23 g ·cm−3, respectively.
The TEM specimen was prepared as the SEM specimen, downsized in dimensions
to fit on a TEM grid. The specimen was pinched out using a precision ion polish-
ing system (Ar-ion) Model 691 from Gatan. Figure S 5 gives detailed elemental
distribution information of different elements, referring to Figure 3a,b in the main
document. The different 2D nanostructures and their elemental composition are
shown in Figure S 5a-h. Detailed information about the HRTEM site of Figure 3c
of the main document is shown in Figures S 6a-h. Figure S 7 provides detailed
elemental distribution information of different elements, referring to Figure 3d,e
in the main document. The SPS technique forces the material in a distinct form,
leading to the formation of artificial structures. Detailed information about the
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HRTEM site of Figure 3f of the main document is given in Figures S 8a-h.
Electrical measurements were recorded and transduced using LAB VIEW soft-
ware. Figure S 9a-d shows the thermoelectric properties of O2-sintered reference
materials. The measured values of the heat capacity CP of n-type materials were
consistent with phononic Debye-Einstein behavior and reached 0.86 J · g-1 · K-1

at 1073 K.
Figure S 10 represents the used conventional generator design of 10 p/n couples,
each leg in the dimensions of 1 mm x 1 mm x 3 mm to construct the thermoelec-
tric generators. Al2O3 plates (1 cm2 area) were used as templates, the Au metal
connectors were painted on the plates, utilizing an Au-paste, and Pt-wires were
mounted to contact the generator.
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1.1 Figures

Figure S 1: X-ray diffraction patterns of ceramic samples: a) CCO-Air (taken
from1), b) NCO, c) BCCO, d) CCO-30-35-10-Air (taken from2) powder, e)
CCO-30-35-10-SPS, f) CCO-30-35-10-HP, g) CCO-30-35-10-O2. CCO (green)
and BCCO (blue) reflections were indexed for superspace group Cm (0 1 - p 0,
equivalent to Bm (0 0 γ), no. 8.3; see3,4). NCO (red) reflections were indexed in
superspace group C2/m5. The main NCO and CCO reflections (001-1 and 22-1-1,
200-1, 110-1) are overlapping. Highest texture (0020, 0040, CCO reflections) was
obtained after O2-sintering. The patterns of e-g) are shifted to lower angles due to
the integration of Bi. h,i) Sn,Al:In2O3 and Ge,Mn,Zn:In2O3, indexed reflections
of space group Ia3̄ (no. 206, PDF-2 database 01-089-4596).
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Figure S 2: X-ray diffraction patterns of ceramic samples: a) CCO-Air, (taken
from1), b) NCO, c) BCCO, d) CCO-30-35-10-Air powder (taken from2), e)
CCO-30-35-10-Air ceramic (taken from2), f) CCO-30-35-10-1198-O2, g) CCO-
30-35-10-1223-O2, h) CCO-30-35-10-1248-O2. CCO (green) and BCCO (blue)
reflections were indexed for superspace group Cm (0 1 - p 0, equivalent to Bm (0
0 γ), no. 8.3; see3,4). NCO (red) reflections were indexed in superspace group
C2/m5. The main NCO and CCO reflections (001-1 and 22-1-1, 200-1, 110-1)
are overlapping. Highest texture (0020, 0040, CCO reflections) was obtained af-
ter O2 sintering at 1248 K. The patterns of g-j) are shifted to lower angles due to
the integration of Bi.
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Figure S 3: SEM micrographs and EDXS elemental distributions of cross sections:
a, b) CCO-30-35-10-1198-O2, c, d) CCO-30-35-10-1223-O2. The direction of
pressing is indicated by black arrows. CCO phase is dominated by Ca (green),
NCO phase by Na (red) and BCCO phase by Bi (blue).

Figure S 4: SEM micrographs and EDXS elemental distributions of cross sections:
a, b) Sn,Al:In2O3 and c, d) Ge,Mn,Zn:In2O3.
b) In (red), Sn (green), Al (blue)
d) In (red), Ge (green), Mn (blue)
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Figure S 5: STEM analysis of a CCO-30-35-10-1248-O2 nanocomposite ceramic,
supplementing Figure 3a, b) of the main document. a, b) STEM dark-field micro-
graph and EDXS elemental distribution of Na (red), Ca (green) and Bi (blue) of
the region shown. c-h) Detailed elemental distribution information for Na, Ca, Bi,
Co, Tb and O.

Figure S 6: STEM analysis of a CCO-30-35-10-1248-O2 nanocomposite ceramic,
showing site of HRTEM micrograph in Figure 3c of the main document. a, b)
STEM dark-field micrograph and EDXS elemental distribution of Na (red), Ca
(green) and Bi (blue) of the region shown. c-h) Detailed elemental distribution
information for Na, Ca, Bi, Co, Tb and O.
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Figure S 7: STEM analysis of a CCO-30-35-10-SPS nanocomposite ceramic,
supplementing Figure 3d,e of the main document. a, b) STEM dark-field micro-
graph and EDXS elemental distribution of Na (red), Ca (green) and Bi (blue) of
the region shown. c-h) Detailed elemental distribution information for Na, Ca, Bi,
Co, Tb and O.

Figure S 8: STEM analysis of a CCO-30-35-10-SPS nanocomposite ceramic,
showing site of HRTEM micrograph in Figure 3f of the main document. a, b)
STEM dark-field micrograph and EDXS elemental distribution of Na (red), Ca
(green) and Bi (blue) of the region shown. c-h) Detailed elemental distribution
information for Na, Ca, Bi, Co, Tb and O.
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Figure S 9: Thermoelectric parameters of CCO-30-35-10-1198-O2 (rotated rect-
angle, orange) and CCO-30-35-10-1223-O2 (hexagon, purple) ceramics: a) See-
beck coefficient α and b) Ioffe plot: power factor σ · α2 as a function of the
isothermal electrical conductivity σ .
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Figure S 10: Schematic representation of conventional thermoelectric generator
design.
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1.2 Tables

Table S 1: Measured values of density and porosity for CCO-30-35-10-1198-O2
and CCO-30-35-10-1223-O2 (20 h at 1198 K, 1223 K, O2) using ISO (Interna-
tional Organization for Standardization) 5018:1983.

material bulk dens. open poros.
abbreviation stoichiometry / g ·cm−3 / %

CCO-30-35-10-1198-O2 Ca2.25Na0.3Bi0.35Tb0.1Co4O9 3.6 ± 0.0 25.0 ± 3.2
CCO-30-35-10-1223-O2 Ca2.25Na0.3Bi0.35Tb0.1Co4O9 4.2 ± 0.0 12.4 ± 2.9

References
[1] M. Bittner, L. Helmich, F. Nietschke, B. Geppert, O. Oeckler, A. Feldhoff,

Porous Ca3Co4O9 with enhanced thermoelectric properties derived from sol-
gel synthesis, J. Eur. Ceram. Soc. 37 (2017) 3909–3915.

[2] M. Bittner, N. Kanas, R. Hinterding, F. Steinbach, D. Groeneveld,
P. Wemhoff, K. Wiik, M.-A. Einarsrud, A. Feldhoff, Triple-phase ceramic
2D nanocomposite with enhanced thermoelectric properties, submitted to J.
Eur. Ceram. Soc.

[3] T. Janssen, A. Janner, A. Looijenga-Vos, P. M. D. Wolff, Interna-
tional Tables for Crystallography: 9.8 Incommensurate and commensu-
rate modulated structures, 3rd Edition, Kluwer Academic Publishers, Dor-
drecht/Boston/London, 2004.

[4] E. Guilmeau, M. Pollet, D. Grebille, M. Hervieu, M. Muguerra, R. Cloots,
M. Mikami, R. Funahashi, Nanoblock coupling effect in iodine intercalated
[Bi0.82CaO2]2[CoO2]1.69 layered cobaltite, Inorg. Chem. 46 (2007) 2124–
2131.

[5] L. Viciu, J. W. G. Bos, H. W. Zandbergen, Q. Huang, M. L. Foo, S. Ishiwata,
A. P. Ramirez, M. Lee, N. P. Ong, R. J. Cava, Crystal structure and elementary
properties of NaxCoO2 (x = 0.32, 0.51, 0.6, 0.75, and 0.92) in the three-layer
NaCoO2 familiy, Phys. Rev. B 73 (2006) 174104–1–174104–10.

138 3 Thermoelectric generators



139

4 Conclusions and outlook

In this work presented studies cover topics from solid state chemistry, solid state
physics to process engineering and electrical engineering. The objective was a bet-
ter understanding of thermoelectric (TE) power conversion at elevated temperatures.
The thermoelectric material research in these studies was focused on comprehensive
investigations of synthesis, processing and properties of p-type Ca3Co4O9 (CCO)
and of Ca3Co4O9-NaxCoO2-Bi2Ca2Co2O9 (CCO-NCO-BCCO) nanocomposites.

A specific control of particle size and phase composition of powders was assured
by utilization of a ”bottom up” sol-gel technique. This is important to adjust the
properties of processed thermoelectric ceramics. The sol-gel synthesis is much faster,
simpler and avoids inadvertent contamination compared to the most commonly used
solid state reaction route. Furthermore, the sol-gel technique enables an excellent
control of the doping content and provides nano-scaled particles. These nano-sized
particles can be further processed by different sintering techniques to control prop-
erties like micro-, nanostructure as well as porosity. The porosity of a ceramic has
significant influence on the thermoelectric properties, particularly on the electrical
conductivity and heat conductivity. The influence was shown in highly porous CCO
ceramics, which revealed a significantly reduced heat conductivity and a subsequent
record figure-of-merit zT value. Degree of compression and porosity are directly re-
lated to each other. A porous ceramic shows a low degree of both, compression and
orientation of grains. Due to a balanced orientation of CCO grains in a porous CCO
ceramic, the anisotropic transport behavior of CCO is less pronounced. In order
to tune the zT value of pure CCO, finding an ideal proportion between the ther-
moelectric power factor and the heat conductivity is a possible approach. However,
porous materials show poor electrical properties, these are counteractive to improve
the power generation. The application of a In2-xSnxO3 (ITO) material, which shows
both, a high electrical conductivity and a high-power factor, increased the electrical
power output of the first in this work reported thermoelectric generator (TEG). In
addition, simulations confirmed these results, materials of high electrical conduc-
tivity and power factor are desired for power generation. For this reason, the CCO
phase was heavily co-doped by Na, Bi and Tb, resulting in a novel CCO-NCO-BCCO
nanocomposite of significantly increased electrical conductivity and power factor at
high temperatures in air. The Ioffe plot, which shows the thermoelectric power fac-
tor as a function of the electrical conductivity is useful to estimate the applicability
of materials for high-temperature power generation. Pressureless sintering of the
heavily co-doped CCO powder at high temperatures in air led to the formation of a
triple-phase nanocomposite of an all-scale hierarchical structure. Interdiffusion and
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incorporation in a CCO matrix stabilized the NCO and BCCO phases at high tem-
peratures in air and enabled utilization of synergistic effects. The incorporation of
thermally or chemically instable phases into a stable host matrix in order to stabilize
them at high temperatures or under oxidizing conditions, could offer new alternatives
in material development. Since porosity influences the thermoelectric properties sig-
nificantly, several alternative processing techniques were carried out to obtain dense
CCO-NCO-BCCO nanocomposites. From literature, the hot-pressing (HP) or spark
plasma sintering (SPS) technique were expected to maintain a dense nanocompos-
ite with improved thermoelectric properties. However, a dense nanocomposite with
further enhanced electrical conductivity and thermoelectric power factor at high
temperatures in air was obtained from pressureless sintering in O2 atmosphere. The
processing by O2-sintering seems more promising to densify a composite material
than using fast, expensive and partially reducing techniques like HP or SPS. The
nanocomposite from SPS showed nano-sized grains and a nanostructure, which was
forced into a certain shape and possessed a subsequently decreased stability in air.
In contrast, the nanocomposite from O2-sintering exhibit a multiscale structure of
highly aligned 2D layers of CCO, NCO and BCCO. The pressureless sintering in air
or O2 atmosphere appears more appropriate to ensure a high stability of materials
under oxidizing conditions at elevated temperatures.
The main research activity of the thermoelectric community is focused on enhanc-
ing the figure-of-merit zT of thermoelectric materials and subsequently improving
the energy conversion efficiency of thermoelectric devices. This approach should be
discussed critically and rerated in terms of the desired area of application for dif-
ferent material classes. The most important question and determining fact should
be: Is a limited or an infinite heat source available. If a limited heat source is
present, for example in space or automotive application, materials with high figure-
of-merit zT are needed, which show an accordingly high energy conversion efficiency.
However, if an infinite heat source in the high-temperature range is present, mate-
rials of high thermoelectric power factor, electrical conductivity and moderate heat
conductivity are needed to recover waste heat. Regarding the figure-of-merit zT ,
oxides can not compete with other material classes. Research on thermoelectric
oxides should, therefore, focus on enhancing the thermoelectric power factor of p-
and n-type oxides in the high-temperature range in air. For this reason, two n-type
materials were developed to assemble them with the aforementioned p-type materi-
als into TEG prototypes. The Sn, Al co-doped Sn,Al:In2O3 shows a high electrical
conductivity and thermoelectric power factor (Ioffe plot), while the Ge, Mn and
Zn co-doped Ge,Mn,Zn:In2O3 material possess a comparable high-zT value. The
specifically designed and improved p- and n-type materials were used to estimate
the influence of high-power and high-zT materials on the power characteristics of
TEGs. The highest ever reported electrical power density of oxide-based TEGs was
obtained from these high-power materials. The power characteristics of the gene-
rator, which was made of the n-type high-zT material, were significantly decreased
compared to these of the high-power TEG. Furthermore, the electrical power output
of the TEGs was directly related to the trends of the electrical conductivity and the
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thermoelectric power factor in the Ioffe plot. The comparison of TEGs is difficult,
due to the multiplicity of changeable paramaters, like dimensions of used p- and n-
type legs, hot-side temperatures or applied temperature differences. The electrical
power density considers the electrical power output and the geometrical dimensions
of the TEG, but a temperature dependent electrical power density mW·cm-2·K-2 is a
more standardized alternative and would be much more suitable to compare TEGs
with each other.
Theoretical postulations were experimentally proved in characterizing prototypes of
TEGs made of high-power and high-zT materials. The possibility to improve the
electrical power output and electrical power density at high temperatures in air,
using specifically designed materials, was presented.
The developed materials could be assembled in a more advanced TEG design in order
to further improve power generation at high temperatures. For this reason, a proof
of principle all-oxide TEG was manufactured for the first time, processed via SPS
of CCO and CaMnO3 powders. The all-oxide TEG can abstain from use of metallic
connectors and thereby decrease the contact resistance significantly. Furthermore,
interlayers can boost the power generation by synergistic effects like the transversal
thermoelectric effect. However, additional research is needed to overcome processing
related challenges in up-scaling all-oxide generators.
To further increase power generation and energy conversion at high temperatures,
either materials or contact resistance have to be improved. One approach to improve
the p-type materials could exist in introducing a fourth layer like BiCuSeO into the
CCO-NCO-BCCO nanocomposite. The BiCuSeO oxyselenide shows limited thermal
and chemical stability at elevated temperatures under oxidizing atmosphere. Hence,
the stabilization and utilization by incorporation in a stable matrix could further
boost p-type oxides. The thermoelectric properties of co-doped n-type oxides could
be improved by application of different sintering techniques, like HP, SPS and O2-
sintering. The importance to decrease the contact resistance of TEGs was shown
in this work and could be accomplished by a substitution of metallic connectors or
commitment of an all-oxide generator design. Furthermore, TEGs should be used
in a temperature range, which is adapted to the properties of applied p- and n-type
materials. The temperature range of hot- and cold-side should be chosen, depending
on the course of the thermoelectric power factor and electrical conductivity in the
Ioffe plot. In order to improve electrical power generation, the best course of the
thermoelectric power factor and electrical conductivity in the Ioffe plot, would be
an as narrow as possible distribution of high values.
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