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Abstract

Dense CazCo409-NayCo0O;-Bi,CayCo,09 (CCO-NCO-BCCO) nanocomposites were produced from sol-gel derived
powder by three methods: Spark plasma sintering, hot-pressing and pressureless sintering under O, atmosphere.
The SPS processed product showed a thermoelectric power factor of 6.6 uW - cm’! - K2 at 1073 K in air. A dense
nanocomposite with all-scale hierarchical architecture and enhanced thermoelectric properties is only obtained from
pressureless sintering under O, atmosphere. The resulting nanocomposite enables the simultaneous increase in
isothermal electrical conductivity o and Seebeck coefficient «, and it delivers a thermoelectric power factor of 8.2
uW - cm! - K2 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™, 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 ver-
ify the effect of the thermoelectric figure of merit zT' and power factor on the performance of thermoelectric generators.
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1. Introduction

1.1. Energy conversion - limited or infinite heat source

In the face of climate change, sustained yield and
increasing power demand of the world, thermoelectric
materials and their ability to directly convert heat into
electrical energy can play a key role to solve recent
problems. Thermoelectric oxides are applicable at high
temperatures and under oxidizing conditions, allowing
the recovery of waste heat from power plants and indus-
trial processes [1]. Thermoelectricity relies on the cou-
pling of currents of entropy /s and electrical charge / in
a material with each other, shown in Equation 1 [2, 3].
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The basic transport Equation 1 can be expressed (a
weak temperature dependence of the electrical chem-
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ical potential is assumed) by the electrical voltage U
over the thermoelectric material of cross-sectional area
A, length L, difference of temperature AT, the thermo-
electric parameters, Seebeck coeflicient @, isothermal
electrical conductivity o and the entropy conductivity
at electrical open-circuit A. The later is related to the
traditionally considered heat conductivity A by the ab-
solute temperature 7', as given by Equation 2 [2, 3].

A=T-A 2)

The maximum electrical power output Pejmaxmat Of
p- and n-type materials is primarily determined by the
power factor o - @ (PF) and the temperature difference
to the square (AT)? according to Equation 3 [4, 5].
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The maximum electrical power output Pej max 1EG Of @
combination of p- (a>0) and n-type (@<0) materials in
a thermoelectric generator (TEG) [6], can be described
similarly to Equation 3 as the sum of contributions of
each p- and n-type leg or by the open-circuit voltage
Uoc to the square and the generator resistance Rrgg,
given in Equation 4 [5].
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Narducci postulated the electrical power output from
infinite heat sources of a thermoelectric generator can
be maximized by enhancing the power factor o - a? of
the materials and keep a moderate heat conductivity A,
which is present for configuration A in Figure 1.

configuration B - energy conversion efficiency -
high zT - limited heat source

high PF - infinite heat source
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Figure 1: Thermoelectric parameters: Seebeck coefficient «, isother-
mal electrical conductivity o-, phononic and electrical part of the heat
conductivity App, del, power factor o - @?* (PF) and figure-of-merit zT'
as a function of the charge carrier density n. Modified from [7].

Thermoelectric materials should be designed in terms
of their application areas, such as power generation
from infinite or limited heat sources or at low- or high-
temperatures. To improve the electrical power output
of thermoelectric materials and generators, according
to Equations 3-5, it is important to enhance the elec-
trical conductivity o and the Seebeck coefficient a. If a
limited heat source is present, thermoelectric generators
made of high z7 materials like tellurides, illustrated in

configuration A - power generation -

o)

Figure 1, with configuration B, should be used.

7T = ~ -1 T 5
The figure-of-merit z7 consists of the isothermal
electrical conductivity o, the Seebeck coefficient @ and
the open-circuited entropy conductivity A. A material,
which shows a high charge carrier density n and sub-
sequently high electrical conductivity and thermoelec-
tric power factor (configuration A), as shown in Fig-
ure 1, is superior for maximum electrical power gener-
ation, compared to a material with high figure-of-merit
zT (configuration B). Accordingly, thermoelectric ma-
terials should be either optimized for maximum conver-
sion efficiency (configuration B) or maximum electrical
power generation (configuration A), since if not, work-
ing conditions for one or the other task will be subopti-
mal.

1.2. Concepts to improve the thermoelectric properties

The improvement of all three thermoelectric param-
eters is the general challenge in thermoelectrics, since
these quantities are interrelated to each other by the
charge carrier concentration n, indicated in Figure 1.
The band structure of the materials defines the charge
carrier concentration n and the charge carrier mobil-
ity u, and changes in one of them also influence the
other and thereby also o and a [8, 9, 10]. Nanos-
tructuring has been used to decrease the heat conduc-
tivity A, thereby a material with an all-scale hierar-
chical architecture (mesoscale, nanoscale and atomic
scale) would scatter phonons on each lengthscale [9,
10, 11, 12]. Recent research focuses on improving
the power factor. Approaches like coherent structures
with energy-matched electronic bands, carrier concen-
tration engineering, compositionally alloyed nanostruc-
tures or band-structure engineering seem promising
[13, 14, 15, 16, 17, 18]. All these research tried to solve
the problem of interrelation, shown in Figure 1, between
the three transport parameters o, @ and A, which are
presented as a function of the charge carrier density n,
and to improve all three simultaneously. Possible pro-
cessing techniques to obtain a nanostructured material
are hot-pressing (HP) or spark plasma sintering (SPS)
[19, 20, 21, 22, 23]. These techniques provide dense
materials and are suitable for various materials, but also
partly reducing it [17, 24, 25].

1.3. Oxides

The BiCuSeO oxyselenide shows competitive prop-
erties in the moderate-temperature range, compared to



alloys, half-Heusler or Zintl phase materials. How-
ever, it can hardly be considered as a real oxide and
it is not stable at high temperatures and under oxidiz-
ing conditions [26, 27, 28, 29]. The Ca3;Co409 (CCO)
oxide is a viable candidate for energy conversion at
high temperatures and under oxidizing conditions from
infinite heat sources, see (configuration A) Figure 1.
Regarding the figure-of-merit z7, CCO can not com-
pete with other materials, however it is non-toxic, me-
chanically, thermally and chemically stable in the high-
temperature range in air [12, 30, 31, 32, 33]. The CCO
is a layer-structured cobalt oxide and has been already
investigated before [34, 35, 36]. CCO belongs to the
monoclinic crystal class and forms an incommensurate,
misfit-layered structure. It has a Cdl,-type CoO, sub-
system with triangular lattice and a layered rock-salt
part of three Ca;CoOj3 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 [37]. The synthesis, pro-
cessing and characterization of pure CCO and triple-
phase Ca3Co409-NayCo0;-BiCayCo, 09 (CCO-NCO-
BCCO) nanocomposites, derived from the sol-gel tech-
nique reveals several advantages, such as grain size, ho-
mogeneity and stoichiometry, and was previously de-
scribed elsewhere [5, 36].

In this work, several processing techniques like HP,
SPS and pressureless O,-sintering were used, to ob-
tain dense triple-phase nanocomposite ceramics and
improving the thermoelectric power factor and subse-
quently power generation [22, 25, 33, 38, 39]. The
influence of these different processing techniques on
the thermoelectric properties were compared, since HP
and SPS are fast and partly reducing, while pressure-
less sintering in air and O,, are oxidizing techniques.
These dense nanocomposite ceramics were combined
with recently developed, co-doped n-type indium oxides
[40, 41, 42] in thermoelectric generators. The impact of
high zT and high power factor materials on the electri-
cal power output at high temperatures in air from infi-
nite heat sources, as postulated by Narducci [43], were
verified.

2. Materials and Methods

2.1. Synthesis

The p-type Na, Bi, Tb co-doped CCO and n-
type Inp 4Oz powders were synthesized via a sol-
gel route, as described elsewhere [5, 36, 44]. In-
dium(III) nitrate 99.999 %, tin(Il) acetate 95 %, alu-
minium(Ill) nitrate 99.0-102 % and germanium(IV)

ethoxide, 99.995 %, manganese(Il) nitrat, 99.98 %,
Zinc nitrate 99.998 % were used as sources to syn-
thesize co-doped Sn,Al:In, O3 and Ge,Mn,Zn:In, O3, re-
spectively. The stoichiometry, applied sintering tech-
niques and abbreviations of synthesized samples, are
shown in Table 1.

Table 1: Stoichiometry, applied sintering techniques (conventional
pressureless sintering in air and Oy (conv. Air, O;), hot-pressing
(HP)), spark plasma sintering (SPS) and abbreviations of synthesized
nanocomposites (CCO-30-35-10-Air, CCO-30-35-10-SPS, CCO-
30-35-10-HP, CCO0O-30-35-10-03), reference (CCO-400-Air) and
co-doped indium oxide (Sn,Al:In, O3, Ge,Mn,Zn:In,03) samples.

stoichiometry sintering abbreviation

CazCo409 conv. Air CCO-400-Air
Caz_zsNaoA3Bi()_35Tbo‘1C0409 conv. Air CCO-30-35-10-Air
Ca2,25 Nao_3Bi0.35Tbo_ 1 C04 09 HP CCO0-30-35-10-HP
Ca2A25Na0‘3BiOA35Tb0‘1C0409 SPS CCO-30-35-10-SPS
Caj»5Nag3Big35Tbg.1Cos09  conv. Op CCO0-30-35-10-0,

In1,9$n0A05A10A0503 conv. Air Sn,Al:In203

In1_95Geo_01MnoA01Zn0‘03O3 conv. Air Ge,Mn,Zn:In203

2.2. P-type ceramics

The p-type calcined CCO-30-35-10 powder (10 h,
1023 K) was precompressed at 200 MPa for 60 s, sub-
sequently ground and sieved with a 100 um mesh sieve
before hot-pressing. The compacted powder was hot-
pressed under vacuum in a graphite die between two
Al O3 plates at 1148 K for 1 h, using a pressure of 50
MPa (applied from 1023 - 1148 K) and an applied heat-
ing and cooling rate of 5 K - min'. 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 vacuum (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 under O,
(6.0 purity from Linde) atmosphere 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™! and a

heating, cooling rate of 3 K - min™'.

2.3. N-type ceramics

The  n-type co-doped Sn,Al:In, O3 and
Ge,Mn,Zn:In,O3 powders were pressed into a green
body at 200 MPa using a 16 mm die and subsequently
conventional pressureless sintered at 1873 K and
1573 K for 15 h in air, respectively. The green body
was placed on a twisted platinum wire (Sn,Al:In,O3)
[40, 42] and Sn-solder (Ge,Mn,Zn:In,03).



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-K, radiation.
Microstructural characterization and elemental analysis
of powder and ceramic samples were done by a 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 and a backscattered
electron detector. Nanostructure was investigated by
transmission electron microscopy and high-resolution
TEM (HRTEM) using a JEOL JEM-2100F-UHR,
which was equipped with an energy-dispersive X-ray
spectrometer (EDXS) of the type Oxford Instruments
INCA 300 for elemental analysis.
Density and porosity were estimated by an Archimedes
setup using ISO 5018:1983 (the International Organiza-
tion for Standardization) in which the dry mass, mass in
solvent and wet mass of the sample, were determined.
The density and porosity values were averaged from 3
measurements with less than 5 % deviation. Thermo-
metric measurements of the mass change were done in
a synthetic air and an O, atmosphere with a gas flow of
30 mL - min"! and a heating rate of 5 K - min™! within
the range of 313 K to 1173 K, 1248 K, respectively,
using a Netzsch STA 409 PC/PG. Ceramic samples
were prepared for Hall effect measurement 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 ensure ohmic contacts. The electric properties
were measured on a single sample from different
treatments (HP, SPS, air, O,), using an Agilent 34970A
multichannel voltmeter and an Agilent E3642A current
source. The charge carrier mobility u and charge carrier
concentration n were evaluated as described in [45].
The thermoelectric properties, isothermal electrical
conductivity o and Seebeck coefficient @ of ceramic
samples were carried out as a function of temperature
(heated to 1073 K and measured down with equilibrium
at every temperature). Samples were cut in bar shape
from discs (10mm - 1.0mm - 1.0mm and 10mm - 2.5mm
- 1.5mm), using a precision vertical diamond wire saw
from O’Well model 3242. The power factor o - &> was
calculated from o and a. The isothermal electrical
conductivity o was measured by a pseudo 4-point
measurement, utilizing a horizontal three heating
zone tube furnace from Carbolite Gero EVZ 12/450B
and a home-made measurement cell. The Seebeck
coeflficient @ was estimated with a ProboStat A setup
from NorECs, the utilized furnace is an ELITE thermal
system. The values were logged by KEITHLEY 2100

6% Digit Multimeters. Measurement data were recorded
and transduced using LAB VIEW software. Electrical
measurements of o and a were repeated with less than
5 % deviation, uncertainties of 0.1, 10 for o, @ and 20
% for the power factor were averaged from 5 values.

2.5. Assembling of thermoelectric generators

Thermoelectric generators were assembled using 10
couples of p, n-type legs 3mm x Imm x Imm) in
a conventional generator design, shown in Figure S
10". An Au-paste from Heraeus was used as a metal-
lic connector. To obtain ohmic contacts, the genera-
tors CCO-30-35-10-Air/Sn,Al:In,O3 and CCO-30-35-
10-Air/Ge,Mn,Zn:In, O3 were annealed at 1073 K for 4
h, the generators CCO-30-35-10-SPS/Sn,Al:In,O3 and
CCO-30-35-10-O,/Sn,Al:In, O3 at 973 K for 4 h in air.
The thermoelectric generators were characterized using
a load resistance dependent measurement under steady-
state conditions at different hot-side temperatures.

3. Results and Discussion

3.1. Influence of sintering on p-types

The triple-phase CCO-NCO-BCCO nanocomposite
ceramics were obtained by processing a co-doped CCO
powder [5], shown in Figure 2a,b, via HP (CCO-
30-35-10-HP), via SPS (CCO-30-35-10-SPS), and by
O;-sintering (CCO-30-35-10-O,). The HP and SPS
techniques are fast processing routes, which produce
nanograined ceramics, which are shown in Figure 2c-
fT, of a triple-phase nanocomposite.

Table 2: Lattice parameters (/ A) of the CCO and BCCO phases
of the HRTEM sites of CCO-30-35-10-O, 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.

Sites
CCO0-30-35-10-0,
CCO a=5.35,b1=2.47, b,=3.93
BCCO a=4.96, b;=2.48, c=13.27

CCO-30-35-10-SPS
¢=10.98 (c=10.95)
c=16.39

The O,-sintering is a highly oxidizing method, the
sample is annealed at high temperatures for a long time,
delivering an all-scale hierachical architecture, revealed
in Figure 2g,h, of um-sized grains and nanostructures.
The phase composition, shown in Figure S 17 and S
2F, of powders and ceramics, processed via HP, SPS
and O,-sintering, was analyzed by XRD measurements.
The CCO-30-35-10-HP and CCO-30-35-10-SPS sam-
ples show less pronounced texture compared to the



Figure 2: SEM micrographs of backscattered electrons and EDX ele-
mental distributions of powder and cross sections: a, b) Na, Bi, Tb co-
doped CCO powder, ¢, d) CCO-30-35-10-HP, e, f) CCO-30-35-10-
SPS, g, h) CCO-30-35-10-0;. The direction of pressing is indicated
by black arrows. Phase compositions are shown in Figures S 1 and
2. SEM micrographs and elemental distributions of undoped, SPS-
sintered CCO ceramics and O»-sintered nanocomposites are shown in
Figure S 3g-jf. Ca-green dominates CCO phase, Na-red dominates
NCO phase, Bi-blue dominates BCCO phase.

CCO0O-30-35-10-O, sample. Both, texture and compo-
sition can be controlled by the applied temperature dur-
ing O,-sintering’. The phase composition, revealed in
Figure 27, and density of pure and triple-phase ceram-
ics, given in Table 37, differ due to incorporated dopants
and composite formation during sintering.

The density of CCO-30-35-10-HP, CCO-30-35-10-
SPS and CCO-30-35-10-O, are comparable, but their
micro- and nanostructure deviate, shown in Figures 2c-
h and 3a-f. CCO-30-35-10-HP and CCO-30-35-10-SPS
show no um-sized grains and their nanostructure is due
to the fast processing techniques forced into a certain
form, indicated in Figure 3d-f. The CCO-30-35-10-
O, ceramic, shown in Figure 3a-c, forms an aligned
all-scale hierarchical architecture of pum-sized grains,
nanostructures and point defects. Table 2 shows the lat-
tice parameters of CCO and BCCO, calculated from re-
duced fast Fourier transformations of Figure 3c,f. The
processing via O,-sintering facilitates a dense ceramic
body with highly aligned and semi-coherently CCO,
NCO and BCCO 2-D nanostructures. Detailed infor-
mation about elemental distribution mappings and sites
of HRTEM micrographs are shown in Figures S 5-8'.

3.2. Composition and microstructure of n-types

The phase composition, shown in Figure S 1h,i,
and microstructure, represented in Figure S 4a-d",
of manufactured n-type materials Sn,Al:In,O3 and
Ge,Mn,Zn:In, 03 reveal homogeneously doped indium
phases. The n-type Sn,Al:In,O3 is a dense ceramic,
shown in Table 3. The Ge,Mn,Zn:In,05 n-type has a
certain porosity, given in Table 37, generated while sin-
tering on Sn-solder, which evaporated at high tempera-
tures, causing porosity within the ceramic body.

Figure 3: TEM analysis of CC0O-30-35-10-0; in a-c) and of CCO-
30-35-10-SPS in d-f): a, d) scanning transmission electron mi-
croscopy (STEM) dark-field micrograph. b, e) EDX elemental dis-
tribution of the shown scopes, more detailed elemental distribution
information is given in S 4, 6. ¢, f) High-resolution transmission elec-
tron microscopy (HRTEM) micrographs, more detailed information
is given in S 5, 77, Insets show the reduced fast Fourier transforma-
tion (rFFT). Ca-green dominates CCO phase, Na-red dominates NCO
phase, Bi-blue dominates BCCO phase.

3.3. Thermoelectric properties
3.3.1. P-type ceramics

The thermoelectric transport properties, are shown
in Figure 4a,b, of manufactured p- and n-type materi-
als. The Seebeck coefficient @ of CCO-30-35-10-Air
and CCO-30-35-10-0, nanocomposites, shown in Fig-
ure 4a, proceeds similarly and reaches 236 and 240 uV
- K! at 1073 K. The a values of CCO-30-35-10-SPS
and CCO-30-35-10-HP nanocomposites, represented in
Figure 4a, differ in trend and absolute values. Refer-
ence values for O,-sintered and SPS-processed samples
are given in Figure S 9a’.

3.3.2. N-type ceramics

The Seebeck coefficient @ shows similar trends
for synthesized n-type materials Sn,Al:In,O; and
Ge,Mn,Zn:In, 03, revealed in Figure 4a, but also differs
in absolute values and reaches 82 and 174 uV - K'! at
1073 K, respectively. The Seebeck coeflicient « of the
Ge,Mn,Zn:In, 03 sample could be increased by Mn and
Zn doping [46, 47, 48].



Table 3: Measured values of the density and porosity for CCO and nanocomposite ceramics, processed with different techniques: pressureless
sintering in air (10 h: 1173 K-CCO-400-Air, 20 h: 1173 K-CCO-30-35-10-Air), O;-sintering (20 h: 1248 K-CCO-30-35-10-0;),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:InyO3, Ge,Mn,Zn:In,O3 (15 h: 1873 K and
15 h: 1573 K) using ISO 5018:1983 (the International Organization for Standardization). Values for CCO-400-Air and CCO-30-35-10-Air taken
from [36, 5]. Additional values of undoped CCO and O, sintered nanocomposites are shown in Table S 17. True density of composite ceramics is

unknown.
type material bulk density  true density  open porosity  true porosity  closed porosity  theoretical density
abbreviation /g-em™ /g-em™ /% /% /% /%
p CCO-400-Air 32+0.1 4.68 333+04 02+ 1.1 33.5+0.7 67.7+ 1.5
p CCO0-30-35-10-Air 39+00 19.2+0.7
p CCO-30-35-10-HP 49 +0.0 0.8 +0.2
p CCO-30-35-10-SPS 49+0.0 08+04
p CCO0-30-35-10-0, 49 +0.0 36+2.6
n Sn,Al:In; O3 6.6 + 0.0 7.116 32+28 7.8 +0.6 4.6+22 922+ 0.6
n Ge,Mn,Zn:In;03 55+02 7.116 194 +7.8 223+29 29+6.5 77.7+29
: )
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Figure 4: Thermoelectric properties as a function of temperature of CCO-400-Air (rectangle, turquoise, taken from [36]), CCO-30-35-10-Air
(stars, green, taken from [5]), CCO-30-35-10-HP (circle, yellow), CCO-30-35-10-SPS (square, dark blue), CCO-30-35-10-O; (reverse rectangle,
black), Sn,Al:In,O3 (diamond, dark yellow) and Ge,Mn,Zn:In,03) (pentagon, dark green: a) Seebeck coefficient @, b) power factor o - o as
a function of the isothermal electrical conductivity o~. c) Hall effect measurements: charge carrier mobility u (closed bars) and charge carrier
concentration n (open bars) at room temperature. Uncertainties are indicated with error bars.

3.3.3. Ioffe plot

In Figure 4b, the thermoelectric power factor o - @
of p- and n-type materials is shown in a Ioffe plot as a
function of the electrical conductivity o [49]. The p-
type materials CCO-30-35-10-Air and CCO-30-35-10-
O, have the best combination of a high electrical con-
ductivity o of 116, 143 S - cm™" and a high thermoelec-
tric power factor o - a® of 6.5, 8.2 uW - cm’! - K2 at
1073 K. 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™ and 6.6 uW - cm™! - K2

2

at 1073 K. Hall effect measurements of CCO-30-35-10-
HP, CCO-30-35-10-SPS, CCO-30-35-10-Air and CCO-
30-35-10-0,, as shown in Figure 4c, were carried out
at room temperature. These results show simultaneous
enhanced carrier mobility ¢ of 0.133 cm™ - V1. 57! and
carrier concentrations n of 5 and 4.38 10?! - cm for the
CCO0-30-35-10-Air, CCO-30-35-10-O; samples. These
measurements could explain the simultaneous increase
of the electrical conductivity o and the Seebeck coeffi-
cient @ in CCO-NCO-BCCO nancomposites of highly-
aligned 2-D nanostructures. Measured thermoelectric



power factors of O,-sintered and SPS-processed refer-
ence samples are given in Figure S 9b'. The n-type
materials show a different behaviour, compared to each
other. Sn,Al:In,O3 is a high power factor material,
shown in Figure 4b [40, 50], while Ge,Mn,Zn:In, O3 re-
veals a lower thermoelectric power factor and intrinsic
semiconducting behaviour.

3.3.4. Figure-of-merit T of n-types

The heat conductivity A, represented in Figure S
9ct of 29 W - m! - K'! in the Ge,Mn,Zn:In,03 sam-
ple is significantly reduced, compared to the highly
electrically conducting Sn,Al:In,O3; sample of 11.3 W
-m! - K! at 1073 K. The zT value of 0.1, com-
pared to 0.056 at 1073 K, shown in Figure S 9d", of
the Ge,Mn,Zn:In, 03 and Sn,Al:In,O3 samples, respec-
tively, is subsequently enhanced. The course of the
thermoelectric power factor, shown in Figure 4b, of
Sn,Al:In, O3 as a function of the electrical conductivity
in the Ioffe plot is more similar to the p-type materi-
als than that of Ge,Mn,Zn:In,O53. For this reason, the
impact of Sn,Al:In,O3;, Ge,Mn,Zn:In,O05 and different
p-type materials in prototypes of thermoelectric genera-
tors were estimated.

3.4. Cycle and high-temperature stability

The samples CCO-30-35-10-SPS and CCO-30-35-
10-O,, which have the highest electrical conductivity
and thermoelectric power factor, were sintered either
under partially reducing or oxidizing conditions, respec-
tively. For this reason, the stability of both were esti-
mated, shown in Figure 5a, to evaluate their applicabil-
ity in a thermoelectric generator in air. Both materials
show good cycle stability from 373 to 1073 K in air.
However, Figure 5b,c shows that a thermal treatment for
20 h at 1173 K in air leads to a change of the phase com-
position of the CCO-30-35-10-SPS and CCO-30-35-10-
O, samples. The mass change of a CCO-30-35-10-O,
sample is shown in Figure 5b. The sample is annealed
under O, up to 1248 K and subsequently cooled down
and annealed again under air up to 1173 K, showing
a small mass change. In addition, the phase composi-
tions, shown in Figure 5c, of CCO-30-35-10-SPS and
CCO-30-35-10-O, samples before and after exposure at
1173 K in air, were analyzed with XRD. The change of
phase compositions is indicated with stars and crosses,
an increased BCCO phase content for the CCO-30-35-
10-SPS and NCO content within the CCO-30-35-10-O,
sample was observed. The thermoelectric power factor
as a function of the electrical conductivity, shown in the
Ioffe plot of Figure 5a, remained higher for the CCO-
30-35-10-O, sample, since the electrical conductivity

increased due to the higher NCO phase content. The
thermoelectric power factors of the CCO-30-35-10-SPS
and the CCO-30-35-10-O, samples at 1073 K, revealed
in Figure 5a, were decreased by a factor of 2.23 and
1.75, after exposure for 20 h at 1173 K in air, respec-
tively.

3.5. Thermoelectric generators - power characteristics

The p-type CCO-30-35-10-Air, CCO-30-35-10-
SPS, CCO-30-35-10-O, and the n-type materials
Sn,Al:In,O5; and Ge,Mn,Zn:In,O3; were used to build
four prototypes of thermoelectric generators. The re-
sults from CCO-30-35-10-Air/Sn,Al:In,O3 and CCO-
30-35-10-Air/Ge,Mn,Zn:In,O3 generators showed in-
creased electrical power outputs if the high power
Sn,Al:In, O3 material is used. For this reason, the p-
type materials CCO-30-35-10-SPS and CCO-30-35-10-
0O, were combined with the n-type material Sn,Al:In, O3
in thermoelectric generators. The impact of high ther-
moelectric power factor and z7 materials, on the elec-
trical power output from infinite heat sources was esti-
mated. A conventional design, shown in Figure S 107,
for thermoelectric generators of 10 p/n couples was used
[53, 54, 55, 56]. Figure 6a-d shows the U-I; and P-I
curves of the four generators at different hot-side tem-
peratures Tgy.

The measured parameters like hot-side temperature
Thot, temperature difference AT, TEG resistance Rrgg,
open-circuit voltage Uopc, electrical short-circuit cur-
rent /ysc, voltage at maximum electrical power out-
put U (Pe1,TEG.max), €lectrical current at maximum elec-
trical power output Iq (Pe|TEG,max), Maximum electri-
cal power output Pe; TEG.max, calculated electrical power
density w, and temperature difference dependent elec-
trical power density we/(AT)? (active area’) are given in
Table 4.

The highest electrical power output and electrical
power density, shown in Figure 6d, of 22.7 mW
and 113.5 mW-cm2, respectively, at 1073 K hot-side
temperature and 251 K temperature difference, were
obtained from CCO-30-35-10-O, and Sn,Al:In,0s,
which have a high electrical conductivity and ther-
moelectric power factor. Due to the change of
phase composition at higher temperature, shown in
Figure 5Sb,c, and a subsequently reduced thermo-
electric power factor, shown Figure 5a, the gener-
ators CCO-30-35-10-SPS/Sn,Al:In,O3 and CCO-30-
35-10-950-0,/Sn,Al:In,O; were just measured un-
til 1073 K hot-side temperature. = The generators
CCO-30-35-10-Air/Sn,Al:In,O3; and CCO-30-35-10-
Air/Ge,Mn,Zn:In, O3 were measured up to 1173 K hot-
side temperature and delivered a maximum electrical
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Figure 5: a) Cycle stability testing of the power factor o - a? as a function of the isothermal electrical conductivity o of CC0-30-35-10-SPS
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CCO-30-35-10-O, before and after annealing for 20 h at 1173 K in air. Reflections of BCCO [51] and NCO [52] indicate change in phase

composition.

Table 4: Measured parameters of the four thermoelectric generators (10 p/n couples) CCO-30-35-10-Air/Sn,Al:In,O3, CCO-30-35-10-
Air/Ge,Mn,Zn:In, O3, CCO-30-35-10-SPS/Sn,Al:In,O03 and CCO-30-35-10-950-02/Sn,Al:In,O3: hot-side temperature T, temperature differ-
ence AT, TEG resistance Rtgg., open-circuit voltage Uoc, electrical short-circuit current /4,sc, voltage at maximum power output U (Pe| TEG,max)»
electrical current at maximum power output /q (Pel,TEG,max)» Mmaximum electrical power output Pej TEG,max. €lectrical power density wey and tem-
perature difference dependent electrical power density we/(AT)?, both calculated from the active area of 0.2 cm?".

generator Thot AT R1EG Uoc Iq,SC U (Pel,max) Iq (Pel,max) Pel,max Wel ‘Uel/(AT)z

p/n /K /K /Q /mV  /mA /mV /mA /mW  /mW.-cm™2  JuW -cm™2 K72
1173 250 6.13 782 1275 387.7 54.2 25.0 125.0 2.00
1123 255 617 735 119.0 364.0 60.0 21.8 109.0 1.68
p-CCO-30-35-10-Air/ 1073 254  6.12 688 1125 341.6 57.1 19.4 97.0 1.50
n-Sn,Al:In; O3 1023 249 614 648 1056 317.4 53.8 17.1 85.5 1.38
973 243 612 591  96.5 280.5 51.0 14.4 72.0 1.22
1173 280 9.69 940 97.0 468.2 48.8 229 114.5 1.46
1123 278 117 938 802 467.1 40.6 18.9 94.5 1.22
p-CCO-30-35-10-Air/ 1073 277 138 902 653 450.6 32.9 14.7 73.5 0.96
n-Ge,Mn,Zn:In, O3 1023 271 16.03 853 532 420.9 27.2 11.4 57.0 0.78
973 269 1876 801 427 397.4 21.5 8.6 43.0 0.59
1073 251 372 382 1026 191.5 51.4 9.8 49.0 0.78
p-CCO-30-35-10-SPS/ 1023 255 3.63 341  93.8 174.7 473 8.2 41.0 0.63
n-Sn,Al:In, O3 973 240 368 323 876 160.3 44.1 7.1 35.5 0.62
1073 258 497 672 1352 331.9 68.1 227 1135 1.70
p-CCO-30-35-10-O/ 1023 257 494 610 1234 304.0 61.8 18.8 94.0 1.42
n-Sn,Al:In; O3 973 252 494 557 1127 277.1 56.8 15.7 78.5 1.19
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Figure 6: Characteristics of TEGs as a function of the electrical current /4. Electrical voltage U (linear curves) and electrical power output Pe;
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were calculated from the active area of 10 p/n couples. Generators in ¢ and d measured until 1073 K due to limited thermal stability, shown in

Figure 5.

power output and electrical power density of 25 mW,
125 mW-cm? and 22.8 mW, 114.5 mW-cm2, from 250
and 280 K temperature difference, respectively. The re-
sults of the CCO-30-35-10-SPS/Sn,Al:In,O3 generator
remain unclear. From its thermoelectric power factor
and electrical conductivity, shown in the loffe plot of
Figure 4b, a higher electrical power output is expected.
Possible explanations for this behavior could be side
reactions of the p-type material with the Au-solder or
an overheating of the p-type material during Au-paste
solidification in the furnace. This overheating could
have led to a change of phase composition, revealed
in Figure 5b,c, and accordingly to decreased values in
the Ioffe plot of Figure 5a. However, combinations of
CCO-30-35-10-Air and CCO-30-35-10-O, with differ-
ent n-type materials have much higher electrical power
outputs and electrical power densities and seem to be
more appropriate for thermoelectric energy conversion
at high temperatures in air from infinite heat sources.

3.6. Comparison and evaluation

A comparison with other generators published in lit-
erature is difficult due to different applied hot-side tem-
peratures, temperature differences AT and dimensions
of used p- and n-type legs. However the calculated elec-
trical power density w, of different generators can be
compared. In this work, values of reported power den-
sity are much higher than previously reported values
of 2.1, 85, and 45.3 mW-cm™ [56, 57, 58] with much
higher applied temperature differences. If the electri-
cal power density is further standardized by dividing
it with the applied temperature difference to the square
(AT)?, we obtain a generator specific value of 1.7 (this
work) and 0.005, 0.09, 0.18 uW - cm™ - K2 [56, 57, 58],
which can be used to compare different generators by
considering all variables, shown in Table 4. This im-
provement is attributed to the improved thermoelectric
power factor and electrical conductivity, revealed in Fig-
ure 4b, of CCO-NCO-BCCO nanocomposites, sintered
under air and O,-atmosphere. Thereby, the combina-
tion of high power materials delivered the highest elec-



trical power outputs and electrical power density. The
main area of application of thermoelectric oxides is en-
ergy conversion at high temperatures in air from infinite
heat sources. For this application scenario, a maximized
thermoelectric power factor of p- and n-type materials is
much more important, than to tune the z7" value [43].

4. Conclusions

A processing via O,-sintering seems to be more
promising to densify a p-type composite material than
to use fast, expensive and partial reducing techniques
like HP or SPS. Since the benefits of oxides are ther-
mal and chemical stability at high temperatures, also
long-term annealing is advantageous for their stability
in air. Furthermore, the power factor as a function of
the electrical conductivity in the Ioffe plot is more suit-
able than the z7 value, to estimate the applicability of
thermoelectric materials for energy conversion at high
temperatures from infinite heat sources. The two cases
of limited, or infinite heat sources should be evaluated
separately, depending on the area of application. Con-
cerning achievable figure-of-merits z7, oxides can not
compete with other material classes, hence focus should
be on enhancing the thermoelectric power factor. The
power generation of oxide-based thermoelectric gener-
ators at high-temperatures from infinite heat sources can
be maximized by designing high power materials.
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