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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.
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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

Different elements like Li, Ce, Sm and Yb next to
Na, Bi and Tb were tested as dopants for CCO. The best
combination was found to be Na, Bi and Tb. Na, Bi
and Tb co-doped CCO powders were synthesized 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. Calcium(II)
nitrate tetrahydrate 99.98 %, cobalt(II) nitrate hexahy-
drate 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 uni-
axially 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
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JEM-2100F-UHR equipped with an Oxford Instruments
INCA 300 (EDXS) for elemental analysis. Elemen-
tal distribution 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 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. Reflections of the
NCO (001-1) and BCCO (0040, 0050) phases can be
found within the nanocomposites, as shown in Fig-
ure 2d-g. Depending on the direction of cold pressing
and cutting of the ceramic green body, different texture
was obtained, as displayed in Figure 2d-f (perpendicu-
lar) 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 reflections 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. The representation of
the elemental Tb content in the SEM mappings was re-
signed due to the homogenous distribution on the mi-
croscale and therefore missing scientific information.
Values of the density of NCO and BCCO are given in
Table 2. Co-doping with Na, Bi and Tb resulted in
a nanocomposite material of CCO, BCCO and NCO
grains with pores in between. Increasing the doping
level of Tb led to the formation of a denser nanocom-
posite, as shown in Figure 3a-f, and subsequently de-
creased porosity, given in Table 2. This porosity has
a strong impact on thermal and electrical conductivity,
because both values are decreasing with increased ther-
mal and electrical contact resistances [33, 34]. The val-
ues of both, thermal and electrical conductivity, are also
influenced by the degree of grain orientation, since the
grains have anisotropic transport characteristics. More-

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 Figure S 2†.

over, the higher the grain orientation, the lower is the
porosity.

The CCO-30-35-10 nanocomposite was further ex-
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,
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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 Figures S 3, 4†). 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 5†. Additional TEM sites are shown in Figures S
6-8†.

Ca, Bi and Tb in the NCO phase, and Na and Tb in
the BCCO phase, respectively. The Tb content was en-
riched in the CCO and BCCO, while decreased in the
NCO phase.

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-
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ing specimen preparation. Analyzes from SEM and
TEM, as shown in Figures 3 and 4, revealed structures
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

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. Uncertainties are indicated by error bars.

inferior stability at temperatures above 963 and 1023 K
in air, respectively, as shown in Figure 5. However, the
incorporation of NCO and BCCO into a stable matrix
like CCO stabilized these materials at high temperatures
(above 963 K, 1023 K) in air. As long as nanocom-
posites are used up to 1073 K, they show good cycle
stability. A different manuscript, which addresses sta-
bility and thermoelectric generators is going to be pub-
lished soon. The generators were annealed at least two
times up to 1073 K and subsequently tested from 973
to 1173 K in air. The results were stable and in ac-
cordance with the thermoelectric properties of the sin-
gle materials. For this reason, the microstructure of the
nanocomposites is assumed to be stable and unchanged.
The behavior of α for all nanocomposites, shown in Fig-
ure 6a, was likewise similar, starting from different val-
ues and increased with temperature, reaching 236 and
250 µV · K-1 at 1073 K for a CCO-30-35-10 nanocom-
posite ceramic perpendicular and parallel to the press-
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ing direction, respectively. The absolute values of σ
for the different materials increased with doping content
of Tb. The simultaneous increases in σ and α indicate
an increased charge carrier density n and carrier mobil-
ity µ in the nanocomposite ceramics. The impact of Bi
on the thermoelectric properties 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.

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 9† 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-
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 ab-
solute values of 1.83, 1.79 and 1.96 W · m-1 · K-1 at
1073 K differed, as shown in Figure 6c. Solely based on
this Figure, the inclusions of NCO and BCCO appear to
enhance the thermal conductivity. However, dense CCO
materials from SPS [49] and HP [50] showed much
higher λ values of 3.0 and 2.8 W · m-1 · K-1 perpen-
dicular to the pressing direction than dense nanocom-
posites presumably would. As a result, different mi-
crostructures, values of density and electrical conductiv-
ity of the pure CCO and CCO-NCO-BCCO nanocom-
posite ceramics make a comparison difficult. 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

8



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.

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
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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-
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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