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Abstract
Ceramic composites composed of oxide materials have been synthesized by reaction sintering of  Ca3Co4O9 with BiCuSeO 
nanosheets. In situ x-ray diffraction and thermogravimetric analyses of the compound powders were conducted to understand 
the phase transformations during heating up to 1173 K. Further thermogravimetric analyses investigated the thermal stability 
of the composites and the completion of reaction sintering. The microstructure of the formed phases after reaction sinter-
ing and the composition of the composites were investigated for varying mixtures. Depending on the amount of BiCuSeO  
used, the phases present and their composition differed, having a significant impact on the thermoelectric properties. The 
increase of the electrical conductivity at a simultaneously high Seebeck coefficient resulted in a large power factor of  
5.4 �W  cm−1  K−2, more than twice that of pristine  Ca3Co4O9.
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Introduction

Thermoelectric Principles

Thermoelectricity is the conversion of thermal energy into 
electrical energy and vice versa. As one method of energy 
harvesting, the thermoelectric effect can help in the face 
of limited resources and a growing need for sustainable 
energy. To utilize thermoelectricity to a greater extent, fur-
ther improvements regarding the power output and conver-
sion efficiency of thermoelectric materials are necessary. 
The basic principles of thermoelectric energy conversion in 
a material are described by the transport equation in Eq. 1.1–3

This integral form of the transport equation includes the 
coupling of the electrical charge Iq and entropy IS currents 
of a material with a cross-sectional area A and a length L. 
A thermally induced electrical current emerges due to the 
electrical potential difference �� and the temperature differ-
ence �T . The magnitude of the electrical current depends on 
three material parameters, viz. the electrical conductivity � , 
the Seebeck coefficient � , and the electrically open-circuited 
entropy conductivity ΛOC . All three parameters as well as 
their relationship with the heat conductivity �OC appear in 
Eq. 2, which defines the figure of merit f 3,4 or zT.3,5

The figure of merit of a thermoelectric material reflects the 
maximum energy conversion efficiency, while the power fac-
tor PF = � ⋅ �2 dominates the maximum electrical power 
output.6 Especially for high-temperature applications, where 
the provided heat is abundant, the power factor is at least 
equally important as the figure of merit.7
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Thermoelectric Materials

Many different material classes compete with or com-
plement each other in thermoelectrics. Tellurides,8 skut-
terudites,9 half-Heusler compounds,10 Zintl phases,11 
 polymers12 as well as  oxides13 are among the most promi-
nent ones. This work focuses on oxides and oxyselenides 
as components for thermoelectric composites. The greatest 
advantage of oxides in comparison with most other materi-
als is their high thermal stability in air, which is important 
for actual applications.6 Within the class of p-type oxides, 
 Ca3Co4O9 (CCO) is nearly uncontested with respect to 
its thermoelectric performance. Its thermal stability up to 
1220 K in  air14 allows applications at high temperature, 
and its thermoelectric properties originate from the lay-
ered structure. Two incommensurate subsystems build up 
CCO, one consisting of  CoO2 and one of  Ca2CoO3. The 
 CoO2 unit with a misfit-layered  CdI2 structure type alter-
nates with the  Ca2CoO3 unit with a cutout rocksalt-type 
structure.15 The incommensurate structure results from the 
same a but distinct b parameters of the two subsystems 
being stacked along the shared c-axis.16 As a result of the 
layered structure, anisotropic transport properties with 
favorable thermoelectric characteristics within the a–b-
plane emerge.17,18 BiCuSeO (BCSO) on the other hand 
is a layered oxyselenide with limited thermal stability up 
to 573 K in air.19 Its layered structure with alternating 
 Bi2O2 and  Cu2Se2 layers along the c-axis20 also results in 
highly anisotropic transport properties.21 Moreover, the 
anisotropy is even more pronounced in nanosheets because 
of the quantum confinement effect,22 which can improve 
the thermoelectric properties substantially.23 Despite its 
limited oxidation stability, the thermoelectric properties of 
BCSO result in a figure of merit above 1 when doped prop-
erly, mainly owing to a low thermal conductivity.24 Due to 
the oxidation tendency of BCSO, the combination of CCO 
with BCSO at the high sintering temperature of CCO in 
air is expected to result in reaction sintering accompanied 
by phase transformations. These phase transformations 
may result in ceramic composites with enhanced thermo-
electric properties. A selection of other reported materials 
for composite materials based on CCO are silver inclu-
sions,25,26 silver with polymer,27  NaxCoO2,28  NaxCoO2 with 
 Bi2Ca2Co2O9,29  La2NiO4,30  ZrO2

31,  Co3O4,32 or Fe with Ni 
 particles33 to name a few. Generally, the added heteroint-
erfaces in composite systems can lead to a decreased mean 
free path of phonons and hence a reduced thermal conduc-
tivity,34,35 although this depends on the added phases. The 
performance outcome after reaction sintering is difficult to 
predict, and changes of the transport properties in the com-
posites must be related to newly formed phases or altering 
compositions. Therefore, scanning electron microscopy 

(SEM), x-ray diffraction (XRD) analysis, thermogravi-
metric analysis (TGA), transmission electron microscopy 
(TEM), and energy-dispersive x-ray spectroscopy (EDXS) 
were used in this work to understand the changes of the 
CCO-BCSO system during and after sintering.

Experimental Procedures

Chemicals

The chemicals used included calcium cobaltite 
 (Ca3Co4O9, CerPoTech, Norway), bismuth nitrate hydrate 
[Bi(NO3)3⋅x   H2O, Alfa Aesar, 99.999%], selenourea 
[SeC(NH2)2, Alfa Aesar, 99%], copper nitrate hemipen-
tahydrate [Cu(NO3)2⋅2.5H2O, Aldrich Chemistry, ≥99.99%], 
potassium hydroxide (KOH, ≥  85%), sodium hydrox-
ide (NaOH, Carl Roth, ≥ 99%), and ethanol (Carl Roth, 
≥ 99.8%).

Synthesis

CCO and BCSO powders were used to form the ceramic 
composites. Pristine CCO powder was purchased from Cer-
PoTech (Tiller, Norway). Further processing of the CCO 
powder involved grinding in an agate mortar for 15 min 
and uniaxial pressing in a 16-mm die at 250 MPa and room 
temperature. The gained disks were sintered at 1173 K 
for 10 h with a heating rate of 2 K  min−1 and cooling rate 
of 10 K  min−1 under air. The sintered CCO was ground 
again and then ready to form composite mixtures. BCSO 
nanosheets were synthesized hydrothermally according 
to the instructions given by Samanta et al.36 The declared 
amounts of chemicals were added to a large 200-ml Teflon-
lined stainless-steel autoclave. To obtain the composites, 
washed BCSO and presintered CCO were mixed in an agate 
mortar at weight ratios of 5:95, 10:90, 20:80, and 30:70 for 
15 min. The pressing and sintering processes were analo-
gous to those described for pristine CCO.

Microstructure Analysis

Identification of phases and their purity was achieved by 
x-ray diffraction (XRD) analysis (Bruker AXS GmbH, 
Bruker D8 Advance) with Cu  Kα radiation. In situ measure-
ments were performed with an equipped heating chamber 
HTK1200N (Anton Paar). The heating and cooling rate as 
well as the total dwell time at 1173 K were programmed to 
be equal to the sintering conditions of the pressed disks. A 
synthetic air gas flow of 50 ml  min−1 was applied. Differ-
ences occurred because of the use of noncompacted powder 
and additional dwell times at lower temperature due to the 
measurement duration. Powder diffraction files from the 
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ICDD database were used to evaluate the measured XRD 
patterns for the following compounds:  Ca3Co4O9 (Miyazaki 
et al.15 and PDF 00-058-0661), CoO (PDF 01-071-1178), 
 Co3O4 (PDF 01-074-1657),  CaCo2O4 (PDF 00-051-1760), 
BiCuSeO (PDF 01-076-6689),  Bi2SeO2 (PDF 01-070-
1549),  Bi2O3 (PDF 01-075-4627), and  Ca3Co2O6 (PDF 
01-089-2466). The four-dimensional superspace group Cm 
(0 1 - p 0) (equivalent to Bm (0 0 � ) was used for CCO in 
accordance with  literature15,37,38 to account for the incom-
mensurate structure. Further analyses were carried out 
by electron microscopy. Cross-sections were prepared by 
embedding the samples in epoxy resin and applying a mul-
tistep polishing program completed by vibration polishing 
using a 50-nm  Al2O3 suspension. Elemental maps were 
obtained by scanning electron microscopy (SEM, JEOL 
JSM-7610FPlus) at 15 kV with two energy-dispersive x-ray 
spectrometers (EDXS, XFlash 6/60). Further analyses of the 
powders were conducted using a different SEM (JEOL JSM-
6700F) at 2 kV. Scanning transmission electron microscopy 
(STEM, JEOL JEM-2100F-UHR) equipped with EDXS 
(Oxford Instruments, INCA-200 TEM) was used to analyze 
the main phase CCO. High-resolution TEM (HRTEM) and 
selected-area electron diffraction (SAED) were carried out 
at 200 kV. Thermogravimetric characteristics were measured 
with a TGA/DSC3+ from Mettler Toledo at a heating rate 
of 2 K  min−1 and air flow of 20 ml  min−1. The density of 
the sintered disks was determined by using the Archimedes 
method (ISO 5018:1983) with isopropanol as fluid.

Thermoelectric Analysis

The electrical conductivity and Seebeck coefficient were 
measured perpendicular to the pressing direction by cutting 
the sintered disks into bars with length of 10 mm and width 
of 3 mm. The electrical conductivity was measured by the 
four-point probe method at equilibrium conditions within a 
horizontal three-heating-zone tube furnace (Carbolite Gero 
EVZ 12/450B). The Seebeck coefficient was determined by 
using a ProboStat A setup from NorECs with a vertical fur-
nace from Elite Thermal Systems Ltd. at equilibrium condi-
tions. Values were recorded after heating to the maximum 
temperature of 1073 K and cooling in steps of 100 K to room 
temperature with intermediate dwell times to maintain stable 
conditions. The measurement setup included Keithley mul-
timeters and LabVIEW data processing software.

Results and Discussion

CCO and BCSO powders were mixed to obtain the ceramic 
composites. The CCO was presintered and then ground to 
achieve higher crystallinity (compare the XRD and SEM 
measurements in Supplementary Fig. S1) and increased 

density (Fig. S2) in the sintered ceramics with positive 
effects on the electrical conductivity. Only presintered CCO 
powder was used for the composites. BCSO was synthesized 
hydrothermally with minor  Bi2SeO2 impurities, as proven by 
the XRD results in Supplementary Fig. S1a. The crystal hab-
itus of BCSO was examined by SEM, and nanosheets with 
thickness of approximately 50 nm and lateral extension of 
up to 1000 nm were observed (cf. Supplementary Fig. S1b).

As BCSO is not stable at high temperature in air, changes 
in the composition of the sintered CCO-BCSO composites 
were expected. Beginning with the EDXS analysis, the ele-
mental overlay maps in Fig. 1 provide more information on 
the resulting phases. The first difference between the CCO 
and the sample with 10 w.t% BCSO is the crystal growth of 
CCO to large plate-like particles with lateral size of roughly 
10 � m. This effect became even more pronounced with 
increasing BCSO amount and is likely caused by extensive 
restructuring of the CCO. Furthermore, a secondary cobalt 
oxide phase arises with particle size of approximately 1 � m 

Fig. 1  Cross-sectional EDXS elemental overlay maps of CCO and 
composites with 10 wt.%, 20 wt.%, and 30 wt.% BCSO. See Supple-
mentary Figs. S3–S10 for more details.
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for the sample with 10 wt.% BCSO. These cobalt oxide par-
ticles grew to size of up to 20 � m when the amount of BCSO 
was increased to 20 wt.% and 30 wt.%. A third phase of 
 Ca3Co2O6 emerged at 20 wt.% BCSO, which also incorpo-
rated cobalt oxide particles but did not show distinct crystal 
grains, which could indicate amorphous structure. Finally, 
a fourth phase of  Bi2O3 became obvious for the 30 wt.% 
sample, being located between the CCO grains. The phases 
were identified by evaluating the quantitative EDXS results 
in Fig. 2, based on the average value of five particles for each 
phase and mapping. All the cross-sectional EDXS mappings 
performed at various magnifications are shown in Supple-
mentary Fig. S3–S10. Note that no Se was detected in any 
of the composites, indicating evaporation or sublimation of 
a Se species during sintering.

The elemental composition of the CCO shows where Bi 
from the original BCSO remains. However, a doping limit 
seems to be reached at 20 wt.% BCSO as the amount of 
Bi does not increase further for the 30 wt.% sample. This 
explains the occurrence of the  Bi2O3:Co,Ca phase only for 
high amounts of BCSO because excess Bi cannot be incor-
porated into the CCO anymore. The substitution of Co with 
Bi in CCO leads to formation of  Co3O4/CoO:Cu,Ca.  Co3O4 
and cubic CoO are both thermodynamically stable cobalt 
oxides in air at room  temperature39,40 and cannot easily be 
distinguished by EDXS. Both phases can transfer revers-
ibly into each other depending on the oxidation or reduction 
conditions.40 At temperatures above 513 K in air, cubic CoO 
usually transforms rapidly into  Co3O4

39. As the composites 
were sintered for several hours at this temperature in air, one 
can assume that only  Co3O4 will be left. As the sintering 
temperature of 1173 K is slightly above the decomposition 
temperature of 1170 K for  Co3O4 into CoO,41 both oxides 
can be expected in the sintered ceramic. This is proven by 
the XRD patterns of the 20 wt.% and 30 wt.% BCSO sam-
ples shown in Supplementary Fig. S11, which clearly show 

the presence of CoO as well as  Co3O4 within the compos-
ites. Furthermore, the amount of Cu in the cobalt oxides 
clearly increased with the amount of BCSO introduced. As 
only Cu but no Bi was found in the cobalt oxides, initial 
formation of CoO can be concluded based on the oxida-
tion states of the metals, followed by partial oxidation to 
 Co3O4.  Ca3Co2O6 is a typical decomposition product of 
CCO,14 and its composition does not alter with increasing 
amounts of BCSO. Such decomposition could be caused by 
exothermic reactions during sintering, locally increasing the 
temperature above the decomposition temperature of CCO 
when agglomerates of BCSO are present. This is reasonable 
since the sintering temperature of 1173 K is close to the 
decomposition temperature of 1220 K.14 Another explana-
tion is oxidation and decomposition of BCSO during sinter-
ing. The oxygen required for the formation of oxides could 
be derived from CCO, facilitating decomposition of CCO. 
This is especially the case when atmospheric oxygen cannot 
move freely within the compacted disk during sintering. As 
cobalt oxides are also decomposition products of CCO, this 
further explains the growth of these particles for the samples 
with 20 wt.% and 30 wt.% BCSO.

To understand the process during reaction sintering, 
in situ XRD analysis of the powder with 20 wt.% BCSO 
and 80 wt.% CCO was performed in air. The results (Fig. 3) 
show the progression of the phases formed during the 
whole sintering process. Noteworthy changes in reflections 
are highlighted, and the CCO and BCSO reflections are 
indexed at the starting temperature of 303 K. As expected, 
the BCSO decomposes at 573 K, which becomes obvious 
when looking at the vanishing 102 and 200 reflections. With 
the decomposition of BCSO, formation of  Bi2O3 begins, and 
at 773 K, this phase even shows the most intense reflection 
of the composite (see 2� = 27.5◦ ). At 873 K, the bismuth 
oxide also decomposes until it completely disappears at 
1073 K. Another intermediate phase is CuO, which becomes 

Fig. 2  EDXS-based quantification of compounds occurring in pristine CCO and composites with 10 wt.%, 20 wt.%, and 30 wt.% BCSO. Values 
are averages from five different spots within the elemental mappings of Fig. 1.



536 R. Hinterding et al.

1 3

Fig. 3  In  situ powder XRD monitoring of reaction sintering of the 
sample containing 20 wt.% BCSO and 80 wt.% CCO. From top to 
bottom, the temperature increases from room temperature to the max-

imum temperature of 1173 K in steps of 100 K followed by cooling. 
Starting materials CCO and BCSO are indexed, and domains with 
noteworthy alteration are highlighted.



537Reaction Sintering of  Ca3Co4O9 with BiCuSeO Nanosheets for High‑Temperature…

1 3

distinct at 773 K but vanishes at the maximum tempera-
ture of 1173 K. No crystalline selenium phases apart from 
BCSO at the beginning could be detected at any temperature 
step. The diffraction pattern when first reaching 1173 K is 
almost identical to that after the full sintering duration of 
10 h, indicating that the phase transformations were com-
pleted. In the final product after sintering and cooling to 
303 K, mainly reflections of CCO remain, but the intensity 
ratio is shifted in comparison with sintered CCO disks (cf. 
Supplementary Fig. S11). The main reason for this is the 
random orientation of the powder in comparison with the 
preferred orientation after uniaxial pressing. It is also related 
to the growth process of CCO to large plate-like CCO parti-
cles as depicted in the EDXS mappings. The 0040 reflection 
of CCO first diminishes compared with the 0020 reflection 

until a temperature of 773 K is reached. At 873 K, the 0040 
reflection intensifies and becomes the most intense during 
sintering. This indicates massive rearrangement within the 
CCO during the heating process and is related to the inte-
gration of Bi and Cu into the CCO structure. Generally, a 
strong preferred orientation or even texture is beneficial for 
CCO, because of its better thermoelectric properties along 
the a–b-plane.17,18

Further information about the phases present during and 
after sintering was acquired by thermogravimetric analyses 
(Fig. 4a, b). The mass gain at 573 K can be attributed to 
the decomposition temperature of  BCSO19 as confirmed by 
in situ XRD analysis and suggests the formation of oxides. 
The maximum mass occurs at 773 K, where  Bi2O3 is the 
dominant crystalline phase according to the in situ XRD 

Fig. 4  Thermogravimetric analyses of unsintered powders and sin-
tered ceramics of pristine CCO and composites. (a, b) Mass change 
and temperature against the duration of the applied sintering method 

for the compound powders. (c, d) Mass change against the tempera-
ture for the sintered ceramics.
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analysis. The decomposition of  Bi2O3 between 873 K and 
973 K is accompanied by a mass loss of approximately 
1 wt.%. This mass loss is likely related to the incorporation 
of Bi into the CCO structure under release of oxygen. The 
most intense mass loss occurs between 973 K and 1173 K, 
being due to evaporation or sublimation of the Se species. 
As confirmed by the elemental mappings before, no Se 
was present in the sintered ceramics. Therefore, the loss of 
4 wt.% for the sample with 20 wt.% BCSO in Fig. 4b must be 
attributed to a Se species with Cu and Bi still present within 
the composites. Furthermore, CCO shows only a small loss 
of less than 0.5 wt.% in this region, which is an expected 
phenomenon and linked to the variable and temperature-
dependent amount of oxygen within the structure.42 For the 
samples with 5 wt.% to 20 wt.% BCSO, a plateau is reached 
at the sintering temperature of 1173 K, indicating that the 
reactions were completed and a stable composite resulted. 
However, the sample with 30 wt.% BCSO showed steady 
mass gain during the dwell time, indicating that oxygen was 
incorporated. As  Bi2O3 is only found in significant amounts 
in this sample after sintering, the mass gain is likely caused 
by its formation. To prove the stability and decomposition 
temperature of the sintered composites, further thermo-
gravimetric investigations were performed (Fig. 4c, d). Until 
1173 K, only a small loss of up to 1 wt.% occurs for all the 
composites and the CCO, which can be attributed to oxygen 
reordering in CCO. The decomposition of CCO occurs at 
roughly 1223 K, in good agreement with literature data.14 
For the composites, the decomposition temperature range 
widens due to the structural changes of CCO by incorpo-
rating Bi and Cu. Another mass loss is located at 1298 K, 
where  Ca3Co2O6 fully decomposes into calcium oxide and 
cobalt oxide, in agreement with  literature14. The presence 
of both steps in all the composites supports the assumption 
that CCO is still the main phase.

The CCO within the sample with 20 wt.% BCSO was fur-
ther investigated by TEM to verify its crystallinity after the 
growth to large plate-like particles. As shown in Fig. 5, the 
CCO showed high crystallinity as confirmed by the SAED 
results in Fig. 5b. No other phases or different orientations 
were observed for the investigated grain along the [0100] 
zone axis. The pairwise occurrence of reflections close to 
each other can be explained by microtwins, which have been 
observed for CCO previously.30 The high-resolution TEM 
results in Fig. 5c, d clearly show the stacking order along the 
c-axis, while the bright lines are associated with the  CoO2 
layers.43 The dimension of the c-axis at 11.00 Å is slightly 
larger in comparison with the value of 10.84 Å for pure 
CCO,15 which can be attributed to the incorporation of Bi 
into the structure. The ionic radius of  Bi3+ of 103 pm is 
clearly larger than the value of 0.55 pm for  Co3+, thus the 
expansion of the unit cell to some extent seems reasonable 
and further confirms the doping of CCO.

Based on the results of the analyses described so far, the 
outcome of reaction sintering of CCO and BCSO at different 
weight ratios is presented in Fig. 6. During the sintering pro-
cess, the BCSO oxidizes and the Se species leaves the com-
posite. While the CCO restructures and grows, Bi and Cu 
are incorporated and doped CCO results. The substituted Co 
and Ca form doped cobalt oxides with atmospheric oxygen. 
Further reactions occur for the same with 20 wt.% BCSO, 
where the CCO decomposition product  Ca3Co2O6:Bi,Cu 
appears. Finally,  Bi2O3:Co,Ca emerges at 30 wt.% BCSO 
as the solubility limits of Bi are reached within the CCO.

Finally, the thermoelectric properties in terms of the 
electrical conductivity and Seebeck coefficient were meas-
ured and are shown in Fig. 7. The electrical conductivity in 
Fig. 7a increases with the amount of BCSO until reaching 
a maximum of 144 S  cm−1 at 20 wt.% and 1073 K. The 
substantial decrease observed for the 30 wt.% sample is 
likely caused by the more dominant  Bi2O3 phase, which 
even at high temperature has a relatively low electrical 
conductivity below 1 S  cm−1.44 However, small amounts 
of  Bi2O3 between CCO grains have proven to be beneficial 
to the thermoelectric properties by decreasing the grain-
boundary resistivity.45 The noticeable increase in density 
for the 20 wt.% BCSO sample (Supplementary Fig. S2) 
could also be linked to the  Bi2O3 formation during the 
sintering process caused by liquification during sintering 

Fig. 5  Cross-sectional TEM characterization of the 20  wt.% BCSO 
sample. (a) STEM annular dark-field micrograph showing cross-
section of a CCO sheet and the investigated area for SAED. (b) 
SAED pattern of CCO along the [0100] zone axis. Reflections were 
indexed by the four-dimensional superspace group approach.15 (c, d) 
High-resolution TEM showing the stacking order along the crystal-
lographic c-axis and its dimension.
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and reducing the sintering temperature.46 Furthermore, 
the temperature dependence of the electrical conductiv-
ity increases with the amount of BCSO, which is also 
reflected in the Arrhenius plot in Supplementary Fig. S12 
and the corresponding rise of the activation energies. 
The general progression of the Seebeck coefficient with 

temperature is similar for all the investigated composites, 
but increased values can be noted despite the increasing 
electrical conductivity. This can be explained by the dop-
ing of CCO with Bi and Cu, which independently from 
each other have been proven to enhance the Seebeck 
coefficient and even the electrical conductivity.45,47 The 

Fig. 6  Schematic of reaction sintering between CCO and BCSO. Depending on the amount of BCSO added, different phases emerge.
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resulting power factor in Fig. 7c shows an improved value 
of 5.4 �W  cm−1  K−2 for 20 wt.% BCSO in comparison 
with 2.9 �W  cm−1  K−2 for double-sintered CCO and 2.37 �
W  cm−1  K−2 at 1073 K. Hence, the power factor is more 
than doubled. This becomes more obvious in the type I 
Ioffe plot in Fig. 7d. The plot of the power factor against 
the electrical conductivity summarizes the previous dia-
grams in Fig. 7a–c in one diagram. The improved power 
factor can clearly be attributed to the increase of the elec-
trical conductivity as the Seebeck coefficient does not alter 
significantly. As stated by  Narducci7, the power factor is 
an equally important value as the figure of merit zT for 

limitless energy sources, which are more likely to have 
high  temperature6.

Conclusions

Ca3Co4O9 and BiCuSeO were combined for the first time 
to create composites after reaction sintering. Presintering 
of  Ca3Co4O9 before use as a component enabled a higher 
density and increased electrical conductivity. As expected, 
the BCSO did not withstand the high sintering temperature 
of 1173 K in air, but the resulting reactions enabled in situ 

Fig. 7  Thermoelectric properties of sintered CCO and respective 
composites with 5 wt.%, 10 wt.%, 20 wt.%, and 30 wt% BCSO. (a) 
Electrical conductivity with maximum value for 20  wt.% BCSO at 
1073 K. (b) Seebeck coefficient with higher values for all investigated 

composites in comparison with pristine CCO. (c) Power factor with 
maximum values for the 20 wt.% BCSO sample. (d) Type I Ioffe plot 
showing the power factor against electrical conductivity, condensing 
the results of a–c into one clear graph.



541Reaction Sintering of  Ca3Co4O9 with BiCuSeO Nanosheets for High‑Temperature…

1 3

doping of  Ca3Co4O9 with Bi and Cu as well as the forma-
tion of other doped oxide phases. XRD, SEM, EDXS, TGA, 
and TEM analyses revealed the phases in the final ceramic 
composites and possible intermediates during sintering. The 
high-temperature stability of the sintered ceramics was con-
firmed by TGA. Overall, the composites with up to 20 wt.% 
BiCuSeO were superior to pristine  Ca3Co4O9 in terms of 
the thermoelectric power factor. Formation of unfavorable 
 Bi2O3 was observed at a share of 30 wt.% due to the solu-
bility limits in  Ca3Co4O9. The best power factor of 5.4 �
W  cm−1  K−2 was achieved for the 20 wt.% BiCuSeO sample 
at 1073 K because of a substantial increase of the electrical 
conductivity while maintaining a high Seebeck coefficient. 
This resulted in a value more than twice as high as that of 
pristine  Ca3Co4O9 and shows the great potential of these 
composite systems based on more subtle adjustment of the 
weight ratio in the future.
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