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Thermoelectric Properties of Ca3Co4O9 Using Microwave Synthesis and Sintering
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Ca3Co4O9 powders and ceramics were synthesized and sintered using microwave-assisted 
heating method.Another batch of powders was calcined by the conventional heating method and 
this powder was used to produce ceramics sintered by microwave sintering aiming to compare with 
those prepared by microwave method. The formation of the phases based on calcination method and 
time was assessed by X-ray diffractometry. The synthesis and sintering methods affected various 
properties of the ceramics, including grain size, density, phase amount, Seebeck coefficient, thermal 
conductivity and electrical conductivity. Microwave heating method reduced the time required for 
the powder synthesis and sintering of ceramics. Ceramics produced using powder obtained by the 
conventional method presented Figure of Merit (ZT) values of approximately 0.04. However, these 
values were reduced for the ceramics produced by microwave heating reaching a value of about 0.02. 
The evaluation of the thermoelectric properties of the Ca3Co4O9 ceramics suggests that the main issue 
to enhance the Figure of Merit of the CCO ceramics is related to density and Ca3Co4O9 phase amount 
present in the ceramics.
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1. Introduction
Thermoelectric materials have gained attention as a 

promising alternative method to produce electrical energy 
from harvested waste heat from thermal systems. The 
thermoelectric conversion of these materials depends on 
the Seebeck effect, and its efficiency is estimated using the 
Figure of Merit (ZT), expressed as ZT = S2σT/κ, where 
σ represents electrical conductivity, S is the Seebeck 
coefficient, κ is the thermal conductivity, and T is absolute 
temperature1. From combination of high Seebeck coefficient, 
electrical conductivity and low thermal conductivity values, 
ZT values can be significatively expressive resulting in higher 
thermoelectric conversion efficiency2.

Ca3Co4O9 (CCO) ceramics have attracted significant 
research interest3, mainly due to their high chemical resistance 
and thermal stability at high temperatures4. Moreover, 
CCO ceramics are environmentally friendly, involving low 
temperatures for its production, and exhibit no toxicity5, 
making this cobaltite oxide a significant alternative for 
thermoelectric applications6. The layered structure of Ca3Co4O9 
consists of a conductive layer, CoO2

2+, and an insulator layer, 
Ca2CoO3

2-. The crystal structure of Ca3Co4O9 possesses a 
p-type semiconducting behavior, occuring as the function 
of changing from Co3+ to Co4+ in the CoO2

2+ layer7.
According to the research reported by Annamalai et al.8, 

most of the studies of calcium cobaltite are focused on 
the conventional sintering method, the solid-state, and 
the sol-gel reaction sintering process, which are effective 

methods to obtain Ca3Co4O9 ceramics. However, according 
to Miyazawa et al.9, there is a lack of systematic studies 
of the microwave method used to synthesize and sinter 
calcium cobaltite.

The microwave-assisted heating method is selectivity 
in energy transfer, promoting higher heating rates, 
contributing to a very short time for the reactions and 
sintering, favoring reaction yields and structural uniformity 
of products, and fast densification resulting from the 
enhancement of diffusion processes9. During the incidence 
of the microwave radiation in the material, an intense 
electromagnetic field concentrates around the sample10, 
interacting with the surface ions, promoting an effective 
ionization of the particles and rising the ions’ diffusion11. 
Considering that the microwave heating method is based 
on the absorption of this electromagnetic radiation, it can 
promote an acceleration of the synthesis and densification 
of this material. Therefore, this method presents many 
advantages compared to those based on conventional, such 
as higher energy efficiency, higher post-sintering density, 
and lower sintering temperatures12, making it a suitable 
alternative for processing thermoelectric ceramics.

This work is focused on obtaining Ca3Co4O9 ceramics prepared 
from powder calcined and sintered using microwave-assisted 
heating method. The aim is to investigate the influence of this 
method on synthesis, densification, microstructure evolution, 
electrical, thermal, and thermoelectric properties of these 
ceramics and compare its properties to those prepared from 
powder calcined by the conventional resistive method.*e-mail: thomazini@unifei.edu.br
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2. Experimental Procedure
Initially, the raw precursors, CaCO3 (Sigma-Aldrich, 

99.0%) and Co(NO3).6H2O (Sigma-Aldrich, 95.0%), were 
mixed in a 3:4 stoichiometric ratios, respectively, to produce 
the Ca3Co4O9 (CCO) powders. The reagents were mixed 
and stirred magnetically in an open beaker with reverse 
osmosis water for 60 minutes and subsequently dried in 
atmospheric air for 24 h at 70 °C. The dried mixture powder 
was deagglomerated and sieved through #320, and divided in 
quotas to be calcinated by two routes: one by microwave-assisted 
heating method (MW) using a modified domestic microwave 
furnace with SiC as a microwave susceptor, and the other by 
conventional resistive heating, or conventional calcination 
process, named solid-state reaction (SSR).

The conventional calcination process was carried out 
in a conventional electrical furnace for 120  minutes at 
900 °C (CCO120SSR) with a heating rate of 10 °C/min in 
atmospheric air, based on a previous study5. Then, samples 
of the calcined powder were uniaxially pressed in a metallic 
mold applying 350 MPa at room temperature into discs with 
a diameter of 12 mm and a thickness of 1 mm. After, the 
samples were sintered in a microwave furnace at 900 ºC 
for 30  minutes (CCO120SSR-30MW) and 60  minutes 
(CCO120SSR-60MW), both at 250 ºC/min. The sintering 
process was performed in atmospheric air.

In the microwave-assisted calcination route, the mixture 
powder were heated in a microwave furnace at 900 °C for 15 min 
(CCO15MW), 30 min (CCO30MW), and 60 min (CCO60MW) 
in atmospheric air. Then, the calcined powders were uniaxially 
pressed at 350 MPa into discs shape with a diameter of 12 mm 
and a thickness of 1 mm. The samples were sintered in the 
microwave furnace at 900 °C for 30 min (CCO60MW-30MW) 
and 60 min (CCO60MW-60MW). The heating rate in this route 
was maintained at 250 ºC/min in atmospheric air.

Relative densities were calculated based on Archimedes’ 
principle using water as a fluid and adopting the value of 
4.67 g/cm3 as theoretical density for Ca3Co4O9. The crystalline 
phases of calcined powders and ceramics were identified 
through X-ray diffraction analysis (XRD – Shimadzu 6000) 
with Cu-Kα radiation (λ = 1.5405 Å), an integration time of 
0.5 s, and a step size of 0.02 °. High Score Plus software and 
ICDD with PDF-4 library and COD databases were used 
to confirm the crystalline phases, and the Rietveld method 
was used for semi-quantification of phases. All fitted XRD 
patterns had Rfactors (Rexp, Rp, and Rwp) of less than 10%.

The ceramic densities (ρ) were calculated by the ratio 
between its mass and volume. The theoretical density of each 
sample was determined by applying the rule of mixtures, 
which considers the crystalline phase amount and density 
of each phase. For Ca3Co4O9

13, Ca3Co2O6 and Co3O4 phases, 
densities of 4.67 g/cm3, 4.50 g/cm3 [ICOD #021-0138], and 
6.05 g/cm3 [ICOD #042-1467], respectively, were adopted. 
These values were used to calculate ρrelative. The volumetric 
apparent open porosity of the ceramics was calculated using 
the equation %Po = 100%*(Mw-Md)/(Mw-Mi), where Mw, 
Md, and Mi represent the wet, dry and immersed mass of the 
ceramic bodies, respectively. Archimedes’ principle using 
water as a fluid was used to measure Mi. Close porosity was 
calculated from %Pc = %Pt - %Po, where the total porosity 
of the ceramics was obtained from %Pt = 100% – ρrelative.

Images of the calcined powders and ceramic surfaces 
were examined using scanning electron microscopy 
(SEM – Phenom ProX) using a BSE detector. The average 
size and standard deviation of 100 powder particles and 
100 ceramics grains, respectively, were measured using ImageJ 
software14 based on the SEM images. To visualize the SEM 
images of the powders, they were dispersed in isopropanol 
with the aid of ultrasound and deposited on the sample holder.

The thermal conductivities (κ) (Netzsch LFA-457) of 
the ceramics were measured in the range of 50 to 600 °C 
under a nitrogen atmosphere to protect the graphite coating 
on samples. The 4-probe DC electrical conductivity (σ) and 
Seebeck coefficient (S) measurements (SB-01, WT Industria) 
were conducted from 50 °C to 600 °C at a heating rate of 
1 °C/min in atmospheric air.

3. Results and Discussion
Figure  1a shows the X-ray diffractions patterns, and 

Figure 1b the semi-quantification of the crystalline phase 
present in the conventional and the microwave calcined 
powders. The presence of crystalline phases for Ca3Co4O9 
[ICOD #21-0139] is noticed, followed by the formation of 
secondary phases such as Ca3Co2O6 [ICOD #021-0138] 
and Co3O4 [ICOD #042-1467]. The formation of Ca3Co2O6 
and Co3O4 phases can occur due to the poor oxygen 
atmosphere at high temperatures15, which is evidenced by 
presence of some peaks related to these secondary phases. 

Figure 1. (a) XRD patterns of CCO15MW, CCO30MW, CCO60MW, 
and CCO120SSR-30MW Ca3Co4O9 powders. (b) – Powders’ 
semi-quantification by using Rietveld refinement.
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XRD patterns for microwave-calcined powders revealed 
that even with only 15 minutes, it was able to consolidate 
about 23% of the Ca3Co4O9 phase. Diffraction peaks at 
8.18o, 16.43o, and 33.33o are evident from the Ca3Co4O9 
phase, but secondary phases also are present, which can 
be attributed to the shorter hold durations for calcination 
and restricted oxygen atmosphere. After 60 minutes of 
calcination, about 44% of the Ca3Co4O9 phase was obtained, 
but for 120 minutes in conventional calcination, 53% of the 
Ca3Co4O9 phase was produced. Considering powder calcined 
in microwave process, all XRD patterns indicate the Co3O4 
phase as the main compound, followed by Ca3Co4O9, and 
then Ca3Co2O6 phases, but all of them became less evident 
with sintering time. Observing Figure 1b, the amount of 
Co3O4 and Ca3Co2O6 phases decreases with increasing 
calcination time, while the amount of the Ca3Co4O9 phase 
increases. Additionally, comparing the values of the main 
phase obtained for the CCO60MW and CCO120SSR, the 
former presented a very expressive result, considering that 
one hour less calcination was spent.

Figure  2a presents the XRD patterns for ceramics 
sintered using microwave irradiation. Ca3Co4O9 peaks can 
be observed, which may be related to the promising values of 
the thermoelectric properties obtained through this method. 
Moreover, the CCO60MW-60MW sample exhibits the 
highest amount of the CCO phase. These results are relevant 
to enhancing the thermoelectric properties; thus, reducing 
the amount of Co3O4 and Ca3Co2O6 induces an increase in 
the thermoelectric properties of the sintered ceramics16. 
Ca3Co4O9 ceramics obtained through the conventional 
method at 800 oC17, 850 oC16, or 920 oC18, also presented 
secondary phases, such as Ca3Co2O6 and Co3O4, mainly due 
to oxygen deficiency, as previously discussed. Additionally, 
semi-quantification results of CCO ceramics are indicated in 
Figure 2b. The CCO60MW-60MW ceramic, starting from 
the powder with 44% of the Ca3Co4O9 phase, exhibited the 
most effective result in terms of the main phase (Ca3Co4O9), 
achieving about 82% of its composition. On the other hand, 
the CCO120SSR-60MW ceramic presented about 78% of the 
Ca3Co4O9 phase, even starting from the powder containing 
53% of this phase. So, the microwave calcination was able 
to significantly increase the amount of Ca3Co4O9 phase in the 
CCO powder and also subsequently in the sintered ceramics.

Figure 3 displays the SEM micrographs of the CCO 
powders and ceramics, namely CCO120SSR (Figure 3a), 

CCO60MW (Figure 3b), CCO120SSR-30MW (Figure 3c), 
CCO120SSR-60MW (Figure 3d), CCO60MW-30MW (Figure 3e), 
and CCO60MW-60MW (Figure 3f). The CCO60MW powder 
exhibited particles with more uniform distribution and lower 
particle coarsening compared to the CCO120SSR powder, 
as the ions’ diffusivity was promoted by the surrounded 
electromagnetic field from microwave radiation11. The particle 
size of the powders, grain size, and relative densities of the 
ceramics are presented in Table 1, revealing the influence 
of the different methods used to produce the CCO ceramics. 

Figure 2. (a) XRD patterns of CCO60MW-30MW, CCO60MW-60MW, 
CCO120SSR-30MW and CCO120SSR-60MW ceramics. (b) Ceramics’ 
semi-quantification by using Rietveld refinement.

Table 1. Average particle and grain size, absolute (ρ) and relative density (ρrelative), apparent open (%Po) and close (%Pc) porosity of the samples.

Sample Particle/Grain Size (μm) ρ(g/cm3) [ρrelative(%)] %Po (%) %Pc (%)

CCO15MW 1.09 ± 0.32 - -

CCO30MW 1.04 ± 0.33 - -

CCO60MW 0.95 ± 0.39 - -

CCO120SSR 1.06 ± 0.41 - -

CCO120SSR-30MW 1.06 ± 0.35 2.83 [56.4%] 43.4 0.2

CCO120SSR-60MW 1.15 ± 0.33 2.67 [53.8%] 43.1 3.1

CCO60MW-30MW 1.09 ± 0.28 2.06 [37.8%] 47.6 14.6

CCO60MW-60MW 1.13 ± 0.42 2.10 [43.0%] 45.8 11.2
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Figure 3. SEM images of Ca3Co4O9 samples: (a) CCO120SSR, (b) CCO60MW, (c) CCO120SSR-30MW, (d) CCO120SSR-60MW, 
(e) CCO60MW-30MW and (f) CCO60MW-60MW.
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As expected, a separately analysis of both groups of ceramics, 
one produced by conventional calcination process (CCO120SSR) 
and the other using microwave calcination process (CCO60MW), 
showed grain growth. to CCO120SSR-60MW ceramic 
(1.15 ± 0.33 μm) presenting a slightly higher average grain 
size than CCO120SSR-30MW (1.06 ± 0.35 μm), despite the 
deviation. The same behavior can be observed in the ceramic 
produced from the group calcined using microwave irradiation, 
with CCO60MW-30MW showing 1.09 ± 0.28 μm, while 
CCO60MW-60MW presented values about 1.13 ± 0.42 μm. 
However, a comparison of both groups showed that sintering 
holding time caused a small increase in the average grain 
size. CCO120SSR-30MW ceramic did not have a significant 
increase in its average grain size, while CCO120SSR-60MW 
obtained an increase compared to the initial particle size, thus 
reinforcing the microstructural effects of using microwave 
sintering. Moreover, the temperature and time of sintering 
are significant factors for the microstructure, as reported 
in the literature5,19,20. CCO ceramics produced by different 
methods result in ceramics with higher grain size than the 
microwave sintering. Ceramics obtained by solid-state 
reaction5, sintered by 6 h, presented grain size of 1.39 μm 
and 58% of relative density, while ceramics produced by 
chemical route15, sintered by 12 h, reached a grain size of 
1.21 μm and a relative density of 66%. In both cases, even 
with longer holding sintering time, it was not effective to 
enhance the density or grain size of those ceramics. The 
higher porosity presented by CCO60MW-30MW ceramic 
indicates lower densification when compared to the other 
sintered samples (CCO60MW-60MW). CCO ceramics 
are well-known to present low densification due to their 
particles and grain morphology. A similar effect can also 
be observed in microwave-sintered ceramics. Moreover, 
evaluating the porosity of the ceramics, those produced from 
SSR powder predominantly presents open porosity, while 
ceramics obtained from MW powder present from 75.5 to 
80.0% of open porosity relative to total porosity. The main 
difference between both powders is the amount of phases. 
CCO60MW powder present higher Co3O4 amount, phase 
which present high microwave radiation absorption21, and 
melting temperature of 895 oC22, close to sintering temperature, 
so, these issues may favor the liquid phase formation that 
favor to close porosity.

Figure 4 presents the temperature dependence of the electrical 
conductivity (σ) of the ceramics exhibiting semiconducting 
behavior23. The behavior of σ for SSR ceramics was similar, 
with CCO120SSR-60MW ceramic presenting slightly higher 
values at 2018 S/m, while CCO120SSR-30MW presented 
1895 S/m, both at 600 oC. These values are similar to those 
obtained using conventional methods5,24. These results can be 
attributed to the larger grain size, which presents lower grain 
boundaries that act as scattering centers to charge carriers 
due to the higher sintering time, favoring the electrical 
conductivity15. The lowest electrical conductivity value 
of 767 S/m was obtained for CCO60MW-30MW ceramic 
calcined by microwave irradiation, which contained smaller 
amounts of the main thermoelectric Ca3Co4O9 phase, as 
shown in Figure 2b. Although both CCO120SSR-60MW 
and CCO60MW-60MW ceramics have similar grain size 
and CCO phase amount, the latter’s electrical conductivity 
is almost half, and its relative density is the smaller. 

The porosity effect can contribute to scattering the charge 
carriers at grain boundaries25 and negatively interfere on 
σ values, making it the main issue in reducing the electrical 
conductivity of the CCO60MW-60MW ceramic.

Figure  5 illustrates the electronic (κe) and lattice 
contributions (κlattice) to the thermal conductivity of the 
sintered ceramics between 50-600 °C. The electronic thermal 
conductivity (κe), which is attributed to the electronic 
contribution, can be associated with electrical conductivity 
by Wiedemann−Franz law26, which states that κe = L x σ x T, 
where L is the Lorenz Number (1.84x10-8 WΩK-1) for a 
non-degenerate semiconductor based on the Seebeck values27. 
The κlattice can be estimated as the difference between total 
κ and the electronic component, κlattice = κ - κe. Note that as 
T increases, thermal conductivity decreases, thus the κlattice 
contribution in Ca3Co4O9 materials is more dominant than 
the κe contribution4, as expected for semiconducting oxide 
ceramics28. The lowest κ values at 600 °C were observed 
in the CCO60MW-30MW and CCO60MW-60MW 
ceramics, at 0.713 and 0.768  W/mK, respectively. 

Figure 4. Temperature dependence on electrical conductivity (σ) 
of the ceramics.

Figure 5. Temperature dependence on lattice and electronic thermal 
conductivity of the ceramics.
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The highest κ values were produced by CCO120SSR-60MW, 
at 0.815 and CCO120SSR-30MW ceramics, at 0.801 W/mK, 
both at 600 °C. Ceramics calcined using microwave heating 
showed slightly lower κlattice values compared to ceramics 
calcined produced from the conventional process. This 
behavior could be explained by an increasing in the amount 
of interface phonon scattering at grain boundaries, reducing 
the phonon mean free path and hence, decreasing κlattice

25. 
Additionally, CCO60MW-60MW and CCO60MW-30MW 
ceramics exhibit the highest porosity, 45.8 and 47.6%, 
respectively, which reduced the mean free path of some 
phonon modes and contributed to a significant decrement 
in the κ values29.

The temperature dependence on the Seebeck coefficient 
of all the ceramics is displayed in Figure 6. The results show 
a positive Seebeck coefficient for the ceramics, indicating 
that Ca3Co4O9 is a p-type semiconductor, which is consistent 
with the literature30,31. The cobaltite structures contain CoO2

2+ 
planes, which provide a path for p-type electronic conduction 
and are separated by a Ca2CoO3

2- layer, leading to the formation 
of a rock-salt type structure32. This structure contributes to 
interesting values of the Seebeck coefficient. All the samples 
exhibit the same trend for the Seebeck coefficient values, 
which increase with the temperature. The highest Seebeck 
values were obtained for the ceramics CCO120SSR-30MW 
with 139.8 uV/K and CCO60MW-60MW with 138.1 uV/K, 
both at 600 °C. The lowest value was 120.9 uV/K at 600 °C 
for the CCO60MW-30MW, and this behavior can be due to 
the moderate quantification of the major phase in the ceramic, 
evidenced by the Co3O4 phase, which tends to decompose 
and favor the formation of the Ca3Co4O9. Furthermore, no 
significant variation was observed as the temperature increased 
and is following the results reported by Annamalai et al.8. 
So, in this case, it would be noted the Seebeck coefficient 
is insensitive to both sintering methods used in the present 
study. The literature review supports our results that the 
Seebeck coefficient is insensitive to the sintering technique, 
temperature, and bulk density33. CCO ceramics processed by 
conventional sintering, Spark Plasma Sintering reported nearly 
the same values of Seebeck coefficient with a maximum value 
of 170 μV/K at 527 °C34.

Figure 7 displays the influence of process parameters on the 
average grain size, density, and the thermoelectric properties 
of the Ca3Co4O9-based ceramics at 600 °C. It is clear that these 
properties are affected by the processing. Ceramics with larger 
grain sizes have smaller areas of grain boundaries, hence reducing 
phonon scattering in the grain boundary interface, contributing 
to the enhanced thermal conductivity of the material, as observed 
for the CCO120SSR-60MW ceramic25. It is noted that the relative 
density slight increases and the apparent porosity decreases 
with sintering time. Therefore, the ceramic with the highest 
relative density value is the CCO120SSR-30MW, presenting 
56.4%. As expected, increasing the sintering temperature results 
in increased densification and stabilized porosity of the CCO 
ceramics. However, ceramics did not enhance density values, 
analogous to other studies related to microwave sintering. 
Miyazawa et al.9 obtained CCO ceramics with 81% relative 
density using microwave sintering. Annamalai et al.8 reported 
about 96% of relative density for samples obtained by microwave 
reactive sintering. Both used heating rates lower than 100 ºC/min, 
which is lower than that used in this study (250  ºC/min). 

Figure 6. Temperature dependence on Seebeck coefficient (S) of 
the ceramics.

Figure 7. Influence of grain size on the thermoelectric properties 
of Ca3Co4O9 ceramics at 600 °C.

Figure 8. ZT values at different temperatures of Ca3Co4O9 ceramics.

Even in literature, the microwave sintering approach is used 
to produce other ceramics as ferrites11, with a high heating rate 
and this parameter also depends on the sample mass. These 
results suggest a dependence of rate heating of microwave 
sintering encouraging future studies. The enhancement of the 
σ in the CCO60MW-60MW is mainly due to the Ca3Co4O9 
phase being strongly consolidated and the decrement in the 
Co3O4 formation, as shown by XRD results.

Figure  8 display the temperature dependence of ZT 
values for the ceramics obtained at different parameters. 
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The highest value was obtained in to ceramics produced in 
conventional calcination. This lowest value was obtained due 
to the higher porosity attributed to the sample, hence the σ is 
reduced, as discussed above. The ceramic powders calcined 
in the conventional furnace produced ceramics with similar 
ZT values, CCO120SSR-30MW and CCO120SSR-60MW 
with 0.037 and 0.040, respectively, which can be due to 
their similar density values, which is following with the 
literature5,8,24. The increase in the electrical conductivity 
of conventional calcined powder significantly increased 
the ZT values. The grain size barely changed between the 
ceramics, but the increase in the CCO phase amount aided 
by density could enhance the ZT values of these ceramics.

4. Conclusion
Microwave-assisted heating was used to calcination and 

sintering to produce Ca3Co4O9 ceramics. The results showed 
that microwave calcination was able to significantly increase 
the amount of the Ca3Co4O9 phase in the CCO powder and 
subsequently in the sintered ceramics. The XRD patterns 
revealed the presence of crystalline phases for Ca3Co4O9, 
followed by the formations of secondary phases as Ca3Co2O6 
and Co3O4. The SEM micrographs of the CCO powders and 
ceramics showed that the CCO60MW powder exhibited 
particles with a more uniform distribution and lower 
particle coarsening compared to the CCO120SSR powder. 
Ceramics produced by conventional calcination were found 
to have higher densification and Ca3Co4O9 phase amount 
than samples produced by microwave heating. Overall, the 
study demonstrated the potential of microwave calcination 
for the synthesis of Ca3Co4O9 ceramics with improved 
thermoelectric properties.
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