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Abstract 

Ca2.93Na0.07Co4Oy/x wt% K2CO3 (x=0.00, 0.01, and 0.03) polycrystalline 

ceramics were prepared by conventional solid-state method. XRD results have 

shown that all samples predominantly include Ca3Co4O9 phase together with 

small amounts of secondary phases. SEM images show that all samples have 

randomly oriented plate-like grains in different sizes. The electrical resistivity 

measurement showed that electrical properties of Ca3Co4O9 ceramics can be 

improved significantly by both, Na doping and K addition at their optimal values. 

The effect of dopants on thermoelectric properties of Ca3Co4O9 was examined 

by both, Seebeck coefficient and power factor, being higher in K-added than in 

the pure samples, indicating that thermoelectric properties of samples are 

positively affected when alkaline elements enter into their structure. 
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1. Introduction 

Many harmful gases such as carbon dioxide and carbon monoxide are released 

to the atmosphere, by the extreme use of fossil fuels to produce energy, 

causing serious deteriorations in the Earth's ecosystems. It is obvious that wind 

and solar energy are reliable sources for clean energy production without the 

release of toxic gases. However, the energy must be used more efficiently to 

decrease global environmental risks, regardless of how it is produced. 

Therefore, thermoelectric (TE) materials, that have the capability of converting 

heat differences directly to electricity, can play a key role in applications for 

higher energy efficiency. On the other hand, the performance of TE materials 

can be evaluated by parameters such as Seebeck coefficient (S), electrical 

resistivity (), phase stability, and thermal conductivity (). Most of these factors 

are included in the so-called Figure-of-Merit, ZT (=S2T/, T is absolute 

temperature). Consequently, it is very important to obtain TE materials with high 

S, and working temperatures, together with low , and  [1]. 

On the other hand, in spite of the relatively low TE performances of oxide 

materials, they can be improved by both doping using appropriate chemical 

elements such as Ag, Eu, Zr, or Ti [1-7] and fabrication methods in their 

preparation, such as hot pressing, spark plasma sintering, or laser floating zone 

[8-12]. It can be generally expected that the partial substitution of cations in 

electroceramic materials such as thermoelectrics and superconductors can 

provide useful changes in the carrier concentration, while optimizations in 

material preparation methods ensure higher grain orientation to provide the 

enhancement of electrical conductivity. Recently, the results of partial 

substitutions in ceramic superconductors using alkali metals, such as Li, Na, 
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and K, have been clearly shown that they lead to more homogeneous structures 

together with larger grain sizes owing to the formation of liquid phases [13-17]. 

Moreover, the eutectic composition of alkaline elements shows that their 

crystallization process begins at lower temperatures than those required for 

crystallization of ceramic materials [18-19]. Thus, when alkaline elements are 

doped into ceramic materials, nucleation and crystal growth can start at lower 

temperatures, leading to the formation of larger grains. Furthermore, co-doping 

works of alkaline elements in ceramic superconductors also showed that they 

had a significant effect on the size of grains [20-23]. Recently, Na doping in 

small amounts in Ca3Co4O9 has shown that Na provides an important increase 

in mean grain sizes, decreasing electrical resistivity [24]. These results have 

encouraged us to further improve TE performances of Ca3Co4O9 system 

through alkaline elements co-doping. The aim of this work is to study the effect 

of constant Na substitution for Ca (Ca2.93Na0.07Co4Oy), with different wt.% 

K2CO3 additions (x=0, 1, 3, and 5), on the structural, microstructural, and 

thermoelectric properties of Ca3Co4O9. 

 

2. Experimental Procedure 

Ca2.93Na0.07Co4Oy/x wt% K2CO3 (x =0, 1, 3, and 5) polycrystalline samples were 

prepared through the conventional solid state reaction method from CaCO3 

(Panreac, 98+%), Na2CO3 (Panreac, 98+%), K2CO3 (Panreac, 98+%), and 

Co3O4 (Panreac, 98+%) powders. They were weighed in the appropriate 

proportions, mixed using an agate mortar and ball milled at 300 rpm for 30 

minutes. After milling, the powders were subjected to a thermal treatment 

consisting in two different steps: 750 0C for 12 h and at 820 0C for 12 h, with an 
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intermediate milling in a ball mill for 2 hours at 300 rpm, in order to produce the 

total carbonates decomposition before the sintering process. The obtained 

homogeneous mixture was then pressed into 13 mm diameter pellets under 375 

MPa applied pressure, followed by a sintering process at 900 0C for 24 h, under 

air, to produce the Ca3Co4O9 phase. 

Samples with x = 0, 1, 3, and 5 wt.% K2CO3 content will hereafter be named A, 

B, C, and D, respectively. 

X-ray powder diffraction analyses were performed in a Rigaku Ultima IV X-Ray 

Diffractometer in the range 2θ = 3-60º to determine the phases present in the 

samples. Lattice parameters have been automatically calculated by the PDXL 

software version 1.6.0.1 with the ICDD version 6.0 database. The surface 

morphologies were performed on representative samples in a Zeiss/Supra 55 

Scanning Electron Microscopy (SEM). Electrical resistivity and Seebeck 

coefficient were simultaneously determined by the standart dc four-probe 

technique in a LSR-3 measurement system (Linseis GmbH), in the steady state 

mode between 50 and 800 oC under He atmosphere. Moreover, with the 

electrical resistivity and thermopower data, the power factor has been 

calculated in order to determine the samples performances. 

 

3. Results and discussion 

Figure 1 shows the powder XRD patterns of Ca2.93Na0.07Co4Oy/x wt% 

K2CO3 (x =0.0 ~ 0.03). The results indicate that all the samples mainly have 

Ca3Co4O9 phase, with minor impurity phases. The intensity of diffraction peaks 

belonging to Ca3Co4O9 phase at 8.22o, 16.48o, 24.84o, and 33.4o for all 

samples is quite high, indicating a good crystalline quality of the Ca3Co4O9 

phases. Moreover, any impurity phase based on element K in sample D was not 
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observed even if it has the highest amount of K, suggesting its incorporation in 

the unit cell of Ca3Co4O9. 

On the other hand, lattice parameters were determined from the XRD diffraction 

data, listed in Table 1, correspond to a monoclinic unit cell. These values are in 

accordance with the literature [25], and the differences between the samples 

can be due to the incorporation of dopants into Ca3Co4O9 crystal structure. 

Moreover, from these graphs it seems evident that increasing the K addition, 

the main secondary phase Ca3Co2O6 is transformed into CaCo2O4. 

Furthermore, grain thickness has been calculated by applying Scherrer 

equation on the peak appearing at 33.32 degrees. The results showed that it 

grows from around 35 nm for samples A, to around 55 nm for samples D. These 

results clearly indicate an important grain growth induced by potassium 

addition. This is due to the formation of a liquid phase (K2CO3) at the sintering 

temperature [26]. 

Figure 2 shows the SEM micrographs of all samples performed on 

fractured surfaces. They have similar grain morphology including the formation 

of plate-like grains even though they are randomly oriented. On the other hand, 

it is obvious that while high porosity is observed in sample A, K addition leads to 

its apparent reduction due to the higher cation diffusion rates induced by the 

liquid phase. Furthermore, grain sizes evaluated using image analysis software 

in several micrographs for each composition have shown that they are 

increased when K is added to the samples, reaching mean values of 1.64, 1.81, 

1.88, and 1.89 m for samples A, B, C, and D respectively. From these data, it 

can be deduced that K addition enhances, in an important manner, grain sizes, 

while the increase of K content only slightly raises them. This is due to the fact 
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that liquid phase increases cations mobility, compared with the typical 

processes without it. 

Figure 3 presents ρ-T curves for all samples. It is worth mentioning that 

polycrystalline thermoelectric materials produced by solid state reaction are 

mainly composed of randomly oriented grains, as observed in Figure 2. The 

resistivity in all samples shows a significant decrease with increasing 

temperatures, exhibiting a semiconducting behaviour. ρ values for all K added 

samples are lower that the obtained in the undoped samples, in agreement with 

their lower porosity as observed in Figure 2. Sample C with 3 wt.% K2CO3 has 

the lowest resistivity values in the whole measured temperature range when 

compared with the other samples. The decrease of ρ depends also on hole 

carrier concentration and mobility [3,27,28], which can be increased in this case 

by doping and a rise in density. The minimum resistivity value at 800 ºC (15 m 

cm) is lower than that measured in classically sintered materials (34-16.5 m 

cm) and similar to those reported for materials prepared through advanced 

techniques (10–12.5 m cm) [26,29-33]. From these data, it is clear that the 

process used in this work is useful to obtain low electrical resistivity materials, 

when compared with those composed of randomly oriented grains, which is 

favourable for increasing power factor [34,35]. Therefore, it is also important to 

improve the electrical properties of Ca3Co4O9 ceramics to enhance their 

thermoelectric performance. 

As it is well known, the temperature dependence of electrical 

conductivity, in the semiconducting zone, is described through the following 

equation: 

.T  exp (-E/kB.T) 
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where E, kB, and T are the activation energy, Boltzmann constant, and absolute 

temperature, respectively. The activation energy values can be obtained as the 

curve fit slope in the log (T) versus 1/T plot below T*, as shown in Figure 4, 

where log (T) versus 1000/T is represented. T* is the temperature where the 

behaviour of the samples changes from semiconducting to metallic. The values 

are around 44, 42, 40, and 46 meV, for samples A, B, C, and, D, respectively. 

These data confirm that K additions do not significantly modify the Ca3Co4O9 

conduction band, in agreement with previous works [30]. On the other hand, in 

the figure it can be seen that the data are higher when K2CO3 is added up to 3 

wt.%, slightly decreasing for further additions. Under the assumption that these 

changes are mainly due to variations on the holes concentration, the estimated 

carrier concentration is increased when K is added to the samples. This fact can 

be explained by a partial substitution of Ca2+ in the structure by K+ cations, 

which decreases the oxidation state of the Rock Salt layer, resulting in a higher 

amount of Co4+ in the conducting layer and increasing the charge carrier 

concentration. 

Figure 5 shows the variation of the Seebeck coefficient with temperature 

for all samples. S values are positive in the whole measured temperature range, 

indicating that holes are responsible for the conduction mechanism. The 

Seebeck coefficient of all samples raises when the temperatures are increased. 

This similar behavior can be expected, since the Ca3Co4O9 phase is the major 

one in all samples, as seen from XRD. Sample C displayed the highest S 

values at temperatures between 50 and 550oC. Even if all S values overlap 

within the temperature range of 550-700oC, sample C maintains its highest S 

values at 800oC. This maximum value at 800 ºC (200 V/K) is in the order of the 
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reported for materials sintered classically, or prepared through alternative 

methods (155-230 μV/K) [26,29-33]. 

The thermoelectric performance of samples, evaluated through their power 

factor (PF=S2/) as a function of temperature, is presented in Figure 6. In the 

graph it can be observed that PF increased with temperature in all cases. 

Moreover, K2CO3 addition significantly increases PF until 3 wt.%, slightly 

reducing it for higher K content. The highest PF at 800ºC has been determined 

in 3 wt.% K2CO3 samples (0.28 mW/K2m), which is in the order of those 

reported for materials sintered classically, or prepared through alternative 

methods (0.14-0.42 mW/K2m) [26,29-33]. 

 

4. Conclusions 

In summary, Ca2.93Na0.07Co4Oy/x wt.% K2CO3 (x =0, 1, 3, and 5) thermoelectric 

ceramics have been successfully fabricated by solid-state reaction method. It 

was found that all K-added samples possess lower  values than the undoped 

ones. Moreover, S values are maximized for 3 wt.% K2CO3 addition, leading to 

high PF values. These measurements clearly indicate that the addition of 

alkaline elements in appropriate proportions into Ca3Co4O9 ceramic provides the 

enhancement of its thermoelectric properties. 
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Table 1. Lattice parameters 
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Figure captions 

 

Fig. 1 Powder XRD patterns of samples A, B, C, and D.  

Fig. 2. SEM micrographs obtained on fractured surfaces of (a) A, (b) B, (c) C 

and (d) D samples 

Fig. 3. Resistivity as a function of temperature curves as a function of K content 

in Ca2.93Na0.07Co4Oy/x wt.% K2CO3 (x =0, 1, 3, and 5) samples. 

Fig. 4. Log (T) vs 1000/T plot for all Ca2.93Na0.07Co4Oy/x wt.% K2CO3 (x =0, 1, 

3, and 5) samples. T* indicates the metallic-to-semiconducting transition 

temperature. The drawn lines are guides for the eyes. 

Fig. 5. Temperature dependence of Seebeck coefficient as a function of K 

content in Ca2.93Na0.07Co4Oy/x wt.% K2CO3 (x =0, 1, 3, and 5) samples. 

Fig. 6. Temperature dependence of the power factor as a function of K content 

in Ca2.93Na0.07Co4Oy/x wt.% K2CO3 (x =0, 1, 3, and 5) samples. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 

 
 

 

 

 

 


