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Abstract 

 This work reports the microstructural and thermoelectric characterization of the 

misfit [Ca2CoO3-δ]0.62[CoO2] compound obtained by a solid-state synthesis using 

mollusk shells and a proteic sol-gel method, which uses gelatin as a polymerizing agent. 

The results clearly demonstrate the capability of these routes to produce pure Ca3Co4O9 

with plate-like morphology. Sintered ceramic samples show randomly oriented grains 

and relative densities in the range of 63-67%. The obtained microstructures provide 

reasonable electrical properties and result in competitive thermoelectric performance for 

the material prepared by the proteic sol-gel synthesis (P.F. of 205 μW/K
2
 m at 700 ºC). 
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1. Introduction 

 Thermoelectric (TE) materials have a high potential for energy recovery from 

waste heat energy produced from power generation processes [1]. In this context, 

[Ca2CoO3-δ]0.62[CoO2] with a misfit layered structure, also known as Ca3Co4O9 (C349), 

has received special attention as a promising p-type TE material, simultaneously 

possessing a high power factor, low thermal conductivity, remarkable thermal and 

chemical stability at high temperatures, and relatively low associated costs [2–8]. 

Several synthesis techniques to obtain C349 have been investigated: conventional solid-

state reaction method [9–12], sol-gel [6,13,14], co-precipitation [15], molten salt 

method [16], citrate method [17–19], among others. These synthesis routes are followed 

by heat-treatment steps that may negatively affect the phase stability, stoichiometry and 

composition [8], while also resulting in excessive grain growth. Our research group 

have successfully prepared C349 by novel environmentally friendly methods [20,21] 

and further investigated their electrochemical performance as Solid Oxide Fuel Cell 

(SOFC) cathode materials. These methods involved the use of mollusk shell powder in 

a solid-state reaction [20] and commercial gelatin in a proteic sol-gel method [21]. In 

this paper, these two synthesis procedures are for the first time used as alternative 

processing routes for the preparation of C349-based thermoelectrics. Relevant 

microstructural and electrical transport properties of C349 synthesized by a well-known 

citrate method (for the sake of comparison) is also discussed. 

2. Experimental 

 Three synthesis methods were used: solid-state reaction in the conditions of high 

energy milling (C349-M), proteic sol-gel (C349-G) and citrate synthesis (C349-C). For 

the C349-M, the precursor powder was synthesized by using mollusk shell powder and 

Co3O4, as reported elsewhere [22]. These materials were mixed/milled in an alcohol-

based suspension at 400 rpm for 10 h, dried at 110 °C for 12 h and granulated through a 

200-mesh sieve. In the case of C349-G, the sample was fabricated as previously 

reported in [21]. Details on the synthesis of calcium cobaltite by the citrate method 

(C349-C) can be found in Supplementary data. The obtained three precursor powders 

were further calcined at 900 °C for 2 h, pressed at 200 MPa and sintered at 900°C for 24 

h using a heating rate of 3 °C min
-1

. Details on the characterization of powders and 

sintered samples can be found in Supplementary data. 



 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

3 

 

3. Results and discussion 

 Fig. 1 shows XRD patterns and STEM images of the powders. No discernible 

change was observed in the XRD patterns when the dwell time was raised from 2 h to 

24 h (Fig. 1a-b). C349-G and C349-M showed monophasic powders consisting of the 

expected Ca2CoO3 (ICSD 151437) and CoO2 (ICSD 151436) subsystems or, more 

commonly, Ca3Co4O9. On the other hand, C349-C sample also contains Ca3Co2O6 

(C326) (ICSD 246281), as can also be seen in Fig. S1 and Table S1. The morphological 

characterization (Fig. 1c-d) of samples calcined at 900 °C for 2 h shows that powders 

prepared by the two eco-friendly synthesis methods (C349-M and C349-G) have plate-

like particles. Moreover, higher agglomeration is observed in the solid-state reaction 

compared to the proteic sol-gel method. According to Zhang et al. [23], this fact can be 

explained by the formation of a polymeric resin, which contributes to the dispersion of 

particles. An irregularity in the morphology of C349-M particles is ascribed to the 

milling process. 

   

Fig. 1. Room-temperature XRD patterns of the powders heat-treated at 900 ºC for (a) 2 h and (b) 24 h. 

STEM of the powders calcined for 2 h: (c) C349-M and (d) C349-G. 
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Fig. 2 shows SEM images and EDS elemental maps of sintered pellets. It can be 

clearly seen that the microstructure of the C349-C (Fig. 2c) sample exhibits grains of 

smaller size than those of other samples (Fig. 2a and 2b). Nevertheless, all 

microstructures show reported typical trend of randomly oriented grains [11,24]. 

Relative densities of C349 pellets showed 63-67% (Table S2), in accordance with the 

literature [2]. Such low densities are caused by a large number of pores, which may 

impair the thermoelectrical properties [25,26]. Madre et al. [4] have reported that this 

low density is due to the maximum stability temperature of the Ca3Co4O9 phase (926 

ºC), below the eutectic point (1350 ºC), which hinders the densification process. EDS 

mapping (Fig. 2d-f) shows a nearly homogeneous distribution of Ca and Co elements in 

all sintered samples.  

  

 

 

  

 Fig. 2. SEM (a-c) and EDS (d-f) of the pellets. 

 Fig. 3 displays the temperature dependence of Seebeck coefficient (S), electrical 

resistivity (ρ) and power factor (P.F.) for all the samples. Positive values of Seebeck 

coefficients indicate a p-type semiconductor behavior. The values are quite similar for 

all the samples, with slightly higher S at 600-700 ºC observed for C349-C. This is in 

agreement with a known fact that the Seebeck coefficient is mainly determined by the 

band structure, and normally is not affected by the microstructural features. The 
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similarity of those values also confirms that the cobalt oxidation states in the sintered 

ceramics are controlled by the sintering procedure rather than by the differences in 

powder synthesis routes. On the other hand, the electrical resistivity is quite distinct 

along the entire temperature range, reflecting some tendencies in the microstructural 

evolution. C349-G sample shows semiconductor-like behavior (dρ/dT < 0) between 

250-550 °C and pseudometallic behavior (dρ/dT > 0) above 550 °C. C349-M shows a 

similar behavior with a transition point at ~ 600 °C. On the contrary, C349-C shows 

only semiconductor-like behavior in the entire measured temperature with highest 

resistivity values. The C349-G sample has the lowest resistivities, followed by C349-M 

and C349-C. The highest values of ρ found for C349-C may be partially associated with 

the secondary phase C326, which possesses a low electrical conductivity [27,28]. This 

observation is in agreement with SEM micrographs (Fig. 2a-c), where C349-C shows 

the smallest grain size (Fig. 2c), with expected higher contribution of the more resistive 

grain boundaries to the electronic transport. Therefore, C349-G exhibits the largest P.F. 

values in the studied temperature range, due to possessing the lowest resistivity of all 

the samples.  
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Fig. 3. Temperature dependence of the thermoelectric properties, S: Seebeck Coefficent, ρ: Electrical 

resistivity, and P.F.: calculated power factor. 

 Selected thermoelectric properties of C349 samples are listed in Table S3 and 

compared with the literature data for materials synthesized by other routes and 

processed under similar conditions. Competitive thermoelectric performance is 

observed for C349-G and C349-M ceramics, synthesized by environmentally friendly 

methods, with superior performance obtained for the C349-M. These results indicate 

that the proposed eco-friendly synthesis routes result in pure C349 phase and high-

quality powders for obtaining thermoelectric ceramics with low electrical resistivities 

while being based on simple and reproducible processes.  

 

4. Conclusions 

 Pure Ca3Co4O9 phase powders were successfully prepared by environmentally 

friendly synthesis methods. The electrical characterization showed a performance 

optimization for the C349 ceramic obtained by the proteic sol-gel synthesis. Both 

proposed eco-friendly procedures showed competitive thermoelectric performance as 

compared to the literature data on C349 ceramics.  
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