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Abstract 

Ca3Co4O9 thermoelectric materials in form of thick films are very promising in practical 

applications due to their low costs and relatively high performance. In this work, two 

different suspensions have been used to produce different coatings on Al2O3 

polycrystalline substrates with theoretical green thickness of 360 and 2000 µm. 

Moreover, the effect of substrate has also been investigated using Al2O3 

monocrystalline substrates and a 360 µm green thickness. Sintering procedure at 900 

ºC for 24 h has drastically decreased coating thickness. XRD performed on the coatings 

surface has shown the formation of small amounts of Ca3Co2O6 secondary phase on 

the polycrystalline substrates, while it was more abundant, and accompanied by 

Ca2Co2O5 on the monocrystalline substrates. In spite of the higher secondary phases 

content, monocrystalline substrates produced a slight grain orientation which led to the 

highest thermoelectric properties between the samples (0.38 mW/K2m at 800 ºC), and 

very close to the best reported values in the literature. 
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1. Introduction 

Last years, fossil fuels consumption, after a decrease associated to the economic crisis, 

has started to grow again. Consequently, the emissions of CO2 and greenhouse gases 

have been drastically raised. Taking into account that their main use is producing 

energy and that the efficiency of such systems is low, a large amount of the original 

energy is lost in form of heat. Consequently, thermoelectric (TE) materials, which are 

able to harvest this wasted heat transforming it into electric power [1], can increase the 

efficiency of these energy transforming systems. In addition, the energy consumption 

can be decreased, with the corresponding reduction of emissions. For this purpose, 

efficient heat conversion materials are necessary, usually in terms of the so-called 

dimensionless figure-of-merit, described as: 


 

where Seebeck coefficient (S), absolute temperature (T), electrical resistivity (ρ), and 

thermal conductivity (), parameters are involved [2]. 

Even if TE materials are known for long time [3], they are scarcely used in energy 

harvesting applications. Nowadays, the most important applications of TE materials are 

limited to intermetallic ones (as CoSb3 or Bi2Te3 [4,5]) in climate control field. On the 

other hand, for power applications their working temperature is usually low, with 

problems associated to release of heavy metals or degradation, both induced by high 

temperatures [1]. In 1997, ceramic materials (Na2Co2O4 [6]) were discovered to have 

good TE performances, together with the ability to work at high temperature, the 

absence of heavy metals, and their more environmentally friendly behavior. An 

additional advantage is that the elements forming these ceramics are more abundant in 
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earth’s crust [7]. From this moment, the intense work performed on TE ceramics 

allowed the improvement of different materials, such as CoO-, TiO-, MnO-, or FeO-

based families [8-11]. Among the members of the first family, the Ca3Co4O9 (349) 

material, without any heavy metal in its composition, possess relatively high TE 

properties. Moreover, an economic and strategic advantage is that the raw compounds 

are abundant and low cost. On the other hand, its drawback can be summarized in the 

anisotropic electric properties induced by its crystal structure [8], and the difficult 

densification due to the large temperature difference between the eutectic point and the 

stability range of 349 phase [12]. Consequently, many efforts have been made to 

enhance structural, microstructural, and thermoelectric properties of this material, as 

grain alignment [13], doping [14], synthesis [15], or other non-conventional methods 

[16,17]. 

Other possibility to further reduce the costs associated to the fabrication processes is 

the use of thick films which, besides their low costs, offer the possibility of automatic 

large scale production. Moreover, the production technology of thick films is well-known, 

while their reliability has been proved for long time in hybrid circuits and silicon solar 

cells [18] and, more recently, in thermoelectric materials [19,20]. 

The objective of this work is the fabrication of thermoelectric thick films of Ca3Co4O9 

materials with improved performances via Sr-doping [21,22], and prepared through dip 

coating technique [23], which is a simple and low cost method that allows obtaining high 

quality coatings. Sr-doping is well known to produce Ca3Co4O9 materials with S values 

higher than the obtained in pure Ca3Co4O9 samples at high temperatures, due to the 

modification of misfit parameter associated to the large size of Sr2+, compared to Ca2+ 
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[24]. The structural, and microstructural evolution of different thick films will be studied 

after sintering and correlated with the thermoelectric performances. 

 

2. Experimental 

Some works performed on the improvement of thermoelectric performances of 349 

phase via doping, have demonstrated that isovalent substitutions (Ca by Sr) enhance 

electric transport properties [21,22]. Hence, Ca2.93Sr0.07Co4O9 initial nominal 

stoichiometry has been selected. Initial mixture has been prepared using CaCO3 ( 99 

%, Aldrich), SrCO3 ( 98%, Aldrich), and CoO (99.99 %, Aldrich) commercial powders 

as raw materials. The stoichiometric amouns of each compound were weighed and 

attrition milled in water media with ZrO2 balls for 30 min, followed by sieving to separate 

the grinding media. Water was then evaporated using infrared lamps to obtain a 

homogeneous mixture composed of very small grains [15]. After manual milling, the 

powders were mixed with a deffloculant (Hypermer KD1) and a fixed volume of 

azeotropic mixture of Methyl ethyl ketone (MEK)/ethanol in a planetary ball mill for 4 h at 

350 rpm in alumina media. Binder (Polyvinyl Butyral B79) and plasticizers (Dibutyl 

Phthalate, and Polyalkylene Glycol) were added to the resulting suspension, followed by 

ball milling for 2 h using polycarbonate grinding balls. Finally, the mixture was degassed 

and stirred with a magnetic stirrer for about 24 h to homogenize the suspension. 

Several suspensions using different solid contents were prepared for coating 

polycrystalline Al2O3 substrates. They were dipped into the different ceramic 

suspensions and coated with a withdrawal speed of 15 mm/s. The as-deposited films 

were drying at ambient temperature for 24 hours. Before immersion, the substrates 
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were cleaned by sonication, and submerged sequentially in a dilute acid solution, water 

and ketone for several minutes. Moreover, in order to study the possible effect of 

substrate on the structural, microstructural and thermoelectric properties of the sintered 

materials, monocrystalline substrates were also coated using the lowest solid containing 

suspension, previously determined, to clearly observe the substrate effect on the final 

products. 

Once the coating were totally dried, they were subjected to a two-step thermal treatment 

at 450 ºC for 2 h to decompose the organic material, followed by heating at 900 ºC for 

24 h, under air, with a final furnace cooling. Sintered coatings were structurally 

characterized through XRD performed on their surfaces in a PANalytical X’Pert MPD 

Philips diffractometer (CuKα radiation) between 5 and 40 degrees. Microstructure has 

been studied on transversal surfaces using a Field Emission Scanning Electron 

Microscope (FESEM, Zeiss Merlin) equipped with an energy dispersive spectrometry 

(EDS) analysis system. Electrical properties (electrical resistivity, and Seebeck 

coefficient) were determined through the standard four-probe DC technique between 50 

and 800 ºC, under He, in a LSR-3 system (Linseis GmbH). Finally, TE performances of 

coatings were obtained by calculating their power factor, PF (= S2/). 

The samples will be hereafter named as P1 for the polycrystalline substrates coated 

with the lowest solid content, P2 for the ones with the highest solid content, and M1 for 

the monocrystalline substrates. 

 

3. Results and discussion 
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The batch formulation of ceramic slurries used in this study is given by table 1. Only two 

suspensions, with 22, and 29 vol.% solid content have been studied, taking into account 

the expected green coating thickness. Their viscosity curves show shear-thinning flow 

behaviour in the shear region from 1 s-1 to 1000 s-1, which is typical one for weakly 

flocculated suspensions. This is very beneficial for obtaining homogeneous films 

because during the coating process the suspension will show lower viscosity, while 

during the evaporation process it will show increased viscosity, which prevents 

movement of the particles and sedimentation thereof. 

The thickness of the resulting coatings has been estimated from [23] using the values of 

powder density (4,67 g/cm3), the surface tension (~ 22mN/m), viscosity of the 

suspension at 100 s-1 (0,6 and 9 Pas for suspension with lower and higher solid content, 

respectively), as well as the withdrawal speed, being around 360 and 2000 m, 

respectively. Moreover, no differences in adhesion of films to the different substrates 

have been found after sintering procedure. 

XRD patterns performed on the sintered films surfaces are shown in Fig. 1. In a first 

sight, it is clear that major peaks are associated to the Ca3Co4O9–based phase 

(identified by their diffraction planes) [25]. Moreover, no Sr-rich secondary phases are 

identified, indicating that Sr is incorporated in the crystal structure, in agreement with 

previous works [21,22]. On the other hand, large difference can be observed between 

the samples sintered on monocrystalline and polycrystalline substrates, with much 

higher Ca3Co2O6 phase content [25] in samples sintered on monocrystalline substrates. 

Furthermore, the higher relative intensity of (004) reflection, compared with the (002) 

one in M1 samples, indicates the formation of another secondary phase, Ca2Co2O5 [26]. 
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These results clearly point out to a remarkable effect of substrate on the phases 

evolution despite of the relatively low temperature used for sintering, when compared 

with the necessary to produce a liquid phase [12]. 

Microstructural observations of transversal sections of samples have shown that their 

thickness is very homogeneous all along the samples, with values of 55.67  2.10 m 

for samples P1, 39.41  2.09 m for M1, and 272.56  20.15 m for P2 ones. These 

data clearly illustrates that a moderate change on the solid content (from 22 to 29 vol.%) 

produces a drastic modification on the coating thickness (from 55.97 to 272.56 m). 

Furthermore, it can be also deduced that monocrystalline substrates lead to higher 

densification than the polycrystalline ones. This evolution is illustrated in Fig. 2, where 

representative micrographs of all samples are presented. In the micrographs, it can be 

observed that grain sizes and porosity content are increased from M1 to P2. Moreover, 

only M1 samples seem to have a slight grain alignment, when compared with the P1 

and P2 ones. On the other hand, EDS analysis has shown the presence of Ca3Co2O6 

phase in all samples, being in much higher proportion in M1 samples, in agreement with 

the XRD patterns previously discussed. This is also clear evidence that the substrate 

can play an important role on the final microstructure of sintered Ca3Co4O9 coatings. 

Electrical resistivity measurements, as a function of temperature, performed in all 

samples, are presented in Fig. 3. In the graph, it can be observed that all samples show 

semiconducting-like behavior in the whole measured temperature range, in agreement 

with previous works [16,27]; however, it is much less evident for M1 samples. Moreover, 

in spite of their higher content in Ca3Co2O6 secondary phase, M1 samples display the 

lowest electrical resistivity among all samples, while S1 ones possess the highest ones. 
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This evolution can be explained taking into account several factors influencing electrical 

resistivity, such as grain sizes and orientation, porosity, and secondary phases content, 

previously discussed in XRD and SEM sections. In these images it was observed that 

M1 samples, in spite of the smaller grain sizes and higher secondary phase content, 

showed the lowest porosity, and a slight grain orientation, when compared with the 

other samples. Between P1, and P2, the last one possesses larger grain sizes, while 

the other parameters are approximately the same for both kind of samples, explaining 

the lower resistivity of P2 samples, compared with P1 one. Furthermore, this evolution 

is in clear agreement with previous works which showed that grain orientation 

possesses higher influence on electrical resistivity than secondary phases content [28]. 

The lowest  values at 800 ºC (8.2 m.cm) determined on M1 samples is much lower 

than the measured in sintered materials (40 m.cm) [13], and close to the obtained in 

highly textured materials through hot-pressing (6.9 m.cm) [13], or edge free spark 

plasma sintering (SPS, 7 m.cm) [29]. This is a clear evidence of the formation of 

strong links between grains induced by the monocrystalline substrate. 

Fig. 4 shows the variation of the Seebeck coefficient with temperature in all samples. 

The measured S values are positive for all samples, indicating that major charge 

carriers are holes. Moreover, the S values are increased when the temperature is 

raised, with very similar behavior for P1, and P2 samples, confirming that the substrate 

influences the properties of sintered coatings, and that the amount of solid in the initial 

suspension has a negligible effect on the S values. When evaluating the maximum S 

values at 800 ºC (212 V/K) measured in P1 samples, they are higher than the 
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measured in sintered materials (180-190 V/K) [13,27], and highly textured materials 

through hot-pressing (170 V/K) [13], or SPS (165 V/K) [29]. 

The temperature dependence of PF, calculated from the electrical resistivity and 

Seebeck coefficient data, is presented in Fig. 5. PF increases with temperature, 

showing the opposite evolution, between samples, observed in the electrical resistivity. 

The highest PF values have been obtained in M1 samples in the whole measured 

temperature range, reaching 0.38 mW/K2m at 800 ºC, which are very close to the best 

ones reported in the literature (around 0.43 mW/K2m) [29-32]. 

From all these data, it is clear that the use of monocrystalline Al2O3 substrates is 

beneficial to produce high performance Ca3Co4O9 sintered coatings using the dip-

coating technique. Still, it is necessary to optimize the sintering procedure for this 

substrate in order to minimize the amount of Ca3Co2O6 phase, maximizing its TE 

performances. 

 

4. Conclusions 

Ca3Co4O9 thermoelectric thick films have been successfully prepared on Al2O3 

polycrystalline and monocrystalline substrates through the dip-coating technique. XRD 

analysis has shown that Ca3Co4O9 phase is the major one in all cases. However, 

monocrystalline substrates have led to higher content of Ca3Co2O6 secondary phase 

than in the polycrystalline ones. Moreover, a new secondary phase, Ca2Co2O5, has also 

been identified in the monocrystalline substrates. SEM observation showed that 

monocrystalline substrates drastically decrease the coating thickness after sintering and 

provides a slight grain orientation. These characteristics are reflected on the electrical 
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resistivity that, in spite of their higher secondary phases content, is much lower in the 

monocrystalline substrates than in the polycrystalline ones, due to their slight grain 

orientation. On the other hand, their Seebeck coefficient is lower than in the 

polycrystalline substrates, in agreement with their lower resistivity. The maximum power 

factor values, 0.38 mW/K2m at 800 ºC measured in the monocrystalline substrates is 

very close to the best ones reported in the literature. These data clearly indicate that 

higher PF values can be obtained in further studies to decrease the amount of 

secondary phases in the monocrystalline substrate. 
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Figure captions 

Figure 1. Powder XRD patterns of different films surfaces after sintering on Al2O3 

substrates: a) M1; b) P1; and b) P2. Peaks associated to Ca3Co4O9 phase are shown 

by their diffraction planes, while * indicates the corresponding to the Ca3Co2O6 one. 

Figure 2. Representative SEM micrographs taken on longitudinal sections of Ca3Co4O9 

coatings on Al2O3 substrates: a) M1; b) P1; and c) P2. 

Figure 3: Temperature dependence of the electrical resistivity for:  M1;  P1; and  

P2 samples. 

Figure 4: Temperature dependence of the Seebeck coefficient for:  M1;  P1; and  

P2 samples. 

Figure 5: Temperature dependence of power factor for:  M1;  P1; and  P2 

samples. 
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