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Abstract 

Two solution synthetic methods, sol-gel and a polymeric route, have been studied in 

order to obtain Ca3Co4O9 misfit compounds with improved thermoelectric 

properties, compared to the classical solid state reaction. A comparison among the 

final products obtained by these different methods has been performed using DTA, 

TGA, FTIR X-ray diffraction, scanning electron microscopy, and thermoelectric 

characterizations. All the samples obtained by solution synthesis show a very 

significative reduction on the secondary phases content. As a consequence, an 

important decrease on the electrical resistivity values is produced, compared to the 

solid state prepared samples, leading to a relatively important power factor raise. 
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1. Introduction 

Nowadays, thermoelectric (TE) power generation technology is regarded as one of 

the most promising methods to harvest energy from wasted and/or natural heat 

sources. In order to reach practical applications, TE materials with high energy 

conversion efficiency are strongly required for electric power generation. 

Thermoelectric energy conversion has been shown as an effective technology that 

can be used to transform thermal to electrical energy. From this point of view, it can 

help to solve global warming by reducing CO2 emissions not only due to the 

efficiency improvement in classical energy transformation systems, but also 

exploiting natural heat sources. The conversion efficiency of TE materials is 

quantified by the dimensionless figure of merit ZT, which is defined as TS2/  (in 

which S2/  is also called power factor, PF), where S is the Seebeck coefficient (or 

thermopower),  the electrical resistivity,  the thermal conductivity, and T is the 

absolute temperature.1 From this expression, it is obvious that a performant TE 

material must posses a high thermopower together with low electrical resistivity and 

thermal conductivity. 

So far, semiconducting and intermetallic materials have been used to manufacture 

TE modules. On the other hand, they are usually composed of heavy and/or toxic 

elements which can melt, evaporated or oxidized at high temperatures under air. As 

a consequence, their use in applications for waste heat recovery at high 

temperatures presents severe limitations. The solution of these problems started 

with the discovery of large thermoelectrical properties in a ceramic material, 

NaxCoO2,
2 which was found to posses a high Z value (8.8 x 10-4 K-1) and large 

thermopower (~100 V K-1) at 300K. This material is composed of non toxic and 

cheaper elements than the classical intermetallic ones. Moreover, it can operate at 



high temperatures, under air, for long time without degradation. As a consequence, 

this material has opened a new research field in which great efforts have been 

devoted to explore new CoO families with high thermoelectric performances. Some 

other layered cobaltites, such as [Ca2CoO3][CoO2]1.62 and [Bi0.87SrO2]2[CoO2]1.82 

were also found to exhibit attractive thermoelectric properties3-6 which must be 

increased before they can be used in practical applications. 

The crystal structure of these CoO families is composed of two different layers, with 

an alternate stacking of a common conductive CdI2-type CoO2 layer with a two-

dimensional triangular lattice and a block layer, composed of insulating rock-salt-

type (RS) layers which lead to a very important crystalline and electrical anisotropy. 

Both sublattices (RS block and CdI2-type CoO2 layer) possess common a- and c-

axis lattice parameters and  angles but different b-axis length, causing a misfit 

along the b-direction.7-9 This anisotropy explains the great efforts put on the study of 

different techniques which can produce polycrystalline materials with their ab planes 

parallelly aligned to the electrical transport direction. Some of these techniques 

have already shown their potential in increasing the performances of ceramic TE 

materials, as sinter-forging,10 template grain growth,8 spark plasma texturing 

(SPT),11 or directional growth from the melt.12 

On the other hand, the preparation techniques have shown that they can influence 

drastically the bulk final properties. Moreover, synthetic methods have not yet been 

enough explored. Commonly, bulk materials are prepared following the classical 

solid state reaction method, which involves repeated mixing, milling and 

calcinations. Nevertheless, incomplete reaction, and compositional inhomogeneities 

are typical trademarks of conventional solid state synthesis. In this context, solution 

syntheses can offer several advantages, as higher precursor homogeneity, lower 



particle sizes which lead to higher reactivity. These advantages can produce the 

improvement of the bulk material properties and/or the reduction of the processing 

time. 

The aim of the present study is developing synthetic methods that yield high-quality 

Ca3Co4O9 powders for their use in practical applications, as TE modules. In this 

work it will be shown the comparison between three different synthetic methods, 

conventional solid-state synthesis, sol-gel method and a polymer solution synthesis 

route,13,14 and their final bulk properties. 

 

2. Experimental 

2.1. Synthesis 

The initial Ca3Co4O9 powders used in this work were prepared by the classical solid 

state route and by two solution methods. The preparation methods can be 

described in detail as follows: 

(i) Solid-state reaction: CaCO3 (  99%, Aldrich), and Co3O4 (99.5%, Panreac) were 

ball-milled for 30 minutes at 300 rpm. The resulting mixture was placed in a furnace 

and heated slowly to 750 °C, where it was kept for 12 h, followed by furnace 

cooling. After cooling, the remaining powder was ground and heated again at 800 

ºC for 12 h, milled and uniaxially pressed at 350 MPa in form of bars ( 3 x 3 x 14 

mm3). Finally, the compacts were sintered for 24 h at 900 ºC, with final furnace 

cooling. 

(ii) Sol-gel: CaCO3 (  99%, Aldrich) was suspended in a pink solution of Co(NO3)2 • 

6H2O (  99%, Aldrich) in distilled water. Concentrated HNO3 (analysis grade, 

Panreac) was added dropwise into the suspension until it turned into a clear 

solution. Citric acid (99.5%, Panreac), and ethylene glycol (99%, Panreac), were 



added to this solution in the adequate proportions. Evaporation of the solvent was 

performed slowly in order to decompose the nitric acid excess, which allows the 

polymerization reaction between ethylene glycol (  99%, Aldrich) and citric acid 

(99%, Aldrich), forming a pink gel. The dried product was then decomposed (slow 

self combustion) by heating at 350 ºC for 1 h. The resulting solid was mechanically 

ground and calcined at 750 and 800 °C for 12 h, with a manual intermediate 

grinding. As for the solid state reaction, sintering was performed, following uniaxial 

pressing at 350 MPa, at 900 ºC for 24 h with furnace cooling. 

(iii) Polymer solution synthesis: Ca(CH3CO2) • 1/2H2O (  99%, Aldrich) and 

Co(CH3CO2)2 • 4H2O (99%, Panreac) were dissolved in distilled H2O, forming a pink 

clear solution. Polyethyleneimine (PEI) (50% aqueous, Fluka) was added to the 

above solution, which turned darker immediately due to the nitrogen-metal bond 

formation. After partial evaporation ( 80 vol.%) of water in a rotary evaporator, 

concentrated solution was placed onto a hot plate until a very dark pink paste 

appeared. Further heating turned this paste to violet color, followed by a slow 

combustion with the release of brown fumes (nitrogen oxides). The resulting powder 

was milled and calcined at 750 and 800 ºC for ca. 12 h, with an intermediate milling, 

uniaxially pressed at 350 MPa, and sintered for 24 h at 900 ºC with a final furnace 

cooling. 

 

2.2. Characterization 

In order to characterize the phase evolution, DTA-TGA analyses were performed in 

a TA Instrument (SDT Q600) system between room temperature and 900ºC. IR 

spectroscopy has been performed on samples extracted after each processing step 



in a Bruker IFS 28 Spectrometer, between 700 and 1800 cm-1 to determine the 

extent of calcium carbonate decomposition. 

Phase identification has been performed using powder X-ray diffraction (XRD) 

utilizing a Rigaku D/max-B X-ray powder diffractometer (CuK  radiation) with 2  

ranging between 10 and 70 degrees. Apparent density measurements have been 

performed on several samples for each synthetic method, as pressed and after 

sintering, using 4.677 g/cm3 as theoretical density.15 Microstructural observations 

were performed on fractured and polished samples in a JEOL 6000 SEM 

microscope provided with an Energy Dispersive Spectroscopy (EDS) system, used 

to determine the elemental composition of each phase. Image analysis has been 

performed using Digital Micrograph software on several transversal micrographs for 

each composition in order to estimate the volume fraction of each phase. 

Oxygen content was determined in sintered materials by iodometric and cerimetric 

titrations. In all cases, 100 ml HCl 1 N were kept under Ar flux during at least 1 h in 

order to evacuate the oxygen from the reaction vessel, avoiding the reactives 

oxidation. After this process, 50 mg of the powdered sample was added to the 

acidic solution to be dissolved, together with 80 mg NaI and a drop of starch 

indicator (iodometry), or 100 mg FeCl2 and a drop of ferroin indicator (cerimetry). In 

these solutions, Co+4 and Co+3 are reduced to Co+2 while I  is oxidized to 3I  

(iodometry) and Fe+2 to Fe+3 (cerimetry). 3I is then titrated with 0.02 M Na2S2O3 

solution, while Fe+3 is determined using a 0.015 M Ce(SO4)2 solution. 

Electrical resistivity and thermopower were simultaneously determined for samples 

obtained by the different synthetic methods, in steady state mode, by the standard 

dc four-probe technique in a LSR-3 apparatus (Linseis GmBh) between 50 and 800 



ºC under He atmosphere. With the electrical resistivity and thermopower values, PF 

has been calculated to determine the TE performances. 

 

3. Results and discussion 

3.1. Precursors characterization 

DTA-TGA measurements have been performed (under air) on the dry products 

obtained after evaporation of solvents from the sol-gel and polymer solutions. Fig. 1 

represents the weight loss percentage as a function of temperature for all the 

samples, obtained under similar conditions. As it can be clearly seen in this figure, 

polymer samples show a broad decomposition step starting at about 300 ºC 

(corresponding to the organic material combustion), while the sol-gel samples 

decomposed in two steps, the first one starting at around 200 ºC, and the second 

one at about 425 ºC. In both cases, this behaviour is confirmed by the DTA graphic 

shown as an insert in Fig. 1. These different behaviours are most likely related to 

the different bonding types (metal-nitrogen for the polymer samples and metal-

oxygen for the sol-gel ones) and the different decomposition path for the metal-PEI 

complex, which includes the release of H2O, CO, CO2, and NOx, creating a very 

reducing atmosphere inside the crucible.16 This effect clearly explains the higher 

weight loss for the polymer samples, at 800 ºC, compared with the sol-gel ones. 

In order to determine the extent of the CaCO3 formation in the as-decomposed 

coordination compounds, TGA vs. temperature measurements were performed, 

under air, on all samples. Fig. 2 shows the weight loss percentage with temperature 

for the sol-gel and polymer samples, together with the initial mixture of CaCO3 and 

CoO (for the solid state method) used as reference. In this figure, it is clear that sol-

gel and polymer samples have lower carbonates content than the solid state ones 



which can be explained by the high temperatures reached in the decomposition 

process. These high temperature conditions allow, in a certain extent, the reaction 

between CaCO3 and CoO, producing intermediate reaction products with the 

subsequent CaCO3 decomposition. 

This evolution is confirmed by FTIR spectroscopy which has been performed, 

between 1700 and 800 cm-1, on all samples before each thermal treatment. All the 

samples have shown the same behaviour reflected in Fig. 3, where representative 

samples obtained by the polymer method are presented. Samples after the organic 

materials decomposition (which correspond to the initial oxides and carbonates 

mixture for the solid state method) show a very intense band at around 1450 cm-1 

and a medium one at about 850 cm-1, which are associated to CaCO3 (see Fig. 3a). 

After the first thermal treatment at 750 ºC for 12 h these bands disappear, indicating 

the carbonates decomposition (see Figs. 3b and 3c). 

 

3.2. Sintered materials characterization 

Powder XRD plots for samples obtained for the different synthetic methods are 

represented (from 10 to 35 degrees for clarity) in Fig. 4. They show similar patterns 

where the most intense peaks correspond to the crystallograhic planes of the 

Ca3Co4O9 cobaltite,17 indexed in the plot. Other peaks (marked with a * and also 

indexed in this figure) are associated with the Ca3Co2O6 phase18 which are 

relatively intense for the solid state synthesized samples (see figure 1a) and less 

important for the ones obtained by solution methods (see figures 1b and c). This is 

a clear indication that, in the synthetic conditions used for the preparation of these 

samples, the use of solution methods reduces the amount of the undesired 

Ca3Co2O6 phase, evidencing the higher reactivity of the initial powders produced 



from sol-gel and polymer solution methods. In any case, the Ca3Co4O9 phase is the 

major one, independently of the synthetic route. 

Apparent density measurements have been performed on the green bodies 

obtained after pressing and, subsequently, after sintering. Several samples from 

each synthetic method have been used in order to obtain accurate density values. 

The evolution of the bulk density as a function of the synthetic method, as well as 

the standard error and the percentage of the theoretical density is displayed in 

Table I. From these data, it is clear that sol-gel and polymer methods produce 

higher density green bodies, compared with those produced from the solid state 

reaction. On the other hand, sintering process increases density inversely to the 

initial one, leading to very similar ones for the solid state and the sol-gel methods 

and slightly higher for the polymer solution samples. Moreover, measured densities 

for the sintered samples are higher than those reported in the literature for solid 

state sintered specimens.15 

SEM micrographs of representative transversal fractures for the different synthetic 

methods are displayed in Fig. 5. In these images it can be clearly observed that 

solid state method leads to big plate-like grains together with small ones (see Fig. 

5a), typical feature for the classical synthetic methods. Moreover, solution synthesis 

leads to smaller grains than the observed in samples obtained by solid state (see 

Figs. 5b and c) with a very similar grain size all along the bulk material. When 

comparing the grains produced by the two solution methods, the polymer solution 

leads to bigger ones than the sol-gel due to the high reactivity observed in the 

precursor powders obtained by the polymer method, as reported for similarly 

layered materials.19,20 



SEM micrographs of longitudinal polished sections of the samples show two main 

contrasts, as it can be clearly observed in Fig. 6. Major phase in all the studied 

samples (light grey contrast) has been identified by EDS as the thermoelectric 

Ca3Co4O9 one, except in the zones around the dark grey contrast where some of 

the grains show the Ca3Co2O6 composition while conserving the same observed 

contrast. Dark grey contrast, appearing as relatively big aggregates, corresponds to 

CaO which has not been detected in XRD as its (111) peak appears at around 32.3 

degrees,21 overlapping with the Ca3Co2O6 phase (113) peak. The shape and size of 

these CaO aggregates change as a function of the synthetic method. For samples 

prepared by the classical solid state route, they are thick and elongated (see Fig. 

6a), reducing the effective conducting section of the ceramic material. When 

considering samples obtained from the sol-gel method, CaO is found as nearly 

spherical big aggregates (see Fig. 6b) which also reduce the effective conducting 

section of these samples, but in lower extent than the observed for the solid state 

samples. In the case of the polymer solution samples, some CaO is also found but 

in much lower amount than the obtained in the other two methods. 

Other interesting feature observed in these micrographs is related to the porosity 

which can be observed in Fig. 6 as black spots. In all cases, the pores mean size is 

reduced from solid state samples to the polymer solution method samples. 

The absolute oxygen content was determined on sintered samples using cerimetry 

and iodometry. For each sample four determinations were performed with each 

method, showing a reproducibility of around  0.008 for each method and an 

agreement of about  0.01 between the two methods. The obtained mean values 

are displayed in Table II. In this table it can be clearly seen that samples obtained 

by solution methods have approximately the same Co valence (~ 3.17) while solid 



state samples show a lower one (~ 3.12). Moreover, the results obtained for the 

solution samples agree with previous studies that consider the Ca3Co4O9 phase as 

Ca9Co12O28, with the nominal Co valence 3.17.22 

The temperature (T) dependence of the electrical resistivity (ρ), as a function of the 

synthetic method, is shown in Fig. 7. As it can be easily seen, two different 

behaviours are obtained. For the solid state samples, the ρ(T) curve shows 

semiconducting-like behaviour with very high values in the whole measured 

temperature range, reaching the lowest value at 800 ºC (around 40.10-5 .m). On 

the other hand, samples derived from solution methods show very low electrical 

resistivity values for both synthetic methods, with values around 16.10-5 .m in the 

measured temperature range. Moreover, they reflect a behaviour change at about 

400 ºC, from semiconducting-like (dρ/dT  0 under 400 ºC) to metallic-like (dρ/dT  

0 above 400 ºC) one. The values measured at 50 ºC are, approximately, 16.10-5
 

.m for both kind of samples, much lower than the obtained for the solid state 

sample (around 70.10-5 .m) due to the lower amounts of secondary phases 

produced when using solution methods. Besides, they are also lower than the 

usually reported resistivities for sintered specimens, about 40.10-5 .m at room 

temperature,4,23 which is a consequence of the higher density and homogeneity of 

the samples prepared in this work by solution methods. 

Fig. 8 displays the variation of the thermopower as a function of temperature for the 

three studied methods. All samples exhibit positive values in the whole studied 

temperature range, confirming a dominating hole conduction mechanism. The 

obtained values are very similar for all the samples and slightly higher than those 

reported elsewhere (  125 V/K) at room temperature.24,25 These values 

correspond to Co valences around 3.55 when using Koshibae’s expression,26 much 



higher than those obtained experimentally for all the samples. Moreover, these 

mean Co valences values agree with previously reported results on this material,27 

indicating that a low spin system model is not adequate for describing the global 

thermoelectric behaviour of this kind of materials. 

From the electrical resistivity and thermopower values, PF variation with 

temperature has been calculated for all the samples and represented in Fig. 9. 

From this figure, it is clear that solution methods lead to very similar PF values 

which are around three times higher than the obtained for solid state prepared 

samples. When considering PF values at around 700 ºC for samples obtained by 

solution methods (∼ 20.10-5 W/K2m), they are about two times higher than the 

highest values reported using the conventional solid state method (∼ 12.10-5 

W/K2m).22 On the other hand, these values are around one half of the obtained 

values in textured materials produced by the one of the newest texturing methods, 

the SPT technique (~ 40.10-5 W/K2m at 550 ºC).11 This result is an indication of the 

high quality of powders produced by solution methods, taking into account that the 

samples presented in this work posses randomly oriented grains. 

All the results indicate that solution synthetic routes produce high quality and 

homogeneous ceramic powders which, when appropriately compacted and 

sintered, lead to ceramics with low electrical resistivity using very simple and 

reproducible processes. These reasons make these methods as good candidates 

for the preparation of bulk ceramics for use in commercial thermoelectric generators 

or as raw materials to produce materials with highly oriented grains using new 

texturing techniques, as the SPT method. 

 

4. Conclusions 



A comparison of several synthetic routes for obtaining the Ca3Co4O9 phase, solid-

state, sol-gel and polymer solution, has been made. The typical solid-state method 

results in a relatively good quality product, but the solution methods evaluated in 

this study provide much higher yields of the cobaltite phase and better 

thermoelectrical properties. The main improvement on the electrical properties is 

due to the very important reduction of secondary phases obtained with the solution 

methods which lead to PF values about two times higher than the best reported 

values obtained in samples prepared by the classical solid state method. 

Furthermore, PF values are closer to the values obtained on textured Ca3Co4O9 

than the materials produced by other non texturing techniques. 
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Table I. Evolution of the mean apparent density of the bulk Ca3Co4O9 samples from 

the green body to the sintered materials for all the samples, together with their 

standard errors and the % of theoretical density. 

 

 Treatment Density (gr/cm
3
) Standard error % theoretical density 

Solid state Green body 2.94 0.01 63 

 Sintered 3.45 0.01 74 

Sol-gel Green body 3.37 0.01 72 

 Sintered 3.47 0.02 74 

Polymer Green body 3.55 0.01 76 

 Sintered 3.61 0.02 77 

 



Table II. Mean Co valence for all the samples obtained by the two different 

analytical methods used. 

 

 Method VCo 

Solid state Cerimetry 3.12 

 Iodometry 3.13 

Sol-gel Cerimetry 3.17 

 Iodometry 3.18 

Polymer Cerimetry 3.17 

 Iodometry 3.16 

 
 
 

 



Figure captions 

 

Figure 1. TGA plots vs. temperature of the dry products obtained by the ( ) sol-gel 

and (--) polymer methods. The insert shows the DTA curves in the coordination 

compounds decomposition temperature range. 

 

Figure 2. TGA plots vs. temperature of the as-decomposed products obtained by 

the ( ) sol-gel and (--) polymer methods. The initial mixture for the solid state route 

() is included as reference. 

 

Figure 3. FTIR curves obtained in different steps of the polymer synthetic 

procedure: a) as-decomposed products; b) after thermal treatment at 750 ºC for 12 

h; and c) after calcining at 800 ºC for 12 h. 

 

Figure 4. XRD plots of the Ca3Co4O9 sintered specimens obtained for the different 

synthetic methods. a) solid state, b) sol-gel, and c) polymer solution. 

Crystallographic planes are indicated for the Ca3Co4O9 phase and Ca3Co2O6 one 

(identified by a *). 

 

Figure 5. Scanning electron micrographs obtained on transversal fractured 

Ca3Co4O9 samples prepared by solid-state (a), sol-gel (b), and polymer (c) 

methods. 

 

Figure 6. Scanning electron micrographs from longitudinal polished Ca3Co4O9 

samples obtained by solid-state (a), sol-gel (b), and polymer (c) reaction methods. 



Light grey contrast corresponds to the thermoelectric Ca3Co4O9 phase, except in 

the zones around the dark grey contrast (associated to CaO) where the composition 

changes to Ca3Co2O6. 

 

Figure 7. Temperature dependence of the electrical resistivity for Ca3Co4O9, as a 

function of the synthetic method.  solid state;  sol-gel; and ■ polymer solution. 

 

Figure 8. Temperature dependence of the thermopower for Ca3Co4O9, as a 

function of the synthetic method.  solid state;  sol-gel; and ■ polymer solution. 

 

Figure 9. Temperature dependence of the power factor for Ca3Co4O9, as a function 

of the synthetic method.  solid state;  sol-gel; and ■ polymer solution. 
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