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Abstract 

High-performance Ca3Co4O9 thermoelectric ceramic has been prepared from a 

Ca1-xCoxO/CayCo1-yO divorced eutectic structure produced by a directional melt-

grown using the laser floating zone technique. This material has been grown at 

very high solidification rate in order to produce a very fine microstructure to 

reduce the necessary annealing time to recover the Ca3Co4O9 thermoelectric 

phase as the major one. As-grown and annealed samples were 

microstructurally characterized to determine the phases and estimate the extent 

of Ca3Co4O9 formation with time and related with their thermoelectric 

performances. The optimum annealing time, 72 h, has been determined by the 

maximum power factor value (about 0.42 mW K-2m-1), which is around the best 

values reported in textured materials (~ 0.40 mW K-2m-1). This high power factor 



outcome from the high Ca3Co4O9 phase content, apparent density and 

Co3+/Co4+ relationship determinations performed in the present work. 
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Introduction 

Thermoelectric (TE) materials can transform a temperature gradient to electrical 

power directly due to the well-known Seebeck effect. The conversion efficiency 

of such materials is usually quantified by the dimensionless figure of merit ZT, 

TS2/ρκ (in which S2/ρ is also called power factor, PF), where S is the Seebeck 

coefficient (or thermopower), ρ the electrical resistivity, κ the thermal 

conductivity, and T is the absolute temperature [1]. This important characteristic 

has focused attention on this type of materials in order to be applied in practical 

applications as waste heat recovery devices [2] or solar thermoelectric 

generators [3]. Furthermore, they can also be used as heating/refrigeration 

devices [4]. Nowadays, these commercial applications are based on the use of 

alloys and/or intermetallic thermoelectric materials, such as Bi2Te3 or CoSb3, 

with high thermoelectric performances at relatively low temperatures. On the 

other hand, these materials posses some drawbacks, as they can be degraded 

at high temperatures under air and/or releasing toxic or heavy elements. These 

problems lead to the limitation of their working temperature which reduces their 

effective performances, as can be deduced from the ZT expression. This 

temperature limitation was overwhelmed in 1997 by the discovery of attractive 

thermoelectric properties in the Na2Co2O4 ceramic [5]. From the discovery of 

these properties in that ceramic material, much work has been performed on 

Co-based materials leading to the discovery of new compositions, such as 

[Ca2CoO3][CoO2]1.62 and [Bi0.87SrO2]2[CoO2]1.82 that exhibit promising 

thermoelectric properties [6-9]. Moreover, these oxide materials have the great 

advantage of being able to operate at high temperatures in air without 

degradation, as compared to the intermetallic thermoelectric compounds, which 



is another way for improving the ZT values. The crystalline structure of these 

families has been described as an alternate stacking of two different layers, a 

common conductive CdI2-type hexagonal CoO2 layer with a two-dimensional 

triangular lattice and a block layer composed, in turn, of insulating rock-salt-type 

(RS) layers. Both sublattices (RS block and CdI2-type layer) possess common 

a- and c-axis lattice parameters and β angles but different b-axis length, 

causing a misfit along the b-direction [10]. 

It has been demonstrated that the misfit relationship in these materials tailors 

their thermoelectric performances [9]. As a consequence, many attempts have 

been made in order to improve their thermoelectric properties via metallic 

oxides substitution [11-15]. Other works have been focused on the 

enhancement of grain connectivity and the increase of mechanical properties by 

metallic Ag additions [16], or by both processes simultaneously [17]. 

On the other hand, layered cobaltites are characterized by a high anisotropy 

which leads to the formation of plate-like grains during the crystallization 

process. This feature can be also exploited in the development of commercial 

applications for these ceramics, with improved electrical properties, when an 

adequate grain orientation is produced using texturing techniques. Such grains 

alignment would allow attaining macroscopic properties comparable to those 

obtained on single crystals. For these reasons, numerous methods have been 

studied and reported to be efficient to obtain a good grain alignment, such as 

spark plasma sintering (SPS) [18,19], sinter-forging [20], template grain growth 

(TGG) [21], laser floating zone (LFZ) melting technique [22], or the newly 

reported electrically assisted laser floating zone method (EALFZ) [23]. 



Previous results on melt-grown layered ceramics have shown that the ceramics 

produced using the LFZ technique have a very high density (≥ 95 %) [24] which 

can reduce electrical resistivity and, as a consequence, raising their 

thermoelectric performances. On the other hand, Ca3Co4O9 ceramics produced 

by the usual solid state sintering methods possess a relatively low density due 

to the maximum stability temperature of Ca3Co4O9 phase (926 ºC), as can be 

seen in the phase diagram represented in Figure 1 [25], compared with the 

eutectic point temperature (1350 ºC) which really hinders the densification 

processes in the sintering step. 

The aim of this work is to produce high-quality Ca3Co4O9 thermoelectric 

materials by the new two-step method. This method comprises the LFZ grown 

of a very fine Ca1-xCoxO/CayCo1-yO divorced eutectic structure from Ca3Co4O9 

nominal composition powders, followed by an annealing process at 900 ºC for 

different time lengths to produce a high density Ca3Co4O9 ceramic. It is studied 

the microstructural and thermoelectric evolution of samples with time. The 

changes produced on the annealed samples microstructure, compared with the 

as-grown ones, are correlated with their thermoelectric properties. 

 

Experimental 

The initial Ca3Co4O9 ceramic powders used in this work have been prepared 

from commercial Ca(CH3CO2) • 1/2H2O (≥ 99%, Aldrich) and Co(CH3CO2)2 • 

4H2O (99%, Panreac) powders using a polymer solution method [26,27] in order 

to assure a high homogeneity in the initial precursor. The powders were 

weighed in the adequate proportions and 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, the 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 thermally treated twice, at 750 and 800 ºC 

for 12 h each one, with an intermediate milling, to assure complete carbonate 

decomposition. This process is of the main importance as it is necessary to 

avoid carbonates decomposition inside the melt produced on the LFZ process 

which would lead to the solidification front destabilization. Moreover, some of 

the released CO2 could be trapped inside the solid, producing porosity and 

reducing the samples electrical conductivity. 

The calcined powder was then isostatically pressed at 200 MPa in form of 

cylindrical bars (~ 2-3 mm diameter) which were used as feed and seed in a 

LFZ device equipped with a continuous power CO2 laser (Spectron, 200 W, λ = 

10.6 µm). The rods were grown downwards using 100 mm h-1 pulling rate and 

rotation rates of 15 and 3 rpm for feed and seed rods in opposite direction, in 

order to assure a good compositional and thermal homogeneity of the molten 

zone. After the melt-grown processes, very homogeneous geometrically bars 

were obtained (~ 2 mm diameter and 60 mm length). On the other hand, the 

use of the high pulling rate leads to relatively high solidification rate avoiding the 

formation of Ca3Co4O9 phase from the melt. After growing, some samples were 

kept as reference while others were annealed in air at 900 ºC for 24, 48, 72 and 

96 h, with a final furnace cooling, in order to promote the development of 



equilibrium phases in these conditions, and decrease the number of the 

secondary ones, in agreement with the phase diagram represented in Figure 1. 

The annealing temperature has been determined using differential thermal 

analysis (DTA), in a SDT Q600 system (TA Instruments), on the as grown 

samples at 10 ºC min-1 between room temperature and 975 ºC under flowing 

air. 

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

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

ranging between 10 and 60 degrees, in order to identify the different phases in 

the as-grown and annealed thermoelectric materials. Microstructural 

observations were performed on longitudinal polished samples using a Field 

Emission Scanning Electron Microscope (FESEM, Carl Zeiss Merlin) fitted with 

an energy dispersive spectrometry (EDS) analysis system. 

Apparent density measurements have been performed in all samples after each 

thermal treatment in order to determine its evolution as a function of the 

annealing time. 

Oxygen content was determined in some of the annealed materials by means of 

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 100 mg FeCl2 and a 

drop of ferroin indicator. In these solutions, Co+4 and Co+3 are reduced to Co+2 

while Fe+2 is oxidized to Fe+3. The non oxidized Fe+2 is then titrated with 0.015 

M Ce(SO4)2 solution, as described elsewhere [27]. 



Electrical resistivity and thermopower were simultaneously determined by the 

standard dc four-probe technique in a LSR-3 measurement system (Linseis 

GmbH). The samples were measured in the steady state mode at temperatures 

ranging from 50 to 800 ºC under He atmosphere. With the electrical resistivity 

and thermopower data, PF has been calculated in order to determine the 

samples performances. 

 

Results and discussion 

An image of the typical Ca1-xCoxO/CayCo1-yO cylindrical rods grown by the LFZ 

method is shown in Figure 2. These rods were grown from polycrystalline feed 

and seed rods with Ca3Co4O9 nominal composition. The growth processes were 

performed downwards, in order to avoid bubbles in the solidification front, as 

they tend to escape to the upper part of the melt. Moreover, the feed rod has 

been rotated at 15 rpm to assure the melt compositional homogeneity while the 

seed rod has been rotated in the opposite direction at 3 rpm to maintain the 

cylindrical geometry. The growth process starts at 1 mm h-1 and, when the 

equilibrium between the melting and solidifying material is reached, it is rapidly 

increased to 100 mm h-1 to produce the cylindrical rods. After the growth 

process, long (more than 5 cm length) and dimensionally homogeneous rods 

have been obtained, as illustrated in Figure 2. 

Differential thermal analysis (DTA) analysis performed on as-grown materials is 

displayed in Figure 3, where the evolution of heat flow as a function of 

temperature, together with its derivative (between 700 and 975 ºC for clarity) 

are shown. Two well differenced peaks can be observed in the derivative curve: 

the first one, appearing at around 900 ºC (indicated by #1 in the figure) is 



associated with the formation of Ca3Co4O9 phase; and the second one at about 

960 ºC (#2) represents the development of the Ca2Co3O6 one, in agreement 

with the phase equilibrium diagram (see Figure 1). As a consequence, the 

annealing temperature to produce the Ca3Co4O9 thermoelectric phase formation 

has been fixed in 900 ºC. 

Powder XRD patterns for the as-grown and annealed Ca3Co4O9 rods are 

displayed in Figure 4. From the interpretation of data represented in Figure 4a, 

it is clear that as-grown samples are composed by a mixture of CaO with 

mFm
_
3  space group [28] and CoO with mFm

_
3  space group [29] (peaks 

identified by their formula). Furthermore, a shift on the CoO peaks to slightly 

lower angles (around 0.35 degrees), with respect to the reference, can be 

observed, evidencing the formation of a CayCo1-yO solid solution. On the other 

hand, no shift is detected for the CaO peaks which indicates that none or very 

small Ca for Co substitution has been produced. Other interesting feature that 

can be observed in this diffractogram is that there is no evidence of Ca3Co4O9 

phase can be found in these samples, as expected according to the phase 

diagram (see Figure 1). This is a predictable result, as Ca3Co4O9 is the 

equilibrium phase and usually the phases obtained by the LFZ technique are 

out of equilibrium, considering the low temperature region of the phase diagram. 

The rapid solidification, characteristic of this technique, hinders the reaction that 

leads to the formation of low temperature equilibrium phases, favouring the 

development of the non-equilibrium ones. This phenomenon is particularly 

critical when seeking to develop phases with incongruent melting. 

When annealing processes are performed to the as-grown samples, it can be 

observed that just after 24 h annealing (Fig. 3b), the Ca3Co4O9 phase [30] 



(indicated by the diffraction planes in Fig. 3e) is found to be the major one, 

accompanied by small amounts of CaO, CayCo1-yO and Ca3Co2O6 (identified by 

a * in Fig. 3e) [31]. Further annealing time significantly decreases the amount of 

secondary phases due to their reaction to produce the equilibrium phase, the 

Ca3Co4O9. 

In Figure 5, a representative SEM micrograph performed on longitudinal 

polished sections of the as-grown samples is displayed. These samples are 

formed by a divorced eutectic structure in the whole volume, which is composed 

by a mixture of two solid solutions (identified by EDS): Ca1-xCoxO (#1, dark grey 

contrast) immersed in a matrix of CayCo1-yO (#2, light grey contrast). Moreover, 

the composition of each solid solution, obtained by EDS for guidance purposes, 

has been performed in several zones and samples, indicating that Ca content in 

CayCo1-yO (y = 0.22 ± 0.03) is much higher than the Co content in Ca1-xCoxO (x 

= 0.08 ± 0.02), in agreement with the XRD results. These results are also in 

good accordance to the phase equilibrium diagram (see Figure 1). The 

photomicrography also put in evidence the preferential orientation of the fibre 

microstructure produced in the laser floating zone technique. This favourable 

grain alignment is promoted by the high thermal gradients that exist at the 

solidification interface. On the other hand, the fact that no equilibrium phases 

can be detected with the XRD or SEM techniques is related to the high 

solidification rate (100 mm h-1) used in this work which avoids the formation of 

the equilibrium phase. 

Annealing process promotes substantial microstructural changes in a relatively 

short time, as illustrated by Figure 6, where two micrographs performed on 

longitudinal polished sections of the 24 h annealed samples in the outer (Figure 



6a) and inner (Figure 6b) part of the rods are shown. As it can be clearly seen in 

Figure 6a (external part of the rods), the major contrast is the grey one 

(identified by #1), corresponding to the Ca3Co4O9 thermoelectric phase, 

accompanied of small amounts of a darker grey contrast (#2) associated to the 

Ca3Co2O6 phase and some porosity (black contrast). The extent of this 

transformation has been made by measuring the thickness of this region in 

several zones of the samples and it has been found that it is about 0.5 mm in 

depth (for samples with around 2 mm diameter). On the other hand, the inner 

part of the samples is mainly composed by the divorced eutectic structure 

explained for the as-grown materials, accompanied by small amounts of the 

Ca3Co2O6 phase (identified by #2 in Figure 6b). The development of this phase 

is also in agreement with the phase diagram (see Figure 1) since it can be 

considered as an intermediate stage in the formation of the equilibrium phase, 

the Ca3Co4O9. For 48 h annealing time it is produced the disappearing of the 

eutectic structure in the whole sample, increasing the amount of Ca3Co4O9 and 

Ca3Co2O6 in the inner part while this last phase vanishes from the outer part of 

the rods. Finally, for higher annealing times, the amount of Ca3Co4O9 phase 

increases while the Ca3Co2O6 decreases, leading to very low porosity samples 

with nearly pure Ca3Co4O9 phase, as illustrated in Figure 7. In this micrograph, 

a representative low magnification image of a longitudinal polished section of 

the 72 h annealed sample is displayed. In the micrograph it can be seen that 

only a small amount of porosity is present as small and dark spots, indicating 

that a high density Ca3Co4O9 thermoelectric material is obtained. 

The evolution of microstructure and phases content with annealing time can be 

explained from the oxygen content of different phases. As it can be easily 



deduced, the formation of Ca3Co4O9 and Ca3Co2O6 phases from the Ca1-

xCoxO/CayCo1-yO divorced eutectic structure involves an increase on the total 

oxygen content in the system. As visible from microstructures, the rods are very 

dense and oxygen diffusion into the system is relatively slow, which explains the 

different microstructures and phases found as a function of annealing time. This 

result is in agreement with the observations made in other very dense ceramic 

systems where it is necessary to increase the oxygen content to achieve their 

best electrical properties [32,33]. This process can last around 100 h due to the 

low diffusion speed of oxygen through the ceramic in the absence of porosity. 

In order to confirm these observations, apparent density measurements were 

performed on three samples after each step with an estimated error of about ± 

0.01 g cm-3 in all cases, as can be seen in Table I where the measured density 

and their relative errors are displayed, together with the % of the theoretical 

density. These measurements have shown that the as grown materials (4.86 g 

cm-3) possess about 98 % of the calculated theoretical density of the CaO and 

CoO mixture (~ 4.98 g cm-3). From these values, density decreases with 

annealing time due to the Ca3Co4O9 phase formation, with lower theoretical 

density (~ 4.68 g cm-3) [34]. The measured values for the 24 and 48 h hours 

annealed samples (4.77 and 4.71 g cm-3, respectively) are still higher than the 

Ca3Co4O9 theoretical density due to the presence of unreacted secondary 

phases. As a consequence, no % of the theoretical density has been displayed 

in Table I, as it is very difficult estimating the amount of each phase in these 

samples. On the other hand, for samples annealed for 72 and 96 hours, which 

show nearly Ca3Co4O9 pure phase, the obtained values (4.59 and 4.58 g cm-3) 

are very similar and correspond to around 98 % of the Ca3Co4O9 theoretical 



density, much higher than the obtained by the classical sintering methods 

[27,35]. This evolution of density with annealing time confirms the proposed 

mechanism for the microstructural changes discussed in the SEM observations. 

Moreover, for samples with nearly Ca3Co4O9 single phase (72 and 96 h 

annealed ones) oxygen analysis has been performed by using cerimetric 

titration. For each sample three determinations were performed, showing a 

reproducibility of around ±0.008. The obtained mean values for the average Co 

valence have been 3.070 and 3.100 for the 72 and 96 h samples, indicating an 

increase on the oxygen content with the annealing time and reinforcing the 

above considerations. 

Other interesting feature can be observed in Figure 8, where a higher 

magnification micrograph of a representative image of a longitudinal polished 

section of the 72 h annealed sample is displayed. In this micrograph it can 

easily be seen that the Ca3Co4O9 grains are randomly oriented, probably due to 

the nucleation process which occurs at the grain boundaries without any 

directional restriction, leading to that randomly oriented microstructure. 

Electrical resistivity measurements as a function of temperature have been 

performed on the as-grown and annealed samples, and displayed in Figure 9. 

In this figure, it is clear that resistivity values decrease when temperature is 

increased, indicating a semiconducting-like behaviour (dρ/dT ≤ 0) in the whole 

measured temperature range. The as-grown samples values have been 

displayed in the insert in Figure 9 due to their very high resistivity values, 

ranging between ~ 9000 and ~ 2000 mΩ.cm at 400 and 800 ºC, respectively. 

These samples could not be measured at lower temperatures due to their high 

resistivity values which are higher than the system maximum measuring range. 



On the other hand, the obtained resistivity values are in agreement with the 

XRD results and SEM observations which indicate the absence of 

thermoelectric phase in the as-grown samples, only composed by Ca1-xCoxO 

and CayCo1-yO solid solutions. For the annealed samples, the room temperature 

resistivity decreases with the annealing time from about 28 mΩ.cm for the 24 h 

annealed sample to around 15 mΩ.cm for the 96 h one. Moreover, the resistivity 

evolution with temperature is very similar for all samples, except in the high 

temperature range for the 72 and 96 h annealed samples which reach the same 

resistivity values. 

The room temperature behaviour of these samples can be easily explained from 

the XRD data and SEM observations, where the 24 h annealed samples are 

composed by a mixture of Ca3Co4O9, Ca3Co2O6, CayCo1-yO and Ca1-xCoxO in 

the outer part, and by Ca1-xCoxO and CayCo1-yO, with small amounts of 

Ca3Co2O6 in the inner part. When annealing time is increased, the inner part 

phases mixture changes and the phases distribution is approximately the same 

in the whole sample. This effect, together with a reduction on the secondary 

phases content, lead to a decrease on the room temperature resistivity, 

compared with the 24 h annealed samples. Further annealing time promotes 

the formation of a higher amount of Ca3Co4O9 phase and, as a consequence, to 

additional decrease of resistivity. The minimum resistivity values at room 

temperature, about 15 mΩ.cm for the 96 h annealed samples, are around the 

best values obtained on textured samples produced by SPS (between 14 and 

18 mΩ.cm) [36]. This very low values outcome not only by the high amount of 

Ca3Co4O9 phase, but also by the very high density values obtained in these 

samples and discussed previously. 



Figure 10 shows the variation of the Seebeck coefficient with the temperature 

for the as-grown and annealed samples. It can be clearly seen that the sign of 

the thermopower is positive for the entire measured temperature range, which 

confirms a conduction mechanism predominantly governed by holes. The 

values of the thermopower increase with temperature, with the same behaviour 

for all the annealed samples. For the as-grown ones (see insert in Fig. 8), only 

the 400-800 ºC temperature range has been measured, as explained for the 

resistivity measurements. The Seebeck coefficient measured in these samples 

increases very rapidly, from ~ 80 to about 550 µV K-1, for 400 and 800 ºC, 

respectively. These values are very high and agree with the high resistivity 

values measured and explained previously. When considering the annealed 

samples, they increase Seebeck coefficient values, at room temperature, with 

the annealing time, except for the 96 h annealed sample which is decreasing 

with respect to the 72 h one. The raise in S with annealing time, from 24 to 72 h, 

can be explained from the higher proportion of Ca3Co4O9 when the annealing 

process is longer. In order to explain the decrease on S for the 96 h annealed 

sample, it is necessary to make some considerations. Firstly, all the measured 

S values at room temperature are much higher than the usual ones reported in 

the literature for textured materials (~120 µV K-1 at 275 ºC) [21]. Secondly, as it 

is well known, Koshibae’s expression [37], which relates S value to the fraction 

of Co+4 over the total amount of cobalt, describes the behaviour of most of the 

Co-based thermoelectric materials at room temperature. On the other hand, in 

the Ca3Co4O9 case, it has been demonstrated that they are not really described 

by that expression even if they follow the same trends: lower Co+4 amount leads 

to higher S values [27,38]. Moreover, the lower Co+4 amounts can be 



associated with lower oxygen content in the samples. From all these 

considerations, it is possible to deduce that 96 h annealed samples possess 

higher amount of oxygen (and Co+4 contents) than the 72 h annealed ones 

explaining the Seebeck difference at room temperature, in agreement with the 

oxygen contents found in the titrations described previously. 

With the electrical resistivity and Seebeck factor values, PF variation with 

temperature has been calculated and represented in Figure 11. As observed 

previously, PF values for the as-grown materials (represented in insert in Figure 

11) are very small due to the high resistivity measured in these samples. In the 

case of annealed samples, it can be clearly seen that room temperature values 

increase from ~ 0.09 mW K-2 m-1 for the 24 h annealed samples, to ~ 0.11 mW 

K-2 m-1 for the 48 h one, and ~ 0.17 mW K-2 m-1.m for higher annealing times. 

The maximum value at 800 ºC (~ 0.42 mW K-2 m-1) obtained for samples 

annealed for 72 h, is around those measured on textured materials produced by 

one of the newest texturing methods used in the Ca3Co4O9 system, the spark 

plasma texturing (SPT) technique (~ 0.40 mW K-2 m-1 at 550 ºC) [39]. These 

high PF values make these melt-grown annealed materials promising 

candidates for practical applications in thermoelectric devices. 

 

Conclusions 

This work demonstrates that high-performance Ca3Co4O9 thermoelectric 

materials can be produced by a new two-step process involving the LFZ growth 

of a very fine Ca1-xCoxO/CayCo1-yO divorced eutectic structure, followed by an 

annealing process at 900 ºC. It has been found that the reaction between Ca1-

xCoxO and CayCo1-yO to produce the Ca3Co4O9 phase starts in the outer part of 



the rods and continues to the central part of the rods due to the relatively low 

oxygen diffusion rate through the high-density ceramic material. 

The optimal annealing time has been determined using the values of the power 

factor at 800 ºC, which is maximum for the 72 h annealed samples with values 

around 0.42 mW K-2 m-1 (about 100 % higher than the obtained for the 24 and 

48 h annealed ones). These high PF values have been obtained from the 

decrease on the electrical resistivity associated to the high density and amount 

of Ca3Co4O9 phase in the 72 and 96 h annealed samples, together with an 

increase on the Seebeck coefficient due to the slow oxygen diffusion to the 

inner part of the samples. 

All these results make this laser melt-grown Ca1-xCoxO/CayCo1-yO divorced 

eutectic structure a promising precursor for Ca3Co4O9 ceramics with high 

thermoelectric performances for practical power generation applications. 
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Table I. Measured density values for all samples, together with their standard 

error and the % of the theoretical density. 

Thermal treatment Density (gr/cm3) Standard error % theoretical density 
As-grown 4.86 0.01 98 

24 h 900 ºC 4.77 0.01 ---- 
48 h 900 ºC 4.71 0.01 ---- 
72 h 900 ºC 4.59 0.01 98 
96 h 900 ºC 4.58 0.01 98 

 

 



Figure captions 

Figure 1. Ca-Co-O phase diagram under air atmosphere, adapted from the 

work of Sedmdubsky et al. [25]. 

 

Figure 2. Image of an as-grown cylinder produced by the LFZ technique at 100 

mm h-1 from a polycrystalline precursor with Ca3Co4O9 nominal composition. 

 

Figure 3. Heat flow and derivative of heat flow with temperature variation with 

respect to temperature. The two identified peaks correspond to the formation of 

1) Ca3Co4O9 phase; and 2) Ca3Co2O6 one. 

 

Figure 4. Powder X-ray diffraction patterns obtained for the produced cylindrical 

rods with nominal Ca3Co4O9 composition; (a) as-grown; and annealed at 900 ºC 

for (b) 24; (c) 48; (d) 72; and (e) 96 h. The reflection planes are indicated on the 

peaks corresponding to the Ca3Co4O9 phase. * indicates the Ca3Co2O6 phase 

and CoO and CaO reflections are indicated by their formula. 

 

Figure 5. Representative SEM micrograph performed on longitudinal polished 

sections of the as-grown samples which are formed by a divorced eutectic 

structure composed by: 1) Ca1-xCoxO; and 2) CayCo1-yO. 

 

Figure 6. Representative SEM micrographs performed on longitudinal polished 

sections of the 24 h annealed samples at 900 ºC in the outer (a) and inner (b) 

part of the rods. The identified phases are 1) Ca3Co4O9; and 2) Ca3Co2O6. Most 



of the internal part is formed by the Ca1-xCoxO/CayCo1-yO divorced eutectic 

structure. 

 

Figure 7. Representative low magnification SEM micrograph of a polished 

section of the 72 h annealed sample where it can be observed the small amount 

of porosity (black spots) and the high homogeneity of these samples. 

 

Figure 8. Representative SEM micrograph of a polished section of the 72 h 

annealed sample where it can be observed the random orientation of Ca3Co4O9 

thermoelectric grains. 

 

Figure 9. Temperature dependence of the electrical resistivity as a function of 

the annealing time for the Ca3Co4O9 samples, ( ) 24; ( ) 48; ( ) 72; and ( ) 

96 h. The insert represents the obtained values for the as-grown samples. 

 

Figure 10. Temperature dependence of the Seebeck coefficient as a function of 

the annealing time for the Ca3Co4O9 samples, ( ) 24; ( ) 48; ( ) 72; and ( ) 

96 h. The insert represents the obtained values for the as-grown samples. 

 

Figure 11. Temperature dependence of the power factor as a function of the 

annealing time for the Ca3Co4O9 samples, ( ) 24; ( ) 48; ( ) 72; and ( ) 96 

h. The insert represents the obtained values for the as-grown samples. 
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