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Abstract 

[Bi1.68Ca2O4_δ]
RS

[CoO2]1.69 has been obtained by different chimie douce methods and uniaxially or isostatically 

pressed. The influence of these parameters on the thermoelectric properties has been investigated. Contrary to 

the Seebeck coefficient, which remains unchanged, the electrical conductivity is greatly modified. In particular, 

spray-drying synthesis followed by uniaxial pressing results in an electrical conductivity two times larger than in 

the case of conventional solid state synthesis. Our results suggest that a narrow particle size distribution is 

beneficial to the thermoelectric properties of the layered compounds. The spray-drying technique seems to be 

promising to improve the electrical conductivity of layered materials. Moreover, this method presents other 

advantages (homogeneous samples and less energetic processing) which could be interesting to the future 

manufacturing of thermoelectric devices. 
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1. INTRODUCTION 

Transition metal oxides have attracted much interest to solve the increasing demand in creation, storage and 

conversion of energy. An interesting solution is thermoelectricity, which converts directly thermal energy into 

electrical energy or vice versa. The thermoelectric (TE) devices provide an effective route to use the waste heat 

from automobiles or factories, or conversely to cool down electronic devices for example. The TE conversion 

efficiency is characterized by the figure of merit ZT=S
2
T/ρκ, where ρ, S and κ are the electrical resistivity, the 

Seebeck coefficient and the thermal conductivity, respectively. Consequently to obtain highly efficient TE 

devices, low ρ, high S and low κ must be associated simultaneously. 

The layered cobalt oxides seem interesting candidates, due to their chemical stability and absence of hazardous 

elements such as Te, Se and Pb [1-5]. Their structure are described by two monoclinic subsystems alternating 

along the c axis [6-15], A CoO2 layer, formed by CoO6 edge sharing octahedra, which is mainly responsible of 

the TE features and a rock salt (RS) block which is considered as an electron reservoir. The RS block can be 

formed by two, three or four layers. For example, the RS block of [Ca2CoO3-δ]
RS

[CoO2]1.62 is composed of three 

layers (CaO-CoO-CaO) [6] whereas [Bi1.74Sr2O4_δ]
RS

[CoO2]1.82 includes four layers (SrO-BiO-BiO-SrO) [7], 

The two monoclinic subsystems (i.e., CoO2 layer and RS block) share the same a and c cell parameters but have 

different b parameters. This family of compounds is called "misfit" due to this incommensurability between the 

two subsystems. Their general chemical formula may be given by [MmA2O2+m]
RS

[CoO2]q, where M=Bi, Pb, 

Co...; A=Ca, Sr, Ba... and q=b1/b2 is the incommensurate ratio (bi is the b parameter of the RS block and b2 of 

the CoO2 layer). 
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Different methods have been used to improve the TE properties of these oxides. One approach consists in partial 

substitutions in the layers of the RS block. For [Ca2CoO3_δ]
RS

[CoO2]1.62, the ZT factor increases by substituting 

Bi [16], Na [17], or rare earth elements (e.g., Dy)[18] for Ca, and by substituting transition metals (Fe, Mn, Ni, 

Cu) for Co [19], Due to the anisotropic properties of these oxides, another method for improving their TE 

properties is the fabrication of textured bulk ceramics. In fact, samples with well oriented grains exhibit an 

increase in electrical conductivity in comparison with randomly oriented samples. Different techniques have 

been reported, such as hot-forging techniques [20], spark plasma sintering [21], reactive templated grain growth 

[22] and magnetic alignment [23], Moreover metallic particles, with lower electrical resistivity, can be added to 

cobaltite to improve their electrical conductivity [24], For example, addition of Ag particles induces a small 

reduction of the Seebeck coefficient, whereas the electrical connection between the cobaltite grains  is effectively 

improved.  Finally,  "chimie douce" techniques can be employed to obtain nanoparticles with good densification 

behavior and thereby to improve the TE properties. For example, it has been reported that [Ca2CoO3-

δ]
RS

[CoO2]1.62 can be synthesized by polyacrylamide gel processing [25], polymerized complex [26], citrate sol-

gel [27] and coprecipitation method [28]. 

The bismuth layered cobalt oxide [Bi1.68Ca2O4-δ]
RS

[CoO2]1.69 (hereafter labeled BCCO) shows interesting 

thermoelectric properties: a large thermopower (typically S300K= 140µVK
-1

), a low electrical resistivity (typically 

ρ300K=40mΩcm) and a small thermal conductivity (typically κ300K=l WK
-1

 m
-1

) [29]. But its ZT value remains 

still lower than the ZT= 1 criterion which is essential when considering the practical applications. Attempts to 

improve the ZT value have been tested hot-forging method [30] leading to textured materials appears promising 

due to the strong impact on electrical resistivity which decreases as the level of texturing increases. 

In the present letter, we employ chimie douce techniques to try to improve the electrical conductivity of this 

material. By this approach, we hope to achieve comparable values than the ones obtained by hot forging-method, 

but with a lower energetic balance of synthesis process i.e., lower energy required to synthesize the sample. 

Indeed the packings have been realized only by cold uniaxial or isostatic pressing. In fact, the reduction of the 

energy required to synthesize the components of TE devices is an important aspect to their future 

commercialization. 

We will focus on the influence of chimie douce processes and packing treatments on the microstructure, and then 

on the TE properties of BCCO. 

2. EXPERIMENTAL PROCEDURE 

Samples with nominal composition [Bi1.68Ca2O4-δ]
RS

[CoO2]1.69 were prepared by different synthesis methods. In 

each case, the precursor powder was ground, uniaxially (100 MPa) or isostati-cally (225 MPa) pressed and 

sintered for 10 h at 1123 K in air. 

2.1.  Method 1, spray-drying technique 

CaCO3, Co(CH3COO)2∙4H2O and Bi(CH3COO)3 were dissolved in aqueous acetic acid solution in the 

stoichiometric ratio: 2:1.69:1.68. The final cation concentration in the feedstock solution was ~0.10mol/L and 

pH was ~5, suitable to avoid damaging the metallic parts of the spray-drying apparatus. 

The solution was sprayed by a co-current Büchi Mini Spray Dryer B191, using a 0.7 mm nozzle. The inlet and 

outlet temperatures were 473 K and 418-423 K, respectively. The process used air as the carrier gas with a flow 

rate of 700 normal L/h. The liquid feed rate was 1.4mL/min. After spray-drying, the precursor was precalcined at 

873 K for 2 h. 

2.2.   Method 2, solid state reaction 

CaCO3, Co3O4 and Bi2O3 were thoroughly mixed and ground in an agate mortar in the molar ratio 2:0.563:0.84. 
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2.3.   Method 3, sol-gel method 

Stoichiometric mixtures of CaCO3, Co(NO3)2 · 6H2O and Bi2O3 (2:1.69:0.84) were dissolved in an aqueous 

solution of nitric acid (total cation concentration ~0.30mol/L). EDTA, used as chelating agent, was dissolved in 

an aqueous solution of NH4OH. The metal cations solution was added dropwise to the EDTA solution. The 

molar ratio of metal cations to EDTA was 1:1.3. This final mixture was heated (while stirring) at 473 K to form a 

purple gel. The gel was burnt by a self-spread process at 573 K. The resulting precursor was calcined at 773 K 

for 5 h to remove residual organic compounds. 

The X-ray powder diffraction measurements were carried out using a Siemens D5000 diffractometer equipped 

with Cu Kα source at room temperature in air. The diffraction intensities were measured in the 2θ range from 10° 

to 70° at a step width of 0.020°. Environmental scanning electron microscope (FEG-ESEM, Philips XL30) with 

EDX analyzer was used to determine the cation ratio and the morphology of the particles. The density of the 

pellets was measured by Archimedes' method in 1 -butanol. The average valence of cobalt, V(Co), were 

determined by iodometric titration. The sample (50 mg) is dissolved in 1 M HC1 solution (100 mL) and 

subsequent reduce with I
-
 (KI, 2g). I2 was titrated with Na2S2O3 solution (0.015 M) using starch as indicator. The 

experimental details were the same as described in Ref. [31].. Several parallel experiments confirmed 

reproducibility. The electrical conductivity and thermoelectric power were measured by a commercial RZ2001i 

device (Ozawa Science) from 300 to 1100K in air. 

Fig. 1. XRD patterns of BCCO samples prepared by (a) spray-drying, (b) solid state and (c) sol-gel method. 

Inset: detail between 29 and 32°. 

 

3. RESULTS AND DISCUSSION 

3.1.  Structural and microstructural investigations 

The X-ray powder diffraction (XRD) patterns of the BCCO samples are shown in Fig. 1. All patterns are similar 

and no impurities are detected. The cation ratios, evaluated by EDX analysis, are reported in Table 1, together 

with literature data for BCCO powder [29] and single crystal [32]. 

The cation ratios of the spray-drying and sol-gel samples agree with the single crystal composition ([Bi 

1.68Ca2O4_δ]
RS

[CoO2]1.69 [32]) which is consistent with the cation ratios used for the synthesis (Table 1). In the 

case of the solid state samples, the composition is close to that previously reported [29]. Different reasons have 

been reported to explain the cobalt excess: the presence of small Co3O4 impurities (non-observable on the XRD 

pattern) or an inhomogeneous distribution of the stacking of the layers in the RS block 

([Bi1.7Ca2Co0.3O4_δ]
RS

[CoO2]1.69) [29]. In conclusion,  the  reactions   in  solution  seem  very  interesting because 

they lead to more homogeneous samples. 
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For spray-drying and solid state methods, the valence state of the cobalt (Table 1) was equivalent to the values 

reported by Morita et al. [33] for [Ca2CoO3-δ]
RS

[CoO2]1.62 and [(Bi/Pb)1.74Sr2O4-δ]
RS

[CoO2]1.82 (3.17 and 3.21, 

respectively). While a value of 3.35 has been obtained for sol-gel method (Table 1). These three values are lower 

than V(Co)=3.39 expected for [Bi1.68Ca2O4]
RS

[CoO2 ]1.69 formula, which could be explained by vacancies in the 

RS block. The valence state of the cobalt and oxygen content is an important parameter to understand the 

electrical conductivities of cobaltites [34-36]. This aspect will be developed during the thermoelectric 

characterization of the materials. 

Table 1 Cation ratios, valence state of the cobalt and crystallographic parameters of BCCO samples. 

Sample Analyzed Composition  

Bi: Ca: Co 

V(Co) a (Å) b1(Å) b2(Å) c(Å) β(°) q = b1/b2 

BCCO powder [30] 

BCCO single crystal 

[32] 

1.7: 2: 2  

1.69: 2: 1.68 
- 4.9069(4) 4.7135(7) 2.7878(9) 14.668(5) 93.32(1) 1.6907(2) 

Spray drying 

technique 

1.67: 2: 1.71 3.15 4.89(6) 4.72(2) 2.78(7) 14.70(2) 93.5(9) 1.69(4) 

Solid State reaction 1.69: 2: 1.93 3.13 4.89(1) 4.72(5) 2.78(10) 14.68(9) 93.3(5) 1.69(4) 

Sol Gel method 1.69: 2: 1.67 3.35 4.89(6) 4.70(9) 2.78(3) 14.66(6) 93.4(3) 1.69(1) 

 

The structure is composed of a RS blocks [Bi1.68Ca2O4-δ], formed by 4 layers (CaO-BiO-BiO-CaO), and CoO2 

layers. The incommensurate periodicity, q=b1/b2 = 1.69, imposes the super-space formalism for the description 

of this aperiodic structure [37]. The XRD patterns of BCCO have been indexed with hklm Miller indices (where 

k and m Miller indices correspond to RS and CoO2 blocks, respectively) (Fig. 1) [32]. The full pattern matching 

analysis was performed using the Jana2000 software [38] (Table 1). As already reported, the cell parameters are 

close to a = 4.90Å, b1 = 4.71Å, b2 = 2.79Å, c = 14.67Å and β =93.32° (b1 for the RS block and b2 for the CoO2 

layer) [32]. 

Despite careful preparation of the samples for XRD measurements to minimize preferential orientation effects, 

all patterns show very intense (0010) reflections [30], suggesting platelet geometry of the particles. A zoom of 

the most intense reflection (i.e., the (00100) reflection) is shown in the inset of Fig. 1. The peak of the spray-

drying sample is significantly broader than those of the other samples. Since one of the contributions to peak 

broadening is related to the grain size [39], a small particle size can be expected for this sample. This observation 

is a first proof of the impact of the synthesis method on the microstructure. 

These first analyses were confirmed by scanning electron microscopy (SEM) (Fig. 2). The samples are all 

formed by microplates, but their size and particle size distribution change from one sample to another. In 

agreement with the observations of XRD patterns, the smallest particles (inferior to 5 µm in the ab plane) are 

obtained by the spray-drying technique (Fig. 2b). The classic solid state method (Fig. 2c) leads to larger particles 

(inferior to 10 µm in the ab plane) while the sol-gel sample (Fig. 2d) is made up of aggregates with typical size 

between 10 and 20 µm. 
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Fig. 2. SEM images of (a) BCCO spray-dried precursor and BCCO samples prepared by (b) spray-drying, (c) 

solid state and (d) sol-gel method. 

 

In addition to small particle size, a narrow particle size distribution is observed for the sample prepared by spray-

drying technique (Fig. 2a and b). This feature is an asset of this method and probably results from the fact that 

the precursor after spray-drying is formed of spherical particles inferior to 3 µm with a good particle size 

distribution (Fig. 2a). Van Driessche et al. and Motohashi et al. have previously reported similar results for 

(Bi,Pb)-2223 superconductors [40] and [(Bi,Pb)2Ba2O4_δ]
RS

[CoO2]2 thermoelectric oxides [41]. In conclusion, 

the spray-drying technique results in powders with satisfactory characteristics in terms of stoichiometry, small 

particle size and narrow size distribution. 

3.2.   Thermoelectric characteristics 

In the figure of merit ZT, the electrical conductivity is the parameter most affected by the microstructure of bulk 

samples. In fact, the different microstructural aspects (such as the grain boundary, the grain size and bulk 

density) have a great influence on this factor. As already mentioned in the introduction, the grain texturing 

significantly affects the electrical conductivity of these layered oxides. Consequently, we have decided to study 

the influence of the packing method on the microstructure and we have packed the powders uniaxially or 

isostatically. The isostatic pressing, which has not been reported yet in this kind of materials, is considered here 

for different reasons: 

-  Higher pressing values can be reached (up to 225 MPa). 

-  A different orientation distribution of the particles can be observed. 
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Fig. 3. SEM images of a cross-section of (a) uniaxial (parallel to the pressure direction) and (b) isostatic spray-

drying samples. 

 

Fig. 3a and b correspond to electron micrographs of cross-sections of spray-drying samples respectively 

uniaxially and isostatically pressed. As expected for anisotropic particles, the isostatic packing induces a random 

orientation of the plate-like particle, while uniaxial pressing results in a more parallel stacking. Similar results 

were observed for the solid state samples. On the contrary, the coexistence of small particles and aggregates in 

the sol-gel samples appears to lead to randomly oriented grains for both types of packing. 

The relative density of the samples (theoretical X-ray density ~6.35g/cm
3
) was measured by Archimedes' 

method. The solid-state samples present the highest density: 88% (uniaxial) and 85% (isostatic). For the spray-

drying, the densities of the uniaxial and isostatic samples are smaller than the solid state samples (75% and 65%, 

respectively). These results are in good agreement with the values reported for conventional method (solid state 

reaction ~65%) [21]. For the sol-gel samples, the density values are the smallest (uniaxial  52% and  isostatic  

66%).  In this case,  the coexistence of small particles and agglomerates has limited the densification of the 

material. 

Fig. 4. Electrical conductivity as a function of temperature for BCCO samples. SD — spray-drying, SS = solid 

state, SG = sol-gel; open and close symbols are the isostatic and uniaxial samples, respectively. 

 

Fig. 4 shows the temperature dependence of the electrical conductivity (σ) of BCCO samples. For all samples, 

the conductivity decreases with temperature, which is characteristic of a metallic-like behavior. But differences 

exist depending on the synthesis method and packing treatment. The electric conductivity of the isostatic spray-

drying sample is equivalent to the one of the uniaxial solid state (~22Scm
-1

 at 325 K). These values are in 

agreement with the literature [29,30]. The highest electrical conductivities are obtained for the uniaxial spray-

drying and isostatic solid state: σ=56.2 and 36.22Scm
-1

 at 325K, respectively. It is surprising that the smallest 

particles (5 µm for spray-drying sample in the ab plane) reach the highest electrical conductivity value 

(σ=56.2Scm
-1

 at 325K) which opposes to the effect of grain boundaries on the transport properties. 
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The narrow particle size distribution and more homogeneous grain orientation could explain this behavior. 

Indeed firstly, the homogeneous small grains allow a better connectivity between grains and more homogeneous 

grain boundaries, which lead to an improvement of the electrical conductivity. Secondly, the uniaxial packing of 

homogenous platelets induces a better orientation (001) along the pressed plane (Fig. 3) [42,43]. This feature 

favors the electrical conduction along the ab plane (CoO2 layers with low resistivity values) and decreases the 

one along the c axis (through rock-salt layers with high resistivity values). Instead of orientation by high 

temperature and pressure as in hot-forging, the spray-drying method, by reduction of the particle size 

distribution, acts like a "chimie douce orientation method". This behavior proves the importance of the particle 

size distribution to improve the TE properties of these materials although this criterion is rarely considered in the 

studies of cobaltites. It is interesting to note that the electrical conductivity is even higher than the one reported 

for the hot-forging method (38.5 Scm
-1

 at 300 K) [30]. 

For the solid state samples the electrical conductivity of the isostatic sample is higher than the uniaxial sample. 

The explanation should directly be linked to the larger particle size of the sample (above 10 µm) and not to the 

grain orientation (Fig. 3). For the isostatic packing, the decrease of the grain boundary number seems mainly to 

govern the electrical conductivity. For the sol-gel sample, the electrical conductivity values for the different 

packing methods are almost similar (~19Scm
-1

 at 325 K). The coexistence of small particles (inferior to 5µm) 

with agglomerates (10-20 µm) reduces the orientation effect and the samples density (uniaxial 52% and isostatic 

66%). 

Finally we compare the cobalt valence in function of the electrical conductivity (Table 1). In general, the 

electrical conductivity increases with the carrier concentration. In our case, the sample with higher carrier 

concentration is the sol-gel sample (V(Co)=3.35), which presents the lower electrical conductivity (Fig. 4). 

Consequently in our samples, the microstructure seems to have a more important impact on the electrical 

conductivity than the cobalt valence state. 

Fig. 5. Seebeck coefficient as a function of temperature for BCCO samples. SD = spray-drying, SS = solid state, 

SG = sol-gel; open and close symbols are the isostatic and uniaxial samples, respectively. 

 

Fig. 5 presents the Seebeck coefficient as a function of temperature. For all samples, positives values are 

observed indicating a hole carrier conduction (p-type), typical of the layered cobaltites [29,30,43]. The Seebeck 

coefficient is not significantly affected by the sample preparation. At 325 K, a value of 140 µV K
-1

 is reached 

and increases almost linearly up to a maximum of 210µVK
-1

 at 1075K. These results are in good agreement with 

those reported in the literature [29]. In conclusion, the Seebeck coefficient, as a bulk property, is less sensitive to 

interface/surface characteristics. 
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Fig. 6. Power factor as a function of temperature for BCCO samples. SD = spray-drying, SS = solid state, SG = 

sol-gel; open and close symbols are the isostatic and uniaxial samples, respectively. 

 

In Fig. 6, the thermoelectric performance as a function of temperature is evaluated by the power factor (P=S
2
σ). 

Above 400 K, it increases monotonically with the temperature. Since the behavior of the Seebeck coefficient is 

similar for the different samples, the power factor is mainly influenced by the evolution of the electrical 

conductivity. Thus the two highest P values are reached by the samples with the two highest σ values: 0.70 and 

1.11µWK
-2

cm
-1

 at 325K for the isostatic solid state and uniaxial spray-drying samples, respectively. The 

maximum value is obtained for the uniaxial spray-drying sample at ~1050K, 1.59µWK
-2

cm
-1

. This result is 

almost twice higher than the one of the uniaxial solid state sample and comparable to the value obtained by hot-

forging method [43]. The spray-drying technique seems an interesting method to improve the electric 

conductivity of these materials. Indeed not hot-forging methods are needed to obtain high electrical conductivity 

and this method can be used as an industrial scale. These advantages are very interesting for the reduction of the 

manufacturing cost of these materials. 

4. CONCLUSION 

Single phase [Bi1.68Ca2O4_δ]
RS

[CoO2]1.69 cobaltite has been synthesized by chimie douce methods. The spray-

drying technique leads to a reduction of the particles size and size distribution, whereas the sol-gel samples show 

the coexistence of small particles with agglomerates. The influence of the packing method has also been 

investigated. The packing treatment or the synthesis method only modified the electrical conductivity of the 

BCCO materials, indeed the Seebeck coefficient remains almost the same. The highest value of electrical 

conductivity is obtained for uniaxial spray-drying and isostatic solid state samples. The first case can be 

explained by a positive reinforcement of the grain orientation by a narrower particle size distribution. For the 

second one, the random packing of relative large particles seems to increase the electrical conduction. The power 

factor of the uniaxial spray-drying method is boosted up two times compared with the conventional preparation 

method. As a conclusion, the spray-drying technique together with uniaxial packing seems to be an interesting 

method for the cobaltite synthesis from a commercial viewpoint. Indeed this method is less restrictive and 

presents a lower energetic balance of the synthesis process than the hot-forging technique, although giving 

equivalent thermoelectric performances. Extensions to other thermoelectric oxides are certainly to be considered. 
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