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ABSTRACT

[Bi165Ca204]*°[C00,]169 (BCCO) sample and Ag-BCCO composites (with 10, 20 or 30 wt% Ag) have been
prepared by the spray-drying technique and uniaxially/isostatically packed. Scanning electron microscopy
reveals that the Ag particles are well distributed in the BCCO cobaltite matrix at low Ag contents. The Ag
particles have an important effect on densification and grain orientation of the samples, with a direct impact on
their electrical conductivity. The electrical conductivity is higher for the uniaxial samples and increases with the
Ag content up to 20% in weight, while the Seebeck coefficient is hardly affected. These features induce an
improvement of the power factor, reaching a maximum value of 2.2 uW K2 cm™ at ~ 1050 K for the uniaxial
sample with 20 wt% Ag. Our results suggest that the spray-drying technique is a promising method to obtain
composites with a well-dispersed secondary phase.
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1. Introduction

Thermoelectric (TE) devices have attracted an increasing attention due to their promising energy-conversion
properties, combined with a small environmental impact. Converting even a small fraction of the waste heat
released by automobiles or factories into electricity could lead to a large saving in energy consumption. The TE
performance is evaluated by the dimension-less figure of merit ZT = S?%sT/x, where S, ¢ and « are the Seebeck
coefficient, the electrical conductivity and the thermal conductivity, respectively. Consequently, high S, high o
and low « are required to improve the TE efficiency. Nevertheless, obtaining materials with such properties is
not easily realizable as these three parameters are interrelated to each other; in general a ¢ increase leads to an S
decrease and a « increase.

The most effective thermoelectric modules (ZT > 1) are composed of intermetallic compounds, such as Bi,Tes or
PbTe [1-3], Two approaches are usually investigated to enhance the thermoelectric performances in such
materials. One is minimizing the thermal conductivity by promoting phonon scattering and localization [4,5],
The other is through the quantum confinement effect in reduced dimensionalities [6,7]. In addition, the search for
new materials and new concepts is still very active, for example interesting properties recently reported for silver
chalcogenide halides [8] or In,Ses 4 [9].

However, the practical application of these materials is frequently hindered by some problems, such as their low
melting or decomposition temperatures, their content of harmful or scarce elements and their high cost. Recently,
layered cobalt oxides have attracted attention as promising thermoelectric materials because of their potential to
overcome the above-mentioned problems and exhibit reasonably good thermoelectric performance at high
temperatures in oxidizing atmosphere [10-14], The general chemical formula for these cobaltites may be given
by [MnA20,:m]*°[C00,],, where M = Bi,Pb,Co..., A = Ca,Sr,Ba... and q = by/b, is the incommensurate ratio.
Their structure is formed by two monoclinic subsystems alternating along the c-axis: a CoO, layer (Cdl,-type),
formed by CoOg edge sharing octahedra and a Rock-Salt-type (RS) block. The two subsystems share the same a
and c crystallographic parameters but present different b parameters (b; and b, for RS block and CoO, layer,
respectively).
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The ZT figure of merit of these layered oxides is however rather low, well below ZT = 1 except for single
crystals which are unpractical for applications. Optimization of the electrical properties in the polycrystalline
layered compounds can be achieved by different ways: the texturation of polycrystalline materials [15-19], the
modification of their crystallographic framework by ionic substitutions [20-23], and the synthesis of composites
by addition of a material with a lower electrical resistivity [24-27].

Based on this last concept, the present work describes the influence of Ag addition on the properties of the
promising thermoelectric material [Biy gsCa,0,]°[C00,]16 (BCCO) [18,23,28]. As reported in the literature for
Ca3C040q [26,29-31] and Na,CoO,5 [24,25,32], Ag addition is expected to be beneficial for the electrical
conductivity, due to a better connection between the cobaltite grains. Moreover, we have studied how the
microstructure of the composite of BCCO platelets and isotropic Ag particles is influenced by the type of
packing (uniaxial or isostatic).

The spray-drying technique [33] is employed here to synthesize the Ag-cobaltite composites in one step.
Aqueous precursor syntheses are an efficient way to obtain a good dispersion of the Ag particles in the cobaltite
matrix in comparison with the classic solid state mixing method [25,30,32,34]. In this paper, we show that spray-
drying is a successful alternative synthesis to get homogeneous systems.

2. Experimental

[Bi165Ca204]"°[C00,]1 69 (BCCO) and Ag-BCCO composites containing 10, 20 and 30 wt% Ag were
synthesized by heat treatment of precursor powders obtained by the spray-drying technique. For each
composition, stoichiometric amounts of CaCOj3, Co(CH3;C0O0),-4H,0, Bi(CH3COO); and AgNOs, as Ag source,
were dissolved in aqueous acetic acid. The final cation concentration was ~0.1 mol/L and the solution pH was
~5. The solutions were sprayed at 1.4 mL/min in a co-current Buchi Mini Spray Dryer B191, using a 0.7 mm
nozzle and a 700 normal L/h air flow. The inlet and outlet temperatures were 472 K and 418-423 K, respectively.
The as-sprayed precursors were slowly heated (25 K/h) in air at 873 K for 2 h. To compare the thermoelectric
properties, a BCCO sample was also synthesized by solid state reaction (1123 K, 10 h) from stoichiometric
amounts of CaCOj3, Co50, and Bi,03. For all compositions, two series of pellets were prepared: (i) by uniaxial
pressing (P ~ 100 MPa) and (ii) by isostatic pressing (P ~ 225 MPa). Then, the pellets were sintered in air at
1123 K for 10 h in alumina crucibles. Finally, bar-shaped samples (2-3 x 1.5 x 14 mm®) were cut and polished
for transport property measurements.

X-ray powder diffraction (XRD) was performed using a Siemens D5000 diffractometer at room temperature with
Cu (Ka) radiation, in the 26 range from 10° to 70° with a step width of 0.020°. The patterns were analyzed by
the Rietveld method using the JANA2000 program [35]. The microstructure was studied by scanning electron
microscopy (Philips XL30 FEG-ESEM) and the cationic composition was determined by Energy Dispersive X-
ray analysis (EDAX system). The density of the samples was measured by Archimedes' method in 1-butanol,
using theoretical X-ray density values of 6.35 g/cm® for BCCO and 10.49 g/cm® for metallic silver [36]. The
Seebeck coefficient and the electrical conductivity were simultaneously measured in air from 300 to 1100 K
using a commercial RZ2001i device (Ozawa Science).

3. Results and discussion
3.1. Structural and microstructural characterization

Fig. 1 shows the X-Ray Diffraction (XRD) patterns of the [BiyssCa,04]%°[C00,]; ¢ (BCCO) sample and the Ag-
[Bi1 65Ca,04]*°[C00,]160 (Ag-BCCO) composites obtained by spray-drying. The pattern of the BCCO sample
corresponds to a single phase. For the Ag-BCCO composites, all diffraction peaks are identified as BCCO and
metallic silver cubic phase [23,36], no impurities (such as Co30,, often present in solid state samples) are
detected. The intensity of the peaks of the Ag phase increases with the nominal Ag content (inset of Fig. 1). The
results of the full pattern matching analysis are shown in Table 1. The cell parameters of the BCCO phase are not
significantly modified in the Ag-BCCO composites and agree with those reported by Muguerra et al. [37] for a
single crystal, a=4.90 A, b, =4.71 A, b, =279 A, ¢ = 14.67 A and = 93.32° (b, for the RS block and b, for
the CoO, layer). In addition, the different cation ratios obtained by Energy Dispersive X-ray analysis agree with
the nominal composition of the single crystal BCCO phase [37], within experimental error (Table 1). This
suggests that the majority of Ag is present in metallic form at the grain boundaries of BCCO and does not enter
significantly into the crystal lattice. Indeed Ag substitution in the Ca or Bi crystallographic sites would lead to a
modification of the cell parameters due to the difference of ionic radii (1.15 A for Ag*, 1.00 A for Ca?* and 1.03
A for Bi® [38]). For example, Wang et al. [29] have reported a decrease of a and b, parameters and an increase
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of ¢ parameter in the case of Ag substitution in Ca;,AgxC0404.5 cobaltite (x = 0.05-0.3). In conclusion, the
behavior of the BCCO samples seems closer to the Na,CoO,_; family, where metallic Ag secondary phases are
observed for rather low nominal Ag substitution [32,39]. Similarly, our attempts to prepare a substituted BCCO
sample yielded polyphasic materials.

Fig. 1. X-ray diffraction patterns of the sintered samples (a) without Ag, (b) with 10 wt% Ag, (c) with 20 wt% Ag
and (d) with 30 wt% Ag. The reflections of the metallic Ag cubic phase are marked by e symbols.
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Table 1 Cation ratios, crystallographic parameters and percentage of theoretical density (theoretical X-ray
density values of 6.35 g/cm?® for BCCO and 10.49 g/cm? for metallic silver) of the BCCO phase in the single
phase and Ag-BCCO composite samples.

Sample Analyzed a(A) b, (A) b,(A)  c(A) 5 (°) Density (%) q = by/b,
Composition
Bi:Ca:Co Uni Iso
BCCO single crystal [37] 1.68:2:1.69  4.9069(4) 4.7135(7) 2.7878(9) 14.668(5) 93.32(1) - - 1.6907(2)
BCCO spray-drying 1.65:1.98:1.69 4.90(9) 4.71(6) 2.78(9) 14.64(3) 93.3(2) 75 65 1.69(1)
BCCO 10wt% Ag 1.60:1.94:1.69 4.90(6)  4.72(7)  2.79(3) 14.68(5) 93.2(6) 65 61  1.69(2)
BCCO 20wt% Ag 1.62:1.96:1.69 4.90(4)  4.72(6)  2.79(5) 14.67(3) 93.2(7) 60 65  1.69(1)
BCCO 30wt% Ag 1.66:1.96:1.69 4.90(5) 4.72(3) 2.79(2) 14.67(4) 93.3(6) 72 61  1.69(2)

The microstructure of the as-sprayed particles displays a typical spherical shape, which transforms into platelets
after treatment at 1123 K (with typical size below 5 um in the ab plane, Fig. 2a), due to the layered structure of
bismuth cobaltite. Fig. 2b-d presents backscattering electron micrographs of polished cross-sections of the Ag-
BCCO composite samples. Metallic Ag particles appear as light gray zones in the darker BCCO matrix. In the
case of the sample with 10 wt% Ag (Fig. 2b), the Ag particles are small (spherical shape inferior to 2 um) and
present a narrow size distribution (between 0.2 and 2 pum). For 20 wt% Ag (Fig. 2c), coexistence between small
(~0.2 um) and larger (~4 um) particles is observed. Finally for 30 wt% Ag (Fig. 2d), the smallest Ag particles
are ~2 um and most Ag particles form large agglomerates (~12 pm). The electron micrographs of cross-sections
of the uni-axially and isostatically-pressed BCCO samples (Fig. 3) show a more parallel stacking in the uniaxial
sample.
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Fig. 2. (a) Secondary electron micrograph of the powder of BCCO sample; back scattered electron micrographs
of polished cross-sections of composites containing (b) 10 wt% Ag, (c) 20 wt% Ag and (d) 30 wt% Ag. Ag
particles are the light gray spots (circles).

10 pm

Density measurements (Table 1) show that the density of the uniaxial pellets decreases when the Ag content
increases up to 20 wt%, because the spherical Ag particles disrupt the stacking of the BCCO platelets. At Ag 30
wt%, the large agglomerates cause an increase of the relative density. For isostatic packing, the sample density is
only slightly influenced by the modification of the ratio of anisotropic (BCCO platelets) and isotropic particles
(Ag). These relative densities of the samples studied are low, but they are comparable to these obtained by
conventional method for other misfit compounds [19].

Fig. 3. SEM images of a cross-section of (a) uniaxial (parallel to the pressure direction) and (b) isostatic spray-
drying samples.
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3.2. Thermoelectric characteristics

In this section, we study the influence of the Ag content and pressing method on the electrical conductivity and
Seebeck coefficient, which determine the thermoelectric power factor (P = S%). We will compare the properties
of the Ag-BCCO composites prepared by spray-drying with the BCCO sample synthesized by the classical solid
state method.

Fig. 4 displays the temperature dependence of the electrical conductivity (o) from 300 to 1100 K. For all
samples, a metallic-like behavior is observed. For the samples without silver, the spray-drying isostatic and the
solid state uniaxial BCCO have electrical conductivity values of 20-25 S cm™ at 300 K, in agreement with the
value reported by Maignan et al. [23]. The electrical conductivity of the spray-drying uniaxial sample is more
than twice higher (56 S cm™ at 300 K). This last result confirms the interest of spray-drying technique which
leads to an improvement of the electrical conductivity similar to the one obtained by hot forging technique [28].
This feature is a consequence of the more homogeneous particle size distribution which allows a better c-axis
grain stacking, a better connectivity between grains and more homogeneous grain boundaries. Similar results
were reported by other authors for [(Bi,Pb),Ba,04]**[C00,], cobaltite prepared by spray-drying technique [40].

In the case of the Ag-BCCO composites prepared by spray-drying, the electrical conductivity of the isostatically-
pressed samples is always lower than that of the uniaxial samples. Indeed, the random distribution of the
particles means that conductivity occurs not only in the low-resistivity ab planes of the CoO, layers but also
through the high-resistivity rock-salt blocks (along the ¢ direction) [18]. In the composite samples, the electrical
conductivity systematically increases with the Ag content, except for the uniaxial sample with 30 wt% Ag. In the
uniaxial Ag-BCCO composites with low Ag content (10 or 20 wt%), the small Ag particles promote the
electrical connections at the grain boundaries of the BCCO particles, reducing the carrier scattering. This effect
is more important and compensates for the decrease of density. For the uniaxial sample with 30 wt% Ag, the
decrease of electrical conductivity is probably due to the presence of larger silver agglomerates (see Fig. 2d).
They possibly disturb the alignment of the BCCO particles and the electrical conductivity, indeed this sample
shows similar values to the isostatic sample. For isostatic samples, increasing the Ag content increases the
electrical conductivity (maximum value of 41 S cm™ at 300 K). Due to the random distribution of the BCCO
particles in these samples, the conductivity is mainly improved by the better electrical connections through the
Ag particles.

Fig. 4. Electrical conductivity as a function of temperature for BCCO sample and Ag-BCCO composites. Close
and open symbols are for the uniaxial (Uni) and isostatic (1so) samples, respectively.
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Fig. 5. Seebeck coefficient as a function of temperature for BCCO sample and Ag-BCCO composites. Close and
open symbols are for the uniaxial (Uni) and isostatic (Iso) samples, respectively.
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Fig. 5 shows the Seebeck coefficient as a function of temperature. For all samples, positive values are observed
and indicate a hole carrier conduction, typical of the layered cobaltites [18,23,28]. The minimum value is 140 pV
K™ at 325 K and increases almost linearly up to a maximum of 210 pV K™ at ~1075 K. These values are in
agreement with those reported in the literature for single BCCO phase [18,23]. The Seebeck coefficient is not
significantly affected by the Ag addition, except for the isostatic sample with 20 wt% Ag and the uniaxial sample
with 30 wt% Ag, where a small increase is observed (less than 10 pV K™). In the literature, the Seebeck
coefficient of CazCo,404 usually decreases in the case of Ag-CCO composites and increases in the case of Ag
substitution [26,27,30,31,41]. The data for Na,CoO,.s are less clear and it is difficult to define a trend [24,32],
mainly due to the presence of secondary phases. In the present case for Ag-BCCO, the Seebeck coefficient is
unchanged or slightly increased, which confirms that the spray-drying method results in a well separated Ag
particles in the BCCO matrix, avoiding the reduction of the Seebeck coefficient by a bypass effect [26].

The electrical conductivity and the Seebeck coefficient are combined in the power factor to evaluate the
thermoelectric performance of the samples. The temperature dependence of the power factor is shown in Fig. 6.
For all samples, the power factor increases monotonically with temperature and mainly reveals the evolution of
the electrical conductivity. The values obtained for the spray-drying isostatically-pressed samples are always
lower than for the uniaxially-pressed samples. However, the value for the spray-drying isostatic BCCO sample is
comparable to that of solid state BCCO sample. The best results are obtained for the spray-drying uniaxial
sample with 20 wt% Ag, with an interesting value almost 3 times higher than the value attained by the solid state
BCCO, reaching a maximum value of 2.2 pW K? cm™ at ~1050 K. This value is smaller than those achieved by
intermetallic materials (see Introduction) but comparable with those obtained by the classic solid state method
for Ca;C040, and Cay »5Big 75C040, (1.16 pW K? cm™and 1.9 uW K2 cm™ at ~1000 K, respectively [20]).
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Fig. 6. Power factor as a function of temperature for BCCO sample and Ag-BCCO composites. Close and open
symbols are for the uniaxial (Uni) and isostatic (Iso) samples, respectively.
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4. Conclusion

[Bi165C2,04]*°[C00,]1 66 (BCCO) sample and Ag-BCCO composites (Ag 10, 20 and 30 wt%) were synthesized
by the spray-drying technique. The presence of the metallic Ag phase at the grain boundaries leads to an increase
of the electrical conductivity, while the Seebeck coefficient is not very much affected. Uniaxial pressing
promotes a favorable orientation of the BCCO platelets and the presence of isotropic Ag particles results in a
small decrease of the density of the uniaxially-pressed samples at low Ag contents (inferior to 20 wt%). The best
results were obtained for the spray-drying uniaxial 20 wt% Ag composite. The power factor is 2.2 pW K2 cm™
at 1050 K, which is 3 times higher than for solid state BCCO. Spray-drying synthesis appears as a promising
technique to obtain efficient thermoelectric composites. In fact, this technique presents several important
advantages. Firstly, it can be used at industrial scale. Secondly, the silver phase is better dispersed in the matrix
than by other solution methods and the large agglomerates appear at higher Ag contents than by the classical
solid state mixing method. Consequently, the extension of this method to other composites with Ag or cheaper
secondary phases should certainly arouse great interest to improve the efficiency of the thermoelectric materials.
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