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Abstract 

Bi2Sr2Co1.8Ox/Ag composites with small amounts of Ag have been synthesized 

by a sol-gel via nitrates reaction and directionally grown from the melt. Some of 

the obtained samples were annealed in order to obtain the thermoelectric phase 

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

characterized to determine the phases distribution and alignment. Moreover, 

thermoelectric and mechanical characteristics of annealed samples were 

determined by the four-probe technique and by three point flexural strength 

tests, respectively. Scanning electron microscopy revealed that Ag particles 

appear dispersed among well oriented ceramic grains with large size, providing 

a plastic flow region which increases the flexural strength for the optimally Ag 

added samples (1wt.%). The composites electrical resistivity is lower than that 

of pure Bi2Sr2Co1.8Ox while Ag addition does not significantly affect 

thermopower values. The resistivity reduction leads to power factor 



improvements of ~50%, compared with pure samples, for Ag additions of 

1wt.%Ag. 
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Introduction 

Thermoelectric (TE) materials can transform a temperature difference to 

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

efficiency of such materials is 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 devices2 or solar thermoelectric 

generators.3 Furthermore, they can also be used as calefaction/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. 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. This temperature limitation was overwhelmed in 19975 by the 

discovery of attractive thermoelectric properties in ceramics such as Na2Co2O4. 

From the discovery of this thermoelectric oxide, much work has been performed 

on these materials leading to the discovery of new compositions, such as 

Ca2Co2O5
6 or Bi2Sr2Co1.8Ox,7 with high thermoelectric properties. The crystal 

structure of these families can be described as an alternate stacking of two 

different layers, a common conductive CdI2-type 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.8 As a consequence of their 

crystal structure, 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 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. Numerous methods have been reported to be 

efficient to obtain a good grain alignment, such as spark plasma sintering,9,10 

sinter-forging,11 templated grain growth (TGG)12 or the laser floating zone (LFZ) 

melting technique.13 These methods can be roughly divided into two different 

groups: those producing grain alignment in solid state or with a small liquid 

phase proportion (as the spark plasma sintering) and those which produce grain 

orientation via crystallization from the melt (as the LFZ technique). 

On the other hand, the poor mechanical characteristics of this kind of materials, 

due to their ceramic nature, may impose limitations for their practical 

applications. Some attempts to improve the mechanical properties of other 

layered ceramics have been performed by Ag addition on bulk sintered or 

textured materials,14,15 while no studies have been published, to our knowledge, 

for the mechanical improvement of bulk or textured Bi2Sr2Co1.8Ox thermoelectric 

ceramics. 

The aim of this work is to study the effect produced by the Ag addition on 

Bi2Sr2Co1.8Ox thermoelectric ceramics when they are textured using the LFZ 

technique which completely melts the sample. Moreover, the modification of 



Bi2Sr2Co1.8Ox/Ag composites properties is considered after annealing at 800 ºC 

for 24 h. The changes produced on the annealed samples microstructure are 

related with their thermoelectric and mechanical properties. 

 

Experimental 

Previous results of Ag addition on textured layered ceramics have shown that 

the amount of Ag which produces an improvement on the ceramic mechanical 

properties, depends on the bulk material density.14,15 Usually, the textured 

ceramics produced using the LFZ technique have a very high density (≥ 95 %). 

As a consequence, small wt.% Ag amounts can lead to important improvements 

of their mechanical performances. 

According to these previous results obtained on ceramics with similar structure, 

Bi2Sr2Co1.8Ox/x wt.%Ag ceramic composites with small Ag additions (x = 0, 1, 

and 3) have been prepared from commercial Bi(NO3)3·5H2O (≥ 98 %, Aldrich), 

CaCO3 (98.5 %, Panreac), Co(NO3)2·6H2O (98 %, Panreac), and metallic Ag 

(99.9 %, Aldrich) powders using a sol-gel method via nitrates.16 The powders 

were weighed in the adequate proportions and suspended in distilled water. 

Concentrated HNO3 (analysis grade, Panreac) was added dropwise into the 

suspension until it turned into a clear pink 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 and citric acid, forming a pink gel.17 The dried product was then 

decomposed (slow self combustion) by heating at 350 ºC for 1 h. 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 crystallization front destabilization. 

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

cylindrical bars (~ 2 mm diameter) which were used as feed in a LFZ device 

equipped with a continuous power Nd:YAG solid-state laser (λ = 1.06 µm), as 

described elsewhere.18 The texturing processes were performed downwards 

with a growth speed of 30 mm/h and a feed rotation of 15 rpm to ensure 

compositional homogeneity of the molten zone. The use of this relatively high 

crystallization rate implies that the growth process does not occur in equilibrium. 

For this reason, the obtained textured cylinders are formed by several phases 

which can react to form the thermoelectric Bi2Sr2Co1.8Ox phase when the 

samples are properly annealed. The textured bars (around 2 mm diameter) 

were then cut to obtain samples of adequate dimensions for the electrical and 

mechanical characterizations (about 15 mm length). Some of the samples were 

kept for microstructural characterization (used as reference) while the others 

were annealed at 800 ºC during 48 h with a final furnace cooling. 

Powder X-ray diffraction (XRD) patterns were systematically recorded by using 

a Rigaku EXAFS device, working with Cu Kα radiation and 2θ ranging between 

10 and 60 degrees, in order to identify the different phases in the as-grown and 

annealed thermoelectric textured materials. 

Microstructures were observed by using a JEOL 6000 scanning electron 

microscope (SEM) equipped with an energy-dispersive spectroscopy (EDS) 



device used for phase identification. Micrographs of transversal and longitudinal 

polished sections were recorded to observe grain orientation and to analyze the 

composition and distribution of the different phases. The approximate amounts 

of each phase were determined on several SEM micrographs using Digital 

Micrograph software. 

Mechanical characterization was performed measuring the flexural strength by 

the three-point bending test in an Instron 5565 machine with 10 mm loading 

span fixture and a punch displacement speed of 30 µm/min. 

Electrical resistivity and thermopower were simultaneously determined by the 

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

GmbH). They were measured in the steady state mode at temperatures ranging 

from 50 to 650 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 

As-grown samples 

As indicated previously, the Bi-Sr-Co-O ceramic system melts incongruently. As 

a consequence, after the growth process the samples are composed of several 

phases. This behaviour is illustrated in Fig. 1, where SEM micrographs of 

representative transversal polished sections of the Bi2Sr2Co1.8Ox/x wt.% Ag 

sample are displayed. In Fig. 1a, where the pure Bi2Sr2Co1.8Ox textured ceramic 

is presented, five different contrasts can be easily observed, as reported 

previously,19 each one associated to a different phase by EDX. The phases and 

their amount in the different Ag-added samples are nearly the same, 



independently of Ag content, indicating that the melt is chemically similar and 

that Ag produces minor effects on the solidification process. The approximate 

proportion of each phase in all the samples has been determined analyzing 

several SEM images for each composition. The identified phases, together with 

their mean proportion are: 1. CoO (~ 0.5 vol.%, black contrast); 2. Sr2Co1.8Oa (~ 

1.0 vol.%, dark grey one); 3. Bi2Sr2Co1.8Ox (~ 48 vol.%, grey); 4. Bi2Sr2CoOδ (~ 

40 vol.%, light grey one); and 5. Co-free phase (~ 10 vol.%, white one). On the 

other hand, Ag particles can be observed (indicated by arrows) in Fig. 1b, 

where higher magnification micrograph of the transversal polished section of the 

Bi2Sr2Co1.8Ox/1 wt.% Ag sample is shown. The mean size of these Ag particles 

is about 3 µm for the 1 wt.% Ag samples while for the 3 wt.% it is increased until 

around 6 µm. 

Other interesting feature can be observed in Fig. 2, where a representative 

longitudinal polished section of the Bi2Sr2Co1.8Ox/3 wt.% Ag sample is 

presented. From this micrograph, it is clear that grains posses a good 

preferential orientation quasi-parallel to the growth axis. Moreover, their 

microstructure can be approximately described as alternated 

Bi2Sr2Co1.8Ox/Bi2Sr2CoOδ layers, with intercalated Co-free phase, while the 

other three phases (CoO, Sr2Co1.8Oa, and Ag) are found as very small 

inclusions between the main phases. 

From the above microstructural observations, it is clear that the samples can 

follow an annealing process in order to promote the formation of a higher 

amount of thermoelectric Bi2Sr2Co1.8Ox phase from the reaction of secondary 

phases. This thermal treatment has been performed at 800 ºC during 48 h with 

furnace cooling to room temperature. 



 

Annealed samples 

From the above discussed features found in the as-grown samples, it has been 

found to be adequate to subject them to a thermal treatment in order to promote 

the thermoelectric Bi2Sr2Co1.8Ox phase formation from the non-thermoelectric 

secondary phases. This process has been performed at 800 ºC, under air, 

during 48 h with slow furnace cooling to room temperature. 

Powder XRD patterns for the different Bi2Sr2Co1.8Ox/x wt.% Ag composite 

samples after annealing are displayed in Fig. 3. From these data, it is clear that 

all the samples are composed by the thermoelectric Bi2Sr2Co1.8Ox phase as the 

major one. The highest peaks belong to the misfit cobaltite phase and are in 

agreement with previously reported data.20 The # indicates the Si (111) 

diffraction peak, used as reference, and * shows the (111) peak of Ag, and + 

corresponds to the Co-free secondary phase.21 These results clearly indicate 

that nearly pure phase can be obtained in a relatively short annealing time, at 

the adequate temperature, from the as-grown materials. 

Figure 4 displays SEM micrographs performed on longitudinal polished sections 

of the Bi2Sr2Co1.8Ox/x wt.% Ag samples after annealing. At first sight, it is clear 

that grain limits are not as clear as they were on the as-grown samples. More 

careful observation shows that for all the samples, Bi2Sr2CoOδ phase (light grey 

contrast, #4 in Fig. 1) proportion decreases drastically, together with a slight 

reduction of CoO and Sr2Co1.8Oa ones (black and dark grey contrasts, indicated 

by #1 and 2 in Fig. 1, respectively). This reduction is produced by the 

Bi2Sr2Co1.8Ox phase formation from the Bi2Sr2CoOδ, CoO, and Sr2Co1.8Oa 

phases. As a consequence, CoO and Sr2Co1.8Oa phases are only found in very 



small amounts (about 1 vol.% as a whole) and remain practically constant for all 

the samples. The main difference between them is found on the Bi2Sr2CoOδ (12 

% for the pure sample, 8 % for the 1 wt.% Ag, and 4 % for the 3 wt.% Ag one) 

and Co-free phase (about 9 % in the pure sample and 6 % for the Ag added 

ones) proportions. These small differences in the secondary phases content 

confirm that Ag addition modifies the phase equilibrium diagram and, as a 

consequence, the samples microstructure. 

In order to determine Ag influence on the Bi2Sr2Co1.8Ox/x wt.% Ag composites 

mechanical behaviour, flexural strength tests were made on annealed 

specimens, using at least six samples for each composition. In Fig. 5 the 

flexural strength values are represented, together with their standard error, as a 

function of Ag content. At first sight, it is clear that Ag addition reduces the data 

dispersion in all cases, compared with the ones without Ag. Moreover, 1 wt.% 

Ag addition improves mechanical properties in an important manner (around 40 

%) due to the small size and good distribution of Ag particles all over the 

ceramic matrix. This effect is produced by the Ag particles found between 

thermoelectric grains, providing a plastic-flow region which reduces crack 

propagation, as reported for similar layered materials.14,15 The decrease of 

flexural strength for higher Ag contents can be associated to the bigger size of 

some of these Ag particles which can act as stress amplifiers. Anyway, these 3 

wt.% Ag added samples show similar mean flexural stress values, compared 

with the pure ones, but a significant reduction on the data dispersion. 

 

Thermoelectric properties 



Electrical resistivity measurements as a function of temperature have been 

performed on the annealed samples and displayed in Fig. 6. As it can be clearly 

seen, all the samples show very similar metallic-like behaviour in all the 

measured temperature range. Moreover, 1 wt.% Ag samples posses the lowest 

resistivity values (~ 11 mΩ.cm at room temperature), compared with the pure 

Bi2Sr2Co1.8Ox (~ 18 mΩ.cm at room temperature) which is consistent with the 

reduction of the secondary phases content already mentioned in the 

microstructure discussion (see Fig. 4) and the higher grain alignment. On the 

other hand, higher Ag content increases slightly the measured resistivity values, 

probably due to the decrease on the grain alignment (see Fig. 4). The lowest 

resistivity value, obtained for the 1 wt.% Ag samples is close to that obtained for 

the best Bi2Sr2Co2Oy single crystals reported in the literature (~ 8 mΩ.cm at 

room temperature),22 indicating that metallic Ag, with the adequate grain size, 

can effectively act as electrical bridges between thermoelectric grains, 

improving the electrical conductivity of these polycrystalline samples. 

Fig. 7 shows the variation of the Seebeck coefficient with the temperature, as a 

function of Ag content. 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 

samples. This is a clear indication that these small amounts of Ag do not affect 

thermopower values. At room temperature, the S values for all the samples are 

about 130 µV/K which are slightly higher than those reported in the literature 

(~120 µV/K at 275 ºC).12 Following the Koshibae’s expression23 which relates S 

to the fraction of Co+4 over the total amount of cobalt, a relationship of about 



0.55 is obtained for all the samples. This value confirms that oxygen vacancies 

are approximately the same for all the samples, independently of the Ag 

content. 

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

temperature has been calculated and represented in Fig. 8 as a function of Ag 

content. When considering PF values at room temperature, it can be clearly 

seen that Ag addition produces an important increase, from 0.10 mW/K2.m for 

the pure compound to about 0.14 mW/K2.m for the 3 wt.% Ag samples, and 

0.15 mW/K2.m for the 1 wt.% Ag samples. The maximum value at 650 ºC (0.27 

mW/K2.m) obtained for samples with 1 wt.% Ag is higher than those measured 

on the ab plane (the conducting one) of textured materials at the same 

temperature (about 0.14 mW/K2.m).12 This important raise in PF (around 100 %) 

makes this kind of materials good candidates to explore the possibility to be 

applied in practical devices. 

 

Conclusions 

This work demonstrates that bulk Bi2Sr2Co1.8Ox/Ag thermoelectric composites 

can be directionally grown by the laser floating zone method (LFZ). This 

process leads to a multilayer cobaltite with compositional differences between 

layers, mainly in Co content. After annealing, samples are composed mainly by 

the thermoelectric phase with small Ag inclusions which increase their size 

when the Ag content is raised. It has been found a significant increase (around 

40%) of flexural strength for samples with 1 wt.% Ag together with lower data 

dispersion, when compared with the pure samples. 



The optimal Ag addition has been determined using the values of the power 

factor at 50 ºC, which is maximum for the 1 wt.% Ag added samples with values 

around 0.15 mW/K2.m (about 50 % higher than the obtained for the Ag-free 

ones) and about 0.27 mW/K2.m at 650 ºC, around two times higher than the 

best textured materials, measured in the ab plane, at the same temperature. 

These high PF values are obtained from the decrease on the electrical 

resistivity which reaches similar values to those obtained in single crystals. 

All these results make the Bi2Sr2Co1.8Ox/1 wt.% Ag thermoelectric composite a 

promising material for practical power generation applications. 
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Figure captions 

Figure 1. SEM micrographs of representative transversal polished sections of 

the Bi2Sr2Co1.8Ox (a). The different identified phases are numbered as: 1) CoO; 

2) Sr2Co1.8Oa; 3) Bi2Sr2Co1.8Ox; 4) Bi2Sr2CoOδ; and 5) Co-free phase. (b) 

Bi2Sr2Co1.8Ox/1 wt.% Ag composite. Ag particles are indicated by arrows. 

 

Figure 2. SEM micrograph of a representative longitudinal polished section of 

the Bi2Sr2Co1.8Ox/3 wt.% Ag composite. The different contrasts correspond to 

the same phases described in Fig. 1. 

 

Figure 3. Powder X-ray diffraction patterns obtained for the Bi2Sr2Co1.8Ox/x 

wt.% Ag composite samples; (a) 0; (b) 1; and (c) 3 wt.% Ag. Co-free phase 

peak is indicated by a +, the # shows the Si (111) diffraction peak, used as 

reference, and * identify the (111) peak of Ag. 

 

Figure 4. SEM micrographs of longitudinal polished sections of the annealed 

Bi2Sr2Co1.8Ox/x wt.% Ag composites, (a) 0; (b) 1; and (c) 3 wt.% Ag. Grey 

contrast corresponds to the thermoelectric phase, white to the Co-free one, and 

light grey to the Co-poor one. 

 

Figure 5. Bi2Sr2Co1.8Ox/x wt.% Ag annealed composites mechanical 

performances, together with their standard errors (three point flexure strength), 

as function of Ag content. 

 



Figure 6. Temperature dependence of the electrical resistivity as a function of 

Ag content in Bi2Sr2Co1.8Ox/x wt.% Ag composite samples, ( ) 0; ( ) 1; and 

( ) 3 wt.% Ag. 

 

Figure 7. Temperature dependence of the Seebeck coefficient as a function of 

Ag content in Bi2Sr2Co1.8Ox/x wt.% Ag composite samples, ( ) 0; ( ) 1; and 

( ) 3 wt.% Ag. 

 

Figure 8. Temperature dependence of the Power Factor as a function of Ag 

content in Bi2Sr2Co1.8Ox/x wt.% Ag composite samples, ( ) 0; ( ) 1; and ( ) 3 

wt.% Ag. 
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