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ABSTRACT: Bi2Ca2Co1.7Ox thermoelectric ceramics with small Ag additions (0, 1, 2, 

3, 4, and 5 wt.%) have been successfully grown from the melt, using the laser floating 

zone method and subsequently annealed at 800 ºC for 24 h. The microstructure has 

shown a reduction of the amount of secondary phases for Ag contents up to 4 wt.%. 

This microstructural evolution leads to a decrease of the electrical resistivity values until 

an Ag content of 4 wt.%, whereas Seebeck coefficient has been maintained unchanged. 

This is in agreement with the presence of metallic Ag in all samples, confirmed not only 

by Energy Dispersive Spectrometry but also by X-ray photoelectron and Auger spec-

troscopy. These electrical properties lead to maximum power factor values of about 0.30 

mW/K2.m at 650 ºC for the 4 wt.% Ag containing samples, which is among the best 

results obtained for this type of materials. 

 

 

KEYWORDS: Texture, Thermoelectric materials, misfit, X-ray Photoelectron Spectros-

copy (XPS), Auger Electron Spectroscopy (AES) 
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1. INTRODUCTION 

Thermoelectric (TE) materials are able to transform thermal to electrical energy due to 

the well-known Seebeck effect, without moving parts. Nowadays, the energy transform-

ing systems are characterized by their low efficiency and more than 50% of the energy 

consumption is wasted as heat. In this scenario, the TE energy conversion can provide 

very important advantages to harvest wasted heat in a wide number of applications, in-

creasing their efficiency. At the same time, it could decrease the CO2 emissions, helping 

to fight against global warming. Moreover, it can produce green energy transforming 

solar energy into electricity at lower cost than photovoltaic conversion [1]. The conver-

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

which is defined as TS2/ρκ, where T, S, ρ, and κ are the absolute temperature, Seebeck 

coefficient, electrical resistivity, and thermal conductivity, respectively [2]. On the other 

hand, the electrical part of the expression (S2/ρ) is called power factor, PF, and it is gen-

erally used for TE materials characterization, mostly when it is difficult to measure 

thermal conductivity. Moreover, it has been shown that efficiency is as important as the 

output power density, and this last parameter is proportional to the PF of TE material 

[3]. As a consequence, as stated by W. Liu et al., the best approach for the improvement 

of TE materials is to increase PF and then optimize the physical design parameters [3]. 

Now, TE materials are used in a wide range of applications such as refrigeration, 

wasted heat harvesting in automobile exhausts, or in radioisotope thermoelectric genera-

tors (RTG) [4,5]. Most of these TE devices are based on either alloys or intermetallic 

thermoelectric materials, such as Bi2Te3 or CoSb3, for which the thermoelectric perfor-

mances are high at relatively low temperatures. On the other hand, these materials can 

be either oxidized or degraded at high temperatures under air, releasing toxic or heavy 

elements. As a consequence, their applications range is limited to relatively low temper-

atures. 
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This limitation in working temperatures was overtaken by the discovery of large 

thermoelectric properties in NaxCoO2 [6]. Following this discovery, great efforts have 

been made in the study of CoO-based materials, such as Ca-Co-O, Bi-Sr-Co-O, or Bi-

Ca-Co-O, with attractive thermoelectric properties [7-12]. The crystal structure of these 

materials is composed by an alternate stacking of two different layers, a common con-

ductive CdI2-type CoO2 layer with a two-dimensional triangular lattice and a block one, 

composed of insulating rock-salt-type (RS) ones. The two sublattices (RS block and 

CdI2-type CoO2 layer) possess common a- and c-axis lattice parameters and β angles 

but different b-axis lengths, causing a misfit along the b-direction [13]. 

As layered cobaltites are materials possessing a strong crystallographic anisotropy, 

they tend to crystallize in form of stacked plate-like grains leading to highly anisotropic 

microstructure and properties. As a consequence, the alignment of these plate-like 

grains along a preferential direction is necessary to reach properties comparable with 

those obtained on single crystals. Some established and well-known techniques are use-

ful to obtain a good grain orientation in various oxide ceramic systems, such as template 

grain growth (TTG) [14], hot-pressing [15], spark plasma sintering [16], or directional 

growth from the melt with or without applied electrical current [17,18]. 

On the other hand, some works have shown that metallic Ag additions are useful to 

improve mechanical and electrical properties in several electroceramic systems [19,20]. 

At present, in the best of our knowledge, very few articles are dealing with Ag additions 

in Bi-AE-Co-O system (AE= alkaline earth) [21-23], while many more have been per-

formed in the Ca3Co4O9 system [24-26]. In all these studies, the role of Ag has not been 

clearly determined and some works report on Ag addition [24] while others consider Ag 

doping [25]. 

Taking into account these previously discussed effects, the aim of this work is to pro-

duce high performances TE materials by adding metallic Ag to the Bi-Ca-Co-O com-
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pound and establish the Ag role in the composite. The samples used in this work were 

directionally grown by a texturing process performed by the Laser Floating Zone (LFZ) 

technique, followed by annealing at 800 ºC for 24 h under air. 

 

2. EXPERIMENTAL SECTION 

The initial Bi2Ca2Co1.7Ox-x wt.% Ag (x = 0, 1, 2, 3, 4, and 5) polycrystalline ceramics 

were prepared from commercial Bi(NO3)3 • 5H2O (≥ 98%, Aldrich), CaCO3 (≥ 99%, 

Panreac), Co(NO3)2 • 6H2O (98 % Panreac), and metallic Ag (99%, Aldrich) compounds 

by a sol-gel method via nitrates [27]. The powders were weighed in the appropriate pro-

portions and dissolved in a mixture of HNO3 (analysis grade, Panreac) and distilled wa-

ter. To the clear pink solution, citric acid (99.5%, Panreac), and ethylene glycol (99%, 

Panreac), were added in the adequate proportions. Evaporation of the solvent was slow-

ly performed to decompose the nitric acid excess. Thus, the polymerization reaction 

between ethylene glycol and citric acid may occur and produce coordination compounds 

containing all the cations in a pink gel form [28]. Once dried, the product is heated at 

350-400 ºC until its decomposition by slow self-combustion. The remaining powder 

was mechanically ground and calcined at 750 and 800 °C for 12 h, with an intermediate 

grinding. This step is of special importance when texturing is performed from the melt 

using the LFZ technique: it has been used to assure the alkaline-earth carbonates de-

composition which, otherwise, would decompose in the molten zone disturbing the so-

lidification front and producing grain misorientation. The so-obtained powders were 

isostatically cold-pressed in form of cylinders (~ 120 mm in length and 2-3 mm in di-

ameter) under an applied pressure of about 200 Mpa for 1 min. 

The green ceramic cylinders were subsequently used as feed in a LFZ texturing sys-

tem successfully employed in previous works [29]. All samples were grown at the same 

rate (30 mm/h), with 3 rpm seed rotation, to maintain the cylindrical geometry in the 
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final textured material. Simultaneously, the feed has been rotating at 15 rpm, in the op-

posite direction, to improve the compositional homogeneity of the molten zone. After 

the texturing process, long (more than 150 mm) cylindrical and geometrically homoge-

neous samples have been obtained. These textured materials were then cut into shorter 

pieces with the appropriate lengths for their characterization (~ 15 mm long). Finally, 

the samples were annealed at 800 ºC for 24 h under air after the solidification process. 

This thermal treatment is necessary to promote the formation of the thermoelectric 

phase due to the fact that the Bi-Ca-Co-O system presents incongruent melting and, 

during the solidification process, high amount of secondary phases is produced [22]. 

The structural identification of all the samples has been made through powder XRD 

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

ranging between 10 and 60 degrees. Microstructural observations have been performed 

on polished samples using a Field Emission Scanning Electron Microscope (FESEM, 

Carl Zeiss Merlin) fitted with energy dispersive spectrometry (EDS) analysis. Moreover, 

apparent density was measured using Archimedes' principle for each composition, at 

least for four ceramic samples, and compared to the theoretical density of each composi-

tion using 6.35 g/cm3 for the Bi2Ca2Co1.7Ox phase [28], and 10.5 g/cm3 for Ag [30]. 

The Auger analyses were carried out with a JEOL JAMP 9500F Auger spectrometer 

(JEOL Ltd, Tokyo, Japan) working under UHV conditions (pressure < 2.10-7 Pa). The 

UHV equipment is a Schottky field emission Auger electron spectrometer (FE-AES) 

dedicated to very high spatial resolution analysis and high brightness. The hemi-

spherical electron analyzer coupled with a multichannel detector (7 channeltrons) of-

fered ideal settings for energy resolved Auger analysis. The material cross-cut sections 

were prepared with a JEOL Cross-Polisher (JEOL Ltd, Tokyo, Japan). The cylinders 

were pasted on a silicon wafer before being preliminary cut with a diamond saw to ob-

tain a first rough surface. The materials were then exposed in the Cross-polisher to a Ar+ 
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ion beam (working pressure of 1 x 10-4 Pa; ion beam energy varying from 1 to 6 keV; 

ion current, approximately, 120 µA) before being mounted on the Auger sample holder. 

The X-ray photoelectron spectroscopy (XPS) analyses were made in a Thermo K-

alpha system with a hemispherical analyzer and a microfocused (analysis area was ca. 

200 µm2) monochromatized radiation Al Kα line (1486.6 eV) operating at 75 W under a 

residual pressure of 1 x 10-9 mbar in order to characterize the surface atomic composi-

tion and chemical environment of elements at surface of all samples. The spectrometer 

pass energy was set to 200 eV for survey spectrum and to 20 eV for core peak records. 

Surface charging was minimized using a neutralizer gun which sprays low energy elec-

trons and Ar+ ions over the sample surface. All the binding energies were referenced to 

the C 1s peak at 285.0 eV which is originated from surface carbon contamination. The 

treatment of core peaks was carried out using a nonlinear Shirley-type background. A 

weighted least-squares fitting method, using 70% Gaussian and 30% Lorentzian line 

shapes, was applied to optimize the peak positions and areas. The quantification of sur-

face composition was based on Scofield’s relative sensitivity factors [31]. 

Steady-state simultaneous measurements of resistivity and Seebeck coefficient were 

performed by the standard dc four-probe technique in a LSR-3 apparatus (Linseis 

GmbH) between 50 and 650 ºC under He atmosphere. From these data, PF values as a 

function of temperature were calculated to evaluate the final samples TE performances. 

 

3. RESULTS AND DISCUSSION 

Powder XRD patterns for all Bi2Ca2Co1.7Ox samples with different Ag content are 

plotted in Fig. 1 together with their Rietveld pattern matching performed with FullProf 

[32] using the Bi2Ca2Co1.7Ox (C2/m space group #12) and Ag (Fm3m space group 

#225) cells. As it can be observed in the figure, all the samples show very similar pat-

terns and the most intense peaks correspond to the misfit cobaltite Bi2Ca2Co1.7Ox phase, 
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in agreement with previously reported data [33]. From these patterns, it can be deduced 

that the performed thermal treatment has been effective to produce nearly single cobal-

tite phase, independently of Ag content. On the other hand, metallic Ag has also been 

identified in the Ag containing samples. When considering the fitting results, shown in 

the graph, some evident differences between the calculated and the observed diffraction 

patterns can be observed. These differences are mainly due to two factors: 1) peaks ap-

pearing at around 19 and 29 degrees cannot be taken into account due to the fact that 

there are not enough diffraction peaks to determine the phase at which they belong. 

Probably they correspond to a remaining secondary phase. 2) As it is well known, the 

thermoelectric phase is characterized by an intrinsic aperiodicity in the structure while 

the space group used for the Rietveld pattern matching does not possess this aperiodici-

ty. In order to estimate the accuracy of these fittings, the profile factor (Rp), weighted 

profile factor (Rwp), and Bragg factor (RB) have been obtained following the procedure 

reported in [32] and summarized in Table I. 

Table I: Rp, Rwp, and RB agreement factors calculated with FullProf for all the 

Bi2Ca2Co1.7Ox samples with different metallic Ag additions. 

wt.% Ag 0 1 2 3 4 5 
Rp 21.4 16.0 16.9 16.6 15.8 15.4 
Rwp 29.4 23.0 23.9 25.0 23.3 25.2 
RB 2.6 2.4 2.0 2.2 2.2 2.0 

 

On the other hand, when observing the figure it is clear that, at least, some part of Ag 

is kept as metallic one, in agreement with previously reported data in similar systems 

[34,35]. On the other hand, it could be considered that some part of Ag might be insert-

ed in the crystal structure [25,36] due to the similar ionic radii of Ag+, Bi3+, and Ca2+. In 

order to check if some Ag is substituting these cations in the RS layer, cell parameters 

have also been determined from the Rietveld refinement and the results are displayed in 

Table II. 
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As reported in the table, no significant differences can be found in the cell parameters 

and the differences in the calculated cell volumes are too small to be significant. As a 

result, it can be deduced that no structural changes are produced by the different Ag 

additions, indicating that Ag does not seem to be incorporated in the crystal structure. 

Consequently, it can be expected that metallic Ag could be found finely dispersed all 

along the samples in agreement with previous works [19,20,37,38]. 

Scanning electron microscopy has been performed on polished longitudinal sections 

of all samples. The microstructural evolution of samples, as a function of Ag content, 

can be easily observed in Fig. 2, where representative micrographs of all samples are 

presented. In these general views, four contrasts can be distinguished, each one associ-

ated to a different phase through EDS with a lateral resolution of 1 µm (spot diameter 2 

µm) and numbered, for clarity, in Figs. 3a and c. Grey contrast (#1) corresponds to the 

thermoelectric Bi2Ca2Co1.7Ox phase, white (#2) and black (#3) ones to the Bi3CaOy and 

CoO secondary phases, respectively, and light grey (#4) to metallic Ag. From the mi-

crographs, it appears that CoO secondary phase is considerably reduced when silver is 

added. Moreover, the amount of the Bi3CaOy phase is also reduced for Ag contents up to 

4 wt.%. 

Table II: Cell parameters calculated with FullProf for all the Bi2Ca2Co1.7Ox sam-

ples with different metallic Ag additions. 

wt.% Ag a (Å) b( Å) c (Å) β (°) 
0 4.8857 (6) 5.1953 (9) 29.326 (1) 93.655 (9) 
1 4.8653 (7) 5.1883 (9) 29.276 (1) 93.47 (1) 
2 4.8899 (8) 5.1902 (9) 29.279 (1) 93.61 (1) 
3 4.8927 (8) 5.194 (1) 29.293 (1) 93.57 (1) 
4 4.908 (1) 5.190 (1) 29.277 (2) 93.27 (1) 

5 4.8865 (6) 5.186 (1) 29.331 (8) 93.648 (9) 
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Further Ag addition starts to raise the amount of this secondary phase. As a conse-

quence of these microstructural modifications, the amount of TE Bi2Ca2Co1.7Ox phase is 

clearly maximum for the 4 wt.% Ag doped samples.  

On the other hand, silver particles are not easy to observe in the micrographs dis-

played in Fig. 2 due to their small sizes. In order to observe the shape and distribution of 

the silver particles, higher magnification micrographs have been recorded for samples 

with 4 wt.% Ag, and presented in Fig. 3. In those micrographs, some Ag particles are 

indicated by arrows in the sake of clarity, as they show nearly the same contrast ob-

served in the thermoelectric phase. Furthermore, these Ag particles show an elongated 

shape and appear between the thermoelectric grains, probably improving their electrical 

connectivity, as reported in previous works in similar textured systems [19,20], or in 

solid state sintered materials [39]. Moreover, Ag addition seems to slightly decrease 

porosity of samples, probably due to the formation of a eutectic phase, as it was already 

found in similar systems [38]. 

To confirm the previous SEM observations and characterize chemical order structure 

with higher spatial resolution, Auger Electron Spectroscopy (AES) nanoprobe analyses 

were performed on cross-cut sections of all samples. For 0 wt.% Ag (Fig. 4), a systemat-

ic surface chemical characterization was carried out on a representative material cross-

cut section (upper left SEM image) by successively focusing the excitation beam (~ 6-

10 nm in diameter) on three target zones, corresponding to the thermoelectric 

Bi2Ca2Co1.7Ox (dot no.1), Bi3CaOy (dot no.2) and CoO (dot no.3) phases. In good 

agreement with the previous SEM observations, the Auger spectra on upper right of Fig. 

4 exhibits Bi NVV (80-120 eV), Ca LMM (240-320 eV), Co LMM (618-775) and O 

KLL (468-505 eV) transitions for the dot no.1 [40]. 

On the other hand, the spectrum of the dot no.2 displays only Bi, Ca and O transitions 

with no Co detection. Finally, analysis of dot no.3 shows only Co and O transition with 
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a lack of Ca and Bi signals. Moreover, we can identify the C KLL (240-280 eV) transi-

tion, which can probably occur for the dots no.1 and no.2. For these latter ones, this 

transition cannot clearly be observed probably due to the Ca LMM and C KLL transi-

tions signals overlapping in this energy window. To better appreciate the location of the 

different Bi, Ca and Co rich domains, AES chemical mapping was carried out on the 

whole cross-cut section to enhance chemical contrast (lower part of Fig. 4). Bi (red), Ca 

(green) and Co (blue) individual maps have been recorded and compiled in a Bi-Ca-Co 

overlay. In such overlay, the Bi (red) and Co (blue) rich domains corresponding to the 

secondary Bi3CaOy and CoO phases, respectively, are clearly identifiable. Such phases 

are dispersed between the grains of the thermoelectric Bi2Ca2Co1.7Ox phase (cyan color) 

which combines the presence of the all Bi, Ca and Co elements. Chemical mapping of O 

was not represented for a better clarity. 

For materials with 4 wt.% Ag, the same conditions of analysis were applied (Fig. 5) 

but, taking into account the Ag presence, an additional target dot (dot no.4) is provided 

on SEM cross-cut section image corresponding to the analysis of an Ag domain. As it 

can be seen, the spectra of thermoelectric and secondary phases (dots no.1, 2 and 3) are 

identical to those obtained for 0 wt.% Ag material. On the spectrum of dot no.4, we can 

clearly observe the Ag MNN (260-356 eV) transition and the absence all other Bi, Ca, 

Co and O elements. Such results confirm the presence of silver as small metallic inclu-

sions in the thermoelectric phase instead of its incorporation in the crystal structure. In 

addition, AES chemical maps have been provided for Bi (red), Ca (green), Co (blue), Ag 

(magenta) and O (yellow). As it can be seen on the Bi-Ca-Co-Ag overlay map, Ag in-

clusions are clearly identifiable among all other Bi, Ca and Co rich domains. We can 

also notice the size reduction of the Bi3CaOy (deep red and white domains in overlay 

and SEM image, respectively) and CoO (deep blue and black domains in overlay and 

SEM image, respectively) phases. 
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Such results complete the previous SEM and EDS analyses highlighting the benefit of 

a high spatial resolution (≈ 6 nm) chemical mapping for the characterization of such 

materials when several multiphase domains coexist at nano- or micrometer scale. In-

deed, Auger spectroscopy could provide an elemental chemical composition signature 

of TE materials spatially resolved at nano-scale enhancing the identification of domains 

and their precise location. 

To more precisely investigate the chemical environments and oxidation states of the 

elements in the as-prepared samples, XPS analyses of all samples have been performed. 

The Bi 4f, Ca 2p, Co 2p, O 1s, C 1s and Ag 3d core peaks have been recorded and com-

positions from those analyses have been established. The Ca 2p, O 1s and C 1s core 

peaks are not shown here for clarity. The corresponding binding energies (B.E.) and 

atomic percentages are reported in Table III. The Ag content is very low and remains 

almost constant in all materials. Consequently, the evolution of Ag content in the series 

of compounds cannot be conclusive but may be regarded as a trend. The O 1s core 

peaks can be decomposed into three components at 528.8, 529.1 and 530.9 eV accord-

ing to Ca-O, M-O (M = Co and Bi) and adsorbed species environments. The Ca 2p 

spectra consists in two peaks (Ca 2p3/2 and Ca 2p1/2) separated by 3.5 eV. Each peak can 

be decomposed into two components, the major one is assigned to calcium in CaO envi-

ronment (B.E. (Ca 2p3/2) = 345.6 eV) and the second one to CaCO3 (B.E. (Ca 2p3/2) = 

347.0 eV). The C 1s signal is associated to the carbon contamination always observed in 

XPS, mainly when alkaline or alkaline earths are present due to their tendency to form 

carbonates. As a consequence, the C 1s component at 289.3 eV can be correlated to the 

formation of CaCO3 formed after atmospheric exposure of the samples. 

The Bi 4f core peaks of the Bi2Ca2Co1.7Ox – x Ag series are shown in Fig. 6. Due to 

the spin-orbit coupling, each spectrum is composed of two peaks (Bi 4f7/2 and Bi 4f5/2) 

separated by 5.4 eV. As expected, the intensity ratio I(Bi 4f7/2)/I(Bi 4f5/2) is close to 1.3. 
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The Bi 4f7/2 component of the non-doped sample is located at 158.5 eV. This value is 

assigned to bismuth in an oxygenated octahedron in the Bi3+ oxidation state [41,42]. The 

Ag doping does not affect the global shape of the Bi 4f core peaks. Nonetheless, we can 

notice a small shift at lower binding energy (B.E. (Bi 4f7/2) = 154.3 eV) after Ag doping 

for all compositions. 

The Co 2p core peaks are represented in Fig. 7. The spectra are split into two parts 

(Co 2p3/2 and Co 2p1/2) due to the spin-orbit coupling, with an intensity ratio close to 

2/1. Each part consists of a main line and a satellite peak. The Co 2p3/2 and the Co 2p1/2 

components exhibit main lines at 779.0 eV and 789.1 eV with satellite peaks at 794 eV 

and 804.5 eV, respectively. The presence of a main line together with a satellite peak 

(shake-up) results from a ligand-to-metal charge transfer during the photoemission pro-

cess. As no satellite peak is observed at 6 eV at high B.E. side of the main peaks (char-

acteristic of Co2+), we can conclude that the cobalt is trivalent in the misfit phase. 

When the misfit phase is doped with silver, the overall shape of the Co 2p core peak is 

retained. But, if we take a closer look of the area ratio between the satellite and main 

peak, a very slight evolution of the Isat/Imain value can be put in evidence. In the litera-

ture, Dahéron et al. [43] reported that the evolution of the cobalt oxidation state from +3 

towards +4 could be discriminated by considering the broadening of the main peak to-

wards higher binding energies and the decrease of the satellite peak relative area. From 

the value of Isat/Imain, it can be deduced that the 4% Ag compound exhibits the highest 

content of Co4+ (~ 3%).  

On Fig. 8, the Ag 3d spectra are presented. Even if they are relatively noisy, the B.E. 

of the Ag 3d5/2 component at 367.8 eV allows to conclude that Ag is in metallic state, 

which is consistent with the Auger spectroscopy observations. 

The temperature dependence of the electrical resistivity, together with its correspond-

ing error (∼4 %), as a function of Ag content is presented in Fig. 9. The ρ(T) curve of 
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Ag-free samples exhibits a semiconducting-like behaviour (dρ/dT < 0) from room tem-

perature (RT) to about 500 ºC and a metallic-like one (dρ/dT > 0) at higher tempera-

tures. Addition of silver to the samples involves a change in the electrical behaviour. For 

the samples containing 1 wt.% Ag, a semiconducting-like behaviour in the whole meas-

ured temperature range can be observed. However, larger Ag additions lead to a slightly 

metallic-like behaviour in all the samples. The increase of silver content up to 4 wt.% 

leads to a stepped decrease of resistivity values. Above this content, the electrical resis-

tivity starts to rise. This evolution of the electrical resistivity is in agreement with the 

microstructural evolution shown in Fig. 3. The amount of TE phase is raised for Ag con-

tents up to 4 wt.% and decreased for higher additions. This effect can be due to the pos-

sible formation of a “Bi2Ca2Co1.7Ox”-Ag eutectic phase with an Ag content of about 4 

wt.%, as it has been found in similar systems [38]. The presence of this eutectic could 

improve the grains connectivity reducing the electron scattering at grain boundaries, 

inducing a drop of the electrical resistivity. Thus, the minimum value of the resistivity at 

RT and 650 ºC is close to 25 mΩ.cm for both temperatures in samples containing 4 

wt.% Ag. On the other hand, the Ag-free sample exhibits a value of about two times 

higher, ∼ 49 and 47 mΩ.cm at RT and 650 ºC, respectively. 

Table III: Binding energies (B.E. (eV) and atomic percentages (%) of BiCaCoO-x 

Ag samples with (x = 0, 1, 2, 3, 4 and 5) 

 BiCaCoO 

BiCaCoO 

1% Ag 

BiCaCoO 

2 %Ag 

BiCaCoO 

3% Ag 

BiCaCoO 

4% Ag 

BiCaCoO 

5% Ag 

 B.E. (eV) % B.E. (eV) % B.E. (eV) % B.E. (eV) % B.E. (eV) % B.E. (eV) % 

Ag 3d7/2   367.8 0.3 367.8 0.2 367.8 0.2 367.8 0.2 367.8 0.2 

Bi 4f7/2 158.5 15.4 158.5 15.8 158.3 11.2 158.5 15.8 158.3 16.4 158.1 16.5 

Ca 2p3/2 345.7 10.9 345.7 10.1 345.6 7.0 345.7 11.5 345.6 11.8 345.5 11.9 

 347.3 1.2 347.1 1.9 346.6 1.9 347.1 1.2 346.8 2.2 347.0 1.4 

  12.1  12.1  8.9  12.7  14.0  13.3 
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Co 2p3/2 779.0 5.6 779.0 5.9 779.0 3.9 779.0 6.2 779.0 7.2 779.0 6.5 

O 1s 528.9 25.6 528.8 14.7 528.8 18.4 528.7 19.1 528.8 14.0 528.9 17.7 

 530.8 14.6 529.0 13.1 529.9 6.4 529.1 9.1 529.1 17.4 529.2 13.2 

   530.8 14.8 531.3 5.5 530.8 13.3 530.9 12.7 531.0 10.8 

     533.1 1.9       

  40.2  42.6  32.2  41.4  44.1  41.7 

C 1s 285.0 21.3 285.0 18.1 285.0 35.7 285.0 19.1 285.0 14.7 285.0 17.8 

 286.6 2.0 286.6 1.6 286.3 4.3 286.5 1.1 286.5 0.9 286.9 1.1 

 288.1 1.9 288.5 1.7 288.0 1.7 288.3 1.5 288.2 0.8 288.4 1.3 

 289.3 1.7 289.4 2.0 289.2 2.2 289.5 1.7 289.3 1.7 289.5 1.7 

  26.9  23.4  43.9  23.4  18.1  21.9 

In any case, these values are lower than the ones obtained in Pb-doped Bi2Ca2Co1.7Ox 

processed by the LFZ technique (~ 33 mΩ.cm) [44] and bulk sintered materials (~ 100 

mΩ.cm) [32] at RT. On the other hand, it is still high compared with the obtained in Ag-

free Bi2Ca2Co2Ox single crystals [12], or solid state sintered samples with different Ag 

additions (~ 15 mΩ.cm) [39]. This result clearly indicates that further improvements of 

these bulk materials, from the point of view of their texture and electrical connectivity 

between the grains, can be produced by using lower growth rates [45]. 

Fig. 10 displays the variation of the Seebeck coefficient, together with its correspond-

ing error (∼4 %), as a function of temperature for all samples. First, the positive values 

presented for the Seebeck coefficient in the whole measured temperature range, confirm 

that the conduction mechanism is predominantly governed by holes. Moreover, a nearly 

linear increase of the Seebeck values with temperature can be observed. This trend 

could be associated with a typical behavior of a metal or degenerated semiconductor 

when the variation of carrier concentration, effective mass, and Fermi level with tem-

perature can be considered negligible. Furthermore, all the samples exhibit, approxi-

mately, the same Seebeck coefficient values independently of the Ag content. The See-

beck coefficient values at RT and 650 ºC values (∼ 160 and 280 µV/K, respectively) are 
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higher than the measured in Bi2Ca2Co2Ox single crystals without Ag (about 130 and 170 

µV/K, respectively) [12]. Nonetheless, they are close to the values reported for classi-

cally sintered materials at RT (∼ 155 µV/K) [32]. The origin of such high Seebeck coef-

ficient values is the formation of a significant amount of oxygen vacancies in the ther-

moelectric phase when the samples are textured by using the LFZ technique [29]. 

Moreover, these vacancies are not totally filled during the annealing procedure due to 

the low porosity found in these samples (see Figure 3) which hinders the oxygen diffu-

sion into the inner part of the samples. This fact has been checked by apparent density 

measurements which showed values of 5.97, 6.05, 6.10, 6.13, 6.17, and 6.23 g/cm3 for 

samples with 0, 1, 2, 3, 4, and 5 wt.% Ag, confirming the observations previously dis-

cussed in the SEM section. These measured densities correspond to 94.0, 94.9, 95.3, 

95.4, 95.6, and 96.2 % of the theoretical ones calculated from the mixture of Ag and 

Bi2Ca2Co1.7Ox phases. These results are in agreement with previously published results 

in other similar TE systems [46]. Furthermore, it has also been observed in the misfit 

phase [Ca2CoO3][CoO2]1.62 which contains considerable amounts of oxygen vacancies 

when the samples are thermally treated under a reducing atmosphere [47,48]. The rise 

of the oxygen vacancies changes the Co oxidation state from Co4+ to Co3+, which makes 

increasing the S values, in agreement with the Koshibae equation [49]. 

In order to evaluate the thermoelectric performances of the textured ceramic materials, 

the PF has been calculated from the resistivity and Seebeck coefficient values. The ob-

tained values at different temperatures are presented, as a function of the Ag content, in 

Fig. 11. Moreover, the corresponding errors were calculated by error transmission, lead-

ing to values of around 10 %. Consistently with the resistivity measurements, PF values 

at RT increase with Ag contents until reaching a maximum for the 4 wt.% Ag samples. 

Further Ag addition induces a decrease of PF values. The maximum values obtained at 

RT and 650 ºC (~ 0.11 and 0.30 mW/K2.m, respectively) are much higher than those 
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obtained in the Ag-free materials prepared in this work (around 0.05 and 0.18 

mW/K2.m, respectively). Furthermore, they are much higher than those measured on 

sintered materials at RT (~ 0.02 mW/K2.m) [33]. On the other hand, they are still lower 

than those obtained in Bi2Ca2Co2Ox single crystals (about 0.26 and 0.41 mW/K2.m at 

RT and 650 ºC, respectively) [12], clearly indicating that further improvements are still 

possible. All these results indicate that adding a small Ag content is a good way to 

strongly reduce the electrical resistivity and, consequently, improve the thermoelectric 

performances of textured Bi2Ca2Co1.7Ox ceramics. 

 

4. CONCLUSIONS 

This paper demonstrates that Bi2Ca2Co1.7Ox thermoelectric materials with small Ag 

additions (0, 1, 2, 3, 4, and 5 wt.%) can be directionally grown by the laser floating zone 

method. It has been determined that the optimal Ag content in the textured materials 

after annealing is 4 wt.%. Microstructural evolution shows that this amount of Ag sig-

nificantly reduces the proportion of secondary phases. Moreover, XPS and Auger spec-

tra have confirmed that Ag is maintained in the metallic state in all cases. Furthermore, 

in agreement with the microstructure evolution, the electrical resistivity data clearly 

indicated that 4 wt.% Ag addition produces an important reduction of the materials re-

sistivity. All these factors lead to a rise in PF reaching a maximum value of ~ 0.30 

mW/K2.m at 650 ºC which is relatively close to the values obtained in single crystals 

and higher than those obtained in polycrystalline samples. 
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Figure 1. Observed, calculated, and difference between the observed and calculated 

diffraction patterns from the Rietveld refinement of XRD data of Bi2Ca2Co1.7Ox sam-

ples with different Ag contents: a) 0; b) 1; c) 2; d) 3; e) 4; and f) 5 wt.%. The vertical 

green lines indicate the allowed reflection positions of Bi2Ca2Co1.7Ox and Ag phases. 

The inserts show a zoom on the region of (111) Ag diffraction plane. 

Figure 2. Scanning electron micrographs from longitudinal polished textured samples 

Bi2Ca2Co1.7Ox with different Ag contents: a) 0; b) 1; c) 2; d) 3; e) 4; and f) 5 wt.%. The 

different contrasts are shown by numbers and associated through EDS to different phas-

es: 1) grey, Bi2Ca2Co1.7Ox; 2) white, Bi3CaOy; 3) black, CoO; and 4) light grey, Ag. 

Figure 3. Scanning electron micrograph obtained in a representative longitudinal pol-

ished sample Bi2Ca2Co1.7Ox with 4 wt.% Ag. Some Ag particles are indicated by ar-

rows. 

Figure 4. Auger Electron Spectroscopy Analyses of 0 wt.% Ag cross-cut section materi-

al with cross-cut section SEM image (upper right), Auger spectra of three target dots 

(upper left) and Bi, Ca, Co and Bi-Ca-Co overlay Auger chemical maps (lower part). 

Scale bar = 10 µm. 

Figure 5. Auger Electron Spectroscopy Analyses of 4 wt.% Ag cross-cut section materi-

al with cross-cut section SEM image (upper right), Auger spectra of four target dots 

(upper left) and Bi, Ca, Co, Ag, Bi-Ca-Co-Ag overlay and O Auger chemical maps 

(lower part). Scale bar = 10 µm. 

Figure 6. Bi 4f core peaks of BiCaCoO-x Ag samples with (x = a) 0; b) 1; c) 2; d) 3; e) 

4; and f) 5 wt.%). 

Figure 7. Co 2p core peaks of BiCaCoO-x Ag samples with (x = a) 0; b) 1; c) 2; d) 3; e) 

4; and f) 5 wt.%). 

Figure 8. Ag 3d core peaks of BiCaCoO-x Ag samples with(x = a) 1; b) 2; c) 3; d) 4; 

and e) 5 wt.%). 
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Figure 9. Temperature dependence of the electrical resistivity, with its corresponding 

error, for textured Bi2Ca2Co1.7Ox with different Ag content. 

Figure 10. Temperature dependence of the Seebeck coefficient, with its corresponding 

error, for textured Bi2Ca2Co1.7Ox with different Ag content. 

Figure 11. Temperature dependence of the power factor, with its corresponding error, 

for textured Bi2Ca2Co1.7Ox with different Ag content. 
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