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ABSTRACT

Bi2Ca2Co2 - xCuxOy ? 4 wt%Ag (with x between 0 and 0.20) thermoelectric

materials were prepared through a sol-gel method via nitrates. Powder XRD

patterns showed the presence of thermoelectric phase as the major one,

accompanied by metallic silver. SEM observations identified three different

secondary phases in the samples, together with an exaggerated grain growth

with Cu doping. The microstructural modifications are reflected in an important

decrease of electrical resistivity, * 3% when compared to undoped samples,

due to the reduction on the number of grain boundaries, and the increase of

Co4? in the conducting layer. The minimum values at 650 8C were obtained in

0.10 Cu-doped samples, 69 mX cm, which are lower than the reported in sin-

tered samples. On the other hand, Seebeck coefficient was only slightly affected

and reached the highest values at 650 8C in 0.15 Cu-doped samples, 215 lV/K,
which is practically the same measured in undoped ones, 211 lV/K, and lower

than those reported for sintered samples. Consequently, the highest PF at 650 8C
has been determined in 0.10 Cu-doped samples, which is around 50% higher

than the obtained in samples prepared through the classical solid-state method,

or the undoped ones prepared in this work.

1 Introduction

In the present world situation, with the drastic

increase of energy prices and the involvement of

governments to fight against global warming, the

search for more sustainable energy sources is drasti-

cally increased. For this purpose, thermoelectric (TE)

materials with high energy conversion efficiency are

strongly required for electric power generation from

renewable sources [1–3] or by harvesting the wasted

heat in other energy transformations systems [4, 5].

The evaluation of performances of these materials is

usually performed through the so-called dimension-

less figure of merit, ZT, where the Seebeck coefficient

(S), absolute temperature (T), electrical resistivity (q),
and thermal conductivity (j) are correlated in the

form [6]: ZT = TS2/qj. Consequently, a good ther-

moelectric material should have high Seebeck coeffi-

cient and working temperatures, with low electrical

resistivity, and thermal conductivity.
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Nowadays, the highest ZT values are obtained in

intermetallic compounds, such as CoSb3 or Bi2Te3
[7, 8], with medium-low working temperatures and

drawbacks associated with possible oxidation or

degradation when they are exposed at high temper-

atures. Moreover, they are usually composed by

scarce [9, 10], heavy, and/or toxic elements with

relatively high environmental impact. These limita-

tions have been started to be surpassed in 1997 with

the discovery of relatively high thermoelectric per-

formances in a ceramic material: NaxCoO2 [11]. This

discovery has been the milestone to start a large

research activity in the field of thermoelectric

ceramics. From this activity, it has been found that

many CoO-based materials display promising ther-

moelectric properties, such as Ca3Co4O9, Bi2Sr2Co2-
Oy, or Bi2Ca2Co2Oy [12–15]. These materials are

usually known as misfit cobaltites due to their crystal

structure, which can be described through a mono-

clinic system composed of two different layers alter-

natively stacked. These layers are a common

conductive CdI2-type CoO2 layer with a two-dimen-

sional triangular lattice and an insulating block one,

with rock-salt-type (RS) structure. Both layers possess

the same a- and c-axis lattice parameters and b
angles, but they differ in the b-axis length, responsi-

ble of the misfit along this direction [16, 17]. Fur-

thermore, this crystal structure leads to strong

crystallographic anisotropy, which is reflected on the

grain shapes due to their preferential grain growth

along the ab-planes, leading to platelike shaped

grains with strongly anisotropic properties. Conse-

quently, the orientation of these grains along a pref-

erential direction is shown as crucial to maximize the

properties of these compounds.

Some processes have been successfully used to

obtain good grain orientation in this family of com-

pounds, such as template grain growth (TTG) [17],

sinter-forging [18], spark plasma [19], or directional

growth from the melt [20]. Moreover, cationic sub-

stitutions can also modified the Co3?/Co4? relation-

ship in the conducting layer, allowing controlled

modifications on the charge carrier concentration

and, consequently, on the thermoelectric properties

of these samples [21, 22], in agreement with Koshi-

bae’s equation [23]. Finally, the use of noble metal

additions has also shown to improve the thermo-

electric properties of these compounds by enhancing

intergranular connectivity [24].

Taking into account the previously discussed

effects, the aim of this work is producing high-per-

formances Cu-doped Bi2Ca2Co2Oy ? 4 wt% Ag TE

materials prepared by the sol-gel method via nitrates

in order to avoid the necessity of expensive equip-

ment and/or long processes.

2 Experimental

The initial Bi2Ca2Co1 - xCuxOy ? 4 wt%Ag (x = 0.0,

0.03, 0.05, 0.1, 0.15, and 0.20) polycrystalline ceramics

were prepared using commercial Bi(NO3)3�5H2O

(C 98%, Aldrich), CaCO3 (98.5%, Panreac),

Co(NO3)2�6H2O (98%, Panreac), CuO (98%, Panreac),

and metallic Ag (99%, Aldrich) powders through a

sol-gel method. The powders were weighed in the

stoichiometric proportions and added to a mixture of

HNO3 (analysis grade, Panreac) and double distilled

water to be dissolved in the form of nitrates, leading

to a clear pink solution. To this solution, citric acid

(99.5%, Panreac) and ethylene glycol (99%, Panreac)

were added in the appropriate proportions. After

mixing in a magnetic stirrer for 30 min at 300 rpm,

the solution was heated at 80 8C to slowly evaporate

the solvent and decompose the HNO3 excess. The

nitric acid decomposition modifies the solution pH,

leading to the polymerization reaction between citric

acid and ethylene glycol, producing a pink gel with

the different cations coordinated to the resulting

polymer [25, 26]. Further heating at around 350 8C
produces the self-combustion of the gel, producing a

very fine brownish powder, composed of a mixture

of oxides and carbonates. The resulting powder was

manually milled and thermally treated in two steps,

at 700 and 750 �C for 12 h each one, with an inter-

mediate manual grinding, to decompose the carbon-

ates and start forming some intermediate phases.

Finally, the calcined powders were cold uniaxially

pressed in the form of pellets (3 9 3 9 15 mm3)

under an applied pressure of about 400 Mpa for

1 min, and sintered at 750 8C for 24 h with a final

furnace cooling.

All samples were structurally characterized by

powder XRD utilizing a Rigaku D/max-B X-ray

powder diffractometer (CuKa radiation) with 2h
ranging between 5 and 40 degrees. Microstructural

observations were performed on the samples surfaces

using a Field Emission Scanning Electron Microscope

(FESEM, Carl Zeiss Merlin), with energy-dispersive
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spectrometry (EDS) analysis. Simultaneous mea-

surements of resistivity and Seebeck coefficient were

determined in steady-state mode through the stan-

dard dc four-probe configuration in a LSR-3 system

(Linseis GmbH) at temperatures ranging between 50

and 650 8C under protective He atmosphere. Finally,

using electrical resistivity and Seebeck coefficient

data, power factor (PF = S2/q) was calculated to

determine the electrical performances of these sam-

ples as a function of temperature and Cu doping.

3 Results and discussion

Powder XRD patterns for all Bi2Ca2Co2 - xCuxOy ? 4

wt%Ag samples are presented in Fig. 1. As it can be

observed in the graph, all samples show very similar

patterns, and the most intense peaks are associated

with the thermoelectric phase, in agreement with

previous reported data [27]. Moreover, it can be also

observed a small peak at around 38.5 degrees (indi-

cated by #), associated with the (111) reflection of

metallic Ag [28, 29]. Consequently, it can be deduced

that samples are composed of single thermoelectric

phase accompanied by metallic Ag. This result

clearly confirms that Ag does not react with the

thermoelectric phase, as observed in similar systems,

even if they are melt processed [30, 31].

Scanning electron microscopy has been performed

on the surfaces of all samples, and representative

micrographs, taken using backscattered electrons, are

presented in Fig. 2. In these images, it can be clearly

seen that all samples present a random orientation of

grains, typical configuration for classically sintered

samples. Moreover, Cu doping promotes a drastic

and anomalous increase of grain sizes, when com-

pared to those observed in the undoped samples.

This effect is due to the formation of an eutectic

Bi2O3–CuO which melts at around 770 8C [32] and

increases cation mobility. On the other hand, Cu

doping also leads to the formation of different con-

trasts (numbered for clarity) in the micrographs,

which have been analyzed through EDS to determine

their semi-quantitative chemical composition. They

are gray (#1) Bi2Ca2Co2 - xCuxOy thermoelectric

phase; white (#2) Bi3CaOz; black (#3) Co oxide; and

light gray (#4) Bi5CaCoOw, in agreement with the

phase equilibria diagram for the Bi–Ca–Co–O system

[33] Furthermore, Ag has also been identified as very

small particles in micrographs obtained at higher

magnifications. All these secondary phases have not

been found through the XRD technique. The reason

can be associated with different factors: the small

amount of these secondary phases and/or the large

enhancement of the (00 L) peaks of the thermoelectric

phase due to the preferential orientation of grains

during powder sample preparation for the XRD

analysis, as previously observed [34].

The evolution of the electrical resistivity with

temperature as a function of the Cu content is rep-

resented in Fig. 3. In the graph, it is very clear that Cu

doping leads to the decrease of electrical resistivity,

which can be associated with several factors. One is

the increase of grain sizes, producing a decrease of

the number of grain boundaries, which are known to

be more resistive than the grains. Another factor is

the substitution of Co3? by Cu2? which should pro-

mote some part of the Co3? in the conducting layer to

Co4? to maintain the electrical neutrality. As a con-

sequence, the charge carrier concentration is

increased, leading to enhanced electrical conductivi-

ties. On the other hand, when observing the electrical

resistivity variation with Cu content, it is easy to see

that it decreases for Cu doping up to 0.10, increasing

Fig. 1 Powder XRD diagrams for the Bi2Ca2Co2 - xCuxOy ? 4

wt% Ag samples. Crystallographic planes identify the peaks

corresponding to the thermoelectric phase. # symbol shows the

(111) peak of Ag
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for higher content. This increase is due to the com-

petitive effect of defect introduction when Cu is

present in the samples, which scatters charge carriers

and tends to increase electrical resistivity. The com-

bination of grain growth, increase of charge carrier

concentration, and increase of crystal defects can

explain the electrical resistivity evolution with Cu

content. The minimum values at 650 8C have been

measured in 0.10 Cu-substituted samples (69 mX
cm), which is lower than the reported for laser-tex-

tured materials (80–85 mX cm) [26], or sintered

materials produced through the classical solid-state

method (120 mX cm) [35]. On the other hand, they are

higher than those measured in textured materials

using platelet seeds or by hot uniaxial pressing along

the ab-plane (22 mX cm) [36, 37], and the published

results for sintered samples produced by soft chem-

istry methods (40 mX cm) [35].

Figure 4 displays the variation of the Seebeck

coefficient with temperature, as a function of Cu

doping. In the graph, it is clear that Seebeck coeffi-

cient shows positive sign in the whole measured

temperature range. This fact confirms that these

samples display a hole-dominant conduction mech-

anism. Moreover, the Seebeck coefficient values are

Fig. 2 Representative SEM micrographs obtained in the samples surfaces. The different phases are indicated by numbers: (#1)

Bi2Ca2Co2 - xCuxOy thermoelectric phase; (#2) Bi3CaOz; (#3) Co oxide; and (#4) Bi5CaCoOw
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increased with temperature, which is in agreement

with the typical behavior of metals or degenerated

semiconductors when the variation of different

parameters with temperature, as carrier concentra-

tion, effective mass, and Fermi level, are negligible

[24]. The highest measured values at 650 8C corre-

spond to the 0.15 Cu-doped samples (215 lV/K),

which are higher of the reported for laser-textured

materials (170 lV/K) [26], and in the order of those

obtained in materials produced through the classical

solid-state method (225 lV/K) [35], or textured using

platelet seeds or by hot uniaxial pressing (240 lV/K)
[36, 37].

The performances of these materials have been

evaluated through the power factor, calculated from

the electrical resistivity and Seebeck coefficient data,

and displayed, as a function of Cu doping, in Fig. 5.

As it was observed in the Seebeck coefficient graph

(see Fig. 4), Cu doping leads to only slight differences

between the samples. On the other hand, it leads to

more important variations in electrical resistivity.

Consequently, the differences in power factor will be

mainly due to the electrical resistivity values, and the

highest PF values have been obtained in the 0.10 Cu-

doped samples, which displayed the minimum elec-

trical resistivity in the whole measured temperature

range. At 650 8C, the maximum value has been 0.065

mW/K2 m, which is around 50% higher than that

obtained in undoped samples or in classically sin-

tered ones (0.042 mW/K2 m) [35]. On the other hand,

it is slightly lower than the reported for laser-textured

materials (0.085 mW/K2 m) [26], and much lower

than those reported for hot pressed ceramics (0.25

mW/K2 m) [37]. Even if these values are still low

when compared to textured materials, the samples

Fig. 3 Temperature dependence of the electrical resistivity for

sintered Bi2Ca2Co2 - xCuxOy ? 4 wt% Ag, as a function of Cu

content

Fig. 4 Temperature dependence of the Seebeck coefficient for

sintered Bi2Ca2Co2 - xCuxOy ? 4 wt% Ag, as a function of Cu

content

Fig. 5 Temperature dependence of the power factor for sintered

Bi2Ca2Co2 - xCuxOy ? 4 wt% Ag, as a function of Cu content
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studied in this work are produced using an easily

scalable and economic process, which avoids the use

of long processes and expensive equipment.

Finally, despite the enhancement of thermoelectric

properties by Cu doping, it should be considered that

too large grain sizes are not mechanically desirable in

compounds with platelike grains, as they are weakly

bonded along their c-axis. These characteristics lead

to cracks formation perpendicularly to this axis

between these large grains, as observed in similar

systems [38], compromising the mechanical integrity

of thermoelectric modules.

4 Conclusion

In this work, Bi2Ca2Co2 - xCuxOy ? 4 wt%Ag (0 B x B

0.20) thermoelectric materials have been prepared by

the sol-gel method via nitrates. Powder XRD patterns

showed the thermoelectric phase as the major one,

accompanied by metallic silver, and no evidence of

secondary phases has been found. SEM microstruc-

tural observations allowed identifying three different

secondary phases, and noting an unusual and drastic

grain growth with Cu doping. These changes in

microstructure have been reflected in a significant

decrease of electrical resistivity, *30% when com-

pared to undoped samples, due to the reduction on

the number of grain boundaries, and an increase of

charge carrier concentration. The minimum values

have been achieved in 0.10 Cu-doped samples at 650

8C, 69 mX cm, which are lower than the reported in

samples with randomly oriented grains. On the other

hand, their effect on the Seebeck coefficient values is

very limited. The highest values have been deter-

mined in 0.15 Cu-doped samples, 215 lV/K, which is

slightly higher than the measured in undoped ones,

211 lV/K, and lower than those reported for samples

formed by grains without preferential orientation.

Consequently, the highest PF at 650 8C has been

determined in 0.10 Cu-doped samples, around 50%

higher than the obtained in samples prepared

through the classical solid-state method, or the

undoped ones prepared in this work.

All these results clearly indicate that the use of Cu

electrodes in thermoelectric modules is undesirable,

as Cu can diffuse within the thermoelectric com-

pound at working temperatures, leading to an

undesirable and exaggerated grain growth.
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gitterkonstanten von silber nach dem rückstrahlverfahren.

Naturwissenschaft 41, 471–471 (1954)

30. A. Sh. Rasekh, M.A. Sotelo, P. Torres, M.A. Bosque, J.C.

Madre, Diez, Thermoelectric properties of directionally

grown Bi2Ba2Co2Od/Ag composites: effect of annealing.

J. Mater. Sci. 27, 12964–12973 (2016)

31. B. Rivas-Murias, H. Muguerra, M. Traianidis, C. Henrist, B.

Vertruyen, R. Cloots, Enhancement of the power factor of

[Bi1.68Ca2O4]
RS[CoO2]1.69 – ag composites prepared by the

spray-drying method. Solid State Sci. 12, 1490–1495 (2010)

32. Yu.F. Kargin, V.M. Skorikov, Bi2O3-CuO system. Russ J.

Inorg. Chem. 34, 1552–1553 (1989)

33. A.I. Klyndyuk, N.S. Krasutskaya, I.V. Matsukevich, E.A.

Tugova, E.A. Chizhova, Phase equilibria in the BiO1.5–CaO–

CoOy system. Russ J. Gen. Chem. 88, 1063–1065 (2018)

34. H. Muguerra, B. Rivas-Murias, M. Traianidis, C. Henrist, B.

Vertruyen, R. Cloots, Improvement of the thermoelectric

properties of [Bi1.68Ca2O4–d]
RS[CoO2]1.69 cobaltite by chimie

douce methods. J. Solid State Chem. 183, 1252–1257 (2010)

35. M.A. Madre, Sh. Rasekh, K. Touati, C. Salvador, M.

Depriester, M.A. Torres, P. Bosque, J.C. Diez, A. Sotelo,

From nanosized precursors to high performance ceramics: the

case of Bi2Ca2Co1.7Ox. Mater. Lett. 191, 14–16 (2017)

36. H. Itahara, C. Xia, J. Sugiyama, T. Tani, Fabrication of tex-

tured thermoelectric layered cobaltites with various rock salt-

type layers by using b-Co(OH)2 platelets as reactive tem-

plates. J. Mater. Chem. 14, 61–66 (2004)

37. E. Guilmeau, M. Mikami, R. Funahashi, D. Chateigner,

Synthesis and thermoelectric properties of Bi2.5Ca2.5Co2Ox

layered cobaltites. J. Mater. Res. 20, 1002–1008 (2005)

38. B. Ozkurt, M.A. Madre, A. Sotelo, M.E. Yakinci, B. Ozcelik,

Relationship between growth speed, microstructure,

mechanical and electrical properties in Bi-2212/Ag textured

composites. J. Supercond. Nov. Magn. 25, 799–804 (2012)

Publisher’s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

9 Page 8 of 8 J Mater Sci: Mater Electron (2023) 34:9


	Anomalous grain growth in sintered Bi2Ca2Co2minusxCuxOy + Ag ceramic composites by Cu doping
	Abstract
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Data availability
	References




