
Vol. 125 (2014) ACTA PHYSICA POLONICA A No. 6

Proc. of the 8th International Conference NEET 2013, Zakopane, Poland, June 18�21, 2013

Thermoelectric Properties of Ca3Co4O9-Based Ceramics

Doped with Fe and/or Y
A.S. Fedotova, A.K. Fedotova,∗, A.V. Mazanika, I.A. Svitoa, A.M. Saadb,

I.O. Troyanchukc, M.V. Bushinskic, V.V. Fedotovac, P. Zukowskid

and T.N. Koltunowiczd

aBelarusian State University, Independence av. 4, 220030 Minsk, Belarus
bAl-Balqa Applied University, P.O. Box 4545, Amman 11953, Jordan

cScienti�c-Practical Materials Research Center of NASB, 220072 Minsk, Belarus
dDepartment of Electrical Devices and High Voltages Technologies, Lublin University of Technology

Nadbystrzycka 38a, 20-618 Lublin, Poland

We describe here structure and temperature dependences of conductivity σ(T ), the Seebeck coe�cient α(T ),
thermal conductivity λ(T ) and �gure-of-merit ZT (T ) in Ca3Co4O9 ceramics, doped with Fe and Y, depending on
compacting pressure (0.2 or 6 MPa) and temperature (300 < T < 700 K). It is shown that introduction of iron
and yttrium to ceramics does not alter the crystalline structure of the material. Increasing the pressure in the
compacting process before the additional di�usion annealing leads to a smaller-grained structure and increase σ
and λ due to reducing of the synthesized samples porosity. The Seebeck coe�cients of nanocomposite ceramics
Ca3Co3.9Fe0.1O9 and (Ca2.9Y0.1)(Co3.9Fe0.1)O9 have linear dependences on temperature is not changed after
increase of compacting pressure. Electrical-to-heat conductivity ratio (σ/λ) for the samples compacted at high
(6 GPa) pressure increases not more than 20�30% in comparison with ones compacted at low (0.2 GPa) pressure,
whereby ZT is increased more than 50%. The main reason for this e�ect is samples porosity reduction with the
compacting pressure increase.
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1. Introduction

A lot of attention because of the need to �nd a cleaner
way of converting harvesting heat into electricity was
drawn to the solid-state thermoelectric converters that
use the Seebeck, Peltier, and Thomson e�ects. The
thermoelectric generators (TEG) have a number of ad-
vantages over traditional electric generators because of
the relative simplicity of the design, the lack of moving
parts, noiseless operation, high reliability, miniaturiza-
tion without loss of e�ciency, etc. However, for wide in-
dustrial applications TEG have to signi�cantly increase
their �gure-of-merit. This is especially important for
�long-range space� applications, which require not only
increase the e�ciency of TEG, but also reduced their
weight/size characteristics.
One of the most famous and popular today thermo-

electric materials (TEM) are compound semiconductors
based on bismuth telluride and lead. However, this type
of materials has a number of disadvantages: their toxic-
ity, low content of their components in the Earth crust,
low thermal stability (e.g., the melting point of bismuth
telluride is 835 K) although possessing ZT ≈ 1. There-
fore, attempts are being made to �nd new and improved
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properties of the known and new TEMs which can work
at higher temperatures. One of the mostly studied classes
of new TEMs include such oxides as sodium and calcium
cobaltites, strontium titanates, zinc and manganese ox-
ides, etc. [1�5]. Their advantages are apparent ability to
operate at high temperatures (at least up to 1300 K), un-
reactiveness and, as a result, environmental friendliness,
accessibility and relative cheapness of their constituent
elements.
The aim of this study is to investigate basic param-

eters of thermoelectric (Seebeck coe�cient, conductiv-
ity, heat conductivity and thermoelectric �gure-of-merit)
of oxide ceramics such as doped calcium cobaltites like
Ca3Co3.9Fe0.1O9 and (Ca2.9Y0.1)(Co3.9Fe0.1)O9, using
Harman method. Studying the e�ect of doping and syn-
thesis regimes on the structure and thermoelectric prop-
erties of the samples allowed to describe, on a qualita-
tive level, the factors a�ecting the ZT of the investigated
cobaltites, and to analyze the possible approaches to its
increase.

2. Experimental

Polycrystalline samples Ca3Co3.9Fe0.1O9 and
(Ca2.9Y0.1)(Co3.9Fe0.1)O9 were synthesized by a
standard ceramic technology using oxides Y2O3, Fe2O3,
and carbonates CaCO3 (all materials quali�cation OFS)
as starting reagents. Oxides of rare earth elements
were previously annealed in air at 1000 ◦C for 2 h to
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lower moisture. The calculation of initial components
performed according to the following chemical reactions:

3CaCO3 + 3.9CoO + 0.05Fe2O3

= Ca3Co3.9Fe0.1O9 + 3CO2, (1)

2.9CaCO3 + 0.05Y2O3 + 3.9CoO + 0.05Fe2O

= Ca2.9Y0.1Co3.9Fe0.1O9 + 2.9CO2. (2)

Taken in the desired stoichiometric ratio, the oxide
powders were milled with a small amount of ethyl alcohol
in an automatic RETSCH planetary mill to obtain a ho-
mogeneous particulate state. The resulting powder was
packed into a steel cylindrical mold of 20 mm diameter
and subjected to pressing of tablet-like samples at room
temperature with an automatic hydraulic press. The
pressure was 0.2 GPa and the exposure time in the loaded
state of about 15�20 s. To exclude the samples inhomo-
geneity, e�ort removal after pressing occurred with a rate
of 0.02 GPa/s. Preliminary heat treatment of powder
mixtures for synthesis of the material was performed in
air at temperatures of 1230�1270 K for 2 h. Further, the
resulting material was re-milled and re-pressed at room
temperature under pressure 0.2 GPa for the �nal synthe-
sis. The synthesis was carried out on a platinum sub-
strate in air furnace with molybdenum disilicide-heaters,
the temperature of which was controlled by a Pt/Pt�
6%Rh thermocouple. Setting the rate of heating and
cooling of the samples was carried out using a special
PID controlling system.
The �nal synthesis was carried out at 920 ◦C for 15 h.

Cooling rate after synthesis can be varied from 20 to
2000 ◦C/h. Samples re-milled into powder again after
synthesis, compacted at room temperature into tablets
under pressures either 0.2 GPa or 6 GPa and then sub-
jected to di�usion annealing at 750 ◦C for 2 h for the
samples homogenization. The oxygen presence in the
synthesized samples was determined by thermogravimet-
ric analysis by weight loss on reduction to simple oxides.
Deviation was not more than 0.2% of the total oxygen
content in the samples. It was found that the oxygen
content in the samples may vary in a wide range. In this
case, the introduction of Fe led to a de�ciency of oxygen.
The synthesized samples were preliminarily subjected

to the study of structure and chemical composition us-
ing scanning electron microscope LEO 1455VP micro-
scope and X-ray difractometer DRON-4 for XRD analy-
sis. LEO 1455VP was equipped with a special micro-
probe X-ray analyzer with energy-dispersive Si:Li de-
tector Rontec allowing to perform X-ray microanalysis
for checking the samples' stoichiometry with accuracy
of ≈ 1%. For the thermoelectric characterization we
used an automated measuring system (AMS), which al-
lowed to study temperature dependences of thermoelec-
tric �gure-of-merit ZT (T ), Seebeck coe�cient α(T ) and
electrical conductivity σ(T ) by the Harman method [6].
The main technical characteristics of the AMS were the
following:

• determination of the σ(T ) range � 10−5�103 Ω cm
with the accuracy not less than 10%;

• determination of the α(T ) range � 10�1000 µV/K
with the accuracy not less than 0.5%;

• determination of ZT (T ) range with the accuracy
not less than 5%;

• determination of λ(T ) range � 0.5�10 W/(m K)
with the accuracy not less than 15%;

• measurement of temperature with the error not
more than 0.1 ◦C in the range 300�700 K;

• measurement error of voltage by nanovoltmeter Ag-
ilent 34420A (at the limit of measurement 100 mV)
� no more than 0.0002% of measured value
+0.1 µV;

• current measurement error � no more than 0.15%;

• stabilization of the temperature range 300�700 K
with an accuracy of 1%;

• vacuum level in the measuring chamber � 1 Pa.

After measurements of ZT (T ), α(T ), and σ(T ) depen-
dences we could estimate λ(T ) with accuracy not less
than 15% using the known Io�e relation for dimension-
less ZT = α2σT/λ [7].
Measurements of σ(T ) at 50 < T < 300 K were per-

formed in the closed-cycle cryogen-free cryostat system
(Cryogenic Ltd., London). The PC based control sys-
tem with Lakeshore Temperature Controller (Model 331)
allowed to scan the temperature with a rate of about
0.1�1 K/min and to stabilize it (if necessary) with accu-
racy 0.005 K. The relative error of conductance measure-
ments was less than 0.1%.

3. Results and discussion

According to XRD analysis, the introduction of iron
and yttrium into Ca3Co4O9-based ceramics did not lead
to the appearance of new phases. As can be seen from in-
sets in Fig. 1, the X-ray patterns of the synthesized sam-
ples, subjected to low (0.2 GPa) and high (6 GPa) com-
paction pressure before �nal di�usion heat treatment,
have no qualitative di�erences.
Example of SEM images for the ceramic sam-

ples Ca3Co3.9Fe0.1O9, obtained by compaction at low
(0.2 GPa) and high (6 GPa) pressures, prior to �nal ho-
mogenizing heat treatments, are presented in Fig. 1. It
is evident that increasing the compacting pressure leads
to a �ner-grained structure and also reduces the porosity
of the synthesized samples of both groups.
The example of ZT (T ), α(T ), σ(T ) and calculated

λ(T ) dependences for the samples Ca3Co3.9Fe0.1O9 is
presented in Fig. 2. Let us compare the behavior of
these dependences for both groups of cobaltites doped
with iron only (samples 1 compacted at 0.2 GPa and
samples 2 for 6 GPa) or doped with iron and yttrium
simultaneously (samples 3 compacted at 6 GPa).
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Fig. 1. SEM images and XRD patterns in insets for the ceramic samples Ca3Co3.9Fe0.1O9 after compaction at pressures
0.2 GPa (a) and 6 GPa (b) before homogenization heat treatment.

Fig. 2. Temperature dependences of thermoelectric parameters ZT (a), α (b), σ (c) and λ (d) of the ceramic samples
Ca3Co3.9Fe0.1O9 (curves 1 and 2) and (Ca2.9Y0.1)(Co3.9Fe0.1)O9 (curves 3) after compaction at pressures 0.2 GPa
(curves 1) and 6 GPa (curves 2 and 3) before homogenization heat treatment. Inset: σ(T ) for (Ca2.9Y0.1)(Co3.9Fe0.1)O9

sample measured in the temperature range 2�700 K.

Firstly, we should note that there were no di�er-
ence in ZT (T ), α(T ), σ(T ) and λ(T ) dependences be-
tween the samples with di�erent doping subjected low
pressure 0.2 GPa at compaction of tablets before ho-
mogenization annealing. It is clearly seen, for ex-
ample, in the curve 1 in Fig. 1a where two di�erent
types of points conform Ca3Co3.9Fe0.1O9 (diamonds) and
(Ca2.9Y0.1)(Co3.9Fe0.1)O9 (stars) samples.

Secondly, the analysis of the experimental data for the
both groups of samples have shown that the increase of

compaction pressure (from 0.2 GPa to 6 GPa) before
homogenization annealing is mostly critical factor which
strongly a�ects properties of the samples studied. As is
seen, higher pressure of compaction results in increase of
conductivity in 2�4 times and thermal conductivity and
�gure-of-merit in 2�3 times whereas Zeebeck e�ect α(T )
remains practically invariable (compare curves 1 and 2�3
in Fig. 1), hitting in narrow band of values between
120�130 µV/K at 300 K and 140�145 µV/K at 700 K
(see Fig. 1b).
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Thirdly, as is seen from Fig. 2a,b,d, ZT (T ), α(T ),
and λ(T ) dependences are close to linear independently
on compaction pressure. At the same time, σ(T ) curves
in Fig. 2c are non-linear and even non-monotonic (see
curve 3 in the inset) in the wide range of temperatures.
The last evidences that, after compacting at 6 GPa, all
the samples acquire semiconducting properties so that
behavior of σ(T ) curves between 200 and 500 K denotes
the state of �impurities depletion� due to their complete
ionization when carrier transport is determined only by
temperature dependence of mobility (due to their scatter-
ing on phonons) because concentration of impurity car-
riers is constant (no changes with temperature). Let us
note that very close behavior of σ(T ) was observed in [8]
for undoped Ca3Co4O9 and doped with Ag and Lu.
As follows from the above analysis, the ratio of thermal

to electrical conductivity (σ/λ) after compacting at high
pressure increased twice that explains the increase of ZT
also twice.
Linear progress of α(T ) curves in Fig. 2b testi�es va-

lidity of the known Mott relation [9]:

α(T ) =
ce
n

+
π2k2B

3e

[
∂ ln g(ε)

∂ε

]
ε=εF

(3)

for the studied samples. Here ce is speci�c heat of carri-
ers, n � concentration of carriers, kB � the Boltzmann
constant, g(ε) � dependence of density of states on en-
ergy in the vicinity of Fermi level εF. The �rst contri-
bution in (1), in accordance with [9], we can consider
practically as constant and prevailing over the second
one which is linearly dependent on temperature. Fit-
ting α(T ) curves by linear dependences α(T ) = A+ BT
allowed us to estimate coe�cients A = ce/n and B =
π2k2B
3e

[
∂ ln g(ε)
∂ε

]
ε=εF

for all the samples studied. Calcu-

lations have con�rmed the validity of the approach for-
mulated in [9] for our samples showing actual perma-
nence of carriers speci�c heat ratio to their concentra-
tion a = ce/n (1.10�1.25) × 108 V/K between 200 and
600 K. This correlates with the above mentioned behav-
ior of σ(T ) dependences in this temperature range due
to depletion of impurities.

4. Conclusion

It is shown that iron and yttrium doping of the stud-
ied ceramics Ca3Co4O9 does not alter their crystalline
structure. Increasing the compacting pressure before the
di�usion annealing leads to a smaller-grained structure
and reducing of the synthesized samples porosity. The
last results in the increase of σ/λ ratio and ZT val-
ues. The Seebeck coe�cient of Ca3Co3.9Fe0.1O9 and
(Ca2.9Y0.1)(Co3.9Fe0.1)O9 samples is not changed after
compacting pressure increase displaying linear depen-
dences on temperature.
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