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High-temperature thermoelectric properties of BaFexTi1¹xO3¹¤ (BFT100x) ceramics in air were investigated. Crystal structures
of BFT100x ceramics were found to be a mixture of tetragonal or cubic provskite and hexagonal BaTiO3 phases for x = 0.05­
0.20, and a single phase of hexagonal BaTiO3 for x > 0.30. X-ray diffraction pattern of BFT90 revealed a mixture of hexagonal
BaTiO3 and monoclinic Ba2Fe2O5 phases. Conductivity of BFT100x increased with increase in temperature and Fe concentration.
This increase in conductivity originated from the substitution of Ti4+ with Fe3+, which increased the oxygen vacancy of the
system. A maximum conductivity of 3.1 © 102 S/m was obtained for BFT90 at 1100K. Activation energy calculated by resistivity
decreased with increase in Fe concentration. Seebeck coefficient of BFT100x increased with increase in temperature and
decreased with increase in Fe concentration for x = 0.40­0.80. These results suggested an increase in carrier concentration.
Seebeck coefficient of BFT90 was larger than that of BFT80, which is attributable to the mixed structure of BFT90. Power factor
of BFT100x increased with increase in temperature and Fe concentration. These results suggested that BaFexTi1¹xO3¹¤ with
mixed structure of hexagonal and monoclinic phases have good potential for enhancing the thermoelectric properties of
BaFexTi1¹xO3¹¤ ceramics.
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1. Introduction

Thermoelectric materials directly convert heat into electric
energy and vice versa through thermoelectric phenomena in
solids. This method of transforming heat into electricity is a viable
one for generating clean energy. The energy conversion function
of thermoelectric power generation is governed by the dimen-
sionless figure of merit

ZT ¼ S2·T=¬; ð1Þ
where T is absolute temperature, S is thermoelectric power, · is
electrical conductivity, and ¬ is thermal conductivity. Therefore,
a high power factor (S2·) and a low thermal conductivity are
prerequisites for thermoelectric materials and related devices.1)

Conventional thermoelectric materials such as Bi2Te3,2)­4)

Pb2Te3,5) Si­Ge alloys,6)­8) ¢-FeSi2,9) and SiC10),11) have large
thermoelectric power, but the thermal and chemical stability of
Bi2Te3 and Pb2Te3 at high temperatures in air are unsatisfactory
for thermoelectric conversion. Si­Ge alloy, ¢-FeSi2, and SiC
are stable at high temperature in air, however manufacturing
cost of Si­Ge alloy and SiC are high, and thermal conductivity of
¢-FeSi2 is large.
Oxide semiconductors are thermally and chemically stable in

air and at high temperatures and can be easily manufactured
at low cost. As a result, they have recently attracted attention as
new high-temperature thermoelectric materials. Terasaki et al.12)

found that NaCo2O4 single crystals exhibited good thermoelectric
properties. Following a report on NaCo2O4,13) several thermo-
electric oxide materials, such as SrTiO3,14)­16) Li-doped NiO,17)

CaMnO3,18),19) and Ca3Co4O9,20) have been reported. NaCo2O4 is

susceptible to moisture in air and does not readily exhibit high
thermoelectric properties in air. SrTiO3 and Li-doped NiO exhibit
n-type conductivity. Therefore, p-type thermoelectric oxide mate-
rial using at high temperature is required.
Earlier studies21)­29) have reported the crystal structure and

magnetic and electrical properties of BaFexTi1¹xO3¹¤. Honbo
et al. reported that BaFeO3¹¤ showed hopping conductivity at
high temperatures.30) Hopping conductivity is expected with a
large Seebeck coefficient and conductivity. Maier and Cohn24)

reported that resistivity of thin-film BFT100x decreased with
increase in Fe concentration and temperature. Because of the
hopping conductivity at high temperature, BFT100x is expected
to be utilized as a high-temperature thermoelectric material.
Therefore, in this study, we investigated the high-temperature
thermoelectric properties of BaFexTi1¹xO3¹¤ (BFT100x, x =
0­0.9) bulk ceramics.

2. Experimental

Commercially available high-purity powders of BaCO3

(Kojundo Chemical Lab., 99.9%), TiO2 (Kojundo Chemical
Lab., 99.9%), and Fe2O3 (Kojundo Chemical Lab., 99.9%) were
employed as starting materials. After weighing, the powders were
ball-milled with ethanol for 15 h. Next, the mixtures were dried
and calcined in air at 1223K for 10 h. After calcination, the
powders were reground with ethanol in a ball mill for 20 h and
pressed into pellets (º13 © 3mm). Finally, these pellets were
sintered in air at 1473 or 1573K for 2 h. The crystal structure of
the obtained sample was identified by powder X-ray diffraction
(XRD) (Rigaku, RINT2100) using CuK¡ radiation. The pellets
were cut into rectangles (3 © 3 © 10mm) for electrical measure-
ment. Resistivity µ was measured by the two-probe method from
room temperature to 500K (ADCMT, 8340A), and the thermo-³ Corresponding author: R. Aoyagi; E-mail: aoyagi@nitech.ac.jp
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electric properties were measured in air from 600 to 1200K using
a conductivity and Seebeck coefficient measurement system
(Ozawa Science, RZ2001i).

3. Results and discussion

The sintering temperatures were fixed at 1573 or 1473K. The
samples with Fe-rich composition (x = 0.80 and 0.90) slightly
melted after sintering at 1573K. Therefore these compositions
were sintered at 1473K for 2 h. It was confirmed that the average
grain size of sintered body increased with increase Fe concen-
tration in same sintering temperature. The density of sintered
samples was measured using Archimedes’ Principle. The ratios
of the measured density of the samples to the theoretical density
are higher than 90%. The theoretical density of each composition
was estimated by ICDD powder diffraction files, No. 05-0626 for
tetragonal BaTiO3 and No. 70-0034 for hexagonal BaFeO2.73.
The XRD patterns of the BaFexTi1¹xO3¹¤ powder are shown

in Fig. 1. A pure BaTiO3 tetragonal perovskite structure (c-BT)
was obtained for x = 0.00. As the Fe concentration increases
from 0.05 to 0.20, diffraction peaks belonging to a hexagonal
BT structure (h-BT) were detected in addition to those of cubic
or tetragonal perovskite BT structure (c-BT). Peak intensity of
h-BT increased and that of c-BT decreased with increase in Fe
concentration from 0.05 to 0.20. Earlier studies have reported that
a pure hexagonal phase was detected for x = 0.10;22),28) however,
a mixed structure of h-BT and c-BT was obtained for x = 0.20, as
seen in Fig. 1. Figure 1 also reveals that a single phase of h-BT
was observed for x = 0.30­0.80. Gerry et al.22) reported that the
hexagonal phase of BFT100x was not stable at 1473K for x >
0.67. Unlike their results, our samples were sintered at 1473K.
XRD pattern of BFT90 revealed a mixed structure of h-BT and
monoclinic Ba2Fe2O5 (m-BF). Similar results were reported by
Gonzalez-Calbet et al.31) From these results, it becomes clear that
the crystal structure is changed by the Fe concentration.
The resistivity of BFT100x ceramics at room temperature as a

function of Fe concentration is shown in Fig. 2. With increase in
Fe concentration, the resistivity of BFT100x ceramics decreases.
The low resistivity may originate from the substitution of Ti4+

with Fe3+, which increases the oxygen vacancy. The temperature
dependence of DC resistivity due to the adiabatic hopping of
small polarons follows

µ ¼ A exp
�Ea

kBT

� �
; ð2Þ

where A is a pre-exponential factor, ¦Ea is the activation energy
for small polaron hopping, and kB is the Boltzman constant.
We found that the resistivity can be fitted well with Eq. (1) from
room temperature to 500K. Table 1 lists the resistivity-fitted
activation energy ¦Ea in Eq. (1), and the resistivity of BFT100x
ceramics at 300, 400, and 500K. Activation energy decreased
from 1.07 to 0.43 eV by a 10% Fe substitution, and it further
decreased with increase in Fe concentration. This decrease is
probably caused by the increase of hopping in the energy states
of neighboring polarons at high Fe concentrations.
The Seebeck coefficient and conductivity at 1100K as a

function of Fe concentration is shown in Fig. 3. Conductivity
of BFT100x at 1100K increased with increase in Fe concentra-

Fig. 1. XRD patterns of BFT100x ceramics.

Fig. 2. Resistivity of BFT100x ceramics as a function of Fe
concentration.

Table 1. Resistivity and activation energy of BFT100x ceramics

Fe concentration
[%]

Resistivity, µ [³m]
¦Ea [eV]

300K 400K 500K

0 2.1 © 1010 5.9 © 109 3.4 © 107 1.07
10 9.2 © 107 2.6 © 105 1.4 © 104 0.43
20 5.3 © 107 1.7 © 104 1.3 © 103 0.37
30 4.0 © 104 9.6 © 102 8.4 © 101 0.40
50 2.9 © 102 2.1 © 101 2.6 © 100 0.35
60 1.3 © 102 4.5 © 100 6.5 © 10¹1 0.32
70 3.5 © 101 1.6 © 100 2.7 © 10¹1 0.32
80 1.3 © 101 8.3 © 10¹1 1.5 © 10¹1 0.29
90 3.7 © 100 3.5 © 10¹1 9.4 © 10¹2 0.23

Fig. 3. Seebeck coefficient (solid squares) and conductivity (hollow
circles) of BFT100x ceramics as a function of Fe concentration at 1100K.
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tion. BFT90 showed the highest conductivity of 3.1 © 102 S/m
at 1100K. Conversely, the Seebeck coefficient of BFT100x
decreased with increase in Fe concentration for x = 0.40­0.80;
Seebeck coefficient of BFT90 was larger than that of BFT80.
The increase of · and decrease of S suggested an increase in the
carrier concentration, which can be attributed to the substitution
of Ti4+ with Fe3+ in the system. The high Seebeck coefficient
of BFT90 may be attributable to its crystal structure. Crystal
structure of BFT100x was a single phase h-BT structure at
0.40 < x < 0.80, but that of BFT90 was a mixed structure of
h-BT and m-BF. From these results, it seems that m-BF phases
of BFT90 have higher Seebeck coefficient than h-BT phase of
BFT90. Therefore it is considered that BFT90 with mixed
structure of h-BT and m-BF showed the higher Seebeck coeffi-
cient than BFT80. The effectiveness of mixed structure increas-
ing high conductivity and Seebeck coefficient was confirmed in
SrFeO3­CaFeO3.32)

The temperature dependence of conductivity (a) and the
Seebeck coefficient (b) for BFT70 are shown in Fig. 4. The sign
of the Seebeck coefficient is positive and therefore the majority
of carriers are holes. The Seebeck coefficient and conductivity for
all samples increased with increase in the measuring temperature
and reached the highest value at 1100­1200K. The conductivity
of all samples was almost saturated at high temperature. The
increase in conductivity can be attributed to the increase in car-
rier concentration, however the increase in Seebeck coefficient
cannot be attributed to them. Similar results were reported for
SrFeO3¹¤,30) BaFeO3¹¤,30) and Ca3¹xNaxCo4O9.33) Honbo et al.
considered that the increase in the Seebeck coefficient is also
based on the formation of an oxygen vacancy.30) It appears that
the Seebeck coefficient increases due to an increase in oxygen
vacancy at high temperatures.
The power factor of BFT100x ceramics as a function of Fe

concentration is shown in Fig. 5. The conductivity and Seebeck
coefficient data in Fig. 3 show that Fe substitution was effective
in improving the power factor (S2·) of the BaFexTi1¹xO3¹¤

system. The power factor of BFT100x increased with increase
in Fe concentration and increase in temperature from 600 to
1200K. The power factor of BFT90 reached 9.6¯W/K2m
around 1100K, which is three times larger than that of BFT80.
The large power factor of BFT90 was due to the coexistence
of a large Seebeck coefficient and conductivity at high temper-
atures. These results suggest that BaFexTi1¹xO3¹¤ ceramics have
good potential for application as a high-temperature thermo-
electric material.

4. Conclusion

In this study, we investigated high-temperature thermoelectric
properties of BaFexTi1¹xO3¹¤. The crystal structure of BFT100x
was found to be a mixed structure of c-BT and h-BT for 0.05 <
x < 0.20, and a single phase of h-BT for 0.30 < x < 0.80. XRD
pattern of BFT90 showed a mixed structure of h-BT and m-BF.
Room temperature resistivity decreased with increase in Fe con-
centration; this decrease may originate from the substitution
of Ti4+ with Fe3+, which increases hole concentration. Con-
ductivity increased with increase in Fe concentration and increase
in temperature from 600 to 1200K. Conversely, Seebeck coeffi-
cient decreased with increase in Fe concentration and increased
with increase in temperature. These results can be attributed to
the oxygen defect of BFT100x at high temperatures. BFT90
exhibited a larger Seebeck coefficient than BFT80, which can
be attributed to the mixed structure of BFT90. Power factor
of BFT90 reached 9.6¯W/K2m. These results suggest that there
exists a good potential for enhancing the thermoelectric proper-
ties of BaFexTi1¹xO3¹¤ ceramics.
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