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a b s t r a c t

The thermoelectric properties of Sr1-xBixTiO3-d (0� x� 0.07) have been investigated. Dense ceramics of
Sr1-xBixTiO3-d and Sr0.95TiO3-d have been prepared by solid-state reaction and conventional sintering in air
followed by annealing in a reducing atmosphere. XRD and SEM analyses show that the rutile TiO2 in
Sr0.95TiO3 formed after sintering becomes Magn�eli phase of TinO2n-1 after annealing. Moreover, Bi re-
solves from Sr1-xBixTiO3 after annealing, resulting in the formation of Sr1-xBixTiO3-d/Bi/TinO2n-1 com-
posites. With increasing Bi content in Sr1-xBixTiO3-d, the electrical conductivity increases while the
absolute values of the Seebeck coefficient decrease as a result of increasing carrier concentration. The
thermal conductivity of SrTiO3-d is reduced by doping Bi up to x¼ 0.07. Highest ZT ~0.13 is obtained in
Sr0.93Bi0.07TiO3-d at 1000 K.
© 2018 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Oxide thermoelectric materials have the advantages of low cost,
low toxicity, and good chemical stability at high temperatures.
High-performance p-type thermoelectric oxides include layered
cobalt oxides containing 2D edge sharing CoO6 octahedra [1e6] and
acceptor-doped perovskite LaCoO3 [7e10], while n-type oxides
include donor-doped SrTiO3 [11e13], CaMnO3 [14], Al-doped ZnO
[15,16], etc. Among them, donor-doped SrTiO3 exhibits a large
Seebeck coefficient due to a large carrier effective mass and the
orbital degeneracy of Ti 3d-t2g conduction band [11]. Its electrical
conductivity can be tuned from insulating to metallic through
substitutional doping and/or introducing oxygen deficiency. Usu-
ally, SrTiO3 is sintered under a reducing atmosphere and doped
with rare-earth elements on Sr2þ sites and/or Nb5þ on Ti4þ sites
[17e19]. By adjusting dopants and doping concentration, the
electrical conductivity can be improved due to increased carrier
concentration, while the lattice thermal conductivity can be
reduced by strain field scattering, mass fluctuation and point de-
fects [20,21].

High figure of merit (ZT) values in the range of 0.30e0.41 have
rialforschung und eprüfung

).
eramic Society.

roduction and hosting by Elsevi
been reported in SrTiO3 substituted by 8% La and 12% Dy (double
substitution) [22], 10% Pr with A-site deficiency [23], 10% Y [24],
10%e15% Nb [25], 15% La and A-site vacancies [26], etc. Moreover,
similar high ZT values have been achieved in composites consisting
of La/Nb doped SrTiO3 and Cu/Fe [27]. However, the ZT values of
doped SrTiO3 are still low compared to traditional thermoelectric
materials owing to its high lattice thermal conductivity. Therefore,
nanostructuring approaches have been adopted to enhance the
phonon scattering, such as synthesizing SrTiO3 nanoparticles [28],
introducing nanoinclusions [29,30], and fabricating SrTiO3 super-
lattices [31], etc. Moreover, Ruddlesden-Popper (RP) phases of
SrO(SrTiO3)n with a layered crystal structure have been investi-
gated [32,33]. Although a decrease in the thermal conductivity is
achieved in the RP phases, the electrical conductivity also decreases
due to the insulating SrO layers, resulting in lower values of ZT than
donor-doped SrTiO3.

In this work, we aim to investigate the effect of Bi3þ substitution
on the thermoelectric properties of SrTiO3-d. By replacing Sr2þ with
Bi3þ, we intend to i) improve the electrical conductivity by
increased carrier concentration, and ii) reduce the lattice thermal
conductivity due to the large mass difference between Bi3þ and
Sr2þ. Gong et al. reported that a ZT value of 0.269 at 1073 K can be
achieved in La- and Bi-codoped SrTiO3 [34]. However, it is not clear
whether the improved thermoelectric properties are due to La or Bi.
Therefore, it is necessary to study SrTiO3 with a single type of
dopant, Bi. This paper reports the thermoelectric properties of Sr1-
xBixTiO3-d (0� x� 0.07) and Sr0.95TiO3-d in the temperature range of
er B.V. This is an open access article under the CC BY-NC-ND license (http://
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300 Ke1000 K, synthesized by solid-state reaction and conven-
tional sintering.

2. Experiment

Powders of Sr1-xBixTiO3 (x¼ 0, 0.005, 0.01, 0.03, 0.05, and 0.07)
and Sr0.95TiO3 were synthesized by solid state reaction. Stoichio-
metric amounts of SrCO3 (Sigma Aldrich, � 98%), Bi2O3 (Acros Or-
ganics, � 99.9%), and TiO2 (Sigma Aldrich, � 99.9%) powders were
mixed by planetary ball mill (RETSCH PM100) at 250 rpm for 5min
with a tungsten carbide jar and beads. The powder mixture was
pelletized by a uniaxial pressing machine and calcined at 1373 K for
2 h over ZrO2 beads in an alumina crucible in air. The pellets were
ball milled again at 250 rpm for 5min. The powder was pressed
into pellets and sintered at 1673 K for 2 h over ZrO2 beads in an
alumina crucible in air, followed by annealing at 1673 K for 12 h in a
reducing atmosphere (67%N2/30%Ar/3%H2).

Room-temperature X-ray diffraction (XRD) was performed by a
BRUKER D8 Advance q/2q diffractometer equipped with a Linxeye
energy-dispersive one-dimensional detector, with Cu-Ka radiation
and operating at 40 kV and 40mA. Scans were recorded from 20� to
85� (2q) with a step of 0.02� and a counting time of 0.5 s per step.
Rietveld refinement was carried out using Fullprof Suite [35].
Microstructure was examined by scanning electron microscopy
(SEM, Tescan MIRA3) coupled with a backscattered electron de-
tector (BSD) and an energy-dispersive X-ray spectroscopy (EDS,
Oxford INCA X-act). Samples were gold-coated by sputtering prior
to observation.

Electrical conductivity and Seebeck coefficient were measured
simultaneously by ULVAC ZEM3 in a low pressure He atmosphere
from a high of 1000 K to a low of 323 K. Points of contact between
samples and two thermocouples were coated with a thin layer of
gold to reduce the contact resistance. Thermal conductivity is a
product of density, thermal diffusivity, and specific heat capacity.
Bulk density was determined from the dry mass and the geometric
dimensions of pellets. Graphite coating was applied on the samples
for thermal diffusivity measurement (Netzsch LFA457). It was
performed from 373 K to 1000 K in vacuum and the data were
average values of three measurements at each temperature. Spe-
cific heat capacity was measured from room temperature up to
1000 K, with a heating rate of 20 K.min�1 in platinum crucibles in a
nitrogen atmosphere (NETZSCH STA449 F3).

3. Results and discussion

Fig. 1a shows that Sr1-xBixTiO3 (0� x� 0.07) ceramics exhibit
cubic SrTiO3 phase (PDF 00-035-0734) with a space group Pm-3m
after sintering in air. The intensity is plotted in a logarithmic scale
to emphasize the impurity peaks. Sr0.95TiO3 contains an additional
rutile TiO2 phase (PDF 00-021-1276). A satellite peak next to the
(110) peak has been observed in every composition, probably cor-
responding to Sr2TiO4, which may appear as an impurity phase
during synthesis of SrTiO3 [36]. It is noticed that some samples
show a minor diffraction peak at ~28� and that Sr0.95TiO3 after
sintering in air shows one at ~44�. However, it is difficult to
determine the phases correctly due to their low intensities and
limited number of peaks present. After annealing in a reducing
atmosphere (Fig. 1b), diffraction peaks corresponding to Bi metal
(PDF 01-079-6675) appear at 2q of 27.19� and 37.99� in Sr1-xBixTiO3-

d with x¼ 0.05 and 0.07 and their diffraction intensity increases
with increasing x. Bi metal does not seem to exist in the composi-
tions with lower Bi content. It means that the solubility (or sub-
stitution) limit of Bi in SrTiO3 is lower than 5 at. %, or that we are
below the XRD detection threshold. Moreover, the diffraction peaks
corresponding to rutile TiO2 can no longer be observed in the XRD
pattern of Sr0.95TiO3-d. All ceramics show densities over 93% of the
theoretical density of SrTiO3 calculated from the Rietveld re-
finements, which are dense enough for the measurement of ther-
moelectric properties.

The XRD patterns as shown in Fig. 1 are refined to calculate
lattice parameters. Fig. 2a and b show two examples of the refined
XRD patterns of Sr1-xBixTiO3-d with x¼ 0 and 0.05 after annealing in
a reducing atmosphere. The poor Rietveld refinement in Fig. 2b is
probably due to the presence of the above-mentioned impurities.
The lattice parameter a of the air-sintered and reducing
atmosphere-annealed samples is shown in Fig. 2c. In both cases, the
lattice parameter of Sr1-xBixTiO3-d increases with increasing Bi
content, although the ionic radius of Sr2þ (1.26 Å) is larger than that
of Bi3þ (1.17 Å) [37]. As the ionic radius for Bi3þ in twelve-fold co-
ordination is not available, the ionic radii in eight-fold coordination
for both ions are used here. The unit cell expansion could be
attributed to the formation of oxygen vacancies and Ti3þ ions.
Oxygen vacancy induces an increase in the Coulomb repulsion
between neighboring transition metals ions, thus increasing unit
cell volume. Moreover, the extra charge induced by Bi3þ substitu-
tion and oxygen vacancies could be compensated by partial
reduction of Ti4þ (0.605 Å) into Ti3þ (0.67 Å) [37]. The lattice pa-
rameters of the reducing atmosphere-annealed samples are larger
than those of the air-sintered samples at each Bi content, which is
most probably due to increased oxygen deficiency. The lattice pa-
rameters of air-sintered and reducing atmosphere-annealed
Sr0.95TiO3 are similar to the undoped SrTiO3 and less than the Bi-
doped samples, indicating the existence of Bi dopant in the crys-
tal structure of Sr1-xBixTiO3-d in spite of the appearance of Bi metal.

Fig. 3 shows SEM and BSD images of a fracture surface of the
annealed Sr1-xBixTiO3-d ceramic with x¼ 0.01. XRD only shows the
existence of Bi metal in the compositionwith x¼ 0.05 and 0.07. It is
not knownwhether the absence of diffraction peaks corresponding
to Bi metal in Sr1-xBixTiO3-d with x< 0.05 is due to that it is below
the solubility of Bi or detection limit of the XRD instrument.
Therefore, the microstructure of the composition with x¼ 0.01 was
examined. The BSD image shows a clear contrast between different
phases. The atomic ratio between different elements from EDS
analysis is shown in the insert of Fig. 3. The light grey area shows a
similar atomic ratio between Sr and Ti, indicating that it is most
likely SrTiO3. The bright spots are rich in Bi, while the liquid-like
dark areas are rich in Ti. Therefore, Bi metal exists in Sr1-xBixTiO3-

d even at a Bi content lower than what has been indicated in the
XRD analysis (Fig. 1b). It is ascribed to the decomposition of Sr1-
xBixTiO3-d after annealing at 1673 K under a reducing atmosphere,
in agreement with a previous study on the degradation of SrBi2-
Ta2O9 in which SrBi2Ta2O9 decomposes into Bi metal and Sr-Ta
oxide above 573 K under 4%H2/Ar atmosphere [38]. Bi metal and
Ti-rich phase have also been observed in Sr1-xBixTiO3-d ceramics
with other Bi contents. The Ti-rich phase is Magn�eli phase (TinO2n-

1), a commonly found phase in Sr deficient SrTiO3 [39]. As Bi leaves
the lattice site, Sr1-xBixTiO3-d becomes A-site deficient and TinO2n-1
is formed. TinO2n-1 is also observed in Sr0.95TiO3-d as a result of
excess TiO2. It is believed that above the solubility limit of Sr va-
cancy in the SrTiO3 structure, TinO2n-1 will form as a secondary
phase in a reducing atmosphere.

Fig. 4a and b show the temperature dependence of the electrical
conductivity and Seebeck coefficient of Sr1-xBixTiO3-d and
Sr0.95TiO3-d. Sr1-xBixTiO3-d with 0� x� 0.005 shows semi-
conducting electrical conductivity over the whole range of tem-
perature, while the samples with 0.01� x� 0.07 show metallic
conduction above 400 K. The electrical conductivity of Sr1-xBixTiO3-

d increases with increasing Bi content up to x¼ 0.05. All composi-
tions are n-type, as they possess negative values of Seebeck coef-
ficient. In general, the absolute values of Seebeck coefficient



Fig. 1. X-ray diffraction patterns of Sr1-xBixTiO3-d (x¼ 0, 0.005, 0.01, 0.03, 0.05, and 0.07) and Sr0.95TiO3-d ceramics (a) after sintering in air and (b) after annealing in a reducing
atmosphere. Letter R, star (*), question mark (?), and Bi indicate diffraction peaks corresponding to rutile TiO2, Sr2TiO4, unknown phases and Bi metal, respectively.
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decrease with increasing Bi until x¼ 0.05. An increase in the carrier
concentration via Bi substitution is confirmed by the simultaneous
increase in electrical conductivity and decrease in the absolute
values of Seebeck coefficient. Sr0.95TiO3-d has been synthesized to
confirm the role of Bi substitution and TinO2n-1 in SrTiO3-d.
Compared to SrTiO3-d, Sr0.95TiO3-d possesses higher electrical con-
ductivity and lower absolute values of Seebeck coefficient, possibly
due to the presence of TinO2n-1 in Sr0.95TiO3-d. TinO2n-1 is a series of
n-type thermoelectric materials and possesses better thermoelec-
tric performance than the undoped SrTiO3-d in this work [40,41].
Therefore, the incorporation of TinO2n-1 in SrTiO3-d could improve
its electrical conductivity and reduce its absolute values of Seebeck
coefficient. On the other hand, Sr0.95TiO3-d shows a much lower
electrical conductivity than Sr0.95Bi0.05TiO3-d. It could be due to its
low carrier concentration and probably lowmobility. It is clear from
Fig. 2c that the lattice parameter of Sr0.95TiO3-d is similar to the
undoped SrTiO3-d and smaller than all of the Bi-doped samples,
indicating a lack in the carrier concentration contributed by Bi
substitution and oxygen deficiency. Moreover, below a critical
carrier concentration, the carrier mobility of SrTiO3-d decreases
with decreasing carrier concentration [42]. Finally, the Seebeck
coefficient of the samples presents a very complex behaviour, with



Fig. 2. Examples of Rietveld refinement of Sr1-xBixTiO3-d ceramics after annealing in a reducing atmosphere with a composition (a) x¼ 0 and (b) x¼ 0.05. (c) Lattice parameter a of
Sr1-xBixTiO3-d (x¼ 0, 0.005, 0.01, 0.03, 0.05, and 0.07) and Sr0.95TiO3-d after sintering in air and after annealing in a reducing atmosphere versus x.

Fig. 3. SEM and BSD images of fracture surface of Sr1-xBixTiO3-d with x¼ 0.01 after annealing in a reducing atmosphere. The insert in the BSD image shows the atomic ratio of
elements at three indicated points measured by EDS.
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abrupt variations without any observable counterparts in the
electrical conductivity measurements, except for the sample with
x¼ 0.03 at T ~700 K. Ohta et al. [17] have shown that such transition
at 750 K in heavily La-and Nb-substituted SrTiO3 samples can be
related to a dominant carrier scattering mechanism changing with
increasing temperature from a coupled scattering by polar optical
phonons and acoustic phonons to mere acoustic phonon scattering.
Moreover, the samples in this study are composites with complex
microstructures rather than single crystals as in Ohta's et al. study,
which could be related to these variations. However, further studies
(such as Hall effect measurements, magnetic measurements…) are
required to understand such complex behaviour. Power factor
(Fig. 4c) can be calculated from electrical conductivity and Seebeck
coefficient. The power factor of SrTiO3-d is significantly improved by
Bi substitution, especially at temperatures ~400 K. The highest
power factor is obtained in Sr1-xBixTiO3-d with x¼ 0.07, ~1286
mWm�1K�2 at 420 K, which is comparable with that of La and Y-
doped SrTiO3 at a similar doping concentration [21,43].

Fig. 4d shows that 0.5% of Bi substitution does not obviously
reduce the thermal conductivity of SrTiO3, whereas 5% and 7% of Bi
doped SrTiO3-d and Sr0.95TiO3-d exhibit reduced thermal conduc-
tivity. The reduction of the thermal conductivity in Sr1-xBixTiO3-

d with x¼ 0.05 and 0.07 could be attributed to Bi substitution and
the composite effect from Bi metal and TinO2n-1. The mass differ-
ence between Sr2þ and Bi3þ creates point defect scattering for
phonons, thus reducing the lattice thermal conductivity. The in-
terfaces between different phases could scatter phonons, especially
the interfaces between Bi metal and the two oxides. Lyeo and
Cahill have observed a low thermal conductance at the interfaces
between Bi and hydrogen-terminated diamond, with a thermal
conductivity approaching amorphous limit [44]. They ascribe it to
the dissimilar Debye temperatures and vibrational spectra between
Bi and diamond. As the Debye temperature of Bi [44] is much lower
than those of SrTiO3 [45] and TiO2 [46], a low thermal conductivity
could be expected at the interfaces between Bi and oxides. More-
over, the shear planes in TinO2n-1 can also effectively scatter
phonons.

Fig. 4e shows the temperature dependence of figure of merit. ZT
of Sr1-xBixTiO3-d is enhanced by substituting Sr with Bi up to
x¼ 0.07, reaching ~0.13 at 1000 K. In addition, ZT of Sr0.95TiO3-d is a
little higher than that the undoped SrTiO3 but much lower than
that of Sr0.95Bi0.05TiO3-d. Incorporating Bi into SrTiO3-d is beneficial
for its high power factor and low thermal conductivity due to the
substitution and metal inclusion, whereas a further enhancement
of ZT in Bi-doped SrTiO3 is limited by its low solubility. Therefore, Bi
can be added as a co-dopant into SrTiO3-d.

4. Conclusions

The thermoelectric properties of dense Sr1-xBixTiO3-

d (0� x� 0.07) and Sr0.95TiO3-d ceramics prepared by solid-state
reaction and conventional sintering have been studied. The pres-
ence of Bi metal and TinO2n-1 has been confirmed in Sr1-xBixTiO3-

d ceramics, making them Sr1-xBixTiO3-d/Bi/TinO2n-1 composites.
TinO2n-1 is also observed in Sr0.95TiO3. The lattice parameter of Sr1-
xBixTiO3-d increases with increasing Bi content, whereas undoped
SrTiO3-d possesses the same lattice parameter as Sr0.95TiO3-d. It in-
dicates that some Bi dopants are incorporated into the crystal lat-
tice of SrTiO3. Substitution of Sr2þ with Bi3þ increases the electrical
conductivity and reduces the absolute values of Seebeck coefficient.



Fig. 4. Thermoelectric properties of Sr1-xBixTiO3-d (x¼ 0.005, 0.01, 0.03, 0.05, and 0.07) and Sr0.95TiO3-d ceramics after annealing in a reducing atmosphere as a function of tem-
perature. (a) Electrical conductivity, (b) Seebeck coefficient, (c) power factor, (d) thermal conductivity, and (e) figure of merit, ZT.
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The power factor is improved in the Bi-doped samples. The thermal
conductivity is effectively reduced in Sr1-xBixTiO3-d with x¼ 0.05
and 0.07, possibly due to the enhanced phonon scattering intro-
duced by Bi substitution and the composite effect from Bi and
TinO2n-1. Highest ZT ~0.13 has been achieved in Sr0.93Bi0.07TiO3-d at
1000 K.
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