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Abstract Bi,Sr;_,L.a,Co,09 (x = 0, 0.02, 0.04, and 0.08)
polycrystalline-layered misfit oxides have been prepared by
solid-state reactions. Electrical property measurements
indicated that all the samples are p-type semiconductors. The
electrical conductivity decreased and the Seebeck coefficient
increased with increasing temperature. The thermal con-
ductivities were very low, only 0.6-0.7 W m~' K~ at room
temperature. La doping was effective in increasing the
Seebeck coefficient, reducing the thermal conductivity, and
hence improving the thermoelectric performance. A highest
dimensionless figure of merit ZT of 0.147 was obtained for
Bi,Sr; g6Lag 04C0,09 sample at 737 K, about two times
higher than that of the sample without La doping.

Introduction

Thermoelectric (TE) materials have been widely studied
over the past decades due to the potential applications in
power generation and electronic cooling. The performance
of TE materials can be characterized by the dimensionless
figure of merit ZT = (ocza/;c)T, where o is the Seebeck
coefficient, ¢ and k are the electrical and thermal con-
ductivities, respectively, and T is the absolute temperature.
Nowadays, state-of-the-art TE materials are mainly semi-
conducting tellurides and antimonides such as Bi,Tes [1],
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filled CoSbs [2], Ag,Pb,,Sb,Te,, >, [3], and so on. In spite
of their high TE properties, certain shortcomings like
low melting or decomposition temperatures and poor
oxidation resistance are still needed to overcome [4]. Since
the discovery of a large room temperature thermopower
in NaCo,0, [5], p-type-layered cobalt oxides, including
y-Na,CoO, (x ~ 0.7) [6, 7], y-Sr,Co0O, (x ~ 0.35) [8, 9],
and Ca3;Co4O9 [10, 11] have attracted more and more
attention. Because of their distinct advantages such as good
thermal stability and low cost, these cobalt oxides have
been considered as promising candidates for TE applica-
tions in recent years.

Recent studies have shown improved TE performance in
PbSeTe/PbSe and Bi,Tes/Sb,Tes superlattices [12, 13].
Theoretical calculations [14] indicated that an ultralow
thermal conductivity could be obtained from the localiza-
tion of lattice vibrations induced by the random stacking of
two-dimensional crystalline sheets. Moreover, the Seebeck
coefficient would increase along with the increased density
of state of carriers arising from the anisotropy crystal
structure. Therefore, Bi,Sr,Co,0O9 (BSCO) misfit oxide
material, which has not only the similar layered structure to
the aforementioned cobalt oxides, but also natural super-
lattice substructures in the insulation layers, was expected
to exhibit good TE properties. the single crystal BSCO
whiskers were exposited having a ZT value of more than
1.1 at 1000 K [15], and a polycrystalline BSCO oxide
has also been reported to a ZT value of about 0.19 at 973 K
[16]. Researches about composition optimization of the
BSCO oxide were processed, including composition
adjustment and elemental doping. For example, a single
crystal whiskers of Pb- and Ca-doped BSCO oxides have
been referred exhibiting a relatively high power factor
(oczo' ~ 09 mWm! Kfz) [17]. In addition, some more
studies about BSCO, such as structure and thin film growth,
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were also been conducted by Terasaki et al. [18] and
Tsukada et al. [19].

To the best of our knowledge, there are few reports on
TE properties of the rare earth-doped BSCO. In this study,
La-doped Bi,Sr,_,L.a,C0,09 (x = 0, 0.02, 0.04, and 0.08)
is prepared by conventional solid-state reactions, and the
effects of La doping on the microstructure and TE prop-
erties are investigated.

Experimental

Stoichiometric ratio of Bi,O3;, SrCO;, La,0s;, Cos04
(>99%) was weighted and mixed according to the compo-
sitions of Bi,Sr,_,La,Co,09 with x = 0, 0.02, 0.04, and
0.08. The powder mixtures were fired at 1073 K for 10 h in
air. After grinding, the reactants were pressed into pellets
and sintered at 1113 K for 20 h in air. After that the samples
were pulverized again by ball-milling and pelletized, and the
final sintering was performed at 1163 K for 20 h in air. The
relative densities of the four samples were ~ 85%.

Structure of the samples was investigated by X-ray
diffraction (XRD) on a Rigaku D/MAX-2250P diffrac-
tometer using Cu Ko radiation (=1.5406 10\), and a FEI-
siron field-emission scanning electron microscope
(FESEM) was used to characterize the grain size and
fracture surface morphology of the samples. The electrical
conductivity and the Seebeck coefficient were simulta-
neously measured in air on a computer-assisted apparatus
using a DC four-probe method and differential voltage/
temperature technique, respectively [20]. The measurement
errors of the electric properties are within 5%. In order to
confirm the repeatability of the results, the samples were
prepared and measured (both in vacuum and in air) several
times, and the data showed an excellent consistency.
Thermal conductivity was measured on a Netzsch® LFA
457 laser flash apparatus, and the measurement error is
within 3%.

Results and discussion

Figure 1 is the XRD patterns for the Bi,Sr, ,La,Co,0q
(x =0, 0.02, 0.04, and 0.08) samples. The results show an
excellent consistency with that reported by Kajitani et al.
[21]. The strong (00/) diffraction peaks can be observed for
all the samples due to the layered structure of the cobalt
oxides. There are no obvious impurity phases and no
notable diffraction peak shifts caused by the La doping due
to the similar ionic radius between La>* (1.15 A) and Sr**
(1.13 A).

Figure 2 gives the SEM image of fracture surface of the
undoped BSCO sample. The polyhedral sheet-like grains
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Fig. 1 XRD spectra of the Bi,Sr,_,La,C0,09 (x = 0, 0.02, 0.04, and
0.08) samples

Fig. 2 SEM image of the sintered BSCO

show clearly the anisotropic growth of BSCO crystallites
resulting from the layered structure of the oxides. Other
Bi,Sr,_,La,Co,09 (x = 0, 0.02, 0.04, and 0.08) samples
also exhibited the similar microstructures.

The temperature dependence of electrical conductivity
for the Bi,Sr,_,La,Co,09 samples is shown in Fig. 3. The
electrical conductivities of all the samples show a metal-
like behavior (do/dT < 0) in the whole investigated tem-
perature range. The ¢ decreases with increasing content of
La, which could be attributed to the increasing impurity
scattering and a difference in chemical valence between
Sr** and La’". In order to keep the electro-neutrality
condition in La-doped BSCO, the valence change of Co
from Co*t to Co>* must have occurred, which makes the
samples to have different average Co valences [22]. Cheng
et al. [23] have already observed this change by X-ray
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Fig. 3 Electrical conductivity as a function of temperature for
Bi,Sr,_La,Co,09 with x = 0, 0.02, 0.04, and 0.08

photoelectric spectrum. The Co-O layers in BSCO are the
main bodies to conduct the electricity, and the carrier
concentration will decrease with decreasing average Co
valence [15]. Therefore, BSCO (C04+) without doping has
the best electrical conductivity compared to the La-doped
samples.

Figure 4 shows the temperature dependence of Seebeck
coefficient a. The positive Seebeck coefficients indicate
the p-type conduction in these samples. The o increases
with increasing temperature, different from the result of
Funahashi and Shikano [15], i.e., « decreases when
T < 673 K. The Seebeck coefficient depends on band
structure and scattering mechanisms. In general, the elec-
trical conductivity of a conventional TE semiconductor
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Fig. 4 Seebeck coefficient as a function of temperature for Bi,Sr,_,
La,Co,09 with x = 0, 0.02, 0.04, and 0.08

decreases with increasing temperature before the intrinsic
conduction, whereas the Seebeck coefficient increases with
temperature due to the increased carrier scattering [24]. On
the other hand, in this study, the substitution of La>* for
Sr** reduces negative charges in the lattice, which must be
compensated either by reduction of holes. Thus, the con-
centrations of holes in the La-doped samples are smaller
than that in the sample without doping, implying a higher
Fermi energy. As a result, the samples with x = 0.04 and
0.08 have the higher Seebeck coefficients, and the former
exhibits a maximum value of 180 pV K~ ! at 750 K.

The charge carriers in p-type semiconductors are mobile
holes. If holes are small polarons, the o — 1/T dependence
can be expressed as [25, 26]:

ks (1—p\ E,
—ogp -S| —E) m L 1
2% — % - n( 5 ) 5T (1)

where kg, p, e, and E, are the Boltzmann constant, the hole
concentration, the electronic charge, and the energy gap,
respectively. And the electrical conductivity can be
expressed as:

o = pepp~T 'exp (Kb;f) , (2)
where 1, is the mobility of holes and E, is the activation
energy.

The 1/T dependences of o and In (7) of the BSCO
samples are plotted in Fig. 5. It is clear that the small
polaron conduction mechanism is applicable to all the
samples below 450 K as the curves are almost linear. When
the temperature further increases, the curves deviate from
the linear trends, suggesting different conduction mecha-
nisms at high temperatures. The results are similar to those
of La;_,Sr,CoO5 oxides [27]. With the increasing content
of La, the slopes of both the « — 1/T and the In (¢7) — I/T
curves change, indicating an alteration in the band struc-
ture. The calculated E., below 450 K are 0.012, 0.030,
0.010, and 0.045 eV for the samples x = 0, 0.02, 0.04, and
0.08, respectively, comparable to the previous result by
Terasaki et al. [28].

As shown in Fig. 6a, the thermal conductivity x of
Bi,Sr,_,La,Co,09 with x = 0, 0.02, 0.04, and 0.08 is
plotted as a function of temperature. The x exhibits a weak
temperature dependence (i.e., around 0.7 W m~' K™') in
the tested temperature range, and shows a slight decrease
after the La doping due to the increased phonon scattering
by point defects. These values are much lower than those of
other TE oxides, such as CazCo409 [29]. As mentioned
above, BSCO oxide has the special layered crystallographic
structure, in which conducting and insulating layers are
alternately piled, enhancing the phonon scattering at the
interface [15]. In addition, the insulating layers own a nat-
ural superlattice structure in which Bi—O and Sr—O layers
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Fig. 5 Plots of « (a) and In (¢7) (b) versus 1/T for Bi,Sr,_,La,C0,09
with x = 0, 0.02, 0.04, and 0.08. The dashed lines are the fitting lines

alternate with a period smaller than the mean-free path of
phonons, which results in a phonon localization-like
behavior and hence a lower x value [29, 30].

Moreover, as the relative densities of the samples are
~85%, these samples have high porosities. In order to
calibrate the thermal conductivity, the following Maxwell—
Eucken equation was used,

where p is the porosity, K, the bulk conductivity, and f the
constant number determined by the conditions of the pores
(B is between 1.0 and 3.0 when the shape of the pores is
almost the spherical style) [31]. Taking the porosity as 15%
and the constant f as 3.0, the values of calculated x for the
total four samples were still lower than other traditional
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Fig. 6 a Temperature dependence of thermal conductivity for
Bi,Sr;_,La,Co,09 with x = 0, 0.02, 0.04, and 0.08. b Temperature
dependence of corrected thermal conductivity for Bi,Sr, ,La,C0,09
with x = 0, 0.02, 0.04, and 0.08

ceramic oxides (around 1.2 W m~! K™"). The results are
shown in Fig. 6b. However, as the porosity would also
influence the electric properties of the bulk materials, here
we should use the original value of the thermal conduc-
tivities to calculate to ZT value.

The dimensionless figure of merit ZT is calculated and
presented in Fig. 7. The ZT value increases with increasing
temperature. La doping improves the TE performance of
BSCO oxide. Because of the relatively lower thermal
conductivity and the higher Seebeck coefficient, Bi,Sr o6
Lag 04C0,09 exhibits the highest ZT value of 0.147 at
737 K, which is nearly two times higher than that of the
undoped sample and comparable to the ZT value of poly-
crystalline Pb-doped BSCO materials [32].
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Fig. 7 Temperature dependence of figure of merit ZT for Bi,Sr,_,
La,Co,09 with x = 0, 0.02, 0.04, and 0.08

Conclusions

Polycrystalline Bi,Sr, ,L.a,C0,09 (x = 0, 0.02, 0.04, and
0.08)-layered misfit oxides have been prepared by con-
ventional solid-state reactions. All the samples are p-type
semiconductors. The layered structure with natural super-
lattice of the misfit oxide leads to an ultralow thermal
conductivity. The La doping increases the Seebeck coef-
ficient, decreases the thermal conductivity, and hence
improves the TE performance of this oxide effectively. The
highest ZT value is about 0.147 at 737 K for Bi,Srj .9
Lag04C0,09, comparable to that of promising layered
cobalt oxides CazCo40.
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