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Ca-doped RC0oO3 (R =Gd, Sm, Nd, Pr) as thermoelectric materials
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The electrical resistivity and Seebeck coefficient of
(Rp.9Cap.1)Co0O; (R=Gd, Sm, Nd, Pr) rapidly decrease
with increasing ionic radius of the rare-earth element,
and the Seebeck coefficients (p-type) are fairly high at
low temperatures and attain low and constant values at
high temperatures; (PryoCagy.1)CoO; shows the highest
figure-of-merit, 1.3x10 *K ' at 85°C, although this
rapidly decreases with temperature above 300°C due to
the decreasing Seebeck coefficient and increasing
electronic thermal conductivity.

Thermoelectric materials with high energy conversion efficien-
cies, such as PbTe, Bi,Tes, etc., are easily oxidized, decompose, or
melt at high temperatures in an air atmosphere.' * Though SiGe
alloys are comparatively stable up to fairly high temperatures and
are currently used above 700 °C, the environment for their use is
usually limited to vacuums or inert atmospheres.> Doped FeSi,®
is another such material which is oxidation resistant, even at
700°C in air, but its thermoelectric properties are still
unsatisfactory. In recent years, increasing attention has been
given to oxides as thermoelectric materials because of their high
thermal stability and oxidation resistance, and non-toxicity.
Several systems have been investigated, such as (ZnO)sIn,Os,'™
CdIn,04,” In05-Sn0,.% (Zn; _,,Al,)0,’ (Ba,Sr)PbOs, ' (La,Sr)-
CrO;,'"!" (Ca,M)MnO; (M=Bi, In),'* CagC0,,0,s,"* and Li-
doped NiO.!'* However, the values of figure-of-merit, Z (Z=
S26/k, where S, o, and k are the Seebeck coefficient, electrical
conductivity, and thermal conductivity, respectively), of such
oxides are smaller than those of alloys and semiconductors.
Recently, it has been reported that NaCo,0,'> has a high figure-
of-merit (8.8 x 10~* K1), but its application seems to be limited
because of the volatility of sodium above 800 °C. Therefore, it is
necessary to further investigate new oxide materials with both
high performance and environmental stability.

Rare-earth cobalt oxides, RCoO; (R =rare-earth element),
have been extensively studied because of their interesting
electrical and magnetic properties.'®!” The electrical conduc-
tion mechanism and the observed metal-insulator (M-I)
transition have been reported for many years.'>?!' Some
rare-earth cobalt oxides, such as GdCoO320’21 and
NdCoO0;'¥192! ¢s¢., show fairly high Seebeck coefficients in
the vicinity of room temperature and were expected to have
unique thermoelectric properties. Although there have been a
lot of studies on rare-earth cobalt oxides focused on their
electronic transport mechanism, studies on their applicability
to thermoelectric materials have been scare. In the present
study, the electrical conductivity, Seebeck coefficient, and
thermal conductivity of partially Ca-doped oxides,
(Ro9Cag1)CoO; (R=Gd, Sm, Nd, Pr), were measured as
functions of temperature, and their thermoelectric figures-of-
merit were evaluated.

Starting powders of R,03, CaCO3, and Co304 (R =Gd, Sm,
Nd, Pr; all 99.9% purity, Kojundo Chemicals Laboratory) were
weighed in specific proportions to obtain the compositions of
(Rp.9Cap 1)Co0; and were mixed in a ball mill for 24 h using
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zirconia balls and ethanol. The mixed powders were dried and
calcined at 1000 °C for 10 h in air. After cooling, they were
crushed with a mortar and pestle. The powders were compacted
under an isostatic pressure of 196 MPa, and then sintered at
1100°C for 10h in air. X-Ray diffraction (RINT-2100,
Rigaku) measurements of the synthesized powders were
performed using Cu-Ko radiation with a Ni filter. The
specimens for electrical measurements were cut out of the
sintered bodies into rectangular bars of 4 mm x 4 mm x 12 mm
with a diamond saw. The heads of two Pt-Pt 13%Rh
thermocouples were embedded in drilled holes at the ends of
each specimen and were fixed in place with platinum wires.
Electrical conductivity was measured by the DC four-probe
technique, using each Pt leg of the thermocouple as a current
lead. For thermopower measurement, the temperature gradient
in the specimen was generated by passing cooling air through
an alumina protection tube over one end of the specimen. The
temperature difference between the two ends was controlled to
2-15K by varying the flow rate of the air. Thermopower
measured as a function of temperature difference gave a
straight line and the Seebeck coefficient was calculated from its
slope. Thermal diffusivity and specific heat were measured by
the laser flash method (ULVAC-TC3000V) and differential
scanning calorimetry (DSC; Mac Science DSC3200S), respec-
tively. Thermal conductivity was calculated from the product
of density, thermal diffusivity, and specific heat.

The X-ray diffraction patterns of (Rg9Cag1)CoO; (R=Gd,
Sm, Nd, Pr) powders calcined at 1000 °C can be indexed on the
basis of JCPDS cards of RCoO; (R =Gd, Sm, Nd, Pr), where
GdCo0O;3; and SmCo0Os3 have orthorhombic, and NdCoO5 and
PrCoO; have cubic perovskite-type structures, respectively.
Fig.1 shows the electrical conductivities of the
(Rp.9Cap 1)Co03 samples measured in the temperature range
100-900 °C. The electrical conductivity at the same tempera-
ture increased with the increasing ionic radius of the rare-earth
element  (Pr>Nd>Sm>Gd). (GdpoCaj1)Co0O3;  and
(Smy ¢Cay 1)CoO3 showed semiconducting behavior over the
whole temperature range examined, ie. the electrical con-
ductivity increased with increasing temperature. Similar
behavior was observed for (Pry¢Cag )CoO3 and (NdyoCag ;)-
CoO; up to 700 and 800 °C, respectively. However, when the
temperature exceeded ca. 700 °C, semi-metallic behavior was
observed for (Prg 9Cag ;)CoO5 and (Ndg 9Cag 1)CoOs. A similar
change from semiconducting to metallic behavior was also
observed for (Smg 9Cag 1)CoO3 when the temperature exceeded
900°C (data are not presented). The formation of oxygen
vacancies and their contribution to electrical conductivities
were not taken into consideration because the amount of Ca®*
substitution for R®** in this work is thought to be relatively
small?? and electrical conductivities were fairly high in all cases.

Fig. 2 shows the Seebeck coefficient, S, of (Rg9Cag 1)CoO;
as a function of temperature. The sign of the Seebeck
coefficient was positive over the entirety of the temperature
range measured; i.e. the major conduction carriers are holes. At
low temperatures (in the vicinity of 100 °C), the absolute values
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Fig. 1 Electrical conductivity of Ry oCag;Co0O;3 (R=Gd, Sm, Nd, Pr)
as a function of temperature.

of the Seebeck coefficients for all compositions are fairly high,
but become lower and constant at high temperatures,
indicating a metallic nature. The Seebeck coefficient of
(Gdy.9Cap 1)Co0s5 increased slightly with increasing tempera-
ture, went through a maximum at ca. 200°C, and then
decreased. In contrast, for (Smgo¢Cag1)Co0Os, (NdgoCag1)-
Co0s;, and (Prg9Cag 1)Co0s3, the Seebeck coefficients mono-
tonically decreased with increasing temperature. It can be
clearly seen that the Seebeck coefficient decreases with the
increasing ionic radius of the rare-earth element. This tendency
is the complete opposite of that shown by the electrical
conductivity, but is an understandable phenomenon if the
relationship between electrical conductivity and Seebeck
coefficient for a normal semiconductor is taken into considera-
tion; a larger electrical conductivity by means of a higher
carrier density usually gives rise to a smaller Seebeck
coefficient.

As far as the temperature dependences of the electrical
conductivity and Seebeck coefficient are concerned, M-I
transition appears to be favored by rare-earth elements with
larger ionic radii (Pr>Nd>Sm>Gd) and occurs at lower
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Fig. 2 Seebeck coefficient of Ry 9CayCoO; (R=Gd, Sm, Nd, Pr) asa
function of temperature.
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temperatures. This phenomenon can be explained by a
model?>? based on Zaanen, Sawatzky, and Allen’s
(ZSA)**? framework. The degree of distortion of the structure
determines the onset of the electronic localization—delocaliza-
tion transition. For a given R size, the CoOy octahedron is
tilted in order to optimize R—O bond distances, giving rise to a
deviation of the Co—O-Co angles from 180°, which determines
the degree of overlapping of the cobalt 3d and oxygen 2p
orbitals. Large rare-earth ions cause the Co—O-Co bonds to
straighten out and become closer to 180°. The Co 3d and O 2p
orbital overlap increases as the Co-O—Co angles become closer
to 180°, and this structural change must give rise to the
observed rare-earth element dependence of the electronic
behavior of RCoOs.

Fig. 3 shows the thermal conductivity, k, of (Rg9Cag 1)CoO;
as a function of temperature (100-700 °C). The overall k value
of a solid is generally given as k= Kpy+ Kei, Where xp, and xg
are lattice and electron thermal conductivity, respectively. The
thermal conductivity of (Smg9Cag 1)CoO3, (Ndg9Cag 1)Co0Os3,
and (Prg9Cag )CoO3; monotonically increase with increasing
temperature. In the case of (Gdy 9Ca )CoO3, the change in k is
negligible up to 300 °C, after which « increases with increasing
temperature. Fig. 4 shows the electronic contribution (i) to
the total thermal conductivity (x), estimated using the
Wiedemann-Franz law, for (Gdy9Cag )CoO3 and (PryoCayg )-
Co00O3;. The thermal conductivity of small polarons is expected
to be much less than is implied by the Wiedemann—Franz law,
and k¢ can be neglected in this regime.?® Accordingly, the
observed rapid decrease in S and increase in ¢ with increasing
temperature, and the large electronic contribution to the
thermal conductivity are all thought to be evidence of the
transition from small polaron to large polaron conduction.
Because of the small binding energy and large intersite transfer
energy of a large polaron, the Wiedemann-Franz law can
provide a reasonable upper limit for k. For (Prg9Cag.1)CoOs5,
the ratio ko/k monotonically increased with increasing
temperature from ca. 0.10 at 100 °C to ca. 0.61 at 700 °C. The
constant x region was observed only for (Gdy¢Cag1)CoO5 at
temperatures below 300 °C, indicating that the conduction
holes in this material are more strongly bound to the lattice.

Fig. 5 shows the temperature dependence of the figure-of-
merit, Z. At low temperatures (in the vicinity of 100 °C), the Z
values of (Smg9Cap)Co0O;3;, (NdgoCag)CoO;, and
(Prg9Cag 1)Co0O3 were larger than that of (Gdg¢Cagp 1)CoOs.
(PrgoCag)CoO; showed the largest value of Z,
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Fig. 3 Thermal conductivity of Ry ¢Cag ;C0oO3 (R =Gd, Sm, Nd, Pr) as
a function of temperature.
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Fig. 4 Electronic contribution to the thermal conductivity of
Gdy9Cag1Co0; and PryoCag;CoO; (estimated using the Wiede-
mann-Franz law).

1.3x 1074 K1, at 85°C. Above 300 °C, Z for (Prg oCag )CoO;
rapidly decreased with increasing temperature due to the
decreasing Seebeck coefficient and increasing electronic
thermal conductivity. In this temperature region (=250°C),
(Gdg.9Cap 1)Co0O3 showed the largest values of Z. The Z value
of (GdyoCag)Co0O; gradually increased with increasing
temperature and showed its maximum, 0.7 X 1074K™L, at
282°C.

Compared with other p-type oxide thermoelectric materials,
except NaCo,0y, the maximum figure-of-merit attained in the
present study is fairly large, especially at low temperatures.
Even for high temperature thermoelectric generation, materials
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Fig. 5 Figure-of-merit for Ry 9CaCo03 (R=Gd, Sm, Nd, Pr) as a
function of temperature.

with large figures-of-merit at low temperatures are favorable,
because one side of the thermoelectric device is unavoidably
exposed to a low temperature environment. It can be concluded
from the present study that rare-earth cobalt oxides are
potential candidate materials for thermoelectric energy con-
version. Substitution of other rare-earth elements for R or
doping aliovalent cations other than Ca®* is now under
investigation in order to obtain better thermoelectric proper-
ties.
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