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Thermoelectric properties of polycrystalline La1�xSrxCoO3, where Sr2+ is substituted in La3+ site in

perovskite-type LaCoO3, have been investigated. Sr-doping increases the electrical conductivity (s) of

La1�xSrxCoO3, and also decreases the Seebeck coefficient (S) for 0.01pxp0.40. A Hall coefficient

measurement reveals that the increase in electrical conductivity arises from increases in both carrier

concentration and the Hall mobility. The decrease in the Seebeck coefficient is caused by a decrease in

carrier effective mass as well as increase in carrier concentration. The highest power factor (sS2) is

3.7�10�4 W m�1 K�2 at 250 K for x ¼ 0.10. The thermal conductivity (k) is about 2 W m�1 K�1 at 300 K

for 0pxp0.04, and increases for xX0.05 because of an increase in heat transport by conductive carrier.

The thermoelectric properties of La1�xSrxCoO3 are improved by Sr-doping, and the figure of merit

(Z ¼ sS2k�1) reaches 1.6�10�4 K�1 for x ¼ 0.06 at 300 K (ZT ¼ 0.048). For heavily Sr-doped samples, the

thermoelectric properties diminish mainly because of the decrease in the Seebeck coefficient and the

increase in thermal conductivity.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

Recycling of waste heat is important for efficient use of energy.
Thermoelectric materials are viable candidates for waste heat
recycling since they can directly convert heat into electrical
energy. The energy conversion performance of thermoelectric
materials is evaluated using the figure of merit (Z), defined as
Z ¼ sS2k�1 (s is the electrical conductivity, S the Seebeck
coefficient, and k the thermal conductivity). The numerator, sS2,
is related to electric power for thermoelectric generation and is
referred to as the power factor.

Oxide ceramics have received attention as thermoelectric
materials since they are relatively stable compared to interme-
tallic compounds in high-temperature oxidizing atmospheres. In
perovskite-type oxides, several 3d transition-metal oxides have
been reported to show high thermoelectric performances, e.g.,
p-type (La,M)CoO3 [1], n-type (Sr,M)TiO3 [2–4], and (Ca,M)MnO3

[5,6] (M shows metals). In LaCoO3, hole doping improves
thermoelectric properties [1,7–10], e.g., Androulakis et al. have
reported Z ¼ 6�10�4 K�1 at 300 K (ZT ¼ 0.18) for polycrystalline
La0.95Sr0.05CoO3. Thermoelectric properties of single-crystal
(La,Sr)CoO3 have been also studied below 300 K by Berggold
et al. [8], and there have been several studies on thermoelectric
properties of polycrystalline La1�xSrxCoO3 [7,9] and La0.9A0.1CoO3
ll rights reserved.

. Iwasaki).
(A ¼ Pb, Na) [10]. Thermoelectric properties of hole-doped LaCoO3

are of interest. However, the doping level dependencies of
electrical properties are not consistent among previous reports:
some groups reported a large S of about 700mV K�1 for
La0.95Sr0.05CoO3 at 300 K [1,11], whereas S of other groups was
about 250mV K�1 for samples of the same composition at the
same temperature [8,9]. Such a discrepancy points out the need
for further investigations on transport properties of La1�xSrxCoO3,
although the relationship between physical properties and Sr
content has been widely studied [12–22].

In the present study, we prepared polycrystalline La1�xSrxCoO3,
and investigated the Sr-doping level dependence of thermo-
electric properties and the effect of Sr-doping on carrier
concentration and the Hall mobility for 0pxp0.40.
2. Experimental

La1�xSrxCoO3 was prepared by a conventional solid-state
reaction. La2O3 (99.99%, RARE METALLIC), SrCO3 (99.99+%,
RARE METALLIC), Co3O4 (99.95%, KANTO CHEMICAL) powders
were used as starting materials. These powders were mixed in
the appropriate proportion (molar ratios of metals were
La:Sr:Co ¼ 1�x:x:1) in an agate mortar with ethanol, and pressed
into a pellet form. The pellets were heated at 1273 K for 20 h in air.
After heating, the samples were ground, re-pressed into a pellet
form, and sintered at 1673 K for 20 h. In each heating–sintering
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Fig. 2. Oxygen content in La1�xSrxCoO3�d.
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process, samples were put on other pellets having the same
compositions to avoid any reaction with a Pt crucible.

Powder X-ray diffraction (XRD) data were collected with a
diffractometer (RIGAKU, RINT2200) using CuKa radiation with a
pyrolytic graphite monochromator. The lattice parameters were
refined by the Rietveld method using the program RIETAN-2000
[23] with XRD data in the range 10p2yp1201 (scan step 0.031) at
room temperature. Oxygen content in La1�xSrxCoO3�d was
determined by an iodometric titration. Electrical conductivity
was measured by the direct-current four-probe method in the
temperature range 100pTp1100 K in air. Heating and cooling
measurements were performed at a rate of 200 K h�1 above 300 K.
Electrical conductivity of non-doped LaCoO3 was measured by
the van der Pauw method below 300 K. The Seebeck coefficient
was determined by the least-squares method from a plot of
thermal electromotive force (DV) vs. temperature difference (DT),
and the contribution of lead wires (Pt) was subtracted. The Hall
coefficient was measured using a commercial apparatus (TOYO,
ResiTest8300) under a magnetic field of 0.7 T. In the calculation of
carrier concentration, the Hall scattering factor (gH) was assumed
to be 1. The experimental error of the measured Hall coefficient
was about 720% for each sample. Thermal conductivity was
calculated from bulk density, specific heat, and thermal diffusivity
measured by a laser flush technique (ULVAC-RIKO, TC-7000).
Fig. 3. (Color online) Temperature dependence of electrical conductivity of

La1�xSrxCoO3. Solid lines are guide for eyes.
3. Results and discussion

A single phase of La1�xSrxCoO3 was obtained for 0pxp0.50.
Bulk densities of sintered pellets were 92–97% of the theoretical
density. Fig. 1 shows the rhombohedral lattice parameters of
La1�xSrxCoO3. The a-axis increased with increasing Sr content, and
the increase leveled off for heavily Sr-doped samples. Axial angle
(a) linearly decreased toward 601, indicating that the lattice tends
to vary from rhombohedral to cubic with increasing Sr content.
The decrease in a by Sr-doping is consistent with previous reports
[14,15,20,21], although a discontinuous change around x ¼ 0.125
reported in Refs. [14,15] is not observed. The unit cell volume was
maximum at x ¼ 0.30, and decreased with Sr content for xX0.30.

For La1�xSrxCoO3�d, oxygen content is known to depend on the
Sr content and preparation conditions [8,16,24–26]. Fig. 2 shows
the oxygen content for the present samples. As shown in the
figure, samples were almost stoichiometric for xp0.15, and
oxygen content decreased with increasing Sr content for xX0.2.
Fig. 1. Rhombohedral lattice parameters of La1�xSrxCoO3 at room temperature. The

solid linear line is a guide for eyes. The standard deviations of the lattice

parameters are lesser than plot size.
Fig. 3 shows the electrical conductivity (s) of La1�xSrxCoO3

(0pxp0.40). At 300 K, s (43 and 61 S cm�1 for x ¼ 0.04 and 0.05,
respectively) corresponds to that of single-crystal La1�xSrxCoO3

(33 S cm�1 to x ¼ 0.04 [8] and 70 S cm�1 to x ¼ 0.05 [11] at 300 K).
It seems that the grain boundary does not significantly interrupt
the carrier conduction for La1�xSrxCoO3. As shown in Fig. 3, s
increased with increasing Sr content, and the difference in s
among samples with different Sr content decreased with increas-
ing temperature. For 0pxp0.20, s exhibited semiconducting
behavior at lower temperatures, and showed a metal–insulator
transition (MIT) at higher temperatures. MIT temperature de-
creased with increasing Sr content, e.g., 1050 K for x ¼ 0 and 400 K
for x ¼ 0.20. For x ¼ 0.20, a convex curve was also observed in the
temperature range 100pTp200 K as reported in previous studies
[16,21,22]. For 0.30pxp0.40, s exhibited metallic behavior over
the measured temperature range. On the whole, temperature and
Sr-doping level dependencies of s agrees well with previous
studies [7,15–18,21,22,26–30]. For x ¼ 0.50, there was a significant
difference between s measured from 300 to 1100 K (heating run)
and from 1100 to 300 K (cooling run), and the difference was also
observed in repeated measurements. Señarı́s-Rodrı́guez and
Goodenough [16] in their thermogravimetric analysis have shown
that the oxygen content in La1�xSrxCoO3�d (x40.25) is different
for heating and cooling runs above room temperature. Mineshige
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Fig. 5. Temperature dependence of carrier density (n) and the Hall mobility (m) for

La1�xSrxCoO3 (x ¼ 0 and 0.10). Solid and dashed lines are guide for eyes.

Fig. 6. (Color online) Temperature dependence of the Seebeck coefficient for

La1�xSrxCoO3. The inset shows the Seebeck coefficient of non-doped LaCoO3. Solid

lines are guide for eyes.
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et al. [26] have also reported that oxygen content depends on both
heating (cooling) rate and temperature range for heavily Sr-doped
samples. Thus, the difference in s for x ¼ 0.50 between the
heating and the cooling runs is attributable to the difference in
oxygen content. In the present study, such a difference was also
shown for x ¼ 0.40, although it was slight compared to that for
x ¼ 0.50.

The Hall coefficient was measured to evaluate carrier concen-
tration (n) and the Hall mobility (m) of La1�xSrxCoO3, and Fig. 4
shows n and m. The Hall coefficient for La0.99Sr0.01CoO3 (0.011 cm3

C�1 at 300 K) corresponds to those of previous studies with the
same composition, 0.009 cm3 C�1 by Gerthsen and Härdtl [12] and
0.007 cm3 C�1 by Tokura et al. [13]. As shown in Fig. 4, n increased
with increasing Sr content for 0pxp0.15, and slightly decreased
for 0.20pxp0.40. On the other hand, m monotonically increased
with Sr content. As a result, it was revealed that the increase in
electrical conductivity resulted from increases in both n and m for
0pxp0.15, and from increase in m for 0.20pxp0.40.

In La1�xSrxCoO3, substitution of one Sr2+ yields one hole since
the number of valence electrons of Sr is less by one than that of La.
At 300 K, carrier concentration (n) is more than three times larger
than Sr concentration for 0.01pxp0.15. For example, n is
6.1�1020 cm�3 for x ¼ 0.01 and Sr concentration is 1.8�1020

cm�3, suggesting that the doped carrier is already saturated at
300 K. For 0.20pxp0.40, n decreases despite the increase in Sr
content. This can be explained by increase in oxygen defects that
is significantly formed for heavily Sr-doped samples as shown in
Fig. 2, since oxygen defects counteract the hole produced by
Sr-doping. Oxygen defect content (d) estimated from carrier
concentration, e.g., d ¼ 0.09(4) for x ¼ 0.40 (n ¼ 5.9�1021 cm�3),
which is calculated assuming that n is 9.2�1021 cm�3 for
La0.6Sr0.4CoO3 with no oxygen defect (9.2�1021 cm�3 is the
maximum carrier concentration obtained in this study), approxi-
mately corresponds to d ¼ 0.06(1) that was determined by an
iodometric titration (Fig. 2).

Fig. 5 shows the temperature dependencies of carrier concen-
tration (n) and the Hall mobility (m) for La1�xSrxCoO3 (x ¼ 0 and
0.10). n of both samples increased with temperature, while no
significant change in m was observed. Thus, increase in electrical
conductivity (s) in temperature range 150pTp300 K is mainly
attributable to increase in n by thermal activation. Above 300 K,
however, increase in s is not explained by increase in n alone. For
example, n at 1000 K (n1000) is estimated to be n1000 ¼ n300(s1000/
s300) ¼ 6.1�1020(1000/5.9) ¼ 1.0�1023 cm�3 (n300, s300, and
s1000 are n at 300 K, s at 300 K, and s at 1000 K, respectively),
Fig. 4. Carrier concentration (n) and the Hall mobility (m) of La1�xSrxCoO3 at 300 K.

Solid lines are guide for eyes.
assuming that increase in s depends on only n. The estimated
value (1.0�1023 cm�3) exceeds a carrier concentration of the
order of 1022 cm�3 for metals. Thus, it can be deduced that not
only n but also m increase at higher temperatures.

Fig. 6 shows the Seebeck coefficient (S) of La1�xSrxCoO3

(0pxp0.40), and the inset shows S of non-doped LaCoO3. As
shown in the inset, S of LaCoO3 was negative in the temperature
range 100pTp350 K, and the sign changed from negative to
positive with increasing temperature. Then, S decreased with
temperature above 400 K. The behavior is similar to that reported
by Ohtani et al. [28] and Sehlin et al. [31]. On the other hand,
several studies have reported a positive S at lower temperatures
[1,15,25,32,33]. Moreover, Berggold et al. [8] have shown that both
positive and negative S are observed for single-crystal LaCoO3

even when grown under the same conditions. The differences in
the sign of S are attributable to the formation of oxygen defects
(or formation of Co2+) [8,28,34,35], contamination of impurity
elements [31], and/or deviation from the stoichiometric cation
composition [36]. In contrast to the lower temperature range,
each S shows similar value and temperature dependence above
500 K [15,25,28,31–33], indicating that S of LaCoO3 is mainly
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dominated by hole concentration, which is increased by thermal
activation, at higher temperatures.

For Sr-doped samples, S decreased with increasing Sr
content as shown in Fig. 6. The sign was positive for 0.01pxp
0.20 over the measured temperature range. As temperature
increased, S decreased for 0.01pxp0.02, while a maximum
was observed around 200 K for 0.03pxp0.20. For 0.30pxp0.40,
the sign of S changed from negative to positive with increasing
temperature. The behavior of S agrees well with that reported
by Berggold et al. [8] (To300 K). On the other hand, we could not
obtain a large S (�700mV K�1 at x ¼ 0.05 around 300 K) as
reported by Androulakis et al. [1] and Kobayashi et al. [11]. In the
present study, the highest S at 300 K is about 400mV K�1 for
x ¼ 0.01. This value is nonetheless much smaller than 700mV K�1.

The carrier effective mass (m*) and the carrier relaxation time
(t) of La1�xSrxCoO3 (0.01pxp0.40) were estimated from the
Seebeck coefficient (S) and carrier concentration (n) at 300 K using
the following equations that are used for doped semiconductors
[37–39]:

S ¼
kB

e

ðsþ 5=2ÞFsþ3=2ðxF Þ

ðsþ 3=2ÞFsþ1=2ðxF Þ
� xF

� �
, (1)

FsðxF Þ ¼

Z 1
0

xs

1þ ex�xF
dx, (2)

n ¼ 4p 2m�kBT

h2

� �3=2

F1=2ðxF Þ, (3)

m ¼ et
m�

, (4)

where kB is the Boltzmann constant, e the elementary electric
charge, s the scattering parameter, Fs the Fermi integral (Eq. (2)),
xF the reduced chemical potential, and h the Planck constant.
Ionized impurity scattering (s ¼ 3/2) was assumed to be dominant
in the calculation. When other scattering mechanisms were
adopted, the Sr-doping level dependencies of m* and t were
qualitatively similar to each other, although the magnitudes of m*
and t depended on the scattering parameter, e.g., m* ¼ 51me

(me is the rest mass of electrons) for x ¼ 0.01 when acoustic
phonon scattering (s ¼ �1/2) was assumed to be dominant. As
shown in Fig. 7, m* decreased with increasing Sr content, and t
increased for 0.01pxp0.20 and decreased for 0.20pxp0.40.
These results explain that the increase in mobility (m) by Sr-
doping (Fig. 4) is caused by both decrease in m* and increase in t
Fig. 7. Carrier effective mass (m*) and relaxation time (t) of La1�xSrxCoO3

(0.01pxp0.40) at 300 K. Solid lines are guide for eyes.
for 0.01pxp0.20, and by decrease in m* for 0.20pxp0.40. In
addition, it was revealed that the decrease in the Seebeck
coefficient (S) by Sr-doping (Fig. 6) resulted from the decrease in
m* as well as the increase in n (Fig. 4).

In perovskite-type AMO3 (M ¼ 3d transition metals), M3d–O2p

hybridization affects the electrical properties since M3d–O2p

hybridization mainly determines the electronic structure around
the Fermi level. For example, in RNiO3 (R ¼ rare earth), an increase
in Ni–O–Ni bond angles increases the bandwidth around the
Fermi level [40], leading to a transition from insulating to metallic.
In La1�xSrxCoO3, Sr-doping relaxes the rhombohedral distortion of
the LaCoO3 lattice and increases Co–O–Co bond angles between
adjacent CoO6 octahedra [19,26]. Thus, the bandwidth increases
with increasing Sr content, and as a result, the carrier effective
mass (m*) decreases. In addition, when temperature increases, the
Co–O–Co bond angles also increase [19,26,41], and hence it can be
inferred that m* also decreases with temperature and mobility (m)
increases at higher temperatures as discussed above. These
considerations suggest that Sr-doping and a temperature increase
have similar effects on transport properties of La1�xSrxCoO3.

In contrast to the decrease in m*, carrier relaxation time (t)
increased for 0.01pxp0.20 (Fig. 7). This is also attributable to the
increase in Co–O–Co bond angles [19,26] and the relaxation of
rhombohedral distortion by Sr-doping. The decrease in t for
0.20pxp0.40 may be due to enhancement of point-defect
scattering caused by formation of oxygen defects that is
significant for heavily Sr-doped samples.

Fig. 8 shows power factor (sS2) of La1�xSrxCoO3: (a) sS2 vs.
temperature and (b) sS2 vs. Sr content. For Sr-doped samples, a
maximum was observed in the temperature range 100pTp400 K
(Fig. 8(a)). As shown in Fig. 8(b), sS2 showed its maximum at
around x ¼ 0.10, and decreased with increasing Sr content.
Decreases in sS2 at higher temperatures and/or for heavily
Sr-doped samples are mainly due to the decrease in the Seebeck
coefficient as shown in Fig. 6. The highest sS2 was 3.7�10�4 W
m�1 K�2 for x ¼ 0.10 at 250 K. However, the value is lesser than the
18�10�4 W m�1 K�2 reported by Androulakis et al. [1] (x ¼ 0.05 at
300 K) because of the large difference in the Seebeck coefficient.

Thermal conductivity of La1�xSrxCoO3 at 300 K normalized to
95% of theoretical density is shown in Fig. 9. The following
Fig. 8. (Color online) Power factor of La1�xSrxCoO3: (a) power factor vs.

temperature and (b) power factor vs. Sr content. Solid lines are guide for eyes.
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Fig. 9. Thermal conductivity of La1�xSrxCoO3 at 300 K. ktotal is the normalized

value to 95% of theoretical density and kc is the thermal conductivity by charged

carrier. Solid lines are guide for eyes.

Fig. 10. Figure of merit of La1�xSrxCoO3 at 300 K. The solid line is a guide for eyes.
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equation was used for density correction [42]:

ktotal ¼ k ð0:95Þ1:5

ð1� PÞ1:5
, (5)

where ktotal is normalized thermal conductivity, k the measured
thermal conductivity, and P the fractional porosity of the pellet. As
shown in Fig. 9, ktotal decreased for 0pxp0.04 and increased for
xX0.05 with increasing Sr content. The increase for xX0.05 is
mainly due to the heat transport by the conductive carrier (kc) as
plotted in Fig. 9 using the Wiedemann–Franz law (kc ¼ sLT; L is
the Lorenz number ¼ 2.45�10�8 V2 K�2). The heat transport by
phonon is included in the difference between ktotal and kc

(ktotal�kc), and is generally reduced by doping of other elements
because of enhancement of phonon-point-defect scattering.
However, the Sr-doping level dependence of ktotal�kc was slight
as reported for single-crystal La1�xSrxCoO3 [8]. ktotal�kc (about
2 W m�1 K�1) was about 60–70% of that for La1�xSrxCoO3 crystals
(about 3 W m�1 K�1) [8], probably because of phonon scattering at
grain boundary in polycrystalline samples.

Fig. 10 shows the figure of merit (Z ¼ sS2k�1) of La1�xSrxCoO3

at 300 K. Z was maximum at around x ¼ 0.06 and rapidly
decreased for xX0.10. Decrease in Z for heavily Sr-doped samples
is attributed to both the decrease in the Seebeck coefficient (S)
and increase in thermal conductivity (k). The highest Z at 300 K is
1.6�10�4 K�1 for x ¼ 0.06 (ZT ¼ 0.048), which is comparable to
that for a La1�xSrxCoO3 crystal (Z ¼ 1.5�10�4 K�1 for x ¼ 0.125 at
225 K (ZT ¼ 0.035)) [8]. On the other hand, the value is lesser than
the 6.0�10�4 K�1 (x ¼ 0.05 at 300 K, ZT ¼ 0.18) reported by
Androulakis et al. [1] because of the difference in the Seebeck
coefficient (S) as mentioned above. At higher temperatures,
thermoelectric properties of La1�xSrxCoO3 would be diminished
since power factor (sS2) decreases with temperature as shown in
Fig. 8. In addition, a remarkable reduction in k is not also expected
because of the increase in heat transport by the conductive carrier
at higher temperatures, e.g., kc is calculated to be 2.4 W m�1 K�1

for LaCoO3 at 1000 K. In fact, Zhang et al. [9] has reported that Z of
La0.95Sr0.05CoO3 decreases with increasing temperature in the
temperature range 300pTp750 K.
4. Conclusions

The thermoelectric properties of perovskite-type La1�xSrxCoO3

have been investigated. The substitution of Sr2+ leads to increases
in carrier concentration (n) and the Hall mobility (m), and a
decrease in carrier effective mass (m*), resulting in an increase in
electrical conductivity (s) and a decrease in the Seebeck
coefficient (S). The decrease in m* can be explained by an increase
in bandwidth caused by an increase in Co–O–Co bond angles. The
results of s, S, and the Hall coefficient measurements also suggest
that temperature increase and Sr-doping have similar effects on
electrical properties of La1�xSrxCoO3. Thermoelectric properties of
La1�xSrxCoO3 are improved by Sr-doping, although heavy Sr-
doping decreases the performances due to decrease in S and
increase in thermal conductivity (k). The figure of merit of
La1�xSrxCoO3 is still low compared to those of layered cobalt
oxides such as NaxCoO2. However, thermoelectric properties
would be enhanced by realizing a high S as shown by Androulakis
et al. [1] and Kobayashi et al. [11]. Further investigations are
necessary for understanding the large differences in S among the
samples of similar chemical compositions.
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