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Abstract: In this work, we synthesized cubic perovskite ceramics of the whole La; ,Sr,CoO; (0 < x

< 1) solid solution for the first time. Synthesis was carried out by solid state reaction and
conventional sintering to reach dense ceramics. For x > 0.8, it was necessary to substitute 3% cobalt

by silicon to stabilize the cubic perovskite structure. Electrical conductivity increased with Sr content

to reach 3x10° S'm’!

at 330 K for x = 0.3. However, the optimum electrical properties have been

found for x = 0.05 at 330 K with PF,,= 3.11x 10* Wm K> Indeed, the Seebeck coefficient was
decreasing when x increased to reach values close to 0 for x = 0.3. Thermal conductivity was low at

low temperature (= 2.5 W-m "K' ") and increased up to 6.5 W-m "K' when temperature increased.
As the highest power factor was reached at low temperature as well as the lowest thermal conductivity,

La; ,Sr,CoO; compounds with low x values appeared as very promising thermoelectric materials
around room temperature, on the contrary to layered cobalt oxides. For high x values, Seebeck

coefficient values close to zero made these materials unsuitable for thermoelectric applications.

Keywords: perovskite; cobalt oxide; solid solution; electrical conductivity; thermoelectric

1 Introduction

In recent years, considerable effort has been devoted to
thermoelectricity because of rising cost of energy and
environmental requirements. Indeed, thermoelectric
converters can convert directly the dissipated heat into
electricity with zero emission (CO,, other gases, radiation,
etc.), and without vibration. The thermoelectric
performance of a material can be assessed by the figure
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of merit, ZT = ST, /rc, where S, o, T, and x represent
the Seebeck coefficient, electrical conductivity, absolute
temperature, and thermal conductivity, respectively.
The numerator (S°6) is related to electric power for
thermoelectric generation and is referred as the power
factor (PF). Therefore, in order to achieve a good
thermoelectric material, high Seebeck coefficient and
high electrical conductivity, leading to a high PF, have to
be obtained while the thermal conductivity has to be low.
Even if oxides are favorable for long-term operation
at high temperatures due to the excellent chemical
stability, weak toxicity, and oxidation resistance, they
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were not considered as potential thermoelectric materials
before the discovery of large Seebeck coefficient and
power factor in the metallic oxide Na,CoQO; in 1997 [1].
Several other p-type layered cobalt oxides with high
thermoelectric properties have been developed [2—11].
Other oxides, such as doped ZnO [12,13] or doped
In,O5 [14,15], as well as several perovskite-type
compositions (CaMnOs [16], SrTiO5 [17], and more
recently (K,Na)NbO; [18] or Bag 35,Ndg»,Ti;380s4 [19])
have also presented promising properties.

LaCoO; compound has been studied for its high
p-type thermoelectric properties at room temperature
[20-23] but also for other numerous applications such
as solid oxide fuel cells, oxygen separation membranes,
catalysts, lasers, and sensors [24-26]. Substitution of
La’* by alkaline earth divalent ions such as Ca*", sr*',
and Ba>" in LaCoOs enhances its electric and magnetic
properties [27,28]. Indeed, these substitutions have a
significant influence on oxygen vacancy concentration
and/or crystal structure distortion in the material and
are known to change the spin state of the Co’" and
Co*" ions [21,27-35].

Controversial results have been published related to the
thermoelectric properties of this material. Polycrystalline
Lag95519,0sC0o05 was first reported to have a high ZT
value of 0.18 and S = 710 uV/K at room temperature
[20], whereas more recent studies have found significantly
lower thermopower values for this composition at the
same temperature. For instance, Zhang et al. [36],
Kozuka et al. [37], and Papageorgiou et al. [38] have
reported that S is about 250 pV/K. However, high ZT
value of 0.19 has still been reported with § =213 uV/K
for LagoSrg;Co0O; nanowires [22]. In a very recent
paper, Singh and Pandey [39] reported a high Seebeck
coefficient value of S = 635 pV/K at 300 K for LaCoO;.
Such differences could be related to the microstructure
and/or synthesis route.

Therefore, as reported results are contradictory, the
aim of this paper is to study the thermoelectric
properties of La; ,Sr,CoO; ceramics. Moreover, the
thermoelectric properties of ceramics with a cubic
perovskite structure and x > 0.8 have never been
investigated [37] whereas according to Koshibae et al.
[40], they should present high n-type thermoelectric
properties.

2 Materials and methods

La;,Sr,CoO; (0 < x <X 1) samples were prepared by

conventional solid state reaction. The precursor La,0O;
(Sigma Aldrich, purity = 99%), Co30; (Sigma Aldrich),
and SrCO; (Sigma Aldrich, purity = 99.9%) were
mixed in the stoichiometric ratio for 5 min at 400 rpm
in an agate ball mill (Retsch PM 100).

Thermal pretreatment of the precursor La,O; was
necessary to remove any trace of lanthanum hydroxide
(La(OH)s). This pretreatment was carried out at 800 ‘C
for 2 h. A plausible explanation for the presence of
La(OH); may be the hydration originated from air.

Only for 0.9 < x < 1, a slight amount of silicon
(Sigma Aldrich, purity = 99%) was added to the
reaction mixture. Indeed, Kozuka et al [37] have
shown that the perovskite structure is not stable for
such high substitution rates, but Hancock and Slater
[41] have shown that the cubic perovskite structure can
be stabilized by substituting 3% cobalt by silicon.

The powders of La; ,Sr,CoO; (0 < x < 0.9) were
pelletized with a small amount of PVA (5% weight) as
binder. To avoid any contamination, the pellets were
placed on LaCoO; previously sintered pellets deposited
on zirconia beads in an alumina crucible (Fig. 1). They
were calcined at 1273 K for 12 h in air with a heating
rate of 5 K/min, and slowly cooled down. This step has
been repeated twice after manual grinding. Finally, the
calcined samples were pressed into pellets, and sintered
for 12h in air at 1673 K for 0 < x < 0.7 and at 1473K
for x = 0.8. For the powders of La; ,Sr,C0¢ 975190303
(0.9 < x < 1), the last sintering was realized at only
1373 K for 12 h in air to avoid transformation into
brownmillerite.

The samples thus obtained were characterized by
X-ray powder diffraction (XRD) on a BRUKER D8
diffractometer using Cu Ko radiation (1 =1.5418 A)
and operating at 40 kV and 40 mA at room temperature.
The patterns have been recorded from 5° to 85° (26)
with a step of 0.02° and acquisition time of 2 s per step.
The lattice parameters were refined by the Rietveld

La;_Sr,Co0; sample
Zirconia bead

LaCoO; previously sintered pellet
Alumina crucible

Fig. 1 Schematic representation of the synthesis set-up.
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method using the Fullprof software [42]. Oxygen content
in La; ,Sr,CoO; samples was determined by iodometric
titration [43,44].

Electrical conductivity and Seebeck coefficient were
simultaneously measured in ZEM III equipment (ULVAC
Technologies) from 323 to 1000 K. The thermal diffusivity
measurement of all specimens was carried out three
times at each temperature in air from room temperature
to 1000 K (Netzsch LFA 457). The heat capacity of the
materials was measured from room temperature to
1073 K, with a heating rate of 20 ‘C/min in platinum
crucibles with alumina liners in argon atmosphere,
using differential scanning calorimetry (Netzsch Pegasus
404 F1).

Apparent density of the samples was calculated
from the weight and dimensions of the bars cut from
the pellets for ZEM-3 characterization and the theoretical
value [45].

The scanning electron microscopy (SEM) observations
have been performed using FEI Quanta 200 microscope
coupled with an energy dispersive spectrometer (EDS,
Oxford INCA X-Act) without prior coating of the
samples.

3 Results and discussion

XRD patterns registered at room temperature (Fig. 2)
confirm La,_,Sr,CoO; perovskite pure phase formation
over the whole composition range of the solid solution
(0 < x < 1). According to Kozuka et al. [37], beside
perovskite phase, for x = 0.9 in air, a secondary
brownmillerite phase (Sr,Co0,0s) is obtained and for x =
1, a single brownmillerite phase is synthesized. However,

as shown in Fig. 2, the substitution of 3% cobalt by
silicon allows to reach a single cubic perovskite phase
for x = 0.9, 0.95, and 1. Therefore, the whole
La;_,Sr,Co0O;s solid solution from x = 0 to 1 has been
stabilized.

The results of the refined structural parameters show
a phase transition depending on the Sr concentration.
XRD patterns show a gradual transition from
rhombohedral to cubic perovskite phase (Fig.2). For
the low values of x, this phase transition is mainly
manifested by the doubling of the diffraction peaks
located at 32°, 40°, 52°, and 68° of 26. Figure 3
illustrates the Rietveld refinement for representative
samples of the two phases, rhombohedral and cubic
perovskite. For 0 < x <X 0.5, the diffraction patterns
are indexed in a rhombohedral system (LaCoO; PDF
Card No. 48-0123 [45]) with R3c space group
(Fig. 3(a)). The unit cell parameters are about a, =~
5.43 A and ¢, =~ 13.15 A. However, the patterns for
the sintered samples with 0.5 < x <X 1 are indexed in
a cubic structure (Pm3m space group) (Fig. 3(b)).
The unit cell parameter is close to a ~ 3.83 A
(SrCoO; PDF Card No. 38-1148 [46]).

Figure 4 shows the lattice parameters as a function
of x. In the thombohedral system, for 0 < x < 0.5,
a and b parameters increase up to x < 0.15, and
reduce for x > 0.15. However, ¢ lattice parameter increases
with increase in x. Thus, for this concentration range,
the substitution of Sr** cations has more effects on cell
parameter ¢ than on cell parameter a. This result points
out that the unit cell elongates along the c-axis with
increasing cation substitution content. This lattice
parameter variation is similar to that observed in
La; ,Sr,CoO; obtained in previous works [47—49]. The
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Fig. 2 XRD patterns of the La; ,Sr,CoO; solid solution at room temperature with 0 < x < 1.
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plot of the c/a ratio is shown in Fig. 4 to confirm that
substitutions are successful [12]. On the other hand, in
the cubic symmetry, for x = 0.7, the lattice parameter
of the a-axis linearly increases with increasing Sr
substitution. Since the ionic radius of La** (0.136 nm
[50]) is smaller than that of Sr* (0.144 nm [50]), it
confirms the incorporation of Sr ions in the LaCoOj3
lattice. However, the charge neutrality in the solid
solution is maintained, when the sample is substituted
with Sr element, by increasing the oxygen vacancy
concentration and/or the transition of the valence of Co
cations from Co>" to Co™" [51-53]. Since both ionic
radii of Co*" and Co®" are very close, 0.0545 and
0.053 nm, respectively [21], it cannot make a significant
contribution to the lattice parameters. However, an
additional expansion of the crystal lattice caused by the
presence of oxygen vacancies in the ionic sublattice
can occur. Indeed, these oxygen vacancies induce a
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Fig. 4 Variation of lattice parameters as a function of x in
La;_Sr,CoOs.

Coulomb repulsion between neighboring cations [21,52].

Indeed, in order to determine the oxygen content of
the different samples and degree of cobalt oxidation,
we proceeded to iodometric titration. Figure 5 shows
the valence of cobalt and the oxygen content (3+0) as a
function of x. For low values of x, the samples are
stoichiometric with ¢ values close to 0. For x > 0.15,
the oxygen content decreases with increasing Sr content.
Therefore, the mixed valence of cobalt increases as a
function of x, with a slope change for x > 0.15. These
results of the valence of cobalt and the oxygen content
as a function of x are similar to the previous studies
estimated by various methods such as iodometric titration,
Rietveld refinement, and thermogravimetric analysis
[37,47,49,54,55]. Nevertheless, for x values greater
than 0.9, a discontinuity in the variation of the content
and mixed cobalt valence is observed. This phenomenon
can be related to synthesis protocol change.
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Figure 6 displays the morphology of the
microcrystalline sample observed by scanning electron
microscopy. For ceramics densified at a temperature of
about 1673 K (x <t 0.7), the SEM micrographs reveal
a little inter-granular porosity observed at triple points.
Indeed, the porosity is eliminated by the notable granular
growth with a grain size up to 50 pm. As an example,
the micrograph of Lag¢sSry05Co0O; sample is presented
in Fig. 6(a). These ceramics have high relative density
(= 94%) [45]. However, for La;_Sr,CoO; samples
densified at temperatures below 1473 K (x = 0.3),
Fig. 6(b) corresponding to the Lag,SrosCoO3 sample
shows the presence of inter- and intra-granular porosities.
Under this sintering condition, the granular growth is
more limited with a grain size not exceeding 20 pm.
The samples have reached a relative density between
77% and 87% of the theoretical density. Chemical
compositions obtained by EDS are homogeneous and
consistent with the theoretical compositions.

The study of the electrical properties of cobaltites
(La;_,Sr,Co03) was carried out by a simultaneous
measurement of the electrical conductivity and the

Seebeck coefficient at 330 K (Fig. 7). Measurements of
the electrical conductivity (Fig. 7(a)) show that the
ceramics substituted by Sr exhibit a high electric
conductivity at low temperatures. The curve of the
electrical conductivity o versus the substitution rate x
presents an optimum value for x = 0.3 with a value of
Omax =~ 3x10° S'm! at 330 K. The variation of the
electrical conductivity can be correlated to the charge
carrier density and the variation of the oxygen content.
Indeed for x < 0.3, the increase of ¢ is accompanied by
an increase of the mixed valence of cobalt and a
decrease of the oxygen content. Similar variations in
electrical conductivity were observed in previous
studies with optimal values with similar order of
magnitude: for Iwasaki et al. [54], Omax = 10° S'm!
for x = 0.4, for Wang et al. [21], Omax = 1.7%10° S'm"
for x = 0.3, and for Kozuka et al. [37], Omax =
4.4x10° S'm ™ for x = 0.4. For 0.9 <x < 1, a slight
increase in conductivity is observed. This increase may
be related to the reduction of carrier concentration due
to the decrease of the oxygen content, related to the
slightly different synthesis process. Electrical conductivity

Fig. 6 SEM micrographs of (a) Lag¢5Srg¢sCoO; and (b) Lag,Sry sCoO3 densified at 1673 K and 1473 K respectively.

10° -il
T % L L) T ] T 2 Ll » T " T L T 3 T
0.0 03 04 05 06 07 08 09 10

Sr concentration, x

T T 1T
01 0.2

(5) 2000

o (S'm™)

100000 4
80000
60000 -
40000 4

20000 -

Temperature (K)

Fig. 7 Electrical conductivity (o) for La;_,Sr,CoO; with (a) 0 < x < 1 at 330 K and (b) x = 0.05 at different temperatures.
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presents a conventional semiconductor behavior, i.e., it
increases when temperature increases (Fig. 7(b)).

The variation of the Seebeck coefficient (Fig. 8(a))
as a function of the Sr concentration shows that at low
temperature, for x = 0, S is negative (-250 pV/K),
while for x > 0, S becomes positive. Then, it can be
deduced that the substitution of La>" by Sr**, even at
low doping levels, leads to a change of carrier type.
The highest value (S =270 pV/K) is observed for x =
0.05. For x > 0.05, the Seebeck coefficient decreases
when the Sr concentration increases. The decrease of
the Seebeck coefficient (S) with increasing x shows
that the carrier concentration increases as a function of
x. This is consistent with the substitution of trivalent
La®" cations by divalent Sr*" cations. Otherwise, for
values of x > 0.15, we notice very low values of S,
which indicates the metallic conductivity of samples.
These S behaviors for La; ,Sr,CoO5 samples were also
observed in several previous studies [36-38,54,56].

(a) 300 T

g 0] n ] = N Emy
%. ]

00 01 02 03 04 05 06 07 08 09 10

Sr concentration, x

Fig. 8 Seebeck coefficient (S) for La;_Sr,CoO; with (a) 0 < x
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Fig. 9 Power factor (PF) for La; ,Sr,CoO; with 0 < x <
1 at 330 K.

With the exception of Androulakis et al. [20] who
presented a value of § = 710 pV/K, this work and the
most recent ones [37,57] show Seebeck coefficient
values which remain lower than that of Androulakis et
al. [20] and not exceeding 300 pV/K. Moreover, the
Seebeck coefficient decreases when temperature increases
(Fig. 8(b)). For 0.9 <x < 1, a large negative Seebeck
coefficient is not observed as expected by Koshibae et
al.’s model [40]. This may be related to the decrease of
the oxygen content: indeed, this leads to a cobalt
average valence between 3.1 and 3.2, far away from
the close to 4 value necessary to increase the Seebeck
coefficient.

By combining the Seebeck coefficient and electrical
conductivity, the dependence of power factor (PF) as a
function of the Sr concentration for these samples is
shown in Fig. 9. At low temperature, La,_,Sr,CoO3 has
a high PF. The optimal value is recorded at 330 K with
a value of PFp = 3.11x10* W-m K> for x = 0.05.
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This result is lower than 18x10* W-m K> reported
by Androulakis et al. [20] (x = 0.05 at 300 K) because
of the large difference in the Seebeck coefficient.
However, it is consistent with the more recent studies
on La; ,Sr,CoO; [37,57].

Figure 10 shows the variation of thermal diffusivity
as a function of the substitution rate for temperatures
ranging from 323 to 1000 K. This figure shows that at
low temperature and for low Sr concentration values,
the thermal diffusivity is minimal (D = 0.6 mm®/s at
323 K for x = 0.03). The thermal diffusivity increases
with the Sr concentration to reach a maximum value
when x = 0.5. This is due to the substitution of heavy
lanthanum element by the lighter strontium element
and also to the increase of the electrical conductivity.
However, it decreases for values of x higher than 0.5.
This decrease can be correlated to the structural
change.

Figure 11 shows the thermal conductivity x of
La; ,Sr,CoO; samples as a function of temperature
with x = 0, 0.05, and 0.1. The thermal conductivity (x)
has been calculated from the thermal diffusivity (D)
and the specific heat capacity (C;) as well as the
density (d) according to equation: x = DCpd. Around
room temperature, the thermal conductivity increases
when the substitution rate increases. Indeed, this
increase in thermal conductivity can be correlated with
the increase in diffusivity when the substitution rate
increases. On the other hand, it is noted that as the
temperature increases, the thermal conductivity
increases to reach a maximum value of 6.6 W-m "K'
for x = 0.05 at 900 K. Thermal conductivity reported
for x = 0.05 is slightly higher than the ones reported by
Androulakis et al. [20] and Zhou et al. [57] but
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Fig. 11 Temperature dependence of the thermal conductivity
of the La;_Sr,Co0O; sample with x =0, 0.05, and 0.1.

T

consistent with the more recent one of Viskadourakis
et al. [58].

Figure 12 shows the temperature dependence of the
figure of merit ZT of the La; ,Sr,CoO; sample with x =
0, 0.05, and 0.1. The figure of merit (ZT) shows a
maximum value of 0.039 for x = 0.05 at 323 K and
rapidly decreases when the temperature increases.
Decrease in ZT as a function of temperature is attributed
to both the decrease in the Seebeck coefficient (S) and
increase in thermal conductivity (x). On the other hand,
the value is lower than the 0.18 value (x = 0.05 at 300
K) reported by Androulakis et al. [20] because of the
difference in the Seebeck coefficient (S) as mentioned
above. However, it is consistent with more recent
studies on La;_,Sr,CoO3 [57,58].

4 Conclusions

In this work, we synthesized perovskite ceramics of the
whole La;_Sr,CoOj solid solution, from 0 < x < 1
for the first time. The synthesis was carried out by
solid state reaction. After several thermal cycles, pure
and dense ceramics are obtained, over the whole
composition range. The characterization by XRD shows
a structural change for x = 0.5. The electrical and
thermal properties show important variations depending
on x: the electrical conductivity exhibits an optimum
for x = 0.3 (Opax =~ 3x10° S-mﬁl), while the Seebeck
coefficient decreases as x increases and presents
anoptimum value for x = 0.05. This leads to optimum
electrical properties for x = 0.05 at 330 K with PF.x=
3.11x10*W-m "K' The thermal diffusivity is
increasing with temperature and also when x increases
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Fig. 12 Temperature dependence of the ZT value of the
La;_Sr,CoO; sample with x =0, 0.05, and 0.1.
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up to 0.5. For x = 0.05, this study is consistent with the
value recently published by Kozuka et al. [37] rather
than with the first high ZT value reported by Androulakis
et al. [20]. As the highest power factor is reached at
low temperature as well as the lowest thermal conductivity,
La; ,Sr,CoO; compounds with low x values appear as
very promising thermoelectric materials around room
temperature, on the contrary to layered cobalt oxides.
However, for high x values, the Seebeck coefficient
values close to zero make these materials not suitable
for thermoelectric applications, except if their oxygen
content could be increased.
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