ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Ceramics International 36 (2010) 887-891

CERAMICS

INTERNATIONAL

www.elsevier.com/locate/ceramint

Thermoelectric properties of layered Cas 9sRE( 0sMn3z0Oy compounds
(RE = Ce, Nd, Sm, Eu, Gd, Dy)

S. Lemonnier **, E. Guilmeau ®, C. Goupil *, R. Funahashi ", J.G. Noudem *

4 CRISMAT-ENSICAEN, CNRS/UMR 6508, 6 Bd Maréchal Juin, 14050 CAEN Cedex 4, France
® National Institute of Advanced Industrial Science and Technology, Midorigaoka, Ikeda, Osaka 563-8577, Japan

Received 10 September 2008; received in revised form 3 July 2009; accepted 6 October 2009
Available online 13 November 2009

Abstract

In this work, polycrystalline samples of the substituted n = 3 Ruddlesden-Popper Ca,_RE,Mn30;q phase were prepared by solid-state reaction
(RE, rare earth = Ce, Nd, Sm, Eu, Gd, Dy). Single phased samples were synthesized for sintering times larger than 150 h at 1350 °C. Complete
thermoelectric characterizations were performed from 5 to 390 K, in terms of electrical resistivity (p), Seebeck coefficient (S) and thermal
conductivity (). As expected, the substitution of Ca by different rare earth elements leads to a significant modification of the thermoelectric
properties. With substitution level as low as 1.25 at.%, a remarkable decrease of the electrical resistivity is observed. The influence of this cationic
substitution on the thermal conductivity («), Seebeck coefficient (S), and the figure of merit ZT is also discussed. In this study, the best one reaches
5.8 x 1073 at 300 K for the Cas osEug 0sMn3O1 composition, a value 6 times higher than the ZT exhibited by the beginning Ca;Mn;0;( sample.
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1. Introduction

Nowadays, the thermoelectricity is known for its environ-
mental interest. Indeed, thermoelectric generators can convert
waste heat into electric energy without using moving parts and
without producing carbon dioxide gas, toxic substances or other
emissions. It is expected that thermoelectric power generation
can provide a new energy source from the conversion of waste
heat emitted by automobiles, factories, and other similar
sources. For this purpose, oxide materials are potential
candidates for a wide range of high temperature applications
due to their high chemical stability and the absence of harmful
elements in their compositions. Since the discovery of large
thermoelectricity in Na,CoO, [1], enthusiastic efforts have
been devoted to explore new oxides exhibiting high thermo-
electric performances, and some layered cobaltites, such as
[C32C003][C002]1A62 and [Bio.g7Sr02]2[C002]1482 were found
to exhibit interesting thermoelectric (TE) properties [2—4].
These p-type materials present large thermopower (>100 wV/
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K at 300K), a relatively low electrical resistivity (~1-
10 mQ cm at 300 K), and are expected to be incorporated in
thermoelectric modules. More recently, theoretical predictions
lead interest to focus on low dimensional materials with a ZT of
2.4 in Nb-doped SrTiO; thin films due to giant Seebeck
coefficient in the superlattices [5]. On the other hand, the
intensive investigations on n-type oxides are still going on
because of their lower performances compared to p-type
materials. Some potential n-type oxide candidates, like Ge-
doped In,03 [6], Al-doped ZnO [7], LaNiOs [8], LaCoOs3 [9] or
CaMnOs [10] have been reported. Among these n-type
materials, the perovskite CaMnOj3-based compound has been
intensively studied due to its relatively low electrical resistivity
and high Seebeck coefficient [11-15]. The decrease in the
electrical resistivity by the means of cationic substitutions in
the “A” site, like in R;_,A,MnQOj; [13] (R: rare earth cation, A:
divalent cation such as Ca, Sr, Ba, Pb), La;_,Sr,MnO5 [14],
Ca;_,Dy.MnO, g [16], Ca;_,La,MnOj3 [17], or in the “B”
site, like in CaMn; _,Ru,O3_5[18,19], AMn;_,Mo,03 [19-21]
results from the adoption of a mixed-valence oxidation state by
Mn (Mn**/Mn*") which modifies the carrier concentrations and
mobilities. Due to their low cost and promising TE properties,
manganites were also used as potential candidates for n-type
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legs in thermoelectric modules [22,23]. On the other hand,
reports [24,25] related to some layered manganites have been
published showing that the n = 3 Ruddlesden-Popper system,
corresponding to the CasMn3;0;9 compound, shows high
Seebeck coefficient value of —295 wV/K and electrical
resistivity of 200 m{) cm at 300 K. In these compounds, the
electrical resistivity should be highly reduced if texturing
processes and optimized doping can be achieved. For example,
Ce** for Ca substitution in Cay_,Ce,Mn30;, has been studied
[25] on polycrystalline samples with an enhancement of the
thermoelectric performances. The induced reduction of Mn** to
Mn>* leads to a sharp decrease of the electrical resistivity down
to 40 mQ) cm at 300 K with a moderate decrease of the absolute
value of the Seebeck coefficient [24]. In this context, we
prepared CajzosRE 0sMn3;0;o samples with different RE
cationic substitutions and investigated their thermoelectric
properties.

2. Experimental

Polycrystalline samples with nominal composition
Ca3,95Sm0,05Mn3010 (REZCC, Nd, Sm, Eu, Gd, Dy) were
prepared by solid-state reaction using stoichiometric mixtures
of CaCOj3;, MnO, and RE oxide powders. The powders were
mixed by ball-milling and calcined during 24 h under air at
900 °C. After calcination, the powders were ground and
pelletized (@ = 24 mm) under an uniaxial pressure of 100 MPa.
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The sintering temperature was fixed at 1350 °C during 2, 12, 24,
50, 100 and 150 h respectively in air. After this heat treatment,
samples were cut in rectangular bars of 2 mm X 2 mm
x 10 mm. The phase purity and composition was system-
atically checked by X-ray diffraction (XRD) using a PHILIPS
PW1830 diffractometer with Cu Ka radiation. Microstructural
observations were investigated with a ZEISS Supra 55 scanning
electron microscope (SEM) coupled to energy dispersive
spectroscopy (EDS) analyses in order to verify the cationic
compositions. All the samples were polished and etched in air
at 950 °C for 3 min in order to reveal the grain boundaries and
microstructures.

Electrical resistivity measurements were carried out from
room temperature to 10 K using the four probe method with a
Quantum Design Physical Properties Measurement System
(PPMS). Thermoelectric power and thermal conductivity
measurements were performed from 320 to 5K with an
experimental setup described elsewhere [12].

3. Results and discussion

Fig. 1(a) and (b) show the different XRD patterns of
undoped CayMn;0;, compound according to various sintering
times (from 2 to 150 h). It can be observed that the single phase
is obtained for dwell times higher than 100 h. The closer view
of the 20 range from 16° to 22° evidences more clearly the
presence of the CazMn,0; phase when the sintering time is
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Fig. 1. (a) XRD patterns according to the sintering dwell time of the Ca;Mn30,, compound. (b) XRD patterns with a closer view (260 range = 16-22°).
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lower than 100 h, whose the corresponding peak intensity
decreases as the sintering time increases. Moreover, the width
of the Caz;Mn30 diffraction peaks tends to be narrower as the
sintering time increases, which tends to indicate an improve-
ment of the phase crystallinity and an increase of the grain size.
The evolution of the microstructure, shown in Fig. 2(a)—(f),
indicates that the increase in the sintering dwell time is
correlated with the formation and the increase in size of plate-
like grains. It falls in agreement with the layered structure
which can be described as single perovskite layers alternating
with single rock-salt layers [26].
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According to the XRD and SEM results, all the Cay_,.
RE, Mn;0;, compositions were sintered at 1350 °C for 150 h.
The XRD patterns (not shown here) evidenced the high purity
of the RE-substituted samples. The compositions of the
substituted samples were also investigated by EDS analyses
on individual grains and are reported in Table 1. The small
deficit (around 1.6 at.%) in Mn cations probably originates
from the volatilization of this latter at high temperature. The
microstructure observations of the samples in the series
Cay ,RE,Mn3;0;y are similar to the parent CasMn;0,
indicating that the substitution of Ca by RE, which occurs in
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Fig. 2. SEM microstructures for different sintering times. (a) 2 h, (b) 12 h, (c) 24 h, (d) 50 h, (e) 100 h and (f) 150 h.
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Table 1
EDS cationic ratio in the series Cas 9sREq osMn3O.

Nominal composition Ca;_,REMn;04q EDS cationic ratio

Ca Mn RE
Ce 3.95 2.97 0.051
Nd 3.95 2.92 0.052
Sm 3.95 2.97 0.050
Eu 3.95 3.00 0.053
Gd 3.95 2.95 0.058
Dy 3.95 2.95 0.054

the perovskite-type layers, does not significantly modify the
grains growth. The apparent densities of the sintered bulk
materials are over than 90% of the theoretical density
(434 gcm™).

The electrical resistivity (p) versus temperature curves of the
different substituted samples are plotted in Fig. 3. All the
samples exhibit a semiconducting behavior, i.e. dp/dT <0,
between 5 and 400 K. The substituted samples become more
electrically conducting due to an expected increasing electron-
carrier density through the partial substitution of RE*" (Ce) or
RE’** (Nd, Sm, Eu, Gd and Dy) for Ca®*. The resistivity of the
undoped sample is equal to 1260 m{) cm at 300 K which is
higher than those reported elsewhere [26,27]. Lowest resistivity
values around 30 m{) cm were obtained for the Ce, Sm or Eu
substituted samples with x = 0.05. These values are lower than
those obtained for Ce-substitution by Zhou et al. [25] who
measured 62 m{) cm for x=0.045 and 50 m{) cm for the
x =0.06 compound at 300 K. These differences are probably
linked to the oxygen content and/or Mn non-stoichiometry, in
reason of the Mn volatilization during the sintering process.

The temperature dependence of the Seebeck coefficient (S)
of all the RE-substituted (CasosREqosMn30;p) and parent
(CayMn30,) samples is shown in Fig. 4(a) and (b). We can
clearly note that all the samples are n-type thermoelectric
material across the entire temperature range. As foreseen, the
substitution has for effect to considerably reduce the Seebeck
coefficient, from —345 wV/K for the CasMn;0;y phase to
about —140 wV/K for the RE-substituted samples at 300 K.
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Fig. 3. Temperature dependence of the electrical resistivity in the series
Caz 95sRE( 0sMn30. The inset shows a closer view from 200 K to room
temperature.

The value of the Seebeck coefficient for the undoped compound
is higher than the values reported by Lago et al. who obtained
—295 wV/K at room temperature [24]. This result confirms the
electrical resistivity measurements and tends to indicate that the
carrier density may be affected by the oxygen content and/or
Mn non-stoichiometry, as discussed above.

To finalize thermoelectric characterizations, thermal con-
ductivity measurements were carried out from 5 to 320 K. The
curves of x evolution versus temperature are presented in Fig. 5.
One can notice that the behaviors are different from the parent
to the doped compounds. The first one presents a decreasing
evolution with increasing temperature and reaches a value of
2.8 Wm ' K" at 300 K. The others compounds reach values
between 1.5 and 4 Wm ' K~' at 300 K showing a growing
behavior with 7. The lowest value of the series is obtained for
the Cajz.95Dyg.0sMn30;g compound with a thermal conductivity
of 1.55Wm ™' K at 300 K.

The Figure-of-Merit values at 300 K, defined as ZT = $°T/
pk, (where S is the Seebeck coefficient, p the electrical
resistivity and « the thermal conductivity) are summarized in
Table 2. The Eu-based composition shows better performances
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Fig. 4. (a) Temperature dependence of the Seebeck coefficient in the series Caz 9sREq osMn301q. (b) Closer view from 200 to 300 K of the Seebeck coefficient versus

temperature curves in the series Caz 9sREq 0sMn;Ojo.
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Table 2
Seebeck coefficient, thermal conductivity, electrical resistivity and ZT values in the Ca; 9sRE05Mn30j series at 300 K.
Pure Ce Nd Sm Eu Gd Dy
S (WVK™ —340 —100 —136 —139 —135 —130 —123
A(Wm 'K 2.8 2.37 3.49 3.66 2.93 3.95 1.55
p (m) cm) 1255 29.85 36.47 30.2 30.7 46.9 514
ZT (300 K) (x107%) 0.98 391 4.09 4.94 5.83 2.64 5.38
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than the other samples, with a resistivity of 31.5 m{) cm, a
Seebeck coefficient of —134 wV/K and a thermal conductivity
of 293Wm ' K" at 300 K. The calculated ZT reaches
5.8 x 1072 at this temperature which is 6 times higher than the
ZT of the pure Ca;Mn30;( sample. Furthermore, one can notice
that the lowest electrical resistivity value is obtained for the
Ce**-doped as predicted due to the RE highest valence value
implying a higher carrier concentration.

Unfortunately, no relation between the RE ionic radii and the
TE properties was clearly established. Further investigations
and experiments are still needed.

4. Conclusion

Thermoelectric properties of the CasgsRE(0sMnzOqq
compounds were studied. The rare earth substitution on the
Ca site was checked by X-ray diffraction and EDS analysis.
This substitution leads to an increase in carrier concentration in
n-type thermoelectric materials and to reduce both electrical
resistivity (p) and Seebeck coefficient (S). The Eu-based
composition presents an electrical resistivity and a Seebeck
coefficient respectively of, 40 times and 2.5 times lower than
the CaysMn;0;o material, and a similar value of thermal
conductivity, resulting in an improvement of the ZT value by a
factor 6. These thermoelectric properties are of course far from
the best values reported in the literature on other oxide systems.
However an optimization of the formulation and doping,
coupled to a preferential orientation between grains, e.g. by
texturing, should improve significantly the thermoelectric
performances of these manganites.
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