N

N

Thermoelectric properties of La7M07030 sintered by reactive
spark plasma sintering
F. Giovannelli, E. Sabarthes, F. Delorme

» To cite this version:

F. Giovannelli, E. Sabarthes, F. Delorme. Thermoelectric properties of La7Mo07030 sintered by reactive spark
plasma sintering. Ceramics International, 2023, 49 (8), pp.11921-11925. {10.1016/j.ceramint.2022.12.040). <hal-

04637145)
HAL Id: hal-04637145
https://hal.science/hal-04637145v1
Submitted on 31 Mar 2025
HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-

for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Distributed under a Creative Commons CC BY-NC 4.0 - Attribution - Non-commercial use - International
License


https://hal.science/hal-04637145v1
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0272884222044352
Manuscript_61e0082a123428a41da59%ece0a36cl2a

Thermoelectric properties of La;Mo7030 sintered by reactive spark plasma
sintering

F. Giovannelli*, E. Sabarthes, F. Delorme

GREMAN UMR 7347, Université de Tours, CNRS, INSA CVL, IUT de Blois, 15 rue de la
chocolaterie, CS 2903, F-41029 Blois Cedex, France.

* corresponding author
Abstract

In this work, spark plasma sintering of La2M0209 powder was used to achieve dense ceramics
of LayMo07030 and explore their thermoelectric properties. SPS sintering of La2Mo0,09 powder
at 973 K for 10 minutes under 90 MPa leads to a bicoloured sample with white and black faces.
XRD patterns of white and black faces are attributed to LazM0209 and LayMo7030 phases,
respectively. These experimental conditions allow observing the in-situ reduction of LazM0,04
during the SPS process. With a longer sintering time of 30 minutes, a ceramic of LasMo0703o is
obtained. Its electrical conductivity exhibits a semiconducting behaviour and reaches a value
of 1000 Sm™ at 1000 K. The negative Seebeck coefficient show a n-type conduction in this
phase. LazMo07030 exhibits a very low thermal conductivity, less than 1 WmK?! from room
temperature up to 1000 K, similar to the values reported for La;Mo020s. A figure of merit of
0.04 is reached at 1000 K.
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Introduction

To reduce energy consumption, the recovery of wasted energy in the form of heat via a
thermoelectric module is a promising solution. However, materials used in commercially
available thermoelectric modules are expensive and not widely available on Earth, which does
not allow for a large-scale use of thermoelectricity. Transition metal oxides, thus, have several
advantages for thermoelectric applications, including their stability in air at high temperatures
and the high abundance of their constituents [1, 2]. Since the discovery by Terasaki et al. [3]
of a high power factor in NaxCoO3, an intensive search for new thermoelectric oxides is taking
place [4-24]. Some oxides can exhibit a power factor comparable to that of other classes of
thermoelectric materials. For instance, the power factor of SrTiOs ceramics substituted with a
trivalent element on the A-site of the perovskite is similar to that of Bi,Tes (> 103 Wm™K?2)
[25-28]. However, the thermal conductivity is much higher for SrTiO3 (> 5 Wm™K?) than for
Bi,Tes (< 2 Wm2K1). The thermal conductivity is therefore generally too high in oxides and
does not allow for competitive figures of merit.

Different strategies have been investigated such as nanostructuration [29-32], composites
[33- 35], introduction of porosity [36-38], complex crystal structures [39-42], to decrease the
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thermal conductivity in thermoelectric oxides. Another strategy, in order to obtain an efficient
thermoelectric material, is to consider a material with an intrinsically low thermal
conductivity. LazMo0209 has one of the lowest thermal conductivities among crystalline oxides
(k < 1 WmK?) [43, 44]. However, no study has been done on its thermoelectric properties
due to its low electronic conductivity [45, 46]. The challenge for this compound is then to
increase its electrical conductivity. In transition metal oxides, a common route is the reduction
of the transition metal through annealing treatments [47]. La2Mo0;,09 has been studied mainly
in the context of the development of solid electrolytes for fuel cells due to its exceptionally
high ionic conductivity at high temperatures [48]. This structure can accept different oxygen
contents. The partial reduction of LazM0209 leads successively to a crystallized phase with the
same structure but with a lower oxygen content (LazMo0;0s.9s), then a crystallized phase with
a different structure (LazMo07030) and finally an amorphous phase (La;Mo0207.). Electrical
transport studies suggest that LazMo020s.06 has a mixed ionic and electronic conductivity [49].
Partial reduction of the compound induces a molybdenum oxidation state of +5.96 allowing
the activation of electronic transport [49]. In the case of LasMo07030, two molybdenum sites
valences of +4.5 and +5.75, respectively, are present in the structure [50]. A non-negligible
electronic conductivity is therefore expected, which could give rise to promising
thermoelectric properties. The stacking structure of La;Mo7030 is, moreover, assimilated to a
one-dimensional structure and the structures of low dimensionality can induce peaks in the
density of state close to the Fermi level resulting in an increased Seebeck coefficient [13, 51,
52]. Reduced La;Mo020g derivatives are generally obtained by heat treatment in a reducing
atmosphere [50, 53]. Nowadays, the only known protocol to obtain ceramics of these
compounds is to reduce previously sintered La2Mo020g ceramics. Unfortunately, the reduction
of the pellets inevitably creates cracks in the microstructures due to the departure of oxygen
[54]. Reduced oxides have been obtained directly by Spark Plasma Sintering (SPS) leading to
electrical conductivity in dielectric material [55]. Moreover, in the case of W-0O system, the
reduced phase WOy (2.50 < x < 3) could be directly synthesized by reactive SPS from WOs3 and
W [56].

Therefore, in order to avoid cracks formation inherent to the annealing of LazMo0209 ceramics
in a reducing atmosphere, this work proposes to directly reduce LazMo,09 during the sintering
by SPS in order to achieve dense ceramics and then explore the thermoelectric properties of
such LasMo70s3p reduced pellets.

Materials and methods

La;Mo0209 powder was prepared by conventional solid-state reaction starting from a
stoichiometric mixture of La;03 (99.99 %) and MoOs (99.9 %) from ChemPur. Prior to use,
La;03 was calcined in air for 10 h at 1273 K to remove adsorbed water and carbon dioxide. The
mixture of elementary oxides was manually grounded in an agate mortar and the resulting
powder was shaped into pellets (16mm in diameter) at 160 MPa by uniaxial cold-pressing.
Three successive thermal cycles were necessary to synthesize pure phases. Pellets were first
heated up at 873 K and at 973 K during 12h with a heating rate of 2 K.min! and a cooling rate
of 5 K.min in order to avoid molybdenum sublimation [57] Pellets were then calcined at 1173
K during 12 h with a 5 K.min! heating and cooling rate. Between each step, the resulting



pellets were manually ground in an agate mortar and shaped into pellets at 160 MPa. Sintering
was performed using a spark plasma sintering apparatus (Syntex 515S- FUJI). Powder was
loaded into a cylindrical graphite die of 15 mm. In order to remove the sample easily from the
graphite die and to ensure a good electrical contact, a graphite foil was placed between the
powder and the graphite tools (die and punches). The heating rate was 100K min up to the
sintering temperature of 973K. Temperature was maintained for 5 or 30 min under a uniaxial
pressure of 90 MPa in Ar atmosphere. During the sintering process, the temperature was
recorded with a thermocouple.

Phase purity of raw pellets was checked by recording X-ray diffraction patterns at room
temperature on a Briicker D8 Advance 6-20 Bragg—Brentano diffractometer (CuKai+2
radiations, Cu-anode operating at 40 kV and 40 mA) equipped with a Lynxeye energy-
dispersive one-dimensional detector. The diffractograms were collected on the surface of
pellets in the [10-80°] scattering angle 20 range with a 0.02° step for a total acquisition time
of 1 h.

Scanning electron microscope (SEM) observations have been performed using a FEI Nova
NanoSEM 450 field emission SEM. Thermoelectric measurements on bar-shaped samples (3 x
3 x 12 mm?3), including the electrical conductivity and the Seebeck coefficient, were
simultaneously measured in the temperature range 400-1000K using an ULVAC ZEM-3
equipment. Thermal diffusivity measurements of parallelepipedal specimens (6 x 6 x 1 mm?3)
were carried out using a laser flash system (Netzsch LFA 457) in vacuum. Three measurements
were conducted at each temperature, between 400 and 1000K, to assess reproducibility. Both
surfaces were coated with a thin layer of graphite to increase the absorption of infrared
radiation energy. Specific heat capacity measurements were carried out by Differential
Scanning Calorimeter (DSC, Netzsch STA 449 F3 Jupiter) in a continuous-heating mode of 20 K
min~ up to 1000 K using 50 mg of powdered sample introduced into platinum crucibles.

Results and discussion.

A first SPS trial starting with La2M0209 powder at 973 K for 10 min under a pressure of 90 MPa
led to a bicoloured sample with a white top face and a black bottom face. XRD patterns of
both faces show structural differences (figure 1). The diffraction peaks on the white face
correspond mostly to the LazMo,09 phase (PDF 01-074-3327) and those on the black face to
LayMo7030 (PDF 00-050-1866). The white face also exhibits some low intensity diffraction
peaks, corresponding to the reduced phase, and resulting from the transformation of
La2Mo0,09 into LasMo07030 by reduction during the SPS sintering cycle. Diffraction peaks of
residual La2Mo020g are similarly observed on the black face pattern with notably the presence
of a peak at 47.5°20 that indicates that the reduction is not completed. The color change could
be related to oxygen deficiency due to reducing atmosphere of SPS leading to LazM0,0q.5.
Buvat et al. have shown that La2Mo0;0gs is transformed during an isothermal treatment at 881K
and 991K in, respectively, LazMo020s.96 and LayMo07030, when the partial pressure of oxygen
decreases [53]. The sintering temperature in SPS is 973K, which is consistent with the presence
of LayMo07030 detected by X-ray diffraction. Therefore, the SPS process could explain the color
difference between the two faces. SPS heating is due to DC current pulses that gradually heat
the graphite die. A precise control of the current and the voltage is used to ensure the



requested thermal profile. In Syntex 515S- FUJI apparatus, the electric field is always applied
in the same direction from the top to the bottom face of the pellet. As La;Mo020g is an ionic
conductor [48], oxygen moves during sintering from the black face up to the white face leading
to the reduction of LazM020g in La7M07030. A similar behaviour has recently been reported in
KNN ceramics sintered by SPS, but in a lesser extent [58]. In these conditions, a full reduction
of LazMo0209 could be possible with longer high temperature dwell times.

* La,Mo,0q4
* La;Mo,05,
(a) black face

Intensity (a.u.)

(b) white face

. . : : ;
20 30 40 50 60 70 80
26 (%)

Figure 1: XRD patterns of La;M0,0s powder sintered by SPS at 973 K during 10 minutes.

Figure 2 shows diffraction patterns of samples obtained after a high-temperature dwell time
of 30 and 60 minutes. Both patterns are similar and the reduced phase La;Mo703p is
predominantly detected. Although completely black, both samples show a residual La;Mo0209
phase responsible for the low intensity diffraction peak at 47.5°20. However, there is one
major difference between the two samples: the 30 minutes cycle results in a structurally dense
and stable pellet, whereas the 60 minutes cycle sample is extremely fragile and brittle and
comes out of the SPS die in several pieces. The most likely explanation for this is that the
further reduction of the La;Mo07030 phase leads to the formation of the amorphous LazMo0,07-
s phase on the surface of the grains, which affects the cohesion of the ceramic. Buvat et al.
[53] described the mechanism for reduction of La2M020g during annealing in a reducing
atmosphere where La;Mo07030 serves as an intermediate phase for the formation of the
amorphous phase.
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Figure 2: XRD pattern of La2Mo0209 powder sintered by SPS at 973 K during 30 and 60 minutes.

The ceramic obtained after the 30 minutes cycle has a relative density of 89% (the presence
of LazMo0209 impurity has not been taken into account in the calculation of the relative



density). The microstructure exhibits some porosity, consistent with the relative density value,
and grains of a few microns (figure 3).

Figure 3: SEM Image of the ceramic sintered by SPS at 973 K during 30 minutes

The electrical conductivity increases with temperature (from ~10 S.m™ at 373 K to ~103S.m™
at 973 K), reflecting the semiconducting nature of the reduced LasMo07030 phase (figure 4).
The possible contribution to the electrical transport of the residual La;Mo0209 phase is
necessarily negligible given its low conductivity (~10"* S.m™ from 773 to 973 K) [48].
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Figure 4: Temperature dependence of electrical conductivity and Seebeck coefficient of LasMo0,030
ceramic.

Given the ionic nature of lanthanum molybdate, the electrical conductivity was examined in
terms of the small polaron hopping model (Figure 5) to determine the gap energies of the
compounds [59]:

O
o= —Oeka

where g, 0o, kp and E; are respectively the electrical conductivity, a constant, the Boltzmann
constant and the activation energy.

This model adequately describes the electrical transport above 473 K and the calculated
activation energy (Ea) is equal to 254 meV.
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Figure 5: Plot of Ln(0T) versus 1/T with data of figure 4. The dash lined correspond to the small
polaron hopping model.

The Seebeck coefficient of the compound versus temperature is shown in Figure 4. The
negative sign of the Seebeck coefficient indicates that La;Mo7030 is an n-type semiconductor.
The absolute value of the Seebeck coefficient first slightly decreases from room temperature
to 473K, and then increases with temperature from 473 to 1000K. The temperature at which
this behaviour change is observed coincides with the change in electrical behaviour (figure 5).
In LazMo07030, the charge carrier concentration depends on the relative proportion of Mo",
MoV and MoVY'. With temperature increase, the energy barrier associated with electron
hopping from Mo" and MoV to an adjacent site of MoY and Mo"' is easily overcome. As the
probability of hopping increases, the mobility of charge carriers increases leading to an
improvement of the electrical conductivity. In the case of the hopping regime, the Seebeck
coefficient can be described by the modified Heikes equation [60, 61]:

S =-ks/e In((2-c)/c)

where kg, e and c are respectively the Boltzmann constant, the charge of an electron and the
site occupancy. According to Heikes model, the Seebeck coefficient reaches a constant value
at high temperature. In LasMo703o, the Seebeck coefficient varies little from 138 uV/K at 350K
up to 152 uVK?! at 1000K with an uncertainty of 6 YUVK?. This leads to calculated site
occupancies of 0.33 and 0.29 at respectively 350K and 1000K. In La;Mo07030, there are two
molybdenum sites with an average valence of +4.5 and +5.75 corresponding to respectively a
site occupancy of 0.5 and 0.25 [50]. The site occupancy close to 0.3 indicates that the charge
carrier is related to the hopping of molybdenum V to molybdenum VI corresponding to the
more distorted sites [50].

The power factor increases from 1.107 WmK? at room temperature to 2.5.10°> WmK? at
1000 K (figure 6). The thermal conductivity (Figure 7) is extremely low and decreases slightly
with temperature from 0.77 to 0.58 Wm™KX. The thermal conductivity of La;Mo7030 is similar
to the thermal conductivity of La;M0209[43, 44]. Therefore, a figure of merit of 0.04 is reached
at 1000 K (figure 8).



The value of the ZT is quite encouraging. Indeed, the three most studied n-type thermoelectric
oxides are SrTiOs, ZnO, and CaMnOs. In the first article, concerning the thermoelectric
properties of CaMnOs, a Seebeck coefficient of -100 PVK?! and an electrical conductivity
around 10000 Sm (corresponding to activation energy of 0.16 eV) were reported [13]. The
ZT value obtained was 0.08. By changing and optimizing the doping, ZT values higher than 0.3
were reached in CaMnOs [14]. In the case of ZnO, a Seebeck coefficient close to -180 pVvK?
and an electrical conductivity of 3 10* Sm™ led to a ZT value of 0.24 at 1000K [12]. With dually
doped ZnO, a ZT value of 0.47 at 1000 K was reported [62]. In the case of La-doped SrTiO3,
single crystals exhibited an electrical conductivity of 10 Sm™ and a Seebeck value of -150 UVK-
! leading to a ZT value of 0.08 [26]. With appropriate doping and composite approach, a ZT
value higher than 1 has been reported [33]. LayMo07030 exhibits a Seebeck coefficient close to
those observed in these state-of-the-art n-type oxides. However, the value of electrical
conductivity is too low to achieve similar power factors. Nevertheless, LazM07030 is undoped
and the electrical conductivity can be clearly improved by doping, allowing for a substantial
increase in ZT value.
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Figure 6: Power factor of La;Mo,030 ceramic versus temperature.
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Figure 7: Thermal conductivity of La;Mo5030 ceramic versus temperature.
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Figure 8: ZT value of La;Mo703 ceramic versus temperature.

Conclusion

Spark plasma sintering of LazMo0209 powder has been used to achieve Laz7Mo07030 ceramics.
With a sintering time of 10 minutes at 973 K and an applied pressure of 90 MPa, a partial
reduction of La;Mo0,0g is observed and after 30 minutes, the reduction of LazMo0,09 is almost
completed. Electrical conductivity of the La;Mo7030 ceramic exhibits a semiconducting
behaviour and reaches 1000 Sm™ at 1000 K. The negative Seebeck coefficient shows a n-type
conduction. This ceramic exhibits a very low thermal conductivity, lower than 1 WmK* from
room temperature up to 1000 K and similar to values reported for La;Mo020s. A figure of merit
of 0.04 is obtained for 89 % relative density bulk samples with remaining traces of La;M020s.
It should then be possible to improve the power factor of these samples by increasing their
relative density and removing the La;Mo0209 impurity. These first property measurements on
the compound LasMo70s3g strongly encourage its study as a potential thermoelectric material.
Indeed, substitutions would have to be considered to optimise transport properties and
reduce thermal conductivity of Laz7Mo7030 ceramics.
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